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ABSTRACT

Zoonotic diseases form the bulk of emerging infections, and are responsible for epidemics
and pandemics that impact global health and security. Many of these pathogens cause
ocular disease, and retinal involvement often results in visual impairment. The retina is a
complex tissue that has limited capacity to regenerate. It performs a critical sensory
function, converting the visual image into a neural signal in the initial stages of visual
processing. This thesis studied three important zoonoses that involve the retina:
Toxoplasma gondii, dengue virus (DENV), and Ebola virus. The ubiquitous parasite T.
gondii has infected one third of the human population, and retinal involvement results in
tissue destruction with resultant visual impairment. The cat is the definitive host, and
mammals and birds are intermediate hosts. Each of the four serotypes of DENV, a
mosquito-borne epidemic flavivirus, causes a serious tropical disease. The features of
retinal involvement in dengue infection are diverse and are poorly understood. The
largest Ebola epidemics have been caused by Ebola virus spill-over from the bat
population. Survivors develop a multisystem syndrome that includes infectious ocular

pathology and serious visual sequelae.

This thesis advances the body of knowledge of retinal infections on many fronts. Spectral-
domain optical coherence tomography (SD-OCT) is considered a standard tool in clinical
ophthalmology that renders in vivo, real-time data on tissue architecture. Through the
largest study of toxoplasmic retinochoroiditis by SD-OCT, this work presents a thorough
portrayal of the spectrum of the tissue-level changes that occur as a result of infection.
The investigation identified signs that were characteristic of the disease and/or indicated

poor visual prognosis. The presence of retinal hyporeflective spaces or signal voids, likely

xxiii



representing liquefactive necrosis of the retina, was identified as an SD-OCT sign
associated with visual acuity of worse than 20/200 (defined as legal blindness in Australia
and other industrialised nations, including the United States). This observation is

expected to be useful to the practising ophthalmologist.

This thesis also presents the first published work on human Miiller cells in DENV
infection, and provides first details of the molecular responses to DENV. Miiller cells are
a specialized glial cell unique to the retina. They form part of the blood-retinal barrier,
contact most other retinal cell populations, and provide critical physiological support to
neurons. To understand the response of human Miiller cells to infection in dengue, the
MIO-M1 human Miiller cell line and primary human Miiller cell isolates were infected with
multiple DENV strains of DENV1 and DENV2 serotypes, and antiviral, inflammatory and
immunomodulatory responses after DENV infection were evaluated. Miiller cells
mounted an inflammatory response to DENV infection that was characterised by
upregulation of pro-inflammatory cytokines, and the response varied by viral strain, with
DENV2 inducing stronger responses. Curiously, a lack of a type I interferon response to
infection was demonstrated in MIO-M1 cells, but not primary human Miiller isolates,

which this thesis is the first to report.

The pathogenesis of post-Ebola uveitis is poorly understood. Viral persistence in the eye,
despite clinical recovery, has been demonstrated, and pigmented retinal scars in
survivors implicate involvement of retinal pigment epithelial cells. To understand the
potential involvement of microRNA (miRNA) signalling in EBOV infection of human
retinal pigment epithelial cells, bioinformatic processes were utilized to predict pathways
and networks based on miRNA expression in the ARPE-19 human retinal pigment

epithelial cell line following infection with EBOV. Bioinformatic analysis of miRNA-driven
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pathways in EBOV-infected ARPE-19 cells identified leucine-rich repeat kinase (LRRK) 2,
a protein associated with neuroinflammation, as the most highly connected molecule in
miRNA signalling networks that were active in EBOV-infected retinal pigment epithelial
cells. Mitogen-activated protein kinases (MAPK) 13 and 7 were also highly involved in
EBOV infection and are associated with neuroinflammation. Central to the response to
EBOV infection, miR-190a and miR-101 may facilitate EBOV survival in retinal pigment

epithelium through prevention of apoptosis.

To examine the effect of the EBOV protein, VP35, on the type I interferon (IFN) antiviral
response by human retinal pigment epithelial cells, a plasmid expressing VP35 was
transfected into the ARPE-19 cell line and primary cell isolates. Expression of VP35
inhibited IFN-B production in some primary human retinal pigment epithelial cell
isolates, indicating that this viral protein plays a key role in subversion of the host cell,
and this interaction varies across individuals. These mechanistic studies of the interplay
between EBOV and the type [ IFN response in retinal pigment epithelial cells represent

first-in-field experiments.

The overall aim of this thesis was to identify and address unanswered questions relating
to the mechanisms of retinal pathology caused by three serious human pathogens that are
transmitted by animals: T. gondii, DENV and EBOV. Various aspects of the host cellular
and/or molecular response to an infection with each of these three pathogens were
addressed in this thesis. The work has demonstrated a range of indicators of retinal tissue
damage and provides a foundation for further mechanistic research and potential
therapeutic opportunities to reduce infection-mediated tissue damage and resultant

visual impairment in zoonotic retinal infections.
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1.1 INTRODUCTION

Human infectious diseases that arise from animal reservoirs are complex, diverse, and
incompletely understood.! A large proportion of these zoonoses affect the retina, which
may result in visual impairment. Tissue damage can occur as the consequence of direct
infection, or from infection-related immune responses of the host, and is determined by a
range of factors.? The pathogenic mechanisms of retinal damage in such zoonotic
infections are poorly understood. These diseases often occur in tropical regions and low-
and middle-income countries where research capacity is limited. Some pathogens require
high-level biosafety infrastructure, which restricts the pool of scientists able to research
these diseases. A significant obstacle to all research involving the retina is the lack of
human retinal tissue, as the risk-to-benefit ratio of obtaining a retinal biopsy is usually
too high to justify a potentially blinding procedure. Thus, indirect means of measuring
and monitoring retinal tissue changes must be employed to further our knowledge in this

area.

In work described in this thesis, a range of methods and tools were used to study zoonotic
retinal diseases caused by three pathogens: dengue virus, Ebola virus and the obligate
intracellular parasite, Toxoplasma gondii. Cell culture techniques were employed to study
the effect of dengue virus infection in human Miiller cells. The interactions of Ebola virus
and retinal pigment epithelial cells were interrogated using cell culture and
bioinformatics processes, specifically, the effect of Ebola protein VP35 on the type I
interferon response in human retinal pigment epithelial cells, and the retinal pigment
epithelial cell response to Ebola virus infection through predictions of molecular targets

of small non-coding RNA. Retinal tissue changes in ocular toxoplasmosis were evaluated
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using spectral-domain optical coherence tomography in a large cohort of individuals with
active infection. Biological markers of retinal pathology were identified, and help to
bridge gaps in our understanding of the mechanisms by which these zoonoses affect the

retina.

1.2 ZOONOTIC INFECTIOUS DISEASES

Zoonoses are responsible for the majority of infectious and emerging diseases, and some
of the most devastating epidemics and pandemics in human history.3-¢ Unlike the viruses
that cause polio, smallpox and measles, these pathogens spread between animal
reservoirs and infect humans, making them extraordinarily difficult to eliminate. The
coronavirus disease of 2019 (COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has brought into sharp focus the wicked
complexity of factors that drive disease transmission, as well as the catastrophic
consequences to global health and security. In 2005, the World Health Organization
defined those extraordinary events that endanger international public health as “Public
Health Emergencies of International Concern” (PHEICs).” Five of the six PHEICs declared
since then have been zoonotic infectious diseases: the H1N1 swine ‘flu pandemic (2009),
the Zika virus epidemic in the Americas and Asia-Pacific (2015-2016), the Ebola virus
epidemics in West Africa (2014-2016), and the Democratic Republic of Congo (2018-),

and the COVID-19 pandemic (2019-).

One large group of zoonoses are the arthropod-borne (“arbo-“) viruses. Flaviviruses are
single-stranded RNA arboviruses that are transmitted between mammalian and avian

hosts, and pose a global threat to public health.8-10 Dengue virus (DENV), a mosquito-
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borne epidemic flavivirus, causes a serious tropical disease - dengue - and is the most
common human disease-causing arbovirus in the world, infecting an estimated 400
million globally.11-13 The geographic spread of DENV mirrors that of its Aedes mosquito
vectors. Today, over half the global population is at risk of infection, but modeling
forecasts this will rise to 80% in 2080.1* In addition to DENV, Aedes mosquitoes can
transmit other febrile disease-causing zoonotic viruses: yellow fever virus, chikungunya
virus, West Nile virus, and Zika virus.1> Yellow fever virus is a single-stranded RNA
flavivirus considered endemic to Africa and America, causing a febrile illness with
eponymous jaundice,'® and responsible for 80,000 vaccine-preventable fatalities

annually.1”

Arboviruses are capable of causing unpredictable outbreaks. Zika virus was widespread
in Africa for approximately 50 years,'8 causing a mild self-limiting febrile illness,1° before
an epidemic of rash, arthralgia and conjunctivitis occurred in the West Pacific in 2007.20
An outbreak of infection in French Polynesia in 20132! was associated with a spike in
Guillain-Barre syndrome.?! In 2015, Zika virus infection was diagnosed in febrile
individuals in Brazil, where it caused over 1.7 million infections and at least 3,000 definite
cases of microcephaly.?2-26 Another flavivirus, West Nile virus, has infected an estimated
3 million people in North America, and is associated with a mild viral illness in most, but
meningitis and encephalitis in a minority of individuals.'® 27 Chikungunya virus is
endemic in tropical regions, and causes a febrile illness, characteristic arthralgia, and in
severe cases, encephalitis.?8 A single mutation allowed it to infect a new Aedes mosquito
and cause an epidemic involving 266,000 people.2? All of these arboviruses are globally

significant pathogens, and all can cause ophthalmic complications.3?
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Some of the deadliest zoonotic viruses are found in bat reservoirs. The only mammals
capable of free flight, bats represent 20% of extant mammalian species and demonstrate
genetic diversity second only to rodents.31 The exceptional biology that allows them to act
as a viral reservoir is largely unstudied. The fruit bat is assumed to be the reservoir for
Ebola virus, which since its discovery in 1976 has caused 23 separate outbreaks of Ebola
virus disease (EVD) that have spilled into the human population.3? The largest Ebola
epidemics were caused by the Zaire ebolavirus species (EBOV). The 2014-2016 epidemic
in west Africa infected 28,000 individuals and had a case-fatality rate of 40%, and the
ongoing 2018 epidemic in the Democratic Republic of Congo has infected over 3,500
individuals and has a case-fatality rate of 66%.33 Survivors of EVD develop a multisystem
syndrome that includes ocular complications, and live virus has been isolated from

immune-privileged sites including the eye.34-36

The parasite Toxoplasma gondii can infect virtually every species of mammal and bird.3”
The definitive host is the cat, and one third of the human population shows evidence of
infection.3® Seroprevalence studies of anti-T. gondii antibodies in humans show
remarkable variation across geography,3?-57 age,>8 gender,>° and socioeconomic status.>3
In the last 50 years, researchers in Western countries have documented a decrease in T.
gondii seroprevalence over time.*% 54 60 The presence of anti-T. gondii immunoglobulin
(Ig)G antibodies indicates prior infection, and this status is significant in women of
childbearing age as - with rare exception - antibodies confer protection against vertical
transmission of toxoplasmosis from mother to child.®! Inmunocompetent adults form the
largest group of affected individuals, and become infected through: ingestion of oocysts
in soil-contaminated produce, in contaminated filter feeders and shellfish, and directly

from cat faeces; from consumption of tissue cysts in undercooked meat; or due to



Introduction

movement of free tachyzoites across the placenta.3”. 54 62 63 The main complication of
toxoplasmosis is retinochoroiditis, which causes profound retinal tissue destruction and

is associated with blindness in one quarter of eyes.t4

Zoonotic diseases form the bulk of emerging infections and are responsible for epidemics
and pandemics that impact global health and security. Many of these pathogens cause
ocular complications (Table 1.1), and infection of the retina often results in visual

impairment.



Table 1.1: Zoonotic infections of the retina

Introduction

Pathogen Type Primary host Transmission Retinal complications References
West Nile virus Flavivirus Birds Culex and Aedes mosquitoes Multifocal chorioretinitis 16,27,65
. . . . Aedes mosquitoes, vertical and . . . .
Zika virus Flavivirus Primates quitoe Congenital zika syndrome, posterior uveitis 30, 66,67
sexual transmission
Yellow fever Flavivirus Primates Aedes mosquitoes Retinopathy, maculopathy 30, 68,69
. . . . Retinitis, choroiditis, vasculitis, cystoid macular
Chikungunya Alphavirus Primates Aedes mosquitoes 4 30,70
oedema, acute macular neuroretinopathy
. . . . Retinochoroiditis, maculopathy, foveolitis,
Dengue virus Flavivirus Primates Aedes mosquitoes . . pathy, fov 30,70
haemorrhagic retinopathy, vasculitis
Ebola virus Filovirus Fruit bats Direct contact Posterior and panuveitis, pigmented retinal scars 70
.. . Oocysts, tissue cysts, . e
Toxoplasma gondii Parasite Cat y y Retinochoroiditis 71

vertical transmission




1.3  RETINAL STRUCTURE AND FUNCTION

The retina is a complex tissue that converts the visual image into a neural signal in the
initial stages of visual processing. In humans, the healthy retina ranges from 150 to 320
pum in thickness and forms the innermost layer of the eye, containing at least 60 distinct
types of neurons that are meticulously arranged to maximize visual resolution.”> 73 The
retina performs a critical sensory function and has limited capacity to regenerate. Thus,
damage in the form of infection causes loss of vision that is often permanent. The anterior
segment of the eye consists of the cornea, iris and crystalline lens, which together serve
to focus the visual image onto the retinal plane (Figure 1.1). Aqueous humour and
vitreous gel fill the anterior and posterior segments respectively, and provide optically
empty media which minimize light scatter. The neural retina is supported by a polarized
monolayer of pigmented epithelial cells known as the retinal pigment epithelium (RPE),
which lies between the retina and the choroid, a highly-pigmented layer of vascularized
loose connective tissue.”®74 The macula is a 6 mm-diameter area of the central retina that
is bounded by the optic disc and vascular arcades, and is responsible for the central visual
field. Structural and functional specializations at the centre of this area, the fovea, enable

the highest resolution of vision.
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Figure 1.1: Anatomy of the human eye

Cross-sectional cartoon of basic eye structures (top). The crystalline lens separates the anterior
and posterior segments of the eye. The anterior segment is filled with aqueous humour, while the
posterior segment is filled with vitreous gel. The macula is positioned at the posterior pole of the
eye, adjacent to the optic nerve head, known as the optic disc. Colour fundus photograph of the

right posterior pole (bottom), demonstrating macula and optic disc.
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1.3.1  Retinal cell populations

Five major classes of neurons comprise the retina, and distinct layers characterize the
cross-sectional profile of this tissue. The cell bodies are arranged in three layers that are
interspersed by two plexiform layers where synaptic junctions are located. The outermost
layer of the retina is formed by 100 million rod and 5 million cone photoreceptors which
transduce light into an electrochemical signal and are intimately associated with the
underlying RPE.”2 Three types of interneurons - bipolar, amacrine and horizontal cells -
process the visual signal in parallel and converge on 1.5 million ganglion cells, which leave
the eye via the optic disc. In cross-section, and moving outwards from the posterior
vitreous (or hyaloid) face, the retinal layers comprise: internal limiting membrane, retinal
nerve fibre layer, ganglion cell layer, inner plexiform layer, inner nuclear layer (containing
bipolar, Miiller, horizontal and amacrine cell bodies), outer plexiform layer, outer nuclear
layer (photoreceptor cell bodies), external limiting membrane, photoreceptor inner and
outer segments, and RPE. The inner segments of the photoreceptors comprise an inner
myoid and an outer ellipsoid region, the latter of which contains an abundance of
mitochondria, while the tips of the outer segments are enveloped by retinal pigment

epithelial cells (Figure 1.2).

Non-neural cells provide functional and structural support as part of the retinal matrix.
Microglia - specialized macrophages - are distributed in the two plexiform layers and
among the ganglion cells, and are the most abundant immune cell in the retina.”3 They
perform immune surveillance, phagocytosis, and synaptic maintenance. Macroglia -

astrocytes and Miiller cells - regulate retinal homeostasis. Miiller cells are involved in
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Figure 1.2 : Neural cells of the human retina

The inner retina extends from the internal limiting membrane to the outer plexiform layer and is
supplied by the arterioles from the central retinal artery. Miiller cells extend from the internal
limiting membrane (which is formed by their footplates) to the external limiting membrane, and
their cell bodies lie within the inner nuclear layer. The outer retina includes rod and cone
photoreceptors, Miiller cell processes and retinal pigment epithelium, and is supplied by the

choriocapillaris. Image created in BioRender.com.

11



Introduction

neurotransmitter recycling, clearance of COz and waste products, maintenance of pH, fluid
homeostasis, and potassium buffering.”> Miiller cells are radially orientated - extending
from the external to the internal limiting membrane - and support retinal architecture,
guide light to the photoreceptors, and contact the vitreous cavity, subretinal space,
vascular network and virtually every cell in the retina. The RPE is closely apposed to the
photoreceptor layer, and each retinal pigment epithelial cell serves about 30
photoreceptors.’* These cells are metabolically coupled in a relationship that is critical
for visual functioning. The outer segments at the tips of photoreceptors are shed in a
diurnal cycle and phagocytosed by retinal pigment epithelial cells, which transport and
process retinoids, while melanin, abundant in RPE, absorbs scattered light to enhance
visual acuity.’® The basement membrane of the RPE is continuous with Bruch’s
membrane, which forms a type of sub-endothelial matrix to the subjacent fenestrated

choriocapillaris of the choroid.

1.3.2 Immunological conditions of the posterior eye

The eye comprises multiple specialized post-mitotic, terminally-differentiated cell
subsets that have poor regenerative capacity. This makes the organ vulnerable to injury.
The ability to modulate immune-mediated inflammation allows the eye to minimize any
collateral damage to preserve tissue integrity, and thus vision.”” Ocular immune privilege
describes the anatomical barriers and molecular and cellular immunoregulatory

mechanisms that achieve this.”8

A combination of anatomical and immunological defences protect vision-processing cell

populations within the eye.”? The blood-retinal-barrier (BRB) forms the primary
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boundary that isolates retinal tissue from the systemic circulation (Figure 1.3). The inner
BRB is formed by endothelial cells within retinal arterioles, venules and capillaries, that
are supported by pericytes and astrocytes. These non-fenestrated endothelial cells
restrict the passage of macromolecules and leukocytes.”® The outer BRB is formed by the
RPE and allows transcellular transport of molecules from the choriocapillaris to the
photoreceptors.8% Tight junctions play a critical role in maintaining the barrier function

and are located between retinal pigment epithelial cells and retinal endothelial cells.

A second component of ocular immune privilege protects vision-processing cell
populations from the harmful effects of inflammation. The regional immune system
within the eye is controlled by parenchymal cells which include microglia, retinal pigment
epithelial cells that line the interior aspect of the BRB. These cells modulate the
immunological inflammatory response through the release of soluble or membrane-
bound products. Key molecules secreted by retinal pigment epithelial cells include:
transforming growth factor-beta (TGF-f), thrombospondin-1 (TSP-1), cytotoxic T-
lymphocyte associated antigen 2 alpha (CTLA2a), programmed-death-ligand 1 (PD-L1),
galectin 1, pigment epithelial-derived factor (PEDF), and retinoic acid.”? Additional
immunological modifications serve to protect the ocular environment. Perivascular
microglial populations perform immune surveillance, and in contrast to other nucleated
cell populations, ocular cells express few major histocompatibility complex molecules on

their surface.’s 78
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Figure 1.3: Inner and outer blood-retinal barriers

The retina is isolated from the systemic circulation by barrier systems that regulate ion, water
and molecule movement. The blood-retinal barrier (BRB) has two components: the inner BRB is
formed by tight junctions that seal neighbouring capillary endothelial cells and the outer BRB has
tight junctions that restrict paracellular trafficking between retinal pigment epithelial cells. Figure

constructed at BioRender.com
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Immune privilege can be vetoed if the eye perceives a microbial threat.8! The early
warning network of the immune system is served by pattern recognition receptors that
surveil the intra- and extracellular environment to detect molecular signs of infection.
These so-called PAMPs and DAMPs (pathogen- and damage-associated molecular
patterns, respectively) initiate pathogen-specific signalling pathways. Toll-like receptors
(TLRs) are important pattern recognition receptors for both viral and parasitic infections.
In addition, the RIG-I-like receptors, retinoic acid-inducible gene 1 (RIG-1) and melanoma

differentiation factor 5 (MDAS), are key components of the antiviral response.82 83

Stimulated pattern recognition receptors block viral replication through multiple
pathways. Products of viral replication - especially double-stranded (ds)RNA - are potent
PAMPs that initiate a cascade of signalling events and lead to inhibition of viral messenger
RNA translation, degradation of viral RNA by the endonuclease RNaseL, production of
cytokines including type I interferons (IFNs), and chemokines, and the induction of
apoptosis.8% 85 These pathways drive the cell to an antiviral state and modulate the

adaptive immune response.86

Eukaryotic pathogens do not express the same antigenic markers of bacteria and viruses,
but unique protozoan molecular signatures, as well as indirect signals of parasitic
infection, stimulate both PAMPs and DAMPs.8” Human cells infected with T. gondii
produce the soluble mediator, S100 calcium binding protein A11 (S100A11), which is a
DAMP that stimulates receptors for advanced glycation end-products (RAGE)-dependent
production of C-C motif chemokine ligand 2 (CCL2), a major chemokine and inductor of
the monocyte-mediated immune response.88 The innate response to parasitic infection is
incompletely understood, but TLRs play an important role in the early response to

infection.
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Toll-like receptors are membrane-bound pattern recognition receptors constitutively
expressed in multiple cell types. They are located on the cell surface or within the
endosomal compartment.8 Humans possess ten TLRs, which each recognizes a unique
signature of molecular patterns.8* Research involving murine models of toxoplasmosis
show that TLRs 11 and 12 are key receptors in parasitic infections, but these TLRs do not
exist in humans.8” While human TLRs 3, 7, 8 and 9 show ligand similarity to murine TLRs
11 and 12, a number of TLRs have been implicated in human infection.?® Activated by
parasite RNA, TLR 3 initiates the type I IFN response, while TLR 9 contributes to the pro-
inflammatory phenotype of ocular toxoplasmosis.®? Protection against congenital
toxoplasmosis is associated with single nucleotide polymorphisms of TLRs 4 and 9, while
TLRs 2 and 4 contribute to T. gondii recognition and host protection.’® Toxoplasma-
infected macrophages, dendritic cells and plasmacytoid dendritic cells produce
interleukin (IL)-12, which stimulates the release of IFN-y, an initiator of signal transducer
and activator of transcription 1 (STAT1) signalling, to modulate the production of pro-

and anti-inflammatory molecules.??

Human ocular cell populations show differential expression of TLRs. Primary human
retinal pigment epithelial cells express all TLRs except TLR 8, and show abundant
expression of TLR 3, which when stimulated by dsRNA, causes production of I[FNf§ and
pro-inflammatory cytokines.?3 Primary human retinal endothelial and human choroidal
cells express most TLRs.?* The human Miiller cell line MIO-M19> expresses all 10 TLRs,
and agonist challenge of TLRs 2, 3, 4, 7 and 9 induces transcription of inflammatory
mediators.’¢ Identification of TLR expression in multiple cell types of the macaque neural
retina was recently undertaken.?” For technical reasons, only TLRs 4 to 7 were tested, and

the retina was not stimulated with TLR agonists before fixing and staining, but expression
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of TLR protein was identified in ganglion (TLRs 4 through 7), Miiller (TLRs 4 and 7),
amacrine and bipolar cells (TLRs 4, 6 and 7). Curiously, microglia, pericytes, endothelial

cells and astrocytes did not constitutively express TLRs 4 to 7 in the resting state.

The cell cytosol contains RNA sensors, RIG-I and MDAS5, which are activated by dsRNA
products of viral replication, and engage in signalling that leads to the production of type
[ IFN and inflammatory mediators - in particular, the IL-1 family of cytokines.8¢
Interferon-stimulated genes (ISGs) produced in this pathway include protein kinase R
(PKR), and 2’5’-oligoadenylate synthetase. These enzymes are stimulated by dsRNA. By
phosphorylating and inactivating eukaryotic initiation factor (elF)-2a, PKR blocks viral
messenger RNA translation and triggers apoptosis. Viral degradation is initiated by 2’-5’-

oligoadenylate synthetase activation of the latent endonuclease RNaseL.

Multiple intracellular sensors recognize molecular patterns indicating damage or
infection, which initiate complex signalling pathways to protect the cell from invasion.
These mechanisms also generate potent inflammatory responses intended to eliminate

the invading pathogen, but with the potential to cause significant tissue damage.

1.3.3 Clinical imaging of the posterior eye

Pathological changes in tissue can be assessed by histopathology. This technique requires
a tissue biopsy, and is usually unjustifiable in the case of retinal disease due to its
unacceptable risk-to-benefit ratio. Thus, pathological information must be inferred by
indirect means. Optical coherence tomography (OCT) is a non-invasive, real-time, in vivo
imaging technique that utilizes the principle of low coherence interferometry to construct

cross-sectional images of biological tissue from backscattered light (Figure 1.4).98 Since
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its first description in 1991,% refinements to light source, signal acquisition and data
processing systems have seen generations of commercially-available OCT systems for
ophthalmic use. Replacement of the movable reference beam mirror with a spectrometer
has enabled Fourier analysis of reflected light, markedly reducing image acquisition time,
improving resolution, and heralding the leap from so-called time-domain to spectral-
domain OCT (SD-OCT).190 Since the earliest OCT images of the human macula were
published in 1993,101 image acquisition time has improved from 400 to 20,000 axial scans
per second, and axial resolution has improved from 7-10 um to 3-5 pm, two orders of

magnitude greater than that of conventional ultrasound.192

Retinal OCT imaging technology is in constant development. Swept-source OCT is a
commercially available system that delivers complex volume rendering and high-
resolution three-dimensional imaging of the retina. Image acquisition time is markedly
decreased as a result of a tunable laser light source and a photodetector rather than a
spectrometer to measure the interference spectrum. Longer wavelength light - 1050 nm
compared to 840 nm for SD-OCT - enables better penetration through media opacities,
increased depth imaging down to the sclera, and reduced light scattering, allowing
visualization through oil and gas.193 Megahertz OCT has recently been developed, and
utilizes mode-locking of the laser light source to enable swept-source OCT imaging at
exceptional speeds, achieving over 20 million axial scans per second.1%4 OCT angiography
utilizes alterations in the phase of reflected consecutive B-scans to image the retinal
vasculature, obviating the need for dyes such as fluorescein.l%5 Technology utilizing
adaptive optics that reduce the higher order aberrations of optical systems have pushed

the limits of resolution and enable evaluation of retinal cellular physiology, documenting
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Figure 1.4: Spectral-domain optical coherence tomography of the normal human macula

Heidelberg SPECTRALIS SD-OCT of the normal right human macula, with near infrared image
(left) for clinical correlation. (1) Choriocapillaris, (2) Mitochondrial zone of the RPE, (3)
Melanosome zone of the RPE, (4) Phagosome zone of the RPE, (5) Cone outer segments, (6) Cone
ellipsoids, (7) Cone myoids, (8) External limiting membrane, (9) Outer nuclear layer, (10) Henle
fibre layer [macula only], (11) Outer plexiform layer, (12) Inner nuclear layer (13) Inner plexiform
layer, (14) Ganglion cell layer, (15) Nerve fibre layer, (16) Internal limiting membrane. Retinal
bands as per Cuenca et a, 2018.106 Abbreviations: RPE = retinal pigment epithelium; SD-OCT

spectral-domain optical coherence tomography.
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fluctuations in cell size, blood velocity, and identification of subcellular organelles.107
These developments show promising opportunities for research that will expand our

understanding of disease mechanisms within the retina.

1.4 OCULAR TOXOPLASMOSIS

1.4.1  Toxoplasma gondii

Toxoplasma gondii is an apicomplexan obligate intracellular protozoan, and arguably the
most successful parasite in the world.198 It is capable of infecting any nucleated eukaryotic
cell, and has been found in an extensive range of members of the animal kingdom,
including birds, marsupials and marine mammals.3” Three forms of the parasite are
infectious: metabolically-active tachyzoites, dormant bradyzoites, which form tissue cysts

within host cells, and sporulated oocysts, which are found in cat faeces.

The cat - any felid - is the primary or definitive host, being the only animal in which the
parasite has a sexual replication cycle.1%° A cat is most likely to become infected after
ingestion of a tissue cyst containing bradyzoites.11® Within the cat gut, bradyzoites
transform into tachyzoites and schizonts, which undergo rounds of asexual division
before producing unsporulated oocysts within the gut epithelium by sexual
reproduction.l10 Infection in cats is usually subclinical.1%® Most cats shed oocysts only
once in their lives, and an infected domestic cat can shed up to 5 million oocysts over a
period of two weeks.!1l Depending on environmental conditions, oocysts undergo

sporulation within 5 days of excretion to become infective.l1? Sporulated oocysts are
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hardy, can survive extremes of temperature and humidity, and are still viable after 28

days at 40 °C.63

Any mammal or bird that supports parasite replication is considered a secondary host,
and this group includes humans. Infection in animals can be fatal, and toxoplasmosis is a
common cause of abortion in ruminants.10 Intermediate hosts become infected through
oocyst-contaminated feed or water, vertically by tachyzoites that cross the placenta, or
through ingestion of tissue cysts in the tissue of other secondary hosts. Bradyzoites within
tissue cysts transform into tachyzoites and divide by asexual reproduction, which can
occur within any nucleated eukaryotic cell. Encysted parasite is usually found in any
nucleated intermediate host cell, although brain, retina or muscle tissue is preferred.
Cysts are assumed to persist in these tissues for the life of the intermediate host,

conferring protective immunity against reinfection.!

1.4.2 Toxoplasmosis

Adults and children who contract postnatal T. gondii infection typically have a low-grade
or subclinical disease that is likely influenced by parasite load, virulence and host
genetics.111 Toxoplasmosis causes a mild and non-specific illness, characterized by
cervical lymphadenopathy, headache, myalgia and fever. Severe multi-organ involvement
can occur in immunocompromised individuals and rarely, severe clinical syndromes in
otherwise healthy individuals have been linked to virulent strains and outbreaks in South

America.>4

Toxoplasmosis infection is confirmed by the presence of anti-T. gondii IgM antibodies,

which appear 7-14 days after infection, peak at two months, and are usually negative after
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eight months, but may persist for two years.113.114 A ]ate marker of infection, IgG, rises 14-
21 days post-infection, and persists at a low titre for life, indicating past infection.11#4 In
the last 50 years, researchers in many western countries have documented a decrease in
T. gondii seroprevalence over time,*1 54 60 but not in Australia, where recent estimates
indicate a high seroprevalence of 66%.5¢ The presence of IgG antibodies is significant in
women of childbearing age as - with rare exception - they confer protection against
vertical transmission of toxoplasmosis from mother to child.t* The global seroprevalence
of IgG in pregnant women is 33%, and ranges from 45% in the Americas to 11% in the

Western Pacific region.11>

The most common consequence of toxoplasmosis is retinochoroiditis, which can occur at
any time, but is most likely within a year of systemic infection. An outbreak of
toxoplasmosis affecting 100 people in Canada caused retinochoroiditis in 19 individuals,
and occurred on average 6 weeks after symptom onset (range 2-12 weeks).11¢ Similarly,
after a large outbreak in Santa Isabel do Ivai in Southern Brazil, 290 of 454 individuals
who became seropositive for anti-T. gondii IgM antibodies were examined, and 11.4% had
signs of retinal inflammation when first examined within 4 months of the start of the

outbreak.117

The global prevalence of toxoplasmic retinochoroiditis (TRC) shows striking geographic
variation. In the United States, an estimated 2% of seropositive individuals have TRC.118
In South America, the infection is at least ten times more common than in the United
States,>* and parts of Southern Brazil have an 18% prevalence of TRC in the general
population.11? A large cross-sectional study in Germany found a prevalence of TRC lesions
in 0.2% of the population,'?® while investigators in Ghana reported a TRC prevalence of

2.3%.121 A study of referrals to a tertiary uveitis service in the US has noted an overall

23



Introduction

decrease in the prevalence of TRC over a 40-year period, and an increase in the proportion
of Hispanics presenting with the disease, reflecting higher seroprevalence in this

population.122

1.4.3  Clinical features of ocular toxoplasmosis

The necrotizing retinitis caused by T. gondii classically presents as a “satellite lesion” of
well-circumscribed, dense, creamy-white retinochoroiditis adjacent to a pigmented
chorioretinal scar.123 Overlying vitritis can give the appearance of a “headlight in the fog”.
In presentations such as these, the diagnosis is straightforward. Necrotizing
retinochoroiditis tends to resolve to form a discrete round or oval area of retinochoroidal
atrophy with pigmented borders.''” Complications of toxoplasmic retinochoroiditis
(TRC) include persistent vitreous opacities, epiretinal membrane, vitreomacular traction
and retinal detachment.1?4 Multiple studies have confirmed the finding that TRC is more
aggressive in the older population, likely due to reduced cell-mediated immunity.
Individuals infected with human immunodeficiency virus (HIV) and suffering from
acquired immunodeficiency syndrome (AIDS) are at high risk of TRC, which can be

atypical and particularly aggressive.125 126

In the presence of a characteristic lesion, further testing can include serology, but often
is not required.'?” The aims of treatment of active TRC are to reduce parasite load and
prevent inflammatory complications and thus vision loss. No treatment has been shown
to kill tissue cysts.128 A 2016 Cochrane review found insufficient evidence to support the
use of antibiotics to reduce visual impairment in TRC, and weak evidence that treatment
reduces the risk of TRC recurrence.12° A separate Cochrane review of the use of adjunctive

oral corticosteroid therapy could not find any trials that were eligible for inclusion.130
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Nevertheless, a lack of evidence of benefit does not equate to a lack of benefit, and despite

these findings, experts still advocate treatment.131

1.4.4 Visual outcomes of ocular toxoplasmosis

The visual sequelae of TRC can be serious. Large cohort studies involving adults with
active disease found legal blindness (visual acuity worse than 20/200) occurred in at least
one eye of 17-24% of participants.6% 124 This was most likely due to macular location of
the lesion or retinal detachment.®* Bilateral blindness was rare, involving only 1-1.6% of
participants. A retrospective review of 233 patients attending a tertiary uveitis centre
included 159 with active disease and 74 with inactive disease.132 Investigators found that
young age was the highest predictor of macular involvement, which in turn was the
highest predictor of vision loss. At presentation, two-thirds (67%) of those with active
disease had a visual acuity of 20/40 or worse, while only 47% of those with inactive
lesions had this level of visual acuity. Investigators showed that intraocular inflammation,
followed by macular involvement, were the main reasons for poor vision in active disease,
and for those with inactive disease, macular scar formation and amblyopia caused vision
loss. A retrospective study of 48 patients attending a tertiary uveitis referral centre in
Australia reported that the majority of patients (32/48, 67%) recovered visual acuity to
20/30 or better, while a smaller proportion (7/48, 15%) developed severe vision loss

(20/200 or worse).133

Visual acuity provides a measure of macular function, but does not account for peripheral
retinal function, and 25-40% of individuals with TRC have lesions exclusively outside the
vascular arcades.t* 124 A study of 61 individuals with quiescent TRC found evidence of

visual field damage in 94% of eyes, despite only 41% having reduced visual acuity.134
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Investigators found that when measuring visual function by field loss, 65% of eyes had
moderately severe impairment, compared to only 28% when evaluated by visual acuity.
Thus, functional damage associated with TRC can be extensive when evaluated by visual

field testing.

1.4.5 Pathology of ocular toxoplasmosis

Our understanding of the tissue changes in TRC has been gleaned largely from
histopathological specimens of enucleated eyes. These usually involve cases of advanced
disease in the context of immunocompromise or masquerade, and are not commonly
reported. The largest case series detailed 53 enucleated globes from healthy adults and
was published across two papers in 1952.135 136 Most individuals carried a diagnosis of
ocular tuberculosis and their blind, painful eyes showed end-stage disease. More recently,
a series of 10 enucleated globes from 10 immunocompetent subjects was published.137
Cause of death and reasons for enucleation were not provided, nor were clinical details
about the ocular toxoplasmosis, but were presumably cases of active TRC. Extensive areas
of retinal necrosis were characterized by the presence of T. gondii cysts. The choroid was
thickened and showed granulomatous inflammation, with infiltration of B and T

lymphocytes and macrophages.

In a series of eight individuals with HIV/AIDs and ocular toxoplasmosis, two individuals
had accompanying histopathological specimens that were reported.1?> The first, a 44
year-old female, underwent an eye wall biopsy, which demonstrated segmental retinal
necrosis, lymphocytic infiltration, and tachyzoites and tissue cysts within areas of
necrosis. Parasite was also identified in perivascular clusters and within the choroid,

which was infiltrated with plasma cells and eosinophils. The second case involved a 28
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year-old male who presented with bilateral TRC and died from toxoplasmic encephalitis,
which involved extensive necrosis of his brain. Post-mortem examination indicated
bilateral peripapillary retinal necrosis and optic nerve extension with infarction on the
left, and widespread tachyzoites extending to the cut end of both optic nerves. Tissue cysts
were mostly in the nerve fibre and ganglion cell layers but some were seen within inner
nuclear and outer plexiform layers. Retinal pigment epithelial cells were necrotic or
densely infiltrated with tachyzoites. The choroid demonstrated signs of marked chronic
inflammation, and tachyzoites were rarely identified in this tissue. Concomitant and

separate areas of cytomegalovirus retinitis were seen in the right eye.

While few series detailing histopathological findings in TRC have been published,
sporadic cases have been reported, in the literature and are summarized in Table 1.2. A
total of 24 patients (17 male) ranging from 20 to 76 years old are presented. Healthy
individuals usually had falsely-negative T. gondii serology or severe disease that was not
responsive to treatment, while others carried a diagnosis of HIV/AIDs, cancer or hepatitis
C. Pathological specimens comprised enucleated globes (9 cases), vitreous biopsies (6
cases), chorioretinal biopsies (5 cases), post-mortem enucleation (3 cases), and eyewall

biopsy (1 case).

In these cases, tissue cysts were found in the vitreous, at the vitreoretinal interface, within
necrotic retina, at the edge of necrotic retina, in normal retinal tissue, the RPE, and
occasionally the choroid. Free tachyzoites were seen throughout the retina and in the
vitreous. Subretinal aspirates contained proteinaceous fluid, tissue cysts and eosinophils.
The choroid demonstrated granulomatous inflammation, cellular infiltration and in
extreme cases, necrosis. The sclera was rarely involved, but occasionally contained tissue

cysts, neutrophils and macrophages, which were also seen in the vitreous, vitreoretinal
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interface, overlying areas of vasculitis, in the outer retina, and RPE. The pathology
described in these cases represented end-stage disease with extensive retinal destruction

in blind, painful eyes.

One healthy 46 year-old male in this series died incidentally, during an episode of active
TRC in his left eye.138 Histopathological examination of his right eye, which contained old
TRC scars, found no tissue cysts. The left eye contained a focus of necrotic retina and
associated tissue cysts. No cysts were seen within any retinal scars. The choroid was
thickened and infiltrated with inflammatory cells, and the sclera was uninvolved. This one
case report, published in 1964, is one of the few that document histopathological changes

in acute TRC presenting in a healthy individual.

