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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Biological Sciences

Thesis for the degree of Doctor of Philosophy
THE IMPACT OF SYSTEMIC IMMUNE SYSTEM ACTIVATION ON THE RETINA:
IMPLICATIONS FOR AGE-RELATED MACULAR DEGENERATION
Paul Luke Ibbett

Age-related macular degeneration (AMD) is a neurodegenerative disease of the retina and the
leading cause of blindness in the UK. Genetic studies and mouse models demonstrate a clear role
for local immune activation in AMD pathology, but it is not clear whether systemic inflammation
can contribute to AMD pathology. Systemic inflammation, particularly due to bacterial infection,
has been shown to exacerbate neurodegeneration in Alzheimer’s and Prion disease. There is also
evidence that patients who have been exposed to chronic bacterial infections (i.e. periodontitis,
pneumonia) are at increased risk of AMD development. Consequently, this thesis tests the
hypothesis that systemic inflammation can contribute to the progression of AMD by exacerbating

local inflammation in the retina, leading to earlier development of blindness.

Systemic bacterial (Salmonella) infection induced retinal microglial activation, Miller cell
activation, T cell recruitment and pro-inflammatory cytokine production in mice. When
subsequent peripheral immune stimulation was induced by LPS, retinal inflammation was
reduced, indicating a protective mechanism. However, during ongoing local retinal inflammation
induced by immune complexes, systemic inflammation exacerbated the recruitment of immune
cells to the subretinal space. No retinal degeneration was observed in this model, so a novel laser-
induced model of acute outer retinal atrophy was developed showing RPE dysfunction,
photoreceptor loss, functional deficits and inflammation mimicking aspects of human geographic
atrophy. This model could be used to investigate the interaction of systemic inflammation and
degeneration, gaining insights into AMD pathobiology. In AMD patients, increased aqueous
humour IL-8 was identified compared to age-matched controls but no differences in serum

cytokine levels were observed at baseline or in whole blood cultured with various immune stimuli.

Data from mouse experiments indicate that systemic infections can induce chronic retinal
inflammation and, during local inflammation, immune cell recruitment to the subretinal space -
the site of AMD pathology. Meanwhile, human data demonstrates that local inflammation in AMD

patients does not arise due to an exaggerated systemic inflammatory response to infections.
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1.1 Overview of the systemic immune system

The immune system protects the host from a broad range of pathogens, including bacteria,
viruses and parasites. There are diverse tissue-resident immune systems throughout the body,
which may be required for local control of infection/disease, but all tissue-resident systems are
linked to the systemic immune system. Activation of the systemic immune system leads to a large
cascade of inflammatory processes, including activation of immune cells and production of
inflammatory mediators and proteins, which are typically critical for the elimination of pathogens.
Here, | provide an overview of the systemic immune system, focusing on pathways relevant to

this thesis on systemic inflammation and the retina during healthy and diseased conditions.

1.1.1 Immune cells

Leukocytes (white blood cells) are derived from the differentiation of haematopoietic stem cells,
which are separated into two key lineages: myeloid and lymphoid cells (Figure 1.1). In general,
myeloid cells play a critical role in early-stage innate immunity where non-specific systems control
pathogen growth, while lymphoid cells are essential for later-stage adaptive immunity where
antigen-specific systems are developed to eliminate a pathogen. However, this is an
oversimplification with lymphoid and myeloid cells, and their communication important at all
stages of the immune response (Murphy & Weaver, 2017). Myeloid cells can generally be
distinguished from lymphoid cells due to high expression of CD11b, a key component of
complement receptor 3 (CD11b/CD18), and F4/80 on myeloid cells, which are absent, or in certain

cases weakly expressed, on lymphoid cells (Yu et al., 2016)

1111 Myeloid cells

Myeloid cells can be further subdivided into monocytes, dendritic cells and granulocytes (i.e.
neutrophils, basophils, eosinophils). The overall role of these immune cells is to detect pathogens,
reduce pathogen growth, and signal to the adaptive immune system to generate an antigen-
specific immune response (Murphy & Weaver, 2017). These innate immune cells can engulf and
ingest pathogens via a process called phagocytosis, where the pathogen is digested and its
antigens are presented on the cell surface to communicate with antigen-specific lymphoid cells.
Innate immune cells express many pattern-recognition receptors (PRRs) to detect generic
molecular patterns associated with pathogens (Medzhitov, 2001). For example, toll-like receptor 4
(TLR4) recognises lipopolysaccharide (LPS) in the cell walls of gram-negative bacteria, while
TLR7/8 recognise the structure of single stranded RNA typical of many viruses (Figure 1.2). In

response to pathogen detection, a range of genes are upregulated that enhance phagocytosis of
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pathogens by immune cells and induce the production of a range of inflammatory proteins, in
particular cytokines, which communicate with and influence the function of other immune cells
(lwasaki & Medzhitov, 2004). Granulocytes also contain large numbers of toxic granules that can

be released to destroy pathogens or infected cells (Murphy & Weaver, 2017).

Monocytes are generated in the bone marrow and are rapidly released into the blood circulation.
Monocytes make up 5-10% of leukocytes and remain in the circulation for 1-3 days before
entering tissues and differentiating into tissue-resident macrophages and dendritic cells in order
to replace dying tissue-resident immune cells (Owen et al., 2013). Dendritic cells are a specialised
type of macrophage, which mainly present antigens to stimulate adaptive immunity. Dendritic
cells can normally be distinguished from monocytes/macrophages due to high expression of
CD11c, a key component of complement receptor 4 (Poltorak & Schraml, 2015). Neutrophils are
also generated in the bone marrow and have a short life-span in the blood with reports ranging
from 5-90hrs. They make up the majority of leukocytes (50-70%) in the circulation (Owen et al.,
2013). Neutrophils can be distinguished from other myeloid cells based on the expression of
surface marker Ly6G or internal expression of neutrophil elastase and myeloperoxidase (Daley et

al., 2007; Amanzada et al., 2011).
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Figure 1.1 — Origins of myeloid and lymphoid cells.

Differentiation pathways of the key cell types responsible for innate and adaptive immunity. HSC,
haematopoietic stem cell; CMP, common myeloid progenitor; CLP, common lymphoid progenitor;
GMP, granulocyte-macrophage progenitor; MEP, megakaryocyte-erythrocyte progenitor. Cell
illustrations taken from Nature Reviews Immunology. Data compiled from Murphy & Weaver,

2017 and Owen et al., 2013.
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Figure 1.2 — Examples of pattern recognition receptors.

Pathogen-associated molecular patterns (PAMPs) are recognised by a range of pattern recognition
receptors (PRRs) expressed by immune cells. These receptors can be intra- or extracellular. The
subsequent gene transcription pathways induced by activation of these receptors can shape

different immune responses based on the pathogen. Taken from Kaufmann, 2007.

1.1.1.2 Lymphoid cells

Lymphoid cells can be further subdivided into T cells, B cells and NK cells. T and B cells are

considered the main cellular components of adaptive immunity.

T cells are typically separated into CD4+ helper T cells (Ty cells), which communicate with other
cell types to orchestrate the immune system, and CD8+ cytotoxic T cells (Tc cells), which can kill
cells expressing foreign antigens (Owen et al., 2013). In order to activate antigen-specific T cells,
major histocompatibility class (MHC) | and Il are expressed on the surface of cells and present
antigens from within the cell to T cells, which will be activated if the T cell is specific for the
antigen and receives further co-stimulation (Figure 1.3) MHCII typically presents antigens to Ty
cells, while MHCI presents antigens to Tc cells (Alberts et al., 2015). Almost all human cells express
MHCI, whereas MHClI! is typically found only on antigen presenting cells. To prevent the immune
system attacking host cells, T cells mature in the thymus where they are exposed to host antigens
and reactive cells are removed before entering the circulation. Failures in this process to

discriminate self and non-self can lead to autoimmunity (Owen et al., 2013).

Activated Ty cells have several known activation patterns, most notably type 1 (Tu1), type 2 (Tu2)
and type 17 (Tu17) responses, which shape the immune response by releasing specific

combinations of cytokines (Owen et al., 2013). Broadly speaking, Tu1 cells respond to intracellular
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pathogens (e.g. intracellular viruses and bacteria), while Ty2 cells respond to extracellular
pathogens (e.g parasites). Ty17 cells are important for immune responses at mucosal surfaces,
such as the intestine, but are also linked to autoimmune disorders. These cellular responses affect
the phenotype of other immune cells, for example cytokines from Tyl cells polarise monocytes
towards an M1 (classically activated) phenotype, while a Ts2 response polarises monocytes
towards an M2 (alternatively activated) phenotype. Regulatory T cells (Tres) comprise another
important T cell subset that is responsible for reducing inflammation, particularly by suppressing

other T cell populations (Murphy & Weaver, 2017).
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Figure 1.3 — Schematic of antigen-specific T cell activation.

1) MHCII on APCs presents internal antigens on the cell surface. T cells with a TCR specific for the
epitope will bind the antigen and MHC molecule to form a complex. 2) Additional co-stimulation
between ligands and receptors on T cells and antigen presenting cells (e.g CD28-CD80/86) will
result in the activation of T cells. 3) The function of activated T cells will then be modulated by
cytokines (e.g IFNy). In the absence of co-stimulation, the T cell will become anergic, a form of
functional inactivation. APC, Antigen presenting cell; MHCII, major histocompatibility complex

class Il; TCR, T cell receptor; IFNy, interferon y.
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B cells provide the humoral component of adaptive immunity. In most cases, B cell responses are
dependent on T cells (Figure 1.4), although some antigens (e.g. LPS) can stimulate B cells directly
ina T cell independent manner (Parker, 1993). During T cell-dependent B cell activation, B cells
express immunoglobulins as part of the B cell receptor on the cell surface, which binds and
internalises antigens with the complementary structure. Parts of these antigens are then
presented on the cell surface via MHCII. T cells specific for this antigen then bind to the MHCII-
antigen complex and stimulate the B cell via receptors and cytokines (e.g CD40-CD40L).
Stimulated B cells undergo clonal expansion, somatic hypermutation and class switching resulting
in plasma cells that typically produces large amounts of immunoglobin G (IgG) with high-affinity
for the antigen (Murphy & Weaver, 2017). Tu2 cells are particularly efficacious at stimulating
immunoglobulin responses in B cells. The process of T and B cell interactions largely occurs at

specialised immune sites, such as the spleen and lymph nodes.

Antigen

CD40 CD40L

@ Cytokine

receptor

Cytokines

Figure 1.4 — Ty cell dependent activation of B cells.

1) The B cell receptor (BCR) internalises an antigen and presents it via MHCII to the TCR of the T
cell, while CD4 binds to MHCII to stabilise the interaction. 2) T cells reactive to the antigen
stimulate B cells via costimulatory ligand receptor interactions (e.g. CD40-CD40L). 3) Cytokines
(e.g. IL-2/4/5) released from T cells communicate with B cells to eventually drive high affinity
immunoglobulin production. MHCII; major histocompatibility complex class Il; TCR, T cell receptor;

IL-, interleukin-.
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In addition to the effector cells described, the adaptive immune system can also generate
memory T and B cells, which are long-lasting cells that can quickly generate an antigen-specific
immune response when subsequently challenged with the same antigen. There are also lymphoid
cells associated with innate immunity, NK (natural killer) cells. NK cells possess activating and
inhibitory receptors and will release cytotoxic granules like Tc cells if a cell induces more activation
than inhibition, indicating a foreign, viral-infected or diseased cell (Martinet & Smyth, 2015).
Activated NK cells also release a range of cytokines that help to shape the innate and adaptive

immune responses.

1.1.2 Effector molecules of the immune system

1.1.2.1 Cytokines

Cytokines are molecules responsible for the communication between immune cells and are
typically soluble, although membrane-bound forms are found. A complex network of cytokine
expression regulates the immune response during health and disease. In response to an infection,
a specific pattern of cytokines is released at specific time-points to regulate and communicate
between the innate and adaptive immune systems. Table 1.1 summarises the function of the key

cytokines discussed in this thesis.

Cytokines can act on a variety of different systems to fight infection. For example, IL-1pB, IL-6 and
TNFa can communicate with the brain to induce fever and sickness behaviours, such as anorexia
and apathy, to reduce pathogen growth (Dantzer et al., 2008). Meanwhile, IL-6 and TNFa also act
on the liver to produce a range of acute phase proteins, such as C-reactive protein (CRP),
complement pathway components and coagulation factors, each of which have specific functions

that can assist the immune system in clearing pathogens (Gabay & Kushner, 1999).

An analysis of cytokines can provide insights into the polarisation of the immune response (Table
1.2). IFNy, IL-12 and TNFa are all indicative of a type 1 immune response, while IL-4, IL-5 and IL-13
are key cytokines involved in type 2 immune responses (Mills et al., 2000). This T41/M1 and
Tu2/M2 paradigm of immune responses is a useful tool to categorise immune responses and is
very common within the literature, but doesn’t properly convey the complexities or subtle
nuances of the immune system. Indeed, although intracellular bacterial infections typically induce
a skew towards Tu1 cells as the dominant polarisation status, activation of Tyl, Tu2 and Ty17 cells
to different extents is required to properly fight infection. In this thesis, shifts towards cytokines
of the either the type 1 and type 2 immune response are frequently discussed, but this does not

exclude important roles for the less dominant immune response in these studies.
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Cytokine

IFNy

IL-18

IL-2
IL-4

IL-5

IL-6

IL-8%

IL-10

IL-12

IL-13

IL-18

TNFa

Response*

Adaptive

Innate

Adaptive
Adaptive

Adaptive

Innate

Innate

Adaptive

Innate

Adaptive

Innate

Innate

Secreted by

Tul cells, CD8+ T cells, NK
cells

Monocytes, macrophages,
endothelial cells, epithelial
cells
T cells

Th2 cells, mast cells
T2 cells, mast cells

Macrophages, endothelial
cells, Tu2 cells

Monocytes, macrophages,
endothelial cells

T cells, macrophages

Macrophages, dendritic
cells, B cells

Ty2 cells

Activated macrophages

Monocytes, macrophages,
neutrophils, activated T
cells, NK cells

Functions
Macrophage activation, increased MHC
expression and antigen presentation,
suppression of Ty2 cells

Activation of macrophages and T cells,
fever

Proliferation of all T cell subsets
Tu2 cell polarisation, suppression of Tyl
subsets, B cell activation
Growth and differentiation of
eosinophils
Growth and differentiation of T and B
cells, fever, production of acute phase
proteins
Recruits and activates neutrophils,
macrophages and naive T cells to sites
of inflammation
Strongly suppresses macrophage
function

NK cell activation, Tyl cell polarisation

Suppression of macrophages and Tul
cells, Growth and differentiation of B
cells
Stimulates IFNy production by T and NK
cells. Promotes early-stage Tyl
responses and later-stage T2
responses
Supports local inflammation, activation
of endothelial cells, production of acute
phase proteins

Table 1.1 - Summary of important innate and adaptive cytokines in the immune response.

Information in table was summarised from Owen et al., 2013 and Murphy & Weaver, 2017.

*Cytokines can be broadly characterised into dominant expression by innate or adaptive immune

cells, although there is a great deal of overlap in expression, for example IL-10 can be produced by

both T-cells and macrophages. 2 IL-8 (CXCL8) is classified as a chemokine —a group of small

cytokines that induce immune cell chemotaxis, which is the migration of immune cells along a

concentration gradient towards areas of high expression of chemokines. IFNy, interferon y; IL-,

interleukin; TNFa, tumour necrosis factor a.
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Polarisation Polarising Effector Functions
Cytokines Cytokines
IFNy IFNy Co-ordinates response to intracellular
Thl IL-12 TNFa pathogens
IL-18
IL-4 Co-ordinates response to extracellular
T2 IL-4 IL-5
IL-13 pathogens
7,17 IL-6 IL-17 Co-ordinates response to some fungal and
TGF-B IL-22 bacterial infections
Tees IL-2 IL-10 Suppression of inflammation, particularly other
TGF-B TGFB T cell subsets

Table 1.2 - Characterisation of different immune system polarisation states.
IL-, interleukin-; IFN-y, interferon y; TGF-8, transforming growth factor 8. Information in table was

summarised from Owen et al., 2013 and Murphy & Weaver, 2017.

Most cytokines/chemokines are well conserved between mouse and human, but notably the
chemokine IL-8 does not have an equivalent protein in mice. Instead the protein mKC (murine
keratinocyte-derived chemokine/CXCL1) largely compensates for IL-8 function in mice, although
MIP-2 (macrophage interacting protein 2/CXCL2) and LIX (lipopolysaccharide-induced CXC

chemokine/CXCL5) can also replicate some IL-8 function in mice (Hol et al., 2010).

1.1.2.2 Inflammasomes

Inflammasomes are a component of the innate immune system formed in response to a range of
pathogens. The best characterised inflammasome is the NLRP3 inflammasome, which is a multi-
protein complex responsible for the maturation of IL-1B and IL-18 into active cytokines (Latz et al.,
2013). NLRP3 protein production is stimulated by PAMPs or DAMPs and further activating signals
induce conformational changes in NLRP3 allowing the recruitment of ASC adaptor proteins, which
in turn bind multiple inactive pro-caspase 1 molecules leading to autocleavage forming active
caspase-1 (Figure 1.5). Caspase-1 then cleaves pro-IL-1B and pro-IL-18 into active IL-1B and IL-18,

which can drive activation of macrophages, T cells and NK cells.
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Figure 1.5 — Activation of the NLRP3 inflammasome.

The activation of the NLRP3 inflammation requires a ‘priming’ and ‘activating’ signal. A ‘priming’
signal (signal 1) activates NF-kB, leading to expression of NLRP3, pro-IL-168 and pro-IL-18. An
example of this signal is activation of a range of toll-like receptors (TLRs). An ‘activating’ signal
(signal 2) is then required to induce the assembly of the inflammasome components NLRP3, ASC
and pro-caspase 1. A variety of signals have been identified that can provide this activation,
including low intracellular K*, presence of ROS or lysosomal disruption by crystalline salts. ASC,
apoptosis-associated speck-like protein; ATP, adenosine triphosphate; PAMP, pathogen-associated
molecular pattern; DAMP, danger-associated molecular pattern; IL-, interleukin-; NF-kB, nuclear
factor kappa-light-chain-enhancer of activated B cells; NLRP3, NLR family pyrin domain-containing

protein 3; ROS, reactive oxygen species. Adapted from Shao et al., 2015.

1.1.23 Immunoglobins

Immunoglobulins are produced by B cells and have a range of possible downstream functions
(Figure 1.6). There are 5 types of immunoglobulin (IgA, 1gD, IgE, IgG and IgM), each of which has a
different capacity to activate effector functions (Owen et al., 2013). In this thesis, the main
circulating form, immunoglobulin G, is discussed. 1gG is comprised of a variable antigen binding

domain (Fab) and a constant (Fc) region. The diversity of the Fab region enables the generation of
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antibodies against virtually any antigen, while the constant region can bind Clq to activate the
complement pathway and bind Fc receptors expressed by many immune cells to activate

cytotoxic and phagocytic functions (Owen et al., 2013).

- Fcy receptor

Infected/
Foreign cell

Figure 1.6 — Effector functions of immunoglobulins.

1) Antigen dependent cell cytotoxicity — Antibodies bind antigens expressed on the surface of
infected/foreign cells and activate Fc receptor-expressing cytotoxic effector cells (e.g. NK cells via
FcyRIll) to release cytotoxic granules that kill the infected/foreign cell or pathogen.

2) Complement dependent cytotoxicity — Antibodies bind to surface antigen to form a complex,
which activates the classical complement pathway via C1q to induce inflammation and tissue
damage. 3) Blocking - neutralisation of soluble proteins by sequestration (e.g. toxins).

4) Opsonisation and phagocytosis — Antibodies bind to surface antigens and activate Fc receptor
expressing-phagocytic effector cells (e.g macrophages, neutrophils). IgG, immunoglobulin G; Clq,

Complement component 1, subcomponent q.
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In mouse and humans there are 4 major subclasses of IgG termed IgG1, 1gG2, IgG3 and IgG4 in
humans and 1gG1, IgG2a, IgG2b and IgG3 in mouse and these have differential capacity to
activate effector functions. Broadly speaking, human IgG1 and mouse IgG2a are most similar as
they induce similar levels of complement fixation and mainly bind proteins; human IgG2 and
mouse IgG3 are most similar as they mainly bind carbohydrates; human IgG3 and mouse IgG2b
are most similar as they induce similar levels of complement fixation and mainly bind proteins;
human IgG4 and mouse IgG1 are most similar due to their capacity to activate mast cells (Hussain
etal.,, 1995).

In response to infections, the immune system undergoes IgG subclass switching, where the
production of the different IgG subclasses is varied to activate specific effector functions designed
to destroy the particular pathogen. For example, in mice cytokines associated with the Ty1
immune response (i.e. IFNy and IL-12) induce production of IgG2a, IgG2b and IgG3 and inhibits
1gG1 production, while the inverse is true during an IL-4 dominant Ty2 immune response (Germann
et al., 1995). Compared to mouse IgG1, mouse IgG2a and IgG2b can strongly bind Fc receptors to
activate immune cells and IgG3 can strongly activate the complement pathway (Lefeber et al.,
2003), meaning that the IgG subtypes during a Tyl immune response are associated with a more

pro-inflammatory response at a cellular and protein level.

1.1.24 Complement

The complement system is a collection of over 30 proteins that interact to fight pathogens
(Murphy & Weaver, 2017). Most of these proteins are acute phase proteins synthesised by the
liver during an immune response. There are three recognised pathways of complement activation,
classical, lectin and alternative, which are summarised in Figure 1.7. The classical, lectin and
alternative pathways are initiated by crosslinking of C1q, C2 binding to microbial-associated
sugars and spontaneous production of C3b respectively. The number of active complement
components is amplified at each stage, leading to a strong and rapid effect, which can include
recruitment of immune cells via anaphylatoxins (C3a and C5a), enhanced phagocytosis of

pathogens via C3b and cell lysis via the membrane attack complex (MAC, C5b-9).
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Figure 1.7 — Different pathways of complement activation.

In the classical cascade C1q, C1r and C1s combine to produce C3 convertase, an enzyme which
splits C3 into C3a and C3b subunits. The C3b subunit then forms part of C5 convertase, which splits
C5 into C5a and C5b subunits. C5b then associates with C6, C7, C8 and C9 to form the membrane
attack complex (MAC). The MAC is a complex with a central pore that allows unrestricted diffusion
of molecules into and out of the cell, leading to cell death if enough pores are formed. At the same
time, release of potent anaphylatoxins C3a and C5a increases local inflammation and often
induces immune cell recruitment. In the lectin pathway, mannose binding lectin (MBL) binds to
sugar structures expressed by certain bacteria leading to activation of C3 convertase and
downstream signalling as seen with the classical pathway. The alternative pathway relies on the
spontaneous low-level production of C3b from C3. C3b coats the surface of pathogens and
infected/foreign cells and in combination with activated factor B (Bb), which is activated by factor
D, forms an alternative C3 convertase that converges on the downstream cascades of the classical
and lectin pathways. There are several negative regulators of the complement pathway, notably
complement factor | (CFl), which cleaves C3b to form inactive C3b (iC3b), and complement factor
H, which acts both as a cofactor for CFl activity and by enhancing degradation of the alternative
(C3b-Bb) C3 convertase. There are also receptors that act as negative reqgulators of the

complement system, for example CD46 (membrane cofactor protein/MCP) can bind and sequester
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C3b and C4b and act as a cofactor for CFl activity. Bb, activated factor B; C1q, complement
component 1 subcomponent q; C1r, complement component 1 subcomponent r; C1s, complement
component 1 subcomponent s; C2, complement component 2; C2a, complement component 2
cleavage product a; C3, complement component 3; C3a, complement component 3 cleavage
product a; C3b, complement component 3 cleavage product b, iC3b inactivated complement
component 3 cleavage product a; C4, complement component 4, C4b, complement component 4
cleavage product b; C5, complement component 5; C5a, complement component 5 cleavage
product a; C5b, complement component 5 cleavage product b; C6, complement component 6; C7,
complement component 7; C8, complement component 8; C9, complement component 9; MAC,

membrane attack complex. Adapted from Noris et al., 2012.

1.1.3 Summary

The immune system is a complex biological arrangement of immune cells that interact to control
and eliminate disease or pathogens. In response to a pathogen, an integrated network of non-
specific innate immune cells controls pathogen growth and initiates the development of an
antigen-specific adaptive immune cell response to eliminate the pathogen. Immune cells use
cytokines to communicate and shift immune responses towards a specific polarisation status best
suited to respond to the pathogen. These events lead to activation of effector pathways and
clearance of infected/foreign cells or pathogens. Such pathways include activation of cytotoxic
cells (neutrophils, NK cells, Tc cells), phagocytosis (e.g. monocytes/dendritic cells) and activation

of the complement pathway, each of which can be enhanced by immunoglobulin deposition.
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1.2 Overview of the retina and the retinal immune system

1.2.1 Retinal structure and function

All vertebrate species possess a retina within the eye (Figure 1.8), which develops from
outgrowths of the developing brain and forms part of the central nervous system (CNS) (Randlett
et al., 2011). Photons of light enter the eye through the pupil and are focused by the lens onto the
retina. The retina is comprised of 5 different neuronal cell types: photoreceptor, horizontal,
bipolar, amacrine and ganglion cells (Figure 1.9). Light passes through the inner layers of the
retina to reach the photoreceptors, which transduce light into electrical signals. These signals are
then passed onto synapsing neurons, most commonly along the photoreceptor > bipolar cell >
ganglion cell route (Purves et al., 2011). Ganglion cells, whose long axons meet to form the optic
nerve, pass information for visual processing to the brain. Horizontal cells, which can sit between
photoreceptors and bipolar cells, and amacrine cells, which can sit between bipolar cells and
ganglion cells, are mainly responsible for lateral flows of information with the retina. Overall, the
interactions of these neuronal cell types allow light to be converted into electrical signals, which
are summated, integrated and sent for visual processing in the brain, largely through projections
to the thalamic dorsal lateral geniculate nucleus, which in turn projects to the primary visual

cortex (Purves et al., 2011).

The mechanisms surrounding light transduction into electrical stimuli and subsequent processing
can be recorded by electroretinography (Figure 1.10). Following light stimulation, there is an
initial negative deflection, which corresponds to hyperpolarisation of the photoreceptors
(Frishman & Wang, 2011). Photons of light pass through the inner layers of the retina and induce
photoisomerisation of retinal molecules causing conformational changes in the associated opsin
G-protein coupled receptors (GPCRs) that lead to less frequent opening of photoreceptor cGMP-
gated cation channels (Ebrey & Koutalos, 2001). Reduced entry of cations, predominantly Na* but
also Ca?*, causes photoreceptor membrane hyperpolarization (Schmitz & Witkovsky, 1997).
Following this negative deflection, there is a large positive deflection as the reduction of
glutamate release from hyperpolarised photoreceptors leads to the activation of the inner retinal
neurons, particularly ON bipolar cells, and a subsequent wave of depolarisation (Frishman &

Wang, 2011).
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Figure 1.8 — Anatomy of the eye.

Light enters the eye through the pupil and is focused by the lens onto the retina, particularly at the
centre of the retina termed the macula. The vitreous humour is a fluid that fills the inside of the
posterior segment to maintain the eye’s structural integrity and to assist light focusing, while the
aqueous humour fills the anterior segment. The neural retina is supported by the retinal pigment

epithelium and choroidal blood supply, which is attached to the sclera. Adapted from Caspi, 2010.
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Figure 1.9 — Structure of the retinal layers and the underpinning cell types.

Left — Haematoxylin & eosin stain of the human retina showing the retinal layers (RPE, Retinal
pigment epithelium; PR, photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer). Right — illustration of cell
localisation and types forming the retinal layers. The RPE is the outermost layer of the retina and

supports the rod and cone photoreceptors. The light sensing compartments of photoreceptors and
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photoreceptors, bipolar cells and ganglion cells respectively, while the OPL and INL consist mainly

of the synapses between photoreceptors and bipolar cells, and bipolar cells and ganglion cells

respectively. Adapted from Sanges et al., 2013.
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Figure 1.10 — Electrical recordings during phototransduction and retinal processing.

(a) Electroretinogram (ERG) from a healthy human subject showing an initial wave of

hyperpolarisation (a-wave) followed by a wave of depolarisation (b-wave) in response to high light

intensity (-1.0 log relative intensity), but not low light intensity (-5.0 log relative intensity). (b) The

a-wave results from photon-induced conformational changes in rhodopsin leading to the closure

of cGMP-gated cation channels and photoreceptor hyperpolarisation. (c) The b-wave results from

the depolarisation of most inner retinal neurons in response to reduced glutamate release by

hyperpolarised photoreceptors, although there are a minority of cells (i.e OFF bipolar cells) that

hyperpolarise in response to reduced glutamate signalling. GDP, guanosine diphosphate; cGMP,

cyclic guanosine monophosphate; GTP, guanosine triphosphate. (a) Adapted from Asi & Perlman,

1992, (b, c) Adapted from Boundless Biology, 2016.

17



Chapter 1

Photoreceptors are highly active cells with high metabolic demand and are constantly exposed to
light and damaging ultraviolet (UV) radiation (Yu & Cringle, 2005; Xu et al., 2009). To cope with
these conditions, the photoreceptors are supported by a specialised epithelial monolayer termed
the retinal pigment epithelium (RPE), which is critical for healthy retinal function. The outer layers
of the retina (photoreceptors and RPE cells) are not vascularised, and instead the fine
choriocapillaris of the choroidal vasculature lie in close apposition to the RPE cells and are
separated from the RPE by Bruch’s membrane (BrM), a thin membrane composed of collagen and
elastin layers (Figure 1.11) (Mettu et al., 2012; Bhutto & Lutty, 2012). RPE cells support
photoreceptor survival by selectively allowing the flow of essential nutrients from the choroid to
the photoreceptors, including amino acids, oxygen and antioxidants (Erickson et al., 2007). In
addition, RPE cells phagocytose shed segments/disks of photoreceptors to prevent accumulation
of damage within the photoreceptors (Lueck et al., 2012; Xu et al., 2009). RPE cells also secrete a
variety of trophic factors (e.g pigment epithelium-derived factor/PEDF) to promote photoreceptor

survival (Tombran-Tink et al., 1995; Bhutto & Lutty, 2012).

. .+ —— Choriocapillaris

v / Bruch’s membrane
(P tas ) ~ Retinal pigmented epithelium
!“h\‘ \ Apical RPE processes
l( N Photoreceptor segments

,‘ ”‘! \., . — Photoreceptor cell bodies

Figure 1.11 — Structure of the outer retinal layers and choroid.

(A) Schematic and (B) toluidine blue histology of the outer retinal layers and choroid. The
choriocapillaris lie in close apposition to the retinal pigment epithelium (RPE) and are separated by
Bruch’s membrane. The photoreceptor segments shed discs of macromolecules (small blue dots)
that are phagocytosed by the RPE via apical processes, a key process in retinal homeostasis. RPE,
retinal pigment epithelium. (A) Adapted from The Angiogenesis Society, 2012, (B) Adapted from
Hageman et al., 2007.
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Light entering the eye is maximally detected by a 5.5mm wide structure termed the macula im
huamns (Figure 1.12) (Agarwal, 2012). Histologically, the structure can be defined as a specialised
area with two or more layers of ganglion cells (Remington, 2012). The macula consists of a central
fovea containing a high density of cone cell photoreceptors responsible for high acuity vision in
high light conditions (Curcio, 2001; Hildebrand & Fielder, 2011). The parafovea region surrounding
the fovea is dominated by densely packed rod cells responsible for monochrome vision in low
light conditions (Curcio, 2001; Curcio et al., 1990). At the fovea, the inner retinal layers are
displaced outwards, presumably to prevent light scattering through the retina before reaching the
fovea, which would reduce visual acuity (Provis et al., 1998). The inner layers of the retina are
vascularised with capillaries extending from branches of the central retinal artery, but these
capillaries are sparse at the macula, where reduced light scattering due to lack of blood vessels
would greatly improve visual acuity (Provis et al., 1998). Although the human macula is only a
small part of the retina, the dense levels of photoreceptors and displacement of inner retinal
layers provides a high level of visual acuity that is unmatched by the rest of the retina. The macula
can be visualised as a dark spot in images of the retinal surface (fundus) mostly due to the high
expression of pigments lutein and zeaxanthin, which absorb damaging UV and blue light and
scavenge free radicals to protect the retina from oxidative damage (Carpentier et al., 2009;
Trieschmann et al., 2008; Snodderly et al., 1984; San Giovanni & Neuringer, 2012). RPE cells have
a black/brown appearance due to high levels of pigment, particularly melanin pigment in
melanosomes, to absorb any scattered light not used by the photoreceptors and as the fovea is
thinner than the surrounding retina, this improved visualisation may also contribute to the dark

appearance of the macular in fundoscopy (Agarwal, 2012; Bhutto & Lutty, 2012).

In contrast to humans, rodents do not possess a macula but instead have a consistent retinal
structure, which makes their use in modelling macular diseases limited to analysis of more general
retinal degeneration (Ramkumar et al., 2010). Overall, rodents have fewer cone cells (=3%) than
humans (=5%), completely lack cone cells against red light and show little change in ratio of
cones:rods throughout the retina, while cones are greatly enriched in the human macula
compared to the peripheral retina (Curcio et al., 1990; Jacobs, 1993; Jeon et al., 1998; Carter-
Dawson & LaVail, 1979). Mice also have much larger neuronal receptive fields in the retina/visual
cortex compared to primates (average 14° in mice and <1° in macaques) providing greater
sensitivity to light, but greatly reduced visual acuity (Hiibener, 2003). Overall, these parameters
enable mice to have better night vision, at the expense of high acuity colour vision during high

light conditions.
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Figure 1.12 — Location and structure of the macula.

(1,2) The human retina has a specialised structure termed the macula, which is not present in the
rodent retina. (3) The macular is a 5.5mm structure demarcated into 3 zones: (A) the fovea, which
includes the (a) central foveola, (B) the parafovea and (C) the perifovea. (4) At the fovea, the inner
retinal layers are displaced outwards and the ganglion cell layer is more than one cell thick. At the
fovea, cone cells (green) are the dominant photoreceptors while the outer macula areas and the
peripheral retina are dominated by rod cell photoreceptors (red). RPE, retinal pigment epithelium;
INL, inner nuclear layer; ONL, outer nuclear layer; PR, photoreceptors; Chor, choroid. (1,2) Taken

from Veleri et al., 2015, (3) taken from Agarwal, 2012, (4) adapted from Leung & Snodderly, 2006.
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1.2.2 Macroglial cells — Miiller cells and astrocytes

There are three types of glial cells in the retina: astrocytes and Miiller cells, which are both
macroglial cells, and microglial cells. Glial cells are non-neuronal cells responsible for a variety of

functions to support neurons, including homeostasis, physical support and immune defence.

Miiller cells are specialised radial glial cells and are the dominant glial cell of the retina,
representing =90% of glia (Reichenbach et al., 1995; Vecino et al., 2016). They span the
neurosensory retinal layers, providing structural support, and can detect and respond to
mechanical deformation (Macdonald et al., 2015; Jadhav et al., 2009) (Figure 1.13). Miiller cells
also have many key homeostatic functions. They can provide nutrients (e.g. glucose) and trophic
factors (e.g retinoic acid) to support neuronal survival as well as suppressing angiogenesis via
PEDF and thrombospondin-1 (Edwards, 1994; Eichler et al., 2004a, 2004b; Poitry et al., 2000;
Poitry-Yamate et al., 1995; Bringmann et al., 2009). They are responsible for the clearance of
waste products from neurons (e.g. CO,, amino acids, ammonia) and phagocytosis of larger debris
(Reichenbach & Robinson, 1995; Bejarano-Escobar et al., 2017). Miiller cells can also uptake
extracellular potassium to protect neurons from excessively high potassium levels, which can be
damaging and toxic, and also regulate water concentrations and retinal pH (Reichenbach &
Robinson, 1995). Finally, Miiller cells can release a number of signalling molecules (e.g. glutamate,
dopamine, taurine, GABA) to directly alter neural function (Reichenbach & Bringmann, 2013;

Ando et al., 2012).

Astrocytes are almost entirely limited to the retinal nerve fibre layer comprised of the long axons
of ganglion cells (Figure 1.13). Astrocytes share many roles of Miiller cells, including the storage
and provision of nutrients (e.g. glucose) for the ganglion cells and support of neuronal function
through the uptake and metabolism of neurotransmitters and regulation of extracellular
potassium levels (Hollander et al., 1991; Newman, 2003; Tsacopoulos & Magistretti, 1996; Vecino
et al., 2016). The processes of astrocytes, along with Miiller glia, encompass retinal blood vessels
to form a blood-retinal-barrier (BRB) that separates the systemic circulation and the retinal

microenvironment, which is discussed further in section 1.2.4.
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Figure 1.13 —Location of glial cells within the retina.

Miiller cells (M) span the entire neurosensory retina, while astrocytes (As) are confined to the
nerve fibre layer (NFL) and microglia (Mi) are typically found in the inner and outer plexiform
layers (IPL/OPL). BV, blood vessel; G, ganglion cell; A, amacrine cell; B, bipolar cell; H, horizontal
cell; C, cone photoreceptor; R, rod photoreceptor; Ch, choroid; PE, retinal pigment epithelium; OS,
outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer; NFL; nerve fibre layer; ON, optic nerve. Taken from

Vecino et al., 2016.

1.23 Microglia cells — the resident immune cell of the CNS

The eye is, in some aspects, immune privileged as it lacking many immune cell types found in the
systemic immune system (Stein-Streilein, 2013). T and B lymphocytes do not enter the retina
under healthy conditions and immunohistochemical staining confirms a lack of T and B cells in the
healthy human retina along with few dendritic cells (Yang et al., 2000; Crane & Liversidge, 2008).
Microglia, which are the resident immune cells of the CNS, therefore have a critical role in
immune defence. Microglia are tissue resident macrophages that are typically located near inner
retinal blood vessels in the inner and outer plexiform layers in healthy eyes (Figure 1.13) (Ambati

et al,, 2013).

Under healthy conditions, microglia typically display a ‘resting’ phenotype characterised by a
small cell body with long, highly ramified processes that survey the microenvironment

(Saraswathy et al., 2006). This ‘resting’ phenotype is controlled by co-ordinated suppressive
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signals from a range of cellular sources, including neuron-microglia interactions (e.g. CD200-
CD200R) and suppressive cytokine production by RPE cells and astrocytes (Figure 1.14)
(Langmann, 2007; Karlstetter et al., 2015). There is some evidence that microglia are critical for
outer retinal homeostasis, as microglia migrate to the subretinal space to clear away debris such

as lipofuscin and melanin, particularly during aging in mice (Xu et al., 2008).

In response to pathogenic or damaged cell stimuli, microglia become activated, adopt a round
hypertrophic cell morphology and migrate to the stimulus site (Saraswathy et al., 2006). Activated
microglia develop macrophage-like effector functions (Figure 1.14), including cytokine production
and phagocytosis, to clear pathogens or debris and subsequently return to a resting state once
the activating stimulus is removed (Saraswathy et al., 2006), although previous activation may
have functional consequences on the response of microglia to subsequent activation (Plintener et
al., 2012; Perry & Holmes, 2014). Peripheral macrophages can be divided into classical (M1)
macrophages that can secrete IL-1pB, IL-6, IL-12 and TNFa, while alternatively-activated (M2)
macrophages may secrete immunoregulatory factors, including IL-10, IL-1RA and TGF-
(Mantovani et al., 2013; Mosser & Edwards, 2008). Along these lines, microglial activation has
been broadly classified into two categories: classical (M1-like) activation and alternative (M2-like)
activation. This paradigm is important because many studies looking at retinal microglia have
been characterised in these terms. However, this duality is becoming outdated due to an
increasing number of subcategories that simultaneously express traditional M1 and M2 factors
and the high plasticity of myeloid cells to alter phenotype in response to changing local and
systemic environments in vivo that is not identified by in vitro studies (Perry & Teeling, 2013;

Gleissner, 2012; Kadl et al., 2010).

Microglial cells originate from the yolk-sac and, unlike many other tissue-resident macrophages,
are not thought to require the infiltration and differentiation of monocytes from the circulation
for renewal of the population (Hoeffel et al., 2015; Ginhoux et al., 2010). Microglial cells also show
slower turnover compared to other macrophage populations, and there is evidence for self-
renewal of the population under healthy conditions (Prinz & Priller, 2014). However, under
stressful conditions (e.g. light-injury, neurodegeneration and irradiation) circulating monocytes
can infiltrate and differentiate into macrophages in the retina with characteristic microglial-like
morphology (Xu et al., 2007a; O’Koren et al., 2016). Monocytes infiltrating into the retina express
higher levels of CD45 and CD11b than microglia, but these may downregulate over time to
become similar to microglial levels (O’Koren et al., 2016). Consequently, bone-marrow chimera
experiments, where retinal microglia are GFP- and infiltrating monocytes are GFP+, are common
to distinguish these cell types (O’Koren et al., 2016; Xu et al., 2007b; Zinkernagel et al., 2013). A

recent study has indicated that low levels of CD45, CD11c, F4/80 and MHCII are a consistent
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microglial signature across a range of retinal injuries and that increases in these markers observed
post injury are due to infiltrating cells instead of microglial activation (O’Koren et al., 2016).
Microglia and infiltrating monocytes are thought to be functionally distinct; the infiltration of
monocytes into the retina has been suggested to occur following strong or chronic microglial cell
activation to reduce local inflammation in an attempt to restore homeostasis (London et al.,

2013).
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Figure 1.14 — Regulation of microglial activation and microglial effector function.

In the absence of activatory stimuli, microglia adopt a ‘resting” morphology characterised by long,
thin processes surveying the microenvironment. Microglia are kept in this ‘resting’ state by a range
of suppressive interactions, including neuronal-microglial interactions (e.g. CD200/CD200R and
CX3CL1/CX3CR1) and immunosuppressive cytokines (e.g. TGF-8, IL-10) derived from glia and/or
RPE cells. Activating stimuli can overcome these suppressive factors, causing microglial activation,
proliferation and migration. The classical (M1-like) phenotype of activated microglia is an
activated hypertrophic cell body with condensed processes and secretion of inflammatory
cytokines (e.g. IL-18, TNFa) and mediators (e.g. NO, inflammatory lipids). ROS, reactive oxygen

species; NO, nitric oxide. Adapted from Langmann, 2007.

1.24 The blood-retinal barriers

There are two main blood supplies to the retina: the inner retina is vascularised by capillaries and
arterioles from the central retinal artery, while the avascular outer retina is supported by an

extensive network of choriocapillaris (Figure 1.15). The barriers between these two blood supplies
are both regulate the flow of molecules/cells between the retina and the periphery, but have very

distinctive structures.
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The outer BRB is characterised by fenestrated choroidal blood vessels separated from a
monolayer of RPE cells by BrM (Campbell & Humphries, 2013). The RPE cells are linked by tight
junctions comprised of a variety of proteins including occludins and zonula occludens-1 (ZO-1), -2
and -3, which greatly restrict access of circulating factors, including antibodies and immune cells,
to the retina (Campbell & Humphries, 2013). The RPE cells regulate the transport of nutrients to
the photoreceptors, including ions, amino acids, sugars and oxygen and also modulate the
phenotype of immune cells in close contact with the barrier (Shechter et al., 2013). The RPE
secretes a variety of immunosuppressive factors, including TGF-$ and IL-10, and also skews
immune cells towards a Th2/M2 phenotype by inducing apoptosis of Tyl via to engagement of

FasL and PDL1 on RPE cells (Shechter et al., 2013)

The inner BRB is characterised by non-fenestrated endothelial cells linked by tight junctions and in
close association with retinal astrocytic endfeet and pericytes (Figure 1.15). There are an equal
number of pericytes and endothelial cells in the inner BRB, with pericytes responsible for a range
of functions including structural support, regulation of blood flow and pinocytosis of soluble small
molecules (Trost et al., 2016; Bergers & Song, 2005; Stewart & Tuor, 1994). Additionally,
perivascular macrophages are dispersed along the inner retinal blood vessels and lie between the
astrocytic endfeet and the blood-vessel basement membrane (Mendes-Jorge et al., 2009). These
perivascular macrophages express scavenger receptors allowing clearance of retinal debris and
removal of blood-borne proteins from the retina (Mendes-Jorge et al., 2009). Unlike the outer
BRB, the inner BRB is not known to modulate the phenotype of infiltrating cells, although cells can

only infiltrate through the inner BRB under strong inflammatory conditions (Shechter et al., 2013).

Much of our knowledge of cell infiltration through the inner and outer retinal barriers is derived
from rodent studies of experimental autoimmune uveitis (EAU). In this model, rodents are
immunised against a retinal antigen leading to the development of antigen-specific T cells and B
cells, which generate an immunoglobulin response against the antigen (Agarwal et al., 2012).
There is variation in EAU disease course due to species, strains and antigen choice, but generally,
Twl/M1 and Tu17 cells enter the retina through the inner retinal blood vessels in the early stages
of EAU, in line with a lack of immunoskewing by the inner BRB (Kerr et al., 2008b; Luger et al.,
2008; Amadi-Obi et al., 2007; Agarwal et al., 2012; Shechter et al., 2013). The infiltration of these
cells is largely dependent on the interaction of LFA-1 on T cells and ICAM-1 on activated
endothelial cells, although LFA-1 independent mechanisms have been described along with a role
for other adhesion molecules (e.g. VCAM-1, PECAM-1, P-selectin) (Xu et al., 2003; Crane &
Liversidge, 2008; Greenwood et al., 1995). Later in the disease course, there is a resolution phase
to control retinal inflammation typified by the presence of T42/M2 cells in the subretinal space

(Kerr et al., 2008a). This is in line with the immunoskewing nature of the outer BRB for an M2
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phenotype, although it is not clear if these cells enter through the outer BRB or represent a

phenotypic change of immune cells already in the retina (Shechter et al., 2013). Cells can infiltrate

into the retina through the outer BRB via ICAM-1 and VCAM-1 dependent mechanisms

(Dewispelaere et al., 2015).
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Figure 1.15 — Structure of the inner and outer blood-retinal barriers.

(a) The inner BRB consists of glial cell processes, which completely encompass the endothelial cell
layer of retinal blood vessels, to restrict access to the retina. The endothelial cells are connected by
tight junctions to further restrict access to the retina. The inner BRB is considered a true barrier as
it restricts entry of cells under healthy conditions and does not skew the phenotype of any
infiltrating cells. (b) The outer BRB consists of fenestrated capillaries in close apposition to the BrM
and the RPE. The RPE cells are linked by tight junctions to restrict access to the retina. The RPE is
considered an educational gate as it expresses many factors and receptors to modify the

phenotype and function of infiltrating immune cells. Adapted from Shechter et al., 2013.
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1.24.1 Summary

The retina has a specialised structure that underpins its main function of sensing and transducing
light into electrical signals that are summated and sent to the brain for visual processing. The
outer layers of the retina, which contain the light-sensing photoreceptors, are not vascularised
and are instead dependent on the RPE and the adjacent choroidal blood supply for survival. The
RPE cells and choroid also form the outer BRB, preventing access of the systemic immune system
and other systemic components to the retina. The inner layers of the retina are vascularised and
processes of astrocytes and Miiller cells ensheath the inner retinal blood vessels to form the inner
BRB, which also restricts access of systemic cells/factors. Glial cells of the retina are essential in
supporting retinal function and providing immune defence. As the inner and outer BRBs restrict
access of the systemic immune system to the retina, the resident immune cells of the retina,
microglia, have a critical role in responding to infection, inflammation and injury within the retina.
Overall, the variety and distribution of specialised cells throughout the healthy retina allows the

retina to function effectively.
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1.3 Age-related macular degeneration

13.1 Epidemiology

Age-related macular degeneration (AMD) is a neurodegenerative disease of the macula and the
leading cause of blindness in many developed countries (Congdon et al., 2004). Globally in 2014,
AMD was estimated to affect 170 million patients, with 9.6 million patients in the advanced stages
characterised by severe visual impairment/blindness (Wong et al., 2014). In the UK alone, over
500,000 people were estimated to have late stage AMD in 2009, while a further 1.2 million people
were estimated to have early signs of the disease preceding sight loss (Access Economics, 2009;
Owen et al., 2012). Degeneration of the macula, which is responsible for high acuity central vision,
can lead to devastating central vision loss (Figure 1.16). In general, patients with vision loss have a
reduced ability to perform daily tasks, often leading to loss of independence, increased emotional
distress and reduced quality of life (Williams et al., 1998). The condition also has a negative

impact on family and friends, many of whom will have to care for the patient.

There are two different types of AMD — ‘wet’ and ‘dry’ — that are distinguished based on clinical
pathology. Dry AMD affects the majority of patients (70-90%) and has no effective treatments
(Buschini et al., 2011). At the late stages, dry AMD can progress into atrophic lesions termed
geographic atrophy (GA) or develop into wet AMD, with approximately a 1:1 ratio of incidence in
2009 UK population (GA: 276,000 patients; wet AMD: 263,000 patients) (Owen et al., 2012). There
are currently treatments available for wet AMD patients to slow, and in many cases improve,
vision loss, but no treatments are available for dry AMD. In the UK between 2010 and 2020, the
cost of direct medical treatments, such as wet AMD treatments and hospitalisation due to falls is
estimated at £2.93bn, while the economic costs arising, such as informal/paid care and lost
productivity, are estimated to cost £12.5bn (EpiVision, 2010). Therefore, if effective treatments
become available, the AMD sufferer and their relatives may be spared from the negative effects

of vision loss and increased health care costs may be outweighed by reduced social costs.

Aging is the main risk factor for AMD development, with each additional decade of life associated
with increased risk of AMD; 3.5% of people in the 45-49 age group have AMD, 5.7% for 50-59
years, 10.2% for 60-69 years, 17.6% for 70-79 years and 24.96% for 80-84 years (Wong et al.,
2014). As a result of the aging population, globally it is estimated that 288 million people will
suffer from AMD by 2040, a 70% increase in AMD incidence compared to 2014. Furthermore,
aging has an even great effect on increasing incidence of late-stage AMD; 0.1% of people in the

45-49 age group have AMD, 0.1% for 50-59 years, 0.4% for 60-69 years, 1.4% for 70-79 years and

28



Chapter 1

3.3% for 80-84 years. The number of people with late-stage AMD are estimated to reach 18.6
million by 2040, a 95% increase on late-stage AMD incidence compared to 2014 (Wong et al.,
2014). Therefore, effective treatments will be critical to manage the social and economic impacts

of increasing AMD incidence amongst the rising elderly population.

Normalgy 5|on Ision wivtnhw'AIVID

Figure 1.16 — lllustrative example of vision loss in AMD.

AMD sufferers can develop an area of complete vision loss termed a scotoma in the centre of the
visual field, while most peripheral vision is retained, but may have reduced visual acuity. This
vision loss has a profound impact on the ability of AMD patients to carry out routine tasks. Image

taken from the National Eye Institute (www.nei.nih.gov).

In addition to aging as a risk factor, numerous other risk factors have been identified in
epidemiological studies (Table 1.3). A family history of AMD is a strong risk factor for AMD,
demonstrating a role for genetics in AMD. Most genetic polymorphisms altering AMD risk have
been found in genes relating to the immune system and these genetic risk factors will be
described in more detail when discussing local inflammation in AMD. Overall, the risk factors
including aging, environment and genetics, are all thought to contribute to parainflammation,
which is a chronic low level inflammatory response that attempts to maintain homeostasis and
repair tissue damage, either by increasing oxidative stress/damage or by directly affecting the

immune system (Chen & Xu, 2015).
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Risk factor

History of
AMD in
sibling

Increasing
age

Smoking

Caucasian
Ethnicity

Blue light
exposure

Obesity

Alcohol
intake

Female
gender

Odds Ratio
15.1 (All AMD)
19.8 (Late AMD)
10.3 (Wet AMD)
25.2 (All AMD)

4.2 per decade

2.38 (Current)
1.66 (Former)
2.22 (vs Blacks)
2.38 (vs Hispanics)
0.56 (vs Chinese)
2.23 (Late AMD)
0.44 (Late AMD)
3.5 (Late AMD)
1.25 (Late AMD)
1.09 (Wet AMD)
1.10 (Wet AMD)
1.93 (GA)

2.0 (Late AMD)
1.46 (Late AMD)
1.19 (Wet AMD)
1.51 (GA)
2.29 (Late AMD)
2.1 (Late AMD)

1.67 (Early AMD)

1.05 (All)
0.69/0.99 (GA)
1.24/1.05 (Wet)

References
Shahid et al., 2012
Klaver, 1998
B. E. K. Klein, 2001
Silvestri et al., 1994

Rudnicka et al., 2012*

Cong et al., 2008*

Klein et al., 2006*

Cruickshanks et al., 1993
Delcourt et al., 2001
Huang et al., 2014
Khan et al., 2006
Fletcher et al., 2008
EDC-CSG, 1992
AREDSG, 2005
Seddon et al., 2010
Ersoy et al., 2014
Smith et al., 2001
Smith et al., 2001
Delcourt et al., 2001
Seddon et al., 2006

Chong et al., 2008*

Rudnicka et al., 2012*
Smith et al., 2001*

Comments
OR 36.4 for parental history
OR 4.8 for early AMD

Advanced AMD
All AMD

Advanced AMD
(0.25 vs Chinese for wet AMD)

Years of occupational exposure
Annual ambient solar radiation
>8hrs sunlight exposure per day
Occupational/leisure exposure
Occupational exposure
Occupational/leisure exposure

Body mass index >30 vs <25

Heavy alcohol consumption
(>30g/day) vs none/mild

The 4 studies of alcohol intake
and late AMD have shown 1
significant positive, 1 non-
significant positive, 1 null and 1
negative association
There is not convincing
evidence that gender alters
AMD incidence at any stage.

Table 1.3 - Summary of several non-genetic AMD risk factors associated with AMD risk.

References marked with * are extensive meta-analyses of numerous cohorts.
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1.3.2 Clinical features of early/intermediate AMD

The clinical features of AMD are well known and are used to classify disease stage, but the
mechanisms underpinning these clinical features are unclear. AMD is termed ‘dry’ during early
and intermediate stages, as there is no leakage of peripheral fluid termed exudate into the retina.
Compared to age-matched controls, sufferers with early- or intermediate-stage AMD have an
increased level of yellowish subretinal deposits termed drusen in the macula (Figure 1.17a,b).
Drusen are extracellular aggregates consisting of proteins, lipids and carbohydrates that develop
between the RPE basement membrane and inner collagenous layer of BrM (Buschini et al., 2011).
Drusen are classified into different types based on size and structure. Development of hard
drusen, which are small (<63um) in size and have well-defined edges, is typical in normal aging
(Bhutto & Lutty, 2012). 2.9% of patients with hard drusen developed late-stage AMD over a 14
year follow-up period, whereas no patients without drusen progressed to late-stage AMD. Soft
drusen are medium (63-125um) or large (>125um) in size and have poorly-defined edges, which
often coalesce to become confluent (Bhutto & Lutty, 2012). 26.7% of patients with soft drusen
developed late-stage AMD over a 14 year follow-up period, showing that it is a much stronger risk
factor for AMD than hard drusen (Buch et al., 2005). Soft drusen also tend to develop specifically

in the macular area, while hard drusen develop throughout the retina (Buschini et al., 2011).

Early/intermediate AMD can be graded by severity using a number of different grading systems.
One of the most common is the grading system devised for the Age-Related Eye Disease Study
(AREDS), which grades early to intermediate AMD based primarily on the extent of drusen
(Categories I-Ill) or signs of advanced AMD (Category IV) present in fundoscopic images (Figure
1.18). In addition to fundoscopy, optical coherence tomography (OCT) scans of the retinal layers
can also detect changes to the retina during early AMD, mainly appearing as deformed or
thickened RPE layers due to the presence of underlying drusen (Figure 1.17e,f). Finally,
electrophysiological studies show that early AMD patients have deficits in a-wave and b-wave
amplitudes, indicating a deficit in neuronal communication preceding sight loss (Walter et al.,

1999).
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Figure 1.17 — Fundoscopy and OCT images at different AMD stages.

(A-D) Fundoscopy and (E-H) OCT images of (A, D) healthy retina, (B, F) early AMD, (C, G)
geography atrophy and (D, H) wet AMD. In early AMD, yellow drusen deposits are present in the
macula and the RPE layer is deformed by drusen. During geographic atrophy, choroidal vessels
become visible as the outer layers of the retina collapse. During wet AMD, a variety of clinical
features may appear, including haemorrhage, subretinal fluid, RPE detachment and fibrosis. (A-D)

taken from A. Agarwal, 2012, (E-H) taken from Lumbroso & Rispoli, 2012.
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Drusen are comprised of components from photoreceptors, RPE cells, endothelial cells of the
choroid and serum constituents, with the majority of lipids coming from the photoreceptors/RPE
and proteins coming from the choroid/serum (Booij et al., 2010). The most abundant proteins
found in drusen are clusterin, crystallins, serum albumin, tissue inhibitor of metalloproteinase 3
(TIMP3) and vitronectin, while the major lipid components of drusen are esterified cholesterol,
phosphocholine, sphingomyelin and fatty acids (Crabb, 2014; Wang et al., 2010). In addition to
drusen, two types of sub-RPE deposits have been described that occur between the RPE and
Bruch’s membrane; Basal linear deposits (BLinD), which are largely comprised of membranous
debris (i.e lipids), and basal laminar deposits (BLamD), which are largely comprised of collagen
(Bhutto & Lutty, 2012). BLinD development is strongly associated with an risk of AMD incidence
(Curcio & Millican, 1999). Several age-related mechanisms have been suggested to contribute
drusen/BLinD/BLamD formation (Figure 1.19). Bruch’s membrane becomes thicker and less
permeable with age preventing clearance of components to the choriocapillaris and there is
reduced blood flow through the choriocapillaris. RPE cells show reduced capacity for autophagy
with age and a chronic parainflammatory response develops in response to accumulated insults

over time (Mettu et al., 2012).

