Immunoregulatory strategies in corneal
transplantation and dry eye disease

William Foulsham

A thesis submitted for the degree of Doctor of Philosophy

November 2019

Institute of Ophthalmology

University College London



I, William Foulsham, confirm that the work presented in this thesis is my own. Where
work has been derived from other sources, | confirm that this has been indicated in the

thesis.



Acknowledgements

I would like to thank my supervisor, Virginia Calder, for giving me the opportunity to
undertake this work. | am indebted to her for her open-mindedness in collaborating
with Harvard faculty to support my PhD, for her scientific insights delivered both in

person and via Skype, and for her reviews and suggestions for this thesis.

| am profoundly grateful to my Boston-based mentor, Reza Dana, for his professional
and personal guidance over the past three years. Neither the PhD nor what follows
would have been possible without his support. Similarly, the impact that Sunil
Chauhan has had on my projects is immeasurable, and whatever success | have had

at the bench | owe to his insights.

I have enjoyed great company in the laboratory. Half-colleague and half-mentor, | have
worked most closely with Sharad Mittal, and have benefited hugely from his humour
and his knowledge of immunology. It would not be possible to complete this page
without thanking Giulia Coco, Takeshi Nakao, Yukako Taketani, Rohan Singh,
Thomas Dohlman, Zhongmou Sun, Zala Luznik, Yihe Chen, Afsaneh Amouzegar,

Tomas Blanco, Sachin Shukla and Jia Yin for their help and friendship.

I hugely appreciate the unwavering encouragement of my parents and sister,
particularly for supporting decisions that have led me away from Scotland. This thesis

is dedicated to my wife, Jen, who did much of the leading.



Abstract

Despite substantial advances in our understanding of the cellular and molecular
factors that regulate immune homeostasis at the ocular surface and anterior segment,
important questions remain. In this thesis | present investigations of two phases of the
adaptive immune response — the antigen recognition phase, and the final memory
phase. In my experiments | employ murine models of corneal transplantation and dry
eye disease. Specifically, | investigate how the activation of antigen-presenting cells is
modulated by purinergic signaling and by mesenchymal stem cells in a model of
corneal transplantation. Furthermore, | investigate how IL-15 signaling regulates the

memory T helper 17 cell pool in age-related dry eye disease.

In addition to providing useful models to investigate immunoregulation in the eye,
studies of corneal transplantation and dry eye disease are of high translational
potential. Corneal transplantation is the most common form of tissue grafting
performed worldwide. Despite high success rates in low-risk recipients, failure rates
exceed 50% in patients with a history of graft rejection, or with vascularized and
inflamed host beds. Dry eye disease is an extremely common chronic condition of the
ocular surface, with prevalence estimated to be more than 10% for ages greater than
50 years. Dry eye disease significantly impairs quality of life and is associated with a
substantial socioeconomic burden. Accordingly, there is an unmet clinical need for
novel therapeutic strategies to improve corneal allograft survival and treat dry eye

disease.

The data presented in this thesis indicate that both the purinergic receptor antagonist
oxidized adenosine triphosphate and mesenchymal stem cell-derived hepatocyte
growth factor promote corneal allograft survival by regulating antigen-presenting cell
maturation. In addition, the data presented indicate that targeting interleukin-15
signaling is an effective strategy to deplete the memory T helper 17 pool in aged mice

and reduce the severity of age-related dry eye disease.



Impact statement

An estimated ten million people worldwide are blind in both eyes due to corneal
disease.! Millions more have severe visual impairment secondary to corneal disease.
The aetiologies of corneal opacification are diverse and include infections (such as
trachoma, onchocerciasis and leprosy), as well as ocular trauma and corneal
ulceration. The definitive treatment for corneal blindness is the transplantation of
human corneal tissue. However, there is a critical shortage of donor corneal tissue
worldwide. Indeed, more than half of the global population does not have access to
corneal grafts.? Following transplantation (particularly in inflamed eyes and in repeat
grafts) a substantial proportion of grafts are rejected by the host’s immune system. In
order to address the global shortage of donor corneal tissue, numerous attempts have
been made (and continue to be made) to manufacture and employ corneal
prosthetics.®# In order to reduce the morbidity associated with corneal inflammation, to
constrain the potentially blinding inflammation that ultimately necessitates corneal
grafting, to increase the success rates of corneal transplantation from human donors
and to promote immune tolerance of corneal prosthetics, the development of

approaches to regulate the inflammatory response at the cornea is a research priority.

The experiments presented in this thesis employ a murine model of corneal
transplantation and a murine model of desiccation-induced dry eye disease in order to
study corneal inflammation. Specifically, these experiments are designed to explore
the role of the purinergic system (an extracellular signaling system) and two cell types
— mesenchymal stromal cells and memory T helper 17 cells — in modulating the
inflammatory response. Inside academia, it is anticipated that the publication of the
work contained in this thesis will promote future scholarship. Outside academia,
aspects of this work have significant translational potential. For example, the first
clinical trial of mesenchymal stromal cell-based therapy in corneal transplantation has
recently been approved, yet the mechanisms by which mesenchymal stromal cells
promote survival of corneal grafts have not been fully deciphered. The work presented
in this thesis demonstrates that mesenchymal stromal cell-derived hepatocyte growth

factor plays a key role in this process. It is anticipated that unravelling these



mechanisms will be of value to future researchers, but also in the development of

novel therapies which may be brought to the clinic.
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CHAPTER 1. General introduction
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1.1. Focused overview of immune system

The immune system describes the collection of tissues, cells and molecules that
protect the body against infections. Yet the study of the immune system and its
responses — immunology — is critically relevant to good health beyond its role in
fighting infections. Immune rejection is the primary reason for failure of organ
transplantation, the definitive treatment strategy for several end-stage diseases.
Failure of the immune system to accurately discriminate between ‘self’ and ‘non-self’
can result in life-threatening autoimmune diseases. Furthermore, the immune system
is intricately involved in the pathogenesis of neoplastic disease, and immunotherapy is
one of the most successful and promising therapeutic modalities for the treatment of
human malignancies. The immune system is understood as being comprised of two
types of host defense mechanisms: innate immunity (early nonspecific defense against

infection) and adaptive immunity (targeted response to a particular pathogen).

1.1.1. Innate immunity

Recognized as the evolutionarily older portion of the immune system, innate immunity
comprises both the physical barriers that prevent microbial entry, as well as cellular
and molecular mediators that kill or remove microbes that are successful in entering
host tissues.® Epithelial physical barriers contain specialized intraepithelial immune
cells that combat invading microbes, and other biochemical defenses of epithelia
include low pH, the secretion of microbiocidal molecules and the production of mucus.®
In the case of microbes successfully penetrating these physical barriers, they are
attacked by other components of the innate immune system including phagocytes,
natural killer cells, the complement system and other antibacterial plasma proteins.®
These mediators of innate immunity recognize structures that are shared by groups of

microbes, such as pathogen-associated molecular pattern molecules.’
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1.1.1.1. Epithelium

Epithelial cells produce enzymes, permeabilizing peptides, protease inhibitors and
other binding proteins that neutralize or kill invading microorganisms following
activation of pattern-recognition receptors.® The T lymphocytes that are contained
within epithelia are termed intraepithelial lymphocytes, and include T cells that have
receptors composed of a and 3 chains (as expressed on the most T lymphocytes) as
well as T cells with receptors composed of y and & chains.® Evidence suggests that
intraepithelial lymphocytes serve as sentinels against microbial invasion,
communicating with both epithelial cells and immune cells that reside outside the
epithelium.1° Epithelial cells play a critical role in the initiation and modulation of
adaptive immunity, serving to trigger the maturation of dendritic cells (DCs), as well as
the activation and differentiation of B and T lymphocytes.? Moreover, through their
expression of immunoregulatory molecules such as PD-L1, epithelial cells can function

to restrain the adaptive immune response.®

1.1.1.2. Goblet cells

Despite enormous functional variations between the mucosal epithelia in the
respiratory tract, gastrointestinal tract, genitourinary system and ocular surface, goblet
cells are one of the features shared by all these interfaces with the external
environment. As specialized secretory epithelial cells, goblet cells release both gel-
forming mucins and immunoregulatory molecules.* Mucins are categorized as either
secreted or membrane-associated, and over 20 of these high molecular weight
glycoproteins have been identified to date.'? Pathogens are trapped in mucus, and are
subsequently cleared by physical mechanisms; peristalsis in the gut, mucociliary

clearance in the respiratory tract and blinking at the ocular surface.!
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1.1.1.3. Phagocytes: neutrophils and monocytes

Neutrophils are known as the ‘foot soldiers’ of the innate immune response. The most
abundant leukocytes in human blood, the production of these circulating phagocytes
by the bone marrow is promoted by colony-stimulating factors that are secreted by
cells in response to infection.!® Neutrophils are effective in engulfing and destroying
microbes in the blood and extravascular tissues, although they have a short lifespan in
the tissues, typically dying after only a few hours.®® Less numerous than neutrophils,
monocytes can survive for long periods of time in extravascular tissues, where they
differentiate into macrophages.* Neutrophils and monocytes migrate to the site of

infection or tissue injury via the blood and are guided along chemokine gradients.41°

Upon reaching their destination, the interaction of selectins, integrins and chemokines
with their ligands mediate the tethering, rolling and migration through the activated
endothelium, respectively.!®* Having recognized microbes by pattern recognition
receptors such as Toll-like receptors, neutrophils and monocytes engulf microbes and
destroy them via reactive oxygen species, nitric oxide and lysosomal proteases.*
These enzymes have the potential to injure host tissues if they are released into the
extracellular space, and thus phagocytes are capable of considerable collateral
damage during the inflammatory response.? It is important to note that macrophages
perform a diverse amalgam of functions at the intersection of the innate and adaptive
immune responses; they contribute to the induction of the adaptive immunity in the
lymph nodes, secrete cytokines and growth factors, and act as effector cells of cell-

mediated immunity.*®

1.1.1.4. Mast cells
Mast cells are potent effector cells of the innate immune system that are found in high
numbers at mucosal surfaces.!’ Expressing high-affinity Fc receptors for IgE, the

cross-linking of IgE bound to these receptors results in mast cell degranulation with the
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release of copious pre-formed chemical mediators including histamine, leukotrienes
and cytokines.*® It is this phenomenon that leads to type 1 (i.e. immediate)
hypersensitivity reactions such as asthma. In addition to their well-recognized role in
allergy, there is an growing body of evidence that mast cells contribute to the immune
response independently of IgE.° Furthermore, published reports indicate that in
addition to acting as proinflammatory effector cells, under certain circumstances mast

cells may in fact regulate the immune response.?

1.1.1.5. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are multipotent stromal cells capable of both self-
renewal and differentiation into multiple cell types including osteocytes, chrondrocytes,
adipocytes and myocytes.?! Yet in addition to their capacity to participate in tissue
repair by differentiation, MSCs have also been shown to have considerable
immunoregulatory capacity.?! Moreover, current evidence indicates that the
immunomodulatory effects of MSCs on particular immune cells are not fixed, but rather

are contingent upon their local microenvironment.?

1.1.1.6. Dendritic cells

Dendritic cells (DCs) are a major component of both innate and adaptive immunity,
serving as a link between the two through their antigen-presenting function.?? Located
in high frequencies in tissues that interface with the external environment, DCs
participate in immune surveillance, capturing information about the outside world
before migrating to lymphoid tissue to initiate either protective pro-inflammatory or
tolerogenic immune responses.? Prior to migrating to lymphoid tissues, DCs amplify
the innate immune response by producing cytokines that recruit and activate other

leukocytes.?*
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1.1.2. Adaptive immunity

Despite innate immunity being a powerful early detection system, many microbes have
evolved to evade detection or killing by the innate immune system. It is the adaptive
immune system that is responsible for protecting against these infectious agents. The
cells that orchestrate the adaptive immune response are lymphocytes, and these cells
are activated by their recognition of substances produced by microbes known as
antigens.?® There are two types of adaptive immunity: humoral immunity (involving B
lymphocytes) and cell-mediated immunity (involving T lymphocytes). Humoral
immunity protects against extracellular microbes, in contrast with cell-mediated
immunity that protects against intracellular microbes. In humoral immunity, antibodies
are produced by B lymphocytes that neutralize microbes and toxins present in the
blood and at mucosal surfaces. In cellular immunity, a portion of T lymphocytes (T
helper cells) trigger the destruction of microbes that have been phagocytosed by
macrophages, while other T lymphocytes (cytotoxic T cells) directly kill cells infected

with intracellular microbes.?®

The adaptive immune response is characterized by both diversity and antigen
specificity.?® Diversity permits the immune system to mount immune responses
following exposure to a large variety of antigens. Specificity ensures that different
antigens provoke targeted immune responses. Both diversity and specificity result
from the rearrangement of gene segments during development, to produce genes that
encode highly specific antigen receptors on lymphocytes.?® The repertoire of different
antigen receptors resulting from this process is enormously diverse, and enables the
immune system to respond to a vast array of pathogenic components. Immunologic
memory is the phenomenon by which the immune system develops larger and more
effective responses following recurrent exposure to the same antigen, and is another
defining feature of adaptive immunity. Primary exposure to an antigen results in the

generation of populations of long-lived memory T and B cells. Subsequent exposure to
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the same antigen results in a secondary immune response, which is both faster and

amplified relative to the primary immune response.?

1.1.2.1. T cell differentiation and activation

Lymphoid stem cells in the bone marrow are the common source of all ymphocytes,
but in contrast to B cells that complete their maturation process in the bone marrow, T
lymphocytes mature in the thymus. The cell surface proteins that phenotypically
distinguish mature T cells include CD3 (T cell co-receptor), with CD4 and CD8 being
expressed by helper and cytotoxic T cells respectively.?® Having differentiated in the
bone marrow, and passed through the positive and negative mechanisms of central
selection in the thymus, naive T cells circulate continuously through peripheral
lymphoid organs checking for foreign peptide antigens. The purpose of these naive T
cells is antigen recognition, not the elimination of microbes. In order to defend against
pathogens, naive T cells have to undergo clonal expansion and further differentiation
into effector cells.?” Naive T cells encounter foreign protein antigens in the peripheral
lymphoid organs, where antigens are associated with major histocompatibility complex
(MHC) molecules expressed by antigen-presenting cells (APCs). Typically, these
APCs are DCs, which are potent activators of naive T cells due to their high
expression of MHC molecules and costimulatory molecules (including CD80 and
CD86).28 In very general terms, effector CD4* T cells are involved in the activation of
macrophages and B cells, while effector CD8" T cells directly lyse pathogenic cells

and also contribute toward macrophage activation.

1.1.2.2. Thlcells

CD4" helper T cells differentiate into effector subsets that perform discrete functions
and are associated with specific cytokines, cytokine receptors and adhesion
molecules.?” Type 1 helper T (Th1) cells induce the phagocytosis and destruction of

microbes, particularly by macrophages.?® Thi cells produce numerous cytokines

32



including interleukin-2 (IL-2) and tumor necrosis factor a (TNFa), but the most critical
cytokine produced is interferon y (IFNy). IFNy is a highly effective inducer of
antimicrobial and antitumor mechanisms in macrophages, and also upregulates their
antigen-presenting functions.®® By increasing surface expression of FcyRI on
mononuclear phagocytes, IFNy also promotes the elimination of microbes via
antibody-dependent, cell-mediated cytotoxicity.* Furthermore, by upregulating the
expression of complement receptors on mononuclear phagocytes and increasing

complement secretion, IFNy augments complement-mediated phagocytosis.*

1.1.2.3. Th2 cells

Th2 cells orchestrate protective immune responses against helminthic parasites by
upregulating the production and activity of eosinophils. The cytokine repertoire of Th2
cells includes IL-4, IL-5, IL-9 and IL-13.%! IL-4 increases the synthesis of IgE
antibodies, while IL-5 activates eosinophils. The cytokines secreted by Th2 cells also
promote secretion of mucus by goblet cells (thereby augmenting barrier immunity),
predispose towards mastocytosis (the abnormal accumulation of mast cells in tissues)
and polarize macrophages toward the M2 phenotype (associated with
immunoregulatory and tissue repair functions).3! Th2 cells are also renowned for their
role in the inappropriate immune responses underling chronic inflammatory diseases

such as asthma and allergy.

1.1.2.4. Th17 cells

The recognition and characterization of Th17 cells as a distinct subset of T helper cells
occurred relatively recently. Th17 cells secrete IL-17A, IL-17F and IL-22, and while
their putative primary function is the clearance of pathogens resistant to Thl and Th2
responses, Th17 cells have been implicated in the pathogenesis of a wide range of
autoimmune conditions including inflammatory bowel disease, rheumatoid arthritis and

multiple sclerosis.®? Indeed, as a result of the wide distribution of IL-17 and IL-22
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receptors, Th17 cells have the capacity to induce extensive tissue inflammation. Th17
cells express the master transcriptional regulator retinoic acid-related orphan receptor
y thymus (RORyt) and differentiation from naive T cells is induced by IL-6 and
transforming growth factor- (TGF-f). Compared to Th1l and Th2 cells, Th17 cells
have demonstrated high levels of context-dependent plasticity and instability.>* There
is evidence that this late plasticity predisposes toward the development of
autoimmunity, and yet is also involved in microbial defense and the antitumor function
of Th17 cells.®® Relative to Th1 polarized cells, Th17 cells are associated with an

increased capacity for self-renewal and decreased senescence.®

1.1.2.5. Regulatory T cells

Despite first being proposed almost half a century ago, little progress was made in our
understanding of tolerance-promoting thymic-derived lymphocytes until Sakaguchi’s
identification of CD25 as a phenotypic marker for CD4* regulatory T cells in 1995.3*
Following this, Forkhead box protein 3 (Foxp3) was demonstrated to be the
transcription factor defining this CD4* T cell subset in both animals and humans.>-3
CD4*CD25"Foxp3* regulatory T cells (Tregs) are now recognized as essential for the
maintenance of peripheral tolerance, constituting 5-10% of peripheral CD4* T cells and
serving to protect against autoimmune disease and chronic inflammatory conditions.3®
Indeed, mutations of the human gene FOXP3 have been shown to result in the fatal
disorder immune dysregulation polyendocrinopathy enteropathy X-linked syndrome
(IPEX).% Yet, in addition to protecting against autoimmunity, Tregs also restrict
beneficial immune responses by suppressing antitumor immunity and decreasing
responses to vaccines.*® The majority of Foxp3* Tregs are thymus-derived regulatory
T cells (tTregs), with smaller frequencies of peripherally derived regulatory T cells

(pTregs).*
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Tregs exert their immunosuppressive activity by a variety of mechanisms (Figure 1. 1)
(i) cytolysis of effector T cell and antigen-presenting cells via either granzyme-B and
perforin-mediated mechanisms or induction of apoptosis via TRAIL-DR signaling, (ii)
the release of soluble immunoregulatory factors such as IL-10, TGF- and IL-35, (iii)
modulation of dendritic cell maturation via constitutively expressed cell surface
molecules such as cytotoxic T-lymphocyte antigen 4 (CTLA-4), and (iv) by competing
with effector T cells for key metabolites such as IL-2, leading to cytokine deprivation-

mediated apoptosis.3°42
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Figure 1. 1 Treg immunoregulatory mechanisms

Tregs use four main mechanisms to modulate inflammation: (i) cytolysis of effector T cells, (ii) the release
of soluble immunosuppressive factors, (i) control of dendritic cell (DC) function and (iv) metabolic
competition for IL-2. From Foulsham et al. 2018.

The developmental pathways of Th17 cells and CD4*CD25*Foxp3* Tregs are
reciprocally interconnected.*® Tregs and Th17 require TGF- for their development,
which is necessary for inducing both Foxp3 and RORyt.*® In a quiescent immune
environment, TGF-B-induced Foxp3 inhibits RORyt function and thereby limits Th17
differentiation.** The presence of the pro-inflammatory cytokines IL-6 or IL-21 reduces

the expression of TGF- induced Foxp3, resulting in increased expression of RORVt,

and the Th17/Treg balance tilts in favor of Th17 generation.** As with Th17 cells,
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differentiated Tregs exhibit a high grade of plasticity.*® Indeed, the presence of TGF-B
and IL-6 can reprogram Tregs into Th17 cells.*® The balance between Th17 and Treg
development, and the functional stability of these CD4" T cell subsets, have been

shown to be critically important factors in both immune tolerance of allografts and the

pathogenesis of autoimmunity.*>47

1.2. Ocular surface anatomy

The ocular surface is comprised of the cornea, conjunctivae and tear film.*® The
cornea contributes approximately two thirds of the eye’s refractive power, and thus
corneal smoothness and optical clarity is essential for visual function.*® As the most
exposed mucous membrane of the body, the maintenance of these optical properties
requires protection against inflammatory and fibrotic processes. A nonkeratinized
stratified squamous epithelium covers the cornea, limbus and conjunctiva and shares
a similar structure to the mucosa of the esophagus and oral cavity.*® Here, a concise

overview of the anatomical features of the ocular surface is provided.

1.2.1. Cornea

In addition to providing the majority of the eye’s refractive power, the cornea must be
mechanically extremely tough to protect the inner contents of the eye.*® The normal
corneal is avascular, with the majority of metabolic substrates being provided either by
the tear film (e.g. oxygen) or the agueous humor (e.g. glucose).?! The cornea is one of
the most densely innervated and sensitive tissues in the human body; and these
nerves play a role in blinking (i.e. physical protection), inducing reflex tear production
and stimulating the release of trophic factors.>? The average thickness of the central
cornea is 540 um, with thickness increasing toward the corneal periphery.> On

average, the vertical diameter is 11.5 mm and horizontal diameter 12 mm.>3
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The human cornea is comprised of five layers Figure redacted for copyright

— the corneal epithelium, a fibrous meshwork reasons
called Bowman'’s layer, the stroma (a
collagen-rich central layer that represents
90% of corneal thickness), Descemet’s
membrane and the corneal endothelium
(Figure 1. 2).%° The epithelium is a
nonkeratinized, stratified squamous
epithelium that is approximately 50—60 ym
thick and consists of five or six layers of cells.
Hemidesmosomes anchor a single layer of

columnar basal cells to the underlying

basement membrane.>® Desmosomes hold

Figure 1. 2 Structure of the cornea

adjacent cells together. Microvillae and From Bowling 2016.

microplicae (ridges) cover the anterior

surface of the corneal epithelium with an overlying glycocalyx coat which plays a key
role in maintaining the precorneal tear film.>* The corneoscleral limbus contains stem
cells, the mitotic activity of which produces new cells that migrate centripetally and
superficially to displace existing cells. It is noteworthy that deficiency or disruption of
the limbal stem cell niche can result in chronic epithelial defects and corneal
blindness.>® Beneath the corneal epithelium, there is an acellular superficial layer of
the stroma of 8 - 12 um thickness composed of randomly arranged collagen fibrils

called Bowman’s layer.>®

The corneal stroma comprises 90% of the thickness of the cornea, and consists
predominantly of type | collagen fibers, although some type I, V and VI fibers are also
present.>* These fibers form lamellae that are organized parallel to the corneal

surface, and have keratocytes (modified fibroblasts) positioned between them.
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Maintenance of the stromal architecture is essential for corneal clarity.*® In the normal

eye, the stroma does not contain either blood or lymphatic vessels.

Descemet’'s membrane is an 8 - 12 ym discrete layer of latticed collagen fibrils that is
positioned in between the corneal stroma and the endothelium.>® Descemet’s
membrane is comprised of two parts; the anterior banded zone that is deposited in
utero, and the posterior non-banded zone that is continuously laid down by the corneal
endothelium. Indeed, Descemet’s membrane serves as a modified basement
membrane for the endothelium, which is a simple squamous epithelium on the
posterior surface of the cornea.®* In young adults, the density of corneal endothelial
cells is approximately 3000 cells/mm?, and this density decreases with age.%” The
corneal endothelium plays a vital role in maintaining corneal hydration, and in cases
where cell density drops below 800 cells/mm?, corneal edema and swelling occur

leading to impairment of vision.

