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SUMMARY: 

To date little information is available on how the immune system deals with viral 

pathogens in the eye and especially in the retina. Yet, viruses such as cytomegaloviruses 

(CMV) can cause retinitis which in turn can lead to blindness.  

In response to this knowledge gap, the research project which forms the basis for this 

PhD thesis sought to gain a better understanding of how the immune system reacts to 

virus present in the eye, and to investigate whether a systemic viral infection influences 

the eye’s micro-environment.  

Chapter 2 describes novel imaging techniques in common laboratory animal species, 

laying the foundation for assessing ocular pathology in experimental animal models. 

This chapter demonstrates that retinal morphology can be assessed in a noninvasive 

manner using techniques such as scanning laser ophthalmoscopy and optical coherence 

tomography. These techniques are especially suited to monitoring disease progression 

or treatment efficacy sequentially over time as illustrated in Chapter 3. In Chapter 3, I 

tested how murine cytomegalovirus (MCMV) infection of the eye can be tracked in 

vivo with a scanning laser ophthalmoscope, in the same animal over time. This novel 

technique allows noninvasive monitoring of infectious agents in the eye and therefore 

may contribute to improving our knowledge of the course and pathogenesis of 

intraocular infections. This is the first report that describes how an ocular pathogen can 

be tracked in vivo.  

In Chapter 4 flow cytometry was used to analyze the lymphocytic T cell response after 

experimental subretinal infection with MCMV. To date, flow cytometry in ocular tissue 

had been rarely used due to the small number of ocular cells that could be acquired from 

a murine eye. I optimized retinal flow cytometry protocols and achieved high cell yields 

and exploitable cell numbers from individual mouse retina.  

In addition to characterizing the T cell response within the retina, this chapter also 

describes systemic T cell reactivity after local subretinal infection with murine 

cytomegalovirus. Furthermore, we were able to show where T cells get activated and 

primed and demonstrated that T cells could only gain access to the infected eye. We 

found that after infection with MCMV, the adaptive immune system rapidly controls 

viral replication in the retina, but that MCMV specific T lymphocytes remain in the 

retina for a prolonged time. This suggests two possibilities: (i) that MCMV may 
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establish latency and long-term low level replication in the eye and therefore must be 

constantly controlled by the adaptive immune system to prevent full reactivation or (ii) 

that antigen specific T cells can remain in ocular tissue long term in the absence of 

antigen. These hypotheses form the basis on on-going long-term studies in the host 

laboratory.  

Chapter 5 provides an overview of the models of experimental viral retinitis with 

cytomegalovirus and lymphocytic choriomeningitis virus (LCMV) and discusses the 

consequences for human disease and the implications for novel retinal therapies with 

viral vectors. Furthermore, experimental data on the induction of tolerance through the 

use of peptides is shown and discussed. I had already studied LCMV induced 

chorioretinitis and keratitis in detail as a research fellow in Switzerland, and this 

knowledge has assisted my studies of MCMV infection in the eye.  

In Chapter 6, I describe the effects of systemic, extraocular, viral infection with 

MCMV on the eye. Notably, striking changes were detected in the eye after systemic 

viral infection, with marked upregulation of MHCII, shifts of microglia into the 

subretinal space and a marked increase of iris macrophages. Using knockout mice, we 

were able to define some of the mechanisms involved in such changes. These 

experiments offer proof of principle that systemic viral infections have a dramatic effect 

on the eyes microenvironment.  

Chapter 7 summarizes the main clinical implications of this research project and the 

principal innovations, as relevant to future research in the field of ocular immunology. 

Notably, this thesis contains original data that will help to elucidate how the immune 

system controls viral infection in the retina. Novel imaging techniques have been 

developed and tested that facilitate better observation and understanding of the course 

and pathogenesis of intraocular infections. These data have direct implications not only 

for understanding the pathology of viral retinitis, but also for other retinal diseases, such 

as uveitis, age related macular degeneration or diabetic retinopathy, in which low grade 

and particularly chronic inflammation have been implicated.
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THESIS FORMAT 

This thesis is presented in six chapters consisting of an introduction with background 

information of the eye (chapter 1), four experimental chapters (chapters 2-4 & 6), a 

review on viral ocular immunology and the implications on retinal gene therapy with 

viral vectors (chapter 5) and a conclusion (chapter 7). The experimental chapters are 

presented as a series of papers and as such contain abstract, introduction, methodology, 

results and acknowledgments. Formatting modifications were made to allow for 

continuity and to conform to the guidelines by the Graduate Research School at the 

University of Western Australia. 
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1 CHAPTER 1 

The projects detailed in this thesis analyzed immune responses in the unique 

microenvironment of the eye with the intention of defining the requirements for the 

initiation and maintenance of an immune response in the inner most layer of the eye, the 

retina. The work utilized the mouse as a model. 

In order to understand the potential peculiarities of immune responses within the eye, it 

is important to have a basic knowledge of the anatomy of this organ, especially with 

regard to its blood supply, the lymphatic drainage and any unique populations of 

immune cells which reside within the eye.  

Although the structures of the human and the murine eye are very similar, there are 

differences in the anatomy and obviously the size of the eye. Where a human eye 

measures on average 25mm in length, the axial length of a mouse eye is only about 

3mm 
1
. This consideration aside mouse models still provide the best system to dissect 

immune responses in the eye in vivo. 

This introduction will start with a short review of the anatomy of the eye. The main 

section will provide an introduction to the unique immune environment of the eye and 

present the concept of immuneprivilege. The last section of the introduction will give an 

overview of cytomegalovirus and its role in clinical disease. Since this introduction is 

intended for both clinicians and scientists in the field of ophthalmology, it will provide a 

basic summary of the most critical concepts in immunology and ocular immunology 

without delving into details. A more comprehensive overview of relevant aspects of the 

immune response will be given in each of the results chapters, with chapter 6 especially 

discussing data generated during my candidature and data available in the literature to 

provide a detailed review of adaptive immunity in the eye during viral infection.  

 

1.1 THE EYE 

The eye is a part of the central nervous system (CNS) and consists of three major tissue 

layers. The outer fibrous layer is composed of sclera and cornea, providing both form 

and protection to the eye. The middle layer consists of the choroid, which is highly 

vascularized and provides oxygen to the outer layers formed by the neuroretina. During 

embryogenesis the eye is first detectable as the optic vesicle which develops from an 

evagination of the diencephalon at about the 25th postovulatory day. The optic cup, 

consisting of neuroectoderm, folds upon itself and forms two distinct tissue layers. The 
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outer layer develops into the retinal pigment epithelium and the inner layer into the 

neuroretina. As the neuroectoderm reaches the surface ectoderm it induces the 

formation of the lens placode 
2
. 

 

1.1.1 Retinal anatomy in man and mice 

The retina forms the innermost layer of the eye and is composed of the retinal pigment 

epithelium (RPE) and the neuroretina. The neuroetina consists of several layers, each 

with distinct functions. In humans the central retina, consisting of fovea, macula and 

optic nerve, is also called the posterior pole. The human fovea measures approximately 

1mm across and consists mainly of cones; there is no fovea in mice (figure 1.1). 

However both human and murine photoreceptors consist of approximately 95% rods 

and 5% cones. The pars plana represents the junction between the retina and the ciliary 

body. This junction is quite short in mice and measures only between 12 and 16 cells 
3
. 

 

 

Figure 1.1.: A) Schematic drawing of the human eye (modified from: 

http://www.fightforsight.org.uk/anatomy-of-the-eye) B) H/E section of murine retina  

 

A cross section of the 8 layers of the retina is shown in figure 1.1 B and explained in 

the text below.  

V: Vitreous gel 

RA: Retinal artery 

NFL: The inner most layer of the retina consist of the nerve fiber layer (NFL) which 

lies directly beneath the internal limiting membrane. The NFL is composed of the 

A B 

 

http://www.fightforsight.org.uk/anatomy-of-the-eye
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unmyelinated axons of the retinal ganglion cells. The larger retinal vessels (RA) lie in 

the NFL. 

GCL: The ganglion cell layer (GCL) consists of cells with large vesicular nuclei and 

abundant cytoplasm and lies on the vitreal aspect of the inner plexiform layer (IPL). The 

ganglion cell layer in the mouse is closely spaced and may be two to three cell layers in 

the area adjacent to the optic disc 
3
.  

IPL: The inner plexiform layer (IPL) contains the synapses between ganglion and 

bipolar cells. In addition, sporadic displaced ganglion or bipolar cells may be found 

here.  

INL: The inner nuclear layer (INL) contains the nuclei of bipolar cells, Muller cells, 

horizontal cells and amacrine cells and is usually several layers thick. The bipolar cells 

are most abundant. Amacrine and horizontal cells are responsible for lateral integration 

of neurons. Muller cells are a source of glucose and glycogen and are responsible for 

removing glutamate from the extracellular space of the retina 
4
. 

OPL: The outer plexiform layer (OPL) contains the axons and synapses between the 

photoreceptors and the neurons of the INL 
5
. 

ONL: The outer nuclear layer (ONL) consists mainly of nuclei of photoreceptors and is 

about 10 nuclei thick. Approximately 95% of photoreceptor cells in the mouse retina are 

rods. The remaining 5% of photoreceptors have been identified as cones 
6
. The 

photoreceptor inner and outer segments (PL) are located between the retinal pigment 

epithelium and the ONL. A cilium connects the inner photoreceptor segment to the 

outer segment originating from ciliated neuroepithelium. 

RPE: The retinal pigment epithelium (RPE) is a monolayer of hexagonally shaped 

cuboidal cells, separating the retina from the choroid (CH). RPE cells contain abundant 

mitochondria reflecting their high metabolic activity. The RPE is responsible for 

phagocytosis of shed outer photoreceptor segments and maintains the adhesion of the 

retina to keep the potential subretinal space (SRS) closed. The degree of pigmentation 

varies significantly between mouse strains. The basal membrane of the RPE forms the 

inner most layer of the Bruch’s membrane. 

 

1.1.2 Uveal tract in man and mice 

The anterior uvea comprises the iris and the ciliary body, whereas the posterior uveal 

tract contains the choroid (figure 1.2). The iris is a highly vascular structure consisting 

of iris stroma and a two-layered pigment epithelium. The loose connective tissue of the 
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iris stroma consists mainly of collagen fibers and to a lesser extent fibroblasts, 

melanocytes (with varying melanosome content) and MHC class II+ cells. The iris 

pigment epithelium forms a two cell thick layer consisting of the anterior and posterior 

iris pigment epithelium.  

 

 

Figure 1.2: H/E histology from a BALB/c mouse (A) overview; Ciliary body (CB), anterior 

chamber (AC) (x5) (B) Ciliary body (CB) x20 (C) Iris x40. 

 

The ciliary body consists of three layers: epithelium, vascular stroma and the smooth 

accommodating muscle. The apices of the pigmented and the non-pigmented ciliary 

epithelium are opposed, with the base of the non-pigmented epithelium facing the 

vitreous. The ciliary processes are highly vascularized and involved in the production of 

aqueous humour. In contrast to the human ciliary muscle, consisting of smooth 

musculature and responsible for accommodation, the murine ciliary muscle is virtually 

absent, consistent with the relatively larger lens and the lack of accommodation in mice.  

The choroid is highly vascularized with fenestrated capillaries and supplies the external 

layers of the retina. The choriocapillaris is the innermost layer of the choroid. The basal 

part of the choriocapillaris forms the external part of Bruch’s membrane. The choroidal 

stroma is very thin in mice and contains fibroblasts and a dense network of tissue 

resident macrophages 
7
. 

 

1.1.3 Retinal blood supply in man and mice 

The retina receives blood from two sides. The inner two-thirds of the human retina are 

nourished by blood vessels from the central retinal artery, which is the first branch of 

the ophthalmic artery. Four branch retinal arteries supply a quadrant of the retina each 
8
. 

The arteries and veins remain in the nerve fiber layer, while arterioles and veins extend 

into the deeper layers of the retina resulting in a dense microvascular network (figure 

1.4, left side). As in the human retina, the murine retina has two blood supplies; the 

inner two thirds of the retina are supplied by the ophthalmic artery, and the outer third is 



CHAPTER 1: Introduction 

 

6 
 

supplied by the choroidal vasculature. Although there is some variation in the number of 

retinal arteries depending on the mouse strain, there are usually four to six arteries 

radiating out from the optic nerve 
9
. A capillary free zone, which is present in animals 

with a macula, is absent in mice (figure 1.3).  

 

Figure 1.3.: Color fundus photograph from a BALB/c mouse (left) and a human (right). White 

arrows indicate the optic nerve. Black arrows indicate arteries and grey arrows retinal veins. The 

white circle indicates the macula (left) which is absent in mice (right). 

 

The choroid is derived solely from mesenchyme and contains a dense network of 

vascular channels, supplying the outer third of the retina (figure 1.4, right side). Unlike 

the endothelium in the retinal vasculature with its tight junctions, the endothelium in the 

choroidal vasculature is thin and heavily fenestrated, similar to the ciliary body. 

Furthermore the choroidal vasculature is arranged in a lobular pattern (similar to the 

liver lobuli). The nutrition and oxygen by the choroidal vasculature have to diffuse 

through the Bruch’s membrane and the RPE to reach the outer parts of the retina. 

 

 

Figure 1.4: Retinal vasculature (left) and choroidal vasculature (right) stained with 

Concanavalin A (x20) 
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1.1.4 Blood retina barrier in man and mice 

The blood retina barrier (BRB) forms a highly selective barrier between the blood 

circulation and the neural retina, similar to the blood brain barrier (BBB). The inner part 

of the BRB consists of adjacent retinal endothelial cells that are sealed together by tight 

junctions. This makes them impermeable to larger molecules and prevents ready entry 

of pathogens and leukocytes into the retinal parenchyma 
10

. The outer BRB consists of 

the retinal pigment epithelium and represents a barrier between the choriocapillaris and 

the outer retina. Similar to the retinal vessels, the vasculature of the iris is non-

fenestrated, and thus allows only very selective trafficking of molecules. In addition, the 

iris features tight junctions between the cells of the posterior pigment epithelium. The 

ciliary body has fenestrated vessels but the non-pigmented epithelium of the ciliary 

body exhibits tight junctions 
11, 12

. The connection between the ciliary body and the iris 

stroma presents a potential pathway for molecules and cells to gain entry via the anterior 

stroma of the iris to the anterior chamber and may explain the higher incidence of 

autoimmune inflammation that occurs in the anterior uveal tract.  

The barriers at the blood retinal interface cannot be absolute, as under specific 

conditions, such as viral or microbial infection, the immune system must gain access to 

the inner part of the eye to control and clear the potentially sight threatening pathogen. 

On the other hand, the break down of the BRB is a prerequisite for the recruitment of 

leukocytes to sites of autoimmune disease. The trafficking of leukocytes across the BRB 

is highly dependent on the activation of vascular endothelial cells which upregulate the 

expression of endothelial adhesion molecules, and support the recruitment of T cells and 

other immune cells across the BRB 
13

. This is thought to be mainly mediated by 

chemokines and matrix metalloproteinases. 

It has been suggested that the functional state of tight junctions is not altered by 

inflammatory cytokines and chemokines and that additional stimuli from cells adjacent 

to the BRB, such as astrocytes, dendritic cells and microglia, regulate the permeability 

of the BRB 
14-16

.  

 

1.2 OCULAR IMMUNITY 

The immune status of the anterior chamber was first described by Peter Medawar in 

1948 when he placed allogeneic skin transplants into the anterior chamber of rabbits 
17

. 
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These skin allografts survived in the anterior chamber for a prolonged time, whereas the 

same allograft was rapidly rejected when placed within immunologically non privileged 

tissues. These findings led to the concept of immune privilege within the eye. Originally 

it was believed that immune privilege in the eye was solely due to the presence of 

blood-ocular barriers and lack of lymphatic drainage 
18

 and that intraocular antigen 

would be sequestered from the immune system whilst immune cells would be excluded 

from the eye, preventing the potentially destructive consequences of inflammation. 

Currently, ocular immune privilege is thought to be a much more complex process, 

involving at least (i) the separation of the eye from the immune system by a blood-

retinal barrier, (ii) induction of immunosuppressive regulatory T cells by eye-specific 

mechanisms and (iii) local inhibition of immune responses by the intraocular 

microenvironment. 
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Although immune privilege was initially discovered in the context of prolonged graft 

survival, especially with focus on extended survival of allogeneic tumor cells in the 

anterior chamber of the eye, it is thought that immune privilege is a mechanism to avoid 

or reduce deleterious and potentially pathologic immune responses not only in the eye 

but also in other organs and tissues (table 1).  

Examples of other organs and tissues considered to be immune privileged are listed in 

table 1: 

Tissues Reviewed in 

Eye 
19-23

 

Brain 
24, 25

 

Pregnant uterus 
26

 

Testes 
27, 28

 

Hair follicles 
29

 

Table 1: Other sites of immune privilege 

Several factors have been identified that modify innate and adaptive immune responses 

in the eye. These include: an immunosuppressive environment, immunological 

tolerance and immunological ignorance or indifference. 

1.2.1 Ocular immune privilege and tolerance 

1.2.1.1 Immunosuppressive microenvironment 

To minimize damage caused by the innate or adaptive immune system, the eye is said to 

possess soluble and cell-surface immunomodulatory factors that act locally to suppress 

immune mediated inflammation. The intraocular aqueous humour of the eye has been 

extensively analyzed and various immunomodulatory neuropeptides and growth factors 

have been identified. Among these TGF is the most prominent and appears to block 

the activation of lymphocytes and monocyte derived phagocytes 
30

. Neuropeptides such 

as the vasoactive intestinal peptide 
31

 or somatostatin 
32

 seem capable of suppressing T 

cell proliferation locally in the aqueous. In addition, other peptides such as α 

melanocyte stimulating hormone have also been implicated in inhibiting the function of 

cells, such as macrophages and natural killer cells 
33, 34

.  

The pigment epithelium of the retina, iris and ciliary body has been shown to display 

immunomodulatory features that suggest that this layer of cells contributes to ocular-

immune privilege as well 
35

. Pigment epithelium cells have been reported to secrete 

immunsuppressive factors 
36

 and retinal pigment epithelium has been shown to induce 
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apoptosis in activated T cells in vitro 
37

 and express surface molecules such as CD95 

ligand which can result in apoptosis of CD95+ T cells 
38

. In addition retinal pigment 

epithelium can inhibit proliferation of T cells by a cell contact-dependent mechanism 

correlating with a decreased expression of IL2R-beta and -gamma chains 
39

. 

 

1.2.1.2 Immunological tolerance 

Immunological tolerance is a condition where the immune system does not react to a 

challenge. Tolerance can be centrally acquired during lymphocyte development, 

particularly in the thymus for T cells. Acquired tolerance refers to specific non-

reactivity of the immune system to a given antigen that, under other conditions, would 

likely induce cell-mediated or humoral immunity.  

 

1.2.1.2.1 Central tolerance 

 

Maturing T lymphocytes that recognize self antigens locally expressed or present in 

blood are deleted in the thymus and B lymphocytes in the bone marrow, before they 

develop into fully immunocompetent cells; this prevents autoimmunity. T cells are 

positively selected based on affinity for self-MHC molecules. Negative selection in the 

thymus occurs when T cell precursors that express TCRs having high avidity for self 

MHC/self peptide-complexes expressed on medullary dendritic cells (DCs) are deleted 

40
. Expression of ectopic S antigen and retinal antigen interphotoreceptor retinoid 

binding protein (IRBP) in the thymus has been demonstrated by several investigators 
41, 

42
 and an inverse correlation exists between the susceptibility of different mouse strains 

to experimental autoimmune uveitis (EAU) induced by IRBP and the level of 

expression of IRBP in the thymus 
43, Cortes, 2008 #840

. Ectopic expression of tissue antigens 

in the thymus is under control of the AIRE (autoimmune regulator) protein 
40

 and AIRE 

knockout mice develop severe multi-organ autoimmunity, including retinal 

autoimmunity. It has also been shown that absence of IRBP in the thymus alone can 

exacerbate eye specific autoimmunity in a mouse model where thymi from IRBP-

deficient mice were transplanted into wild-type (WT) recipients 
44

. A correlation in the 

level of expression of retinal antigen in human thymi with the susceptibility to ocular 

autoimmune disease has been suggested 
45

. 
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1.2.1.2.2 Acquired tolerance 

 

Acquired tolerance was first described by the Australian immunologist Sir Frank 

Macfarlane Burnet in parallel with Sir Peter Medawar 
46, 47

. Acquired tolerance may be 

induced by repeated administration of very large doses of antigen, or repeated small 

doses that are below the threshold required for stimulation of an immune response. 

Tolerance is most readily induced by soluble monomeric antigens administered 

intravenously at high doses 
48

 
49

.  

A form of acquired tolerance in the eye, known as anterior chamber associated immune 

deviation (ACAID), has been described by Streilein and co-workers 
22

. ACAID occurs 

when intraocular APCs capture eye-derived antigen, migrate directly into the 

bloodstream through the canal of Schlemm and traffic to the spleen (the so called 

‘camero-splenic’ axis). These APCs are thought to induce tolerance through 

upregulation of TGFβ and downregulation of IL12 and CD40/40 ligand in the AC of the 

eye 
30

 
50

 and induction of T regulatory cells in the spleen which suppress the activation 

and differentiation of naïve T cells into Th1 effector cells. In this setting Th1-mediated 

immunity, measured as delayed-type hypersensitivity 
51

 is inhibited. Recent reports 

have shown that administration of OVA-antigen in the AC can reduce systemic 

cytotoxic T cell responses after a later challenge with systemically administered OVA 

52
, although the original reports on ACAID showed that CTL function in vitro is not 

influenced by ACAID 
51, 53

.  

 

1.2.1.3 Immunological ignorance or indifference 

Several studies have documented that the immune system can readily react against solid 

organ cells expressing unique antigens, such as insulin producing -cells. However, 

under normal conditions, immune responses are not initiated against -cells because the 

antigen does not reach lymphoid organs, such as the draining lymph nodes or the spleen. 

This condition has been described as immunological ignorance or indifference 
17, 54

. In 

the eye, the blood tissue barrier plays an important role in immunological ignorance 

because it physically separates potentially auto-reactive T cells from parenchymal cells 

that express tissue restricted self antigens, such as retinal antigens. Failure to induce 

sufficient T cell anergy in secondary lymphoid organs can lead to increased 

susceptibility to autoimmune uveitis as has been shown in a double-transgenic mice 

model expressing hen egg lysozyme (HEL) in the eye and a HEL-specific TCR on most 
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T cells 
55

. In addition, the relative lack of MHCII expressing antigen-presenting cells 

within the retina contributes to the immune system ignoring intraocular antigens 

(reviewed in 
20

).  

 

1.2.2 Immune cells resident in the eye 

Despite the fact that the eye is an immuneprivileged site, it is not devoid of 

hematopoietic cells. The presence of immune cells in the eye, and especially in the 

uveal tract, under homeostatic conditions has only recently become appreciated. Indeed, 

recent studies have shown that tissue resident macrophages and dendritic cells are 

present in the iris, ciliary body and the choroid 
7, 56-60

. These cells constitute a quiescent 

resident immune system that in steady state is thought to constantly survey the 

microenvironment of the eye. However, during inflammation the antigen-presenting 

cells that reside in the eye may play a major role in inducing, propagating and 

maintaining T and B cell responses. The details of these processes are not clear and are 

the subject of intensive investigation. 

 

1.2.2.1 Dendritic cells 

Dendritic cells are potent activators of T and B cells. DCs are located in most tissues in 

an immature state and are capable of capturing antigen by phagocytosis. Immature DCs 

express large amounts of MHCII proteins intracellularly. Once immature DCs encounter 

and phagocytose antigen, they become activated. The phagolysosomal processing of 

antigen results in peptides of 8-15 amino acids being loaded onto MHCII antigen 

molecules and externalized as MHCII/antigenic peptide complexes onto the cell surface. 