Category 1° No drusen or nonextensive small drusen only in both eyes
Category 2:  Extensive small drusen, nonextensive intermediate drusen, or pigment abnormalities in at least one eve
Category 3:  Large drusen, extensive intermediate drusen, or noncentral geographic atrophy in at least one eye

Category 4 Advanced age-related macular degeneration, or visual acuity less than 20/32 attributable to lesions of nonadvanced age-related macular degeneration,

such as large drusen in the fovea, in only one eye
Definitions

Drusen size  Based on largest drusen diameter as follows (relative to the size of an average optic disc, considered by convention to be 1500 mm)- small drusen _ 63

min (1/24 dise diameter, standard circle C-0), intermediate drusen $ 63 mm but | 125 mm and large drusen $ 125 mm (1/12 disc diameter, standard circle

c-1).
Drusen Variability in drusen size required that total drusen area, rather than drusen number, be considered when defining extent of drusen. Small drusen were
extent conside red to be extensive when their cumulative area within two disc diameters of the center of the macula was at least that of AREDS standard circle

C-1 (with diameter 1/12 that of the average disc). This corresponds to approximately 15 small drusen from stereo photographs and probably 5 to 10
small drusen by ophthalmosc opic examimation. Intermediate drusen were considered to be extensive when soft indistinct drusen were present and the
total area occupied by the drusen was equivalent to the area that would be occupied by 20 drusen each having a diameter of 100 mm. If no soft mdistinet
drusen were present, intermediate drusen were considered to be extensive when thev occupied an area equivalent to at least 1/5 disc area (approximately

65 100-mm diameter drusen).

Advanced Defined by the presence of at least one of the following features: geographic atrophy, retinal pigment epithelial detachment in one eye (nondrusenoid
age-related  retinal pigment epithelial detachment, serous sensory or hemorrhagic retinal detachment), choroidal neovascularization (subretinal hemorrhage,
macular subretinal pigment epithelial hemorrhage. subretinal fibrosis), or scars of confluent photocoagulation for neovascular age-related macular degeneration.
degeneration Other features of age-related macular degeneration are specified in detail in the fundus photograph grading protocol (AREDS Manual of Operations,

The EMMES Corporation, Potomac, MD).

Figure 1.18 — AREDS grading scale for AMD severity.
Taken from AREDSG, 2000.

33



Chapter 1

—
4

80-Year-Old Person

o~
—

Si'led disks

I

Macrophage™

granules

Absorption of light '
Phagolysosome by chromophores

Nucleus containing A2E within lipofuscin
! B granules

granules

Choriocapillaris

Figure 1.19 — Aging and the process of drusen formation.

(Left) In the young retina with normal homeostasis, light induces damage to the rod/cone
photoreceptors and RPE cells, which contain melanin and lipofuscin granules to absorb light. To
prevent accumulation of damage in the photoreceptors, the photoreceptors shed disks, which are
uptaken by APRP and are cleared by autophagy or transported to the choriocapillaris circulation.
(Right) In the aged retina with impaired homeostasis, there is an accumulation of melanin and
lipofuscin granules in the RPE cells, Bruch’s membrane is thicker and the choroidal blood vessels
are atrophied and have reduced blood flow. Consequently, there is a failure to clear the
photoreceptor disks along with accumulation of pigment granules and drusen develops between
BrM and RPE cells. Failure to clear waste to the choriocapillaris is suggested to be due to the
thickening of BrM and reduced blood flow, while failures in autophagy are also suggested to
contribute and are, at least in part, due to the build-up of lipofuscin component A2E, which
strongly inhibits autophagy in high concentrations. Alongside these changes,
microglia/macrophages in the retina migrate towards the site of impaired homeostasis, possibly in
an attempt to clear debris, along with giant cells (a cell formed from several fused macrophages)
in the choroid. RPE, retinal pigment epithelium; APRP, apical pseudopodial RPE processes; A2E,
apolipoprotein 2E. Taken from de Jong, 2006.
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133 Clinical features of geographic atrophy

Geographic atrophy (GA) is the late stage conclusion of dry AMD, where large areas of cellular
atrophy are found specifically at the macula. GA lesions can be identified by fundoscopy, where
they can be clearly demarcated from non-atrophic tissue as areas of depigmentation and thinning
of the outer retinal layers, typically allowing improved visualisation of the choroid (Figure 1.17c).
Although some patients have only 1 GA lesion, typically there are several lesions, which are most
likely to develop in the parafovea and then spread outwards, eventually coalescing into larger
lesions (Schmitz-Valckenberg, 2017). Fundoscopy is not particularly sensitive to retinal changes
and lesion area can be monitored more precisely with fundus autofluorescence (FAF) scans, which
detects areas of RPE loss based on the lack of autofluorescent lipofuscin (Holz et al., 2007).
Lesions can also be tracked by OCT to monitor lesion depth and area over time. OCT scans show
that there is loss of the outer retinal layers during GA (Figure 1.17g), whereas the thickness of the
inner retinal layers is constant throughout the disease and these findings are corroborated by
histological analysis of post-mortem tissue from GA patients (Ebneter et al., 2016; Pilotto et al.,
2013; Sarks et al., 1988). Electrophysiological recordings show that GA patients have similar ERG
deficits in a-wave and b-wave amplitude compared to early AMD patients (Walter et al., 1999),
indicating that despite ongoing neurodegeneration and visual loss, overall electrical activity of the

retina is affected mainly in the early stages of the disease and not by progression.

For >65% of patients there is a consistent order in the events leading from early AMD to GA:
Drusen development (>6.6 years before GA onset) > RPE hyperpigmentation (5 years before GA
onset) > drusen regression & RPE hypopigmentation (2.5 years before GA onset) > Geographic
atrophy (Klein et al., 2008). These findings were based on fundoscopy images taken over 13 years
from nearly 100 patients with dry AMD that went on to develop GA during the study. Having said
that, there is a wide variation in the timings of each stage, and in some patients, multiple stages

occur at the same time.

Evidence from several histological and OCT studies of GA lesions indicate that, in most cases, RPE
dysfunction is the initial step that leads to subsequent photoreceptor degeneration and
progressive central vision loss, which is then finally followed by RPE cell loss (Wolf-Schnurrbusch
et al., 2008; Bird et al., 2014; Hogan, 1972; Sarks, 1976; Fleckenstein et al., 2008; Bearelly et al.,
2009). The importance of RPE cell function to photoreceptor survival makes RPE dysfunction a
highly plausible event upstream of photoreceptor loss. However, the clinical observations are also
highly variable between patients, including some evidence of photoreceptor loss in areas of
normal RPE (Bird et al., 2014), providing the possibility that further subgroups of the disease will

need to be described as our understanding evolves.
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134 Clinical features of wet AMD and successful interventions

At late stages, AMD can diverge towards a ‘wet’ neovascular AMD instead of GA (Figure 3.4). Wet
AMD and GA show similar incidences, despite only 10-30% of AMD cases being classified as ‘wet’
(Friedman et al., 2004; Owen et al., 2012), reflecting rapid disease progression and vision loss in
wet AMD patients. In wet AMD, choroidal neovascularisation (CNV) begins with the growth of
small blood vessels derived from the choroid into the sub-RPE space, termed occult CNV, where
the RPE/neuroretina are minimally affected (Agarwal, 2012). Exudative fluid can build up in the
retina over time causing further neovascularisation and in some cases detachment of the RPE
(Arias & Mones, 2010). New blood vessels may grow through the RPE monolayer and affect the
subretinal space, termed classic CNV (Agarwal, 2012). Eventually, there is a shift towards anti-
angiogenic factors and new blood vessels becomes collagenised to prevent further proliferation
and form a fibrotic disciform scar (Agarwal, 2012). Blood vessels and infiltrating exudate allow the
peripheral immune system, including immunoglobulins, complement proteins and leukocytes,
access to the retina, resulting in a strong immune response which can further drive

neovascularisation (Ambati et al., 2013).

In a minority of wet AMD patients, neovascularisation of the inner retinal blood vessels, termed
retinal angiomatous proliferation (RAP), is present and these vessels may eventually anastomose
with choroidal blood vessels (Ding et al., 2009). Due to the diverse stages and pathologies
associated with CNV, there are many possible observable features in fundoscopy/OCT (Figure
1.17d,h), including subretinal fluid, haemorrhage, fibrotic scars and RPE detachment (Agarwal,
2012). Fluorescein angiography can be used to fluorescently identify blood vessels in the retina,
enabling visualisation of the location of choroidal neovascularisation within the retina (Arias &
Mones, 2010). In a similar manner to GA patients, there do not appear to be progressive deficits
in retinal function in CNV patients assessed by ERG compared to early AMD patients (Walter et al.,
1999).

VEGFA is the primary factor driving angiogenesis and can be produced by most retinal cell types,
including neurons, RPE cells, Miiller cells, astrocytes/pericytes, endothelial cells, microglia and
infiltrating myeloid cells, under certain conditions (Tolentino, 2011; Ambati et al., 2013). Inhibitors
of VEGFA have shown efficacy in slowing disease progression and often improve the visual acuity
of patients (Wang et al., 2011). There are three common VEGFA inhibitors used in human wet
AMD patients: bevacizumab (Avastin), ranibizumab (Lucentis) and aflibercept (Eylea).
Bevacizumab is a humanised anti-VEGF monoclonal antibody, which is often used as an off-label
treatment for AMD. In contrast, ranibizumab is an anti-VEGF Fab fragment with the same antigen

binding region as bevacizumab, but without the Fc region and is approved for use in AMD by the
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MHRA/FDA (Mitchell, 2011). The removal the Fc region of the antibody in ranibizumab was
theorised to be better for eye treatments due to lack of ability of the Fc region to induce
microglial/complement activation and improved penetrance into the retina due to its smaller size
(Ventrice et al., 2013; Magdelaine-Beuzelin et al., 2010). Additionally, bevacizumab requires
preparation by pharmacies, is not glycosylated and contains larger particulate matter than
ranibizumab (Mitchell, 2011; Magdelaine-Beuzelin et al., 2010). However, bevacizumab is a much
cheaper option than ranibizumab, so several studies have compared the safety and efficacy of
these drugs and have found similar visual improvement with both drugs, but have identified a
possible slight increase in intraocular inflammation and serious systemic adverse events with
bevacizumab that is worthy of continued study (CATT research group, 2010; Mitchell, 2011;
Maguire et al., 2017). More recently, aflibercept, which is comprised of the two binding domains
of VEGF receptors 1 and 2 linked by the human IgG1 Fc region, has been approved by the
MHRA/FDA (Balaratnasingam et al., 2015). All three drugs show efficacy in treating wet AMD
(Schmid et al., 2015) and further studies comparing the efficacy, side-effect profiles and cost-
benefit analysis of aflibercept, bevacizumab and ranibizumab are ongoing. Alongside these
studies, the contributions of other angiogenic factors (e.g. IL-8, angiopoietin 2, endothelin 1) need
to be further characterised, particularly as there is evidence that these angiogenic factors are

upregulated following bevacizumab injection to inhibit VEGF (Cabral et al., 2017).

A laser-induced mouse model of CNV has provided invaluable insights into the pathology of wet
AMD. (Tobe et al., 1998). In this model, application of 532nm laser light ruptures BrM leading to
the rapid growth of new blood vessels into the retina, which is maximal around 1-week post laser
(Lambert et al., 2013). As in humans, VEGF is the key driver of the angiogenesis in this
experimental CNV model (Seo et al., 1999; Kwak et al., 2000; Saishin et al., 2003). This highly
acute model has offered insights into the disease with other contributing factors identified (e.g.
CCL2, TNFa and MAC), which are possible targets for combination therapy (Liu et al., 2011b; Shi et
al., 2006). There is also a role for immune cells in experimental CNV; inhibition of neutrophils or
macrophages/microglia results in reduced CNV development (Caicedo et al., 2005; Espinosa-
Heidmann et al., 2003; Zhou et al., 2005). These insights provide a rationale to investigate the
benefits of such inhibitors in wet AMD patients to drive further drug discovery. The lack of
effective therapies in GA patients may, in part, be due to the lack of a well characterised mouse

model of dry AMD pathology.
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1.4 Local inflammation during AMD

14.1 The inflammatory basis of drusen

As the hallmark of AMD pathology, many studies have investigated how drusen development in
the macula is linked to the development and progression of AMD, especially due to the strong
correlation of numbers between drusen and risk of progression to advanced AMD. As with disease
associated deposits in other neurodegenerative disease (e.g. amyloid-beta plaques in Alzheimer’s
disease) it is not clear whether drusen drives progression of the disease or is simply a by-product
of the disease process, but many researchers have suggested that drusen can contribute to
disease pathology by inducing local inflammation (Ambati et al., 2013). A combination of
proteomic and histological studies have revealed that numerous immune system proteins are
present within drusen, including immunoglobulins, HLA-DR (an allele of MHCII), complement
components: Clq, C3, C5, and C5b-9 (MAC); complement pathway regulators: clusterin, CD46 and
complement receptor 1; acute phase proteins: vitronectin, C-reactive protein, amyloid P
component, al-antichymotrypsin and clotting factors: factor X, thrombin and fibrinogen (Crabb et
al., 2002; Wang et al., 2010; Anderson et al., 2002; Johnson et al., 2000; Mullins et al., 2000;
Ambati et al., 2013). Proteomic analysis of drusen from cynomolgus monkeys revealed that many
inflammatory proteins in human drusen (i.e. C5, C5b-9, amyloid P component, vitronectin, CD46

and immunoglobulins) are identifiable in other primate species (Umeda et al., 2005).

Drusen is closely associated with processes of inflammatory cells, indicating a capacity for drusen
to induce inflammation (Ambati et al., 2013)(Figure 1.20b). In vitro studies using human
peripheral blood mononuclear cells (PBMCs) and mouse macrophages indicate that extracts of
drusen are inflammatory, as assessed by IL-1f3 secretion, whereas extracts of the RPE are not
inflammatory (Doyle et al., 2012). Additionally, isolated components of drusen (e.g. C1q, AB) have
been shown to induce activation of RPE cells and macrophages/microglia in vitro and in vivo
(Doyle et al., 2012; Tseng et al., 2013; Liu et al., 2013). These findings of inflammatory
components in drusen are further supplemented by proteomic analysis of the
BrM/choriocapillaris complex, which may include BLinD and BLamD. 60% of the differentially
expressed genes between age-matched controls and AMD patients are immune-related (Yuan et
al., 2010). These genes include upregulated expression of C3, C5, C6-9, vitronectin, clusterin and
al-antichymotrypsin, which are all observed in drusen (Yuan et al., 2010; Wang et al., 2010; Crabb
et al., 2002).

38



Chapter 1

Many of the protein components of drusen are tagged with oxidative stress epitopes including 2-
(w-carboxyethyl)pyrrole (CEP), N(6)-carboxymethyllysine (CML), oxidised phosphocholine,
malondialdehyde (MDA) and pentosidine, most of which result from lipid peroxidation and have
been identified in the aging retina (Schutt et al., 2003; Crabb et al., 2002; Weismann et al., 2011;
Handa et al., 2016; Suzuki et al., 2007). CEP and CML are further increased in AMD patients
compared to age-matched controls along with increased levels of crystallins, a stress response
protein family, indicating higher oxidative stress in AMD patients and an attempt to maintain
homeostasis. The retina is particularly susceptible to oxidative stress because it has the highest
oxygen demand per gram of any body tissue, is frequently exposed to damaging UV/blue light and
contains a high proportion of polyunsaturated fatty acids that can be easily oxidised (Wangsa-
Wirawan & Linsenmeier, 2003; Ethen et al., 2007). Furthermore, risk factors for AMD, such as
aging, smoking, obesity and blue light exposure increase oxidative stress and damage (Chen & Xu,
2015; Cano et al., 2010; Johnson, 2005). Genetic polymorphisms in the SOD2 gene, responsible for
production of antioxidants to control oxidative stress as part of homeostasis, have been
associated with altered AMD incidence in 3 genetically independent cohorts, although many more
studies have failed to find an association (Kimura et al., 2000; Kowalski et al., 2010; Kan et al.,
2014). Taken together, these findings present a compelling role for oxidative stress in AMD
pathology. Oxidative stress can activate inflammatory pathways, as will be discussed later,

providing another route by which drusen can be considered inflammatory.
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Figure 1.20 — Schematic of AMD progression and myeloid cell migration.

a) Schematic of the healthy retina. b) In early AMD, drusen accumulates next to a thickening
Bruch’s membrane. Microglial cells migrate towards drusen from inner retinal layers, while
choroidal macrophages are also found in close proximity to drusen. Late-stage AMD is classified as
either c) geographic atrophy, where RPE cells and photoreceptor cells degenerate or d) wet AMD,
where growth of choroidal blood vessels into the retina allows infiltration of exudate fluid and
choroidal macrophages. 30% of patients with neovascular AMD who have anti-VEGF treatment

develop geographic atrophy. Image adapted from Ambati et al., 2013.
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1.4.2 Myeloid cell activation in AMD

Cherepanoff et al., 2010 have completed the most comprehensive study (n=125) of myeloid cell
activation in different stages of AMD pathology (Table 1.4). Overall, they find increases in myeloid
cell number at BrM during progression of early to intermediate AMD in line with increasing
amounts of sub-RPE deposits and drusen (grading | > IV). However, in this study the authors do
not comment on whether BrM macrophages represent microglia and/or infiltrating myeloid cells.
Increasing numbers and activation of choroidal macrophages were also observed in grades Ill and
IV (Figure 1.20b). These cells may also show functional differences, as in early AMD patients
choroidal CD45+ cells show a higher ratio of activatory to inhibitory Fc receptors, indicating a
greater capacity for activation (Murinello et al., 2014). In GA, the number of myeloid cells
decreases from stage IV and myeloid cells are mainly found in the margins of lesions (Cherepanoff
et al., 2010), indicating that myeloid cells within the atrophic lesions gradually die along with the
rest of the tissue (Figure 1.20c). Myeloid cells that are still present in atrophic lesions display a
highly activated amoeboid morphology seen in a range of retinal degenerative diseases
(Combadiére et al., 2007; Gupta et al., 2003). In contrast, in CNV, there is a large infiltration of
systemic macrophages due to the disruption of the outer BRB, making it impossible to define
myeloid cells at BrM (Cherepanoff et al., 2010). Microglia/infiltrating myeloid cells are one of
main producers of VEGF in the retina, showing how systemic immune cells can contribute to

angiogenesis in wet AMD and accelerate vision loss (Figure 1.20d) (Ambati et al., 2013).

The polarisation and phenotype of myeloid cells during AMD remains an important question.
During healthy aging, microglia show increasing expression of M1 (CXCL11) and M2 (CCL22)
associated chemokines, but an overall trend towards M2 polarisation (Cao et al., 2011). Based on
this chemokine analysis, a pilot study showed dry AMD is more associated with a shift back
towards M1 polarisation, while wet AMD is associated with further M2 polarisation. Histological
staining for CD68+ (M1-like) and CD163+ (M2-like) cells revealed increased M2 cells in wet AMD
compared to GA patients (Cao et al., 2011). Supporting these findings, the number of M2-like
CD163+ macrophages is threefold higher than M1-like CD68+ macrophages in neovascular
membranes and furthermore both cell types are able to express VEGF (Nakamura et al., 2015). In
GA patients, CD68+ cells are found in the margins of atrophic lesions (Cherepanoff et al., 2010),
but the presence of CD163+ cells is less clear. A recent qualitative report showed CD163+ sub-RPE
cells in the inner layers in aged eyes, which progressively increased in number and activated
morphology with AMD severity, but there is ongoing debate over whether these are of phagocytic
macrophage or RPE origin as melanin is present in the cells (Lad et al., 2015; Curcio & Ach, 2016;
Lad et al., 2016). Additionally, the authors state that the reactivity pattern of the CD163+ antibody

varies according to the immunohistochemistry (IHC) protocol, which may explain why CD163+
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cells were rarely found during dry AMD and GA in a different study (Lad et al., 2015; Cao et al.,
2011). Overall, the phenotype and origin of activated myeloid cells needs to be better understood

to intervene with possible therapeutics.

AMD grading Grading definition BrM macrophages (mean no. per field tSEM)
I No BLamD 0
Il Patchy BLamD 0.03+0.14
1 Thin continuous BLamD 3.14+5.82
v Thick continuous BLamD 7.14+5.90
Vv GA 2.72+3.03
VI CNV BrM Disrupted

Table 1.4 — Number of myeloid cells at Bruch’s membrane at different AMD stages.

Information taken from Cherepanoff et al., 2010.

Beyond immunohistochemical studies, polymorphisms in receptors expressed on microglia, which
regulate activation (MHCI, MHCII, TLR3, TLR4) and migration (CX3CR1, CCR3) have been
associated with altered AMD incidence/progression (Tuo et al., 2012), further supporting a direct

role for these cells in AMD pathology.

Aging also contributes to the activation of microglia; in the retina of aged (20 month old) mice
expression of receptors on macrophages (i.e. CD11b, FcyRllb, FcyRIll, TLR2 and TLR4) are
increased compared to young (3 month old) mice (Chen et al., 2010). Microglia from aged mice
also displayed a more activated phenotype than those from young mice. This activation may
result from reduced microglia-neuron suppressive signalling (e.g CD200-CD200R, CX3CR1-CX3CL1)
with aging and reduced microglial responsiveness to anti-inflammatory cytokines, which has been
shown in the brain (Corona et al., 2012; Norden & Godbout, 2013). Aged retinal microglia in ex
vivo explants migrate more slowly to sites of laser-injury than young microglia, but persist at the
injury site for much longer (Damani et al., 2011), which may cause prolonged and damaging

inflammation.

Aging, along with other risk factors for AMD, induces high levels of oxidative stress, which are
strongly implicated in AMD pathology. Several oxidative stress epitopes have been suggested to
activate retinal microglia to induce inflammation. For example, CEP adducts can be recognised by
TLR2 and in vitro stimulate an M1 phenotype expressing IL-1B, IL-12, TNFa and iNOS (inducible
nitric oxide synthase, which generates nitric oxide) (Cruz-Guilloty et al., 2014; Doyle et al., 2012).
Other oxidative stress epitopes, including 4-hydroxynonenal and MDA can activate myeloid cells
via the LOX1 scavenger receptor, while oxidised phospholipid and oxidised phosphatidylserine

bind the CD36 scavenger receptor on myeloid cells to induce inflammation (Binder et al., 2016).
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143 Macroglial activation in AMD

The activation status and function of macroglia in AMD are very poorly characterised. GFAP is a
common marker used to identify macroglial cells in the healthy retina. Under healthy conditions,
astrocytes express high levels of GFAP, whereas GFAP expression is largely absent from Miller
cells processes, except for weak expression in the inner retinal layers (Mizutani et al., 1998;
Ramirez et al., 1994). However, under inflammatory/injury conditions, reactive gliosis of Muller
cells can occur and strong GFAP expression is observed throughout Miiller cell processes (Nork et
al., 1986; Mizutani et al., 1998). The level of GFAP expression in the NFL/GFL layer, which is
predominantly astrocytic, is increased in patients with drusen but is not further increased in GA
patients (Wu et al., 2003). In contrast, GFAP expression in the outer retina (IPL to OLM), which is
representative of Miiller cell processes, is not increased by the presence of drusen, but is
upregulated during GA (Wu et al., 2003). Overall, this suggests that astrocytic gliosis occurs early
in the disease process when drusen is present, while Miiller cell activation occurs later when more
severe pathology/inflammation is present. The activation status of macroglia in wet AMD is not
characterised by immunohistochemistry, but macroglia have been shown to express VEGF during
stressful conditions and this should be investigated to determine whether they contribute to
neovascularisation during AMD. In aging, there is a significantly increased area of overall retinal
GFAP staining, but this was not significant for the inner or outer layers alone, and these changes

are minor in comparison to those induced by AMD pathology (Wu et al., 2003).

14.4 Role of cytokines/chemokines in AMD

Several studies have investigated the levels of ocular cytokines during wet AMD by analysing
cytokine levels in the aqueous humour (Table 1.5). Aqueous humour can be collected during
cataract surgery, meaning the control groups in these studies are cataract patients without other
ocular pathology. Overall these studies show increased levels of inflammatory proteins in the
aqueous humour, but there is considerable discrepancy between results for many of the analytes.
Chemokines CCL2, CXCL9 (Mig), CXCL10 (IP-10) and IL-8 represent the most consistently
upregulated inflammatory proteins along with cytokine IL-1a. This may highlight the importance
of systemic immune cell recruitment in driving wet AMD pathology. Unfortunately, no study has
yet looked at levels of aqueous humour cytokines during dry AMD or GA pathology, which would

give better insights into possible mechanisms of disease progression.
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Molecule

Cytokines

IL-1a

IL-2
IL-3
IL-4

IL-5

IL-6

IL-10
IL-12p40

IL-12p70

IL-13

IL-15
IL-17

TNFa

Chemokines

CCL2

CCL4
CCL5
CCL7

CXCLS

CXCL10

IL-8

Other
CRP
Fas ligand

TGF-B2

VEGF

Upregulation Downregulation No change

Jonas et al., 2012;

Sakurada et al., 2015 Rezar-Dreindl et al., 2016

Rezar-Dreindl et al., 2016;
Sakurada et al., 2015
Rezar-Dreindl et al., 2016
Rezar-Dreindl et al., 2016;
Sakurada et al., 2015
Rezar-Dreindl et al., 2016
Agawa et al., 2014;
Fauser et al., 2015;
Rezar-Dreindl et al., 2016;
Sakurada et al., 2015
Rezar-Dreindl et al., 2016;
Sakurada et al., 2015

Jonas et al., 2012

Chalam et al., 2014;
Jonas et al., 2012

Jonas et al., 2012
Jonas et al., 2012;

Rezar-Dreindl| et al., 2016 Sakurada et al., 2015
Fuetal., 2017;
Sakurada et al., 2015
Sakurada et al., 2015
Sakurada et al., 2015

Rezar-Dreindl et al., 2016 Jonas etal., 2012

Agawa et al., 2014;

Fauser et al., 2015;

Jonas et al., 2012;
Rezar-Dreindl et al., 2016

Agawa et al., 2014

Sakurada et al., 2015

Agawa et al., 2014
Jonas et al., 2012

Agawa et al., 2014;
Jonas et al., 2012;
Rezar-Dreindl et al., 2016
Agawa et al., 2014;
Sakurada et al., 2015
Agawa et al., 2014;
Jonas et al., 2012

Jonas et al., 2012

Rezar-Dreindl 2016;
Sakurada et al. 2015

Sakurada et al., 2015 Fauser et al., 2015

Agawa et al., 2014
Jonas et al., 2012;
Rezar-Dreindl et al., 2016
Fauser et al., 2015;
Jonas et al. 2012;
Rezar-Dreindl et al., 2016;
Sakurada et al., 2015

Agawa et al., 2014;
Cha et al., 2013;
Chalam et al., 2014

Table 1.5- Studies analysing the levels of aqueous humour proteins in wet AMD patients.

Studies are grouped into those showing upregulated, downregulated or consistent levels of

proteins compared to age-matched controls.
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In addition to the upregulation of chemokines IL-8 and CCL2 in the retina, genetic polymorphisms
also indicate a role for altered chemokine signalling in AMD. IL-8 haplotype variants result in an
increased risk of wet AMD in 3 independent studies (Ricci et al., 2013; Goverdhan et al., 2008; Tsai
et al., 2008) and IL-8 is known to have angiogenic activity in the eye (Ghasemi et al., 2011).
Moreover, a novel CCR3 polymorphism increasing AMD risk has been identified in an Indian
cohort and aberrant CCR3 expression is detected on the endothelial cells of neovascular
membranes (Takeda et al., 2009; Sharma et al., 2013). CCR3 binds a variety of chemokines, with
CCL2, CCL5, CCL7 and eotaxins showing agonistic activity and CXCL9 and CXCL10 showing
antagonistic activity (Murphy & Weaver, 2017; Daugherty et al., 1996). CX3CR1 polymorphisms
have also been associated with an increased incidence of AMD in 5 of 11 published studies (Ma et
al., 2015; Li et al., 2015; Combadiére et al., 2007; Gupta et al., 2014; Tuo et al., 2004; Yang et al.,
2010; Zhang et al., 2015a; Bridn et al., 2011; Anastasopoulos et al., 2012; Schaumberg et al., 2014;
Zerbib et al., 2011). CX3CR1/CX3CL1 signalling is important for the migration of microglia towards
sites of injury and also promotes survival of peripheral monocytes, but its effect on microglial
survival is not characterised (Landsman et al., 2009; Liang et al., 2009). Transcriptomic analysis of
the RPE/Choroid showed that elevations in CCL2, CXCL9, CXCL10 and CXCL11 is common to CNV

and GA patients (Newman et al., 2012).

Animal studies also provide evidence of a role for dysfunctional chemokine signalling in retinal
degeneration, although variability between labs makes it difficult to draw strong conclusions.
CCL2- and CCR2-deficient mice show development of subretinal deposits containing inflammatory
drusen-associated components (i.e. IgG, C5a, CD46 and vitronectin) at 6 months, followed by
photoreceptor degeneration at 16 months (Ambati et al., 2003). CNV developed in 25% of mice by
20 months, indicating as in humans, the possibility of differential late stage pathology. However, a
study by a different lab identified no discernible degeneration at 12-14 months, despite an
increase in subretinal microglia (Luhmann et al., 2013b). In CX3CR1 knockout mice, increased
subretinal accumulation of microglia, subretinal deposits, and retinal degeneration is observed in
18-month-old mice compared to CX3CR1 heterozygotes (Combadiére et al., 2007). However,
another study demonstrated increased retinal degeneration in the CX3CR1 knockout retina, but
an age-dependent recruitment of subretinal microglia was not altered based on CX3CR1 genotype
(Chinnery et al., 2012). Finally, a third study showed no evidence of retinal degeneration or
increased microglial accumulation in CX3CR1 knockout mice (Luhmann et al., 2013b). Overall,
these studies show that mice with altered chemokine signalling may recapitulate some features of
AMD pathology but require extensive aging and lack consistency between groups. For all studies

presented, except Ambati et al. 2003, mice were tested to ensure that the confounding retinal

45



Chapter 1

degeneration 8 (rd8) mutation in mice of C57BL/6N background was not present (Luhmann et al.,

2013a).

The presence of the rd8 mutation is an important factor because a combined CCL2/CX3CR1
knockout mice was generated, which showed early onset (2-3 months) inflammation, RPE changes
and photoreceptor atrophy with greater consistency amongst mice, but this contaminating rd8
mutation was present (Tuo et al., 2007; Popp et al., 2013; Luhmann et al., 2013b). The
CCL2/CX3CR1 mice and wild-type C57BL6/N mice with rd8 mutation show different localisation
and progression of retinal degeneration (Chu et al., 2013), but the presence of the rd8 mutation
makes results difficult to interpret. Furthermore, the CCL2/CX3CR1 strain without the rd8
mutation shows Miiller cell gliosis and microglial activation by 9 months, but no early-onset AMD
phenotype (Vessey et al., 2012). An independent lab also showed no subretinal microglial
accumulation or photoreceptor degeneration in 14 months old CCL2/CX3CR1 knockout mice
without the rd8 mutation, whereas an another group found photoreceptor degeneration and
retinal inflammation in 18 month-old-mice, showing a phenotype in between the observations
from other labs (Chen et al., 2013b; Luhmann et al., 2013b). Consequently, further study is
required to identify an early onset model with AMD phenotypes that are consistent between labs
and ideally do not require extensive aging before use. Alongside the aqueous humour and genetic
polymorphism data, these animal studies argue for further investigation of chemokines and
altered immune cell migration in AMD. An analysis of CX3CL1 levels in aqueous humour of AMD

patients would be particularly insightful.

While the investigation of inflammatory proteins has been far more extensive in wet AMD
patients than dry AMD patients, there has been an interesting line of research linking
inflammasome activation with geography atrophy. Increased expression of NLRP3, caspase 1, pro-
IL-1B and pro-IL-18 mRNA has been identified in GA-AMD patients compared to controls (Tarallo
et al., 2012; Wang et al., 2016). Moreover, immunohistochemical staining shows staining for
NLRP3 at sites of GA (Tarallo et al., 2012; Tseng et al., 2013). Human drusen has also been shown
to stimulate the NLRP3 inflammasome in macrophages in vitro (Doyle et al., 2012) and active IL-18
is toxic to RPE cells in mice, which may represent a mechanism for inflammation to drive AMD
pathology towards GA (Tarallo et al., 2012). Microglia/macrophages accumulate near the RPE
during AMD, which may allow elevated levels of proinflammatory cytokines to drive RPE cell
degeneration and subsequent photoreceptor loss. Cells other than microglia/macrophages may
play a role as RPE cells show inflammasome activation and secretion of IL-1 and IL-18 when
exposed to oxidative stress epitope 4-hydroxynonenal in vitro, indicating that RPE cells may also
contribute to retinal inflammation during AMD pathology (Tseng et al., 2013; Brandstetter et al.,
2015; Kauppinen et al., 2012).
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1.4.5 Complement activation in AMD

Overactivity of the complement pathway is the strongest genetic risk factor for AMD. In particular
polymorphisms in CFH, a negative regulator of the alternative complement pathway, account for
over 50% of AMD heritability with 10 specific CFH polymorphisms associated with increased AMD
incidence (Ambati et al., 2013). Additionally, 9 other complement pathway genes altering AMD
incidence/progression have been identified: CFl, factor B, C2, C3, C4, C5, C9, CFH related protein
(CFHR)-1, CFHR-3 and vitronectin (Geerlings et al., 2017; Tuo et al., 2012). These polymorphisms
indicate that overactivity of the complement pathway, particularly the alternative pathway,
increase risk of AMD incidence and/or progression. Administration of an intravitreal complement
factor D inhibitor has also shown some success in Phase Il clinical trials; after 18 months of
intravitreal lampalizumab, GA lesion size is reduced by 20% compared to control, with patients
with CFl mutations appearing to benefit further with a 44% reduction in GA lesion size (Yaspan et
al., 2017). A study of C5 inhibition in the retina didn’t show any success in GA patients (Zamiri,
2016), despite being common to all complement pathways and directly upstream of the tissue
damaging MAC. As the complement pathway is a large amplification cascade, intervening at the

early steps may greatly reduce inflammation compared to intervention at the level of C5.

Complement pathway overactivity also occurs because of aging, the greatest risk factor for AMD.
Aged 20 month old mice show increased expression (>2-fold) of many genes encoding
complement pathway components (e.g. Cl1q, C3, C4b) (Chen et al., 2010). Aged mouse retinas also
have increased C3d deposition, particularly in the subretinal region, and 12.5-fold elevations in
Clq protein levels (Chen et al., 2010; Stephan et al., 2013). In humans, the presence of numerous
complement pathway components in drusen argues for a local role of complement in the disease.
Complement is an interesting candidate for the conversion of retinal inflammation into
neurodegeneration via MAC formation. Several complement pathway components can activate
microglia via complement receptors (CD11b, CD11c) to induce inflammation (Mevorach et al.,
1998). In peripheral macrophages, activation by the complement pathway can lead to production
of more Clq leading to an inflammatory feedback loop driving inflammation and tissue damage
and this process may also occur in the microglia of the retina (Karsten & Kohl, 2012). However, in
early stage AMD, Clq staining is observed mainly at the choriocapillaris as opposed to the retina,
while increased levels of MAC staining is also observed in the choriocapillaris and drusen
(Murinello et al., 2014). This suggests that complement components, particularly at the early

stages, may originate from the periphery.
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Complement factors may also provide a link between oxidative stress and retinal
inflammation/degeneration. The CFH (Y402H) polymorphism is one of the highest risk factors for
AMD, with homozygous patients 7 times more likely to develop AMD (Seddon et al., 2006). 24
month old CFH knockout mice develop visual dysfunction, retinal C3 deposition, autofluorescent
subretinal deposits, reduced BrM thickness and photoreceptor disorganisation, but no evidence
of photoreceptor loss (Coffey et al., 2007). Moreover, a transgenic mouse expressing human CFH
(Y402H) variant under the murine ApoE promoter develop basal laminar deposits, retinal C3
deposition, BrM thickening, accumulation of lipofuscin in RPE and subretinal macrophage
accumulation, but again no evidence of photoreceptor loss (Ufret-Vincenty et al., 2010). These
studies indicate that defects in CFH alone only lead to an early AMD phenotype. One proposed
mechanism for the role of CFH in AMD is based on the fact that CFH normally binds and hides
oxidative stress induced malonaldehyde (MDA) epitopes to prevent MDA-mediated complement
activation (Wang et al., 2015). It has been shown that certain CFH polymorphisms encode CFH
with a reduced ability to bind and hide MDA epitopes, resulting in increased complement
activation and possibly microglial activation (Weismann et al., 2011). Additionally, the CFH Y402H
polymorphism has been associated with increased GM-CSF in the vitreous of healthy patients and
increased numbers of choroidal macrophages (Wang et al., 2015), indicating that this
polymorphism may link oxidative stress, complement activation and myeloid cell activation in

AMD patients.

1.4.6 Antibody deposition and a role for autoimmunity in AMD

Several immunoglobulin components have been identified in drusen by proteomic and
immunohistochemical analyses (Anderson et al., 2002; Crabb et al., 2002; Johnson et al., 2000;
Mullins et al., 2000). In 1990, elevated levels of autoantibodies against retinal antigen GFAP were
identified in AMD patient sera compared to controls and since then high titres of autoantibodies
against more than 30 antigens expressed in the retina have been found in AMD patients
(Morohoshi et al., 2012b; Penfold et al., 1990). Strikingly, 9% of controls have a high serum titre of
anti-retinal antibodies, compared to 94% of early AMD patients (Patel et al., 2005). High IgG
and/or IgM levels against host antigens associated with inflammation (e.g. GFAP, MHC subunit B2-
microglobulin), stress responses (e.g. ap-crystallin, a-enolase, HSP70 family members), structural
components of Bruch’s membrane (e.g. elastin, collagen Ill, collagen 1V) and oxidative stress
epitopes (e.g. CEP) have been found in AMD patients (Morohoshi et al., 2012b; Gu et al., 2003;
Penfold et al., 1990). High IgG:IgM ratios, a typical measure of autoimmunity, against several
retinal antigens confer a 7- to 44-fold increase in AMD risk (Morohoshi et al., 2012a). Control

patient sera shows little binding to retinal sections, whereas AMD patient sera binds strongly to
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the choroid, Bruch’s membrane and RPE (Patel et al., 2005), demonstrating that anti-retinal

antibodies can deposit at the site of AMD pathology.

During healthy aging, IgG deposition is observed in the choriocapillaris and inner retinal blood
vessels, but in AMD patients, 1gG deposition in the choriocapillaris is co-localised strongly with
Clg and MAC deposition (Murinello et al., 2014). There is also an increase in FcyR-expressing
CD45+ immune cells in the choriocapillaris along with a shift to a higher ratio of activatory to
inhibitory Fc receptors (Murinello et al., 2014). As IgG is the ligand for Fc receptors and activates
the classical complement cascade, antibodies may lie upstream of both complement and myeloid

cell activation in the choriocapillaris to drive a local inflammatory response in AMD.

A possible role of antibodies in AMD has been identified in two mouse studies. Immunisation
against a foreign protein (ovalbumin) followed by intravitreal injection of the antigen leads to the
deposition of immune complexes of antigen and antibody in the retina. These deposits induce
strong myeloid cell activation and migration of immune cells into the subretinal space in a FcyR,
but not C1q, dependent manner (Murinello et al., 2014). This study demonstrates that antibody
deposition in the retina can directly activate immune cells. Another study immunised against
oxidative stress epitope CEP, an antigen that increases in an age-dependent manner in the retina.
Unlike traditional EAU, which immunises against an abundant retinal protein and induces strong
and rapid retinal inflammation, by immunising against an age dependent epitope the
autoimmune process occurs more gradually. In this model, autoantibodies against CEP, which are
observed in AMD patients, accumulate in the retina and, along with antigen-specific T cells,
activate myeloid cells (microglia and/or macrophage) to drive tissue damage and retinal

degeneration over a 6 month follow-up period (Hollyfield et al., 2010; Cruz-Guilloty et al., 2014).

The role of T cells in local inflammation in AMD patients is poorly understood. Although T cells are
not generally present in the healthy retina, whether they infiltrate or contribute to AMD
pathology is not characterised. In healthy aging, there is an increase in Ty17 cells and a reciprocal
reduction in suppressive Tgess (Schmitt et al., 2013). Ty17 responses are associated with
immunosenescence, systemic autoimmunity and neurodegenerative diseases with an
autoimmune component (e.g. Multiple Sclerosis) (Murphy & Weaver, 2017). A role for IL-17A, the
main cytokine of the Ty17 response, has been implicated in AMD, as polymorphisms in the IL-17A
gene increase the likelihood of developing AMD (Zhang et al., 2015b; Popp et al., 2016).
Moreover, AMD patients have reduced methylation of the IL-17 receptor C (IL-17RC) promoter
resulting in increased peripheral and retinal expression of IL-17RC (Wei et al., 2012). RNA levels of
IL-17A and IL-23, a cytokine driving Ty17 differentiation, are increased in the macula of AMD

patients compared to age-matched controls (Chan & Ardeljan, 2014). Recombinant IL-17A is toxic
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to human RPE cells in vitro, indicating damage could result from local production of IL-17 (Chan &
Ardeljan, 2014). IL-17+ cells, mainly CD3+ T cells but also some myeloid IBA-1+ cells, have been
identified in the choroid of GA patients, but not age matched controls, so IL-17A production may
occur in the choroid (Camelo et al., 2016). In mouse models and multiple sclerosis, T cell
activation is a critical component in driving the disease pathology, but infiltrating myeloid cells are
thought to mediate late-stage neurodegeneration (Cruz-Guilloty et al., 2014; Sriram & Rodriguez,
1997; Najafi & Mirshafiey, 2015). Consequently, further work needs to be performed to
determine whether there is an autoimmune component to AMD in terms of immunoglobulin

based activation of myeloid cells and complement and the role of T417 cells.

1.4.7 Summary

AMD is a chronic neurodegenerative disease of the retina responsible for the majority of
blindness in developed countries. In the early stages, drusen deposits at the back of the retina and
is thought to promote local inflammation. Two inflammatory proteins capable of activating
microglia, immunoglobulins and complement, are found within drusen. These immune pathways
can all interact to drive a feedback loop of increasing inflammation (Figure 1.21). There are two
distinct late-stage pathologies associated with AMD: GA and wet AMD. In GA, the RPE cells
become dysfunctional leading to photoreceptor loss due to lack of support. Inflammasome
activation and M1-like microglial polarisation have been implicated in GA pathology. During wet
AMD, production of VEGF leads to the growth of new blood vessels into the outer retina, allowing
access of the systemic immune system to the retina and rapid vision loss. M2-like microglial
polarisation and presence of many cytokines/chemokines in the eye are particularly associated

with wet AMD pathology.
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Figure 1.21 — Proposed inflammatory mechanisms leading from early to late-stage AMD pathology.
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Deposition of immunoglobulins in drusen could activate the complement pathway and microglia, driving disease progression towards GA or wet AMD. TLRs, toll-like

receptors; CNV, choroidal neovascularisation; RPE, retinal pigment epithelium; MAC, membrane attack complex.

51



Chapter 1

1.5 Systemic inflammation and age-related macular degeneration

The role of systemic inflammation in age-related macular degeneration is not clearly defined, but
there are several pieces of indirect evidence that together strongly implicate a contribution of
systemic inflammation in the pathogenesis and progression of AMD. | have already discussed how
AMD patients show increased autoimmunity to retinal antigens, leading to generation of
autoantibodies in the periphery that enter the retina and may contribute to local inflammation.
Further support for this comes from the fact that patients suffering from the autoimmune disease
rheumatoid arthritis who are given strong systemic immunosuppressants are around ten times
less likely to develop AMD (McGeer & Sibley, 2005). These findings suggest that the systemic
immune system may be a contributor to AMD pathology and a possible target for future
therapies. Here, | summarise the key differences in the systemic immune system identified

between AMD patients and age-matched controls.

15.1 Alterations in systemic inflammatory protein levels in AMD patients
15.1.1 Complement

Genetic polymorphisms in complement pathway components account for the majority of AMD
heritability, demonstrating a key role for complement activation in the pathobiology of AMD.
While much research has focused on the local role of complement activation, there is clear
systemic complement activation in AMD patients. Alternative pathway components CFB and CFD
and downstream C3a, C3d, C5a and soluble C5b-9 (MAC) are all elevated in AMD patient plasma
(Scholl et al., 2008; Guymer et al., 2015; Liu et al., 2011a). In addition, high systemic C3d/C3
ratios, indicative of complement activation, are a risk factor for the development of all forms of
AMD (Paun et al., 2015; Ristau et al., 2014; Smailhodzic et al., 2012). Plasma C3d levels are higher
in early and GA patients, compared to wet AMD patients (Scholl et al., 2008), possibly indicating a
less important role for systemic complement activation in neovascularisation. Furthermore, low
systemic levels of CFH and CFl, which are negative regulators of the complement pathway, are a
risk factor for AMD (Ansari et al., 2013; Kavanagh et al., 2015). Overall, overactivity of the
systemic complement pathway, particularly the alternative pathway, is associated with all types
of AMD. As many complement factors are produced by the liver during inflammation/infection,
there may be a role for systemic complement in AMD (Murphy & Weaver, 2017). Interestingly,
the choroid has been identified as a site of extrahepatic complement production and there is
strong immunoreactivity against complement components in early AMD, indicating that choroidal

synthesis may be possible during AMD (Murinello et al., 2014; Anderson et al., 2010). AMD risk
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factors are likely to contribute to overactivity of the systemic complement pathway. Genetic risk
factors in complement pathway components/regulators are likely to affect both systemic and
retinal immune systems, while systemic complement activation can also result from non-genetic
risk factors such as systemic infections, aging and obesity (Reynolds et al., 2009; Stanton et al.,

2011; Murphy & Weaver, 2017; Ristau et al., 2014; Hakobyan et al., 2008; Hecker et al., 2009).

1.5.1.2 Cytokine/chemokines

Dysregulation of cytokine and chemokine axes have also been identified in AMD with most
studies focusing on wet AMD patients. Increased serum levels of IL-1q, IL-1B, IL-4, IL-5, IL-10 and
IL-13, but not IL-6, have been reported in wet AMD patients (Nassar et al., 2015). However,
increased IL-6 in serum of wet AMD patients has been reported in other studies (Ambreen et al.,
2015; Yildirim et al., 2012; Haas et al., 2015). Higher levels of soluble TNF receptor Il (STNFRII),
which is generated upon TNFa stimulation, are found in wet AMD patients compared to controls,
although TNFa levels are unchanged (Faber et al., 2015). High levels of serum TNFa have,
however, been associated with increased responsiveness to anti-VEGF treatment (Nassar et al.,
2015). Finally, altered chemokine levels are also identified in wet AMD patients, who have
reduced levels of lymphocyte recruiting CXCL12 and higher levels of neutrophil/monocyte
recruiting CCL2 and IL-8 compared to controls (Anand et al., 2012; Machalinska et al., 2011;
Ambreen et al., 2015). This may reflect a shift towards innate immunity and away from adaptive
immunity in AMD patients, which is a shift that has been previously associated with aging.
However, there also appears to be increased expression of classical pro-inflammatory cytokines
(IL-1 and IL-6), T2 associated cytokines (IL-4, IL-5, IL-13) and anti-inflammatory cytokines (IL-10),

which may indicate general inflammation as opposed to specific pathways of activation.

Proinflammatory cytokines are also increased in dry AMD patients, but have been less studied
than wet AMD patients. High IL-6 levels are a risk factor for the development and progression of
early AMD (Klein et al., 2014; Seddon et al., 2005). Serum IL-6, along with IL-8, is further increased
in dry AMD patients compared to wet AMD patients (Ambreen et al., 2015). High sTNFRII, but not
TNFa, is associated with increased risk of developing early AMD (Faber et al., 2015). In addition to
innate cytokines, patients with high levels of T cell proliferation/differentiation cytokine IL-2 have
increased risk of early AMD (Klein et al., 2014). These data indicate increased innate and adaptive
immunity may play a role in the pathogenesis of dry AMD. Additionally, several cytokines,
including IL-1pB, IL-6 and IL-18, are increased in patients with genetic complement polymorphisms
raising AMD risk, indicating an association between genetic risk factors and cytokine levels in

AMD patients (Cao et al., 2013).
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1.5.1.3 C-reactive protein (CRP)

Pentraxins, a class of pattern recognition receptor, are acute-phase proteins that are increased in
AMD patients. Most notably, high systemic CRP levels are associated with increased risk of early
AMD and progression of AMD to late stages, and systemic CRP levels are found upregulated in
patients with dry and wet AMD (Ambreen et al., 2015; Klein et al., 2014; Seddon et al., 2005). CRP
levels are further increased in wet AMD patients compared to dry AMD patients (Ambreen et al.,
2015). CRP is a common marker in haematology to assess general levels of inflammation (Heidari,
2012), which indicates that there are higher levels of systemic inflammation in AMD patients
compared to controls. Moreover, increased plasma levels of pentraxin-3 have been identified in
wet AMD patients, although another study failed to show the same association (Min et al., 2014;
Juel et al., 2015). Pentraxins can increase systemic inflammation in a similar manner to Clq, by
activation of the complement pathway or activation of Fc receptor-expressing immune cells (Lu et

al., 2012).

1.5.2 Altered systemic immune cell phenotypes in AMD

In addition to systemic cytokines, there is also evidence for the altered phenotype of certain
immune cell populations in AMD patients. Flow cytometric immunophenotyping of leukocytes in
disease is common in areas such as cancer, but in recent years several studies have investigated in

detail immune cell populations and receptor expression changes on PBMCs from AMD patients.

1.5.2.1 Neutrophil: lymphocyte cell ratio

Wet AMD patients have a decreased lymphocyte population compared to age matched controls
and an increased neutrophil population is observed dry and wet AMD patients (llhan et al., 2015;
Lechner et al., 2015). Overall, a high neutrophil:lymphocyte ratio indicative of higher levels of
systemic inflammation is present in dry and wet AMD patients and is positively correlated with
disease severity (llhan et al., 2015). This again reflects a shift towards innate immunity and away
from adaptive immunity in AMD patients, indicating an increased rate of immunosenescence
compared to age-matched controls. Furthermore, increased neutrophil populations correlate with
development of retinal angiomatous proliferation, while a reduced CD4+ T-cell population is
associated with subretinal fibrosis during CNV (Lechner et al., 2015), demonstrating that some

features of wet AMD may be systemic in origin.
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1.5.2.2 T cell phenotype

Changes in receptor expression on T cells have been identified in PBMCs from AMD patients. AMD
patients have an increased population of CD56+ CD28- T cells, particularly among Tc cells , and
this positively correlates with AMD susceptibility (Faber et al., 2013). CD56 upregulation and CD28
downregulation are associated with previous activation and expansion of the population, while
CD56 expression has been previously associated with immunosenescence and is increased in
autoimmune diseases (i.e. rheumatoid arthritis) (Vallejo et al., 2011; Faber et al., 2013). These
findings again support a role for accelerated immunosenescence in AMD patients compared to

controls.

Wet AMD patients have decreased populations of CD8+CXCR3+ cells, which are mostly associated
with Tyl responses, providing further support for a shift from Tyl to T2 responses in wet AMD
patients (Falk et al., 2014b; Qin et al., 1998). CXCL10 signalling via CXCR3 is associated with
reduced fibrosis and angiogenesis in wet AMD patients, which may explain why reduced CXCR3

expression can increase risk for CNV (Fujimura et al., 2012).

Wet AMD patients also have reduced population of CD8+CX3CR1+ cells, which represent a
population of cytotoxic memory T cells (Bottcher et al., 2015; Falk et al., 2014a). While CX3CR1-
CX3CR1 signalling has been previously implicated in AMD, most research into CX3CR1 has focused
on macrophages/microglia instead of T cells and this is worthy of further investigation. Finally,
wet AMD patients have increased expression of CD35 (Complement receptor 1) on T cells (Haas et

al., 2011), again indicating a role for complement pathway overactivity in AMD patients.

1.5.2.3 Monocyte phenotype

CD14+ monocytes from wet AMD patients express higher levels of CD35, as seen with T cells, but
additionally show downregulation of negative regulators of complement CD46 and CD59 (Haas et
al., 2011; Singh et al., 2012). Low CD46 expression is associated with development of subretinal

fibrosis during CNV, indicating the role of complement in CNV pathology (Singh et al., 2012).

Wet AMD patients have an increased number of CD200+ monocytes and CD200R+ granulocytes
(Singh et al., 2013). Upregulation of immunosuppressive CD200:CD200R interactions in AMD
patients may be a compensatory mechanism attempting to reduce systemic inflammation seen in
AMD patients. Proinflammatory CD14+CD16+ monocytes have increased expression of CCR1 and
CCR2 in wet AMD patients (Grunin et al., 2012). This again implicates a role for chemokine
signalling in wet AMD patients and identifies possible overactivity of the CCL2-CCR2 axis in the
periphery of wet AMD patients. It will be important to determine whether these changes are

specific to peripheral myeloid cells or whether microglia also show a similar phenotype.
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Finally, stratification of monocytes based on production of inflammatory cytokines shows that
patients with monocytes producing high levels of TNFa mRNA have a 5-fold greater risk of
developing CNV than those with monocytes producing low levels of TNFa mRNA (Cousins et al.,
2004). This may indicate a role for TNFa in wet AMD patients, which has been suggested based on
higher serum levels of sSTNFRII, or may instead demonstrate that wet AMD patients generally have
more active monocytes. For all the changes observed, it is unclear whether the altered immune
cell populations in AMD patients result in the altered levels of cytokines/chemokines in the
systemic immune system of AMD patients, or alternatively the differences in systemic
cytokines/chemokine levels may impact on immune cell phenotype. The true situation is probably
somewhere in between, with genetic and environmental risk factors contributing by inducing low

level chronic inflammation.

1.5.24 Capacity of immune cells to respond to stimulation

Although serum cytokine levels provide a general measure of systemic inflammation, one of the
main problems with this analysis is the variation in baseline cytokine levels between patients,
which can be caused by factors other than AMD status (e.g. infections, co-morbidities, smoking).
In order to avoid this, Zhu et al., 2013 assessed the inflammatory potential of immune cells from
AMD patients to produce cytokines in response to activating stimuli. PBMCs from wet AMD
patients produce more IL-6 and IL-8 in response to ex vivo stimulation with bacterial
peptidoglycans and more IL-6 in response to viral mimetic poly(l:C). This demonstrates that
immune cells from wet AMD patients may respond in an exaggerated manner in vivo when
activated, causing greater systemic inflammation in response to insults. /n vitro stimulation and
analysis of immune cells from AMD patients may identify pathways that are upregulated during
activation and eventually an activation signature unique to AMD patients, or subgroups of AMD

patients, that could identify patients at risk before disease onset.

1.5.3 AMD risk factors and systemic inflammation

The majority of genetic AMD risk factors are associated with inflammatory pathways and are likely
to affect levels of inflammation in the systemic immune system, as well as the retina. Moreover,
the majority of non-genetic AMD risk factors can all contribute to parainflammation (Chen & Xu,
2015). This elevated inflammation represents an adaptive response to attempt to maintain
homeostasis. It is clear that AMD risk factors can induce oxidative stress and consequently
systemic inflammation, but there is also evidence that environmental risk factors can act directly
on the systemic immune system, which may explain some of the elevations in cytokines and

alterations in immune cell phenotypes observed in AMD patients.
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Aging, which is the strongest risk factor for AMD, is associated with numerous changes in the
systemic immune system that result from ‘inflammaging’ (Franceschi et al., 2007). Some of these
principles (i.e. immunosenescence, autoimmunity) have already been discussed, but there are
several other important functional changes. The number of innate immune cells (monocytes,
neutrophils and NK cells) increases with age, but they display altered function compared to
younger cells (Corona et al., 2012; Beerman et al., 2010). For monocytes, there is an overall shift
from M1 to M2 polarisation with age and when aged monocytes are stimulated with bacterial
mimetic LPS, they show reduced expression of M1-associated cytokines IL-1B, IL-6 and IL-12 and
increased expression of M2-associated cytokine IL-10, indicating a state of hyporesponsiveness or
‘tolerance’ to stimulation (Chelvarajan et al., 2006). In response to skin burn injury, aged
neutrophils showed reduced cytotoxic activity and this reduced function results in prolonged
inflammation and increased bystander damage in aged mice compared to young mice (Nomellini
et al., 2008). These changes to myeloid cell function may therefore have reduced ability to control
growth of pathogens until the adaptive immune response is generated, leading to more

prolonged and damaging inflammation.

In terms of adaptive immunity, both T and B cells are decreased with age and have impaired
functions; T cells show reduced proliferative ability, while B cells show reduced production of
antibodies in response to vaccination (Aw et al., 2007; Sansoni et al., 1993; Jiang et al., 2007;
Grubeck-Loebenstein et al., 2009). There is an increase in memory T cells during aging along with
a propensity for these cells to mount a stronger immune response to restimulation by a
previously encountered antigen, which may again contribute to prolonged and damaging

inflammation the elderly (Jiang et al., 2007; Corona et al., 2012).

Many of the genes associated with the immune system are increased in the periphery with aging.
These genes include complement components Clq, C3 and C4 and MHC class Il antigens A and E
(Ferrucci et al., 2005; Singh & Newman, 2011; Petersen & Pedersen, 2005). Older people with no
detectable infection have slight to moderate elevations in TNFa, IL-6, IL-1RA, IL-18 and CRP levels
compared to young controls and these elevations are in the range of low-grade chronic
inflammation as defined as 2-3 times normal levels (Singh & Newman, 2011; Petersen &
Pedersen, 2005). Several mechanisms for increased cytokine levels with age have been suggested:
cytokine secretion from increasing amounts of visceral adipose tissue with age; loss of regulation
of cytokine secretion due to reduction in sex hormone levels with age and oxidative damage

inducing a low-level inflammatory response (Godbout et al., 2005).

Smoking is also a strong risk factor for AMD that can directly impact the immune system.

Cigarette smoke contains over 4,500 chemicals, many of which are toxic and carcinogenic and
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have diverse effects on the immune system in isolation. On balance, cigarette smoke appears to
exert immunosuppressive effects on a range of immune cells including lung-resident
macrophages, NK cells, T cells and B cells (Sopori, 2002). Macrophages and NK cells from patients
who smoke chronically have an impaired ability to clear bacterial pathogens and respond to
immune stimulation (King et al., 1988; Martin & Warr, 1977), which like aging may contribute to
prolonged and damaging inflammation in smokers. T cells and B cells are elevated in chronic
smokers, but the function of these cells are greatly suppressed (Holt & Keast, 1977; Holt, 1987).
Impaired T cell proliferation and reduced antibody responses result from chronic smoking,
although total levels of autoantibodies against host antigens are increased due to smoking

(Mathews et al., 1973; Sopori, 2002; Masdottir et al., 2000).