1.2.2. Conjunctiva

The conjunctiva is a mucous membrane that lines the inner aspect of the eyelids and
the anterior surface of the globe. The conjunctiva is richly vascular with dense
lymphatic networks.®? It is composed of three parts — the palpebral conjunctiva
(running from the lid margins to the posterior tarsal plates), the forniceal conjunctiva
(loose middle connecting segment) and the bulbar conjunctiva (covering the anterior
sclera from the fornix to the corneoscleral limbus). There are 3-5 layers of cells that
constitute the conjunctival epithelium, which is non-keratinized.*® Mucin-producing
goblet cells are scattered throughout the conjunctival epithelium. The accessory
lacrimal glands of Krause and Wolfring are situated in the conjunctival stroma, and
represent approximately 10% of the total lacrimal secretory mass.*® Intraepithelial

lymphocytes, subepithelial follicles, lymphatics and blood vessels in the conjunctiva
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comprise the conjunctiva-associated lymphoid tissue (CALT), which plays a role in

protecting the ocular surface by triggering and modulating immune responses.®°

1.2.3. Tear film

The tear film serves to protect and moisturize the Figure redacted for

cornea, it provides a smooth optical surface and copyright reasons
permits the diffusion of oxygen and other
nutrients. The tear film has classically been
understood as being composed of three layers — a
superficial lipid layer, an aqueous layer, and a
mucin layer covering the corneal epithelium
(Figure 1. 3).% The superficial lipid layer is
produced predominantly by the Meibomian glands
and functions to prevent evaporation and overspill

of the aqueous layer, which in turn provides

nutrients, antimicrobial proteins, lubrication and

determines osmolarity.®? The aqueous layer is

Figure 1. 3. Layers of tear film

From Bron et al. 2003. Note that this
is based on model by Prydal et al.
glands. The basal mucin layer is derived from 1992 in which majority of thickness is
mucous layer.

produced by the main and accessory lacrimal

conjunctival goblet cells, and functions to lower

the hydrophobicity of the epithelial cells.>* Interestingly, the aqueous layer was
previously considered to occupy >90% of the total tear film depth, but laser inferometry
studies by Prydal et al.®® amongst others suggested that the mucous layer in fact
represented a larger proportion. More recently, there has been a shift toward
understanding the precorneal tear film as a single dynamic functional unit with different

compartments, rather than the three layered model.®?
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1.3. Immune homeostasis at the ocular surface

The ocular surface mucosa has several features in common with the mucus
membranes of the respiratory, gastrointestinal and urogenital tracts. Yet the ocular
surface has a physiological requirement that is unique among these mucosae — optical
clarity. Thus, a successful inflammatory response should not compromise corneal
transparency, but rather find a middle path by which microbial insults are eliminated

without excessive collateral damage to bystander cells.%°

Along with the brain, placenta and testes, the eye has long been considered a tissue
that enjoys ‘immune privilege’.5* The term was coined by Peter Medawar, who in the
1940s had observed decreased rejection rates of allogeneic skin grafts situated
heterotopically in the anterior chamber of the eye.®® Medawar ascribed the relative
immunological restraint in the anterior chamber of the eye to an apparent absence of
lymphatic drainage, with the resultant sequestration of antigens. Although what
Medawar described (now referred to as ‘immunological ignorance’) represents an
important part of the modern concept of ocular immune privilege, we now understand
this phenomenon to encompass a much wider combination of anatomical attributes,
physiological processes and immunoregulatory mechanisms that act in concert to

constrain the immune response.*

1.3.1. Immune regulation by the ocular surface epithelium

The ocular surface epithelium functions to limit inflammation by a variety of surface-
expressed and secreted molecules (Table 1. 1).°° Corneal epithelial cells constitutively
express surface-bound immunoregulatory molecules such as programmed death
ligand 1 (PDL-1)% and Fas ligand (FasL)®’. Corneal epithelial cells constitutively
secrete pigment epithelium-derived factor (PEDF)% and endogenous vascular
endothelial growth factor traps such as sVEGFR1% and VEGFR3", which also serve

to suppress the inflammatory response. There is evidence that ocular surface
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epithelial cells interact with DCs to promote their tolerogenicity via a thrombospondin-
1-dependent mechanism.”* DC function is also regulated by thymic stromal

lymphopoietin, which is expressed by corneal epithelial cells.”
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Figure 1. 4 Ocular surface immunoregulatory factors

Immunomodulatory factors expressed by the corneal epithelium include cell-surface molecules (including
FasL and PDL-1) and secreted factors (including PEDF and the soluble VEGF decoy receptors). Secretory
IgA (slgA) in tear film serves to facilitate cytolysis and suppress the proliferation of pathogenic organisms.
Membrane associated mucins of the glycocalyx function to limit bacterial adherence and facilitate the
clearance of debris via the lacrimal puncta. Nerves in the sub-basal and anterior stromal nerve plexuses
modulate both innate and adaptive immune responses via neuropeptides including CGRP and VIP. Posterior
to the stroma, the corneal endothelium expresses immunomodulatory molecules such as PDL-1 and GITR.
From Foulsham et al. 2018.

1.3.2. Immune regulation by the tear film

The tear film operates as a mechanical barrier to pathogenic mediators, as in the
process of blinking and tearing antigens are washed away from the ocular surface.”
Secretory IgA is the primary immunoglobulin in the tear film, which has been shown to
play a role in regulating DC activity, as well as the neutralization of bacteria, toxins and

viruses.” Other antimicrobial molecules found in the tears include lysozyme, lipocalin
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and lactoferrin.”™ High molecular weight heavily glycosylated membrane-associated
mucins in the glycocalyx help to prevent bacterial adhesion and invasion, and secreted

gel-forming mucins function to trap debris for elimination via the lacrimal puncta.”

Molecules Function

TGF-B TGF- functions pleiotropically — it inhibits the proliferation of
T cells and induces Foxp3* inducible Tregs, yet in the
presence of IL-6 induces pathogenic IL-17-producing Th17
Regulatory cytokines cells.”® In addition, TGF- plays a critical role in tissue
IL-1Ra fibrosis.”” IL-1Ra is upregulated in ocular surface
inflammation, and functions to block the actions of IL-1 and
suppress leucocyte/APC activity.”®

PD-L1
PD-L1, FasL and TRAIL promote apoptosis of activated
FasL immune cells, limit T cell proliferation and suppress
TRAIL inflammatory cytokine production.” TSP-1 activates the
immunomodulatory cytokine TGF-B.7*

Inhibitory factors

TSP-1

Substance P functions pleiotropically — it stimulates the
recruitment of monocytes and neutrophils, inhibits IL-10
a-MSH production by DCs and promotes Th17 production, yet also
induces Tregs.8081

a-MSH, CGRP and VIP dampen the recruitment of
inflammatory cells, limit T cell proliferation and suppress
VIP production of inflammatory cytokines.®? a-MSH can also
promote Treg function.®3

Substance P

Neuropeptides CGRP

SsVEGFR-1

SsVEGFR-2 Hemangiogenesis and lymphangiogenesis are limited by the
Hemangiogenic and constitutive expression of VEGF decoy receptors, which are
lymphangiogenic VEGFR-3 upregulated in ocular surface inflammation.69.70.84-86 pEDF
factors suppresses VEGF expression, and its expression is

PEDE decreased in ocular surface inflammation.58-87

Adapted from Foulsham et al. 2018.

Table 1. 1 Select immunoregulatory factors at the ocular surface

1.3.3. Ocular surface dendritic cells

The conjunctiva contains the highest density of DCs, and their frequencies decrease
from the limbus to the center of the of the cornea.®® Peripheral tissues contain steady-
state DCs that continuously sample and process antigen from the local
microenvironment and play a critical role in initiating adaptive immune responses.®°
Membrane nanotubes have been identified on MHCII* cells in the mouse cornea in

vivo, and it has been suggested that these may transport antigen from the tear film to
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DCs, thus having an analogous function to intraepithelial DCs in the respiratory and

intestinal tracts.8%%°

The main DC subsets have been identified at the ocular surface (Figure 1. 5).%1:92
Langerhans cells have been identified in the peripheral corneal epithelium, and DC-
SIGN* DCs have been identified in the peripheral anterior corneal stroma.®® This
mirrors the pattern of distribution in the skin, where the epidermis contains Langerhans
cells and the dermis contains DC-SIGN* DCs.* Although MHCII* Langerhans cells are
found in the peripheral cornea and limbus, these cells are not identified in the central
cornea in the uninflamed setting.®* A population of CD103* DCs that express Langerin
but are not Langerhans cells have been identified in the corneal stroma, further
echoing findings from the skin.®® The anterior corneal stroma (both centrally and
peripherally) has been shown to contain MHCII-negative, costimulatory molecule-
negative DCs.%® In response to inflammation, these cells undergo maturation with
increased expression of MHCII, CD40, CD80 and CD86.%4°” CD11b* DCs have also
been observed in the posterior corneal stroma and conjunctiva.®*® There is some
evidence that in addition to promoting inflammation at the ocular surface,
subpopulations of DCs may contribute toward immune tolerance.*®% Indeed, in the
setting of corneal transplantation, the therapeutic efficacy of tolerogenic DCs has been
demonstrated.®® However, further research is needed to precisely characterize the DC

phenotypes that promote immune tolerance at the ocular surface.*°
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Figure 1. 5 Ocular surface dendritic cells

The highest frequencies of DCs are found in the conjunctiva, and their density decreases from the
limbus to the center of the cornea. The peripheral corneal epithelium and conjunctiva contain
Langerhans cells. The peripheral anterior stroma and conjunctiva contain DC-SIGN* DCs. The
posterior stroma and conjunctiva contain CD11b* DCs. Immature DCs are located in the anterior
stroma and undergo maturation with increased expression of MHCII and costimulatory molecules
(CD80, 86 and CD40) upon exposure to an inflammatory microenvironment. From Foulsham et al.
2018.

1.3.4. Neuropeptides

The cornea is the most densely innervated tissue in the human body, and
neuropeptides (short chain polypeptides that act as signaling molecules between
neurons) are known to regulate immunity at the ocular surface.®? Neuropeptides
modulate both the innate and adaptive immune responses, and have been shown to
have both proinflammatory and immunoregulatory effects. For example, substance P
(SP) has been shown to have predominantly proinflammatory activity, and functions to
recruit neutrophils and monocytes, increase mast cell degranulation and promote Th17
maturation.®®! Intriguing work conducted using a murine model of corneal
transplantation indicates that SP secretion is induced bilaterally after corneal nerves
are severed unilaterally, resulting in impaired regulatory T cell function in both eyes
and decreased survival of corneal transplants.%® Studies using mice lacking the
receptor for SP (neurokinin-1 receptor, NK1R) have demonstrated reduced corneal

nerve density and upregulated desquamation of apical epithelial cells in these mice.'%!

Other neuropeptides such as calcitonin gene-related peptide (CGRP), neuropeptide Y

(NPY) and vasoactive intestinal peptide (VIP) have been shown to promote immune
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quiescence at the ocular surface.®2 CGRP inhibits the production of IL-2, suppresses
the maturation of DCs and inhibits the secretion of inflammatory cytokines by
macrophages.?? NPY has been shown to regulate immune cell trafficking and cytokine
secretion; as well as to modulate NK cell activity, T helper cell differentiation and
macrophage function.1%31% VIP induces tolerogenic DCs, inhibits the expression of
chemokines and suppresses the release of proinflammatory cytokines.%® Thus
numerous anti-inflammatory neuropeptides work in concert to limit the potency of the

immune response at the ocular surface.
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1.4. Corneal transplantation

1.4.1. Epidemiology, indications and survival rates

More than 100 years ago, the Austrian ophthalmologist Eduard Zirm reported the
world’s first human full-thickness corneal transplant that remained clear post-
operatively.1% This event represents a significant milestone in corneal grafting
becoming what it is today - the most commonly transplanted tissue worldwide.’
Indeed, over 150,000 corneal transplantation procedures are conducted globally each

year.?

Over recent years, two notable trends have been occurring in the field of corneal
transplantation. Firstly, the number of lamellar keratoplasty procedures (i.e. partial-
thickness grafts) performed has been dramatically increasing? and is used in clinical
scenarios where full-thickness grafts would previously have been indicated. Likely a
result of the reduced allogeneic load, these partial thickness grafts enjoy lower rates of
immune rejection than penetrating keratoplasty.'® Yet despite improvements in
lamellar keratoplasty techniques, full-thickness corneal transplants remain the
definitive treatment for many end-stage corneal diseases including keratoconus,
traumatic corneal scarring and corneal dystrophies.® Secondly, with improved eye
banking services and distribution networks, the number of full-thickness corneal
transplants performed in developing countries is increasing.? This trend is likely to
continue as efforts to promote cornea donation and delivery improve services for the

53% of the global population without access to corneal transplantation.?

Due to the relative quiescence of the immune microenvironment, corneal
transplantation enjoys high success rates in patients with non-vascularized and
uninflamed host beds receiving their first corneal transplant. Indeed, in this setting five-
year survival rates exceed 90% without human leukocyte antigen matching or

systemic immunosuppressive drugs.'® However, for repeat grafts, or when there is
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pre-existing vascularization and inflammation of the host bed, rejection rates exceed

50% despite maximal local and systemic immunosuppressive therapy.109111

Immune rejection is the primary cause of graft failure.'*? Graft rejection can occur in
the corneal epithelium, stroma or endothelium, or a combination of these.!'® The most
common form is endothelial rejection, occurring in 50% of rejection episodes.*
Endothelial rejection is characterized by a line of keratitic precipitates beginning at the
graft-host junction and progressing across the endothelium over time. The
pathognomic endothelial rejection line is known as ‘Khodadoust’s line’.**® Other ocular
signs include conjunctival hyperaemia, graft oedema (due to failing of the endothelial

pump function to control corneal hydration) and anterior chamber reactions.®

1.4.2. Corneal transplantation: immunobiology of graft rejection

The survival of allogeneic corneal grafts is determined by the balance between pro-
inflammatory responses that promote immune rejection, and immunomodulatory
mechanisms that promote tolerance.”® Following transplantation, the upregulated
expression of pro-inflammatory cytokines, adhesion molecules, chemokines and pro-
angiogenic factors drives infiltration of immune cells into the cornea, and promotes the
development of new blood and lymphatic vessels.” In this inflammatory milieu, both
host and donor APCs undergo maturation with upregulated expression of MHCII and
co-stimulatory molecules including CD80 and CD86.%11¢ Mature APCs egress from
the cornea and migrate via lymphatic vessels to the draining lymph nodes. In the
draining lymph nodes, APCs present alloantigens to naive T cells (Th0), thereby
triggering differentiation and clonal expansion into IFNy-secreting CD4* Th1l cells.”
Regulatory T cells (Tregs) limit the induction of alloimmunity by releasing soluble
immunosuppressive factors, by regulating APC stimulatory potential, by metabolic
competition and by cytolysis of Th1 cells.*? Alloreactive Th1 cells egress the lymph

nodes and migrate via blood vessels toward the graft, following a chemokine gradient.
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At the cornea, the Th1l cells effect a delayed-type hypersensitivity response toward the

graft, with the release of pro-inflammatory mediators, thereby driving rejection.”
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Figure 1. 6 Immunobiology of corneal transplantation
An inflammatory microenvironment at the graft site activates antigen presenting cells (APCs) (1), which

migrate via lymphatic vessels to the draining lymph nodes (11). Here, APCs promote the differentiation of
IFNy-secreting CD4* Th1l cells, a process that is modulated by regulatory T cells (lIl). Thl cells migrate via
blood vessels to the graft site, where they promote immune rejection (IV). From Amouzegar et al. 2016
1.4.2.1 Direct vs. indirect allosensitization

At early timepoints following corneal transplantation, the innate immune response
results in increased expression of a diverse array of proinflammatory factors, including
cytokines (e.g. IL-1, IL-6, TNFa), chemokines, adhesion molecules and pro-angiogenic
factors.’-121 This inflammatory microenvironment results in the activation of both

resident donor and infiltrating host APCs, with the increased expression of MHCII and

costimulatory molecules including CD80, CD86 and CD40. Notably, DCs and other
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myeloid cells that are resident in the centre of the cornea constitutively express
negligible levels of MHCII, in contrast with the peripheral cornea which contains DCs
that do express MHCII.1?2 Yet corneal inflammation (for example in the setting of
corneal transplantation) has been shown to induce MHCII expression by the majority

of both corneal DCs and epithelial cells.!?®

There are two pathways by which allosensitization occurs. The direct pathway involves
‘passenger leukocytes’ (i.e. donor-derived APCs) presenting donor antigens to host
naive T cells.®” The indirect pathway involves recipient APCs from the peripheral
cornea presenting donor antigens to host naive T cells.®” Host APCs from the limbal
vasculature are induced to migrate centripetally toward the corneal graft by adhesion
molecules and chemokines, the expression of which are upregulated in an inflamed
microenvironment.16124 |nterestingly, it was previously thought that graft antigens
were exclusively recognized via the indirect pathway in corneal transplantation.?®
However, subsequent studies identifying populations of resident DCs in the cornea
that selectively express MHCII under inflammatory conditions have implicated the
direct pathway of allosensitization in corneal graft rejection.®* Moreover, consistent
with the observation that MHCII expression by these cells is induced by an
inflammatory milieu, there is evidence that the direct pathway plays a proportionally
greater role in allosensitization when the host bed is inflamed.®” Using a murine model
of high-risk corneal transplantation in which inflammation and vascularization are
induced in the recipient bed by placing stromal sutures two weeks prior to
transplantation, Hug and colleagues have shown that the survival of grafts sourced
from MHCII knockout mice significantly enhanced survival in high-risk, but not low-risk
hosts.%” These and other data®®*” emphasize the importance of the direct pathway of
allosensitization in corneal transplantation, and highlight the relevance of the graft

microenvironment to this process.
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1.4.2.2 Lymphangiogenesis and haemangiogenesis

Mature APCs migrate from the cornea to the draining lymph nodes via lymphatic
vessels. Following differentiation and clonal expansion, graft-attacking Thl cells
migrate from the draining lymph nodes to the graft site. Ocular inflammation
upregulates both of these processes by promoting the formation of new lymphatic and
blood vessels. The importance of these phenomena in determining graft outcomes is
evidenced by the dramatically different survival rates in high-risk (i.e. stromal sutures
placed two weeks prior to transplantation) compared to normal-risk murine models of
corneal transplantation.?%127 Furthermore, in a study using the high-risk model, 100%
of grafts have been observed to be rejected at 5 weeks post-transplantation, yet when
cervical lymphadenectomy was performed prior to transplantation, rejection rates fell
to less than 10%.8¢ Pharmacological targeting of VEGF pathways in the high-risk
murine model of corneal transplantation has also been demonstrated to reduce graft

rejection, 85128129

The infiltration of innate immune cells into the inflamed cornea is promoted by
Intercellular Adhesion Molecule 1 (ICAM1), C-C Motif Chemokine Ligand 2 (CCL2),
CCL20 and inflammatory cytokines, which in turn produce VEGF-C and VEGF-D to
stimulate lymphangiogenesis.t?%130-133 Dyring their activation, APCs gain expression of
VEGFR-3, which further promotes the homing of APCs along a chemotactic gradient
to the draining lymph nodes.*** Interactions between APC-expressed CCR7 and its
ligand CCL21 have also been demonstrated to be important in both mediating APC
migration to the draining lymph nodes, and have been shown to regulate integrin-

mediated APC transmigration across lymphatic endothelium. 35136

1.4.2.3 Effector immune cells in corneal transplantation
There is general consensus that the primary effector cells driving corneal graft

rejection are IFNy-secreting CD4* Th1 cells.'*"138 High expression of Th-1 associated
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cytokines, such as IFNy and IL-2, have been observed in grafts undergoing
rejection.t3%14% However, Th1 cells are by no means the exclusive cell population
driving the alloimmune response. Indeed, despite a decreased rate of rejection, 45%
of allogeneic corneas grafted onto CD4 knockout recipients have been observed to be
rejected at 16 weeks post-operatively.1*® Another study in which graft recipients were
treated systemically with anti-CD4 monoclonal antibody demonstrated a rejection rate
of 33% despite CD4 depletion.'*® High rejection rates have also been observed when
IFNy knockout mice were used as recipients,'#! further indicating that effector cells

other than Th1 are promoting graft rejection.

Th17 cells have been implicated in the early stage of immune rejection of corneal
transplants.?42 In this study, deficiency of IL-17 was observed to delay the
development of the allogeneic response, but did not influence overall survival.'#? This
observation may be related to delayed lymphangiogenesis secondary to IL-17
deficiency.*® Interestingly, another study from the Niederkorn group has reported that
depletion of IL-17 increased the incidence of corneal allograft rejection from 50 to
90%.1% Further investigations have suggested that this phenomena may be
attributable to the close interplay between Th17 cells and CD4*CD25* Tregs, which

play a critical role in promoting immune tolerance at the ocular surface.*?14°

There is some evidence for the involvement of CD8* T cells in promoting graft
rejection from both murine!?>14¢ and rat!4’-14° studies. In contrast, studies using beta-2
microglobulin knockout mice (deficient in CD8* T cells) and perforin knockout mice
provide evidence for the redundancy of CD8" T cells in corneal allograft rejection. 0151
Moreover, experiments determining the antigen specificity, frequency and phenotype
of T cells activated via direct and indirect pathways suggest that although alloreactive
CD8* T cells are activated via the direct pathway, these cells do not contribute to graft

rejection unless they receive additional signalling from APCs in the periphery.'®?
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1.4.2.4 Regulatory immune cells in corneal transplantation

After exposure to alloantigens in vivo, CD4*CD25*Foxp3* Tregs exhibit alloantigen-
specific immunomodulatory activity.'®3% In corneal transplantation, Treg expression of
Foxp3 has been shown to be directly associated with their production of regulatory
cytokines (including IL-10 and TGF-B), suppression of effector T cell activation and
their capacity to prevent allograft rejection.*>® The soluble regulatory molecules IL-10
and TGF-B are known to play an important part in promoting allograft survival.%6-1%8
Regulatory T cells can be classified into thymus-derived natural Tregs (tTregs) and
peripherally-induced Tregs (pTregs).** Using the high-risk allogeneic murine model of
corneal transplantation, Inomata and colleagues have demonstrated that an
inflammatory microenvironment selectively reduces the frequencies and function of
pTregs, but not tTregs.'®° In their study, the investigators observed the impaired
suppressive function of Tregs to be associated with reduced expression of the

immunomodulatory molecules IL-10, TGF-3 and CTLA-4.

