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ABSTRACT 

Transplantation is currently the only form of treatment for many blinding diseases 

caused by opacity of the cornea. Corneal graft rejection is the single most important 

reason for corneal graft failure and survival rates have not improved over the decades.  

 

Alternative investigative interventions have been studied in experimental models of 

corneal transplantation for many years. IDO catabolises tryptophan and as a 

consequence of this and the production of tryptophan catabolites (kynurenines) 

downregulates T cell responses. Overexpression of IDO by virus-mediated cDNA 

transfer to donor cornea ex vivo prior to transplantation prolongs graft survival.  

 

As the overall objective of this project was to develop IDO or kynurenines as 

potential therapeutic targets for preventing corneal allograft rejection, the first part of 

this thesis examined potential methods of upregulation of IDO expression in the 

cornea, concentrating on the effect of UVB exposure on IDO expression. 

Upregulation of IDO at the mRNA level but not the protein or functional level was 

demonstrated in response to UVB exposure. 

The second part of this thesis examined whether kynurenines could mimic the effect 

of IDO in prolonging corneal graft survival. It was demonstrated that the effect of 

IDO overexpression in delaying graft rejection could be replicated by both the 

systemic and local administration of kynurenines. Furthermore the potential 

mechanism of action of this observed effect was investigated at the in vitro and in 

vivo levels with kynurenines demonstrating selective T cell cytotoxicity in vitro as 

well as local and systemic depletion of lymphocyte counts after both local and 

systemic administration of kynurenines respectively. 

 

Given the potential of using kynurenines as a therapeutic strategy in patients, the third 

part of this thesis examined the effect of a commercially available tryptophan 

metabolite- Tranilast- on allograft survival. Significant prolongation in graft survival 

was observed and the potential mechanisms of action of this drug were analysed. 

Tranilast inhibited T cell proliferation through cell cycle arrest as a result of 

upregulation of p21 and p15 (cell cycle inhibitors) and downregulation of Cyclin E. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 6 

An associated reduction in IL-2 production was also observed allowing us to 

characterise a novel mechanism for Tranilast induced CD4
+
 T cell anergy. 

 

Further to emerging evidence indicating a role for the aryl-hydrocarbon receptor 

(AhR) in CD4 T cell differentiation and a tryptophan photo-product as a ligand of the 

AhR, the fourth part of this thesis examined the potential of kynurenines (3-

hydroxykynurenine-3HK) as well as Tranilast as agonists of the AhR. 3HK and 

Tranilast were found to activate the AhR and the downstream signalling pathway. 

 

Collectively, the data represented in this thesis helps to explain the effects of IDO and 

kynurenines in prolonging corneal allograft survival and helps to shed light on the 

direct immunoregulatory mechanism of IDO and kynurenines. The identification of a 

commercially available drug effective in prolonging corneal allograft survival may 

prove a useful adjunct or alternative to topical corticosteroids that can be transferred 

from the laboratory to clinical practice. 
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1.1. Corneal Transplantation 

The concept of being able to replace an opaque cornea has been the aspiration of 

surgeons for as long as the practice of ophthalmology has existed. The first historical 

records of techniques describing the treatment of corneal scars were found in 

Egyptian manuscripts dating over 4000 years ago (Albert and Edwards, 1996). In 130-

200AD, Galen was the first to describe a surgical procedure for the treatment of ulcers 

and scars on the ‘transparent membrane’ suggesting superficial keratectomy and 

‘abrasio corneae’ as procedures to restore the transparency of an opaque cornea 

(Albert and Edwards, 1996). It was not until the first microscopic observations 

became available in the 18
th

 century, resulting in better understanding of corneal 

anatomy and physiology that any progress was made in the treatment of corneal 

disorders. Interestingly, it was an idea put forward by Erasmus Darwin, the 

grandfather of Charles Darwin where he suggested the complete removal of an 

opaque cornea by trephination: ‘Could not a small piece of cornea be cut out by a kind 

of trephine about the size of a thick bristle, or a small crow quill, and would it not heal 

with a transparent scar?’ that has led to a procedure almost similar to the modern 

technique of corneal transplantation (Albert and Edwards, 1996). It took decades of 

trial and error before the first successful human corneal graft was performed by Dr. 

Eduard Zirm in 1905 (Moffatt et al., 2005). Despite this significant milestone, it was 

several more decades before Zirm’s success was finally achieved this mainly being 

due to parallel advances in anaesthesia and aseptic techniques.  