This process also triggers the migration of DCs to lymphoid tissues, particularly the 

lymph nodes and the spleen 
61

. In these tissues activated DCs interact with naïve T cells 

62
. Only when sufficient co-stimulatory signals are present can productive T cell 

responses be initiated. In the absence of co-stimulatory signals T cells may undergo 

apoptosis or “no response” 
63

. DCs are able to influence all T cell subsets and prime 

CD8 T cell responses when antigenic peptides are MHCI associated, or CD4 T cells 

when peptides are recognized in an MHCII associated fashion. DCs also play a role in 

mechanisms involved in central and peripheral tolerance. DCs present self-antigen in 

combination with MHCII or MHCI to developing T cells in the cortex and medulla of 

the thymus. Thymocytes displaying a high affinity to self-antigen undergo negative 
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selection and die; this results in central tolerance against potential auto-antigens 
64

. DCs 

have also been implicated in the induction of peripheral tolerance of CD8 and CD4 T 

cells against potential self antigens 
65, 66

. In the eye DCs are found in the iris and 

choroid, but also in the cornea 
67

. The retina contains very few DCs (figure 1.5). 

Thus, DCs are key players in triggering T cell responses and are present in most tissues, 

consistent with their role in immunosurveillance. In general, immune responses 

however are most successfully induced in secondary lymphoid organs, where DCs 

migrate after activation. At these sites adequate inflammatory conditions are required 

for the generation of an effective adaptive immune response. 
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Figure 1.5: FACS analysis of eyes from naïve BALB/c mice (n=10 eyes, pooled data). A) FACS 

plots for cervical lymph nodes and various ocular tissues stained with PI (propidium iodide), 

CD45 (common leukocyte antigen), MHCII and CD11c (DC marker). Left column: Live CD45 

positive cells were identified and from this pool, DCs (MHCII and CD11c positive cells) were 

isolated. B) Mean percentages of CD11c+MHCII+ cells in choroid, iris, cornea and retina (n=10, 

pooled data). C) Mean percentages of CD45+ cells in choroid, iris, cornea and retina (n=10, 

pooled data). 
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Resident DCs in the cornea are heterogeneous with respect to MHC II expression; DCs 

in the central cornea reportedly lack expression of MHC II and the CD86 and CD80 

costimulatory molecules, whereas DCs in the peripheral cornea and the limbus express 

high levels of MHCII 
68, 69

. It has been proposed that the maturation of DCs in the 

central cornea is influenced by microenvironmental factors, such as the presence of 

TGF 
70

. According to the general rules stated above, inflammatory conditions will 

activate local DCs in the eye resulting in their emigration. Thus, corneal DCs play a 

major role in allograft rejection as they can migrate to draining lymph nodes, and 

directly present alloantigens to alloreactive CD4 T cells 
71

. They also play a role in 

herpes simplex virus type 1 (HSV-1)-induced stromal keratitis (HSK) 
72, 73

. Uveal tract 

DCs also play a major role in a number of ocular inflammatory conditions, such as 

autoimmune uveitis 
74, 75

 and endotoxin induced uveitis 
76

.  

 

1.2.2.2 Macrophages 

Macrophages are part of the mononuclear phagocytic system, also called the 

reticuloendothelial system (RES). Most macrophages derive from bone marrow derived 

blood monocytes. Mature monocytes in the peripheral circulation constitute 

approximately 3-8% of peripheral-blood leukocytes in humans. Murine monocytes can 

express a variety of chemokine receptors and can be subdivided according to their 

differential expression of CX3CR1, CCR2 or Ly6C 
77, 78

. Monocytes are characterized 

by expression of F4/80 and CD11b and are usually CCR2-CX3CR1
high

 as resident 

monocytes and CCR2+CX3CR1
low 

in an activated state. Macrophages play an important 

role in innate and adaptive immunity, but also participate in normal tissue turnover. 

Macrophages are a heterogenous group of cells expressing CD68 (macrosialin) and 

CD169 (Siglec-H) and display differing morphology in accordance to their tissue 

microenvironment. The differentiation from blood monocytes into tissue macrophages 

is influenced by lineage dependent cytokines, such as granulocyte-macrophage colony 

stimulating factor (GM-CSF) and macrophage colony stimulating factor (M-CSF, also 

known as CSF1) 
79

 and it is thought that monocytes constitutively replenish tissue-

resident macrophage populations. However, it has been shown that tissue resident 

macrophages can readily be activated by products of activated T cells and natural killer 

(NK) cells, e.g IFNγ. Interleukin 12 (IL 12) and interleukin 18 (IL 18) also play an 

important role in the activation of macrophages. One of the most potent activators of 
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macrophages is IFNγ 
80

. IFNγ has not only been shown to increase the microbicidal 

activity of macrophages through the production of reactive oxygen species (ROS), nitric 

oxide (NO) and interferon α/, but can also induce MHCII expression 
81

. This is known 

as the “classical activation” pathway of macrophages 
79

. Whereas the “classical 

activation” of macrophages is associated with cellular immunity, tissue damage and 

delayed type hypersensitivity, the “alternative activation”, leads to increased pinocytosis 

and up-regulation of the mannose receptor and MHCII expression. The alternative 

activation leads to the involvement of macrophages in humoral immunity and allergic 

and anti-parasite responses.  

In the eye macrophages are located in the iris, in the choroid and in the perivascular 

space in the retina (figure 1.6). 

 

MHCII AF

400 µm

    

Figure 1.6: Choroidal macrophages. Choroidal flatmount of a BALB/c mouse, stained for MHCII 

(left) x20. (Right) Scanning laser ophthalmoscope images of autofluorescent (AF) macrophages 

in a transgenic mouse where the promoter for the CSF-1R directs the expression of enhanced 

GFP in cells of the myeloid lineage (MacGreen mouse)
82

. 

Macrophages are the main components in granulomatous anterior uveitis, such as that 

associated with Vogt–Koyanagi–Harada disease, sarcoidosis and sympathetic 

ophthalmia. Macrophages are also one of the predominant inflammatory cell 

populations in experimental autoimmune uveitis 
83, 84

. 

1.2.2.3 Microglia  

Microglia are the resident macrophages in the CNS and abound in the brain and the 

retina. They share many characteristics of macrophages in other tissues. Microglia 

display a characteristic dendritic morphology in their resting state which is unique 
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among macrophages. Resting microglia are thought to support the normal tissue 

homeostasis within the CNS parenchyma and play a role in supporting the surrounding 

neurons. They are also thought to play an important role in “immune-surveillance” of 

the CNS 
85

. Similar to “true” perivascular CNS macrophages they express CD11b and 

F4/80, but have only low CD45 expression (table 2) and very low CCR2 

expression
86

.There is very recent evidence that resident microglia, at least in the brain, 

derive from yolk sac precursors and not from bone marrow-derived macrophage/DC 

precursor cells 
87

. After tissue injury microglia change into an activated state, retract 

their ramified processes and show enlarged nuclei.  

Antigen Retinal microglia Macrophage 

CD68 (macrosialin)  high high 

Iba1 high 
88

 high 
88

 

CD45  low 
89

 high 

F4/80 high 
90

 
91, 92

 high 
90

 
91

 

CD11b high 
89

 high 

CD11c absent low 

MHCII absent  high 

CCR2 absent 
86

 high 

Table 2: Common microglia and macrophage markers 

Microglia are key participants in innate immunity of the CNS 
93

 and also play a role in 

the adaptive immune response within the CNS 
94

. Activated microglia express a myriad 

of cell membrane receptors including MHCII, intercellular adhesion molecules, TLR 

(Toll like receptor) 
95, 96

, complement receptors, various cytokine receptors (IFNα/, 

IFNγ IL1, IL6, IL10, IL12, IL16 TNFα) and integrins such as leukocyte function 

associated antigen 1 
97-100

. They also express chemokine receptors such as CCR, CXCR, 

CX3CR, which are involved in activation and migration of microglia towards 

inflammatory foci 
101

. The role in exacerbation or attenuation of CNS disease is still a 

matter of controversy. 

 

1.2.2.4 Lymphocytes 

The extent of lymphocyte trafficking through the healthy CNS remains a matter of 

controversy. It is generally accepted that in the CNS lymphocyte numbers, when 

compared to liver or lung, are very low 
102, 103

. However, elevated numbers of T cells 
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within the CNS were observed after the initiation of strong immune responses, such as 

in graft versus host disease, even if the nervous system is not directly involved 
104

. It is 

still a matter of debate whether T cells must be activated to gain entry into the CNS or 

whether naïve lymphocytes can traffic through the CNS and act as immune surveillants. 

A number of studies have shown that activated T cells, but not naïve T cells, can readily 

gain access across the blood retina barrier into the neuronal retina regardless of their 

antigen specificity 
105, 106

. 

 

1.3 VIRAL RETINITIS  

Viral retinitis is a rare but devastating disease in immunocompetent and 

immunocompromised patients. Cytomegalovirus, herpes simplex virus type 1 and 2 and 

varicella zoster virus have all been implicated in the aetiology of viral retinitis.  

 

1.3.1 CMV 

CMV belongs to the family of the Herpesviridae and is a member of the 

Betaherpesvirinae subfamily. Like all herpes viruses it has a double stranded linear 

DNA packed within the nucleocapsid. It derives its name from the Greek word “cytos” 

and “megalo”, which describe the accumulation of nucleic acid in the nuclei of infected 

cells. Weller, Smith and Rowe independently isolated and grew CMV from man and 

mice in 1956–1957 
107-109

. The first description of intranuclear inclusions in infected 

cells via electro-microscopy led to the term cytomegalic inclusion disease being coined 

in 1953 
110

. 

The CMV genome contains around 235 kilo-base pairs and viral gene expression can be 

divided into three stages. Accordingly, viral gene products appear as immediate early, 

early and late viral proteins 
111, 112

. Whereas early (E) proteins are involved in the 

replication of the viral genome, late (L) proteins participate in the structure of the virion. 

Expression of immediate early (IE) proteins is required to complete the early and late 

stages of infection. For entry into the host cell CMV fuses its envelope with the cell 

membrane of the cell. This is facilitated by several glycoproteins, such as glycoprotein 

B and glycoproteins M and N (gB and gM, gN respectively).  
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1.3.2 CMV pathology 

HCMV is an ubiquitous pathogen and in humans the incidence of sero-positivity is up 

to 50-70%. Vertical transmission can occur as the result of primary maternal CMV 

infection during pregnancy or following reactivation of latent maternal CMV infection 

during pregnancy. Horizontal transmission takes place following contact with persons 

shedding virus in urine, saliva, breast milk, semen, or cervical secretions, but also by 

transfusion of blood products or after solid organ or bone marrow transplantation. 

HCMV displays a wide cell tropism, but has a predilection for glandular and muscular 

epithelial cells, vascular endothelium, myeloid cells and connective and muscular tissue. 

Persistently infected acinar cells of the salivary gland play an important role in 

transmission of the virus as they shed virus into the environment.  

 

1.3.2.1 Congenital infection 

The reported prevalence of congenital CMV infection ranges from 0.2% to 2.5% of all 

live births 
113

. Retinitis is the most common ophthalmic manifestation of congenital 

CMV infection, with a reported prevalence of 11% to 25% in the setting of symptomatic 

congenital CMV infection 
114, 115

. Congenitally infected children with no clinical retinal 

lesions on ophthalmoscopy can have reactivation from a previously asymptomatic and 

inactive retinal scar 
116

. 

 

1.3.2.2 Postnatal acquired acute infection in immunocompetent individuals 

The incubation period is between 4 and 8 weeks and most CMV infections will not be 

noticed because they are asymptomatic or only cause flu-like symptoms. Hematogenous 

dissemination of HCMV is usually mediated through myeloid cells such as 

macrophages. Usually, acute infection is rapidly controlled by the adaptive immune 

system in immunocompetent individuals. 

 

1.3.2.3 Latent infection and reactivation 

While healthy individuals carry HCMV DNA in the absence of disease, HCMV 

becomes a significant pathogen during immunosuppression 
117

. Indeed, HCMV has 
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emerged as an important opportunistic pathogen in immunosuppressed individuals. 

Reactivation of latent virus, which can cause significant morbidity in multiple organs 

including the eye, is a common clinical problem, particularly during HIV infection and 

pharmacological immune suppression. The balance between latency and reactivation is 

thought to be controlled by neutralizing antibodies, but also importantly by CD8 T cells. 

Up to 0.01% of the monocyte population contains HCMV DNA in latently infected 

individuals 
118, 119

 and it is thought that the bone marrow may act as a reservoir for latent 

CMV. The possibility of ocular persistence, both in mice and man, is still debated 
120, 

121
. Several reports of ocular HCMV reactivation after targeted ocular 

immunosuppression in immunocompetent patients 
122-125

 suggest the virus can persist 

within the eye after primary infection. 

 

1.3.3 HCMV retinitis; clinical signs and treatment 

Postnatally acquired CMV retinitis occurs only in severely immune suppressed 

individuals. It is seen most commonly in people with acquired immunodeficiency 

syndrome (AIDS), but transplant recipients and individuals who receive potent 

immunosuppressive drug regimens are also at risk. 

 

1.3.3.1 CMV retinitis in patients with AIDS  

It is estimated that approximately 33 million people in the world are living with HIV 

infection and/ or AIDS, with up to 25% of the population affected in some African 

countries 
126

. The prevalence of CMV retinitis in AIDS patients before highly active anti 

retroviral therapy (HAART) has been reported to be between 16.5% and 34% 
127-129

. 

Retinitis was the most common manifestation of CMV disease in adult individuals with 

AIDS, accounting for approximately 70% to 85% of CMV-associated end-organ 

diseases 
130

 
127

. Introduction of highly antiretroviral therapy in the 1990s has been 

associated with recovery of CMV-specific CD4 T lymphocyte responses 
131

 and a 

dramatic drop in newly diagnosed cases of CMV retinitis by 55% 
132, 133

.  

The CD4 T lymphocyte counts correlate with, and therefore can be used to assess the 

risk for developing CMV retinitis in HIV-infected individuals. Patients with a CD4 T 

cell count of 50 cells/mm
3
 or less have an incidence of CMV retinitis of up to 20% 

134
. 
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It is therefore necessary to regularly screen patients with CD4 T cell counts below 50 

cells/mm
3
 
135

 to avoid complications including CMV retinitis. 

 

1.3.3.2 CMV retinitis in immunosuppressed patients 

CMV retinitis has also been reported to occur in patients with inherited 

immunodeficiency status, malignancies, or in patients with systemic 

immunosuppressive chemotherapy after solid organ or bone marrow transplantation. 

However, the prevalence of CMV retinitis after solid organ transplantation has been 

reported to be relatively low at 0.35% 
136

. 

 

1.3.3.3 Pathogenesis, clinical features and treatment of HCMV retinitis 

CMV is thought to reach the retina through the bloodstream and probably via infection 

of retinal vascular endothelial cells 
137, 138

. Direct infection of neuroretinal tissue may 

also occur when infected leukocytes gain access to the retina through inflammatory 

breaches in the blood retina barrier.  

In the retina CMV causes full-thickness necrosis of the retinal parenchyma and most 

cells of the retinal layers are affected, including the retinal pigment epithelium (RPE) 

139
.  

CMV retinitis lesions may be present unilaterally or bilaterally and may be found in any 

layer of the retina
140140140

 
140

. The majority of early lesions are adjacent to blood vessels 

probably reflecting the hematogenous spread of the virus and the potential for CMV to 

infect retinal vascular endothelial cells (figure 1.7). Involvement of the fovea or 

papillitis may occur as well. White intraretinal lesions appear in affected areas and later 

necrosis along the vascular arcades in the posterior pole can be seen. In addition, 

prominent retinal hemorrhages are often present within the necrotic area or along its 

leading edge together with vitritis 
141

. As the retinitis progresses, an area of atrophic, 

avascular retina may result in retinal pigment epithelial atrophy or hyperplasia 
142

. Other 

manifestations of CMV retinitis include attenuated vessels, perivascular sheathing, 

retinal edema, and exudative retinal detachment 
143

. Optic atrophy may also occur as a 

late manifestation resulting from widespread retinal destruction.  
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A classification for the location of the CMV lesions has been established 
144

; lesions 

affecting zone 1, which is the area around the disc and the fovea, usually lead to 

deteriorating vision. Zone 2 extends from zone 1 to the vortex veins, and zone 3 

represents the anterior retina to the ora serrata. Involvement of zone 3 increases the risk 

of retinal detachment. Rhegmatogenous retinal detachment is associated with healed or 

active CMV retinitis due to breaks in the necrotic retina 
145

. 
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The treatment of CMV retinitis may be systemic, local, or a combination of the two 
146

. 

There are currently five medications approved by the FDA for the treatment of CMV 

retinitis: ganciclovir, valganciclovir, cidofovir, foscarnet and fomivirsen.  

 

Figure 1.7: The fulminant variant of cytomegalovirus retinitis is characterized by dense retinal 

opacification, hemorrhage, and inflammatory retinal vascular sheathing (photo courtesy Chris 

Barry). 
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1.3.4 Murine CMV (MCMV) a model for HCMV infection 

Experimental MCMV retinitis in mice represents a well studied model and potentiation 

of ocular MCMV infection by immune suppression resembles certain pathogenetic 

features of acquired HCMV retinitis in immunosuppressed patients. This model is 

characterized by progressive retinal infection culminating in necrotizing retinitis. 

Experimental MCMV infection of immune competent BALB/c mice will lead to control 

of MCMV infection by the adaptive immune system and natural killer cells 
147, 148

. 

Experimental MCMV retinitis has been studied mainly in BALB/c mice being immune 

suppressed by cyclophosphamide 
149, 150

. Whereas the pathological changes in 

experimental MCMV retinitis after subretinal infection in immunosuppressed mice have 

been extensively studied, little is known about the immune response generated in 

immunocompetent mice. Several reports have studied the pathogenesis of MCMV after 

subretinal or intravitreal infection. Bale and associates were able to isolate virus from 

ocular explant cultures as long as 120 days after intraocular inoculation 
149

 and Kercher 

et al. found that viral DNA persisted beyond 12 months after intraocular infection in 

both immunocompetent and immune suppressed BALB/c mice. They could detect 

immediate-early 1 transcripts in 100% of the ocular samples tested, and glycoprotein H 

transcripts in 86% of the samples. Interestingly there was no difference in viral DNA or 

RNA levels between immunocompetent and immunosuppressed animals 
120

. The data 

suggest that MCMV, similar to HSV in the neurons, may establish latent infections in 

the eye, at least after direct intraocular infection.  

 

1.3.5 Lymphocytic choriomeningitis virus  

Lymphocytic choriomeningitis virus (LCMV) is a RNA virus consisting of two single-

stranded segments and belongs to the family of arenaviruses. LCMV was initially 

isolated by Armstrong and Lillie in 1933 from a patient with encephalitis. The primary 

host and reservoir of LCMV is the common mouse, mus musculus. In rodents it is 

classified as non-cytopathogenic. LCMV is a well studied model of experimental 

immunopathology 
151

. Because LCMV is not cytopathic, and therefore does not cause 

disease per se, LCMV infection of the central nervous system offers a unique system to 

evaluate the contrasting roles of virus-specific T cells in causing lethal CNS disease or 

ameliorating CNS infection. Neonatal mice infected with LCMV remain asymptomatic 

because they do not have a fully developed immune system; here, the overwhelming LCMV 
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infection leads to immunological tolerance. Immunocompetent adult mice are able to clear 

LCMV strains that exhibit slow or intermediate replication kinetics such as Armstrong or 

WE, via a potent CTL response 152. Other rapidly replicating LCMV strains, such as Docile, 

have been shown to exhaust the CD8+ T cell response and therefore establish persistence in 

multiple tissues (18, 31). 

1.3.6 Human LCMV infection 

Commonly, human infection occurs through ingestion or inhalation of infected murine 

urine, faeces, or saliva, and up to 5% of the population display seropositivity to LCMV 

153, 154
. Human-to-human infection has not been documented. The primary infection is 

characterized by local replication and dissemination of the virus to the 

reticuloendothelial system and in later stages viremia. Primary human infection is 

usually asymptomatic or associated with mild influenza-like symptoms and includes 

malaise, fever, sore throat, cough, and adenopathy. After abatement of initial symptoms 

approximately half of the remaining patients develop CNS disease, predominantly 

aseptic meningitis or meningoencephalitis 
155

. Human LCMV infections are generally 

diagnosed by means of serologic testing or PCR to detect LCMV RNA. 

Congenital LCMV infection can lead to spontaneous abortion or substantial morbidity, 

such as hydrocephalus, microcephaly or chorioretinitis 
156

, 
157

. Transplacental infection 

of the fetus probably occurs during maternal viremia 
158

 after exposure to infected 

rodents.  

The most common ocular abnormalities in congenitally infected infants were 

chorioretinal scarring in the fundus periphery and macular chorioretinal scars 
156

.  

 

1.3.7 Lymphocytic choriomeningitis virus induced experimental chorioretinitis 

LCMV-induced pathology of the CNS in mice has been well-studied and represents a 

reliable model of experimental immunopathology. A recent study of LCMV-mediated 

neuroretinal immunopathology has shown that neurotropic LCMV strain Armstrong, 

injected subretinally, elicited pronounced chorioretinitis and keratitis, whereas infection 

with the more viscerotropic strains WE and Docile precipitated less severe 

immunopathological ocular disease 159. LCMV Arm infection of the uvea and neuroretina 

led to a monophasic chorioretinitis which peaked between days 7 and 12 after infection. 

Analyses in T cell-deficient mouse strains showed that LCMV-mediated ocular disease was 
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strictly dependent on the presence of virus-specific CD8+ T cells and that the contribution 

of CD4+ T cells was negligible.   

 

1.3.8 Conclusion of the introduction 

The aim of this introduction was not to review ocular immunology in detail, but rather 

to summarize aspects of immunology that are particularly important in the context of 

the unique anatomy of the eye which may contribute to immunopathological conditions 

in this organ. In this thesis the experimental model of MCMV retinitis is used not only 

to extend the current knowledge on CMV retinitis, but also to address fundamental 

questions on the mechanisms of immune responses during viral infections in a uniquely 

accessible and visualisable part of the central nervous system, namely the retina. The 

following questions have been addressed:  

1) Can the course of MCMV retinitis be visualized in vivo? 

2) Can the T cell mediated immune response during MCMV retinitis be 

characterized by detailed viral and immune cell analysis? 

3) Can antigen specific T and B cell responses be triggered in the eye alone or is 

sequestration of antigen to the draining lymph nodes necessary? 

4) Does the eye regulate or alter the immune response during viral retinitis? 

5) Does systemic infection with MCMV have an effect on the eyes 

microenvironment?  
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2 CHAPTER 2 

2.1 PREFACE 

This thesis chapter describes basic techniques of ophthalmic imaging in small 

laboratory animals used for ophthalmic research. This work was published in the 

Journal of Ophthalmic Photography (Volume 31, SD OCT Supplement Summer 

2009 92). 

The Journal of Ophthalmic Photography is an official peer reviewed publication of 

the Ophthalmic Photographers' Society (OPS).  

None of the authors have any conflict of interest or other commercial interest in the 

imaging systems that were used in this manuscript. 

Co-authors of this paper and their contribution are listed below. 

 

Co-Author Contribution 

Professor Paul McMenamin Editing of manuscript and providing rat 

and mouse tissues forhematoxylin eosin 

stained sections (rabbit H/E stained 

section courtesy of Professor Dao-Yi 

Yu) 

Professor Ian Constable Editing of manuscript 
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2.2 ABSTRACT 

We sought to characterize the retinal anatomy of three laboratory animals commonly 

used in eye research. A commercial spectral generation optical (OCT) system was 

adapted to obtain high-resolution morphological sections of the mouse, rat and rabbit 

retina and these were compared with histology. In addition we performed color fundus-

photography and fluoresceinangiography in these three species.  

We found that with these in vivo imaging modalities high quality observations of the 

retinal surface and of the retinal vasculature can be performed. In addition OCT was 

able to detect and analyze the retinal architecture of all three species and compared well 

to histological sections. The technique allows following individual animals over time, 

thereby reducing the numbers of study animals needed. 
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2.3 INTRODUCTION 

Animal models play an irreplaceable role in the study of degenerative or genetic ocular 

diseases such as age-related macular degeneration, retinal vascular diseases or retinitis 

pigmentosa 
160-164

. In all experimental diseases, exact assessment of anatomical and 

morphological changes of the retina is necessary for characterization of disease 

mechanisms, disease onset, progression, and therapeutic effects. Although histological 

examination of retinal microstructure is still considered the gold standard in research, 

retinal morphology can noninvasively be assessed using techniques such as scanning 

laser ophthalmoscope and optical coherence tomography. These techniques have the 

advantage that they allow longitudinal monitoring of the retina in an individual animal. 