The observation that subpopulations of Tregs are predisposed to functional
impairment is related to the concept of Treg plasticity. The phenotypic plasticity and
functional adaptability of Tregs in inflammatory milieux has been demonstrated in
studies of autoimmune disease.'®%1%1 Based on experiments employing lineage-
reporter mice, there is evidence that pTregs are particularly liable to lose expression of
Foxp3, and to express the pro-inflammatory cytokines IL-17 or IFN-y, in response to
cues from an inflammatory microenvironment.'? Indeed, the developmental pathways
of Th17 cells and Tregs are closely and reciprocally interconnected, and both cells
types exhibit considerable plasticity.*® Interestingly, there is evidence that IL-17 is
critically involved in mediating Treg contact-dependent suppression.*® In this study,
Cunnusamy and colleagues demonstrated that inhibition of IL-17 signalling with anti-

IL-17 monoclonal antibody resulted in rejection of 90% of corneal allografts.
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Tregs isolated from allograft acceptors, but not rejectors, have been shown to
colocalize with APCs in the lymph node paracortex and express high levels of
CCR7.1%% Moreover, there is evidence that CCR7 expression upregulates Treg
suppressive function, in addition to mediating Treg homing.®® Augmenting Treg
expression of CCR7 by conditioning Tregs ex vivo with the CCR7 ligand CCL21 has

been shown to enhance their capacity for promoting allograft survival.163

In addition to modulating the immune response in the draining lymph nodes, local
delivery of Tregs to the graft site has been shown to promote transplant survival.154
Shao and colleagues injected Tregs subconjunctivally into corneal transplant
recipients, demonstrating reduced APC maturation both in the graft and draining lymph
nodes, reduced Th1l frequencies in the draining lymph nodes and enhanced
expression of the immunomodulatory cytokines IL-10 and TGF-B at the graft site.1%4
These observations were associated with increased allograft survival in the Treg-
treated mice. Other approaches to Treg immunotherapy in corneal transplantation
include the in vivo expansion of Tregs using low-dose interleukin-2 (IL-2) treatment.®®
Systemic administration of IL-2 was shown to increase both Treg frequencies and
suppressive function, with decreased Th1l frequencies and decreased graft infiltration
of CD45" inflammatory cells observed following transplantation.'®® Clinical assessment
of the grafts demonstrated reduced opacity and prolonged survival in the IL-2-treated

animals.16°

Maturation-resistant tolerogenic DCs have also attracted attention as potential
candidates to induce tolerance in corneal transplantation.’” Expressing low levels of
MHCII and co-stimulatory molecules, donor-derived tolerogenic DCs have been shown
to increase Treg frequencies and promote corneal allograft survival when administered

prior to transplantation.®%1” There is evidence that tolerogenic DCs increase corneal
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graft survival by upregulating frequencies of CTLA-4-expressing Tregs, and
decreasing frequencies of CD28* Tregs.®’ Finally, enrichment of tolerogenic APCs in
donor corneas prior to transplantation through incubation with IL-10 and TGF- has
been shown to reduce host allosensitization, decrease frequencies graft-attacking Thl
cells and reduce graft infiltration of CD45" and CD4* cells, with improved transplant

survival observed.168
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1.5. Mesenchymal stem cells

1.5.1. Immunomodulatory functions of mesenchymal stem cells

Mesenchymal stem cells (MSCs), also known as mesenchymal stromal cells, are
found in almost all tissues, are self-renewing and have the capacity to differentiate into
specialized cell types.'®® Renowned for their plasticity, it is postulated that MSCs
contribute to cellular homeostasis by supplanting dysfunctional or dead cells. The
capacity of MSCs to differentiate into specialized cell types has garnered attention for
their potential therapeutic application in regenerative medicine.}’%1! Indeed, MSCs
can differentiate exclusively into several mesenchymal lineages, such as chondrocytic,
osteocytic and adipocytic.1’2 Moreover, it has been shown that specific MSC-like cells
derived from humans and mice can be stimulated to differentiate into cells of
endodermal and neuroectodermal lineages, including hepatocytes, endothelial cells

and neurons.173-176

In addition to their capacity to differentiate into specific cell types, there is substantial
research interest in the immunomodulatory properties of MSCs. In vitro expanded
MSCs have been demonstrated to regulate immune responses and alter the
progression of various inflammatory diseases.'®*1’"1® From a translational
perspective, the capacity of MSCs to migrate preferentially to sites of inflammation or

injury following intravenous infusion is particularly intriguing.7°180

Work by Guangwen Ren’s laboratory suggests that the immunoregulatory function of
MSCs is not constitutive, but instead is ‘licensed’ by an inflammatory
microenvironment.*®1182 According to this framework, MSCs home to sites of
inflammation, where proinflammatory cytokines (such as IFNy, TNFa and IL-13)
function to induce their immunomodulatory activity.'82 The implication here is that the
interaction of MSCs with the inflammatory response is malleable; higher levels of

chemokines and inflammatory cytokines recruit increased numbers of MSCs, and

55



amplify their immunomodulatory function. Furthermore, according to this paradigm, the
interaction of MSCs with immune cells may vary considerably as a disease
progresses, due to the changing local cytokine milieu.
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Figure 1. 7 Immunoregulatory functions of mesenchymal stem cells

MSCs modulate the immune response via both contact-dependent mechanisms and soluble factors. The
proliferation and function of T cells is inhibited by MSCs. Furthermore, the activation of NK cells and
APCs is limited by MSCs. The proliferation of B cells and plasma cell differentiation is suppressed by
MSCs. In addition, MSCs are known to inhibit neutrophil apoptosis and limit the antigen-presenting
function of macrophages. MSCs promote Treg differentiation. Diagram abbreviations: CTL, cytotoxic T
cell; NK, NK cell; NP, neutrophil; Treg, regulatory T cell; M@, macrophage; APC, antigen-presenting

cell; TSG-6, tumor necrosis factor-inducible gene 6 protein; PGE-2, prostaglandin E2; HGF, hepatocyte
growth factor; TGF-B, transforming growth factor-§3; IDO, indoleamine 2,3-dioxygenase; IL, interleukin;
PD-L1, programmed death ligand 1; NO, nitric oxide; SHLA-G5, soluble human leukocyte antigen-G;
MMP-9, matrix metallopeptidase 9; TNFa, tumor necrosis factor a. From Sahu, Foulsham et al. 2019

MSCs employ both contact-dependent mechanisms and soluble factors to regulate the
immune response (Figure 1. 7). Indeed, numerous soluble factors have been
demonstrated to mediate the immunomodulatory function of MSCs, including but not
limited to prostaglandin E2 (PGE-2), tumor necrosis factor-inducible gene 6 protein
(TSG-6), transforming growth factor B (TGF- B), indoleamine 2,3-dioxygenase (IDO)

and nitric oxide (NO).177183-188 Ce|| surface molecules expressed by MSCs that have
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immunoregulatory activity include several adhesion molecules (such as vascular cell
adhesion molecule-1 [VCAM-1] and intercellular adhesion molecule-1 [ICAM-1]) and
chemokines (such as CCR5 and CXCR3 ligands).18218% By recruiting immune cells,
these molecules serve to co-localise MSCs with immune cells, thus creating a

microenvironment with elevated levels of local immunosuppressive factors.

1.5.2. Mesenchymal stem cells in corneal transplantation

The capacity of MSCs to specifically home to the transplanted cornea has been
demonstrated in experiments conducted by Omoto and colleagues.*® In this work, the
investigators generated MSCs from the bone marrow of green fluorescent protein
(GFP) expressing mice, and injected these cell intravenously into allograft recipients at
three hours post-transplantation. Three days following surgery, corneas and
conjunctivas were harvested from grafted mice and examined using confocal
microscopy. The investigators observed copious GFP* cells in the corneal graft,
recipient bed and conjunctiva of the transplanted eye. Importantly, no GFP* cells were
observed in the contralateral non-transplanted corneas, with only a few GFP* cells
detected in the conjunctiva.’®® In both corneal tissue and draining lymph nodes,
significantly reduced frequencies of MHCII*CD11c* APCs in MSC-treated hosts were
observed at day 14 post-transplantation by flow cytometry, compared to control hosts.
Furthermore, in vitro experiments showed reduced maturation and function of bone
marrow-derived dendritic cells when cocultured with MSCs. Analysis of the
frequencies of IFNy-secreting Th1l cells in the draining lymph nodes at day 14 post-
transplantation revealed reduced Th1l frequencies in MSC-treated recipients compared
to control recipients. Finally, systemic treatment with MSCs was observed to promote

allograft survival compared to non-MSC-treated hosts.*%
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Figure 1. 8 Mesenchymal stem cells specifically home to the inflamed ocular surface and draining
lymph nodes

BALB/c donor corneal buttons were grafted on C57BL/6 recipient beds. 3 hours following transplantation, 106
GFP* MSCs (C57BL/6) were administered via intravenous injection to the host mice. 3 days following
surgery, transplanted (ipsilateral) and non-transplanted (contralateral) corneas were harvested, in addition to
conjunctiva and draining lymph nodes. Harvested tissues were analyzed using confocal microscopy.
Fluorescence micrographs of transplanted and contralateral (A) corneal grafts, (B) corneal recipient beds,
and (C) conjunctiva are depicted. In panel (D) flow cytometric dot plots illustrate the frequencies of GFP+
MSCs in the ipsilateral (IPSI) and contralateral (CONTRA) lymph nodes of recipient mice. From Omoto et al.
2014.

The work by Omoto and colleagues® demonstrates that MSCs specifically home to

the eye that has undergone surgical trauma, but not the contralateral (non-operated)
eye. However, the investigators evaluated GFP expression at one time point only —

day 3 post-transplantation. Another study by Lan and colleagues, also using GFP*
MSCs, has investigated the kinetics of systemically administered MSCs using a model

of corneal injury.'®! Here, the investigators demonstrate that GFP* MSCs persist in the
cornea for at least 50 days following injury, with no GFP* MSCs detected in the
contralateral cornea. In addition to the kinetics of exogenous GFP* MSCs, the authors

observed a 2-fold increase in frequencies of circulating endogenous MSCs at 48 hours

following injury, associated with increased levels of the stem cell chemoattractants
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substance P and stromal cell-derived factor 1.1° This work provides further evidence
of MSCs homing specifically to injured corneal tissue, where they exhibit long-term

survival.

In addition to the work by Omoto and colleagues, other groups have demonstrated the
capacity of MSCs to promote corneal allograft survival (Table 1. 2 Models used and
details of MSC administration in studies of corneal transplantation).®>-1°* |n a paper
from Darwin Prockop’s group, Oh and colleagues reported that intravenous delivery of
MSCs decreased activation of antigen presenting cells in the cornea and draining
lymph nodes, and resulted in prolonged allograft survival.1®> However, the
investigators report that very few of the administered MSCs were observed in the
cornea, with the majority of MSCs becoming trapped in the lungs, exerting their
immunomodulatory activity via secretion of TSG-6. However, it is relevant to note that
in Oh and colleagues’ work,*2 human MSCs rather than MSCs expanded from murine
bone marrow were administered. Thus, this apparent inconsistency between reports
may be related to potential issues of engraftment and integration when cells are
administered across the xeno-species barrier, with human MSCs being administered

in a mouse model of corneal transplantation.'’*
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Tissue source

Number of
MSCs/animal

Author Model of MSCs and route of
administration
Omoto Orthotopic allogeneic corneal transplantation  Murine bone 106 cells in 100
etal., (mouse): 2mm diameter corneal cup from marrow pL 0.9% NaCl
2014190 donor (C57BL/6) grafted onto 1.5mm (BALB/c) via IV injection
diameter prepared host bed (BALB/c) using
8 interrupted nylon 11-0 sutures
Oh etal.,, Orthotopic allogeneic corneal transplantation Human MSCs 106 cells in 100
2012192 (mouse): 2mm diameter corneal cup from (from Center for  pyL HBSS via IV
donor (C57BL/6) grafted onto 1.5mm the Preparation  injection
diameter prepared host bed (BALB/c using 8 and Distribution
interrupted nylon 11-0 sutures of Adult Stem
Cells)
Jiaetal.,, Orthotopic allogeneic corneal transplantation Rat bone 5x108 cells in
2012198 (rat): 3.5mm diameter corneal cup from marrow (Wistar) 1ml PBS via IV
donor (Wistar) grafted onto a 3mm diameter injection
prepared host bed (Lewis) using 8
interrupted nylon 10-0 sutures
Treacy Orthotopic allogeneic corneal transplantation  Rat bone 106 cells in 1ml
etal., (rat): 3mm diameter corneal cup from donor  marrow (Lewis, PBS via IV
2014194 (Dark Agouti) grafted onto a 2.5mm diameter Dark Agouti or injection

prepared host bed (Lewis) using 8-10
interrupted nylon 10-0 sutures

Wistar rats)

Table 1. 2 Models used and details of MSC administration in studies of corneal transplantation
From Sahu, Foulsham et al. 2019.

Jia and colleagues employed a rat model of corneal transplantation to investigate how

systemic delivery of MSCs modulates the alloimmune response.'®® The investigators

demonstrate that, in addition to limiting the generation of graft-attacking Th1l cells,

administration of MSCs also significantly increased frequencies of CD4*CD25*Foxp3*

Tregs relative to vehicle-treated hosts.!*® Indeed, Treg expansion following MSC

administration in a rat model of corneal allotransplantation has also been reported by

Treacy and colleagues.'®* The study by Treacy and colleagues evaluated the

immunomodulatory effects of administering MSCs from 3 different sources in a fully

allogeneic model of corneal transplantation (Dark Agouti donors and Lewis recipients).

Thus, MSCs sourced from Lewis rats were syngeneic, MSCs sourced from Dark

Agouti were allogeneic, and MSCs sourced from Wistar Further rats were third

party.%* Interestingly, the investigators demonstrated that corneal transplant survival
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was prolonged when either allogeneic or third party MSCs were administered, but all
grafts were rejected when syngeneic MSCs were injected. This compares with a
rejection rate of 80% in untreated recipients. In addition to increased frequencies of
splenic Tregs in the allogeneic MSC-treated and third party MSC-treated groups, the
authors also report decreased corneal infiltration of natural killer T cells in these

groups, providing evidence of both local and systemic immunomodulation.®

1.5.3. Hepatocyte growth factor

Hepatocyte growth factor (HGF) is a pleiotropic cytokine that acts via the receptor c-
met to promote the proliferation and morphogenesis of epithelia.*>% Over recent
years, studies utilizing tissue-specific knockout mice have demonstrated that the
HGF/c-met signalling pathway is also critically involved in protecting against fibrosis
and regulating both acute and chronic inflammation.*>'%” Indeed, HGF has been
shown to modulate immune responses in a variety of models of autoimmunity
including inflammatory bowel disease, collagen-induced arthritis and experimental

autoimmune encephalomyelitis.®

Previous work has suggested that the anti-fibrotic and anti-inflammatory function of
MSCs is, in part, mediated by production of HGF.1%-2°1 Using a model of mechanical
corneal injury in which MSCs were administered intravenously at 1 hour post-injury,
Mittal and colleagues have reported that MSC-derived HGF functions to restore
corneal transparency following injury.'®® The investigators observed that an
inflammatory milieu drives MSCs to secrete increased levels of HGF, and furthermore
that the capacity of MSCs to restore corneal transparency is contingent on their
expression of HGF. The investigators also evaluated the therapeutic efficacy of topical
HGF alone (independent of MSC administration) following injury, and found that topical
HGF was sufficient to restore corneal transparency.'®® In addition to decreased opacity

scores in the HGF-treated group, immunohistochemistry analyses of corneal cross-
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sections immunostained for the fibrosis marker a-smooth muscle actin (aSMA)
revealed that treatment with HGF abrogated the increased aSMA expression observed
following injury. Finally, harvested corneas analysed for their mMRNA expression of IL-
1B and TNF-a revealed substantially reduced expression in HGF-treated corneas

relative to albumin-treated controls.®°
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1.6. Dry eye disease

1.6.1. Dry eye disease epidemiology

Dry eye disease (DED; also known as keratoconjunctivitis sicca) is defined as ‘a
multifactorial disease of the ocular surface characterized by a loss of homeostasis of
the tear film, and accompanied by ocular symptoms, in which tear film instability and
hyperosmolarity, ocular surface inflammation and damage, and neurosensory
abnormalities play aetiological roles’.2°2 Symptoms that are commonly described by
patients with DED include dryness, foreign body sensation, itching, irritation and light

sensitivity.

DED is an extremely common chronic condition that markedly reduces patient quality
of life.293-2% |ndeed, a recent epidemiological study based on data from a large, all-age
United States health care system (approximately ten million patients) estimates a DED
prevalence of 5.3% in the general population.?®® Age is a recognized risk factor for
DED, with the prevalence increasing from 0.2% for ages 2-17 years, to 11.7% for
those older than 50 years.?% Estimates of DED prevalence for the population aged
greater than 65 range from 12.9 to 14.6%.2°6-208 Thus, as populations in developed
countries grow older relative to historical norms, the burden of DED-associated

morbidity is anticipated to increase.

Female sex is also a risk factor for DED, with an overall prevalence of 7.8% among
females compared to 3.0% among males.2% Other risk factors for DED include being
of Asian race, Meibomian gland dysfunction, Sjogren syndrome, contact lens use,
hematopoietic stem cell transplantation, refractive surgery, visual display use,
environmental exposures (e.g. low humidity environments) and vitamin deficiency.?%®
Although the pathogenesis of DED is not fully understood, there is strong evidence

implicating inflammation as a core driver of disease. Indeed, the general thesis of the
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Dry Eye Workshop Il is that desiccating stress initiates DED, which is perpetuated by a

vicious circle of ocular surface inflammation.?'°

1.6.2. Dry eye disease pathogenesis

In DED, ocular surface hyperosmolarity induces a proinflammatory environment at the
ocular surface, and this milieu triggers the activation of antigen presenting cells
(APCs) (Figure 1. 9). APCs egress from the cornea and are trafficked along afferent
lymphatics to the draining lymphoid tissue.>2!1:212 |n the lymph nodes, APCs induce
effector helper T cell differentiation from naive T cells, which subsequently migrate via
efferent blood vessels to the ocular surface, where they release proinflammatory
factors.59211.212 Accordingly, DED immunopathogenesis can be understood as a
vicious circle, in which a proinflammatory microenvironment promotes the infiltration of
pathogenic immune cells, which in turn damage the ocular surface and recruit

additional inflammatory cells.
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Figure 1. 9 Dry eye disease immunopathogenesis

Tear hyperosmolarity is induced by desiccating stress, which results in the activation of mitogen-activated
protein kinase signaling pathways, thereby promoting the production of inflammatory cytokines such as
IL-18, TNF-a and IL-6. This pro-inflammatory environment drives the maturation of antigen-presenting
cells (APCs), which subsequently are trafficked via afferent lymphatic vessels to draining lymphoid tissue,
where they promote the differentiation of interferon-y-secreting T helper 1 (Th1) and interleukin-17-
secreting T helper 17 (Th17) cells from naive T cells. Following this, Thl and Th17 cells migrate via
efferent blood vessels to the ocular surface. Regulatory T cells antagonize the differentiation of Thl and
Th17 cells in the lymphoid tissue. On reaching the ocular surface, effector T cells promote the production
of proinflammatory cytokines, matrix metalloproteinases, chemokines, cell adhesion molecules, and
prolymphangiogenic factors that damage the corneal epithelium and promote the infiltration of additional
immune cells. Adapted from Stevenson et al. 2013

1.6.2.1. Inflammatory signals

Desiccating stress leads to a hyperosmolar environment at the ocular surface, which in
turn activates mitogen-activated protein kinases (MAPK), including c-Jun N-terminal
kinase and extracellular signal-related kinase.?*-21> MAPK signalling pathways
activate the master regulator nuclear factor k B (NFkB), which triggers a cascade of
downstream mediators and cellular signals including proinflammatory cytokines,

chemokines, and matrix metalloproteinases (MMPs).2%211 Indeed, the expression of
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MMP-1, MMP-3, MMP-9 and MMP-13 by corneal epithelial cells has been shown to be
increased following exposure to hyperosmolar stress.?'¢ Upregulated MMP-9
production by corneal epithelial cells has been shown to be associated with disruption
of the corneal epithelium.?'” Moreover, interrupting MMP-9 signalling in an
experimental model of DED with MMP-9 knockout mice has been shown to ameliorate
disease severity, implicating MMP-9 in the pathogenesis of desiccation-induced
corneal epitheliopathy.?'® MMP-9 is also known to be involved in the activation of IL-13
into its mature, biologically active form.?*®* MMPs are understood to increase DED
severity by promoting the degradation of corneal extracellular matrix and causing
epithelial cell loss.?11220.221 The rationale for treating DED with doxycycline, a

tetracycline antibiotic, is that doxycycline inhibits MMP activity.?21:222

1.6.2.2. Recruitment signals

The ensuing pro-inflammatory milieu at the ocular surface (including heightened
expression of the cytokines IL-13, TNF-a and IL-6) amplifies itself and promotes the
activation of immature, resident APCs, which subsequently egress from the cornea
and migrate to the draining lymphoid tissues.?!%?!! Indeed, in an experimental model of
DED, blockade of signalling via IL-1 receptor (IL-1R) using IL-1R knockout mice has
been shown to ameliorate disease severity and attenuate production of inflammatory

cytokines.???

Expression of chemokines and endothelial adhesion molecules facilitate the homing of
immune cells. Chemokines that are upregulated during ocular surface inflammation
include CCL3, CCL4, CCL5, CXCL8, CXCL9, CXCL10, CXCL11 and CX3CL1.%10.224-
221 CCL3 and CCL4 are expressed by macrophages and serve to recruit inflammatory
cells (including neutrophils) and promote the production of inflammatory cytokines.?!!
CCL5 (RANTES) is chemotactic for various leukocytes, and contributes toward NK cell

activation.??® CXCLS8 is a neutrophil chemoattractant, and is produced by cells with toll-
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like receptors including epithelial cells and macrophages. CXCL9, CXCL10 and
CXCL11 bind the chemokine receptor CXCR3 and function as T cell

chemoattractants.?!!

Expressed at the cell surface, cell adhesion molecules promote cell migration by
interacting with components of other cells and the extracellular matrix. Intracellular
adhesion molecule-1 (ICAM-1) is expressed by corneal and conjunctival epithelium in
DED, as well as by vascular endothelium.?? Inflammatory cells that express the ligand
for ICAM-1, integrin leukocyte functional antigen 1 (LFA-1), undergo rolling,
transmigration and activation following interaction of ICAM-1 and LFA-1.2%°
Experiments in which ICAM-1 was targeted with monoclonal antibodies have
established that ICAM-1 expression promotes inflammation in DED.2*! Vascular cell
adhesion molecule is expressed by vascular endothelial cells, and binds to very late
antigen 4. Topical blockade of very late antigen 4 has been shown to decrease DED
severity in an animal model, and has also been demonstrated to suppress the

molecular mediators of DED.232

1.6.2.3. Antigen-presenting cells in dry eye disease

The contribution of adaptive immunity to the sustained ocular surface inflammation
observed in DED has been demonstrated in multiple studies.?*3-2%¢ Further evidence is
derived from increased frequencies of CD4" T cells at the ocular surface in patients
with DED, as well as the fact that topical cyclosporine ameliorates clinical
disease.?®"2%® As discussed in Chapter 1, the generation of an adaptive immune
response depends on the processing of antigens by APCs, that are then presented to
naive T cells in the regional draining lymphoid tissue to trigger the differentiation and
clonal expansion of antigen-specific effector T cells. Yet unlike corneal transplantation,
where the antigens are known,”® it is not clear which antigens initiate the adaptive

immune response in DED. Nevertheless, studies employing mouse models of DED
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have demonstrated increased corneal infiltration of CD11b" cells following exposure to
desiccating stress, with increased expression of MHCII.2%-241 Notably, mice that are
depleted of ocular surface APCs and macrophages that are exposed to desiccating
stress exhibit reduced CD4* T cell infiltration relative to wild-type control animals.?4
These observations are consistent with in vivo confocal microscopy studies that
demonstrate increased frequencies of dendritic-like cells in the corneas of patients

with DED. 243244

1.6.2.4. Effector T cells in dry eye disease

T helper 17 (Th17) cells have emerged as the principal effector immune cells in
DED.234235245 Thijs s particularly notable given the key immunopathogenic role of
these cells in autoimmune conditions such as uveitis/scleritis,?*® inflammatory bowel
disease,?*’ rheumatoid arthritis>*® and multiple sclerosis.?*® Using an experimental
model of DED, Chauhan and colleagues have demonstrated that Th17 cells are
relatively resistant to suppression by Tregs in DED.?*® The investigators show that in
vivo blockade of IL-17 reduces disease severity, limits the expansion of Th17 cells and
restores Treg function.?*® The importance of Th17 cells in driving DED pathogenesis is
corroborated by work by De Paiva and colleagues, who also show that antibody
neutralization of IL-17 ameliorates DED.?® In this work, the investigators demonstrate
that desiccating stress increased expression of Thl7-associated genes (including IL-6,
IL-23, TGF-B1, TGF-B2, IL-23R, IL-17A) by ocular surface tissues using an
experimental mouse model. Furthermore, in conjunctival samples obtained from
human subjects with DED, increased gene expression of the Th-17 inducers 1L-23 and
IL-17A was observed.?® Of note, IL-17 promotes corneal lymphangiogenesis via
VEGFD/C-VEGFR3 signaling, thus upregulating the inflammatory response at the

ocular surface by facilitating the migration of immune cells.#3
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Work by Chen and colleagues has demonstrated an important role for IFNy in DED
pathogenesis.?*° Specifically, the authors showed that there is a significant population
of CD4*IL-17A*IFNy* (‘double-positive’ Th17/1) cells, that are derived from Th17
precursors. In contrast to adoptive transfer of Thl cells, adoptive transfer of double-
positive Th17/1 cells to naive mice induced similar corneal epitheliopathy as transfer of
Th17 cells alone. The investigators identified that IL-12 and IL-23 are necessary for
the in vivo transition of Th17 cells into double-positive Th17/1 cells.?° Furthermore,
the importance of IFNy expression by Th17/1 cells was demonstrated in experiments
using IFNy-deficient Th17 cells, the adoptive transfer of which resulted in less severe

disease as compared to double-positive Th17/1 cells.?°

Much of the experimental data on DED pathogenesis has been derived from models of
acute DED, in which mice are exposed to desiccating stress and/or treated with
antimuscarinic agents for a finite period (typically 2 weeks).?33:234.251.252 yet this
contrasts with clinical DED, which usually is encountered as a chronic condition.
Interestingly, when mice are exposed to desiccating stress for a period of 2 weeks and
then housed in a standard vivarium, a low-grade corneal epitheliopathy is evident by
corneal fluorescein staining for several months.?2 This chronic phase of the disease
was observed to be mediated primarily by Th17 immunity. Notably, a significant
population of memory Th17 cells (CD4*CD62L"CD44") was recovered from mice
during the chronic phase (Figure 1. 10), and these memory Th17 cells were shown in
adoptive transfer experiments to be more pathogenic (i.e. greater disease severity and

rate of disease progression) relative to effector Th17 cells.?3
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Figure 1. 10 Memory Th17 population in chronic dry eye disease

T cells derived from chronic DED mice demonstrate an amplified memory Th17 population. Draining
lymph nodes and spleens were harvested from naive, acute DED (14 days desiccating stress) and

chronic DED (14 days desiccating stress, followed by 112 days room air). Data shown are derived from

spleen, with similar results for lymph nodes (not shown). (a) Expression of CD62L and CD44, gated on
CD4* cells, is presented. Four populations of T cells are apparent: CD62L*CD44" naive T cells (Tn),
CD62L-CD44'"° effector T cells (Te), CD62L*CD44" central memory T cells, and CD62L-CD44" effector

memory T cells (Tm). The frequencies of each cell population are shown. (b) IFNy and IL-17 expression

on Tn sorted from normal, Te sorted from acute, and Twm sorted from chronic DED was evaluated.