Several reports on large series of corneal grafts in the early 1930s indicated success 

rates of 20-40% despite the lack of any form of immunosuppressive treatment 

(Moffatt et al., 2005). With the introduction of topical glucocorticoid treatment, the 

one year graft survival rate increased to over 90% (Williams et al., 1995, Price et al., 

1993, Thompson et al., 2003, Randleman and Stulting, 2006). Corneal transplantation 

has become the most commonly performed surgical procedure in transplantation 

medicine with estimates of more than 60,000 transplants performed world-wide every 

year (1988). The excellent one–year graft survival rate, the fact that corticosteroid 

drops are not often perceived as an immunosuppressive treatment and the 

indiscriminate use of the term ‘immune privilege’ have led to a common 

misconception that corneal grafts do not or only rarely undergo transplant rejection. 

However, the reality is quite different. In a large corneal graft follow-up study the 
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Australian Corneal Graft registry, which now contains prospectively-collected data 

from more than 10,000 patients with corneal grafts has shown that the five and ten 

year corneal graft survival rates are only 74% and 62%, respectively (Coster and 

Williams, 2005). As elegantly put by Coster and Williams; ‘we have now amassed 

more than a century’s worth of experience in transplantation of the cornea, making it 

the oldest procedure in transplant surgery and representative of a milestone in human 

medicine. However, there are still limitations to corneal transplantation, of which 

corneal allograft rejection poses the greatest challenge’ (Coster and Williams, 2005). 

 

1.2. Corneal Structure and Anatomy 

The cornea is the clear, dome shaped structure at the front of the eye, lying between 

the environment-protective conjunctiva and the aqueous humour of the anterior 

chamber (Figure 1a). The tissue’s main function is to refract light as it passes into the 

eye to the retina. Its avascularity contributes to the corneas transparency and is a vital 

component in maintaining clarity of vision. The cornea, which is usually 0.5-0.7 mm 

in thickness, can expand to > 1 mm during rejection-induced inflammation or 

damage, and is indicative of graft failure. 

The cornea consists of five layers- the epithelium, Bowman’s layer, the stroma, 

Descemet’s membrane and the endothelium (Figure 1b). The epithelium comprises a 

6-7 cell thick stratified squamous layer on the exterior of the cornea and provides a 

protective barrier against the environment and pathogens. Epithelial cell loss and 

damage can be recovered by migration and replacement of epithelial cells from the 

peripheral limbus. The stroma forms the majority of the tissue and is composed of a 

highly organised arrangement of collagen fibrils and differentiated fibroblasts or 

keratocytes aligned parallel to the corneal surface. The orderly arrangement of stromal 

components and the state of corneal hydration are both essential for determining the 

transparency and visual clarity of the cornea. Similar to the epithelium, fibroblast 

migration, replication and differentiation replace keratocyte loss upon stromal 

damage. Immune mediated rejection of corneal allografts can occur in the epithelial, 

stromal and endothelial cell layers. While epithelial rejection involves the anterior 

layer of the cornea, stromal rejection is associated with the migration of leucocytes 

through this layer. In endothelial rejection, endothelial cells are destroyed as a result 

of alloreactive cells passing through the anterior chamber and adhering to the 
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endothelial surface. This mechanism of rejection has the greatest impact on stability 

and function of the graft as any damage to endothelial cells is irreversible due to the 

cells being non-replicative (George and Larkin, 2004). Immune-mediated rejection of 

the corneal endothelial cell layer is the most common pathological cause of corneal 

allograft failure (Bourne et al., 2001). 

 

 

 

Figure 1. Anatomical representation of the eye 

(a) A simple anatomical description of the eye, depicting the structural location of the 

cornea. Image courtesy of www.wuphysicians.wustl.edu accessed 16.03.10. (b) Cross 

sectional view of the corneal cellular layers- Epithelium, Bowman’s membrane, 

Stroma, Descemet’s membrane and the corneal endothelial monolayer. Image 

courtesy of www.bu.edu/histology/p/08002loa.htm accessed 16.05.11. 

 

1.3 Immune Privilege in Corneal Transplantation 

The fact that 20-30% of human corneal allografts survived in the 1930’s without any 

form of immunosuppressive treatment (Price et al., 1993, Williams et al., 1995) is an 

immunological feature which is unparalleled in other fields of transplantation. 