However, due to the large dioptric power of mouse and rat eye, small eye size, 

significant refractive error in mydriasis, thin retina and lack of voluntary fixation, 

quantitative evaluation of structural changes is often difficult. In addition, imaging time 

must be minimized due to cataract formation due to anesthesia in mice and rats. This 

requires rapid positioning and alignment of the animal and prompt maneuverability and 

focusing of the imaging system. For these reasons a reliable system for recording high 

quality images of laboratory animal retinal changes is needed. 

 

2.4 METHODS 

We report our experience of imaging the fundi of commonly used laboratory animals, 

mouse, rat and rabbit with the spectral domain OCT (Spectralis HRA+OCT, Heidelberg 

Engineering, Heidelberg, Germany). The Spectralis HRA+OCT offers a combination of 

OCT imaging with fluorescein angiography, autofluorescence, or red-free photography. 

The spectral-domain OCT (SD-OCT) system can track ocular movement (TruTrack
Tm

) 

and may therefore be promising for small animal OCT examination. In this report we 

correlate the retinal microstructure of OCT images with histology and gross anatomy of 

the retina in fluorescein angiograms (55º lens) with standard color fundus images taken 

with a Kowa Genesis small animal fundus camera and a 90D condensing lens.
6 

Animals were anesthesized with Xylazin and Ketamin according to wight and species. 

Mice and rats were positioned on a special stand to reduce movement. Rabbits were 

restrained in a plexiglass rabbit holder for imaging.   
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2.5 RESULTS 

2.5.1 Mouse imaging: 

In order to achieve good quality images the mouse was anesthetized and pupils were 

dilated. To preserve corneal hydration Carbomerum 980 (Viscotears®, Novartis) was 

used topically. Representative fundus photographs of an albino (BALB/c) mouse are 

presented in Figure 1A. The retinal vasculature, pigmentation and optic nerve head 

could be clearly visualized on the fundus images. Figure 1B shows an SLO fluorescein 

angiogram of the same mouse after intraperitoneal injection of 10% sodium fluorescein 

at a dose of 0.02ml per five gram body weight. There was good uptake of fluorescein 

into the circulation after i.p injection with excellent enhancement of retinal vasculature 

after 20-30 seconds. 

By focusing through the retina, visualization of the three layers of the capillary plexus 

could be imaged. While the resolution is high, the small size of the mouse pupil makes 

it difficult to image the peripheral fundus. OCT scanning of the mouse retina was best 

achieved at the posterior pole of the mouse eye. It is only at the posterior pole that the 

incident OCT beam is perpendicular to the retina at the center of the scan field. The 

averaging mode with a mean frame average of five per image was used for better OCT 

resolution. Figure 1C shows an OCT scan of a BALBc retina taken near the optic disc. 

Similar to human retinal layers consisting of nerve fibers or plexiform layers are 

optically back-scattering, whereas nuclear layers are weakly back-scattering. In the 

mouse retina, the inner retinal layers appeared as three reflective bands, representing the 

nerve fiber layer, the inner plexiform layer and the outer plexiform layer. The low 

reflective ganglion cell layer is followed by the inner nuclear layer and the outer nuclear 

layer. Whereas these layers are difficult to discern, the reflective band of the 

photoreceptor outer segments (OS) and inner segments (IS) can easily be defined. This 

corresponds to earlier reports 
165, 166

. The two less distinctive reflective bands at the 

bottom of the image correspond to the RPE and the choroid respectively.  



CHAPTER 2: Small animal imaging 

 

32 
 

Figure 2.1: Fundus imaging of a BALB/c mouse. (a) Color fundus photograph of the posterior 

pole with optic nerve head and retinal vessels. (b) Fluorescein angiogram of the murine 

vasculature 30 seconds after i.p injection of 20% fluorescein. Three layers can be distinguished: 

The superficial retinal vasculature at the interface of the ganglion cell layer and the nerve fiber 

layer (left side), the vessels in the inner plexiform layer (middle), and in the outer plexiform layer 

(right). (c) Spectral OCT imaging of the mouse retina and its correlation to hematoxylin eosin 

stained sections. 
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2.5.2 Rat imaging: 

Fundus color images of an anesthetized albino rat (RCS rat) (Figure 2a) were taken in 

the same way as described in the mouse and a fluorescein angiogram was achieved by 

the same protocol (Figure 2b). Similar to the mouse, three distinct layers of the capillary 

plexus can be differentiated. OCT imaging was easier than in the mouse eye with better 

resolution (Figure 3c). The nerve fibre layer was highly reflective and a large vessel 

(arrow) at the retinal surface could be differentiated. Whereas the inner plexiform layer 

and the outer plexiform layer showed only moderate reflectance of light resulting in 

faintly discernible bands. The low reflective ganglion cell layer is followed by the inner 

nuclear layer and the outer nuclear layer. Whereas these layers are difficult to discern, 

the low reflective band of the photoreceptor outer segments (OS) and inner segments 

(IS) are easier to define. The two distinctive reflective bands on the sclera aspect of the 

retina at the bottom correspond to the RPE and the choroid respectively.  
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Figure 2.2: Fundus imaging of a RCS rat. (a) colour fundus photograph of the posterior pole. 

(b) Fluorescein angiogram of the murine vasculature. The three distinguishable layers 

correspond to the mouse images. (c) Spectral OCT imaging of the rat retina with correlation to 

hematoxylin eosin stained sections.  

 

2.5.3 Rabbit imaging: 

Fundus color photography was taken with a Canon CF-60ZA camera
5
. SLO 

fluorescence was taken after intravenous injection of 0.1ml of 10% of sodium 

fluorescein. OCT images were taken adjacent to the optic disc (Figure 3c). However, 

since there were no vessels on the retinal surface, the amount of artifacts was greater 

due to lack of eye tracking (TruTrack
Tm

) of retinal vessels. However the highly 
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reflective nerve fiber layer is easily detectable. The inner and outer nuclear layers are 

only faintly visible. As in the rat OCT, the IS and OS of the photoreceptors display a 

high reflectance. The choroid can clearly be discerned.  

 

Figure 3: Fundus imaging of a New Zealand white rabbit. (a) Colour fundus photographs of the 

large, deeply cupped oval disc, with two broad white bands of opaque nerve fibers extending 

nasally and temporally. (b) Fluorescein angiogram of the rabbit vasculature. The central retinal 

artery divides just before or just after emerging from the nerve into nasal and temporal 
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branches, following the main nerve bundles. Outside this area the retina is avascular. (c) 

Spectral OCT imaging of the rabbit retina and correlation to H/E histology (courtesy of Professor 

Dao-Yi Yu). 

 

2.6 DISCUSSION  

Mice, rats and rabbits are commonly used in ophthalmic research. Mice and rats present 

particularly unique photographic challenges due to their small eye size. The axial length 

of the mouse eye is about 3 mm 
1
 and the cornea and lens have a very small radius of 

curvature. The rabbit eye poses challenges because of the lack of retinal vessels in the 

periphery. The resolution and quality of animal OCT images may be inherently limited 

by problems related to the optical quality and refractive state of the eye, the thinner 

retinal thickness and movement artifacts, especially caused by breathing movements of 

an anesthetized animal. Whereas optical quality and refractive state may be the limiting 

factors in mice and rat eyes, the OCT in the rabbit eye is limited by absence of retinal 

vasculature except at the visual streak and thus lack of structures for automatic eye 

tracking. In the end, however, OCT imaging in research may provide a general 

overview of the retinal microstructure and an indication for retinal thickness and may 

supplement histology. It is an excellent tool for in vivo quantitative measurements of the 

intact retina and allows multiple assessments over time. This is of special interest when 

monitoring disease progression or treatment efficacy in research.  

In conclusion, the Spectralis HRA+OCT offers several advantages when used for 

animal fundus imaging; it has excellent maneuverability, high axial and transverse 

resolution, offers single frame, mean and composite tomography and is commercially 

available. It has the potential to be an enabling tool for the study of ocular disease in 

animal models and also demonstrates the feasibility of acquiring retinal fluorescein and 

OCT images of small animals using a commercially available imaging system.  
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3 CHAPTER 3 

3.1 PREFACE  

This thesis chapter describes in vivo imaging of murine cytomegalovirus retinitis. This 

work was published in the peer reviewed Journal of Investigative Ophthalmology 

and Visual Science (IOVS) with an impact factor of 3.466 (2010).  

Zinkernagel MS, Petitjean C, Flemming P, Chinnery HR, Constable IJ, McMenamin 

PG, Degli-Esposti MA. In vivo imaging of ocular MCMV infection. Invest 

Ophthalmol Vis Sci. 2010 Jan;51(1):369-74. 

 

Co-authors of this paper and their contribution are listed below 

 

Co-Author Contribution 

Professor Mariapia Degli-Esposti Designing of experiments, analyzing 

data and editing of manuscript 

Professor Paul McMenamin Editing of manuscript  

Professor Ian Constable Editing of manuscript 

Peter Fleming  Generation of MCMV-GFP 

Dr. Holly Chinnery Assistance with immunostaining 

Claire Petitjean Immunostaining 
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3.2 ABSTRACT 

We sought to develop a technique by which murine cytomegalovirus (MCMV) infection 

can be confirmed and monitored in vivo in various ocular compartments and to 

investigate the dynamics and time course of primary ocular CMV infection.  

We examined the ability of recombinant MCMV expressing enhanced green fluorescent 

protein (eGFP) to serve as a tool to monitor the in vivo dynamics of experimental 

intraocular CMV infection. Immunocompetent BALB/c mice were infected subretinally 

with eGFP-MCMV. Confocal scanning laser ophthalmoscopy (SLO) was used to 

visualize viral spread in vivo on sequential days after infection. Eyes were processed for 

histology and immunofluorescence microscopy to confirm viral infection and 

replication GFP signal.  

Retina was readily permissive to primary infection with eGFP-mCMV and fluorescent 

signal was detected by SLO 24 hours after subretinal injection, with scattered foci 

around the posterior pole of the retina. GFP levels in the retina reached a maximum on 

day 6. Signal in the iris developed from day 4 and lasted up to day 25. Examinations of 

retinal and iris tissue wholemounts by immunofluorescence revealed signal localized to 

the outer retina, iris stroma and on the anterior lens capsule.  

The ability to noninvasively monitor infectious agents in the eye may improve our 

knowledge of the course and pathogenesis of intraocular infections and could lead to 

further clarification of the mechanisms by which the immune system responds to intra-

ocular pathogens.  
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3.3 INTRODUCTION 

In vivo imaging, especially intravital microscopy, has advanced our understanding of 

dynamic biological processes and represents a rapidly growing field in medical science 

167
. This is particularly true for the investigation of cellular interactions in the course of 

immunological events such as antigen presentation and T cell dynamics in lymphoid 

organs 
168

. In contrast to intravital imaging of most tissues, which require exposure or 

exteriorization of the target tissue, the eye presents a unique opportunity to analyze in 

vivo processes without prior surgical manipulation or trauma 
169

. Recent reports on 

leukocyte trafficking in the murine cornea and iris have helped to gain a more detailed 

understanding of their dynamics at a cellular level 
170

. In addition, investigation of real 

time leukocyte dynamics in the murine retina has been established using scanning laser 

ophthalmoscopy 
106, 169

. While applications of intravital imaging have mainly focused 

on dynamics of immune cells, in vivo study of fluorescent labeled infectious agents 

within the eye has, to our knowledge, received little attention.  

With the above issues in mind we sought to monitor the dynamics of experimental 

intraocular infection with enhanced green fluorescent protein (eGFP) labeled 

cytomegalovirus (CMV), as a model infection for human CMV (HCMV). This 

recombinant fluorescent virus has the ability to produce green fluorescent progeny virus 

and thus allows monitoring of viral replication and spread. Murine CMV (MCMV) is a 

ubiquitous beta herpesvirus which usually causes a mild self-limiting primary infection 

in the eye after inoculation into immunocompetent mice 
147, 149, 171

. Like all 

herpesviruses, MCMV replicates in the nucleus of infected cells 
172

. After primary 

infection, the virus persists in the host and eventually it establishes lifelong latency 
173, 

174
. The possibility of ocular persistence, both in mice and man, is still debated 

120, 121
. 

Several case reports of ocular MCMV reactivation after targeted ocular 

immunosuppression in immunocompetent patients 
122-125

 suggest the virus can persist 

within the eye after primary infection. In immunocompromised human hosts, HCMV 

has emerged as a significant opportunistic pathogen and the eye is one of the organs 

commonly affected, with potentially blinding consequences 
175

. However, despite well 

known characteristics of ocular features of CMV infection in immunocompromised 

hosts, the pathogenesis of primary ocular infection is not well understood. The 

importance of HCMV disease in humans motivated us to investigate whether the 

dynamics of primary MCMV infection can be monitored in vivo in the eye.  



CHAPTER 3: In vivo imaging of ocular MCMV infection 

 

41 
 

In the present study, we employed in vivo confocal scanning laser ophthalmoscopy to 

visualize viral spread to the retina combined with ex vivo confocal microscopy of 

immunostained retinal, lens and iris whole mounts 
176

, to document the in vivo 

pathophysiology of primary MCMV infection in the murine eye. This technique of 

noninvasive monitoring of fluorescent tagged ocular pathogens will enhance the 

understanding of the pathophysiology of ophthalmic infections and may be useful in the 

assessment of treatment efficacy over time in experimental models.  

 

3.4 MATERIALS AND METHODS 

3.4.1 Mice 

Inbred female BALB/c (H-2d, I-Ad) mice of 8 weeks of age were obtained from the 

Animal Resources Centre (Murdoch, Western Australia, Australia). During 

experimentation, all mice were housed under specific-pathogen-free conditions at the 

Animal Services Facility of the University of Western Australia. All animals were 

treated according to the Statement for the Use of Animals in Ophthalmic and Vision 

Research promulgated by the Association for Research in Vision and Ophthalmology 

and animal experimentation was performed with the approval of the Animal Ethics and 

Experimentation Committee of the University of Western Australia and according to the 

guidelines of the National Health and Medical Research Council of Australia. 

 

3.4.2 Virus stock 

To prepare viral stocks mice were infected by intraperitoneal administration of 5 x 10
3
 

plaque forming units (pfu) of salivary gland propagated MCMV diluted in PBS-0.05% 

fetal calf serum (FCS). Progeny virus was recovered from salivary glands 18 d after 

inoculation. Salivary gland viral progeny was purified by stepped sucrose gradient prior 

to prepare pure viral stocks for intraocular injection. The viruses used were MCMV-

K181-Perth (referred to as MCMV-wt) or MCMV-K181-Perth-eGFP (MCMV-eGFP), 

which encodes the eGFP gene in the intron of the m129-m131 open reading frame. A 

productive MCMV infection was confirmed by positive GFP signal. 
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3.4.3 Virus injections 

To determine whether MCMV would infect ocular cells in immunocompetent BALB/c 

mice, 1.0 µl (10
3
 pfu/µl) of MCMV-K181 or MCMV-eGFP was injected into the 

subretinal space through a beveled 35 gauge needle (NF35BV-2, World Precision 

Instruments, Sarasota, FL) mounted to a microsyringe (NanofilTM, WPI) with the aid 

of an operating microscope. The needle was placed obliquely behind the limbus of the 

eye, as described previously 
147

. Controls received mock injections with 1 µl sterile 

PBS. 

 

3.4.4 Tissue collection and processing for immunohistochemistry 

Mice were killed and perfusion fixed using 2% paraformaldehyde, as previously 

described 
176

. The retina was dissected free and cut into quadrants, as documented 
176

. 

Tissue pieces were washed in PBS, incubated in 20 mM EDTA tetrasodium at 37°C for 

30 min, and then incubated with a 0.2% solution of Triton-X in PBS with 2% BSA at 

room temperature for 30 min to assist antibody penetration. Further washes with PBS 

were followed by overnight incubation (4°C) with a range of monoclonal antibodies, 

including anti-MHC class II 1:200 (M5/114; BD PharMingen, San Jose, CA, USA), 

anti-CD45 1:100 (Serotec, Raleigh, NC, USA), and anti-CD11b 1:100 (BD 

PharMingen), anti-GFAP 1/200 (glial fibrillary acidic protein) for glial tissue (Serotec), 

anti-NeuN 1:200 (neuron-specific protein, stains predominantly ganglion cells in the 

retina) (Chemicon, Billerica, MA, USA)  
177

, as well as isotype controls 1:100 (IgG2a 

and IgG2b, BD PharMingen). Tissues were then treated with biotinylated goat anti-rat 

IgG 1:200 (Amersham Biosciences, Piscataway, NJ, USA) at room temperature for 60 

min, washed with PBS, and incubated with streptavidin-Cy3 1:250 (Jackson 

ImmunoResearch Laboratories, West Grove, PA, USA) at room temperature for 60 min. 

4',6 -Diamidine-2'-phenylindole dihydrochloride (DAPI) 1:250 (Roche Diagnostics, 

Germany) was added at room temperature for 7 min as a nuclear stain. Stained 

wholemount tissues were then mounted onto slides (retinae were mounted with the 

vitreous side face-up) using an aqueous mounting medium (Immunomount, Thermo 

Shandon, Waltham, MA, USA) and coverslipped. For frozen sections, eyes were 

enucleated and snap-frozen in liquid nitrogen and stored at -80°C. Frozen tissue sections 

were cut in a cryostat and fixed in acetone for 10 minutes. Sections were incubated with 

antibodies and processed as for wholemount staining.  
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3.4.5 Microscopy 

Semiquantitative assessment of stained specimens was performed by conventional 

epifluorescence microscopy (Olympus, BX60) or by confocal microscopy (Leica TCS 

SP2). Tissue wholemounts were analyzed by performing Z-stacks of the tissue from the 

internal to external aspect at increments ranging from 0.5 to 1.5µm. 

 

3.4.6 Retinal imaging 

We employed a commercially available scanning laser ophthalmoscope (SLO), the 

Heidelberg Retina Angiograph 2 (HRA 2, Heidelberg Engineering, Dossenheim, 

Germany), for retinal imaging of the mice. The imaging system was adapted for the 

optics of the mouse eye with a 55 wide angle lens. This reduces the laser beam diameter 

and allows more light to be coupled into the small mouse pupil. For fluorescein 

angiography BALB/c mice were injected with 10% sodium fluorescein at a dose of 0.02 

ml per 5 gram body weight. These mice were not used for tracking of MCMV-eGFP to 

exclude contamination with the fluorescein signal. Since our primary objective was to 

track GFP signal, we operated the HRA 2 in the fluorescence (FA) mode with the 

488nm Argon laser providing the excitation light. The emission signal was collected by 

a photodetector using the 500nm barrier filter. To localize the site of viral replication, 

native images of the murine fundus, obtained with the infrared (IR) laser (830 nm), were 

taken immediately prior to the FA images. Images taken in the FA mode were made 

semitransparent (75% transparency) using Corel Draw Graphics Suite X3 (Corel 

corporation) and overlaid on the corresponding IR images. The structure of the vessels 

and the optic nerve were used to align the images, thus allowing for spatial localization 

of viral foci. At least 9 mice per timepoint were analyzed.  

 

3.5 RESULTS 

3.5.1 In vivo imaging of MCMV infection in the posterior and anterior segment  

In order to assess if excitation of eGFP (lmax = 508–515 nm) with the 488nm argon 

laser provides a sufficient signal for detection using the SLO, we analyzed adult 
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BALB/c mice 4 days after intraocular injection of 10
3
 pfu of MCMV-eGFP. To test for 

background auto-fluorescence, at wavelengths which overlap that of GFP, a group of 

matching BALB/c mice was injected with PBS or 10
3
 pfu MCMV- wt. Reproducible 

signal could only be detected from retinas of mice infected with MCMV-eGFP, but not 

from MCMV- wt or PBS injected mice. Analysis of retinal vessels in the infrared mode 

and fluorescein angiogram showed tortuosity and marked dilatation of the retinal veins 

(Figure 1 top panel), whereas clinical fundus examination revealed a constriction of 

retinal arteries after infection with MCMV-wt. This was only seen in eyes infected with 

virus, whereas vessels of control eyes (PBS only) appeared normal (Figure 1 lower 

panel). 

To assess ocular MCMV pathogenesis in vivo, eyes were monitored at regular intervals 

after intraocular infection with MCMV-eGFP. No signal could be detected by HRA in 

the first 24 hours after infection (Figure 2, left). Fluorescent spots appeared 2 days after 

infection with MCMV-eGFP, presenting as evenly distributed foci on the retina of 

infected mice (Figure 2). The strength of the GFP signal reached a maximum at day 6 

after infection, when a consistent accumulation of signal around the posterior pole and 

around the optic nerve was particularly evident (Figure 2, day 6). Up to 60% of infected 

eyes developed cataract after day 10 post infection. This diminished image quality in the 

posterior segment and made visualization of the retina unamenable to HRA in 30% of 

infected eyes at day 25. In contrast, monitoring of the anterior segment was not 

problematic. SLO imaging revealed GFP-signal from day 4 after infection within the 

iris stroma and weaker signal was detectable around the anterior curvature of the lens 

(Figure 3, HRA). Signal could be identified up to day 25 post infection and persisted 

mainly in the iris, and to a lesser extent on the anterior curvature of the lens (Figure 3). 

Comparison of SLO images with lens wholemount immunofluorescence (Figure 3, IF) 

revealed localization of GFP positive cells on the anterior lens curvature. In situ analysis 

with high magnification showed GFP positive cells on the lens capsule (not shown).   

As shown in Figure 4 A the percentage of positive signal in retinae of infected mice 

measured by HRA correlated well with percentage of positive signal in retinae seen in 

wholemount preparation of retinae of infected mice.  
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3.5.2 Histological analysis of retinal MCMV infection 

Intraocular infection with 5 X 10
2
 MCMV-Smith in immunocompetent mice 

precipitates only very mild inflammatory ocular disease 
178

. In order to assess whether 

the same is true for MCMV-eGFP sequential hematoxylin eosin stained sections of eyes 

of infected mice were analyzed. These revealed inflammatory cells in the vitreous and 

within the retina 2 days after infection with MCMV, but not in PBS treated mice (data 

not shown). Fibrinous exudates, posterior synechiae and distortions of the iris and 

ciliary body were present after day 4 (data not shown). At day 12 after infection the 

number of inflammatory cells in the vitreous and anterior chamber decreased. No 

structural changes in the anterior or posterior segments were observed when mice were 

infected with 10
3
 pfu of MCMV-eGFP. These findings were similar to the previous 

reports of MCMV infection in immunocompetent BALB/c mice 
178

. 

Confocal imaging of retinal wholemounts stained with anti-leukocyte antibodies 

revealed some GFP positive cells were CD45 positive (Figure 4 B, right panel), but 

were negative for CD11b and MHC II, suggesting that infected cells were not of the 

monocytic/macrophage lineage (Figure 4B, left panel). Eyes with positive signal in 

HRA were positive in whole-mount histology although the area of signal was usually 

smaller in the wholemount than in HRA. We suspect that this is due to the missing RPE 

in wholemount preparations. In some cases signal was seen in wholemount but not in 

HRA, especially at later timepoints, which probably was due to cataract formation. At 

later timepoints there was very little signal seen in retinae, in some cases only 2 infected 

cells within a retinal specimen. 

Accumulation of signal around the optic disc, as seen by SLO, could also be observed in 

wholemount preparations (Figure 4 B, top left panel). In order to assess whether 

infection was able to reach the optic nerve, we analyzed the optic nerve head for GFP 

signal. One nerve head (1/6 mice) showed minimal signs of GFP at day 4 and no signal 

was found in the optic nerve head or along the optic nerve up to day 25 after infection 

(0/24 mice). Furthermore, no replicating virus was detected in the brain for all animals 

tested, suggesting that MCMV-eGFP does not spread via the optic nerve.  
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3.5.3 Photoreceptors and RPE are targets of MCMV in the immunocompetent 

murine retina 

Previous investigations have demonstrated that, in immunosuppressed BALB/c mice, 

cells of the retinal pigment epithelium, glia and retinal neurons, such as bipolar cells and 

horizontal cells are targets of MCMV infection 
179, 180

. In order to assess whether these 

cells were also targeted in MCMV-eGFP infected immunocompetent BALB/c mice, and 

to confirm the SLO findings, we performed in situ analysis of infected retinal specimens 

on day 6, when GFP signal upon SLO examination was strongest (Figure 2). 