Frequencies of IFNy* or IL-17* cells in each of these populations are shown. Data depicted are mean +/-

SEM. ** p < 0.01. From Chen et al. 2014

Memory Th17 cells have also been demonstrated to predispose toward severe DED
exacerbations.?®* Upon re-exposure to desiccating stress, mice that have previously
been challenged in the same environment exhibit an increase in corneal fluorescein
staining scores at least twice that of mice undergoing primary challenge.®*
Interestingly, similar findings have been observed in experimental autoimmune
encephalitis, with memory Th17 cells implicated in promoting earlier onset and

increased severity of clinical disease after rechallenge.?>®
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1.6.2.5. Regulatory T cells in dry eye disease

As discussed in Chapter 1, Foxp3* Tregs are critical modulators of immune
homeostasis. The importance of Tregs in suppressing autoimmunity is evidenced both
by the fatal human disorder of immunodysregulation polyendocrinopathy enteropathy
X-linked (IPEX) syndrome,*® as well as by murine models,?*® showing the effects of
FOXP3 mutations. Experimental studies employing desiccating stress have elucidated

the importance of Tregs in curbing the inflammatory response in DED.

Depletion of CD4*CD25"Foxp3* Tregs has been demonstrated to exacerbate corneal
epitheliopathy in mice subsequently exposed to a dry environment.?>” The tear
concentration of the proinflammatory cytokines IFNy, TNFa and IL-12 has been shown
to be increased in recipient mice following adoptive transfer of CD4* T effector cells
derived from mice exposed to desiccating stress.?%® However, this phenomenon was
abrogated when Tregs were co-transferred with CD4* effector T cells at a ratio of
1:1.%8 Interestingly, it has been shown that Tregs isolated from DED mice have
impaired suppressive function.?*® Indeed, although the frequencies of Tregs in naive
and DED mice are comparable, Tregs sourced from DED mice have been shown to be
less effective at suppressing T cell proliferation.?*® Notably, Tregs isolated from DED
mice are particularly inept at suppressing the proliferation of Th17 cells. Indeed, the
primary proliferating subset of primed T cells co-cultured with DED Tregs has been

shown to be Th17 cells.?*®

As described earlier in this chapter, ageing is a major risk factor for DED.?® It has
been suggested that Tregs may develop function-specific impairments with increased
age.?° For example, aged Tregs may exhibit reduced restraint of IL-17 immunity, yet
still be competent in modulating other inflammatory responses (e.g. against neoplastic

or infectious diseases).?® In a study employing NOD.B10.H2 mice (which
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spontaneously develop a dry eye phenotype), Coursey and colleagues demonstrate
that Treg frequencies increase in ageing despite increased severity of lacrimal gland
pathology.?%° However, the authors show that aged Tregs lose suppressive function
despite maintaining Foxp3 expression. Furthermore, a portion of Foxp3* Tregs were
observed to express IFNy and IL17, and these cells were shown to be highly
pathogenic in adoptive transfer experiments.?° These results suggest that, beyond
losing their functional competence, Foxp3* Tregs may in fact produce inflammatory

cytokines and contribute to the pathogenesis of age-related DED.
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1.7. Aims

Excessive inflammation of the cornea impairs visual function and is potentially
blinding. Much progress has been made in identifying features at the ocular surface
that foster its particularly tolerant immune microenvironment, yet there are gaps in our
current knowledge.* The aims of this thesis are concerned with investigating
immunoregulation at two specific phases of the adaptive immune response — antigen

recognition and generation of memory (as highlighted in Figure 1. 11).
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Figure 1. 11 Phases of the adaptive immune response

The adaptive immune response consists of distinct phases. The adaptive immune response is initiated
when antigens are ingested by immature antigen-presenting cells, which subsequently undergo
maturation. The mature antigen-presenting cells migrate to a regional lymph node, where they activate
lymphocytes. Effector lymphocytes eliminate antigen. During contraction, antigen-stimulated
lymphocytes undergo apoptosis, with the exception of subset of antigen-specific cells that form the
memory pool. The phases of the immune response that this thesis will focus on (antigen recognition
and memory) are highlighted.

In order to investigate immunoregulation at the antigen recognition phase of the
adaptive immune response, a well-established murine model of corneal transplantation
was used.164165168.261 njque among models of transplantation, this model allows the
continuous assessment of the alloimmune response (by evaluating graft opacity)
without requiring sacrifice of the host. In order to investigate the generation of the

memory pool, a well-established murine model of dry eye disease was
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employed.?9262-264 previous work has demonstrated that a sizeable pool of memory T
cells is formed following primary challenge using this model, and that this memory pool

predisposes to severe and accelerated disease upon subsequent rechallenge.?%3254

My aims were to utilize these two models to further characterize specific features of
the ocular inflammatory response during the antigen recognition and memory
generation phases of the adaptive immune response. Furthermore, | sought to
evaluate potential therapeutic strategies to decrease detrimental corneal inflammation
in these settings. Specifically:
- To characterize the effect of the purinergic receptor antagonist oxidized
adenosine triphosphate on corneal allograft survival
- To determine the role of MSC-derived hepatocyte growth factor in the
promotion of corneal allograft survival
- To determine the contribution of memory Th17 cells to the severe dry eye

disease observed in aged mice
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CHAPTER 2. Materials and methods
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2.1. Reagents

Laboratory supplies and powdered reagents were sourced from established suppliers.

2.2. General in vivo methods

2.2.1 Animals

Animals were housed in a secure, pathogen-free vivarium at the Schepens Eye
Research Institute Animal Facility, Massachusetts Eye & Ear, USA. Animals were
treated according to the guidelines detailed by the Association for Research in Vision
and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research. All animal procedures were reviewed and approved by the Schepens

Eye Research Institute Animal Care and Use Committee.

For corneal transplantation studies, six- to eight-week-old male C57BL/6 mice were
used as donors and similarly aged male BALB/c mice were used as hosts. For dry
eye disease studies, six- to eight-week-old (young) and twelve- to fourteen-month-old
(aged) female C57BL/6 mice were used. For corneal injury studies, six- to-eight-week-
old male C57BL/6 mice were used. All mice were purchased from Charles River

Laboratories (Wilmington, MA, USA).

2.2.2 Anaesthesia and analgesia

For in vivo procedures including corneal transplantation, corneal suture removal and
corneal injury, mice were anaesthetized by a single intraperitoneal injection of
ketamine hydrochloride (100mg/kg) combined with xylazine hydrochloride (20mg/kg).
In addition, topical proparacaine 0.5% ophthalmic solution was administered to the
ocular surface at 15-minute intervals until the end of the procedure. For analgesia,

buprenorphine hydrochloride (0.1mg/kg) was administered via subcutaneous injection

76



immediately following the procedure and was re-administered every 8-12 hours for 48

hours post-operatively.

2.3. Corneal transplantation

The mouse model of corneal transplantation employed in these studies is well-
established, and has been used by multiple groups for a number of
decades.128:157:265.266 | this model of ocular alloimmunity, approximately half of the
grafts undergo rejection in the first 4 weeks post-operatively, with the remaining half
surviving indefinitely. One major advantage of this model is that it permits continuous
assessment of the alloimmune response (by evaluating graft opacity) without requiring
host sacrifice. Other advantages include the relative lack of expense relative to larger
animals, the availability of a wide range of reagents and the availability of mice
deficient in specific genes. Disadvantages of the model include the fact that the
diagnosis of rejection is based on loss of graft clarity and is inherently subjective. The

surgical technique employed by our laboratory has been described previously.?¢’

2.3.1 Surgical technique: donor preparation

The donor mouse was euthanized using carbon
dioxide. A 2 mm diameter trephine (HealthLink,
Jacksonville, FL, USA) was used to mark the central

cornea (Figure 2. 1). A 30G needle was used to

tunnel into the anterior chamber through part of the Figure 2. 1 Donor corneal button
From Inomata et al. 2019

2mm diameter corneal marking. Through the tunnel,

ocular viscoelastic (Bausch & Lomb, Tampa, FL, USA) was injected into the anterior

chamber. Vannas scissors were used to cut along the 2mm diameter corneal marking,

resulting in the excision of a 2mm diameter donor corneal button. The corneal button

was transferred into sterile PBS in a culture dish.
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2.3.2 Recipient preparation

Recipient mouse was anaesthetized with ketamine (120 mg/kg) and xylazine (20
mg/kg) injected via intraperitoneal injection using a 25G needle. The anaesthetized
animal was laid in a lateral recumbent position, and whiskers and eye lashes were cut.
The ocular surface was washed with sterile PBS and cleaned using eye spears
(Beaver Visitec International, Waltham, MA, USA). Proparacaine eye drops (0.5%;
Bausch & Lomb, Tampa, FL, USA) were applied to the corneal surface. After 2
minutes, tropicamide eye drops (Bausch & Lomb, Tampa, FL, USA) were applied to
the corneal surface. When adequate pupillary dilation was achieved (approximately 2

minutes), excess eye drops were dried from the ocular surface using eye spears.

A 1.5 mm trephine (HealthLink, Jacksonville, FL, USA) was used to mark the central
cornea. Similar to the technique employed in harvesting the donor cornea button, a
30G needle was used to tunnel through the corneal marking into the anterior chamber,
the depth of which was maintained by the subsequent injection of ocular viscoelastic.

The 1.5 mm central disk of the host cornea was excised using Vannas scissors.

The 2 mm donor button is secured to the 1.5 mm
host bed using 8 interrupted 11-0 nylon sutures
(MANI, Tochigi, Japan). After placing the first 4
sutures at 12, 3, 6 and 9 o’clock, ocular viscoelastic

was injected into the anterior chamber to maintain its

structure. Once the donor cornea is secured by 8 Figure 2. 2 Recipient bed and graft
From Inomata et al. 2019

sutures (Figure 2. 2), the anterior chamber was washed with PBS to remove residual

ocular viscoelastic. Triple antibiotic eye ointment (bacitracin zinc, neomycin, polymyxin

B sulfate; Bausch & Lomb, Tampa, FL, USA) was applied to the operated eye.

Importantly, triple antibiotic eye ointment was also applied to the contralateral eye
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during the procedure to maintain a moist ocular surface. 8-0 nylon sutures (MANI,
Tochigi, Japan) were used to perform a tarsorrhaphy over the grafted eye, which was
removed at 24 hours post-operatively. Buprenorphine hydrochloride (0.1mg/kg) was
administered via subcutaneous injection immediately following the procedure and was
re-administered every 8-12 hours for 48 hours post-operatively. The 8 interrupted 11-0

nylon sutures were removed at day 7 post-transplantation.

2.3.3 Clinical assessment

Graft survival was assessed for 8 weeks following transplantation. Graft opacity was
determined on a weekly basis using a slit-lamp biomicroscope according to an
established scoring system (range 0-5+; [Table 2. 1]).128163.164.268.269 |mmune rejection
was defined as a score of more than 2 at two consecutive weekly examinations (i.e. a
degree of opacity that obscures iris details). Grafts with evidence of technical
difficulties (including infection, loss of the anterior chamber, infection) were excluded
from further analysis. In addition, to exclude grafts failing for reasons other than
immune rejection, grafts with scores of more than 2 at post-operative day 14 were

excluded from analysis.

Score | Clinical observation

Clear

Minimal superficial opacity, iris vessels visible
Minimal stromal opacity, iris vessels visible

Moderate stromal opacity, total pupil margin visible
Intense stromal opacity, portion of pupil margin visible

5 Maximal stromal opacity, anterior chamber not visible

Table 2. 1 Standardized scoring system for corneal graft opacification
From Sonoda and Streilein 1992.

AW N RO

2.3.4 Anticipated results
BALB/c mice transplanted orthotopically with fully allogeneic C57BL/6 corneas, as
described above, results in approximately 50% graft rejection, while the remainder of

grafts enjoy indefinite survival.'%?
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2.3.5 Surgical success rate
Before beginning any in vivo experiments employing allogeneic corneal
transplantation, | practiced my surgical technique with syngeneic transplantation (i.e.
BALB/c donors with BALB/c hosts). Since 100% grafts are expected to survive under
these conditions, | was able to practice until | had eliminated other causes of graft
failure. | reached 100% survival after 40 syngeneic grafts. Issues that | overcame
during these practice transplantations included:

- Instability of 11-0 needle in needle holder. | tried a number of different needle

holders and forceps before identifying a pair that provided adequate stability.

- Minimizing trauma to endothelium during transplantation. | tried both jewellers’
forceps and toothed microforceps to hold the donor button when passing the
needle through the tissue. | recognized that if the donor button was not
securely held on the first attempt, repositioning the forceps was causing
unnecessary trauma to the donor endothelium. Eventually | settled on

jewellers’ forceps, positioning the forceps parallel rather than perpendicular to

the proximal border of the donor button.

2.4. Corneal injury

In my corneal injury experiments, a handheld motor brush (AlgerBrush Il, Alger
Company, Lao Vista, TX, USA) was used to mechanically remove the corneal
epithelium and anterior stroma (Figure 2. 3). It is important to note that this differs from
epithelial debridement models, which use a similar mechanical burr to remove the

epithelium but leave the basement membrane intact.199:200.270.271
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Mice were anaesthetized with
Normal cornea

- -

ketamine (120 mg/kg) and xylazine Epithelium

(20 mg/kg) as described in Section Sioma

2.3. The ocular surface was washed \L

with sterile PBS and cleaned using

eye spears (Beaver Visitec

International, Waltham, MA, USA). g o

Proparacaine eye drops (0.5%; Figure 2. 3 Diagram showing mouse model of
’ corneal injury

Bausch & Lomb, Tampa, FL, USA) From Mittal et al. 2018.

were applied to the corneal surface. The central cornea was marked using a 2 mm

trephine (HealthLink, Jacksonville, FL, USA). Using the tip of a handheld motor brush
(AlgerBrush) the corneal epithelium and the anterior third of the corneal stroma were
removed. Upon completion of the procedure, triple antibiotic eye ointment (bacitracin
zinc, neomycin, polymyxin B sulfate; Bausch & Lomb, Tampa, FL, USA) was applied
to the operated eye. Buprenorphine hydrochloride (0.1mg/kg) was administered via

subcutaneous injection immediately following the procedure and was re-administered

every 8-12 hours for 48 hours post-operatively.

2.5. Dry eye disease

The mouse model of dry eye disease (DED) employed in this work is well-established,
with variations of the model being used by multiple groups around the world.257:272-274
Either a controlled-environment chamber (which permits the continuous regulation of
temperature, humidity and airflow) or an air blower are used to produce desiccating
environmental conditions. The exposure to dry conditions results in increased tear
evaporation and triggers an innate immune response, resulting in the activation of NF-
kB and MAPK signalling pathways in ocular surface immune and epithelial cells,

resulting in the secretion of pro-inflammatory cytokines, matrix metalloproteinases
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(MMPs) and chemokines.66:214.220,252.272.275 Thjs pro-inflammatory milieu drives the
maturation of antigen-presenting cells, which migrate via afferent lymphatics to the
draining lymph nodes, where they induce the differentiation of naive ThO cells into
effector Th17 and Th1 cells.?** Subsequently, effector Th17 and Th1l cells home to the
ocular surface via efferent blood vessels across a chemokine gradient.?!* At the ocular
surface, these cells produce proinflammatory cytokines, MMPs and cytokines that

amplify the infiltration of pathogenic immune cells.?!

It is important to emphasize that the infiltrating T cells observed in this model are
disease specific. Experiments have demonstrated that DED can be induced in T-cell-
deficient mice by the adoptive transfer of CD4" T cells isolated from the draining lymph
nodes of mice previously exposed to desiccating stress.?°32%7 |t is also important to
emphasize that this model represents antigen-driven disease. Depletion of ocular
surface APCs using the compound clodronate has been shown to protect mice against
ocular inflammation despite exposure to desiccation, and CD4* T cells derived from

clodronate-treated mice fail to induce inflammation in recipient T-cell-deficient mice.?#?

The desiccating stress murine model has been shown to recapitulate key features of
human DED,?’8 which are summarized below (

Table 2. 2).
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Disease marker/parameter Mouse model | Human
DED
Increased innate inflammatory mediators 66,214,220,252,272,275 | 217,271,278
(cytokines, MMPs, chemokines)
Increased ICAM1 expression on lacrimal gland 231,217 279
and conjunctiva
Increased epithelial apoptosis 280,281 282
Conjunctival goblet cell loss 283,284 285,286
Dendritic cell maturation 242,287 282,288
CDA4* T cell infiltration 233,284 231
Increased Th cytokines 235,262,284,289 286
Improved corneal barrier with corticosteroids 222 200-292
Improved conjunctival goblet cells with 293 294,295
cyclosporine

Table 2. 2 Comparison between desiccating stress murine model and human dry eye disease
From Stern and Pflugfelder 2017.

In addition to exposure to desiccating stress, it is important to note that some groups
also treat mice with anti-muscarinic agents (such as scopolamine).?°® However,
previous work from the Dana laboratory has established that exposure to desiccating
stress alone is effective in inducing DED.?®” Activation of muscarinic acetylcholine
receptors has been shown to upregulate intracellular calcium signalling and increase
c-fos mRNA expression,?®® induce IL-2 production,?® increase T-cell proliferation®®
and limit IFNy synthesis.*’! In order to negate these potential confounding

phenomena, | chose not administer scopolamine in the DED experiments | conducted.

2.5.1 The controlled environment chamber

A controlled environment has previously been designed and built for the Dana
laboratory, that permits the regulation of airflow, humidity and temperature.?’* The
chamber consists of a dry cabinet (Xdry XD1-702-02, Totech America Cooporation,
Las Vegas, NV, USA) with air supply lines. These air lines connect to a compressed
air source. Air flow is filtered through a membrane dryer (Drypoint M 10-47A, Beko

Technologies Corp, Atlanta, GA, USA). The controlled environment chamber allows
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regulation of relative humidity below 20%, a constant temperature of 21-23°C and an
airflow of 15L/min. The temperature and humidity in the controlled environment
chamber are continuously monitored by a probe, and the readings are documented on
circular charts by a temperature humidity recorder (Supco, Allenwood, NJ, USA). Dry
air is pumped directly into mouse cages (situated inside the cabinet) through four Imm
plastic tips placed in opposing walls of each cage by a linear pump (Gast
Manufacturing, Benton Harbor, Ml, USA). The airflow is monitored by a flowmeter.
During induction of dry eye disease, mice are exposed to these conditions for 24

hours/day.2%2262

2.5.2 Clinical assessment

Corneal fluorescein staining (CFS) was performed in order to evaluate corneal
epitheliopathy following exposure to desiccating stress. 1 pl of 1% fluorescein (Sigma-
Aldrich, St. Louis, MO) was administered to the lateral conjunctival sac using a
micropipette. After 3 minutes, the eyes were examined by slit-lamp biomicroscopy
under a cobalt blue light. The National Eye Institute (Bethesda, MD, USA) grading
system was used to evaluate punctate staining, with a score of 0-3 given to each of

the five areas of the cornea (i.e. total score: 3 minimum, 15 maximum) (Figure 2. 4). 3%2

Figure 2. 4 Representative corneal fluorescein staining of ocular surface

Minimal (A) and severe (B) corneal epitheliopathy in 8-week old mice housed in the controlled
environment chamber for 14 days
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2.5.3 Age of mice employed in ageing studies

Female C57BL/6 mice used in these experiments were acquired from Charles River
Laboratories. At time of initial exposure to desiccating stress, young mice were 6 to 8
weeks of age. Aged mice used in these studies were retired breeders, purchased at
approximately 8 months of age. Subsequently, these mice were housed in the
Schepens Eye Research Institute animal vivarium for an additional 4 to 6 months.
Thus, aged mice were 12-14 months old at the time of initial exposure to desiccating

stress.

2.6. Flow cytometry

Flow cytometry is a widely used technigue for the analysis of molecules expressed
both at the cell surface and cell interior. Flow cytometry permits measurement of the
intensity of fluorescence produced by fluorescent-labelled antibodies that bind to
proteins or other cell-associated molecules. Antibodies and matched isotype controls

were purchased from Biolegend, San Diego, CA, USA.

2.6.1 Preparation of single-cell suspensions

Corneas and conjunctivae were harvested using a 2mm trephine (to mark the cornea),
a 30G needle (to penetrate the anterior chamber), jewellers forceps and Vannas
scissors. Collagenase digestion was used to prepare single-cell suspensions from
harvested corneas and conjunctivae. Corneas and conjunctivae were digested in
RPMI media (Lonza, Walkersville, MD) containing 2mg/ml DNase | (Roche, Basel,
Switzerland) and 2 mg/ml collagenase type IV (Sigma-Aldrich, St. Louis, MO) for 60
minutes at 37 °C. Prior to digesting corneas, | made a series of incisions using Vannas
scissors from the periphery of the corneal button toward the centre, in order to

increase the surface area exposed to DNase | and collagenase. Following digestion,
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samples were filtered through a 70 pm cell strainer (Corning Falcon, Thermo Fisher

Scientific, Waltham, MA, USA).

Draining lymph nodes in the submandibular and cervical regions were harvested using
jewellers’ forceps. Thus, unilateral lymph nodes were collected for corneal
transplantation and injury studies, and bilateral lymph nodes were collected for dry eye

disease studies. Lymph nodes were passed through 70 um cell strainer.

2.6.2 Surface staining

Surface staining was performed by incubating isolated cells with monoclonal
antibodies or isotype matched controls for 30 minutes in the dark, on ice. Cells were
subsequently washed twice using phosphate-buffered saline (PBS). Following this,
stained cells were suspended in fluorescent activated cell sorting (FACS) buffer. A
LSR 1l flow cytometer (BD Biosciences, San Jose, CA) and Summit v4.3 software

(Beckman Coulter, Indianapolis, IN) were used to analyse the samples.

2.6.3 Intracellular staining

In order to evaluate the expression of IFNy in Thl cells and Foxp3 in CD4*CD25*
cells, intracellular staining was performed. For the intracellular quantitation of IFNy in
Th1 cells in draining lymph node samples, phorbol 12-myristate 13-acetate (PMA; 20
ng/ml; Sigma Aldrich, St Louis, MO, USA) and ionomycin (1 ug/mL; Sigma Aldrich)
were used to stimulate cells for 4 hours in the presence of Golgistop (0.1 pL/100uL
media; BD Biosciences, San Jose, CA, USA). Following surface staining, cells were
washed twice with PBS. Cells were subsequently resuspended in
Fixation/Permeabilization solution (eBioscience, Thermo Fisher Scientific, Waltham,
MA, USA) and incubated at 4°C for 60 minutes. After this, fixed and permeabilized
cells were washed with Perm/Wash Buffer (eBioscience) and stained with the

appropriate antibodies or matched isotype controls for 45 minutes on ice. As with
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surface stained samples, a LSR |l flow cytometer (BD Biosciences, San Jose, CA) and
Summit v4.3 software (Beckman Coulter, Indianapolis, IN) were used to analyse the

samples.

2.6.4 Gating strategies
Doublet discrimination was performed by gating simultaneously on FSCgea and
FSChreignt- Details of the specific antibodies and isotype controls used, as well as the

gating strategies for each population of cells, are provided in their respective chapters.