The ultrastructural changes in T. gondii-infected cells harbouring bradyzoites have been
characterized.!? Tachyzoites infect the host cell and establish themselves within a thin
membrane known as a parasitophorous vacuole, where they continue to replicate before
lysing the cell and invading neighbouring cells in a pattern that results in tissue
destruction.3? Some tachyzoites convert to the bradyzoite stage through activation of the
transcription factor BDF1, a master switch that controls T. gondii differentiation.14? The
vacuole then undergoes reversible ultrastructural modifications into a tissue cyst that
protects the parasite from immune recognition and digestive enzymes.!3° The density of
bradyzoites packed within this cyst is variable and dynamic,'4! and thus its size can vary
greatly.11?2 Host cell mitochondria associate with the parasitophorous vacuole, creating a
peculiar rearrangement of organelles that has been the subject of much research.142
Encysted bradyzoites measure 20 to 100 pm in the human brain,’#3 and 20 to 40 pum in
the human retina.1#4 145 Published histopathology largely describes the TRC lesions of

immunosuppressed individuals with extensive disease. In these patients, encysted
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parasite is found within necrotic retina,125 145-154 hut has also been identified in the
vitreous,155-158 the subretinal space,1>% 160, the choroid,161 162 the optic nerve head,#* and
the sclera.163 A post-mortem study of a healthy individual who incidentally died during an
episode of active TRC found cysts within necrotic retina and some cysts in normal
adjacent retina, but did not identify which layer of the (normal) retina these were found.
Curiously, uninvolved scars in this individual’s eye were also examined for cysts, but none

were identified.138

Our ability to understand the pathology of TRC is limited by a lack of retinal tissue
specimens in the early stage of disease. Spectral-domain OCT is considered a standard
tool in clinical ophthalmology that renders in vivo, real-time data on tissue architecture.
However, studies evaluating tissue changes in TRC by SD-OCT are limited. The largest case
series to date studied 24 eyes and noted signs of tissue alterations including posterior
hyaloid thickening, and retinal hyperreflectivity, disorganisation and thickening.164
Tissue changes that aid diagnosis or indicate prognosis are largely unstudied, and
research in this area is warranted in order to fully understand the early stages of this

disease.
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Table 1.2: Histopathological signs of retinal tissue destruction in toxoplasmic retinochoroiditis

Patient Clinical details Ocular diagnosis Specimen Findings
Hepatitis C, systemic . . . .
54 M 159 corticosteroid TRC Vitreous biopsy Vitreous cytol.ogy, 1mrpunosta1n1ng, PCR all negative
X for Tg; subretinal aspirate showed Tg cysts.
Tg IgM negative
66 M 147 B cell lymphoma Blind painful eye Enucleated globe Ch9r01dal 1nﬂ'ammatory 1nf11trate.; Tg cysts in necrotic
retina; Bruch’s membrane necrotic.
53 M 148 Undiagnosed disseminated SCC E;lj:sgflsl PUand retinal Postmortem enucleation Numerous Tg cysts in necrotic retina.
38 F 156 HIV / AIDS Bllaterfa\l PU and retinal Vltrequs biopsy after 3 PCR- V.1treous cytology showed Tg cysts; same size as other
necrosis negative AC taps vitreous cells.
37 M 161 Treated colonic carcinoma Amelanotic choroidal lesion  Chorioretinal biopsy E;gscuy:ts within choroidal granuloma and fibroglial
75 M 155 Hepatitis C . Necrotizing retinitis Vitreous biopsy Vitreous cytology showed encysted BZs in vitreous, 20
Tg IgM negative - 40 pm diameter.
29 M 165 HIV / AIDS cPslrllslri)g;halmltls, orbital Enucleated globe Tg cysts throughout all layers of retina and RPE.
32 M 157 HIV / AIDS Bilateral TRC Vitreous biopsy Tg cysts passaged and isolated from mouse.
Healthv: coneenital Extensive retinal necrosis with secondary gliosis; no
20 M 166 Y 5 Blind phthsical eye Enucleated globe acute inflammation, and no Tg seen, but biopsy

toxoplasmosis

passaged and cysts isolated from mouse.
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Patient Clinical details Ocular diagnosis Specimen Findings
67 F 149 Healthy TRC not responding to Chorlgretlpal biopsy after 2 Tg cysts within necrotic retina.
treatment negative vitreous taps
30 M 162 Healthy, malaria Chronic TRC, PU, RD, blind eye Enucleated globe Tg .passaged.apd isolated from arpmals;_ necrotic .
retina containing Tg cysts; some in subjacent choroid.
73 F 146 Waldenstrom. . TRC (false negative Tg Chorioretinal biopsy Granul.omat.ous inflammatory cell infiltrate in choroid;
gammaglobulinaemia serology) necrotic retina; numerous Tg cysts.
19 M 158 Healthy . TRC, PU, RD Vitreous biopsy IgG+ vitreous sample; encysted BZ and free TZ in
Tg IgG and IgM negative vitreous.
Panophthalmitis Necrotic retina, with Tg cysts and TZ; necrotic RPE;
43 M 163 HIV / AIDS p Full thickness eye wall biopsy choroid and sclera infiltrated with neutrophils and
macrophages.
o . Extensive intraocular necrosis; Tg cysts within
34 M 163 HIV / AIDS Panop}.lthalmltls, orbital Enu.cleat(.ed globe necrotic retina, and some in sclera; no Tg seen in
cellulitis Orbital biopsy . .
orbital biopsy.
35F 150 HIV, CD4 count 41 o
5O M HIV, CD4 count 400 Panophthalmitis Enucleated globe Encysted Tg present.
Hypogammaglobulinaemia TRC (false negative Tg . . . .
150
61F Steroid treatment serology) Retinal biopsy Encysted Tg in retina.
Presumed sarcoidosis TRC. PU. paravascular Cysts 20-40 pm (5-30 BZ) in necrotic retina, RPE,
58 F 144 Long-term systemic and ocular P Postmortem enucleation normal retina; free TZ at edge of necrosis and rarely in

corticosteroid treatment

necrosis

normal retina; choroidal infiltration.
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Patient Clinical details Ocular diagnosis Specimen Findings
71 M 160 Corticosteroid treatment TRC, PU Retll’l{fll blqpsy, previous Normal retinal tissue; subretinal aspirate contained
negative vitreous biopsy encysted BZ.
29 F 160 Corticosteroid and TB TRC Vitreous biopsy Y1tr.eous positive for anti-Tg IgM and IgG; encysted Tg
treatment in vitreous.
. . . Macrophages on ILM, outer retina, choroid; necrotic
38 M 151 I(thut’;;l::g), AIDS ,l;gén?;g disease Enucleated globe retina, RPE, free TZ, and cysts in retina; PR and CC
! destruction, with proliferation of RPE.
Bilateral TRC Coagulative necrosis; Tg cysts and TZ throughout
76 M 152 Healthy . ) ’ Enucleated globe retina; necrosis of RPE; diffuse granulomatous
blind painful eye . L .
inflammation in choroid.
Post-mortem enucleation RE: no cysts; LE: cysts in necrotic retina, with normal
46 M 138 Healthy Active TRC adjacent retina; no cysts in scars; choroid thickened

(died during active TRC)

and infiltrated; sclera uninvolved.

Abbreviations: AC = anterior chamber, AIDS = acquired immunodeficiency syndrome, BZ = bradyzoites, CC = choriocapillaris, EM = electron

microscopy, F = female, HIV = human immunodeficiency virus, Ig = immunoglobulin, ILM = internal limiting membrane, [VDU = intravenous drug user,

LE = left eye, M = male, ON = optic nerve, PCR = polymerase chain reaction, PU = posterior uveitis, RD = retinal detachment, RE = right eye, RPE =

retinal pigment epithelium, SCC = squamous cell carcinoma, SRS = subretinal space, Tg = Toxoplasma gondii, TRC = toxoplasmic retinochoroiditis, TZ

= tachyzoites.
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1.5 DENGUE RETINOPATHY

1.6.1 Dengue virus

In the world of viruses, dengue (DENV, Flavivirus genus, Flaviridae family) is relatively
small, with a diameter of only 50 nm.167 Its icosahedral shape is almost spherical and
formed by 90 envelope (E) glycoprotein dimers that surround a lipid bilayer.168 This
houses an 11 kb single-stranded positive-sense RNA genome that is wrapped in
nucleocapsid.1®® The three structural proteins - capsid (C), precursor to membrane (prM)
and E - serve to protect the viral genome and facilitate entry into the host cell. There are
seven non-structural (NS) proteins and these perform multiple functions: NS1 and 2A
coordinate viral replication and assembly, NS2B cofactors with NS3 which has helicase
and protease functions, NS4A and 4B are involved in membrane reorganization, and NS5

has polymerase and methyltransferase properties, and is involved in RNA synthesis.170-

174

Using receptor-mediated endocytosis to enter cells, DENV binds the C-type lectin CD209
antigen receptor on its principal target, the dendritic cell, but uses multiple other
molecules, including phosphatidylserine receptors, to gain entry to other cells.17> Within
the endosome, pH-dependent fusion allows release of viral RNA into the cytoplasm. The
genome is positive-sense RNA, and thus ready for translation into one single polyprotein
that is subsequently cleaved by host and viral proteases to produce ten proteins (Figure
1.5). The replication strategy of DENV is to hijack the endoplasmic reticulum, which it
remodels to create invaginations that protect it from host recognition and allow efficient

viral genome replication, protein synthesis, and virion production.’¢ Assembled virions
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are taxied through an increasingly acidic trans-Golgi network before being released from

the cells through exocytosis as mature virus particles (Figure 1.6).8

Classification of the illness caused by DENV infection has been simplified to dengue,
dengue with warning signs, and severe dengue.1’” Up to a week after the bite of an infected
Aedes aegypti mosquito, individuals develop fever, rash, myalgia and arthralgia that can
last for seven days before defervescence. A critical 48-hour phase follows, during which
vascular permeability syndrome and metabolic derangements may occur, which can be
fatal. While most people recover after a week, convalescence may be complicated by liver,
brain and cardiac involvement, post-viral fatigue, and arthralgia.!ll Treatment is
supportive as there are no antiviral drugs effective against dengue. With appropriate
clinical management, mortality should be near zero, but reported deaths have increased
over the last decade, and the average case-fatality rate is between 1-2.5%.178. 179 Reasons
for the increase in age-standardized death rates include climate, biological, and
socioeconomic factors, and the highest death rates are seen in South Asia.18 Serological
investigations confirm DENV infection through reverse transcription polymerase chain
reaction (RT-PCR) of viral RNA during early infection, IgM antibodies after day 3 of

infection, and IgG antibodies indicating past exposure to DENV.177

Dengue exists as four serotypes (DENV1, DENV2, DENV3, DENV4) that are all capable of
epidemic spread.!8! Infection confers lifelong immunity to that serotype, but subsequent
infection with a different serotype may cause severe disease.182 183 Repeat infections
carry the risk of antibody-dependent enhancement, whereby antibodies generated from
a previous infection do not effectively neutralize the newly infecting virus, and instead

facilitate entry into and infection of immune cells.184 This can lead to a fulminant infection
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5" NTR Structural proteins Non-structural proteins ‘ 3" NIR

Figure 1.5: Dengue viral proteins

The translated DENV polyprotein is cut by cellular peptidases (scissors), furin protease (short arrow), viral protease (long arrows), and as-yet
unknown proteases (7). Structural proteins: capsid protein (C), precursor to membrane (prM), envelope (E). Non-structural proteins: (NS)1-5. Used
with permission from Springer Nature: Nature Microbiology (Neufeldt CJ, Cortese M, Acosta EG, Bartenschlager R. Rewiring cellular networks by
members of the Flaviviridae family. Nat Rev Microbiol).185 Copyright (2018). Abbreviations: C = capsid, DENV = dengue virus, E = envelope, NS = non-

structural, NTR = non-translated region, prM = precursor to membrane.
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Figure 1.6: Replication cycle of flaviviruses

Flaviviruses attach to cell surface molecules, and interact with signalling receptors to modulate
immune responses. The virus enters via clathrin-dependent endocytosis, a transport pathway
designed for large molecules. Endosome fusion at low pH enables cytoplasmic release. Positive-
sense single-stranded RNA virus proceeds directly to the ribsome for translation. Non-structural
viral proteins modify the ER to allow efficient replication and virion assembly that is shielded
from immune surveillance. Virus particles traverse the ER as they are formed and mature within
the Golgi apparatus before trafficking out of the cell. Used with permission from Springer Nature:

Nature Microbiology (Pierson, T.C., Diamond, M.S. The continued threat of emerging flaviviruses.

Nat Microbiol).8 Copyright (2020). Abbreviations: ER = endoplasmic reticulum; RNA =

ribonucleic acid.
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and severe dengue.182 183 For this reason, the development of an effective vaccine has
been extraordinarily difficult. The only licensed dengue vaccine placed seronegative
children at higher risk of hospitalisation with severe dengue, and is now only
recommended for those with evidence of prior dengue infection, or those at least 9 years

of age who live in areas that have high rates of dengue seroprevalence.186

1.5.1  Clinical manifestations of dengue retinopathy

Infection with DENV is associated with a wide range of ocular phenotypes, and ocular
complications have long been associated with DENV.187-190 Retinopathy is the most
common complication, and involves the macula in the majority of cases.1°1-194 Cross-
sectional studies performed during epidemics provide the best estimates of prevalence.
DENV1 was largely responsible for the 2005 epidemic in Singapore, and during this time
nearly 200 hospital inpatients with dengue were examined.!”®> Excluding those in
intensive care, maculopathy was found in 10% of seropositive inpatients. Affected
individuals had a mean complement C3 level lower than those without maculopathy,
tended to be young adults, and were either asymptomatic or had ignored their
symptoms.193 A smaller cross-sectional study during the 2007 Singapore epidemic that
largely involved the DENV2 serotype, found no maculopathy or eye symptoms in DENV-
positive inpatients.19¢ These inpatients tended to be older, and had milder liver
impairment compared to the 2005 cohort, suggesting that maculopathy and ocular

complications may be related to serotype or virulence.

The features of dengue-related maculopathy were addressed in a study using time-
domain OCT.195 Visual outcomes and macular changes were detailed in 74 eyes of 41

patients. Visual changes tended to coincide with the nadir of thrombocytopaenia, about 7
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days after onset of systemic symptoms. Three phenotypes of maculopathy were
described: diffuse retinal thickening (type 1), which had favourable visual outcomes;
cystic macular oedema (type 2), and foveolitis (type 3), characterized by outer retinal
thickening and hyper-reflectivity on OCT. Foveolitis, described as a yellow or orange

subretinal dot, is widely associated with, and characteristic of, dengue maculopathy.1°2

While retinal haemorrhages are a common association with dengue, unusual
presentations include vasculitis, acute posterior multifocal placoid pigment
epitheliopathy, acute zonal occult outer retinopathy, acute macular neuroretinopathy,
foveolitis and retinochoroiditis.196-203 The visual prognosis of these manifestations varies.
For maculopathy, visual acuity improved to better than 20/40 in 80 percent of eyes at 2
years, but all eyes with foveolitis retained visual field defects.1°> Persistent scotomas in
the presence of good visual acuity are also a feature of acute macular neuroretinopathy,

and reflect ischaemic damage to the outer retina.197, 204

1.5.2 Pathogenesis of dengue retinopathy

Little is known about the mechanisms of dengue retinopathy. Published studies largely
focus on cellular components of the BRB, which are permissive to infection with DENV.205,
206 A study comparing primary human retinal endothelial cells, retinal pigment epithelial
cells and the cell line ARPE-19 demonstrated that DENV-infected retinal pigment
epithelial cells generated a stronger type I IFN response compared to endothelial cells,
and that endothelial cells demonstrated increased expression of cell adhesion molecules
in response to infection.2%> The barrier function of infected RPE was reduced, but
endothelial cell monolayers showed similar results to uninfected controls, with

concomitant expression of tight and adherens junction transcripts. This experiment used
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Mon601, a recombinant laboratory-based DENV2 isolate, and comparison with a DENV2

isolate from an infected human generated similar results.

Another study addressed the differential response of endothelial cell populations to
infection with DENV.207 Human microvascular endothelial cells from skin, lung, brain and
retina were subjected to infection with DENV serotypes 1 through 4. The presence of
junctional proteins was identified by western blot, and inflammatory cytokines,
chemokines and adhesion molecules were detected by flow cytometry. Investigators
demonstrated that vascular permeability varied by endothelial cell population and viral
serotype. In retinal endothelial cells, cytokine production in DENV1 infection was highly
increased, while C-C motif chemokine ligand 5 (CCL5) was the most abundant cytokine
produced. Retinal endothelial infection caused loss of barrier function through reduced
intercellular adhesion and increased cell membrane permeability. Across the virus
serotypes, DENV1 caused an immediate reduction in cell membrane permeability,
followed by increased permeability, whereas the opposite pattern was seen with infection

with DENV serotypes 2-4.

These data indicate that barrier function of the outer BRB is impaired with DENV
infection, and that infected retinal pigment epithelial cells generate a robust antiviral
response. The endothelial cell layer of the inner BRB appears to be more resilient in terms
of its ability to maintain intercellular connections. Compromise of the outer BRB during
infection exposes the outer retina to direct invasion by the virus, plus potentially harmful

fluid shifts and leakage of intravascular components into retinal tissue.

Transcriptome profiling of retinal pigment epithelial cells infected with Zika, dengue and
other flaviviruses demonstrated differential molecular gene expression signatures.206

Zika virus and DENV both induced expression of ATP-binding cassette sub-family G

39



Introduction

member 1, a membrane transporter of cholesterol and a modulator of innate immune
responses in macrophages, and suppression of this gene reduced infectivity of Zika virus.
Infected cells also upregulated tumour necrosis factor (TNF) ligand superfamily member
13B, a cytokine and potent B cell activator, but at lower levels in DENV-infected cells.
Similar patterns of suppression were seen for aldehyde dehydrogenase 5 family member
A1, a mitochondrial enzyme implicated in neurological diseases, and choroideremia-like

Rab escort protein, which mediates intracellular trafficking.

A study of murine Miiller cells in Zika virus infection that used DENV as a control
demonstrated that this cell population was easily infectible with DENV, and that p38
mitogen-activated protein kinase is a critical molecule in the cellular response to infection
and induces the expression of chemokine (C-X-C motif) ligand 1, C-C motif chemokine
ligand 2, chemokine (C-C motif) ligand 7, and vascular endothelial growth factor.298 Miiller
cell infection resulted in pro-inflammatory responses that were stronger with Zika virus
infection compared to DENV, indicating distinct but overlapping cellular responses to

infection between the two flaviviruses.208

Advances in retinal imaging provide some clues as to the pathogenesis of dengue
maculopathy. A recent series evaluated dengue maculopathy in 32 eyes of 16 individuals
using multimodal imaging.20° All participants had demonstrable vitreous cells, and outer
plexiform and outer nuclear layer hyperreflectivity on swept-source OCT, with deep
capillary plexus flow deficit on OCT angiography. Fundus photography showed a grey-
white foveal reflex. In most cases, fluorescein angiography appeared normal, and
disruption of the outer retinal hyperreflective bands (external limiting membrane,
ellipsoid zone, phagosome zone of RPE) was noted. At follow-up, all eyes showed outer

plexiform thinning and deep capillary plexus flow deficit. These signs point to outer
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retinal damage caused by both ischaemia and inflammation, likely in the form of immune
complex deposition in the watershed zones of the deep capillary plexus of the retina.
Similar OCT changes can be seen in acute macular neuroretinopathy, which is associated
with dengue and other viral infections, and caused by ischaemia at the level of the deep

capillary plexus.196-199

Taken together, research indicates that multiple ocular cell populations are susceptible to
infection with DENV, that retinal pigment epithelial cells forming the outer BRB mount a
stronger antiviral response than retinal endothelial cells, and that infected RPE
demonstrates more dysfunction to its barrier properties than endothelial cells of the
inner blood-retinal barrier. Miiller cells are also permissive to infection and mount an
anti-inflammatory response. Ischaemic damage to the outer retina due to occlusion of tiny
capillaries in the deep capillary plexus results in persistent scotomas. The macular
oedema seen in DENV infection may be due to host inflammatory responses to the virus,
ischaemia and dysfunction of critical components of the blood-retinal barrier, direct
infection of cells involved in retinal fluid homeostasis, or a combination of these

processes.

1.6 POST-EBOLA UVEITIS

1.6.1 Ebola virus

The Ebolavirus genus forms part of the Filoviridae family of the Mononegavirales order:
enveloped, non-segmented, negative-polarity RNA viruses.?19 These viruses infect

primates, bats, swine and possibly fish.211 Six antigenically-distinct viral species have
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been identified: Zaire, Sudan, Tai Forest, Bombali, Reston and Bundibugyo ebolavirus.?11 All
species except Reston and Bombali ebolavirus cause disease in humans.?12 213 Zagjre

ebolavirus (EBOV) is responsible for the majority of epidemics of EVD in humans.32 214

Named for their filamentous form (Latin filum, thread), filoviruses are extremely large.
They have a diameter of 98 nm and a variable length that can extend beyond 20 um.
Filovirus genomes are 15-19 kb long and encode seven genes: nucleoprotein (NP), viral
protein (VP)24, VP30, VP35, VP40, glycoprotein (GP) and large protein (L) (Figure
1.7A).211 The virus is polyploidal, harbouring multiple copies of its RNA genome within an
extremely long virus. Due to its size, the virus must be assumed into the cell via
micropinocytosis. Through a process of “apoptotic mimicry”, the virus coats itself with
lipid found in the inner leaflet of cell membranes, which host cells recognize as a sign of
apoptosis and a cue to phagocytose the virus.21> The genome is then released into the
cytoplasm in a pH-dependent process (Figure 1.7B). The L protein functions as an RNA-
dependent RNA polymerase enzyme. Replication of the viral genome requires L, NP and
VP35 proteins, which, with VP30, transcribe the negative-sense genome into mRNA.
Virion assembly and release is driven by VP40, which with VP35 and VP24 also functions

to antagonize type 1 IFN signalling.216

1.6.1 Ebola Virus Disease

Ebola virus disease is a haemorrhagic illness caused by infection with Ebola virus species
in humans. After an incubation period of up to three weeks, fever, sore throat, headache,
myalgia and fatigue are characteristic. Diarrhoea, vomiting, rash and bleeding

complications follow. Recovery or deterioration occurs a few weeks later. Hepatic,
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Figure 1.7: Filovirus genome and life cycle

(A). Ebola viruses encode a negative-sense single-stranded RNA genome that has
characteristically long 3’ and 5’ non-coding sequences surrounding seven genes encoding: NP,
VP24, VP30, VP35, VP40, GP and L. Filoviruses have unusually long non-coding regions at the 5’
and 3’ ends of their mRNAs. (B). Filoviruses attach to cell surface molecules through interactions
with the viral surface GP, and enter the cell via clathrin-dependent endocytosis, a transport
pathway designed for large molecules. Progressive reduction of the endosomal pH as the virus
trafficks through the cell causes a conformational change which releases viral contents into the
cytoplasm. The negative-sense RNA genome then undergoes transcription into mRNA and
replication of the virus genome. Viral proteins are translated and particles are assembled at the
plasma membrane before release of virions by budding. Used with permission from Springer

Nature: Nature Reviews Microbiology (Messaoudi, I, Amarasinghe, G. & Basler, C. Filovirus

pathogenesis and immune evasion: insights from Ebola virus and Marburg virus. Nat Rev
Microbiol).210 Copyright (2015). Abbreviations: GP = glycoprotein; L = large protein; mRNA =

messenger ribonucleic acid; NP = nucleoprotein; VP = viral protein.
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respiratory and renal impairment is common, and death is associated with systemic
shock, and electrolyte, metabolic and coagulation derangements. Suspected, probable,
and definite case definitions of EVD vary, depending on the physical location of the
individual and whether it occurs in the context of an outbreak, but high fever, bloody
diarrhoea and haematuria are classic signs.?17 Laboratory detection of serum anti-EBOV
I[gM antibodies or EBOV RNA by RT-PCR and/or the isolation of EBOV confirm the

diagnosis.

A range of experimental antiviral drugs have been administered to patients,?!8 including
convalescent serum and monoclonal antibody cocktails, but clinical trials of these have
failed to prove efficacy.?1% 220 The mainstay of treatment is supportive and involves fluid
rehydration. A vaccine expressing EBOV surface glycoprotein in a recombinant vesicular
stomatitis virus vector was implemented in three phase II/1II trials across West Africa in
2015 in a randomized, unblinded, ring-vaccination trial without placebo.??l No
participants developed EVD, but oligoarthritis, dermatitis and vasculitis occurred in some
participants, motivating the development of other recombinant vaccines.???2 The case-
fatality rates of EVD vary markedly and range from 40-90% in outbreaks.?18 Those who
survive experience fatigue, myalgia, arthralgia, gastric pain, auditory and psychiatric

sequelae, as well as uveitis, in what is known as post-EVD syndrome.223-225

1.6.2 C(Clinical manifestations of post-Ebola uveitis

The association of uveitis with EVD was widely recognized with the case of a US physician
repatriated from Sierra Leone in 2014 with EVD.226 He survived multiorgan failure and
nine weeks after resolution of viraemia, presented with photophobia and a foreign body

sensation. He had no intraocular inflammation at that point but was noted to have
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multiple pigmented chorioretinal scars with hypopigmented haloes scattered in his
retinal periphery. A diagnosis of inactive chorioretinitis was made. One month later, he
presented with iris heterochromia and a unilateral hypertensive anterior uveitis that
progressed despite intensive topical treatment. Due to his worsening inflammation, an
anterior chamber paracentesis was performed and EBOV RNA was confirmed by
quantitative reverse transcription polymerase chain reaction (RT-qPCR). He
deteriorated, developed scleritis and panuveitis, and was treated with systemic
corticosteroids and an experimental antiviral drug. Three months after the onset of
inflammation, his uveitis resolved, the heterochromia reversed, and vision in that eye

returned to 20/15.

Rates of uveitis in survivors of the West Africa outbreak vary, affecting up to a third of
survivors, who present on average 3 to 8 weeks post-discharge from the Ebola treatment
unit.227-229 Risk factors for developing uveitis include a high viral load whilst in the
treatment unit, presumed conjunctivitis during the acute phase of disease, and older
age.228-230 In one study, uveitis was ten times more likely if survivors had displayed red
eyes during their acute disease.??° Length of Ebola treatment unit stay and systemic
symptoms (hair loss, hearing impairment, arthralgia, arthritis) were not associated with

the development of uveitis.34

Post-Ebola uveitis was most often unilateral but was bilateral in up to a third of cases.?28
Anatomic location was anterior in almost half of cases, while posterior or panuveitis
occurred in about a quarter of cases respectively.??7. 228 Retinal pigment epithelial scars
with hypopigmented borders were more common in survivors who developed uveitis.34
The visual prognosis of EVD survivors was unfavourable, and those who developed

uveitis had significantly worse vision than those who did not. In one study of 96 survivors,
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nearly 40% of those with uveitis were blind (visual acuity worse than 20/400).3* White
cataract was associated with hypotony in EVD survivors, surgery in these eyes increased
the risk of progression to phthisis bulbi.?31 The persistence of virus in ocular fluid was not
permanent, as is the case for other immune-privileged sites. At median 19 and 34 months
post EVD, all 50 survivors tested negative for EBOV RNA in aqueous and vitreous samples,

respectively.

1.6.3 Pathogenesis of post-Ebola uveitis

The pathogenesis of post-Ebola uveitis is poorly understood. Biosafety level 4 laboratory
requirements mean that only a very small pool of researchers are able to work with EBOV,
and as such, little has been done in this space. Ocular examination during the acute phase
of EVD, and histopathological studies of human ocular tissue have not been reported. Case
reports of ocular involvement after recovery from EVD in macaques have been published.
A series of six macaques that recovered from EVD and survived longer than expected, had
signs of EBOV infection with viral antigen in the epithelium, stroma and endothelium of
the cornea, as well as in the brain, pancreas, thyroid and lung - sites that are not primary
targets of the virus.?32 Another report detailed necropsy of a macaque that had an
apparent recovery from EVD before developing unilateral scleritis, conjunctivitis, peri-
optic neuritis and multi-organ involvement.?33 An example of extended persistence was
seen in the case of a 39 year-old EVD survivor who developed meningoencephalitis with
live EBOV isolated from cerebrospinal fluid, 9 months after discharge from the treatment
unit.23% These cases demonstrate viral persistence despite clinical recovery, with

reservoirs in organs that have privileged immunity.
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The identification of pigmented retinal scars before the onset of florid uveitis with
replicating virus in an EVD survivor pointed to the RPE as a potential reservoir of EBOV
in the eye.3> Researchers demonstrated that the human retinal pigment epithelial cell line,
ARPE-19, supported productive EBOV infection, and bioinformatic analysis of the host
transcriptome of these infected cells implicated a strong type I IFN response.23> The
finding that infected retinal pigment epithelial cells still produced IFN-f in spite of EBOV
infection was unexpected, given the profound type I IFN suppression seen in other cell

populations infected with EBOV, such as dendritic cells and mononuclear phagocytes.?17

236

Persistent and asymptomatic EBOV infection was investigated through research involving
non-human primate participants of EBOV therapeutic trials.?23” Animals were humanely
euthanized according to clinical criteria, and could be separated into three groups: those
that died during acute, lethal EVD; survivors that deteriorated early, and demonstrable
EVD survivors. By in situ hybridization of archived histological specimens, CD68-positive
cells containing EBOV RNA were identified in the vitreous, internal limiting membrane,
uveal tract, and surrounding retinal vessels of survivors, implicating macrophages as a
niche for EBOV persistence.?3” Non-human primate survivors also showed signs of
reactive gliosis in Miiller cells that extended into the inner and outer nuclear layers of the

retina, indicating active chronic repair mechanisms.

Primates that had been euthanized during acute lethal EVD had no sign of EBOV RNA in
parenchymal ocular tissue, but genomic RNA indicated extraocular infection involving the
meninges. In addition to these sites, those primates that survived longer than expected
showed EBOV RNA in sclera and connective tissue, and in one case, also had EBOV RNA in

the vitreous.?3” These results suggested to investigators that the route of EBOV infection
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may occur initially via the optic nerve meninges before adjacent spread. Moreover, those
who survived had more time to clear the virus from these tissues, leaving only intraocular
reservoirs of EBOV. Optic nerve spread of EBOV was speculated as a route of viral
migration by investigators who documented peripapillary retinal lesions that were
sharply angulated, pale grey, respected the horizontal raphe, and spared the fovea in 14

human EVD survivors.238

The same researchers also published a study of EVD survivors examined on two occasions
an average of 12 months apart. They documented the expansion and regression of “dark
without pressure” retinal lesions in 10 of 57 (18%) survivors.?3 None of these individuals
showed signs of intraocular inflammation. "Dark without pressure" is not a sign specific
to EVD and has been described in other conditions,?4% 241 including as a “shadow sign”
that disappears over time and lies anterior to congenital hypertrophy of the RPE lesions
in young pigmented myopic individuals.?4? Imaging of dark-without-pressure areas
shows changes at the level of the outer retina, demonstrating hyporeflectivity of the
ellipsoid layer on SD-OCT.?43 In EVD survivors, these lesions may reflect virus-induced
subclinical inflammation. A study of cytomegalovirus (CMV) retinitis in an
immunocompetent murine model elegantly demonstrated that after infection of
immunocompetent hosts, CMV was absent from the retina, and retinal OCT was normal,
yet evidence of ongoing and sustained inflammation was proven by immunohistology and
flow cytometry.244 White cataract is associated with EVD,245 246 and may be an overt

manifestation of chronic low-grade inflammation.?4”

Marburg virus, a filovirus closely related to EBOV, produces a similar disease phenotype
to EVD.210, 248-250 Reports of post-convalescent uveitis with viral isolation from the

anterior chamber date back to the 1970s.251.252 Recently published research into Marburg
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virus disease mechanisms in the macaque model demonstrated viral persistence in
immune-privileged sites, including the eye.?>3 Investigators probed histological
specimens by immunohistochemistry for Marburg virus VP40 and GP proteins, and viral
RNA, by in situ hybridisation. All six macaques showed evidence of uveal involvement
with widespread infiltration of infected macrophages, which were seen as iris
perivascular infiltrates (in 3/6 macaques) and uveal emboli (in 5/6 macaques). Viral RNA
and antigens were detected in iris stroma, ciliary body epithelium and/or ciliary body
stromal fibroblasts in all macaques, throughout the trabecular meshwork in half the
animals, and RNA was found in the vitreous of all macaques. Curiously, two animals
showed viral genomic RNA in discrete patches located in the inner nuclear layer of the
retina, encompassing the first report of filovirus infiltration of the neural retina. These
macaques were euthanised at a relatively early stage of disease, and demonstrated

involvement of the uveal tract, retina and vitreous early in the course of disease.

In summary, histopathology of ocular tissue from non-human primates demonstrates that
in the acute phase of EBOV infection, intraocular tissue is infiltrated with infected
macrophages, and evidence of viral infection is found throughout the vitreous, choroid,
and within the retina. Signs of repair include the formation of reactive gliosis involving
Miiller cells, and late in the disease course, virus is cleared from extraocular
compartments, leaving reservoir populations that include macrophages.237.253 Pigmented
retinal scars in human survivors point to retinal involvement in the acute phase, and
migratory outer retinal changes may indicate subclinical outer retinal inflammation.34
Viral reservoirs associated with post-convalescent uveitis are presumably cleared, as EVD
survivors who attend for cataract surgery show no evidence of viral RNA on ocular fluid

testing, and cataract surgery itself does not induce further uveitis.24>
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1.6.4 Summary of mechanisms of zoonotic retinal infections

Zoonotic diseases form the bulk of emerging infections and are responsible for epidemics
and pandemics that impact global health and security. Many of these pathogens cause
ocular complications, and infection of the retina often results in visual impairment. The
pathophysiology of infection in retinal tissue is poorly understood for a number of
reasons, including the biosafety requirements of research with dangerous pathogens, the
fact that these infections disproportionately affect lower income countries with limited
research capacity, and the inherent challenges involved in the study of retinal disease due
to alack of tissue specimens. In consequence, indirect means of studying tissue alterations

in the context of infection must be sought.

Dengue is a flavivirus that represents an important class of epidemic vector-borne
zoonoses. In spite of growing prevalence of this infection in humans, the mechanisms of
retinal complications are largely unstudied. Maculopathy occurs in up to 10% of those
hospitalised with dengue,'®3 and characteristic changes include foveolitis and macular
oedema.l?> Ocular cell populations that comprise the inner and outer BRBs have been
shown to be infectable with DENV, and infected retinal pigment epithelial cells mount a
strong type I IFN response.20 Infected retinal endothelial cells increase their expression
of cell adhesion molecules, which mediate leukocyte trafficking into the retina.205 254
Disruption of BRB function occurs after infection with DENV, and this is more apparent
with retinal pigment epithelial cell monolayers compared to retinal endothelium,2%> and
endothelial barrier dysfunction varies by viral serotype.2% Little is known about other
retinal cell populations in the context of dengue maculopathy. Murine Miiller cells infected
with DENV as a control for experiments on Zika virus are permissive to infection and

mount an anti-inflammatory response of lower magnitude than with Zika virus
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infection.2%8 Taken together, components of the blood-retinal barrier are targets of DENV,
and infection stimulates production of inflammatory and anti-viral molecules, and

compromises the vascular barrier function.

Despite a century of research, outbreaks and sporadic cases of toxoplasmosis and
toxoplasmic retinochoroiditis continue to occur,?>> and there is still no treatment that
eliminates encysted parasite from tissue.”’- 110 Qur understanding of disease mechanisms
of T. gondii infection of the retina is far from complete. Knowledge gaps include
understanding which individuals are at risk of infection, why recurrences occur, and the
mechanisms of retinal infection and recurrence.!18 131 Clinical tools for evaluating the
retina such as SD-OCT are now part of standard practice, yet little is known about early
tissue changes in toxoplasmic retinochoroiditis. The largest series OCT changes involved
24 individuals,'64 but the characteristics of retinal tissue changes, and signs that indicate

prognosis in acute disease are unstudied.

Ebolais a deadly virus that continues to cause epidemics from repeated spill over into the
human population.?17 A significant proportion of survivors develop ocular complications
in the convalescent phase, and this carries a high burden of disability due to involvement
of the retina.32 34 256, 257 Viral persistence has been demonstrated in immune-privileged
organs including the eye,3> and involvement of ocular tissue early in the course of disease
is seen in both EBOV and Marburg virus infection of non-human primates.237. 253 Qcular
tissue in these animals show widespread ocular infiltration of infected macrophages,
while viral RNA is commonly found in the vitreous and vitreoretinal interface, and rarely,
within the inner nuclear layer of the retina early in the disease process.237 253 Human
survivors show a spectrum of retinal scars, white cataract, and uveitis, demonstrating

profound inflammatory responses to EBOV infection.3# 238 246 Studies of a human retinal
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pigment epithelial cell line indicate that these cells mount a robust type I inflammatory
response while supporting concomitant productive infection with EBOV, a combination

of responses not seen in other cell populations.235
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1.7  AIMS OF THE THESIS

The overall aim of the work described in this thesis was to identify and address
unanswered questions relating to the mechanisms of retinal involvement in diseases
caused by three zoonoses: T. gondii, DENV and EBOV. Using translational research
methods that include cell culture and molecular biology techniques, bioinformatic
processes, and clinical imaging tools, these knowledge gaps were addressed. It was
anticipated that the ultimate result of this work would be better understanding of the
processes of infection with these pathogens in the retina. Specifically, the objectives of the

work presented in this thesis were:

= To demonstrate the pathological changes of retinal tissue in active toxoplasmic

retinochoroiditis by in vivo imaging using SD-OCT.

=  To identify signs of retinal tissue damage on SD-OCT that indicate visual prognosis

in a large patient cohort with active disease.
=  To understand whether human Miiller cells are permissive to infection with DENV.

= To interrogate the responses of primary human Miiller cells and a human Miiller

cell line to infection with different DENV strains and serotypes.

= To investigate the impact of EBOV VP35 on the type I IFN response of human retinal

pigment epithelial cells.
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=  To further understand the role of the retinal pigment epithelial cell in post-Ebola
uveitis through interrogation of RNA sequencing and bioinformatics in silico

predictions of molecular targets of EBOV-infected retinal pigment epithelial cells.
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2.1  SPECTRAL-DOMAIN OPTICAL COHERENCE
TOMOGRAPHY STUDY

2.1.1 Patient selection and human ethics statement

From January 14th 2015 to November 16th 2017, consecutive patients diagnosed with
toxoplasmic retinochoroiditis (TRC) and aged over 12 years were prospectively recruited
at the Uveitis Clinic at Ribeirao Preto General Hospital. This tertiary referral clinic serves
a population of approximately 1.7 million people in the State of Sdo Paulo, Brazil, where
the seroprevalence of toxoplasmosis is approximately 60%.258 The Ethics Committee in
Human Research at Ribeirdo Preto General Hospital, Sio Paulo, Brazil, approved this

study (protocol number: 46015415.2.0000.5440).

2.1.2 Ophthalmic examination and diagnosis

Patients had a complete ophthalmic examination, including measurement of best-
corrected Snellen visual acuity and dilated fundus examination. Toxoplasmic
retinochoroiditis was classified by clinical and serological criteria. Lesions were grouped
into primary (active retinochoroiditis without chorioretinal scarring), recurrent (active
retinochoroiditis with chorioretinal scarring) and inactive (chorioretinal scarring alone).
Chorioretinal scars were variably pigmented, and active disease was indicated by retinal
whitening, vitritis, and vitreous haze.25° Only individuals with active TRC were included

in this study, and any patient with co-existing, unrelated retinal pathology was excluded.
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Active TRC was defined as a focus of retinochoroiditis with a positive serological test for
Toxoplasma gondii immunoglobulin (Ig)G.131 Serological testing for T. gondii IgM and
human immunodeficiency virus (HIV) IgG was also performed, and additional HIV tests
included enzyme-linked immunosorbent assay and western blot. When the diagnosis was
uncertain, aqueous and vitreous humour was tested for T. gondii DNA by PCR. Individuals
who were HIV-positive had serological testing for syphilis. Documented medical history
locating the time of infection was required to classify TRC as congenital or postnatally
acquired. Zone of disease was designated by location of the posterior edge of the lesion,
per Holland et al.260 Zone 1 lesions extended to within 3000 um of the fovea and/or 1500
um from the optic disc margin. Zone 2 lesions were located between zone 1 and the
equator. Zone 3 lesions were positioned anterior to the equator, and were excluded as SD-

OCT in this location was not possible.

2.1.3 Optical coherence tomographic imaging and
interpretation

The posterior pole and lesion were imaged by colour photography and SD-OCT, as
permitted by media clarity. Spectral-domain OCT scans were acquired using the
Spectralis® HRA+OCT (Heidelberg Engineering) and analysed with Eye Explorer
software (Heidelberg Engineering, v.6.9.4.0). Automatic real time mode was selected,
with 24 frames per location, using volume scans of the macula and lesion (20 x 15 degree
area formed by 19 B-scans, each separated by 242 um), single slice acquisition and in

some cases, single-slice enhanced-depth imaging (EDI).

An SD-OCT scan was considered gradable if features at the vitreoretinal interface could

be resolved. Patients whose presentation scans were not gradable were excluded from
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the study. Vitreous, posterior hyaloid, neural retina, retinal pigment epithelium and
choroid were individually assessed. Measurements included: macular central subfield
volume (1000 um diameter), maximum lesion thickness (in the centre of the lesion, from
internal limiting membrane to base of the RPE, less subretinal fluid if present), and
choroidal thickness under the maximum lesion thickness. The choroid was considered
thickened if it measured at least 300 um on EDI. Images were graded by a single clinician,
who was a fellowship-trained vitreoretinal surgeon. The data collection sheet is displayed

in Appendix A.

One eye per patient was analysed. If both eyes had active lesions, the eye with the most
posterior lesion was selected for analysis. If bilaterally active disease was symmetrical,
the right eye was selected for analysis. Comparisons were made between clinical
subgroups: by type of infection (primary versus recurrent), location (zone 1 versus zone

2), T. gondii IgM status, and HIV status.

2.1.4 Treatment and follow-up schedule

Patients with active TRC were offered treatment. Drug regimens included a course (6-7
weeks) of oral trimethoprim and sulfamethoxazole (160/800 mg twice daily) or oral
sulfadiazine (1 g 4-times daily) and pyrimethamine (25 mg daily), plus oral prednisolone
(40 mg daily for two weeks, with a 4-week taper). Intravitreal and intravenous anti-
parasitic drugs or corticosteroids were not used. Unless the clinical situation required
earlier review, patients were re-evaluated at 2 and 6-8 weeks after presentation. In

selected cases, SD-OCT of the lesion and/or macula was repeated during follow-up.
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2.2 LABORATORY BIOSAFETY

Safety and containment aspects of work with microorganisms were governed by the
Australian and New Zealand Standard 2243.3 ‘Safety in Laboratories - Part 3:
Microbiological Safety and Containment'261 All experiments were conducted under
Biosafety Level 2 conditions and using appropriate personal protective equipment. The
work with DENV and the work with expression plasmids was approved by the Flinders
University Institutional Biosafety Committee (dealing numbers: 2011-10,2013-04, 2014-

06)

2.3 CHEMICALS AND REAGENTS

Specialist chemicals are listed throughout the text, with manufacturer headquarters listed

in Appendix B. Commonly used buffers and solutions made in-house are listed below.

2.3.1 Buffers and solutions

2.3.1.1 PHOSPHATE-BUFFERED SALINE

Sterile Dulbecco’s calcium- and magnesium-free phosphate-buffered saline (PBS) with
(Thermo Fisher, cat. 14190-250) was used for cell culture procedures. Non-sterile PBS
was used for immunolabelling and was made in-house according to the following recipe.
For 1 L of 10X PBS, 80 g NaCl, 2 g KCl, 14.4 g NaHPO4 and 2.4 g KH,PO4 were mixed to 1
L with deionised (d)H20 and adjusted to pH 7.4 to 7.6. To make 1X PBS, 10X PBS was

diluted 1:9 in dH>0.
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2.3.1.2 TRIS BASE, ACETIC ACID AND EDTA BUFFER
Tris base, acetic acid and ethylenediaminetetraacetic acid (EDTA), known as TAE buffer,
was prepared by making a 50X master mix. To 900 mL dH20, 242 g
tris(hydroxymethyl)aminomethane (Tris) base (VWR, cat. 28808.294), 57 mL glacial
(100%) acetic acid (Sigma-Aldrich, cat. 320099) and 18.5 g EDTA was added, and volume
adjusted to 1 L with dH;0. The 50X buffer was diluted 1:49 with dH20 to make 1x TAE

buffer.

2.3.1.3 DULBECCO'S MODIFIED EAGLE MEDIUM

To prepare Dulbecco's Modified Eagle Medium, (DMEM) 13.4 g endotoxin-free DMEM
powder (Gibco, cat. 12100-103) was diluted in 900 mL of sterile-filtered H20 (Sigma-
Aldrich, cat. W3500) in glassware before adding 3.7 g sodium bicarbonate and bringing
the volume to 1000 mL with sterile-filtered H20. The medium was then filtered by
negative-pressure using a Nalgene™ filter (Thermo Fisher Scientific) into two 500 mL

bottles.