Cryosections of retinas at 4 and 6 days post infection showed GFP signal accumulating 

within the outer retinal layers, predominantly within the photoreceptors outer segments 

and the retinal pigment epithelium (Figure 5, A-D). These findings suggest that at the 

peak of primary subretinal MCMV infection, photoreceptor outer segments and retinal 

pigment epithelium are targets of MCMV-eGFP. No co-staining with glial markers was 

noted.  Immunofluorescence analysis of iris and ciliary body at days 4 and 6, showed no 

co-localization of GFP signal with CD45, CD11b or MHCII (Figure 5, E and F).  

 

3.6 DISCUSSION 

In this study we show that replication, spread and pathogenesis of primary MCMV 

infection in the eye can be visualized using a scanning laser ophthalmoscope. This 

technique has several advantages; firstly, it is an excellent tool for in vivo monitoring of 

viral spread and allows multiple assessments over time. In this model, presence of GFP 

equates to productive MCMV infection, and thus can be used as a tool to monitor ocular 

infection with respect to replication and spread. Whereas conventional viral titration of 

tissue homogenates represents a temporal snapshot, and usually an endpoint of 

experiment, in vivo imaging allows one to monitor viral infection sequentially as a more 

complex and dynamic process. Secondly, the ability to simultaneously observe MCMV 

infection in individual ocular compartments provides insights into viral tropism within 

the eye. In addition, the capacity to repeatedly measure viral GFP expression in vivo 

will provide new avenues for pathogenesis studies and studies of MCMV latency and 

reactivation. In this context, it is worth noting that it is still a matter of controversy 

whether virus detected in the eye of immunosuppressed mice results from virus 

reactivation in situ in the eye or whether virus detected in the eye results from the 
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spread of replicating virus from non-ocular sites. CMV has been shown to establish 

latency in cells of the monocyte/macrophage lineage both in man and mice 
181-183

. 

However, CMV might establish latency in specific cell subsets in the eye and in vivo 

imaging may serve as tool to monitor viral reactivation. 

Our current study revealed that the immunocompetent eye is readily permissive to 

primary MCMV infection. The main targets of infection were outer segments of 

photoreceptors and RPE cells and there was no spreading to bipolar or horizontal cells, 

although the latter has been reported in immunosuppressed animals 
179

. Of note, whilst 

fluorescent virus was found to accumulate around the optic nerve head, no virus was 

isolated from either optic nerves or brain suggesting that the optic nerve head represents 

a barrier to viral spread in immunocompetent hosts. This finding is substantiated by a 

recent report of HCMV induced meningoencephalitis and optic neuritis after HCMV 

retinitis in an AIDS patient 
184

.  In addition, after subretinal infection, virus readily 

spread from the posterior compartment to the iris, trabecular meshwork and the lens, 

suggeting that these tissues represent a target for MCMV infection. Whether this 

represents an active process of infected cells travelling to the anterior compartment, or 

whether MCMV gains access to the iris or trabecular meshwork in a soluble form 

through the aqueous remains to be investigated. However, our data suggest that the 

mechanism of viral spread in primary MCMV infection involves free virus trafficking to 

the anterior compartment of the eye, since viral fluorescence was not localized to 

trafficking cells like macrophages. 

At present there are a few limitations when monitoring MCMV-eGFP in vivo. Firstly, it 

has to be noted that viral titers cannot be inferred from signal intensity seen in SLO. In 

addition, although SLO allows excellent observation of spatial distribution of virus, it 

does not provide depth localization within tissues. This may be achieved with OCT 

imaging, although the spectrum of detection of fluorescence differs from SLO. OCT 

may also provide an excellent tool to analyze structural changes within the retina after 

viral infection over time. It has to be kept in mind that direct inoculation of MCMV into 

the sub-retinal space does not reflect the route of systemic viral infection. In the latter, 

cells other than photoreceptors and RPE cells may be infected.  

Investigation of MCMV in the immunocompetent murine eye revealed that virus could 

be tracked even when viral titers could not be detected by standard plaque assay, 

suggesting that the threshold for detection by SLO is lower than the threshold for 
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detection of virus by plaque assay, which normally lies around 40pfu. Although no virus 

was detected by plaque assay at day 25 after infection (supplementary figure A), some 

signal could still be seen in SLO on the anterior curvature of the lens and within the iris. 

In addition sporadic GFP signal was seen within the retina at day 25 after infection, thus 

emphasizing in vivo retinal imaging using SLO is a valuable method of detecting small 

numbers of infected cells within the retina and provides valuable insights into the 

dynamics of MCMV-induced ocular infection over long periods of time. Because of the 

long-term sensitivity of SLO analysis, this technique may aid our understanding of the 

pathogenesis of CMV reactivation in the eye. Ultimately, it is possible that tracking 

ocular pathogens with pathogen-specific fluorescent-labeled antibodies may provide a 

novel tool for diagnosing infectious eye diseases in humans. 
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3.7 FIGURES  

 

Figure 1: Heidelberg Retina Angiograph (HRA). BALB/c mice were infected subretinally with 

10
3
 pfu MCMV-K181. Upper panel (MCMV): infected BALB/c mouse retina at day 4 post 

infection. Lower panel (CTRL): PBS injected BALB/c mouse retina (n>3). No leakage was 

observed in fluorescein angiography after injection of MCMV. FA: fluorescein mode; IR: infra-

red mode.  
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Figure 2: HRA analysis of infected mouse retinae. BALB/c mice were infected subretinally with 

MCMV-eGFP and the time course of viral infection was monitored (> 8 mice per time-point). 

Images taken in the fluorescein mode (FA, upper panel) were merged with infra-red images for 

anatomical detail (FA+IR, lower panel). At 12 hour after infection only background noise was 

recorded in the FA mode. FA signal was detected at all other time points as shown.   
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Figure 3: Timecourse analysis of MCMV infection of the anterior segment of the eye. HRA of 

the anterior segments of infected eyes are shown (day 4, n=8; day 6, n=8, day 12, n=8; day 25, 

n=8 BALB/c). Immunohistochemistry (IF) of lens wholemounts stained with CD45. Fluorescence 

was detected 3 days after infection. Representative images from two independent experiments 

are shown. 
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Figure 4: (A) Percentage of retinae with positive signal in HRA and in wholemount preparations 

(IF). (HRA/IF: 12 hours, n=15/8 BALBc; 2 days, n=14/8 BALBc; 4 days, n=14/12 BALB/c, 6 

days, n=14/12 BALB/c; 8 days, n=10/8 BALB/c, 12 days, n=10/8 BALB/c, 25 days, n=12/8 

BALB/c). (B) Left panel: Flatmounts of MCMV-eGFP infected optic nerve head and iris at day 4. 

BALBc mice were infected subretinally with 10
3
 pfu of MCMV-eGFP. Immunofluorescence 

flatmount of optic disc (OD) stained for MHCII (x20) and iris wholemount stained with 

Concanavalin A and MHCII (x40) are shown. Day 4 flatmount of iris stained with MHC II shows 

multiple foci of GFP positive cells within the iris stroma. Right panel: Co-localization of GFP and 

CD45 positive signal at day 6. 
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Figure 5: Photomicrographs of MCMV-eGFP infected retinae. (A) DAPI, RPE=retinal pigment 

epithelium, OS= outer segments of photoreceptors, ON= outer nuclear layer, OPL= outer 

plexiform layer (B) GFP, (C) NeuN stain and (D) merged images 6 days after injection of MCMV 

into the subretinal space (arrow) (x20). The merged images show that most of the fluorescent 

signal accumulates around the outer segments of the photoreceptors. Photomicrographs (40x) 

of (E) CD45 stained retina wholemount 6 days after injection and (F) 25 days after infection are 

shown. 

 

Supplementary figure A: 

 

Supplementary figure 1: Infectious MCMV titers in eyes and peripheral tissues of 
immunocompetent mice infected with 103 eGFP MCMV by unilateral subretinal injection. 
Virus titers in eyes, salivary glands and spleens, and lungs were determined by plaque assays. 
Each time point represents the mean (+/- standard deviation) PFU per eye of three animals.  
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4 CHAPTER 4 

4.1 PREFACE  

This thesis chapter describes the T cell kinetics in experimental murine cytomegalovirus 

retinitis. This manuscript has been accepted for publication in the journal “Immunology 

and Cell Biology” with an impact factor of 4.2 (2009). 

 

Co-authors of this paper and their contribution are listed below 
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Professor Mariapia Degli-Esposti Help with designing of experiments, 

analyzing data and editing of manuscript 

Dr. Matthew Wikstrom T cell proliferation assay (Figure 5) 

Claire Petitjean Assistance with FACS  
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4.2 ABSTRACT 

Cytomegalovirus (CMV) reactivation in the retina of immunocompromised patients is a 

cause of significant morbidity as it can lead to blindness. The adaptive immune response 

is critical in controlling murine CMV (MCMV) infection in MCMV-susceptible mouse 

strains. CD8+ T cells limit systemic viral replication in the acute phase of infection and 

are essential to contain latent virus. Here, we provide the first evaluation of the kinetics 

of anti-viral T cell responses after subretinal infection with MCMV. The acute response 

was characterized by a rapid expansion phase, with infiltration of CD8+ T cells into the 

infected retina, followed by a contraction phase. MCMV-specific T cells displayed 

biphasic kinetics with a first peak at day 12 and contraction by day 18 followed by 

sustained recruitment of these cells into the retina at later time points post-infection. 

MCMV-specific CD8+ T cells were also observed in the draining cervical lymph nodes 

and the spleen. Presentation of viral epitopes and activation of CD8+T cells was 

widespread and could be detected in the spleen and the draining lymph nodes, but not in 

the retina or iris. Moreover, after intraocular infection, antigen-specific cytotoxic 

activity was detectable and exhibited kinetics equivalent to those observed after 

intraperitoneal infection with the same viral dose. These data provide novel insights of 

how and where immune responses are initiated when viral antigen is present in the 

subretinal space.  
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4.3 INTRODUCTION 

Human cytomegalovirus (HCMV) is a cytopathic  herpesvirus and a major human 

pathogen that infects up to 90% of the world’s population 
117

. Primary CMV infection 

of immunocompetent individuals is often asymptomatic because infection is controlled 

by the host’s immune system. The virus however escapes complete clearance and can 

establish a persistent/latent infection that lasts lifelong. CD8+ T cells contribute 

significantly to limiting viral replication during acute infection, and are thought to be 

essential for the ongoing control of persistent infection 
185, 186

. CMV retinitis is a serious 

ocular complication in patients who are immunosuppressed because of acquired 

immune deficiency syndrome (AIDS), and in immune incompetent newborns that are 

congenitally infected 
114, 187

. Left untreated, the infection often results in severe retinal 

damage and may lead to blindness.  

Murine CMV (MCMV) shares many similarities with HCMV and has been shown to 

readily infect ocular tissue after experimental subretinal infection of mice 
178, 179, 188

. In 

genetically resistant inbred strains of mice, NK cells mediate early protection 
189, 190

 

whereas in susceptible mouse strains, such as BALB/c, CD8+ T cells function as the 

principal antiviral effectors 
185

. MCMV has also been shown to establish latency in the 

eye after subretinal injection in BALB/c mice 
120

. To date, little is known about the 

immune response to CMV in the eye. The traffic of leukocytes into the eye is a highly 

regulated process; this protects the eye against damage from systemic inflammatory 

responses that may compromise the delicate homeostasis required for neuronal 

physiology. For this reason, naive T cells, which once activated are responsible for the 

adaptive immune response, traffic into the CNS at a relatively low level compared with 

other organs 
191

. The beneficial effect of T cell traffic in the retina during MCMV 

infection is exemplified by previous studies which have shown that adoptive transfer of 

antiviral CD8+ T cells protects against MCMV-induced necrotizing retinitis in a mouse 

model 
192

 . However, it has also been shown that CTL can lead to severe intraocular 

immunopathology in the context of viral infection 
159

. This is of particular interest since 

T cells are not only instrumental in limiting viral replication and in containing latent 

infection, but are also responsible for various autoimmune inflammatory conditions in 

the eye 
193

. Although the role of T lymphocyte subpopulations has been investigated in 

an adoptive transfer model in experimental CMV retinitis 
192

 and during herpes simplex 

infection of the cornea 
194-196

, there is little information on the ocular and systemic 
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kinetics of antigen-specific T cell responses during viral retinitis. 

We used phenotypic and functional assays to analyze the local and systemic CD8+ T 

cell response elicited after subretinal infection with MCMV in immunocompetent 

MCMV-susceptible BALB/c mice. The results presented in this study show that the 

presence of virus in the retina leads to a rapid and strong adaptive immune response, 

with generation of antigen-specific CD8+ T cells in secondary lymphoid organs and 

recruitment of these cells to the retina. The functionality of these cells in the periphery 

was similar to that elicited after intraperitoneal infection, and is consistent with our 

finding that strong T cell priming is elicited in secondary lymphoid organs. The absence 

of antigen-specific CD8+ T cells in the contra-lateral, uninfected eye suggests that 

activated T cells home specifically to the site of infection.  

 

4.4 METHODS 

4.4.1 Mice and anesthesia 

Six- to 10-wk-old BALB/c (H-2
d
) mice were purchased from the Animal Resources 

Centre (Perth, Western Australia) and kept under specific pathogen-free conditions, 

according to institutional guidelines. TCR transgenic CL4 mice 
197

 were bred in the 

Animal Care Unit of the University of Western Australia (Perth, Australia). CL4 mice 

express transgenic V 10 and Vß8.2 TCR chains specific for the H-2d-restricted peptide 

IYSTVASSL (residues 518–526) from the influenza virus A/PR8/8/34 HA protein. Use 

of mice was in accordance with the ARVO Statement for Use of Animals in Ophthalmic 

and Vision Research and received local institutional review and approval. For subretinal 

injections, anesthesia was induced and maintained by inhalation of 2% isoflurane vapor 

in oxygen (flow rate: 0.9 LPM). 

 

4.4.2 Virus infections and determination of viral titers. 

Mice were infected by subretinal injection of 10
3
 pfu sucrose purified salivary gland 

propagated MCMV. Intraperitoneal infection required administration of 10
3
 pfu of virus 

diluted in PBS-0.05% fetal calf serum (FCS). The virus used was MCMV-K181-Perth 

(referred to as MCMV). For the CL4 transfer experiments, MCMV-K181-Perth-HA was 

used 
198

. This is a virus genetically modified to carry the CD8 CL4/H2K
d
 restricted HA 
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(512-520) epitope. 1.0 µl (10
3
 pfu/µl) of MCMV was injected into the subretinal space 

through a beveled 35 gauge needle (NF35BV-2, World Precision Instruments, Sarasota, 

FL) mounted to a microsyringe (NanofilTM, WPI) with the aid of an operating 

microscope. The needle was placed obliquely behind the limbus of the eye, as described 

previously 
147

. Control mice received mock injections with 1 µl sterile PBS/0.05% FCS. 

Viral titers were determined as described 
199

. 

 

4.4.3 Flow cytometry  

Single cell suspensions of spleen, lymph nodes and retina were prepared from BALB/c 

mice infected intraocularly or intraperitoneally. Single cell suspensions of retinal tissue 

were harvested by dissecting the anterior segment of the eye using scissors and removal 

of the vitreous and the lens. The retina was then peeled free of the optic nerve using a 

beaver blade. Retinal specimens were gently triturated through a 1 ml pipette tip, 

followed by incubation with blenzyme (1:100) and DNAse (1:1000) for 60 minutes at 

37°C on a shaker for further cell dissociation. Antibodies from BD Biosciences (USA), 

eBioscience (USA) and Caltag (USA) included: TCRβ-FITC (H57-597), CD4-PE or 

CD4-PECy7 (RM4-5), CD8-APC-Alexa Fluor 750 (53–6.7) and CD45-PECy7 (30F11). 

MHC class I (H-2L
d
) monomers complexed with a peptide expressed during the 

immediate-early (IE) phase of the viral replication cycle were tetramerized by addition 

of streptavidin-PE (Molecular Probes, USA). The IE1 peptide is an H-2L
d
-restricted 

immunodominant epitope from MCMV 
200

, and IE1- specific CD8+ T cells mediate 

protective antiviral function during acute infection and have been shown to establish 

IE1-specific memory 
201

. Flow cytometry was performed on a FACS Canto instrument 

(BD Bioscience) and analyzed using Flowjo (TreeStar Inc, USA).  

4.4.4 In vivo cytotoxicity assay  

Virus-specific CTL-mediated cytotoxicity was assessed by measuring the elimination of 

targets pulsed with the IE1 viral peptide YPHFMPTNL. The CTL assay quantifies 

cytotoxicity in vivo by measuring the specific loss of peptide-pulsed targets, in 

comparison to targets that have not been pulsed with peptide 
198, 202

. To prepare target 

cells for in vivo evaluation of cytotoxic activity, single cell suspensions from the spleen 

of naïve BALB/c were pulsed with 500 ng/ml IE1 peptide for 60 min at 37°C, and 

labeled with a low concentration (0.025M) of 5,6-carboxyfluorescein diacetate, 
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succinimidyl ester (CFSE, Molecular Probes, USA); control targets, not pulsed with 

peptide, were labeled with a high concentration (0.25M) of CFSE. Equal numbers 

(2x10
7
) of peptide-pulsed and non-pulsed splenocytes were mixed in 100 µl PBS and 

injected intravenously into MCMV-infected or uninfected mice. Mice were sacrificed 

18 hours after transfer and single cell suspensions from spleen prepared and analyzed by 

flow cytometry. The loss of speptide-pulsed targets is a measure of CTL activity against 

targets pulsed with the IE1 viral peptide. Percentage specific lysis was calculated as: [1- 

(r uninfected control mouse/r infected test mouse)] x 100 where r = (frequency of 

unpulsed targets / frequency of peptide-pulsed targets). This assay sensitively and 

specifically measures antigen-specific CTL activity in vivo 
198, 202

. 

 

4.4.5 T cell proliferation assay 

Six days prior to the assay, recipients were infected intraocularly or intraperitoneally 

with 10
3
 pfu of MCMV-K181-HA virus.  Cells were isolated from the lymph nodes of 

CL4-HA TCR transgenic mice and labeled with CFSE at a final concentration of 5 µM. 

After labeling, FCS was added to 5% final concentration and the cells were immediately 

centrifuged and washed with ice-cold PBS. 4 x 10
6
 CFSE labeled CL4 lymph node cells 

(CL4-CFSE) were re-suspended in 200 µl PBS and injected into the tail vein of 

syngeneic, sex-matched BALB/c recipients (CL4-CFSE BALB/c). Three days after 

transfer, and 9 days after infection with MCMV-HA, single cell suspensions from 

retinae, iris tissue, cervical and mesenteric lymph nodes and spleens of recipient mice 

were stained for CD4 and CD8 T cells to detect proliferation of the CFSE-positive 

transgenic CD8 T cells.  

4.4.6 Statistical analysis 

Data were analyzed with unpaired t-test (Prism 5, GraphPad Software, Inc.) as 

indicated. P<0.05 was considered statistically significant. 

 

4.5 RESULTS 

4.5.1 T cells infiltrate the retina after intraocular MCMV infection 

To investigate lymphocyte traffic into the retina, we injected 10
3
 pfu MCMV-K181 in 
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the subretinal space of the right eye of immunocompetent BALB/c mice. Mice were 

then examined on days 4, 6, 12, 18, 49 and 90 post-infection (pi) (n ≥ 6 per time point). 

Previous studies of CD45+ cells from retina have provided evidence for two distinct 

populations under homeostatic conditions: rare perivascular macrophages and abundant 

resident parenchymal microglia (MG) 
89

. Back-gating strategies showed that the MG 

population expressed CD45 at lower levels than infiltrating leukocytes. After intraocular 

MCMV infection, infiltration of CD45
hi

 cells was readily apparent at day 4 pi and 

peaked at day 6, decreasing thereafter, but still detectable at levels higher than those in 

uninfected mice at day 90 pi (Figure 1). The contra-lateral uninfected eye showed very 

few CD45
hi

 cells (0.19% of total retinal cells at 4d pi, 0.16% at 6d pi, decreasing to 

0.04% by 49d pi and 0.01% by day 90, 0.014% in naïve control retinae) (Figure 1A). 

Virus quantification showed low levels of replicating MCMV in ocular homogenate at 

day 2 to 4, decreasing by day 6 pi (Figure 1B). Viral titers peaked at day 6 in the spleen 

(data not shown). By day 12, ocular tissue was negative for replicating virus, which is 

consistent with previous reports 
203

 and thereafter replicating virus was detectable by 

plaque assay only in salivary gland tissue. 

Next, we analyzed the CD45+ leukocyte population in the eye for the presence of CD8+ 

T cells. Both CD4+ and CD8+ T cells could be identified in the eye of mice infected 

with MCMV from day 4 till day 90 pi (Figure 2A). The frequency of CD8+ T cells 

peaked on day 12 pi, where approximately 50% of all CD45+ cells were also positive 

for CD8 (Figure 2A and B). The frequency of the CD8+ T cell population was still high 

at day 18 and remained high up to 90 pi (Figure 2A and B). An expansion and 

contraction pattern was observed when total CD8+ T cell numbers in the retina were 

analyzed (Figure 2B).  

 

4.5.2 Antigen-specific CD8+ T cell responses elicited by intraocular infection 

undergo both local and systemic expansion and contraction with similar 

kinetics  

Viral infection can induce a T cell response that may be specific for several viral 

epitopes. In MCMV infection, one of the best characterized T cell responses is that 

elicited to the IE1 immunodominant epitope in an H-2L
d
 restricted manner 

204, 205
. Not 

only is this a very strong anti-viral CD8+ T cell response, but IE1-specific CD8+ T cells 
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have been shown to be highly protective in adoptive transfer studies 
201

.  

Tetramer analysis showed recruitment of a high percentage of IE1-specific CD8+ T 

cells to the retina, peaking at day 6 after infection, when ~17% of CD8+ T cells were 

IE1-specific, and starting to contract by day 18 pi (Figure 3A). Interestingly, the early 

kinetics of expansion and contraction of IE1-specific CD8+ T cells elicited by 

intraocular MCMV infection were similar in the spleen and retina (Figure 3A and B). 

Importantly the frequency of specific CD8+ T cells was roughly 6 fold higher at day 6 

pi in the retina compared with the frequency in the spleen (Figure 3B). 

In systemic MCMV infection, IE1-specific CD8+ T cell frequencies re-expand at late 

time points after infection, when replicating virus is no longer detectable. Indeed, in a 

previous study, more than 20% of CD8+ T cells were found to be specific for this single 

viral epitope 400 days after systemic MCMV infection 
206

. In order to determine 

whether T cell kinetics followed a similar pattern after intraocular MCMV infection, we 

analyzed the frequency and number of IE1-specific CD8+ T cells at 3 months pi. An 

increase in the percentage of IE1-positive cells in the CD8+ T cell population was 

observed both in the eye and spleen 7 weeks and 3 months after intraocular infection 

(Figure 3B). Interestingly, after the first expansion (day 12) and contraction (day 18), 

the absolute numbers of IE1+ CD8+ T cells in the eye was  increased at day 49 pi and 

numbers of IE1+ CD8+ T cells were still high at 3 months after intraocular infection 

(Figure 3C).  