2.7. Real-time polymerase chain reaction

Total RNA was isolated using a commercially available kit (RNeasy Micro Kit; Qiagen,
Valencia, CA, USA). RNA was reverse transcribed into cDNA using reverse
transcriptase (Superscript lll; Invitrogen, Carsbad, CA, USA). Subsequently,
guantitative real-time PCR was conducted in a Mastercycler RealPlex2 (Eppendorf,
Hamburg, Germany) using preformulated Tagman-based probes for murine
hepatocyte growth factor (Hgf, Mm01135184 m1) and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh, Mm99999915 gl) with Tagman Universal PCR Mastermix

(Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Mesenchymal stem cell purification and expansion

C57BL/6 mice were euthanized, and bone marrow was harvested from their femurs.
Bone marrow cells were cultured in mouse mesenchymal stem cell (MSC) medium
(Stem Cell Technologies Inc, Vancouver, Canada) using the plastic adherence method
of MSC cultivation. Non-adherent cells were removed every 48 hours by changing the
medium. MSCs harvested at passage 2 were used in experiments. Prior to using
cultured MSCs in experiments, MSCs were characterized both phenotypically as

CD45CD34'SCAL1*CD29* and functionally by differentiation into adipocytes, as per the
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criteria set forth by the International Society for Cellular Therapy.190191199.303 please
note that the MSC purification and expansion experiments were performed primarily by

my colleague Sharad Mittal PhD at Schepens Eye Research Institute.%

2.9. siRNA transfection

MSCs (1.5 x 108 cells) were plated and incubated using a 75 cm? culture flask for 18-
24 hours. After reaching 60-70% confluency, the cells were washed and transfected
with 4.8 ug of Hgf-specific or non-specific control siRNA using transfection reagent in
siRNA transfection medium, according to the manufacturer’s protocol (Santa Cruz
Biotechnology, Dallas, TX, USA). After overnight incubation, the transfection medium
was replaced by standard MSC growth culture medium, and the culture continued for a
further 48 hours. The knockdown efficiency of siRNA after 3 and 7 days of transfection
was confirmed by real-time PCR using Hgf-specific primers. Please note that the
siRNA transfection was performed primarily by my colleague Sharad Mittal PhD at

Schepens Eye Research Institute.3%

2.10. Cell culture assays

Bone marrow-derived dendritic cells were generated by culturing bone marrow cells in
the presence of granulocyte-macrophage colony-stimulating factor (20 ng/ml) for 6
days. Cultures were observed to contain >8%% CD11c"9" cells. For dendritic cell-MSC
co-culture assays, dendritic cells were cultured either alone or on a monolayer of
MSCs, with or without IL-1f3 (100 ng/ml) for 24 hours. For the in vitro HGF
neutralization assays, co-cultures were treated with soluble HGF receptor at the doses
of 1 pyg/ml and 10 pg/ml. Please note that the cell culture assays were performed

primarily by my colleague Sharad Mittal PhD at Schepens Eye Research Institute.®%*
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2.11. Enzyme-linked immunosorbent assay

Commercially-available murine enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems; Abcam, Cambridge, MA, USA) were used to analyse protein levels of

HGF in MSC culture supernatants as per the manufacturer’s instructions.

2.12. Magnetic cell sorting

CD4*CD25" regulatory T cells and CD4*CD25 responder cells were sorted by
magnetic separation using Treg isolation kits (Miltenyi Biotec, Bergisch-Gladbach,
Germany) as per the manufacturer’s instructions. The purity of isolated Tregs was
confirmed as >90% by flow cytometry. APCs were obtained by depleting CD90.2* T

cells from splenocytes using a CD90.2 isolation kit (Mlltenyi Biotec).

2.13. Statistical analysis

Unpaired two-tailed Student’s t-tests were used in all analysis except for the results
depicted in 5.3 and 5.9, in which Mann-Whitney U tests were used. Significance level
was set at p < 0.05. Corneal transplantation survival curves were constructed using
Kaplan-Meier analysis, and the log-rank test was used to compare corneal graft
survival between groups. Data are presented as mean + standard error of the mean.
Samples sizes were based on previous experimental studies of corneal

transplantation, dry eye disease and corneal injury.’8:128.164.199,250,252,253,271
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CHAPTER 3. Corneal transplantation: the effect of the
purinergic receptor antagonist oxidized adenosine

triphosphate on immune-mediated allograft rejection
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3.1. Introduction

3.1.1. Purinergic system and the immune response

In proposing his pattern recognition theory in 1989, Charles Janeway predicted that
the innate immune system controlled activation of the adaptive immune response.3%
Janeway suggested that germline-encoded pattern recognition receptors (PRRs) on
innate cells might identify nonself pathogen-associated molecular patterns (PAMPSs).3%
This idea is at the core of the three signal paradigm of innate control of adaptive
immunity.% The first signal is presentation of antigen by innate cells, with subsequent
T cell receptor activation and clonal expansion of antigen-specific T cells. The second
signal is provided via costimulatory molecules on APCs, the expression of which is
upregulated on APCs when antigen is associated with a PAMP. Finally, activation of
PRRs results in the release of innate cytokines, with this cytokine milieu promoting the
differentiation of T cells into antigen-specific protective subsets. Although this model of
innate control of the adaptive immune response has provided powerful mechanistic
insights, there is mounting evidence that the three signal paradigm is a vast
oversimplification of innate control of adaptive immunity.3°® Indeed, there is evidence
that purinergic signalling may modulate the adaptive immune response in multiple

ways.307

3.1.1.1 Temporal phases of purinergic signalling following tissue injury
Following tissue injury, purinergic signalling can be understood as occurring in three
temporal phases (Figure 3. 1).3%7 In the first (acute) phase, adenosine triphosphate
(ATP) is released into the extracellular space either passively by necrotic cells
following cellular damage, or actively by apoptotic cells and activated immune cells.3®
Accumulating to high levels, extracellular ATP has excitatory and chemotactic effects
on immune cells. Extracellular ATP binds to excitatory receptors including inotropic

P2XR and metabotropic P2YR subtypes, and serves to promote inflammasome
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activation in dendritic cells and macrophages and amplify T cell signalling.3*® Over the
ensuing hours to days, ATP is converted to adenosine diphosphate (ADP) and
adenosine monophosphate (AMP) by ectonucleotidase enzymes including CD39.3%7
AMP is subsequently converted to adenosine by CD73. During the second (subacute)
phase, the decrease in the extracellular ratio of ATP:adenosine results in increased
activation of adenosine receptors (including A2A and A2B receptors) which have an
anti-inflammatory effect.>*” Adenosine signalling is halted when adenosine is
converted into inosine by adenosine deaminase.3® The third (chronic phase) of
purinergic signalling occurs in the days to weeks following tissue injury, corresponds to
a low extracellular ratio of ATP:adenosine, and is associated with wound healing

processes and tissue remodelling.3%

Figure redacted for copyright reasons

Figure 3. 1 Three phases of purinergic signaling following tissue injury

Tissue injury results in the release of high levels of adenosine triphosphate into the extracellular
environment. ATP is subsequently dephosphorylated to adenosine diphosphate, adenosine
monophosphate and adenosine by ectonucleotidase enzymes including CD39 and CD73. The
various effects of the decreasing ATP:adenosine ratio can be understood as occurring in three
temporal phases, as shown. From Cekic and Linden 2016

3.1.1.2 Expression of purinergic receptors by immune cells
ATP and uridine-5’-triphosphate (UTP), as well other nucleotides, are released via

pannexins, connexins, maxichannels and P2X7R pores during apoptosis or cellular
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stress.?1%%1! These nucleotides function to activate platelets, attract phagocytes and
promote local vasodilation.*” Although the expression of purinergic receptors by
immune cells has not yet been fully deciphered, there is evidence that the majority of

immune cells express a combination of P2X and P2Y receptors (Table 3. 1).307:3%°

Table redacted for copyright reasons

Table 3. 1 Expression of purinergic receptors by immune cells

nd: not determined. Adapted from Junger 2014

The effect of binding of ATP and other nucleotides to P2 purinergic receptors is
predominantly excitatory. Inotropic P2X receptors bind ATP and permit the intracellular
passage of Na*, K" and Ca?*. It is noteworthy that P2X7Rs have a relatively low affinity
for ATP, and thus are activated only in highly inflamed environments.3°” Furthermore,

P2X7R has been implicated in T cell activation and function,3!23!* and inhibition of
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P2X7R has been shown to promote redirection of the immune response from a pro-
inflammatory Th1/Th17 response to more tolerogenic condition.3*° G-coupled
metabotropic P2YRs also promote immune cell activation by permitting calcium

mobilization and limiting the accumulation of anti-inflammatory cyclic AMP.3%7

In contrast to the P2 purinergic receptors, adenosine signalling generally has anti-
inflammatory effects on immune cells. Indeed, deficiency of A2a adenosine receptors
has been shown to render mice susceptible to excessive inflammation and tissue
damage in response to innocuous stimuli.®** There are four subtypes of adenosine
receptor (Table 3. 1), and of these, the expression of A2a and A2b receptors (G
protein-coupled) is increased following immune cell activation. In response to
adenosine ligation, these receptors serve to limit inflammation, with increased

generation of cyclic AMP and activation of protein kinase A.37

3.1.2. Purinergic regulation of the alloimmune response

As our understanding of the expression of purinergic receptors and their
immunomodulatory activities has developed, studies have been conducted
investigating how the purinergic system influences the alloimmune response. In
particular, three studies have been published by the Fiorina group have investigated
the effect of the purinergic receptor inhibitor oxidized ATP (0ATP) in heart®!®, lung®®

and islet®!’ transplantation.

In their cardiac transplantation studies, Vergani and colleagues report that expression
of P2X7R is specifically increased in graft-infiltrating lymphocytes in humans and
mice.3!® The authors demonstrate 80% survival of fully-mismatched murine allografts
following treatment with an ATP antagonist, oxidized ATP. The investigators also
report decreased T cell activation and Th1/Th17 differentiation. The effect of oATP on

APC frequencies and function was not assessed. No difference was observed in Treg
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frequencies between groups at day 7 post-transplantation, which approximates the
time at which all untreated grafts had been rejected but did observe increased Treg
frequencies at day 100 post-transplantation. Interestingly, frequencies of Tregs in

P2X7R-deficient mice were significantly increased relative to wild-type controls.3!®

Using a murine model of lung transplantation, Liu and colleagues treated graft
recipients with oATP after the onset of transplant rejection to evaluate its capacity to
rescue lung grafts.®!® The investigators found that oATP prolonged allograft survival,
with decreased frequencies of infiltrating inflammatory cells and improved lung
function. The authors observed reduced frequencies of CD4* T cells in oATP-treated
grafts. In contrast with the Vergani cardiac study®!®, a transient short-term increase in
Treg frequencies both in the lungs and spleen was observed (i.e. at day 15 post-
transplantation), with no difference demonstrated at two later timepoints.3'¢ The effect
of 0ATP on antigen-presenting cells was not evaluated. In another study, Vergani and
colleagues confirmed that in 0ATP reduced frequencies of Th1/Th17 cells and
promotes allograft survival in a murine model of islet transplantation.®!” Notably, the
authors did not observe a difference in peripheral frequencies of either

CD44nehCD62'°" CD4* effector T cells or Tregs at 14 days post-transplantation.3t”

3.1.3. Research questions
Taken together, the studies described in Section 3.1.2 provide strong evidence that
antagonizing purinergic receptors with oATP effectively reduces the severity of the

alloimmune response and prolongs graft survival. Yet several unanswered guestions

remain:
- Firstly, what is the effect of oATP on APCs in the setting of alloimmunity?
Relatedly, does oATP modulate effector T cell function directly, or via APCs?
- Secondly, what is the effect of oATP on Treg frequencies and function in

allotransplantation? Although the studies from the Fiorina group have
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evaluated Treg frequencies, there is a lack of consistency between the
reports.315-317 Moreover, outside of the transplantation literature, there is
evidence of oATP mediating its therapeutic effects through the expansion and
augmented function of Tregs.31831°

- Finally, no previous studies employing oATP in corneal transplantation have
been reported, and the effect of oATP on the alloimmune response in this

uniquely immunologically quiescent environment is not known.

To address these gaps in our current knowledge, | performed a series of experiments.
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3.2. The effect of purinergic blockade on corneal infiltration of

leukocytes and antigen-presenting cell maturation

3.2.1. Research question
What is the effect of inhibiting purinergic signalling with oxidized ATP on corneal

infiltration of CD45* leukocytes and APC maturation?

3.2.2. Experimental design

The mouse model of corneal transplantation was used in this experiment, as described
in Chapter 2. Immediately following transplantation, the first dose of 250 ug oATP
(Sigma Aldrich, St. Louis, MO) diluted 100 pl sterile saline was administered via
intraperitoneal injection. Animals received one injection daily for a total of fourteen
days, as depicted (Figure 3. 2). The duration of oATP treatment was based on
previous studies of this agent in studies of heart, lung and islet transplantation.31>-317

Control animals received daily intraperitoneal injections of 100 pl sterile saline.

Corneal transplantation Tissues harvested

S~ | | | | | | | | | | | | ]
C57BL/6 donor
BALB/c host

0ATP 250ug once daily via intraperitoneal injection

Figure 3. 2 Experiment schematic

Tissues were harvested at day 14 following transplantation, and single cell
suspensions were prepared, as described in Chapter 2. Day 14 is a standard time
point for immune analysis of tissues following corneal transplantation, as it provides
adequate time for allosensitization and the trafficking of immune cells from draining
lymph nodes to corneal tissue, and occurs prior to the onset of higher rejection rates at

week 3.155:261.320 The kinetics of this phenomenon may be related to the kinetics of
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corneal angiogenesis and lymphangiogenesis following suture placement, which has

been shown to peak at day 14.3%

Flow cytometric analyses were used in this experiment, as described in Chapter 2.
Fluorescently-conjugated antibodies against CD45, CD11b and MHCII as well as their

matched isotype controls were used in this experiment.

3.2.3. Results

Flow cytometric data demonstrated an increase in the infiltration of CD45*
inflammatory cells into the cornea in saline-treated animals, an effect that was
substantially decreased in the 0ATP-treated group (Figure 3. 3). A similar pattern was
observed when the frequencies of MHCII*CD11b* mature APCs were examined in the
cornea, with an almost 3-fold reduction in mature APCs observed in oATP-treated
mice compared to saline-treated control mice (Figure 3. 4). The frequencies of
MHCII*CD11b* mature APCs were also examined in the draining lymph nodes, where
a comparable fold decrease in the frequencies of mature APCs was evident following
treatment with oATP (Figure 3. 5). Having observed this decrease in frequencies of
mature APCs in both the cornea and draining lymph nodes following treatment with
0ATP, | next sought to investigate whether administration of oATP suppressed the

generation of effector T cells.
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Figure 3. 3 Frequencies of CD45* cells in the cornea

Representative flow cytometry dot plots showing the gating strategy for (upper), and frequencies of
(lower left), CD45* inflammatory cells in the corneas of oATP-treated mice, compared to saline-treated
and naive mice. Tissues were collected at 14 days post-transplantation. 2-3 corneas were pooled per
sample. n=5-7/group. Bar chart (right) shows fold change data pooled from multiple experiments. Data
are depicted as mean +/- SEM. *p<0.05; **p<0.01.
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Figure 3. 4 Frequencies of CD11b*MHCII* cells in the cornea

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of
CD11b*MHCII* cells in the cornea at 14 days post-transplantation. Data shown are gated on
CD45" cells. 2-3 corneas were pooled per sample. n=5-7 per group. Data are depicted as mean
+/- SEM. **p<0.01.
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Figure 3. 5 Frequencies of CD11b*MHCII* cells in the draining lymph nodes

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of
CD11b*MHCII* cells in the draining lymph nodes of naive, saline-treated and oATP-treated corneal
transplant recipients at 14 days post-transplantation. n=5-7 per group. Data are depicted as mean +/-
SEM. *p<0.05; **p<0.01.
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3.3. The effect of purinergic blockade on effector T cell generation

3.3.1. Research question
What is the effect of inhibiting purinergic signalling with oxidized ATP on Thl

frequencies in the draining lymph nodes and the corneal infiltration of CD4" T cells?

3.3.2. Experimental design

The mouse model of corneal transplantation was used, as described in Chapter 2.
OATP was administered as detailed in Section 3.2.2. Tissues were harvested and flow
cytometry was performed as described in Section 3.2.2. Fluorescently-conjugated
antibodies against CD4 and IFNy, as well as their matched isotype controls were used

in this experiment.

3.3.3. Results

As part of the alloimmune response, the inflammatory milieu at the cornea promotes
the expression of MHCII and co-stimulatory molecules such as CD80 and CD86 by
APCs."” Following maturation, these APCs migrate via lymphatic vessels to the
draining lymph nodes, where they present alloantigens and prime naive T cells, driving
the expansion and differentiation of CD4*IFNy* Th1 cells.”® Here, | investigated
whether the reduced frequencies of mature APCs observed in the draining lymph
nodes of mice treated with oATP was associated with reduced frequencies of Thl
cells. As anticipated based on previous publications,'%%322 | observed a substantial
increase in frequencies of CD4*IFNy* Th1 cells in saline-treated mice following
transplantation, relative to naive mice (Figure 3. 6). This expansion of Th1l cells was
abrogated in the oATP-treated mice. | also evaluated corneal infiltration of CD4* T
cells, with these data exhibiting a similar pattern of increased frequencies in the saline-
treated recipients relative to naive mice, and a significant reduction in CD4" T cell

infiltration in the 0ATP-treated hosts compared to saline-treated hosts (Figure 3. 7).
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Having observed that administration of oATP suppressed the generation of Th1l cells
in lymphoid tissues, and also limited the infiltration of CD4* cells into donor corneal
tissue, | next sought to establish whether treatment with oATP also modulated the

regulatory arm of the immune response.
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Figure 3. 6 Frequencies of CD4*IFNy* Th1 cells in the draining lymph nodes

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of CD4*IFNy*
cells in the draining lymph nodes of naive, saline-treated and oATP-treated corneal transplant recipients
at 14 days post-transplantation. n=5-7 per group. Data are depicted as mean +/- SEM. *p<0.05.
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Figure 3. 7 Frequencies of graft-infiltrating CD4* cells

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of CD4*
cells in the corneas of naive, saline-treated and oATP-treated corneal transplant recipients at 14 days
post-transplantation. 2-3 corneas were pooled per sample. n=5-7 per group. Data are depicted as
mean +/- SEM. **p<0.01.
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3.4. The effect of purinergic blockade on regulatory T cell

generation

3.4.1. Research question
What is the effect of inhibiting purinergic signalling with oxidized ATP on Treg

frequencies in the draining lymph nodes and cornea?

3.4.2. Experimental design

The mouse model of corneal transplantation was used, as described in Chapter 2.
OATP was administered as detailed in Section 3.2.2. Tissues were harvested and flow
cytometry was performed as described in Section 3.2.2. Fluorescently-conjugated
antibodies against CD4 and Foxp3, as well as their matched isotype controls were

used in this experiment.

3.4.3. Results

Analysis of the frequencies of CD4"Foxp3™ cells in the draining lymph nodes of naive
mice, saline-treated allograft hosts and oATP-treated allograft hosts did not reveal
significant differences between groups (Figure 3. 8). Furthermore, no difference in the
expression of Foxp3 in saline- vs. 0ATP-treated hosts was observed (mean
fluorescence intensity equal to 43 and 40 respectively; p = 0.055). Similar findings
were observed in corneal single cell suspensions (Figure 3. 9), with no significant
differences in the frequencies of CD4*Foxp3* cells or Foxp3 expression between
saline- and oATP-treated groups (Foxp3 mean fluorescence intensity equal to 28 and

27 respectively; p = 0.785).

102



. Z 2,
4 Isotype Saline 0ATP o
c
15.5% > 15 —_
MFI = 43 -
I5e) 8=
a + 210
8 -
(' F e 3
G %) £ -
> é 0 T
CD4 & ¢ Q
& & &

Figure 3. 8 Frequencies of CD4*Foxp3* Tregs in the draining lymph nodes

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of
CD4*Foxp3* cells in the draining lymph nodes of naive, saline-treated and oATP-treated corneal
transplant recipients at 14 days post-transplantation. n=5-7 per group. Data are depicted as mean +/-
SEM.

©
Gated on CD4* cells g a0
[*]
4 Isotype Naive Saline 0ATP el
0
oz
o 30.3% 305% | S& 20
S Q Q MFI = 28 ’MFI =27 ‘3
N : @ x E 10-
2 'j‘ 53
: : P £
8 -
o & Q
» ’b\‘(\ ov‘.\

CD4

Figure 3. 9 Frequencies of corneal CD4*Foxp3* Tregs

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of
CD4*Foxp3* cells in the corneas of naive, saline-treated and oATP-treated corneal transplant
recipients at 14 days post-transplantation. Data shown is gated on CD4* cells. 2-3 corneas were
pooled per sample. n=5-7 per group. Data are depicted as mean +/- SEM.
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3.5. The effect of purinergic blockade on regulatory T cell

suppressive function

3.5.1. Research question

Having observed that oATP administration did not significantly modulate Treg
frequencies either locally at the cornea, or in the lymphoid tissue, | next asked the
guestion: what is the effect of inhibiting purinergic signalling with oxidized ATP on the

capacity of Tregs to suppress CD4*CD25" T cell proliferation?

3.5.2. Experimental design

CD4*CD25" Tregs were isolated from the spleens and lymph nodes of BALB/c mice
using magnetic sorting kits (Miltenyi Biotec), as described in Chapter 2. The naive T
cells (1x10°) were labelled with carboxyfluorescein succinimidyl ester (CFSE) (5 uM;
Invitrogen) and co-cultured with oATP (500 pM; Sigma Aldrich)-treated CD4*CD25*

Tregs (5x10%), T cell-depleted syngeneic splenocytes (1x10°%) and 1 yg/ml anti-CD3

antibody for 3 days in the presence of exogenous ATP (100nM; Tocris). T cells

cultured alone served as controls.

3.5.3. Results

In vitro functional assays of Treg suppression of T cell proliferation were performed to
assess the capacity of oOATP-treated vs. untreated Tregs to suppress T cell
proliferation. oATP-treatment of Tregs did not result in a substantial reduction in T cell

proliferation as compared to untreated Tregs (Figure 3. 10).
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Figure 3. 10 oATP treatment does not substantially modulate Treg suppressive function

Representative histograms (left) and bar chart (right) show comparable dilution of CFSE in proliferating T
cells cultured with oATP-treated or PBS-treated Tregs. Data are depicted as mean +/- SEM. 104



3.6. The direct effect of oxidized ATP on T cells and antigen

presenting cells

3.6.1. Research question

Having determined that administration of oATP limited frequencies of mature APCs
both at the cornea and draining lymph nodes, as well as frequencies of graft-attacking
Th1 cells, | next sought to establish whether in addition to indirect suppression via
APCs, oATP also modulated Thl frequencies directly. Specifically, | sought to
determine the direct effect of 0OATP on T cells and APCs using mixed lymphocyte

reactions.

3.6.2. Experimental design

T cells (CD90.2%) from BALB/c mice and APCs (CD90.2°) from C57BL/6 mice were
purified from spleens and lymph nodes by magnetic sorting, as described in Chapter 2.
Isolated T cells were labelled with CFSE. Subsequently, oATP-treated or PBS-treated
T cells were co-cultured with oATP-treated or PBS-treated APCs in the media

containing exogenous ATP for 5 days.

3.6.3. Results

In vitro assays were conducted to evaluate the direct effects of oATP on T cells and on
the maturation of APCs (Figure 3. 11). These data show that, in addition to its APC-
mediated immunoregulatory activity, OATP has a direct effect on alloreactive T cells.
Notably, treatment of T cells with oATP resulted in a 49% reduction in dilution of
CFSE-labeled cells, compared with a 95% reduction when APCs were treated with
OATP. These data demonstrate a direct effect of oATP on T cell function, but also
indicate that modulation of APCs is the dominant of these two phenomena. Indeed,
when APCs were treated with oATP, the levels of dilution of CFSE-labeled cells were

similar regardless of whether or not T cells were treated with oATP.
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Figure 3. 11 oATP suppresses antigen-presenting cells and T cells in mixed lymphocyte reactions

Histograms (top and left) and bar chart (bottom right) depicting the proliferation of CFSE-labeled T cells
in mixed lymphocyte reaction cultures following indicated treatments. Data are depicted as mean +/-

SEM. *p<0.05.
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3.7. The effect of purinergic blockade on corneal allograft opacity

and survival

3.7.1. Research question

Having evaluated the effects of oxidized ATP on the effector and regulatory arms of
the alloimmune response, | next asked the question, what is the effect of blocking
purinergic signalling with oxidized ATP on graft opacity and corneal transplant

survival?

3.7.2. Experimental design

The mouse model of corneal transplantation was used, as described in Chapter 2.
O0ATP was administered as detailed in Section 3.2.2. Graft opacity was assessed by
slit lamp microscopy as described in Chapter 2. Graft opacity was evaluated weekly for

eight weeks (as shown in Error! Reference source not found.).