23.14 LURIA BERTANI BROTH

To prepare the starter culture, 5 g Luria Bertani (LB) broth (Miller’'s modification,
containing NaCl) powder (Sigma-Aldrich, cat. 12795-027) was dissolved in dH;0 to a
volume of 200 mL, transferred to a 500 mL glass bottle, and sterilized at 121 °C for 15
minutes without a drying step. After 30 min, and under sterile conditions, ampicillin
powder was added to the broth to a concentration of 50 pg/mL and used as a starting

culture.
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2.3.2 Antibodies

Sources and concentrations of antibodies used for human Miiller cell immunolabelling are

listed in Tables 2.1, 2.2 and 2.3.
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Table 2.1: Primary antibodies

Materials and Methods

Workin Research

Target Supplier Catalogue Number Description g Resource
Concentration i
Identifier

Vimentin Merck Millipore MAB3400 Monoclonal mouse IgG1 5 pug/mL AB_94843
Glutamine . . .
synthetase Sigma-Aldrich G2781 Polyclonal rabbit IgG 15 pg/mL AB_259853
gi‘(‘;"tlefi‘r?mlary acidic R&D Systems AF2594 Polyclonal sheep IgG 10 pg/mL AB_2109656
FLAG® Sigma-Aldrich F3165 Monoclonal mouse IgG1 5 pug/mL AB_259529
VP35 Kerafast EMS702 Monoclonal mouse IgG2a 2 pg/mL -

Abbreviations: Ig = immunoglobulin, VP = viral protein.
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Table 2.2: Control antibodies

Materials and Methods

Description Supplier Catalogue number Working Research Resource
P pp gu Concentration Identifier
Sheep IgG R&D Systems 5-001-A 10 pg/mL AB_10141430
Monoclonal mouse IgG1K (MOPC-21) BD Bioscience 554121 5 pug/mL AB_395252
Rabbit IgG Sigma-Aldrich 15006 2 ug/mL AB_1163659

Abbreviations: Ig = immunoglobulin.
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Table 2.3: Secondary antibodies

Materials and Methods

Description Supplier Catalogue Number Cor‘x::;l:li'gtgion Rese?;zﬁ tli{f?::‘)urce
Alexfluor® 488 goat anti-rabbit IgG (H+L) Th‘;ﬁﬁg}fj‘er A-11008 0.5 pg/mL AB_143165
Alexfluor® 488 goat anti-mouse IgG (H+L) Th‘;ﬁj‘;ﬁg}fj‘er A11005 0.5 pg/mL AB_2534073
Alexfluor® 594 donkey anti-sheep IgG (H+L) Th‘;ﬁj‘;ﬁg}fj‘er A110-16 0.5 pg/mL AB_2534083
Donkey anti-mouse horseradish peroxidase, IgG (H+L) Th(;l;rir;(r)lg;;ischer A16011 1:3000 AB_2534685

Abbreviations: H+L = heavy and light, Ig = immunoglobulin.
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2.4 EUKARYOTIC CELLS

2.4.1 Cell lines and culture medium

2.4.1.1 ARPE-19 CELL LINE AND MEDIUM

The human adult retinal pigment epithelial cell line, ARPE-19 (American Type Culture
Collection (ATCC), cat. CRL-2302) was first isolated from spontaneously-immortalised
retinal pigment epithelial cells of a 19 year-old male eye donor.262 The cells were cultured
in a 1:1 DMEM: Ham’s F-12 nutrient mixture (F12, Thermo Fisher Scientific, cat. 11765-
054) and 10% foetal bovine serum (FBS, Bovogen, cat. SFBS-AU), and incubated at 37 °C

and 5% CO2 (MCO-19AIC, Panasonic).

2.4.1.2 MIO-M1 CELL LINE AND MEDIUM

The human Miiller cell line, MIO-M1 line (Moorfields Institute of Ophthalmology - Miiller
1) was originally isolated from spontaneously-immortalised Miiller cells from the retina
of a 68 year-old female °5 and is generously gifted for this work by G. Astrid Limb, PhD
and Sir Peng Khaw, PhD, University College London, London, United Kingdom. Cells were

cultured in DMEM and 10% FBS.

2.4.1.3 VERO CELL LINE AND MEDIUM

Vero cells (ATCC, cat. CCL-81) were previously isolated from the kidney of a healthy
African green monkey.263 Vero cells were cultured in DMEM plus 10% FBS, and required

alternative media for different stages of the plaque assay (see section 2.6.1.1).
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2.4.1.4 C6/36 CELL LINE AND MEDIUM
The mosquito C6/36 cells (ATCC, cat. RL-1660) were isolated from Aedes albopictus larvae
and used to propagate viral stocks.?26* When growing, C6/36 cells were cultured in basal
medium Eagle (BME, Gibco, cat. 21010-046) plus 1 mM sodium pyruvate (Thermo Fisher
Scientific, cat. 11360-070), 2 mM L-glutamine (Thermo Fisher Scientific, cat. 25030081)
plus non-essential amino acid (NEAA, Thermo Fisher, cat. M7145) and 10% FBS. When
infected, C6/36 cells required a lower proportion of FBS (7.5%). Cells were incubated at

28 °C and 5% COa..

2.4.2 Primary human retinal cells

2.4.2.1 PRIMARY HUMAN OCULAR CELL ISOLATION

Primary human ocular cell isolation was performed by Dr Yuefang Ma on donor eyecups
sourced from the Eye Bank of South Australia, Bedford Park, SA, and these methods are
described in Appendix C. This work complied with the National Statement on Ethical
Conduct in Human Research (2015)2%5 and the Australian Code for the Responsible
Conduct of Research (2018).266 Experiments were conducted with the approval of the
Southern Adelaide Clinical Human Research Ethics Committee (SAC HREC EC00188) to
use human eye tissue to study diseases that involve the retina or choroid (protocol

number: 175.13).

2422 PRIMARY HUMAN MULLER CELL CHARACTERISATION

Primary Miiller cells were plated to at 1x10% cells per well in 96-well plates (Sigma-
Aldrich, cat. CLS3795) and allowed to adhere. Medium was removed and cells were

washed with PBS, then fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, cat. P6148)
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in PBS (pH 6.9 at RT) for 10 min. After fixation and further washing, cells were incubated
in blocking buffer (2% bovine serum albumin (BSA, Sigma-Aldrich, cat. A2058-5G) and
0.05% Triton™ X-100 (Sigma-Aldrich, cat. X100) in PBS) for 1 hour with gentle agitation
(EOMS5, Raytek) at RT. Cells were then incubated overnight at 4 °C with one primary
antibody diluted in blocking buffer (Table 2.1): vimentin, glutamine synthetase, glial

fibrillary acidic protein, and appropriate negative control antibody (Table 2.2).

The following day, wells were washed three times with 0.1% Tween™ (Sigma-Aldrich, cat.
P1379) in PBS for 5 minutes and RT before incubation for 1 hour with gentle agitation,
and protected from light. An appropriate secondary fluorescein-conjugated antibody was
used, and diluted in blocking buffer: Alexfluor® 488 goat anti-rabbit IgG, Alexfluor® 488
goat anti-mouse IgG, Alexfluor® 594 donkey anti-sheep IgG (Table 2.3). Antibody was
then removed, and cells were washed three times with 0.1% Tween in PBS for 5 minutes
each time. To stain cell nuclei, cells were incubated with 0.1 pg/mL 4’,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, cat. D9542) in PBS at RT for 2 min. Wells were washed
and covered with PBS prior to image capture under a fluorescence microscope. Filters
appropriate to the wavelength of the respective secondary antibody were used (488 nm

= green, 594 nm =red, 461 nm = blue).
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2.4.3  Cell culture techniques

2.4.3.1 CELL MAINTENANCE

Cells were checked daily, and medium changed twice weekly. When cells became
confluent, cell monolayers were dissociated and sub-cultured for use in experiments, or

frozen.

2.43.2 CELL MONOLAYER DISSOCIATION

Confluent cell monolayers in a T75 flask (Sigma-Aldrich, cat. CLS430641U) were
visualised through a microscope before dissociation with trypsin. Medium was aspirated
with a serological pipette, and cells were washed with PBS thrice before adding 0.5 mL
trypsin (Thermo Fisher Scientific, cat. 25200056). Cells were incubated for 5 minutes at
37 °C and checked again under a microscope (IX53, Olympus) to ensure they were floating
free. Trypsin was quenched by adding 1 mL pre-warmed serum-containing medium. Cell
suspension was transferred to a tube and centrifuged at a relative centrifugal force of 280
x g and RT for 5 minutes on the Allegra X-12R Centrifuge (Beckman Coulter). Supernatant
was discarded, and pelleted cells were resuspended with pre-warmed medium to a pre-

determined volume.

2.433 CELL COUNTING

If indicated, cells were counted on the TC20™ Automated Cell Counter (Bio-Rad) by
mixing 20 pL of cell suspension with 20 pL of 0.4% trypan blue (Thermo Fisher Scientific,
cat. 15250061), and adding this to a counting chamber (Bio-Rad, cat. 1450011). Four

chambers were filled and each chamber counted three times, and cell count was averaged.
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The automated cell counter had been validated with manual cell counting using Hausser

Scientific™ Levy™ Hemacytometer (Thermo Fisher Scientific, cat. 0267155A).

2.43.4 FREEZING CELLS

Cryogenic storage vials (Sigma-Aldrich, cat. CLS430487) were used, and a freezing
cylinder was prepared by adding isopropanol (VWR, cat. 20842.33) to Mr Frosty™
Freezing Container (Thermo Fisher Scientific). Appropriate cell culture medium was used
to make 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich, cat. D2650), and then chilled to 4
°C alongside the cryovials and Mr Frosty™ cylinder. Cell monolayers were dissociated
with trypsin (see section 2.5.3.2), and the cell pellet was resuspended in 1 mL of 10%
DMSO in cell-appropriate medium. Each cryovial was filled with 0.5 mL of cell suspension
before transferring to Mr Frosty™ cylinder for incubation at -80 °C. The following day,
cryovials were transferred to liquid nitrogen storage, wearing appropriate personal

protective equipment.

2.43.5 THAWING CELLS FROM CRYOPRESERVATION

To raise cells from liquid nitrogen storage, appropriate cell culture medium was
incubated at 37 °C. Cryovials were retrieved from liquid nitrogen storage, transported on
ice, incubated for 1 minute in the dry bead bath, wiped with 70% (v/v) ethanol (VWR, cat.
VWR(C83813.440), and transferred to a 15 mL tube with 10 mL of warm medium. Cells
were pelleted by centrifugation at 280 x g and RT for 5 minutes on the Allegra X-12R
Centrifuge (Beckman Coulter). Supernatant containing DMSO was discarded, and 3 mL
warm medium used to gently resuspend cells using a serological pipette (Sigma-Aldrich,
cat. CLS4488). Cells were transferred to a T75 flask and checked under the microscope

before incubating at 37°C and 5% COz in an incubator.
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2.43.6 MYCOPLASMA TESTING
Mycoplasma species are intracellular prokaryotes that can contaminate tissue culture and
may impact cell biology and gene expression.267 Cultured cells were routinely tested for
Mycoplasma contamination by qPCR of culture medium at the time of freezing, and after
isolation of primary cells. Given their slow growth and the length of time spent in culture
conditions, primary Miiller cells were also tested every 2 to 3 weeks. Genomic DNA was
isolated from growth medium using the PureLink™ Genomic DNA Mini Kit (Invitrogen,
cat. K1820-01) and following the manufacturer’s instructions. Samples were prepared for
PCR in a UV-decontaminated BioAir Aura PCR cabinet (Adelab Scientific), and each PCR
well contained: 2 pL of cDNA, at 1:10 dilution in nuclease-free (NF) H20 (2.5 ng); 1.5 pL
each of forward and reverse Mycoplasma primers (Appendix D) at 10 pM; 11 uL of
nuclease-free (NF) H20; and 4 pL of iQ SYBR Green Supermix (Bio-Rad, cat. 170-8884).
Samples were tested in triplicate with a ‘no template’ negative control well, replacing
cDNA with 2 pL of NF H20. Plates were sealed and centrifuged for 1 minute at RT at 280 x

g on the Allegra X-12R Centrifuge (Beckman Coulter).

The qPCR was performed using the Bio-Rad CFX Connect Real-Time PCR Detection
System Thermocycler (Bio-Rad) and CFX Connect Software (Bio-Rad, v.3.1.1517.0823).
Amplification consisted of: a pre-cycling hold at 95 °C for 5 min; then 40 cycles of: 30
seconds at 94 °C (denaturation); 1 minute at 60 °C (annealing); 30 seconds at 72 °C
(extension); and a post-extension hold at 72 °C for 1 second. A melting curve was
produced by a 1-second hold at 0.5 °C increments from 70 °C and 95 °C. Only cell isolates

that were negative for Mycoplasma were used for experiments.
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2.5 VIRUSES

2.5.1 Virus strains

Six DENV strains were sourced from the National Environment Agency of the
Environmental Health Institute of Singapore under a Material Transfer Agreement (EHI-
132), representing DENV1 and DENV?2 isolated from individuals hospitalised during the
2004-2005 and 2007 epidemics in Singapore (Table 2.4), and propagated in C6/36
mosquito cells. A seventh strain, the full-length, infectious recombinant DENV2, Mon601,
was first cloned from a mouse brain-adapted New Guinea C isolate,2%8 and viral RNA was
transfected into baby hamster kidney BKH-21 fibroblasts before amplification in C6/36
mosquito cells. Tropism of Mon601 for human primary ocular cells and ocular cell lines
has been previously demonstrated.295 Viral strains were propagated and quantified by Ms

Abby Dawson (Appendix E).
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Table 2.4: Dengue virus field isolates

Six serotype 1 and 2 DENV strains that had been isolated from individuals with dengue during

epidemics in Singapore were used in these experiments.

Name Year isolated Serotype GenBank ID
EHI0393Y04 2004 DENV1 EU069606.1
EHI0418Y05 2005 DENV1 EU069594.1
EHI0377Y04 2004 DENV2 JN851123.1
EHI0578Y05 2005 DENV2 JN851126.1
EHI0043Y07 2007 DENV1 GQ357691.1
EHI0169Y07 2007 DENV1 GQ357690.1
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2.5.2 Viral infections

At least one day before viral infections, host cells were seeded into 12-well dishes to 90%
confluence (Sigma-Aldrich, cat. CLS3513), including additional wells for counting in order
to calculate infective viral load. On the day of infection, cell monolayers from additional
wells were dissociated with trypsin for counting (2.5.3.3) to permit calculations for
multiplicity of infection (MOI). To inactivate virus for experimental controls, Mon601
stocks were retrieved from -80 °C storage and quickly thawed before incubating in a heat
block set at 80 °C for 20 min. At the time of infection, other viral stocks were transferred
to an incubator for 5 minutes to rapidly thaw at 37 °C. Viral quantity was calculated by
multiplying cell count by 5x(Mon601 pfu) for a MOI of 5, and by 1x(Mon601 pfu) for an
MOI of 1. Virus was applied at minimum volume possible, where necessary and diluted

with DMEM to achieve uniform concentration across the viruses.

Depending on downstream application, cells were plated into either 12-well or 96-well
plates (Sigma-Aldrich, cat. CLS3599). At the start of the experiment, medium was
discarded from cell monolayers, and suspension of virus or fresh DMEM alone were
added. Plates were incubated with tipping every 15 minutes to prevent monolayers from
drying out. After 90 min, supernatant was removed and monolayers washed with pre-
warmed medium then replaced with medium. If indicated, supernatant was collected and
centrifuged at an rcf of 3900 x g for 5 minutes in the 22R Microcentrifuge (Beckman

Coulter, cat. 368831) before storing at -80 °C for future use.

Cells were checked under the microscope, photographed, and incubated. Every 24 hours
post-inoculation (hpi), cells were checked under the microscope, and if indicated,

supernatant removed and replaced with fresh medium. At the end of the experiment, cells
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infected in 96-well plates were fixed for staining (see section 2.6.2), and cell monolayers
in 12-well plates were homogenised with TRIzol™ (Invitrogen, cat. 15596-018) for later

RNA extraction (see section 2.7.1).

A pilot experiment that involved incubating isolated primary Miiller cells from one donor
with Mon601 and EHI0578Y05 at an MOI of 5 for the standard 90 minutes indicated poor
infection of virus by RT-qPCR of the cellular RNA extract. Further experiments with these
cells were conducted with a longer viral incubation period. For these infections, cell
monolayers were infected with DENV at minimum volume according to the most dilute
viral stock, with intermittent rocking, and after 4 hours, 1 mL medium was added to each

well without removing supernatant.

2.5.3 Plaque assays

Plaque assays were performed to quantify Mon601 virus and to measure viral load in
culture supernatant of infected cells in preliminary infections. Vero cells were seeded into
6-well culture plates (Sigma-Aldrich, cat. CLS3516) the day before plaque assay, with one
plate per experimental sample to be tested. Each well was plated with 3x105 cells into 3
mL of complete Vero medium (1X DMEM and 10 mM HEPES (Thermo Fisher Scientific,

cat. 15630080) plus 10% FBS), and incubated overnight.

Supernatant with virus to be assayed was thawed quickly, and DMEM was added to
samples in serial 1:9 dilutions to 10-6. Positive control samples were diluted to 10-5, and
one negative control was used and contained only DMEM. Medium was removed from
monolayers, and cells were washed in PBS, then 300 pL of diluted sample was added to

the appropriate well,. Plates were incubated for 90 minutes with intermittent rocking
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every 15 minutes to avoid monolayers drying out. Meanwhile, 0.7% SeaKem agarose

(Lonza, cat. 50014) was melted, and aliquoted and incubated at 56 °C for at least 30 min.

After 90 min, all medium was removed. Each well was overlaid with 3 mL of a 1:1 mix of
0.7% SeaKem agarose and complete 2X DMEM: (2X DMEM (Thermo Fisher Scientific, cat.
12100046), 2X L-Glutamine, 10 mM HEPES, 7.5% NaHCO3 and 10% FBS). Plates were

allowed to set at RT for 1 hour before incubating for 5 days.

To overlay cells with neutral red, 13 mL SeaKem agarose was warmed to 56 °C and added
to 13 mL complete 2 X DMEM containing a 1:9 dilution of neutral red (Sigma-Aldrich, cat.
n4638-5G). Each well was covered with 2 mL agarose and neutral red solution and
allowed to set for 1 hour. Plates were inverted and incubated, and read against positive

controls once plaques were visible.

2.5.4 Immunostaining

At harvest, cells were checked under a microscope. Medium was removed and cells were
washed twice with PBS and fixed for 15 minutes with 4% PFA in PBS. Medium was
removed, and monolayers were rinsed in PBS. Plates were covered and stored at 4 °C in

PBS for later immunolabelling.

Paraformaldehyde-fixed cell monolayers were washed twice in PBS and permeabilized
for 20 minutes in 0.05% Triton™ X-100 (Sigma-Aldrich, cat. X100) in PBS at RT.
Monolayers were then washed three times in PBS before blocking in PBS with 4% normal
goat serum (NGS, Abacus ALS, cat. VES1000) and 4% BSA for 30 minutes with agitation.
Antibodies were mixed with PBS and 2% NGS as diluent, and primary antibodies were: ]2

Mouse anti-dsRNA IgG2ak and control antibody Mouse IgG2axk isotype (Tables 2.1 and
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2.2). Plates were incubated with primary antibodies overnight at 4 °C. Monolayers were
washed thrice with PBS. The secondary antibody Alexa Fluor® 488 Goat anti-Mouse
(Table 2.3). Plates were incubated at RT and protected from light for 45 min. Cells were
then washed 5 times with PBS, and fixed for 10 minutes with 4% PFA in PBS. Cells were
washed with PBS twice, incubated at RT with 0.1 pg/mL DAPI, then washed a further two
times in PBS. Finally, monolayers were mounted in SlowFade® Gold (Thermo Fisher

Scientific, cat. S36939) and protected from light before image capture.

2.5.5 Interferon-beta immunoassay

Secreted IFN-f in culture supernatants from DENV-infected MIO-M1 cells was measured
by amplified luminescent proximity homogeneous assay (Alpha)-linked immunosorbent
assay (LISA) by the Cell Screen SA high-throughput screening core facility at Flinders
University. Using the ProxiPlate™-384 Plus AlphaLISA kit (PerkinElmer, cat. 6008280),
undiluted samples were assayed in triplicates of 2 pL in each 20 pL assay, and IFN-f3
protein concentration in each sample was calculated by comparison with 12 human IFN-

B standards, with a lower detection limit of 9.6 pg/mL.

2.6 REVERSE TRANSCRIPTION-POLYMERASE CHAIN
REACTION

2.6.1 RNA extraction

Cell homogenate was incubated for 5 minutes to permit complete dissociation of

nucleoproteins. Per 1 mL of TRIzol™ reagent used for cell lysis, 0.2 mL chloroform was
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added, vortexed, before incubation at RT for 3 min. Samples were centrifuged for 15
minutes at 12,000 x g at 4 °C. Aqueous supernatant was transferred to a new tube, and 10
ng RNase-free glycogen (Thermo Fisher Scientific, cat. R0551) was added as a carrier to
the aqueous phase to allow visualisation of the precipitate. Per 1 mL of TRIzol™ reagent,
0.5 mL isopropanol was added and samples incubated for 10 minutes before
centrifugation for 10 minutes at 12,000 x g at 4 °C. Supernatant was discarded and RNA
pellet resuspended in 1 mL 75% (v/v) ethanol per 1 mL of TRIzol™ reagent used for lysis.
Samples were briefly vortexed then centrifuged for 5 minutes at 7,500 x g at 4 °C.
Supernatant was discarded and RNA pellet air dried for 10 minutes before resuspension
in 20 pL RNase-free H;0. Samples were incubated in a heat block set at 55 °C for 15 min.
Quality, purity and concentration of RNA was measured using the NanoDrop 2000

spectrophotometer (Thermo Fisher Scientific).

2.6.2 Complementary DNA synthesis

Complementary DNA (cDNA) was synthesized via reverse transcription using 5X iScript
Reverse Transcription Supermix (containing reaction buffer, iScript Moloney Murine
Leukemia Virus reverse transcriptase, RNase inhibitor, deoxyribonucleotide
triphosphates, oligo (deoxythymine) primer, MgCl,, and stabilizers; Bio-Rad, cat. 170-
8841) to yield 20 pL of cDNA for every 250 ng of RNA template. Reverse transcription
master mix was prepared in a UV-decontaminated PCR cabinet (BioAir Aura, Adelab) and
processed in the Bio-Rad T100 Thermocycler under the following conditions: priming for
5 minutes at 25 °C, reverse transcription for 30 minutes at 42 °C, reverse transcription
inactivation for 5 minutes at 85 °C. Complementary DNA was aliquoted, and working

stocks were diluted to 1:10 with NF H20 and stored at -20 °C for later use.
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2.6.3 Oligonucleotides and primers

Oligonucleotide primers were sourced from GeneWorks or Sigma-Aldrich (Appendix D).
Lyophilized primers were dissolved in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM disodium
EDTA, pH 8.0, Sigma-Aldrich, cat. 93283) to provide a stock solution of 100 uM and were

stored at -20 °C. Aliquots of 10 mM primer were made with NF H20 and stored at -20 °C.

2.6.4 (Gradient polymerase chain reaction

Amplification of VP35 with ligation primers was achieved with the HotStar HiFidelity
Polymerase Kit (Qiagen, cat. 202602). Each 25 pL PCR reaction contained: 2.5 pL 10X
CoralLoad concentrate, 0.5 pL. 10 mM dNTP, 1 pL forward and 1 pL reverse primers (each
20 uM), 0.5 pL REDTag® DNA polymerase (Qiagen, cat. D4309), 0.5 pL template DNA, and
19 uL. NF H20. The gradient PCR protocol was run on the Bio-Rad T100 Thermocycler (Bio-
Rad), and conditions were: 96 °C for 3 min, then 40 cycles of : (denaturation at 96 °C for
5 seconds, annealing at 68 to 58 °C (across 8 temperatures) for 1 second, extension at 72

°C for 30 seconds); then 72 °C for 1 minute before holding at 15 °C.

2.6.5 Quantitative real-time polymerase chain reaction

Quantitative real-time PCR was used to quantify expression of molecular transcripts.
Samples were prepared in a UV-decontaminated PCR cabinet (BioAir Aura, Adelab), and
each 20 puL PCR well contained: 2 pL of cDNA at 1:10 dilution in NF H20 (2.5 ng); 1.5 pL
each of forward and reverse primers at 10 pM; 11 pL of NF H;0, and 4 pL of iQ SYBR Green

Supermix. Plates included two replicates per sample, and a ‘no template’ negative control
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well, replacing cDNA with 2 puL of NF Hz0. Plates were sealed and centrifuged for 1 minute
at RT at an 280 x g in the Allegra X-12R Centrifuge (Beckman Coulter). The qPCR was
performed using the Bio-Rad CFX Connect Real-Time PCR Detection System
Thermocycler and CFX Connect Software (v.3.1.1517.0823). Amplification consisted of: a
pre-cycling hold at 95 °C for 5 min; then 40 cycles of: 30 seconds at 95 °C (denaturation),
30 seconds at 59 °C (annealing), 30 seconds at 72 °C (extension); and a post-extension
hold at 75 °C for 1 second. A melt curve was generated from a 1-second hold at 0.5 °C

increments from 70 °C to 95 °C, before a hold for 5 minute at 15 °C.

2.6.6 Data analysis

A single fluorescence peak was produced for each primer set. The cycle threshold was
measured, with quantification cycle (Cq) determination mode set to regression. Relative
expression was determined and normalized to stable reference genes, with CV (coefficient
of variation) and M values (expression stability measurement) less than or equal to 0.25
and 0.5 respectively. Standard curves, produced with serially diluted product, confirmed
PCR efficiency of 85% or greater. Size of PCR product was confirmed by electrophoresis

on a 1% agarose gel.

2.7 WESTERN BLOTTING

2.7.1  Preparation of cell lysate

Western blotting was performed to separate and identify proteins expressed in human

retinal pigment epithelial transfectants. To isolate protein from cell monolayers in 6-well
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plates, the following steps were performed on ice, using ice-cold reagents. Medium was
removed from monolayers and replaced with 1 mL PBS to each well. Wells were gently
scraped with a Corning® cell scraper (Sigma-Aldrich, cat. CLS3010) and homogenate
transferred by pipette into a microcentrifuge tube. An additional 500 pL PBS was used to
remove remaining cells from the well before vortex mixing the homogenate for 5 min. The
cell suspension was then centrifugated at 16,000 x g and 4 °C for 5 min. Supernatant was
discarded, and the cell pellet was resuspended in 100 pL of a 1:25 solution of cOmplete™
Protease Inhibitor Cocktail x25 (Roche Life Science, cat. 4693116001) and
radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1.0% octylphenoxy
poly(ethyleneoxy)ethanol, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50
mM Tris, pH 8.0; Sigma-Aldrich, cat. R0278). To complete cell lysis, microfuge tubes were
incubated on ice for 20 min. Cell debris was pelleted by centrifugation at 16,000 x g and
4 °C for 20 min. Supernatant containing protein lysate was immediately aliquoted for

storage at -20 °C.

2.7.2 Protein quantitation

Fluorescence-based quantitation of protein homogenate was performed using the EZQ™
Protein Quantitation Kit (Bio-Rad). First, protein standards were prepared by making
serial dilutions of the 10 mg/mL ovalbumin stock solution (2 mg/mL, 1 mg/mL, 0.5
mg/mL, 0.2 mg/mlL, 0.1 mg/mL, 0.05 mg/mL, 0.02 mg/mL, blank RIPA buffer). Standards
were spotted alongside experimental samples onto assay paper included in the kit. To
remove contaminants, assay paper was incubated with methanol (Sigma-Aldrich, cat.
494437) at RT and with gentle agitation for 5 min. Methanol was discarded and assay

paper dried on low heat with the Hoefer™ Easy Breeze™ Gel Dryer (Thermo Fisher
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Scientific). Next, assay paper was incubated in 35 mL of EZQ® protein quantitation
reagent (Bio-Rad) for 30 minutes under cover and with gentle agitation at RT. Reagent
was discarded and assay paper rinsed with 40 mL of buffer (10% methanol and 7% acetic
acid in dH20) before incubation with agitation for 2 min. This step was performed thrice.
Wet assay paper was placed into the Bio-Rad Gel Doc™ EZ Imager, and fluorescence was
imaged on a SYPRO Ruby® protocol with automatic exposure. The Tagged Image File
Format document was then analysed using Image Lab™ v6.0 software (Bio-Rad). A
standard curve was generated using protein standards and from this, protein
concentrations of experimental samples were generated, and values with the lowest

coefficient of variation were used.

2.7.3 Protein separation by gel electrophoresis

Loading buffer was prepared by adding 4 pL of 1 M dithiothreitol (Thermo Fisher
Scientific, cat. 1610611) to 100 pL of 4x Laemmli Sample Buffer (62.5 mM Tris-HCl, pH
6.8, 10% glycerol, 1% lithium dodecyl sulfate, 0.005% Bromophenol Blue; Bio-Rad, cat.
161-0747). Next, 5 pL of this solution was added to 20 pg of protein sample, and volume
made to 20 pL with dH;0. Samples were heated at 95 °C for 5 minutes before a short
centrifugation to pellet insoluble product. Samples were loaded into a 4-20% Stainfree
Mini-PROTEAN® TGX™ Precast Polyacrylamide Gel (Bio-Rad, cat. 4561093), alongside
Precision Plus Protein™ Dual Color molecular weight standards (Bio-Rad, cat. 1610394).
Electrophoresis was performed using 10x Tris/Glycine/sodium dodecyl sulphate running
buffer (Bio-Rad, cat. 1610772), diluted with dH20 and electrophoresed at 200 V for

approximately 30 min. The gel was then imaged using the Gel Doc™ EZ imager (Bio-Rad).
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2.7.4 Gel transfer

Pre-cut polyvinylidene difluoride (PVDF) membranes were soaked in methanol for 1
minute with agitation, and then rinsed and soaked with transfer buffer (40 mL 5X
Transfer Buffer (Bio-Rad, cat 1704275), 40 mL ethanol, 120 mL dH20) for at least 5 min.
The PVDF membrane was then sandwiched between the gel and pre-soaked blotting pads
in the Trans-Blot® Turbo™ Transfer System with RTA Midi LF PVDF Transfer Kit; (Bio-
Rad, cat. 1704275), gently flattened to remove excess fluid, and electrotransferred using

a mixed molecular weight protocol (1.3 A, 25 V) for 7 min.

2.7.5 Antibody staining

After transfer was complete, the blotting pads and gel were removed from the membrane.
Small holes were punched in the membrane to indicate marker bands before incubation
for 1 hour with agitation in blocking buffer (5% low-fat milk in 1X phosphate-buffered
saline with 0.1% Tween® 20 detergent, PBS-T, pH 7.4). Blocking solution was discarded,
and the membrane was washed once with wash buffer (1x PBS-T). Wash buffer was
discarded, and the membrane was incubated in primary antibody diluted in 5% low-fat
milk powder solution in 1x PBS-T. Primary antibodies (Table 2.1) were mouse anti-VP35
1:100 or mouse monoclonal anti-FLAG® M2 antibody at 1:6000. The membrane was
covered and incubated at 4 °C overnight with agitation. The following day, the membrane
was washed thrice with wash buffer for 10 minutes each time. The secondary antibody
was diluted 1:30,000 with 0.1% low-fat milk power solution in 1x PBS-T and applied to
the membrane, which was then covered and incubated at RT for 1 hour with agitation.

Secondary antibodies used were donkey anti-mouse horseradish peroxidase (Table 2.3).
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The membrane was again subjected to three 10 minutes washes with wash buffer before
rinsing with dH20. Clarity Western Enhanced Chemiluminescence Substrate components
(Bio-Rad) were mixed 1:1, and applied to the membrane before incubated and protected

from light at RT for 5 min, before imaging on ChemiDoc MP Imaging system (Bio-Rad).

2.8 RESTRICTION ENZYME-BASED SUBCLONING

In order to measure the effect of EBOV VP35 protein expression in human cells,
restriction-based subcloning was performed to create a plasmid expressing the EBOV
VP35 gene and a FLAG reporter. The pCAGGS-FLAG-VP35 plasmid was created from two
plasmids generously provided by Dr Glenn Marsh, CSIRO Australian Centre for Disease

Preparedness (Figure 2.1).

2.8.1 Sub-cloning new plasmids

2.8.1.1 CREATION OF NO-VECTOR PLASMID

A pCAGGS plasmid backbone was created by removing the VP40 gene insert from the
pCAGGS-FLAG-VP40 plasmid (Figure 2.1A) through restriction endonuclease digestion
with Xbal (located at 1623 nucleotides)(New England BioLabs, cat. R0145T) and Nhel
(located at 2760 nucleotides) (New England BioLabs, cat. R3131S) (see section 2.9.2.1),
before separation by agarose gel electrophoresis and ligation of the pCAGGS backbone to

generate a “no insert” plasmid (Figure 2.2).
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Figure 2.1: Template plasmid maps

Maps indicating restriction endonuclease binding sites of (A) pCAGGS-FLAG-VP40 and (B)
pCAGGS-VP35 plasmids used to create no-vector and pCAGGS-FLAG-VP35 plasmids. Produced in
Clone Manager (v. 9.5, Sci-Ed).
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2.8.1.2 CREATION OF PCAGGS-FLAG-VP35 PLASMID

To create a VP35-expressing plasmid with reporter FLAG tag, the VP40 gene in the
pCAGGS-FLAG-VP40 plasmid (Figure 2.1A) was replaced with VP35. First, VP35 was
amplified from its pCAGGS plasmid (Figure 2.1B) using ligation-mediated gradient PCR
(seesection 2.7.4) with linker primers encoding the Notl and Nhel restriction sites (Figure
2.2). Products were size-separated on a 1% agarose gel, and yielded 1 kb bands (see
section 2.9.2.2), which were excised under long-wave UV illumination, purified (see
section 2.9.2.3), quantified (see section 2.9.2.4), digested with Notl and Nhel restriction
endonucleases (see section 2.9.2.1), and further purified and quantified. Restriction
endonucleases Notl and Nhel were also used to cleave VP40 from pCAGGS-FLAG-VP40,

before ligation of VP35 and p-CAGGS-FLAG-VP40 (see section 2.9.2.5).

2.8.2 Subcloning techniques

2.8.2.1 DOUBLE RESTRICTION ENDONUCLEASE DIGESTION

Double digestion was prepared on ice, with 1 pg of DNA plasmid template added to 10
units of each restriction enzyme, 5 uL. of 10X CutSmart® Buffer (50 mM Potassium Acetate,
20 mM Tris-acetate, 10 mM Magnesium Acetate, 100 pg/mL BSA, pH 7.9 at 25 °C) (New
England BioLabs, cat. B7204S), and made to 50 pL with NF (NF) H20 (New England
BioLabs, cat. B1500S). The mixture was incubated for 2 hours at 37 °C in the T100

Thermal Cycler (Bio-Rad).
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Figure 2.2: No-vector plasmid

The pCAGGS no-insert plasmid was created by using restriction endonucleases Nhel and Xbal to excise the FLAG-VP40 component, and complementary
ends were ligated with DNA ligase.
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Figure 2.3: pCAGGS-FLAG-VP35 plasmid

A pCAGGS plasmid expressing FLAG and VP35 was created. (A) The original pCAGGS-VP35
plasmid did not contain restriction endonuclease Notl, so (B) the VP35 insert was amplified by
PCR-ligation to encode Notl, then doubled-digested by restriction endonucleases Notl and Nhel
to create (C) complementary ends, which were (D) inserted into the pCAGGS-FLAG backbone

using DNA ligase. Figure constructed at BioRender.com
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2.8.2.2 DNA SEPARATION BY ELECTROPHORESIS

Restriction endonuclease products were separated on size by electrophoresis. A 1%
agarose gel was made by mixing 1.5 g SeaKem® ME agarose powder with 150 mL TAE
buffer (see section 2.4.1.2) and heating until dissolved before adding 15 pL SYBR Safe DNA
gel stain (X10,000 concentrate, Invitrogen, cat. S33102) was added, and the flask was
gently swirled until thoroughly mixed. The solution was poured into a gel casting tray
with 15 combs (Bio-Rad), allowed to cool, placed in the electrophoresis tank (Bio-Rad)
and covered with TAE buffer. Neat DNA product was combined with gel loading dye (New
England BioLabs, cat. B7021S) and loaded into wells, flanked by marker wells that
contained 6 pL of DNA molecular weight ladder (GelPilot 1 kb Plus Ladder, Qiagen, cat.
239095). The gel was run for approximately 35 minutes at 100 V, until the dye had
migrated to the bottom of the gel, and then imaged on the Invitrogen™ Safe Imager™ 2.0
Blue-Light Transilluminator (Invitrogen) with a 470 nm filter and Canon Rebel XSi digital
single lens reflex camera (Canon). Images were processed using Canon EOS Utility

(v.2.14) and Canon Digital Photo Professional (v.3.14) software.

2.8.2.3 DNA PURIFICATION

Under UV visualization, the single DNA band representing linearized product of
appropriate size was excised from the agarose gel. Extraction of DNA from agarose gel
was performed using the GenElute Gel Extraction Kit (Sigma-Aldrich, cat. NA1111) and
following the manufacturer’s instructions. First, three gel volumes of Gel Solubilization
Solution (Sigma-Aldrich, cat. G8668) were added to the DNA gel fragment and incubated
at 55 °C for 10 minutes with intermittent vortex mixing. One gel volume of isopropanol

was added and the solution mixed until homogenous.
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Binding columns (Sigma-Aldrich, cat. C6863) were prepared by adding 500 pL of Column
Preparation Solution (Sigma-Aldrich, cat. C2112) to each column, before centrifugation at
16,000 x g and RT for 1 min, and before discarding the eluate. The solubilized gel solution
was loaded into the binding column in 700 pL aliquots and centrifuged each time at
16,000 x g and RT for 1 minute before discarding eluate. This was repeated once with
diluted Wash Solution (Sigma-Aldrich, cat. W2139) before repeat centrifugation at 16,000
x g and RT for 1 minute to ensure complete removal of residual Wash Solution. The
binding column was transferred to a fresh collection tube (Sigma-Aldrich, cat. T7813), and
50 pL of Elution Solution (10 mM Tris-HCI, pH 9.0; Sigma-Aldrich, cat. E9027), pre-heated
to 65 °C, was applied to the centre of the membrane before incubating at RT for 1 min.

The column was then centrifuged at 16,000 x g and RT for 1 min, and the eluate collected.

2.8.2.4 DNA QUANTIFICATION

Quality, purity and concentration of eluate was measured using the NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific), aiming for a ratio of absorbance at (A260-

A320)/(A280-A320) between 1.8 and 2.0.

2.8.2.5 DNA LIGATION

In a 0.2 mL tube on ice, 50 ng of plasmid DNA was added to 1 pL of T4 DNA ligase (400
units, New England BioLabs, cat. M0202S), 2 pL of 10x T4 DNA buffer (New England
BioLabs, cat. B0202S) and NF H:0, to a total volume of 20 uL before incubation for 10
minutes at RT, followed by 10 minutes at 65 °C in the Bio-Rad T100™ Thermal Cycler

(Thermo Fisher Scientific), and final chilling on ice.
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2.8.3 Preparation of competent cells

2.8.3.1 PREPARATION OF AGAR PLATES

To make agar plates, 2.5 g of LB broth powder was dissolved in dH20 to a volume of 100
mL and added to a 250 mL glass bottle. The broth was sterilized in a 2540 Autoclave
(Tuttnauer) at 121 °C for 15 minutes without a drying step. Under a butane burner, hot
agar was poured into two plates (25 mL each), before adding ampicillin powder (Sigma-
Aldrich, cat. A5354) to the remaining agar to make a concentration of 50 pg/mL. Plates
were allowed to cool for 30 minutes before covering with lids, sealing with Parafilm

(Sigma-Aldrich, cat. P7793), and inverting and storing at 4 °C.

2.8.3.2 TRANSFORMATION OF COMPETENT CELLS

To generate multiple copies of the cloned DNA plasmid, the construct was transformed
into Escherichia coli, which was then cultured in broth. One 50 pL vial of chemically-
competent E. coli (One Shot STBI3, Invitrogen, cat. C737303) was thawed on ice for 20
min, then heat-shocked by placing in a 42 °C water bath for 45 seconds, before adding 400
uL of Super Optimal broth with Catabolite repression medium (Thermo Fisher Scientific,
cat. 15544034), and incubating at 37 °C and moderate agitation at an rcf of 1 x g in the
Incu-Shaker™ (Benchmark Scientific). After 1 hour, 150 pL of E. coli suspension was
pipetted into the centre of two agar plates, one containing ampicillin. The suspension was
evenly spread across the agar before inverting and incubating at 37 °C overnight in a
MyTempMini incubator (H2200, Benchmark Scientific). The next day, agar plates were
checked. Using sterile technique, a single colony was harvested from agar containing
ampicillin using a cooled, sterile flame loop. The colony was streaked onto a new

ampicillin-positive agar plate before inverting and incubating at 37 °C overnight.
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2.8.3.3 GROWTH OF PLASMID-EXPRESSING BACTERIA
A single colony was selected from the ampicillin-positive agar plate with a cooled, sterile
flame loop, and transferred to 4 mL of LB broth (section 2.4.1.2) in a 15 mL tube. This
starter culture was capped and incubated overnight at 37 °C and moderate agitation at an
rcf of 1 x g. The next day, 150 pL of starter culture was added to 150 mL of 37 °C broth
prepared the previous day, and incubated in aluminium foil-capped Erlenmeyer flasks

overnight at 37 °C and moderate agitation at an rcfof 1 x g.

2.8.3.4 PLASMID HARVEST BY MAXIPREPARATION

Plasmid DNA was extracted from E. coli using the GenElute HP Endotoxin-Free Plasmid
Maxiprep Kit (Sigma-Aldrich, cat. NA041), according to manufacturer’s instructions.
Bacterial cells were harvested by centrifugation of culture broth at 5,000 x g for 10
minutes at RT. Resuspended cells were lysed and neutralised, and genomic DNA was
precipitated and removed by vacuum filtration through a binding column. Plasmid lysate
was then washed to remove nucleic acid-binding protein, desalted by elution, and plasmid
DNA was precipitated, purified and resuspended in endotoxin-free H;0. Purity and
concentration of plasmid DNA were determined by spectrophotometric analysis using the
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), aiming for a ratio of

absorbance at A260-A320)/(A280-A320) between 1.8 and 2.0.

2.8.4 Sequencing

Sequencing was performed at the Flinders Sequencing Facility in SA Pathology, South

Australia. Viral PCR and plasmid product sequences were confirmed using the basic local
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alignment search tool (BLAST) at the National Center for Biotechnology Information

(NCBI) website?62.270 to confirm alignment with consensus sequences.