Furthermore, obesity is associated with AMD and components of diet have been shown to alter
immune cell phenotype. Following a high cholesterol diet, which is associated with obesity, there
is a threefold increase in bone marrow production of monocytes/macrophages and splenic
myeloid cells show an activated morphology compared to control diet in mice (van Kampen et al.,
2014). This study demonstrates that poor diet and obesity can alter myeloid cell populations.
Furthermore, saturated fatty acids typical of an unhealthy diet increase lymphocyte proliferation
and pro-inflammatory cytokine production in mice, while fatty acids associated with healthier
diets (e.g polyunsaturated fatty acids from fish oil) inhibit lymphocyte proliferation and
demonstrate a skew towards T2 polarisation when cells are stimulated (Wallace et al., 2001).
This demonstrates how elements of an unhealthy diet can lead to increased pro-inflammatory

cytokines and a state of parainflammation, as is observed with aging.

154 Systemic infections and AMD

Certain systemic infections have also been identified as a risk factor for AMD and can act to
induce chronic systemic inflammation. Interestingly, these bacterial and viral infections have
remarkable similarities: they are mostly asymptomatic; highly prevalent; induce acute, and often
reoccurring, infections and develop into chronic persistent infections in a minority of patients

(Carmichael, 2012; Miyashita et al., 2003).

Seropositivity or high antibody titres against bacterial infection Chlamydophila pneumoniae (C.
pneumoniae) is associated with increased incidence and/or progression of AMD in 6 of 12
published studies (Baird et al., 2008; Ishida et al., 2003; Kalayoglu et al., 2003; Robman et al.,
2005; Shen et al., 2009; Haas et al., 2009; Khandhadia et al., 2012; Klein et al., 2005; Miller et al.,
2004; Robman et al., 2007; Turgut et al., 2010; Nakata et al., 2015), although a recent meta-

analysis found no association (Chen et al., 2014). However, the authors suggest that vast
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geographical variation in the proportion of the population infected with C. pneumoniae may
contribute to disparities between studies. One of the largest studies reports that patients with the
highest antibody titres against C. pneumoniae have a threefold higher risk of AMD progression
(Robman et al., 2005). In addition to AMD, C. pneumoniae infection has been associated with a
range of other neurodegenerative conditions, including Alzheimer’s disease and multiple sclerosis
(Sriram et al., 1999; Ide et al., 2016). C. pneumoniae is an intracellular pathogen that commonly
infects monocytes/macrophages, resulting in cytokine production (Gaydos, 2000), which may

contribute to parainflammation during chronic C. pneumoniae infection.

Some evidence has pointed towards possible mechanisms through which C. pneumoniae could
contribute to wet AMD progression. C. pneumoniae has been detected in the membranes of
neovascularized vessels from ‘wet’ AMD patients in 2 of 3 studies, indicating the probable
presence of the pathogen at the site of angiogenesis (Kalayoglu et al., 2005; Kessler et al., 2006;
Wolf-Schnurrbusch et al., 2013). Human RPE cell lines produce chemokines CCL2 and IL-8 in
response to C. pneumoniae antigens, which could recruit VEGF-expressing immune cells
(Kalayoglu et al., 2005). Moreover, while VEGF is not upregulated in response to C. pneumoniae
antigens, IL-8 also has angiogenic properties (Kalayoglu et al., 2005). Intraocular injection of C.
pneumoniae antigens into the retina exacerbates murine laser-induced CNV, a well-respected
model of wet AMD, which again indicates increased angiogenesis with bacterial infection,
although systemic administration of these antigens would be more representative of route of
infection (Fujimoto et al., 2010). It would be interesting to examine whether systemic bacterial

infection in mice can also exacerbate AMD mouse models.

Periodontitis, a chronic inflammatory gum disease caused by a range of bacterial infections, is also
associated with =1.8-fold risk of AMD incidence in patients less than 60 years in two independent
cohorts, although this association is lost in older age (Han & Park, 2017; Wagley et al., 2015). In an
Alzheimer’s disease cohort, previous exposure to the periodontitis-causing bacteria
Porphyromonas gingivalis (P. gingivalis) is associated with a sixfold rate of cognitive decline,
indicating that systemic infections are capable of exacerbating neurodegeneration (Holmes et al.,
2009). A large-scale study investigating whether systemic infections increase the rate of vision loss

in AMD has never been carried out, but would be interesting given these findings.

Finally, high IgG titres against Cytomegalovirus (CMV) have been indicated as a risk factor for the
development of wet AMD, indicating low-grade viral infection may accelerate AMD pathology
(Miller et al., 2004). Unlike C. pneumoniae, this association has not been examined in independent
cohorts. Laser-induced CNV is exacerbated in mice given systemic murine CMV three months

prior, indicating a role of the virus in the pathogenesis of wet AMD (Cousins et al., 2012). It would
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be interesting to investigate whether administration of the virus after laser-induced CNV can also

exacerbate progression of CMV.

The mechanism by which systemic infections exacerbate CNV is unclear, although mouse studies
indicate that systemic infections can induce retinal inflammation. Chronic CMV infection results in
systemic IFNy production that drives the recruitment of myeloid cells to the subretinal space
(Zinkernagel et al., 2013). Therefore, systemic infection could have a role in recruiting
microglia/infiltrating monocytes to the site of AMD pathology and also increasing their activation,
leading to increased inflammation in AMD. In addition, the total myeloid cell population is
increased and there is a subset expressing MHCII, indicating an inflammatory phenotype
(Zinkernagel et al., 2013). Many of the effects seen with viral infection are also seen following
systemic fungal Candida albicans infection: recruitment of myeloid cells to the subretinal space;
increased myeloid cells numbers and an MHCII+ subset (Maneu et al., 2014). This shows that

aspects of retinal inflammation after infection may be applicable to a wide range of pathogens.

Having said that, the effect of systemic bacterial infection on the retina has been most implicated
in AMD risk and has not been characterised. Systemic administration of the bacterial mimetic LPS
induces retinal inflammation and is an established inflammatory rodent model termed endotoxin-
induced uveitis (EIU). However, the exact nature of inflammation is highly variable based on the
strain of mouse or rat used as well as the strain and administration route/dose of LPS (Shen et al.,
2000a). In C3H/HeN mice, which are highly susceptible, LPS results in biphasic inflammation
peaking at 1 and 5 days post injection, characterised by increased numbers of inflammatory cells
in the eye as well as higher levels of pro-inflammatory cytokines (Shen et al., 2000b). In contrast
in C57BL/6, inflammation is monophasic, with a peak at 18 hours post injection and resolution by
1 week post injection. At 18 hours post injection, there are a large number of infiltrating
neutrophils in the retina, which are the principal effector cell in EIU, along with particularly high
expression of CCL2 and CXCL10 (Chu et al., 2016). However, using LPS as a bacterial mimetic fails
to recapitulate the inflammatory effects of a real infection, which activates a wide variety of
immune pathways and shows much greater chronicity. Consequently, the effect of systemic
bacterial infection on the retina still requires characterisation. Treatments that alter the way the
systemic immune system and retina interact during infection may be interesting therapeutics in
AMD, although many of these drugs could risk compromising the ability to fight infection in the

elderly.
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1.55 Summary

Several systemic immune alterations are observed in AMD patients compared to age-matched
controls (Figure 1.22). A shift towards innate immunity and away from adaptive immunity is
associated with aging, but AMD patients appear to show a stronger effect along with increased
autoimmunity. Higher levels of systemic cytokines, complement components and CRP indicate a
state of chronic low-grade inflammation in AMD patients. However, it is unclear whether these
system immune changes contribute to AMD pathology, or are purely symptomatic. Choroidal
complement synthesis, retinal autoantibody deposition in drusen, choroidal macrophages in close
association with drusen and reduced risk of AMD in rheumatoid arthritis patients given systemic
immunosuppressants argue for a role of the systemic immune system in AMD pathology.
Moreover, AMD risk factors (e.g. aging, smoking, obesity) are capable of modifying the systemic
immune system directly and via oxidative stress, leading to parainflammation which may impact
on the retina. Finally, chronic bacterial and viral systemic infections have been associated with an
increased risk of AMD incidence. These infections are thought to be limited to the periphery,
indicating that activation of the systemic immune system can contribute to AMD pathology,
although in the case of wet AMD, it is possible that bacteria may penetrate the neovascular
membrane. Ultimately, the contribution of systemic inflammation/infections to retinal
inflammation and neurodegeneration requires further investigation. Neutralising systemic
immune pathways that contribute to AMD pathology represents an attractive therapy to slow

AMD progression.
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Figure 1.22 — Summary of systemic inflammatory changes in AMD patients.
Systemic inflammatory changes in AMD patients are shown in black, while contributing AMD risk factors are shown in red. Proposed mechanisms by which systemic

inflammation contribute to microglial activation are shown in blue.
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1.6 Summary

Age-related macular degeneration is the commonest cause of blindness in developed countries
and there are no effective therapies for the vast majority of patients. While, wet AMD pathology
can be reduced by anti-VEGF treatments, no underpinning mechanisms have been well
characterised for GA, although complement inhibition is showing some success in trials. The lack
of well-respected mouse models of early AMD and GA make it difficult to find possible

mechanisms and test possible therapies.

The immune system appears to play an important role in AMD pathology, with the presence of
many inflammatory components deposited in drusen along with activation of microglial and
macroglial cells. Furthermore, there is evidence for increased levels of cytokines/chemokines in
the aqueous humour of wet AMD patients, but the levels in dry AMD patients are not
characterised. AMD patients also show systemic chronic low-grade inflammation, increased
autoimmunity and choroidal complement synthesis, indicating a role for systemic inflammation in
AMD. There is also evidence that patients with monocytes that have the capacity to produce high
levels of inflammatory cytokines have a 5-fold increase in AMD risk. Consequently, there is
substantial evidence for systemic inflammation in AMD, although it is unclear whether it directly

impacts disease pathobiology or is purely symptomatic.

Mouse studies have shown that systemic viral and fungal infections can induce retinal
inflammation, and that viral infection can exacerbate wet AMD pathology in a mouse model,
which is in line with observations for increased wet AMD risk with viral infections. AMD risk has
also been linked to systemic bacterial infection, but the effect of systemic bacterial infection on
the healthy retina or AMD mouse models has never been characterised. If systemic bacterial
infection can cause retinal inflammation, the underpinning mechanisms may represent an
attractive target to block the effect of systemic inflammation on retinal diseases with an

inflammatory component (e.g. AMD).
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1.7 Aims and Objectives

| hypothesise that systemic bacterial infection, which is a risk factor for AMD, can induce retinal
inflammation in terms of microglial activation and pro-inflammatory cytokine production, as
observed during sickness behaviour responses in the brain. Moreover, that such infections induce
long-lasting functional changes to the microglial cells, and possibly peripheral monocytes,
meaning that they respond in an exaggerated ‘primed’ manner to subsequent local or peripheral
inflammation. This could have consequences for AMD, where local inflammation may be
exacerbated by systemic infections leading to accelerated AMD pathology and vision loss. Testing
the effects of systemic bacterial infection on mouse models recapitulating key features of early
and atrophic AMD would enable us to test parts of this hypothesis. Finally, | hypothesise that the
systemic immune system of AMD patients may be primed to respond to systemic infections in an
exaggerated manner compared to age-matched controls, making the effects of systemic infection

on the retina stronger in AMD patients.

Aim 1. To characterise the effect of systemic bacterial infection on the healthy mouse retina in
terms of glial cell activation, blood vessel activation and cytokine responses.

Aim 2. To determine the functional consequences of systemic bacterial infection on the mouse
retina in terms of responsiveness to subsequent systemic immune cell activation.

Aim 3. To investigate the effect of systemic bacterial infection in a mouse model of retinal
inflammatory processes observed in early AMD, including immunoglobulin deposition and
myeloid cell activation in the retina.

Aim 4. To describe the relationship between systemic and local cytokines in a cohort of wet and
dry AMD patients and investigate the capacity of systemic immune cells from AMD
patients and age-matched controls to respond to ex vivo immune stimulation.

Aim 5. To develop a novel mouse model of late-stage geographic atrophy, which can be used in

the future to gain insights into systemic infection and retinal neurodegeneration.
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Chapter 2:

Materials and methods
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2.1 In vivo experiments

211 Experimental Animals

Female mice were housed in groups of 2-10 in plastic cages under a 12h:12h light-dark at 19-24°C.
Mice had water and standard Chow diet (RM1, SDS, UK) ad libitum. All procedures had local
ethical approval and were carried out under the authority of a UK Home Office License. The

following mouse strains were used in the experiments detailed in this thesis:

e BALB/c - standard inbred strain

e (C57BL/6J - standard inbred strain

e MacGreen (Csf1re®FP/¢6%) mice that express functional colony stimulating factor 1 receptor
(CSF1R) and eGFP under the promoter for CSF1R, which results in macrophages and
microglia strongly expressing eGFP. These mice were backcrossed 10x onto C57BL/6)

background.

All mice were obtained from Charles River (Margate, UK) and bred at the Biomedical Research

Facility, Southampton General Hospital, UK.

2.1.2 Injection of mice with immune stimuli

High density stocks of a strain of Salmonella enterica subsp. enterica Serovar Typhimurium
(Salmonella) were kindly provided by Ursula Piintener and were stored at -80°C until use. This live
vaccine strain - SL3261 (his G46 (del) aroA 554) — is attenuated due to mutations preventing the
synthesis of p-amino-benzoic acid and 2,3-dihydroxybenzoate from folate, which are essential for
Salmonella replication (Hoiseth et al, 1981). C57BL/6, BALB/c and MacGreen mice were infected
with 108 colony forming units (cfu) of S. Typhimurium by intraperitoneal (i.p.) injection, which is a
sublethal dose in healthy mice (Plntener et al., 2012). This dose induced typical weight loss of 8-
12% at 1 day post injection and mice were culled if they showed signs of distress or suffered >20%
body weight loss. In chapter 4, mice were injected with 0.5mg/kg lipopolysaccharide (LPS) derived
from Salmonella abortus equi (L5886, Sigma-Aldrich, UK) in 0.9% sterile saline. The solution was

vortexed for 10 minutes before injection to increase homogeneity of the solution.

Mouse body weight and appearance were monitored daily for the first week and daily or weekly
thereafter until tissue was harvested. Experiments were performed in a Containment Level 2

facility in accordance with Health and Safety Executive regulations.
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2.13 Formation of retinal immune complexes

BALB/c mice received an i.p. injection of 50ug OVA (Sigma-Aldrich, UK) dissolved in a 1:1 mixture
of alum (Imject Alum Adjuvant; Thermo Scientific, UK) and sterile saline (NaCl 0.9% w/v; Fannin,
UK). Mice were boosted by i.p. injection of 100ug OVA dissolved in sterile saline at two and four
weeks after initial immunisation to boost levels of anti-OVA IgG. Six weeks after initial
immunisation, general anaesthesia was induced by i.p. injection of 10% Ketamine (Fort Dodge
Pharma, UK) and 5% Xylazine (Bayer, UK) in sterile saline at 10pl/g of mouse weight. Lignocaine
5% m/m ointment (TEVA Pharmaceutical Industries, UK) was applied to the ears and mice were
restrained in a stereotaxic frame. Pupils were dilated to observe the injection using 2.5%
phenylephrine eye drops (Centaur Services, UK) for >1min followed by 1% tropicamide eye drops
(Centaur Services, UK) for >1min. Intravitreal injections of 10ug endotoxin-free OVA (EndoGrade
OVA; Hyglos, Germany) in 1pl sterile saline (10mg/ml OVA) were performed using a Hamilton
Neuros Syringe with a 33G-needle 12° bevel (Esslab, UK). As a negative control for immune
complexes, age-matched non-immunised mice received a 1l intravitreal injection of 10mg/ml
endotoxin-free OVA. Lacrilube (Allergan, UK) was applied to eyes after injection and mice were

left to recover at 30°C.

2.1.4 In vivo assessment of retinal structure and function

All drugs required for in vivo assessment of the retina were supplied by Centaur Services, UK.
BALB/c and C57BL/6 mice were given reversible anaesthesia comprised of 6% ketamine, 10%
Dexdomitor in sterile saline at 10ul/g of mouse weight. Anaesthesia was reversed at the end of
the procedure with 10% Antisedan in sterile saline at 10pul/g of mouse weight. Mouse eyes were
maximally dilated using 2.5% phenylephrine eye drops for >1min followed by 1% tropicamide eye
drops for >1min. Eyes were prevented from drying out by applying 0.2% Carbomer gel (Clinitas,
Altacor). As part of the imaging procedure, mice underwent electroretinography (ERG), followed

by fundoscopy and then optical coherence tomography (OCT) unless otherwise stated.

2.14.1 Electroretinography

ERGs were obtained using a Micron Il retinal imaging system with a focal ERG attachment
(Phoenix Research Laboratories, CA, USA). Mice were dark-adapted overnight to ensure maximum
sensitivity of rods and cones to light. Dark adaptation was maintained by conducting the
procedure under low-level red light. Following pupil dilation, mice were orientated on a stage so
that the limbus was aligned in parallel to the ERG attachment to provide maximum illumination to
the retina. Three electrodes were attached to the mouse to obtain readings: the corneal electrode

was placed in close apposition to the cornea and was immersed in 0.2% Carbomer gel for
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improved conductivity; the reference electrode was placed subcutaneously to the skull; the
ground electrode was placed subcutaneously just above the base of the tail. Mice were exposed
to three flashes of white light at 6.8 log(cd/m?) intensity for 1ms, with each flash separated by
120s to restore dark adaptation (Herrmann et al., 2010). Recordings were obtained for 50ms prior
to and 250ms post light exposure using LabScribeERG v3 software (iWorx, NH, USA) with a
bandpass filter at 2-1000Hz, sampling frequency of 5kHZ and 50Hz noise reduction. Recordings of
the unlasered control eyes for each mouse were taken to allow variation in ERG recordings
between different sessions to be taken into account. Variation between sessions is caused by
many variables, notably room temperature, duration of anaesthesia and positioning of electrodes
(Brandli & Stone, 2015). ERG plots were generated by exporting the data into Microsoft Excel,
shifting each curve so that the amplitude is OuV when stimulus is applied at 50ms and then
averaging the data from each experimental group. The A-wave amplitude, B-wave amplitude and
B-wave implicit time for each retina was calculated to assess photoreceptor and retinal function

(Figure 2.1).

B wave
implicit time
|—

Stimulusl

A wave B wave
-100-  amplitu amplitude

0 50 100 150 200 250 300

Figure 2.1 - Representative ERG trace highlighting the different components of the waveform.
At 50ms, a light stimulus is applied to the mouse retina (arrow) causing the hyperpolarisation of
photoreceptor cells in response to light followed by a wave of depolarisation as the electrical
signals are propagated through the bipolar and ganglion cells towards the optic nerve. A-wave
amplitude is calculated from baseline to the maximum amplitude of hyperpolarisation and is a
measure of photoreceptor function. The B-wave is calculated from the maximum amplitude of
hyperpolarisation to the maximum amplitude of depolarisation, and is therefore affected by both
photoreceptors and the function of the inner retinal layers. B-wave implicit time is calculated as

the duration from the application of the stimulus to reaching the maximum B-wave amplitude.
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2.1.4.2 Fundoscopy

Following ERG, unless otherwise stated, fundoscopy was performed using a Micron Il retinal
imaging system with a camera imaging attachment (Phoenix Research Laboratories). Mice were
placed on a rotatable stage and orientated so that the optic nerve was visible in each image
(Figure 2.2). 0.2% Carbomer Gel was used to prevent light refraction by air between the camera
and eye. Brightfield fundoscopy images were captured using Phoenix Micron IV Retinal Imaging

Microscope Software and were assessed for abnormalities.

Figure 2.2 — Example healthy and pathological fundoscopy images.
(A) The optic nerve and blood vessels in the healthy mouse retina and (B) a retina with

pathological areas marked with black arrows.

2143 Optical Coherence Tomography

Following fundoscopy, unless otherwise stated, spectral domain OCT scans (SD-OCT) were taken
of the experimental eye using a Bioptigen Envisu R machine (Leica Microsystems, USA). SD-OCT
provides an accurate assessment of the location and thickness of each layer, based upon the
different reflective properties of each layer (Figure 2.3). 0.2% Carbomer gel was removed from
each eye and replaced with Systane Lubricant Eye Drops (Alcon) to prevent light impedance. Mice
were orientated on a stage so that the optic nerve was visible in each image and if the mice were
tracked over time, the optic nerve was imaged in the same place to previous scans to allow
consistent follow-up. 100 B-scans (each of which was the average of 25 individual B scans
comprising 1000 A scans) were captured using InVivoVue v2.3 (Leica Microsystems, USA) to

provide an image of the retinal layers across a 1.4mm? area of retina.
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Figure 2.3 — OCT B-scan from a healthy mouse retina showing the retinal layers and optic nerve.
OCT, optical coherence tomography; RNFL, retinal nerve fibre layer; GCL, ganglion cell layer; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layers; ELM, external limiting membrane; I1S/0S inner/outer photoreceptor segments; RPE, retinal

pigment epithelium; ON, optic nerve.

2.1.5 Laser-induced retinal atrophic lesions

C57BL/6 mice were given anaesthesia and eyes were dilated as for in vivo imaging (Section 2.1.4).
Atrophic retinal lesions were induced using an 810nm constant wave diode laser coupled with a
multi-mode optical fibre (Changchun New Industries Optoelectronics Technology Co., China) to
the laser injector attachment (diameter 400um) of a Micron Il platform (Phoenix Labs, USA). The
laser injector also has an imaging camera for fundoscopy to enable to orientation and
visualisation of the lasered area. Mice were orientated on a stage so that the optic nerve was on
the right in each image and the eye and laser injector were coated in 0.2% carbomer gel to reduce
light refraction. The retina was targeted with a focused laser beam at a fixed power (32mW for
=60s unless otherwise stated) until discolouration of the retina was apparent. The duration of
laser was approximate and laser duration was judged by eye until discolouration of each lasered
area was consistent. Duration of laser was different for each spot and is likely due to subtle
differences in angle, distance and size of each spot as the laser was oriented to a new site. Mice
received multiple (average 7) laser spots until the field of view of the camera was lesioned, except
near the optic nerve, which was spared. The areas were lasered in close apposition to allow the
possibility of reaching confluence. Mice were imaged before and after laser and then recovered at

30°C.
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2.1.6 Perfusion

Experimental mice were terminally anaesthetised with rat Avertin — 2,2,2’-tribromoethanol (3%
w/v, Sigma-Aldrich, UK), 7.2% ethanol, 1.8% tertiary amyl alcohol (Sigma-Aldrich, UK) diluted in
0.9% NaCl (ThermoFisher Scientific, UK). The left atrium was punctured and blood collected. Mice
were transcardially perfused with 0.9% NaCl containing 5 units/ml heparin sodium (CP
Pharmaceuticals, UK). Blood was centrifuged at 1500g for 10 mins and serum was taken and
stored at -20°C until use. Unless otherwise stated, the spleens of mice infected with Salmonella
and their controls were snap-frozen on dry ice and were subsequently weighed to assess level of

immune response to S. Typhimurium and, by extension, level of infection.

2.16.1 Tissue collection for immunohistochemistry

Following perfusion, eyes were enucleated, embedded in optimal cutting temperature medium
(VWR, UK) and frozen on isopentane (ThermoFisher Scientific, UK) stored on dry ice. Samples

were stored at -20°C until use.

2.1.6.2 Tissue collection for FACS

Following perfusion, eyes were enucleated and the retina was immediately dissected out of the

eye cup and kept in ice-cold HBSS (Ca-/Mg-) (Sigma-Aldrich, UK) until further processing.

2.1.6.3 Tissue collection for gPCR and ELISA/multiplex analysis

Following perfusion, eyes were enucleated and the retina was immediately dissected out of the
eye cup, placed into an RNase free sterile eppendorf and snap-frozen in liquid nitrogen. Samples

were stored at -80°C until use.
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2.2 Immunohistochemical analysis of mouse eye sections

221 Sectioning

20um thick eye sections were cut from eyes embedded in optimal cutting temperature medium
using a cryostat at -20°C (chamber temperature) and -16°C (object temperature). Sections were
transferred onto 3’-aminopropyltriethoxysilane (Sigma-Aldrich, UK) coated glass microscope slides

(VWR, UK), which were air dried for 1 hr and then stored at -20°C until use.

2.2.2 DAB immunohistochemistry

Slides were dried at 37°C for 40mins, fixed in 100% ethanol (ThermoFisher Scientific, UK) at 4°C
for 15 mins, washed in 1X PBS containing 0.01% Triton X-100 (Sigma-Aldrich, UK) (PBS-T, pH 7.2-
7.4) for 15 mins and sections were separated using a wax pen (Vector Labs, UK). Sections were
qguenched with 1% H,0, (ThermoFisher Scientific, UK) in PBS-T for 10 mins and then washed in
PBS-T for 15 mins. Sections were blocked with 5% bovine serum albumin (ThermoFisher Scientific,
UK) and 10% appropriate normal animal serum (Sigma-Aldrich, UK) in PBS-T for 30mins. Sections
were then incubated with primary antibodies (Table 2.1) in PBS-T (or PBS-T only for controls) at
4°C for 40-48 hrs. Slides were washed 3x5mins in PBS-T and then incubated for 1hr at RT with
appropriate biotinylated secondary antibodies in PBS-T (Table 2.2). Sections were washed 3x5
mins in PBS-T and then incubated with avidin-biotin complex (Vectastain ABC Kit; Vector Labs, UK)
as per the manufacturer’s protocol for 30 mins. Sections were washed 3x10mins in PBS-T. Slides
were placed in 0.1M phosphate buffer containing 0.05% 3,3’-Diaminobenzidine (DAB, Sigma-
Aldrich, UK) and 0.015% H,0,. Sections were counterstained in haematoxylin (BDH Laboratory
supplies, UK) and destained in acid alcohol (70% ethanol and 1% HClI). Slides were dehydrated by
placing them in increasing ethanol concentrations and xylene (ThermoFisher Scientific, UK) and

then coverslipped (VWR, UK) using DPX mounting medium (ThermoFisher Scientific, UK).

223 DAB Imaging and Quantification

Overlapping 20x maximal projected images were taken of each retinal section and stitched
together into a composite .tif image using the dotSlide or VS110 Virtual Slide Microscopy Systems
(Olympus). Sections stained with the same marker were blinded prior to quantification. For
percentage area stained quantification, the whole retina was selected, excluding areas of major
damage, in Imagel and the colour deconvolution plugin (FlJI) was used to produce an image of
DAB staining without haematoxylin or background colouring. The DAB image was then converted

into a black/white binary image where any level of staining above a defined threshold was
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converted into black, while anything below the threshold was converted into white. The threshold
for each stain was manually defined based on stain intensity and background while blinded and
was kept constant for each marker. The percentage area in black within the selected retinal area
was then calculated to determine percentage area stained. For cell counts, the number of positive
cells in the retina or specific retinal layers were manually counted and normalised to the total

retinal area or length.

2.2.4 Immunofluorescence

Slides were dried at 37°C for 40mins, fixed in 100% ethanol at 4°C for 15 mins, washed in 1X PBS-T
for 15 mins and sections were separated using a wax pen. Sections were blocked with 5% BSA and
10% normal animal serum (Sigma-Aldrich, UK) in PBS-T for 30mins. Sections were then incubated
with primary antibodies (Table 2.1) in PBS-T (or PBS-T only for controls) at 4°C for 40-48 hours.
Slides were washed 3x5 mins in PBS-T and then incubated for 1 hr at RT with fluorescent
secondary antibodies in PBS-T (Table 2.2). Slides were placed in DAPI solution (1ug/ml in PBS-T,
Sigma-Aldrich, UK) for 10 mins and were then washed for 3x10 mins in PBS-T and coverslipped
with Mowiol mounting medium (Cold Spring Harbour Protocols). 10x maximal projection images
of fluorescent staining were taken using the VS110 Virtual Slide Microscopy System (Olympus).
Settings for the blue, green and red channels were optimised for each stain and kept constant

throughout imaging.

2.25 Confocal imaging

For OVA and IgG staining (Chapter 5) and immune cell activation in laser lesions (Chapter 6),
confocal images were taken for representative images. Sections were imaged with a confocal
laser scanning microscope (Leica TCS SP8, Leica Microsystems, UK). DAPI was excited with a
405nm laser, AF488 was excited with the 488 line of an argon laser and AF568 was excited with a
561nm solid state laser. Detection bandwidths were placed under peaks of the emission spectrum
for each dye. Sequential imaging of DAPI and AF568 followed by AF488 was performed to avoid
spectral bleed-through of DAPI into the AF488 channel. Secondary antibody only controls were
used to set the maximum sensitivity of each detector, thereby controlling for autofluorescence
and non-specific binding. A Z-stack through the whole section was taken and a maximum intensity

projection of each stack was generated in FlJI (Schindelin et al., 2012).
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Target
CD11b

CD11c

CcD3
(Chapter 4)

CD3
(Chapter 6)

CD31
CD68
Collagen IV
FcyRI
FcyRIV
FCRLS
GFAP
ICAM-1
IgG
MHCII

P2ry12

VCAM-1

Table 2.1 - Primary antibody information for mouse immunohistochemistry.

Antibody type

Rat anti-mouse mAb

Hamster anti-mouse
mAb

Rabbit anti-mouse
mAb

Rat anti-mouse mAb
Rat anti-mouse mAb
Rat anti-mouse mAb
Rabbit anti-mouse pAb
Rat anti-mouse mAb
Rat anti-mouse mAb
Rat anti-mouse mAb
Rabbit anti-mouse pAb

Rat anti-mouse mAb

Sheep anti-mouse pAb-
FITC

Rat anti-mouse mAb

Rabbit anti-mouse
mAb

Rat anti-mouse mAb

Distributor

AbD Serotec, UK

Cancer Sciences,
SGH, UK*

Abcam, UK#

Cancer Sciences,
SGH, UK*

eBioScience, UK
AbD Serotec, UK

Abcam, UK

Cancer Sciences,
SGH, UK*

Cancer Sciences,
SGH, UK*
Harvard Medical
School, USA*

Aligent, UK
Abcam, UK
Sigma-Aldrich, UK

Abcam, UK

Harvard Medical
School, USA*

AbD Serotec, UK

Product ID
(Clone)
MCA711
(5C6)
N/A
(N418)

ab16669
(SP7)

KT3

11-0311
(390)
MCA1957
(FA-11)

ab6586

N/A
(AT152-9)

N/A
N/A

20334

ab25375
(YN1/1.7.4)

F2266

ab64528

(M5/114.15.2)

N/A

MCA2297
(MVCAM A
(429))

Concentration
(Dilution)

2ug/ml
(1:500)

2pg/ml
(1:500)
(1:500)

1pg/ml
(1:5000)

(1:500)
0.1ug/ml
(1:500)

2ug/ml
(1:500)

2ug/ml
(1:500)
2pg/ml
(1:500)

(1:500)

(1:1000)

1pg/ml
(1:500)
n/a
(1:500)
0.4pg/ml
(1:500)

(1:500)

2ug/ml
(1:500)

Antibodies were kindly provided by *Dr. Oleg Butovsky, Harvard Medical School, Boston and #

Prof. Mark Cragg, Cancer Sciences, University of Southampton.
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Target (Conjugate) Antibody type Dilution Product ID Distributor
Rabbit IgG Goat anti-rabbit pAb 1:200 BA-1000  Vector Labs, UK
(Biotin)
Rabbit IgG . . . ThermoFisher
(Alexa Fluor 568) Goat anti-rabbit mAb 1:500 A-11011 Scientific, UK
Ra.t I.gG Rabbit anti-rat pAb 1:200 BA-4001 Vector Labs, UK
(Biotin)
Rat IgG Donkey anti-rat mAb 1:500 A-21208 ThermoFisher

(Alexa Fluor 488) Scientific, UK

Table 2.2 - Secondary antibody information for mouse immunohistochemistry

2.3 Murine Flow Cytometry

23.1 Sample Preparation

All reagents for flow cytometry were purchased from Sigma-Aldrich, UK, unless otherwise stated.
FACS buffer comprising 1% FCS, 0.01M EDTA (ethylenediaminetetraacetic acid), in 1x PBS was
prepared, filter sterilised and cooled to 4°C. All steps were performed at 4°C until sample
acquisition. MacGreen retinas stored in 5ml ice-cold HBSS (Ca-/Mg-) in 15ml falcon tubes were
centrifuged at 400g for 5 mins and supernatant was poured off. Retinal cells were dissociated in
residual liquid using mechanical dissociation by running the falcon tube along a 1.5ml
microcentrifuge tube rack ten times. Cells were resuspended in 20ml HBSS (Ca-/Mg-) and passed
through a 70um cell strainer (ThermoFisher Scientific, UK) on a 50ml falcon tube. Samples were
centrifuged at 400g for 8 mins, supernatant was poured off and cells were resuspended in 550pl
HBSS (Ca-/Mg-) per retina. 250ul of sample were moved in duplicate to a V bottom 96 well plate
(Nunc, ThermoFisher Scientific, UK) for staining. Plate was centrifuged at 400g for 3 mins,
supernatant was poured off and cells were resuspended in 100ul CD16/32 block (1:500 in FACS
buffer; BD Biosciences) for 10 mins. Cells were stained for 20 mins in the dark with 100ul of
staining antibody or isotype control antibody mastermixes in FACS buffer (Table 2.3). Plate was
centrifuged at 400g for 3 mins, supernatant was poured off and cells were washed by
resuspending in 250ul FACS buffer. Plate was centrifuged at 400g for 3 mins, supernatant was
poured off and cells were resuspended in 300ul FACS buffer containing 7-AAD viability solution
(1:100, eBioscience). Samples were transferred into FACS tubes and acquired using a FACSAria Il

Flow Cytometer (BD Biosciences, UK).
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Antibody Target Antibody type Ant.ibo.dy code Iso.typ‘e code Dilution in
(Fluorochrome) (Distributor) (Distributor) FACS buffer
CD11b Rat anti-mouse 1gG2b 562605 562603 1:40
(BvV421) mAb BD Biosciences BD Biosciences
CD11c Armenian hamster 117307 400907 1:50
(PE) anti-mouse mAb BioLegend BioLegend
CD45 . 561868 552849
(PE-Cy7) AEIETIMHI SR s BD Biosciences BD Biosciences 1:30
MHCII Rat anti-mouse IgG2b 17-5321-81 17-4031-81 1:250
(APC) mAb eBioscience eBioscience

Table 2.3 — Antibody information for murine flow cytometry staining/isotype mastermixes.

2.3.2 Compensation

To set compensation controls for eGFP expression, C57BL/6 and MacGreen retinal samples were
prepared as above without antibody or 7-AAD staining. To set compensation controls for 7-AAD
staining, C57BL/6 retinal samples with and without 7-AAD staining were prepared as above
without antibody staining. To set compensation controls for the staining antibodies, individual
antibodies were bound to compensation beads (UltraComp eBeads, eBioscience) during a 10-
minute incubation as per the manufacturer’s protocol. Automatic compensation was performed

by FACSDiva software (BD Biosciences, UK).

233 Sample acquisition and analysis

Samples were analysed with a 3-laser FACSAria Il flow cytometer (BD Biosciences) with a neutral
density 1.5 filter and the following laser and bandpass filter configuration:

405nm laser - 450/40 (BV421)

488nm laser - 488/10 (SSC), 530/30 (FITC), 576/26 (PE), 695/40 (7-AAD), 780/60 (PE-Cy7)

633nm laser - 660/20 (APC)

Lasers were fired sequentially to greatly reduce interlaser compensation. Samples were run under
constant low flow rate until tubes were nearly empty (300,000 events per tube). Debris and
doublet cells were excluded from analysis via FSC/SSC analysis and dead/dying cells were
excluded based on uptake of 7-AAD. The median fluorescence intensity (MFI) and percentage of
positive cells for each marker were analysed for the eGFP+ macrophage/microglia cell population

in FlowJo v10 (OR, USA).
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24 Quantitative Real Time PCR analysis of mouse retinas

24.1 RNA isolation

Retinas were homogenised in 800l Trizol (ThermoFisher Scientific, UK) using a handheld electric
homogeniser with disposable pestles (Sigma-Aldrich, UK). Samples were incubated in Trizol for
1hr and then 80ul of 1-bromo-3-chloropropane (Sigma-Aldrich, UK) was added. Tubes were
shaken vigorously for 15s and incubated for 3mins. Tubes were centrifuged at 12,000g for 15mins
at 4°C. 300pl of the upper aqueous phase was moved into a new tube to which 300ul of 70%
molecular biology grade ethanol (Sigma-Aldrich, UK) in molecular biology grade water
(ThermoFisher Scientific, UK) was added and vortexed to mix well. RNA was purified from this
solution using a PureLink RNA Mini Kit (ThermoFisher Scientific, UK) as per the manufacturer’s
instructions. Briefly, samples were added to a spin cartridge and spun at 12,000g for 15s to
capture RNA on the column. The columns were washed sequentially with wash buffers |, Il and Il
and spun at 12,000g for 15s, the cartridge was dried by centrifugation at 16,100g for 3mins and
then RNA was eluted by incubation of 30ul RNase free water on the column for 2mins followed by
centrifugation at 16,100g for 2mins. RNA concentration and quality was assessed by a nanodrop
spectrophotometer. A 260/280 ratio of 1.8-2.1 indicates RNA is not contaminated with proteins
and/or phenol, while a 260/230 ratio below 1.6 indicates high contamination with guanethidium,
phenol and/or carbohydrates. Samples with high contamination were repurified by adding 170ul
RNAse free water, 200l 70% ethanol and 200ul Lysis Buffer containing 1% 2-mercaptoethanol
(Sigma-Aldrich, UK) to the RNA sample, transferring this mixture to a spin column and purifying

with the PureLink RNA Mini kit as described above. RNA samples were stored at -80°C until use.

2.4.2 RNA to cDNA conversion

250ng RNA was transcribed into cDNA using the TagMan Reverse Transcription Reagents Kit
(ThermoFisher Scientific, UK) as per the manufacturer’s protocol for a 20ul reaction. Briefly,
250ng RNA in 7.7ul of molecular biology grade water was added to 12.3ul of a mastermix of
reaction buffer, 25mM MgCl,, RNAse inhibitor, random hexamers, DNTPs and Multiscribe Reverse
Transcriptase. The 20ul solutions were placed in a PTC240 tetrad 2 peltier thermal cycler (M)
research, Canada) at 25°C for 10mins, 48°C for 30mins, 95°C for 5mins and then kept at 4°C until

cDNA was diluted 1:5 in RNAse free water and stored at -20°C.
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2.4.3 Quantitative real-time PCR

Lyophilised primers purified by desalting were purchased from Sigma-Aldrich, UK and
reconstituted to a 100uM stock solution in RNase free water and stored at -20°C until use. Primers

were designed according to the specification in Table 2.4.

Minimum Optimum Maximum

Product length (bp) 70 - 300
Melting temperatures (°C) 57 60 63
Primer size (bp) 15 20 25
Max self complementarity 0 0 7
Max 3’ self . 0 0 3
complementarity
Primer GC content% 35 50 65

Table 2.4 - Criteria used during primer design using Primer-BLAST (NCBI).
One primer of each pair recognised an exon-exon boundary to prevent the amplification of

genomic DNA.

15ul of a mastermix of 0.4uM forward and reverse primers (Sigma-Aldrich, UK) (Table 2.5) and
1.33X SYBR green (Bio-Rad, UK) in RNAse free water was added to wells of a 96 well non-skirted
low profile plates (Starlab, UK). 5ul of 1:5 diluted cDNA was added to each well in duplicate. As a
negative control, RNAse free water without cDNA was added to mastermix. Plates were covered
with optical caps (Starlab, UK) and placed in a C1000 Thermal Cycler with a CFX96 detection
module (Bio-Rad, UK). qPCR was carried out using the following protocol: 95°C 10mins; 95°C 15s,
60°C 1min x 50; 72°C 10mins; 95°C 10mins; 4°C forever. MJ Opticon Monitor Software (Bio-Rad,
UK) was used to plot fluorescence intensity over time and C(t) values were calculated for each
marker at the autocalculated threshold. Melting curves in 0.2°C intervals between 55°C to 90°C

were compiled to ensure that the template was amplified specifically.

C(t) values for glyceraldehyde-3-phosphate dehydrogenase (GADPH) levels were measured for
each cDNA sample as a reference C(t) value. C(t) values for other genes were obtained and
relative gene of interest (GOI) expression levels were calculated by normalising the GOI C(t) values

to the GADPH C(t) values using the 222! method such that relative expression = 2(C{t) GADPH - C{t) GOI)
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Gene NCBI

hame Gene ID Common protein names Strand Primer Sequence (5’-3’)

Forward ACAAGACAGGGCTCCTTTCAG

Argl 11846 Arginase 1 Reverse CTTGGGAGGAGAAGGCGTTT
c3 12266 Complement Forward CAACAACCAACACGGCATCT
component 3 Reverse AACTGGGCAGCACGTATTCC
Forward AGGCACGGGACCTATGTGAT
Caspl 12362 Caspase 1 Reverse  AGCTGATGGAGCTGATTGAAG
Forward  AGCACAGAGAGAAGAATGAGCC
Caspg8 12370 Caspase 8 Reverse TTGGCGAGTCACACAGTTCC
Forward AGCATCCACGTGTTGGCTC
il AR A G, Reverse  CCAGCCTACTCATTGGGATCAT
p22phox, Forward TGGCCTGATTCTCATCACTGG

13057
Cyba 305 Cytochrome B a-subunit ~ Reverse ~ TAGAGTAGGCGCCGAAATACC

NADPH oxidase 2 (NOX2), Forward GCTGGAAACCCTCCTATGACTT
Cytochrome B B-subunit Reverse GCCAAAACCGAACCAACCTC

Forward ACATGACGAGGAGGAGACCA

Cybb 13058

Dicerl 152119 DICERL Reverse ACTCTGGAATTGCTTTGGGGT
Forward TACTTTGGGTTCCAGTCGGT
Fegrl 14129 FevRl, CD64 Reverse CCTGTATTCGCCACTGTCCT
Forward TGAACGGGAAGCTCACTGG
Gapdh 14433 GAPDH Reverse TCCACCACCCTGTTGCTGTA
Gfa 14580 Glial fibrillary acidic Forward AGTGGTATCGGTCTAAGTTTGC
P protein Reverse GACTCCAGATCGCAGGTCAA
Forward GCTAGCCTGGTGCAAGATAC
Hmox1 15368  Hemeoxygenase 1(HO-1) o o (o TGGGGGCCAGTATTGCATTT
. Forward CAAAAGATGAAGGGCTGCTTCC
L2 16176 IEEACTA I LE Reverse ATGTGCTGCTGCGAGATTTG
. Forward TCAAAGTGCCAGTGAACCC
18 16173 Interleukin 18 Reverse GTCACAGCCAGTCCTCTTACT
Nfe2l2 18024 NRF2, Nuclear factor Forward GGTTGCCCACATTCCCAAAC
erythroid derived 2 like 2 Reverse GCAAGCGACTCATGGTCATC
Forward CCCGAGAAAGGCTGTATCCC
Nirp3 216799 NLRP3 Reverse CGTGTCATTCCACTCTGGCT
Nos1 18125 Neuronal nitric oxide Forward AGAGGAAGAGCTACAAGGTCC
synthase (nNOS) Reverse GGCCGAAGACTGAGAACCTC
Nos2 18126 Inducible nitric oxide Forward ATGCCACCAACAATGGCAAC
synthase (iNOS) Reverse TAGGTCGATGCACAACTGGG
Nos3 18127 Endothelial nitric oxide Forward CCGGAGAATGGAGAGAGCTT
synthase (eNOS) Reverse CAGAAGTGGGGGTATGCTCG
Ptes2 19225 Cyclooxygenase 2 (COX2), Forward GGGTGTCCCTTCACTTCTTTCA
g PTGS2 Reverse TGGGAGGCACTTGCATTGA
Sod?2 20656 Superoxide dismutase 2 Forward GAACAATCTCAACGCCACCG
(MnSOD) Reverse CCAGCAACTCTCCTTTGGGTT
Forward CGAGGACAGCAAGGGACTAG
Tnf 21926 TNFa Reverse GCCACAAGCAGGAATGAGAA
Veefa 9339 Vascular Endothelial Forward GATCCGCAGACGTGTAAATGTT
g Growth Factor A Reverse TCACCGCCTCGGCTTGTCACAT

Table 2.5 - List of primer sequences used for qPCR.
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2.5 Binding assays and multiplex ELISA (Mesoscale)

2.5.1 Protein extraction from retina

Lysis buffer was prepared as 150mM NacCl (Sigma-Aldrich, UK), 25mM TRIS (Sigma-Aldrich, UK),
1% Triton X-100 (ThermoFisher Scientific, UK) in dH,0 and filter sterilised. One tablet each of
protease inhibitors (Complete protease inhibitors; Roche, UK) and phosphatase inhibitors
(PhosStop; Sigma-Aldrich, UK) were dissolved in 10ml lysis buffer, which was then cooled to 4°C.
All subsequent steps were performed at 0-4°C. Retinas were homogenised in 70ul of lysis buffer
using a handheld electric homogeniser with disposable pestles (Sigma-Aldrich, UK). Retinal
homogenates were centrifuged at 20,000g for 30 mins to pellet insoluble material. The protein-

containing supernatants were taken and stored at -80°C until use.

2.5.2 Total protein level quantification

Levels of protein were assayed using a bicinchoninic acid (BCA) protein kit (Pierce, USA) as per the
manufacturer’s instructions. Briefly, retinal homogenate was diluted 1:5 in lysis buffer and 5ul of
sample was added to a 96 well plate in triplicate. 5ul of different BSA solutions at known
concentrations was pipetted in duplicate on each plate to generate a standard curve. 200ul of
working reagent (Reagent B diluted 1:50 in reagent A) was added to each well and the plate was
incubated at 37°C for 30 mins. The absorbance of each well was measured at 450nm and values

were interpolated using the standard curve to determine the total protein levels of each sample.

253 Mesoscale (Multiplex ELISA assays)

The mouse 7- and 10-plex proinflammatory panel | plates (Mesoscale Discovery, MD, USA) were
used to assay the levels of IFNy, IL-1B, IL-2, IL-4, IL-5, IL-6, mKC (IL-8 homolog), IL-10, IL12p70 and
TNFa in retinal homogenates or serum samples. Assay was performed as per the manufacturer’s
protocol. Briefly, samples were diluted 1:1 with provided diluent and 50l of sample or calibrators
for standard curve were incubated for two hours on an orbital shaker. Plates was washed three
times with PBS containing 0.05% tween, pH7.2, and then incubated for two hours with a cocktail
of secondary detection antibodies. The plates were washed three times and 150ul of read buffer
was added to each well. Plates were read and analysed using a Sector PR400 reader with
Discovery Workbench v4 software (Mesoscale Discovery, MD, USA). Concentration values for each
cytokine per well were calculated based on the standard curve and values for retinal

homogenates were normalised to total protein level as measured by BCA.
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254 Binding assay for OVA-specific IgG levels

All reagents for assaying OVA-specific IgG levels were purchased from Sigma-Aldrich, UK, unless
otherwise stated. 96 well Nunc Maxisorp plates (ThermoFisher Scientific, UK) were coated
overnight at 4°C with 100ul of 10ug/ml OVA in carbonate buffer (3g Na,COs 6g NaHCOs in 1L
water, pH9.6). Wells were washed 5 times with 200ul wash buffer: 1xPBS+0.05% Tween-20,
pH7.2. Wells were blocked for 30mins with blocking buffer: 100ul 1% BSA (ThermoFisher
Scientific, UK) in 1X PBS. Serum samples were added to blocking buffer and serial diluted across
the plate (103-10%). Plates were incubated for 1hr on an orbital shaker at 600rpm. Wells were
washed 5 times with wash buffer followed by incubation with 100ul of biotinylated horse anti-
mouse 1gG (1:500 dilution in blocking buffer; Vector Labs, USA) for 1hr on an orbital shaker at
600rpm. Wells were washed 5 times with 200ul wash buffer followed by incubation with 100ul of
streptavidin poly-HRP (1:10,000 dilution in blocking buffer; Sanquin, Netherlands) for 30 mins.
Plates were washed 5 times with 200ul wash buffer. 100ul of Ultra-TMB detection solution
(ThermoFisher Scientific, UK) was added to each well and colour change reaction was stopped
using 100ul 1M H,S04. Absorbance of each well at 450nm was measured with a FLUOstar OPTIMA
plate reader (BMG Labtech, UK).

2.6 Graphs and Statistics for mouse experiments

GraphPad Prism (v7; La Jolla, CA) was used to perform statistical analyses and create graphs. Data
was tested for normality and similar variances between groups using Shapiro-Wilk and Bartlett’s
test respectively. Data that passed these tests were analysed by parametric T-test (for tests
between 2 groups), 1-way ANOVA (for 3 or more groups with one independent variable) or 2-way
ANOVA (for two independent variables) followed by Holm-Sidak multiple comparison testing. All
data that failed Shapiro-Wilk and/or Bartlett’s test were log or square root transformed as
appropriate and analysed using the parametric tests described above. Repeated measured testing
was performed when the same mice were tracked over time or when the control and experiment
eye of the same mouse were analysed. All graphs were produced in GraphPad Prism v7.0 and

display mean+SEM for each experimental group.
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2.7 Human sample collection and analysis

271 Study design

39 patients undergoing cataract surgery with or without concomitant AMD were recruited to the
study titled ‘A study of the Molecular and Cellular Pathophysiology of Retinal Disease’ between
July 2015 to November 2016. This study was approved by NHS Research Ethics Committee South
Central — Hampshire B (ID: 09/H0504/67) and sponsored by Southampton University Hospitals
NHS Trust (ID: RHM OPH0142). Aqueous humour and blood samples were collected from patients
to compare the levels of inflammation in the eye and periphery of patients with or without
concomitant AMD. All patients were given a patient information leaflet at least 24 hours before
their appointment and recruitment. The study and its procedures were explained to each patient
by authorised research nurses and written consent was obtained for each patient both for this
specific study and for their use in further studies if appropriate. A proforma for the collection of
anonymised data was completed for each patient to take into account possible confounding
factors, notably age, gender, past ophthalmic history, past medical history, drug history, smoking

status and blood pressure. A breakdown of patient numbers for each technique used is provided

in Table 2.6.

AMD  Serum cytokine  Aqueous humour Stimulated cell Stimulated cell
status levels cytokine levels supernatant cytokines FACS analysis
None 16 15 16 8

Any 17 19 15 8

Dry 8 8 8 5

Wet 8 11 6 3
Dry &

1 1
Wet 0 0

Table 2.6 — Overview of patient numbers and disease status for each study technique.
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2.7.2 Aqueous collection

As part of standard cataract surgery, a main incision and paracentesis incision are made into the
anterior chamber at the limbus and aqueous humour is removed and simultaneously replaced
with a viscoelastic substance. Cataract surgeries were performed by qualified ophthalmic
surgeons based in the Eye Unit, Southampton General Hospital, Southampton University Hospitals
NHS Trust. In this study, some undiluted agueous humour was collected via a cannula in the
paracentesis incision prior to injection of viscoelastic. The amount of aqueous humour taken from
each patient was highly variable (average: 60ul, range: 5ul-150ul). Aqueous humour was collected
and immediately stored on ice in theatre. Aqueous humour was stored at -80°C within 2 hours of

collection for long term storage.

2.7.3 Blood collection

Following patient consent, authorised research nurses collected 10mls of blood in each of the
following BD Vacutainer tubes: Plasma tubes containing sodium heparin (green top), serum tubes
(red top) and tubes containing K;EDTA (lavender top). Serum tubes were left to clot at RT for 1-
2hrs followed by centrifugation at 490g for 15mins at 4°C and aspiration of serum, which was
stored at -80°C until use. Tubes containing K.EDTA were frozen at -20°C within 1hr of collection
for DNA genotyping and are stored for possible future analysis. 6mls of blood stored in the
sodium heparin tubes was used for plasma and PBMC isolation, which are stored for possible

future analysis.

2.7.4 Whole blood stimulation with immune system activators

400pl of blood collected in tubes containing sodium heparin were incubated alone or with either
10ug/ml LPS (from E. coli 0127:B8 purified by ion-exchange chromatography, Sigma, UK), 5ug/ml
resiquimod (R848, Sigma, UK) or 10ug/ml mouse anti-human CD3 mAb (Functional Grade Purified
from clone OKT3, eBioscience, UK) for FACS and mesoscale analysis. Samples were incubated at
37°C with 5% CO; for 19 hours. Samples for FACS analysis were treated with 2l of protein
transport inhibitor (GolgiStop containing monensin, BD Biosciences, UK) 4 hours into the
incubation step to trap cytokines within the cell. After the 19hr incubation, samples for mesoscale
analysis were centrifuged at 490g for 15 mins at 4°C and supernatant was stored at -80°C until

analysis.
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2.7.5 FACS analysis of stimulated blood cells

After the 19hr incubation, whole blood samples for FACS analysis were incubated for 25mins with
extracellular staining antibodies against CD3, CD4, CD14 (Table 2.7). Samples were diluted 1:10
with 1X FACS lysing buffer (BD Biosciences, UK) and left at RT for 15 mins to lyse red blood cells.
Samples were centrifuged (all centrifugation steps in this protocol are 400g for 5 mins with
maximum acceleration and braking), inverted to remove supernatant and washed with 4ml FACS
buffer (1% FCS in 1X PBS). Samples were centrifuged, inverted to remove supernatant and
vortexed gently to resuspend in residual liquid. Cells were permeabilised for intracellular cytokine
staining by addition of 200ul 1X Perm2 permeabilising solution (BD Biosciences). After a 10
minute incubation at RT, samples were washed with 4ml FACS buffer, centrifuged, and vortexed
gently to resuspend in residual liquid. Samples were incubated for 25mins with intracellular
staining antibodies against IFNy, IL-6, IL-8, IL-17 and TNFa (Table 2.7). Samples were washed with
4ml FACS buffer, centrifuged and resuspended in 400ul FACS buffer.

Samples were analysed with a 3-laser FACSAria Il flow cytometer (BD Biosciences) with a neutral
density 1.5 filter and the following laser and bandpass filter configuration:

405nm laser - 450/40 (V450), 525/50 (V500)

488nm laser - 488/10 (SSC), 530/30 (FITC), 576/26 (PE), 695/40 (PerCP), 780/60 (PE-Cy7)

633nm laser - 660/20 (APC), 780/60 (APC-Cy7)

Automatic compensation was performed using compensation beads stained with individual
antibodies as per the manufacturer’s protocol (UltraComp Beads, eBioscience, UK). Samples were
analysed with a 3-laser FACSAria Il flow cytometer (BD Biosciences) with a neutral density 1.5
filter and the following laser and bandpass filter configuration:

405nm laser - 450/40 (V450), 530/30 (V500)

488nm laser - 488/10 (SSC), 530/30 (FITC), 576/26 (PE), 695/40 (PerCP), 780/60 (PE-Cy7)

633nm laser - 660/20 (APC), 780/60 (APC-Cy7)

Lasers were fired sequentially to greatly reduce interlaser compensation. Samples were run under
constant low flow rate until tubes were nearly empty (=350,000 cells per tube). Data was analysed
using FlowJo v10 (OR, USA). Debris and doublet cells were excluded from analysis via FSC/SSC and
monocytes and lymphocytes were gated based on different FSC/SSC characteristics (see Appendix
F). For each cytokine, the size of the positive cell population was multiplied by its median

fluorescence intensity (MFI) to achieve an overall expression index.
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Antibody Target
(Fluorochrome)
CD3e
(V500)

CD4
(APC-Cy7)
CD14
(v450)
IFNy
(PE-Cy7)
IL-6
(APC)

IL-8
(PerCP)
IL-17
(FITC)
TNFa
(PE)

Antibody type
(Clone)
Mouse anti-human
(UCHT1)
Mouse anti-human
(RPA-T4)
Mouse anti-human
(M@P9)
Mouse anti-human
(B27)

Rat anti-human
(MQ2-13A5)
Mouse anti-human
(BHO814)
Mouse anti-human
(eBio64DEC17)
Mouse anti human
(MAb11)

Antibody code
(Distributor)

561416
(BD Biosciences)

557871
(BD Biosciences)
560349
(BD Biosciences)
557643
(BD Biosciences)
501112
(BioLegend)
514606
(BioLegend)
11-7179-42
(eBioscience)

559321
(BD Biosciences)

Staining
mastermix

Extracellular

Extracellular

Extracellular

Intracellular

Intracellular

Intracellular

Intracellular

Intracellular

Chapter 2

Amount per
test

Sul
Sul
Sul
Sul
Sul
Sul
Sul

20yl

Table 2.7 — Antibody information for human flow cytometry staining/isotype mastermixes.

2.7.6

Maesoscale analysis of human samples

Human V-PLEX proinflammatory panel | plates (Mesoscale Discovery, USA) were used to assay the

levels of IFNy, IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL12p70, IL-13, TNFa in human samples as per the

manufacturer’s protocol. Samples were diluted in provided diluent as follows: Serum samples

(1:1); aqueous samples (1:4); control and CD3 stimulated cell supernatants (1:6); R848-stimulated

cell supernatants (1:200) and LPS-stimulated cell supernatants (1:400). All other steps were

performed as previously described for the mouse mesoscale panel (Section 2.5.3).
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Chapter 3:
The inflammatory effect of systemic
bacterial infection on the mouse

retina
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3.1 Introduction

For many years it was believed that the CNS was segregated from the immune system. However,
this view is now outdated as several pathways of immune-to-brain communication between the
systemic immune system and the CNS have been described (McCusker & Kelley, 2013). For
example, systemic infections activate the systemic immune system leading to body changes
controlled by the brain termed ‘sickness behaviours’, which include fever and lack of appetite.
These sickness behaviours are shared across species, showing that mouse studies could be used
to dissect the underpinning mechanisms. Sickness behaviours are driven by local cytokine
production in the brain and coincide with activation of microglia, the immune cells of the CNS

(Dantzer et al., 2008).