 

4.5.3 Antigen-specific CD8+ T cells home predominantly to the site of virus 

infection  

Given that antigen-experienced T cells often display tissue specificity when trafficking 

to non-lymphoid sites, we examined antigen-specific CD8+ T cell responses in the 

contra-lateral uninfected eye to determine if infiltration was restricted to the site where 

antigen is present. A minimal increase in CD45+ cells was observed in the uninfected 

contra-lateral eye (Figure 1A), but no significant numbers of either CD8+ T cells or 

IE1+ CD8+ T cells could be detected in this eye. This was also the case after PBS was 

injected in the contra-lateral eye as a control, with leukocytes being virtually absent at 

day 4,6,12 and 18 pi from this site (Figure 1A), suggesting that a simple breach of the 

blood retina barrier caused by injection is not sufficient to induce the recruitment of 
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leukocytes to the eye. Altogether, these data suggest that antigen-specific CD8+ T cells 

are recruited predominantly and selectively to sites where virus is present  

 

4.5.4 The functionality of virus-specific CD8+ T cells elicited by intraocular 

infection is equivalent to that elicited by systemic infection 

Mice exposed to OVA in the anterior chamber have been reported to develop a 

suboptimal CTL response against OVA 
207

. To investigate whether the functionality of 

antiviral CD8+ T cells is altered when MCMV is injected in the eye, we examined the 

cytolytic capacity of IE1-specific CD8+ T cells elicited after intraocular as compared to 

intraperitoneal MCMV infection. Here, we used an in vivo CTL assay which 

specifically and sensitively measures the efficacy of CTL-mediated elimination of 

targets displaying the IE1 epitope of MCMV in vivo 
198

. The in vivo cytotoxic activity 

elicited by intraocular MCMV infection was equivalent to that elicited by 

intraperitoneal infection, with similar reactivity towards IE1 loaded targets observed at 

day 4, 6 and 18 pi (Figure 4A and B). 

  

4.5.5 Antigen presentation after subretinal MCMV infection is limited to 

secondary lymphoid organs  

Transgenic T cells and CFSE dilution have been used extensively to determine the site 

and duration of antigen presentation in vivo 
208

. Using a model antigen system we 

assayed for class I-restricted presentation of MCMV epitopes. To this end, a 

recombinant MCMV was engineered to express the H-2K
d
 restricted epitope from 

mouse influenza haemaglutinin (HA) (MCMV-HA). The CL4 transgenic mouse strain 

expresses a transgenic T cell receptor that recognizes the HA epitope in association with 

H-2K
d
. Adoptive transfer of CFSE-labelled CL4 transgenic T cells was used to visualize 

antigen presentation in BALB/c mice following intraocular MCMV-HA infection. Mice 

infected with MCMV-HA by the intraperitoneal route were also examined 

simultaneously. For these experiments, CL4 cells were transferred on day 6 pi in both 

groups of mice, and draining lymph nodes, mesenteric lymph nodes, spleen, retina and 

iris were collected 3 days later, before there was significant recirculation of activated T 

cells. The proliferation of HA-specific CL4 transgenic T cells in various tissues 

provided a functional readout of sites of antigen presentation in vivo. The proliferation 
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of HA-specific CD8+ T cells in the draining cervical lymph nodes, the spleen and the 

mesenteric lymph nodes, was equivalent in mice infected intraocularly or 

intraperitoneally (Figure 5A). After intraocular infection, a small number of divided 

(CFSE-low) CD8+ T cells were detected in infected (Figure 5A), but not in uninfected 

eyes (data not shown), that were most likely re-circulating activated T cells that had 

emigrated from secondary lymphoid tissues such as the draining lymph nodes. The 

paucity of HA-specific T cells detected in the retina of infected mice is most likely due 

to the early timepoint chosen for our assay ie. 3 days post-transfer when recirculation of 

activated T cells is minimal. Importantly, these data demonstrate that antigen 

presentation was limited to the secondary lymph nodes after intraocular infection, and 

thus, the increase in IE1-specific CD8+ T cells in the retina described above can be 

attributed wholly to migration rather than local proliferation. 

 

4.6 DISCUSSION 

In this study we have evaluated the local and systemic T cell responses induced by 

subretinal CMV infection. We found that administration of MCMV in the subretinal 

space elicited a rapid and efficient adaptive immune response in the retina, but also in 

the periphery. Using the proliferation of antigen-specific transgenic T cells as a 

functional read-out of antigen presentation in vivo, we found that this response was 

primed in secondary lymphoid organs and followed kinetics that are comparable to 

those of the response elicited by systemic infection. We believe that the similarity in 

response elicited by intraocular and intraperitoneal infection is best explained by the 

dissemination of MCMV from the eye (probably via the Schlemm canal and uveoscleral 

outflow) following intraocular injection and rapid spread of the virus to the secondary 

lymphoid organs. This is consistent with the similar levels of antigen presentation and 

subsequent CD8+ effector T cell responses observed in mice infected intraocularly or 

intraperitoneally. This hypothesis is further supported by the finding that virus-specific 

IE1+ CD8+ T cell numbers were initially slightly higher in the lymph nodes draining 

the infected eye, but quickly accumulated in the lymph nodes draining the uninfected 

contra-lateral eye (data not shown). Our findings are also consistent with a previous 

study which demonstrated that after injection in the anterior chamber of the eye soluble 

antigen can reach the draining lymph nodes, the spleen and the mesenteric lymph nodes 

209
. Indeed, after intraocular infection we could detect replicating virus not only in the 
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infected eye, but also in the spleen and at later timepoints in the salivary gland. 

Importantly, our current study also investigated the kinetics and functionality of the 

antiviral antigen-specific CD8+ T cell responses generated by subretinal MCMV 

infection. We found that once initiated, the kinetics of the T cell response in the eye 

followed a similar pattern of expansion and contraction to that observed in other organs; 

this vigorous response lead to rapid control of replicating virus with titers decreasing to 

below detectable levels in the retina, as well as the spleen, but persistence of virus in the 

salivary gland (data not shown). Unexpectedly, we found that the percentage of antigen-

specific T cells in the CD8+ pool remained high in the retina at late time points post-

infection (7 weeks and 3 months). Such inflationary kinetics of antigen-specific CD8+ T 

cells have been described in the spleens of MCMV-infected BALB/c mice 
206

 and in 

human CMV infection, where CMV-specific CD8+ T cells represent a significantly 

large population in the peripheral blood of sero-positive elderly individuals 
210, 211

. Since 

IE1 transcripts have been detected in 100% of ocular samples infected subretinally with 

MCMV up to 3 months post infection 
120

, and the IE1 epitope is rapidly expressed upon 

reactivation of latent virus, the sustained presence in IE1-specific T cells may represent 

their role in immune surveillance and the prevention of local latent virus progressing to 

full reactivation. This notion is supported by case reports of ocular HCMV reactivation 

after local ocular immunosuppression with triamcinolone acetonide in 

immunocompetent patients 
122-125, 212

. The longevity of the CD8 T cell response in 

experimental MCMV retinitis is a striking finding and may provide an explanation for 

recent reports linking certain forms of posterior autoimmune uveitis to herpetic eye 

infections 
213, 214

. 

Importantly, despite the extensive antigen-specific CD8 T cell numbers detected in the 

infected eye, we found no evidence of T cell infiltration in the contra-lateral non-

infected eye or in PBS injected control eyes, demonstrating that homing of T cells to the 

eye depends on local infection. Previous studies have demonstrated strict regulation of 

Th1 cell adherence to the endothelium of retinal venules during experimental 

autoimmune uveoretinitis through up-regulation of adhesion molecules, such as P-

selectin glycoprotein ligand 1 and lymphocyte function-associated antigen-1, on Th1 

cells, and intercellular adhesion molecule-1 and P/E-selectin on endothelial cells 
105

. In 

the same model, chemokines such as CCR5 have been shown to play an important role 

in mediating migration of CD4+ Th1 cells through the endothelium 
215

. However, at 

present little is known about CD8+ T cell trafficking into the retina. CD8+ T cell 
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trafficking across the blood brain barrier has been shown to be dependent on 

presentation of MHCI-antigenic peptide by endothelial cells 
216

. Access of CD8+ T cell 

is mediated by various chemokines, such as CXCR3 
217

 and CXCR4 
218

, during West 

Nile virus encephalitis; however, the role of adhesion molecules and chemokines in 

CD8+ T cell recruitment during viral retinitis remains to be investigated. 

While intraocular infection may not be a natural route of infection and is subject to 

limitations and technical restraints 
219

, our model provides important insights on the 

tempo and quality of the immune response that is elicited by the presence of virus in the 

eye. The absence of T cell priming within the eye, even after a strong immunogenic 

trigger such as MCVM infection, is of significant interest given the increased use of 

intravitreal and subretinal therapeutics for various retinal diseases. These findings are 

relevant to our understanding of viral retinitis and may assist to develop new strategies 

designed to circumvent adaptive immune responses against viral vectors placed in the 

eye for therapeutic purposes. Ultimately, a better understanding of the delicate balance 

between antiviral immunity and the presence of viral antigen in the eye may provide 

new therapeutic possibilities for eye diseases, such as uveitis, where the adaptive 

immune system plays a role. 
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4.7 FIGURES 

 

Figure 1: Infiltration of common leukocyte antigen positive (CD45) cells to the MCMV infected 

retina. A) MCMV susceptible BALB/c mice were infected subretinally with 10
3
 pfu of MCMV-

K181 in 1 µl and CD45+ cells enumerated in the retina 4, 6, 12, 18, 49 and 90 days after 

infection. CD45+ cells are shown as percentage of total cells in MCMV infected retina and in the 

uninfected contra-lateral eye (n ≥6 for infected eyes, n≥6 for contra-lateral eyes. Pooled results 

from 2 independent experiments are presented). Bar graphs represent mean values ± SEM. B) 

Viral titers in MCMV infected eyes of BALB/c mice (black bars) or uninfected contra-lateral eye 

(white bars). The data presented are mean values ± SEM.of four mice. 
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Figure 2: Analysis of T-lymphocyte recruitment to the MCMV infected retina. (A) MCMV 

susceptible BALB/c mice were infected subretinally with 10
3
 pfu of MCMV-K181 and CD45+ 

cells in the retina were stained for CD4 and CD8 T cell markers. Representative FACS profiles 

from mice infected for the indicated period of time are shown. The percentages of cells present 

in the representative sample are shown. (B) Frequency (upper panel) and numbers (lower 

panel) of CD8+ T cells in the retina of MCMV infected mice are shown (n≥6 per time point; 

pooled results from 2 independent experiments). Data represent percentage mean values ± 

SEM.   
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Figure 3: MCMV-specific CD8+ T cells recruitment to the retina after subretinal MCMV 

infection. (A) BALB/c mice were infected with 10
3
 pfu MCMV-K181 and IE1-tetramer positive 

CD8 T cells in the retina and spleen were enumerated. Representative FACS profiles from 

retina and spleen samples harvested at various times post-infection are shown. Values indicate 

percentage of H-2
d
-IE1-tetramer binding CD8+ T cells in the representative sample shown. (B) 

Frequency and numbers of IE1-specific CD8+ T cells in ocular and splenic compartments at 

various times after subretinal MCMV infection. Bar graphs represent mean values ± SEM (n≥6 

per time point, pooled from 2 independent experiments).  
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Figure 4: Comparison of MCMV-specific cytotoxicity induced by intraocular or intraperitoneal 

MCMV infection. An in vivo cytotoxicity assay was used to measure the in vivo functionality of 

CTLs induced by intraocular infection. (A) Representative profiles from 1 of 2 experiments show 

the frequency of syngeneic IE1-pulsed (CFSE low) and non-pulsed (CFSE high) targets 

recovered from the spleens of MCMV infected mice at days 4, 6 and 18 after infection. (B) IE1-

specific in vivo cytotoxicity as measured using an in vivo CTL assay. Values indicate 

percentage mean ±SEM (n≥6 per time point). IO = intraocular infection, IP = intraperitoneal 

infection.  
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Figure 5: Antigen-specific CD8+ T cells generated after subretinal MCMV infection are primed 

in secondary lymphoid organs. (A) Priming of transgenic HA-specific CD8+ T cells (CL4) was 

measured in various organs by CFSE dilution after CL4 cells were adoptively transferred into 

mice which had received subretinal (i.o) (upper panel) or intraperitoneal (i.p) (lower panel) 

infection with 10
3
 pfu MCMV-HA 3 days before. Similar CFSE dilution patterns were obtained 

with both routes of infection. Representative FACS plots and percentages of CL4 cells in the 

CD8+T cell pool are shown (n=3) at day 6 pi. (B) The frequency of IE1-specific CD8+ T cells in 

the draining and non-draining lymph nodes after subretinal MCMV infection. BALB/c mice were 

infected with 10
3
 pfu MCMV-K181 into their right eye. Right and left cervical lymph nodes (CLN) 

were harvested at indicated times post-infection and IE1+ CD8+ T cells enumerated (n=6). 

Pooled results from 2 independent experiments are shown. Bar graphs represent mean values 

± SEM. 
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5 CHAPTER 5 

5.1 PREFACE  

This chapter focuses on the adaptive immune response to viral pathogens in the retina 

and presents two distinct models of viral retinitis. The impact and the time course of the 

ensuing immune response on the physiology of the eye are discussed in detail. The 

manuscript includes data from past work as well as new, unpublished data and an 

extensive discussion of the implications on potential immune responses to viral vectors. 

This manuscript has been accepted for publication in the Journal “Progress in Retina 

and Eye Research” with an impact factor of 7.755. 

Co-authors of this paper and their contribution are listed below 

 

Co-Author Contribution 

Professor Mariapia Degli-Esposti Editing of manuscript 

Professor Paul McMenamin Editing of manuscript  

Professor John Forrester Editing of manuscript 
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5.2 ABSTRACT 

T lymphocytes play a decisive role in the course and clinical outcome of viral retinal 

infection. This review focuses on aspects of the adaptive cellular immune response 

against viral pathogens in the retina. Two distinct models to study adaptive cell 

mediated immune responses in viral retinitis are presented: (i) experimental retinitis 

induced by murine cytomegalovirus (MCMV), where the immune system prevents 

necrotizing damage to the retina and (ii) retinitis induced by the non-cytopathic 

lymphocytic choriomeningitis virus (LCMV), where the retinal microanatomy is 

compromised not by the virus, but by the immune response itself. From these studies it 

is clear that, in the context of viral infections, the cytotoxic T cell response against a 

pathogen in the retina does not differ from that seen in other organs, and that once such 

a response has been initiated, clearing of virus from retinal tissue has priority over 

preservation of retinal architecture and function. Furthermore, implications drawn from 

these models for gene therapy in retinal diseases are discussed.  
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5.3 INTRODUCTION 

Viral retinitis is a blinding disease which occurs rarely in immune-competent, and more 

frequently in immune-compromised individuals. A number of viruses, such as herpes 

simplex virus, varizella zoster virus 
220

 and human cytomegalovirus (HCMV) 
221

, are 

known to cause intraocular disease in man, mainly in patients with AIDS 
222

. Less 

frequent causes of viral retinitis are Epstein-Barr virus 
223

, rubella and measles 
224, 225

, 

West Nile Virus 
226

, lymphocytic choriomeningitis virus (LCMV) 
227

 and other 

emergent infections, such as dengue and Chikungaya 
228

. Because viral retinitis is not a 

common disease, and the retinal tissue is not readily accessible for pathological 

analysis, little is known about how the immune system deals with viral antigen present 

in the retina. Nevertheless viral retinitis is still a major clinical problem associated with 

a high degree of morbidity 
229

. Furthermore, recent advances in gene therapy, and the 

planned application of these protocols to deliver viral vectors to the eye in humans, 

necessitate a more detailed understanding of how adaptive immune responses are 

initiated and sustained in the eye, and especially in or around the retina, such as in the 

vitreous and the subretinal space. This understanding is not only important because 

recombinant viral vectors are derived from a wide range of viruses, including 

adenoviruses, adeno-associated viruses (AAV), and lentiviruses, but also because these 

vectors are injected directly into either the subretinal space to target photoreceptors and 

the retinal pigment epithelium, or into the vitreous to target ganglion cells 
230

. The 

development of antibodies directed against a vector capsid can neutralize the 

effectiveness of the therapy, but adaptive cellular immune responses can lead to 

infiltration of leukocytes and may cause immunopathology in the treated tissue 
231

. 

Central nervous tissue including the retina has poor regenerative properties after direct 

cell damage caused by infection, or secondary damage caused by inflammation and 

immunologically mediated pathologies.  

It has been postulated that the negative consequences of local inflammation in the eye 

are minimized by a highly regulated immune response which is adapted to eliminating 

pathogens, while minimizing nonspecific inflammation 
17, 232

. The apparently 

‘immunologically privileged’ status of the eye, like that of the brain parenchyma, has 

been attributed to many factors including the blood retina barrier and the lack of 

lymphatic vessels draining the retina. Under homeostatic conditions, these barriers 
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largely prevent the entry of inflammatory cells into the retinal parenchyma 
233, 234

, but 

the extent of leukocyte trafficking within the healthy central nervous system (CNS) has 

been a matter of controversy 
103, 235

. In addition, the low level expression of major 

histocompatibility complex (MHC) class I and II molecules in ocular tissue, makes it 

less of a target for the adaptive immune system 
236

. In particular, the absence of MHC 

class I molecules on retinal cells may represent a means whereby this tissue is 

potentially protected (“privileged”) from lysis by cytotoxic T lymphocytes (CTLs) 

following viral infections. In addition, secreted active cellular effector molecules, such 

as TGF, -melanocyte-stimulating hormone, vasoactive intestinal peptide, calcitonin 

gene–related protein, thrombospondin, CD200R and IL10, have been implicated in 

generating suppressive immune responses against foreign- and self-antigens locally in 

the eye 
22, 237-240

. Despite such adaptations, viral infections in the eye can elicit strong 

innate and adaptive immune responses. This is even more surprising considering that 

the ensuing immune response may precipitate severe immunopathological processes in 

the retina 
159

, as well as various phenotypes of autoimmune disorders 
241, 242

 which may 

have sight-threatening consequences, and may represent the relative vulnerability of 

immune privileged sites which have divested themselves of conventional 

immunoprotection 
20, 243

. Recent data showing that activated T cells can traffic through 

the CNS for purposes of immune surveillance, 
235

 and the numerous reports showing 

that the eye contains rich networks of resident immune cells 
7, 89

, suggest that the eye 

can be immunologically targeted and that its ‘immune privileged’ status can be readily 

disrupted or altered. Furthermore, immune privilege may come at a “cost”, as it might 

leave the eye more susceptible to autoimmunity 
20

. 

This article will explore the current knowledge on the role of the adaptive immune 

response in animal models of viral retinitis. Specifically, it will focus on two distinct 

models: murine cytomegalovirus (MCMV) retinitis, where damage to the retina can 

occur in the absence of adaptive immune responses 
244

, and lymphocytic 

choriomeningitis virus (LCMV) retinitis, a disease caused by a non-cytopathogenic 

virus whose infection results in pathological changes to the retina only in the presence 

of an adaptive immune response 
159

.  

In order to understand cellular immune responses in the eye, it is important that the 

unique anatomy and physiology of the ocular lymphatic drainage system and the role of 

antigen presenting cells (APC) are fully appreciated. Understanding how the eye 
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responds to viral infections may help in planning and implementing novel therapeutic 

strategies for sight threatening diseases, such as infectious retinitis, and may also help to 

understand and circumvent potentially deleterious adaptive immune responses elicited 

by retinal gene therapy. 

 

5.4 MODELS OF VIRAL INFECTIONS OF THE RETINA 

5.4.1 MCMV-induced retinitis 

MCMV is a ubiquitous large beta herpes virus which in immune-competent mice elicits 

a broad CD8
+
 T cell response and usually causes a mild self-limiting primary infection 

with little apparent effect on the eye (Box1) 
245, 246

. After primary infection, the virus 

persists in immune-competent hosts, and in mice it establishes a lifelong infection, 

particularly in the salivary gland and lung 
173, 174

.  

In immunosuppressed BALB/c mice, subretinal infection with MCMV causes 

necrotizing retinitis, with the choroid, RPE and photoreceptors as the initial targets of 

infection, followed by spread of MCMV to the inner retina by 5 days after infection 
178

. 

CD8
+
 T cells have been shown to be essential in minimizing retinitis in this model, as 

depletion of CD8
+
, but not CD4

+
 T cells renders the host susceptible to necrotizing 

retinitis 
247

. In addition, natural killer (NK) cells have been shown to play an important 

role in early control of MCMV replication in the retina 
148

.  

Inoculation of MCMV into the subretinal space of immune-competent BALB/c mice 

causes a self-limiting infection involving the photoreceptors and the RPE (Figure 1 A) 

147
.  Fluorescent labeling of retinal T cells after local infection of the retina with MCMV 

in immune-competent BALB/c mice has shown a rapid increase in CD8
+
 T cells (Figure 

1B) and, to a lesser extent, in CD4
+
 T cells 

248
, with total numbers of these cells peaking 

between day 6 and 12 in the retina. Furthermore CD8
+
 T-cells specific for the immune-

dominant IE1 epitope of MCMV were present in the eye and accounted for up to 17% 

of the total CD8
+
 T cell population at day 6 pi. During the peak of T cell accumulation, 

a marked increase in MHC-II positive cells in the retina was also observed (Figure 1B).  

We could also show that only activated antigen-specific CD8+ T cells were able to 

access the infected retina and this was only observed in the infected, but not in the 

uninfected contra-lateral eye 
248

. Interestingly, systemic cytotoxic T cell activity was 
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equivalent after subretinal and intra-peritoneal infection 
248

, suggesting that delivery of 

virus to the eye readily leads to antigen leakage to lymph nodes and spleen. Indeed, we 

have evidence that priming of naïve T cells occurs in the spleen and lymph nodes.  

 

5.4.2 LCMV-induced retinitis 

LCMV-induced choriomeningitis in mice has been well studied and represents a reliable 

model of experimental viral-induced neuroinflammation 
151

 (Box 2). The hallmarks of 

LCMV induced retinal immunopathology are progressive monophasic retinal infiltration 

by CD8
+
 and CD4

+
 T cells, peaking at day 12 with homing of LCMV specific CD8

+
 T 

cells to the retina of intraocularly infected animals (Figure 2A) 
159

. Infiltration of CD8
+
 

T cells around the ciliary body occurs by day 5 (Figure 2A) and culminates in loss of 

barrier integrity of the iris and the ciliary body by day 12 after intraocular infection 

(Figure 2B). In addition, an increase in CD11c
+
 dendritic cells (DCs) around the retinal 

vessels (Figure 2C) and F4/80
+
 macrophages around inflammatory foci can be observed, 

most likely sustaining adaptive immune responses. The effector phase of the immune 

response declines sharply, and by 20–30 days post infection, a stable population of 

memory CD8
+
 T cells protects the host from a secondary challenge 

249
. Since LCMV is 

noncytopathic in mice 
151, 250

, tissue damage is most likely caused by virus specific T-

cell-dependent immunopathology. Local intraocular infection with LCMV leads to rapid 

viral spread, with high viral titers in spleen and cervical lymph nodes at day 4 post-

infection. Immune-competent adult mice usually control infection with LCMV strains 

that exhibit slow or intermediate replication kinetics, such as Armstrong (Arm) or WE, 

via the induction of a potent anti-viral CTL response 
251

. By contrast, LCMV strains 

such as the rapidly replicating strain Docile, swiftly exhaust the CD8
+
 T cell response, 

and therefore these viruses can establish persistence in the eye after local infection 
252,

 

253
. Virus-specific effector CD8

+
 T cells, but not CD4

+
 T cells, are essential for the 

development of immunopathology in the eye, and the lack of functional CD8
+
 T cells in 

2m-/- mice completely prevents chorioretinal pathology, despite resulting in 

persistence of LCMV in the retina (Figure 2D). Importantly, intraocular LCMV 

challenge of previously LCMV immunized mice results in rapid clearing of the virus 

from the eye without the development of immunopathology. These data indicate that 

memory T cells are efficiently activated by intraocular infection and lead to rapid 

control of the virus, thus limiting ongoing immune responses that can cause 
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immunopathology in the eye.  