2.9  CELL TRANSFECTION WITH VP35 PLASMID AND
POLY I:C

Preliminary studies were performed to determine the kinetics of IFN-B production in
retinal pigment epithelial cells after administration of synthetic pattern recognition
receptor agonist, polyriboinosinic:polyribocytidylic acid (Poly I:C), and also to determine
whether a transfection reagent was required for Poly I:C to be effective in these cells.
Monolayers of ARPE-19 cells were seeded into 12-well plates to 90% confluence the day
before transfection. Conditions included Poly I:C alone, Poly I:C with transfection reagent
Lipofectamine 2000™ (Thermo Fisher Scientific, cat. 11668-027), and unmanipulated
cells, with 3 replicates per condition, and two time points: 1 and 4 hours post-transfection.
A 1:1 mixture of high- (InvivoGen, cat. tlrl-picr) and low-molecular weight rhodamine-
tagged Poly I:C (InvivoGen Life Research, cat. tlrl-piwr) was diluted with Opti-MEM
reduced serum medium (Thermo Fisher Scientific, cat. 31985070) to yield a Poly I:C
concentration of 2 pg/mL, and a total of 200 pL was applied to each well. Lipofectamine
was added at 4 puL per well as per manufacturer’s directions. Brightfield and fluorescence
imaging was performed at the start of the experiment, and 1 hour and 4 hours post-
transfection, with a barrier filter allowing 620 nm wavelength Rhodamine peak emission,
and the UC50 Camera (Olympus) and cellSens Imaging Software (Olympus, v.1.11). At 1

and 4 hours post transfection, cell monolayers were homogenised with TRIzol™ for RNA
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extraction, cDNA synthesis and RT-qPCR of IFN-[3, expressed relative to stable reference

genes.

To measure IFN-f3 production in Poly [:C-stimulated human retinal pigment epithelial
cells expressing VP35, cells were first transfected with plasmids. Cells were seeded to
confluency in 12 of 24-well plates. The following day, monolayers were transfected with
either a pCAGGS plasmid or a pCAGGS-FLAG-VP35 plasmid with 2 pL Lipofectamine
2000™ transfection reagent per well, according to the manufacturer’s instructions. At 48
hours post-transfection, wells of cells were Lipofectamine 2000™-transfected with 1:1
high- and low-molecular weight Rhodamine-tagged Poly I:C (InvivoGen Life Research). At
4 hours post-transfection, cells were photographed and monolayers homogenised with

TRIzol™ for RNA extraction, cDNA synthesis and RT-qPCR of IFN-f.

2.10 MICROSCOPY

2.10.1 Cell photography and image processing

Photographs of plated cells were taken with exposure and magnification for each well
matched with respective control, in brightfield mode or with narrow-pass emission filters
appropriate to the fluorescence wavelength of secondary antibodies. Digital images were
saved in 16-bit tagged file image format (TIFF), and fluorescent images were manually
merged using Adobe Photoshop CC (Adobe, v.19.1.6), with uniform adjustments across

samples to image brightness as necessary.
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2.11 BIOINFORMATICS

2.11.1 RNA sequencing

Next-generation RNA sequencing of EBOV-infected retinal pigment epithelial cells was
performed by the Flinders Genomics Facility, South Australia. Total RNA was sourced
from previous work done in the laboratory,23> in which ARPE-19 cells were infected in
triplicate with EBOV at a MOI of 5 or mock-infected for 24 hours. In brief, from 1 pg of
total RNA extracted with TRIzol™ reagent, small RNA was selectively enriched through
sequential adapter ligation to 3’ and 5’ ends of RNA fragments using the TruSeq Small
RNA Library Preparation Kit (Illumina). Single-stranded cDNA was synthesized by
reverse transcription, and separately amplified with polymerase chain reaction using one
of 48 primers containing index sequences (11 cycles). Using the Pippin Prep DNA Size
Selection System (Sage Science), amplified cDNA constructs were purified from 3%
agarose gel to isolate a library of small clone fragments. The library was sequenced on
[llumina NextSeq 500, using NextSeq 75-cycle High Output Kits (Illumina), with the PhiX

Control v3 library (Illumina) as sequencing control.

2.11.2 Data processing and differential expression analysis

Short reads were filtered for adapters and reads of low quality using Cutadapt (v.1.8)271
with error rate of 0.2 and minimum length of 18 bp, aligned against GENCODE human
genome reference assembly GRCh38.p3 using Burrows Wheeler Aligner?72, and assigned

to miRBase (v.21) annotations using HTSeq (v.0.6.1p2).273. 274 Data were filtered for
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targets with a minimum of 10 counts in at least 50% of samples. After normalization,
differentially expressed miRNAs between EBOV- and mock-infected ARPE-19 cells were
identified using the DESeq2 statistical package (v.3.2).27> Reads were screened for
complete matches to published EBOV miRNA sequences, allowing for 3 mismatches.276
Raw data from a previous RNA sequencing study of the total RNA transcriptome of EBOV-
infected ARPE-19 cells235> were processed in the same statistical pipeline used for human
miRNAs, to identify genes that were differentially regulated with adjusted p-value 0.05 or
less and log2 fold-change 1 or greater, and were deposited at the National Center for
Biotechnology Information’s Gene Expression Omnibus,?77.278 and are accessible through
Gene Expression Omnibus Series accession number GSE100839.27° Data processing and

differential expression analysis were performed at the Flinders Genomics Facility.

2.11.3 Target predictions for microRNA

Computational predictions of the targets of differentially expressed human miRNAs
(defined by adjusted p-value less than 0.001 and log2 fold-change greater than 1) were
performed using three public databases with different algorithms: Diana microT CDS
v.5.0,280.281 fij]tering with a threshold of 0.95; TargetScan v.7.1,%82 sorting on a total context
score less than 0.15; and miRDB v.5.0,283 with a target threshold greater than 85. The
human miRNAs were also input into two public online repositories of experimentally-
validated data on molecular interactions: miRecords (release 2013)284 and miRTarBase

v.7.0,285 set to ‘strong evidence’.
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2.11.4 Pathway and network analyses

Gene ontology?%¢ and pathway analyses were performed using the open-source
bioinformatics platform, Cytoscape (v.3.4.0), 287 and the ClueGO (v.2.3.3) application,?88
to identify enriched biological processes and molecular functions, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways.?8 Using the STRING Action
dataset (v.9) within the CluePedia application (v.1.3.3)29%.291 and collating miRNA-gene
pairs, a miRNA-based network was constructed from miRNA-predicted gene target lists,
miRNA-validated target gene lists, and the differentially expressed gene list; interactions
were demonstrated based on degree, to identify the most highly-connected genes and
miRNAs. An inverse correlation was required between expression of a miRNA and its

target gene in these analyses.

2.12 STATISTICAL ANALYSES

Statistical analysis was performed in GraphPad Prism (GraphPad Software; v.7.04).
Results were expressed as mean and standard deviation, and confidence intervals were
calculated to demonstrate the estimated population mean. Statistically significant
differences were defined by a p-value or alpha less than 0.05. Comparisons between two
independent conditions with assumed normal distribution were by unpaired two-
tailed Student’s t-tests. For unpaired non-parametric data, Mann-Whitney U test was
used. For analysis of data with two independent categorical variables, statistical

significance was determined using Fisher’s exact test.
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Comparisons across multiple independent conditions with assumed normal distribution
were by analysis of variance (ANOVA). In the case of one categorical independent variable,
aone-way ANOVA was performed, and where two categorical independent variables were
analysed, a two-way ANOVA was performed. When data involved longitudinal
measurements, repeated measures ANOVA was used. When differences between
conditions or interactions reached statistical significance (ie. p-value less than 0.05), post-
hoc analyses (Sidak, Tukey’s or Bonferroni multiple comparisons test) were performed,
and determined which groups differed from each other. The F-statistic, degrees of

freedom and exact p-values were reported for each factor or interaction.
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3.1 INTRODUCTION

In immunocompetent adults, toxoplasmic retinochoroiditis (TRC) is the major
manifestation of infection with the parasite, Toxoplasma gondii3® Ocular disease is
characterized by a necrotizing retinitis with inflammation in the vitreous and choroid in
the acute phase, leading to a variably-pigmented retinochoroidal scar.2>° Visual sequelae
are serious: in a study of 154 consecutive patients with active TRC, blindness was

manifest in at least one eye in 24% of participants.t*

Spectral-domain optical coherence tomography (SD-OCT) is a well-established modality
for imaging the ultrastructure of the retina, and has an axial resolution approaching 3
um.199 A limited number of studies have used SD-OCT to identify tissue changes in TRC. In
the largest cohort study to date, 24 eyes of 24 patients with active TRC were examined,
and common SD-OCT signs included posterior hyaloid thickening, and retinal
hyperreflectivity, thickening and disorganisation.??? Smaller studies have examined both
active and healed lesions, and TRC-associated macular oedema and choroidal
thickening.164 293-297 Common retinal diseases such as age-related macular degeneration
and diabetic macular oedema rely heavily on SD-OCT signs as diagnostic??® or
monitoring??? biomarkers, yet SD-OCT signs that aid diagnosis or indicate prognosis in

TRC have not been reported.

Herein, SD-OCT was used to identify the tissue changes of TRC, to better understand
pathophysiology. In an area of Brazil with a high prevalence of toxoplasmosis, SD-OCT
was used prospectively to examine patients with TRC who presented to a tertiary referral

uveitis practice over a 34-month period. The aims of this study were to define tissue
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alterations in TRC as visualised by SD-OCT, to identify signs of TRC on SD-OCT that
predicted visual outcome, and to establish differences between clinical situations, defined
by retinal location, primary versus recurrent ocular disease, and based on T. gondii and

HIV serology.

3.2  RESULTS

3.2.1 Participant demographics

Consecutive patients attending the Uveitis Clinic at Ribeirdo Preto General Hospital in
Southeast Brazil with TRC, and aged over 12 years, were prospectively recruited. From a
total of 262 subjects (344 eyes) with TRC, 90 individuals (90 eyes) qualified for inclusion
in this study (Figure 3.1). Mean age at presentation was 37 years (median, 33 years; range,
12 to 84 years), and 44 participants (49%) were male (Table 3.1). A total of 8 of 90
participants (9%) had bilateral TRC, and only one eye (the eye with the most posterior
lesion, or if symmetrical, the right eye) was included in this study. In 10 patients, ocular
fluid testing was undertaken to confirm the diagnosis. Aqueous humour samples of 7
individuals were positive for T. gondii by qPCR, and the remaining 3 individuals had T.
gondii confirmation by qPCR of vitreous biopsy. For 90% of persons (n = 81), the timing
of ocular infection was unknown. Of the 9 individuals who knew the timing of their
infection, 1 had confirmed congenital disease by review with an ophthalmologist, and 8
had previously documented negative T. gondii serology or ophthalmic examination,
indicating recently-acquired infection. Those with active TRC who were excluded were

similar by age, gender and HIV status to those who were included.
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Toxoplasmic retinochoroiditis (TRC), IgG-positive
344 eyes, 262 subjects

Exclusions (203 eyes, 129 subjects)

Age <12 years (32 eyes, 19 subjects)
Inactive TRC (171 eyes, 110 subjects)

Active TRC
141 eyes, 133 subjects

Exclusions (43 eyes, 43 subjects)

No / non-gradable SD-OCT (39 eyes, 39 subjects)
Retina / optic nerve pathology (4 eyes, 4 subjects)

Active TRC with SD-OCT
98 eyes, 90 subjects

Exclusions (8 eyes)

Contralateral eye in bilateral active TRC

Primary TRC - 35 eyes, 35 subjects

Recurrent TRC - 55 eyes, 55 subjects

Figure 3.1: Study selection criteria

From 262 consecutive patients presenting to a tertiary-referral uveitis clinic, a final cohort of 90
eyes of 90 subjects with active T. gondii immunoglobulin (Ig)G-positive toxoplasmic

retinochoroiditis (TRC), as imaged by Heidelberg Spectralis® SD-OCT, were included.
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Category Characteristic Total (O./o)
or median (range)

Age (years) 33.4 (12-84)
Sex Male 44 (49)
Race White 46 (51)

Mulatto 13 (14)

Black 31(34)
Time of infection Congenital 1(1)

Postnatally acquired 8(9)

Mode unknown 81 (90)
Laterality Bilateral disease 8(9)

Right eye 49 (54)
Retinal location* Zone 1 30(33)

Zone 2 60 (67)
Disease type Primary 35(39)

Recurrent active 55(61)
Ocular fluid testing Anterior chamber paracentesis 6 (7)

Vitreous biopsy 3(3)
Baseline VA BCVA >20/40 33(37)

20/200 < BCVA <20/40 26 (29)

BCVA <20/200 31 (34)
Serology T. gondii IgM-positive 14 (16)

T. gondii 1gG-positive 90 (100)

HIV IgG-positive 8(9)
Treatment Trimethoprim + sulfamethoxazole 63 (70)

Sulfadiazine + pyrimethamine 12 (13)

Oral prednisolone 77 (85)

No treatment 6 (7)

Abbreviations: BCVA = best corrected visual acuity; Ig = immunoglobulin, SD = standard deviation, VA =

visual acuity. Location: Zone 1 = up to 3000 pm from fovea or 1500 pm from disc margin; Zone 2 = between

equator and zone 1.
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3.2.2 C(linical characteristics of toxoplasmic retinochoroiditis

Participants underwent a full ophthalmic examination, and had active disease, which was
indicated by retinal whitening, vitritis, and vitreous haze.?>® Recurrent TRC (Figure 3.2) was
defined as a focus of retinochoroiditis in an individual with variably pigmented chorioretinal
scarring in either eye and a positive serological test for T. gondii IgG. Of 90 participants, 55 (61%)
had recurrent TRC, while 35 (39%) presented with primary ocular disease, indicated by a focus of
retinitis and positive T. gondii IgG serology in the absence of pigmented retinal scars in either eye.
Lesions were located in zone 1 (within 3000 pm of the fovea or within 1500 pm of the optic disc
margin) in 30 eyes (33%) and zone 2 (between the equator and zone 1) in 60 eyes (67%). Those
with active TRC who were excluded were similar by age, gender and HIV status. Of all eyes with
TRC, and in the absence of other retinal disease, the proportion of lesions that did not have an SD-

OCT scan was 33% (15 of 45 eyes) for zone 1 lesions, and 39% (44 of 114 eyes) for zone 2 lesions.

Fourteen people (16%) were T. gondii IgM-positive, indicating recently-acquired disease. Eight
participants (9%) had evidence of HIV infection. The cluster of differentiation 4 (CD4) count was
known in 7 of these individuals and ranged from 45 to 935 cells/uL (mean = 262 cells/puL). No
study participant had positive syphilis serology. Most participants were treated with
trimethoprim and sulfamethoxazole (n = 63, 70%), or sulfadiazine and pyrimethamine (n = 12,
13%), plus oral prednisolone (n = 77, 85%). The mean duration of follow-up was 12.9 months

(range 1-30).
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Figure 3.2: Active recurrent toxoplasmic retinochoroiditis at presentation

Representative images of the posterior segment of the eye from an individual presenting to a tertiary-
referral uveitis clinic with zone 2 recurrent T. gondii 1gG-positive TRC, studied by Heidelberg Spectralis®
spectral-domain optical coherence tomography (SD-OCT) (below right). Colour fundus photograph (above)
and near infrared image (below left) for clinical correlation. SD-OCT demonstrating hyperreflective dots in
the vitreous and sub-hyaloid space, thickened posterior hyaloid with partial posterior vitreous
detachment, full-thickness retinal hyperreflectivity in the centre of the lesion with adjacent retinal
disorganisation, bowing of the retinal pigment epithelial-Bruchs complex, and choroidal thickening with

hyporeflectivity. Abbreviations: IG = immunoglobulin, TRC = toxoplasmic retinchoroiditis.
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3.2.3 Spectral-domain optical coherence tomography findings at
presentation

3.2.3.1 RETINAL FINDINGS AT PRESENTATION BY SPECTRAL-DOMAIN OPTICAL
COHERENCE TOMOGRAPHY

The posterior pole and lesion were imaged by colour photography and SD-OCT, as permitted by
media clarity. At presentation, the majority of SD-OCT tissue changes at the TRC lesion involved
the retina, and findings are displayed in Table 3.2. Retinal thickening relative to adjacent
uninvolved retina was seen in two-thirds of cases (n = 46/71, 65%). This was more common for
zone 1 TRC (within 3000 pum of the fovea or 1500 um of the optic disc margin), which was on
average 201 pum thicker than zone 2 (between equator and zone 1) lesions (p < 0.01). Retinal
hyperreflectivity (Figure 3.2) - defined as full-thickness hyperreflectivity, with the normally
hyporeflective inner nuclear and outer nuclear layers being hyperreflective - was a presenting
feature in 43 of 70 lesions (61%), and was more likely in zone 1 lesions or with primary disease
(p < 0.05). Disorganisation of retinal layers was evident in 16 of 71 lesions (23%), and noted more
often in zone 2 or recurrent disease (p < 0.05). Intraretinal hyperreflective dots were seen in 7 of
70 lesions (10%). Tissue changes adjacent to the focus of TRC were demonstrated by SD-OCT, in
the form of intraretinal and subretinal fluid, and hyperreflective dots in the retina, all of which

were more likely to be seen in primary ocular TRC than recurrent disease (p < 0.05) (Table 3.3).
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Table 3.2: Retinal findings at the toxoplasmic retinochoroiditis lesion by spectral-domain optical coherence tomography at presentation

Tissue changes on SD-OCT were compared by location, ocular infection, T. gondii serology and HIV infection in 90 eyes of 90 subjects presenting with
acute TRC. Denominator indicates number of gradable scans. P-values were calculated using Fisher’s exact test or Mann-Whitney U test (* p < 0.05, **

p<0.01).

SD-OCT changes at TRC Location* Ocular infection T. gondii serology HIV infection
lesion Total Zone 1 Zone 2 Primary = Recurrent IgM + [gM - HIV + HIV -
RETINA N % n % n % n % n % n % n % n % n %
Thickened 46/71 65  24/28* 86 22/43** 51 23/31 74 23/40 58 10/1471  36/57 63 3/7 43 43/64 67

Full-thickness hyperreflectivity 43/70 61  22/29* 76 21/41* 51 23/30* 77 20/40* 50 9/14 65 34/56 61 3/6 50 40/64 63

Disorganisation of layers 16/71 23 3/29* 10 13/42* 31 3/30* 10 13/41* 32 3/14 21 13/57 23 2/6 33 14/65 22
Optic disc involvement 9/73 12 9/29 31 N/A 8/31** 26 1/42** 2 0/14 O 9/59 15 1/7 14 8/66 12
Hyperreflective dots 7/70 10 3/29 10 4/41 10 3/30 10 4/40 10 1/14 7 6/56 11 0/6 0 7/64 11
Outer retinal cystic spaces 7/73 10 3/29 10 4/44 9 3/31 10 4/42 10 2/14 14 5/59 8 0/7 0 7/66 19
Signal void 4/71 6 2/29 7 2/42 5 1/30 3 3/41 7 1/14 7 3/57 5 1/6 17 3/65 5
Perivascular dots 4/73 5 1/29 3  3/44 7 2/31 6 2/42 5 0/14 0 4/59 7 1/7 14 3/66 5
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SD-OCT changes at TRC Location* Ocular infection T. gondii serology HIV infection
lesion Total Zone 1 Zone 2 Primary = Recurrent IgM + [gM - HIV + HIV -
RETINA N % n % n % n % n % n % n % n % n %

Round outer plexiform bodies 2/73 3 0/29 0 2/44 5 2/31 6 0/42 0 2/14* 14 0/59* 0 1/7 14 1/66 2

Intra- or subretinal fluid 2/68 3 0/28 0 2/40 5 1/31 3 1/37 3 0/15 0 2/53 4 1/8 13 1/60 2
TRC lesion height on Location* Ocular infection T. gondii serology HIV infection
SD-OCT Mean Zone 1 Zone 2 Primary = Recurrent IgM + [gM - HIV + HIV -

Mean lesion height (um) + SD 434 + 202 565+179** 364 +173* 491219 382 +165 463+ 179 424 * 205 406 + 213 435+199

Abbreviations: HIV = human immunodeficiency virus, Ig = immunoglobulin, SD = standard deviation, SD-OCT = spectral-domain optical coherence
tomography TRC = toxoplasmic retinochoroiditis. Location: Zone 1 = up to 3000 pm from fovea or 1500 pm from disc margin; Zone 2 = between

equator and zone 1.
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Table 3.3: Retinal changes adjacent to the toxoplasmic retinochoroiditis lesion by spectral-domain optical coherence tomography at
presentation

Tissue changes adjacent to TRC lesion were compared by location, ocular infection, T. gondii serology and HIV infection in 90 eyes of 90 subjects

presenting with acute TRC. Denominator indicates number of gradable scans. P-values were calculated using Fisher’s exact test (* p < 0.05).

SD-OCT changes adjacent Location* Ocular infection T. gondii serology HIV infection
to TRClesion Total Zone 1 Zone 2 Primary  Recurrent IgM + IgM - HIV + HIV -
ADJACENT RETINA N % n % n % n % n % n % n % n % n %

Subretinal or intraretinal fluid ~ 11/73 15 6/29 21 5/44 11 8/31* 26 3/42* 7 1/14 7 10/59 17 1/7 14 10/66 15

Hyperreflective intraretinal dots 9/73 12 5/29 17 4/44 9 7/31* 23 2/42* 5 2/14 14 7/59 12 1/7 14 6/66 9

Disorganized lamination 8/73 11 2/29 7 6/44 14 5/31 16 3/42 7 2/14 14 6/59 10 0/7 0 8/66 12

Abbreviations: HIV = human immunodeficiency virus, Ig = immunoglobulin, SD-OCT = spectral-domain optical coherence tomography TRC =

toxoplasmic retinochoroiditis. *Location: Zone 1 = up to 3000 pm from fovea or 1500 um from disc margin; Zone 2 = between equator and zone 1.
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A wide range of findings in the retina at the time subjects presented with TRC were documented
by SD-OCT, and representative images are displayed in Figure 3.3. Intraretinal fluid in the form
of large cystic spaces in the outer retina (Figures 3.3] and 3.3M) was present in 7 of 73 lesions
(10%). Retinal changes adjacent to the lesion included disorganisation of retinal layers (Figures
3.4 and 3.5) in 8 of 73 eyes (11%), subretinal (Figure 3.3K) or intraretinal fluid (Figure 3.3N)
in 11 of 73 eyes (15%), and hyperreflective intraretinal dots in 9 of 73 eyes (12%). Optic disc
involvement (Figure 3.3A, n = 9/73, 12%) was more common in primary disease (p < 0.01),
which also was associated with adjacent subretinal or intraretinal fluid (p < 0.05). Signal void
within the retina, extending between the internal limiting membrane and RPE (Figure 3.6B)
was noted in 4 of 71 lesions (6%). Novel retinal findings included perivascular hyperreflective
dots (Figures 3.3Aand 3.3C,n=4/73, 5%), round outer plexiform bodies (Figure 3.3L,n=2/73,
3%) and a “ribbon-like” outer nuclear layer (Figure 3.3E), defined by hyporeflectivity of the
outer nuclear layer and hyperreflectivity of the inner nuclear layer (n = 1/73, 1%). Round
bodies in the outer plexiform layer were the only retinal or choroidal sign associated with T.
gondii IgM-positive TRC (p < 0.05), and there were no differences between retinal or choroidal

signs in HIV-positive versus -negative patients.
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Figure 3.3: Pathological changes in eyes with active toxoplasmic retinochoroiditis by spectral-
domain optical coherence tomography

(A). Hyperreflective dots in the vitreous cavity overlying the optic disc (zone 1, primary, T. gondii IgM-
negative); note perivascular hyperreflectivity (arrow); (B). Large hyperreflective deposits at vitreoretinal
interface (zone 2, recurrent, T. gondii IgM-negative); (C). Hyperreflective vessel (circled) within area of
retinal void, (HIV-positive, zone 2, recurrent, T. gondii IgM-negative); (D). Intraretinal hyperreflective dots
in outer plexiform and outer nuclear layer (zone 2, primary, T. gondii IgM-positive); (E). “Ribbon”
appearance of hyporeflective outer nuclear layer and hyperreflective inner nuclear layer within full-
thickness retinal hyperreflectivity (zone 1, recurrent, T. gondii IgM-negative); (F). Small retinal pigment
epithelial detachments (arrows), (HIV-positive, zone 2, recurrent, T. gondii IgM-negative); (G).
Hyperreflective dots in the vitreous cavity, thickened posterior hyaloid with partial posterior vitreous
detachment; retinal thickening with full-thickness hyperreflectivity and adjacent disorganisation of retinal
layers and thickening of RPE; choroidal hyporeflectivity and thickening (zone 2, primary, T. gondii IgM-
negative); (H). Large hyperreflective deposit (arrow) on posterior hyaloid face (zone 2, recurrent, T. gondii
[gM-negative); note thickened hyperreflective retina with choroidal hyporeflectivity and thickening; (I).
Prominent hyperreflective dots surrounding choroidal vessel (circled) and internal limiting membrane,
and disorganisation of retinal layers (zone 2, recurrent, T. gondii IgM-negative); (J). Gross macular
thickening with hyperreflective dots and intraretinal fluid in the outer plexiform and outer nuclear layers
(“huge outer retinal cystoid spaces”), subretinal fluid and bowing of RPE-Bruch’s membrane complex (zone
1, primary, T. gondii IgM-negative); (K). Subfoveal fluid and hyperreflective dots in the vitreous cavity
overlying a vessel (circled), (zone 2, primary, T. gondii IgM-negative); (L). Round body in outer nuclear
layer (circled, 80 pm), with adjacent retinal hyperreflectivity and disorganisation of retinal layers (zone 2,
primary, T. gondii IgM-positive); (M). Subfoveal fluid containing hyperreflective dots, outer plexiform and
outer nuclear layer fluid with hyperreflective dots, retinal hyperreflectivity, bowing of RPE-Bruch’s
membrane complex, overlying hyperreflective dots in the vitreous cavity and partial separation of
posterior hyaloid (zone 2, primary, T. gondii IgM-negative); (N). Hyperreflective dots in the vitreous cavity,
disorganisation of retinal layers, thickening of RPE with subjacent choroidal hyporeflectivity and adjacent
subfoveal fluid (zone 1, recurrent, T. gondii [gM-negative). Abbreviations: HIV = human immunodeficiency
virus, Ig = immunoglobulin, RPE = retinal pigment epithelium, SD-OCT = spectral-domain optical coherence
tomography TRC = toxoplasmic retinochoroiditis. Location: Zone 1 = up to 3000 pm from fovea or 1500

pum from disc margin; Zone 2 = between equator and zone 1.
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3.2.3.2 MACULAR CHANGES AT PRESENTATION BY SPECTRAL-DOMAIN OPTICAL
COHERENCE TOMOGRAPHY

The macula is the area of retina located at the posterior pole of the eye that is responsible for
processing the central field of vision. Pathological changes at the macula were evident by SD-OCT
in 64 of 86 eyes (74%) at presentation, and are outlined in Table 3.4. Zone 1 lesions were
associated with hyperreflective dots at the vitreoretinal interface (Figures 3.2, 3.34, 3.3G, 3.3N,
3.5; n = 6/29, 21%), full-thickness retinal hyperreflectivity (n = 5/29, 17%), and submacular
choroidal thickening > 300 pm (n = 6/29, 21%) (p < 0.01) at the macula. Intraretinal
hyperreflective dots (Figure 3.3D; n=8/29, 28%) and retinal voids (Figures 3.6B to 3.6D; n = 3/29,
10%) were also associated with zone 1 TRC (p < 0.05). Active TRC in zone 2 was associated with
an abnormal macular SD-OCT scan in 22 of 57 eyes (39%). Macular oedema was seen in 19 of 86
eyes (22%), irrespective of the zone of the lesion (Figure 3.2A-C). Epiretinal membrane was
observed in 10 of 86 eyes (12%), but vitreomacular traction was an uncommon presenting feature

(n = 3/86, 3%).

3.233 VITREOUS SIGNS AT PRESENTATION BY SPECTRAL-DOMAIN OPTICAL
COHERENCE TOMOGRAPHY

Pathological changes in the vitreous during active TRC that were documented by SD-OCT are
presented in Table 3.5. At first presentation, hyperreflective dots in the vitreous were noted in
80% of eyes (n = 64/80). This change was not associated with TRC location, disease type, T. gondii
IgM positivity or serologic evidence of HIV infection. The posterior hyaloid was attached at the
lesion in 70 of 80 eyes (88%), and this was more common in primary TRC (p < 0.05). A partial
posterior vitreous detachment (Figures 3.2 and 3.3G) was noted in 13 of 80 eyes (16%), and
occurred more often in zone 2 TRC (p < 0.05). There were no signs of complete posterior vitreous

detachment in any eye by SD-OCT.
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Table 3.4: Macular features by spectral-domain optical coherence tomography at presentation with active toxoplasmic retinochoroiditis

Macular findings on SD-OCT in active TRC at presentation for 86 eyes (86 patients). P-values calculated using Fisher’s exact or Student’s t-test (* p <

0.05,** p < 0.01, *** p <0.001).

TRCin zZone 1 TRC in Zone 2

SD-OCT feature at the macula Total (%) N = 29 (%) N = 57 (%) p-value
Normal appearance 22 (26) 0(0) 22 (39) < 0.001***
Hyperreflective dots at vitreoretinal interface 6(7) 6 (21) 0(0) <0.01**
Vitreomacular traction 3(3) 0(0) 3(5) 0.55
Epiretinal membrane 10 (12) 1(3) 9 (16) 0.15
Full-thickness retinal hyperreflectivity 5(6) 5(17) 0(0) <0.01**
Hyperreflective dots retina 13 (15) 8 (28) 5(9) <0.05*
Macular oedema 19 (22) 8(28) 11 (19) 0.42
Retinal void 3(3) 3(10) 0(0) <0.05*
Subretinal fibrosis 1(1) 1(3) 0(0) 0.34
Retinal pigment epithelial thickening 2(2) 0(0) 2(4) 0.55
Choroidal thickening > 300 um 7 (8) 6 (21) 1(2) <0.01**
Central 1 mm diameter macular volume (mm3) * SD 0.28 +0.11 (N=76) 0.29 + 0.14 (n=23) 0.27 £ 0.10 (n=53) 0.47

Abbreviations: SD-OCT = spectral-domain optical coherence tomography, TRC = toxoplasmic retinochoroiditis. *Location: Zone 1 = within 3000 pm

of the fovea or 1500 um of the optic disc margin; Zone 2 = between equator and zone 1.
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Table 3.5: Vitreous signs in active toxoplasmic retinochoroiditis by spectral-domain optical coherence tomography at presentation

Alterations in the vitreous overlying active TRC by SD-OCT were compared by location, ocular infection, T. gondii serology and HIV infection in 90 eyes

of 90 subjects at presentation. Denominator indicates number of gradable scans. P-values were calculated using Fisher’s exact test (* p < 0.05).

TRC lesion at Location Ocular infection T. gondii serology HIV infection
presentation by SD-OCT  Total Zone 1 Zone 2 Primary Recurrent  IgM + IgM - HIV + HIV -
OVERLYING VITREOUS N % n % n % n % n % n % n % n % n %
Posterior hyaloid attached ~ 70/80 88 26/29 90 44/51 86 31/32* 97 39/48* 81 14/15 93 56/65 86 6/8 75 64/72 89
Hyperreflective dots 64/80 80 22/29 76 42/51 82 25/32 78 39/48 81 9/15 60 55/65 85 8/8 100 56/72 78
Deposits > 25 um 29/80 36 8/29 28 21/51 41 14/32 44 15/48 31 6/15 40 23/65 35 5/8 63 24/72 33
Posterior hyaloid thickening 28/80 35 9/29 31 19/51 37 10/32 31 18/48 38 3/15 20 25/65 38 3/8 38 25/72 35
Normal appearance 16/80 20 7/29 24 9/51 18 7/32 22 9/48 19 6/15 40 10/65 15 0/8 0 16/72 35
g:tr;icﬂrﬁ(;tte”or vitreous 13/80 16 1/29* 3 12/51* 24 4/32 13 9/48 19 2/15 13 11/65 17 1/8 13 12/72 17
Vitreoschisis 2/80 3 1/29 3 1/51 2 2/32 6 0/48 O 1/15 7 1/65 2 1/8 13 1/72 1
Traction adjacent to lesion 1/80 1 0/29 0 1/51 2 0/32 0 1/48 2 0/15 0 1/65 2 0/8 0 1/72 1
Epiretinal membrane at lesion 4/80 5 0/29 0 4/51 8 1/32 3 3/48 6 1/15 7 3/65 5 0/8 0 4/72 6

Abbreviations: HIV = human immunodeficiency virus, Ig = immunoglobulin, SD-OCT = spectral-domain optical coherence tomography, TRC =

toxoplasmic retinochoroiditis. *Location: Zone 1 = up to 3000 pm from fovea or 1500 um from disc margin; Zone 2 = between equator and zone 1.
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Posterior hyaloid thickening (Figures 3.2 and 3.3G) and large hyperreflective deposits at the
vitreoretinal interface (Figures 3.3B and 3.3H) were present in approximately one third of eyes (n
=28/80 and 29/80, respectively) at presentation, and an epiretinal membrane was present across

4 of 80 lesions (5%).

3.2.3.4 RETINAL PIGMENT EPITHELIAL AND CHOROIDAL FINDINGS AT PRESENTATION BY
SPECTRAL-DOMAIN OPTICAL COHERENCE TOMOGRAPHY

Clinical characteristics of TRC include variably pigmented retinal pigment epithelial scarring and
choroidal inflammation. Pathological changes of the RPE and choroid that were identified by SD-
OCT are displayed in Table 3.6. At presentation, the RPE at the TRC lesion was identifiable in 26
SD-OCT scans, and showed thickening in half of these (Figures 3.3N, 3.5, 3.6B to 3.6F). Atrophic
retinal pigment epithelial changes (Figure 3.5) were evident in 9 of 26 eyes (35%). Small pigment
epithelial detachments (Figure 3.3F) were present in one patient with concurrent HIV infection
and a CD4 count of 235 cells/pL. Choroidal hyporeflectivity (Figure 3.2) was a common feature,
presentin 25 of 41 eyes at presentation (61%), with bowing of the retinal-RPE-Bruch’s membrane
complex (Figure 3.2, n = 6/73, 8%). Forty of 90 patients had an SD-OCT scan with EDI at
presentation, and the choroid was thickened in 55% of these scans (Figures 3.2, 3.3G and 3.3H, n
= 22/40). Choroidal perivascular hyperreflective dots (Figure 3.31) were identified in 4 of 73 eyes
(5%), and were likely prominent due to the effect of overlying retinal and retinal pigment

epithelial atrophy.
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Table 3.6: Retinal pigment epithelial and choroidal findings in active toxoplasmic retinochoroiditis by spectral-domain optical coherence

Alterations in the RPE and choroid in active TRC by SD-OCT were compared by location, ocular infection, T. gondii serology and HIV infection in 90

eyes of 90 subjects at presentation. Denominator indicates number of gradable scans. P-values were calculated using Fisher’s exact test (* p < 0.05).

TRC lesion at presentation by Location Ocular infection T. gondii serology HIV infection
SD-OCT Total Zone 1 Zone 2 Primary Recurrent IgM + IgM - HIV + HIV -
RPE and choroid N % n % n % n % n % n % n % n % n %
Retinal pigment epithelial 14/26 54 6/8 75 8/18 44 4/8 50 10/18 56 2/3 67 12/23 52 2/3 67 12/23 52
thickening or detachment

Retinal pigment epithelial

atrophy 9/26 3 2/8 25 7/18 39 3/8 38 6/18 33 1/3 33 8/23 35 1/3 33 8/23 35
Bowing of retina-RPE-

Bruchs membrane 6/73 8 1/29 3 5/44 11 1/31 3 5/42 12 0/14 0 6/59 10 1/7 14 5/66 8
Choroidal hyporeflectivity 25/41 61 8/11 73 17/30 57 9/14 64 16/27 59 5/8 63 20/33 61 2/4 50 23/37 62
Choroidal hyperreflectivity 7/41 17 0/11 o 7/30 23 2/14 14 5/27 19 1/8 13 6/33 18 1/4 25 6/37 16
Choroid > 300 pm thick 22/40 55 6/11 55 16/29 55 5/12 42 17/28 61 3/6 50 19/34 56 2/5 40 20/35 57
Adjacent perivascular dots 4/73 5 1/29 3 3/44 7 2/31 6 2/42 5 2/14 14 2/59 3 1/7 14 3/66 5

Abbreviations: HIV = human immunodeficiency virus, Ig = immunoglobulin, RPE = retinal pigment epithelium, SD-OCT = spectral-domain optical

coherence tomography, TRC = toxoplasmic retinochoroiditis. *Location: Zone 1 = up to 3000 pm from fovea or 1500 pm from disc margin; Zone 2 =

between equator and zone 1.
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3.2.4 Tissue changes by spectral-domain optical coherence
tomography during follow-up

The eye of 15 patients, followed for at least 8 weeks without recurrence, had additional SD-OCT
imaging of the lesion and/or macula during follow-up. Figure 3.4 illustrates a representative
TRC lesion on treatment, demonstrating representative signs on SD-OCT. Common tissue
changes (Table 3.7) included disorganised retinal layers (n = 11/15, 73%) and posterior
hyaloid thickening (n = 8/15, 53%). Involved retina often became thinned relative to adjacent
tissue (n=6/15,40%), while the RPE became thickened at (n = 6/15 eyes, 40%) or adjacent to
(n = 3/15 eyes, 20%) the lesion. Of those with macular epiretinal membrane at presentation
(10 eyes), vitreomacular traction was evident in one eye, and the posterior hyaloid continued
to separate with subsequent visits in 3 eyes. There were no signs of complete posterior vitreous

detachment in this group.

3.2.5 Features of retinal necrosis by spectral-domain optical
coherence tomography

Two types of retinal destruction were visualised by SD-OCT. The most common form presented
with full-thickness retinal hyperreflectivity and thickening, and a well-demarcated border to
adjacent normal-appearing retina, with underlying choroidal hyporeflectivity, and
hyperreflective dots in the vitreous (Figure 3.2). Over time, active TRC lesions progressively
thinned, and became disorganised and less hyperreflective (Figure 3.4). Less commonly, retinal
destruction presented as signal voids within the neural retina, with preservation of the RPE and
internal limiting membrane (Figures 3.5A to 3.5F). As these retinal voids regressed, relatively
fewer hyperreflective dots were evident in the vitreous, and void spaces were slowly replaced
by disorganised retinal tissue in follow-up.
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Figure 3.4: Response to treatment

Representative images from an individual at follow-up in a tertiary-referral uveitis clinic after 5 days on
antibiotic therapy. The patient had primary T. gondii 1gG-positive TRC, studied with Heidelberg
Spectralis® SD-OCT of the posterior segment of the eye (below right). Colour fundus photograph
(above) and near infrared image (below left) for clinical correlation. SD-OCT demonstrating minimal
vitreous hyperreflective dots, epiretinal membrane, full-thickness retinal hyperreflectivity in the centre
of the lesion, with relative thinning and adjacent disorganized retinal layers and sublesional choroidal
shadowing.. Abbreviations: Ig = immunoglobulin, SD-OCT = spectral-domain optical coherence

tomography, TRC = toxoplasmic retinochoroiditis.
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Chapter 3

Posterior segment features (including macular signs) on SD-OCT that were observed during follow-up

of active TRC in 15 eyes of 15 patients (SD-OCT of the lesion) or 23 eyes of 23 patients (SD-OCT of the

macula), who were followed for at least 8 weeks and did not have a recurrence during follow-up.

LESION N %
Hyaloid thickening 8/15 53
Epiretinal membrane 4/15 27
Expanded posterior vitreous detachment 3/15 20
Intra- or subretinal fluid 0/15 0

Lamination - disorganised 11/15 73
Retinal hyperreflectivity 3/15 20
Retinal signal void 2/15 13
Relatively thinned retina 6/15 40
Relatively thickened retina 2/15 13
Retinal pigment epithelial thickening 6/15 40
Retinal pigment epithelial atrophy 2/15 13
Adjacent retinal pigment epithelial thickening 3/15 20
Adjacent retinal pigment epithelial atrophy 2/15 13
Choroidal shadowing or hyporeflectivity 3/15 20
Choroidal hyperreflectivity 3/15 20
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MACULA N %
Epiretinal membrane 10/23 43
Intraretinal fluid 0/23 0
Retinal hyperreflectivity 0/23 0
Retinal signal void 3/23 13
Subretinal fluid 3/23 13
Vitreomacular traction 1/23 4
Subretinal hyperreflectivity 1/23 4

Abbreviations: SD-OCT = spectral-domain optical coherence tomography, TRC = toxoplasmic

retinochoroiditis.
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3.2.6 Visual outcomes associated with spectral-domain optical
coherence tomography features of toxoplasmic
retinochoroiditis

In order to ascertain a potential association of visual outcome with tissue changes by SD-OCT,
all features of active TRC by SD-OCT were compared to best-corrected visual acuity at
resolution in eyes followed for at least 8 weeks (n = 47). Selected results are displayed in Table
3.8 and pertain to tissue changes at presentation, tissue changes at the lesion, and include
individuals who had central (zone 1) or peripheral (zone 2) lesions. At presentation, vitreous
signs representing inflammatory changes on SD-OCT included hyperreflective dots, large
deposits (n=15/47,32%), and posterior hyaloid thickening (n = 21/47, 45%). These were not
shown to be associated with poor visual outcomes (visual acuity of 20/200 or worse). Similarly,
the presence of intra-or subretinal fluid at the macula (n = 9/47, 29%), and macular epiretinal
membrane (n = 15/47, 32%) did not predict visual outcome. The only SD-OCT finding
associated with visual outcome was retinal signal voids at the TRC lesion, which was unusual
in eyes achieving visual acuities of 20/40 or better (n =1/25, 3%, p < 0.01), and present in half

of eyes retaining visual acuities of 20/200 or worse (n=7/14,p < 0.01).
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Figure 3.5: Evolution of retinal necrosis in toxoplasmic retinochoroiditis

SD-OCT scan of right macula in a patient presenting with zone 1, primary T. gondii IgM-positive TRC.
(A). At presentation, demonstrating full-thickness retinal hyperreflectivity, thickening and
disorganisation of retinal layers. Note lack of hyperreflective dots in the vitreous cavity; (B). At 7 days
post-presentation. Liquefactive retinal necrosis demonstrated by large signal void within the retina, and
preservation of the internal limiting membrane, and retinal pigment epithelial thickening; (C). At 2
weeks after presentation, the area of signal void was smaller; (D). Week 5 after presentation,
disorganised retinal tissue and retinal pigment epithelial thickening; (E). Nine weeks after presentation,
retinal signal void is replaced with granular disorganised tissue; (F). At 4 months post-presentation,
showing partial separation of the posterior hyaloid, epiretinal membrane formation, disorganised
retinal tissue, thickened RPE and focal choroidal hyporeflectivity. Abbreviations: Ig = immunoglobulin,
SD-OCT = spectral-domain optical coherence tomography, TRC = toxoplasmic retinochoroiditis.
Location: Zone 1 = up to 3000 um from fovea or 1500 pm from disc margin; Zone 2 = between equator

and zone 1.
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Visual outcomes in active TRC for 47 eyes of 47 patients. Subjects were followed for at least 8 weeks and

did not have a recurrence on SD-OCT at any time during the follow-up period. Comparisons were made

between eyes with good visual acuity (20/40 or better) and eyes with poor visual acuity (20/200 or

worse). The p-values were calculated using Fisher’s exact test (** p < 0.01).