Far less is known about the impact of systemic infections on the retina. Systemic infections can
lead to severe retinal inflammation and blindness in cases where the infectious agent enters the
retina and replicates locally (e.g Ebola, ocular toxoplasmosis). However, there is also some
evidence that underlying systemic diseases (e.g Behget’s Disease and sarcoidosis) and systemic
infections without retinal infiltration (tuberculosis, syphilis, herpes viruses and systemic
toxoplasmosis) can cause retinal inflammation (Durrani et al., 2004). Furthermore, bacterial
(Chlamydia pneumoniae) and viral (Cytomegalovirus) infections have been associated with an
increased risk/progression of the retinal neurodegenerative disease age-related macular
degeneration (see introduction section 1.5.4). Before we can understand how these infections can

interplay with neurodegeneration, it is critical to characterise their effect on the healthy retina.

Mouse studies can be used to gain knowledge about how systemic infections affect the retina, as
inbred strains have far less variation in comparison to humans, who have a huge range of
confounding factors. Furthermore, infection dosage and tissue collection can be kept constant to
further reduce variation, allowing fundamental changes to be observed. Only two studies have
investigated the effect of live systemic infections on the mouse retina. The studies used viral
(murine Cytomegalovirus) and fungal (Candida albicans) infections to confirm microglial activation
in the retina following systemic infection (Maneu et al., 2014; Zinkernagel et al., 2013). However,
these studies don’t characterise other retinal cell types which are critical for normal function of
the retina, nor do these examine locally activated inflammatory pathways. In addition, the effect
of a live systemic bacterial infection has not been characterised in the retina, which is what this

chapter aims to address.

Research from our lab has shown that systemic infection with a live attenuated strain of
Salmonella leads to activation of cerebral blood vessels and microglia of the brain, along with

elevated levels of IL-13 and IL-12 (Piintener et al., 2012). This chapter will investigate whether the
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inflammatory findings in the brain after Salmonella infection are also present in the retina. These
effects are characterised in detail at different time points in terms of the production of
inflammatory proteins and the response of a range of cell types in the retina. Finally, the impact

of aging on retinal inflammation following Salmonella infection is considered.

3.2 Methods

3.21 Effect of Salmonella at 1 and 4 weeks post injection

C57BL/6 mice (2-3 months old) were injected i.p. with 108 cfu Salmonella or saline as a control
(see section 2.1.2). Daily body weight was recorded and mice showing >20% body weight loss
were culled according to home office regulations (PPL 30/3057). In this chapter, mice were
infected by Alexander Collcutt. At 1 and 4 weeks post injection, mice were transcardially perfused
(see section 2.1.6) and spleens were weighed to assess levels of peripheral immune activation.
Blood was collected before transcardial perfusion and serum was isolated (see section 2.1.6) and
frozen at -80°C until cytokine levels were assessed by multiplex ELISA (see section 2.5.3). For
retinal cytokine analysis, a whole retina was frozen at -80°C and then homogenised in TRIS buffer
before cytokine levels were assessed by multiplex ELISA (see sections 2.1.6.3, 2.5.1 and 2.5.3).
Cytokine levels were normalised to total protein levels in each homogenate using a BCA assay (see
section 2.5.2). For retinal gPCR analysis, both retinas from each mouse were pooled and frozen at
-80°C (see sections 2.1.6.3). RNA was isolated, converted to cDNA and analysed by qPCR (see
sections 2.4). For immunohistochemistry, a whole eye was snap-frozen in optimal cutting
temperature medium (see section 2.1.6.1), cryosectioned and stored at -20°C until DAB

immunohistochemistry and analysis (see section 2.2).

For flow cytometry, MacGreen mice with eGFP+ myeloid cells (see section 2.1.1 for detailed
description) were injected i.p. with 10° cfu Salmonella or were uninjected controls (naive). Retinas
were harvested following transcardial perfusion at 1 and 4 weeks post injection (see section
2.1.6.2) and injections were staggered so that all mouse tissue was harvested on the same day.
Flow cytometric analysis was performed as described in section 2.3 and Dr. Elena Pipi assisted in

the processing of samples.

3.2.2 Effect of Salmonella at 8 and 24 weeks post injection in C57BL/6 mice

C57BL/6 mice (2-3 months old) were injected i.p. with 10° cfu Salmonella or saline. Body weight

was periodically assessed over 24 weeks. Tissue was harvested at 8 and 24 weeks post injection.
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Serum and retinal cytokine measurements and immunohistochemistry were performed as

detailed in section 3.2.1.

3.23 Effect of Salmonella at 4 weeks post injection in young and middle-aged mice

C57BL/6 mice at 3 months old (young) and 12 months old (middle-aged) were injected i.p. with
108 cfu Salmonella or saline. Body weight was periodically assessed over 4 weeks, at which point
tissue was harvested. Serum and retinal cytokine measurements were performed as detailed in

section 3.2.1.

3.24 Statistics

For each figure, the statistical test used is stated in the figure legend. Data that failed
homogeneity of variance tests or normalisation tests were transformed before analysis (see
section 2.6). Due to the large number of statistics performed, the key results of each test are

provided in the figures and the full results of each statistical test are provided in Appendix A.
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3.3 Results

331 Physiological changes following Salmonella infection

Physiological responses to infection, including weight loss and splenomegaly, were characterised
to provide insight into the chronicity of the Salmonella disease course. At 24 hours post injection,
strong weight loss (=13%, p<0.0001) is observed in infected mice (Figure 3.1a). The infected mice
then proceed to gain weight over the next four weeks (p<0.0001), as is observed for the control
mice. However, the Salmonella infected mice do not regain the lost weight when compared to

saline controls (p<0.0001).

In comparison to saline controls, the Salmonella infected mice exhibit biphasic weight loss, with
13-14% weight loss observed between 1 and 4 days post injection compared to pre-injection
weight (p<0.0001 for each comparison) (Figure 3.1b). Weight loss is strongest at day 2 and there is
significant weight gain from day 2 to days 6-9 (Day 2 vs 6, p=0.0408; Day 2 vs 7, p=0.0004; Day 2
vs 8, p<0.0001; Day 2 vs 9, p=0.0213). This is followed by a period of weight loss (Day 8 vs Day 16,
p=0.0495). As the body weight loss is calculated with respect to starting weight, the starting
weights of each group were equal to ensure that this factor didn’t confound the analysis (Figure

3.1c).

Salmonella induces splenomegaly at 1 and 4 weeks post infection, with an increase (fold change
=6, p<0.0001) in spleen weight observed at both timepoints. Taken together, absence of body
weight loss and spleen weight gain can be used to exclude mice injected with Salmonella that
show no signs of infection (=1 in 15 mice). The reasons for this are unclear, but may be due to an

incorrect injection site.
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Figure 3.1 — Body weight and spleen weight changes during Salmonella infection.

Graphs shows (a) daily body weight as a percentage of starting weight for each mouse, (b)
Salmonella-induced weight loss normalised to saline controls over 4 weeks post saline or
Salmonella injection (n=9-10 mice per group). (c) Pre-injection body weight of saline and
Salmonella injected groups (n=9-10 mice per group). (d) Spleen weight at 1 and 4 weeks post
saline or Salmonella injection (n=9-12 mice per group). Graphs are as presented as mean+SEM.
Weight changes over time were analysed using repeated measures two-way ANOVA with Holm-
Sidak post-hoc testing. Starting weight changes were analysed by unpaired two-tailed T-test.
Spleen weight changes were analysed by two-way ANOVA with Holm-Sidak post-hoc testing. Stars

denote significance as follows: *p<0.05, ***p<0.001, ****p<0.0001, ns = not significant.
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3.3.2 Peripheral cytokine production following Salmonella infection

The timecourse of the peripheral immune response was investigated at a molecular level by
assaying circulating cytokine levels. At 1 week post injection, Salmonella induces increased levels
of all 10 cytokines assayed compared to saline controls (p<0.0001 in each case) (Figure 3.2). These
changes are described in detail as follows: IFNy (Saline: 1.99pg/ml, Salmonella: 7990pg/ml, fold
change =4000); IL-1pB (Saline: 2.04pg/ml, Salmonella: 46.5pg/ml, fold change =20); IL-2 (Saline:
2.74pg/ml, Salmonella: 54.1pg/ml, fold change =20); IL-4 (Saline: 1.20pg/ml, Salmonella:
33.6pg/ml, fold change =30); IL-5 (Saline: 4.98pg/ml, Salmonella: 27.4pg/ml, fold change =6); IL-6
(Saline: 16.7pg/ml, Salmonella: 17,500pg/ml, fold change =1000); IL-10 (Saline: 28.3pg/ml,
Salmonella: 497pg/ml, fold change =20), IL-12 (Saline: 49.5pg/ml, Salmonella: 1110pg/ml, fold
change =20); mKC (Saline: 85.0pg/ml, Salmonella: 405pg/ml, fold change =5); TNFa (Saline:
13.0pg/ml, Salmonella: 1160pg/ml, fold change =90).

At 4 weeks post injection, 6 of 10 cytokines assayed remain elevated compared to saline controls:
IFNy (82.3pg/ml, fold change =80, p<0.0001); IL-1B (3.43pg/ml, fold change =2, p=0.0306); IL-5
(9.04pg/ml, fold change =2, p=0.0007); IL-6 (131pg/ml, fold change =9, p<0.0001); IL-10
(107pg/ml, fold change =4, p<0.0001); TNFa (120pg/ml; fold change =10, p<0.0001). Levels of IL-2,

IL4, IL-12 and mKC return to saline control levels at 4 weeks post injection (p<0.0001 for each).

Although some cytokines are elevated at both 1 and 4 weeks post infection compared to saline
controls, in these cases there is a large decrease in cytokine levels from 1 week to 4 weeks post
infection (p<0.0001 in each case): IFNy (fold change =50); IL-1p (fold change = 10); IL-5 (fold
increase =3); IL-6 (fold change =12); IL-10 (fold change =5); TNFa (fold change =10).

Overall, serum cytokine levels are strongly elevated at 1 week post Salmonella infection, and
inflammation is still detected at 4 weeks post infection, although at much lower levels. It is
interesting to note that IFNy is the most upregulated cytokine at both timepoints by a large

margin.
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Figure 3.2 — Serum cytokine levels at 1 and 4 weeks post saline or Salmonella injection.

Serum cytokine levels of IFNy, IL-18, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, mKC and TNFa were
quantified in pg/ml by multiplex ELISA (Mesoscale Discovery). Graphs are presented as mean+SEM
(n=5-6 mice per group). Data was analysed using two-way ANOVA with Holm-Sidak post-hoc
testing. Stars denote significance as follows: *p<0.05, ***p<0.001, ****p<0.0001.
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333 Retinal cytokine levels following Salmonella infection

Retinal cytokine levels during Salmonella infection were assayed to identify whether there is a
local immune signature following systemic infection. At 1 week post injection, Salmonella induces
increased retinal levels of 5 of the 10 cytokines assayed compared to saline controls (Figure 3.3):
IFNy (Saline: 0.056pg/mg, Salmonella: 1.79pg/mg, fold change =30, p<0.0001); IL-1pB (Saline:
0.036pg/mg, Salmonella: 0.139pg/mg, fold change =3.9, p=0.0061); IL-6 (Saline: 1.86pg/mg,
Salmonella: 6.99pg/mg, fold change =3.8, p<0.0001); mKC (Saline: 1.53pg/mg, Salmonella:
4.75pg/mg, fold change =3.1, p<0.0001) and TNFa (Saline: 0.59pg/mg, Salmonella: 1.23pg/mg,
fold change =2.1, p=0.0033).

At 4 weeks post infection, 2 of 5 cytokines assayed remain upregulated in comparison to saline
controls: IFNy (0.199pg/mg, fold change =7, p<0.0001) and mKC (1.72pg/mg, fold change =2.4,
p=0.0022), whereas IL-1B (p=0.0140), IL-6 (p<0.0001) and TNFa (p=0.0457) return to saline control
levels. However, for the cytokines that are upregulated by Salmonella at both 1 and 4 weeks,
there is a substantial decrease in levels of cytokines from 1 to 4 weeks post infection: IFNy (fold

change: =9, p<0.0001) and mKC (fold change: =2.8, p=0.0002).

IL-2 is also increased by Salmonella overall when the 1 and 4 week timepoints are considered
together (p=0.0302), but at individual timepoints does not reach significance with post-hoc

testing.

Overall, these data show that several retinal cytokines are elevated following Salmonella infection
at 1 week, and upregulation of some of these cytokines is still apparent at 4 weeks post infection,

albeit at lower levels.
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Figure 3.3 — Retinal cytokine levels at 1 and 4 weeks post saline or Salmonella injection.

Retinal cytokine levels of IFNy, IL-18, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, mKC and TNFa were
quantified in pg/ml by multiplex ELISA (Mesoscale Discovery) and normalised to mg total protein
as measured by BCA assay. Graphs are presented as mean+SEM (n=5-6 mice per group). Data was
analysed using two-way ANOVA with Holm-Sidak post-hoc testing. Stars denote significance as

follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.34 Upregulation of inflammatory pathways in the retina following Salmonella infection

As retinal cytokine levels are increased after Salmonella, the effect of systemic infection on a
broader range of inflammatory pathways was investigated using qPCR (Figure 3.4). Following
Salmonella infection, there is increased mMRNA expression of microglial activation marker FcyRI at
1 week (fold increase =3.8, p<0.0001) and 4 weeks (fold change =2.4, p<0.0001) post infection
compared to saline controls. There is a significant decrease in FcyRI from 1 to 4 weeks post
infection (fold change =1.5, p=0.0030). There is also an increase in astrocyte/Miiller cell marker
GFAP at 1 week post Salmonella (fold change =1.8, p=0.0350), which returns to saline control

levels by 4 weeks post infection.

At 1 week post infection, there are increased levels of chemokines/cytokines CCL2 (fold change
=9, p=0.014), TNFa (fold change =6, p=0.0455) and IL-1pB (fold change =2.3, p=0.0149), which
return to saline control levels at 4 weeks post infection. In contrast, there are no changes in
retinal levels of IL-18 mRNA following Salmonella infection. Despite a lack of upregulation of IL-18
following Salmonella, overall expression of IL-18 appeared substantially higher than for most

genes, indicating constitutive expression in the retina is possible (data not shown).

Both IL-1B and IL-18 mRNA are translated into an inactive precursor protein requiring cleavage by
the inflammasome to derive mature IL-1 and IL-18. There is an upregulation of genes encoding
proteins associated with the inflammasome: NLRP3 (fold change =2.6, p=0.0034) and caspase-1
(fold change =5, p<0.0001) at 1 week post Salmonella infection compared to saline controls.
NLRP3 returns to saline control levels at 4 weeks post infection, while caspase-1 remains elevated
compared to saline (fold change =3.2, p=0.0006), but decreased compared to 1 week post

infection (fold change =1.6, p=0.0146).

Changes in retinal mRNA expression are also observed in some additional oxidative stress and
inflammatory pathways (Figure 3.5). There are no significant increases in nitric oxide synthase
genes (NNOS, iNOS, eNOS), but in contrast at 1 week post infection there is robust upregulation of
NADPH oxidase subunit 2 (NOX2) gene Cybb (fold change =5, p=0.008), which is expressed by
phagocytes such as microglia and is responsible for the generation of superoxides, a reactive
oxygen species (ROS) that greatly contributes to oxidative stress. Cybb expression returns to

saline control levels at 4 weeks post Salmonella infection.

97



Chapter 3

FcyRI (Fegr1) GFAP (Gfap)

5. g kK F ok
dedkk

N
iy

*

Arbitrary Units
e - N ¢ %
Arbitrary Units
e o = = N
° v o @ 9
*
)

Saline 1 4 Saline
Weeks post Salmonella Weeks post Salmonella

CCL2 (Ccl2) TNFao (Tnfa)

-
o
1
-
o
1

Arbitrary Units
e o 3
*
*
*
Arbitrary Units
e_n & o 9
‘X‘

Saline 1 4 Saline 1 4
Weeks post Salmonella Weeks post Salmonella

IL-1B (I11b) IL-18 (1118)

W
1

Arbitrary Units
© 3 ®
: |
Arbitrary Units
.Q =
i <

T 0.0
Saline 1 4 Saline 1 4

-
1

Weeks post Salmonella

NLRP3 (Nirp3)

%k

Weeks post Salmonella
Caspase-1 (Casp1)

Kk kk *

*kk

Saline Saline 1 4

Weeks post Salmonella Weeks post Salmonella

Arbitrary Units

e s R i
) :

Arbitrary Units

< N v i

Figure 3.4 — Retinal gene expression of proinflammatory pathways at 1 and 4 weeks post saline
or Salmonella injection.

Retinal mMRNA expression of genes encoding FcyRI, GFAP, CCL2, TNFa, IL-16, IL-18, NLRP3 and
caspase-1 was assayed by SYBR green qPCR. Gene expression was normalised to housekeeping
gene GAPDH using the 22 method and is shown as fold change from saline control. Graphs are
presented as mean+SEM (Saline group: n=3 mice at 1 week post injection, n=4 mice at 4 weeks
post injection, Salmonella groups: n=5 mice per timepoint). Data was analysed by one-way ANOVA
with Holm-Sidak post-hoc testing. Stars denote significance as follows: *p<0.05, **p<0.01,
*¥*¥<p<0.001, ****p<0.0001.
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Levels of the gene Hmox-1 encoding the oxidative stress response protein heme oxygenase 1 (HO-
1) is not increased at 1 or 4 weeks post Salmonella infection compared to saline controls. COX2, a
key enzyme in the production of a range of prostaglandins, is the most upregulated gene assayed
at 1 week post Salmonella (fold change =11, p<0.0001). COX2 levels are also increased compared
to saline controls at 4 weeks post infection (fold change =3, p=0.0085), but decreased compared
to 1 week post infection (fold change =3.4, p<0.0001). Levels of complement component 3 (C3), a
critical component of the classical and alternative complement pathway, is increased at 1 week
post infection (fold change =5, p=0.0082) and returns to saline control levels at 4 weeks post
infection. mRNA levels of vascular endothelial growth factor (VEGFa), responsible for
angiogenesis, is not altered by Salmonella infection at 1 or 4 weeks post infection compared to

saline controls.

Overall, the mRNA changes following Salmonella infection show a range of activated retinal cell
types (microglia and astrocytes/Miiller cells) and a range of activated inflammatory pathways

(cytokines/chemokines, inflammasome, NADPH oxidase, prostaglandins and complement).
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Figure 3.5 — Retinal gene expression of oxidative and inflammatory pathways at 1 and 4 weeks
post Saline or Salmonella injection.

Retinal mMRNA expression of genes encoding nNOS, iNOS, eNOS, NOX2, HO-1, COX2, C3 and VEGF
was assayed by SYBR green qPCR. Gene expression was normalised to housekeeping gene GAPDH
using the 222% method and is shown as fold change from saline control. Graphs are presented as
mean+SEM (Saline group: n=3 mice at 1 week post injection, n=4 mice at 4 weeks post injection,
Salmonella groups: n=5 mice per timepoint). Data was analysed by one-way ANOVA with Holm-
Sidak post-hoc testing. Stars denote significance as follows: *p<0.05, **p<0.01, ***<p<0.001,
***%p<0.0001.
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335 Retinal myeloid cell activation following Salmonella infection

Upregulation of FcyRI mRNA at 1 and 4 weeks post Salmonella infection provides evidence for
sustained activation and/or increased numbers of myeloid cells in the retina in response to
systemic bacterial infection. Here, the localisation, phenotype and number of these cells is studied

in more detail.

Immunohistochemistry images show that the expression pattern of CD11b and FcyRIl appear
localised to the inner layers of the retina (Figure 3.6a). This is in line with the typical localisation of
microglia in the retina. In addition, these cells have the ramified morphology generally associated
with quiescent or ‘resting’ microglia. To quantify marker expression by DAB
immunohistochemistry, a set threshold of brown staining was defined as positive staining and
then area of positive staining as a percentage of total retina area was calculated. This method
demonstrates a sustained increase in CD11b+ (fold change =1.5, p=0.0006) and FcyRI+ (fold
change =1.9, p<0.0001) area following Salmonella infection compared to saline controls, with no

differences between expression at 1 and 4 weeks post infection (Figure 3.6b, c).

Increased area of positive staining may be due to increased receptor expression on each cell,
changes in microglial morphology or increased number of positive cells. However, these changes
are very difficult to confirm with immunohistochemistry as with thin sections as it isn’t always
clear which staining belongs to which cell. As a result, flow cytometry was employed to give a
more quantitative assessment of microglial number and phenotype before and after Salmonella

infection.
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Figure 3.6 — Expression of microglial activation markers in the retina at 1 and 4 weeks post
saline or Salmonella injection.

(a) Representative DAB immunohistochemistry image showing the layers of the posterior eye;
CD11b+ microglial cells are found almost exclusively in the inner layers of the retina.
Representative DAB immunohistochemistry images of (b) CD11b and (c) FcyRI expression in the
inner retina (taken from region denoted by black box) and quantification of each marker as
positively stained (brown) area as a percentage of total retinal area. Graphs are presented as
mean+SEM (n=6-8 mice per group). Data was analysed using two-way ANOVA. Stars denote
significance as follows: ***<p<0.001, ****p<0.0001. Images were taken with a 20x objective and
scale bars represent 100um. Ch/RPE, Choroid/RPE; SR, subretinal space; PR, photoreceptor
segments, ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner

plexiform layer; GCL, ganglion cell layer.

Flow cytometry of individual mouse retinas is very challenging, due to the low proportion of
microglial cells (0.5-1% of total retinal cells), low sample volume and reasonably low expression of
CD11b and CD45, the markers typically used to define a myeloid population under resting
conditions. To overcome these challenges, MacGreen mice (with eGFP+ expression in CSF-1R
expressing cells) were used in flow cytometry to accurately distinguish the myeloid cell population
(Figure 3.7a). Myeloid cells of the retina are mostly microglia, but may include infiltrating myeloid
cells including monocytes, neutrophils and dendritic cells under inflammatory conditions. The
expression of CSF-1R on positive cells is not altered following Salmonella infection (Figure 3.7b),
making it an ideal marker to define the population. The percentage of eGFP+ cells is not altered
during Salmonella infection, indicating that Salmonella does not cause the proliferation of
microglia or infiltration of peripheral immune cells at 1 or 4 weeks post infection. 98.6% of eGFP+
events were also CD11b+, showing good agreement between the two myeloid cell markers
(Figure 3.7c). At 1 week post Salmonella infection, there is increased expression of CD11b (fold
change =1.1, p=0.0401) and CDA45 (fold change =1.2, p=0.0107) on eGFP+ cells compared to naive
mice (Figure 3.7c, d). At 4 weeks post Salmonella infection, there is also increased expression of
CD11b (fold change =1.2, p=0.0004) and CD45 (fold change=1.3, p=0.0003) on eGFP+ cells
compared to naive mice. There is a significant increase in CD11b (fold change =1.1, p=0.0401) and
CD45 (fold change =1.1, p=0.0479) expression from 1 week to 4 weeks post infection. Median
fluorescence intensity of MHCII was similar to isotype control levels, indicating no/low expression
of MHCII on these cells, although there is a trend to increased expression at 1 week post infection

(p=0.07) compared to naive controls.
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Figure 3.7 — Effect of Salmonella on myeloid cell number and surface marker expression.

(a) Flow cytometry gating strategy for retinal live singlet cells of myeloid lineage (defined as
CSF1R+ cells in MacGreen mice). (b) Quantification of CSF1R+ cells as a percentage of positive live
singlet cells and expression of CSF1R by median fluorescence intensity (MFI) shown graphically and
by histogram. (c) Quantification of CD11b+ cells as a percentage of CSF-1R+ live singlet cells and
expression of CD11b by MFI. Quantification of (d) CD45 and (e) MHCII by expression of each
marker by MFI. Graphs are presented as mean+SEM (n=4-5 mice per group). Data was analysed
using one-way ANOVA with Holm-Sidak post-hoc testing. Stars denote significance as follows:
*p<0.05, ***p<0.001. 7-AAD, 7-aminoactinomycin D; FSC, forward scatter; SSC, side scatter; eGFP,

enhanced green fluorescent protein.

The greatest Salmonella-induced changes in myeloid cell phenotype were observed for expression
of CD11c (Figure 3.8b). There is an increased number of CD11c+ cells in the retina at 1 week post
Salmonella infection (fold change =1.4, p=0.0072) compared to naive mice. There is also an
increased number of CD11c+ cells in the retina at 4 weeks post infection when compared to naive
mice (fold change =2.1, p<0.0001) and 1 week post Salmonella (fold change =1.5, p<0.0072).
Alongside this increase in the CD11c+ population, there is also an increase in the level of
expression of CD11c on these cells. At 1 week post Salmonella infection, there is increased
expression of CD11c (fold change =1.3, p=0.0087) on eGFP+ cells compared to naive mice. At 4
weeks post Salmonella infection, there is also increased expression of CD11c (fold change =2,
p<0.0001) on eGFP+ cells compared to naive mice, and there is a significant increase in CD11c

(fold change =1.5, p<0.0001) expression from 1 week to 4 weeks post infection.

There appears to be three distinct CD11c+ cell populations in the retina underpinning the changes

in cell number/expression:

e (CD11bMe"/CD11c"°"/CD45""/MHCII”*" population (82.3% of CD11c+ cells)
o  CD11b"8"/CD11c™/CDA5™/MHCIIM™ (11.8% of CD11c+ cells)
e CD11b™"/CD11c"e"/CD45"E"/MHCIIMe" populations (5.7% of CD11c+ cells)

Overall, immunohistochemistry and flow cytometry show good agreement indicating microglial
activation following Salmonella infection. Immunohistochemistry shows that microglia following
Salmonella infection are mainly confined to the inner retinal layers, while flow cytometry
indicates that microglia show a more activated phenotype at 4 weeks post infection than 1 week

post infection.
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Figure 3.8 — Effect of Salmonella on CD11c+ cell number and surface expression.

(a) Flow cytometry gating strategy for retinal live singlet cells of myeloid lineage (defined as Csf1r+

cells in MacGreen mice). Quantification of (b) CD11c+ cells as a percentage of CSF1R+ live singlet

cells and expression by median fluorescence intensity (MFI) shown graphically and by fluorescence

intensity histogram. (c) CD11c+ cells can be separated into three distinct populations based on

surface marker expression. Graphs are presented as mean+SEM (n=4-5 mice per group). Data was

analysed using one-way ANOVA with Holm-Sidak post-hoc testing. Stars denote significance as

follows: **p<0.01, ****p<0.0001. 7-AAD, 7-aminoactinomycin D; FSC, forward scatter; SSC, side

scatter; eGFP, enhanced green fluorescent protein; ™, intermediate expression.
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3.3.6 Retinal blood vessel activation following Salmonella infection

As my data indicates that systemic bacterial infection can drive microglial activation in the inner

retina, | investigated whether the inner retinal blood vessels could be a route of activation.

There is strong upregulation of MHCII at 1 and 4 weeks post Salmonella infection (fold change
=50, p<0.0001) compared to saline controls (Figure 3.9a). MHCII staining is rarely observed in the
retina in saline control animals, with very occasional staining of small cells in the GCL, whereas
sustained MHCII staining of the inner retinal blood vessels (arterioles and capillaries) is observed

during Salmonella infection.

At 1 week post Salmonella injection, ICAM-1 shows higher expression (fold change =7, p<0.0001)
compared to saline controls (Figure 3.9b). There is also increased expression of ICAM-1 at 4 weeks
post infection (fold change =2.7, p=0.0014) compared to saline controls, although this expression
is decreased compared to 1 week post infection (fold change =2.7, p=0.0305). In saline control
animals, ICAM-1 expression is found on inner retinal arterioles, but very rarely on the inner retinal
capillaries. Following Salmonella infection, ICAM-1 expression is found both on the inner retinal

arterioles and capillaries.

Overall, these results show strong activation of the inner retinal blood vessels following 1 and 4

weeks of Salmonella infection.
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Figure 3.9 — Expression of blood vessel activation markers in the retina at 1 and 4 weeks post
saline or Salmonella injection.

Representative DAB immunohistochemistry images of (a) MHCII and (b) ICAM-1 expression in the
inner retina. MHCII expression is quantified as positively stained (brown) area as a percentage of
total retinal area. Due to confounding ICAM-1 expression in the photoreceptor layer, ICAM-1
expression was quantified as positive area as a percentage of inner retinal area. Graphs are
presented as mean+SEM (n=6-8 mice per group). Data was analysed using two-way ANOVA with
Holm-Sidak post-hoc testing. Stars denote significance as follows: *p<0.05, **<p<0.01,
**%*¥p<0.0001. Images were taken with a 20x objective and scale bars represent 100um. Grey
arrow denotes inner retinal arteriole. Black arrow denotes inner retinal capillaries. ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,

ganglion cell layer.

108



Chapter 3

3.3.7 Long-term effects of Salmonella infection on the retina

Many of the changes observed following Salmonella are sustained for at least one month post
infection, including increased cytokine levels and blood vessel/microglial cell activation. As a

result, later timepoints of two and six months were investigated to determine for how long these

changes are sustained.

There is significant weight loss at 1 day post Salmonella infection (=10%, p=0.0253) compared to
saline controls (Figure 3.10). From 1 day post infection, both saline and Salmonella groups gain
65% of initial starting weight over 24 weeks, but Salmonella infected mice do not regain the initial

weight lost with respect to saline controls (p=0.0139).

At 2 months post injection, only 2 of 10 cytokines assayed are elevated in the serum (Figure 3.11).
Levels of IFNy (Saline: 1.18pg/ml, Salmonella: 9.75pg/ml, fold change =8, p=0.0004) and IL-10
(Saline: 25.5pg/ml, Salmonella: 39.5pg/ml, fold change =1.5, p=0.0212) remain elevated at 2
months post Salmonella infection. Overall, this indicates that there is still peripheral inflammation

at 2 months post infection, albeit at lower levels than observed at 1 and 4 weeks.
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Figure 3.10 — Body weight changes induced by saline or Salmonella over 6 months post
injection.

Body weight is shown as a percentage of starting weight for each mouse (n=8 mice per group).
Graphs are presented as mean+SEM. Data was analysed by repeated measures two-way ANOVA

with Holm-Sidak post-hoc testing. Stars denote significance as follows: *p<0.05, **p<0.01.
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Figure 3.11 — Serum cytokine levels at 8 weeks post saline or Salmonella injection.
Serum cytokine levels of IFNy, IL-16, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, mKC and TNFa were
quantified in pg/ml by multiplex ELISA (Mesoscale Discovery). Graphs are presented as mean+SEM

(n=5 mice per group). Data was analysed using unpaired two-tailed T-test. Stars denote

significance as follows: *p<0.05, ***p<0.001.
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For all 10 cytokines assayed, no significant differences in the level of retinal cytokines were
observed between saline and Salmonella at 2 months post injection (Figure 3.12). This provides

evidence that peripheral inflammation is no longer causing retinal inflammation by this timepoint.
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Figure 3.12 — Retinal cytokine levels at 8 weeks post saline or Salmonella injection.

Retinal cytokine levels of IFNy, IL-18, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, mKC and TNFo were
quantified in pg/ml by multiplex ELISA (Mesoscale Discovery) and normalised to mg total protein
measured by BCA assay. Graphs are presented as mean+SEM (n=6-7 mice per group). Data was

analysed using unpaired two-tailed T-test.
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Alongside these cytokine findings, there was no evidence that Salmonella caused sustained
microglial activation at 8 or 24 weeks post infection in terms of CD11b (Figure 3.13a) or FcyRI
expression (Figure 3.13b). Interestingly, it was observed that microglial markers appear to
increase as part of aging, with higher expression of CD11b (fold change =1.1, p=0.0384) and FcyRI
(fold change =1.3, p=0.0191) in 9-month-old mice (harvested at 24 weeks post injection)

compared to 5-month-old mice (harvested at 8 weeks post injection).

There is evidence for sustained activation of the inner retinal blood vessels following Salmonella
infection (Figure 3.14). MHClII is still upregulated at 8 weeks (fold change =19, p<0.0001) and 24
weeks (fold change =11, p<0.0001) post Salmonella infection compared to saline controls,
although the expression is reduced at 24 weeks compared to 8 weeks post infection (fold change
=1.7, p=0.0467). MHCII expression is still observed on both the retinal blood arterioles and
capillaries. Unlike with microglial staining, there was no difference in MHCII levels with aging.
ICAM-1 is also increased at 8 and 24 weeks post infection (fold change =1.8, p=0.0010) but does
not reach significance at individual timepoints with post-hoc testing. The staining pattern of
ICAM-1 shows that the changes observed are mainly due to differences in expression on retinal
blood arterioles, as staining of the inner retinal blood capillaries is rarely observed at 8 and 24
weeks post infection. There is also an aging effect with ICAM-1, which is increased in 9-month old

mice compared to 5-month-old mice (fold change =1.7, p=0.0087).

Overall, these data indicate that inner retina blood vessel activation persists at least 6 months
after Salmonella infection, while microglial activation and cytokine production is back to baseline

levels at 2 months post infection.
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Figure 3.13 — Expression of microglial activation markers in the retina at 8 and 24 weeks post

saline or Salmonella injection.

Representative DAB immunohistochemistry images of (a) CD11b and (b) FcyRI expression in the

inner retina and quantification as positively stained (brown) area of each marker as a percentage

of total retinal area. Graphs are presented as mean+SEM (n=7-8 mice per group). Data was

analysed using two-way ANOVA. Stars denote significance as follows: *p<0.05. Images were taken

with a 20x objective and scale bars represent 100um. ONL, outer nuclear layer; OPL, outer

plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

113



Chapter 3

a MHCII

Saline Salmonella

Hl Saline = Salmonella

Fkkk *

Fkkk

MHCII+ area (%)
5

8 B T . PRt AL 0.0-
2 8 24
J
®
b ICAM-1
Saline Salmonella
. |
(o)
)
3 N Saline = Salmonella
08 Salmonella effect = x%x

* %

—1

4
o
i

ICAM-1+ area (%)
o
»

o
N

24 weeks
o
o

Figure 3.14 - Expression of blood vessel activation markers in the retina at 8 and 24 weeks post
saline or Salmonella injection.

Representative DAB immunohistochemistry images of (a) MHCII and (b) ICAM-1 expression in the
inner retina. MHCII expression is quantified as positively stained (brown) area as a percentage of
total retinal area. Due to confounding ICAM-1 expression in the photoreceptor layer, ICAM-1
expression was quantified as positive area as a percentage of inner retinal area. Graphs are
presented as mean+SEM (n=7-8 mice per group). Data was analysed using two-way ANOVA. Stars
denote significance as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Images were taken
with a 20x objective and scale bars represent 100um. ONL, outer nuclear layer; OPL, outer

plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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3.3.8 Effects of aging on peripheral and retinal inflammation following Salmonella

infection

Salmonella induces weight loss in young mice at 24hrs post infection (11.9%, p<0.0001, Figure
3.15a). This is followed by weight gain over the following 4 weeks, as seen for saline controls
(p<0.0001). In middle-aged mice, Salmonella also induces weight loss at 24hrs post infection
(5.2%, p=0.0012 Figure 3.15b), but this is not followed by weight gain over the following 4 weeks,
again in accordance with saline controls. A comparison of the Salmonella groups for young and
middle-aged mice found a non-significant trend to higher weight loss in the young mice (p=0.12,
Figure 3.15c). This is interesting as young mice have a lower starting weight than middle aged
mice (p=0.0001) so it would be expected that they would have proportionally less weight to lose,
not more. Regardless of this, it is clear for both groups that mice do not regain the initial weight

lost with respect to saline controls (young, p=0.0003; middle-aged, p=0.0004).

None of the elevations in cytokines following Salmonella are significantly different between young
and middle-aged mice. However, Salmonella infection alone causes an increase in 9 of 10
cytokines at 4 weeks post infection (Figure 3.16): IFNy (Saline: 0.65pg/ml, Salmonella: 201pg/ml,
fold change =300, p<0.0001); IL-1B (Saline: 0.67pg/ml, Salmonella: 3.44pg/ml fold change =5,
p=0.0031); IL-2 (Saline:1.19pg/ml, Salmonella: 5.57pg/ml, fold change =5.5, p<0.0001); IL-5
(Saline: 7.07pg/ml, Salmonella: 12.0pg/ml, fold change =1.7, p=0.0055); IL-6 (Saline: 15.7pg/m|,
Salmonella: 300pg/ml, fold change =19, p<0.0001); IL-10 (Saline: 1.40pg/ml, Salmonella:
2.00pg/ml, fold change =1.4, p<0.0001); IL-12 (Saline: 2.46pg/ml, Salmonella: 53.5pg/ml, fold
change =22, p<0.0001); mKC (Saline: 101pg/ml, Salmonella: 132pg/ml, fold change =1.3,
p=0.0090); TNFa (Saline: 8.82pg/ml, Salmonella: 97.4pg/ml, fold change =11, p<0.0001). IL-4 is
not significantly increased, although this appears to be elevated when compared to saline
controls (Saline: 0.42pg/ml, Salmonella: 3.52pg/ml, fold change =8, p=0.1115) but is substantially
more variable than other cytokines after Salmonella infection. In addition, a general increase in
serum cytokines with aging was observed for IL-10 (fold change: =1.8, p=0.0306) and mKC (fold
change =1.2, p=0.0482).
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Figure 3.15 - Body weight changes following Salmonella infection in young and middle-aged

mice.

Body weight changes over time following saline or Salmonella injection as a percentage of starting
weight in (a) young 3-month-old mice and (b) middle-aged 12-month-old mice. (c) Salmonella-
induced weight loss normalised to saline controls for young and middle-aged mice. (d) Pre-
injection weight of young and middle-aged mouse groups. Graphs are presented as mean+SEM
(n=6-8 mice per group). Data was analysed by repeated measures two-way ANOVA with Holm-
Sidak post-hoc testing, except starting weight which was analysed by unpaired two-tailed T-test.

Stars denote significance as follows: ***p<0.01, ****p<0.0001, ns = not significant.
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Figure 3.16 - Serum cytokine levels at 4 weeks post saline or Salmonella injection in young and

middle-aged mice.

Serum cytokine levels of IFNy, IL-16, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, mKC and TNFa were

quantified in pg/ml by multiplex ELISA (Mesoscale Discovery). Graphs are presented as mean+SEM

(n=6-8 mice per group). Data was analysed using two-way ANOVA with Holm-Sidak post-hoc

testing. Stars denote significance as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.001.
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No differences are observed in retinal levels of any cytokine assayed between Salmonella groups
in young and middle-aged mice, although 5 of 10 cytokines assayed are increased due to
Salmonella overall (Figure 3.17): IFNy (Saline: 0.036pg/mg, Salmonella: 0.28pg/mg, fold change
=8, p<0.0001) IL-1B (Saline: 0.054pg/mg, Salmonella: 0.102pg/mg, fold change =1.9, p=0.0036), IL-
6 (Saline: 3.33pg/ml, Salmonella: 5.54pg/ml, fold change =1.7, p=0.0015), mKC (Saline: 1.33pg/ml,
Salmonella: 2.18pg/ml, fold change: =1.9, p=0.0014), TNFa (Saline: 0.55pg/ml, Salmonella:
1.00pg/ml, fold change: =1.8, p=0.0064). Notably, an increase in retinal IL-1B with aging is

observed from 3-month-old mice to 12-month-old mice (fold change =1.5, p=0.0492).

Overall, these data show that there is no difference between young and middle-aged mice in
terms of weight loss and peripheral/retinal cytokine levels at 1 month post Salmonella infection.
This reaffirms that there is substantial inflammation at 1 month post infection, which does not

seem to be affected by the addition of aging as a cofactor.
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Figure 3.17 — Retinal cytokine levels at 4 weeks post saline or Salmonella injection in young and
middle-aged mice.

Retinal cytokine levels of IFNy, IL-16, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, mKC and TNFa were
quantified in pg/ml by multiplex ELISA (Mesoscale Discovery) and normalised to mg total protein
measured by BCA assay. Graphs are presented as mean+SEM (n=6-8 mice per group). Data was
analysed using two-way ANOVA with Holm-Sidak post-hoc testing. Stars denote significance as

follows: *p<0.05, **p<0.01, ****p<0.001.
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3.4 Discussion

3.4.1 Peripheral kinetics of Salmonella infection

Weight loss is strongest at day 2 post infection, after which mice regain weight peaking at day 8.
This typical sickness behaviour, anorexia, is thought to attempt to starve the pathogen of critical
nutrients essential for its replication and demonstrates the strong effect that systemic infections
exert on the CNS (Hart, 1988). Interestingly, there is then a second wave of weight loss which is
strongest at day 16 post infection. Such biphasic weight loss has been shown for certain viral
infections (Srivastava et al., 2009; Harker et al., 2010) and may represent the metabolic demand
for energy needed by the adaptive immune response. Noteworthily, even by 6 months post
Salmonella infection, mice have not reached the same weight has saline controls, showing long-

lasting weight deficits that may have long-term consequences for metabolism and general health.

Alongside these changes, there is splenomegaly at 1 and 4 weeks post infection, indicating that
live Salmonella infection drives a chronic systemic immune response. This is supported by serum
cytokine measurements showing increased levels of cytokines at 1, 4 and 8 weeks post infection,
although levels are greatly reduced at each subsequent timepoint. From these data, 1 and 4 week
timepoints are investigated further in Chapters 4 and 5 of this thesis. At the 1 week timepoint,
there are high levels of systemic inflammation, while at 4 weeks post infection, there are lower
levels of systemic inflammation, but a much longer duration of exposure. Furthermore, a strong
innate immune response is able to contain Salmonella infection in mice for several weeks until a
strong adaptive immune system is generated to clear the pathogen (Mittriicker & Kaufmann,
2000). These distinctions may allow different aspects of systemic inflammation on the retina to be

investigated at 1 and 4 week timepoints.

3.4.2 Changes in retinal myeloid cell populations following infections

Previous studies have suggested an increased number and activation state of myeloid cells in the
retina following systemic fungal and viral infection (Maneu et al., 2014; Zinkernagel et al., 2013).
In this study, an increased activation state was clearly observed in terms of CD11b and CD45
upregulation, but there is not convincing evidence of increased numbers of myeloid cells in the
retina following systemic Salmonella infection at 1 or 4 weeks post infection, using two
independent methods (flow cytometry and immunohistochemistry). The expression of CD11c has
not been investigated by these other studies, and showed the strongest effect of all the markers
investigated. Interestingly, when the CD11c population was analysed by flow cytometry a large

CD11b"e"/CD11c'"/CDA45"°"/MHCII"°" population, which would be characteristic of microglia, was
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identified along with two smaller CD11b"eé"/CD11c™™/CD45™/MHCII"and CD11b"
low/CD11c"'e"/CD45""/MHCIIMe" populations. It is unclear what cell populations these latter two
populations represent, although an interesting candidate would be dendritic cells, which are
traditionally CD11c"&" in comparison to macrophages/microglia and CD11b- (plasmacytoid) and
CD11b+ (central) subsets have been described systemically (Chistiakov et al., 2015). Small
dendritic cell populations have been described in the retina (Xu et al., 2007b), but require far
more phenotypic and functional characterisation. Another possible cell type would be retinal
perivascular macrophages, which are also MHCII+ and CD11c+ (Liyanage et al., 2016; O’Koren et
al., 2016). During Alzheimer’s disease, many microglia surrounding plaques have a specific disease
associated phenotype and are often CD11c+, which is considered a marker of primed microglia in
the brain (Hart et al., 2012; Keren-Shaul et al., 2017; Perry & Holmes, 2014; Perry & Teeling, 2013;

Plntener et al., 2012) and this may also be true in the retina.

This study shows a marked increase in microglial activation at 4 weeks post Salmonella infection
compared to 1 week. Expression of FcyRl and CD11b on myeloid cells is also increased at 1 and 4
weeks post Salmonella infection compared to saline controls according to immunohistochemistry,
but a further increase in expression from 1 to 4 weeks post infection, as is characterised by flow
cytometry, could not be identified. DAB immunohistochemistry is used to analyse binary (positive
and negative) staining of samples and is only sensitive to dramatic changes in expression levels or
changes in cell morphology, because the deposition of DAB does not follow a linear relationship
with marker expression (van der Loos, 2008). Flow cytometry is therefore a more sensitive
staining method using fluorescence for accurate quantification of marker expression levels on
individual cells, while immunohistochemistry provides more general overview for presence or
absence of microglial activation. For example, immunohistochemistry provides clear evidence that
CD11b and FcyRI expression returns to saline control levels at 8 and 24 weeks post Salmonella

infection.

343 Changes in other retinal cell populations following Salmonella infection

One of the most striking observations in the brain following Salmonella is the dramatic
upregulation of MHCII on the cerebral vasculature (Plintener et al., 2012). As a result, |
investigated whether this phenomenon of blood vessel activation is also present in the retina. The
activation of inner retinal vasculature may be a key step in the transduction of systemic
inflammation into retinal inflammation, as has been described in immune-to-brain

communication (Khandaker & Dantzer, 2016).
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Strong MHCII staining is observed at 1-8 weeks post infection and is clearly present even at 6
months after infection. Indeed, there is a clear correlation between lack of weight
loss/splenomegaly following Salmonella, indicating failed infection, and lack of MHCII on the
retinal blood vessels. ICAM-1 is also strongly expressed on retinal capillaries at 1 week post
infection, although expression drops at 4 weeks post expression, unlike with MHCII. Despite this
ICAM-1 levels still do not return to control levels even after 6 months post infection. Overall,
these findings show that blood vessel activation is the most chronic Salmonella-induced change

observed in this study.

MRNA expression of GFAP is also increased at both 1 and 4 weeks post Salmonella infection,
indicating increased astrocytosis and/or activation of Miiller cells (Verderber et al., 1995). Both
astrocytes and Miller cells can respond to inflammation and have the ability to release cytokines
(e.g TNFa, CCL2) (de Hoz et al., 2016). Considering this, the effect of infections, or even mimetics
such as LPS, on these populations have been poorly considered. Immunohistochemical staining
for GFAP at 1, 4, 8 and 24 weeks post infection would provide the kinetics of activation of these

cells, as well as being able to distinguish between activation of astrocytes and Miiller cells.

Overall, these data show that it is important to investigate a range of retinal cells and not solely

microglia following systemic infection to gain a better overview of ongoing changes.

3.4.4 Retinal molecular changes following Salmonella infection

Although it is known that systemic LPS administration leads to cytokine production in the retina
(Chu et al., 2016) to my knowledge, no study has investigated cytokine levels in the retina
following a live systemic infection. Mice showed increased retinal protein levels of IFNy, IL-1, IL-
2, IL-6, mKC and TNFa at 1 week post Salmonella infection, with IFNy and mKC still upregulated at
4 weeks, albeit at greatly reduced levels compared to 1 week. These cytokines are considered pro-
inflammatory cytokines/chemokines typical of a Tyl response to bacterial infection (Mills et al.,
2000). The Ty2 cytokines IL-4, IL-5 and IL-10 (Mills et al., 2000) were not elevated at 1 week post
infection in the retina. Levels of pro-inflammatory cytokines return to baseline by 1 week post LPS
injection (Chu et al., 2016), exemplifying the acute nature of the LPS model in comparison to live

bacterial infection.

Data from young and middle-aged mice confirm significant increases in IFNy and mKC levels at 4
weeks post Salmonella infection that was found in the initial analysis of retinal cytokine levels at 1
and 4 weeks post infection. However, it also identifies IL-1B, IL-6 and TNFa as significantly
increased at 4 weeks post infection, whereas these were non-significant trends in the initial

analysis. This discrepancy can be explained by much greater statistical power focused on the 4
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week timepoint in young/middle aged analysis. Overall, these data indicate that most
proinflammatory cytokines are still present in the retina at 4 weeks post infection, although at

greatly reduced levels compared to 1 week.

Whether circulating cytokines diffuse into the CNS is debated within the literature. It is generally
thought that local production of cytokines is responsible for CNS effects (e.g. sickness behaviours)
(Dantzer et al., 2008). Consequently, an mRNA analysis was performed to determine whether
cytokine changes observed are locally produced and to investigate a broader range of
inflammatory pathways. In line with protein levels, pro-IL-18 and TNFa were increased at 1 week
post infection. mMRNA levels of pro-IL-18 and TNFa return to baseline level by 4 weeks post
infection, while the protein levels are greatly reduced, but have not yet returned to baseline.
These results neatly show a decrease in RNA expression preceding a reduction in protein

expression, showing the benefits of investigating genes at an RNA level.

Neither pro-IL-18 mRNA or IL-1B measurements by mesoscale distinguish between pro- and
mature IL-1B, a maturation process which is typically inflammasome dependent (Latz et al., 2013).
Therefore, | investigated levels of inflammasome components and found upregulation of the
Nlrp3 inflammasome gene, along with the co-component caspase-1 at 1 week post infection.
Caspase-1 was one of the most upregulated and sustained genes of the 16 investigated, with
expression still found after 4 weeks post infection. IL-18 maturation from pro-IL-18 is also
inflammasome dependent, but no change was observed in mRNA levels of pro-IL-18. However,
this gene showed one of the lowest C(t) values of the 16 genes investigated, which is not
surprising as constitutive expression of pro-IL-18 has been observed in most animal cells, where
its activity is minimised by IL-18 binding protein (Dinarello et al., 2013). If constitutively expressed,
active IL-18 may be produced due to inflammasome activation despite an apparent lack of

upregulation of pro-IL-18 at an mRNA level and this could be tested by western blot.

MRNA levels of the chemokine CCL2 (MCP-1) were also investigated due to its key role in
mediating retinal inflammation after systemic LPS administration (Tuaillon et al., 2002). CCL2
showed a similar pattern to IL-1B and TNFa, with expression upregulated at 1 week and returned

to baseline at 4 weeks post infection.

Cyclooxgenase 2 (COX2) was also upregulated at an mRNA level at 1 and 4 weeks post infection.
Overall, it was the most upregulated and sustained gene of the 16 investigated. COX2 is
responsible for the production of prostaglandins, lipid-based inflammatory mediators that have
been previously described as critical for the cross-talk of inflammation between the systemic

immune system and the brain (Teeling et al., 2007; Ek et al., 2001). Based on these data, it would
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appear that COX2 is also a key component in converting systemic inflammation into local retinal

inflammation.

The effect of Salmonella on oxidative stress was also considered. There were no significant
changes in nNOS (neurons), iNOS (phagocytes) and eNOS (endothelium), although iNOS and eNOS
were close to significance at 1 week post infection (p=0.08 and p=0.06 respectively). In contrast,
at 1 week post infection there was a much stronger increase in NOX2, an NADPH oxidase pathway
component responsible for generation of superoxides, a reactive oxygen species (ROS) that
greatly contributes to oxidative stress in phagocytes (Panday et al., 2015). This indicates a role for
oxidative stress in the retina following infection and is particularly interesting if nitric oxide (NO) is
also generated by iNOS and eNOS, as NO and superoxides react to form peroxynitrite, one of the
most toxic ROS family members (Li et al., 2005). In contrast, heme oxygenase-1, an oxidative
stress response protein with antioxidant properties (Lundvig et al., 2012), was not found

upregulated following Salmonella infection, indicating a balance towards oxidative stress.

Finally, two genes strongly related to AMD were analysed - VEGF and complement component C3.
VEGF is the critical factor driving development of wet AMD in humans, while overactivity of the
complement pathway is the strongest genetic risk factor for AMD development (Ferrara, 2010).
There was no evidence that VEGF levels were increased by Salmonella infection, but C3
expression in the retina was elevated, representing a mechanism by which systemic infections

could exacerbate retinal inflammation and possibly drive AMD progression.

3.4.5 Interplay between Salmonella infection and aging

Aging affects the systemic immune system with an increase in innate immunity and a decline in
adaptive immunity that can contribute to prolonged and potentially damaging inflammation (Aw
et al., 2007). Aging also affects the retinal immune system, with increased expression of microglial
markers (e.g. CD11b, CD11b), cytokines/chemokines (e.g. TNFa, CCL2) and vascular markers
(ICAM-1) reported in 20-month-old mouse retinas (Chen et al., 2010). Functionally, these age-
related changes can have effects on the response to systemic inflammation; in aged (20-24 month
old) mice, peripheral LPS injection results in higher expression of IL-1B and IL-6 in the brain as well
as prolonged expression of IL-6 compared to young (3-month-old) controls (Godbout et al., 2005).
As a result, | looked at whether aging could exacerbate the effect of a live bacterial infection on

the retina, as observed for LPS and the brain.

No clear difference in weight changes following Salmonella infection were observed in young and
middle-aged mice. Similarly, no significant changes in cytokine expression were observed in the

serum of young and middle-aged mice infected with Salmonella, although there was a trend for
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increased expression at 12 months. Regardless of whether aging primes the peripheral response
to Salmonella or not, the retina showed no such trend; there is upregulation of IFNy, IL-1p, IL-6,
mKC and TNFa in the retina at 4 weeks following Salmonella, but this was not altered by aging.
This indicates that aging, or at least being middle-aged, does not result in exacerbated retinal
inflammation following systemic infection that could accelerate or drive neurodegeneration.
Immunohistochemistry in these mice should be performed to check that this is also the case at

the cellular level.

Despite no clear differences following Salmonella infection in young and middle-aged mice,
several general aging effects were observed across experiments. Increased serum levels of IL-10
and mKC and increased retinal levels of IL-1B were observed due to aging in 12 month old mice
compared to 3 month old mice. Increased levels of FcyRI, CD11b and ICAM-1 were observed
between 5 and 9 month old mice and these findings could be supplemented by
immunohistochemistry from the 3 and 12 month old mice. It would be interesting to look in older
mice (20-24 months) to see if more extreme aging can exacerbate the response to systemic
infections, as was seen in the brain for LPS (Godbout et al., 2005). A rationale for this comes from
an AD patient study, where bacterial infection P. gingivalis accelerates cognitive decline in AD

patients in a cohort with a mean age of 78 (Ide et al., 2016).

3.4.6 Summary

Systemic bacterial infection induces robust systemic innate and adaptive immune activation
characterised by sustained peripheral cytokine production, most notably for IFNy, and retinal
inflammation characterised by BRB activation, microglial activation and production of pro-
inflammatory cytokines. RNA analysis showed a broad range of upregulated inflammatory
pathways in the retina following systemic infection (i.e. inflammasome, prostaglandins,
complement and NADPH oxidase pathways) that may be interesting therapeutic targets to reduce
the effect of systemic inflammation on the retina. In general, live bacterial infection with
Salmonella provides reproducible systemic and retinal inflammation, which could be investigated
for mechanistic insights into communication between the periphery and retina, along with

functional consequences for retinal immune cell activation.
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Chapter 4:
Retinal responsiveness to a
secondary immune stimulus

following systemic bacterial infection
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4.1 Introduction

During life animals including humans and mice often experience inflammatory events, both local
and systemic, due to a range of stimuli including intrinsic factors (e.g. neurodegeneration) and
extrinsic factors (e.g. infection). Given that Salmonella infection can induce sustained
inflammatory responses in the retina for at least one month post infection, | was interested in
whether there are long-term functional consequences of such infection. These consequences
could be hyper-responsiveness (“priming”) and hypo-responsiveness (“tolerance”) of the immune
system to a subsequent immune stimulus, which have been observed previously in the periphery
and brain (Locati et al., 2013). For example, mouse studies show that systemic Salmonella
infection primes microglia in the mouse brain to respond in an exaggerated or ‘primed’ manner to
local CNS inflammation (Plintener et al., 2012). This is interesting as local microglial changes have
been identified in numerous neurodegenerative diseases, including Alzheimer’s disease,

Parkinson’s disease, Huntingdon’s disease, prion disease and AMD (Gomez-Nicola & Perry, 2015).

Previously in our lab, in order to assess responsiveness of microglia following Salmonella infection
to subsequent local inflammation, intracerebral injections of low doses of LPS were performed
(Puntener et al., 2012). LPS can be used as a bioassay to assess microglial priming to a secondary
inflammatory stimulus, as it induces robust microglial activation by direct stimulation of TLR4 (and
for some LPS strains TLR2) (Tapping et al., 2000). However, the previous study of microglial
priming following Salmonella doesn’t consider the functional response of microglia activated by
Salmonella infection to respond to subsequent systemic inflammatory stimuli (Plntener et al.,
2012). This paradigm is common in humans, particularly the elderly, many of whom suffer from
chronic inflammatory diseases (e.g. autoimmune diseases) and show increased susceptibility, as
well as a more chronic immune response, to infections (Aw et al., 2007; Nasa et al., 2012).
Furthermore, this previous study of microglial priming following Salmonella doesn’t consider

whether the ‘priming’ effect is a specific CNS response or also occurs within the periphery.

In this chapter, | investigate whether Salmonella infection primes microglia to respond to further
systemic immune activation. Here, LPS is used as secondary stimulus to test if the threshold for
activation by a secondary challenge is altered by Salmonella infection. Additionally, because
priming and tolerance can be influenced by many factors, both environmental and genetic, |
chose to test these responses in two different mouse strains, C57BL/6 and BALB/c, to test for

consistent effects of Salmonella, LPS, and their interaction amongst strains.
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4.2 Methods

For this chapter, C57BL/6 and BALB/c mice were injected i.p. with saline or 10° cfu Salmonella (see
section 2.1.2). Daily body weight was recorded and mice showing >20% body weight loss were
culled. 4 weeks post injection, mice were given a subsequent i.p. injection of saline or 0.5mg/kg
LPS (see section 2.1.2). 24hrs after this second injection, mice were transcardially perfused and
tissue was harvested for analysis (see section 2.1.6). Serum samples were taken and analysed for
cytokine levels by multiplex ELISA (Mesoscale Discovery, see section 2.5.3). Retinas were
dissected, snap-frozen, homogenised in TRIS buffer and analysed for cytokine levels by multiplex
ELISA (Mesoscale Discovery, see sections 2.5.1 and 2.5.3). Levels of retinal cytokines were
normalised to total protein levels in the homogenate as assessed by BCA assay (see section 2.5.2).
DAB immunohistochemistry using antibodies against CD3, CD11b, CD11c, FcyRI, ICAM-1, MHCI,
MHCII, VCAM-1 was performed on 20um fresh-frozen eye sections and quantified as percentage
area of DAB staining (see section 2.2). Statistical tests used are described in each figure legend

with full details and results of tests provided in Appendix B.
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4.3 Results

43.1 Body weight changes following Salmonella infection and/or LPS injection

Physiological changes to live Salmonella infection and bacterial mimetic LPS (derived from
Salmonella) were studied in two mouse strains to provide insight into their interaction and
comparative chronicity. At 24 hours post infection, Salmonella induces weight loss of 8.3% in
BALB/c mice (p<0.0001, Figure 4.1a) and 12.1% in C57BL/6 mice (p<0.0001, Figure 4.1b). Weight
loss is significantly stronger in C57BL/6 mice compared to BALB/c mice (p<0.0001, Figure 4.1c).
BALB/c mice demonstrate monophasic weight loss followed by complete recovery of weight by
day 14 post infection. In contrast, C57BL/6 mice exhibit biphasic weight loss following Salmonella
infection with weight gain after the initial weight loss (Day 2 vs Day 7, p<0.0001) followed by
another period of weight loss (Day 7 vs Day 21, p<0.0001, Day 7 vs Day 28, p=0.0044). At no
timepoint is there evidence that C57BL/6 mice fully recover their body weight compared to saline
controls (p<0.0001). Overall, BALB/c mice have a lower starting weight (5.6%, p<0.0001)
compared to C57BL/6 mice, despite being matched for age and gender (Figure 4.1d).