 

5.5 DELIVERY OF VIRUS IN THE EYE RESULTS IN 

ACTIVATION OF CTL RESPONSES IN SECONDARY 

LYMPHOID ORGANS 

The animal models of viral retinitis discussed above display a vigorous primary T cell-

dependent immune response after local delivery of virus to the eye and infection of the 

retina. In the early phase of acute infection, the generation of adaptive immune 

responses occurs by antigen capture and presentation to T cells by APC. In most tissues 

antigen-bearing APCs migrate via well defined lymphatics to secondary lymphoid 

organs where they activate naïve T cells. The magnitude of a specific T cell response 

depends upon the quantity of antigen being presented and the duration of antigen 

presentation. Activated T cells acquire effector function and egress from secondary 

lymphoid tissues into the blood stream from where they preferentially home to sites of 

initial infection and inflammation. In the context of the eye, movement of activated 

lymphocytes across the blood retina barrier is thought to be a multistep process 

mediated by expression of sets of adhesion molecules and inflammatory mediators, such 

as chemokines, expressed by endothelial cells of retinal microvessels 
106, 254

. It is 

thought that certain endothelial adhesion molecules serve as “vascular addressins” and 

guide lymphocytes expressing the appropriate “homing receptor” in tissue-specific 

migration. In order to gain entry to extravascular compartments, lymphocytes have to 

breach the tight junctions between endothelial cells so as to gain access to intraocular 

tissues, such as the ciliary body, the choroid and the retina; each of these tissues has a 

separate vascular bed, with the retinal vessels presenting a stronger barrier than uveal 

tract vessels. Once within the retina it is likely, if not inevitable, that lymphocytes 

interact with antigen-expressing, infected parenchymal cells, endothelial cells or other 

immune cells, such as DCs and/or macrophages. In this context it has been shown that 

cultured RPE cells can present MHC-I restricted antigens and elicit targeted killing by 

CTLs 
255

. The following section describes a possible scenario of how the immune 

system responds to viral infection in the retina based on our experience with the two 

distinct mouse models of MCMV and LCMV induced viral retinitis and our state of 

knowledge about potential APCs in the eye.  
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5.5.1 Aqueous humor connects the retina to secondary lymphoid organs  

It has become accepted that the route of aqueous humor drainage influences where 

antigen is ultimately presented in extra-ocular lymphatic tissue. Within ocular tissues, 

lymphatics are normally present only in the conjunctiva 
256

 and peripheral corneal 

limbus 
257

 an extraocular tissue and essentially a mucosal surface similar in many 

respects to other mucosa 
258, 259

. Aqueous humor is produced by the non-pigmented 

epithelium of the ciliary body and is the major extracellular fluid compartment of the 

eye. The balance between formation and drainage of aqueous humor determines 

intraocular pressure, with complete replenishment occurring approximately every 2 

hours in humans. Drainage of aqueous fluid from the eye occurs through established 

routes that include ‘conventional outflow’ via the trabecular meshwork into the 

Schlemm’s canal (Figure 3A); this route accounts for approximately 80% of total 

outflow in humans 
260

. The other route of aqueous fluid drainage involves the 

‘unconventional’ or uveoscleral outflow pathway, through the ciliary body into the 

suprachoroidal space 
261, 262

; from here aqueous fluid drains through the sclera and has 

access to conjunctival lymphatic vessels (Figure 3B). The latter route may be more 

relevant in the non-primate eye. The Schlemm’s canal in primates and some non-

primates is an endothelium-lined circumferential tube that lacks a continuous basement 

membrane as well as pericytes, and therefore resembles a lymphatic vessel. 

Accordingly, aqueous humour has for many decades been considered as a functional 

equivalent of the lymph in the eye, in much the same way as cerebrospinal fluid 

performs a homologous function in the brain 
263,264

.Whereas the outflow through the 

trabecular meshwork and Schlemm’s canal drains directly into the systemic venous 

circulation and therefore to the spleen (the so called ‘camero-splenic axis’), there is 

evidence from tracer studies that the uveoscleral route leads to the draining 

submandibular and superficial cervical lymph nodes 
265

. The great majority of soluble 

antigen within the rat anterior chamber seems to drain to the submandibular and cervical 

lymph nodes, the spleen and mesenteric lymph nodes in a soluble form where it is then 

taken up by tissue resident macrophages 
209

. Similar results showed that antigen that 

reaches these draining lymph nodes is predominantly in a soluble form 
266

. A recent 

study found lymphatic vessels in human ciliary body from postmortem eyes, a finding 

confirmed in vivo in sheep 
267

. It is thus likely that soluble antigen from the vitreous 
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cavity of the eye (which is in communication with the aqueous humour), is presented to 

the immune system in a dual fashion: via the circulation to the spleen and via the 

uveoscleral pathway to the draining lymph nodes.  

The highly organized micro-architecture of secondary lymphoid
 

organs provides 

efficient local control of pathogens by trapping, processing and presentation of antigen 

from the eye and induction of antigen- specific T and B cell-mediated responses. In 

addition, the spleen, which is responsible for filtering blood-borne particles, participates 

in the induction of efficient immune responses against virus in the eye. The fact that 

uveoscleral outflow (‘non-conventional outflow pathway’) is increased significantly in 

inflamed eyes 
268

 may indicate that antigen outflow in this situation is directed primarily 

to the draining lymph-nodes, facilitating an effective immune-response. Whether this 

increase during inflammation is partly mediated by prostaglandins, which are known to 

lower intraocular pressure by increasing the uveoscleral outflow 
269

, is currently not 

clear.  

The context in which antigen is presented will influence immune responses, be they 

protective or immunopathological; Soluble antigen may induce tolerance, while cell-

associated antigen is more likely to induce immunity 
270

. During experimental viral 

infections of the eye, of course, a few infectious units escaping the eye via either route 

can be sufficient to infect cells in the periphery (e.g. the draining lymph nodes and/or 

the spleen) leading to sustained viral replication, inflammation and the subsequent 

induction of a strong immune response. We have recently observed an increase of 

MCMV specific CD8
+
 T cells in the ipsilateral and, to a lesser extent, the contra lateral 

cervical lymph node of locally infected eyes, suggesting that outflow via the uveoscleral 

pathway plays an important role in mounting adaptive immune responses in 

experimental viral retinal infections 
248

. In addition, priming of antigen specific CTL 

was observed in the spleen, both sets of draining cervical lymph nodes, and the more 

distal mesenteric lymph nodes, but not in the retina or iris itself. We also observed GFP 

signal in the spleen at day 4 after intraocular infection with an MCMV-GFP 

recombinant virus suggesting rapid dissemination and replication of virus in the spleen 

after subretinal infection. Indeed, after intraocular infection significant viral titers could 

be measured in spleen, liver and salivary gland (Figure 4A). Interestingly, viral 

replication could be detected in the eye, as well as the spleen and the mesenteric lymph 

nodes by directly visualizing GFP signal by whole body imaging (data not shown). In 
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the eye, GFP signal, indicative of the presence of replicating virus, was detectable in the 

retina as early as day 2 after infection, and was sustained until day 6, at which time 

replicating virus was also detectable in the iris (Figure 4B). Altogether these findings 

suggest that after intraocular infection virus can replicate locally, but can also spread 

both within the eye and to the periphery. These findings are consistent with our results 

showing that the activity of MCMV-specific T cells elicited after intraocular infection 

with MCMV is similar to that observed after intra-peritoneal infection with the same 

viral dose 
248

 and suggest that priming of antigen-specific adaptive immunity is 

mediated by presentation of antigen from the eye in secondary lymphoid organs, 

including the spleen and lymph nodes. Whether the antigen is processed within the eye 

and then transported to lymphoid tissues as cell-associated antigen within migratory 

APC, or whether antigen reaches the DLN and spleen in the form of infectious virions 

which can infect local DCs and macrophages, remains to be determined. Interestingly, 

repeated intraocular injection of soluble IE1 viral peptide prior to intra-peritoneal 

MCMV infection significantly reduced MCMV-specific CTL activity, when compared 

to infection without IE1 pre-treatment (Figure 4C). The exact mechanisms of how CTL 

responses are reduced after intraocular injection of soluble antigen remains 

controversial. Some authors propose a scenario whereby antigen is processed locally by 

APCs under the influence of TGF and other mediators. These APCs then migrate from 

the anterior chamber to the spleen where they actively induce immune deviation or 

tolerance 
271-273

. A similar scenario has been suggested for intra-cameral antigen-

induced tolerance in CD8
+
 CTL responses 

52
. The need for repeated injections of 

peptide to reduce CTL activity in our experimental model could however imply another 

mechanism whereby sustained leakage of antigen from the intraocular space induces 

virtually all specific T cells to become terminally differentiated effector T cells; this 

would result in exhaustion and unresponsiveness to subsequent stimulation, as shown 

after repeated intra-peritoneal administration of soluble antigenic peptide 
253, 270, 274, 275

  

Exhaustion of specific T cell responses has been shown after retinal infection with the 

fast replicating LCMV docile 
159

 and after AAV mediated transgene product expression 

276
.  

 



CHAPTER 5: T cell responses in 

experimental viral retinitis 

 

84 
 

5.6 ANTIGEN PRESENTING CELLS IN THE RETINA 

5.6.1 Dendritic cells 

Whilst the presence of antigen presenting cells in the cornea and conjunctiva has been 

well accepted and documented, the existence of APCs within intraocular tissues has 

only more recently been appreciated. There are numerous published reports on their 

localization, characterization and functional role in various intraocular compartments. A 

high density network of epithelial and stromal peripheral DCs has been described in the 

cornea, iris, ciliary body and choroid 
7, 58, 59, 277

, and to a lesser extent in the peripheral 

and juxtapapillary retina 
67, 259

. These cells share the ability to phagocytose and present 

antigen 
278

 and are derived from bone marrow myeloid precursors 
60

. Of the recognized 

professional APCs, DCs have been shown to be the most potent presenters of antigen 

and to migrate efficiently to secondary lymphoid organs where they present antigen to 

naïve T cells. Immature DCs, displaying large amounts of MHC II on their surface, act 

as sentinels for pathogen infection within most tissues in the body. Even though some 

reports have argued that a subset of potential APCs (F4/80+ macrophages) can leave 

intraocular compartments 
279

, there is no convincing evidence that bona fide cells 

localized in the retina can take up antigen and leave the retina to stimulate a systemic 

immune response, as originally described for the skin 
280

. Thus, although DCs can enter 

the retinal parenchyma during inflammation to sustain T cell function, initial T cell 

activation is most likely to occur in the peripheral lymphoid organs. During chronic 

inflammation in the brain it has been proposed that brain infiltrating DCs are able to 

present antigen to naïve T cells 
15, 281, 282

. Whether retinal DCs are able to take up 

antigen and whether they are able to transport antigen from the retina to lymph nodes 

and the spleen is an unresolved issue that remains to be addressed in order to fully 

understand the immune response to antigen in the retina. Differential distribution of 

DCs in the eye will affect the nature of ensuing immune responses after contact with 

viral antigen. On one hand, antigen restricted to the retina may go undetected due to 

lack of DCs in this tissue, particularly if inflammatory signals are also absent 

(immunological ignorance). Antigen in the iris however may be taken up by migrating 

DCs which are able to induce a primary T cell response due to effective presentation in 

draining lymphoid organs. The location of DCs in the eye, and their exposure to both 

antigen and inflammatory signals, are therefore likely to be critical to the nature of 

ensuing immune responses. 
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5.6.2 Macrophages: Calling in the reinforcements 

Macrophages, with their ability to phagocytose antigen and express MHC II can support 

the activation of naïve T cells 
283, 284

. In the eye, macrophages in the ciliary body, 

choroid and subretinal space may play a supportive role as APCs 
285

 . Importantly, once 

an inflammatory response is initiated, local microglia and newly recruited macrophages 

from the circulation play important roles in the inflammation and removal of debris that 

follow experimental autoimmune uveitis (EAU) 
286

 
240, 287

, ischemia-induced retinal 

inflammation 
288

 and light-induced damage of the retina 
289

.  Macrophages and 

microglia may also sustain inflammatory responses during viral retinitis, a hypothesis 

supported by our observations that, after local infection with LCMV, there is an 

increase of MHCII
+
 F4/80

+
 cells peaking between day 7 and 12 around foci of infection 

in LCMV infected eyes (unpublished data). In the rodent CNS at least two distinct 

populations of monocyte-derived cells exist, namely, resident retinal microglia and 

perivascular macrophages 
290

. Microglia (MG) are the tissue macrophage of the CNS 

and abound in the retina 
291

. As their name implies, microglia are cells with a very small 

cell body and with fine highly ramified and branched cellular processes. Each MG 

appears to occupy a “territory” that seldom overlaps with its neighbor. A similar 

appearance is evident in the brain parenchyma. Until recently it was thought that MG 

were inactive, “sessile” cells in the healthy retina and brain, and that they did not 

become activated until environmental cues (pathogens and/or local cellular damage) 

stimulated them to mature, migrate and change their morphology by increasing the size 

of the cell body and microglial processes. However, recent in vivo studies using 

CX3CR1-GFP knock in mice, in which all MG are detectable due to the presence of the 

GFP reporter, demonstrate the highly motile nature of the cellular processes of MG 

under homeostatic conditions 
85

 
292

 and in response to local damage 
293

. The 

investigation of microglial responses to inflammatory challenges, including 

administration of viral vectors, is an area of active interest in our laboratories. 

 



CHAPTER 5: T cell responses in 

experimental viral retinitis 

 

86 
 

5.7 IMPLICATIONS FOR RETINAL GENE THERAPY WITH 

VIRAL VECTORS 

Introduction of a fully functional infectious agent into the subretinal space causes a 

systemic adaptive immune response 
159

. In contrast, as argued above, soluble peptide is 

more likely to induce tolerance. Gene therapy vectors carry a therapeutic gene cassette 

in place of the viral genome and are usually replication deficient. Viral vectors are ideal 

gene delivery vehicles to the retina due to their ability to infect non-diving cells and to 

yield high concentration in small enough doses for subretinal administration.  The most 

commonly used viral vector for retinal gene therapy, AAV, has been shown to be 

minimally immunogenic in mice 
231, 294

 and it has been shown that certain types of 

AAV, such as AAV1 or AAV8, do not lead to activation of capsid-specific T cells 
295

. 

However, other viral vectors such as adenovirus can elicit an overt immune response 

that limits transgene expression in the eye 
296, 297

, as well as possibly causing local 

immunopathology. The characterization of immune responses against viral antigen in 

the subretinal space is therefore of special interest given the increasing number of viral 

vector-based gene therapy trials for the treatment of various retinal disorders 
298, 299

. 

Following subretinal injection, viral vectors will encounter various cell types, such as 

specific tissue cells (retinal pigment epithelium, photoreceptors, neurons), but also 

microglial cells, perivascular macrophages and, under inflammatory conditions, DCs. 

These early interactions may lead to a complex sequence of molecular and cellular 

responses that may ultimately trigger adaptive immunity. A potential cell-mediated 

response to the viral vector and the delivered gene will depend on a number of 

variables, as summarized in earlier sections. These include: route and site of 

administration (subretinal/intra-vitreal), the condition of the vitreous (healthy/ syneretic/ 

vitrectomized), the amount and duration of leakage from the injection site, the immune 

status of the host, the vector dose, and the nature of the transgene and the promoter 

used. Theoretically, a vector or transgene antigen expressed “exclusively” in barrier-

intact retina should be immunologically ignored.  

Induction of a cell-mediated immune response against a non-replicating viral vector will 

therefore depend on whether it can reach the draining lymph nodes in an immunogenic 

form and concentration, and be present in such state long enough to prime naive T cells. 

In the presence of memory T cells or previously primed T cells, the immunogenic 
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concentration of antigen may be much lower, as the requirements for activation of naive 

T cells are different from those for activated/memory T cells. In addition, the 

coincident, but possibly unsuspected, up regulation of innate immune receptors, such as 

TLRs on APCs may tip the balance towards an immunogenic response. The presence of 

memory T cells and neutralizing antibodies to AAV has been shown in humans 
300-302

, 

and might affect the longevity of gene therapy. Thus, only careful injection into the 

subretinal space of non-replicating viral vectors, at doses below an as yet undetermined 

immunological threshold, is likely to achieve long-term therapeutic transgene 

expression. By contrast, vectors reaching the outflow pathways in sufficient amounts to 

prime naïve or memory T cells might result in loss of transgene expression and the 

development of immunopathology in the retina, and even systemically. 

 

5.8 DISCUSSION 

From our observations in two mouse models of intraocular viral infection (MCMV and 

LCMV), infection of the retina with replicating virus results in rapid systemic viral 

spread, and replication of virus in peripheral organs, principally the spleen and lymph 

nodes. The microenvironment of the eye does not prevent immune-mediated pathology, 

as exemplified by the fact that local viral infection with LCMV results in exclusively 

immune mediated disease 
159

. Thus, in local viral infection, elimination of virus can 

have priority over preservation of the retinal microenvironment and visual function. Our 

observations suggest that viral infection of retinal cells overwhelms ocular 

immunological privilege, with priming of T cells in the spleen and draining lymph 

nodes and influx of effector T cells, including cytotoxic T cells, into the retina.  It is 

evident that once T cells have been primed against a viral antigen in peripheral 

lymphoid organs, the ensuing T cell response does not differ from that seen after 

systemic infection. The role of T regulatory cells (Treg) in viral retinitis remains to be 

investigated; Treg may dampen the inflammatory response by decreasing T cell 

proliferation, DC activation and proinflammatory cytokine/chemokine production, and 

thus they may limit the disease process caused by activation of self-reactive 

lymphocytes (“epitope spreading”). This has been investigated in the EAU model, 

where T regs have been shown to inhibit the development of IRBP-specific effector T 

cells in a bystander fashion 
303

. Furthermore, it has been shown that Tregs generated 
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after expression of -gal in the retina can inhibit the development of a systemic immune 

response to -gal 
304

. In the context of viral infection of the CNS however, T regs may  

prevent complete clearance of the virus and may lead to an increased susceptibility to 

autoimmune disease 
305

.  

 

5.9 FUTURE DIRECTIONS 

A greater understanding of how intraocular antigen is presented in secondary lymphoid 

organs, together with the mechanisms that lead to activation or reactivation of T cells 

and the control of leukocyte recruitment across the blood brain barrier and retention in 

the retina, will not only contribute to the future treatment of acute viral retinitis, but will 

also provide important insights into the management of persistent or latent viral 

infections that lead to chronic relapsing ophthalmic diseases and immunopathology. 

Treatment could potentially involve direct manipulation of immune cells that traffic into 

the eye. For example, increasing T cell numbers by transferring T cells into the vitreous 

or subretinal space may improve the control of acute viral infections and thus prevent 

pathogen induced damage of the retina. On the other hand, retinal immunopathology 

caused by non-cytopathic viruses, or possibly viral vectors, may be prevented by 

modulating lymphocyte egress from the secondary lymphoid organs using drugs such as 

fingolimod (FTY720) 
306, 307

. Clinical experience from human retinal gene trials and 

advances in the laboratory will generate a more complete picture of immune responses 

elicited to gene transfer vectors and the products they express and ultimately will guide 

future advances in therapeutic modalities.   
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5.10 APPENDIX 

Box 1 

Cytomegalovirus (CMV) is a ubiquitous highly species-specific DNA virus which 

belongs to the family herpesviridae. Viral replication is controlled by a transcriptional 

program; accordingly, the viral genome is sequentially expressed as immediate early 

(within hours after infection), early (24 h or more), and late genes. The first genes 

transcribed after infection of a permissive cell are immediate early genes. Biosynthesis 

of viral DNA and accumulation of viral proteins are initially detected in the nucleus and 

large nuclear inclusion bodies, consisting of early antigens, usually develop 4 days after 

infection. Human CMV (HCMV) is usually acquired in childhood or early adult life 

with approximately 40–70% of the world's population displaying evidence of infection 

308
. In immune-competent hosts, infection rarely has serious clinical manifestations. 

After control of the primary acute infection, which is primarily effected by antiviral 

CD8+ T cells, CMV establishes lifelong persistence in the host
182

, a characteristic of all 

herpes viruses. In immune-suppressed individuals, and especially in patients with 

acquired immune deficiency syndrome (AIDS), CMV retinitis is a major cause of visual 

impairment and blindness 
222, 309

. Before the availability of highly active antiretroviral 

therapy (HAART), CMV retinitis was estimated to affect 30% of AIDS patients 
127

. 

With the advent of HAART, the incidence of CMV retinitis has significantly decreased 

310-312
; however, with reconstitution of CD4+ T cells, patients are at risk of developing 

an ocular inflammatory syndrome termed immune recovery uveitis (IRU). IRU occurs 

when the reconstituted immune system recognizes and responds to a large intra-retinal 

CMV load; the syndrome can lead to substantial vision loss 
313

.  

 

Box 2 

Lymphocytic choriomeningitis virus (LCMV) is a single-stranded RNA virus that 

belongs to the family arenaviruses. LCMV is a well studied model of experimental 

immunopathology 
151

. Because LCMV is not cytopathic, and therefore does not cause 

disease per se, LCMV infection of the central nervous system offers a unique system to 

evaluate the contrasting roles of virus-specific T cells in causing lethal CNS disease or 

ameliorating CNS infection. LCMV was initially isolated by Armstrong and Lillie in 
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1933 from a patient with encephalitis. Commonly, human infection occurs through 

ingestion or inhalation of infected murine urine, faeces, or saliva, and up to 5% of the 

population display seropositivity to LCMV 
153, 154

. Primary human infection is usually 

asymptomatic or associated with mild influenza-like symptoms, but congenital LCMV 

infection can lead to substantial morbidity, such as hydrocephalus, microcephaly or 

chorioretinitis 
156

, 
157

.  



CHAPTER 5: T cell responses in 

experimental viral retinitis 

 

91 
 

5.11 FIGURES 

 

Figure 1. Immunofluorescence analysis of MCMV infected retina showing location of infection 

and immune cell subsets. (A) Cryosection of MCMV-GFP infected retina (RPE=retinal pigment 

epithelium, OS= outer segments of photoreceptors, ON= outer nuclear layer, OPL= outer 

plexiform layer). DAPI, MHC-II, GFP and merged images from tissue harvested 6 days after 

injection with MCMV-GFP into the subretinal space (x20) are shown. The merged image shows 

that most of the GFP signal accumulates around the outer segments of the photoreceptors 

(scale bar = 75µm). (B) Flat-mount of retina after experimental intra-ocular MCMV infection 

showing stains specific for CD8 (at day 8 post-infection) and MHC-II (at day 12 post-infection). 

The non-infected contra-lateral eye (Ø) is shown for comparison (scale bar = 200µm). 
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Figure 2. Immunohistological analysis of eyes from C57BL/6 mice with LCMV-induced 

chorioretinitis. (A) Immunohistology showing CD8
+
 T cells in the ciliary body (CB) 7 days post-

infection. (B) Immunohistology showing CD8
+
 T cells in the retina 12 days post-infection 

(RPE=retinal pigment epithelium, OS= outer segments of photoreceptors, ONL= outer nuclear 

layer, INL=inner nuclear layer, GC= ganglion cells). (C) Immunohistology showing CD11c
+
 cells 

at day 12 post-infection around retinal vessels (asterix) and within the retinal parenchyma. (D) 

Photomicrograph of infected retina 12 days post-infection; the section was stained for the 

presence of LCMV nucleoprotein (VL4) in ß2m-/- mice which lack functional CD8
+
 T cells. 
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Figure 3. Routes by which antigen travels from the eye to the spleen and the draining lymph 

nodes after subretinal infection with MCMV. Viral antigen can leak via the aqueous to the 

lymphoid organs by means of: (A) ‘conventional’ outflow pathway to the trabecular meshwork 

(red arrow) and the Schlemm’s canal to the spleen (black arrow), or (B) ‘unconventional’ or 

uveoscleral outflow into the suprachoroidal space (red arrow) to the draining lymph nodes 

(black arrow). Both pathways result in uptake of viral antigen by APCs in lymphoid organs and 

subsequent presentation to T cells. These T cells are activated and can then home to the site of 

infection in the eye were they can engage in further interactions with local APCs. 
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Figure 4. Viral pathogenesis and viral immune responses after MCMV infection. (A) MCMV 

titers in the spleen, salivary glands and livers of BALB/c mice after intra-ocular infection with 

1x10
3
 pfu MCMV–GFP. The amount of virus in each specimen was determined by standard 

plaque assay. Values represent mean ±SEM, where n=6. (B) Whole body imaging showing 

MCMV replication after intraocular infection. BALB/c mice were infected with 10
3
 pfu of MCMV-

GFP virus in the subretinal space and the sites of MCMV replication determined 4 days later by 

whole body imaging to detect GFP signal. Signal was detected in the infected eye (large arrow), 

in the spleen (circled) and in the mesenteric lymph nodes (small arrow). (C) In vivo imaging of 

retina (upper panel) and iris (lower panel) after MCMV-GFP infection. GFP signal is visible in 

the retina at day 2, and in both iris and retina at day 6 post-infection. (D) Functional activity of 

anti-viral CTLs elicited in MCMV infected mice previously exposed to IE1 peptide in the eye. 