Weekly examination of corneal graft opacity by slit lamp

o] | | | | [ |
0 7 14 21 28 35 42 49 56 Days after transplantation

C57BL/6 donor
BALB/c host OATP treatment

Corneal transplantation | | Tissues harvested

Figure 3. 12 Experiment schematic

3.7.3. Results

From postoperative week 4 onwards, the oATP-treated allograft recipients
demonstrated significantly lower graft opacity scores relative to the saline-treated
allograft recipients (). Similarly, significantly enhanced graft survival was observed in

the oATP-treated hosts compared to the saline-treated hosts ().
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Figure 3. 13 Graft opacity scores

Graft opacity was in the respective groups was assessed by slit-lamp biomicroscopy on a weekly basis
accordingly to an established scoring system. n=8 per group. Data are depicted as mean +/- SEM. *p<0.05.
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Figure 3. 14 Kaplan-Meier survival curve

Logrank test demonstrates significantly enhanced survival in the oATP-treated recipients relative to saline-
treated recipients (p = 0.032). n=8 per group. Data are depicted as mean +/- SEM. *p<0.05.
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3.8. Discussion

The activation of purinergic P2X and P2Y receptors by extracellular ATP augments the
inflammatory response.®%73%° |n these experiments, the immunomodulatory capacity of
0ATP, an irreversible antagonist of ATP, has been investigated in the setting of
corneal allotransplantation. The data resulting from these experiments indicate that
following corneal grafting, treatment with oOATP suppresses corneal infiltration of
leucocytes and limits APC maturation, reduces frequencies of Thl cells in the draining
lymph nodes, decreases graft infiltration by CD4* T cells and does not significantly
increase either Treg frequency or function. These data also demonstrate that oATP

increases corneal allograft survival.

In previous studies investigating the effect of oATP on allograft survival (in heart3,
lung®!® and islet3!” transplantation), oATP-mediated suppression of APC maturation
has not been reported. Yet APCs are known to express certain purinergic receptors,
including P2X7R, that promote the expression of MHCII and other co-stimulatory
molecules upon activation.*” Our data clearly indicate that inhibition of purinergic
signalling with oATP leads to reduced frequencies of mature APCs both at the cornea
and draining lymph nodes. By suppressing the maturation of APCs in corneal
transplantation, oATP limits the differentiation and clonal expansion of graft-attacking

Th1l cells.

The presented flow cytometric data indicate that oATP abrogates the increased
frequencies of CD4*IFNy* Th1l cells observed in the draining lymph nodes of saline-
treated mice at 14 days post-transplantation. Moreover, the corneal infiltration of CD4*
T cells is similarly reduced by treatment with oATP. These data are consistent with
findings from other groups demonstrating that oATP limits the Th1 alloimmune
response.3*-3!7 Indeed, in a mouse model of heart transplantation, Vergani and

colleagues report that oATP administration promoted allograft survival, and observed
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decreased frequencies of IFNy-producing cells in spleens from oATP-treated animals
relative to untreated controls.3'® Intriguingly, this difference was preserved at 100 days
post-transplantation.®®> The same group has reported similar observations using a
mouse model of islet transplantation.®'” Another interesting point to note that is related
to these studies is that short-term systemic administration of oATP was shown to
increase long-term graft survival.®>-317 This is similar to the graft survival experiments
that | conducted, in which a two-week treatment regimen was effective in promoting
graft survival at 8 weeks post-transplantation. Collectively, these observations suggest
that by modulating the acute phase of the alloimmune response, oATP has long-
lasting effects on transplant survival. It is noteworthy that in other studies employing
our murine model of corneal transplantation, early interventions to suppress
alloimmunity (i.e. treatments limited to the first 14 days post-transplantation) have also
been shown to be effective in promoting long-term graft survival.154168:32% This is similar
to findings in other experimental models of transplantation.®?4-32¢ Indeed, the short-
term use of immunosuppressives following grafting (i.e. induction therapy) is common

in clinical practice, particularly in renal transplantation.3?":32

Tregs play an essential role in suppressing the alloimmune response in corneal
transplantation.*>1%® Studies outside of the transplantation literature have suggested
that antagonizing purinergic signalling (in particular the P2X7 receptor) expands Treg
populations and upregulates function.3!831° However, | observed no significant
difference in CD4*Foxp3* Treg frequencies at the draining lymph nodes or at the
cornea in oATP-treated vs. saline-treated hosts. Levels of Foxp3 in Tregs have been
shown to be indicative of their functional status in transplantation.'® Yet | did not
observe a significant difference in Foxp3 expression (mean fluorescence intensity)
between oATP-treated and saline-treated recipients. Finally, when the suppressive
function of Tregs was assessed in vitro using CFSE-labelling, both untreated Tregs

and oATP-treated Tregs reduced T cell proliferation to a similar degree.
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There are important limitations to the work presented in this chapter. Firstly, a
comprehensive survey of cellular and molecular mediators of inflammation modulated
by oATP was not conducted. It is plausible that the prolonged transplant survival
observed in the oATP treatment group is due oATP-mediated suppression of other
immune cells. Yet previous work has established that in the mouse model of corneal
transplantation used in these experiments, the activation of CD11b*MHCII* cells and
the ensuing corneal infiltration of CD4* effector T cells plays a primary role in driving
immune rejection.97:99.134.137.162,268,322.329 A second limitation is that kinetic analysis of
immune cell frequencies were not conducted, and may have captured additional
immunoregulatory effects of oATP. However, previous work has established that day
14 post-transplantation is a particularly informative time point to evaluate the
alloimmune response in this model, prior to the onset of higher rates of graft

rejection, 162330

In summary, the data presented in this chapter indicate that treatment with ocATP
significantly decreases corneal graft opacity and increases graft survival, relative to
saline-treated transplant recipients. Indeed, the data demonstrate that oATP
suppresses the effector arm of the alloimmune response, with evidence of decreased
APC maturation and corneal infiltration of inflammatory cells in oATP-treated mice.
These findings suggest that targeting purinergic signalling may be a feasible

therapeutic strategy to reduce immune rejection of allografts.
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CHAPTER 4. Corneal transplantation: the effect of the
mesenchymal stem cell-derived hepatocyte growth

factor on corneal alloimmunity
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4.1. Introduction

In Chapter 3, | investigated how blockade of purinergic signalling using oxidized ATP
regulates the antigen recognition phase of the adaptive immune response using a
murine model of corneal transplantation. In the experiments described in this chapter, |
continued to employ this model to study how this critical phase of the alloimmune
response can be regulated. Specifically, | investigated the capacity of mesenchymal
stem cell (MSC)-derived hepatocyte growth factor (HGF) to suppress the alloimmune
response following corneal transplantation and promote corneal graft survival. An
introduction to the contact-dependent and soluble factor-mediated immunomodulatory
properties of MSCs, as well as their capacity to home to sites of inflammation, is

provided in Chapter 1.

MSC-derived HGF has been shown to suppress inflammation and promote epithelial
repair following corneal injury has been evaluated in a study conducted by Omoto and
colleagues.?® In vitro, HGF was observed to inhibit the activation of CD11b* immune
cells and reduce their expression of the inflammatory cytokines IL-18 and TNF-a. In
vivo, topical application of HGF following injury promoted epithelial cell proliferation, as
determined by quantification of Ki-67* cells analysed by immunohistochemistry and
MRNA expression of p63.2°° Furthermore, topical administration of HGF suppressed
inflammation following cornea injury, with reduced CD45" cells detected in the cornea
by immunohistochemistry and decreased mRNA expression of IL-18 and TNF-a as

compared to albumin-treated controls.?°

4.1.4. Research questions

To date, the studies described in the introductory Section 1.5 provide evidence for the
immunomodulatory and anti-fibrotic functions of HGF following corneal injury.%2% Yet
the capacity of HGF to limit the alloimmune response following corneal transplantation,

and promote corneal graft survival, is not known. Furthermore, although it has been
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shown that systemic administration of corneal MSCs prolongs corneal allograft
survival,190192-1% the immunomodulatory mechanisms of MSCs have not been clearly
delineated. This chapter describes a series of experiments that were performed to
answer the following questions:

- Is the capacity of MSCs to promote corneal transplant survival dependent on
their expression of HGF?

- What is the effect of topical application of HGF on the induction of alloimmunity
in graft recipients? Specifically, what is the effect of HGF on APC maturation
and the generation of Thl cells in the setting of corneal transplantation? Does
treatment with HGF limit immune cell infiltration of the grafts?

- Is HGF alone (independently of MSCs) effective in promoting graft survival?
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4.2 The effect of mesenchymal stem cell-derived hepatocyte growth

factor on the maturation of antigen presenting cells

4.2.1 Research gquestion

What is the in vitro effect of MSC-derived HGF on APC maturation?

4.2.2 Experimental design

MSCs were purified from bone marrow and expanded in vitro as described in Chapter
2. Phenotypic characterization of MSCs was performed using flow cytometry, as
described in Chapter 2. Please note that the MSC purification, expansion and
phenotypic characterization was performed primarily by my colleague Sharad Mittal
PhD at Schepens Eye Research Institute.®** Fluorescently-conjugated antibodies
against CD45, CD34, CD29, CD11c, MHCII and CD80 as well as their matched
isotype controls were used in this experiment. Commercially-available ELISA kits were
used to analyse protein levels of HGF in MSC culture supernatants, as per the

manufacturer’s instructions.

Dendritic cells were differentiated from bone marrow cells harvested from C57BL/6
mice, as described in Chapter 2. Bone marrow-derived dendritic cells (DCs) were
cultured alone or on a monolayer of MSCs either with or without IL1f3 (100ng/ml) for 24
hours. In the HGF neutralization assays, co-cultures were treated with soluble HGF
receptor (SHGFR) at concentrations of either 1 pg/ml or 100 ug/ml. Please note that
co-culture and HGF neutralization assays were performed primarily by my colleague
Sharad Mittal PhD at Schepens Eye Research Institute.>** Following this, flow

cytometry was performed to evaluate expression of MHCII and CD80 by CD11c* cells.
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4.2.3 Results

In order to determine whether MSCs limit the activation and maturation of APCs, we
first conducted experiments in which CD11c* DCs were co-cultured with MSCs, and
the expression of MHCII and CD80 was assessed using flow cytometry. In view of the
limited number of dendritic cells and MSCs at the ocular surface, bone marrow was
harvested from murine femurs for the isolation and generation of MSCs and CD11c*
DCs. Flow cytometry was used to confirm the positive expression of the mesenchymal
cell marker CD29 by MSCs, as well as the negative expression of the hematopoietic
cell markers CD45 and CD34 (Figure 4. 1). In response to stimulation with the
inflammatory cytokine IL13, MSCs demonstrated increased expression of HGF

(p=0.008; Figure 4. 2).
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Figure 4. 1 Culture and characterization of stromal cells

MSCs were purified from bone marrow and expanded in vitro using MSC-conditioned culture media
by the plastic adherence method. The morphology of expanded MSCs at passage two is depicted in a
representative microscopic image (left). Flow cytometry was used to confirm the absence of
expression of the hematopoietic cell markers CD45 and CD34, as well as the positive expression of
the mesenchymal stem cell marker CD29 (right).
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Figure 4. 2 HGF protein levels in the supernatants of MSCs cultured in media or stimulated with

IL1B for 24 hours using ELISA
Data are depicted as mean +/- SD. **p<0.01

Next, DCs were stimulated with IL1[3, in the presence or absence of MSCs, for 24

hours. Low expression of MHCII and CD80 was observed in unstimulated DCs, but
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following stimulation with IL1 their expression increased substantially (p<0.001 for
both MHCII and CD80; Figure 4. 3 and Figure 4. 4). Of note, this heightened
expression was significantly reduced by addition of MSCs to the culture system
(p=0.003 for MHCII, p=0.006 for CD80). To evaluate the possibility that this effect was
mediated by HGF, we neutralized HGF by adding soluble HGF receptor (SHGFR) to
the co-culture system at two different concentrations of SHGFR; 1 yg/ml and 10 pg/ml.
Our results indicate that neutralization of HGF reduces MSC-mediated inhibition of
IL1B-induced DC maturation (Figure 4. 3 and Figure 4. 4). Indeed, this observation
was confirmed at both concentrations of sSHGFR, with a dose-dependent effect evident
[1 pg/ml (MHCII, p=0.021; CD80, not significant) and 10 ug/ml (MHCII, p=0.014;
CD80, p=0.015)]. These results indicate that MSCs suppress DC maturation by the

secretion of HGF.
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Figure 4. 3 Expression of MHCII by CD11c* cells co-cultured with MSCs with or without IL1B in the
presence or absence of soluble HGF receptor

Representative FACS plots (left) and summary bar charts (right) showing the expression of MHCII on
CD11c* cells co-cultured with MSCs with or without IL18 (100 ng/ml) in the presence or absence of
soluble HGF receptor (1 pg/ml or 10 pyg/ml, as indicated). Data are depicted as mean +/- SD. *p<0.05,
**n<0.01, ***p<0.001.
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Figure 4. 4 Expression of CD80 by CD11c* cells co-cultured with MSCs with or without IL18 in the
presence or absence of soluble HGF receptor

Representative FACS plots (left) and summary bar charts (right) showing the expression of CD80 on
CD11c* cells co-cultured with MSCs with or without IL13 (100 ng/ml) in the presence or absence of
soluble HGF receptor (1 pyg/ml or 10 pug/ml, as indicated). Data are depicted as mean +/- SD. *p<0.05,
**p<0.01, ***p<0.001.

4.3 Determining whether mesenchymal stem cells promote corneal

allograft survival in a hepatocyte growth factor-dependent manner

4.3.1 Research guestion
Is the capacity of MSCs to promote corneal graft survival dependent on their

expression of HGF?

4.3.2 Experimental design

In order to determine whether suppression of HGF expression by MSCs limited their
capacity to promote graft survival, we silenced HGF expression with small interfering
RNA (siRNA). Details of siRNA transfection are provided in 2.9. Please note that the
SiRNA transfection was performed primarily by my colleague Sharad Mittal PhD at
Schepens Eye Research Institute.?** Subsequently, corneal transplantation was
performed as detailed in 2.3. In addition to allogeneic grafts (C57BL/6 donors and
BALB/c recipients), syngeneic grafts (BALB/c donors and BALB/c hosts) were

performed to serve as controls. The allogeneic recipients were either (i) treated with

118



control siRNA (mock) MSCs at 3 hours following transplantation, (ii) treated with
siHGF MSCs at 3 hours following transplantation, or (iii) left untreated. The number of
MSCs administered was 0.5x10° cells, suspended in 100uL sterile saline and delivered
via tail vein injection, as described previously.1%019331 Graft opacity was assessed on
a weekly basis by slit-lamp microscopy (Figure 4. 5), and transplant survival was

determined according to the methods described in 2.3.
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siHGF/Mock
I | | | I | I
| I | | | | |
Wk1 Wk2 Wk3 Wk4 Wk 6
Day 0 k5
. A A A A R A
Transplantation Opacity scores (slit-lamp microscopy)

Figure 4. 5 Schematic of experimental design

4.3.3 Results

SiRNA transfection resulted in an ~80% decrease in HGF expression by MSCs (Figure
4. 6). Corneal transplantation experiments demonstrated a two-fold increase in graft
survival in mice that were administered mock MSCs (78%) relative to untreated
controls. Notably, administration of SiHGF MSCs exhibited a substantially reduced
capacity to promote corneal graft survival (48%) relative to mock MSCs. These results

clearly implicate MSC-derived HGF in promoting corneal graft survival.
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Figure 4. 6 Treatment of MSCs with HGF-specific sSiRNA reduces expression of HGF mRNA

Real-time analysis showing decreased expression of HGF mRNA after 72 hours of treatment of MSCs
with HGF-specific SiRNA (SiHGF), relative to control siRNA (Mock). Data are depicted as mean +/- SD.
***n<0.001.
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Figure 4. 7 MSCs promote corneal graft survival in an HGF-dependent manner

Kaplan-Meier analysis comparing graft survival in control sSiRNA (mock) MSC-injected recipients,
siHGF MSC-injected recipients, untreated allogeneic recipients and untreated syngeneic recipients.
n=8-10/group.

4.4 The effect of hepatocyte growth factor on induction of

alloimmunity

4.4.1 Research guestion

Does treatment with HGF alone (independently of MSCs) suppress antigen-presenting

cell activation and limit the generation of Th1 cells in allograft recipients?

4.4.2 Experimental design

In order to establish whether HGF alone can suppress the allogeneic immune
response following corneal transplantation, we evaluated the in vivo effect of topical
application of HGF on maturation of APCs, as well as on the generation of graft-
attacking Th1l cells and tolerance-inducing Tregs. Corneal transplantation was
performed, as described in 2.3. For two weeks postoperatively, either 5 pL of 0.1%
murine recombinant HGF protein in PBS or protein control was applied topically to

host eyes (Figure 4. 8).
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Figure 4. 8 Schematic of experimental design

At day 14 post-transplantation, draining lymph nodes were harvested and single cell
suspensions were prepared. Flow cytometry was performed as described in 2.6.
Fluorescently-conjugated antibodies against CD11c, MHCII, CD4, IFNy and Foxp3 as

well as their matched isotype controls were used.

4.4.3 Results

Corneal transplantation resulted in significantly increased frequencies of
CD11c*MHCII* cells in the draining lymph nodes of control-treated transplant hosts
relative to naive mice (p=0.015; Figure 4. 9). Notably, topical treatment with HGF
substantially decreased frequencies of CD11c*MHCII* cells compared to the control-
treated recipients (p=0.006). There was a six-fold increase in frequencies of
CD4*IFNy* Th1 cells in the lymph nodes of control-treated recipients compared to
naive mice (p=0.002; Figure 4. 10), yet this increase was abrogated by treatment with
HGF. Indeed, treatment with HGF resulted in a 41% reduction in frequencies of
CD4*IFNy* Thl compared to control-treated recipients (p=0.033; Figure 4. 10). Given
that CD4*Foxp3* Tregs have been shown to promote graft tolerance, the effect of HGF
treatment on frequencies of CD4"Foxp3* Tregs was also assessed, and a moderate
increase in Treg frequencies in the draining lymph nodes was observed relative to
control-treated recipients (Figure 4. 11). Taken together, these results indicate that

topical administration of HGF alone (independently of MSCs) suppresses the
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alloimmune response, with inhibition of APC maturation and decreased Thl

generation.
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Figure 4. 9 Frequencies of CD11c*MHCII* cells in the draining lymph nodes

Representative flow cytometry histograms (left) and summary bar chart (right) depicting relative
frequencies of CD11c*MHCII* cells in the draining lymph nodes of naive, control and HGF-treated
groups at Day 14 post-transplantation. n=4-6/group. Data are depicted as mean +/- SD. *p<0.05,
*%

p<0.01.
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Figure 4. 10 Frequencies of CD4*IFNy* Th1 cells in the draining lymph nodes
Representative flow cytometry histograms (left) and summary bar chart (right) depicting relative
frequencies of CD4*IFNy* Th1 cells in the draining lymph nodes of naive, control and HGF-treated
groups at Day 14 post-transplantation. n=4-6/group. Data are depicted as mean +/- SD. *p<0.05,
*%

p<0.01.
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Figure 4. 11 Frequencies of CD4*Foxp3* Th1l cells in the draining lymph nodes
Representative flow cytometry histograms (left) and summary bar chart (right) depicting relative

frequencies of CD4*Foxp3* Tregs in the draining lymph nodes of naive, control and HGF-treated groups

at Day 14 post-transplantation. n=4-6/group. Data are depicted as mean +/- SD.
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4.5 The effect of hepatocyte growth factor on immune cell

infiltration into corneal grafts

4.5.1 Research question
Does treatment with HGF alone (independently of MSCs) limit immune cell infiltration

into corneal grafts?

4.5.2 Experimental design

Experimental design as detailed in 4.4.2. Corneas were harvested, digested, single
cell suspensions were prepared, and flow cytometry was performed as described in
2.6. Fluorescently-conjugated antibodies against CD45, CD3 and CD11b as well as

their matched isotype controls were used.

4.5.3 Results

Corneal transplantation resulted in an eight-fold increase in corneal infiltration of
CD45* inflammatory cells in the control-treated group relative to naive mice (p=0.005;
Figure 4. 12). However, topical treatment of graft recipients with HGF reduced the
frequencies of corneal CD45" cells by 52% (p=0.026). Compared to control-treated
hosts, HGF-treated recipients demonstrated a 48% reduction in the corneal infiltration
of CD3* T cells (p=0.016) and a 73% reduction in the corneal infiltration of CD11b*
cells (p=0.018). In aggregate, these data demonstrate that topical application of HGF
reduces graft infiltration of inflammatory cells following allogeneic corneal

transplantation.
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Figure 4. 12 Frequencies of CD45* cells in corneal grafts

Representative flow cytometry histograms (left) and summary bar chart (right) depicting relative
frequencies of CD45* inflammatory cells in corneal tissue harvested from naive, control and HGF-treated
groups at Day 14 post-transplantation. n=4-6/group. Data are depicted as mean +/- SD. *p<0.05,

#D<0.01.

CD3* T cells

*kk *

Isotype Naive Control 10-

8_
_01% 1.75% 0.83% i
f 1 44
24
!

Figure 4. 13 Frequencies of CD3* T cells in corneal grafts

Representative flow cytometry histograms (left) and summary bar chart (right) depicting relative
frequencies of CD3* inflammatory cells in corneal tissue harvested from naive, control and HGF-treated
groups at Day 14 post-transplantation. n=4-6/group. Data are depicted as mean +/- SD. *p<0.05,
***p<0.001.
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Figure 4. 14 Frequencies of CD11b* cells in corneal grafts

Representative flow cytometry histograms (left) and summary bar chart (right) depicting relative
frequencies of CD11b* macrophages in corneal tissue harvested from naive, control and HGF-treated
groups at Day 14 post-transplantation. n=4-6/group. Data are depicted as mean +/- SD. *p<0.05,
*k|

p<0.01.
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4.6 The effect of hepatocyte growth factor on corneal transplant

survival

4.6.1 Research guestion
Does treatment with HGF alone (independently of MSCs) promote survival of corneal

allografts?

4.6.2 Experimental design

In order to determine whether HGF alone can promote corneal allograft survival, we
evaluated the in vivo effect of topical application of HGF on transplant survival.
Corneal transplantation was performed, as described in 2.3. For two weeks
postoperatively, either 5 L of 0.1% murine recombinant HGF protein in PBS or protein
control was applied topically to host eyes. Additional controls included untreated graft
recipients and syngeneic graft recipients. Following this, graft opacity was assessed
on a weekly basis by slit-lamp microscopy (Figure 4. 15), and transplant survival was

determined according to the methods described in 2.3.

Topical HGF or protein control x 2/day

Fr——————

| T I I I N

I I | | I | I
Wk1 Wk2 Wk3 Wk4 Wk5 Wk6

Day 0 A A A A A A

Transplantation Opacity scores (slit-lamp microscopy)

Figure 4. 15 Schematic of experimental design

4.6.3 Results
Untreated allograft recipients and allograft recipients treated with protein control

exhibited ~40% transplant survival at week 6 post-operatively (Figure 4. 16). In
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contrast, allograft recipients treated with topical HGF demonstrated 67% survival at
week 6. No grafts were rejected in the syngeneic control hosts. These data indicate
that, in addition to limiting the alloimmune response and corneal infiltration of

inflammatory cells, topical HGF is effective in increasing corneal allograft survival.
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Fiqure 4. 16 Topical HGF promotes corneal allograft survival

Kaplan-Meier analysis comparing graft survival in topical HGF-treated allogeneic recipients, control-treated
allogeneic recipients, untreated allogeneic recipients and untreated syngeneic recipients. n=8-10/group.
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4.7 Discussion

The experiments described in this chapter add to our knowledge of the
immunomodulatory mechanisms of MSCs in corneal transplantation. Specifically, the
data show that: (i) an inflammatory milieu increases the expression of HGF by MSCs;
(i) MSC-derived HGF limits APC maturation and promotes corneal allograft survival,
(iii) topical HGF alone (in the absence of MSCs) suppresses APC maturation, the
generation of Thl cells and the graft infiltration of inflammatory cells; and (iv) topical

HGF alone promotes corneal transplant survival.

Published reports indicate that the immunoregulatory function of MSCs can be altered,
and that the secretion of immunosuppressive mediators is upregulated by a local
inflammatory microenvironment.82:332 Qur in vitro experiment demonstrates that MSC
stimulation with IL1 results in increased secretion of the immunomodulatory factor

HGF, and confirms findings from a previous study.®®

During the alloimmune response, APCs are activated with increased expression of
MHCII and co-stimulatory molecules such as CD80.7%3 |t has previously been
reported that MSCs have the capacity to limit APC maturation.33*33® |n the setting of
corneal allografts, it has been reported that systemic administration of MSCs at the
time of transplantation reduces APC activation and promotes allograft survival.°01%2
By utilizing a soluble HGF receptor in our co-culture experiments, we have
demonstrated that the inhibition of APC activation by MSCs is principally mediated by

secretion of HGF.