Best corrected visual acuity at resolution

SD-OCT feature during active TRC Total <20/40 >20/200

N % n % n %
Hyperreﬂfectlve dots in vitreous at 32/47 68 24/25 9% 8/14 57
presentation
Deposits > 25 pm in vitreous at 15/47 32 6/25 24 6/14 43
presentation
Posterior hy.alold thickening at lesion 21/47 45 13/25 5o 7/14 50
at presentation
Retinal void at lesion at any time 8/47 17 1/25 ** 4 7/14 ** 50
Intra.- or subretinal fluid at macula at 9/47 29 3/25 12 3/14 21
any time
Macular epiretinal membrane 15/47 32 6/25 24 6/14 43

Abbreviations: SD-OCT = spectral-domain optical coherence tomography, TRC = toxoplasmic

retinochoroiditis.
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3.3 DISCUSSION

In this large cohort of patients presenting with TRC, diagnostic and prognostic signs of posterior
segment tissue changes by SD-OCT were detailed, and the spectrum of signs of this retinal
infection were presented. Common signs of active TRC included a thickened fully-
hyperreflective retina with choroidal thickening and hyporeflectivity, hyperreflective dots in
the vitreous, and posterior hyaloid thickening. These changes were often accompanied by
adjacent disorganisation of retinal layers. Over time, the retina thinned and became less
hyperreflective, but did not return to a normal appearance. The RPE either thickened or became
atrophic, causing secondary choroidal hyporeflectivity or hyperreflectivity, respectively.
Thickening of the choroid was marked in some cases (Figure 3.2), reflecting inflammatory

changes secondary to the parasitic infection.

Retinal oedema was not a characteristic feature of active TRC in this series. Subretinal or
intraretinal fluid, usually adjacent to the lesion, was observed in approximately 15% of eyes
presenting with active TRC, and was more common in primary disease. Hyperreflective dots,
also visible in the subretinal fluid, most likely represent inflammatory cells (Figure 3.3K and
3.3M).300 Published SD-OCT studies have identified subretinal fluid in as many as one-quarter
of patients.??2 Two studies from the same group documented intraretinal and subretinal fluid
in SD-OCT scans of TRC, although the authors did not explore clinical associations.2%% 295 An
unusual presentation of outer retinal oedema - “huge outer retinal cystic spaces”?> - was
identified in 10% of lesions in our series (Figure 3.3]). This form of retinal oedema usually
occurs at the macula, affects the outer plexiform, outer nuclear and photoreceptor layers, and
is accompanied by subretinal fluid. Macular oedema was a presenting SD-OCT sign in
approximately 20% of eyes; this was equally frequent in zone 1 and zone 2 lesions. Macular

epiretinal membrane was noted during follow-up in 40% of eyes in our series.
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Vitritis is a common clinical feature of TRC, and this was represented as hyperreflective dots in

the vitreous cavity on SD-OCT. Small hyperreflective dots have been observed in the vitreous
and retina of eyes with active TRC, as well as eyes with other forms of posterior uveitis, and are
a size consistent with that of inflammatory cells, demonstrating regression as the inflammatory
process resolves.3%0 Large hyperreflective deposits (over 25 pm) were seen in the vitreous of
one-third of eyes at presentation. This feature has been noted in both viral and parasitic retinal
necrosis, and absorption of these deposits into the retina has been documented with both time-
domain OCT and SD-OCT.164 301-303 Thus, the deposits may represent clumps of inflammatory
cells.1%0 In one report of an individual with severe TRC, the authors found clusters of
macrophages attached to the posterior hyaloid and internal limiting membrane in the

enucleated globe.151

Choroidal involvement in active TRC on SD-OCT was striking at times, and demonstrated the
extent to which the choroid may be affected in what is primarily a retinal infection. The choroid
cannot be directly visualized, and choroidal imaging is difficult due to the overlying retina and
RPE which mask signal with many imaging tools. Angiography that utilizes indocyanine green
dye does allow visualisation of the choroidal vasculature, and demonstrates choroidal
involvement in TRC that usually extends beyond visible retinal lesions, but it does not provide
cross-sectional information.3%4 In this work, choroidal involvement was indicated through a
number of signs on SD-OCT: choroidal thickening, “bowing” of the RPE-Bruchs complex, and
choroidal hyporeflectivity, which was presumed to represent choroidal shadowing from the
overlying thickened retina in the majority of cases. A range of signs were taken to indicate
choroidal involvement as no one sign was universally present in all cases. There are limitations
with all these proxies for choroidal involvement. Choroidal thickening was arbitrarily
designated as over 300 um, which potentially missed thickening in zone 2 lesions, as the

choroid is much thinner peripherally.3%> In addition, the influence of age on choroidal thickness
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was not taken into account.3%> The ideal mode for imaging the choroid is enhanced depth

imaging on SD-OCT,3% and not every participant had an SD-OCT in this modality. However,
gross thickening was evident where obvious “bowing” of the RPE-Bruchs complex was
observed (Figure 3.2). While the primary pathology of TRC is in the retina, choroidal
involvement has long been documented in histopathological studies. Case reports detailing
histopathology of enucleated or post-mortem eyes of immunocompromised individuals with
TRC demonstrate secondary choroidal inflammatory changes, and one post-mortem
enucleation of an immunocompetent male who incidentally died at the time of an episode of
TRC showed a thickened choroid that was diffusely infiltrated with plasma cells and
lymphocytes.138 The unusual case of a chorioretinal biopsy of an amelanotic mass in a 37 year-
old man with a history of treated bowel cancer demonstrated T. gondii bradyzoites within a

focus of granulomatous inflammation.161

Features of TRC lesions were compared by location, and some differences were found between
zone 1 and zone 2 lesions. The retina is thicker at the macula, and, unsurprisingly, zone 1 TRC
lesions were relatively thicker than zone 2 lesions. That full thickness retinal hyperreflectivity
was more likely in zone 1 lesions than peripheral lesions is not unexpected, as individuals with
zone 1 lesions are more likely to present earlier as they often have symptoms sooner. It is
interesting to note that macular oedema was also observed in zone 2 lesions, and macular
epiretinal membrane was also a consequence of zone 2 disease, indicating that zone 2 TRC is
not a benign disease, and underscoring the importance of treating this patient group. In
addition, retinal signal voids, regardless of location, were associated with poor visual outcomes.
Further evidence that peripheral TRC is serious was demonstrated in a study that found
impaired macular function - despite normal architecture by SD-OCT - in eyes with zone 2 and 3
TRC.397 Itis important to consider that transcriptional differences within cell populations at the

macular and in the periphery have been identified, and may be a factor in pathophysiology.308
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Miiller cells are the primary host cell for T. gondii,3%° and phenotypic and metabolic diversity in

this cell population31® may contribute to identifiable differences between macular and
peripheral pathology in TRC. A well-documented report of alarge cohort of individuals affected
by an outbreak of toxoplasmosis found that retinal lesions were more likely to be necrotic when

located at the macula.31!

The presence of small round outer nuclear hyperreflective bodies (approximately 80 um,
Figure 3L) was a novel SD-OCT observation not previously reported in active TRC, and which
was present in eyes of two T. gondii IgM-positive patients. These bodies might represent
encysted parasites, although histopathological reports indicate cysts are most commonly found
in the ganglion cell layer. We otherwise found no distinction between SD-OCT features of T.
gondii IgM-positive versus -negative TRC. Differences between IgM-positive and -negative
disease have been speculated, and while a recent paper described IgM-positive TRC as more
likely to present in older individuals with macular lesions and carried a higher risk of
rhegmatogenous retinal detachment,31? this is a largely unstudied area. A small report of
enucleated globes with TRC found that IgM serology did not distinguish pathological features,
including extension of necrosis and number of cysts.137 Further research in this area is needed.
Aggressive TRC has been associated with acquired immunodeficiency syndrome.125> Qur study
suggested SD-OCT signs were not impacted by HIV infection status, although small retinal
pigment epithelial detachments and retinal perivascular hyperreflective dots were identified in
one eye of an HIV-positive patient and in no other cases. Despite a normal CD4 count, those who
are HIV-positive display immune system dysfunction.313 Only one participant in this study had

a CD4-positive T cell count below 200 cells/pl, precluding comparisons within this group.

Itis arare privilege to be able to correlate SD-OCT findings in retinal disease with histology due
to the lack of tissue specimens, and some diseases imaged by SD-OCT may never have

histopathological correlation.314* While SD-OCT has been referred to as an “optical biopsy”, it is
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important to note that histopathology demonstrates ex vivo chemical staining of tissue, while

SD-OCT measures the optical scattering of in vivo tissue. Correlation of histopathology with SD-
OCT findings in the normal human retina have been published,314 but there are no studies that
correlate ocular histopathology with SD-OCT in TRC. The necrotising retinitis that clinically
defines active TRC represents tissue destruction and collateral inflammation related to the
proliferation of T. gondii.l37 Coagulative necrosis, characterised by preservation of tissue
architecture after cell death, is seen in pathological processes causing ischaemia and in cerebral
toxoplasmosis.143.315 On SD-OCT, coagulative necrosis is represented as retinal thickening and
hyperreflectivity, due to cellular swelling and thus increased backscattering.31¢ Similar SD-OCT
changes can be seen in retinal ischaemia due to retinal arterial occlusion, with retinal

thickening and hyperreflectivity being observed in the acute phase.31”

The hallmark of necrosis is breakdown of the plasma membrane of the cell.318 Lysis of the cell
and its organelles, transforming tissue into a liquefied mass of protein, reduces optical
scattering as the mismatch between the refractive indices of cellular components is reduced.316
This was elegantly presented in a study of tumour spheroids, whereby optical attenuation on
SD-OCT was demonstrated to correlate accurately with areas of necrosis on histology.31? In the
current study, 5% of eyes at presentation demonstrated areflective spaces or signal voids
within the retina on SD-OCT (Figure 3.5B). Similar signal voids have been identified by SD-OCT
in other cases of TRC, and in retinal necrosis due to other aetiologies.320. 321 Without
histopathological correlation, one can only speculate that this represents liquefactive necrosis,
the consequence of heavy parasite proliferation with massive cell lysis and profound tissue
destruction, causing an optical signal void. Over the course of TRC, retinal voids were observed

in 17% of eyes, and were predictive of a poor visual outcome.

As this study was planned, it was hypothesized that encysted bradyzoites could be identified

by SD-OCT. Cyst distribution in mouse models of both congenital and acquired TRC indicate
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bradyzoites within Miiller and ganglion cells and localized to the ganglion cell layer and inner

plexiform layer of the retina.322 323 Histopathological correlation with SD-OCT in TRC is
unstudied. Whether encysted bradyzoites can be identified is unknown, and depends on the
optical density of the cell and that of surrounding tissue. The most hyperreflective bands in the
normal retina on SD-OCT are tightly packed with either mitochondria or lysosomes,1% as these
are the organelles most likely to scatter light.324# The optical density of infected cells is likely
high, due to the concentration of mitochondria and their association with bradyzoites. Whether
these presumably hyperreflective cells are identifiable will depend on the relative optical
density of adjacent structures. Cells within the vitreous are a readily identifiable sign of
posterior uveitis on SD-OCT, and presumed inflammatory cells are visible within the retina,3%0
but cannot be resolved in hyperreflective necrotic retina, where there is no mismatch between
the scattering properties of adjacent structures. Lack of a positive control will also make
identification of suspected cysts difficult, and correlation of TRC by SD-OCT and histopathology
in an animal model is required before identification of cysts in humans can be achieved with
confidence. As intriguing as the hunt may be, identifying tissue cysts in human retina is beyond

the limits of current clinical technology.

This work found no signs on SD-OCT that were universal or specific to TRC. While other
aetiologies of infectious retinitis generate similar signs on SD-OCT, with thickened
hyperreflective retina in the acute phase,325 several features of necrotising retinitis in other
diseases were not seen in this series of TRC. Studies of cytomegalovirus retinitis by SD-OCT
have identified vertical hyperreflective strips in the retina, which were speculated to be
infected Miiller cells.32! In the current work, care was taken to seek this change, but it was not
identified on SD-OCT scans from any patient. Longitudinal documentation of cytomegalovirus
retinitis by SD-OCT demonstrated vertical, then horizontal, spread of necrosis (retinal

hyperreflectivity) in the early stage, followed by retinal thickening and in the late stage,
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thinning of the retina.326 The early stages of acute retinal necrosis were identified by SD-OCT

and showed hyerreflectivity and thickening of the inner plexiform layer initially, with vertical
extension and the development of retinal signal voids similar to the voids seen in this study.327

Signs on SD-OCT that are more indicative of TRC involve the choroid and RPE, as demonstrated

in Figure 3.6.
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Figure 3.6: Retinal pigment epithelial thickening

Representative images from this work of an individual presenting to a tertiary-referral uveitis clinic
with recurrent T. gondii IgG-positive TRC, studied with Heidelberg Spectralis® SD-OCT of the posterior
segment of the eye (below right). Colour fundus photograph (above) and near infrared image (below
left) for clinical correlation. SD-OCT demonstrating hyperreflective dots in the vitreous, retinal
hyperreflectivity and thickening (above arrow), and prominent retinal pigment epithelial
hyperreflectivity, elevation and thickening (above asterisks) corresponding to pigmented scar. Retina
adjacent to scar (above triangle) is thinned and disorganized. Photograph reprinted with publisher’s
permission under Creative Commons Attribution 4.0 International License from Lie, S.; Vieira, B.R.;

Arruda, S.; Simodes, M.; Ashander, L.M.; Furtado, |.M.; Smith, ].R. Molecular Basis of The Retinal Pigment

Epithelial Changes That Characterize The Ocular Lesion in Toxoplasmosis. Microorganisms 2019, 7, 405.

Abbreviations: Ig = immunoglobulin, SD-OCT = spectral-domain optical coherence tomography, TRC =

toxoplasmic retinochoroiditis.
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In terms of quality assessment, one previous study of SD-OCT in TRC reported that 71%
of OCT scans were gradable, which is comparable to our rate of 68%.292 However, in
contrast to that and other studies, this work identified a relatively low prevalence of
pathological changes. As one example, rates of hyaloid thickening were 90-95% in other
studies,!6% 292 compared to just 35% in this work. In addition, this study recorded lower
rates of large hyperreflective deposits and focal hyaloid attachment than were identified
by other investigators (i.e. 50-60% versus 36%, and 50% versus 16%, respectively).292
302 Importantly, this patient group was considerably larger than any other studied to date.
In addition, there was likely little referral bias in this work. Over 75% of the population
uses public healthcare in Brazil,328 thus the Uveitis Service at Ribeirdao Preto General
Hospital serves a comprehensive patient population. Therefore rates of tissue changes by
SD-OCT in individuals presenting with active TRC are likely to reflect those presented in

this study.

There are a number of limitations of this work that should be highlighted. Methodological
limitations include exclusions due to a lack of SD-OCT scan despite attendance at follow-
up appointments, and a lack of clinical correlation in the form of fundus photographs for
all participants. Photographic correlation would allow interpretation of particular SD-
OCT signs such as small pigment epithelial detachments, subretinal scarring, and retinal
haemorrhage. Ancillary imaging of the retina could provide further correlation: fundus
autofluorescence may indicate occult RPE lesions that were not obvious on SD-OCT
imaging; indocyanine green imaging could be used to identify choroidal infiltrates and
correlate with SD-OCT signs. Technical issues include an SD-OCT scanning protocol that
did not utilize narrow frame separation, which may have improved image quality. At

limited times during the study period, the SD-OCT machine was undergoing maintenance
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or repairs, and thus was not available for scanning patients. Another limitation of this
work is that data on symptom duration were not collected, which means tissue changes
by SD-OCT could not be correlated to symptom onset. However, the aims of this work
were to evaluate patients from their first presentation to the uveitis service, rather than
by their recollection of their symptoms, and to identify tissue pathology by SD-OCT in the

real-world clinic setting, and correlate it to clinical and functional outcomes.

The continuous evolution of ocular imaging technology is pushing the boundaries of
retinal visualisation and providing opportunities to better understand in vivo
pathophysiology of TRC in humans. Technology utilising adaptive optics to reduce the
higher order aberrations of optical systems extends the limits of resolution beyond what
is currently possible with SD-OCT, and enables evaluation of retinal cellular physiology,
documenting fluctuations in cell size, blood velocity, and identification of subcellular
organelles.197” While technology in some instances cannot replace animal models of
disease, these tools allow further insight into the mechanisms of TRC. Infections of the

retina are destructive.

This work presents the largest prospective cohort of individuals with active TRC studied
by SD-OCT. A spectrum of SD-OCT signs were identified that characterize the extent of
involvement of the retina, choroid and vitreous, the severity of retinal necrosis, and the
evolution of tissue remodelling over time in active TRC. No sign was universal to all
individuals with TRC, and all signs identified in patients with active TRC have been
observed in other forms of infectious and non-infectious uveitis.30% 325 329 Macular
pathology in the form of macular oedema and epiretinal membrane is a feature of both
zone 1 and zone 2 disease. SD-OCT features of infection do not vary by IgM-positive or-

negative disease, and coexistent HIV infection does not distinguish pathological features.
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Over the course of TRC, retinal voids were observed in 17% of eyes and were predictive

of a poor visual outcome, providing a useful sign for the treating clinician.
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4.1 INTRODUCTION

Ocular involvement in dengue virus (DENV) infection was reported as early as the 19t
century,187-190. 330 byt only in the last few decades has retinopathy been recognised as a
significant complication.331 332 The extent to which the retina is involved was revealed after a
cross-sectional study during an epidemic found a 10% prevalence of maculopathy in those
hospitalised with dengue.1?3 Viral serotype may be a factor in the development of retinopathy,
as the same study was repeated during an epidemic 2 years later, and showed no maculopathy

was identified in anyone admitted to hospital with dengue.194

Published studies investigating dengue retinopathy focus largely on the cellular components of
the BRB. Prior work has showed that human retinal pigment epithelial cells and retinal
endothelial cells support DENV infection, and mount a type I IFN and inflammatory response in
vitro.29> Other research has demonstrated a differential response of endothelial cell
subpopulations to infection with DENV, and suggested that vascular endothelial permeability
may vary by cell site and viral serotype.2” Comparison with Zika (ZIKV), a closely-related
flavivirus, revealed that the two viruses induce distinct but overlapping responses from human
primary retinal pigment epithelial cells, with less inflammation in dengue infection.2%¢ Other
human retinal cell populations have not been examined in dengue retinopathy or in response

to DENV infection.

Miiller cells are specialized glial cells unique to the retina. They are radially oriented with cell
bodies located in the inner nuclear layer, and processes that span the retinal thickness from
internal limiting membrane to external limiting membrane (Figure 4.1).333 Miiller cells interact

with all major anatomical compartments of the posterior segment of the eye, and provide
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scaffolding that is critical to meticulous retinal organisation.33* Miiller cell processes associate

with the synaptic connections of retinal neurons, blood vessels, the interphotoreceptor matrix
of the subretinal space, and the vitreous gel. Approximately five million Miiller cells are
distributed across the human retina, each forming the central axis of a column of neurons,
which contain one cone per Miiller cell, and comprise the basic functional unit of visual

processing.7> 334

Through their interaction with retinal capillaries, Miiller cells form part of the inner BRB. They
mediate neurovascular exchanges, recycle neurotransmitters and cater for the extreme energy
and oxygen requirements of inner retinal neurons.335 336 Miiller cells play a crucial role in fluid
homeostasis, and are implicated in a wide range of ischaemic, degenerative and metabolic
diseases that result in macular oedema.337 The Miiller cell has no homologue in the CNS, and
has been shown to perform highly specialized functions, including that of a clock that controls
circadian molecular expression within the retina.?38 The role of the Miiller cell in dengue
retinopathy is largely unknown, but there are compelling reasons why this cell warrants further

study.

Given its anatomical location, Miiller cells are intimately involved with all other cell types of the
neural retina. They are susceptible to infection with other flaviviruses, including ZIKV,208, 339,
and support infection of the apicomplexan parasite Toxoplasma gondii,3*° which infects human
Miiller cells in preference to neuronal retinal cell populations.39? Miiller cells are targets for
lentiviral34! and adeno-associated viral vectors,3*2 and also interact with extracellular
pathogens such as in bacterial endophthalmitis, where they mediate early innate immune
responses through expression of toll-like receptors and inflammatory mediators, and are

capable of phagocytosis.?6 343, 344
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Figure 4.1: The Miiller cell

Miiller cells (blue) are specialized glial cells unique to the retina. They form the internal (ILM) and
external (ELM) limiting membranes of the retina and their cell bodies lie within the inner nuclear layer
(INL). They form synaptic connections with most retinal cell populations, and contact capillary networks
in the inner plexiform (IPL) and outer plexiform layers (OPL) as part of the inner BRB. The retinal

pigment epithelium (RPE) forms the outer BRB. Figure constructed at BioRender.com
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The work in this chapter was designed to establish the susceptibility of the human retinal

Miiller cell to infection with DENV and identify characteristics of the Miiller cell response to this
virus. Specifically, antiviral, inflammatory and immunomodulatory responses after DENV
infection were investigated in human Miiller cells in vitro. To emulate closer translation to
clinical disease, primary human Miiller cells and field isolates of DENV were used to

characterise the interactions of this unique cell with DENV.

4.2  RESULTS

4.2.1 Susceptibility of the MIO-M1 human Miiller cell line to
infection with dengue virus

To determine the susceptibility of human Miiller cells to infection with DENV, preliminary
studies involved infecting the spontaneously immortalized human Miiller cell line, MIO-M1,%5
with Mon601, a recombinant DENV serotype 2 from the New Guinea C strain.34> Confluent
monolayers of MIO-M1 cells were infected with Mon601 across two experiments to determine
(1) the optimal MOI and (2) the kinetics of infection in this cell line, and thus the most

appropriate time to harvest the cells for use in molecular studies.

To determine the optimal MOI for further infections, confluent monolayers of MIO-M1 cells
were infected with Mon601 at MOI of 1 and 5, mock-infected with heat-inactivated virus at MOI
of 5, or treated with medium only, with 3 monolayers per condition. Cell monolayers were fixed
with paraformaldehyde at 48 hpi for immunolabelling with anti-double-stranded (ds)RNA
antibody, which demonstrated a productive infection of MIO-M1 cells at an MOI of 5 (Figure
4.2A-D). RNA was extracted from additional cells for analysis by RT-qPCR. This procedure

showed higher viral copy numbers were present in MIO-M1 cells infected at MOI of 5 compared
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to MOI of 1 (p < 0.05, two-tailed t-test) (Figure 4.2E). A plaque assay of supernatant from

infected monolayers confirmed greater infection at MOI of 5 (6.30 x 10# pfu/mL) compared to

MOI of 1 (7.33 x103 pfu/mL).

To characterise the kinetics of DENV infection in human Miiller cells, confluent monolayers of
MIO-M1 cells were infected at MOI of 5, mock-infected with heat-inactivated virus at an MOI of
5, or left uninfected. At 24, 48 and 72 hpi, RNA was harvested. By RT-qPCR, viral RNA level was
highest at 72 hours, but with variation across 4 replicates (Figure 4.2F). Imaging of cell
monolayers by brightfield microscopy demonstrated a cytopathic effect - the term used in
virology to indicate the effect of infection of cytolytic viruses on cells.346.347 — in DENV-infected
cells, with increased cell debris, rounded cell bodies and loss of cell confluence (Figure 4.3).
Mock-infected and uninfected Miiller cells showed no cytopathic effect, showing that
inactivated virus particles were insufficient to cause macroscopic pathological changes. At 48
hours, the cytopathic effect was obvious, but it was more profound at 72 hours, when
widespread cell death was pronounced. Given these observations, infections in subsequent
experiments were conducted over 48 hours to ensure that the molecular profiles of cells

reflected the response to active viral replication rather than progression to cell death.

Thus, preliminary experiments demonstrated robust infection of MIO-M1 cells with Mon601 at
an MOI of 5, and 48 hours was an optimal period to study the molecular response to infection
in these cells. Given that mock-infection with heat-inactivated virus generated similar results
to non-infected monolayers, further infections were conducted using only medium-treated cells

as a negative control.
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Figure 4.2: Infection of MIO-M1 human Miiller cells with dengue virus

To determine the optimal MOI for further infections, confluent monolayers of MIO-M1 cells were
infected with Mon601 at MOI of 1 and 5, mock-infected with heat-inactivated virus at MOI of 5, or treated
with medium only, with 3 monolayers per condition. Fluorescent imaging of MIO-M1 cells at 48 hpi with
Mon601 (A-C) at an MOI of 5, or (D) after treatment with medium alone; and after immunolabeling to
detect (A, B, D) double-stranded RNA or (C) isotype-matched negative control antibody. Alexa Fluor 488
(green) with 4',6-diamidino-2-phenylindole (blue) nuclear counterstain. Scale bars 100 um, except (B)
=10 um. (E, F). Viralload of Mon601-infected MIO-M1 cells by RT-qPCR at (E) different viral inoculations
at 48 hpi: at an MOI of 1 or 5, heat-inactivated virus at an MOI of 5, or medium only, and (F) different
time points: 24, 48 and 72 hpi at an MOI of 5, heat-inactivated virus at an MOI of 5, or medium-only
control. Genome copy number per pg RNA and normalized to reference genes, (E) glyceraldehyde-3-
phosphate dehydrogenase or (F) ribosomal protein lateral stalk subunit PO. Error bars denote standard
deviation, ND = no expression for at least half the replicates, n = 3-4 cultures per condition. Statistical
analyses were not performed as some conditions had no expression of transcripts. Note logarithmic
scale. Abbreviations: DENV = dengue virus, hpi = hours post-inoculation, MIO-M1 = Moorfields /
Institute of Ophthalmology-Miiller 1, MOI = multiplicity of infection, RNA = ribonucleic acid, RT-qPCR =

quantitative reverse transcription polymerase chain reaction.
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Figure 4.3: Infection of human Miiller cells with Mon601

Control

Mon601

Preliminary infection studies were performed to determine the optimal MOI for further infections. Brightfield photomicrographs of Mon601-infected MIO-
M1 cells at an MOI of 5, and medium-treated (control) MIO-M1 Miiller cells. MIO-M1 cells treated with medium alone had a similar appearance to cells
inoculated with heat-inactivated virus (not shown). Evaluated time points post-inoculation = 24, 48, 72 hpi. Scale bars = 100 um, n = 4 cultures per condition.
Representative images are shown. Abbreviations: hpi = hours post-inoculation, MIO-M1 = Moorfields / Institute of Ophthalmology-Miiller 1, MOI =

multiplicity of infection.
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42.1.1 TYPE | INTERFERON RESPONSE IN DENGUE VIRUS-INFECTED MIO-M1 HUMAN
MULLER CELLS

To determine the antiviral response of human Miiller cells to infection with DENV, the
expression of key molecules was quantified by RT-qPCR. Infection of MIO-M1 cells with
Mon601 did not induce expression of IFN-[ transcript (Figure 4.4A), and this observation was
replicated in 3 experiments, which included kinetic studies of expression at 24, 48 and 72 hpi,
and infections at MOI of 1 and an MOI of 5. To determine if this lack of type I IFN response was
a function of the virus and observed in other cells of the eye, another ocular cell population was
infected with Mon601 using the same experimental technique, and IFN-f3 transcript was
measured from RNA of cell lysate by RT-qPCR. In contrast to MIO-M1 cells, the ARPE-19 human
retinal pigment epithelial cell line?62 showed a robust IFN-f3 response by RT-qPCR compared to
medium-only ARPE-19 cells (p < 0.0001), confirming that Mon601 can generate IFN-f in

response to infection in other cells of the eye (Figure 4.4A).

Further investigation was undertaken to confirm that MIO-M1 cells did not produce IFN-f3 in
response to DENV infection. Culture supernatant was collected from MIO-M1 cells at 24 and 48
hpi with Mon601 at an MOI of 5, or medium alone (n = 3 monolayers per condition).
Supernatant samples were subjected to AlphaLISA®,3* a form of enzyme-linked
immunosorbent assay to detect IFN-f3 protein. No IFN-3 was found in supernatant from any
sample, indicating levels below the minimum detection threshold of 9.6 pg/mL (data not

shown), and consistent with RT-qPCR results.

To fully determine the type I IFN response of MIO-M1 cells in the context of DENV infection,
expression of IFN-qa, another component of the type I IFN response,?4° was determined by RT-
gPCR. Transcript expression of this cytokine also did not change in response to infection with
DENV (Figure 4.4B). Similar results were obtained for the IFN-stimulated gene, eukaryotic

translation initiation factor 2-alpha kinase 2 (EIF2AK2, also known as protein kinase dsRNA-
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dependent (PKR)), but not ISG15, and radical S-adenosyl methionine domain containing 2

(RSAD2), which were significantly and highly upregulated in response to infection with DENV
(p < 0.0001, Figure 4.4B). These data together show that although an antiviral response to
DENV2 is generated in infected human Miiller MIO-M1 cells, this response is characterized by

a lack of the key antiviral cytokine, [FN-f, and driven through IFN-3 independent pathways.

4.2.1.2 IMMUNE RESPONSES OF MIO-M1 HUMAN MULLER CELLS TO INFECTION
WITH DENGUE VIRUS

To determine the immune response of human Miiller MIO-M1 cells to infection with DENV,
expression of molecular transcripts involved in inflammatory and immunomodulatory
processes were determined by RT-qPCR. Monolayers of MIO-M1 cells were infected with
Mon601 at an MOI of 5, or mock-infected, with 3-6 cultures per condition, and cells were lysed
and RNA was extracted at 48 hours. Results generated across four experiments were consistent,
and representative graphs are shown in Figure 4.5. The inflammatory response of MIO-M1 cells
to infection with Mon601 was characterised by elevated expression of TNF-a, IL-13 and IL-6 (p
< 0.01) production compared to uninfected control cells (Figure 4.5A). Infected MIO-M1 cells
also showed significantly increased expression of the transcripts encoding two
immunomodulatory cell surface molecules, programmed death-ligand (PD-L)1 (p < 0.0001)
and PD-L2 (p < 0.0001), but expression of the immunomodulatory cytokine, IL-10, was
unchanged as a result of infection (Figure 4.5B). The immunomodulatory cell surface molecule,
Fas ligand, was not detected by RT-qPCR in either infected or uninfected conditions (data not
shown). Together, these data indicate that Mon601-infected human Miiller MIO-M1 cells mount
an immune response that is characterised by the induction of both pro-inflammatory and

immunomodulatory molecules:
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Figure 4.4: Type I interferon response to DENV infection in MIO-M1 human Miiller cells

To determine the antiviral response of human Miiller cells to infection with DENV, the expression of key
molecules was quantified by RT-qPCR. Representative graphs from four experiments measuring
expression of antiviral transcripts in Mon601-infected or media-treated (control) cell monolayers. (A).
IFN-3 expression in ARPE-19 and MIO-M1 cells at 48 hpi with Mon601 at an MOI of 5 (p < 0.0001). Note
logarithmic scale. (B) Under the same conditions, MIO-M1 expression of IFN-a, EIF2AK2, ISG15, and
RSAD?2. Expression relative to reference genes, ribosomal protein lateral stalk subunit PO and (3-actin.
Data analysed by (A) two-way ANOVA with Sidak multiple comparisons test (B) unpaired two-tailed t-
test, with n= 3-4 cultures per condition. Error bars represent standard deviation, *** p <0.001, **** p
<0.0001, NS not significant. Complete statistics are in Appendix F, Table 1 -3. Abbreviations: ANOVA =
analysis of variance, DENV = dengue virus, EIF2ZAK2 = eukaryotic translation initiation factor 2-alpha
kinase 2; hpi = hours post-inoculation, IFN = interferon, ISG15 = interferon-stimulated gene 15, MIO-M1
= Moorfields / Institute of Ophthalmology-Miiller 1, MOI = multiplicity of infection, RNA = ribonucleic
acid, RSAD2 = radical S-adenosyl methionine domain-containing 2; RT-qPCR = quantitative reverse

transcription polymerase chain reaction.
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Figure 4.5: Immune response to dengue virus infection in MIO-M1 human Miiller cells

To determine the immune response of human Miiller cells to infection with DENV, the
expression of key molecules was quantified by RT-qPCR. Representative graphs from 5
experiments measuring the (A) inflammatory and (B) immunomodulatory response by RT-
gPCR in human Miiller MIO-M1 cells 48 hours after inoculation with Mon601 at an MOI of 5, or
medium-treated (control). Expression relative to reference genes, ribosomal protein lateral
stalk subunit PO and B-actin. Data were analysed by unpaired two-tailed t-test, with n = 3-6
cultures per condition. Error bars represent standard deviation, *** p <0.001, ** p <0.01, NS not
significant, ND transcript expression not detected in at least half the replicates. Complete
statistics are in Appendix F, Table 4. Abbreviations: hpi = hours post-inoculation, IL =
interleukin, MIO-M1 = Moorfields / Institute of Ophthalmology-Miiller 1, MOI = multiplicity of
infection, PD-L = programmed death-ligand, RNA = ribonucleic acid, RT-qPCR = quantitative

reverse transcription polymerase chain reaction.
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4.2.2 Miiller cell infection with field isolates of dengue virus

4.2.2.1 INFECTION OF MIO-M1 HUMAN MULLER CELLS WITH DENV FIELD ISOLATES

To reflect DENV infection with more fidelity and explore the effect of DENV strain and serotype
on Miiller cell response to infection, human Miiller MIO-M1 cells were infected with viral
isolates obtained from individuals with dengue, as well as the lab-adapted Mon601
recombinant strain. These DENV1 or DENV?2 field isolates were collected during the 2004-2005
and 2007 epidemics in Singapore (Table 2.4). Confluent monolayers of MIO-M1 cells were
infected at MOI of 5 with either Mon601 or one of 6 field isolates of DENV1 and DENV2, or
treated with medium alone as negative control. At 48 hpi, monolayers were fixed in 4%
paraformaldehyde and immunolabeled to detect the presence of dsRNA (Figure 4.6A). The
dsRNA labelling was not detected in cells infected with DENV field isolates compared to
infection with Mon601, as shown with isolate EHI0377Y04 (Figure 4.6A). Concordant with
these results, the cytopathic effect in MIO-M1 cells infected with field isolates was minimal, as
exemplified by isolate EHIO377Y04, in contrast to the obvious cytopathic effect induced by
Mon601 (Figure 4.6B), and by RT-qPCR, viral RNA level was lower in cells infected with field
isolates compared to Mon601 (Figure 4.7). A medium-treated control was included, from which
no viral copies were detected. These data indicate that although the DENV field isolates were

capable of infecting MIO-M1 cells, they did not replicate as well as Mon601 in these cells.
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Figure 4.6: MIO-M1 human Miiller cell infection with DENYV field isolates

To reflect human DENV infection with more fidelity and explore the effect of DENV strain and
serotype on Miiller cell response to infection, human MIO-M1 cells were infected with
laboratory-adapted Mon601 recombinant strain or one of 6 DENV field isolates (Table 2.4) at a
MOI of 5, or with medium alone (control). Results for representative field isolate, EHI0377Y04,
are displayed (A). Fluorescent photomicrographs showing cell monolayers at 48 hpi and
immunolabelled for double-stranded (ds)RNA (green). Mon601-infected MIO-M1 Miiller cells,
but not cells infected with EHI0377Y04, stained positively for dsRNA, and no labelling was
observed in uninfected cells or cells labelled with the negative control antibody. Primary
antibody: ]2 Mouse anti-dsRNA IgG2ax. Negative control: isotype-matched irrelevant mouse
antibody. Secondary antibody: Alexa Fluor® 488 Goat anti-Mouse IgG (green). Nuclei
counterstained with 4',6-diamidino-2-phenylindole (blue). (B). Brightfield photomicrographs
demonstrating cytopathic effect at 48 hpi for Mon601-infected, medium-treated control, and
representative field isolate, EHI0377Y04. All scale bars 100 um. Abbreviations: hpi = hours
post-inoculation, Ig = immunoglobulin, MIO-M1 = Moorfields / Institute of Ophthalmology-

Miiller 1, MOI = multiplicity of infection, dsSRNA = double-stranded ribonucleic acid.
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Figure 4.7: Viral RNA level of DENV-infected MIO-M1 human Miiller cells

To demonstrate DENV infection with laboratory isolates of DENV on human Miiller cells,
human MIO-M1 cells were infected with laboratory-adapted Mon601 recombinant strain or one
of 6 DENV field isolates. Human MIO-M1 cells were infected with Mon601 or one of 6 DENV
field isolates (Table 2.4) at a MOI of 5. Results for representative field isolate, EHI0578Y05, is
shown, and indicates that while the field isolates are capable of infecting MIO-M1 cells, they do
not replicate as efficiently as the laboratory-adapted Mon601 strain. Virus was not detected in
medium-treated control (not shown). Intracellular viral load by genome equivalents per pg of
RNA and normalized to reference gene, ribosomal protein lateral stalk subunit PO. Error bars
represent standard deviation, data analysed by two-tailed t test, ** p < 0.01. Note logarithmic
scale. Complete statistics are in Appendix F, Table 5. Abbreviations: MIO-M1 = Moorfields /
Institute of Ophthalmology-Miiller 1, MOI = multiplicity of infection, RNA = ribonucleic acid.
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To understand the antiviral and immune response of human Miiller cells to infection with the
DENV field isolates, transcript expression was measured by RT-qPCR. Monolayers of human
Miiller MIO-M1 cells were infected at an MOI of 5 with one of six DENV field isolates, Mon601,
or were left uninfected, with six monolayers per condition. At 48 hpi, the key mediator of the
type I IFN response, IFN-f3, was not detected in any of the 48 samples, indicating an absence of
expression of the antiviral cytokine both in the unstimulated state and in response to DENV
infection. At 48 hpi, IFN-f3 was not detected and EIF2AK2 expression was not altered (data not
shown). Again, expression of RSAD2 was increased significantly in all DENV-infected cells, with
higher expression in DENV2 strain-infected monolayers (Mon601, EHI0377Y04 and

EHI0578Y05, p < 0.0001) (Figure 4.84).

The inflammatory transcripts, TNF-a, IL-13 and IL-6, were not consistently detected in
monolayers subjected to mock-infection with medium alone, but infection with all DENV
isolates stimulated IL-6 expression, although notably higher levels were seen with DENV2
strains (Figure 4.8B). Infection with Mon601 induced production of TNF-a and IL-13 RNA, and
the EHIO578Y05 strain also stimulated expression of TNF-a RNA. Expression of the
immunomodulatory transcript, PD-L1, was upregulated with infection with all DENV strains,
and PD-L2 expression was especially high in Mon601-infected cells (p < 0.001, Figure 4.8C).
The results show that differential immune responses of human Miiller MIO-M1 were seen
across infection with DENV1 and DENV?2 strains. The DENV2 isolate EHI0578Y05, was used for

further analysis since it showed the best replication and induction of immune responses
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Figure 4.8: Molecular responses of MIO-M1 human Miiller cells infected with DENYV field isolates

To understand the antiviral and immune response of human Miiller cells to infection with the DENV field
isolates, transcript expression was measured by RT-qPCR. Human Miiller MIO-M1 cells were infected
with Mon601 or DENV field isolates (n=6 infections per condition) at an MOI of 5, and harvested at 48
hpi. Graphs showing expression of (A) anti-viral transcripts EIF2ZAK2 (p =0.12) and RSAD2 (p <0.0001);
(B) inflammatory transcripts TNF-q, IL-13 and IL-6; and (C) immunomodulatory transcripts PD-L1 and
PD-L2 (p < 0.001). These results show that differential immune responses of human Miiller MIO-M1 are
seen across infection with DENV1 (EHI0393Y04, EHI0418Y05, EHI0043Y07, EHI0169Y07) and DENV2
(Mon601, EHI0377Y04, EHI0578Y05) strains. Expression relative to stable reference genes, ribosomal
protein lateral stalk subunit PO and (B-actin. Error bars show standard deviation. Where transcript
expression was present across all conditions, data were analysed by one-way ANOVA with Tukey
multiple comparisons test. NS = not significant, * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001, ND =
expression not detected in > 4 of 6 replicates. Complete statistical analysis is presented in Appendix F,
Table 6. Abbreviations: ANOVA = analysis of variance, DENV = dengue virus, EIF2ZAK2 = eukaryotic
translation initiation factor 2-alpha kinase 2, hpi = hours post-inoculation, IL = interleukin, MIO-M1 =
Moorfields / Institute of Ophthalmology-Miiller 1, MOI = multiplicity of infection, PD-L = programmed
death-ligand, RNA = ribonucleic acid, RSAD2 = radical S-adenosyl methionine domain-containing 2, RT-
gPCR = quantitative reverse transcription polymerase chain reaction, TNF-a = tumour necrosis factor-

alpha.
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4.2.3 Responses to dengue infection in primary Miiller cells

4.2.3.1 INFECTION OF PRIMARY HUMAN MULLER CELLS WITH DENV

To more closely approximate in vivo responses of human Miiller cells to DENV infection,
primary human Miiller cells were used to investigate molecular responses to infection with
recombinant DENV2 Mon601 and the six DENV field isolates (Table 2.4). Primary human Miiller
cell isolates from eyes of three male cadaveric donors aged 68 to 82 years, obtained within a
mean of 26 hours post-mortem, were used (Table 4.1); these cells were previously isolated by
a published method by Dr Yuefang Ma and were passage 3 or less.350 The cultured cells had
variable stellate or spindle morphology (Figure 4.9). To characterise these cell isolates prior to
use in experiments, the cells were immunolabelled for several markers of cultured primary
human Miiller cells: glutamine synthetase (GS), an enzyme critical to glutamate processing and
nitrogen metabolism,351 and the intermediate filaments vimentin (VIM), and glial fibrillary
acidic protein (GFAP).33¢ All cell isolates stained positively for these markers, in comparison
with cells stained with negative control antibodies, consistent with a Miiller cell phenotype

(Figure 4.10).