IE1-specific in vivo CTL activity was measured in MCMV infected mice that received IE1 peptide 

(20µg in 2µl) in the subretinal space repeatedly prior to intra-peritoneal infection. IE1 x2 = IE1 

peptide twice at a 7 days interval, MCMV infection 9 days after last IE1 peptide injection; IE1 x 4 

= IE1 peptide administered 4 times at 3 days intervals, MCMV infection 7 days after last IE1 

peptide injection; IE1 x 8 = IE1 peptide administered 8 times at 2 days intervals, MCMV 

infection 14 days after last IE1 peptide injection. In vivo CTL killing was measured in the spleen 

at day 6 after MCMV infection. Repeated administration of IE1 peptide in the eye resulted in 
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decreased anti-viral IE1-specific CTL activity (Data represent percentage mean values ± SEM. 

ns=not significant, *** indicates a p value < 0.001, * indicates a p value < 0.05). 
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6 CHAPTER 6 

6.1 PREFACE  

This thesis chapter describes the impact of systemic murine cytomegalovirusinfection 

on the eye compartment. This work is currently being prepared for submission. 
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6.2 ABSTRACT 

Viral infections have been proposed to trigger autoimmune disease via several 

mechanisms. Infection with the herpesvirus cytomegalovirus has been suggested as a 

trigger for autoimmune diseases, and autoimmune vasculitis and scleroderma have been 

linked to primary HCMV infection 
314

 
315

. Here, we show that systemic MCMV leads to 

unexpected changes in the delicate environment of both eyes, especially at the level of 

the blood ocular interface; increased leukocyte rolling with adherence to retinal vessels 

and up-regulation of MHC class II expression in the iris and retinal vasculature were 

observed after MCMV infection. In addition, a population of resident microglial cells 

migrated towards and accumulated in the subretinal space. These effects were also 

inducible by CpG ODN which generated serum interferon gamma levels similar to those 

seen in systemic MCMV infection, but were absent in interferon gamma deficient mice. 

Our results demonstrate that a systemic viral infection can lead to a generalized 

interferon gamma-mediated pro-inflammatory response that affects both eyes. This may 

unmask the eye to potentially auto-reactive T cells in predisposed individuals.  
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6.3 INTRODUCTION 

Several chronic or relapsing CNS diseases, such as multiple sclerosis or uveitis, may 

exacerbate during or shortly after systemic infections 
316-319

. The inflammatory response 

after viral or bacterial infections may not only result in antigen specific lymphocyte 

expansion 
320

 and enhanced presentation of potential self-antigens 
321

; 
322

, but may also 

facilitate the access of T cells into the central nervous system, including the retina. 

Several factors minimize the risk of autoimmune disease in the eye, including low levels 

of circulating autoreactive T cells to retinal antigen in healthy individuals 
323

, low 

expression level of major histocompatibility complexes (MHC) in ocular tissues, the 

low frequency of specialized antigen presenting cells (APC) in the retina 
324

, and a 

physical barrier provided by the blood retinal barrier. T cells, including autoreactive 

cells, are normally activated by antigen in peripheral lymphoid tissues and circulate 

systemically to exit at sites of inflammation where they may re-encounter (auto)-

antigen, presented as peptide-MHC complexes, expressed on professional APCs or on 

parenchymal cells which have upreguated MHC molecules in response to inflammatory 

mediators. Activated circulating T cells would first meet the cells of the blood ocular 

barriers, including retinal vascular endothelial cells and retinal pigment epithelial cells 

when entering the eye. 

In the brain, microglia, perivascular macrophages, endothelial cells and astrocytes have 

been identified as potential candidates to act as sentinels to modulate the immune 

response against neurotropic pathogens 
94, 325

, and similar roles for such cells have now 

been described in the retina 
324

. The uveal tract, consisting of the iris, ciliary body, and 

choroid, contains resident macrophages and dendritic cells which have a well-defined, 

relatively fast turnover 
7, 56, 57, 74, 277, 326

. By comparison, the neuroretina, similar to the 

brain parenchyma, contains very few dendritic cells, but has a dense network of resident 

myeloid-related cells, known as microglia, which appear to have a much slower 

turnover 
60, 326

. One of the most remarkable properties of microglia is their ability to 

respond promptly to local signals arising from damaged cells or from exogenous 

pathogens 
327, 328

. Microglia in the normal retina are characterized by weak phagocytic 

activity and low or weak expression of the common leukocyte antigen (CD45) and other 

typical macrophage markers, such as F4/80 and CD169 
87, 89, 329, 330

. However, both iris 

and retinal monocytic-lineage cells express antigens such as CX3CR1, CD11b and Iba1 

(ionizing calcium-binding adaptor molecule 1). Iba1 is expressed in microglia and is up-
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regulated during activation of these cells 
88

. The healthy subretinal space, situated 

between the retinal pigment epithelium and neural retina at the retino-choroidal 

interface, is normally devoid of microglia in the adult mammalian eye 
331

. However, in 

pathological conditions, and during ageing, retinal microglia have been shown to 

accumulate in the subretinal space 
332-338

. Here, we show that systemic infection with 

murine CMV (MCMV) induces changes in the ocular microenvironment of both eyes, 

including redistribution of microglia to the subretinal space, as well as up-regulation of 

MHC class II on cells of the blood retinal barrier. 

 

 

6.4 METHODS 

6.4.1 Mice 

Mice. Female inbred C57BL/6 (B6), inbred BALB/c or congenic CT6 BALB/c (H-2d, 

I-Ad) mice of 6-8 weeks of age were obtained from the Animal Resources Centre 

(Murdoch, Western Australia, Australia).  

B6.perforin-/- or BALB.IFNγ-/- mice of 6-8 weeks of age were obtained from the Peter 

MacCallum Cancer Centre (East Melbourne, Victoria, Australia). 

Cx3cr1
gfp/+ 

mice, in which one copy of the Cx3cr1 gene is replaced by enhanced green 

fluorescent protein (eGFP) 
339

 were obtained from the Animal Resources Centre 

(Murdoch, Western Australia, Australia) and used in the present study to analyze the 

fate of myeloid-derived cells during MCMV infection.  

During experimentation, all mice were housed under specific-pathogen-free conditions, 

and since redistribution of subretinal macrophages has been shown to vary with age and 

light exposure 
336

, mice of the same age were used and were kept under a standard 12 

h:12 h light-dark cycle. All animals were treated according to the Statement for the Use 

of Animals in Ophthalmic and Vision Research. Animal experimentation was 

performed with the approval of the Animal Ethics and Experimentation Committee of 

the University of Western Australia. 
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6.4.2 Virus, CpG ODN and Poly I:C.  

Mice were infected intraperitoneally with 1 × 10
4
 plaque-forming units (PFUs) of 

salivary gland-propagated virus stock of MCMV-K181-Perth or a recombinant MCMV-

K181 that expresses beta-galactosidase under control of the human cytomegalovirus 

ie1/ie2 promoter/enhancer 
340

, diluted in phosphate-buffered saline containing 0.5% 

FBS. At various time points after infection, mice were culled and organs removed for 

analysis. Viral titers were quantified by standard plaque assay on monolayers of 

permissive M210B4 cells 
341

. CpG-ODN 1668 was injected intraperitoneally at a dose 

of 20 nmol per mouse (CpG-ODN 1668 TCCATGACGTTCCTGATGCT, Geneworks). 

PolyI:C (Sigma P9582) was injected intraperitoneally at a dose of 100 µg/mouse. 

6.4.3 Generation of Cx3cr1gfp/+ bone marrow chimeras.  

Recipient BALB/c mice were irradiated with two doses of 6.0
 
Gy 14 hours apart. Donor 

Cx3cr1
gfp/+

 BALB/c syngeneic mice were euthanized
 
and femurs and tibia harvested. 

After removal of the proximal
 
and distal ends of the bone, the shafts were centrifuged at

 

10,000 rpm for 30 seconds at 4°C. The pellet was re-suspended
 
in RPMI media (N6396; 

Sigma), centrifuged at 1200 rpm for 5
 
minutes at RT (room temperature), re-suspended 

and
 
live cells counted by trypan blue exclusion. Recipient mice

 
received an injection of 

3 to 5 x 10
6
 bone marrow cells (in

 
150 µL) into the lateral tail vein (2–3 hours after

 
a 

second dose of irradiation). Antibiotics were administered to recipient
 
mice (neomycin 

trisulfate salt hydrate; Sigma-Aldrich, St. Louis,
 
MO) for 2 weeks after irradiation. 

Chimeric
 
mice were sacrificed 10 days after infection at the peak intraocular response 

together with uninfected controls. Retinal and iris whole mounts were immuno-stained 

with anti-Iba1, and analyzed by confocal microscopy to determine whether subretinal 

macrophages were blood derived (ie eGFP+Iba1+) or derived from the resident 

microglia population (ie eGFP-Iba1+). 

 

6.4.4 Rhodamin concanavalin A (conA) lectin staining of adherent leukocytes.  

Mice were deeply anaesthetized, the chest cavity was then opened and the left ventricle 

cannulated for perfusion. The right atrium was perforated to permit outflow. Perfusion 

with 20 ml of PBS, to wash out erythrocytes and non-adhering leukocytes, was followed 

by perfusion with 10 ml of 4% paraformaldehyde and 10 ml of rhodamine-conjugated 
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concanavalin A (conA) lectin (25 µg/ml in PBS, pH 7.4; 5 mg/ml, Vector Laboratories, 

Burlingame, CA, USA). Mice were then perfused with PBS after 3 minutes to remove 

excess conA. Leukocytes in the large retinal arteries and veins were counted in a radius 

of 200 µm around the optic nerve and the total number of adherent leukocytes per retina 

was calculated. Analysis was performed in a masked fashion. ConA was chosen 

because it stains adherent leukocytes and gives the most homogeneous staining of the 

vascular endothelium compared to other lectins 
342

.  

 

6.4.5 Tissue collection and processing for immunofluorescence.  

Mice were culled and perfused with 2% paraformaldehyde. Iris and retina were 

dissected as described 
176

. Tissues were washed in PBS, incubated in 20 mM EDTA 

tetrasodium at 37°C for 30 min, and then incubated with a 0.2% solution of Triton-X in 

PBS with 2% BSA at room temperature for 30 min to assist antibody penetration. 

Following overnight incubation (4°C) with anti-MHC-II (M5/114; BD PharMingen, San 

Jose, CA, USA), anti-Iba1 (Wako Pure Chemicals Industry, Osaka, Japan), anti CD45 

(Serotec, Raleigh, NC, USA), and anti-IB4 (Isolectin B, Sigma Chemical, St. Louis , 

MO) as well as isotype controls (IgG2, 1/100, BD PharMingen), tissues were treated 

with biotinylated goat anti-rat IgG (Amersham Biosciences, Piscataway, NJ, USA) at 

room temperature for 60 min, washed with PBS, and incubated with streptavidin-Cy3 or 

streptavidin Alexa fluor 488 (Jackson ImmunoResearch Laboratories, West Grove, PA, 

USA) at room temperature for 60 min. 4',6 -Diamidine-2'-phenylindole dihydrochloride 

(DAPI) (Roche Diagnostics, Germany) was added at room temperature for 7 min as a 

nuclear stain. Stained wholemount tissues were placed onto slides and coverslipped 

(retinae were mounted with the vitreous side face-down to facilitate visualization of 

subretinal macrophages and face-up for visualization of retinal vessels). For analysis of 

infectious foci after systemic infection with LacZ tagged MCMV, tissues were fixed in 

0.5% glutaraldehyde, and stained with 300 µg of 5-bromo-4-chloro-3-indolyl-p-D-

galactopyranoside (X-Gal) per ml to detect -galactosidase (-gal)-positive cells, as 

described previously 
343

. 
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6.4.6 Microscopy and quantification.  

Assessment of stained specimens was performed by conventional epifluorescence 

microscopy (Olympus, BX60) or by confocal microscopy (Leica TCS SP2). For 

confocal microscopy, images of retinal and iris wholemounts were acquired by 

performing Z-stacks of the tissue at increments ranging from 0.5 to 1.5 µm. Iba1 

positive cells in the retina were quantified by three independent observers by averaging 

the counts from three random areas per retinal wholemount using a x20 objective. Data 

are presented as means±SEM.  

 

6.4.7 ELISA 

Mice were injected with 20 nmol/mouse phosphothioated CpG 1668 

(TCCATGACGTTCCTGATGCT, Geneworks) in PBS/0.5% FCS, PBS/0.5% FCS 

alone or infected with 5x10
3
-1x10

4
 pfu MCMV/mouse via the ip route. IFNγ levels in 

serum samples were quantified by ELISA using purified anti-IFNγ R4-6A2 (Biolegend) 

and biotinylated anti-IFNγ XMG1.2 (Biolegend). SA poly HRP (Sigma) and K-blue 

(ELISA systems) were used for detection. Absorbance was measured with an automated 

SpectraMax 250 ELISA reader (Molecular Devices). The limit of detection of the assay 

was 62.5 pg/mL. 

 

6.4.8 Flow cytometry  

Single cell suspensions of iris were prepared at indicated time points after infection. 

Briefly, the anterior segment of the eye was separated using scissors and the vitreous 

and the lens removed. The retina was then peeled free and the iris carefully dissected 

with the help of a beaver blade. Iris specimens were then gently triturated through a 1 

ml pipette tip, followed by incubation with blendzyme (1:100) and DNAse (1:1000) for 

60 minutes at 37°C on a shaker for further cell dissociation. Antibodies were from BD 

Biosciences, eBioscience and Caltag and included: biotinylated F4/80, CD11b-PECy7, 

CD11c-APC, I/AE FITC, CD115-PE, CD45-PECy7 (30F11) and streptavidin-APCCy7. 

Flow cytometry was performed on a FACS Canto II instrument and analyzed using 

Flowjo (TreeStar). 
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6.4.9 Viral DNA quantification  

Quantification of viral DNA was performed as described previously 
344

 with some 

modifications in primer designs and DNA standards. Briefly, DNA was extracted from 

homogenized eyes with the DNeasy tissue kit (catalog no. 69504; QIAGEN). Briefly, 

eyes were homogenized in tissue lysis buffer containing proteinase K using TissueLyser 

II (Qiagen), followed by digestion and DNA purification using DNeasy mini columns. 

100 ng of purified genomic DNA was used in each real-time PCR reaction with virus 

gene (gB) specific oligonucleotides and Power SYBR Green master mix (Invitrogen). 

The gB PCR product was amplified using oligonucleotides gB-fwd (5'- 

ttggctgtcgtctagctgttt-3') and gB-rev (5'- ttatcgctagtccacgcctta -3') and a standard curve 

generated using a gB oligonucleotide (5’-

ttggctgtcgtctagctgttttaacgcgcggagtatcaatagagcatcttgctcggtgtaggtcctctccaagccctttttatcgcta

gtccacgcctta-3’) ranging from 10
6
 copies per reaction to 10

1
 copies per reaction as 

template. Samples were tested in duplicate. The viral load is expressed as MCMV 

genomes per eye by adjusting copies per 100 ng of genomic DNA to copies per total 

genomic DNA extracted from the whole eye.  

 

6.4.10 Statistical analysis. 

To determine statistically significant differences, the unpaired two-tailed Student's t test 

was used. P values less than 0.05 were considered statistically significant. Statistical 

data analysis was performed using GraphPad Prism version 5 for Windows (GraphPad 

Software Inc.). 

 

6.5 RESULTS 

6.5.1 Increased leukocyte adhesion to retinal vessels after systemic MCMV 

infection 

Changes at the level of the retinal vascular endothelium were analyzed on day 2, 4, 6 

and 10 after systemic MCMV infection using conA perfusion-staining to identify the 

retinal vasculature and to stain adhering leukocytes in retinal flat mounts 
342

. 
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Representative flatmounts prepared from conA perfused retinas of MCMV infected 

BALB/c mice showed an increased number of firmly adhering leukocytes at days 4 and 

6 after systemic MCMV infection, whereas few leukocytes were found in retinal vessels 

of uninfected control mice (Figure 1). The numbers of adhering conA-stained 

leukocytes returned to baseline values by day 10 pi (Figure 1A). Increased numbers of 

adhering leukocytes were not associated with breakdown in the blood-retinal barrier, as 

determined by fluorescein angiography. Furthermore, there was no evidence of CD45+ 

leukocytes within the retinal parenchyma from infected mice, suggesting that 

intravascular activated leukocytes adhere to the endothelium, but do not gain entry into 

the retinal parenchyma.  

 

6.5.2 After systemic infection virus is found in the choroid and iris, but not in the 

retina  

Next we examined whether virus could access the eye and specifically the retina after a 

systemic infection. Low levels of replicating virus were detected in the eye of MCMV 

susceptible BALB/c mice at day 5 post infection by measuring viral transcripts (Figure 

2A). Infection was confirmed in iris and choroid by the presence of infected cells in 

wholemount specimens from mice systemically infected with a LacZ tagged MCMV 

(Figure 2B). Indeed, 50% of choroidal samples, and 75% of iris tissues showed infected 

cells at day 5 post infection. After day 8 virus was no longer detectable in eye tissues 

(Figure 2C). Clearance of virus from the eye was highly dependent on perforin, as 

B6.perforin deficient mice were not able to control virus in the eye (Figure 2C). The 

peak of infection in the iris and choroid was at day 5 and coincided with the peak of 

systemic viremia. Virus was not detected in retinal cells after systemic MCMV infection 

at any of the time points tested. 

 

6.5.3 Retinal and iris vessels upregulate MHC-II expression after systemic 

MCMV infection  

Retinal and iris wholemounts stained with anti-MHC-II antibodies and co-stained with 

conA, showed a striking increase in MHC-II expression in both iris and retinal 

endothelium starting from day 2 pi. Expression of MHC-II on endothelial cells peaked 
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at day 4 (Figure 3D and 3M), was sustained to day10 (data not shown), but decreased 

by day 32 (Figure 3G and P). Up-regulation of MHC-II on endothelial cells was 

particularly evident on the large “corkscrew” iris arteries (Figure 3 D-F) and retinal 

arteries (Figure 3 M-O). By day 32 pi, expression of MHC-II had returned to baseline 

levels and was restricted to iris and retinal perivascular cells (Figure 3 G-I) (Figure 3 P-

R) and similar to the expression in uninfected control mice, although the number of 

MHC-II+ cells in the iris remained increased at this latter time point (Figure 3I).  

 

6.5.4 Altered MHC-II expression and increased iris macrophage numbers after 

systemic MCMV infection 

In uninfected mice, expression of MHC-II in the iris stroma was restricted to a 

subpopulation of Iba1+ resident macrophages and DCs. MHC-II expression on resident 

myeloid cells was generally reduced at day 4 pi compared with baseline and later time 

points (Figure 4Aa, d, g), despite strong expression of MHC-II on iris vessels at day 4 pi 

(Figure 4Ad), which was confirmed by co-localisation with conA. A marked increase in 

Iba1+ MHC-II+ cells was observed in the iris at day 10 pi and at that time point many 

Iba1+ iris myeloid cells had round cell bodies with a large nucleus and shorter 

dendrites, indicative of an activated phenotype (Figure 4 G-I). Iris myeloid cell numbers 

decreased by day 32 pi (Figure 4B), but displayed a higher expression of MHC-II when 

compared to naïve controls (Figure 3Ag and i). These findings were confirmed by flow 

cytometry, which showed a marked increase of MHC-II+CD11c- and CD11b+ F4/80+ 

cells in the iris at day 10 pi (Figure 4C) and a return to baseline levels at day 32 pi (data 

not shown). 

 

6.5.5 Increased number of microglia in the subretinal space after systemic 

MCMV infection 

In order to determine whether systemic MCMV infection alters the immune state at the 

level of the outer photoreceptor layer, we examined Iba1 stained microglia on retinal 

wholemounts from mice systemically infected with MCMV. Examination of retinal 

flatmounts from uninfected control mice revealed only rare Iba1+ cells at the level of 

the outer photoreceptors (Figure 5A left panel). In contrast, there was a significant 
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increase in Iba1+ microglia at day 10 pi (Figure 5A right panel). Furthermore, these 

cells were morphologically different from the occasional microglia observed in age-

matched uninfected control mice, with fewer ramifications and more rounded cell 

bodies, both morphological features of activation (Figure 5A). The number of subretinal 

macrophages decreased at later time-points, but remained elevated up to day 102 pi 

(Figure 5B). The increase observed at day 102 pi was not significant when compared to 

uninfected control mice, and may be due to the increased number of subretinal 

macrophages associated with aging 
345

. In contrast to the resident choroidal and iris 

myeloid cell population, which expressed high levels of MHC-II and represented both 

macrophages and DCs, subretinal Iba1+ microglia lacked expression of MHC-II at all 

time points tested. 

 

6.5.6 MHC-II expression and accumulation of subretinal microglia require IFNγ 

To define the mechanism leading to the changes observed in the eye after systemic 

MCMV infection, we compared the effects of administration of different TLR agonists.  

Thus, MHC-II expression was assessed in animals injected with a synthetic TLR-9 

agonist, CpG-ODN. Similar to MCMV infection, ip administered CpG induced a 

significant increase in MHC-II expression in iris (Figure 6A, top) and retinal vessels 

(data not shown). In contrast, MHC-II upregulation was not observed following 

injection of the synthetic TLR-3 agonist, Poly I:C (Figure 6A, middle).  

We next analyzed whether CpG or Poly I:C induce the accumulation of subretinal 

microglia. Both CpG and polyI:C led to increased numbers of microglia at the level of 

the outer photoreceptors. However, the increase in the CpG treated group was 

substantially higher than that observed in mice that received PolyI:C, which was not 

significantly higher than that seen in control mice (Figure 6B). 

Because IFNγ regulates the expression of MHC products 
346

, and because this cytokine 

is induced both by MCMV infection and CpG administration, we compared the IFNγ 

levels in the serum of  mice infected with MCMV or treated with CpG.  Similar levels 

of IFNγ were observed in MCMV infected and CpG treated mice, peaking at day 1.5 – 

2, and declining by day 4 (Figure 6C).  
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Based on these results we examined expression of MHC-II in retinal or iris vessels in 

MCMV infected IFNγ deficient mice at day 10 pi, the time when the highest expression 

of MHC-II is noted in MCMV infected mice. No MHC-II expression was detected in 

either iris or retinal vessels of IFNγ-/- MCMV infected mice at day 10 pi confirming 

that the upregulation of MHC-II on endothelial cells of iris (Figure 7A) and retinal (data 

not shown) was IFNγ dependent. Interestingly Iba1+ MHC-II+ cells in the iris were 

virtually absent in IFNγ-/- mice (data not shown), indicating an important role of this 

cytokine for the homeostasis of the iris microenvironment, not only during increased 

immune surveillance, but also in the steady state. Interestingly, the distribution of Iba1+ 

microglia in the inner retina of naïve IFNγ-/- was similar to that of naïve BALB/c mice, 

but,in the absence of IFNγ there was a significant impairment in the redistribution of 

Iba1+ cells into the subretinal space after MCMV infection (Figure 7C).  

 

6.5.7 Origins of microglia that enter the subretinal space after systemic MCMV 

infection  

To determine the origin of the cells accumulating in the subretinal space, we generated 

BM chimera to examine whether these represent cells recruited from circulating bone 

marrow derived monocytes or whether they are resident retinal macrophages/microglia. 

Retinal microglia migrate to the subretinal space during aging or retinal degeneration 

13, 
347

. In our present study we used radiation chimeras, where bone marrow from 

Cx3cr1
gfp/+

 mice was used to rescue myeloablated wild-type syngeneic BALB/c mice. 

Two weeks after transplantation, when macrophage and neutrophil populations were 

reconstituted in the bone marrow and spleen (as verified by flow cytometry, data not 

shown), but had not yet begun to repopulate the neural retina, we infected mice with 

MCMV and sacrificed them at the peak of subretinal macrophage accumulation on day 

10 pi.  