Consistent with previous studies,'%1%2 our data indicate that systemic administration of
MSCs promotes corneal allograft survival. Indeed, we observed 75% graft survival at 6
weeks in hosts that were treated with MSCs transfected with control sSiRNA, in contrast

with 38% survival in the untreated group. Yet the therapeutic benefit of MSCs was
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reduced when MSCs transfected with Hgf siRNA were intravenously injected, with only
50% graft survival at 6 weeks. These in vivo data provide support for secretion of HGF

being a key mechanism by which MSCs regulate the alloimmune response.

The immunomodulatory capacity of HGF has been demonstrated in various
autoimmune diseases, including inflammatory bowel disease,**® experimental
autoimmune myocarditis,**’ allergic airway disease®*® and collagen-induced arthritis.3°
Furthermore, HGF has been shown to regulate the immune reponse in a murine model
of heart transplantation, with reduced cellular infiltration of allografts, decreased
myocardial necrosis and reduced IFNy expression.3*° In a model of chronic graft-
versus-host disease (GVHD), HGF gene transfer has been demonstrated to limit
MHCII expression by recipient B cells and suppress DC immunogenicity, causing the
amelioration of murine cholangitis, sialoadenitis and lupus.®*! In a model of acute
GVHD, repeated transfection of human HGF cDNA into skeletal muscle has been
shown to inhibit apoptosis of intestinal epithelial cells and reduce donor T cell
infiltration into the liver, thus ameliorating the enteropathy and liver injury resulting
from acute GVHD.**? Thus there is mounting evidence for the inmunoregulatory

properties of HGF in a range of disease models.

There is considerable interest in the development of MSC-based therapeutics, both for
ocular pathologies!’*3** and beyond.34434° Yet the delivery of MSC-based therapeutics
is limited by factors common to all cell-based treatments: the technical challenge of
consistently manufacturing clinical grade cells, and the financial and temporal
challenges associated with a rigorous regulatory environment. As discussed, MSCs
are known to mediate their imnmunomodulatory activity through a range of
mechanisms, including the secretion of soluble factors.3*® The work presented in this
chapter has shed light on the immunoregulatory function of one such factor, HGF, in

the setting of corneal transplantation. The importance of HGF to MSC
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immunoregulation is evidenced by the observation that promotion of corneal allograft
survival by MSCs is reliant, in part, on the expression of HGF by MSCs. Moreover, our
data indicate that blocking HGF in vitro severely compromises the suppression of

IL1B-induced APC activation by MSCs.

Having established that HGF is a critical factor mediating the immunoregulatory
activity of MSCs in corneal allotransplantation, the therapeutic efficacy of HGF alone
was evaluated. These experiments are of high translational significance, since HGF
mimetics do not face the stringent regulatory challenges associated with the
development of cell-based therapies. The data presented in this chapter demonstrate
that topical HGF limits APC activation and Thl generation in the draining lymph nodes,
reduces graft infiltration of inflammatory cells and promotes corneal transplant survival.
Taken together, these results suggest that secretion of HGF represents a key
mechanism by which MSCs exert their immunomodulatory activity, and suggest HGF
as a potential therapeutic strategy to decrease the immune rejection of corneal
allografts. Having demonstrated a potential role for HGF in modulating the antigen
recognition phase of the adaptive immune response, | next set out to study a different

phase of adaptive immunity — the generation of memory T lymphocytes.
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CHAPTER 5. Dry eye disease: the role of memory T

helper 17 cells in age-related dry eye disease
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5.1. Introduction

5.1.1. Immunosenescence

The immune system changes in numerous ways during ageing, and these alterations
are referred to in aggregate as ‘immunosenescence’.®*’ Although in some instances
age-related changes to the immune response result in impaired function, this is not
necessarily the case. Indeed, some facets of the immune response may demonstrate
superior efficiency in ageing.®*® Yet taken together, these age-related alterations result
a condition of chronic, sterile, low-grade inflammation that has been termed ‘inflamm-
ageing’.®*® This condition of inflamm-ageing predisposes older individuals toward overt

inflammatory disease.3%°

The most apparent changes to the immune system during ageing affect adaptive
immune responses (Figure 5. 1). Thymic involution occurs during ageing, and is
known to accelerate following puberty.®®! As a result, older individuals have fewer
naive T cells, since there are lower frequencies of newly generated T cells egressing
the thymus and entering the periphery.®*? Importantly, total numbers of T cells in the
periphery do not decrease with age, due to compensatory age-related increases in
effector and memory T cells relative to naive T cells.®? T cell mediated immunity is
further impaired by narrowing of the T-cell repertoire,®?3 reduced costimulatory
signals®? and cellular senescence.®* Furthermore, there is evidence that B cells have
impaired function with age, and that the repertoire of both CD8" T cells and Tregs are

altered.®?
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Figure redacted for copyright reasons

Figure 5. 1 Age-related changes to adaptive immunity

Ageing results in haematopoeitic stem cells (HSCs) skewing toward the myeloid rather than lymphoid
lineage. Thymic involution occurs. Numbers of lymphocytes in the periphery are not reduced,
however, due to an increase in memory T cells. T cells exhibit altered T cell receptor repertoires.
From McKay and Jameson 2012

Ageing is also known to affect the innate immune system (Figure 5. 2). The ratio of
myeloid DCs to plasmacytoid DCs is altered with advanced age,**® and DCs derived
from elderly individuals have been shown to have decreased phagocytic and migratory
capabilities.®*® Ageing results in the decreased expression of MHCII, CD68 and CD14
by macrophages, which is associated with impaired function and responsiveness to
lipopolysaccharide and IFNy.**? The function of neutrophils is also impaired with age,
specifically their capacity for chemotaxis, phagocytosis and microbial killing.3%” Natural
killer cells in ageing hosts have been shown to have reduced cytotoxic potential®>® with

decreased production of proinflammatory cytokines and chemokines.®*°
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Figure redacted for copyright reasons

Figure 5. 2 Age-related changes to innate immunity

Ageing alters the function of innate cells including macrophages, dendritic cells, neutrophils and
natural killer cells. From McKay and Jameson 2012.

5.1.4. Age-related changes to the ocular surface

As we discuss the impact of immunosenescence, it is important to keep in mind the
host of other changes that occur during ageing at the ocular surface.3° Indeed, there
is a reduction in goblet cell density®®! and tear production,®? with lymphocytic
infiltration and atrophy of the lacrimal gland.3%33¢4 Corneal nerve density and corneal
sensitivity decrease with age.%® Sex hormones are also reduced with age, which is
known to impact the function of ocular surface glands.3¢® Nevertheless, analysis of
age-related alterations to human tear composition supports the notion of inflamm-
ageing of the ocular surface, with older individuals exhibiting higher levels of
proinflammatory and tissue remodeling factors in their tears compared to young
individuals.3¢” Furthermore, there is strong evidence implicating changes in the
adaptive immune response as driving age-related DED from experimental murine

models.260.368
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5.1.5. Research questions

As a key characteristic of adaptive immunity, immunologic memory allows antigen-
experienced lymphocytes to respond promptly and vigorously to repeat exposures to
antigens.®®* Yet immunologic memory also contributes toward chronic inflammation in
autoimmunity by the cognition of self-antigens.?>>27%-3"3 As described, previous work
from the Dana laboratory using a desiccating stress model of experimental DED has
demonstrated that memory Th17 cells are crucial mediators of disease chronicity, and
cause the increased disease severity that is observed when mice undergo secondary

challenge with desiccating stress.?>® However, the role of memory Th17 cells in age-

related DED is not known, and represents an important step in understanding how

ageing predisposes toward ocular surface pathology. Indeed, key guestions remain

unanswered:

- Does increased age result in more severe corneal epitheliopathy following
exposure to a dry environment?

- How does the Th17 immune response between young and aged mice differ
when exposed to desiccating stress? Relatedly, how does the memory Th17
compartment compare?

- Are there potential therapeutic strategies to selectively target age-related
aberrations of the immune response in DED?

To address these gaps in our current knowledge, | performed a series of experiments.
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5.2. The effect of desiccating stress on corneal epithelial integrity in

aged mice

5.2.1. Research question
What is the effect on corneal epithelial integrity of exposing young vs. aged mice to a

dry environment?

5.2.2. Experimental design

In order to induce DED mice were housed in the controlled environment chamber, as
described in 2.5.1. Corneal epitheliopathy was assessed by fluorescein staining, also
described in 2.5.2. Young mice were aged 6-8 weeks on initial exposure to desiccating

stress, and aged mice were aged 12-14 months, as described in 2.5.3.

For the primary challenge, mice were housed in the controlled environment chamber
for 2 weeks. This duration was selected based on previous publications from the Dana
laboratory for the induction of DED.?5%263.297 Fgllowing primary challenge, mice were
housed in a standard vivarium for 3 weeks. Preliminary as well as previously published
data indicated that 3 weeks was a sufficient duration for CFS score to fall to a steady
‘chronic’ CFS score.?® Subsequently, mice underwent secondary challenge, and were
returned to the controlled environment chamber for an additional 2 weeks before

sacrifice.

5.2.3. Results

No difference was observed between young and aged mice in the change in CFS
score (7 days: 4.3 [young] vs. 4.5 [aged], 14 days: 6.3 vs. 6.7 respectively). Yet on
secondary challenge a significantly greater increase in corneal epitheliopathy was
observed in aged mice relative to young mice (7 days: 5.5 [young] vs. 9.8 [aged]

[p<0.001], 14 days: 8.1 vs. 11.1 respectively [p=0.002]). These data indicate that aged
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mice exhibit a greater increase in disease severity compared to young on secondary,

but not primary, exposure to desiccating stress.

Environment

Desiccating stress

Standard vivarium
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primary challenge rechallenge
Week 1 2 3 4 5 6 7
Dry eye disease severity
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Figure 5. 3 Aged mice develop more severe corneal epitheliopathy relative to young on secondary,
but not primary, exposure to desiccating stress

Schematic showing experimental design (upper). Corneal fluorescein staining (CFS) was used to
evaluate corneal epitheliopathy during primary and secondary challenge (lower). No difference in
change in CFS score was observed between young and aged mice during primary challenge, but on
rechallenge significantly larger increases in CFS score were observed in aged mice relative to young
at both day 7 and day 14. n=8/group. Data are depicted as mean +/- SEM. ***p<0.001.
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5.3. The effect of desiccating stress rechallenge on Th17 immunity

in aged mice

5.3.1. Research question
What is effect of desiccating stress rechallenge on the Th17 immune response in

young vs. aged mice?

5.3.2. Experimental design

Mice were sacrificed following 14 days of desiccating stress rechallenge. Draining
lymph nodes and conjunctivae were harvested, and single cell suspensions were
prepared. Cells were stained with fluorescently-conjugated antibodies against CD4
and IL17A, as well as their matched isotype controls. Flow cytometry was performed

as described in Chapter 2.

5.3.3. Results

In light of our data indicating severe corneal epitheliopathy in aged relative to young
mice after rechallenge, we investigated frequencies of Th17 cells in the respective
groups. As discussed earlier in this chapter, Th17 cells have been identified as the

primary pathogenic effector cells in DED.234235.245

Following rechallenge aged mice demonstrated substantially higher Th17 frequencies
in the draining lymph nodes relative to aged naive mice (4.2 = 0.3% compared to 1.2 +
0.3% respectively; p=0.004) (Figure 5. 4). Following rechallenge young mice had a
tendency for higher Th17 frequencies in the draining lymph nodes compared to naive,
although this did not achieve statistical significance (1.4 £ 0.5 vs. 0.7 £ 0.3%
respectively; p=0.248). Thus, aged mice demonstrated a 4.1 fold greater increase in
Th17 frequencies in the draining lymph nodes compared to young (2.9% vs. 0.7%

respectively).
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Figure 5. 4 Aged mice exhibit higher frequencies of effector Th17 cells in the draining lymph

nodes compared to young following desiccating stress rechallenge

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of CD4*IL17A*
cells in the draining lymph nodes of young and aged mice, both naive and following desiccating stress
rechallenge. n=7-8/group. Data are depicted as mean +/- SEM. *p<0.05; **p<0.01.

Relative proportions of Th17 cells in the conjunctivae of young mice following

rechallenge were amplified compared to naive (6.6 = 1.1% and 2.6 + 0.6%

respectively; p=0.011), similar to previous findings from the Dana laboratory?>* (Figure

5. 5). Notably, flow cytometry analysis of conjunctival single cells suspensions derived

from aged mice showed a 2.1 fold greater increase in Th17 frequencies relative to

young following rechallenge (8.3% in aged and 4.0% in young), with frequencies of 3.0

+ 0.7% in observed in naive aged mice, and frequencies of 11.3 + 1.4% detected

following rechallenge (p<0.001).
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Figure 5. 5 Aged mice exhibit higher frequencies of effector Th17 cells in the conjunctivae
compared to young following desiccating stress rechallenge

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of CD4*IL17A*
cells in the conjunctivae of young and aged mice, both naive and following desiccating stress rechallenge.
n=7-8/group. Data are depicted as mean +/- SEM. *p<0.05; **p<0.01.
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5.4. The effect of systemic treatment with anti-IL-15 monoclonal
antibody on the memory Th17 cell population in aged mice

following primary challenge

5.4.1. Research question
What is effect of systemic administration of anti-IL-15 monoclonal antibody on the
population of memory Th17 cells observed following desiccating stress primary

challenge in young and aged mice?

5.4.2. Experimental design

Mice were exposed to desiccating stress for 2 weeks before being transferred to a

standard vivarium. As shown in the schematic (Figure 5. 6), during the first of three
weeks in the standard vivarium, mice were treated via intraperitoneal injection with
either anti-IL-5 monoclonal antibody (25ug in 100pl of sterile saline) or 100ul sterile
saline once daily for seven days. Following three weeks in the standard vivarium,

mice were rechallenged for two weeks in the controlled environment chamber.

Draining lymph nodes and conjunctivae were harvested at two timepoints: after three
weeks in the standard vivarium (i.e. prior to rechallenge) and following two weeks of
rechallenge. Single cell suspensions were prepared. Cells were stained with
fluorescently-conjugated antibodies against CD4, IL17A and CD44, as well as their

matched isotype controls. Flow cytometry was performed as detailed in Chapter 2.
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Figure 5. 6 Experiment schematic

5.4.3. Results

Published work has established that memory Th17 (mTh17; CD4*CD44*IL17A") are
key mediators of inflammation in chronic DED.?532% |n order to investigate the
contribution of mTh17 cells to the severe exacerbations of DED observed in aged
mice, | conducted an experiment in which anti-IL-15 mAb was used to deplete the

mTh17 cell population in young and aged mice prior to rechallenge.

Analysis of tissues harvested before rechallenge demonstrated significantly higher
mTh17 frequencies in aged saline-treated mice that had previously been exposed to
desiccating stress compared to aged naive mice (0.19 + 0.07% vs. 0.10 + 0.02%
respectively, p=0.027) (Figure 5. 7). Still, this phenomenon was abrogated by systemic
administration of anti-IL15 mAb, which was associated with a 4.6-fold decrease in
mTh17 frequencies compared to aged PBS-treated animals (p<0.001). The young
mice in our study exhibited similar trends, with higher frequencies in the saline-treated
group compared to naive and anti-IL-15-treated animals, but these differences did not

reach statistical significance.
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Figure 5. 7 Treatment with anti-IL-15 monoclonal antibody reduces the expanded memory Th17 cell
population detected in aged mice after primary challenge

Representative flow cytometry dot plots (left) and bar chart (right) showing the frequencies of
CD4*CD44*IL17A* cells in the lymph nodes of young and aged mice, both naive and immediately prior to
desiccating stress rechallenge, with and without anti-IL-15 mAb treatment (see experiment schematic for
details). n=4-5/group. Data are depicted as mean +/- SEM. *p<0.05; ***p<0.001.

Interestingly, the frequencies of mTh17 cells detected in the lymph nodes of young
and aged mice after systemic treatment with anti-IL-15 mAb were found to be similar
(Figure 5. 8). These data indicate that treatment with anti-IL15 mAb effectively
abrogates the difference in mTh17 cell frequencies between young and aged mice

following primary exposure to desiccating stress.
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Figure 5. 8 Systemic treatment with anti-IL-15 monoclonal antibody after primary challenge results
in comparable frequencies of mTh17 in the lymph nodes of young and aged mice

Bar chart depicting the frequencies of CD4*CD44*IL17A* cells in the lymph nodes of young and aged mice
following treatment with anti-IL-15 mAb, immediately prior to desiccating stress rechallenge. n=4-5/group.
Data are depicted as mean +/- SEM. *p<0.05.
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5.5. The effect of systemic treatment with anti-IL-15 monoclonal

antibody on severe dry eye exacerbations in aged mice

5.5.1. Research question
What is effect of systemic administration of anti-IL-15 mAb on DED severity and
conjunctival effector Th17 frequencies in aged mice after desiccating stress

rechallenge?

5.5.2. Experimental design

Experiment design was similar to that described in section 5.4 (as depicted in Figure 5.
6). After 2 weeks of desiccating stress, mice were transferred to a standard vivarium.
Mice were administered either anti-IL-15 monoclonal antibody (25ug in 100ul of sterile
saline) or 100yl sterile saline once daily for seven days via intraperitoneal injection.
Following three weeks in the standard vivarium, mice were rechallenged for two weeks

in the controlled environment chamber.

Following desiccating stress rechallenge, mice were sacrificed, and conjunctivae were
harvested. Single cell suspensions were prepared. Cells were stained with
fluorescently-conjugated antibodies against CD4 and IL17A, as well as their matched

isotype controls. Flow cytometry was performed as described in Chapter 2.

5.5.3. Results

In view of the reduction in memory Th17 cell frequencies observed in aged mice
following treatment with anti-IL-15 mAD, | next investigated the effect of systemic
administration of anti-IL-15mAb antibody on DED severity. Consistent with my
expectation that a depleted memory Th17 cell population would lead to reduced
clinical disease following rechallenge, treatment with anti-IL-15 mAb resulted in

significantly decreased DED severity in aged mice (Figure 5. 9). Despite a tendency
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for lower CFS scores, treatment with anti-IL-15 did not significantly reduce DED

severity in young mice.
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Figure 5. 9 Systemic administration of anti-IL-15 monoclonal antibody abrogates the severe
dry eye exacerbations observed in aged mice

Treatment with anti-IL-15 mAb significantly reduced the increase in CFS score observed in aged
mice following desiccating stress rechallenge at day 7 and day 14. In contrast, anti-IL-15-treated and
saline-treated young mice exhibited similar increases in disease scores. n=7-8/group. Data are
depicted as mean +/- SEM. ***p<0.001.

Mice were sacrificed at day 14 following rechallenge, and conjunctival frequencies of
Th17 cells were analysed by flow cytometry. Lower frequencies of effector Th17 cells
were detected in anti-IL-15 mAb-treated aged mice compared to saline-treated aged
mice (5.1% and 10.1% respectively; p=0.016) (Figure 5. 10). Treatment of young mice
with anti-IL-15 mAb did not result in a significant reduction in effector Th17 cell

frequencies in the conjunctivae.
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Figure 5. 10 Systemic administration of anti-IL-15 monoclonal antibody reduces effector Th17
frequencies observed the conjunctivae of aged mice

Representative flow cytometry dot plots (upper) and bar chart (lower) showing the frequencies of
CD4*IL17A* cells in the conjunctivae of young and aged mice, both naive and following 2 weeks of
desiccating stress rechallenge, with and without anti-IL-15 mAb treatment (see experiment schematic
for details). n=7-8/group. Data are depicted as mean +/- SEM. *p<0.05; ***p<0.001.

145



5.6. Discussion

DED-associated morbidity is anticipated to increase in parallel with the enlarging older
population.?%® There is a currently unmet need for therapeutics to relieve the burden of
age-associated ocular surface disease. Similar to other chronic diseases for which
increased age is a risk factor (such as rheumatoid arthritis®”* and psoriasis®’®),
regulating the Th17 immune response has been proposed as a viable therapeutic
strategy.?!! Notably, the disease course in these autoimmune conditions typically
waxes and wanes, with mTh17 cells responding to putative self-antigens by rapid
conversion to effector cells.3’1376 The data presented in this chapter shed light on
differences in clinical DED severity and the Th17 immune response between young
and aged mice. Consistent with previous work using an experimental autoimmune
encephalitis model,?*® these data indicate that aged mice undergo more rapid and
severe corneal epithelial disease following recurrent exposure to a dry environment
compared to young mice. Moreover, these data show that treatment with anti-I1L-15
monoclonal antibody reduces the memory Th17 population and limits the clinical

disease observed in aged mice.

The desiccating stress model of DED employed in our study emulates several key
facets of human disease, including corneal barrier disruption, elevated levels of Th17-
related factors, secretion of pro-inflammatory cytokines by ocular surface epithelium
and loss of goblet cells.z34245:377-379 Ng difference in the increase in CFS score was
observed between young and aged mice on primary exposure to desiccating stress.
However, on repeat exposure to desiccating stress, aged mice exhibited more severe
corneal epitheliopathy compared to young. Reports from other groups have described
increased susceptibility to corneal epitheliopathy in aged animals.?%°3¢8 Yet it is our
understanding that the effect of rechallenge with desiccating stress (i.e. multiple
exposures to a dry environment) has not previously been examined in murine ageing

studies. In light of the clinical observation of increased DED severity in aged mice
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compared to young following rechallenge, and based on the Dana laboratory’s
previous work showing the importance of memory Th17 cells to DED
pathogenesis,?%2% | speculated that an enlarged memory Th17 population in aged
mice might be responsible for the more severe clinical disease detected in aged

animals compared to young.

Work by Chen and colleagues has established the central role of memory Th17 cells in
driving DED chronicity and has demonstrated that memory Th17 cells mediate the
severe disease that results from rechallenge with desiccating stress.?532% As
previously referenced, memory Th17 cells have also been reported to accelerate onset
and increase disease severity in experimental autoimmune encephalitis, where
memory Th17 cells have been observed to expand rapidly following rechallenge and
migrate in high numbers to the central nervous system.?*® Yet the contribution of

memory Th17 cells to age-related DED has not been established.

The data presented in this chapter demonstrate increased frequencies of effector Th17
cells in aged mice following rechallenge compared to young. Moreover, prior to
rechallenge, an amplified pool of memory Th17 cells was observed in aged mice
relative to young. Having made these observations, | sought to determine the effect of
depleting the memory Th17 population in aged mice. IL-15 is a memory-maintaining
cytokine, and previous studies have shown that targeting IL-15 signalling effectively
depletes the memory Th17 cell pool.254380:381 Therefore, | conducted experiments in
which young and aged mice were treated systemically with anti-IL-15 monoclonal
antibody. Our data indicate that anti-IL-15 monoclonal antibody reduces the expanded
memory Th17 pool in aged mice. Furthermore, anti-IL-15 monoclonal antibody was
effective in reducing DED severity in aged mice that were rechallenged with
desiccating stress, evidenced both by evaluation of clinical disease via corneal

fluorescein staining and conjunctival frequencies of Th17 effector cells. Taken
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together, these data indicate that an expanded pool of memory Th17 cells in aged

mice predisposes these animals to severe DED exacerbations.
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CHAPTER 6. General discussion of results
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6.1. Introduction

Substantial progress has been made in recent decades in defining the anatomical,
physiological and immunological features of the ocular surface and anterior segment
that give rise to a particularly tolerant microenvironment.>° Understanding these
mechanisms is highly clinically significant, since excessive inflammation of the cornea
results in opacification that is potentially blinding. Indeed, ten million people worldwide
have bilateral corneal blindness, which is the third leading cause of blindness globally
(after cataract and glaucoma).! Given the shortage of donor tissue worldwide (an
estimated 53% of the world’s population do not have access to corneal
transplantation?), developing strategies to modulate the ocular immune response to

both allogeneic donor tissue and corneal prosthetics is a clinical priority.