At 1 week post Salmonella infection, splenomegaly is observed in C57BL/6 mice (fold change =5.7,
p<0.0001) and BALB/c mice (fold change =5.0, p<0.0001) compared to saline controls (Figure
4.2a). At 4 weeks post injection, splenomegaly is observed in C57BL/6 mice (fold change =5.5,
p<0.0001) and BALB/c mice (fold change =3.4, p<0.0001), which is significantly larger in C57BL/6

mice (fold change =1.5, p<0.0001) compared to BALB/c mice.

In C57BL/6 mice, there is similar body weight loss at 24 hours post LPS injection (Figure 4.3a) in
mice treated 4 weeks previously with Salmonella (8.4%, p<0.0001) or saline (9.6%, p<0.0001).
BALB/c mice also show weight loss at 24 hrs post LPS injection (Figure 4.3b) in Salmonella (7.7%,
p<0.0001) and saline injected (10.9%, p<0.0001) mice. LPS induced weight loss is significantly
reduced in BALB/c mice previously infected with Salmonella compared to saline controls

(p<0.0001).
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Figure 4.1 — Body and spleen weight changes following Salmonella infection in BALB/c and

Body weight as a percentage of starting weight for (a) C57BL/6 and (b) BALB/c mice over 4 weeks
following saline or Salmonella injection. (c) % Body weight following Salmonella injection over 4

weeks in C57BL/6 and BALB/c normalised to their respective saline controls. (d) Starting weight of
C57BL/6 and BALB/c groups. Graphs are presented as mean+SEM (n=18-25 mice per group). Data
was analysed using two-way ANOVA with Holm-Sidak post-hoc testing, except for starting weight,

which was analysed by unpaired two-tailed T-test. Stars denote significance as follows: **p<0.01
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Figure 4.2 — Spleen weight following Salmonella infection in C57BL/6 and BALB/c mice.
Spleen weight at (a) 1 week and (b) 4 weeks post saline or Salmonella injection. Graphs are
presented as mean+SEM (n=4-8 mice per group). Data was analysed using two-way ANOVA with

Holm-Sidak post-hoc testing. Stars denote significance as follows: ****p<0.0001, ns = not

significant.
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Figure 4.3 — Weight loss at 24hrs after peripheral saline or LPS injection in mice injected 4 weeks
prior with saline or Salmonella.

Percentage body weight change 24hrs post injection of 0.5mg/kg LPS or saline in (a) C57BL/6 and
(b) BALB/c mice that have received an injection of saline or Salmonella 4 weeks before LPS
injection. Graphs are presented as mean+SEM (n=4-5 mice per group). Data was analysed using

two-way ANOVA with Holm-Sidak post-hoc testing. Stars denote significance as follows:

**%0<0,001, ****p<0.0001,
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4.3.2 Peripheral cytokine changes following Salmonella infection and/or LPS injection

The peripheral inflammatory effect that Salmonella infection has alone and in conjunction
with a subsequent LPS challenge was investigated to test for priming and tolerance effects

(Figure 4.4).

43.2.1 IFNy

Both C57BL/6 and BALB/c strains show increased serum levels of IFNy following Salmonella
infection, albeit at different levels (C57BL/6: fold change =500, p<0.0001, BALB/c: fold change
=8, p<0.0001). The serum levels of IFNy are further increased following LPS injection
(C57BL/6: fold change =30, p<0.0001, BALB/c: fold change =2.5, p=0.0112). Salmonella
infection and LPS injection show an additive effect when combined, although it appears the

fold changes for IFNy in BALB/c are much smaller than in C57BL/6.

4.3.2.2 IL-1B, IL-6, IL-12 and mKC

In C57BL/6 mice, this additive inflammatory effect of Salmonella infection and LPS injection is
also observed for IL-1B (Salmonella: fold change =6, p<0.0001, LPS: fold change =7, p<0.0001),
IL-6 (Salmonella: fold change =2.3, p=0.0471, LPS: fold change =12, p<0.0001) and IL-12
(Salmonella: fold change =3, p=0.0087, LPS: fold change =5, p=0.0011), whereas a dominant
LPS response is observed for mKC (LPS: fold change =8, p<0.0001). Notably, IL-12 also shows
an interaction effect (p=0.0239) indicating that there is a super-additive or ‘priming’ effect of

Salmonella infection on the subsequent response to LPS.

In BALB/c mice, LPS induces increased serum levels of IL-1p (fold change =2.2, p<0.0001), IL-6
(fold change =5, p<0.0014), IL-12 (fold change =5, p=0.0192) and mKC (fold change =3.2,
p<0.0001), as seen in C57BL/6 mice. However unlike in C57BL/6 mice, there are reduced
levels of serum cytokines following Salmonella infection for IL-1B (fold change =1.8,
p=0.0008), IL-12 (fold change =7, p=0.0033), mKC (fold change =3.2, p<0.0001) and a trend for
IL-6 (fold change =3.1, p=0.0512). There is an interaction factor for IL-6 (p=0.0164) and mKC
(p=0.0002), showing an inhibitory or ‘tolerance’ effect of Salmonella infection on the

subsequent response to LPS.
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43.23 TNFa

C57BL/6 mice exhibit increased TNFa levels at 4 weeks post Salmonella infection (p=0.0099),

and a trend to increased levels after LPS (p=0.0916) However, there is substantial variation in
the combined Salmonella and LPS injected group. BALB/c mice show an increase due to both

Salmonella infection (p<0.0001) and LPS injection (p<0.0001) along with a tolerance response
where the effect of LPS, in terms of TNFa production, is diminished in Salmonella infected

mice when compared to saline controls (p=0.0177).

Overall, these results show that several cytokines are increased in an additive or super-
additive manner due to Salmonella infection and LPS injection in C57BL/6 mice, which is
indicative of Salmonella-induced priming. In contrast, BALB/c mice show increased
inflammation due to LPS, which is decreased for several cytokines when the mice are

previously infected with Salmonella, which is indicative of Salmonella-induced tolerance.
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Figure 4.4 — Serum cytokine levels at 24hrs post peripheral saline or LPS injection in mice

injected 4 weeks prior with saline or Salmonella.

Serum cytokine levels of IFNy, IL-16, IL-6, IL-12, mKC and TNFa were quantified using multiplex

ELISA (Mesoscale Discovery). Graphs are presented as mean+SEM (n=4-5 mice per group). Data

was analysed using two-way ANOVA with Holm-Sidak post-hoc testing. Stars denote significance

as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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433 Retinal cytokine levels following Salmonella and LPS injection

Retinal cytokine levels following Salmonella infection and/or LPS injection were assayed next. IL-
12, mKC and TNFa show the same trends between C57BL/6 and BALB/c mice (Figure 4.5). IL-12 is
not significantly changed by Salmonella infection or LPS injection, while TNFa levels are increased
by LPS only (C57BL/6 fold change =1.3, p=0.0050; BALB/c fold change =1.5, p=0.0040). mKC levels
in the retina are increased by LPS following previous saline treatment (C57BL/6 fold change =8,
p<0.0001; BALB/c fold change =9, p<0.0001) and Salmonella infection (C57BL/6 fold change =2.2,
p=0.0366; BALB/c fold change =4, p=0.0224). However, the increases in mKC caused by LPS are
reduced in the Salmonella infected groups (C57BL/6 fold change =1.8, p=0.0476; BALB/c fold
change =1.8, p=0.0224) compared to the saline controls, indicating that Salmonella infection

induces retinal tolerance to LPS.

Both C57BL/6 and BALB/c mice show an increase in retinal IL-1B in response to LPS (C57BL/6: fold
change =1.5, p=0.0022, BALB/c: fold change =1.9, p=0.0003) which is not observed in mice
previously infected with Salmonella (C57BL/6: fold change =1.3, p=0.0375, BALB/c: fold change
=1.7, p=0.0035). However, in BALB/c mice there is a significant interaction factor (p=0.0051),
indicating that Salmonella infection induces retinal tolerance to LPS in this strain, which is not
seen in C57BL/6 mice. LPS increases retinal IL-6 levels in C57BL/6 mice (fold change =1.3,
p=0.0057), but not in BALB/c mice. IFNy levels are increased by Salmonella infection in C57BL/6
mice (fold change =3.4, p<0.0001), but by LPS in BALB/c mice (fold change =1.3, p=0.0164).

Overall, the retinal cytokines show substantially different expression patterns due to Salmonella
infection, systemic LPS injection and their interaction. These trends are the same between
C57BL/6 and BALB/c mice for IL-12, mKC and TNFa with Salmonella-induced tolerance to LPS
challenge particularly clear for mKC. Retinal tolerance is consistent between these strains despite

differences in the responsiveness of the systemic immune system.
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Figure 4.5 — Retinal cytokine levels at 24hrs after peripheral saline or LPS injection in mice

injected 4 weeks prior with saline or Salmonella.

Retinal cytokine levels of IFNy, IL-18, IL-6, IL-12, mKC and TNFa were quantified using multiplex

ELISA (Mesoscale Discovery) and normalised to total protein levels quantified by BCA assay.

Graphs are presented as mean+SEM (n=4-6 mice per group). Data was analysed using two-way

ANOVA with Holm-Sidak post-hoc testing. Stars denote significance as follows: *p<0.05, **p<0.01,

*%%0<0,001, ****p<0.0001,
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434 Retinal cellular changes following Salmonella infection and/or LPS injection

As activation of retinal blood vessels and microglia are key features of Salmonella infection in
C57BL/6 mice, | investigated the effect of LPS alone or in combination with Salmonella infection

on these parameters in both strains.

43.4.1 Blood vessel changes

MHCII is highly expressed at 4 weeks post Salmonella infection in both C57BL/6 (fold change =50,
p<0.0001) and BALB/c (fold change =10, p<0.0001) mice (Figure 4.6a). LPS causes decreased
MHCII expression in C57BL/6 mice (fold change =1.5, p=0.0223) and, by contrast, increased
expression of MHCII in BALB/c mice (fold change =1.6, p=0.0310). MHCl is also upregulated at 4
weeks post Salmonella infection (fold change =20, p<0.0001) in C57BL/6 mice (Figure 4.6b), but
this was not tested in BALB/c mice. Both MHCI and MHCII are expressed solely on the inner retinal

blood vessels.

ICAM-1 is upregulated by Salmonella infection in C57BL/6 mice (fold change =7, p<0.0001), but
contrastingly LPS induces upregulation of ICAM-1 in BALB/c mice (fold change =5, p<0.0001)
(Figure 4.7a). Interestingly, LPS-induced ICAM-1 expression is abolished in BALB/c mice infected
with Salmonella (p=0.0021). VCAM-1 is upregulated by Salmonella infection in C57BL/6 mice (fold
change =2.5, p=0.0017), but by LPS in BALB/c (fold change =2.2, p=0.0128) mice (Figure 4.7b).
ICAM-1 and VCAM-1 expression is localised to inner retinal blood vessels with arteriole staining
similar between all groups, whereas inner retinal capillaries express both markers following

Salmonella infection in C57BL/6 mice and LPS in BALB/c mice.

4.3.4.2 Microglial changes

FcyRI expression is increased on myeloid cells following Salmonella infection in C57BL/6 (fold
change =4.3, p=0.0013) mice, but by LPS in BALB/c (fold change =1.6, p=0.0456) mice (Figure
4.8a). CD11b is also increased by Salmonella infection in C57BL/6 (fold change =2, p=0.0264) mice,
but not significantly by LPS in BALB/c mice (p=0.1390), although there is a similar trend to FcyRI
(Figure 4.8b). CD11c expression is increased by Salmonella infection (fold change =5, p=0.0032),
but decreased by LPS (fold change =2, p=0.0490) in C57BL/6 mice (Figure 4.9). CD11c staining was
performed in BALB/c mice, but no staining of any cells was observed, including in the choroid or

muscle, which contain peripheral immune cells (data not shown).
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4.3.4.3 T cell changes

The number of CD3+ cells is increased in the retina following Salmonella infection in C57BL/6 mice
(fold change =20, p<0.0001), but not BALB/c mice (Figure 4.10). In C57BL/6 mice, there is also a
trend to reduced T cell numbers in the retina following Salmonella infection when LPS was given

compared to saline (p=0.0680).

Overall, these data indicate that MHCII expression on blood vessels following Salmonella infection
is the only similarity between these two strains, with a strong inflammatory response to
Salmonella infection in C57BL/6 mice and LPS injection in BALB/c mice. There no evidence for

interaction between these stimuli except for ICAM-1 expression in BALB/c mice.
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Figure 4.6 — Expression of MHCI and MHCII at 24hrs after peripheral saline or LPS injection in
mice injected 4 weeks prior with saline or Salmonella.

Representative images and quantification of percentage area of DAB immunoreactivity against (a)
MHCII in C57BL/6 and BALB/c mice and (b) MHCI in C57BL/6 mice. Graphs are presented as
mean+SEM (n=4-5 mice per group). Data was analysed using two-way ANOVA. Stars denote
significance as follows: *p<0.05, ****p<0.0001. Images were taken with a 20x objective and scale
bars represent 100um. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear

layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Figure 4.7 — Expression of ICAM-1 and VCAM-1 at 24hrs after peripheral saline or LPS injection
in mice injected 4 weeks prior with saline or Salmonella.

Representative images and quantification of percentage area of DAB immunoreactivity against (a)
ICAM-1 and (b) VCAM-1 in C57BL/6 and BALB/c mice are provided. VCAM-1 percentage area is
calculated as stained area as a percentage of total retinal area. ICAM-1 percentage area is
calculated as stained area as a percentage of inner retinal area due to confounding ICAM-1
staining in the photoreceptor layer. Graphs are presented as mean+SEM (n=4-5 mice per group).
Data was analysed using two-way ANOVA with Holm-Sidak post-hoc testing. Stars denote
significance as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Images were taken with a
20x objective and scale bars represent 100um. ONL, outer nuclear layer; OPL, outer plexiform

layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Figure 4.8 — Expression of FcyRl and CD11b at 24hrs after peripheral saline or LPS injection in
mice injected 4 weeks prior with saline or Salmonella.

Representative images and quantification of percentage area of DAB immunoreactivity against (a)
FcyRI and (b) CD11b in C57BL/6 and BALB/c mice are provided. FcyRIl and CD11b staining appears
localised to microglia in the inner retinal layers. Graphs are presented as mean+SEM (n=4-5 mice
per group). Data was analysed using two-way ANOVA. Stars denote significance as follows:
*p<0.05, ***p<0.001. Images were taken with a 20x objective and scale bars represent 100um.

ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform

layer; GCL, ganglion cell layer.
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Figure 4.9 — Expression of CD11c at 24hrs after peripheral saline or LPS injection in mice injected
4 weeks prior with saline or Salmonella.

Representative images and quantification of percentage area of DAB immunoreactivity against (a)
CD11c in C57BL/6 mice are provided (n=3-5 mice per group). CD11c staining in the retina appears
to be localised to microglia in the inner retinal layers. Graphs are presented as mean+SEM. Data
was analysed using two-way ANOVA. Stars denote significance as follows: *p<0.05. **p<0.01.
Images were taken with a 20x objective and scale bars represent 100um. ONL, outer nuclear layer;

OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell

layer.
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Figure 4.10 — Enumeration of CD3+ T cells at 24hrs after peripheral saline or LPS injection in

mice injected 4 weeks prior with saline or Salmonella.

Representative images and quantification of number of CD3+ cells per mm? of retina in C57BL/6

and BALB/c mice (n=4-5 mice per group). T cells are mainly localised in the inner retinal layers,

although occasionally T cells are seen in the outer layers. Graphs are presented as mean+SEM.

Data was analysed using two-way ANOVA. Stars denote significance as follows: ***p<0.001.

Images were taken with a 20x objective and scale bars represent 100um. ONL, outer nuclear layer;

OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell

layer.
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4.4 Discussion

4.4.1 Inflammation induced weight loss in C57BL/6 and BALB/c mice

Weight loss induced by infections varies greatly depending on the specific pathogen and the
mouse strain used. For example, BALB/c mice lose more weight in response to avian influenza
virus H7N9 compared to C57BL/6 mice, but the opposite is true for Neuraodapted Sindbis virus
(Thach et al., 2000; Zhu et al., 2013b). Both C57BL/6 and BALB/c mice are known to be susceptible
to Salmonella infection (Roy & Malo, 2002), but to my knowledge, no study has compared weight
loss in C57BL/6 and BALB/c mice specifically for Salmonella infection. C57BL/6 mice exhibit
biphasic weight loss comprised of initial weight loss driven by sickness behaviours followed by a
second period of weight loss, which is strongest at 2 weeks post infection. It is unclear what drives
this second phase of weight loss, but it may represent the energy demands of the adaptive
immune response. In contrast, BALB/c mice show monophasic weight loss with an initial weight
loss that gradually recovers by 2 weeks post infection. C57BL/6 mice lose approximately 50%
more weight than BALB/c mice at 1 day post infection, which likely reflects reduced anorexia in

BALB/c mice compared to C57BL/6 mice (Hart, 1988).

Interestingly, C57BL/6 mice never recover the initial weight lost after Salmonella infection
compared to saline controls, but by two weeks post infection BALB/c mice have returned to the
normal control weight. In diet studies, BALB/c mice on normal diet gain more weight than
C57BL/6 mice by 32 weeks of age, however, when fed with high fat diet (HFD) for 24 weeks,
C57BL/6 mice gain more weight than BALB/c mice, showing that these strains have metabolic
differences, which can be influenced by environmental factors (Jovicic et al., 2015). This gives an
indication that differential immune responses in these strains could result in altered metabolic

responses to stressful conditions such as Salmonella infection.

In contrast to Salmonella infection, C57BL/6 and BALB/c mice show similar weight loss at 24hrs
after LPS injection. Again, this exemplifies some differences observed between live Salmonella
infection and mimetic LPS. It is unclear what difference between these stimuli is responsible for
this absence or presence of differential weight loss between BALB/c and C57BL/6 mice. Sickness
behaviours are generally thought to be driven by the innate immune system, however LPS also
strongly stimulates B cells to produce cytokines, which may drive consistent weight loss between

strains (Vaure & Liu, 2014; Dantzer, 2004).

When BALB/c mice are pre-treated with Salmonella, the body weight loss induced by LPS is
reduced compared to non-infected mice, but this effect is not observed in C57BL/6 mice.

Consequently, there is either a metabolic difference between the C57BL/6 and BALB/c mice or
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there is a tolerance effect in BALB/c mice. BALB/c mice have a Ty2-dominant immune response,
which is associated with inhibition of macrophages due to IL-10 and arginase production (Mills et
al., 2000). This inhibitory environment for macrophages following Salmonella infection in BALB/c
mice may well underpin reduced sickness behaviour in response to a secondary immune
challenge with LPS. Another reason may be that LPS contained within the Salmonella tolerises the
immune system to a subsequent LPS challenge, although if this were the case, there isn’t a clear

reason why C57BL/6 mice would be unaffected.

4.4.2 Cytokine induction in C57BL/6 and BALB/c mice

At 4 weeks post Salmonella infection, serum IFNy and TNFa are upregulated in C57BL/6 and
BALB/c mice, but the total levels of IFNy are hugely different (C57BL/6: 160pg/ml, BALB/c:
5pg/ml). IFNy is a critical cytokine for development of Tu1 cells and suppresses the expansion of
Th2 cells (Scott, 1991; Mills et al., 2000). In line with this, higher IFNy production in C57BL/6 drives
a more Tyl dominant immune response than BALB/c mice, which produce much less IFNy. Pro-
inflammatory cytokines IL-1PB, IL-6 and IL-12 are also upregulated at 4 weeks post infection in
C57BL/6 mice, whereas IL-1B, IL-12 and mKC are downregulated at 4 weeks post infection in
BALB/c mice, further highlighting these peripheral differences. IL-12 is also a key factor driving T40
cell (naive undifferentiated T cells) differentiation towards a Ty1 dominant immune response
(Lapaque et al., 2009) so the differential expression of this cytokine in C57BL/6 and BALB/c mice is

not surprising.

In response to LPS, both C57BL/6 and BALB/c mice show increased serum IFNy, IL-1B, IL-6, IL-12,
mKC and TNFa at 24 hours post injection, with the sole exception of TNFa in C57BL/6 mice, which
showed the same trend (p=0.09). Consequently, the results for LPS amongst strains show greater
consistency than for Salmonella infection. Typically, serum cytokines and chemokines are
increased at 2-4 hours following LPS, but have returned to low/baseline levels by 24-28 hours post
injection (Biesmans et al., 2013; Erickson & Banks, 2011). However, in this study there is
upregulation of a range of cytokines at 24 hours post LPS injection, which may be because a
particularly high dose (0.5mg/kg) was used. The dose, species and strain of LPS derivation,
endotoxin units per batch and supplier all contribute to lack of reproducibility of these results

between labs.

The most interesting serum cytokine changes are observed when these two immune stimuli are
combined. In C57BL/6 mice, the combination of Salmonella infection and LPS results in additive
inflammation for serum IFNy, IL-1pB, IL-6 and super-additive or ‘primed’ inflammation for IL-12.

TNFa shows a similar non-significant trend, while LPS, but not Salmonella infection, seems to
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cause dominant increases in mKC. This is similar to observations from brain microglia in C57BL/6
mice, which are primed to respond in an exaggerated manner to local inflammation induced by
LPS (PUntener et al., 2012). In contrast, BALB/c mice show a similar additive trend for only IFNy,
although the total levels following both immune stimuli are hugely reduced in BALB/c mice
compared to C57BL/6 mice (C57BL/6: 3860pg/ml, BALB/c: 12.5pg/ml). LPS induction of serum IL-
1B, IL-6, mKC and TNFa are reduced in BALB/c mice previously injected with Salmonella compared
to saline. This gives further indications of tolerance in the BALB/c mice, which are not observed in
C57BL/6 mice and fits with the reduction in LPS-induced weight loss observed in BALB/c mice
compared to C57BL/6 mice. It would be very interesting to look at the serum levels of Ty2
associated cytokines (IL-4, IL-5, IL-10) (Pashine et al., 1999) to see whether these are
preferentially increased in BALB/c mice over C57BL/6 mice. Transcriptomic analysis has shown
stronger differences in T cell gene expression between different mouse strains compared to other
factors such as gender (Bearoff et al., 2016), although to my knowledge C57BL/6 and BALB/c mice

have not been directly compared.

Although serum cytokines in C57BL/6 and BALB/c mice show different patterns, the retinal
cytokines are more similar. In both strains, LPS increases retinal levels of IL-18, mKC, TNFa, but
not IL-12. IFNy shows clear differential expression in the retina, with Salmonella infection inducing
increased IFNy in C57BL/6 mice, but LPS inducing increased IFNy in BALB/c mice. Both C57BL/6
and BALB/c mice show remarkable similarity in mKC levels, where expression following LPS is
reduced when mice are previously infected with Salmonella. BALB/c mice also show this effect
for IL-1B and the same trend is observed for IL-1B in C57BL/6 mice (p=0.29). Overall these data
indicate that despite completely different systemic immune responses in terms of priming and
tolerance effects, the retina appears to show tolerance to subsequent inflammation in both
C57BL/6 and BALB/c mice. The exception to this is IFNy, which shows additive increases in both
the serum and retina due to Salmonella infection and LPS. Priming and tolerance of the CNS has
been mainly assessed via microglial activation in immunohistochemistry (Plntener et al., 2012),

and these cytokines provide more insights into the type of activation.

4.4.3 Blood vessel activation in C57BL/6 and BALB/c retinas

A dramatic change found after Salmonella infection is the expression of MHCII on the retinal
blood vessels in C57BL/6 and BALB/c mice. Staining appears stronger in C57BL/6 mice than
BALB/c mice and IFNy is a key regulator of MHCII expression on endothelial cells (Collins et al.,
1984), so increased expression of MHCIl on retinal blood vessels in C57BL/6 mice compared with
BALB/c mice would be in line with the peripheral levels of IFNy in these strains. However, it must

be considered that these strains possess different MHC haplotypes (Baumgart et al., 1998). The
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antibody used is known to work for both the H-2b (C57BL/6) and H-2d (BALB/c) haplotypes of
MHCII, however, it is not clear if these structural differences may alter the affinity of the antibody
for MHCII in the different strains, making it hard to prove differences in expression between

strains via immunohistochemistry.

LPS further increases MHCII expression in BALB/c mice, but not in C57BL/6 mice, although these
changes were small in comparison to the effect of Salmonella infection on MHCII expression.
Another antigen-presenting molecule MHCI is also greatly increased on blood vessels in C57BL/6
mice. Staining was not performed in BALB/c mice and this should be tested to check MHCI is also

upregulated following Salmonella infection in BALB/c mice.

Salmonella infection also induces the expression of ICAM-1 and VCAM-1 on retinal blood
capillaries in C57BL/6 mice, but not in BALB/c mice. In contrast, LPS induces the expression of
ICAM-1 and VCAM-1 on retinal blood capillaries in BALB/c mice, but not C57BL/6 mice. Most
notably, following Salmonella infection, LPS does not induce ICAM-1 expression in BALB/c mice,
again indicating a role of tolerance. Both ICAM-1 and VCAM-1 are cell adhesion molecules
responsible for the recruitment of peripheral immune cells to inflamed tissues and are mainly
upregulated by cytokines IL-1B and TNFa (Dustin et al., 1986; Cook-Mills et al., 2011; Myers et al.,
1992). Peripheral IL-1B looks like a likely candidate responsible for inducing ICAM-1 and VCAM-1,
as the patterns of serum IL-1B and retinal ICAM-1/VCAM-1 expression are remarkably similar in

this study.

4.4.4 Myeloid cells in C57BL/6 and BALB/c retinas

Microglial activation following Salmonella infection, as assessed by FcyRl and CD11b expression, is
observed in C57BL/6 mice, but not BALB/c mice. There is also a substantial increase in CD11c in
C57BL/6 mice, as further evidence of microglial activation, but the antibody didn’t stain any
retinal cells in BALB/c mice. It is unclear whether this is due to lack of expression of CD11c or
whether there may be some strain differences in CD11c structure. However, previous
immunohistochemistry studies have shown CD11c expression on BALB/c mice splenocytes and
liver using this antibody (Witmer-Pack et al., 1993; De Smedt et al., 1997), arguing for a lack of

expression in this strain.

A lack of microglial activation in BALB/c mice could be due to differences in peripheral immune
response, for example IFNy is responsible for the migration of microglia to the subretinal space
following viral infection (Zinkernagel et al., 2013) and is much higher in C57BL/6 mice than BALB/c
mice. Alternatively, differences may be due to distinct activation patterns of retinal blood vessels

between strains. Both strains express MHCII after Salmonella, but C57BL/6 also expresses ICAM-1
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and VCAM-1. There may be functional consequences for the blood vessels (e.g. prostaglandin
synthesis, tight junction permeability) of these distinct phenotypes, which are important in
immune-to-brain communication and microglial activation (Ek et al., 2001; Khandaker & Dantzer,

2016).

C57BL/6 mice show activation of microglia following Salmonella infection in terms of FcyRI, CD11b
and CD11c expression. In contrast, there is no evidence for microglial activation in BALB/c mice
following Salmonella infection, but there is increased expression of FcyRI after LPS. However,
complement receptors CD11b and CD11c show the opposite trends in expression to FcyRI, with
both CD11b and CD11c appearing lower after LPS in BALB/c mice, although this is not significant
for CD11b (p=0.11). These data may show that there is a differential regulation of FcyRI, CD11b
and CD11c on retinal microglia depending on immune stimuli. Consistent with this, LPS has been
shown to increase FcyRI expression in the brain, but not CD11c in young or aged mice (Hart et al.,

2012).

4.4.5 Lymphoid cells in C57BL/6 and BALB/c retinas

Salmonella infection causes T cell infiltration (defined as CD3+) into the retina in C57BL/6 mice,
but not in BALB/c mice. A lack of ICAM-1/VCAM-1 expression on the retinal blood capillaries may
prevent T-cell infiltration in BALB/c mice. However, the Ty2 cells in BALB/c mice may also have
different capacities to infiltrate into the retina compared to Ty1 cells in C57BL/6 mice and it is
known that different chemokine expression is required for the chemotaxis of Tyl and Tw2 cells
(Aloisi et al., 2000). Alongside these changes in T cell infiltration, there is reduced splenomegaly at
4 weeks post infection in BALB/c mice, but not C57BL/6 mice. In contrast, at 1 week post infection
the levels of splenomegaly are the same for BALB/c and C57BL/6 mice, indicating that this 4 week
difference is not due to different maximal sizes of inflamed spleens in these two mouse strains.
The reduction in splenomegaly in BALB/c mice may indicate faster clearance of the pathogen in
BALB/c mice compared to C57BL/6 mice. It would be interesting to assess Salmonella load at
different timepoints in these strains to see if there are different levels of infection or rates of
clearance. Another possible mechanism is that a Tu2 response with higher levels of anti-
inflammatory mediators (e.g. IL-10, arginase) compared to Tul (Mills et al., 2000) may result in

earlier resolution of inflammation in BALB/c mice.

Following LPS injection, CD3+ T cells do not infiltrate into the retinas of C57BL/6 or BALB/c mice.
This is not surprising due to the acute nature of LPS injection and its classical activation of the
innate immune system and B cells, but not T cells (Vaure & Liu, 2014). Indeed, LPS is described as

a T-cell independent B-cell stimulus (Donahue & Fruman, 2003). Intriguingly, C57BL/6 shows a

151



Chapter 4

trend (p=0.06) to reduced levels of infiltrating T cells when Salmonella infection is combined with
LPS administration. This is very possible given the high levels of serum cytokines observed when
Salmonella infection and LPS are combined in C57BL/6 mice. Many immune cells undergo
chemotaxis towards sites showing the highest inflammation and therefore T cells may leave the
retina and return to the periphery, which has a high gradient of chemokines following LPS. In
particular, CCL2 (MCP-1) and MIP-1a are both potent attractors of T cells to the CNS and both are
elevated in the periphery following LPS injection (Erickson & Banks, 2011; Aloisi et al., 2000).
However, evidence from the brain suggests that antigen-specific T cells are unable to leave the
parenchyma and instead are removed through apoptosis (Bauer et al., 1998). The mechanisms of
such apoptosis are not clear, but may be the end result of a lack of costimulation and subsequent
anergy, overactivity leading to T cell exhaustion, Fas-Fas Ligand interactions or functional
suppression by TGF-B (Barron et al., 2008; Yi et al., 2010). It is possible that systemic LPS induced
retinal inflammation may accelerate the process of retinal T cell apoptosis, leading to the

observed decrease in T cells following Salmonella and LPS.

4.4.6 Summary

The differences in this chapter show the immune responses in C57BL/6 and BALB/c mice are black
and white. In C57BL/6 mice, the periphery is primed by Salmonella to subsequent LPS-induced
inflammation, as has been observed with brain microglia, indicating similar effects in the
periphery and CNS. However, in BALB/c mice, Salmonella results in tolerance of the peripheral
immune system to subsequent LPS-induced inflammation. In C57BL/6 mice, Salmonella, but not
LPS, induced microglial activation, T cell recruitment and ICAM-1/VCAM-1 expression. BALB/c
mice also showed no evidence of microglial activation, T cell recruitment and ICAM-1/VCAM-1
expression in response to Salmonella, while LPS induced activation of microglia and ICAM-
1/VCAM-1 expression. These findings demonstrate the strong effects that genetics can play in the
function of the immune system. Despite this, the retinal cytokines showed good agreement
between C57BL/6 and BALB/c, showing a general pattern of tolerance to subsequent LPS-induced
inflammation. This tolerance to subsequent peripheral inflammation may be a conserved
protective mechanism during chronic inflammation/infections commonly seen in elderly people

and AMD patients.
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5.1 Introduction

Salmonella does not appear to prime the retinal immune response to subsequent systemic
inflammation, but how systemic inflammation interacts with local inflammation has not been
considered. There is evidence in mice and humans that systemic inflammation can exacerbate
ongoing neuropathology (Holmes et al., 2009; Cunningham et al., 2005). For example, patients
with Alzheimer’s disease and acute systemic inflammatory events show double the rate of
cognitive decline compared to patients without acute systemic inflammation (Holmes, et al.
2009). More specifically, exposure to the bacterial infection P. gingivalis, which causes
periodontitis, is associated with a sixfold increase in the rate of cognitive decline in Alzheimer’s
disease (Ide et al., 2016). There is evidence that bacterial infections can also affect retinal
neurodegeneration; in two independent cohorts, periodontitis is also associated with a 1.6 and 2-
fold risk of developing AMD in patients less than 60 years old, but this association is lost in older
age (Han & Park, 2017; Wagley et al., 2015). Furthermore, pneumonia caused by C. pneumoniae
has been associated with increased risk and progression of AMD in some studies (see introduction

section 1.5.4).

Animal studies allow us to investigate the interaction of neurodegeneration and systemic
inflammation in more detail. For example, when mice with chronic neurodegeneration (prion
disease) are given a peripheral LPS injection, the combination results in greatly exaggerated
expression of hippocampal iNOS, IL-1B, IL-6 and TNFa (Cunningham et al., 2005). Furthermore,
CNS cell apoptosis in mice with chronic neurodegeneration is greatly increased following
peripheral LPS injection, linking inflammation and degeneration (Cunningham et al., 2009).
Systemic inflammation can also precede local inflammation and prime the CNS to respond in an
exaggerated manner to subsequent local inflammation. Notably, 4 weeks of systemic Salmonella
infection leads an exaggerated microglial response to intracerebral LPS administration. (Plntener
et al., 2012). This demonstrates that systemic infection can prime microglia to respond to local
inflammatory challenges, but these studies use LPS as a tool to assess priming, which has different

characteristics to a real-life infection.

In a more disease-relevant context, CMV infection has been associated with increased progression
of wet AMD in humans (Miller et al., 2004). Similarly, a murine model of wet AMD, laser-induced
CNV, is exacerbated following murine CMV infection (Cousins et al., 2012). While these studies
provide evidence for the interaction of inflammation and wet AMD, only systemic inflammation
and retinal neovascularisation following CMV infection have been characterised, meaning the
critical understanding of retinal inflammatory changes is missing. Furthermore, these findings are

not relevant to the majority (70-90%) of AMD patients, who have dry AMD. Consequently, in this
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chapter | investigated whether systemic infection alters ongoing local inflammation in a published
mouse model recapitulating several inflammatory aspects of early-stage dry AMD (Murinello et

al., 2014).

5.2 Methods

5.2.1 Immune complexes

BALB/c mice were immunised against OVA or injected with saline as unimmunised controls. All
mice then received an intravitreal injection of OVA under anaesthesia (see section 2.1.3). Mice
were investigated with in vivo OCT and ERG analysis at 1 and 4 weeks post intravitreal OVA
injection to assess retinal structure and function (see sections 2.1.4). Dr. Elena Pipi assisted with in
vivo imaging and intravitreal injections by preparing mice for these procedures (i.e. anaesthesia,
tropicamide, phenylephrine) and recovering mice after the procedure. Dr. Elena Pipi dispensed
the OVA solution during intravitreal injections once | confirmed that | had successfully placed the
Hamilton needle in the vitreous. Serum samples were taken and a binding assay against OVA was
performed to confirm production of OVA-specific IgG following immunisation (see sections 2.1.6

and 2.8).

5.2.2 Immune complexes + Salmonella

BALB/c mice were immunised against OVA or injected with saline as unimmunised controls. All
mice then received an intravitreal injection of OVA under anaesthesia. Mice were transcardially
perfused and tissue was harvested for analysis at 1 and 4 weeks post injection (see section 2.1.6).
DAB immunohistochemistry using antibodies against CD3, CD11b, FcyRI, ICAM-1 and VCAM-1 was
performed on 20um fresh-frozen eye sections (see section 2.2). Immunofluorescence staining was
performed for GFAP, FCRLS, P2YR12 and CD11b (see section 2.2). Statistical tests and key results
are described in each figure legend with the full results of tests provided in Appendix C. For cell
counts of positive amoeboid immune cells, the number of cells between the SR and GCL was
quantified and vitreal cells in very close (<30um) proximity to the nuclei of the retinal GCL were
included in the quantification in line with previous quantification of the model (Salome Murinello,

Personal communication).
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5.3 Results

5.3.1 Immune complex deposition in the retina

Mice immunised against OVA and subsequently challenged intravitreally with OVA form immune
complexes of IgG and OVA in the retina, mainly in the subretinal space/photoreceptor layers,
although some complexes are found in other layers (Figure 5.1a). Levels of immune complexes
were scored while blinded and there is a significant reduction in immune complex levels from 1 to
4 weeks post OVA injection (p=0.0036, Figure 5.1b). No immune complexes were observed in
control mice that were unimmunised against OVA and then challenged intravitreally with OVA.
This is expected as anti-OVA antibodies are generated in immunised mice, but not in
unimmunised mice (Figure 5.1c). Immune complexes show colocalisation of OVA and IgG as co-

staining is observed in all 3 axes simultaneously (Figure 5.1d).

Overall, these data demonstrate that immune complexes are formed and retained mostly in the
subretinal space/photoreceptor layer in OVA immunised mice. Immune complexes can be
detected up to 4 weeks post OVA challenge, including at the choroid/RPE interphase, although

total levels of immune complexes have decreased by this time point.

5.3.2 Immune complexes induce sustained inflammation in the retina

Retinal immune complex formation induces myeloid cell activation in the retina, which can be
quantified by counting the number of immune cells in the retina with a highly activated amoeboid
morphology (Murinello et al., 2014). Here, this is studied in more detail and the effects of immune

complexes on other cell types (Miiller cells and T cells) are characterised.

Intravitreal OVA challenge induces inflammation in the retina irrespective of immunisation status.
For example, MHCII expression on microglia and the presence of amoeboid immune cells can be
observed in unimmunised mice following intravitreal OVA challenge. OVA injection in immunised
mice results in immune complex deposition, which induces further inflammation compared to
OVA injection in unimmunised mice. This can be shown by the increased presence of cells with an
amoeboid morphology that are FcyRI+ (fold change =2.0, p=0.0196), CD11b+ (fold change =2.6,
p=0.0034) and MHCII+ (fold change =3.9, p<0.0001) in immunised mice compared to
unimmunised mice (Figure 5.2). The number of amoeboid cells expressing FcyRI (fold change =1.5,
p=0.0497) and MHCII (fold change =2.8, p=0.0017) is reduced at 4 weeks post OVA injection

compared to 1 week post OVA injection, indicating that myeloid cell activation is transient.
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Immune complexes also increase the area of GFAP expression in the retina (fold change =1.4,
p=0.0435) compared to unimmunised mice injected intravitreally with OVA (Figure 5.3). Increased
GFAP expression appears to be similar at 1 and 4 weeks post injection. The GFAP staining pattern
shows that astrocytes express GFAP in all conditions, whereas Miiller cell staining is stronger in

mice with immune complexes compared to unimmunised mice.

Immune complexes also induce the recruitment of CD3+ cells to the retina (fold change =11,
p=0.0028) compared to unimmunised mice injected intravitreally with OVA (Figure 5.4). Levels of
T cells in immunised mice appear to be similar at 1 and 4 weeks post intravitreal OVA challenge.
These T cells appear to be mainly localised to the inner layers of the retina, although some can be

found in the subretinal space/photoreceptor layer.

Overall, immune complex formation in the retina induces myeloid and Miiller cell activation
alongside T cell infiltration. Microglial cell activation appears reduced at 4 weeks post immune
complex formation compared to 1 week, while Miiller cell activation and T cell infiltration appear

equal at 1 and 4 weeks post immune complex formation.
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Figure 5.1 — Immune complex formation at 1 and 4 weeks post OVA injection in OVA-immunised
mice.

Half of the mice were immunised against OVA and the other half remained unimmunised. All mice
received an intravitreal injection of OVA (n=6-8 mice per group). (a) Representative
immunohistochemistry showing OVA (red) and IgG (green) staining with DAPI (blue)
counterstaining at 1 and 4 weeks post intravitreal OVA challenge in unimmunised and immunised
mice. (b) Quantification of the level of immune complexes using a scoring system, where 0
represents no complexes and 10 represents many deposits across the entire retina. (c) OVA binding
assay showing the levels of anti-OVA IgG in the serum in immunised mice. (d) High-magnification
images of immune complexes in the outer retina (white asterisk shows area the magnified image
was taken from). A maximum projection (left) and single Z-slice with orthogonal views (right) are
provided. Images were taken by confocal microscopy with (a) x40 objective and (d) x100 objective.
Graphs are presented as mean+SEM. Scale bars represent (a) 100um and (d) 25um. Immune
complex levels in immunised mice were analysed using unpaired two-tailed T-test, as all
unimmunised mice scores were 0. Stars denote significance as follows: **p<0.01. Ch/RPE:
Choroid/retinal pigment epithelium; SR, subretinal space; PR, photoreceptors; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion

cell layer.
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Figure 5.2 — Increased numbers of highly activated amoeboid immune cells are present in the
retina after immune complex formation.

Half of the mice were immunised against OVA and the other half remained unimmunised. All mice
received an intravitreal injection of OVA (n=6-8 mice per group). Representative DAB
immunohistochemistry images and corresponding quantification of amoeboid cells per mm? of
total retinal area at 1 and 4 weeks post intravitreal OVA challenge for (a) FcyRI, (b) CD11b and (c)
MHCII. Black arrow indicates a highly activated amoeboid immune cell. Graphs are presented as
mean+SEM. Data was analysed by two-way ANOVA. Stars denote significance as follows: *p<0.05,
**p<0.01, ****p<0.0001. RPE/Ch, Retinal pigment epithelium/Choroid; SR; subretinal space; PR,
photoreceptor segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear

layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar represents 100um.
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Figure 5.3 — Increased GFAP expression in the retina after immune complex formation.

Half of the mice were immunised against OVA and the other half remained unimmunised. All mice
received an intravitreal injection of OVA (n=6-8 mice per group). Representative images of
immunofluorescence staining for GFAP (green) with DAPI (blue) counterstaining at 1 and 4 weeks
post intravitreal OVA challenge and corresponding quantification of area of GFAP staining as a
percentage of total retinal area. Grey arrow shows GFAP staining of the long and thin Miiller cell
processes in the inner retinal layers, while the white arrow shows GFAP staining at the GCL
characteristic of either astrocytes or Miiller cells. Graphs are presented as mean+SEM. Data was
analysed using two-way ANOVA. Stars denote significance as follows: *p<0.05. RPE/Ch, Retinal
pigment epithelium/Choroid; SR, subretinal space; PR, photoreceptor segments; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,

ganglion cell layer. Scale bar represents 100um.
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Figure 5.4 — Increased T cell numbers in the retina after immune complex formation.

Half of the mice were immunised against OVA and the other half remained unimmunised. All mice
received an intravitreal injection of OVA (n=6-8 mice per group). Representative images showing
DAB immunohistochemical staining for CD3 with haematoxylin counterstain at 1 and 4 weeks post
OVA injection and corresponding quantification of number of CD3+ cells/mm? of total retinal area.
Black arrow shows a CD3+ cell. Graphs are presented as mean+SEM. Data was analysed using
two-way ANOVA. Stars denote significance as follows: **p<0.01. RPE/Ch, Retinal pigment
epithelium/Choroid; SR, subretinal space; PR, photoreceptor segments; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell

layer. Scale bar represents 100um.
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5.3.3 In vivo effects of immune complexes on retinal structure and function

One of the benefits of studying the retina in comparison to the brain is the ability to perform non-
invasive imaging of the retina. Accordingly, the effect of immune complexes on retinal structure

and function was assessed in vivo.

OCT scans of the retinal layers were performed to identify areas of pathology following immune
complex formation (Figure 5.5). Pathological features observed by OCT were only identified in
immunised mice at 1 week post intravitreal OVA challenge. While these areas of pathology are
small and sporadic, no pathological feature was observed in unimmunised mice or in immunised

mice at 4 weeks post intravitreal OVA challenge.

Electroretinography (ERG) was performed to assess scotopic (rod cell-induced) electrical activity
of the retina in response to light stimulation (Figure 5.6). ERG analysis shows that retinal function,
as assessed by b-wave amplitude, is reduced at 1 week post injection in immunised mice (change
=34%, p=0.0068) compared to unimmunised mice. These ERG deficits in immunised mice recover
by 4 weeks post injection, compared to 1 week post injection (change =32%, p=0.0367) to return
to the levels of unimmunised controls. No deficits were observed in the a-wave amplitude as a

result of immunisation status or timepoint.

Overall, these findings show abnormalities in retinal structure and function at 1 week post

immune complex formation, which are resolved by 4 weeks post immune complex formation.
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Figure 5.5 — Altered retinal structures are observed in vivo at 1 week post immune complex
formation.

Representative retinal OCT scans taken at 1 week post intravitreal OVA challenge in (a)
unimmunised and (b-d) OVA-immunised mice. Examples of pathology are as follows: (b) cells are
present in the vitreous and hyper-reflective areas are seen in the outer retinal layers (white arrow)
distorting the retinal structure; (c) a hyper-reflective bubble with a hypo-reflective core (white
arrow) is observed in the outer retina; (d) both hypo- and hyper-reflective pathology is observed.
Scale bar represents 400um. RNFL, Retinal nerve fibre layer; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM,
external limiting membrane; IS/0S, photoreceptor inner segments/outer segments; RPE, retinal

pigment epithelium.
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Figure 5.6 — Electrophysiological deficits in the retina are observed at 1 week post immune
complex formation.

Half of the mice were immunised against OVA and the other half remained unimmunised. All mice
received an intravitreal injection of OVA (n=6-8 mice per group). Percentage change in (a) a-wave
and (b) b-wave amplitude for the unimmunised and immunised groups at 1 and 4 weeks post
intravitreal OVA challenge. Percentage change was calculated for each mouse as the amplitude of
the injected eye compared to the uninjected eye. Averaged group ERG traces for the uninjected
and injected eye of (c, e) unimmunised mice and (d, f) immunised mice at (c, d) 1 week and (e, f) 4
weeks post intravitreal OVA challenge. Light stimulus (black arrow) was applied after a 50ms
baseline reading. Graphs are presented as mean+SEM. Data was analysed using two-way ANOVA

with Holm-Sidak post-hoc testing. Stars denote significance as follows: *p<0.05, **p<0.01.
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5.3.4 Microglial cell responses to immune complexes and Salmonella infection

Immune complexes activate microglia at 1 and 4 weeks post intravitreal OVA challenge with
higher activation at 1 week than 4 weeks post challenge. Salmonella infection can also induce
microglial activation, which is higher at 4 weeks than 1 week post infection. These models of local
and systemic inflammation were combined to investigate microglial responses when both
inflammatory stimuli interact with each other. Microglial phenotype changes induced by
Salmonella have been analysed in the brain by percentage area of DAB staining (Plintener et al.,
2012). Immune complex-induced microglial activation has been analysed in terms of the number
of highly activated amoeboid immune cells (Murinello et al., 2014). Finally, the effect of systemic
viral infection on the retina has been assessed by the number of myeloid cells present in the
subretinal space (Zinkernagel et al., 2013). These three parameters were investigated to identify

any interaction between immune complexes and Salmonella.

There is no change in FcyRI+ area due to immunisation status or Salmonella infection at 1 or 4
weeks post intravitreal OVA challenge (Figure 5.7b, f). At 1 week post intravitreal OVA challenge,
there is a significant increase in the number of FcyRI+ amoeboid cells in the retina of immunised
mice (fold change =2.9, p<0.0001), which is not altered by Salmonella infection, and this effect is
absent by 4 weeks post intravitreal OVA challenge (Figure 5.7c, g). At 1 week post intravitreal OVA
challenge, immunisation status (fold change =2.2, p=0.0038) and Salmonella (fold change =2.1,
p=0.0022) both result in an increase in the number of FcyRI+ subretinal cells and these effects are
additive (Figure 5.7d). This pattern is maintained at 4 weeks post intravitreal OVA challenge,
where immunisation status (fold change =1.7, p=0.0458) and Salmonella (fold change =1.7,

p=0.0043) increase the number of FcyRI+ subretinal cells in an additive manner (Figure 5.7h).

There is no change in CD11b+ area due to immunisation status or Salmonella infection at 1 or 4
weeks post intravitreal OVA challenge (Figure 5.8b, f). At 1 week post intravitreal OVA challenge,
there is a significant increase in the number of CD11b+ cells in the retina of immunised mice (fold
change =3.5, p<0.0001), which is not altered by Salmonella infection, and this effect is absent by 4
weeks post intravitreal OVA challenge (Figure 5.8c, g). At 1 week post intravitreal OVA challenge,
immunisation status (fold change =1.7, p=0.0152) and Salmonella (fold change =2.0, p=0.0145)
both result in an increase in the number of CD11b+ subretinal cells in an additive manner (Figure
5.7d). At 4 weeks post intravitreal OVA challenge, Salmonella (fold change =2.2, p=0.0133)
increases the number of CD11b+ subretinal cells (Figure 5.7h), but immunisation status no longer

has a significant inflammatory effect, though there is a trend (fold change =1.7, p=0.0986).
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Overall, CD11b and FcyRI expression is remarkably similar and indicates that systemic and local
inflammation additively recruit myeloid cells, either microglia or peripheral cells, to the subretinal
space. The staining of the choroid/RPE interphase is intense after Salmonella infection and is a
relevant region for more detailed investigation as this is the site of AMD pathology and immune

complex deposition.
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Figure 5.7 — The effect of immune complexes and Salmonella on FcyRI expression in the retina.
Half of the mice were immunised against OVA and the other half remained unimmunised. All the
mice received an intravitreal injection of OVA (n=6-8 mice per group). At 24hrs post intravitreal
OVA challenge, mice were injected i.p. with saline or Salmonella and tissue was harvested at 1 and
4 weeks post intravitreal OVA challenge. Expression of FcyRI was analysed at (a-d) 1 and (e-h) 4
weeks post intravitreal OVA challenge. (a, e) Representative DAB immunohistochemistry for FcyRI
with haematoxylin counterstaining. Quantification of FcyRI expression is based on (b, f) area of
DAB staining as a percentage of total retinal area, (c, g) number of positive amoeboid cells per
mm? of total retinal area and (d, h) number of positive subretinal cells per mm of subretinal space.
Black arrow represents a positive amoeboid cell. Grey arrow represents a positive subretinal cell.
Graphs are presented as mean+SEM. Data was analysed using two-way ANOVA. Stars denote
significance as follows: *p<0.05, **p<0.01, ****p<0.0001. RPE/Ch, Retinal pigment
epithelium/Choroid; SR, subretinal space; PR, photoreceptor segments; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell

layer. Scale bar represents 100um.

169



Chapter 5

a Unimmunised Immunised

Salmonella

C Je ke ek
= 3 - 1 5 =%
b 47 mm Saline ; 15 dE 5 Salmonella*effect
=1 Salmonella £ £ —1
3 E £ 41
& 37 2 5
o 5 104 S
e o © 34
T 5] © @
H 3 ¢ — 3
= o R L = 21
- - 5 c
4] c =z
e 3 5"
= &
0- 0- 0-
Unimmunised Immunised Unimmunised Immunised Unimmunised Immunised
e Unimmunised Immunised

Saline

Salmonella

(e}
g
=z
¢

f 41 mm Saline Salmonella effect = *

- £
= Salmonella £ £
9 E 2 4
2 3 s 3
8 2" 3
© o =
S 2 = 8
= o T 21
5 T ¥ £
o 1 5 S 4]
o 8
['4 >
o o @ ol
Unimmunised Immunised Unimmunised Immunised Unimmunised Immunised

170



Chapter 5

Figure 5.8 — The effect of immune complexes and Salmonella on CD11b expression in the retina.
Half of the mice were immunised against OVA and the other half remained unimmunised. All the
mice then received an intravitreal injection of OVA (n=6-8 mice per group). At 24hrs post
intravitreal OVA challenge, mice were injected i.p. with saline or Salmonella and tissue was
harvested at 1 and 4 weeks post intravitreal OVA challenge. Expression of CD11b was analysed at
(a-d) 1 and (e-h) 4 weeks post intravitreal OVA challenge. (a, e) Representative DAB
immunohistochemistry for CD11b with haematoxylin counterstaining. Quantification of CD11b
expression is based on (b, f) area of DAB staining as a percentage of total retinal area, (c, g)
number of positive amoeboid cells per mm? of total retinal area and (d, h) number of positive
subretinal cells per mm of subretinal space. Black arrow represents a positive amoeboid cell. Grey
arrow represents a positive subretinal cell. Graphs are presented as mean+SEM. Data was
analysed using two-way ANOVA. Stars denote significance as follows: *p<0.05, ****p<0.0001.
RPE/Ch, Retinal pigment epithelium/Choroid; SR, subretinal space; PR, photoreceptor segments;
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform

layer; GCL, ganglion cell layer. Scale bar represents 100um.
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5.3.5 Other cellular changes following immune complexes and Salmonella infection

Retinal immune complexes increase expression of GFAP in the retina and result in T cell
recruitment. Salmonella infection results in strong expression of MHCII on activated retinal blood
vessels. Based on these findings, the interaction of immune complexes and Salmonella on these

inflammatory parameters was investigated.

At 1 week post intravitreal OVA challenge, the number of T cells in the retina is increased by the
presence of immune complexes (fold change =3.3, p=0.0261), but not by Salmonella (Figure 5.9a).
In contrast, at 4 weeks post intravitreal OVA challenge, the number of T cells in the retina is
increased by both the presence of immune complexes (fold change =3.3, p=0.0100) and
Salmonella (fold change =1.6, p=0.0373), but not in an additive manner (Figure 5.9b). T cells were
mainly found in the inner retinal layers, with occasional T cells in the subretinal/photoreceptor
layers. Several T cells were also identified in the choroid, but these were not quantified as part of

the retina.

GFAP expression in the retina was assessed by immunofluorescence staining. Percentage area of
GFAP expression was quantified similarly to DAB images, where a threshold of green staining was
set, above which was considered positive. Mean fluorescence intensity of pixels was also
calculated to identify shifts in overall fluorescence levels. At 1 week post intravitreal OVA
challenge, both GFAP+ percentage area (fold change =1.7, p=0.0003) and mean fluorescence
intensity (fold change =1.4, p<0.0001) are increased by the presence of immune complexes, but
not Salmonella (Figure 5.10b, c). At 4 weeks post intravitreal OVA challenge, GFAP+ percentage
area and mean fluorescence intensity are not affected by presence of immune complexes or
Salmonella infection (Figure 5.10e, f). There appears to be a greater change in Miiller cell staining

of the inner retinal layers between groups compared to astrocytic staining adjacent to the GCL.

At 1 week post intravitreal OVA challenge, the presence of immune complexes results in increased
ICAM-1+ area (fold change, =2.0, p=0.0306), which is not affected by Salmonella infection (Figure
5.11a). The converse is true at 4 weeks post intravitreal OVA challenge, where Salmonella
infection increases ICAM-1+ area (fold change =1.7, p=0.0418), while the presence of immune
complexes has no effect (Figure 5.11b). Increased expression of ICAM-1 appears to be confined to
the inner retinal capillaries, with staining of the inner retinal arterioles consistent between
groups. ICAM-1 staining as a percentage of the inner retinal area was quantified, so that ICAM-1

expression in the photoreceptor layer didn’t confound the analysis.
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MHCII can be expressed on both microglia and blood vessels following immune complex
formation and Salmonella infection (Figure 5.12). At 1 week post intravitreal OVA challenge,
MHCII+ area is increased by the presence of immune complexes (fold change =2.3, p=0.0102). In
contrast, at 4 weeks post intravitreal OVA challenge, while presence of immune complexes still
has an inflammatory effect (fold change =1.6, p=0.0120) there is a stronger Salmonella effect (fold

change =3.5, p<0.0001).

At 1 week post intravitreal OVA challenge, MHCII is expressed on cells with ramified microglial
morphology and amoeboid cells in all groups, and this is more pronounced in immunised mice
compared to unimmunised mice. Salmonella infection induces MHCII staining on retinal blood
vessels, regardless of immunization status. MHCII expression on microglia appears to be the main
contributor to MHCII+ area at this timepoint. At 4 weeks post OVA injection, there is clear
microglial activation in immunised mice without Salmonella infection and clear inner retinal
capillary staining in unimmunised mice given Salmonella. Interestingly, both staining patterns are
not observed simultaneously in mice given immune complexes and Salmonella, with 5 of 8 mice in

this group showing only blood vessel staining and 3 of 8 mice showing only microglial staining.