Monolayers of primary human Miiller cells were infected with Mon601 or representative field
strain, EHIO578Y05 at a MOI of 5. At 48 hpi, the cytopathic effect varied across Miiller isolates
and DENV strains, and was most apparent for Miiller cell isolate 3 following infection by
Mon601 (Figure 4.11A). At this point, RNA was extracted from cells, or monolayers were fixed
with 4% paraformaldehyde for immunolabelling. Viral load, as measured by RT-qPCR, reached
higher levels in cell isolates infected with Mon601 compared with EHIO578Y05 (Figure 4.11B).
Immunolabelling of dsSRNA demonstrated greater infection of Miiller isolate 2, with nearly all

cells appearing infected (Figure 4.12), consistent with the results obtained by RT-qPCR.
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Figure 4.9: Human primary Miiller cells

Photomicrographs of primary human Miiller cell monolayers isolated from eyes of three male cadaveric

donors. Scale bars 100 pm.
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Table 4.1: Primary human Miiller cell donors

Chapter 4

Age of donor at

Time from death to cell

Cell isolate number Sex of donor death isolation

Primary isolate 1 Male 68 24 hours
Primary isolate 2 Male 82 25 hours
Primary isolate 3 Male 71 31 hours
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GFAP (red) IgG control (red) VIM (green) IgG control (green) GS (green) IgG control (green)

Miullerisolate3 Mdllerisolate 2 Muller isolate 1

Figure 4.10: Expression of Miiller cell markers in primary human Miiller cell isolates

To characterise primary human Miiller cell isolates prior to use in experiments, the cells were immunolabelled for markers of cultured primary human Miiller
cells. Fluorescent photomicrographs of human Miiller cell monolayers immunolabelled for Miiller cell markers: intermediate filaments glial fibrillary acidic
protein (GFAP, red), vimentin (VIM, green), or glutamine synthetase (GS, green). Negative controls were labelled with species-matched polyclonal or
monoclonal antibodies targeted to irrelevant antigens. Primary antibodies: sheep anti-GFAP IgG, mouse anti-VIM IgG1K, rabbit anti-GS IgG. Secondary
antibodies: Alexa Fluor 594 donkey anti-sheep IgG (red), Alexa Fluor 488 goat anti-mouse (green), Alexa Fluor 488 goat anti-rabbit (green). Nuclei
counterstained with 4',6-diamidino-2-phenylindole (blue). Scale bars 50 pum. Abbreviations: GFAP = glial fibrillary acidic protein, GS = glutamine synthetase,

Ig = immunoglobulin, VIM = vimentin.
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Figure 4.11: Infection of primary human Miiller cell infection with DENV

Monolayers of primary human Miiller cells were infected with Mon601 or representative field strain,
EHIO578Y05. (A). Brightfield images demonstrating cytopathic effect of primary human Miiller cell
isolates at 48 hpi with Mon601 strain or representative field strain, EHI0578Y05, at an MOI of 5. Scale
bars 100 pm. (B) Quantification of viral genomes in primary Miiller cell isolates by RT-qPCR at 48 hpi
with Mon601 (M) or EHIO578Y05, at an MOI of 5, or control cells treated with medium alone. Expression
normalised to reference gene, ribosomal protein lateral stalk subunit PO, n = 4 monolayers per
condition. Error bars show standard deviation, ND = expression not detected in > 3 of 4 replicates. Note
logarithmic scale. Abbreviations: DENV = dengue virus, hpi = hours post-inoculation, MIO-M1 =
Moorfields / Institute of Ophthalmology-Miiller 1, MOI = multiplicity of infection, RNA = ribonucleic

acid, RT-qPCR = quantitative reverse transcription polymerase chain reaction.
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Figure 4.12: Primary Miiller cell infection with DENV field isolates

Monolayers of primary human Miiller cells were infected with Mon601 or representative field strain, EHI0578Y05. Fluorescent photomicrographs showing
immunolabelling of double-stranded (ds)RNA (green) in primary human Miiller isolates at 48 hpi with representative DENV field strain, EHI0418Y05
(DENV2, 2005), at an MOI of 5. Nuclei counterstained with 4',6-diamidino-2-phenylindole (blue). Miiller isolates 2 and 3 show obvious presence of dsRNA in
DENV-inoculated cells. Primary antibody: ]2 Mouse anti-dsRNA IgG2ak, negative control: isotype-matched irrelevant mouse antibody. Secondary antibody:
Alexa Fluor® 488 Goat anti-Mouse (green). Scale bars 100 um. Abbreviations: DENV = dengue virus, hpi = hours post-inoculation, Ig = immunoglobulin,

MOI = multiplicity of infection, dSRNA = double-stranded ribonucleic acid.
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To investigate the molecular responses of the three primary human Miiller cell isolates to DENV

infection, analysis of transcript expression at 48 hpi was measured by RT-qPCR of extracted
RNA. The innate response to infection was measured, and experimental conditions comprised
control cells treated with medium alone, and cells infected with Mon601 or EHI0O578Y05 field
strain, both at MOI of 5. Firstly, the antiviral type I IFN response of Miiller isolates to DENV
infection was investigated (Figure 4.13A). In contrast to the lack of IFN-f3 induction in DENV-
infected MIO-M1 cells, primary Miiller cells expressed IFN-f mRNA in response to DENV
infection, but the magnitude varied between Miiller cell isolates. Expression of other
components of the type I [FN pathway showed significant variation across cells, and by virus,
and these molecules included IFN-a (df 4, mean squares 1.707, F (4, 25) = 4.767,p < 0.01) and
EIF2AK2 (df 4, mean squares 2.487, F (4, 27) = 31.39, p < 0.0001). Interestingly, expression of
EIFAK2 was higher for EHIO578Y05 compared to Mon601 infection in two Miiller cell isolates,
whereas expression was lower for EHI0578Y05 versus Mon601 infection in the third Miiller
cell isolate. The transcript RSAD2 had very low constitutive expression that was not detected
in one Miiller cell isolate, and higher induction in response to Mon601 than EHI0O578Y05
infection. Because expression was not detected in one condition, statistical analysis could not

be performed for this transcript.

Secondly, the inflammatory response of primary human Miiller cells to infection with DENV
was explored (Figure 4.13B). In two of three primary cell isolates, TNF-a was not expressed at
baseline, butin one isolate, strong induction was seen following Mon601 infection and a modest
induction after EHI0578Y05 infection. This same pattern of expression was observed for IL-6.
Two-way ANOVA analysis conducted on IL-1f transcript expression was significant for the
interaction of infection status with primary Miiller isolate (df 4, mean squares 12.51, F (4, 25)
=7.490,p < 0.001), and infection with Mon601 was the factor that most strongly influenced IL-

1B expression.
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Finally, the immunomodulatory response to DENV infection was explored by measuring

expression of PD-L1 and PD-L2 transcripts (Figure 4.13C). Infection with DENV resulted in
increased expression of both PD-L1 (df 2, mean squares 11.94, F (2,27) =26.36,p <0.0001) and
PD-L2 (df 2, mean squares 2.895, F (2, 27) = 13.87, p < 0.0001), and PD-L1 expression was
higher with Mon601 in comparison to EHI0578Y05. The influence of primary Miiller isolate on
transcript expression was smaller, with p < 0.01 for both PD-L1 (df 2, mean squares 3.117, F (2,
27) = 6.880) and PD-L2 (df 2, mean squares 1.341, F (2, 27) = 6.427). This showed that
expression of immunomodulatory transcripts, PD-L1 and PD-L2, was influenced more by DENV
infection than by individual cell isolates, and that patterns of increased expression in response

to infection differed across donors.

In summary, primary human Miiller cells mount a type I IFN response to infection with DENV,
in contrast to MIO-M1 cells, and this response is characterised by expression of IFN-f3, IFN-a,
and IFN-stimulated genes. Inflammatory and immunomodulatory responses tended to be

higher with Mon601 than EHI0O578Y05 infection.
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Figure 4.13: Responses of primary human Miiller cell isolates to infection with DENV

To investigate the molecular responses of the three primary human Miiller cell isolates to DENV
infection, analysis of transcript expression at 48 hpi was measured by RT-qPCR. The antiviral,
inflammatory, and immunomodulatory responses of Miiller isolates to DENV infection were
investigated. Graphs representing the expression of (A) anti-viral, (B) inflammatory and (C)
immunomodulatory transcripts by RT-qPCR in primary human Miiller cell isolates 48 hpi with either
Mon601 or representative field isolate, EHI0578Y05, at an MOI of 5, or not infected. Expression relative
to reference genes, ribosomal protein lateral stalk subunit PO and 3-actin. Statistics were performed
where expression was above zero (i.e. this was not performed for RSAD2, TNF-« or IL-6, for which levels
were undetectable for all conditions). Data were analysed by two-way ANOVA (see Table 4.2, and
Appendix F, Tables 7-8). n = 4 cultures per condition. Error bars represent standard deviation. ND =
expression not detected in 2 3 replicates. Abbreviations: ANOVA = analysis of variance, DENV = dengue
virus, EIF2AK2 = eukaryotic translation initiation factor 2-alpha kinase 2, hpi = hours post-inoculation,
IFN = interferon, IL = interleukin, MOI = multiplicity of infection, PD-L = programmed death-ligand, RNA
=ribonucleic acid, RSAD2 = radical S-adenosyl methionine domain-containing 2, RT-qPCR = quantitative

reverse transcription polymerase chain reaction, TNF-a = tumour necrosis factor-alpha.
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Table 4.2: Two-way ANOVA of immune responses to DENV infection in Miiller cells.

Chapter 4

Gene Interaction Infection factor* Cell isolate factor*
p-value p-value p-value
IFN-B <0.0001 Hokkk <0.0001 Hokkk <0.0001 ok
IFN-a 0.0054 ** 0.0004 % 0.1091 NS
EIFAK2 <0.0001 Hokkk <0.0001 Hokkk <0.0001 ok
IL-1PB 0.0004 Hohk <0.0001 R 0.0006 ok
PD-L1 0.1774 NS <0.0001 R 0.0038 ok
PD-L2 0.1194 NS <0.0001 R 0.0052 ok

*Infection factor refers to responses as a function of the infecting virus strain. Cell isolate factor refers

to responses as a function of the cell isolate.

Abbreviations: ANOVA = analysis of variance, EIF2AK2 = eukaryotic translation initiation factor 2-

alpha kinase 2; IFN-a = interferon alpha; IFN-f = interferon beta; IL-1f3 = interleukin-1 beta; NS = not

significant; PD-L1 = programmed death-ligand 1; PD-L2 = programmed death-ligand 1.
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4.3 DISCUSSION

The work presented in this chapter represents the first reported investigation of DENV
infection of human Miiller cells, demonstrating Miiller cell susceptibility to DENV
infection, and providing a description of the Miiller cell response to infection with DENV1
and DENV?2 isolates. Initially infection was tested in human Miiller MIO-M1 cells with the
lab-adapted strain Mon601, and productive infection was demonstrated. The infection
was characterised by a limited antiviral response that lacked components of the type I
IFN pathway, including IFN-(3, the key type [ IFN. Immune responses generated with DENV
infection included upregulation of the pro-inflammatory cytokines, TNF-a, IL-13 and IL-
6, which have also been documented in studies of Miiller cells exposed to other infectious
pathogens.”® An immunomodulatory response to DENV infection was also seen, with

increased expression of PD-L1 and PD-L2.

Follow-up experiments used DENV1 and DENV2 strains isolated from patients with
dengue to infect MIO-M1 cells. Infection with these strains was relatively poor compared
to Mon601 infection, but differential responses were seen across the two serotypes, with
higher antiviral, inflammatory and immunomodulatory changes following exposure to
DENV2 strains compared to DENV1. Primary human Miiller cells isolated from cadaveric
donor eyes were also infected with Mon601 and one representative field strain. In
contrast to the MIO-M1 cell line, primary Miiller cells expressed very low levels of IFN-f3
constitutively, and this antiviral cytokine was upregulated in the context of DENV
infection. Other molecular components of the type I IFN response were also upregulated

after DENV infection, namely IFN-a, and IFN-stimulated genes, EIF2AK2, ISG15 and
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RSAD2, and these responses showed variation across individual cell isolates. These
results suggest that in vivo, human retinal Miiller cells are susceptible to infection and

mount inflammatory and antiviral responses to DENV.

There have been no reports of DENV isolated from ocular fluid. In a case series of epidemic
retinitis, the authors stated that aqueous humour in one patient with dengue was tested
for DENV by RT-qPCR, and this returned a negative result.352 In another series of posterior
uveitis cases in Singapore, investigators found that DENV was the leading cause of
infectious retinitis during dengue epidemics, and although the authors noted that PCR
testing of ocular fluid was performed in cases of presumed infectious uveitis, they did not
state whether there was specific testing for DENV.353 The only positive confirmation of
DENV in ocular tissue was in a case report that described isolation of DENV3 from a
corneal donor who died of a febrile illness. Virus was identified by RT-qPCR and plaque
assay of corneal tissue suspension.3>* Thus, there is no histopathological or laboratory
confirmation of direct DENV infection of the human retina in clinical disease. In severe
dengue, virus has been isolated from cerebrospinal fluid,3%> and post-mortem studies
have demonstrated DENV RNA, antigen and IgM antibodies in the brains of individuals
with meningitis and encephalitis, indicating that the virus had crossed the BRB.356-359 [n a
mouse model of systemic DENV infection, inflammatory responses were observed in the

eyes of infected AG129 mice.360 Thus, it is plausible that DENV might also cross the BRB.

The type I IFN response is the key human antiviral response, seen in DENV-infected
human cells as well as in clinical dengue.361-363 This work demonstrated that the antiviral
response to DENV in primary, but not MIO-M1, human Miiller cells is characterised by
expression of its primary driver, IFN-[3.364 This cytokine acts in an autocrine and paracrine

fashion by engaging IFN a/f3 receptors on the cell surface, which ultimately activate IFN
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regulatory factor 3, a transcription factor that drives expression of IFN-stimulated genes
including RSAD2, EIF2AK2 and ISG15.3%> Thus, infected Miiller cells expressing IFN-f3
would also prime neighbouring retinal cell populations to switch to an antiviral state, and
the Miiller cell’s strategic location at the inner BRB makes it one of the cell populations
likely to be infected in the early stages of infection with vascular-borne pathogens. The
cytokine, IFN-q, plays an overlapping and synergistic role in the type I IFN response and
binds to the same IFN o/[3 receptors.3¢¢ In this work, IFN-a was upregulated in primary

Miiller cells in response to DENV infection.

Despite their name, some IFN-stimulated genes are also expressed independently of IFN-
a and IFN-[3.236.367 This was demonstrated in the current work involving DENV-infected
MIO-M1 cells. The IFN-B protein was not detected by Alpha-LISA® in infected or
uninfected MI0-M1 cells, and transcript expression of IFN-a or EIF2AK2 was not altered
with DENV infection. In contrast, increased expression of RSAD2 and ISG15 transcripts in
these cells. Expression of these antiviral molecules through type I IFN-independent
signalling pathways has been observed in viral infections,361.368-374 The ISG15 molecule is
an intrinsically multifunctional protein that is involved in diverse cell processes and plays
a key role in the cellular innate immune response, acting as an extracellular cytokine, as
well as enhancing intracellular antiviral pathways and binding to viral proteins.371
Another broad-spectrum molecule, RSAD2 - known also as viperin, or virus inhibitory
protein, endoplasmic reticulum-associated, interferon-inducible - is strongly expressed
in response to diverse viral infections and inhibits early viral replication of DENV37> and

other flaviviruses.370.376

In this work, alterations to expression of inflammatory molecules were observed in

response to DENV infection of Miiller cells. Increased expression of TNF-q, IL-13 and IL-6
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was seen predominantly with DENV2 infection, and at higher levels with Mon601
compared with DENV1/2 field isolates. Inflammation is a characteristic of murine
infection with DENV,360 and high levels of circulating TNF-a and IL-1f in patients are
associated with severe dengue.377. 378 Retinopathy associated with DENV often presents
with signs of posterior segment inflammation, and the spectrum of disease includes
vasculitis and retinitis.3”? Macular oedema, another feature of dengue retinopathy,193-196
204, 209, 331, 380-385 represents breakdown of the BRB.337 The Miiller cell performs an
important role in controlling retinal fluid homeostasis,33# and direct infection of the cell
could impair its function in this critical process, leading to excess fluid in the retinal
interstitium with consequent macular oedema. Preliminary data assessed aquaporin 4
and inward-rectifier potassium channel 4.1 expression, but no conclusive changes were
seen with DENV infection (data not shown). Potential avenues for further investigation

could explore the effect of DENV infection on Miiller cell fluid exchange.

The work presented in this chapter demonstrated molecular adjustments of components
of immunomodulatory pathways. DENV-infected Miiller cells showed increased
expression of programmed death-ligands, PD-L1 and PD-L2. These ligands interact with
programmed cell death protein 1 (PD-1) which is expressed on activated T-cells and other
immune cells to form an inhibitory signal that prevents an excessive immune response by
blocking production of pro-inflammatory cytokines.38¢ The PD-1/PD-L1 pathway also
mediates immune responses to acute viral infection through suppression of T-cell-
mediated tissue damage.38” Upregulation of PD-L1 has been seen in acute and chronic
viral infections.388 Dendritic cells infected with DENV2 showed increased PD-L2 and
decreased PD-L1 expression, expected to preferentially inhibit T-helper 1 effector cell

responses.38? While expression of both PD-L1 and PD-L2 was induced with DENV
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infection in this work, particularly high expression of PD-L2 was seen in MIO-M1 cells
infected with DENV2 (Mon601). This was not reproduced in primary Miiller cell
infections, and may be a function of the unique MIO-M1 transcriptome.3°0 Miiller cells may
participate in ocular immune privilege through the expression of immunomodulatory
genes PD-L1 and PD-L2, and other ocular cell populations also show expression of these

ligands.391

The in vitro work presented in this chapter showed responses of human Miiller cells to
infection with DENV1 and DENV2. In 2005, Singapore saw its highest rate of dengue on
record, and this epidemic was characterised by a predominance of the DENV1 serotype,
before a rapid shift to circulating DENV2 serotypes that tended to affect older people
during the 2007 epidemic.39% 393 The prevalence of dengue retinopathy was assessed in
cross-sectional studies conducted during these epidemics. In the 2005 epidemic,
investigators reported that 10% of those hospitalised with dengue had maculopathy,3
yet in 2007, no maculopathy was identified in any patient.1°4 The predominant DENV
serotype circulating in the 2005 epidemic in Singapore was DENV1, but all viral serotypes
are endemic and circulate in Singapore,3?3 and patients with maculopathy were not tested
for DENV serotype,1?3 making any association with DENV1 merely speculative. The work
in this chapter showed stronger responses to DENV2 compared to DENV1 infection.
Severe dengue has been more closely associated with DENV2 compared to other
serotypes,394 395 but it is important to note the complexity of this disease, and that other
factors influence dengue severity, including age, host genetics and prior DENV infection,
which increases the risk of antibody-dependent enhancement and severe

complications.170
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Previous work has concentrated on retinal pigment epithelial cells and retinal endothelial
cells, and their participation in BRB function in DENV infection. One report detailed
responses of primary human retinal pigment epithelial cells, retinal endothelial cells, and
ARPE-19 cells infected with two strains of DENV2, and showed that infected endothelial
cells increased their expression of cell adhesion molecules.2%> Other investigators studied
responses across different endothelial cell subpopulations and four DENV serotypes,
including commercially-sourced primary human retinal endothelial cells. Researchers
demonstrated loss of barrier function in retinal endothelial cells over time that was DENV
serotype-dependent.297 Across all serotypes, DENV infection reduced endothelial cell
membrane permeability that was greatest with DENV1 and DENV2, and a qualitative
change in permeability in the early stage of infection was seen with DENV1. Effects on
junctional molecules were not evaluated, but permeability changes were linked to the loss
of cell-cell interactions, as well as their effect on cell membrane capacitance. The only
other research of DENV-infected ocular cell populations involved DENV2 infection of
primary retinal pigment epithelial cells as controls for systems biology comparison of the
ZIKV transcriptome with other flaviviruses.2% In the context of DENV infection, retinal
pigment epithelial and retinal endothelial cell function has been studied but other retinal

cell populations, including Miiller cells, had not been studied prior to this work.

In this work, human Miiller cells were subjected to DENV infection with a lab-adapted
isolate and six viral strains from dengue epidemics across 2 DENV serotypes. Induction of
mRNA in response to infection tended to be stronger with DENV2 infection, which
generated increased expression of inflammatory and antiviral transcripts. The DENV2
serotype also appeared to be more virulent than DENV1 across field isolates of the virus,

based on intracellular levels achieved in the experiments. Taken together, these results
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show tropism of DENV2 toward human Miiller cells, and, in contrast to prior suggestion
from studies from Singapore epidemics,'* implicate this strain in DENV retinopathy. A
stronger inflammatory response may generate more tissue pathology through
inflammatory-mediated damage, and further investigations would be informative,
including a wider assay of inflammatory and antiviral molecules, which could be achieved
by RNA sequencing or multiplex cytokine analysis. By utilising whole mount retina in
future infection studies, a more complete understanding of DENV infection in the context

of a complex multi-cellular tissue could be gained.

Significant differences between primary isolates and cell lines are becoming apparent.
Recent transcriptomic analysis of human retinal cell populations elegantly demonstrated
that the MIO-M1 cell line forms a distinct cluster that bears more similarity to retinal
astrocytes than primary human Miiller cells.3°0 A curious finding in this research was the
lack of a type I IFN response in DENV-infected MIO-M1 cells. This was unexpected, and
had notbeen previously reported or measured in other viral infections of MIO-M1 cells.3%
Validation of DENV infection in isolated primary human Miiller cells confirmed that
primary Miiller cells do generate both IFN-f and IFN-a in response to infection with
DENV. This is a significant finding that underscores the importance of using isolated
human primary cells in research, as cell lines may generate idiosyncratic results that do

not reflect in vivo biology.

Primary human Miiller cells in this work displayed variation in terms of their cell
phenotype and molecular responses to DENV infection, and biological and technical
factors are likely to have contributed to these differences. Individuals differ in their
responses to biological conditions, and this natural variation is also to be expected in cell

culture. The cells of Miiller isolate 1 had a higher growth rate and were more rounded in
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comparison with isolates 2 and 3, which were more spindle-shaped. Investigators
recently reported disparate human Miiller cell phenotypes and transcriptomes that
varied by retinal location.319 Primary Miiller cells isolated from the macula were
morphologically distinct, displaying a spindle shape with a low cytoplasm-to-nucleus
ratio, whereas peripheral Miiller cells had relatively larger cell bodies with multiple
cytoplasmic processes. These researchers also reported that cell populations initially
retained their phenotypic differences in culture, but subsequently reverted to a
phenotype more akin to that of the MIO-M1 Miiller cell line.31° Thus, phenotypic changes
related to time in culture may have impacted results. Another technical source of
variation included time from death to cell isolation (mean 27 hours, range 24-31 hours).
The ideal cells to use for research into human disease would be as similar as possible to
those of the adult in vivo, and a limitation of cell culture lies in the fact that cells from a
complex tissue are isolated in order to study their biology, which may be different from
native tissue. Alternative models for dengue retinopathy include genetically manipulated
mice, such as the AG129 mouse, which lacks IFN o/f and IFN y signalling.3¢0 The
advantage of an animal model lies in the ability to examine retinal tissue in vivo, but
limitations include the fact that mice do not possess a macula which makes research on

maculopathy challenging.

The research presented in this chapter represents first-in-field studies of human Miiller
cells in DENV infection. A limited number of molecules were examined in the response to
infection, and this work could be expanded in a range of directions. Infecting more
primary Miiller cell isolates would allow a more complete picture of the spectrum of host
cellular responses to infection. Further exploration of Miiller cell function, especially in

relation to fluid homeostasis and expression of aquaporins and potassium channels in
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response to DENV infection could be first steps toward identifying mechanisms of
dengue-associated maculopathy, and adjusting cell isolation techniques to harvest from
the macula region of donor eyes would enable more fidelity to macular disease processes

in vivo.

In summary, this work has demonstrated that human Miiller cells mount an antiviral and
immune response to DENV infection that is characterised by expression of pro-
inflammatory cytokines, immunomodulatory molecules and the type I IFN response, and
that this response varies across cell isolates and DENV serotype. This research provides a
foundation and direction for future research efforts that will help us understand the

pathogenesis of dengue retinopathy.
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5.1 INTRODUCTION

Survivors of EVD suffer a chronic syndrome that carries a high burden of morbidity.34 225
229,397 _ Intraocular inflammation - termed uveitis — develops in 18 to 34% of Ebola
survivors,?28 229 40% of whom become blind.3* Infectious Zaire ebolavirus (EBOV), one of
6 species of the Ebolavirus genus?!? and the most virulent, has been isolated from
intraocular fluid after resolution of viraemia in survivors.??6 Retinal scars in these
individuals indicate involvement of the retinal pigment epithelium (RPE), and are
associated with uveitis.3* The persistence of infective virus in immune privileged sites?26
234,398 reflects the transition of viral replication from highly vascular organs such as the
liver, lungs, and kidneys in the acute phase, to sites where chronic low-level immune

surveillance is coupled with chronic low-level viral replication.237. 247

Mechanisms of EBOV persistence in the eye are poorly understood.?2¢ Ocular examination
in the acute phase of EVD and histopathological studies of human ocular tissue have not
been reported. Furthermore, ocular signs in EVD survivors have been documented in
largely uncontrolled studies that make aetiological conclusions difficult, but uveitis, white
cataract and retinal scars are characteristic findings.34 227,239 Attention was directed to
the retinal pigment epithelial cell as a possible viral reservoir after the observation of
pigmented retinal scars in an EVD survivor prior to the onset of florid uveitis, in which

infective EBOV was isolated from ocular fluid.34 226

MicroRNAs (miRNAs) are short (18-22 nt) fragments of single-stranded RNA that bind
the 3’ untranslated region of messenger RNA, and directly suppress or indirectly activate
gene expression (Figure 5.1). Because only a small (6-8 nt) “seed region” requires

complementarity to permit binding, a single miRNA may have hundreds of potential
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messenger RNA targets. Thus, miRNA play a complex regulatory role in cellular activity
that varies by cell type and disease state.39° The roles of miRNAs in post-EVD uveitis are
unstudied. The research presented in this chapter used small RNA sequencing (sRNA-Seq)
to identify miRNA expression in EBOV-infected ARPE-19 human retinal pigment
epithelial cells, and conducted in silico analyses to identify biological targets of, and
molecular interactions with, these miRNAs. This work was published in BMC Research

Notes (2019, Oct 1;12(1):639).400
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Figure 5.1: Processing and function of miRNA

MicroRNAs (miRNAs) are short (18-22 nt) fragments of single-stranded RNA that bind the 3’
untranslated region of messenger RNA, and directly suppress or indirectly activate gene
expression. In animals, canonical miRNAs are transcribed by RNA polymerase II to form a primary
miRNA, which folds back on itself to form a hairpin loop. The microprocessor endonuclease
complex (Drosha and DiGeorge syndrome chromosomal [or critical] region 8, DGCR8) cleaves
both strands of the stem with a 2 bp offset to leave a ~60 bp precursor hairpin with a 5’ cap (P).
The precursor miRNA is transported out of the nucleus by Exportin 5 and RAs-related nuclear
protein (Ran). In the cytoplasm, the pre-miRNA is further cleaved by Dicer to form a ~20 bp
duplex with a 2-3 bp overhang at each end. The mature (yellow) strand of the duplex is loaded
into the Argonaut protein to form a silencing complex while the other (red) strand is degraded.
Inside the silencing complex, miRNA nucleotides 2-5 recognise complementary sequences on
target RNA, and protein translation is repressed. If extensive pairing of the miRNA occurs, the RNA
target is silenced by cleavage. Figure created at BioRender.com. Abbreviations: AGO = Argonaut

protein, bp = base pairs, miRNA = micro RNA, RNA = ribonucleic acid.
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5.2  RESULTS

5.2.1 Small RNA dataset preparation by deep sequencing

This work used miRNA extracted from total RNA that was generated in a separate
experiment, in which the human retinal pigment epithelial cell line (ARPE-19) was
infected in triplicate with EBOV at a multiplicity of infection of 1:5, or mock-infected.23>
From 1 pg of total RNA per replicate isolated from cell lysate at 24 hours post-infection,
small RNA was extracted, fragmented, and converted to a complementary DNA library by
the Sequencing Facility at Flinders University. Sequencing yielded 1.61 to 3.88 x 107 reads
per replicate (Table 5.1). Filtering for a minimum size of 18 base pairs, 91% to 97% of
adapter-trimmed sequences were mapped to the human genome. A total of 814 human
miRNAs were identified. Multidimensional scaling (principal component analysis)
showed clear separation between results for EBOV- and mock-infected human retinal
pigment epithelial cells, indicating disparate miRNA expression profiles (Figure 5.2).
Trimming statistics for RNA sequencing data generated for small RNA are available as

Additional File 1 at the publisher’s site.400

5.2.2 Differential expression of microRNA

Defining differential expression by an adjusted p-value below 0.05, the abundance of 28
and 61 miRNAs was significantly increased or decreased, respectively, in EBOV-infected

cells. Filtering more stringently for an adjusted p-value below 0.001 and log2 fold-change
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less than -1 or greater than +1,401 13 and 2 miRNAs were significantly increased or

decreased (Table 5.2, and Additional File 2 at publisher’s site).#00

Reads were screened for complete matches to published EBOV miRNA-like sequences,
allowing for three mismatches.?7¢ Reads that did not map to the human genome included
repetitive elements that aligned to multiple locations in the genome, as well as those that
failed to correctly map to the human genome. The latter group included the consequences
of technical errors of sequencing that were not resolved by quality controls, and foreign
nucleic acid, including contaminants from serum,*0? and EBOV-derived miRNA. In this
work, EBOV-miR-1-5p, EBOV-miR-T1-3p, EBOV-miR-T1-5p and EBOV-miR-T3-5p/T4-5p
were identified in EBOV-infected human retinal pigment epithelial cells (Table 5.3, and

Additional File 4 at publisher’s site).400
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Trimming of sequencing data on small RNA extracted from ARPE-19 human retinal pigment epithelial cells at 24 hours after infection in triplicate with

EBOV or mock infection. Sequencing yielded a total of 1.61 to 3.88 x 107 reads per replicate. Filtering for a minimum size of 18 base pairs, 91 to 97%

of trimmed sequences were mapped to the human genome.

Isolate Total reads processed Reads with adapters Long reads Reads written (passing filters)
EBOV 1 2.87x107 2.83x 107 (98.6%) 1.51x 106 (5.3%) 2.72x107 (94.7%)
EBOV 2 1.61x107 1.57x107 (97.6%) 0.50x 106 (3.1%) 1.56 x 107 (96.9%)
EBOV 3 3.88x 107 3.81x107 (98.2%) 1.30 x 106 (3.4%) 3.75x 107 (96.6%)
Mock 1 2.14x 107 2.05x107 (95.7%) 0.94 x 106 (4.4%) 2.05x 107 (95.6%)
Mock 2 1.95x 107 1.92x107 (98.7%) 1.42 x 106 (7.3%) 1.81x 107 (92.7%)
Mock 3 2.30x 107 2.26x 107 (98.1%) 2.03 x 106 (8.8%) 2.10x 107 (91.2%)

Abbreviations: EBOV = Zaire ebolavirus, RNA = ribonucleic acid.

191



Chapter 5

PC2: 19% variance

-4 - 1 1 1
-5.0 -2.5 0.0 25

PC1: 57% variance

Figure 5.2: Multi-dimensional scaling

Graphic showing multidimensional scaling of miRNA expression in ARPE-19 human retinal
pigment epithelial cells at 24 hours post-infection, showing clear separation between results for
EBOV- and mock-infected human retinal pigment epithelial cells, indicating disparate miRNA
expression profiles. Red spots indicate mock-infected samples and blue spots indicate EBOV-

infected samples. Figure reprinted with permission under Creative Commons Attribution 4.0

International License from Oliver, G.F., Orang, A.V., Appukuttan, B. et al. Expression of microRNA

in human retinal pigment epithelial cells following infection with Zaire ebolavirus. BMC Res

Notes 12, 639 (2019). https://doi.org/10.1186/s13104-019-4671-8 Abbreviations: EBOV =

Zaire ebolavirus; microRNA = micro ribonucleic acid, PC = principal component.
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Table 5.2: Differential expression of human miRNA

List of differentially expressed miRNAs isolated from EBOV- and mock-infected ARPE-19 human

retinal pigment epithelial cells at 24 hours post-infection.

miRNA log2 fold-change Adjusted p-value
hsa-miR-3074-3p -1.52 1.24 x10-12
hsa-miR-27b-5p -1.06 2.63x1013
hsa-miR-101-5p 1.03 3.09x108
hsa-miR-33b-5p 1.04 8.18x 105
hsa-miR-190a-3p 1.06 6.30x105
hsa-miR-1305 1.10 3.92x10¢
hsa-miR-130a-5p 1.19 3.15x105
hsa-miR-32-5p 1.21 2.39x10¢
hsa-miR-365a-5p 1.24 2.39x10¢
hsa-miR-100-3p 1.27 1.19x 1013
hsa-miR-33b-3p 1.33 7.05x10-10
hsa-miR-4521 1.37 2.63x1013
hsa-miR-33a-5p 1.41 5.10x 104
hsa-miR-29b-3p 1.47 2.24x108
hsa-miR-1307-5p 1.50 1.98 x 10-10

Abbreviations: EBOV = Zaire ebolavirus; hsa-miR = Homo sapiens (human) microRNA,

miRNA = micro ribonucleic acid.
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5.2.3 Gene target prediction of differentially expressed
microRNA

Putative gene targets of the 15 highly differentially expressed human miRNAs in EBOV-
infected ARPE-19 retinal pigment epithelial cells were identified. Given the inherent
complexity of miRNA target prediction, the high rate of false-positive results, and the fact
that no prediction tool outperforms others*%3 or applies the same assumptions to identify
functional targets,*%4 three publicly-available online algorithms were used with stringent
filters. Predictions yielded a total of 2,629 gene targets by Diana microT,?80 281 filtering
with a threshold of 0.95; 1,799 genes by miRDB,?83 with a threshold greater than 85; and

14,315 genes by TargetScan,?82 sorting on a total context score less than 0.15 (available

as Additional File 5 at publisher’s site).*0° Target genes were also identified through
interrogation of two publicly-available and experimentally-validated databases of
molecular interactions with ‘strong evidence’, to identify 44 miRNA-gene interactions by

miRecords and 9 miRNA-gene interactions by miRTarBase?284 285 (available as Additional

File 6 at publisher’s site).*%0 In all, a total of 1440 putative and validated human miRNA-

target gene interactions in EBOV-infected human retinal pigment epithelial cells were

identified (available as Additional File 7 at publisher’s site).#00
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Sequencing reads of cDNA derived from EBOV- and mock-infected human retinal pigment epithelial cells were screened against published sequences

of putative Ebola virus-derived miRNA constructs. Asterisks identify EBOV miRNA found in EBOV-infected retinal pigment epithelial cells.

Eggl‘ilsged. I Sequence Reads per replicate

erved 1-24C 1-24E 2-24C 2-24E 3-24C 3-24E
EBOV-miR-1-3p GCCACCATAGGACTTTTTCAAT 0 0 0 0 0 0
EBOV-miR-2-3p TTATCCTTCTTGAATCCTGAGA 0 2 0 1 0 0
*EBOV-miR-T1-3p TTCTTGGAAAGTGGCGCAGTCA 0 2 0 1 0 13
*EBOV-miR-T1-5p GGACAGTTTCCTTCTCATGCTT 0 1 0 1 0 2
EBOV-miR-T2-3p TGTTTTTTCATTAACCTTCATC 0 0 0 0 0 0
EBOV-miR-T3-3p TGTCCGTTCAACAGGGGATTGT 0 0 0 3 0 3
*EBOV-miR-T3-5p/T4-5p ATCTTGACAGCAGGTCTGTCCG 0 3 0 3 0 2
EBOV-miR-T4-3p CTGTCCGTTCAACAGGGGGTTG 0 0 0 3 0 3
EBOV-miR-VP-3p TGCTTCATTAGCACTTTGGGGC 0 0 0 0 0 1
EBOV-miR-1-3p AGATTAGGCCCCAAGAGGCATT 0 0 0 0 0 0
*EBOV-miR-1-5p ATTAATGCGGAGGTCTGATAAG 0 241 0 573 1 581

Abbreviations: C = control, cDNA = complementary deoxyribonucleic acid, E = Zaire ebolavirus; EBOV-miR = Ebolavirus micro ribonucleic acid.
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5.2.4 Pathway analysis of gene targets of microRNA

Further analysis was undertaken to understand the effects of the 15 differentially
expressed miRNA produced in human retinal pigment epithelial cells in response to
infection with EBOV. The open-source bioinformatics platform Cytoscape (v.3.4.0) with
the ClueGO (v.2.3.3) plugin?87. 288 was used to explore biological pathways involving the
set of miRNA-gene target pairs in EBOV-infected human retinal pigment epithelial cells.
Highly enriched gene ontology (GO) categories?86 405 and Kyoto Encyclopedia of Genes
and Genomes (KEGG)?8° pathways were established for the target genes, based on
numbers of genes represented within categories and pathways, and ranking of corrected
p-values. A total of 223 pathways, including 179 molecular processes, 22 molecular
functions and 22 KEGG categories, were enriched by the putative gene targets of
differentially expressed miRNA, which were correlated with differential expression of
mRNA from RNASeq analysis of the large RNA dataset.?3> These pathways included
regulation of cell signalling, phosphorylation, transcription, and protein modification, all
of which are known to be involved in viral infection. The top biological processes,
molecular functions and KEGG categories are displayed in Figure 5.3 (full list available as

Additional File 8 at publisher’s site).400
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Figure 5.3: Pathway analysis of miRNA gene targets

To understand the effects of the 15 differentially expressed miRNA produced in human retinal
pigment epithelial cells in response to infection with EBOV, the open-source bioinformatics
platform, Cytoscape (v.3.4.0), was used to explore biological pathways involving the set of miRNA-
gene target pairs in EBOV-infected human retinal pigment epithelial cells. Graphs showing
enriched gene ontology categories - (A) biological process, (B) molecular function, and (C) KEGG
pathways - in ARPE-19 human retinal pigment epithelial cells 24 hours after infection with EBOV.
Percentages indicate proportion of known genes represented within the grouping. P-values
calculated with Bonferroni adjustment. Figure modified and reprinted with permission under

Creative Commons Attribution 4.0 International License from Oliver, G.F., Orang, A.V.,

Appukuttan, B. et al. Expression of microRNA in human retinal pigment epithelial cells following
infection with Zaire ebolavirus. BMC Res Notes 12, 639 (2019). https://doi.org/10.1186/s13104-
019-4671-8. Abbreviations: EBOV = Zaire ebolavirus;, KEGG = Kyoto Encyclopedia of Genes and

Genomes, miRNA = micro ribonucleic acid.
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5.2.5 Network analysis of miRNA-gene target interactions

In order to identify key molecules involved in EBOV infection of retinal pigment epithelial
cells, network analysis of miRNA-gene target interactions was performed. Using the
STRING Action dataset (v.9) within the CluePedia plugin (v.1.3.3),290 291 and collating
miRNA-gene pairs, a miRNA-based network was constructed from miRNA-predicted gene
target lists, miRNA-validated target gene lists, anti-correlated expression patterns, and
the differentially-expressed gene list. Interactions were demonstrated based on degree
and identified the most highly connected genes and miRNAs. The most highly connected
protein-coding genes and miRNA are displayed in graphic form (Figure 5.4) and as a table
(Table 5.4). The molecular network constructed from the miRNA-target gene interactions
included 363 highly connected molecules; the most connected molecule was LRRK2. The

most highly connected miRNA was hsa-miR-190a (full lists available as Additional Files 9

and 10 at publisher’s site).400
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Figure 5.4: Host miRNA-gene target interactions

In order to identify key molecules involved in EBOV infection of retinal pigment epithelial cells,
network analysis of miRNA-gene target interactions was performed. Using the STRING Action
dataset (v.9) within the CluePedia plugin (v.1.3.3),290. 291 and collating miRNA-gene pairs, a
miRNA-based network was constructed from miRNA-predicted gene target lists, miRNA-validated
target gene lists, anti-correlated expression patterns, and the differentially-expressed gene list.
Network of interactions between protein-coding gene targets and host miRNAs in EBOV-infected
ARPE-19 human retinal pigment epithelial cells, with miRNAs indicated by yellow diamonds,
molecules indicated by blue circles, and interactions that are promoting or inhibiting represented
as blue or red lines, respectively. Size of circle or diamond is proportionate to the number of
molecular interactions (degrees). Data is presented as a list in Table 5.4. Figure modified and

reprinted with permission under Creative Commons Attribution 4.0 International License from

Oliver, G.F.,, Orang, A.V., Appukuttan, B. et al. Expression of microRNA in human retinal pigment
epithelial cells following infection with Zaire ebolavirus. BMC Res Notes 12, 639 (2019).
https://doi.org/10.1186/s13104-019-4671-8. Abbreviations: EBOV = Zaire ebolavirus; miRNA =

micro ribonucleic acid.
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Table 5.4: Network connections

Chapter 5

List of highly-connected protein-coding gene targets and miRNAs in EBOV-infected human retinal

pigment epithelial cells. Data presented graphically in Figure 5.4.

Gene or miRNA Description Interactions
LRRK2 Leucine-rich repeat kinase 2 181
MAPK13 Mitogen-activated protein kinase 13 125
MAPK?7 Mitogen- activated protein kinase 7 117
PRKCE Protein kinase C epsilon 66
PRKCH Protein kinase C eta 64
SGK494 Serum and glucocorticoid-inducible kinase 494 64
RND3 Rho family GTPase 3 52
DIRAS3 DIRAS family GTPase 3 44
RASD2 RASD family member 2 43
RASL11B RAS like family 11 member B 43
PDGFRB platelet derived growth factor receptor beta 37
ARHGEF3 Rho guanine nucleotide exchange factor 3 36
IQGAP2 1Q motif containing GTPase activating protein 2 36
ARL14 ADP ribosylation factor like GTPase 14 35
hsa-miR-190a Human microRNA 58
hsa-miR-29b-3p Human microRNA 25
hsa-miR-130a-5p Human microRNA 17
hsa-miR-32-5p Human microRNA 16
hsa-miR-33a-5p Human microRNA 12
hsa-miR-33b-5p Human microRNA 11
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Gene or miRNA Description Interactions
hsa-miR-7-5p Human microRNA 11
hsa-miR-33b-3p Human microRNA 7
hsa-miR-1305 Human microRNA 6
hsa-miR-100-3p Human microRNA 5
hsa-miR-19a-5p Human microRNA 5
hsa-miR-101-5p Human microRNA 4
hsa-miR-27b-5p Human microRNA 3
hsa-miR-365a-5p Human microRNA 1
hsa-miR-4521 Human microRNA 1

Abbreviations: miRNA = micro ribonucleic acid, EBOV = Zaire ebolavirus, has-miR = homo sapiens

microRNA,
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5.3 DISCUSSION

Zaire ebolavirus is a negative-sense RNA virus that is associated with uveitis and retinal
pigment epithelial scarring in survivors of EVD.Z45 247 This work identified human
miRNAs produced in EBOV-infected retinal pigment epithelial cells, and computationally
predicted associated gene targets, molecular interactions and biological processes that
were concordant with gene transcript expression from the RNASeq dataset of the same
infection. Viruses are known to manipulate the expression of host miRNAs in order to
modify the cell phenotype and create an environment that supports viral replication.#06
Human retinal pigment epithelial cells have been shown to make multiple molecular
adjustments in response to infection with EBOV,23> and network analysis in the current
work shows that miR-190a is central to this response. This highly-connected miRNA
contributes to cell survival and latency in Epstein-Barr virus (EBV) infection by
downregulating expression of tumour protein p53 inducible nuclear protein 1 and
nuclear receptor subfamily 4 group A member 3 to prevent cell cycle arrest and
apoptosis.#07 A similar mechanism may be utilized by EBOV to contribute to latency
within infected retinal pigment epithelial cells. Another highly-interacting miRNA found
in the current work - miR-101 - prevents cell death in the context of herpes simplex virus
type 1 infection,*08 again pointing to the common strategy of viruses to promote survival

and prolong the life of the host cell, which may contribute to the eye as a latent reservoir.