Dry eye disease (DED) is a highly prevalent disease of the ocular surface that reduces
quality of life and is associated with a substantial socioeconomic burden.?03-2% The
prevalence of DED increases with age; a large US population study has estimated that
0.2% of individuals aged 2-17 years are affected, rising to 11.7% for individuals older
than 50 years.?°® As with autoimmune conditions such as inflammatory bowel
disease,?*’ multiple sclerosis,?*° rheumatoid arthritis,?*® and uveitis/scleritis,?*® Th17
cells have been shown to be the key immune effector cells in DED.234235245 Moreover,
published work from the Dana laboratory has implicated memory Th17 cells as driving
DED chronicity, and predisposing toward severe disease exacerbations.?® However,
the role of memory Th17 cells in predisposing older individuals to DED has not been

investigated.

Despite the progress that has been made in understanding immunomodulatory

mechanisms in the eye, there are important unanswered questions that remain. The

aims of this thesis have been concerned with investigating immunoregulation at two
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specific phases of the adaptive immune response — antigen recognition and

generation of memory (as highlighted in Figure 6. 1).
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Figure 6. 1 Phases of the adaptive immune response

The adaptive immune response consists of distinct phases. The adaptive immune response is initiated

when antigens are ingested by immature antigen-presenting cells, which subsequently undergo

maturation. The mature antigen-presenting cells migrate to a regional lymph node, where they activate

lymphocytes. Effector lymphocytes eliminate antigen. During contraction, antigen-stimulated
lymphocytes undergo apoptosis, with the exception of subset of antigen-specific cells that form the

memory pool. The phases of the immune response that this thesis will focus on (antigen recognition and

the generation of memory) are highlighted.

The murine model of allogeneic corneal transplantation64165168.261 was selected as an

appropriate model to investigate immunoregulation at the antigen recognition phase of

the adaptive immune response. Advantages of this model include clearly defined
antigenic load (in contrast with model of DED) and the extensive experience of the
Dana laboratory.164267.382-384 Eyrthermore, this model permits evaluation of graft
opacity (and thus graft failure) without necessitating the sacrifice of the host, unlike

other models of transplantation.

A desiccating stress murine model of DED was selected to investigate the role of
memory Th17 cells in ageing. This model was chosen due to the fact that previous

work has shown that a substantial population of memory Th17 cells is formed in
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female C57BL/6 mice following exposure to desiccating stress, and that these cells are
highly pathogenic.?32%* The Dana laboratory also has many years of experience of

working with this mode|250:262-264

The rationale for using anti-IL-15 to deplete the memory Th17 pool was based on
previous work from the Dana laboratory.?** Chen and colleagues demonstrated that in
the desiccating stress model of dry eye, treatment with either anti-IL7 or anti-IL15, but
not anti-1IL17 or control IgG, was successful in depleting mTh17 frequencies both
locally at the ocular surface and at the draining lymph nodes.?** In this work, the
authors show that IL7 and IL15 signaling is required for the maintenance of
immunopathogenic memory Th17 cells. Given that treatment with either anti-IL7 or
anti-IL15 would be effective in reducing mTh17 frequencies, and in view of the
pleiotropic immunoregulatory activities of I1L7,% in my experiments | employed anti-

IL15 to deplete the mTh17 pool.

During the course of the described experiments, | aimed to employ these two models
to further characterize specific features of the ocular inflammatory response during the
antigen recognition and memory phases of the adaptive immune response.
Furthermore, | sought to investigate potential therapeutic strategies to decrease
pathogenic corneal inflammation in these settings. Firstly, | aimed to characterize the
effect of the purinergic receptor antagonist oxidized adenosine triphosphate on corneal
allograft survival. Next, | sought to determine the role of MSC-derived hepatocyte
growth factor in the promotion of corneal allograft survival. Finally, | conducted
experiments to determine the contribution of memory Th17 cells to the severe dry eye

disease observed in aged mice.

152



6.2. Investigating the antigen recognition phase of the adaptive
immune response using a murine model of corneal transplantation:
the effect of the purinergic receptor antagonist oxidized adenosine

triphosphate on immune-mediated graft rejection

6.2.1. Summary and discussion of my findings

In the experiments described in Chapter 3, | investigated the immunomodulatory
effects of oxidized ATP, an irreversible antagonist of ATP, in the setting of corneal
allotransplantation. The data demonstrate that systemic administration of oATP to
corneal allograft recipients promotes transplant survival. The data also indicate that
treatment with oATP reduces corneal infiltration of inflammatory cells, suppresses
APC maturation, decreases frequencies of Th1l cells in the draining lymph nodes and
decreases graft infiltration by CD4* T cells. oATP was not observed to have a

significant effect on either Treg frequency or function.

| became interested in the purinergic receptor antagonist oATP following the
publication of an article in the journal Kidney International in August 2017, entitled ‘The
P2X7 receptor antagonist, oxidized adenosine triphosphate, ameliorates renal
ischemia-reperfusion injury by expansion of regulatory T cells’.3!8 In this article, the
investigators demonstrated the therapeutic effects of administering oATP both prior to
and after renal ischemia-reperfusion injury, with decreased blood urea nitrogen and
serum creatinine observed in the treated groups relative to control. Renal infiltration of
CD4*Foxp3* Tregs was detected to be increased following treatment with oATP, and
interestingly, depletion of Tregs in wild-type mice was observed to abrogate the
beneficial effects of oOATP. 0ATP is known to antagonize the activation of P2X7
receptors,*®® and Koo and colleagues employed P2X7R knockout mice in a series of
experiments to demonstrate that oATP mediated the expansion of regulatory T cells

and reduced renal ischemia-reperfusion injury by blocking the activation of P2X7R.3!8
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| found the article by Koo and colleagues to be particularly intriguing in the context of
recent work published by the Dana laboratory.155159.162-165 \yltiple studies had clearly
demonstrated the capacity of Tregs to promote allograft survival. For example, work by
Tahvildari and colleagues had shown that low-dose systemic administration of IL-2 in
the peri-transplantation period increased both the frequencies and immunosuppressive
function of Tregs, and resulted in improved allograft survival.'®® Furthermore, local
delivery of exogenous Tregs had been shown to promote transplant survival by Shao
and colleagues.'® In this work, GFP* Tregs were isolated from GFP* transgenic mice,
injected subconjunctivally into corneal allograft recipients at the time of corneal
transplantation. GFP* Tregs were detected in the ipsilateral cornea and DLNs of graft
recipients at 6 hours after injection. In addition to promoting graft survival, conjunctival
delivery of Tregs was observed to suppress frequencies of mature APCs and Th1l cells
in the draining lymph nodes, decrease expression of IFNy in the graft and increase

graft expression of the Treg-associated cytokines IL-10 and TGFp.%

The report from Koo and colleagues®®, combined with reports from the Dana
laboratory on the capacity of Tregs to promote tolerance in the setting of corneal
transplantation®19.162-165 ‘led me to ask the question: ‘Would oATP promote corneal
transplant survival by expanding regulatory T cells?’. Fortunately, | was able to refer to
the work performed by Paulo Fiorina’s laboratory, who had published three reports on
the role of P2X7R in transplantation using models of cardiac, lung and islet cell
grafting.3°31 In each of these papers, the group demonstrated that targeting P2X7R
with oATP promoted allograft survival. Other studies had investigated the effect of
OATP treatment in models of autoimmunity.*#7-3%° However, there was a lack of
consensus between these reports on the effect of oATP on Tregs, with some reports

describing increased Treg activity31>318:387.388 ' and other studies reporting minimal
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effect on Tregs.316317:389 Thuys, in order to clarify the effect of oATP on corneal allograft

survival and the Treg pool, | set about conducting preliminary studies.

During my preliminary investigations | detected very similar frequencies of Tregs in the
draining lymph nodes and corneas of oATP-treated compared to saline-treated mice or
naive mice. Levels of Foxp3 expression by Tregs have been shown to be indicative of
their functional status in corneal transplantation.®® In my preliminary investigations,
Foxp3 expression (MFI) was observed to be similar across the groups. Furthermore,
no difference in suppressive capacity of oATP-treated versus untreated Tregs was

observed in in vitro studies.

Nevertheless, | had conducted survival experiments which clearly demonstrated the
capacity of systemic treatment with oATP to reduce corneal allograft opacification and
prolong survival. Moreover, evaluation of corneal tissue clearly demonstrated reduced
infiltration of CD45* inflammatory cells and CD4* T cells in the oATP-treated mice,
compared to saline-treated animals. Thus, the focus of my investigation changed to
how oATP was limiting the effector arm of the alloimmune response, rather than
amplifying the regulatory arm. Additional data demonstrated substantial reductions in
the frequencies of mature APCs at both the graft site and the draining lymph nodes of
the oATP-treated recipients, with concomitant suppression of Thl frequencies. These
data clearly indicated that oATP was limiting the activation of APCs following corneal
transplantation, yet the question remained as to whether oATP was also having a
direct (i.e. APC-independent) on T cells. To resolve this question, | conducted mixed
lymphocyte reactions in which oATP- or PBS-treated T cells were co-cultured with
0ATP-treated or PBS-treated APCs. These data indicated that, while oATP did have a
direct effect on T cells, the effect on APCs was the dominant of these two phenomena.

In further support of this observation, when APCs were treated with oATP, the levels of
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dilution of CFSE-labeled cells were similar regardless of whether or not T cells were

treated with oATP.

In summary, although my initial interest in oATP was on its capacity to modulate
Tregs, the focus of these investigations ultimately became how oATP regulates APC
activation and Th1 immunity. The Fiorina group did not evaluate oATP-mediated
suppression of APC maturation in the setting of allotransplantation.3>-37 Accordingly,
these data are the first to report that a fundamental mechanism of oATP-mediated
modulation of the immune response in allogeneic transplantation is the limitation of

APC activation.

6.2.2. Future work

There are several questions that have been raised by this work, which | am keen to
pursue. First of all, there are questions directly related to the experiments | performed.
These include studying the effect of OATP treatment on other immune cells. Although
previous work has shown that activation of CD11b*MHCII* cells and the subsequent
infiltration of graft-attacking CD4*IFNy* Thl cells play a crucial role in determining
immune rejection,3+137.138:322,329.3%0 jt jg |ikely that oATP also impacts the function of
other inflammatory cells, that in turn contribute to immune rejection. A survey of the
effect of 0ATP on other inflammatory cell types involved in corneal graft rejection

would deepen our understanding of oATP-mediated immunomodulation.

Another question that | am keen to pursue concerns the effect of oATP on immune cell
frequencies at different timepoints. Previous studies have demonstrated that 2 weeks
is an optimum time point to evaluate the alloimmune response prior to the onset of
graft rejection.?61:320330 Thys, in my experiments | evaluated immune cell frequencies
at this timepoint. However, analysing the kinetics of immune cells following oATP

treatment would further elucidate oATP’s immunomodulatory activities. Indeed,
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previous work has shown that increased inflammation at the graft site (e.g. using a
model of high-risk transplantation in which corneal inflammation and
neovascularization is induced by placing stromal sutures two weeks prior to
transplantation) results in increased APC maturation as early as three days following
grafting.3%° Additional timepoints to evaluate the kinetics of immune cells might include

day 1, day 3, day 7, day 28 and day 56 post-transplantation.

In addition, there are experiments that are indirectly related to the experiments |
performed, but would further illuminate the mechanisms of action of oATP in corneal
transplantation. For example, | am keen to study whether the immunosuppressive
functions of 0ATP in corneal transplantation are mediated via P2X7R. P2X7Rs are
unusual amongst purinergic receptors as they have relatively low affinity for ATP and
are thus only activated in highly inflamed tissues.**” Furthermore, P2X7R can form
pores that permit the passage of molecules as large as 900 daltons, which includes
ATP itself.3” oATP is known to antagonize P2X7R, but there is evidence that it has
anti-inflammatory effects that are independent of P2X7R.3! In order to demonstrate
conclusively that oATP was mediating its immunomodulatory activity via P2X7R, |
would like to perform experiments employing P2X7R knockout mice, which are

commercially available.
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6.3. Investigating the antigen recognition phase of the adaptive
immune response using a murine model of corneal transplantation:
the effect of mesenchymal stem cell-derived hepatocyte growth

factor on immune-mediated graft rejection

6.3.1. Summary and discussion of my findings

| have conducted experiments investigating the immunomodulatory mechanisms of
MSCs in corneal transplantation. The data resulting from these experiments show that
the expression of the pleiotropic growth factor HGF by MSCs is increased in an
inflammatory microenvironment, and that HGF derived from MSCs inhibits APC
maturation and increases corneal allograft survival. Furthermore, our data indicate that
topical HGF alone (in the absence of MSCs) limits APC maturation, decreases Thl
generation, suppresses inflammatory cell infiltration of the cornea and promotes

allograft survival.

The genesis for these investigations was a previous report from the Chauhan
laboratory entitled ‘Mesenchymal stem cells home to inflamed ocular surface and
suppress allosensitization in corneal transplantation’, published in Investigative
Ophthalmology & Visual Science in 2014.1% In this paper, Omoto and colleagues
demonstrated that GFP-labelled MSCs injected intravenously at three hours post-
transplantation were found in abundance in the grafted cornea, ipsilateral conjunctiva
and lymph nodes at 3 days post-transplantation, but not in the contralateral (ungrafted)
ocular surface or lymph nodes. Furthermore, the authors demonstrated that the lymph
nodes of recipients treated with MSCs had lower frequencies of IFNy-secreting Thl
cells relative to control mice. Finally, graft survival rates in the MSC-treated group was
significantly higher compared to the control mice.'*® However, this report did not

identify specific MSC-derived factors that modulated the immune response.
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Work by other laboratories had demonstrated the capacity of MSCs to promote
corneal allograft survival.192-1°4 Notable amongst these studies was a report published
by Darwin Prockop’s group, since the investigators observed that rather than migrating
to the cornea, the majority of intravenously-administered MSCs became trapped in the
lungs, and exerted their immunomodulatory function via the secretion of tumor
necrosis factor-a stimulated protein 6 (TSG-6).1% However, the investigators were
using human-derived rather than mouse-derived MSCs in their experiments, and thus
it is possible that the inconsistency between reports from the Chauhan and Prockop
laboratories was related to issues of engraftment and integration when cells were

administered across the xeno-species barrier.

Previous screening experiments conducted by Mittal and colleagues have established
that stimulation of in vitro expanded and functionally characterized bone marrow-
derived MSCs with IL-1B (to emulate inflammatory conditions) for 24 hours results in a
moderate increase in expression of Tsg-6 (as determined by real-time PCR), but
promotes a far greater increase in expression of Hgf.'*® Moreover, the >2-fold increase
in Hgf expression observed with real-time PCR was corroborated by performing ELISA
on culture supernatants, which demonstrated a >2-fold increase in HGF secretion by
IL-1B-stimulated MSCs.*® In experiments employing Hgf-specific SIRNA to
downregulate HGF expression on MSCs that were subsequently administered via
intravenous injection into mice with corneal injuries, Mittal and colleagues
demonstrated that MSC-derived HGF inhibited opacification following injury.%°
However, the capacity of MSC-derived HGF to modulate the alloimmune response and
promote corneal graft survival had not previously been investigated. In order to

address that gap in our current knowledge, we conducted a series of experiments.

Our data clearly show that MSCs inhibit APC maturation through the secretion of HGF,

as demonstrated by co-culture experiments in which HGF was neutralized using
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soluble HGFR and the expression of MHCII and CD80 was evaluated. Our results
corroborate previous reports that MSCs promote corneal allograft survival,1°2-1% put
also show that this phenomenon is dependent on the expression of HGF. We
observed that topical treatment with HGF alone (without MSCs) in the two-week post-
transplantation period suppressed APC maturation and decreased frequencies of
graft-attacking Thl cells in allograft recipients. Moreover, treatment with HGF alone
decreased immune cell infiltration of the corneal graft and promoted transplant

survival.

6.3.2. Future work

Previous work by the Chauhan laboratory has demonstrated that MSCs migrate
specifically to the graft site following corneal allotransplantation, where they promote
graft survival.'®® Moreover, the Chauhan laboratory has established that the
therapeutic effects of MSCs in the setting of corneal injury are dependent on their
expression of HGF.1*° The experiments described in Chapter 4 address the question
that is arises naturally from reading these two papers; that is, whether the
immunoregulatory function of MSCs in corneal transplantation is also contingent on
expression of HGF? The data presented demonstrate that MSCs modulate the
immune response in corneal transplantation via secretion of HGF and indicate the

therapeutic potential of HGF alone in reducing the immune rejection of corneal grafts.

Future work on the immunomodulatory properties of HGF in corneal transplantation
might include a study to evaluate the effect of HGF administration in high-risk
transplantation. Indeed, low-risk transplants conducted in non-vascularized and
uninflamed host beds enjoy graft survival rates of >90%.%° The clinical need for novel
therapeutics to improve graft outcomes is in the high-risk setting, where inflammation
and vascularization of the host bed result in rejection rates that exceed 50%.1%9111

Data indicating that HGF improved graft survival in the high-risk murine model of
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corneal transplantation (in which stromal sutures are placed two weeks prior to
transplantation to induce vascularization) would be valuable. This is particularly the
case given that HGF has been reported to have promote angiogenesis,3%23% which is
a risk factor for immune rejection.” Furthermore, in our experiments topical HGF was
administered to the ocular surface twice daily for two weeks post-transplantation.
Additional data demonstrating the effects of administering HGF according to different

dosing schedules and durations would assist future studies.
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6.4. Investigating the memory phase of the adaptive immune
response using a murine model of dry eye disease: the role of

memory Th17 cells in age-related dry eye disease

6.4.1. Summary and discussion of my findings

In investigating the contribution of memory Th17 cells to age-related dry eye disease
(DED), | used a desiccating stress murine model of DED to demonstrate that: (i) aged
mice are prone to more severe disease exacerbations compared to young, (ii) aged
mice have an expanded memory Th17 pool relative to young following primary
exposure to desiccating stress, and (iii) systemic administration of anti-IL-15
monoclonal antibody depletes the memory Th17 cell population prior to rechallenge,
abrogates the increased effector Th17 response observed in aged mice after

rechallenge, and reduces DED severity in aged mice.

The premise for the experiments described in Chapter 5 was the clinical observation
that the prevalence of DED increases substantially with age, from 0.2% for ages 2-17
years to 11.7% for ages more than 50 years.?% The immune system is critically
implicated in driving the self-perpetuating cycle of inflammation that characterizes DED
pathogenesis.?!! Yet the immune system is known to change in numerous ways during
ageing, collectively termed ‘immunosenescence’.®*’ These age-associated alterations
to the immune response give rise to ‘inflammageing’ — a condition of sterile, low-grade
inflammation that predisposes to overt inflammatory disease.3*°3% In view of the fact
that the immune system plays a major role in DED pathology, and the numerous
changes to the immune system that occur with age, | speculated that age-related

variations in clinical DED may be secondary to disparities in the immune response.

The initial experiments | conducted involved exposing young and aged mice to
desiccating stress and using CFS staining to score the resultant corneal epitheliopathy

at various timepoints. Interestingly, | did not initially observe a difference in CFS score
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between young and aged mice exposed to desiccating stress (i.e. during primary
challenge). Rather than sacrifice the mice, | returned the mice to a standard vivarium
and continued to monitor CFS scores. But again, the scores were similar. It was only
when | rechallenged the mice with desiccating stress (i.e. secondary challenge) that a
difference in clinical disease between young and aged became apparent — the aged
mice developed severe corneal epitheliopathy faster than the young mice. The
observation that aged mice developed severe disease after previous exposure to
desiccating stress suggested that immune memory might be contributing to this

phenomenon.

Th17 cells are recognized as the major effector immune cells in DED.234235245 |n
addition, Th17 cells have been shown to have shown to promote autoimmune disease
in uveitis/scleritis,?*¢ inflammatory bowel disease,?’ rheumatoid arthritis?*® and multiple
sclerosis.?*® Yet Th17 cells also provide critical protection against commensals and
opportunistic infections at mucosal surfaces, and have been shown to promote wound
repair.3%* Certainly, there is evidence to suggest that Th17 cells have tissue-specific
functions.3%® With this in mind, it is interesting to note that the eye and the brain are
immune privileged sites that exhibit a relatively quiescent immune environment,3%-3%7
and that Mandy McGeachy’s group, employing a model of experimental autoimmune
encephalitis, has demonstrated that memory Th17 cells drive earlier onset and
increased severity of disease following rechallenge.?® Previous work has shown that
memory Th17 cells are highly pathogenic in the eye (even more so than effector Th17
cells) and give rise to severe DED exacerbations with accelerated disease onset
following rechallenge.?®*2>* Based on these reports, | designed experiments to
examine how the memory Th17 pool might influence DED severity in young and aged

mice.
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Examination of the memory Th17 pool prior to rechallenge revealed significantly higher
frequencies in aged mice relative to naive controls. Moreover, this correlated with
substantially higher frequencies of effector Th17 cells in the lymph nodes and
conjunctivae of aged mice after rechallenge compare to naive controls. In order to
investigate whether memory Th17 cells were driving the severe DED exacerbations
observed in aged mice, | conducted experiments in which mice were treated
systemically with anti-IL-15 monoclonal antibody to deplete memory Th17 cells.
Previous studies had shown that targeting IL-15 signalling was an effective strategy to
deplete the memory Th17 cell pool.254380:381 Systemic administration of anti-IL-15
monoclonal antibody was observed to reduce the expanded memory Th17 pool and

reduce the severity of DED exacerbations in aged mice.

In sum, the work presented in Chapter 5 was instigated by the clinical observation of
age being a risk factor for DED. Ageing modulates the immune system in numerous
ways, and despite a general decline in immunocompetence (increased susceptibility to
infection, inadequate responses to vaccination, impaired suppression of neoplasia),
elderly individuals are paradoxically also predisposed to certain autoimmune diseases
(e.g. rheumatoid arthritis®** and psoriasis®”®). The data presented in Chapter 5 indicate
that memory Th17 cells contribute to the increased corneal epithelial disease observed

in aged animals following repeated exposure to desiccating stress.

6.4.2. Future work

Although the experiments presented in Chapter 5 strongly suggest that memory Th17
cells promote the increased disease severity observed in aged mice, they do not
definitively prove this to be the case. Using anti-IL-15 monoclonal antibody is a non-
specific approach for the depletion of memory Th17 cells, which has numerous effects
on other types of immune cell. For example, IL-15 is known to play a role in the

activation and proliferation of NK cells.3%*® Additional experiments are required to
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demonstrate causality between the amplified memory Th17 cell pool observed in aged
mice and enhanced DED severity. For example, adoptive transfer experiments might
be performed in which the memory Th17 compartment is isolated from young and
aged mice following primary exposure to desiccating stress, and adoptively transferred
into young, naive mice. These recipient mice would then be rechallenged with
desiccating stress, with CFS scores evaluated and tissues harvested for analysis of
effector Th17 cells by flow cytometry. Based on the data presented in Chapter 5, |
would predict that young mice that had received adoptive transfer of the memory Th17
pool derived from aged mice would have similar CFS scores and immune assay

readouts to aged mice following rechallenge.

| would also be interested in investigating age-related alterations in Treg function in the
setting of DED. In preliminary experiments conducted during my PhD studies, | have
observed that frequencies of Tregs are increased in aged mice relative to young
(Figure 6. 2). Other data indicate that after 2 weeks of desiccating stress, aged mice

exhibit decreased expression of Foxp3 and decreased suppressive function.
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Figure 6. 2 Regulatory T cells isolated from aged mice exposed to two weeks of desiccating
stress are greater in frequency, but exhibit decreased Foxp3 expression and suppressive
function compared to regulatory T cells derived from young mice

Bar chart depicting frequencies of Tregs in respective groups (A). Foxp3 expression levels (B; mean
fluorescent intensity) and suppressive function (C) of young and aged Tregs after 14 days of
desiccating stress. n=6/group. Data are depicted as mean +/- SEM. *p<0.05; ***p<0.001.
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In light of this preliminary data suggesting age-related functional deficits in Tregs, and
the data presented in Chapter 5 showing an increased memory Th17 pool in aged
animals, | would like to investigate whether aged Tregs are less effective at
suppressing the generation of memory Th17 cells relative to young mice. For example,
I might conduct experiments in which Ragl knockout mice (which have no mature T or
B cells) are reconstituted with CD25-depleted CD4* cells sourced from naive mice,
before being exposed to desiccating stress for 2 weeks. At day 14, the mice would
receive adoptive transfer (via tail vein injection) of 100,000 Tregs isolated from either
young or aged naive mice. CFS scores would be evaluated at regulate intervals. A
subset of the mice would be euthanized at day 28 for the evaluation of memory Th17
cell frequencies in the draining lymph nodes. The remaining mice would be re-exposed
to desiccating stress (i.e. rechallenged) and the recall response would be assessed by
evaluating CFS scores and frequencies of effector Th17 cells in the conjunctivae and

draining lymph nodes.
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