Overall, MHCII is expressed on blood vessels due to Salmonella and microglia due to immune
complexes. At 1 week post OVA challenge, the microglial and blood vessel patterns overlap
whereas at 4 weeks post OVA challenge, either microglia or blood vessel staining is observed, but

not both.
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Figure 5.9 — The effect of immune complexes and Salmonella on CD3+ cell number in the retina.
Half of the mice were immunised against OVA and the other half remained unimmunised. All the
mice then received an intravitreal injection of OVA (n=6-8 mice per group). At 24hrs post
intravitreal OVA challenge, mice were injected i.p. with saline or Salmonella. Expression of CD3
was analysed at (a, b) 1 and (c, d) 4 weeks post intravitreal OVA challenge. (a, c) Representative
DAB immunohistochemistry for CD3 with haematoxylin counterstaining. (b, d) Quantification of
number of CD3+ cells per mm? of total retinal area. Grey arrow represents a CD3+ cell in the
choroid (not quantified as part of the retina). Black arrows represent CD3+ cells in the retina.
Graphs are presented as mean+SEM. Data was analysed using two-way ANOVA. Stars denote
significance as follows: **p<0.01. RPE/Ch, Retinal pigment epithelium/Choroid; SR, subretinal
space; PR, photoreceptor segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar represents

100um.
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Figure 5.10 — The effect of immune complexes and Salmonella on GFAP expression in the retina.
Half of the mice were immunised against OVA and the other half remained unimmunised. All the
mice then received an intravitreal injection of OVA (n=6-8 mice per group). At 24hrs post
intravitreal OVA challenge, mice were injected i.p. with saline or Salmonella. Expression of GFAP
was analysed at (a-c) 1 and (d-f) 4 weeks post intravitreal OVA challenge. (a, d) Representative
immunofluorescence images of GFAP (green) with DAPI (blue) counterstaining. Quantification of
GFAP by (b, e) stained area as a percentage of total retina area and (c, f) mean fluorescence
intensity. White arrow shows astrocytic GFAP staining at the GCL and the grey arrow shows GFAP
staining of the long, thin Miiller cell processes in the inner retinal layers. Graphs are presented as
mean+SEM. Data was analysed using two-way ANOVA. Stars denote significance as follows:
**¥*p<0.001, ****p<0.0001. RPE/Ch, Retinal pigment epithelium/Choroid; SR, subretinal space; PR,
photoreceptor segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear

layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar represents 100um.
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Figure 5.11 — The effect of immune complexes and Salmonella on ICAM-1 expression in the
retina.

Half of the mice were immunised against OVA and the other half remained unimmunised. All the
mice then received an intravitreal injection of OVA (n=6-8 mice per group). At 24hrs post
intravitreal OVA challenge, mice were injected i.p. with saline or Salmonella. Expression of ICAM-1
was analysed at (a, b) 1 and (c, d) 4 weeks post intravitreal OVA challenge. (a, c) Representative
DAB immunohistochemistry for ICAM-1 with haematoxylin counterstaining. (b, d) Quantification of
positive area as a percentage of inner retinal area. Graphs are presented as mean+SEM. Data was
analysed using two-way ANOVA. Stars denote significance as follows: *p<0.05. RPE/Ch, Retinal
pigment epithelium/Choroid; SR, subretinal space; PR, photoreceptor segments; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,

ganglion cell layer. Scale bar represents 100um.
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Figure 5.12 — The effect of immune complexes and Salmonella on MHCII expression in the
retina.

Half of the mice were immunised against OVA and the other half remained unimmunised. All the
mice then received an intravitreal injection of OVA (n=6-8 mice per group). At 24hrs post
intravitreal OVA challenge, mice were injected i.p. with saline or Salmonella. Expression of MHCII
was analysed at (a, b) 1 and (c, d) 4 weeks post intravitreal OVA challenge. (a, c) Representative
DAB immunohistochemistry for MHCII with haematoxylin counterstaining. (b, d) Quantification of
positive area as a percentage of total retinal area. Grey arrows indicate MHCII expression on
microglia, while black arrows indicate MHCII expression on inner retinal capillaries. Graphs are
presented as mean+SEM. Data was analysed using two-way ANOVA. Stars denote significance as
follows: *p<0.05, ****p<0.0001. RPE/Ch, Retinal pigment epithelium/Choroid; SR, subretinal
space; PR, photoreceptor segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar represents

100um.

5.3.6 Immune complex levels following Salmonella infection

Immune complex clearance is likely to depend on phagocytosis by either the RPE and/or
microglia. Salmonella can induce functional changes in the retina, notably microglial activation,
and as a result | tested whether systemic infection could affect the rate of clearance of immune

complexes in the retina.

Immunofluorescence staining shows that immune complexes are only generated in immunised
mice (Figure 5.13). Salmonella infection has no significant effect on the levels of immune
complexes in immunised mice at 1 or 4 weeks post intravitreal OVA challenge when compared to
unimmunised controls. Additionally, the number of immune complexes appears substantially
reduced at 4 weeks compared to 1 week post intravitreal OVA challenge for both the saline and
Salmonella treated groups (p<0.0001). Overall, Salmonella has no effect on the rate of clearance

of immune complexes.
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Figure 5.13 — The effect of Salmonella on number of immune complex in the retina.

Half of the mice were immunised against OVA and the other half remained unimmunised. All the
mice received an intravitreal injection of OVA (n=6-8 mice per group). At 24hrs post intravitreal
OVA challenge, mice were injected i.p. with saline or Salmonella. Inmune complex levels were
analysed at (a) 1 and (b) 4 weeks post intravitreal OVA challenge. (a, b) Representative
immunofluorescence showing OVA (red) and IgG (green) staining with DAPI (blue) counterstaining.
(c) Quantification of immune complex levels using a scoring system, where 0 represents no
complexes and 10 represents many deposits across the entire retina. Graphs are presented as
mean+SEM. Data was analysed using two-way ANOVA for immunised mice only, as all scores for
unimmunised mice were 0. Stars denote significance as follows: ****p<0.0001. RPE/Ch, Retinal
pigment epithelium/Choroid; SR, subretinal space; PR, photoreceptor segments; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,

ganglion cell layer. Scale bar represents 100um.

5.3.7 Origin of activated amoeboid cells in the retina recruited by immune complexes

The FcyRI, CD11b and MHCII+ amoeboid immune cells that are present after OVA injection could
be either activated microglia or cells recruited from the periphery (e.g. monocytes, neutrophils). It
is difficult to distinguish microglia from macrophages by immunohistochemistry due to a lack of
commercially available antibodies that are selective for microglia over macrophages. To
determine the origin of these cells, | obtained two antibodies targeting FCRLS and P2RY12 (kindly
donated by Dr. Oleg Butovsky, Harvard), which are highly expressed in microglia compared to
other tissue-resident macrophage subpopulations (e.g. lung, liver, muscle) and also other immune
cells (e.g. neutrophils, dendritic cells). These antibodies have previously been used to distinguish
microglia in the brain from myeloid cells infiltrating into the brain (Butovsky et al., 2013). The
FCRLS antibody showed clear staining of retinal microglia, but also cells in the choroid, sclera,
muscle tissue, iris and cornea (Figure 5.14a-c). In contrast, P2RY12 staining was only found on a
small number of cells, with faint staining on a couple of CD11b+ microglia and staining of CD11b+
cells in the choroid/sclera (Figure 5.14d-f). Overall, these antibodies appear unsuitable for
addressing the question of cellular origins using the current immunohistochemistry protocol as

microglial specificity with these antibodies is not observed.
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Figure 5.14 — Immunoreactivity of FCRLS and P2RY12 antibodies.

Representative immunofluorescent images of FCRLS (green) and DAPI (blue) counterstaining show
that FCRLS is observed on (a) microglia and choroidal/scleral cells, (b) muscle tissue and (c) corneal
and iris stromal tissue. Representative immunofluorescent images of P2RY12 (green), CD11b (red)
and DAPI (blue) counterstaining shows (d) weak expression of P2RY12 on a few microglial cells,
with staining also observed in choroidal cells. (e) CD11b staining reveals the full range of
microglial/choroidal myeloid cells. (f) In the few cases of positive P2RY12 staining, they appear to
colocalise with CD11b+ cells. RPE/Ch, Retinal pigment epithelium/Choroid; SR, subretinal space;
PR, photoreceptor segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar represents 100um.
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5.4 Discussion

5.4.1 Immune complex deposition and chronicity

There are 4 types of hypersensitivity reaction, which are characterised by overactivity of the
immune system when responding to an antigen to which it is pre-sensitised. The type Il
hypersensitivity reaction occurs when immune complexes of antigen and antibodies are formed,
leading to activation of many inflammatory pathways. Many human autoimmune conditions are
driven by the formation of immune complexes, including rheumatoid arthritis and systemic lupus
erythematosus. These have been modelled previously in mice using the Arthus reaction, where
animals are immunised against an antigen and then injected intradermally to model a type llI

hypersensitivity reaction in the skin (Eggleton, 2001).

More recently, our lab has applied the Arthus reaction to the eye to generate immune complex
mediated inflammation in the retina (Murinello et al. 2014). Immunisation against OVA, followed
by intravitreal OVA challenge results in the development of retinal immune complexes, which are
highly prevalent at 1 day post injection, moderately prevalent at 1 week post injection and absent
at 2 weeks post injection (Murinello et al. 2014). In this study, immune complexes were clearly
present in large numbers at 1 week post injection and there were also a small number of
complexes remaining at 4 weeks post injection, demonstrating that this study showed greater
chronicity of immune complex deposition than the previous study. Confocal analysis was
undertaken to demonstrate that OVA and IgG are co-localised in immune complexes and are not
just closely associated. In this study, immune complexes also appeared to deposit mostly in the
subretinal/photoreceptor layers and less frequently in the ganglion cell layer in comparison to the
previous study. There was one substantial change from the protocol used in the previous study,
which was the use of a Hamilton syringe instead of pulled glass capillaries. The use of the syringe
allows for more reproducible injections, both in terms of injection site and accurate
administration of 1ul of solution. Another contributing factor may also have been the fresh
preparation of OVA solution for each series of injections, preventing issues with freeze-thaw
cycles or degradation over long term storage. These changes in terms of greater outer retinal
deposition and chronicity are critical when trying to mimic some of the inflammatory changes
which occur during AMD, a neurodegenerative mainly occurring at the back of the retina, which

develops over many years.

185



Chapter 5

5.4.2 Immune complex mediated inflammation

Drusen is the hallmark of AMD pathology and contains many inflammatory proteins, including IgG
and complement components, as identified by immunohistochemistry and proteomics (Crabb et
al., 2002; Johnson et al., 2000; Anderson et al., 2002). In this mouse model, immune complexes of
antigen and antibody mostly deposit in the subretinal/photoreceptor layer, transiently
recapitulating the deposition and inflammatory basis of human drusen. Immune complexes
induce inflammation via two main pathways, which are activation of the complement pathway
and activation of microglia, both of which are observed in AMD patients (Cherepanoff et al., 2010;

Penfold et al., 1997; Combadiére et al., 2007; Gupta et al., 2003; Karsten & Kohl, 2012).

A previous study of retinal immune complex mediated inflammation showed strong myeloid cell
activation peaking at 3-7 days and returning to baseline by 2 weeks post injection (Murinello et
al., 2014). Many of these cells show a highly activated amoeboid morphology, which may
represent activated microglia or infiltrating immune cells. In this study, high levels of myeloid cell
activation were identified in terms of the number of FcyRIl, CD11b and MHCIl+ amoeboid immune
cells at 1 week post immune complex formation followed by reduced, but not absent,
inflammation at 4 weeks post immune complex formation. Therefore, increased chronicity of
microglial activation in this study correlates with the longer presence of immune complexes when

compared to the previous study (Murinello et al., 2014).

The effect of immune complexes on other retinal cell types was also investigated. Activation of
GFAP+ cells is also observed at 1 and 4 weeks post immune complex formation and is not
different at each timepoint, indicating sustained activation. It appears that Miiller cells are
activated following immune complexes based on GFAP expression on Miiller cell processes
(Verderber et al., 1995). Oxidative stress has been shown to induce GFAP expression on Miller
cells and oxidative stress may arise during inflammation due to production of ROS species by
microglia (McVicar et al., 2015; Block et al., 2007). GFAP expression on astrocytes occurs strongly
under healthy conditions, therefore assessing astrocytosis in this model is far more challenging.
GFAP expression in the retina is increased in AMD patients (Wu et al., 2003), indicating another

key feature of AMD that this model recapitulates.

There are also infiltrating T cells at 1 and 4 weeks post immune complex formation. This could be
due to expression of chemokines in the retina causing chemotaxis of non-specific T cells.
Alternatively, it could be more a specific process of recruiting OVA-specific T cells, which have
been previously shown to migrate into the retina in response to intraocular OVA (Hu et al., 2000).
Whether T cells are involved in AMD is far less clear than for myeloid cells and GFAP+ cells; there

is certainly some indirect evidence for an autoimmune component in AMD (see introduction
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section 1.4.6). This model provides a platform to investigate T cell responses in the retina in more

detail that may be relevant to our understanding of AMD pathology.

5.4.3 In vivo changes following immune complex formation

At 1 week post immune complex formation in the retina, occasional areas of hyper- and hypo-
reflective pathology were identified by OCT. A hyporeflective core surrounded by a
hyperreflective border was observed in 2 of 8 mice following immune complex formation. This
pathology shows remarkable similarity to human OCT scans of outer retinal tubulation (ORT), an
abnormal structure observed in many retinal diseases including advanced AMD (Schaal et al.,
2015). ORT is an area of neurodegeneration and gliosis where degenerating photoreceptors are
enveloped by Miiller cells (Dolz-Marco et al., 2016). Hyperreflective pathology was also observed
as large, roughly circular, structures that displaced the inner retinal layers in 4 of 8 mice. The
origins of this pathology are unclear, but similar structures are observed in OCT scans of murine
EAU (Chen et al., 2013a). The high levels of inflammation in EAU and infiltration of neutrophils, T
cells and monocytes may result in these abnormalities (Zhao et al., 2014). Alternatively, the area
may be due to the formation of a giant immune complex in the inner retina. It is unlikely to be

due to oedema, as intraretinal fluid is typically hyporeflective (Al-Mujaini et al., 2013).

Alongside these OCT abnormalities at 1 week post immune complex formation, there are ERG
deficits in b-wave amplitude, indicating a deficit in retinal function. There were no significant
deficits in a-wave amplitude, which means that b-wave deficits are likely due to dysfunction of
signal processing throughout the retina as opposed to a specific deficit occurring at the
photoreceptors (Pinto et al., 2007). At 4 weeks post immune complex formation, these b-wave
deficits have resolved and retinal function returns to the level of unimmunised mice. This
indicates a transient inflammation-induced deficit in neuronal communication at 1 week after
immune complex formation. In AMD patients, both a- and b-wave deficits are observed in early
AMD, but these deficits remain stable throughout further disease progression (Walter et al.,
1999). Immune complexes induce transient b-wave deficits but do not recapitulate the a-wave
deficits indicative of photoreceptor dysfunction in AMD patients, despite immune complexes

forming mainly in the subretinal space/photoreceptor.

Overall, these in vivo imaging techniques reveal transient structural alterations to the retina that
have not been previously detected using immunohistochemistry and have functional

consequences for retinal excitability.
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5.4.4 The effect of Salmonella infection on immune complex mediated myeloid cell

activation

The immune complex model provides a tool to investigate the impact of systemic infection on a
variety of inflammatory processes associated with early stage AMD pathology. Although the
inflammatory effect of Salmonella appears to be stronger in C57BL/6, this strain is also less
capable of generating immune complexes under our current protocol (Salome Murinello, PhD
thesis). Consequently, it was necessary to use BALB/c mice to test the effects of Salmonella on
immune-complex mediated retinal inflammation. Other advantages to using this strain are the
ability to observe immune cells at the back of the retina with immunochemistry due to lack of
pigmentation and also if effects are seen in a strain with a weaker response to Salmonella, they

are likely applicable to strains with stronger inflammation.

To model the interaction of local and systemic inflammation, mice were given Salmonella 24
hours post intravitreal OVA injection. At the 1 week timepoint, there are high levels of
inflammation in the retina following immune complexes and high levels of systemic inflammation
following Salmonella infection. At the 4 week timepoint, both immune-complex mediated
inflammation in the retina and systemic inflammation due to Salmonella are much lower, but

both types of inflammation have persisted for much longer, giving a more chronic model.

At 1 and 4 week post immune complex formation, neither Salmonella or immune complexes
increased the percentage area of CD11b or FcyRI staining. However, because OVA injection alone
increases CD11b and FcyRI expression and percentage area quantification is binary (i.e. stained or
unstained), this quantification method may not be particularly sensitive to changes when applied
to this model. Furthermore, highly activated microglia lose ramifications and become
hypertrophic, which could reduce the total staining area. At 1 week post immune complex
formation, there is an increase in FcyRI+ and CD11b+ amoeboid immune cells, which is not
affected by Salmonella infection. The number of amoeboid cells in the retina is a previously
published measure of immune complex inflammation (Murinello et al., 2014) and the data
suggests that Salmonella infection does not contribute much to the levels of myeloid cell

activation/recruitment when immune complexes are present.

The amoeboid cells recruited by immune complexes are mainly found in the inner retinal
layers/vitreous and may be infiltrating immune cells or highly activated microglia. Detailed FACS
analysis, as performed in other studies, would provide a more comprehensive overview of
immune cell phenotype and may identify whether the cells are of retinal or systemic origin
(O’Koren et al., 2016; Kerr et al., 2008a). If these amoeboid immune cells have a systemic origin,

based on their localisation they may infiltrate from the inner BRB as the vitreous itself is not
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vascularised (Streilein, 2003). Alternatively, damage caused by the intravitreal injection may

disrupt ocular immune privilege and enable the infiltration of immune cells.

Following viral infection, myeloid cells are recruited to the subretinal space (Zinkernagel et al.,
2013). Consequently, | investigated whether this was also the case following Salmonella infection.
Interestingly, immune complexes and Salmonella infection could cause recruitment of myeloid
cells to the subretinal space individually and these effects were additive when combined for
FcyRI+ cells at 1 and 4 weeks post immune complex injection. CD11b+ showed the same additive
effect at 1 week post immune complex formation and non-significant synergy at 4 weeks
(Salmonella effect: p=0.01, Immunisation effect: p=0.10). Overall, these data indicate that
immune complexes induce strong myeloid cell activation and their migration/recruitment to the
back of the retina, which lasts beyond 4 weeks post formation. The recruitment/migration of
myeloid cells to the back of the retina can be exacerbated by systemic infection. This may have
consequences for photoreceptor function, and in the context of AMD accelerate
neurodegeneration, as immune cells could be recruited to the site of pathology by infections and

then be activated by the inflammatory microenvironment during ongoing local pathology.

Based on bone marrow chimera experiments, subretinal immune cells following systemic viral
infection appear to come from the microglial population and are not infiltrating myeloid cells
(Zinkernagel et al., 2013). This method used wholemount imaging across the plane of the
subretinal space. In contrast, the cryosections in this thesis are taken at 90° to this plane, which
allows us to also characterise the inner retinal cells but only provides a snapshot of the subretinal
space. | attempted to identify the local or peripheral origin of the subretinal cells in the immune
complex and Salmonella models using FCRLS and P2RY12 antibodies, which have been described
as highly expressed in microglia compared to other monocyte/macrophage populations (Butovsky
et al., 2013). However, neither antibody showed microglial specificity in this study, meaning the
origins of these cells in this model remains uncharacterised. There are a large number of immune
cells in the choroid following Salmonella infection and these may be able to enter through the
outer BRB, particularly in the presence of immune complex mediated inflammation. Future
experiments could use bone-marrow chimeras or detailed FACS analysis to distinguish microglia
and peripheral monocytes/macrophages. Alternatively, these experiments could be performed in
CCR2 knockout mice, where monocytes are mostly depleted from the blood due to sequestration
in the bone marrow (Fujimura et al., 2015), but retinal microglial recruitment may also be altered

in this strain (see introduction section 1.4.4), which would confound the results.

Under resting conditions, microglia show very low phagocytic/endocytic activity when compared

to other macrophage populations, but this activity is greatly increased in highly activated
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microglia (Aloisi, 2001). Immune complexes can be phagocytosed by retinal myeloid cells for
subsequent degradation as one route of immune complex clearance (Elena Pipi, unpublished
observation). Consequently, | investigated whether systemic inflammation during immune
complex mediated retinal inflammation could alter the phagocytic function of microglia by
assessing immune complex clearance. At 1 and 4 weeks post immune complex formation, no
differences in phagocytic activity of microglia were observed, indicating systemic inflammation

does not alter phagocytic activity of locally activated immune cells.

5.4.5 Effect of immune complexes and Salmonella on Miiller cells and T cells

Immune complexes have been previously shown to recruit T cells to the retina at 1 week post
immune complex formation (Salome Murinello, PhD thesis), but a 4 week timepoint was not
investigated. As a live bacterial infection, Salmonella activates the adaptive immune system and T
cell activation/proliferation and the consequences of this on immune complex-mediated T cell
recruitment was investigated. At 1 week post immune complex formation, there is an increased
number of T cells in the retina. However, there is a trend to reduced T cells when immune
complexes are combined with Salmonella compared to immune complexes alone (p=0.10). If this
is a true effect then this would suggest that T cell recruitment is impaired by Salmonella. This
could be because inflammation is higher in the periphery following Salmonella causing
chemotaxis to favour the periphery instead of the retina. Alternatively, infiltration of T cells into
the brain parenchyma has been shown to eventually lead to apoptosis (Bauer et al., 1998) and

increased retinal inflammation may accelerate this process leading to retinal T cell depletion.

At 4 weeks post immune complex formation, there is a Salmonella effect in addition to an
immune complex effect, although the two don’t appear to be synergistic. This would be in line
with a strong adaptive immune system following 4 weeks of Salmonella infection and reduced
peripheral cytokines, meaning the retina may be favoured for chemotaxis. The majority of T cells
are located in the inner retinal layers, including that the inner BRB may be responsible for their
recruitment. However, in some mice a number of T cells were identified in the choroid, which may
be a route of entry into the retina via the outer BRB. T cells are also found as approximately 40%
of CD45+ cells found in the aged human choroid (Ezzat et al., 2008). As the outer BRB, but not the
inner BRB, skews the phenotype of infiltrating T cells, this may lead to differential function of
these cells. The presence of numerous T cells in choroid may also effect outer BRB function (e.g.
permeability or induce inflammation). It appears that T cell infiltration can be both beneficial and
damaging under different circumstances (Schwartz & Shechter, 2010; Cruz-Guilloty et al., 2014;
Boldison et al., 2014; Mcpherson et al., 2014), so a clear picture of the function of infiltrating T

cells is important.
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In this chapter, it is shown that Miiller cells are activated by immune complexes, recapitulating
the Miuiller cell activation that is observed in AMD patients (Wu et al., 2003). | investigated
whether this activation could be exacerbated by systemic inflammation. At 1 week post immune
complex formation, GFAP expression in the retina was increased, but this was not exacerbated by
Salmonella. Furthermore, GFAP expression returned to unimmunised control levels by 4 weeks
post immune complex formation, indicating Mller cell/astrocyte activation is not as sustained as

microglial activation or T cell recruitment.

5.4.6 Effect of immune complexes and Salmonella on blood vessels

Salmonella activates the inner retinal blood vessels and consequently | investigated whether this
activation could be modified by local inflammation. At 1 week post immune complex formation,
there is increased ICAM-1 expression on retinal blood vessels. In contrast, at 4 weeks post
immune complex formation, Salmonella increases ICAM-1 expression and there is a strong trend
for a reduction in ICAM-1 expression back to control levels when Salmonella and immune
complexes are combined (p=0.054). In this manner, the retina appears to be tolerant to
Salmonella-induced ICAM-1 expression when there is ongoing local inflammation. This may be a
protective mechanism to reduce recruitment of immune cells to the retina during chronic
inflammation. This has been observed in a mouse model of type 2 diabetes, where chronic
hyperglycaemia eventually leads to ICAM-1 reduction, although infiltrating cells could still access
the retina in an ICAM-1 independent manner (Noda et al., 2014). This tolerance effect may be
another explanation for why T cell recruitment to the retina is impaired when Salmonella and

immune complexes are combined, as a protective mechanism to prevent excessive inflammation.

Salmonella induces expression of MHCII on blood vessels while immune complexes induce
expression of MHCII on microglia at 1 and 4 weeks post challenge. At 1 week post intravitreal
injection, immune complexes and Salmonella combine to give both blood vessel and microglial
expression in the same retinas. There may be consequences of this combined expression for the
function of both cells beyond simple co-expression. Flow cytometric analysis of microglial cell and
endothelial cell phenotype or cell sorting for transcriptomic analysis would provide a better
overview of the functional characteristics of these cells. In contrast at 4 weeks post intravitreal
injection, the combination of immune complexes leads to expression of MHCII either on blood
vessels or microglia. Overall these data indicate an active process of MHCII downregulation on
either microglia or blood vessels. The reasons for this divergent effect are unclear, but may differ

based on the balance of local and systemic inflammation in these mice.
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5.4.7 Summary

Retinal immune complexes induce local inflammation characterised by microglial and Miller cell
activation, T cell recruitment and transient abnormalities in retinal structure and function. When
immune complex formation was combined with Salmonella infection, myeloid cells, which may be
microglia or infiltrating cells, were recruited to the subretinal space. Salmonella did not alter the
number of highly activated microglia, indicating Salmonella is responsible for recruitment, but not
activation, of cells in the subretinal space. In the context of AMD, this means that systemic
bacterial infection may recruit myeloid cells to the subretinal space, where there is chronic local
inflammation and degeneration, which could activate these recruited cells and accelerate disease

pathology.
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Chapter 6:
A mouse model of atrophic lesions
targeted to the outer retina: insights

into human geographic atrophy
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6.1 Introduction

The immune complex model developed by our lab and characterised in Chapter 5 allows for the
examination of antibody and complement-mediated inflammatory changes in the retina. In this
model, there is a clear role for activation of FcyR-expressing immune cells, which can be
exacerbated by systemic inflammation, and these insights may be highly relevant to the early
stages of AMD. However, the inflammatory changes following immune complex formation do not
appear to lead to degeneration in our model of early inflammatory aspects of AMD, preventing its
use in understanding later stages of the disease and how inflammation and degeneration are
related. Developing a mouse model with features of inflammation and progressive degeneration
is critical to understanding GA pathobiology and would represent a model for testing possible

therapies.

The importance of such a model is highlighted by successful advances in wet AMD treatment that
were supported by findings from a mouse model. The laser-induced mouse model of CNV has
become by far the most used and accepted model of late stage wet AMD. In this model,
application of 532nm laser light ruptures Bruch’s Membrane, leading to the rapid growth of new
blood vessels into the retina (Lambert et al., 2013). As seen in humans, VEGF is the key driver of
angiogenesis in this experimental CNV model and neutralisation of VEGF leads to reduced disease
severity (Seo et al., 1999; Kwak et al., 2000; Saishin et al., 2003). This acute experimental model
has also offered many insights into the disease itself with other contributing factors identified
(including CCL2, TNFa and MAC), which are possible targets for combination therapy (Liu et al.,
2011b; Shi et al., 2006).

In contrast, there is currently is no disease modifying therapy available for GA patients and the
main reasons for this are an incomplete understanding of the pathobiology and a lack of mouse
models showing enough similarities to the human condition to test therapies. The key features of

GA include:

e RPE dysfunction followed by loss of photoreceptors due to lack of trophic support (Bird et
al., 2014)

e Abnormalities in retinal structure and function as measured by OCT and ERG (Walter et
al., 1999; Litts et al., 2017; Panorgias et al., 2013)

e Microglial cell activation (Cao et al., 2011; Gupta et al., 2003; Cherepanoff et al., 2010;
Penfold et al., 1997; Combadiére et al., 2007)

¢ Inflammasome activation leading to mature IL-1p and IL-18 (Tarallo et al., 2012)

e Miiller cell activation (Wu et al., 2003)
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In this chapter, | characterise a laser-induced model of GA that develops many of these features
and may provide an acute and reproducible model of outer retinal atrophy. This model may
deliver insights into GA pathobiology and enable screening of possible therapeutic interventions.
Photocoagulation of the retina using an 810nm diode laser has been used in humans to cause
severe damage to the RPE cells leading to cell death, while greatly minimising damage to the inner
layers of the retina. This is possible because the laser passes through the neurosensory retina with
minimal absorption and is then strongly absorbed by the melanin in RPE causing thermal damage
and the subsequent death of the RPE cells (Yu et al., 2013). As RPE cell dysfunction/death is
thought to lead to photoreceptor loss in AMD due to loss of trophic support, this laser application
may allow for the geographic loss of RPE cells leading to photoreceptor loss. A limited number of
mouse and rabbit studies using 810nm diode laser photocoagulation have observed loss of RPE
cells and some have also seen loss of photoreceptor layer (Qiao et al., 2009; Desmettre et al.,
2003; Tackenberg et al., 2009; Morimura et al., 2004). These studies have focused on immune
privilege, Miiller cell activation and heat shock protein expression, which means that the
inflammatory and degenerative aspects of these lesions are poorly described. Here, | characterise
the progression of lesions in terms of structure and function and examine the expression of
inflammatory, oxidative stress and atrophic markers, many of which are highly implicated in GA

pathobiology.

6.2 Methods

6.2.1 Laser Power Optimisation

3 month old C57BL/6 mice were given recovery anaesthesia, and pupils were dilated and imaged
by fundoscopy (see section 2.1.4.2). A laser injector (diameter 400um) was used to apply a
focused 810nm wavelength diode laser to the retina at fixed power (see section 2.1.5). Multiple
adjacent areas of each retina were targeted with either low (22mW for =60s), medium (32mW for
=60s) and high (42mW for =60s) power laser (n=5 mice per group). Lesions were investigated by
fundoscopy and OCT (see section 2.1.4.3) at 4 weeks after laser treatment to study lesion severity,
size and confluence at the different laser powers. Mice were transcardially perfused and eyes
were enucleated and snap-frozen in OCT for immunohistochemistry (see section 2.1.6). Dr. Elena
Pipi sectioned and stained the lesions after medium power laser treatment to investigate

inflammation at the lesion site (see section 2.2).
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6.2.2 Lesion Progression Study

Atrophic lesions were induced in 5-month-old C57BL/6 mice (n=14) by medium dose (32mW for
=60s) laser treatment. During laser treatment, multiple adjacent areas of each retina were
targeted and fundoscopy images were taken before and immediately post laser treatment. The
mice were tracked over time to follow the progression of laser-induced atrophic lesions. Mice
were imaged by ERG (see section 2.1.4.1), OCT and fundoscopy one week before and one, two,
four and eight weeks after laser treatment. OCT and fundoscopy images from each mouse over
time were compared to study lesion progression. A-wave amplitude, B-wave amplitude and B-
wave implicit time were determined from ERG traces (see section 2.1.4.1) and tested for
significant differences by two-way ANOVA repeated by both measures (Variable 1: Time; Variable
2: Control versus laser-treated eye) with Holm- Sidak post hoc testing. Mice were excluded from
analysis if no/low pathology was observed by these methods or baseline ERG readings showed
functional abnormalities. Dr. Elena Pipi assisted with in vivo imaging by preparing mice for these
procedures (i.e. anaesthesia, tropicamide, phenylephrine) and recovering mice after the

procedure.

6.2.3 Laser treatment for RNA and toluidine blue staining

Young (5 months, n=9) and middle-aged (11-13 months, n=4) C57BL/6 mice were laser-treated
using an 810nm laser at 32mW by Dr. Srini Goverdhan for RNA analysis of oxidative stress and
inflammation. RNA analysis was performed on these mice as described in Section 2.4. 18 paired
one-tailed T-tests were conducted on each gene comparing the control and laser-treated eye,
followed by Holm-Sidak multiple comparisons correction. All genes were tested for increased
expression, except Dicerl which was tested for decreased expression. For toluidine blue staining,
Dr. Srini Goverdan and Maureen Gatherer performed laser treatment on middle-aged mice and
tissue was harvested at 12 weeks post laser treatment. Toluidine blue histology was performed by

the Histochemistry Research and Biomedical Imaging Units at the University of Southampton.
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6.3 Results

6.3.1.1 Laser dosage optimisation study

Three different laser powers were tested to determine the optimum settings to give reproducible
lesions for follow-up studies. The doses tested are henceforth described as low (22mW power for
approximately 60s), medium (32mW power for approximately 60s) and high (42mW power for
approximately 60s). The duration values given for each spot are a guide only because laser
duration for each spot was modified to give consistent discolouration to each spot making up the

retinal lesion based on visualisation of the lesioned area during fundoscopy.

Fundoscopy images (Figure 6.1a, b) show that low-dose laser treatment did not cause atrophic
lesions at one month post laser treatment in most cases. A few small areas of pathology
developed from the most severe laser-treated spots, but these were not consistent or
reproducible. Both medium and high-dose laser treatment resulted in visible atrophic lesions at
one month post laser (Figure 6.1c-f). These lesions were characterised by a central
hyperpigmented area surrounded by brighter hazy areas at the margins of the lesion. Medium-
dose laser treatment induced many local areas of atrophy, some of which became confluent,
while high-dose laser treatment induced large scale confluent atrophy of the laser-treated area.
Human GA patients often show separate local areas of atrophy which eventually merge and
become confluent (Figure 6.1g), similar to what was observed in a dose-dependent manner with

this model (Schmitz-Valckenberg, 2017).

At one month post low-dose laser treatment, OCT scans showed minimal disruption of retinal
layers (Figure 6.2b), although it was hard to find the laser-treated sites in these mice as there was
not much pathology. At one month post medium-dose laser treatment, the atrophic lesion
showed a hyperreflective damaged area at the back of the retina (Figure 6.2c). The reasons for
this hyperreflective pathology are unclear but may represent inflammation, atrophy or fibrosis as
described in more detail in the discussion. The laser-treated area also shows the disappearance of
the photoreceptor segments and nuclei, with the INL now in close apposition to the
hyperreflective part of the lesion. Some of the laser-treated areas became confluent while some
spots were still distinguishable from each other (Appendix D1), in line with observations from
fundoscopy. In contrast, the atrophic areas at one month post high-dose laser treatment showed
almost all of the atrophic lesions were confluent (Figure 6.2d). Additionally, the hyperreflective
part of the lesion appears wider and thicker in mice receiving high-dose laser treatment
compared to medium-dose laser treatment, indicating greater pathology after high-dose laser

treatment.
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Immediately post laser 1 month post laser

Low dose

Medium dose

High dose

Figure 6.1 — Fundoscopy of laser-induced lesions at different laser powers.

Representative retinal fundoscopy images of (a, b) low, (c, d) medium and (e, f) high-dose laser
treatment taken (a, c, e) immediately and (b, d, f) one month post laser treatment (n=4 mice per
group, 5 months). (g) Fundoscopy image of human GA (taken from Black & Clark, 2016). Black
arrow denotes hypopigmented margins of the atrophic lesions and white arrow denotes

hyperpigmented centre of the atrophic lesions. OD, optic disc.

198



Chapter 6

Normal

Medium

Figure 6.2 — OCT scans of laser-induced lesions at different laser powers.

Representative retinal OCT scans taken from (a) non laser-treated, (b) low-dose laser-treated, (c)
medium-dose laser-treated and (d) high-dose laser-treated mice at one-month post laser
treatment (n=4 mice per group, 5 months). (e) OCT scan of human GA (taken from Litts et al.,
2016. Areas of laser-induced damage are underlined and the white arrow shows an example of a
hyperreflective area. RNFL, Retinal nerve fibre layer; GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external
limiting membrane; IS/0S, photoreceptor inner segments/outer segments; RPE, retinal pigment

epithelium.
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Furthermore, it seems that the INL is more disrupted in mice receiving high-dose laser treatment
compared to medium dose laser treatment, although it is unclear whether it is due to the
enhanced confluence of the lesions or more severe damage to the inner retina, or a combination
of both. OCT scans of human GA also show hyperreflective areas of pathology at the outer retina
that resemble those seen in this model, as well as a collapse of the outer retina, such that the INL

lies close to the choroid (Figure 6.2e).

6.3.1.2 Laser-induced atrophic lesion progression over time

Next, the lesions were investigated to examine the progression of retinal collapse and function
over time. Medium-dose laser treatment was used in these experiments as this dose gave
reproducible lesions in fundoscopy and OCT scans and showed a lower amount of initial damage
in comparison to the mice given high-dose laser treatment. The high-dose laser-treated group is
less likely to show progression as the starting level of retinal damage and collapse is greater. The
size and severity of medium dose laser-induced retinal lesions over time were tracked using
fundoscopy and OCT to investigate retinal structure and focal ERG to investigate retinal function.
Overall, 4 of 14 mice showed little evidence of pathology in fundoscopy, OCT and ERG and were
excluded from analysis. 2 further mice were excluded from analysis due to severe ERG deficits in
one or both eyes during baseline measurements, suggesting prior dysfunction that would prevent

an accurate assessment of retinal structure/function post laser treatment.

Fundoscopy images of 8 mice with pathology show that there an evolution of the lesion over time
(Figure 6.3). At one week post laser treatment, much of the lesion has a hazy bright appearance,
possibly indicating inflammation. Over successive weeks the centre of the lesion becomes more
hyperpigmented, while the hazy bright area becomes confined to the margins of the lesion. The
margins of the lesion also seem to become more defined over time. The fundoscopy images show
that there is not a clear progression in the size of the retinal lesion between one and eight weeks
post laser treatment. However, fundoscopy is not a sensitive method to judge lesion area as it is
not possible to orientate the mice in an identical manner at every imaging session, which

introduces confounding factors in the appearance of each lesion.

OCT scans show evidence of changes to the structure of the atrophic lesions over time (Figure
6.4). At one and two weeks post laser treatment, the hyperreflective pathology at the outer retina
is thick and very pronounced, but mean retinal thickness progressively reduces at four and eight
weeks. This reduction could indicate clearance of the damaged retinal components or reduced
inflammation. At the same time, there appears to be a progressive collapse of the retina over
time from 1 week to 2 weeks post laser (p=0.0207) and then from 2 weeks post laser to 4 weeks

(p=0.006) and 8 weeks post laser (p=0.0207), although it is unclear whether this is because of the

200



Chapter 6

progressive degeneration of retinal layers or because the layers are already damaged and shift
backwards as debris is cleared from the retina. There are also some indications that the width of
INL pathology increases over time, indicating progression of the lesion outwards, but
quantification of these changes has proven difficult and will be addressed in discussion. Overall,
OCT scans provide better tracking of the retinal lesion than fundoscopy, as the orientation of the

mouse in the scan is more reproducible between sessions.

Figure 6.3 — Fundoscopy images showing progression of laser-induced lesions over time.
Representative retinal fundoscopy images of (a) immediately before, (b) immediately post and (c)
one, (d) two, (e) four and (f) eight weeks post laser treatment. Eight mice (5 months old) were
tracked over time and fundoscopy images of the other mice over time are presented in Appendix

D1.
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Figure 6.4 — OCT images showing progression of laser-induced lesions over time.

Representative retinal OCT scans taken from (a) non-laser treated mice and at (b) one, (c) two, (d)

four and (e) eight weeks post laser treatment. Eight mice (5 months old) were tracked over time

and OCT scans of the other mice over time are provided in Appendix D2. (f) Quantification of mean

retinal thickness(RNFL to RPE) across 560um of retina centred on the lesion. RNFL, Retinal nerve

fibre layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer

plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; IS/0OS, photoreceptor

inner segments/outer segments; RPE, retinal pigment epithelium. Data was analysed using two-

way ANOVA with Holm-Sidak post-hoc testing. Stars denote significance as follows: *p<0.05,
**p<0.01, ****p<0.0001.
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ERG traces show an overall reduction of 23.4% in A-wave amplitude between the laser-treated
and control eye across all timepoints (F1,7=39.31, p=0.0004). Post-hoc testing demonstrated a
significant decrease in A-wave amplitude of 20.2%, 24.4%, 27.1% and 21.8% at one, two, four and
eight weeks post laser treatment respectively, showing that ERG deficits are present at one week
and persist for at least eight weeks post laser treatment (Figure 6.5a). A-wave deficits indicate
impairment of photoreceptor function after laser treatment throughout the experiment. There is
an overall reduction of 22.8% in B-wave amplitude between the laser-treated and control eye
across all timepoints (F17= 64, p=<0.0001). Post-hoc testing showed there is a significant
reduction in B-wave amplitude of 19.5%, 24.5%, 26.7% and 20.4% at one, two, four and eight
weeks respectively (Figure 6.5b). The degree of A-wave and B-wave deficits are remarkably
similar, indicating that the photoreceptor deficits also result in reduced signalling to the bipolar
cells/ganglion cell layers. B-wave implicit time is also increased in laser-treated eye compared to
control eye (F1,7=9.646, p=0.0172). These changes didn’t reach significance at any timepoint in
multiple comparison testing, although there is a trend for increased implicit time in the laser-
treated eyes at 1, 2 and 4 weeks post laser treatment, but not at 8 weeks post laser treatment

possibly indicating some recovery of ERG deficits by this timepoint.

Overall, medium dose laser treatment induces atrophic lesions with sustained pathology between
one and eight weeks post laser treatment. Fundoscopy shows the lesions are geographic and
evolve over time to become hyperpigmented, although there is not clear evidence for outward
progression of the lesion. OCT scans show hyperreflective pathology at the outer retina at 1 week
post laser treatment, which resolves over time. Meanwhile, the outer retinal layers collapse to
leave the intact inner retinal layers in apposition with the choroid. Focal ERGs show the lesion
results in long-term functional deficits in the photoreceptor layer and subsequent signalling,

which are not progressive.
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Figure 6.5 — ERG analysis of retinas containing laser-induced lesions over time.

Quantification of (a) A-wave amplitude, (b) B-wave amplitude and (c) B-wave implicit time from
the laser-treated and non-laser treated eyes at baseline and one, two, four and eight weeks post
laser treatment (n=8 mice, 5 months). Average ERG traces for each group are shown for (d) one
week before and (e) one, (f) two, (g) four and (h) eight weeks post laser treatment. Arrows indicate
the application of the light stimulus. Data was analysed using two-way ANOVA (repeated
measures by both factors, factor 1: control vs laser-treated eye, factor 2: time) with Holm-Sidak
post-hoc testing. Stars denote significance as follows: *p<0.05, **p<0.01, ***p<0.001. Graphs are

presented as mean+SEM.
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6.3.1.3 Characterisation of laser-induced atrophic lesions by gene expression and histology

The model was characterised at one timepoint to gain insights into structural and immunological
changes occurring post laser treatment. The one month timepoint was chosen for this
investigation as it showed the strongest ERG deficits and some hyperreflective pathology is still
clearly visible. This study was conducted in young and middle aged mice to see whether the
addition of aging as an additional cofactor has an effect on the response to laser-induced atrophic
lesions. For gene expression analysis, eight out of nine young mice (5 months) and three out of
four middle-aged mice (11-13 months) showed evidence of large areas of atrophic lesions, while
two mice showed little pathology and were excluded from analysis. No significant differences in
mMRNA expression of all genes tested was observed between young and middle-aged mice and
consequently the data was pooled for analysis (Figure 6.6), but the separated data is provided in
Appendix D3. Complement component 3 (C3) was the most upregulated gene investigated with
an increase of 341% (t10=4.637, p=0.0009), indicating a central role of complement in mediating
laser-induced atrophy. mRNA analysis also revealed upregulation of astrocytic/Miller cell marker
GFAP by 193% (t10=3.957, p=0.0027) and microglial marker FcyRI by 75% (ts=3.737, p=0.0046). In
addition, genes encoding proteins associated with the inflammasome, inflammation and
apoptosis were upregulated at one month post laser treatment: Caspase 1 by 162% (t10=5.464,
p=0.0003), IL-1B by 73% (t10=4.91, p=0.0006), Caspase 8 by 40% (t10=5.647, p=0.0002) and IL-18 by
14% (t10=3.268, p=0.0085).

Investigation of genes encoding proteins associated with oxidative stress revealed that mRNA
levels of NADPH oxidase pathway subunits Cybb and Cyba were increased by 274% (t10=4.2,
p=0.0018) and 28% (t10=5.232, p=0.0004) respectively. Cybb encodes a protein known as NADPH
oxidase 2 (NOX2) or cytochrome b subunit, while Cyba encodes a protein known as p22phox or
cytochrome a subunit. In phagocytes, these NADPH oxidase pathway genes are involved with the
generation of superoxides, a reactive oxygen species (ROS) that greatly contributes to oxidative
stress (Panday et al., 2015). In contrast, no significant changes were found in the mRNA levels of
nitric oxide synthesis enzymes at one month post laser treatment: Nos1 (t10=1.267, p=0.2340),
Nos2 (t10=0.7965, p=0.4442) and Nos3 (t10=1.366, p=0.2018). mRNA levels of oxidative stress
response genes Hmox1 (t10=1.947, p=0.0802), Nfe2l2 (t10=1.25, p=0.2397) and Sod2 (t10=0.0652,
p=0.9493) were not changed at one month post laser treatment, and this was also true for wound
healing response gene Argl (t10=1.01, p=0.3361). No changes in mRNA expression of Vegfa
(t10=0.284, p=0.7822) or Dicerl (t10=0.6079, p=0.5568), which are associated with wet AMD and
GA respectively were observed (Tarallo et al., 2012; Ferrara, 2010). Overall, these data indicate

that several distinct inflammatory pathways are activated at one month post laser treatment.
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Figure 6.6 — Gene expression in the retina at one month post laser treatment.

Values are displayed as the average increase in gene expression in the laser-treated retina
compared to the control retina for each mouse. Gene expression of eight young mice (5 months
old) and three middle-aged mice (11-13 months old) was measured using SYBR Green qPCR (see
Appendix D3 for separate graphs of young and middle-aged mice). Data was analysed using
multiple paired one-tailed t-tests followed by Holm-Sidak multiple comparisons correction. Stars

denote significance as follows: *p<0.05, **p<0.01. Graphs are presented as mean+SEM.

Next, the immunological changes in the retina were investigated by immunohistochemistry. DAPI
counterstaining reveals that there are few remaining photoreceptor cell nuclei in the laser-
induced atrophic lesion, as the ONL is mostly destroyed at one month post laser treatment (Figure
6.7a-b). The areas surrounding the lesion appear to have remarkably normal nuclei staining,
showing the effects of laser treatment are highly localised. At the laser-treated site, there is an
increased expression of GFAP, indicating activation of astrocytes and Miiller cells. GFAP staining of
astrocytes and Miiller cells is spatially distinct, allowing the effect of the laser treatment on both
cell types to be determined. Astrocytic GFAP expression was confined to GCL (particularly the
vitreal side of the GCL) and this pattern is increased at the laser-induced site, indicating
astrocytosis. Mller cells express GFAP on long, fine processes extending from the GCL to the
outer retinal layers in the retina at one month post laser treatment, while this staining pattern
was not observed in control mice. GFAP expression is very robust at the laser-induced site but is
also present in adjacent, non-laser treated areas, indicating that the inflammation at one month

post laser treatment is not localised solely to the laser-induced site. FcyRI expression on microglia
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appears upregulated in the laser-treated area suggesting microglial activation. There is also an
increased number of microglial cells in and around the lesioned area indicating microglial cell
recruitment. Some FcyRI+ cells are localised to the back of the retina at the laser-induced site and
this was not seen in control mice. It is unclear whether these FcyRI+ cells are recruited microglia

or infiltrate the lesion from the choroidal circulation.

The Brightfield channel from the fluorescent images was separated from the other channels and is
shown in Figure 6.7c-d. These channels highlight the changes to retinal/choroidal pigment
following laser treatment. At one month post laser treatment, the layer of pigment at the back of
the retina is thicker and this effect is seen away from the laser-induced site as well, indicating a
wider area of disruption at the RPE/choroid interface when compared to the area of ONL loss.
Clusters of pigment also appear to separate from the main pigmented area in several places in the
laser-treated mice compared to the control, which could indicate RPE damage. However, this may
also be due to difficulties during sectioning as the laser-treated areas are prone to cutting
artefacts. Overall, these images show that after laser treatment, there is loss of the outer retinal

layers, while the inner retinal layers remain remarkably preserved, but are highly inflamed.

RPE/Choroid
PR

ONL

OPL
INL

IPL
GCL

RPE/Choroid

Figure 6.7 — Retinal FcyRI and GFAP expression at one month post laser treatment.
Representative immunohistochemistry images at one month post laser treatment taken (a, c)
away from and (b, d) focused on the laser-treated site. (a, b) Immunohistochemical staining of the
retina with FcyRI (green), GFAP (red) and DAPI (blue). (c, d) Brightfield images showing the
changes in pigmentation of the RPE/Choroid as a separated channel from (a, b). RPE, retinal
pigment epithelium; PR, photoreceptor segments; ONL, outer nuclear layer; OPL, outer plexiform

layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Representative histology of a retinal lesion at three months post laser treatment in middle-aged
mice was performed by Dr. Srini Goverdhan, Maureen Gatherer, the Histochemistry Research Unit
and the Biomedical Imaging Unit (Figure 6.8). Although 3 months post laser treatment is a later
timepoint than has been investigated in the other studies in this thesis, the level of pathology
appears to be sustained, but not markedly progressed, between 1 and 2 months post laser
treatment, meaning insights at this timepoint are likely to be relevant to earlier timepoints.
Toluidine blue histology confirms the loss of RPE and photoreceptors in the lesioned area, while
the INL was distorted and now lies in apposition to the choroid with the IPL and GCL layers intact.
The choroid, which also contains melanin pigment sensitive to 810nm laser absorption, appears
severely swollen, either as a result of direct damage or due to clearance of large amounts of

debris from the outer retina.
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Ch

RPE

IPL

Figure 6.8 — Histology images of laser-induced lesions

Representative toluidine blue histology of a laser-induced atrophic lesion taken at (a) 40x
magnification and (b) 160x magnification of the area indicated by an asterisk. Lesions were
examined at 12 weeks post laser treatment in three mice (11-13 months). Ch, Choroid; RPE, retinal
pigment epithelium; OS, photoreceptor outer segment; IS, photoreceptor inner segment; ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;

GCL, ganglion cell layer.
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6.4 Discussion

Geographic atrophy, the late stage of dry AMD, is thought to begin with the progressive
dysfunction of RPE cells in the macula followed by the loss of photoreceptors due to a lack of
support from the RPE. The mechanisms by which this process occurs, however, are poorly
understood and this hinders the development of effective therapeutics. Therefore, there is a real
need for a mouse model recapitulating aspects of human GA to provide mechanistic insights and
test interventions, as seen with the laser-induced CNV model. Here, | discuss the advantages and
disadvantages of this laser-induced GA model and highlight how it compares with known features

of GA pathobiology.

6.4.1 Laser-induced atrophic lesions: dose dependency and reproducibility

The development of lesions is largely dependent on laser power. There is a dose-dependent
effect, where 22mW power induced minimal damage and 42mW power resulted in huge atrophic
confluent lesions. At 32mW laser power, faint subthreshold laser burns immediately post laser
treatment were observed. This led to collapse of the RPE/outer retinal layer at one month post
laser treatment. This intermediate dose provides the best opportunity to look for progression of
the lesion over time. However, the dose chosen can be varied based on a specific research

question.

Reasonably consistent lesions were induced in mice using 32mW laser power for an average of 60
seconds per laser spot. The exact time that each spot requires is variable and is particularly
affected by how central the spot is in the field of view during laser treatment. Some mice required
a greater duration of exposure than others to develop subthreshold laser burns. The most likely
reason for this is that there are differences in the orientation of each mouse during the
procedure, although other factors may also be involved. Despite these limitations, | have
managed to develop a procedure yielding reasonably reproducible outer retinal lesions, which are
heavily reliant upon the experience of the person using the laser to identify exactly when a burn is
at the right dose. Thus, the experiment should always be performed by an experienced user. In
these conditions, the laser-induced lesions show good intra- and inter-experiment reproducibility
within the same lab. The best way to ensure inter-lab consistency would be for a lab to perform

an initial dose-dependency study to identify the optimum laser power for their setup.

Overall, I believe that the model can become consistent between labs, where the key
requirements are optimisation of laser power and detailed training of the person performing laser

treatment to create reproducible subthreshold burns.
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6.4.2 Fundoscopic changes to the retina in GA

Klein et al. 2008 present fundoscopy images taken over 13 years from nearly 100 patients with dry
AMD that went on to develop GA during their study. They show that for >65% of patients, the

sequence of events leading to GA was:

Development of drusen (>6.6 years before GA onset)
Hyperpigmentation (5 years before GA onset)

Drusen regression & hypopigmentation (2.5 years before GA onset)

P w N

Geographic atrophy

The authors point out the wide variability amongst the sequence and timings of each stage as well
as multiple stages occurring simultaneously, but despite these differences this sequence provides

a schematic to which animal models can be compared.

Fundoscopy at 1, 2, 4 and 8 weeks post laser treatment shows the presence of several patches of
retinal lesions, some of which because became confluent. These lesions are clearly observable
and can be followed up over time as performed in patients. GA is typically comprised multiple
sites of focal degeneration that grow to confluence over time (Schmitz-Valckenberg, 2017), so the
mix of patchy and confluent degeneration in the laser-induced model represents this aspect well.
The laser-induced lesions don’t appear to progress outwards over the 2 month follow-up period.
In human GA, the size of lesions does increase over time (Schmitz-Valckenberg, 2017), but this is a
process that occurs over years so it would be interesting to re-examine these lesions when the

mice are much older to see if the area of lesion increases over time.

The main problem, however, is that fundoscopy is not sensitive enough to detect minor changes
in lesion appearance. | am currently investigating whether it is possible to use the OCT scans to
provide an accurate quantification of the surface area of these lesions. In patients, a combination
of OCT and fundus autofluorescence (FAF) scans are recommended to visualise GA lesions. OCT
provides fantastic vertical resolution of lesions and retinal layers, while FAF provides better
discrimination of lesion boundaries and lateral resolution (Schmitz-Valckenberg, 2017). FAF
imaging shows that atrophic lesions have reduced autofluoresence due to lipofuscin loss with RPE
cell degeneration. However at the margins of the lesion, different patterns of hyper- and
hypofluorescence are observed in patients and these are associated with different rates of GA
progression (Holz et al., 2007). It would be interesting to perform FAF on these laser induced
lesions, to better track lesion progression and classify these lesions based on subgroups seen in

GA patients.
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Following laser treatment, the lesioned area becomes hyperpigmented over time, which may be
reflective of the RPE/choroid interface being more visible over time as the retina degenerates.
Alternatively, it could represent a build-up of pigment in the outer retina due to overwhelmed
clearance mechanisms as a result of laser-induced damage. Areas of hyperpigmentation and
hypopigmentation are observed in 96% and 82% of dry AMD patients respectively (Klein et al.,
2008). However, areas of hyperpigmentation are common in early/intermediate AMD and these
then develop into areas of hypopigmentation before the development of GA. This hypopigmented
appearance is then retained throughout GA. Although this laser-induced model displays
hyperpigmentation and not the hypopigmentation typical of GA, it would be interesting to see
whether the hyperpigmented lesions become hypopigmented at later timepoints like in GA

patients.

Finally, the laser-induced lesions can be clearly demarcated by a bright hazy border that becomes
less apparent over time. Clear demarcation is a key feature of human GA (Schmitz-Valckenberg,
2017), although the borders do not appear to be hazy. However, due to the much larger size of
the human retina when compared to the mouse retina, fundoscopy images are far more zoomed

out so it may not be possible to observe the edges of these lesions in the same detail.

6.4.3 Structural changes to the retina in GA

SD-OCT scans show that as intermediate AMD progresses towards GA, large confluent drusen,
which are typically hyperreflective, regress leaving some hyperreflective abnormalities at the back
of the retina, which persist as the outer retinal layers collapse leaving the OPL in close apposition
to the back of the retina (Wu et al., 2014). The loss of the outer retinal layers progresses over
many years (by an average of 5um/year), while the inner retinal layer stays at the same size, or
even increases slightly in some studies (by an average of 1.5um/year) (Ebneter et al., 2016; Pilotto
et al., 2013). Histopathological studies of retinas with GA show the progressive degeneration of
outer retinal layers, starting with the RPE and followed by photoreceptor IS/0S and ONL, such
that a thin OPL rests directly on the basal laminar deposits in association with the choroid (Sarks
et al., 1988; Sarks, 1976). Meanwhile, the inner nuclear layer is not particularly affected by the
loss of the outer retina (Sarks et al., 1988; Sarks, 1976).

At one-week post laser treatment, lesions are characterised by hyperreflective areas of outer
retinal damage in the OCT, as seen in patients preceding GA. Over the course of eight weeks these
hyperreflective areas regressed to the back of the retina, although some hyperreflective
pathology was still apparent. Alongside these changes, the RPE, photoreceptor segments and ONL

collapsed at the centre of lesions, leaving the ONL/IPL in apposition with the outer retina as seen

212



Chapter 6

in GA patients. The causes of hyperreflectivity in GA patients and the GA model are not clear and

could arise from any combination of the following factors:

1. Drusen is typically hyperreflective, although not always as it depends on the composition
of the drusen (Fleckenstein et al., 2008)

2. Regressed drusen, which form sub-RPE deposits, are increasingly calcified (Klein et al.,
2008)

3. The RPE layer is naturally hyperreflective and could thicken due to dysfunction
(Michalewski et al., 2014)

4. High levels of inflammation, causing deformation of the retina, as has been seen in EAU
(Chen et al., 2013a)

5. Fibrosis (Augustin et al., 2016)

6. Rapid cell death (Secondi et al., 2012)

Therefore, although the pattern of hyperreflective damage regression and OPL/INL depression at
the lesion site is similar, the underpinning processes could be due to different factors especially
given the acute nature of the laser model (e.g. regressed drusen in GA patients, but rapid cell
death in the laser-induced model). This model shows progressive collapse of the retina from 1 to 4
weeks post laser treatment, but it is not clear whether there is progressive loss of the outer retina
or the INL depression is solely due to the regression of hyperreflective pathology at the back of
the retina. The OCT scans also demonstrate that the inner layers of the retina seem to be intact in
the lasered area, as observed in GA patients. Histology performed at 4 and 12 weeks post laser
treatment agrees strongly with these findings, showing loss of the outer layers at the laser-

induced site while the inner layers seem remarkably intact.

The effect of laser on the choroid is also unclear. In GA patients, the choriocapillaris appear
atrophied at the site of GA (Schmitz-Valckenberg, 2017). Whereas, the choroid after laser appears
to be enlarged overall, although the effect on individual capillaries is unclear. This enlargement
may be due to the large volume of material to be cleared away following acute damage caused by
the laser and is still observed at 3 months post laser. However, as the choroid contains melanin it

is also possible that the laser has induced some direct damage to the choroid.