Another highly-connected miRNA in our analysis was miR-29b3p, which suppresses key
immunological pathways by downregulating nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-xB).4° This transcription factor plays an essential role in the

antiviral type I I[FN response. Multiple receptors - including TLRs and RIG-I - stimulate
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NF-kB, which activates transcription of IFN- and IFN-stimulated genes. Zaire ebolavirus
is known to profoundly inhibit the type I IFN response in monocytes and other cell
populations through the action of two viral proteins - VP24 and VP35 - and suppression
of RIG-I signalling.25% Prior work has demonstrated that EBOV-infected retinal pigment
epithelial cells mount a type I IFN response;23°> curiously, EBOV also may suppress this
pathway through activation of miR-29b-3p. Other viruses use similar methods: the NF-kB
pathway is not activated in human retinal pigment epithelial cells infected with
cytomegalovirus.#19 MicroRNA-29b is also activated in Japanese encephalitis virus
infection, particularly in persons with neurological sequelae, and elevated serum levels

may indicate severe disease.*11

This work demonstrated that the molecule central to the miRNA-mediated response to
EBOV infection is LRRK2, a ubiquitously-expressed kinase involved in wide-ranging
cellular functions, including signal transduction pathways and direct protein
interactions.*1? Much interest was generated in this molecule due to its association with
Parkinson’s disease*13 and CNS inflammation,*4 but LRRK2 dysfunction is also implicated
in other immune diseases, including systemic lupus erythematosus, Crohn’s disease and
inflammatory bowel disease.#12 Evidence for involvement in cellular innate immunity is
increasing, and LRRK2 has been shown to participate in pattern recognition of bacteria,

phagocytosis regulation, and Mycoplasma tuberculosis control.41>

The role of LRRK2 in ocular inflammation has also been investigated. Researchers
demonstrated that LRRK2-knockout mice had lower levels of experimental autoimmune
uveitis,*1® and in another study of neurodegeneration, double-knockout-LRRK2 mice
developed cataracts and died earlier.#17 It has also been shown that LRRK2 is a key

regulator of the lysosomal system, and LRRK2 mutations result in the formation of large,

205



Chapter 5

dysfunctional lysosomes.#18 Further research into the role of LRRK2 in EBOV infection of
the eye may yield interesting results. After entering the host cell, EBOV utilizes
endolysosomal trafficking to move through the cytoplasm, where it evades the immune
system.#1° Two ocular complications strongly associated with EVD survivors are cataract
and uveitis, and understanding the molecular mechanisms of LRRK2 in the pathogenesis
of these sequelae may provide opportunities for therapeutic intervention. The next step
could be to measure the effect of LRRK2 on EBOV replication in primary retinal pigment

epithelial and iris pigment epithelial cell isolates from the same donors.

Network analysis of retinal pigment epithelial cells demonstrated the mitogen-activated
protein kinases (MAPK) 13 and 7 were also highly involved in EBOV infection. These
kinases have broad cellular functions. Investigators have reported that MAPK13 is a
critical mediator of osteogenic differentiation of bone marrow-derived mesenchymal
stem cells, and is directly inhibited by miR 23a-5p, which was not a miRNA identified as
significantly involved in pathways in this work.#2% In oncology research, MAPK13 has
been shown to be involved in tumour initiation in a range of solid tumours, and is
preferentially expressed in gynaecological cancer stem cells.#21 A number of studies
implicate MAPK13 in cellular inflammatory pathways. In primary human keratinocytes#22
and microglia,*01 MAPK13 is associated with IL-1B-induced inflammation. Further
evidence for an association of MAPK13 with neuroinflammation was suggested in a
bioinformatic study of retinal gene expression in a rat model of diabetic retinopathy.423
Interrogation of the role of MAPK13 in EBOV infection of human retinal pigment epithelial
cells could involve gene knockdown of EBOV-infected and uninfected cells using small

interfering RNA.
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Mitogen-activated protein kinase 7, known also as extracellular signal-regulated kinase 5
(ERKS5), is both a protein kinase and transcription factor that promotes acute cellular and
systemic inflammation. In vascular endothelial cells and monocytes, MAPK7 promoted
inflammation that was induced by broad stimuli, including TLR agonists and pro-
inflammatory cytokines, such as TNF-a.424 The work in this chapter implicated MAPK7 as
another key component of the cellular response to EBOV infection. Florid uveitis is a
characteristic of clinical disease in EVD survivors, and destructive sequelae include retinal
scars and white cataract, which are associated with visual impairment.3* Small molecule
MAPK7 kinase inhibitors have been developed for cancer therapeutics, and a recent
inhibitor has been developed that blocks both kinase and non-kinase functions.#2> Similar
to MAPK13, gene knockdown experiments could be performed on retinal pigment
epithelial cells and other ocular cell populations, with a view to better understanding the

role of these kinases in EBOV infection retinal pigment epithelial cells.

Bioinformatics is an interdisciplinary field of science that develops software and tools to
better understand biology. The field of SRNA-Seq is still being developed, and because of
its inherent complexity, there are many sources of potential bias and error.40% A
fundamental challenge of SRNA-Seq lies in the fact that in a biological system, the small 6-
8 nt seed sequence of a given miRNA does not need to dock to its target with perfect
complementarity. This means that one seed sequence could have many thousands of
potential gene targets, and computational predictions may generate misleading results
that must be interpreted with caution and validated experimentally.#2¢ Therefore, the
results presented in this work require further experimental validation, but provide

direction for future studies.
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Virus-infected cells may release extracellular vesicles containing host- and virus-derived
miRNAs that modulate gene expression in uninfected neighbouring cells.#?” In EBOV
infection, secreted vesicles containing VP40 have been shown to stimulate apoptosis in
uninfected monocytes and T cells, illustrating the intricate ways in which EBOV evades
the immune system.*?2 Components of EBOV-associated extracellular vesicles also
include viral NP protein, which strongly associates with both viral and host RNA.#2°
Whether miRNAs are found in EBOV-infected extracellular vesicles, and whether EBOV-
infected retinal pigment epithelial cells release extracellular vesicles, is unstudied but
plausible. Previous research has demonstrated that healthy human RPE secretes
extracellular vesicles from both apical and basolateral aspects of the polarised cells,*30
and retinal pigment epithelial cells under stress increase the release of these vesicles.#31
In the normal state, retinal pigment epithelial vesicles are likely involved in intercellular
communication and lipid metabolism, and contain proteins, miRNAs and other nucleic
acids.*32 The sRNA-Seq data in this work indicates that hsa-miR-27b-5p and hsa-miR-
3074-3p are expressed at reduced levels in EBOV-infected human retinal pigment
epithelial cells. Both of these miRNAs have been detected in next generation RNA
sequencing of aqueous humour of healthy human eyes at levels higher than found in
plasma, indicating local production.#33 One cause of reduced expression of these miRNAs
within retinal pigment epithelial cells could be active export from the RPE, and this could
be investigated firstly by extracting miRNA from cell culture supernatant to determine

the presence of these miRNAs.

While it was generally agreed that RNA viruses do not typically encode their own
miRNA,#% this has become an increasingly contentious topic.#34 In this work, analysis of

EBOV-infected retinal pigment epithelial cells identified an EBOV-derived miRNA-like
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structure, EBOV-miR-1-5p, which has also been described by several other investigator
teams.276 435 This virus-derived miRNA is an ortholog of the human miR-155, which is
known to inhibit the expression of importin-a5 and type I IFN signalling,#3¢ and thus
confer advantage to an infecting virus. Human miR-155 is also pro-inflammatory, and is
upregulated in DENV infection.#3” Molecular mimicry of human miR-155 has been
demonstrated in other viral infections. The homologue kshv-miR-K12-11, identified in
Kaposi’'s sarcoma-associated herpesvirus-infected B-cells, drives the cell to a state that
avoids apoptosis and supports long-term viral latency.*3® In the current work, several
other EBOV-derived miRNAs were identified, but with very low read counts, suggesting
reads were either spurious or had negligible biological activity. These data support the
presence of EBOV-derived miRNA molecules, as also reported by other investigators,*3>
436, 439, 440 but their function remains the subject of speculation. Recent work elegantly
demonstrated that in EBOV infection of a human hepatocarcinoma-derived cell line
(HepG2), mature EBOV-derived miRNA constructs are generated independent of the host
endoribonuclease Dicer and the Argonaute component of the RNA-induced silencing
complex (RISC).#41 Given this curious lack of association with host canonical miRNA
machinery, the authors posited that EBOV-derived miRNA constructs might simply be

“spandrels”, or breakdown products of viral messenger RNA.

While this work has identified a pattern of miRNA expression in EBOV-infected human
retinal pigment epithelial cells, it is unknown whether these changes would be seen in
other ocular tissue types, or tissue from other immune-privileged sites such as the testes.
Normal miRNA expression varies by tissue type,#4? and between ocular cell types,*3 and
thus the miRNA changes demonstrated with EBOV infection in retinal pigment epithelial

cells may not be universal. This work studied EBOV infection in the ARPE-19 human
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retinal pigment epithelial cell line, which is a well-characterized, robust model for
studying RPE.235 While the findings of this work should provide some fidelity to an ocular
infection in an EVD survivor, these human retinal pigment epithelial cells were studied in
isolation, yet the intraocular environment includes multiple cell populations. However,
this approach enables the study of gene expression in a key intraocular target cell for
EBOV. The expression of miRNA was evaluated at one time-point post-infection. This
time-point was selected as a previously published study demonstrated maximally-

informative host cell responses to EBOV infection.262

This work provides new information about the potential post-transcriptional regulation
of the human retinal pigment epithelial cell response to infection with EBOV. Key miRNAs
in EBOV-infected retinal pigment epithelial cells were identified using sRNA-Seq, and
through in silico analysis, multiple molecules that may be regulated in the retinal pigment
epithelial response to infection were identified. Review of the biological targets of the 15
highly-induced or repressed miRNAs indicate a broad range of potential regulatory
activities, including effects on innate and adaptive immune responses, cellular
metabolism, cell cycle progression, apoptosis and autophagy in the host cells. Central to
the response to EBOV infection, miR-190a and miR-101 may facilitate EBOV survival in
RPE through prevention of apoptosis. Key molecules identified in the miRNA-driven
response of retinal pigment epithelial cells - LRRK, MAPK13 and MAPK?7 - are kinases

known for their role in neuroinflammation.

Future experiments could identify the effect of knock-down of key components of the
miRNA-driven molecular response to EBOV infection, with a view to identifying critical
components of pathological pathways. Replication of these results in primary human

retinal pigment epithelial cells, and at different time points post-infection would provide
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a clearer picture of the response of the RPE to EBOV infection, and the mechanisms of
latency within the eye in EVD survivors. Further molecular studies could be directed by
initial experiments comparing EBOV infection with the non-pathogenic Reston ebolavirus
strain, and co-culture of RPE with other components of the BRB, such as Miiller cells.
Development of a model of EBOV-associated uveitis would ultimately provide a platform
by which to study therapeutic interventions that prevent blinding sequelae of EBOV

infection.
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6.1 INTRODUCTION

Those who survive EVD often suffer long-term sequelae and viral persistence at immune-
privileged sites such as the eye. A hallmark of many Ebolaviruses is the ability to silence
the type I IFN response, achieved largely through the actions of VP24 and VP35, which
block IFN signalling and production, respectively.#44450 Previous research has
demonstrated that EBOV-infected human RPE mounts a type [ interferon (IFN) anti-viral
response while maintaining immunomodulatory activity.23> Despite the upregulation of
cellular antiviral pathways, EBOV replicated to high levels in infected ARPE-19 cells,

indicating that the RPE may act as a reservoir for EBOV in the eye.

The VP35 protein has three main functions. It forms part of the viral replication and
transcription enzyme complex,#51 facilitates viral particle assembly, and is a powerful
inhibitor of type I IFN production.**¢ To antagonize the type I IFN system, VP35 works
from the top of the signalling cascade to inhibit interactions at multiple junctures: by
sequestering and disguising dsRNA from pattern recognition receptors,*47. 452-454 Ly
interacting with protein activator of the IFN-induced protein kinase (PACT), a protein that
binds dsRNA and activates pattern recognition receptors,*48 450 and by inhibiting the
phosphorylation and nuclear translocation of transcription factors (interferon regulatory
factors 3 and 7 [IRF-3, IRF-7], and mitochondrial antiviral signalling protein, MAVS),446.
455 thus suppressing activation of the IFN-3 promoter. The VP24 protein also contributes
to EBOV virulence by interacting in a step common to both IFN-o/3 and IFN-y cascades,
in which it inhibits karyopherin-a, an importin that transports phosphorylated signal
transducer and activator of transcription (STAT)1 into the nucleus, consequently blocking

transcriptional activation of IFN-stimulated genes.#56. 457
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The role of the RPE in EBOV infection is incompletely understood. Researchers
demonstrated that the human ARPE-19 cell line supported productive EBOV infection,
and bioinformatic analysis of the host transcriptome of these infected cells implicated a
strong type I IFN response.23> The fact that infected retinal pigment epithelial cells still
produced IFN-f despite EBOV infection was unexpected, given profound IFN-f3
suppression observed in other infected cell populations such as dendritic cells*>® and
mononuclear phagocytes.?3¢ The work presented in this chapter aimed to further
investigate the type [ IFN response of the retinal pigment epithelial cell to EBOV infection
by focusing on the inhibitory action of VP35 on IFN-f3 production. In order to isolate the
effect of VP35, a vector expressing VP35 was sub-cloned for transfection into human
retinal pigment epithelial cells. The retinal pigment epithelial cell response to VP35 was
measured by expression of IFN-(, the key cytokine of the type I IFN response.
Additionally, in order to more closely model human disease, primary human retinal

pigment epithelial isolates were used, in addition to the ARPE-19 cell line.

6.2  RESULTS

6.2.1 Restriction digest-based plasmid subcloning

In order to investigate retinal pigment epithelial cellular responses to VP35, a pCAGGS
VP35 expression plasmid was produced using restriction digest-based subcloning
(Figure 6.1). To create a control plasmid vector without an EBOV sequence insert (Fig.
6.1D), a double-digest using restriction enzymes Xbal and Nhel was performed on a
pCAGGS-FLAG-VP40 plasmid that was available in-house (Fig. 6.1A) to remove FLAG-

VP40 sequence (Fig. 6.1C). Complementary ends of the purified pCAGGS vector backbone
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(Fig. 6.1B) were ligated. This plasmid was transformed into competent E. coli, amplified

in ampicillin-enriched broth and purified.

Taking advantage of presence of the FLAG sequence in the pCAGGS backbone, a pCAGGS-
FLAG-VP35 plasmid (Fig. 6.1H) was generated by inserting the VP35 sequence into the
pCAGGS-FLAG vector. First, VP35 was amplified from its pCAGGS vector (Fig. 6.1E) using
ligation-mediated PCR with linker primers encoding Notl and Nhel restriction sites. The
purified gel product was digested with Notl and Nhel restriction enzymes to create
cohesive ends. The VP40 gene insert was excised from the pCAGGS-FLAG-VP40 vector
(Fig. 6.1A) using the restriction enzymes Notl and Nhel. Purified pCAGGS-FLAG vector
(Fig. 6.1F), and the VP35 gene insert (Fig. 6.1G) were ligated (Fig. 6.1H) and transformed
into competent E. coli cells in ampicillin-enriched broth. After amplification, plasmid DNA
was extracted and purified. Figure 6.2 shows agarose gel photographs of electrophoresis

products used to construct the plasmids.
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Figure 6.1: Construction of the pCAGGS-VP35 expression plasmid

In order to investigate retinal pigment epithelial cellular responses to VP35, a pCAGGS VP35
expression plasmid was produced using restriction digest-based subcloning. Vector products
were generated by restriction digest-based subcloning to construct a plasmid expressing VP35
and FLAG, and a plasmid consisting of backbone alone. (A). Restriction enzymes Xbal and Nhel
were used to separate the pCAGGS backbone (B) from the FLAG-VP40 sequence insert (C). The
sticky ends of pCAGGS were ligated to form a pCAGGS plasmid without an EBOV sequence insert
(D). The pCAGGS-FLAG-VP40 plasmid (A) was cleaved at Notl and Nhel sites, and the pCAGGS-
VP35 vector (E) was amplified with ligation-mediated PCR to add the Notl restriction site. (F)
pCAGGS backbone with FLAG® tag and VP35 with Notl site (G) were ligated to form pCAGGS FLAG-
VP35 vector (H). Restriction enzyme sites in italics. Figure created in BioRender.com.
Abbreviations: Amp = ampicillin; bp = base pairs, EBOV = Zaire ebolavirus, SV40 ori = Simian

Virus 40 origin of replication, VP = viral protein.
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Figure 6.2: Sub-cloning DNA products

In order to investigate retinal pigment epithelial cellular responses to VP35, a pCAGGS
VP35 expression plasmid was produced. Products were generated by restriction digest-
based subcloning to construct a plasmid expressing VP35 and FLAG, and a plasmid
consisting of backbone alone. UV-filtered photographs of 1% agarose gel, after
electrophoresis of DNA products used to construct pCAGGS-FLAG-VP35 plasmid (A-C),
and pCAGGS control plasmid without EBOV sequence insert (D). (A). Restriction
endonucleases Notl and Nhel were used to separate the 1001 bp VP40 gene insert from
the 4738 bp pCAGGS-FLAG backbone (lanes 1 and 2). (B). Lane 3 shows neat pCAGGS-
VP35 plasmid, and lanes 4 to 10 show ligation-mediated PCR products generated by
touchdown PCR (annealing temperatures 58 to 68 °C) of VP35 gene with linker primers
with expected product size of 1050 bp. Double bands at top of wells represent open
circular (above) and supercoiled (below) plasmid conformations. (C). Purified VP35
product from (B) was digested with restriction endonucleases Notl and Nhel to generate
sticky ends (lanes 11 - 16) before ligation with 4738 bp pCAGGS-FLAG backbone
generated in (A). (D). No-insert pCAGGS plasmid was generated by digesting neat
pCAGGS-FLAG-VP40 plasmid (lane 17) with restriction endonucleases Xbal and Nhel
(lane 18) to generate a 4602 bp pCAGGS backbone and a 1137 bp FLAG-VP40 insert. The
pCAGGS backbone was then ligated to form the pCAGGS control plasmid without EBOV
sequence insert. Double bands at top of lane 17 represent open circular (above) and
supercoiled (below) plasmid conformations. Abbreviations: bp = base pairs, DNA =
deoxyribonucleic acid, EBOV = Zaire ebolavirus, L. = ladder indicating molecular weight of

DNA (GelPilot 1 kb Plus Ladder, Qiagen, cat. 239095), UV = ultraviolet, VP = viral protein.
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6.2.2 Confirmation of plasmid structure

To check that the control pCAGGS vector did not contain the FLAG® tag or VP40 sequence,
primers flanking the Xbal - Nhel ligation site were designed, and PCR with gel purification
yielded the expected product size, confirming successful excision of FLAG-VP40 insert.
Sequencing of the region surrounding the Xbal and Nhel sites was also performed as
confirmation. To check the structure of the pCAGGS-FLAG-VP35 plasmid clone, single and
double digests using restriction enzymes EcoRI and Nhel were performed, and agarose
gel electrophoresis demonstrated expected 1100 bp and 4600 bp fragments, confirming
single copies of vector backbone and VP35 gene insert. This was corroborated by

sequencing of the plasmid (Appendix G).

6.2.3 Confirmation of plasmid protein expression

To confirm plasmid expression of the VP35 and FLAG® tag protein products,
chemiluminescent Western blot analysis was performed (Figure 6.3). Confluent
monolayers of ARPE-19 cells were lipid-transfected with either pCAGGS plasmid without
insert, pCAGGS-FLAG-VP35 or pCAGGS-FLAG-VP40. After 48 hours, total cell lysate was
collected. Western blot detected FLAG® protein in lysate taken from cells transfected with
pCAGGS-FLAG-VP35 or pCAGGS-FLAG-VP40, but not cells transfected with pCAGGS
without insert, and VP35 protein in pCAGGS-FLAG-VP35 transfected cells, but not in
pCAGGS-FLAG-VP40 or pCAGGS without insert. Additional bands seen in single lanes on

the western blot of cell lysate with anti-VP35 antibody (Figure 6.3B) could represent
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artefactual oligomerization of highly-concentrated VP35,49 but this was not pursued as

the experiment had already confirmed the presence of VP35 protein.

6.2.4 Interferon-f3 expression in retinal pigment epithelial cells
after treatment with Poly I:C

Polyriboinosinic:polyribocytidylic acid (Poly I:C) is a synthetic dsRNA molecule that
potently stimulates TLR 3, RIG-I, and MDAS, pattern recognition receptors that initiate
signalling pathways as part of the type I IFN response.#0.461 To determine (a) the kinetics
of IFN-3 production in human retinal pigment epithelial cells after administration of Poly
[:C, and (b) whether lipid transfection was required for Poly I:C transfection in retinal
pigment epithelial cells, confluent monolayers of ARPE-19 cells were treated with
rhodamine fluorophore-conjugated Poly I:C, with and without Lipofectamine® 2000
transfection, or were left untreated, with 6 monolayers per condition. At 1 hour and 4
hours post-treatment, images were captured, and RNA was extracted from the cells.
Expression of [FN-f3 transcript by RT-qPCR was measured to determine the optimal time

point for harvesting cells in subsequent experiments.

Photomicrographs are displayed in Figure 6.4, and demonstrate Poly I:C-associated
rhodamine fluorescence in cells subjected to lipid transfection at 4 hours. Minimal
fluorescence was seen in Poly I:C and Lipofectamine® 2000-transfected cells at 1 hour,

and in cells treated with Poly I:C alone after 4 hours.
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Figure 6.3: Western blots of protein lysate from transfected ARPE-19 cells

To confirm plasmid expression of the VP35 and FLAG® tag protein products, chemiluminescent
Western blot analysis was performed. Confluent monolayers of ARPE-19 cells were lipid-
transfected with plasmids and 48 hours later total cell protein was collected and quantified. Each
well was loaded with 20 pg cell lysate. (A). Detection with mouse anti-FLAG antibody, and
secondary anti-mouse immunoglobulin conjugated to horseradish peroxidase; (1) untransfected
negative control, and cells transfected with (2) pCAGGS-FLAG-VP40 vector (expected product size
40 kDa), (3) and (4) cloned pCAGGS-FLAG-VP35 vectors (expected product size 35 kDa), (5)
pCAGGS vector without an EBOV sequence insert. (B). Detection with mouse anti-VP35 and
secondary anti-mouse immunoglobulin conjugated to HRP; (6) untransfected negative control,
and cells transfected with (7) pCAGGS-FLAG-VP40 vector, (8) and (9) cloned pCAGGS-FLAG-VP35
vectors (expected product size 35 kDa), (10) pCAGGS vector without insert. Ladder indicates
molecular weight of protein (Precision Plus Protein™ Dual Xtra Prestained Protein Standards, Bio-
Rad, cat. 1610377). Abbreviations: Lipo = Lipofectamine, Poly [.C =

polyriboinosinic:polyribocytidylic acid, VP = viral protein.
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Expression of [FN-f3 transcripts was significantly elevated in Poly I:C and lipid-transfected
cells at 4 hours (p < 0.0001, Figure 6.5), confirming that lipid transfection was required
for adequate uptake of Poly I:C into retinal pigment epithelial cells, and for an increase in

the expression of [FN-f3 transcript.

6.2.4.1 PRIMARY HUMAN RETINAL PIGMENT EPITHELIAL CELL ISOLATES

Primary retinal pigment epithelial cells were isolated from human eyes of three donors

(two male and one female) between 29 and 37 hours after death (Table 6.1).
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Control
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alone
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Figure 6.4: Treatment of ARPE-19 cells with Poly I:C

To determine whether lipid transfection was required for Poly I[:C transfection in retinal pigment epithelial cells, confluent monolayers of ARPE-19
cells were treated with rhodamine fluorophore-conjugated Poly I:C, with and without Lipofectamine® 2000 transfection, or were left unmanipulated,
with 6 monolayers per condition. At 1 and 4 hours post-treatment, brightfield photomicrographs were obtained, and fluorescence of rhodamine-
conjugated Poly I:C was identified with a narrow-band excitation filter. No fluorescence was observed at 1 hour in cells treated with Poly I:C and
Lipofectamine® 2000, but was strongly present at 4 hours, and after 4 hours some fluorescence could be seen in cells exposed to Poly I:C alone. Scale

bars 100 um. Abbreviations: Lipo = Lipofectamine, Poly I:C = polyriboinosinic:polyribocytidylic acid.
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Figure 6.5: Poly I:C-induced IFN-f3 expression in ARPE-19 cells

To determine the kinetics of expression of IFN-[ transcripts in Poly I:C and lipid-transfected cells
monolayers of ARPE-19 cells were treated with Poly I:C, lipid-transfected with Poly I:C (Lipo), or
left unmanipulated (Control). Expression of [FN-f transcript by RT-qPCR after (A) 1 hour (p <
0.05), and (B) 4 hours (p > 0.0001). (C). Composite results of (A) and (B) for comparison (p >
0.0001). Expression relative to stable reference genes ribosomal protein lateral stalk subunit PO
and B-actin, and over zero in all conditions. Error bars represent standard deviation, n = 6
monolayers per condition. Ordinary one-way ANOVA (A and B) and two-way ANOVA (C) with
Tukey multiple comparisons test, **** p < 0.0001, NS not significant. Abbreviations: ANOVA =
analysis of wvariance, IFN = interferon, Lipo = Lipofectamine, Poly I:.C =
polyriboinosinic:polyribocytidylic acid, RT-qPCR = quantitative reverse transcription polymerase

chain reaction, VP35 = viral protein 35.
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Cell isolate Sex of Age of donor at Time from death to cell
number donor death isolation

Primary isolate 1 Male 50 37 hours
Primary isolate 2 Male 59 29 hours
Primary isolate 3 Female 65 35 hours
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6.2.5 Impact of Ebola protein 35 on interferon-3 expression in
retinal pigment epithelial cells

To investigate the effect of VP35 on the type I IFN response in human retinal pigment
epithelial cells, confluent monolayers of three primary human retinal pigment epithelial
isolates and the ARPE-19 cell line were exposed to a VP35-encoding vector or a no-insert
control pCAGGS vector with lipid transfection. After 48 hours, half the cells were
Lipofectamine® 2000-transfected with rhodamine fluorophore-conjugated Poly I:C (n =
3 monolayers per condition). Four hours later, cells were photographed under a narrow
band excitation filter, and RNA was extracted for RT-qPCR interrogation of IFN-f3
transcript expression. Cells stimulated with Poly [:C demonstrated strong fluorescence at
30 minutes and 4 hours after transfection (Figure 6.6). Cytotoxicity was observed under
all conditions at 52 hours after plasmid transfection, and one primary isolate (3)
demonstrated notably more cell loss, while the ARPE-19 cell line appeared the most
resistant to the manipulation (Figure 6.7). These data demonstrated successful lipid

transfection of Poly I:C in cells expressing pCAGGS plasmids.

To measure the type [ I[FN response in retinal pigment epithelial cells expressing VP35
protein, cell monolayers were harvested 4 hours after pattern recognition receptor
stimulation with Poly I:C (and 52 hours after plasmid transfection). Cell lysate was
collected for RNA extraction and cDNA synthesis, and IFN-3 expression was determined
by RT-qPCR against stable reference genes, ribosomal protein lateral stalk subunit PO and
B-actin (Figure 6.8). Regardless of which plasmid they were expressing, all cells simulated

with Poly [:C showed increased IFN-[3 expression compared to cells treated with plasmid
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alone, with the exception of primary isolate 3 (Figure 6.8C). Compared to no-insert
plasmid-transfected cells, Poly [:C-stimulated cells expressing VP35 had lower transcript
expression of IFN-f3 in isolates 1 and 2, while there was no difference between IFN-f3
expression inisolate 3 or the ARPE-19 cell line. The overall magnitude of IFN-f3 expression
varied across cells, with more expression seen in primary isolate 1 and ARPE-19 cells.
Primary isolate 3 had very low levels of IFN-3 expression, and also showed the greatest
cytotoxicity of all isolates (Figure 6.7). These results demonstrate that VP35 does not
significantly reduce expression of IFN-f3 in the ARPE-19 cell line, which is consistent with
published results.235 In contrast, VP35 antagonized production of IFN-f in primary retinal
pigment epithelial cell isolates, with the exception of one primary isolate (3), which

showed no difference in IFN-[3 expression with VP35 expression or Poly [:C stimulation.
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Figure 6.6: Stimulation of VP35-expressing ARPE-19 cells with Poly I:C

To investigate the effect of VP35 on the type I IFN response in human retinal pigment
epithelial cells, confluent monolayers of three primary human retinal pigment epithelial
isolates and the ARPE-19 cell line were exposed to a VP35-encoding vector or a no-insert
control pCAGGS vector with lipid transfection. After 48 hours, half the cells were
Lipofectamine® 2000-transfected with rhodamine fluorophore-conjugated Poly I:C (n =
3 monolayers per condition). Four hours later, cells were photographed under a narrow
band excitation filter, and RNA was extracted for RT-qPCR interrogation of IFN-f3
transcript expression. Imaging 30 minutes and 4 hours later demonstrated rhodamine-
related fluorescence in Poly I:C-stimulated cells, indicating successful lipid transfection of
Poly I:C in cells expressing pCAGGS plasmid. Cell debris representing cytotoxicity is seen
in all wells. Images for one representative primary cell isolate are displayed. Scale bars
100 um. Abbreviations: Poly I:C = polyriboinosinic:polyribocytidylic acid, VP35 = viral

protein 35.
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Figure 6.7: Cell toxicity after pCAGGGS vector transfection and Poly I:C stimulation

In order to investigate the effect of VP35 on the type I IFN response in human retinal pigment epithelial
cells, lipid transfection of Poly [:C in cells expressing pCAGGS plasmid was performed. Confluent
monolayers of three primary human retinal pigment epithelial isolates and the ARPE-19 cell line were
exposed to a VP35-encoding vector or a no-insert control pCAGGS vector with lipid transfection. After
48 hours, halfthe cells were Lipofectamine® 2000-transfected with rhodamine fluorophore-conjugated
Poly I:C (n = 3 monolayers per condition). Four hours later, cells were photographed under a narrow
band excitation filter, and RNA was extracted for RT-qPCR interrogation of IFN-[ transcript expression.
Confluent monolayers of human retinal pigment epithelial cells imaged 52 hours after lipid transfection
with pCAGGS control plasmid or pCAGGGS-VP35 plasmid. Cytotoxic changes are represented by loss of
monolayer confluence and debris in the medium. Scale bars 100 um. Abbreviations: Poly I:C =

polyriboinosinic:polyribocytidylic acid, RPE = retinal pigment epithelium, VP = viral protein.
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Figure 6.8: IFN-f3 production in VP35-expressing retinal pigment epithelial cells

To measure the type I IFN response in retinal pigment epithelial cells expressing VP35 protein,
confluent monolayers of human retinal pigment epithelial cells were lipid-transfected with
pCAGGS control plasmid or pCAGGS-VP35 plasmid. After 48 hours, half the samples underwent
further lipid transfection with Poly I:C. At 52 hours, cells were harvested for RNA extraction and
cDNA synthesis for RT-qPCR of [FN-f3 transcript, measured relative to reference genes RPLP0 and
B-actin. Regardless of which plasmid they were expressing, all cells simulated with Poly I:C
showed increased IFN-f3 expression compared to cells treated with plasmid alone, with the
exception of isolate 3. Primary retinal pigment epithelial cell isolates (A) 1 (p < 0.0001), (B) 2 (p
< 0.0001), (C) 3 (p <0.05), and (D) ARPE-19 cells (p < 0.0001). (E). Composite graph of (A) to (D)
(p < 0.0001). Graphs represent mean, and error bars indicate standard deviation. N = 3
monolayers per condition. Data analysed by ordinary one-way ANOVA (A) to (D), and two-way
ANOVA (E). NS = not significant, * p < 0.05, ** p < 0.01, * p < 0.001, **** p < 0.0001.
Abbreviations: ANOVA = analysis of variance, cDNA = complementary deoxyribonucleic acid, [FN
= interferon, Poly I:C = polyriboinosinic:polyribocytidylic acid, RPE = retinal pigment epithelium,
RPLPO = ribosomal protein lateral stalk subunit PO, RT-qPCR = quantitative reverse transcription

polymerase chain reaction, VP = viral protein.
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6.3 DISCUSSION

The EBOV protein, VP35, is a potent inhibitor of the host antiviral response through
interactions with dsRNA, type [ IFN signalling, host proteins, and RNA silencing
mechanisms.#45-450 [n this work, a vector expressing FLAG-VP35 and a control plasmid
vector lacking a viral sequence insert were sub-cloned and transfected into human retinal
pigment epithelial cells, in order to investigate the effect of VP35 on production of IFN-f.
In 2 of 3 primary human retinal pigment epithelial cell isolates, VP35-expressing cells
exhibited reduced IFN-f3 expression as measured by RT-qPCR, but in one primary isolate,
as in the ARPE-19 cell line, I[FN-f3 expression was not influenced by VP35. These results
demonstrate that in human retinal pigment epithelial cells, VP35 can inhibit production
of IFN-f3, a key component of the type I IFN response, and that this response may vary

across donors.

The means by which VP35 represses the host immune response are diverse. Suppression
of IFN regulatory factor 3 phosphorylation by VP35 directly inhibits transcriptional
activation of type I signalling pathways.**¢ The VP35 protein can also evade pattern
recognition receptor stimulation directly, by binding viral dsRNA,#47. 448,458 and indirectly
through competitive inhibition by binding to PACT, a dsRNA-binding pattern recognition
receptor agonist.#>0 Binding of VP35 also suppresses small interfering RNA-mediated
gene silencing by host cells.#4? Infection with EBOV suppresses the type I IFN response in
most cell populations,?3¢ yet some cell lines are reported to produce a strong IFN response
to EBOV - specifically, ARPE-1923> and the 769p renal cell carcinoma cell line.#62 In this
work, VP35 expression in Poly [:C-stimulated and unstimulated ARPE-19 cells did not

alter expression of IFN-f3.
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The RPE is a highly-specialised monolayer of cells that forms the outer BRB, and is thus
exposed to circulating pathogens. Survivors of EVD show signs of previous retinal
pigment epithelial involvement in the form of retinal pigment epithelial scars,3>238 239 and
nonhuman primates euthanised during acute lethal EVD demonstrate EBOV in the uveal
tract,?37 indicating that the RPE is exposed and likely infected by EBOV in the acute phase.
The retinal pigment epithelial cell can be infected by a wide range of other RNA viruses.
The flavivirus, West Nile virus, causes retinal infection and CNS complications by
breaching the blood-brain and blood-retinal barriers.?2” Retinal pigment epithelial cells
are easily infected by this virus, and mount an early I[FN-f3 response that suppresses viral
replication but which is circumvented by downstream inhibition of IFN-B signalling
pathways.#63 Retinal pigment epithelial cell infection with Zika, another flavivirus,
generates florid infection and a type I IFN response coupled with robust inflammation
and increased cell death, consistent with the atrophic changes in the RPE that are seen

clinically.206 396, 464-466

In addition to its role in host antiviral defence, IFN-# also has immunomodulatory
functions, and is approved by FDA as a treatment for multiple sclerosis.*¢” Researchers
have shown that IFN-f3 inhibits the production of chemokine (C-X-C motif) ligand 9 and
intercellular adhesion molecule 1 in Poly I:C-stimulated retinal pigment epithelial cells.#8
During the acute phase of EVD, it is unknown whether circulating viral antigens or IFN-f3
stimulate the type I [FN response in uninfected RPE, but this would prime the cells to an

antiviral state, as well as invoking immunomodulatory responses.

Although EBOV has been shown to profoundly suppress innate and adaptive immune
responses in multiple cell populations, patients infected with EBOV show strong immune

responses in the acute phase, as demonstrated by T-cell and B-cell activation, and have
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sustained immune stimulation in convalescence, with activated T-cells circulating after
plasma clearance of the virus, suggestive of ongoing antigenic stimulation.*¢® A study of
rhesus monkey survivors at day 43 post-EVD identified infected CD68-positive cells in the
vitreous, internal limiting membrane, uveal tract, and surrounding retinal vessels,
implicating mononuclear phagocytes as EBOV reservoir cells within the eye.237 Perhaps
ongoing antigenic stimulation of retinal pigment epithelial cells causes secretion of type I
IFN and immunomodulatory molecules that suppress intraocular infection while low-
grade viral replication occurs in monocytes, and this is held in balance until overt
infection-induced inflammation manifests as uveitis. Latent ocular infection has been
observed with other viruses such as cytomegalovirus, with RPE being the major site of

persistent infection in hosts with a fully-competent immune system.244

A curious finding in this work was that ARPE-19 cells continued to produce IFN-3 despite
VP35 expression. Ebola virus works to counteract the type I IFN system in myriad ways,
including inhibition of phosphorylation - and thus activation - of IRF-7, a transcription
factor that induces expression of IFN-3.4>> In contrast to primary human retinal pigment
epithelial cells,2%6 the ARPE-19 cell line does not express IRF-7,23> and may have
alternative pathways to IFN-f induction compared with primary retinal pigment
epithelial cells. This work has highlighted differences in a widely-used RPE cell lines

compared with primary isolates in their response to EBOV infection.

The effect of lipid transfection and plasmid expression on cell biology should be
considered. While lipid transfection reagents are considered the gold standard for
delivery of exogenous DNA,470 they can interfere with cell homeostasis, introduce off-
target responses and stress cellular translational machinery. Permeabilization of the cell

membrane induces cellular repair mechanisms requiring an influx of calcium ions into the
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cell, which can trigger the apoptotic cascade.#’! In addition, Lipofectamine®-mediated
transport can overwhelm the cell and increase the unfolded protein response and
endoplasmic reticulum stress, also leading to apoptosis.#’? A recent study showed that
Lipofectamine® transfection induced the type I IFN response through a mechanism
dependent on IRF-3 and IRF-7, and that this was a cell-specific interaction.#’3 Whether
lipid transfection stimulates this response in retinal pigment epithelial cells is unknown,
but all cells were transfected at least once, so this was controlled by the experimental

design.

The transition from extracellular plasmid DNA to intracellular protein is a multistep
process involving a raft of physical and biochemical barriers.4’4 Plasmid DNA represents
large cargo that, by virtue of its phosphate groups, carries a strongly negative charge.47>
The cell membrane is also negatively charged, and to overcome electrostatic repulsion, a
cationic liposome-based vehicle is often used to enable cell entry.47¢ Once inside the cell,
plasmid DNA must (1) avoid active intracellular transport, which results in DNA
degradation, (2) avoid entrapment and destruction within lysosomal compartments, and
(3) escape the endosome, cross a congested cytoplasm rich in endonucleases, and enter
the nucleus.*’? Plasmids used in this work have a molecular weight of at least 200 kDa
and must traverse a nuclear envelope that only allows passive diffusion of molecules less
than 70 kDa in size.#7> All of these factors can influence the transfection efficiency of a

plasmid.

Variation in IFN- expression and cytotoxicity between retinal pigment epithelial cell
isolates was seen, and could be influenced by a number of factors. Firstly, the cells were
all isolated at different points in time, and the time between death and isolation varied.

Also, donor age and sex varied across isolates. Cytotoxic changes were greatest with
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isolate 3, and these cells produced the least amount of IFN-f3, and did not measurably
respond to VP35. It would be useful to clarify whether these differences were influenced

by technical aspects or if they were entirely due to biological variation.

While technical aspects of this experiment could be optimised, further investigations
should draw on this work. More extensive kinetic studies of the primary retinal pigment
epithelial cell transcriptome would provide a better picture of the characteristics of the
type I IFN response to EBOV. While only IFN-3 was studied in these experiments, this was
appropriate as it is the primary driver of the type I IFN response. Infection of primary iris
and retinal pigment epithelial cell isolates from the same donors, exposing retinal
pigment epithelial cells to IFN-f prior to infection, or co-culture with infected monocytes

could be future directions for research.

In summary, the work in this chapter has demonstrated that in simulated infection, VP35
inhibits expression of IFN-3 in some - but not all - human retinal pigment epithelial cell
populations. Viral inhibition of the type I [FN response means that RPE is vulnerable to
EBOV infection and may provide a route of entry to the eye in the acute phase of EVD, and
may contribute to post-Ebola uveitis, which is characterised by infective EBOV with florid
inflammation in EVD survivors. This work simulated EBOV infection and studied the effect
of VP35 in isolation. Given the differences in type I IFN response seen between ARPE-19
and primary retinal pigment epithelial cells in this work, the effect of intact EBOV
infection of primary human retinal pigment epithelial cells remains an open question.
Further investigation into the type I IFN response to EBOV in these cells would help clarify
the characteristics of the response and further inform understanding of the mechanisms

of viral persistence in the eye.
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Discussion

This thesis describes original studies that identify and address knowledge gaps relating
to the mechanisms of retinal pathology caused by three intracellular zoonoses: T. gondii
(an apicomplexan parasite), DENV (an arboviral flavivirus) and EBOV (a filovirus). These
disparate organisms can all cause vision-threatening uveitis in infected humans. To better
understand the mechanisms of disease pathology, this research used a range of
techniques to study the retina at the tissue, cellular, and molecular level, in vivo, in real-
time, and in vitro. Diverse approaches were taken, employing research methods that

involved cell culture, bioinformatic processes, and clinical imaging tools.