The first signs of Cx3cr1
gfp/+ 

monocytic cell recruitment into the retina were evident at 

24 days post transplantation at the juxtapapillary margin in the vitreal aspect of the 

retina, in keeping with previous reports 
326

. Interestingly, the subretinal microglia 

observed in BM chimera mice 10 days after MCMV infection were eGFP negative 

(Figure 8A), suggesting that these cells originated from tissue resident Iba1+ microglia 

from the inner layers of the retina, rather than being recruited from bone marrow 
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derived monocytes. After MCMV infection, the increase in subretinal microglia was 

lower in BM chimeras than in unmanipulated hosts, but nevertheless there was a 

significant 10 fold increase in subretinal microglia compared with naïve mice (Figure 

8B). In the iris, where earlier bone marrow chimera studies have shown repopulation as 

early as 2 weeks after reconstitution, eGFP+ cells were detected in Cx3cr1 BALB/c 

bone marrow chimeras (Figure 7C).  

 

6.6 DISCUSSION 

Viral infections have long been implicated in the initiation or exacerbation of 

autoimmune diseases 
348-350

. Inflammation and microglial activation are central to the 

pathophysiology and aetiology of multiple neurodegenerative diseases 
351

, including 

Parkinson's disease, Multiple sclerosis and Amyotrophic lateral sclerosis 
352

. Although 

there is a relative paucity of experimental evidence that pathogens can influence the 

course of age related neurodegenerative diseases, reports have shown that focal viral 

infection 
353, 354

 and systemic infection can increase the risk of Alzheimers disease 
355, 356

 

and increased levels of pro-inflammatory mediators have been found in Parkinsons 

disease 
357-359

. Similarly, despite the lack of direct evidence that local/systemic 

inflammation represents an initiating factor in macular degeneration, animal models 

suggest that chronic inflammation contributes to disease progression and possibly to 

conversion from dry to wet macular degeneration 
345, 360

. Molecular mimicry, where 

virus activated T lymphocytes cross react with self-antigens, has been postulated as a 

major mechanism for the initiation of MS 
361, 362

, experimental allergic 

encephalomyelitis (EAE) 
363, 364

, and autoimmune herpes stromal keratitis 
349

. 

Furthermore, de novo activation of auto-reactive T cells by tissue destruction-induced 

autoantigen sequestration has been postulated in initiating EAE as well 
365

. Furthermore, 

reports have shown exacerbation of neurological symptoms in EAE after viral infection 

366
. However, the mechanisms leading to chronic relapsing/remitting autoimmune 

disease remain poorly defined and the mechanisms facilitating the migration of 

activated T cells across the blood brain barrier during relapse of disease in particular is 

still not understood. Interferon γ and TLR agonists are typically used to mimic the 

activation of microglia in response to bacterial and viral infections 
80

. Activation of 
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microglia can result in increased levels of inflammatory mediators and reactive oxygen 

species in surrounding tissue, which could contribute to retinal degeneration 

Here, we show that systemic MCMV infection can induce dramatic changes in the eye, 

even in compartments such as the retina that are normally sequestered by the blood 

ocular barriers, and offer proof of concept that a viral infection can lead to a pro-

inflammatory response.  These changes include an overall increase in MHC-II 

expression on the vasculature of the eye, a migration of microglia to the outer retina-

subretinal space, and the activation of iris myeloid-derived cells peaking at day 10 after 

infection. Interestingly, most of these changes are mediated through systemic release of 

IFNγ.  

IFNγ is a cytokine produced early in MCMV infection mainly by NK cells and 

subsequently by activated anti-viral T cells. It is well established that IFNγ induces 

MHC-II via expression of CIITA 
346, 367

, and IFNγ dependent expression of MHC-II in 

microglia in the brain 
368

 has been previously reported. Together with TNFα, IFN 

induces the expression of co-stimulatory molecules, such as CD40, on macrophages and 

microglia during inflammation and in the acute phase response to pathogens 
100, 369

, and 

may therefore play a critical role in the generation of antigen-specific T cell responses. 

IFNγ is the signature cytokine for Th1 responses 
370

 
371

. Here, we show that IFNγ is a 

key player in activation of eye resident microglia and macrophages across the blood 

retina barrier, while also affecting the retinal and iris vasculature by increasing the 

expression of MHC-II on endothelial cells of vessels. Systemic circulating IFNγ can 

potentially reach the retina thus leading to microglial activation, and an increase in 

random motility that allows them to migrate into the outer retina. As such, subretinal 

microglia likely arise from the retinal parenchymal pool, whereas the accumulation of 

iris macrophages probably involves circulating monocytes. The results from our bone 

marrow chimera experiments are consistent with this hypothesis. This scenario would 

also explain the differences in MHC class II expression, with iris macrophages having 

high expression of MHC-II whereas subretinal microglia, despite having a more 

macrophage-like phenotype, lacking MHC-II expression. Whether retinal microglia 

fulfill surveillance functions within the retina after systemic MCMV infection, similar 

to those described in the normal and injured brain 
85

 remains to be investigated. 

Macrophages and microglia have however been implicated in a number of clinically 
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important ophthalmic diseases such as uveitis 
286, 372, 373

 and choroidal 

neovascularization in age related macular degeneration (AMD) 
374, 375

.  

 

Interestingly, systemic administration of two single IFNγ doses at two consecutive days 

had no effect on the retinal microenvironment three days later 
89

, which leads us to 

propose that sustained levels of IFNγ, as seen in vivo during viral infections, are 

necessary to upregulate MHC-II in the eye’s vasculature and to activate microglia and 

induce their migration to the subretinal space. Furthermore, the peak impact on the 

eye’s internal microenvironment, i.e. in compartments behind the blood ocular barriers, 

occurs 7 days after maximum serum IFNγ levels.  

It has been shown that IFNγ is able to induce ICAM on retinal endothelial cells, thus 

increasing lymphocyte adhesiveness in vitro 
13

. Whether the increase in adhering 

leukocytes observed in our studies is caused by IFNγ mediated ICAM up-regulation 

remains to be elucidated. It is clear however that IFNγ can influence the state of 

immune surveillance as supported from our findings that it can induce both the up-

regulation of MHC-II expression in ocular tissues, as well as increased leukocyte 

adherence to retinal vessels. 

Interestingly, after systemic MCMV infection, we found viral DNA in the eye, and a 

LacZ tagged virus was detectable both in the iris and the choroid. The detection of viral 

DNA in the eye is an important finding and supports the possibility that local infection 

may participate in persistence of CMV in the eye 
120, 121

. Importantly however we could 

not detect viral DNA or replicating virus in the retina of mice systemically infected with 

MCMV, indicating that changes in the inner compartments of the eye, such as the 

migration of microglia into the subretinal space and the up-regulation of MHC-II on 

retinal vessels, can definitely not be attributed to the presence of virus at these sites. The 

findings that these changes are lost in hosts lacking IFNγ actually identifies the 

mechanism by which infections with pathogens able to induce prolonged increases in 

serum IFNγ levels may lead to a pro-inflammatory intraocular response.  

These findings provide evidence that systemic viral infections can cause significant 

immunological changes in the eye and suggest that perhaps these changes may need to 

be considered when attempting to understand for example how autoimmunity can be 

initiated in the context of the immune privilege that epitomizes the ocular environment. 
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6.7 FIGURES 

 

Figure 1: Leukocyte adhesion to retinal vessels after systemic MCMV infection. (A) 

Quantification of intravascular leukocytes adhering to retinal vessels at 2, 4, 6 and 10 days after 

systemic MCMV infection counted in a Ø 400 µm area around the optic nerve head. Combined 

data from two independent experiments are shown. Adhering leukocytes were enumerated in a 

masked fashion by three independent observers and counts compared using an unpaired t test 

for statistical analysis. (** p<0.01; *** p<0.001, values indicate percentage mean ±SEM; pooled 

data from 2 independent experiments are shown; n=6 per time point). (B) Representative 

flatmount of central retinal vessels stained with rhodamine concanavalin A at day 6 after 

systemic MCMV infection. Retinal vessels from uninfected BALB/c mice (naïve) are shown as 

control (Scalebar=100µm). 
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Figure 2: MCMV in the eye after systemic infection. (A) Quantification of MCMV genome copies 

per eye after systemic infection of susceptible BALB/c mice (1 x 10
4
 pfu ip) (n=3 per timepoint, 

individual points represent individual eyes, dashed line defines limit of detection). (B) Iris and 

choroid flatmount stained with X-gal to identify β-gal recombinant MCMV. White arrows identify 

infected cells in iris and choroid. Black arrows highlight iris vessel. (C) Semiquantitative 

enumeration of infected cells in iris (left) and choroid (right) in MCMV susceptible BALB/c mice, 

MCMV resistant B6 mice and immune incompetent perforin deficient mice (B6.perforin-/-) at 

various days pi. 
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Figure 3: Epifocal analysis of MHC-II expression by iris and retinal vessels following systemic 

MCMV infection. Resident MHC-II+ cells (green) and concanavalin A stained vessels (red) in 

the iris stroma of uninfected control mice (A-C). MHC-II expression in the iris stroma (asterix) at 

day 4 pi (D) co-localizes with concanavalin A stained vessels (E,F). Control retina (J-L) show 

typical MHC-II+ perivascular dendritic cells (white arrows) on large vessels near the optic disc. 

MHC-II expression by large retinal vessels and capillaries (M-O) observed at 4 days pi. At day 

32 pi, MHC-II expression by vasculature in the iris stroma (G-I) and retina (P-R) is similar to that 

in control tissues. (Scalebar=200μm, representative data from three independent experiments is 

shown, n≥6 for each time point). 
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Figure 4: Analysis of MHC-II expression by Iba1+ macrophages in iris stroma. (A) Confocal 

microscopy of iris flatmounts: MHC-II+ cells (red) and Iba1+ cells (green) in the iris stroma of 

uninfected control mice (A-C) and mice systemically infected with MCMV for various periods of 

time (D-F and G-I). Merged signals are shown in the far right panels. (Scalebar=75µm, 

representative data from two independent experiments is shown, n≥6 per timepoint). (B) Semi-

quantitative enumeration of Iba1+ cells in the iris at various time points after MCMV 

infection(*p<0.05, values represent percentage mean ±SEM, n≥5 per time point, pooled data 

from 2 independent experiments is shown). (C) FACS analysis of MHC-II, CD11b and F4/80 

expression in the iris. Representative histograms of MHC-II expression in the iris (upper panel) 

and dot blots of MHC-II+ CD11b+ F4/80+ but CD11c- cells of iris (lower panel) (n=6). 
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Figure 5: Systemic MCMV infection-induced accumulation of subretinal macrophages. (A) 

Confocal analysis of Iba1+ macrophages in the subretinal space of an uninfected control mouse 

(left panel) and of a mouse at day 10 after systemic MCMV infection (right panel). (B) Semi-

quantitative analysis of Iba1+ cell numbers in the subretinal space. Entire retinas were collected 

at various times after MCMV infection from 6-10 mice per time point and total Iba1+ cells in the 

subretinal space were enumerated in a masked manner. Statistical analysis was performed 

using an unpaired t test to compare counts from different times after MCMV infection (Scalebar= 

75µm, ***p<0.001, ** p<0.01, * p<0.05, ns=not significant, values represent mean±SEM, n≥6 for 

each time point). 
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Figure 6: The effect of systemic CpG or polyI:C treatment on MHC-II expression and subretinal 

microglial accumulation. (A) MHC-II+ cells (green) and concanavalin A stained vessels (red) in 

the iris stroma of CpG treated BALB/c mice (top row) and naïve animals (bottom row) or polyI:C 

treated mice (middle row). (Scalebar=200μm). (B) Enumeration of subretinal microglia after 

systemic CpG or polyI:C (***p<0.001, values represent mean±SEM, where n=6, pooled data 

from 2 independent experiments are shown). (C) ELISA of IFNγ levels in the sera of control, 

MCMV infected or CpG treated mice (n=3-26, data are pooled from 1-9 independent 

experiments). 
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Figure 7: IFNγ affects the accumulation of subretinal microglia after MCMV infection. (A) Upper 

panel: Representative iris flatmounts from MCMV infected BALB/c and BALB.IFNγ-/- mice 

stained for MHC-II. (Scalebar=200µm). Lower panel: Representative flatmounts of Iba1+ cells in 

the subretinal space of MCMV infected BALB/c mice or BALB.IFNγ-/- mice. (B) Enumeration of 

Iba1+ cells per mm
2
 retina (*** indicates a p value < 0.001, * indicates a p value < 0.05). Values 

represent mean±SEM (n=8 for infected IFNγ-/- mice, n=4 for IFNγ-/- mice, n=5 for infected 

BALB/c mice).  
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Figure 8: Origin of Iba1+ cells found in the subretinal space after MCMV infection. Cx3cr1 

BALB/c bone marrow chimeric mice were infected with MCMV x days after transplant. (A) 

Representative retina wholemount stained with Iba1 10 days after MCMV infection. Subretinal 

microglia in MCMV infected BALB/c mice are Iba1+ (top panel) but are not positive for eGFP 

(middle panel) (Scalebar=100μm). (B) Enumeration of Iba1+ subretinal cells in MCMV infected 

and naïve Cx3cr1 BALB/c bone marrow chimeras (p<0.05%; Values represent mean ±SEM; 

n=6, pooled data from 2 independent experiments are shown).  
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7 CHAPTER 7 

7.1 GENERAL DISCUSSION 

The experimental work presented in this thesis is based on the disease model of murine 

cytomegalovirus (MCMV) infection. The strong similarity in pathology and immune 

reactivity of MCMV with the human counterpart human cytomegalovirus (HCMV) 

makes it an attractive model to investigate pathology and antiviral immunity in the eye. 

CMV retinitis is a severe clinical problem, leading to impaired vision or even blindness. 

This thesis reports on various novel methods to shed light on this ophthalmic disease 

and the impact of systemic CMV infection on the eye. 

Because the key aspects of local versus systemic immune responses and the special 

aspect of the eye have been discussed in detail in chapter 5, this general discussion 

concentrates more on pathophysiological insights and possible clinical consequences.  

The eye is characterized by the lack of a classical lymphatic drainage, paucity of 

resident dendritic cells, and low MHC expression. In addition, the blood retina barrier 

represents a relative obstacle to inflammatory leukocyte trafficking into the eye. 

However, the eye has the potential of hosting efficient innate and adaptive immune 

responses in the context of infection. A successful immune response consists of 

adequate activation and regulation in order to eliminate pathogens without causing overt 

immunopathology. Viral infection models such as experimental CMV retinitis provide 

excellent tools to dissect and understand how virus replicates within the eye. In 

addition, they help to elucidate where virus travels from the eye and where antiviral 

immune responses are initiated when virus is present in the eye. The improvement of in 

vivo imaging modalities such as digitalized fluorescein angiography and optical 

coherence tomography, which have been optimized from human appliances to 

experimental animal imaging tools, have allowed a more dynamic and efficient analysis 

of diseases in experimental ophthalmic infections. The retina as part of the central 

nervous system offers the exceptional opportunity to directly visualize changes 

associated with viral infection in vivo.  

The first experimental chapter (Chapter 2) focused on the techniques of imaging of the 

retina and describes in detail how high-resolution morphological sections of the mouse, 

rat and rabbit retina can be obtained with optical coherence tomography and scanning 
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laser ophthalmoscope (SLO). This in vivo data mirrors the retinal architecture seen in ex 

vivo histological sections. In addition we performed color fundus-photography and 

fluorescein angiography in these three species. We found that with these in vivo 

imaging modalities, high quality observations of the retinal surface and of the retinal 

vasculature can be performed. 

Having developed a method for analyzing ocular structures in vivo in chapter 2, we 

sought to image viral infection with a modified eGFP expressing MCMV as reported in 

chapter 3 of this thesis. Whereas increasing data on in vivo imaging of immune cells in 

the eye is available 
169

, in vivo imaging of pathogens within the eye has, up to now, not 

been described. 

After subretinal infection with MCMV-eGFP in susceptible BALB/c mice, we were 

able to track individual infected cells in vivo and describe the pathophysiology of 

primary MCMV infection in the murine eye. Apart from the overt infection of 

photoreceptors and retinal pigment epithelial cells clearly visible by SLO, we could 

demonstrate spread of the virus to structures in the anterior part of the eye, such as the 

iris and anterior capsule of the lens. Although the presence of signal correlated well 

with the presence of signal seen in ex vivo epifocal wholemount analysis, we found that 

viral titers could not be inferred from signal intensity seen in SLO. Surprisingly in some 

cases, virus could be tracked even when viral titers could not be detected by standard 

plaque assay, suggesting that the threshold for detection by SLO is very low.  

Our studies with a fluorescent labeled pathogen in vivo in the eye clearly indicate that 

scanning laser ophthalmoscopy represents a new methodological tool to study viral 

infections of the retina in vivo. This technique may serve as a semi-quantitative assay 

for viral presence within the eye and thus may reduce the amount of animals needed for 

research in experimental viral retinitis. A limitation of this approach is that a fluorescent 

labeled virus has to be used. Fluorophores like GFP may influence the course of the 

infection as they might be cytotoxic or influence the immune response. The ability to 

monitor infectious processes and respective therapeutic interventions in the same 

individual animals opens a wide field of applications in future long-term studies. 

Furthermore it may provide opportunities to image interactions of immune cells with 

virus in vivo in the future. This technique may be also applied as a diagnostic tool. 

Fluorescent antibodies against pathogens such as HCMV, HSV or VZV may be injected 

intravenously and a scanning laser ophthalmoscope could be used to detect fluorescent 
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antibodies binding to the respective virus. This would allow for in vivo diagnosis in 

cases of uveitis where a viral pathogen is suspected, and may make an anterior chamber 

or vitreous tap and PCR analysis dispensable.  

The use of flow cytometric analysis of retinal single cell suspensions in chapter 4 of this 

thesis has provided important insights into the tempo and quality of the immune 

response that is elicited by virus in the eye. At present little is known about CD8+ T cell 

trafficking into the retina in the context of viral infection. In this study we showed that 

administration of MCMV into the subretinal space elicited a rapid and efficient adaptive 

immune response within the retina, and that this response was primed in secondary 

lymphoid organs. Importantly, we found no evidence of T cell infiltration in the contra-

lateral mock-injected eye. This observation highlights the fact that homing of T cells to 

the retina depends on both inflammation and presence of specific antigen in the eye. 

These findings corroborate previous reports that trafficking into the central nervous 

system is a highly regulated process 
191

. Another interesting finding presented in this 

chapter is that the CTL response generated against the major MCMV peptide IE-1 is 

largely generated in the spleen, and that IE-1 specific CD8+ T lymphocytes persist and 

even accumulate in the eye at late time points. This increase in IE1 specific T cells 

points toward the possibility that the eye can provide a reservoir for chronic/latent 

infection of CMV, with CD8+ T lymphocytes controlling the virus within the eye. A 

recent case series of patients with “acute zonal occult outer retinopathy” (AZOOR) has 

shown a beneficial effect of valacyclovir treatment on the course of this disease, 

suggesting that at least some forms of uveitis, originally thought of autoimmune 

etiology, could be caused by herpes viruses 
214

.  

Several interesting questions arise from these findings and provide thought-provoking 

impulses for further studies: Firstly, if virus persists in the eye, could reactivation be 

induced by local immune suppression in the eye, for example with intravitreal injection 

of steroids or intravitreal local immunosuppression with anti-CD8 antibodies? As 

described in chapter 3 this could be investigated with the use of eGFP expressing 

MCMV and reactivation could be monitored with a scanning laser ophthalmoscope. 

Secondly, it remains unclear what function these observed CD8 T cells have at later 

time points. They might represent T regulatory cells or effector T cells suppressing 

latent MCMV infection within the retina. Further differentiation of CD8 T cells in the 

late timepoints of intraocular infection with Treg markers such as FoxP3+, CD25+ and 
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CCL4+ and activation markes such as CD103a or memory T cell markers such as 

CD45RO, CD62L or CD122 could shed more light on the nature of these cells. 

Another important question would be whether these lymphocytes present in the eye at 

late time points after local subretinal MCMV infection predispose for autoimmune 

disease? It would be conceivable that the presence of lymphocytes in the retina will 

result in a pro-inflammatory milieu providing easier access of auto-antigen specific T 

lymphocytes to the retina. Furthermore these inflammatory responses seen at late time 

points after infection may predispose to exacerbation of retinal diseases where 

inflammation plays a role, for example in age related macular degeneration. Unlike 

diabetic retinopathy, where hyperglycaemia damages blood vessels and leads to various 

microvascular disease of the retina, the direct initiator or age related macular 

degeneration is still unknown. It is thought that inflammation plays an important role 

and reports have shown an association between the complement C3 polymorphism and 

age-related macular degeneration. The complement system mediates the host defense 

against pathogens and facilitates adaptive immune responses 
376

. The role of the 

complement system in AMD is further supported by the fact that drusen contain various 

complement factors such as complement component 2 (C2), complement factor H 

(CFH), complement factor H-related 1 and 3 (CFHR1 and CFHR3), complement factor 

B (CFB), complement component 3 (C3) and membrane attack complex (MAC) 
377, 378

. 

These findings support the hypothesis that local inflammation and activation of the 

complement cascade contribute to the pathogenesis of age-related macular degeneration. 

Future studies may show whether chronic inflammation, like that seen in experimental 

retinal MCMV infection, can induce or accelerate AMD as well as other retinal diseases 

where low-grade inflammation and oxidative stress are implicated.  

Previous reports have shown accumulation of subretinal microglia after light induced 

retinal injury 
336

 or retinal ischemia 
288

. Subretinal microglia have also been shown to 

increase with age in the subretinal space. The studies presented in this thesis are the first 

to show that migration of microglia and their accumulation in the subretinal space occur 

after viral infection and that this phenomenon is highly dependent on prolonged serum 

levels of IFNγ. A previous report has shown that subretinal microglia can induce 

changes in RPE structure and distribution by secretion of pro-inflammatory and pro-

angiogenic molecules 
379

. Furthermore this report has shown an enhanced tendency for 

the development of laser induced choroidal neovascularization when microglia are 

present in the subretinal space 
379

. Further studies could investigate whether the 
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accumulation of subretinal microglia observed in our model can influence the 

development of choroidal neovascularization, for example in a laser induced model of 

choroidal neovascularization. Although our data shows migration and activation of 

microglia after systemic infection with MCMV, the functional state of the observed 

microglia remain unclear. Further immunofluorescent co-staining for IFNγ of TNFα 

may have been helpful to further investigate whether subretinal microglia produce 

cytokines upon migration into the subretinal space. In addition, staining for local VEGF 

production may provide further hints towards a role of subretinal microglia in the 

development of choroidal neovascularization.  

Clinical reports point towards an association between the development of neovascular 

macular degeneration and chronic viral infection. In this context a significant 

association between high CMV IgG titers and neovascular age related macular 

degeneration (AMD) has been found. On the basis of these data it was postulated that 

chronic infection with CMV could be a risk factor for the progression from dry to 

neovascular/wet AMD 
380

. Another report has shown that subjects with high antibody 

titers to Chlamydia pneumoniae have a threefold greater risk of progression from dry to 

wet AMD than subjects with low antibody titers 
381

.  

In addition to the changes in the subretinal space, this thesis demonstrated MHC class II 

upregulation in retinal and iris vessels after MCMV infection. It has been shown that 

retinal auto-antigen specific T cells are easily detectable in peripheral blood of healthy 

humans 
323

. However, how uveitic disease in humans is initiated and how these auto-

reactive cells are primed in the periphery remains poorly defined.  

In the well-established uveitis model in rodents, immunization with retinal antigens 

incorporated into complete Freund’s adjuvant elicits experimental autoimmune uveitis. 

It has been shown that initial effector cells produce IFNγ locally 
382

. Here we could 

show that exposure of retinal and iris vessels to systemically produced INFγ, induced 

MHC class II up-regulation on iris and retinal vessels, but also an increase of MHCII 

positive macrophages in the iris stroma. Whether this is creating a micro-environment 

where antigen presentation can take place and whether this is sufficient to activate pre-

existing auto-reactive T cells to induce disease remains to be investigated.  
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7.2 CONCLUSION 

To date, there is little information on how the immune system reacts to antigen present 

in the eye and whether a systemic viral infection can induce changes in the eyes 

microenvironment. Collectively, the studies presented in this thesis provide new aspect 

of the interaction between virus present in the eye and the immune system; they should 

help to investigate uveitis and other ocular diseases such as macular degeneration, 

where inflammation plays a role in the context of viral infection. Viruses such as CMV 

have much to teach us about how the immune system responds to antigen present in the 

eye and, especially in the context of systemic infection, have a more profound influence 

on the delicate micro-environment of the eye than has been previously assumed.  
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