6.4.4 Functional changes to the retina in GA

Initially with ERG recordings, | tried to focus the light stimulus of the ERG specifically to the
lesioned area and identified the lasered area under red light to greatly reduce photobleaching of
the rods before recording and then applied the light stimulus. However, the results of focused

ERGs were meaningless as strong photobleaching was observed. Consequently, | opted to use the

213



Chapter 6

focal ERG system at the largest aperture to have the best chance of fully encompassing the laser
site. This adds some variability to the ERG measurements based on the assumed inclusion of the
laser site. Despite this, the ERG data was significant between control and laser-treated eyes at all
timepoints for both the a- and b-wave, indicating a clear and reproducible effect of the laser
lesion on the retina. The effect sizes were similar across one to eight weeks for both the a- and b-
waves, indicating that there were not progressive ERG deficits over time. This fits well with data
from human AMD patients, where there are substantial scotopic ERG deficits in AMD patients, but
these deficits are reasonably constant at the different stages of AMD (Walter et al., 1999). The
laser-treated eyes also have an increased B wave implicit time compared to control eyes, which is
also observed in AMD patients (Walter et al., 1999). Overall, the model recapitulates the 3 key
electrophysiological changes observed in human AMD patients compared to age-matched

controls.

6.4.5 Inflammation in laser-induced atrophic lesions and GA

The role of local inflammation in AMD is well established, although it is unclear whether it drives
degeneration or is a by-product of degeneration. GA lesions in human post-mortem eyes have
been analysed by immunohistochemistry and gPCR analysis following microdissection. Although
the understanding of inflammation in AMD is incomplete, largely due to the limited number of
good quality post-mortem eyes available, these studies have given some key findings on the role

of inflammatory cells and factors during GA.

At the laser site, GFAP expression is increased in the inner layers of the retina and this is
supported by a 2-fold increase in GFAP mRNA. However, as the laser model is geographic and RNA
is isolated from the whole retina, it is likely that mRNA levels of GFAP at the laser site is much
higher, and this is supported by immunohistochemical staining for GFAP. GFAP is expressed by
astrocytes under resting and activated conditions, and by Miiller cells only when activated
(Verderber et al., 1995). Immunohistochemistry staining for GFAP showed that the Miiller cells
within the laser-site and around the margins of the laser site are strongly activated, while there is
little activation far away from the laser site. The staining pattern of astrocytes is also stronger at
the laser site, suggesting some astrogliosis in this model. In human AMD patients, astrogliosis is
observed around areas containing drusen, but this does not become worse during GA (Wu et al.,
2003). In contrast, drusen does not significantly increase Miiller cell activation, but strong Miller
cell activation is seen in GA patients. Overall, the laser model recapitulates the GFAP expression
pattern seen in GA patients well, with stronger changes in GFAP expression by Miiller cells than

astrocytes (Wu et al., 2003).
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Microglial cell activation is also observed in the laser model as seen by increased mRNA and
protein levels of FcyRI. As seen for GFAP, most changes in FcyRI expression are confined to the
centre and periphery of the laser site. In healthy young and aged subjects, very few macrophages
can be found within Bruch’s membrane. In early to intermediate AMD, many macrophages are
recruited to Bruch’s membrane, although it is unclear whether these are recruited microglia
and/or choroidal macrophages. Many of these cells express CX3CR1, MHCII and CD68, but not
iNOS (Penfold et al., 1997; Cherepanoff et al., 2010; Combadiére et al., 2007). In GA, the number
of microglia is reduced 2.5-fold compared to intermediate AMD, with CD68+ macrophages found
around the edges of atrophic lesions and a few hypertrophic microglia in the centre of the lesion
(Cherepanoff et al., 2010; Gupta et al., 2003). Giant cells from the choroid are also found in
atrophic lesions, which are thought to form due to the fusion of multiple mononuclear phagocytic
cells (Penfold et al., 1986). In the laser model, activated microglia with a hypertrophic appearance
are found in the lesion and its margins and there are also a number of large subretinal cells
reminiscent of giant cells at the sites of outer retinal collapse. Consequently, the model
recapitulates many features of myeloid cell activation in GA patients. Tracing the origins of the
cells in this model may give an indication of the relative contribution of microglia and peripheral
macrophages in AMD. It would be interesting to investigate other markers expressed by these

microglia, such as MHCII and CD68 to see how their profile compares to GA patients.

The complement system is the immune pathway most commonly associated with AMD (see
introduction section 1.4.5). Complement inhibition has been trialled in GA patients with
lampalizumab (anti-CFD) reducing progression of atrophy by 20% per year in the MAHALO Phase Il
trial (Yaspan et al., 2017). In the laser model, C3 is the most upregulated gene of the 18 tested
with a 3.5-fold increase, indicating an important role of local complement production in this GA
model. It would be interesting to investigate additional complement genes/inhibitors of the
classical (i.e. C1q) and alternative pathways (i.e. CFB/CFD) to see whether one arm plays a more

important role in driving inflammation/cell lysis during atrophy.

GA patients have increased mRNA levels of IL-18 and Nlrp3, with a trend for elevated IL-1B, and
increased protein levels of pro- and mature caspase 1 (Tarallo et al., 2012). In the laser model,
there is are increased mRNA levels of IL-18 and IL-1f3, and caspase 1, but not the NLRP3
inflammasome. However, upregulation of the NLRP3 gene doesn’t necessarily correlate with
inflammasome activity, so the NLRP3 inflammasome may become active but not upregulated. In
GA patients, loss of Dicerl is thought to cause a build-up of Alu RNA, which can act as a signal for
inflammasome activation (Kaneko et al., 2011). In the laser model, levels of Dicerl were not
altered, indicating a different mechanism of inflammasome activation. Increased protein levels of

caspase 8 are also found in GA lesions and may be responsible for driving apoptosis following IL-
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18 activation by the inflammasome (Kim et al., 2014). In the laser model, caspase 8 is upregulated

at an mRNA level and may drive apoptotic cell death at the laser site.

There was also no evidence of VEGF expression in this model at one month post laser. This
indicates that the phenotype favours GA over neovascularisation. However, 810nm laser
application to the retina has previous shown VEGF expression at 12h post laser in rabbits, so there
may be an initial transient expression of VEGF (Yu et al., 2013). Analysis of the laser model at

earlier timepoints may show whether there is earlier expression of VEGF.

6.4.6 Oxidative stress and GA

Oxidative stress is highly implicated in AMD patients by risk factors and observations that most of
the protein and lipid components in drusen are strongly oxidised (Crabb et al., 2002; Schutt et al.,
2003). Furthermore, genetic polymorphisms in the oxidative stress response gene SOD2 are
associated with an altered risk of AMD (Kimura et al., 2000). However, the specific oxidative stress
pathways active in GA are not well understood. In the laser model, the only oxidative pathway
tested that showed activation is the NOX2 pathway involved with the formation of ROS
superoxides (Panday et al., 2015). Superoxides can then react with other molecules to generate
more toxic ROS species (i.e. peroxynitrate) (Li et al., 2005). Levels of NOX pathway components
have not been quantified for GA patients and these data indicate that it may be a pathway for
further investigation. The NOX pathway has recently become an interesting area of investigation
in many neurodegenerative diseases, most notably Alzheimer’s disease, and is also upregulated in
the retina of transgenic mice, where it is thought to contribute to rod photoreceptor

degeneration (Song et al., 2016; Ma et al., 2017)

None of the nitric oxide synthase genes (nNOS, eNOS, iNOS) were found upregulated preventing
the conversion of superoxides into the highly toxic peroxynitrate in the laser model. These
findings are in line with AMD patients showing little change in protein levels of nitric oxide
synthase in the retina (Bhutto et al., 2010). Levels of oxidative stress response genes (Hmox-1,
Nfe2l2, Sod2) controlling antioxidant gene batteries are not altered at one month post laser,
indicating that the balance of oxidative stress vs antioxidants is shifted towards oxidative stress.
Although it is also possible that these genes were upregulated at early time points in an attempt
to maintain homeostasis. It is also unclear whether acute oxidative stress in the laser model is

proportionate to the levels of oxidative stress observed during AMD.
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6.4.7 Summary

The laser-induced model of CNV is a widely used model for investigating mechanisms and possible
therapies for human wet AMD. Here, | present a laser-induced model of outer retinal atrophic
lesions that recapitulates many key features of human GA. In detail, this model is characterised by
progressive outer retinal collapse from 1 to 4 weeks post laser treatment along with non-
progressive ERG deficits. This model also finds evidence for activation of microglial and Miller
cells, complement and the inflammasome, which have been previously shown dry AMD patients.
As many of the upregulated genes in this model have been found in GA patients, this model could
be used to gain insights into atrophic AMD pathology. For example, based on data from lasered
mice, NAPDH oxidases may play a key role in driving oxidative stress during atrophy and
represents and interesting target for investigation in human AMD. Furthermore, the relative
importance of different pathways in driving atrophy, such as complement and inflammasome
activation, could be investigated in this model using knockout mice or drug interventions. The
laser-induced outer retinal atrophic lesions are therefore useful for both mechanistic and

pharmacological studies.
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7.1 Introduction

Mouse studies are a valuable tool to investigate many biological phenomena, but they can never
fully recapitulate processes in humans. Differences in retinal structure (e.g lack of macula),
immunology and lifelong exposure to environmental factors between mice and humans are some
key reasons why AMD cannot be understood by mouse models alone. Therefore, although data
presented in chapter 5 indicates that systemic bacterial infection and retinal inflammation are
associated in mouse models, it is important to assess how these are related in a human

population.

There is indirect evidence to suggest a role for systemic inflammation in AMD incidence and/or
progression. Firstly, the risk factors for AMD are associated with increased peripheral
inflammation. For example, environmental factors related to AMD (i.e. smoking and obesity) are
associated with higher CRP and IL-6 levels in the serum. Moreover, genetic risk factors, including
the high AMD-risk CFH genotype, have been associated with increased IL-8, IL-18 and TNFa serum
levels (Cao et al., 2013; Seddon et al., 2005). Secondly, differences in systemic immune cell
populations between AMD patients and control patients have been identified (see introduction
section 1.5.2). Thirdly, systemic bacterial/viral infections have been associated with increased
AMD incidence and/or progression (see introduction section 1.5.4). Notably, presence of
periodontitis, which is caused by bacterial infection, is associated with an increased risk of
developing AMD in two independent cohorts (Han & Park, 2017; Wagley et al., 2015). Finally,
systemic immunosuppressants seem to reduce the risk of developing AMD; RA patients given
long-term systemic immunosuppressants are 10 times less likely to develop AMD (McGeer &
Sibley, 2005). These findings are not unique to AMD, and systemic immunosuppression,

particularly targeting TNFa, is being investigated in Alzheimer’s disease (Butchart et al., 2015).

Cytokine measurements provide a reasonable snapshot of inflammatory status. They give an
indication of general inflammation, but differential expression patterns can identify specifically
activated immune responses (e.g. Type 1: IFNy, IL-6, IL-8, TNFa; Type 2: IL-4, IL-10, IL-13; Type 17:
IL-17, IL-23). In addition to baseline levels of cytokines, it is important to characterise the
phenotype/responses of immune cells to determine their activation status. One such study found
that people with monocytes producing naturally high levels of TNFa are 5 times more likely to
develop AMD (Cousins et al., 2004). These studies can be combined with ex vivo cell activation
assays using known stimuli, such as LPS, to determine the capacity of immune cells to respond to
insults. This has been pioneered in the field of autoimmune diseases, with both early and late RA
patients showing increased IL-6, but decreased IL-8, in response to PBMC stimulation with viral

stimuli (Davis Il et al., 2010). Furthermore, during RA there is reduced production of many
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cytokines in response to general T cell stimulation of PBMCs, but increased cytokine production
when IL-17 specific T cells responses were investigated (Davis Ill et al., 2010). This study shows the
power of stimulation to dissect the role of different inflammatory cells and pathways during
disease. Such techniques may identify inflammatory pathways specifically altered in AMD
patients, or could enable AMD patients to be stratified based on different systemic immune

profiles.

In this chapter, | describe the local (i.e. aqueous humour) and peripheral cytokine levels in a
mixed cohort of dry and wet AMD patients and age-matched controls along with their correlation.
In addition, | perform immunophenotyping to characterise the immune signature of the cohort

and their inflammatory potential to respond to a range of inflammatory stimuli.

7.2 Methods

39 cataract surgery patients with or without concomitant AMD were recruited to an observational
clinical study to investigate the role of local and systemic inflammation in AMD (see section 2.7.1
for further study details). Serum and aqueous humour was collected from patients for
guantification of inflammatory cytokine levels by multiplex ELISA (Mesoscale Discovery, see
section). Blood was collected by the ophthalmic research nursing team (Amanda Smith, Thea Sass
and Mercy Jeyeraj), while agueous humour was collected by ophthalmic surgeons (Andrew
Lotery, Christine Rennie). Whole blood containing sodium lithium anti-coagulant was stimulated
with immune stimuli mimicking bacterial (LPS), viral (R848) and T cell activation (stimulatory anti-
CD3 mAb OKT3). Supernatant and immune cells were collected 19 hrs after stimulation and
assayed for levels of cytokines by mesoscale and intracellular flow cytometry (see sections 2.7.4
and 2.7.5). Not all types of samples were collected for all patients, consequently differences in
demographics were analysed for each technique, but age, gender and smoking status was not
significantly different between groups for any technique analysed (see appendix E). Gating
strategy for flow cytometric analysis is provided in appendix F. Statistics performed are specified
in the figure legends. Parametric or non-parametric statistics were performed depending on the
normality of each group and most data was non-parametric. For graphs of ranked values, ranking
was performed where the lowest result was given a value 1, the next lowest 2 etc. In the event of

a tie, both results were given the same value.
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7.3 Results

731 Serum and aqueous humour cytokines in AMD patients versus controls

There is conflicting data on cytokine levels in serum and aqueous humour of AMD patients
compared to age-matched controls. Additionally, these studies rarely assess both the serum and
aqueous humour cytokines from the same patients. Here, | examine the levels of 10 cytokines in
the serum and aqueous humour for this cohort of AMD patients and controls and assess the

correlation of local and peripheral inflammation.

No significant differences in serum cytokines were observed between AMD patients and controls
(Figure 7.1a). For the combined cohort, levels of IFNy (9.85pg/ml) and IL-8 (12.5pg/ml) were
highest, followed by IL-13 (3.05pg/ml) and TNFa (3.26pg/ml) and then IL-6 (1.36pg/ml, Figure
7.1b). Levels of 5 of the 10 cytokines assayed (IL-1B, IL-2, IL-4, IL-10, IL-12 p70) were below the

guantitation limit of the mesoscale assay and were therefore not analysed.

In terms of local cytokine levels, there is a significant increase in levels of IL-8 in aqueous humour
of AMD patients compared to controls, but no difference for IL-6 or IL-13 (Figure 7.1c). For the
combined cohort, levels of IL-6 (12.6pg/ml), IL-8 (8.57pg/ml) and IL-13 (6.00pg/ml) were not
significantly different from each other (Figure 7.1d). Levels of 7 of the 10 cytokines assayed (IFNy,
IL-1B, IL-2, IL-4, IL-10, IL-12 p70, TNFa) were below the quantitation limit of the mesoscale assay
and were therefore not analysed. Stratification of patients showed no significant differences in
wet or dry AMD patients, although an interesting trend for increased IL-13 in the aqueous humour
of dry AMD patients was observed (Figure 7.2). However, this analysis demonstrated that when

stratified the data has greatly reduced statistical power.

In terms of correlation between aqueous and serum cytokines, there is a weak but significant
positive relationship (p=0.3589, p=0.0237) between aqueous and serum levels of IL-6 (Figure
7.3b). Similarly, there is a weak positive relationship (p=0.3113, p=0.0441) between aqueous and
serum levels of IL-8 (Figure 7.3b). In contrast, there is no correlation between aqueous and serum
IL-13 (Figure 7.3c). Levels of IL-6 and IL-13 are higher in the agueous compared to the serum,

while IL-8 levels are higher in the serum than the aqueous.

Overall, these data indicate increased IL-8 levels in the aqueous of AMD patients compared to
controls, but no differences in serum levels of any cytokine assayed. For the whole cohort, IL-6
and IL-8 levels in the periphery and aqueous humour correlated, indicating a form of crosstalk

between the blood and the eye.
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Figure 7.1 — Aqueous and serum cytokine levels in AMD patients and controls.

Levels of (a) serum IFNy, IL-6, IL-8, IL-13 and TNFa (n=16-17 per group) and (c) aqueous humour IL-
6, IL-8 and IL-13 (n=15-19 per group) were quantified by multiplex ELISA (Mesoscale Discovery).
Levels of cytokines in (b) serum and (d) aqueous humour for the whole cohort. Graphs are
presented as mean+SEM. (a, c) Data was analysed by non-parametric one-tailed Mann-Whitney U-
test, except for IL-8 serum, which was parametric and analysed by unpaired one-tailed T-test.

Stars denote significance as follows: *p=0.05. (b, d) Data was analysed by non-parametric
repeated measures Friedman test with Dunn post-hoc testing. Different letters denote statistically

different means.
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Figure 7.2 — Aqueous and serum cytokine levels stratified by AMD subtype.

Levels of (a) serum IFNy, IL-6, IL-8, IL-13 and TNFa (control group: n=16, dry AMD group: n=8, wet
AMD group: n=9) and (b) aqueous humour IL-6, IL-8 and IL-13 (control group: n=15, dry AMD
group: n=8, wet AMD group: n=11) were quantified by multiplex ELISA (Mesoscale Discovery).
Graphs are presented as mean+SEM. Data was analysed by non-parametric one-tailed Mann-

Whitney U-test, except for IL-8 serum, which was parametric and analysed by unpaired one-tailed

T-test.

224



Chapter 7

d L6 b L6
101 404
- p=0.3589, p=0.0237
8- g
—_ © 304
£ @
E [
5 4 =
g § 10
21 &
”n
0 20 40 60 80 100 1] 10 20 30 40
Aqueous (pg/ml) Aqueous (Rank score)
IL-8 IL-8
30 404
p=0.3113, p=0.0441
e
= =] 30-
E 20- &
2 < 2
o s 204
£ £ /
=
o 104 E
@ 3 104
@
n
0 T T T T d 0 T T T d
0 10 20 30 40 50 0 10 20 30 40
Aqueous (pg/ml) Aqueous (Rank score)
IL-13 IL-13
25+ 301
T
= 20 §
E @ 20-
2151 %
E 5 \
10 =
% £ 104
@ 2
54 @
"
0 10 20 30 0 10 20 30
Aqueous (pg/ml) Aqueous (Rank score)
C IL-6 IL-8
201 15+ Kok ok k
dekkk
154
E E
B 101 B
-9 -
5
0.
Aqueous Serum Aqueous Serum
IL-13
81 ok ok
6_
E
& 4
o
24
U.
Aqueous Serum

Figure 7.3 — Comparison of serum and aqueous cytokine levels.

Correlation of serum and aqueous IL-6, IL-8 and IL-13 in (a) raw values and (b) ranked values
(n=31). As data was non-parametric, correlation was assessed with Spearman rank testing and (b)
corresponding lines of best fit are shown on scatter graphs of ranked data. (c) Levels of IL-6, IL-8
and IL-13 in the serum and aqueous presented as mean+SEM and analysed by non-parametric

Wilcoxon matched-pairs signed rank test (n=31).
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7.3.2 Response of AMD patients and controls to whole blood immune stimulation

The levels of serum cytokines are highly variable between people and can be heavily influenced by
confounding factors, such as infections, diseases (e.g autoimmunity, cancer) and environmental
stimuli (e.g. BMI, smoking, alcohol intake). To reduce the baseline variation in serum cytokines,
some studies have assayed the capacity of peripheral immune cells to respond to immune stimuli
(Davis lll et al., 2010; Kwok et al., 2012; Kowalski et al., 2008; Liou, 2003). Here, the bacterial
mimetic LPS, viral mimetic R848, and T cell stimulatory antibody against CD3 are used to
investigate whether AMD patients have a differential capacity to respond to immune stimuli

compared to aged matched control subjects.

There was no difference between AMD patients and controls in terms of increases in IFNy, IL-6, IL-
8, IL-13 and TNFa levels following any immune stimulus used (Figure 7.4). However, across the
whole cohort, each stimulus induced clear immune activation. IFNy and TNFa levels were
increased in response to LPS (p<0.0001), R848 (p<0.0001) and CD3 (IFNy: p=0.0137; TNFa:
p=0.0353), although IFNy and TNFa levels induced by CD3 are much lower than for LPS (p<0.0001)
and R848 (p<0.0001, Figure 7.5a). IL-6 and IL-8 levels are increased in response to LPS (p<0.0001)
and R848 (p<0.0001), although LPS induces stronger expression of IL-6 and IL-8 compared to R848
(IL-6: p=0.0260, IL-8: p=0.0049). IL-13 is increased by LPS (p=0.0059) but not R848 or CD3. Overall,
the pattern of activation in terms of order of cytokine upregulation for LPS (IL-6>IFNy/TNFa>>IL-
8/1L-13) and R848 (IL-6/IFNy/TNFa>>IL-8/IL-13) are remarkably similar, whereas CD3 only induces
strong upregulation of IFNy (IFNy>>IL-6/1L-8/IL-13/TNFa) (Figure 7.5b).

In accordance with the supernatant cytokine values, flow cytometric analysis found no differences
in cellular cytokine responses following immune stimulation between AMD patients and controls
(Figure 7.6). More specifically, neither lymphocytes or monocytes show an increased fold change
in expression index for IFNy, IL-6, IL-8 or TNFa following immune stimulation between AMD
patients and controls. The expression index of cytokine production is calculated as the product of
the size of the positive population and its median fluorescence intensity. This index gives an
overview of total cytokine production by accounting for increased expression of cytokines by

positive cells and increased size of a positive cell population.

For the combined cohort, LPS and R848, but not CD3, increased IFNy expression in lymphocytes
(LPS: p=0.0242, R848: p<0.0001), but not monocytes, compared to their respective unstimulated
controls (Figure 7.7). LPS, but not R848 or CD3, induced increased expression of IL-6 (p=0.0001)
and IL-8 (p=0.0013) in monocytes, but not lymphocytes. Finally, both LPS and R848 increased
TNFa expression in monocytes (p<0.0001) and lymphocytes (p<0.0001).
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Overall, there was no differences in the capacity of AMD patients to respond to immune stimuli
compared to controls in terms of total cytokine levels or lymphocyte- and monocyte- specific
cytokine signatures. There are, however, robust inflammatory changes following stimulation with

some interesting cytokine pattern differences between stimuli that could be used to guide future

studies.
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Figure 7.4 — Cytokine production following immune stimulation in whole blood of AMD patients
and controls.

Levels of IFNy, IL-6, IL-8, IL-13 and TNFa in the supernatant of whole blood stimulated for 19 hours
with LPS, R848 and CD3 expressed as fold change from unstimulated supernatant for each patient.
Cytokines were measured by multiplex ELISA (Mesoscale Discovery). Graphs are presented as
mean+SEM (n=15-16 per group). Data was analysed by non-parametric Mann-Whitney U test

between AMD and control patients for each cytokine and stimulus combination.

227



Chapter 7

a IFNy IL-6
80000+ 60000
b
b
60000 b
40000
E E
o 40000 B
a e c
20000
20000
a c a a
0- 0-
Control  LPS R848 cD3 Control  LPS R848 cD3
IL-8 IL-13
100000+ 500
b b
80000 400+
£ 60000 T 300
o o
2 40000 2 200
20000+ 100+ a
a C a a,c c
0- 04
Control LPS R848 CD3 Control LPS R848 CcD3
TNFa
20000+ b b
15000
€
5 10000
Q
5000
a c
0-
Control  LPS R848 cD3
b LPS R848
20000 8000+
a
15000 b 6000+
Q (4]
o o
c c a
£ 2
S 10000 S 4000+
b b a
Q a.c [~]
w ) w
5000+ a,b 2000+
c c b b
0- 0-
IFNy IL-6 IL-8 IL13 TNFa IFNy L6 IL-8 IL-13 TNFo
CD3
15097 a
5
2 100
©
£
o
k=l
S 504
b b,c
b,c c

IFNy  IL-6 IL-8 IL-13 TNFa

Figure 7.5 — Different immune stimuli increase specific patterns of cytokine increases.

(a) Levels of IFNy, IL-6, IL-8, IL-13 and TNFa for unstimulated whole blood supernatant and
supernatant stimulated with LPS, R848 and CD3. (b) LPS, R848 and CD3-induced cytokine patterns
expressed as fold change in cytokine levels from unstimulated to stimulated whole blood
supernatant. Cytokine levels were measured by multiplex ELISA (Mesoscale Discovery). Graphs are
presented as mean+SEM (n=31). Data was analysed by non-parametric repeated measures

Friedman test with Dunn post-hoc testing. Different letters denote statistically different means.
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Figure 7.6 — Cytokine expression by monocytes and lymphocytes following whole blood
stimulation in AMD patients and controls.

Production of IFNy, IL-6, IL-8, and TNFa by monocytes and lymphocytes at 4 hours post whole
blood stimulation with LPS, R848 and CD3 expressed as fold change in expression index from
unstimulated whole blood for each patient. Expression index for each cytokine was calculated as
the product of size of the positive population and its median fluorescence intensity as assessed by
flow cytometry. Graphs are presented as mean+SEM (n=15-16 per group). Data was analysed by
non-parametric Mann-Whitney U test or parametric t-test between AMD and control patients for

each cytokine and stimulus combination.
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Figure 7.7 — Cytokine expression by monocytes and lymphocytes following whole blood

stimulation.

Production of IFNy, IL-6, IL-8, and TNFa by monocytes and lymphocytes at 4 hours post whole

blood stimulation with LPS, R848 and CD3 or unstimulated whole blood quantified as expression

index. Expression index for each cytokine was calculated as the product of size of the positive

population and its median fluorescence intensity as assessed by flow cytometry. Graphs are

presented as mean+SEM (n=31). Data was analysed by non-parametric repeated measures

Friedman test with Dunn post-hoc testing. Different letters denote statistically different means.
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733 Aqueous and serum cytokines across aging

Aging is the biggest risk factor for AMD and is also associated with many changes in the peripheral
immune response (Aw et al., 2007; Friedman et al., 2004). Consequently, | examined whether

aging has an effect on peripheral or local inflammation for the cytokines investigated.

In this cohort, there was a weak positive correlation between age and increased serum IFNy
(p=0.2991, p=0.0454) and IL-6 (p=0.3217, p=0.0339), but no correlation between age and serum
IL-8, IL-13 or TNFa levels (Figure 7.8). There was also no correlation between age and aqueous

cytokines in terms of IL-6, IL-8 or IL-13 levels (Figure 7.9).

Overall, there is evidence that increased levels of some systemic cytokines is observed during

aging, but no effects were found in the eye.
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Figure 7.8 — Correlation of serum cytokines with age.
Correlation of age and serum IFNy, IL-6, IL-8, IL-13 and TNFa in (a) raw values and (b) ranked
values. As data was non-parametric, correlation was assessed with spearman rank testing and

corresponding lines of best fit are shown on graphs of ranked data.
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Figure 7.9 — Correlation of aqueous cytokines with age.
Correlation of age and aqueous IL-6, IL-8 and IL-13 in (a) raw values and (b) ranked values. As data
was non-parametric, correlation was assessed with spearman rank testing and corresponding lines

of best fit are shown on graphs of ranked data.
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7.4 Discussion

7.4.1 Peripheral cytokines levels during AMD

In this mixed dry and wet AMD cohort, there was not a significant difference in any cytokine
assayed, although there were trends to increased systemic IL-6 (p=0.0784) and IL-8 (p=0.1253) in
AMD patients. One previous study has stratified wet and dry AMD patients and identified
increased serum IL-6 and IL-8 levels in AMD patients compared to age-matched controls with
further elevations in dry AMD patients (n=31) compared to wet AMD patients (n=59) (Ambreen et
al. 2015). This is the only study to investigate cytokine levels in the serum of dry AMD patients
and used a Pakistani cohort. Most other studies have focused exclusively on wet AMD patients in
a Caucasian cohort. Increased IL-6 in the serum of wet AMD patients has been reported in several
other studies making this finding more compelling (Ambreen et al. 2015, Haas et al. 2015, Yildrim
et al. 2012). IL-8 is also increased in wet AMD patients in a Pakastani cohort and there is also a
reported trend (p=0.09) to increased IL-8 serum in wet AMD patients (n=161) compared to
control patients (n=43) in a Caucasian cohort (Ambreen et al., 2015; Lechner et al., 2017).
However, Nassar et al. 2015 report increased serum levels of IL-1a, IL-1p, IL-4, IL-5, IL-10 and IL-
13, but not IL-6 or IL-8, in wet AMD patients (n=30) compared to age-matched controls (n=15).
Result described in this chapter reveals only trends of increased serum levels of IL-6 and IL-8 in
AMD patients, and increasing the number of patients is required to conclusively determine

whether IL-6 and IL-8 is raised in a stratified wet and dry AMD Caucasian cohort.

In this study, solid-phase multiplex ELISA (Mesoscale) was used to assay cytokines, while most
other studies have used a bead-based assay (Luminex). In a direct comparison, Mesoscale shows
better sensitivity than Luminex in normal sera for IFNy, IL-2, IL-10, IL-12, and TNFa, the two
systems are comparable for IL-6 and Luminex is more sensitive for IL-8 (Fu et al., 2010). In this
comparative study, IL-1p was not detectable in normal sera by either method, in line with my
observations. Nassar et al. 2015 have published results for more elevations in cytokines than any
other study (IL-1a, IL-1B, IL-4, IL-5, IL-10 and IL-13) but stated that ‘adequate signals were
detected for all cytokines’, but it is not clear whether these values are above or below the lower
limit of quantitation (LLOQ), as other studies, including in this chapter, exclude these from

analysis if most values are below the LLOQ.
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7.4.2 Ocular cytokine levels during AMD

In this study, | investigated the levels of cytokines in the aqueous humour to measure local
intraocular inflammation. Although retinal or vitreal samples would be closer to the site of
inflammation than aqueous humour, these samples can only be obtained post-mortem or through
vitrectomy, which is rarely performed in AMD patients. However, it has been shown previously in
diabetic edema patients that there is strong correlation in levels of IL-6 (p=0.737, p=<0.0001) and
VEGF (p=0.793, p<0.0001) between the aqueous and vitreous humour. Furthermore, aqueous
humour has been used previously to show increased intraocular inflammation during other retinal
diseases, including diabetic retinopathy and retinal vein occlusion (Cheung et al., 2012; Feng et al.,

2013; Jung et al., 2014; Dong et al., 2015), indicating this approach is also valid for AMD patients.

In this study, only levels of IL-6, IL-8 and IL-13 in aqueous humour were above the lower limit of
guantitation (LLOQ) in most samples. IL-8 is elevated in the aqueous humour of AMD patients
compared to age-matched controls. IL-8 has previously been identified as significantly elevated in
2 of 3 studies of wet AMD patients (Agawa et al., 2014; Jonas et al., 2012; Rezar-Dreindl et al.,
2016) and the data presented in this chapter supports this association in a mixed cohort of dry
and wet AMD patients. However, when stratified neither cohort reaches significance as the
statistical power is much lower, showing more patients are needed to investigate whether there
are significant differences between the dry and wet AMD groups. There is little evidence
presented in this chapter of elevated IL-6 in the aqueous humour of AMD patients. There is a
large conflict in the literature; IL-6 is shown to be upregulated in 2 of 5 studies of wet AMD
patients (Agawa et al., 2014; Fauser et al., 2015; Chalam et al., 2014; Jonas et al., 2012; Rezar-
Dreindl et al., 2016). IL-13 levels have only been previously reported in one study, which found
nearly 8-fold upregulation in wet AMD patients (Fu et al., 2017). The data in this chapter is just
the second study of IL-13 in AMD patients and although there is a trend to increased IL-13 in AMD
patients, especially dry AMD patients, this effect size is very modest in comparison to the previous
report. More studies with larger cohorts investigating the presence of aqueous humour cytokines,
notably IL-13, followed by a meta-analysis of results from published studies would be beneficial in

clarifying the conflicting data within the literature.

Additionally, there were two patients with remarkably high IL-8 and IL-13 aqueous cytokine levels
compared to the rest of the cohort. Based on clinical data, there is nothing remarkable about the
past medical and drug history in these patients. In a larger cohort, it would be interesting to see
whether these patients represent a subgroup and attempt to identify the basis for these
elevations. Different IL-8 haplotypes have been previously associated increased risk of wet AMD

(Goverdhan et al., 2008; Ricci et al., 2013; Tsai et al., 2008), so there may be a genetic basis.
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Haplotyping/genotyping of DNA from these patients for IL-8 and IL-13 should be able to confirm

or disprove this.

743 Correlation of aqueous and serum cytokines

In this cohort of patients and controls, there was a significant positive correlation between
aqueous humour and serum levels of certain cytokines. This may be representative of how
changes in peripheral inflammation can affect local inflammation in the eye. However, this may
also be due to a genetic, or possibly environmental, predisposition for both local and peripheral
cells from AMD patients to produce higher levels of cytokines than controls. No association
between levels of the Ty2-associated cytokine IL-13 in the serum and aqueous humour was
identified. Previous studies of aqueous and peripheral cytokines in a diabetic retinopathy cohort
did not find a correlation between plasma and aqueous humour IL-6 or VEGF levels (Funatsu et
al., 2001). However, my findings suggest that correlations between serum and aqueous IL-6 and
IL-8 may be present in controls and AMD patients. Overall, the correlations between IL-6 and IL-8
in the aqueous and serum are interesting, but require further investigation to determine the

cause of this association.

74.4 Comparison of cytokine levels in the aqueous and serum

IL-6 and IL-13 levels are higher in the aqueous than serum, while IL-8 is higher in the serum than
the aqueous, revealing a substantial difference in the composition of these local and peripheral
fluids. These findings argue against diffusion of IL-6/IL-13 from the serum to raise intraocular
levels. A previous study of endotoxin-induced uveitis in mice showed strong upregulation of IL-6
in the aqueous humour, but not IL-1B or TNFa, and the authors argue that these cytokines should
correlate if macrophages/microglia are the cellular source and suggest instead ocular
parenchymal cells or endothelial cells as the source (Ohta et al., 2000). However, microglia can
have many different phenotypes so specific IL-6 production may be a particular activation state.
IL-8 can be produced by many cells, notably macrophages, neutrophils and endothelial cells in the
periphery and in vitro activated RPE cells and Miuiller cells may also produce IL-8 (Mahieux et al.,
2001; Liu et al., 2014; Goczalik et al., 2008). IL-13 has been previously shown to be secreted
mainly by Tu2 cells, which may be a source of IL-13 in the aqueous humour. The aqueous
microenvironment suppresses inflammatory cells, including monocytes, neutrophils, Tyl and Ty17
cells entering from the blood, but whether it suppresses Tu2 cells is unclear (Streilein, 2003;
Shechter et al., 2013). This cytokine has been rarely studied in the eye and it may otherwise be

locally produced by ocular cells or high levels could result from active transport from the serum.
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Determining the source of the cytokines in agueous humour will be an interesting area of

research, which may lead to mechanisms to alter its composition.

7.4.5 Immune cell cytokines and phenotype following immune stimulation

PBMLC restimulation has been able to provide insights into several diseases. For example, TLR4
(LPS) and TLR7 (imiquimod — a close derivative of R848) stimulation of PBMCs results in increased
levels of IL-1B in chronic pain patients compared to controls (Kwok et al., 2012). Furthermore, by
assessing levels of 17 cytokines following PBMC stimulation by 8 different immune stimuli, a
systemic immune signature of 10 cytokine and stimuli combinations could distinguish RA patients
from controls (Davis Il et al., 2010). In this study, whole blood restimulation showed no
significant differences between AMD patients and controls in terms of cytokine production
following stimulation with LPS (bacterial mimetic), R848 (viral mimetic) or anti-CD3 1gG (T cell
stimulation). There a general trend to increased cytokine production in AMD patients by all
immune stimuli, but no comparison reaches statistical significance. A previous study has found
significantly increased IL-8 and CCL2 from wet AMD patient PBMCs stimulated by LPS compared
to controls (Lechner et al., 2017), but had a much larger cohort (n=43 controls, n=161 AMD

patients). Overall these findings argue for further investigation in both dry and wet AMD patients.

In this study, whole blood restimulation was performed, whereas PBMC restimulation is
performed for previous studies in wet AMD, rheumatoid arthritis and chronic pain studies (Kwok
et al., 2012; Davis lll et al., 2010; Lechner et al., 2017). Whole blood restimulation was chosen
over PBMC stimulation as it is more representative of in vivo conditions due to the presence of
many important factors within the blood and inclusion of more immune cells populations, such as
neutrophils (Silva et al., 2013; De Groote et al., 1992). Furthermore, whole blood restimulation
does not require the timely, costly and potentially damaging isolation of PBMCs, which is likely to
contribute to variation, along with the fact that many studies also freeze and thaw PBMCs before
stimulation, reducing cell viability and altering phenotype (Silva et al., 2013; Weinberg et al.,

2009).

In addition to multiplex ELISA based cytokine measurements, | also performed flow cytometric
analysis of intracellular cytokine production by different immune cell populations. This type of
analysis provides a snapshot of which cells are producing specific cytokines at 4 hours post
stimulation. There is broad agreement with the total cytokine levels in the supernatant and there
are no significant differences between AMD patients are controls in terms of cytokine levels
produced by lymphocytes and monocytes in response to LPS, R848 or CD3. However, our study

identified the cellular sources of several cytokines found after stimulation, with IFNy produced by
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T cells, IL-6 and IL-8 produced by monocytes and TNFa produced by both. This study did not
investigate the contributions of other cell types in whole blood (e.g. granulocytes), which may
also produce cytokines when stimulated. Increased IL-8 expression by CD11b+ monocytes from
wet AMD patients was identified in a previous study following PMA/ionomycin stimulation, but
LPS stimulation wasn’t investigated in this context (Lechner et al., 2017). Overall, the data in this
chapter do not provide evidence that AMD patients have a greater capacity to respond to innate
or adaptive immune stimuli than controls, although there are some trends to increases that are
worthy of greater investigation. In autoimmune diseases, these studies have provided insight into
disease mechanisms (i.e. increased type 17 immune response in RA), the development of a
systemic immune signature that could be used to aid diagnosis, identification of RA patients likely
respond to TNFa therapy, and subgroup identification of lupus patients based on differential

responsive to LPS and immune complexes (Kayakabe et al., 2012; Liou, 2003; Davis Il et al., 2010).

7.4.6 Effect of aging on local and peripheral cytokines

Aging is the main risk factor for age-related macular degeneration (Congdon et al., 2004).
Accordingly, | investigated how aging may affect local and systemic inflammation and thereby
contribute to AMD. No changes in levels of IL-6, IL-8 or IL-13 were identified in the aqueous
humour due to aging. However, aging increased serum levels of IFNy and IL-6, but not IL-8, IL-13
or TNFa. Therefore, peripheral inflammation is associated with aging, but doesn’t seem to impact
levels of cytokines within the aqueous humour. The cause of increased peripheral inflammation
could be due to increased baseline expression of cytokines or increased susceptibility with aging
to inflammatory events e.g. infection and chronic diseases (e.g. autoimmune diseases, cancer).
Increased serum/plasma levels of IL-6 with aging has been previously demonstrated by several
studies (Wei et al., 1992; Kim et al., 2012; Harris et al., 1999; Bermudez et al., 2002), showing the

data from this study is in line with other published observations.
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7.4.7 Summary of results and cohort

This study has provided further evidence of IL-8 increases in the aqueous of AMD patients, along
with the first evidence of a correlation of IL-6 and IL-8 levels in the aqueous humour and serum of
AMD patients and controls. There are several trends in these data that are worthy of further
investigation due to the low number of AMD patients and controls in this study. These trends
include increased IL-6 and IL-8 in the serum, increased IL-13 in the agueous humour (especially in
dry AMD patients) and possible hyperresponsiveness of immune cells to stimulation. Although
these sample sizes have been used previously in many similar studies, larger cohorts will always
lead to more reliable results. Furthermore, a larger number of patients allows for stratification of
patients. This stratification could be performed for several factors, for example AMD type (i.e. wet
and dry AMD patients) or inflammation status (i.e. high and low systemic inflammation). The main
reason for a low patient number in this study is that samples from eligible and consenting cataract
patients with concomitant AMD were available on average once every 3-4 weeks. The sample size
for whole-blood stimulation could be improved by amending the ethics to allow blood collection
from AMD patients and controls without the requirement of cataract surgery, which greatly limits
the number of eligible patients. Additionally, while groups were matched for age, gender and
smoking status, obesity was not considered or measured by BMI, unlike many other studies in
AMD patients, meaning the effects of this variable cannot be excluded. Two of the patients within
the AMD group also had other ocular pathology, which could confound the results, although
neither of these patients showed particularly high expression of cytokines. Overall, this study

makes some interesting observations that should be followed-up in a larger cohort.
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8.1 Salmonella and LPS as models of systemic inflammation

Salmonella enterica subspecies enterica serovar Typhimurium mimics many of the features of
human typhoid fever and is used as a well characterised murine model for human systemic
Salmonella infection (Ruby et al., 2012). Salmonella infections persist for several weeks as the
innate immune system of macrophages, neutrophils and natural killer (NK) cells control bacterial
load, while strong adaptive Ty and B cell responses develop to clear the pathogen (Fillatreau,
2011). Macrophages and dendritic cells detect the pathogen and in response secrete pro-
inflammatory cytokines that polarise Ty cells and activate NK cells (Godinez et al., 2008; Lapaque,
et al., 2009). In C57BL/6 mice, Tyl and NK cells secrete IFNy, which act on macrophages to
promote their differentiation into M1 macrophages. M1 macrophages support Tyl polarisation,
leading to a feedback loop of differentiating M1 and Tx1 cells (van de Vosse & Ottenhoff, 2006). In
BALB/c mice, reduced systemic production of IFNy and IL-12 compared to C57BL/6 mice leads to a
shift away from Ty1 polarisation (Pashine et al., 1999). My results are strongly in line with these
previous findings, with C57BL/6 mice showing over 60-fold greater expression of IFNy at 4 weeks
post infection than BALB/c mice (Chapter 4). Interestingly, humans show a Tyl dominant immune
response during typhoidal Salmonella infections and polymorphisms in IFNy and IL-12 are
associated with increased susceptibility to typhoid fever (van de Vosse & Ottenhoff, 2006; Gal-
Mor et al., 2014), indicating that systemic immune activation by Salmonella in Ty1-dominant

C57BL/6 mice is likely more similar to humans than BALB/c mice.

LPS recognition is a critical component in the immune response to Salmonella as TLR4 knockout
mice are unable to control Salmonella infection during the early stages of infection and show low
levels of pro-inflammatory cytokine secretion (Talbot et al., 2009). Many studies investigating the
effect of systemic inflammation have used LPS derived from bacteria to stimulate immune cells
via TLR4 (and sometimes TLR2) to produce proinflammatory cytokines. However, there are many
differences between the inflammatory responses that limit the value of using LPS to model a
systemic infection. In addition to TLR2/4, other PRRs have been identified that detect Salmonella -
TLR1/5/6/9, NOD1/2, NLRP3 and NLRC4 inflammasomes - and subsequently activate innate
immune cells, which then present bacterial antigens on their surface to generate antigen-specific
T and B cells (Keestra-Gounder et al., 2015; Broz et al., 2012). Additionally, high dose LPS typically
used in these studies induces peripheral tolerance to subsequent immune activation by
promoting expression of proteins that block TLR4 signalling, whereas Salmonella infection doesn’t
induce tolerance to further TLR4 stimulation in C57BL/6 mice (Maitra et al., 2012; Pintener et al.,
2012). Indeed, | identified that Salmonella primes the systemic immune systemic to produce
exaggerated levels of Tyl polarising cytokine IL-12 in response to subsequent activation by LPS in

C57BL/6 mice (Chapter 4). However, tolerance effects were observed in BALB/c mice, showing
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that the balance of Tyl and Ty2 immune responses is also an important consideration in tolerance

and priming effects (Chapter 4).

LPS injection induces acute systemic inflammation characterised by high levels of CCL2, IL-1pB, IL-6,
IFNy and TNFa in the serum peaking at 2 hours post injection and gradually decreasing over time
so that by 24 hours post injection only CCL2 and IL-6 are still slightly elevated (Biesmans et al.,
2013). In contrast, systemic Salmonella infection persists for around 35 days in mice (Broz et al.,
2012) and | found evidence for increased IFNy and a strong trend for increased TNFa (p=0.07) at 2
months post Salmonella infection (Chapter 3). Therefore, a single-dose of LPS does not provide
insights into chronic inflammation. Furthermore at 24 hours post LPS injection, C57BL/6 mice
show higher levels of IL-6 and IL-8 than 4 weeks of Salmonella infection, but the levels of IFNy are
30-fold lower, indicating a different pattern of proinflammatory cytokine production (Chapter 4).
This may be due to the activation of different cell types, with LPS activating TLR4-expressing cells
(i.e. monocytes and B cells), while Salmonella activates the full range of innate and adaptive cells
(Tapping et al., 2000; Kawai et al., 1999). Overall, the Salmonella model induces chronic systemic
inflammation characterised by a diverse range of innate and adaptive processes (Figure 8.1) that

will provide greater insight into the effect of systemic infections on the retina than LPS.

T IL-1B  TNFa IL-8 IL-6 IL-17 IL-22

Figure 8.1 — Salmonella infection leads to the activation of diverse immune pathways

In C57BL/6 mice, detection of Salmonella by PRRs results in cytokine release from unpolarised
macrophages (MO0) and dendritic cells (DC). These cytokines act on a variety of immune cells to
drive their activation, polarisation and production of additional cytokines, which result in robust
innate and adaptive immune responses. Cytokines shown in red drive polarisation of specific cell
types. NK cell, natural killer cell; T, cell, unpolarised T helper cell; Tw1 and Ty17 cell, T helper cell
polarised to Tyl and Tyl7 responses respectively; M1 cell; classically activated macrophage; TNFa,

tumour necrosis factor a; IL-, interleukin-; LT, lymphotoxin; TGF-8, transforming growth factor 6.
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8.2 Systemic infections and retinal myeloid cells

Previous exposure to chronic infections (i.e. Cytomegalovirus, P. gingivalis, C. pneumoniae) is a
known risk factor for neurodegenerative diseases, including AMD and Alzheimer’s disease (see
introduction section 1.5.4). This is thought to be because systemic infections can activate the local
primed immune system, causing accelerated neurodegeneration. Evidence for this comes from
human studies where previous exposure to periodontitis-causing bacterial strain P. gingivalis
increases sixfold the cognitive decline seen in Alzheimer’s disease patients (Ide et al., 2016).
Furthermore, murine prion disease induces chronic neurodegeneration and neuroinflammation,
both of which are exacerbated by LPS-induced systemic inflammation, showing a link between
systemic inflammation and neurodegeneration (Cunningham et al., 2009, 2005). These studies
provide a rationale for investigating the role that systemic infections may play in inflammation
and degeneration during AMD, but in order to better understand these processes, it is important

to firstly characterise how systemic infections can affect the healthy retina.

Salmonella infection resulted in retinal myeloid cell activation, in line with previous observations
from systemic viral and fungal infections on the retina (Maneu et al., 2014; Zinkernagel et al.,
2013), but | did not observe the increased total number of myeloid cells seen in these studies
(Chapter 3). These differences in myeloid cell number may show a differential response of the
retina to bacterial infections compared to viral and fungal infections. However, the different
methods of FACS analysis may also contribute this difference. In Chapter 3, | examine the CSF-1R*
cell population, with high levels of eGFP expressed in myeloid cells. In contrast, the viral study
identified myeloid cells as CD45* CD11b* F4/80* cells and the fungal study used CD45* CD11b*.
CD45 and CD11b are expressed at low levels on microglia (Liyanage et al., 2016), so it is possible
that a shift in their expression leads to better discrimination from the negative population, which
would present as increased numbers of cells. The use of CSF-1R* cells from MacGreen mice in this
study enables the clear discrimination of myeloid cells from other retinal cells, which is
particularly important in the retina as they represent such a small population (=2,600 cells per
retina), and are commonly used in brain microglia studies (Getts et al., 2008; Grabert et al., 2016;

Gottfried-Blackmore et al., 2008; Liyanage et al., 2016).

MHCII expression on myeloid cells is also identified following fungal and viral infection (Maneu et
al., 2014; Zinkernagel et al., 2013). With Salmonella infection, there was a trend to increased
MHCII expression on CSF-1R* cells (p=0.07) at 1 week post infection, but much larger and
sustained changes were observed with CD45, CD11c and CD11b in comparison. The expression of
CD11c has not been considered in other studies, and identifies some interesting population

subsets in the retina following infection. Furthermore, this study looks at an early and late
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timepoint of infection and identifies increased microglial activation over time. The other studies
both use early timepoints (day 4 for fungal infection and day 10 for viral infection) so it would be

interesting to know the kinetics of activation in these models.

Taken together, these studies demonstrate that retinal myeloid cell activation is a feature of a
diverse range of systemic pathogens. Myeloid cell activation is also one of the major inflammatory
features of AMD pathology, where there is evidence for the activation of retinal microglia and
choroidal macrophages found in close association to drusen (Cherepanoff et al., 2010; Ambati et
al., 2013). It is therefore reasonable to hypothesise that systemic inflammation could exacerbate
the inflammatory microenvironment in AMD, leading to further microglial activation or a
phenotypic skewing of previously activated cells. This could explain why chronic systemic

infections are associated with increased incidence/progression of AMD.

In AMD patients, myeloid cells are recruited to BrM, from the retina and/or choroid, and
progressively increase during the transition from early to intermediate AMD (Cherepanoff et al.,
2010). In this thesis, | provide further characterisation of a previously published murine model
using immune complexes to model inflammatory deposits that activate myeloid cells and induce
their recruitment to the subretinal space, in line with observations from AMD patients (Murinello
et al., 2014). In addition, drusen has been previously shown to contain immunoglobulins and
complement pathway proteins (see introduction section 1.4.1), so this model also transiently
recapitulates these inflammatory aspects of AMD. Although this model is acute and transient, it
provides a platform to test whether systemic inflammation can influence ongoing local retinal
inflammation. The model uses BALB/c mice as far fewer immune complexes form in C57BL/6 mice
using our current protocol (Salome Murinello, PhD thesis). This may be because the use of Alum
adjuvant promotes stronger antibody responses in BALB/c mice, so other immunisation
procedures may be necessary for C57BL/6 mice. Alternatively, the fact that C57BL/6 and BALB/c
mice have different dominant IgG subclasses in the periphery may underpin these differences.
IgG1 is the predominant subclass in BALB/c mice, while they also express IgG2a (Bruhns, 2012). In
contrast, 1gG2b is the predominant subclass in C57BL/6 mice, and they don’t express 1gG2a
(Morgado et al., 1989). Human IgG1, which is the predominant subclass in human sera, is similar
to murine 1gG2a in terms of ability to activate C1q and myeloid cells via FcyRI (Hussain et al.,
1995). Consequently, BALB/c mice are likely to show a more similar immune complex response to

humans than C57BL/6 mice (Petrushina et al., 2003).

Following Salmonella infection in the healthy retina, microglial cells still display a ramified
morphology but have clearly increased levels of activation markers. The majority of inflamed cells

in the retina therefore appear to be microglia and this is supported by the fact that FACS analysis
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does not reveal an increased number of immune cells in the retina (Chapter 3). In contrast,
following immune complex formation there are numerous highly activated CD11b and FcyRI+
amoeboid cells in the vitreous, retina and choroid. These amoeboid myeloid cells are not positive
for neutrophil markers (Salome Murinello, PhD thesis), indicating that they are likely either highly
activated microglia or infiltrating monocytes. When immune complexes and Salmonella infection
are combined, there is a synergistic recruitment of cells to the back of the retina (Chapter 5). This
is the site of drusen in AMD pathology and these data indicate that systemic infections can recruit
cells to the outer retina, where they could then be activated by the local inflammatory
microenvironment to exacerbate AMD. Neutralisation of pathways responsible for microglial
migration may therefore be an interesting therapeutic avenue for reducing the effect of systemic

infections on AMD development.

The recruitment of myeloid cells to the subretinal space has been previously reported following
viral infection in BALB/c mice (Zinkernagel et al., 2013). This is in line with my observations of
Salmonella inducing recruitment of myeloid cells to the back of the retina in the absence of
immune complexes (Chapter 5). However, in this study the control mice received intravitreal OVA
injections, which induce retinal inflammation before Salmonella infection, so this cannot be
directly compared to the viral study, which investigates the effect on the uninflamed retina. At 4
weeks post Salmonella infection in BALB/c mice not receiving intravitreal injections, there was not
a clear recruitment of myeloid cells to the subretinal space (Chapter 4), but this is a later
timepoint compared to the viral infection study, which showed the number of subretinal microglia
peaked at day 10 post infection and was greatly reduced, but not at control levels, by day 25 post
infection. Bone marrow chimera experiments indicated that subretinal immune cells following
viral infection are of microglial origin (Zinkernagel et al., 2013). Based on these findings, it would
be interesting to perform this experiment following systemic bacterial infection to see if these
findings are generic or specific to viral infection. | attempted to identify the origin of myeloid cells
in the combined Salmonella and immune complex model using microglial-specific antibodies, but

this approach was not successful (Chapter 5).

Recruitment of microglia to the back of the retina following viral infection is abrogated in IFNy
knockout mice. However, IFNy is critical to drive Tyl immune responses in viral and bacterial
infections, so the inhibition of this pathway is likely to impact the entire immune response,
meaning that the specific pathway responsible for recruitment may not have been identified.
Indeed in BALB/c mice, IFNy was the most upregulated cytokine (8-fold) following Salmonella
infection, despite being considered Ty2 dominant in comparison to C57BL/6 mice (500-fold)
(Chapter 4). Unfortunately, due to the pigmented RPE/Choroid in C57BL/6 mice it is much more

difficult to detect subretinal microglia, despite the strain showing far greater production of IFNy.
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The recruitment of microglia to the outer retina doesn’t appear to induce any structural changes,
indicating that this transient microglial activation doesn’t lead to degeneration. This is supported
by ERG data following immune complex formation, where transient functional deficits are

identified that are resolved by 4 weeks post injection (Chapter 5).

In order to assess the interrelationship between inflammation and neurodegeneration, an acute
onset retinal neurodegenerative model of GA lesions was developed, which could be used in the
future to study the impact of systemic infections on retinal degeneration. This laser-induced
model of outer retinal atrophic lesions showed activated microglia within areas of atrophy and at
the margins of the lesions, in line with observations with GA patients (Cherepanoff et al., 2010).
Furthermore, there are large subretinal FcyRI+ cells in the model, which are reminiscent of giant
cells and CD163+ macrophages/RPE observed in GA patients (Lad et al., 2015; Penfold et al.,
1986). Although several other models exhibiting aspects of GA pathology have been described,
few features are recapitulated in a single model in comparison to the laser-induced model
described in this thesis (Appendix G). Such features include pathological observations in OCT and
ERG reminiscent of GA patients, photoreceptor loss and progressive reduction in retinal thickness,
glial cell activation, inflammasome and complement activation and oxidative stress (Chapter 6).
The main benefit of this laser-induced model is the development of a single converging lesion that
can be clearly demarcated for easily tracking in vivo over time, whereas other models use
systemic administration of substances or transgenic mice, which cause global retinal effects
making progression of individual lesions difficult to track (Hollyfield et al., 2008; Machalinska et
al., 2010; Kaneko et al., 2011; Lyzogubov et al., 2016). Finally, most GA models also require
extensive aging for phenotypes to manifest, whereas the laser-induced model is an acute onset
model capable of rapidly inducing pathology, in line with the well-respected and widely-used
laser-induced model of CNV pathology (Lambert et al., 2013). This laser-induced GA model
therefore represents a cost-effective platform for intervention studies and functional insights,
such as how systemic infections may affect ongoing local inflammatory pathways, microglial

activation and progression of degeneration.
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8.3 LPS-induced inflammation, priming and tolerance

At 4 weeks post Salmonella infection, brain microglia are primed to respond in an exaggerated
manner to subsequent inflammation induced by LPS (Plintener et al., 2012). Based on this finding,
| chose to investigate whether microglia are also primed to respond to subsequent systemic
inflammation. Elderly people frequently suffer from chronic/recurrent infections and
inflammatory diseases and therefore | hypothesised that infections may prime microglia to
respond to further systemic inflammatory events in an exaggerated manner, driving inflammation
in AMD. My results instead demonstrated that LPS does not enhance retinal microglial activation
in mice treated 4 weeks previously with Salmonella and, moreover, there was suppression of IL-1
and mKC expression when Salmonella and LPS were combined, indicating functional tolerance of
the retina to subsequent systemic inflammation (Chapter 4). Strikingly, this was one of the few
consistent observations in C57BL/6 and BALB/c mice, underscoring its potential as a conserved
pathway to protect the retina from chronic inflammation induced by systemic infection. This
protective pathway has been suggested in several animal models of stroke, where pretreatment
of mice with LPS alters microglial function and protects against ischaemic damage, demonstrating

that tolerance may be a neuroprotective response (Marsh et al., 2010).

Many factors could regulate the differential priming and tolerance effects observed by microglia
of the brain in response to local LPS and by microglia of the retina in response to systemic LPS
respectively. The most likely explanation is that while microglia are primed to respond to local
insults via direct stimulation of TLR4, they become tolerant to inflammation arising in a different
tissue compartment. This is supported by the similar findings of Salmonella-induced microglial
priming observed in the brain of C57BL/6 mice in response to local LPS and data in this thesis
showing the systemic immune system is primed to produce IL-12 in response to local LPS,

meaning this priming effect is likely not a CNS specific effect (Chapter 4, Plintener et al., 2012)

However, there may also be functional immunological differences between the retina and brain
that contribute to tolerance and priming effects. The brain and eye both have aspects of immune
privilege and microglia are the primary immune cell responsible for immune defence. However, in
the brain, microglia range from 5% of brain cells in the cortex to 12% in the substantia nigra
(Lawson et al., 1990), while the proportion of microglia is much lower (0.5-2%) in the retina
compared to the brain (Dick et al., 1995; Kezic et al., 2008; Liickoff et al., 2017). However, the
presence of Miiller cells may compensate for some microglial function in the retina compared to
the brain, which lacks radial glia in adulthood (Rakic, 2009; Reichenbach & Bringmann, 2013).
During healthy conditions, T cells and dendritic cells are found in the brain, but these are rarely

observed in the retina (Yang et al., 2000; D’Agostino et al., 2012; Ransohoff et al., 2003).
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Consequently, these differences may allow priming and tolerance effects in different

compartments of the CNS.