This thesis advances the body of knowledge of retinal infections on many fronts. Chapter
3 presents an original and thorough portrayal of the spectrum of retinal tissue changes
resulting from infection with T. gondii and identifies signs that are characteristic of TRC
and indicate poor visual prognosis. This represents the largest study of TRC by SD-OCT,
and is useful for the treating clinician. The potential involvement of Miiller glial cells in
DENV infection is investigated in Chapter 4 and describes the first published work on

human Miiller cells in DENV infection. Through the use of immortalised and primary
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human Miiller cells in culture, this work details the molecular responses to DENV
infection. This work is the first to demonstrate the lack of a type I IFN response to
infection in the human Miiller cell line, MIO-M1, an original and significant contribution
to the field. Chapter 5 describes an in silico analysis of miRNA responses of retinal pigment
epithelial cells to EBOV. Aside from RNA sequencing data that has been previously
reported,23> there are no other studies of EBOV infection of ocular cell populations.
Mechanistic studies of the interplay between EBOV and the type I IFN response in retinal
pigment epithelial cells are described in Chapter 6 and use advanced molecular
techniques to effectively study the effect of VP35 on molecular responses. The work on
EBOV infection of the RPE represents first-in-field experiments and provides avenues for

further research on this emerging retinal infection.

To demonstrate pathological changes to retinal tissue in T. gondii infection, SD-OCT scans
of a large cohort of individuals with active retinochoroiditis were examined. To
understand the response of human Miiller cells to infection in dengue, the immortalised
MIO-M1 human Miiller cell line and human primary Miiller cell isolates were infected with
DENV strains. To isolate the effect of EBOV on the type I I[FN response of human retinal
pigment epithelial cells, a plasmid expressing VP35 was transfected into the ARPE-19 cell
line and human retinal pigment epithelial cell isolates. To understand the global processes
involved in miRNA signalling in EBOV infection of human retinal pigment epithelial cells,
bioinformatic processes were utilized to predict pathways and networks based on miRNA

expression in infected ARPE-19 cells.

Zoonotic diseases are poorly understood, continuously emerging and difficult to study.
These infections disproportionately arise in countries with limited research capacity and

are not usually a research priority in highly-resourced nations. In the case of neglected
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diseases such dengue,*’7 ocular complications were not recognised as being associated
with infection until population-based studies were performed on hospital inpatients
approximately 15 years ago.193 These studies would be difficult to replicate for dangerous
pathogens such as EBOV. High-level biosafety infrastructure shrinks the global pool of
researchers, and exposure risk to healthcare workers limits clinical examination in the
acute phase of infection to what is absolutely necessary, contraindicates post-mortem
examination*’8 and delays surgery,24> decreasing opportunities to study these diseases.
These zoonoses also tend to occur with epidemic spread, which places extreme demands
on health systems and often subordinates basic science research. Despite significant and
fundamental knowledge gaps, neglected infectious diseases, such as toxoplasmosis,
receive little attention and remain highly prevalent in many countries, including
Australia,>8 and ocular toxoplasmosis manifesting as TRC represents a significant cause

of blindness in many parts of the world.

Regional susceptibility to different diseases within the retina is well known,*’° and
variation in retinal pathology was explored in this thesis. In the SD-OCT studies of TRC,
macular (zone 1) pathology, such as oedema and epiretinal membrane, was demonstrated
in the presence of peripheral (zone 2) necrotising retinitis. Transcriptomic research has
demonstrated geographic variation in gene expression within cell groups in retinal
tissue.308 480-482 Human Miiller cells located at the macula rely disproportionately on
serine biosynthesis to combat oxidative stress, and dysfunction of this pathway may
contribute to macular disease.310 Further understanding of topographical variation could
shed light on mechanisms of infection, such as why foveolitis occurs in DENV infection,

and why retinal necrosis is more likely to occur at the macula in T. gondii infection. These
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research questions could be addressed by infecting cell populations isolated from

different regions of the retina, or infecting wholemount retinal tissue.

Various aspects of the human immune response to infection were addressed in this thesis,
and inflammatory responses were seen across infections with all three pathogens.
Widespread signs of ocular inflammation in the vitreous, retina and choroid were evident
by SD-OCT imaging of active TRC. Miiller cells mounted an inflammatory response to
DENV infection that was characterised by upregulation of pro-inflammatory cytokines.
Bioinformatic analysis of miRNA-driven pathways in EBOV-infected retinal pigment
epithelial cells identified leucine-rich repeat kinase 2 (LRRK2) as the most highly involved
molecule in EBOV-infected retinal pigment epithelial cells. Central to the host response to
infection, LRRK is strongly associated with neuroinflammatory diseases and
experimental autoimmune uveitis.#14 416 Mitogen-activated protein kinases (MAPK) 13
and 7 were also highly involved in EBOV infection and are associated with
neuroinflammation. Collateral damage to retinal tissue from the effects of the
inflammatory response to infection are a significant cause of blindness, and augmenting
this response may mitigate tissue damage. Further investigation into the role of LRRK2 in

EBOV infection may yield therapeutic targets for the treatment of post-Ebola uveitis.

A challenge for all retinal research is a lack of readily-available human retinal tissue. The
unacceptable risk-to-benefit ratio of acquiring retinal biopsies demands indirect and
surrogate means to understand pathogenic mechanisms. Biological markers - or
“biomarkers” - are objective, quantifiable signs that demonstrate biological or
pathological processes.#83 While clinical signs, the proprietary biomarker of medicine,
have been used for centuries, systems biology is at the forefront in generating biomarkers

from the “-omics” fields.#8* Identifying non-invasive biomarkers that indicate disease in
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poorly-accessible tissue is appealing, and plasma biomarkers of ocular disease have been
investigated in diseases such as age-related macular degeneration.*8> However, access to
these tests will be limited in poorly-resourced areas, where infectious diseases are more
prevalent. Given the optical function of the eye, clinical imaging tools, such as SD-OCT, are
especially suited to the study of retinal disease, and provide real-time, in vivo information
about tissue changes. This work demonstrated a range of indicators of retinal tissue
damage in TRC, and identified retinal hyporeflective spaces or signal voids as a sign
associated with a poor visual prognosis. This latter observation is expected to be useful

to the practising ophthalmologist.

Cell lines provide a homogenous, easily manipulatable model in which to study biological
processes,*8¢ but research conclusions may not perfectly translate to human systems, as
it is presumed that the biology of a cell in culture is representative of its tissue of origin.
Technical and biological factors are being increasingly recognised as sources of
uncontrolled variation in experiments,*®” including misidentification and cross-
contamination of cell lines.#88 Cells can demonstrate genetic*® and phenotypic#0
variation that is influenced by culture conditions. Some culture medium formulations
contain molecules that bind cellular hormone receptors, inducing different effects
depending on brand and batch of medium and cell sex.#°1 Hormonal interactions aside,
human cells in culture demonstrate sexual dimorphism through differential expression of
thousands of genes involved in wide-ranging biological processes, and in responses to
cytokines and growth factors.#92 493 Cultured cells of similar origin and age show similar
responses in normal conditions, but display sexual dimorphism in response to cellular
stress, with female cells displaying more resilience.#*4 Sexual dimorphism has been

demonstrated in apoptotic and cytotoxic responses of neural cell populations.4>> The
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ARPE-19 cell line is male;262 the MIO-M1 cell line is female;°> primary human Miiller cells
used in this thesis were isolated from males; and the primary human retinal pigment
epithelial cell isolates were prepared from both male and female donors. Differences
between primary cells and cell lines were found in all experiments. Whether cell sex

contributed to this variation was not studied, but presents an intriguing possibility.

Differences between cell lines and isolated primary human cells are being increasingly
recognized at a molecular level. Recent advances in RNA sequencing have seen the
development of transcriptome libraries representing cell populations of complex
tissues.3?0 Transcriptome analysis of the neural retinal cell populations of three post-
mortem donor eyes by single cell RNA sequencing demonstrated 18 distinct cell
populations, and noted differences in gene transcription of Miiller cells when compared
to the MIO-M1 cell line.%5 In this work, three of four chapters involved data gained from
cell lines, and two chapters demonstrated different results with isolated human primary
cells. Moving beyond the single cell, other models involving human retinal cells involve
co-culture with leukocytes, and sophisticated systems such as a recently-described in
vitro model of the BRB of a mixed-culture of human retinal endothelial cells, pericytes and
astrocytes.#?¢ Further complexity can be added by organoid models.**7 Cell-pathogen
interactions are complex, and this complexity is compounded by the intricacy of the
surrounding tissue. This was elegantly demonstrated in a cerebral organoid model
containing neurons and astrocytes, whereby inflammatory responses to DENV infection
were only elicited when microglial populations were present.#?8 Thus, intact human
retinal tissue may be superior for the study of retinal infections. Whole mount ex vivo
human retina has been used to demonstrate T. gondii migration and cellular tropism.30°

This could be an avenue for further studies of DENV retinopathy.
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Animal models are appealing for the study of complex interactions in complex tissue, but
come with caveats. The appropriate animal model may differ depending on which aspect
of infection is being studied and by what means.4%.500 A wide range of animal models have
been used to study T. gondii, EBOV, and DENV infections.3>0.501-504 Artificial manipulation
of the animal host may be required to induce disease in EBOV infection, and can be
achieved with models including mice that do not express critical genes in immune
pathways, such as A129 mice that lack type I IFN receptors, or “humanised mice” that
express human genes or contain human cells or tissue.>®> Non-human primates are
preferred due to their similarity to humans and fidelity to the human manifestations of
disease, as only non-human primates have a macula,>% but the cost, scale, ethics and
harm-benefit analysis is usually too high for this research to be undertaken.>% Despite
their complexity,>%7 in vitro and in silico methods of retinal and infectious disease research

that reduce the use of experimental animals continue to gain traction.58

Zoonoses are extremely difficult to eliminate, and scientists will continue to direct
research efforts to new and emerging infectious diseases. To this end, utilizing available
research tools will enable a better understanding of the fundamental mechanisms of host-
pathogen interactions within the retina. Biomarker research represents opportunities to
utilize big data to generate tools that will continue to increase the clinician’s ability to
provide earlier diagnosis, personalised prognostication, and targeted therapeutic
invention to improve outcomes for zoonotic retinal infections. This thesis presents a body
of work that identifies mechanisms of retinal damage by serious and neglected pathogens.
Inflammation appears to be one of the primary characteristics of retinal damage in these
infections. The host response to these pathogens is the critical factor that determines the

outcome, be it overwhelming infection with retinal necrosis and tissue destruction, or
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collateral damage of bystander tissue due to severe inflammation. Understanding the
factors that modify the host-pathogen relationship will create opportunities for

therapeutic interventions of these potentially blinding diseases.
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APPENDIX A: SPECTRAL-DOMAIN OPTICAL
COHERENCE TOMOGRAPHY DATA COLLECTION
SHEET
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PATIENT ID SAVE IMAGE
Zone 1: macula extending 3000 um from fovea (i.e. ETDRS grid), plus 1500 pm from disc margin.
SCANS OF MACULA BUT NOT LESION
OCT DATE
P C C P
WEEK F/UP
ETDRS central subfield volume (mm3, using 1, 3, 6 mm grid)
RIGHT LEFT THICKNESS @ lesion ILM > base RPE (um)
Zonel | Zone2 | Zonel | Zone2 iTur;elt:O?Z)OS&p;I:::c;r:;:z::g(i:fitside ETORS grid), SRF
MACULAR changes if ZONE TWO lesion N/A ! !
NO 2 2
YES 3 3
ERM A / macular schisis 8 / lamellar hole ¢ 1 1
VMTA/FTMH 8 2 2
intraretinal fluid — IPL-INLA / OPL-ONL 8 / outer ¢/ CMO® 3 3
large hyper-r dots vitreous A / ILM B/ retina © 4 4
subretinal fluid 5 5
RPE thickening A / discontinuity  / other © 6 6
pachychoroid > 300 um A / other 8 7 7
POSTERIOR HYALOID CANNOT GRADE P11 101
ATTACHED 2 2 2 2
VMA 3 3 3 3
VMT 4 4 4 4
localized / partial PVD 5 5 5 5
PVD across OCT scan 6 6 6 6
EXPANDED PVD ON FOLLOW-UP YES : : 1 1 : 1 : 1
VITREOUS HYPER-REFLECTIVITY NONE / NORMAL 1 : 1 1 : 1 : 1
DENSE: can’t grade retina 2 2 2 2
VITRITIS b3 | 3 3003
VITRITIS plus SUB-HYALOID i E 4 4 E 4 E 4
VITREOSCHISIS 1 1 1 1
HYALOID THICKENING at lesion 1|1 1 1
ERM at lesion 1 1 1 1
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HYPER-REFLECTIVE DEPOSITS CANNOT GRADE | 1 | 1 1 1
|2 2 2 | 2 |
LARGEST DIAMETER: pm HYALOID only (f PVD) | 3 | 3 3 | 3
HYALOID and ILM (if PVD) | 4 4 4 4
FATE OF DEPOSITS SMALLER | - 1 1 1
ABSORBED INTO RETINA | - 1 1 1

FLUID LOCATION CANNOTGRADE | 1 | 1 | 1 i 1 | 1 i 1| 11i1

NONE| 2 0 2 [ 202 [ 2 2] 2:2

INTRARETINAL-DIFFUSE | 3 | 3 313 313 33

INTRARETINAL-CYSTOID | 4 | 4 | 4 { 4 | 4 {4 | 4|4

“INTRARETINAL-ONL | 5 | 5 | 5 i 5 | 5 15[ 5 |5

SUBRETINAL | 6 6 | 6 6 | 6 6 | 6 6

LAMINATION CANNOTGRADE | 1 | 1 | 1 i 1 | 1 i1 | 11i1
NORMAL | 2 | 2 | 2 i 2 | 212|212

DISORGANIZED —inner A / outer B 3 3 3 3 3 1 3 3 3

ABSENT — HYPER-R / TISSUE LOSS 4 1 4 4 . 4 4 | 4 4 . 4

RETINAL HYPER-REFLECTIVITY CANNOTGRADE | 1 ! 1 | 1 ! 1 | 1 ! 1 | 1 {1
NONE | 2 ! 2 2 12 2 12 2 12
LOCALIZED innerA /outer® | 3 | 3 3 13 3 13 3 13

FULL THICKNESS 4 + 4 4 .+ 4 4 . 4 4 .+ 4

*ONLVERTICALSTRIPS | 5 | 5 | 5 | 5 | 5 i 5 | 5 {5

RETINAL HYPOREFLECTIVITY /NECROSIS | 1 | 1 | 1 | 1 | 1 i 1 | 1 | 1

RETINAL THICKNESS CANNOTGRADE | 1 | 1 | 1 i 1 | 1 {1 | 1 |1
THINNING | 2 | 2 212 2 12 2 12

THICKENED | 3 3 | 3 3 | 3 3 | 3 3

LOSSOFTISSUE | 4 | 4 | 4 i 4 | 4 i a4 | 4 | a

RPE CANNOTGRADE | 1 | 1 | 1 i 1 | 1} 1 |1 |1
ATROPHY | 2 1 2 | 2 1 2 | 2 12| 212

NORMAL | 3 | 3 | 3 {3 |3 3| 313

THICKENED | 4 | 4 | 4 | 4 | 4 | 4 | a4 | 4

RPE POSITION ELEVATED | 1 1 1 1 1 1 1 1
DETACHMENT | 2 2 | 2 2 | 2 2 | 2 2

CHOROID CANNOTGRADE | 1 | 1 | 1 i 1 | 1 : 1 |1 |1
NORMAL | 2 {2 | 2 i 2 | 212|212

SHADOWING / HYPO-R 3 1 3 3 13 3 1 3 3 0 3

HYPER-RE(RPEATROPHY) | 4 | 4 | 4 | 4 | 4 | 4 | 4 | 4

PACHYCHOROID THICKENED | 1 | 1 1 1
CANNOT GRADE | 2 2 2 2
LOSS OF SEPTAE LOSS SEPTAE | 1 1 1 1
CANNOT GRADE | 2 ! 2 | 2 ! 2
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APPENDIX B: MANUFACTURER HEADQUARTERS

=  Abacus ALS, Brisbane, Australia

= Adelab Scientific, Thebarton, Australia

= Adobe, San Jose, CA

=  American Type Culture Collection, Manassas, VA

=  BD Biosciences, Franklin Lakes, NJ

=  Beckman Coulter Life Sciences, Brea, CA

=  Benchmark Scientific, Edison, NJ

=  BioAir Solutions, Voorhees, NJ

=  Bio-Rad Laboratories, Hercules, CA

= BioScientific, Sydney, Australia

= Bovogen Biologicals, Keilor East, Australia

=  (Canon, Toyko, Japan

= GeneWorks, Thebarton, Australia

= Gibco - a Thermo Fisher Scientific brand

=  GraphPad Software, San Diego, CA
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Heidelberg Engineering, Heidelberg, Germany

[llumina, San Diego, CA

Invitrogen - a Thermo Fisher Scientific brand

InvivoGen, San Diego, CA

Kerafast, Boston, MA

Lonza, Basel, Switzerland

Medshop, Preston, Australia

Merck, Darmstadt, Germany

Merck Millipore, Burlington, MA (now part of MilliporeSigma)

New England BioLabs, I[pswich, MA

Olympus, Tokyo, Japan

Panasonic Healthcare, Tokyo, Japan

PerkinElmer, Waltham, MA

Qiagen, Hilden, Germany

Raytek, Boronia, Australia

R&D Systems, Minneapolis, MN

Roche Life Sciences, Penzberg, Germany

Sage Science, Beverley, MA
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Scicons, Szirak, Hungary

Sci-Ed Software, Westminster, CO

Sheldon Manufacturing, Cornelius, OR

Sigma-Aldrich, St Louis, MO (now part of MiliporeSigma)

Thermo Fisher Scientific, Waltham, MA (acquired Life Technologies)

Tuttnauer, Breda, Netherlands

VWR International, Radnor, PA
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APPENDIX C: PRIMARY CELL ISOLATION

Primary cell isolation was performed by Dr Yuefang Ma.

PRIMARY HUMAN RETINAL PIGMENT EPITHELIAL CELL ISOLATION

Sheets of retinal pigment epithelium (RPE) and choroid were dissected from human
cadaver eye cups and placed into 6 cm dishes (Sigma-Aldrich, cat. CLS430166) with 2%
FBS in PBS. Sheets were washed with 2% FBS in PBS, and digested in 0.5 mg/mL of
collagenase IA (Sigma-Aldrich, cat. C9891) and collagenase IV solution (Sigma-Aldrich,
cat. C5138) for 35 minutes at 37 °C and 5% CO:. The enzyme solution was removed, and
sheets were washed with 2% FBS in PBS before RPE was gently dissected from the
choroid under a microscope. Sheets were placed in a 15 mL tube and centrifuged at 280 x

g and RT for 1 minute on the Allegra X-12R Centrifuge (Beckman Coulter).

Supernatant was removed and the pellet re-suspended in 3 mL of 2% FBS in PBS before
3 mL of 10% sucrose medium (Sigma-Aldrich, cat. S0389) was layered on top of the
solution. The tube was incubated at RT for 10 minutes and the top precipitate was
removed before centrifugation again at 10 x g for 5 min. Cells were washed with 2% FBS
in PBS and further centrifuged at 10 x g for 5 min. Supernatant was discarded and cells
resuspended in RPE medium by gentle pipetting. Cells were plated in a dish, checked
under the microscope, and incubated overnight. Cells with morphology that suggested
another phenotype were removed with a pipette tip and cell monolayers were washed
with PBS before medium was replaced. Primary retinal pigment epithelial cells used in

the experiments were passage 2.
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PRIMARY HUMAN RETINAL PIGMENT EPITHELIAL CELL MEDIUM

Cells were cultured in 1:1 Dulbecco’s modified Eagle’s medium:Ham's nutrient mixture F-
12 (DMEM: F12, Thermo Fisher Scientific, cat. 10565) and minimum essential medium
Eagle (MEM, Sigma-Aldrich, cat. 11140050), supplemented with FBS (initially at 10%,
then reduced to 2% after 2 days, 1x N1 Medium Supplement (Sigma-Aldrich, cat. N6530),
0.25 mg/mL taurine (Sigma-Aldrich, cat. T0625), 0.02 mg/mL hydrocortisone (Sigma-
Aldrich, cat. H0396), 0.013 ng/mL 3,3',5-Triiodo-L-thyronine sodium salt (Sigma-Aldrich,
cat. T6397), 1x MEM Non-Essential Amino Acids Solution (Thermo Fisher Scientific, cat.
11140-050), 1x GlutaMAX™ Supplement and 100 U/mL penicillin-100 pg/mL

streptomycin and incubated.

PRIMARY HUMAN MULLER CELL ISOLATION

To isolate human Miiller cells, retina was dissected from posterior eye cups, washed with
PBS and 2% FBS until clean, cut into small pieces and gently homogenized using a 1 mL
pipette. The tissue homogenate was digested for 10 minutes with 0.5 mg/mL dispase I
(Sigma-Aldrich, cat. 4942086001) at 37 °C and 5% CO2. After further pipetting, the cell
suspension was strained through 100 pm pores into a 50 mL centrifuge tube. Cells were
pelleted by centrifugation at 280 x g and RT for 5 min, then resuspended in medium,
plated into a 10 cm dish (Sigma-Aldrich, cat. CLS430167), and incubated. Medium was
replaced on day 5, then weekly. Cell monolayers were sub-cultured to 1:3 once confluent,
and frozen in liquid nitrogen or used for experiments. Primary Miiller cells used in these

experiments were passage 2.
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PRIMARY HUMAN MULLER CELL MEDIUM

Cells were cultured in DMEM with 10% FBS, 1x GlutaMAX™ (Thermo Fisher Scientific, cat.
35050061), 1x NEAA, 1 mM sodium pyruvate (Thermo Fisher Scientific, cat. 11360070)
and 100 U/mL penicillin-100 pg/mL streptomycin (Thermo Fisher Scientific, cat. 15140-

122).
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APPENDIX D: PRIMER SEQUENCES USED FOR QUANTITATIVE REVERSE
TRANSCRIPTION POLYMERASE CHAIN REACTION

Primer sequences used in this thesis with GenBank® nucleic acid sequence database identification (release 238.0),5%9 provided by the National Center

for Biotechnology Information (NCBI).510

Transcript Species Primer sequences Source GenBank® ID Ei);ge(cbt;;l RIOCMEE
MG1and MG2  Mycoplasma E‘g? gggg’ ﬁg’g ﬁ{}?fgf CG:CTTTCI}rGGATTTAACACcCcTT_g-3' Sigma-Aldrich EU596508.1 269
Pan-DENV Dengue E‘g? gggé X?E gﬁé\g’gg ;F\f\é\ g’% gggg“ GeneWorks KP188543.1 400
IFN-a Human E‘g? ggﬁé E{SX E(ég (é/ég’ }Eﬁ E?‘%ﬁﬁf\i GeneWorks AB578886.1 120
IFN- Human g\é\g) g::ﬁ‘é‘é E\E%E(; ?gﬁ é"(r? ggg 2236_3, GeneWorks EF064725.1 168
ISG15 Human E‘g? gf\ég’ ﬁg’g’ %?ggggéfg :é\g TCCT; GeneWorks AH001495.2 231
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Transcript Species Primer sequences Source GenBank® ID Ei);lze(cbt;;l RIOCMEE
RSAD2 Human E‘g? ggg’i gg’g’ ﬁé\g z\g’ézgﬁ é\?f Ccﬁg’ GeneWorks DQ891977.2 174
TNF-a Human g\é\g) g:ﬁgg g(éAAé(é(:A%%('}I‘AG%T(;(}AAG(;I‘AAA(}-?B:' GeneWorks MH180383.1 482
IL-18 Human E\é\e) g::gﬁé g,(;.g gﬁg gAG(,;. ((:}T(;T(‘}((ZITI‘T';"FACT-S-g' GeneWorks NM_000576.3 331
IL-6 Human E‘g? gé;{g éﬁg E(c:(c: EE Egccl%gé‘z%% %C33 GeneWorks NM_000600 628
IL-10 Human E‘g? gggﬁ ?gg ggg E\f\é g’g gég ﬁéi AG-3' GeneWorks AF043333.1 138
PD-L1 Human E‘g? géf\(é gfr\g ggé\ gg gg‘é ggi £€C3C3 GeneWorks AK314567.1 446
PD-L2 Human E\é\e) g::,(;.é‘? EE',II‘. gi(é X((}}((:}TI‘TC%?‘%?‘TTET'I“'I’I“-G?{I‘-3' GeneWorks BC113680.1 137
FASL Human E‘g? gggf\ Eg égg g’g’g’ g’gg ggg ¥?¥3A3 GeneWorks AY858799.1 126
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Transcript Species Primer sequences Source GenBank® ID Ei);lze(cbt;;l RIOCMEE
RPLPO Human g\é\g) g::gg? gi? E((:EX?%AA?}%% i&%ﬁg, Sigma-Aldrich NM_001002.4 235

B-Actin Human g\é\g) g::ggi ?g? gg? ggg gg(é CTT(;((:}CA'E(Z_A;,}_? GeneWorks NM_001101.5 87

GAPDH Human B A A0S Sigma-Aldrich  NM_001357943.2 209

Abbreviations: bp = base pairs, DENV = dengue virus, EIF2AK2 = eukaryotic translation initiation factor 2-alpha kinase 2, FWD = forward,

FASL = Fas ligand, GAPDH = glyceraldehyde-3-phosphate dehydrogenase, IFN = interferon, IL = interleukin, ISG = interferon-stimulated

gene, PD-L = programmed death-ligand, REV = reverse, RNA = ribonucleic acid, RPLPO = ribosomal protein lateral stalk subunit PO, RSAD2

= radical S-adenosyl methionine domain-containing 2, TNF-a = tumour necrosis factor-alpha.
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APPENDIX E: VIRAL QUANTIFICATION

Viral strains were propagated and quantified by Ms Abby Dawson. Viral titre of Mon601
stocks were determined by plaque assay of Vero cells using neutral red overlay and
expressed in plaque-forming units (pfu)/mL. The six DENV field isolates were not
amenable to quantification by plaque assay as Vero cells infected with these isolates did
not form plaques. Instead, stocks were quantified by RT-qPCR to Mon601 pfu-equivalent
units. Supernatant stocks of known pfu from Mon601-infected C6/36 cells were RNA-
extracted (High Pure Viral Nucleic Acid Kit, Roche Life Sciences cat. 1185874001), and a
Mon601 pfu:RNA ratio was calculated. Equivalent Mon601 genomes per pfu were
calculated for all DENV field isolates based on RNA quantity, and viral stocks were
quantified by Mon601-pfu/mL units and stored in 1 mL aliquots at -80 °C ahead of use in

the experiments.
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APPENDIX F: STATISTICAL ANALYSES IN CHAPTER 4

Appendix F, Table 1: Two-way ANOVA for Figure 4.4A

Transcript Source of variation df Mean squares F ratio P-value
IFN-3 Interaction 1 63.73 F(1,12)=615.6 <0.0001  ****
Infection status 1 63.73 F(1,12)=615.6 <0.0001  ****
Cell line 1 63.75 F(1,12)=615.7 <0.0001  #x**

Abbreviations: ANOVA = analysis of variance, df = degrees of freedom, F = F statistic, [FN = interferon.
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Appendix F, Table 2: Sidak’s multiple comparisons for Figure 4.4A

Control -Mon601 Mean Difference 95% CI of difference Adjusted P-value
ARPE-19 -7.983 -8.564 to -7.402 <0.0001 ook
MIO-M1 -0.00009 -0.5810 to 0.5808 >0.9999 NS

Abbreviations: CI = confidence interval, MIO-M1 = Moorfields / Institute of Ophthalmology-Miiller 1,

NS = not significant.
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Appendix F, Table 3: Two-tailed unpaired t-test for Figure 4.4B

Transcript Interaction P-value t, df 95% CI

IFN-a Mon601 v control 0.9542 NS t=0.05984, df=6 -1.569 to 1.648
EIF2AK2 Mon601 v control 0.2323 NS t=1.407, df=4 -0.001519 to 0.004639
RSAD2 Mon601 v control <0.0001 o t=18.38, df=6 1.010 to 1.321
ISG15 Mon601 v control 0.0004 ook t=10.88, df=4 0.03435 to 0.05787

Abbreviations: CI = confidence interval, df = degrees of freedom, EIFAK2 = eukaryotic translation
initiation factor 2-alpha kinase 2, F = F statistic, IFN = interferon, IL = interleukin, ISG15 = interferon-
stimulated gene 15, NS = not significant, PD-L = programmed death-ligand, RSAD2 = radical S-adenosyl

methionine domain-containing 2, t = t statistic, TNF-a = tumour necrosis factor-alpha.
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Appendix F, Table 4: Two-tailed unpaired t-test for Figure 4.5

Transcript Interaction P-value t, df 95% CI

IL-6 Mon601 v control 0.0018 rok t=5.307, df=6 0.4042 to 1.096
PD-L1 Mon601 v control <0.0001 ok t=15.48, df=6 0.9619 to 1.323
PD-L2 Mon601 v control 0.0073 rok t=3.568, df=8 3.698t017.21
IL-10 Mon601 v control 0.9695 NS t=0.04062, df=4 -0.002312 to 0.002245

Transcripts TNF-a and IL-13 had no expression in at least half the replicates for at least one condition,

precluding statistical analysis. Abbreviations: Cl = confidence interval, df = degrees of freedom, EIFAK2

= eukaryotic translation initiation factor 2-alpha kinase 2, F = F statistic, I[FN = interferon, IL =

interleukin, NS = not significant, PD-L. = programmed death-ligand, RSAD2 = radical S-adenosyl

methionine domain-containing 2, t = t statistic, TNF-a = tumour necrosis factor-alpha.
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Appendix F, Table 5: Two-tailed unpaired t-test for Figure 4.7

Transcript Interaction P-value t, df 95% CI

DENV Mon601 v. EHIO578Y05  0.0045 ok t=3.911, df=8 10649 to 41254

Abbreviations: CI = confidence interval, DENV = dengue virus, df = degrees of freedom, t = t statistic.
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Appendix F, Table 6: One-way ANOVA for Figure 4.8
Transcript P-value F ratio
EIF2AK2 0.1145 NS F(7,40)=1.798
RSAD2 0.0221 * F(3,18)=4.100
PD-L2 <0.0001 kot F(7,35)=15.77

Transcripts TNF-q, [L-1f3, [L-6 and PD-L1 had no expression in at least half the replicates for at least one

condition, precluding statistical analyses. Abbreviations: ANOVA = analysis of variance, CI = confidence

interval, df = degrees of freedom, EIFAK2 = eukaryotic translation initiation factor 2-alpha kinase 2, F =

F statistic, IFN = interferon, IL = interleukin, NS = not significant, PD-L = programmed death-ligand,

RSAD2 = radical S-adenosyl methionine domain-containing 2, t = t statistic, TNF-a = tumour necrosis

factor-alpha.
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Appendix F, Table 7: Two-way ANOVA for Figure 4.13

Transcript ‘S,::il:t?oonf df g:;:lall‘es F ratio P-value
IFN-$ Interaction 4 5.903 F (4,27)=23.98 <0.0001 otk
Infection status 2 49.81 F(2,27)=202.3 <0.0001 otk
Cell population 2 9.626 F(2,27)=39.10 <0.0001 otk
[FN-a Interaction 4 1.707 F (4,25)=4.767 0.0054  **
Infection status 2 3.971 F(2,25)=11.09 0.0004  ***
Cell population 2 0.8681 F (2,25)=2.424 0.1091 NS
EIFAK2 Interaction 4 2.487 F (4,27)=31.39 <0.0001 otk
Infection status 2 2.085 F(2,27)=26.32 <0.0001 otk
Cell population 2 1.452 F(2,27)=18.33 <0.0001 otk
IL-1B Interaction 4 12.51 F (4,25)=7.490 0.0004  ***
Infection status 2 43.35 F (2,25)=25.96 <0.0001 otk
Cell population 2 16.87 F(2,25)=10.10 0.0006  ***
PD-L1 Interaction 4 0.7738 F (4,27)=1.708 0.1774 NS
Infection status 2 11.94 F(2,27)=26.36 <0.0001 otk
Cell population 2 3.117 F(2,27)=6.880 0.0038  **
PD-L2 Interaction 4 0.4222 F (4,27)=2.023 0.1194 NS
Infection status 2 2.895 F(2,27)=13.87 <0.0001 otk
Cell population 2 1.341 F(2,27)=6.427 0.0052  **

Transcripts RSAD2, TNF-a and IL-6 had no expression in at least half the replicates for at least one
condition, precluding statistical analyses. Abbreviations: ANOVA = analysis of variance, CI = confidence
interval, df = degrees of freedom, EIFAK2 = eukaryotic translation initiation factor 2-alpha kinase 2, F =
F statistic, IFN = interferon, IL = interleukin, NS = not significant, PD-L = programmed death-ligand,
RSAD2 = radical S-adenosyl methionine domain-containing 2, t = t statistic, TNF-a = tumour necrosis

factor-alpha.
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Appendix F, Table 8: Tukey’s multiple comparisons test for Figure 4.13

Appendix

Transcript expression of 3 primary human Miiller cell isolates was calculated by two-way ANOVA,

where data were complete.

Transcript Miiller Tukey's.multiple M.ean 9.5% CI of Adjusted P-
cell comparisons test Difference difference value
IFN-3 Isolate 1 Control vs. Mon601 -2.213 -3.083 t0 -1.343 <0.0001  Hkx
Control vs. EHIO578Y05  0.0000225 -0.8699t0 0.8699 >0.9999 NS
Mon601 vs. EHIO578Y05  2.213 1.343 to0 3.083 <0.0001 Ak
Isolate 2 Control vs. Mon601 -6.279 -7.149 to -5.409 <0.0001 Ak
Control vs. EHIO578Y05  -0.7311 -1.601 to 0.1388 0.1121 NS
Mon601 vs. EHIO578Y05  5.548 4.678 to 6.417 <0.0001 Ak
Isolate 3 Control vs. Mon601 -2.464 -3.334t0-1.594 <0.0001 Ak
Control vs. EHIO578Y05  -0.04949 -0.9194t0 0.8204 0.9891 NS
Mon601 vs. EHIO578Y05 2.414 1.544 to 3.284 <0.0001 Ak
IFN-a Isolate 1 Control vs. Mon601 0.2319 -0.8222 to0 1.286 0.8484 NS
Control vs. EHIO578Y05  0.08615 -0.9679 to 1.140 0.9774 NS
Mon601 vs. EHIO578Y05  -0.1458 -1.200 to 0.9083 0.9368 NS
Isolate 2 Control vs. Mon601 -2.121 -3.175t0-1.067 0.0001 ook
Control vs. EHIO578Y05  -0.1277 -1.266 to 1.011 0.9579 NS
Mon601 vs. EHIO578Y05  1.993 0.8549 to0 3.132 0.0006 o
Isolate 3 Control vs. Mon601 -1.102 -2.240t0 0.03676  0.0592 NS
Control vs. EHIO578Y05  0.1449 -0.9936 to 1.283 0.9462 NS
Mon601 vs. EHIO578Y05  1.247 0.1926 to 2.301 0.0182 *
EIFAK2 Isolate 1 Control vs. Mon601 -1.441 -1.934t0-0.9474  <0.0001 Hx**
Control vs. EHIO578Y05  0.04673 -0.4467 t0 0.5402  0.9701 NS
Mon601 vs. EHIO578Y05  1.488 0.9941 to0 1.981 <0.0001 Ak
Isolate 2 Control vs. Mon601 -0.04375 -0.5372t0 0.4497 0.9737 NS
Control vs. EHIO578Y05  -1.546 -2.039to -1.052 <0.0001 Ak
Mon601 vs. EHIO578Y05  -1.502 -1.995 to -1.008 <0.0001 Ak
Isolate 3 Control vs. Mon601 -0.124 -0.6175t0 0.3694  0.8087 NS
Control vs. EHIO578Y05  -0.9641 -1.458t0-0.4707  0.0001 ok
Mon601 vs. EHIO578Y05 -0.8401 -1.334t0-0.3466  0.0007 ok
IL-18 Isolate 1 Control vs. Mon601 -0.8771 -3.335t0 1.581 0.6523 NS
Control vs. EHIO578Y05  -0.007699  -2.466 to 2.451 >0.9999 NS
Mon601 vs. EHIO578Y05  0.8694 -1.406 to 3.145 0.6135 NS
Isolate 2 Control vs. Mon601 -7.01 -9.286 t0 -4.734 <0.0001 Ak
Control vs. EHIO578Y05  -0.2814 -2.740to0 2.177 0.9562 NS
Mon601 vs. EHIO578Y05  6.729 4.271t09.187 <0.0001 Ak

270



Appendix

Transcript Miiller Tukey's.multiple M.ean 9.5% CI of Adjusted P-
cell comparisons test Difference difference value
Isolate 3 Control vs. Mon601 -2.33 -4.606 t0 -0.05372 0.0441 *
Control vs. EHIO578Y05  -0.03724 -2.313t0 2.239 0.9991 NS
Mon601 vs. EHIO578Y05  2.292 0.01649 to 4.568 0.0481 *
PD-L1 Isolate 1 Control vs. Mon601 -1.537 -2.717 t0 -0.3569 0.0088 ok
Control vs. EHIO578Y05  -0.00495 -1.185t0 1.175 >0.9999 NS
Mon601 vs. EHIO578Y05  1.532 0.3519 to 2.712 0.0091 ok
Isolate 2 Control vs. Mon601 -2.78 -3.960 to -1.599 <0.0001 Ak
Control vs. EHIO578Y05  -1.438 -2.618t0-0.2578  0.0146 *
Mon601 vs. EHIO578Y05  1.342 0.1616 to 2.522 0.0235 *
Isolate 3 Control vs. Mon601 -1.486 -2.666 t0 -0.3061 0.0114 *
Control vs. EHIO578Y05  -0.1865 -1.367 t0 0.9936 0.9191 NS
Mon601 vs. EHIO578Y05 1.3 0.1196 to 2.480 0.0287 *
PD-L2 Isolate 1 Control vs. Mon601 -0.6998 -1.501t0 0.1011 0.0955 NS
Control vs. EHIO578Y05  -0.01936 -0.8202t0 0.7815 0.998 NS
Mon601 vs. EHIO578Y05  0.6804 -0.1204 to 1.481 0.1073 NS
Isolate 2 Control vs. Mon601 -1.25 -2.051 t0 -0.4489 0.0018 ok
Control vs. EHIO578Y05  -1.312 -2.113t0-0.5109  0.0011 ok
Mon601 vs. EHIO578Y05 -0.06204 -0.86291t0 0.7388 0.9799 NS
Isolate 3 Control vs. Mon601 -0.9441 -1.745 to0 -0.1432 0.0184 *
Control vs. EHIO578Y05  -0.5986 -1.399 t0 0.2023 0.1719 NS
Mon601 vs. EHIO578Y05  0.3455 -0.4553 to 1.146 0.5406 NS

Transcripts RSAD2, TNF-a and IL-6 had no expression in at least half the replicates for at least one

condition, precluding statistical analyses. Abbreviations: ANOVA = analysis of variance, CI =

confidence interval, df = degrees of freedom, EIFAK2 = eukaryotic translation initiation factor 2-

alpha kinase 2, F = F statistic, [IFN = interferon, IL = interleukin, NS = not significant, PD-L =

programmed death-ligand, t = t statistic.
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APPENDIX G: PCAGGS-FLAG-YP35 SEQUENCING

Sequencing of pCAGGS-FLAG-VP35 plasmid was performed. Using the Basic Local
Alignment Search Tool (BLAST) at the National Center for Biotechnology Information
(NCBI) website,?6% 270 100% alignment to Zaire ebolavirus was confirmed. The FLAG

sequence is underlined in blue, and VP35 sequence is displayed in red:

GATTATAAAGATGACGATGATAAAGCGGCCGCATGACAACTAGAACAAAGGGCAGGGGCCA
TACTGCGGCCACGACTCAAAACGACAGAATGCCAGGCCCTGAGCTTTCGGGCTGGATCTC
TGAGCAGCTAATGACCGGAAGAATTCCTGTAAGCGACATCTTCTGTGATATTGAGAACA
ATCCAGGATTATGCTACGCATCCCAAATGCAACAAACGAAGCCAAACCCGAAGACGCGCA
ACAGTCAAACCCAAACGGACCCAATTTGCAATCATAGTTTTGAGGAGGTAGTACAAACA
TTGGCTTCATTGGCTACTGTTGTGCAACAACAAACCATCGCATCAGAATCATTAGAACAA
CGCATTACGAGTCTTGAGAATGGTCTAAAGCCAGTTTATGATATGGCAAAAACAATCTC
CTCATTGAACAGGGTTTGTGCTGAGATGGTTGCAAAATATGATCTTCTGGTGATGACAA
CCGGTCGGGCAACAGCAACCGCTGCGGCAACTGAGGCTTATTGGGCCGAACATGGTCAAC
CACCACCTGGACCATCACTTTATGAAGAAAGTGCGATTCGGGGTAAGATTGAATCTAGA
GATGAGACCGTCCCTCAAAGTGTTAGGGAGGCATTCAACAATCTAAACAGTACCACTTCA
CTAACTGAGGAAAATTTTGGGAAACCTGACATTTCGGCAAAGGATTTGAGAAACATTAT
GTATGATCACTTGCCTGGTTTTGGAACTGCTTTCCACCAATTAGTACAAGTGATTTGTA
AATTGGGAAAAGATAGCAACTCATTGGACATCATTCATGCTGAGTTCCAGGCCAGCCTG
GCTGAAGGAGACTCTCCTCAATGTGCCCTAATTCAAATTACAAAAAGAGTTCCAATCTTC
CAAGATGCTGCTCCACCTGTCATCCACATCCGCTCTCGAGGTGACATTCCCCGAGCTTGCC
AGAAAAGCTTGCGTCCAGTCCCACCATCGCCCAAGATTGATCGAGGTTGGGTATGTGTTT
TTCAGCTTCAAGATGGTAAAACACTTGGACTCAAAATTTGAGCTAGCAGATCTTTTTCCC
TCTGCCAAAAATTATGGGGACATCATGAAGCCCCTTGAGC
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Appendix

Exgl
sequence alignment VP35FT11 pCAGGS ZEBOV VP35
5746 bp
Xbal
EcoRl Sact
EcoRl

Appendix G Figure 1: Plasmid sequencing

Cloned pCAGGS-FLAG-VP35 (green arcs) alongside original pCAGGS-VP35 plasmid to
demonstrate VP35 sequence alignment. Green indicates sequence match, and red indicates

mismatch. Diagram created in Genome Compiler (v. 2.2, Twist Bioscience, San Francisco, CA)
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