The LPS dose and route of administration are also substantially different between the two studies.
In this study, high dose peripheral LPS was administered i.p. to induce strong systemic
inflammation, while in the CNS low dose LPS (50pg) was injected directly into the brain
parenchyma (Plntener et al., 2012). The dose of LPS has previously been identified as critical in
causing priming or tolerance, as high dose LPS induces tolerance in myeloid cells and ultra-low
dose LPS induces priming to subsequent stimulation (Maitra et al., 2012). However, as a
secondary stimulus the consequences of different LPS doses on priming and tolerance effects are
not characterised. Additionally, intracerebral injection is likely to result in increased CNS pressure,
inflammation independent of LPS administration and possibly damage the blood-brain barrier,

while with systemic administration the retina remains undamaged.

Finally, the timing between the two immune stimuli is very important to tolerance and priming
effects. This has been shown particularly for stroke models, where TLR4 activation following
ischaemia exacerbates damage, while TLR4 activation before ischaemia protects against damage
(Marsh et al., 2010). For a comparison of this study and the previous study of Salmonella-induced
microglial priming the timings of these Salmonella and LPS challenges were kept constant. Having
said that, the microglial response to Salmonella appears similar between the retina and
hippocampus at 1 weeks post injection, but in the hippocampus microglial activation appears to
return to baseline by 4 weeks post injection (Plintener et al., 2012; James Fuller, PhD thesis),
whereas strong activation/phenotype changes are still observed at 4 weeks post infection in the
retina (Chapter 3). This may again indicate a functional difference in the responses to systemic
infection between the retina and brain. It may also indicate that the activation status of the
microglia may be responsible for differences between priming and tolerance; where a previously
activated microglial cell that has returned to ‘resting’ state may be functionally primed, while an

activated microglial cell may be tolerant to further inflammation.

Overall, this study has highlighted that the retina is tolerant to repeated systemic inflammatory
events, which may be a mechanism to protect the retina from excess inflammation. However, in
the context of AMD it is unclear whether this retinal tolerance to repeated systemic inflammation
could modulate ongoing local immune activation in the retina and, moreover, whether this effect
would be protective or detrimental to disease pathology. Many more studies are required to
understand the mechanisms of spatial, temporal and dose-dependent regulation of priming and
tolerance. Manipulating these biological mechanisms of hypo- and hyperresponsiveness of the

immune system may a novel therapeutic strategy for modulating the interaction of systemic and
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retinal inflammation to protect the retina from excessive inflammation under

inflammatory/diseased conditions.

| also investigated whether there is a role for priming of the systemic immune systemic in AMD
patients. Systemic infection causes priming of the systemic immune response to subsequent
immune activation and | hypothesised that AMD patients may have differences in the
responsiveness of their immune cells to stimulation that underpins the increased systemic
inflammation observed in AMD patients. More specifically, that they possessed systemic immune
cells that are primed to respond to stimulation. Consequently, when patients develop acute
systemic inflammatory events, the immune responses would be stronger and more prolonged
leading to greater bystander damage. This study did not provide evidence for increased cytokine
expression in response to viral, bacterial or adaptive immune stimuli (Chapter 7). Looking at
specific cell types, these data suggested that neither monocytes or lymphocytes are primed to
respond to stimulation in AMD patients. However, previous studies have identified increased
expression of IL-8 from PBMCs of wet AMD patients following stimulation with bacterial mimetics
compared to controls (Zhu et al., 2013a; Lechner et al., 2017). This general trend for increased IL-
8, along with IFNy, was observed in a mixed cohort of AMD patients following whole blood
stimulation (Chapter 7), but a larger cohort is needed to investigate this trend and stratify

patients based on subgroups.

8.4 Retinal blood vessel activation and T cell recruitment following

systemic infection

Following Salmonella infection, strong upregulation of MHCII is observed on the cerebral
vasculature (PlUntener et al., 2012). Based on these observations, | hypothesised that the inner
retinal blood vessels may also be activated following systemic infections. The retinal vasculature
expresses MHCI, MHCII, ICAM-1 and VCAM-1 after Salmonella in C57BL/6 mice and these changes
are the most chronic of all those examined in this thesis, with MHCIl and ICAM-1 still upregulated
at 6 months post infection (Chapter 3). MHCII staining was also observed on retinal blood vessels
following systemic fungal infection although the authors describe this as non-specific staining
(Maneu et al., 2014), but based on the representative images, | believe that this staining may

actually be specific.

MHCII upregulation has been previously shown to be critically regulated by IFNy in human

endothelial cell lines (Collins et al., 1984). My data would support this finding in vivo as IFNy is the
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most upregulated systemic cytokine observed in both C57BL/6 and BALB/c mice (Chapter 4).
Furthermore, BALB/c mice show reduced MHCII compared to C57BL/6 mice and also have lower
systemic IFNy in response to Salmonella, which would support a dose-dependent effect of IFNy on
MHCII expression. In contrast, ICAM-1 and VCAM-1 levels track with systemic IL-13 expression in
both C57BL/6 mice and BALB/c mice (Chapter 4). This is supported by previous findings showing
that IL-1B and TNFa are the cytokines mostly responsible for expression of ICAM-1 and VCAM-1
on endothelial cells (Dustin et al., 1986; Cook-Mills et al., 2011; Myers et al., 1992). The presence
of antigen presenting molecules and cell adhesion molecules on the inner retinal blood vessels in
C57BL/6 mice indicates that antigen-specific immune cells may be able to enter through the inner

BRB during Salmonella infection.

T cell recruitment to the retina is observed at 4 weeks post Salmonella infection when ICAM-1 and
VCAM-1 are expressed in C57BL/6 mice, whereas in BALB/c mice, a lack of ICAM-1 and VCAM-1 is
accompanied by a lack of T cell recruitment (Chapter 4). It is unclear whether these cells are
antigen-specific, but recruitment of antigen-specific cells may be a form of immunosurveillance to
detect whether Salmonella antigens are in the retina and respond accordingly. This process may
be critical to fight systemic infections that migrate to the retina (i.e. toxoplasmosis, ebola) by
initiating a local immune response (Durrani et al., 2004). However, Salmonella is widely accepted
as a hon-neurotropic bacterium that is only present systemically (Plintener et al., 2012), therefore
these T cells are unlikely to encounter their target antigen in the retina and should theoretically

become anergic.

When the retina is stimulated with LPS following Salmonella infection in C57BL/6 mice, there is a
trend to reduced T cells in the retina compared to Salmonella alone (Chapter 4). T cell infiltration
into the retina is thought to lead to eventual apoptosis of cells within the parenchyma due to
anergy, exhaustion or interactions with FasL and TGF-B (Barron et al., 2008; Yi et al., 2010). It is
possible that systemic LPS induced retinal inflammation may accelerate the process of retinal T
cell apoptosis, leading to the observed decrease in T cells following Salmonella and LPS.
Alternatively, these cells may migrate from the retina towards the periphery due to high levels of

systemic chemokines following LPS.

Despite BALB/c mice lacking T cell recruitment into the retina at 4 weeks post Salmonella under
healthy conditions, there are increased numbers in the retina following OVA injection in
unimmunised BALB/c mice (Chapter 5). While these mice do not possess immune complexes, the
addition of inflammation induced by OVA injection alone appears to enable the expression of

ICAM-1 on retinal capillaries. These findings may have relevance to AMD, where ongoing local

251



Chapter 8

inflammation may allow T cell recruitment to the retina during acute systemic inflammatory

events.

Immune complexes recruit immune cells to the retina at 1 and 4 weeks post intravitreal OVA
injection. Immunisation of these mice against OVA leads to the generation of OVA specific T cells,
in addition to antibodies. T cells from an immunised mouse injected into an unimmunised mouse
are recruited to the retina in response to intravitreal OVA challenge, but this does not occur in
unimmunised mice alone, demonstrating that recruited T cells are specific for OVA (Hu et al.,
2000). Salmonella alone doesn’t appear to lead to infiltrating cells at this point, but these mice
have only been infected for 6 days so the adaptive component of generating Salmonella-specific T
cells is probably still ongoing. Intriguingly, when immune complexes and Salmonella are
combined, there is a trend for reduced T cells in the retina compared to immune complexes
alone. ICAM-1 and MHCII levels are constant between these immune complex groups, indicating
that this effect is not due to differential capacity of the inner BRB to allow entry of immune cells.
Instead, T cell chemotaxis into the retina may be prevented due to the strong production of

chemokines in the periphery following Salmonella infection.

At the 4 week timepoint, Salmonella does not reduce immune complex-induced T cell
recruitment, but also does not increase T cells numbers unlike in unimmunised mice. This
coincides with a reduction in ICAM-1 in the retina at 4 weeks post infection and immune
complexes, which may be responsible for the prevention of T cell migration to the retina as a
protective mechanism to reduce inflammation. Alternatively, both OVA- and Salmonella-specific
antibodies may enter the retina but T cell apoptosis may be accelerated by increased retinal
inflammation. In this case, this mechanism would be similar to the suggestion of LPS-induced T

cell apoptosis of Salmonella-specific T cells.

These interactions are worthy of further investigation, as they highlight the complexity of T cell
recruitment and responses in the retina, which are not well understood. The models presented
here can be combined to provide numerous insights into the biology and function of retinal T
cells. A characterisation of the T cell subsets involved, functional state (i.e. anergy, exhaustion,
apoptotic), absence or presence of costimulation from retinal cells and the importance of antigen-

specificity are all aspects of T cell biology that can be further defined in these models.
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8.5 Activation of inflammatory pathways following systemic infection

and AMD

8.5.1 Glial cells

In addition to the activation of microglia, Miller cell activation during geographic atrophy and
astrocytosis at sites of drusen have been described in AMD patients (Wu et al., 2003). Increased
levels of microglial marker FcyRI and macroglial cell marker GFAP have been demonstrated at an
mMRNA level following Salmonella infection and in a model of laser-induced outer retinal atrophic
lesions recapitulating aspects of geographic atrophy. These findings suggest that systemic

infections could exacerbate ongoing gliosis in the retina to accelerate AMD pathology.

8.5.2 Complement

An important role for complement is also well established at all stages of AMD, with genetic
studies and promising results from CFD inhibition studies in GA patients particularly implicating
the alternative pathway (Yaspan et al., 2017; Tuo et al., 2012). Bacterial infections activate
alternative complement pathways in the periphery, which opsonise bacteria via C3b to signal for
removal of bacteria (Tosi, 2005), but how complement activity in the retina is altered by live
infection has not been described. In the retina, there was evidence for upregulation of C3 in
models of systemic infection and geographic atrophy (Chapters 3, 6). These findings suggest that
systemic inflammation may exacerbate ongoing complement activation in the retinas of AMD
patients. Complement activation can drive both general retinal inflammation via chemoattractive
anaphylatoxins (C3a and C5a) and the engagement of complement receptors (e.g iC3b signalling
through CD11b/c on microglia) as well as tissue damage via C5b-9 (MAC) (Noris & Remuzzi, 2013).
Further investigation of these models of systemic infection and geographic atrophy alone and in
combination should focus on determining the relative contribution of complement pathways (i.e.
classical and alternative) to C3 production. It would be interesting to perform immunostaining for
complement pathway components, including C3 activation states and MAC, to see if there is

evidence for inflammation and/or tissue damage at a protein level.

8.5.3 VEGF

VEGF is the major angiogenic growth factor driving wet AMD and anti-VEGF agents are effective at
reducing progression of wet AMD (Ferrara, 2010). In CNV membranes, both M1 and M2 myeloid
cells have been shown to produce VEGF (Nakamura et al., 2015). Interestingly, cytomegalovirus

infection is associated with increased progression of wet AMD in humans and mouse studies show
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that murine cytomegalovirus can exacerbate laser-induced CNV (Miller et al., 2004; Cousins et al.,
2012). The authors suggest that virally infected peripheral monocytes/macrophages are
responsible for systemic VEGF production driving increased CNV. In this study, there was no
evidence for increased levels of VEGF expression following Salmonella infection in the healthy
retina (Chapter 3). However, it would be interesting to characterise the effects of bacterial
infection on the laser-induced CNV model and investigate whether macrophages/microglia
infected with intracellular bacteria also express VEGF that could contribute to wet AMD
pathology. In the laser-induced GA model, there was no evidence of VEGF upregulation in the
retina or evidence of neovascularisation in histology (Chapter 6), indicating that this mouse model

largely recapitulates a dry AMD phenotype.

8.5.4 Chemokines/Cytokines

Increased levels of ocular chemokines (i.e. IL-8, CCL2, CXCL9 and CXCL10) are also a feature of wet
AMD pathology (see introduction section 1.4.4). Increased levels of aqueous humour IL-8 is also
observed in the mixed cohort of dry and wet AMD patients presented in this thesis, with a trend
to higher increases in wet AMD patients compared to dry AMD patients (Chapter 7). IL-8
polymorphisms have been associated with increased risk of wet AMD in 3 independent studies
(Goverdhan et al., 2008; Ricci et al., 2013; Tsai et al., 2008). In addition to increased levels in the
aqueous humour of wet AMD patients, CCL2 has also been identified as an important factor
influencing angiogenesis in the laser-induced CNV mouse model (Yamada et al., 2007; Liu et al.,
2011b; Tomida et al., 2011). These changes in chemokines may lead to increased numbers of
VEGF expressing myeloid cells, although IL-8 can directly act on endothelial cells to enhance

survival and proliferation, contributing to angiogenesis independently of VEGF.

Increased retinal expression of mKC (IL-8 homolog) and CCL2 are observed following Salmonella
infection in mice (Chapter 3), indicating that systemic infection may contribute to increased
chemokine expression in the retina during wet AMD pathology and contribute to accelerated
neovascularisation. Furthermore, clear upregulation of cytokines IFNy, IL-18 and TNFa were
observed in the retina following Salmonella infection, which could contribute to higher levels of
retinal inflammation and skew immune cell activation in the retina. Both M1- and M2-like myeloid
cells in human CNV membranes have been shown to produce VEGF, so the polarisation state of
myeloid cells may not be a critical factor in neovascularisation, despite a tendency towards M2
activation (Nakamura et al., 2015; Cao et al., 2011). Although systemic viral infection in mice was
shown to exacerbate CNV and increased systemic VEGF expression (Cousins et al., 2012), its effect

on retinal inflammation and polarisation would be interesting to characterise.
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8.5.5 Inflammasome

While many upregulated pathways have been identified in wet AMD, inflammasome activation is
the only clearly described inflammatory pathway that is upregulated in GA patients, who have
increased IL-1PB, IL-18, NLRP3, caspase 1 and caspase 8 in the retina (Kaneko et al., 2011; Kim et
al., 2014; Tarallo et al., 2012). The laser-induced GA model recapitulated increases in IL-1pB, IL-18,
caspase 1 and caspase 8, while NLRP3 should be tested in the future (Chapter 6). Consequently,
this model shows strong evidence for inflammasome activation, but this activation does not arise
due to lack of DICER-1 dependent degradation of Alu RNA, which is the mechanism suggested in
GA patients (Kaneko et al., 2011). This indicates that the model leads to inflammasome activation
in a different manner to GA pathology, but this is perhaps unsurprising given the acute onset
nature of the model. Salmonella infection increases levels of IL-1B, NLRP3 and Caspase 1, but not
IL-18, in the retina suggesting retinal inflammasome activation following infection (Chapter 3).
However, IL-18 is constitutively expressed in most animal cell types (Dinarello et al., 2013), so
inflammasome activation may lead to mature IL-18 production even in the absence of mMRNA
upregulation. The combination of systemic inflammation and geographic atrophy may therefore
cause increased inflammasome activation, leading to retinal inflammation and cell death via
caspase mediated apoptosis/pyroptosis. Beyond inflammasome activation, this study has
implicated that IL-13 may be upregulated in the retina during GA (Chapter 7) and it would be
interesting to analyse this finding in a larger GA cohort to prove or disprove this trend and

measure the levels of this gene in the laser-induced atrophic model for comparison.

8.5.6 Cyclooxygenase

Sickness behaviours following infections are driven by local cytokine changes in the brain, but it
has been shown that peripheral blockade of individual cytokines has little effect on LPS-induced
sickness behaviour, suggesting systemic cytokines don’t directly affect levels of local cytokines
(Teeling et al., 2010). However, blockade of the cyclooxygenase pathways COX1 and COX2 have
been shown to dramatically reduce LPS-induced sickness behaviours in the brain, implicating
prostaglandins as key immune-to-brain communicators (Teeling et al., 2010, 2007). Consequently,
| looked at whether COX2 is also implicated in immune-to-retina communication and identified
COX2 as the most upregulated gene in the retina following Salmonella of the 16 tested (Chapter
3). This indicates that prostaglandins may play an important role in immune-to-retina
communication driving local retinal cytokine production following Salmonella infection. Further
research could look at using COX inhibitors to attempt to reduce the effect of systemic infection
on the retina, without impacting on the ability of the systemic immune system to fight infection.

Moreover, the fenamate class of COX inhibitors also inhibit the inflammasome, meaning that the

255



Chapter 8

effects of neutralising both inflammatory pathways on systemic bacterial infection could be
assessed using pharmacological studies (Daniels et al., 2016). Due to common gastrointestinal
side-effects in humans, long term use of fenamate NSAIDs in AMD patients to prevent
inflammatory cross-talk between the systemic and retinal immune systems is probably not
advisable, but these mouse studies would improve our knowledge of pathways to target with

other drugs.

8.5.7 Oxidative stress

Finally, the levels of oxidative stress and antioxidant genes in models of systemic infection and
geographic atrophy were examined. During infections, phagocytes initiate oxidative burst, where
toxic reactive oxygen species are rapidly released into phagolysosomes to destroy intracellular
pathogens (Panday et al., 2015). Meanwhile, oxidative stress is highly implicated in AMD because
of the oxidative damage induced by AMD risk factors, presence of many oxidised proteins in
drusen and polymorphisms in the antioxidant Sod2 gene conferring a risk for increased AMD
incidence (see introduction section 1.4.1). There was evidence for increased activation of the
NOX2 pathway in the retina, which drives the production of superoxide radicals, following laser-
induced atrophy and following systemic bacterial infection (Chapters 3, 6). This indicates a
possible role for this oxidative stress pathway in GA pathology that is worthy of investigation in
patients, particularly as levels of nitric oxide synthase (NOS) enzymes are not changed in AMD
patients or the laser-induced atrophy model (Bhutto et al., 2010). The NOX pathways are also
implicated in other neurodegenerative diseases, including Alzheimer’s disease and other rodent
models of retinal degeneration (Ma et al., 2017; Song et al., 2016). The fact that retinal NOX
pathways can be upregulated by systemic infection indicates that systemic infections could
contribute to ongoing oxidative stress in the retina during AMD pathology. Furthermore, there is a
strong trend to upregulation of eNOS and iNOS in the retina following systemic infection, which
produce nitric oxide radicals that can react with superoxide radicals from the NOX pathway to
generate peroxynitrate, a potent oxidant that could induce retinal damage (Li et al., 2005).
Alongside these changes, no antioxidant response gene tested (Hmox-1 for Salmonella infection
and Hmox-1, Sod2 and Nfe2l2 for laser-induced lesions) was upregulated to compensate for
oxidative stress. These data indicate that systemic infections may contribute to increased

oxidative stress in the retina during AMD pathology.

Overall, these studies indicate that there are many shared gene activation pathways during
systemic infection and geographic atrophy and identify several ways in which systemic infection
could contribute to late-stage AMD pathology. Examining the effects of combining these models

and using pharmacological interventions and/or knockout mice would give further insights into
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the relative contribution of these inflammatory pathways to retinal degeneration. Additionally, it
would be interesting to investigate gene expression in the early AMD model of inflammatory
immune complex deposits in order to see how these pathways may overlap with the systemic

infection and retinal atrophy models.

8.6 Summary

While a role for local inflammation in AMD is well established, the effect of the systemic immune
system on AMD pathology is less clear. In this AMD patient cohort, increased local cytokine levels
were identified in AMD patients. There was little evidence to support a role for priming of the
systemic immune system in AMD patients leading to an exaggerated response to infections, but
this does not preclude priming at a local level. | demonstrated that systemic bacterial infection
can induce retinal inflammation, oxidative stress and chronic microglial activation, in line with
previous findings in viral and fungal infection. There are functional consequences for such
microglial activation, in terms of tolerance to further systemic inflammation and also for
recruitment of cells to the outer retina in response to local inflammation. These interactions are
particularly relevant in AMD pathology as mechanisms which could be targeted to reduce the
effects of systemic infection on retinal inflammation. However, these studies don’t reveal how
systemic and retinal inflammation contribute to photoreceptor loss and therefore | developed a
model of laser-induced outer retinal atrophy that mimics the inflammatory and progressive
degenerative aspects of GA pathology. Further characterisation of this model combined with
systemic infection will hopefully lead to a greater understanding of how inflammation and

degeneration are linked and identify possible targets for therapeutic intervention.
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Appendix A: Chapter 3 statistics

Appendix A

RM Two-way ANOVA

Figure 3.1a

Figure 3.1b

Interaction

F2s476=3.327, p<0.0001

F28,476:3.328, p<0.0001

Time

F28,475=33.56, p<0.0001

F23,476=3.328, p<0.0001

Saline vs Salmonella

F1,17=35.44, p<0.0001

F1,17=35.44, p<0.0001

Subjects (matching)

F17,476=32.14, p<0.0001

F17476=32.16, p<0.0001

Unpaired 2-tailed T-test

Figure 3.1c

Saline vs Salmonella

t18=1.421, p=0.1725

RM Two-way ANOVA

Figure 3.1d

Interaction

F1,41=1.79, p=01882

1 vs 4 weeks

F1,41=1.696, p=0.2000

Saline vs Salmonella

F1,41=289.7, p<0.0001

Figure 3.2

Txvl\fc-)v\vlaAy Interaction 1vs 4 weeks Saline vs Salmonella
IFNy F118=73.44, p<0.0001 | F1,15=127.9, p<0.0001 | F115=796.1, p<0.0001
IL-1B F1,18=65.59, p<0.0001 | F1,1s=76.33, p<0.0001 | Fy15=145.1, p<0.0001
IL-2 F118=51.14, p<0.0001 | F113=53.52, p<0.0001 | F1,15=105.3, p<0.0001
IL-4 F116=32.67, p<0.0001 | F115=36.52, p<0.0001 | F115=42.20, p<0.0001
IL-5 F115=22.63, p=0.0002 | F1,15=30.66, p<0.0001 | F115=125.2, p<0.0001
IL-6 F116=165.2 p<0.0001 | F115=174.9, p<0.0001 | F115=626.3, p<0.0001
IL-10 F116=43.53, p<0.0001 | F115=62.57, p<0.0001 | F115=416.5, p<0.0001
IL-12 F116=51.82, p<0.0001 | F115=57.88, p<0.0001 | F115=69.82, p<0.0001
mKC F115=6.634, p=0.0190 | F1,15=2.115, p=0.1631 | F1,15=25.34, p<0.0001
TNFol F116=36.77, p<0.0001 | F115=52.41, p<0.0001 | F115=399.5, p<0.0001
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Figure 3.3

TANI:(-)‘:IIaAy Interaction 1vs 4 weeks Saline vs Salmonella
IFNy F128=15.98, p=0.0004 | F1,5=46.08, p<0.0001 | F15=172.5, p<0.0001
IL-1B F1,6=6.051, p=0.0203 | F1,5=4.198, p=0.0499 | F1,5=7.419, p=0.0110
IL-2 F1,28=0.286, p=0.5969 | F1,75=0.228, p=0.6392 | F1,5=5.213, p=0.0302
IL-4 F126=0.067, p=0.7975 | F1,5=0.017, p=0.8961 | F1,5=0.518, p=0.4778
IL-5 F128=0.419, p=0.5229 | F1,75=0.076, p=0.7843 | F1,5=0.222, p=0.6412
IL-6 F1,26=26.85, p<0.0001 | F125=36.36, p<0.0001 | F1,25=61.90, p<0.0001
IL-10 F18=2.004, p=0.1679 | F15=1.754 p=0.1961 | F15=0.252, p=0.6194
IL-12 F1,28=3.030, p=0.0927 | F1,75=0.023, p=0.8795 | F1,5=0.312, p=0.5811
mKC F16=3.714, p=0.0642 | F1,5=23.68, p<0.0001 | F1,5=52.99, p<0.0001
TNFa F128=1.521, p=0.2278 | F175=6.684, p=0.0152 | F1,5=17.49, p=0.0003

Figure 3.4

One-way ANOVA

Summary

Fcgrl F2,14=47.95, p<0.0001
Gfap F»,14=5.211, p=0.0203
Ccl2 F2,14=10.22, p=0.0018
Tnfa F»,13=4.132, p=0.0408
l11b F»,14=6.385, p=0.0107
IL18 F»,14=0.636, p=0.5438
Nirp3 F»,14=8.313, p=0.0042
Caspl F2,14=31.38, p<0.0001

Figure 3.5

One-way ANOVA

Summary

nNOS F»,14=0.158, p=0.8555
iNOS F2,14=3.217, p=0.0709
eNOS F»,14=3.496, p=0.0587
NOX2 F2,14=12.23, p=0.0008
Hmox-1 F2,14=0.333, p=0.7223
Cox2 F2,14=45.10, p<0.0001
c3 F»,14=6.583, p=0.0097
Vegfa F2,14=0.540, p=0.5944
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Two-way ANOVA

Figure 3.6b

Figure 3.6¢

Interaction

F125=0.296, p=0.5912

F1,25=0.893, p=0.3538

1 vs 4 weeks

F1,25=1.508, p=0.2308

F1,25=0.645, p=0.4297

Saline vs Salmonella

F1,25=15.20, p=00006

F1,25=28.79, p<0.0001

Two-way ANOVA

Figure 3.7b

Figure 3.7c

Interaction

F125=0.011, p=0.9183

F1,25=8.559, p=0.0072

1 vs 4 weeks

F1,25=0.084, p=0.7744

F1,25=0.891, p=03543

Saline vs Salmonella

F1,25=342.9, p<0.0001

F1,25=76.38, p<0.0001

One-way ANOVA % Positive MFI
Figure 3.8b F2,11=0.824, p=0.4638 | F,11=0.567, p=0.5827
Figure 3.8c F,11=2.643, p=0.1155 | F,,11=16.27, p=0.0005
Figure 3.8d N/A F2,11=18.41, p=0.0003
Figure 3.8e N/A F,11=3.416, p=0.0701
Figure 3.9b F2,11=29.63, p<0.0001 | F,,11=61.67, p<0.0001

RM Two-way ANOVA

Figure 3.10

Interaction

F9,126=1.844, p=0.0665

Time

F9,126=216.0, p<0.0001

Saline vs Salmonella

F1,14=7.902, p=0.0139

Subjects (matching)

F1,14=6.577, p<0.0001

Unpaired two-tailed T test

Figure 3.11

Figure 3.12

IFNy ts=5.738, p=0.0004 t11=1.518, p=0.1573
IL-1B t5=0.264, p=0.7987 t13=0.242, p=0.8129
IL-2 t5=0.136, p=0.8954 t11=0.066, p=0.9483
IL-4 t5=0.267, p=0.7962 t11=0.789, p=0.4471
IL-5 t5=0.438, p=0.6730 t13=0.174, p=0.8649
IL-6 t5=0.793, p=0.4506 t11=0.391, p=0.7030
IL-10 tg=2.857, p=0.0212 t1;=1.104, p=0.2933
IL-12 t5=0.489, p=0.6381 t13=0.343, p=0.7381
mKC ts=1.633, p=0.1410 t13=1.061, p=0.3115
TNFa ts=2.165, p=0.0623 t11=1.202, p=0.2545

Two-way ANOVA

Figure 3.13a

Figure 3.13b

Interaction

F1,27=0.162, p=0.6905

F1,27<0.001 p=0.9955

8 vs 24 weeks

F1,27=4.738, p=0.0384

F127=6.216 p=0.0191

Saline vs Salmonella

F1,27=1,996 p=0.1692

F1,27=0.202 p=0.6566
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Two-way ANOVA

Figure 3.14a

Figure 3.14b

Interaction

F1,7=5.453 p=0.0272

F1,26=0.982 p=0.3302

8 vs 24 weeks

F1,7=0.996 p=0.3272

F1,28=7.962 p=0.0087

Saline vs Salmonella

F1,27=137.8 p<0.0001

F1,28=13.57 p=0.0010

RM Two-way ANOVA

Figure 3.15a

Figure 3.15b

Figure 3.15c¢

Interaction

F11,154=3.259, p=00005

F11I132:2.404, p=0.0094

F11,132=0.924, p=0.5194

Time

F11,154=17.88, p<0.0001

F11,132= 4.333, p<0.0001

F11,132=4.97 1, p<0.0001

Saline vs Salmonella

F1,14=22.47, p=00003

F1,12=23.32, p=0.0004

F1,12=2.734, p=0.1242

Subjects (matching)

F14,154=12.17, p<0.0001

F12,132=9.691, p=0.0003

F12,132=11.81, p<0.0001

Figure 3.16

Two-way
ANOVA

Interaction

Young vs middle-aged

Saline vs Salmonella

IFNy

F1,26=0.918, p=0.3467

F126=2.859, p=0.1028

F1,26=260.1, p<0.0001

IL-1B

F1,25=1.462, p=02375

F1,25=1.533, p=02268

F1,26=10.63, p=00031

IL-2

F1,26=0.049, p=0.8258

F1,26=2.096, p=0.1597

F1,26=65.99, p<0.0001

IL-4

F1,26<0.001, p=0.9952

F1,26=1.509, p=0.2304

F1,26=2.713, p=0.1115

IL-5

F1,26=2.049, p=0.1642

F1,26=0.006, p=0.9392

F1,26=9.176, p=0.0055

IL-6

F1,26<0.001, p=0.9788

F1,25=3.232, p=00839

F1,26=64.31, p<0.0001

IL-10

F1,26=0.663, p=0.4229

F126=5.226, p=0.0306

F126=43.22, p<0.0001

IL-12

F1,26=4.306, p=0.0480

F1,25=1.568, p=0.2217

F1,26=78.19, p<0.0001

mKC

F1,26=0.734, p=0.3995

F1,25=4.297, p=00482

F1,26=7.963, p=0.0090

TNFa

F1,26=0.200, p=0.6585

F126=0.772, p=0.3876

F1,26=139.5, p<0.0001

Figure 3.17

Two-way
ANOVA

Interaction

Young vs middle-aged

Saline vs Salmonella

IFNy

F1,25=0.172, p=0.6818

F1,25<0.001, p=0.9881

F1,25=59.19, p<0.0001

IL-1B

F1,25=1.450, p=0.2397

F1,25=4.276, p=0.0492

F125=10.30, p=0.0036

IL-2

F1,25=1.200, p=0.2837

F1,25=1.959, p=0.1739

F1,25=1.092, p=0.3061

IL-4

F1,25=1.107, p=0.3028

F1,5=0.187, p=0.6684

F1,25=0.251, p=0.6208

IL-5

F1,25=1.601, p=0.2174

F1,25<0.001, p=0.9873

F1,25=3.188, p=0.0863

IL-6

F1,25=0.014, p=0.9062

F1,25=0.849, p=0.3656

F1,25=12.74, p=0.0015

IL-10

F125=1.915, p=0.1786

F125=0.303, p=0.5870

F125=1.200, p=0.2837

IL-12

F1,25=1.464, p=0.2376

F1,25=0.670, p=0.4209

F1,25=0.500, p=0.4860

mKC

F125=0.002, p=0.9684

F125=1.942, p=0.1757

F125=12.82, p=0.0014

TNFa

F1,25=0.019, p=0.8905

F1,25=0.023, p=0.8799

F1,25=8.860, p=0.0064

262




Appendix B

Appendix B: Chapter 4 statistics

Unpaired two-tailed T-test Figure 4.1b

1 week vs 4 weeks

111=2.778, p=00180

RM Two-way ANOVA

Figure 4.1a

Figure 4.1b

Figure 4.1c

Interaction

F10,410=27.74, p<0.0001

F10,410:13 03, p<00001

F10,4go:8.280, p<0.0001

Time

F10,410=254.6, p<0.0001

F10,410=113.5, p<0.0001

F1o,480=61.42, p<0.0001

Saline vs Salmonella

F1,41=33.31, p<0.0001

F1,41=55.43, p<0.0001

F1,45=63.48, p<0.0001

Subjects (matching)

F41,410=1 1.63, p<0.0001

F41,41o= 10. 17, p<0.0001

F48,480=5 .801, p<0.0001

Two-way ANOVA

Figure 4.2a

Figure 4.2b

Interaction

F110=0.313, p=0.5826

F1,20=19.50, p=0.0003

Saline vs Salmonella

F1,19=90.13, p<0.0001

F1,20=262.0, p<0.0001

C57BL/6 vs BALB/c

F1,10=0.196, p=0.6633

F1,20=15.27, p=0.0009

Two-way ANOVA

Figure 4.3a

Figure 4.3b

Interaction

F1,15=0.543, p=0.4724

F1,15=4.878, p=00432

Saline vs Salmonella

F1,15=4.720, p=0.0463

F1,15=22.62, p=0.0003

C57BL/6 vs BALB/c

F1,15=128.1, p<0.0001

F1,15=164.8, p<0.0001

Figure 4.4

Two-way
ANOVA

Interaction

Saline vs Salmonella

Saline vs LPS

C57BL/6 IFNy

F115=0.291, p=0.5978

F1,15=179.7, p<0.0001

F1,15=39.02, p<0.0001

C57BL/6 IL-1B

F1,15=0.165, p=0.6906

F1,15=36.51, p<0.0001

F1,15=50.26, p<0.0001

C57BL/6 IL-6

F1,15=1.335, p=0.2660

F1I15:4.678, p=0.0471

F1,15=48.61, p<0.0001

C57BL/6 IL-12

F1,15=6.317, p=0.0239

F1,1s=9.089, p=0.0087

F1,15=16.24, p=00011

C57BL/6 mKC

F1,15=0.769, p=0.3945

F1,15=0.043, p=0.8391

F1,15=30.83, p<0.0001

C57BL/6 TNFa | F115=2.077, p=0.1701 | F115=8.705, p=0.0099 | F115=3.249, p=0.0916
BALB/c IFNy | F11,=0.176, p=0.6824 | F11,=47.63, p<0.0001 | F11,=8.971, p=0.0112
BALB/c IL-1B | F11,=1.132, p=0.3083 | F11,=20.06, p=0.0008 | F11,=37.47, p<0.0001
BALB/cIL-6 | F112=7.774, p=0.0164 | Fy1,=4.688, p=0.0512 | F11,=16.93, p=0.0014
BALB/c IL-12 | F11,=1.240, p=0.2873 | F11,=13.30, p=0.0033 | F1,=7.306, p=0.0192
BALB/c mKC | F11,=29.15, p=0.0002 | F11,=69.82, p<0.0001 | F11,=69.24, p<0.0001
BALB/c TNFa | F112=7.542, p=0.0177 | Fy1,=45.75, p<0.0001 | F11,=101.2, p<0.0001
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Figure 4.5
TANI:(-)‘:IIaAy Interaction Saline vs Salmonella Saline vs LPS
CS7BL/6 IFNy | F1,20=0.138, p=0.7142 | F120=57.09, p<0.0001 | F1,20=1.105, p=0.3057
BALB/c IFNy | F11,=2.650, p=0.1295 | F11,=3.662, p=0.0798 | F11,=7.773, p=0.0164
C57BL/6 IL-1B | F120=1.160, p=0.2943 | F120=4.966, p=0.0375 | F150=12.39, p=0.0022
BALB/c IL-1B | F11,=11.72, p=0.0051 | Fy1,=13.12, p=0.0035 | Fy1,=25.03, p=0.0003
C57BL/6 IL-6 | F1,20=2.054, p=0.1673 | F120=1.664, p=0.2118 | F12=9.560, p=0.0057
BALB/cIL-6 | F11,=0.004, p=0.9520 | F11,=0.103, p=0.7540 | F11,=1.211, p=0.2928
C57BL/6 IL-12 | F120=0.133, p=0.7194 | F1,20=0.039, p=0.8464 | F1,,=1.800, p=0.1948
BALB/cIL-12 | Fy,1,=2.310, p=0.1544 | Fy1,=1.611, p=0.2284 | F1,1,=3.560, p=0.0836
C57BL/6 MKC | F1,20=11.50, p=0.0029 | F120=0.004, p=0.9517 | F120=52.99, p<0.0001
BALB/c mKC | F1,1,=5.081, p=0.0437 | F11,=5.797, p=0.0331 | F1,1,=49.12, p<0.0001
C57BL/6 TNFa | F10=0.869, p=0.3623 | F120=1.819, p=0.1925 | F15=9.960, p=0.0050
BALB/c TNFa | F1,1,=0.006, p=0.9386 | F1,12=1.123, p=0.3102 | F1,1,=12.61, p=0.0040
Figure 4.6a
Two-way ANOVA C57BL/6 BALB/c

Interaction

F1,14=0.310, p=0.5866

F1,15=2.040, p=0.1737

Saline vs Salmonella

F1,14=682.5, p<0.0001

F1,15=119.8, p<0.0001

Saline vs LPS

F1,14=6.597, p=0.0223

F1,15=5.663, p=0.0310

Two-way ANOVA

Figure 4.6b

Interaction

F114=1.435, p=0.2508

Saline vs Salmonella

F1,14=178.6, p<0.0001

Saline vs LPS F114=0.131, p=0.7225
Figure 4.7a
Two-way ANOVA C57BL/6 BALB/c

Interaction

F1,13=1.789, p=0.2040

F1,15=13.82, p=0.0021

Saline vs Salmonella

F1,13=37.87, p<0.0001

F1,15=0.093, p=0.7641

Saline vs LPS F1,13=1.108, p=0.3117 F1,15=36.89, p<0.0001
Figure 4.7b
Two-way ANOVA C57BL/6 BALB/c

Interaction

F114=2.170, p=0.1629

F1,15=0.892, p=0.3600

Saline vs Salmonella

F1,14:14.88, p=0.0017

F115=0.092, p=0.7656

Saline vs LPS

F1,14=0.107, p=0.7490

F1,15=7.986, p=0.0128
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Figure 4.8a

Two-way ANOVA

C57BL/6

BALB/c

Interaction

F1,14=0.228, p=0.6443

F1,15=1.272, p=0.2772

Saline vs Salmonella

F1,12=15.94, p=0.0013

F1,15=0.580, p=0.4582

Saline vs LPS F1,14=0.177, p=0.6806 F1,15=4.754, p=0.0456
Figure 4.8b
Two-way ANOVA C57BL/6 BALB/c

Interaction

F1,14=1.293, p=0.2746

F1,15=0.222, p=0.6445

Saline vs Salmonella

F1,14=6.162, p=0.0264

F1,15=0.230, p=0.6381

Saline vs LPS

F1,14=1.198, p=0.2922

F1,15:2.442, p:01390

Two-way ANOVA

Figure 4.9

Interaction

F1,1,=0.305, p=0.5912

Saline vs Salmonella

F1,12=13.45, p=00032

Saline vs LPS F1,1,=4.798, p=0.0490
Figure 4.10
Two-way ANOVA C57BL/6 BALB/c

Interaction

F1,14=2.437, p=0 1408

F1,15=0.643, p=04361

Saline vs Salmonella

F1,14=48.03, p<0.0001

F1,15=0.383, p=0.5458

Saline vs LPS

F1,14=3.906, p=0.0682

F1,15=0.059, p=0.8111
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Unpaired two-tailed T-test

Figure 5.1b

1 week vs 4 weeks

t11=3.688, p=0.0036

Two-way ANOVA

Figure 5.2a

Figure 5.2b

Interaction

F1,24=1.071, p=0.3111

F124=2.749, p=0.1103

Unimmunised vs Immunised

F1,24=6.257, p=0.0196

F1,24=10.57, p=0.0034

1 vs 4 weeks

F1,24=4.273, p=0.0497

F1,24=1.519, p=0.2297

Two-way ANOVA

Figure 5.2c

Interaction

F1,22=0.374, p=0.5469

Unimmunised vs Immunised

F1,20=23.56, p<0.0001

1 vs 4 weeks

F1,2,=12.71, p=0.0017

Two-way ANOVA

Figure 5.3

Figure 5.4

Interaction

F1,24<0.001, p=0.9760

F1,24=0.023, p=0.8816

Unimmunised vs Immunised

F1,24=4.545, p=00435

F1,24=11.12, p=00028

1 vs 4 weeks

F1,24=0.338, p=0.5667

F1,z4=0.917, p=0.3477

Two-way ANOVA

Figure 5.6a

Figure 5.6b

Interaction

F1,25=6.122, p=0.0205

F1,25<0.001, p=0.9240

Unimmunised vs Immunised

F1,25=6.951, p=0.0142

F1,25=0.203, p=0.6559

1 vs 4 weeks

F125=2.483, p=0.1276

F125=0.727, p=0.4021

Two-way ANOVA

Figure 5.7b

Figure 5.7¢

Interaction

F1,23:0. 18 1, p=0.6745

F123=1.052, p=0.3158

Unimmunised vs Immunised

F1,23=0.075, p=0.7868

F1,23=30.34, p<0.0001

Saline vs Salmonella

F1,23=0.009 p=0.9263

F1,23=1.479, p=0.2363

Two-way ANOVA

Figure 5.7d

Interaction

F1,23<0.001, p=0.9841

Unimmunised vs Immunised

F123=10.36, p=0.0038

Saline vs Salmonella

F1,23=11.88, p=0.0022
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Two-way ANOVA

Figure 5.7f

Figure 5.7g

Interaction

F1,27=0.087, p=0.7709

F1,27=0.074, p=0.7874

Unimmunised vs Immunised

F1,27=1.432, p=0.2418

F1,27=0.646, p=0.4285

Saline vs Salmonella

F1,27=1.851, p=0.1849

F1,27=0.015, p=0.9033

Two-way ANOVA

Figure 5.7h

Interaction

F1,27=0.115, p=0.7375

Unimmunised vs Immunised

F1,7=4.385, p=0.0458

Saline vs Salmonella

F1,27=9.707, p=0.0043

Two-way ANOVA

Figure 5.8b

Figure 5.8c

Interaction

F1,23=0.140, p=0.7120

F1,23=1.197, p=02852

Unimmunised vs Immunised

F123=2.902, p=0.1019

F1,23=27.47, p<0.0001

Saline vs Salmonella

F1,23=0.368, p=0.5499

F1,23=0.008, p=0.9290

Two-way ANOVA

Figure 5.8d

Interaction

F1,23=0.074, p=0.7874

Unimmunised vs Immunised

F1,23=6.880, p=0.0152

Saline vs Salmonella

F1,23=6.993, p=0.0145

Two-way ANOVA

Figure 5.8f

Figure 5.8g

Interaction

F127=0.522, p=0.4763

F127<0.001, p=0.9790

Unimmunised vs Immunised

F1,27=0.408, p=0.5285

F1,27=2.329, p=01386

Saline vs Salmonella

F1,7=0.638, p=0.4314

F1,7=0.131, p=0.7198

Two-way ANOVA

Figure 5.8h

Interaction

F127=0.342, p=0.5633

Unimmunised vs Immunised

F1,27=2.926, p=0.0986

Saline vs Salmonella

F1,27,=7.018, p=0.0133

Two-way ANOVA

Figure 5.9b

Figure 5.9d

Interaction

F1,23=2.986, p=0.0974

F1,27=1.468, p=0.2362

Unimmunised vs Immunised

F1,23:5.654, p=0.0261

F1,,7=7.684, p=0.0100

Saline vs Salmonella

F1,23=0.567, p=0.4592

F1,27=4.797, p=0.0373

Two-way ANOVA

Figure 5.10b

Figure 5.10c

Interaction

F1,23=4.111, p=0.0543

F1,23=3.384, p=0.0788

Unimmunised vs Immunised

F1,23: 18.64, p=0.0003

F1,23=22.59, p<0.0001

Saline vs Salmonella

F1,23=0.519, p=0.4787

F1,23=1.591, p=0.2199
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Two-way ANOVA

Figure 5.10e

Figure 5.10f

Interaction

F1,27=0.730, p=0.4003

F1,27=0.865, p=0.3605

Unimmunised vs Immunised

F1,7=1.512, p=0.2295

F1,,7=0.363, p=0.5517

Saline vs Salmonella

F1,27=1.262, p=0.2712

F1,27=0.147, p=0.7045

Two-way ANOVA

Figure 5.11b

Figure 5.11d

Interaction

F1,23=0.744, p=0.3972

F1,25=2.729, p=0.1111

Unimmunised vs Immunised

F1,23=5.310, p=0.0306

F1,25=0.905, p=0.3506

Saline vs Salmonella

F123=0.912, p=0.3496

F1,25=4.606, p=00418

Two-way ANOVA

Figure 5.12b

Figure 5.12d

Interaction

F1,23=0.197, p=0.6617

F1,24=2.637, p=0.1175

Unimmunised vs Immunised

F1,23=7.828, p=0.0102

F1,24=7.390, p=0.0120

Saline vs Salmonella

F1,23=1.994, p=0.1713

F1,24=26.89, p<00001

Two-way ANOVA

Figure 5.13b

Figure 5.13d

Interaction

F1,23=2.059, p=0. 1647

F1,26=0.349, p=0.5599

Unimmunised vs Immunised

F1,23=54.97, p<0.0001

F1,26=15.72, p=00005

Saline vs Salmonella

F1,23=2.059, p=0. 1647

F1,26=0.349, p=0.5599

Unpaired two-tailed T test

Figure 5.13b

Figure 5.13d

Immunised: Saline vs Salmonella

t1,=1.496, p=0.1605

t1,=0.392, p=0.5946
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Appendix D: Additional images of laser-induced lesions

D1:Fundoscopy images of 7 mice with laser induced atrophic lesions at 1, 2 and 4

weeks post laser (each row represents the same mouse).

1 week post laser 2 weeks post laser 4 weeks post laser

271



Appendix D

D2:0CT images of 7 mice with laser induced atrophic lesions at 1, 2, 4 and 8 weeks post laser (each row represents the same mouse).

1 week post laser 2 weeks post laser 4 weeks post laser 8 weeks post laser
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D3: Gene expression in the retina in young and middle-aged mice at 1 month post

Hl Young
1 Middle-aged
\Q
Q
o

Q NN DR D2 2N S NS N L
O S . B - N . S
EF FTF LTSS

laser.

!

MRNA levels of young (5 months old, n=8) and middle-aged (11-13 months old, n=3) mice were

7001

% increase in gene expression

= N w £ (¥ (o))
o (@] o (=] (=] (@]
T 2 s g g 9

o
1

measured using SYBR Green qPCR. Values are displayed as the average increase in gene expression
compared to the control eye for each mouse. Data was analysed using multiple paired t-tests
followed by Holm-Sidak multiple comparisons correction. GFAP was significantly increased and
Nos1 significantly decreased in middle aged mice compared to young mice before multiple
comparisons correction, but this significance was lost after correction. Graphs are presented as

mean+SEM.
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Appendix E

Aqueous Cytokines Control AMD p-value Test
Number of Participants 15 19 - -
Mean age in years (range) 77.6 (50-94) | 81.4(57-94) | 0.1487 Mann-Whitney
Female sex (%) 46.7 63.2 0.4888 Fisher
Former/current smoker (%) 63.2 57.1 >0.9999 Fisher
Serum Cytokines Control AMD p-value Test
Number of Participants 16 17 - -
Mean age in years (range) 75.8 (48-94) | 81.1(57-94) | 0.1154 | Mann-Whitney
Female sex (%) 43.8 64.7 0.3028 Fisher
Former/current smoker (%) 56.3 58.8 >0.9999 Fisher
Restimulated cytokines Control AMD p-value Test
Number of Participants 16 15 - -
Mean age in years (range) 78.3(48-94) | 79.6 (57-89) | 0.5776 Mann-Whitney
Female sex (%) 37.5 60.0 0.2890 Fisher
Former/current smoker (%) 56.3 60.0 >0.9999 Fisher
Flow cytometry Control AMD p-value Test
Number of Participants 8 8 - -
Mean age in years (range) 82.3(68-94) | 84.1(75-89) | 0.4205 Mann-Whitney
Female sex (%) 50.0 62.5 >0.9999 Fisher
Former/current smoker (%) 62.5 62.5 >0.9999 Fisher
Figure 7.1a Test Statistics Test Used
Serum IFNy U=121, p=0.3030 One-tailed unpaired Mann-Whitney U test
Serum IL-6 U=96, p=0.0784 One-tailed unpaired Mann-Whitney U test
Serum IL-8 t3;=1.171, p=0.1253 |One-tailed unpaired T-test
Serum IL-13 U=121, p=0.2998 One-tailed unpaired Mann-Whitney U test
Serum TNFa U=117, p=0.2551 One-tailed unpaired Mann-Whitney U test
Test Statistics Test Used
Figure 7.1b X?=99.76, p<0.0001 |Friedman test
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Figure 7.1c Test Statistics Test Used
Aqueous IL-6  |U=138, p=0.4456 One-tailed unpaired Mann-Whitney U test
Aqueous IL-8 | U=93, p=0.0447 One-tailed unpaired Mann-Whitney U test

Aqueous IL-13

U=119, p=0.2123

One-tailed unpaired Mann-Whitney U test

Test Statistics

Test Used

Figure 7.1d x*=1.235, p=0.5392 |Friedman test
Figure 7.2 Test Statistics Test Used

Serum IFNy x*=3.575, p=0.1673 Kruskal-Wallis Test
Serum IL-6 X?=2.245, p=0.3255 Kruskal-Wallis Test
Serum IL-8 F»,30=0.768, p=0.4728 |One-way ANOVA
Serum IL-13 x*=0.757, p=0.6849 Kruskal-Wallis Test
Serum TNFa x’=1.484, p=0.4760 Kruskal-Wallis Test
Aqueous IL-6  |[x*=0.057, p=0.9717 Kruskal-Wallis Test
Aqueous IL-8  |¥x?=3.565, p=0.1682 Kruskal-Wallis Test

Aqueous IL-13

X?=2.328, p=0.3123

Kruskal-Wallis Test

Figure 7.3b Test Statistics Test Used
IL-6 r=0.3589, p=0.0237 |One-tailed Spearman’s rank
IL-8 r=0.3113, p=0.0441 |One-tailed Spearman’s rank
IL-13 r=-0.1788, p=0.1680 |One-tailed Spearman’s rank
Figure 7.3c Test Statistics Test Used
IL-6 W=476, p<0.0001 Wilcoxon matched-pairs signed rank test
IL-8 W=388, p<0.0001 Wilcoxon matched-pairs signed rank test
IL-13 W=326, p=0.0009 Wilcoxon matched-pairs signed rank test
Figure 7.4 One-tailed unpaired Mann-Whitney U test — AMD vs control

LPS R848 CD3
IFNy U=114, p=0.4512 U=103, p=0.2598 U=94, p=0.1591
IL-6 U=117, p=0.4612 U=118, p=0.4767 U=101, p=0.2350
IL-8 U=107, p=0.3130 U=118, p=0.4767 U=98, p=0.2004
IL-13 U=95.5, p=0.1668 U=116, p=0.4411 U=111, p=0.3702
TNFa U=112, p=0.3851 U=93, p=0.1497 U=92, p=0.1407
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Figure 7.5 Friedman test
IFNy X°=83.94, p<0.0001
IL-6 X*=87.66, p<0.0001
IL-8 x*=84.14, p<0.0001
IL-13 X?=25.35, p<0.0001
TNFa X*=82.73, p<0.0001
LPS x*=101.1, p<0.0001
R848 x*=104.4, p<0.0001
CcD3 X?=58.63, p<0.0001
Figure 7.6 One-tailed unpaired Mann-Whitney U test — AMD vs control (U=)
One-tailed unpaired t-test — AMD vs control (t14=)
LPS R848 CcD3
IFNy mono 114=0.396, p=0.6983  |U=27, p=0.3227 U=16, p=0.0524
IL-6 mono U=31, p=0.4796 114=0.937, p=0.3646 | U=29, p=0.3992
IL-8 mono t14=1.51, p=0.0766 U=28, p=0.3605 U=31, p=0.4796
TNFa mono 114=0.575, p=0.5746 U=21, p=0.1393 U=25, p=0.2527
IFNy lympho U=30, p=0.4392 114=28, p=0.3605 U=24, p=0.2209
IL-6 lympho U=27, p=0.3227 U=29, p=0.3992 U=24, p=0.2209
IL-8 lympho U=25, p=0.2527 U=31, p=0.4796 U=25, p=0.2527
TNFa lympho  (t14=0.9942, p=0.3370 |U=17, p=0.0652 U=24, p=0.2209
Figure 7.7 Friedman test
IFNy mono X?=3.225, p=0.3582
IL-6 mono x*=38.78, p<0.0001
IL-8 mono X?=28.13, p<0.0001
TNFa mono x*=37.65, p<0.0001
IFNy lympho  |x?=33.08, p<0.0001
IL-6 lympho x*=15.23, p=0.0016
IL-8 lympho X*=6.300, p=0.0979
TNFa lympho | x?=33.98, p<0.0001
Figure 7.8 Friedman test
LPS mono x?=38.33, p<0.0001
R848 mono x*=32.93, p<0.0001
CD3 mono X?=8.175, p=0.0425
LPS lympho x*=16.73, p=0.0008
R848 lympho | x?>=30.08, p<0.0001
CD3 lympho x°=10.88, p=0.0124
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Figure 7.9 One-tailed Spearman’s rank
IFNy r=0.2991, p=0.0454
IL-6 r=0.3217, p=0.0339
IL-8 r=0.0306, p=0.8656
IL-13 r=-0.0379, p=0.4170
TNFa r=0.1746, p=0.1656
Figure 7.10 One-tailed Spearman’s rank
IL-6 r=0.2335, p=0.1837
IL-8 r=0.1777, p=0.3147
IL-13 r=-0.2426, p=0.1668
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Appendix F: Human Flow Cytometry Gating Strategy

F1: Gating strategy for human monocyte and lymphocyte populations

Unstimulated LPS R848 CD3

250K <] 250K 250K 7 250K

200K = 200K 7 200K ]

150K =

FSC-w
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100K <] 100K =

50K =]
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T T T T T T T T T T T T T T T A
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250K = 250K =

200K = 200K =

SSC-A

100K <] 100K =]

0 S0K 100K 150K 200K 250K 0 S0K 100K 150K 200K 250K
FSC-A FSC-A

0 50K 100K 150K 200K 250K
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Singlet events were selected based on appearance in a FSC-W vs FSC-A plot. Monocyte and
lymphocyte gates of singlet cells were then selected based on differential size/granularity on a
SSC-A vs FSC-A plot. Gates were kept constant for each stimulus from the same patient, but were
varied for each patient as the location of the populations vary for each patient. The phenotype of

lymphocytes and monocytes are provided in Appendix F2 and F3 respectively.
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F2: Gating strategy for positive cytokine staining within lymphocytes
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Singlet lympocytes (see appendix F1) were analysed for the MFI and percentage population of

lymphocytes expressing cytokines IL-6, IL-8, IFNy and IL-6. Positive gates were placed to the right

of the large negative population in unstimulated controls. Gates were kept constant for each

stimulus from the same patient, but were varied for each patient as the location of the

populations vary for each patient.
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F3: Gating strategy for positive cytokine staining within monocytes
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Singlet monocytes (see appendix F1) were analysed for the MFI and percentage population of

monocytes expressing cytokines IL-6, IL-8, IFNy and IL-6. Positive gates were placed to the right of

the large negative population in unstimulated controls. Gates were kept constant for each

stimulus from the same patient, but were varied for each patient as the location of the

populations vary for each patient.
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Appendix G: Characteristics of different murine models of geographic AMD features.

GM?
Geographic or global?
Limited to rodents?
Aging required?
Adjustable dosage?
Conditions
Retinal deposits
BrM thickening

RPE changes?
Photoreceptor changes?

Inner retinal changes?

Fundoscopy appearance

OCT appearance

ERG deficits?
Inflammasome activation

Myeloid cell activation

Miiller cell activation
Complement activation
Oxidative stress

References

Laser
No
Geographic
No
No
Yes

?
?

Atrophy at lesion site

Atrophy at lesion site
No
Clearly demarcated
lesion for tracking

Progressive outer retinal
thinning, progressive
regression of
hyperreflective pathology

Yes, no progression
Yes

Yes

Yes
Yes
Yes

Chapter 6

CEP-MSA
No
Global
?

Yes

? ?
2-3 months 12-24 months

No Sub-RPE deposits
No Yes

Yes, vesiculation,
thickening, some
focal atrophy
PR swelling
?

?

?
?

Yes in
photoreceptor/RPE
?

Yes, C3d at BrM
Yes

Further thickening
compared to 2-3
month old mice
Complete loss
?

?

?
?

Yes in
photoreceptor/RPE
?

?

Yes

Cruz-Guilloty et al., 2013, 2014,
Hollyfield et al., 2008, 2010

Sodium lodate

No
Global
No
No
Yes
15-20mg/kg 30-40mg/kg
? ?
? ?

Patchy RPE loss (Day 3),
some recovery over 3
months
No loss after 3 months
No
Patchy small spots of
degeneration (3/14 mice)

Slight thinning, gradual
restoration of disrupted
photoreceptor layer

Yes, no progression
?
?

?
?
Yes, toxic levels

Complete RPE loss (Day
3), no recovery over 3
months
Complete Loss
No
Patchy small spots of
degeneration
Progressive outer retinal
thinning, progressive
regression of
hyperreflective
pathology
Total loss of response
?

?

?
?
drive degeneration

Machalinska et al., 2010, 2014;

Jin Zhao
P.Zhou
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etal., 2017;
etal., 2014

CD46 null
Yes
Global
Yes
Yes
No No
2 months 12 months
No Sub-RPE deposits
No Yes
Thickening,
No vacuoles, no
atrophy
=1.3% loss =25% loss
? ?
? ?
? ?
? ?
? ?

‘Macrophage-like’ cells in SR
increasing with age
No ?
MAC in retina and choroid
?

Lyzogubov et al., 2014, 2016

Dicer1-Best-Cre
Yes
Global
Yes
Not stated
No
Not stated
?

?

Patchy RPE atrophy

?
?

Patchy RPE loss

?
Kaneko et al., 2011;
Y. Kim et al., 2014;
Tarallo et al., 2012
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