Therefore, a corneal graft is commonly referred to as an immune-privileged tissue 

transplanted to an immune privileged site. Immune-privileged tissues, such as the 

cornea, testis, ovary, cartilage and tumours are tissues which, when grafted to non-

privileged sites of the body, experience prolonged survival (Thiel et al., 2003). 

Immune privileged sites are organs or tissues such as the eye, the brain, the pregnant 

uterus or tumours, in which non-privileged tissue grafts experience prolonged survival 

(Streilein, 2003a, Streilein, 1993).  

(a) 

 
(b) 
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Many factors contribute to the immune privilege of the ocular site and at the same 

time contribute to the immune privilege of the corneal tissue. However, it is also 

important to note that immune privilege does not prevent immune responses and can 

be overstated (Williams and Coster, 1997). Nevertheless it is clear that there are 

mechanisms present that prevent or attenuate the allogeneic response to donor cornea. 

These include mechanisms that contribute to privilege by making the immune system 

ignorant of the presence of a graft, mechanisms that deviate the immune response into 

a non-destructive pathway and those that suppress immune mechanisms that do 

manage to penetrate the graft (George and Larkin, 2004). 

 

1.3.1 Immunological ignorance 

The concept of ocular immune privilege and the importance of the absence of blood 

vessels in maintaining privilege originated from Medawar’s famous experiments 

(Billingham et al., 1951). In these experiments he showed that skin grafts, which 

would otherwise have become rejected quickly, survived after being transplanted into 

a corneal pocket or into the anterior chamber of the eye, as long as grafts did not 

become vascularised.  

Maumenee, then went on to demonstrate that rabbits with long-surviving avascular 

corneal grafts rejected secondary skin grafts in the same time frame as rabbits without 

corneal grafts, indicating that corneal grafts transplanted into avascular corneal beds 

did not sensitise recipient animals (Maumenee, 1951). In the same experiment, he 

showed that corneal avascularity did not result in immune ignorance, as long term 

surviving corneal grafts became rejected when recipients rejected their skin grafts. 

Together his findings suggested that corneal avascularity enabled a local immune-

modulating mechanism (this lack of blood inflow prevents immune effector cells from 

accessing corneal antigens) to enhance acceptance of corneal grafts, but that this 

immune privilege could be broken even without the presence of blood vessels in the 

host cornea. Blood vessels in the recipient cornea are easy to detect clinically but the 

same stimuli that result in neovascularisation also result in proliferation of lymph 

vessels and migration of APC into the host central cornea, which is normally devoid 

of lymph vessels and APC (Rodrigues et al., 1981, Jager, 1992). More recently, 

Cursiefsen et al. have demonstrated that in addition to corneal haemangiogenesis in 

high-risk corneas, the presence of pathological and clinically non-invisible corneal 

lymphatic vessels in human vascularised high-risk corneas (Cursiefen et al., 2002). 
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Immunologically, these lymphatic vessels act as the afferent arm of the immune reflex 

circle enabling direct access of donor-derived APC and antigenic material to the 

regional lymph node, where an immune response is mounted. It has been shown that 

corneal haem- and lymphangiogenesis occurring before or after keratoplasty 

significantly increase the risk of immune rejection (Bachmann et al., 2008, Cursiefen 

et al., 2004). 

Specific markers to identify lymphatic vessels in the cornea were, until recently 

unknown. A number of studies have identified several molecular markers with good 

lymphatic specificity helpful in studies of corneal lymphangiogenesis (Baluk and 

McDonald, 2008). Hong et al. showed that one of the first signs that indicated 

lymphangiogenesis had begun and which induced the transformation of venous 

endothelial cells to a lymphatic phenotype is expression of the prospero-related 

homeobox-1 (Prox 1) gene (Hong et al., 2002), which lymph vessels continue to 

express in their nuclei. Karpanen et al. demonstrated that the vascular endothelial 

growth factor receptor 3 (VEGFR-3) gene, also important in lymphangiogenesis, 

remains present in lymphatic endothelial cells, and although present in early 

development of blood vessels, its expression becomes more lymphatic specific with 

further development (Karpanen et al., 2006). VEGF-C, The ligand of VEGFR-3, has 

been shown to be present in the lining of the corneal lymphatics (Karkkainen et al., 

2004). However, like other VEGF species, its expression is not confined to haem and 

lymph vessels; being present also in inflammatory cells that may infiltrate the cornea. 

Lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) has been used 

extensively as a marker for lymphatic endothelium in the cornea (Cursiefen et al., 

2002). Its expression is not as specific in larger collecting lymphatics and can be 

expressed by other immune cells, such as dendritic cells and macrophages. Therefore, 

it appears that corneal lymphangiogenesis is very much linked to haemangiogenesis 

but each process has its own partially distinct molecular mechanisms. Together they 

serve as a significant means of disrupting the corneal immune privilege, however a 

very recent study showed the greater influence of lymphangiogenesis in mediating 

immune rejection after corneal transplantation (Dietrich et al., 2010). Studies 

investigating the effects of inhibitors of lymphangiogenesis, such as VEGF-tyrosine 

kinase inhibitor- ZK 261991, result in improved corneal allograft survival (Hos et al., 

2008). 
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The lack of conventional dendritic cells in normal cornea is a component of ocular 

immune privilege and if for example, the number of dendritic cells in the graft is 

increased, by experimental induction of APC migration into donor cornea prior to 

transplantation, or by transplantation of peripheral donor cornea, then rejection is 

more rapid (Ross et al., 1991).  

 

1.3.2 Immune deviation 

Immune deviation, frequently termed anterior chamber acquired immune deviation 

(ACAID), describes the phenomenon whereby introduction of antigen into the 

anterior chamber of the eye can induce systemic, antigen-specific immune deviation 

towards suppression of a delayed-type hypersensitivity reaction (DTH). This was 

shown by the elegant experiments of Streilin and coworkers (Streilein et al., 1980, 

Niederkorn, 1999). ACAID is the product of a complex series of cellular interactions 

that begin in the anterior chamber of the eye where antigen is captured and processed 

by F4/80
+
 APCs, which, under the influence of aqueous humour cytokines, 

demonstrate a unique array of cytokines and cell surface molecules (Niederkorn, 

2002, Streilein, 2003b). The F4/80
+
 ocular APCs then migrate to the thymus and 

spleen where they promote the generation of CD4
+
CD25

+
 Tregs and CD8

+
 Tregs. 

Other cells involved include, B cells, NKT cells and gamma delta T cells (Lin et al., 

2005, Sonoda et al., 1999, Sonoda et al., 2001, Sonoda and Stein-Streilein, 2002a, 

Wang et al., 2001, Skelsey et al., 2003a, Skelsey et al., 2003b, Ashour and 

Niederkorn, 2006).  

ACAID has been shown to prolong graft survival in mice mismatched for their major 

and minor histocompatibility antigens (Niederkorn and Mellon, 1996, Dana et al., 

1997). 

 

1.3.3 Suppression of immune responsiveness 

The cornea constitutively expresses certain molecules that can inhibit the effector 

immune response. These include soluble molecules that prevent complement 

activation as well as the constitutive expression of Fas ligand on corneal epithelium 

and endothelium (Wilson et al., 1996). Fas ligand interacts with Fas on infiltrating 

leucocytes, inducing their apoptosis. It has been shown that apoptosis induced by Fas 
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ligand results in antigen specific tolerance in the eye; but this is not seen when T cells 

undergo Fas ligand independent necrosis (Griffith et al., 1995). Blockade of Fas/ Fas 

ligand interaction (using FasL KO mice) results in rejection of corneal allografts, 

which otherwise would have survived (Stuart et al., 1997, Yamagami et al., 1997). 

Table 1 summarises the most important soluble components that contribute to 

immune privilege of the eye. 

 

Element Function Reference 

CRP Inhibits complement activation (Goslings et al., 1998) 

FasL Induces apoptosis on activated T cells and neutrophils (Griffith et al., 1995) 

TGFβ2 Suppresses T cells and macrophages; promotes 

tolerance-inducing APCs 

(Xu et al., 2003) 

MIP Suppresses NK cell activity (Apte et al., 1998) 

Il-10 Suppresses antigen presentation and cytokine 

synthesis; induces tolerance-inducing APCs 

(Sonoda and Stein-Streilein, 

2002b) 

VIP Inhibits T cell activation and proliferation; inhibits 

DTH 

(Taylor et al., 1994) 

CGRP Inhibits elaboration of pro-inflammatory factors by 

macrophages 

(Taylor, 1999) 

α-MSH Inhibits DTH and the release of inflammatory factors 

by macrophages; inhibits activation of neutrophils; 

induces CD4
+
 CD25

+
 regulatory T cells 

(Taylor, 2003) 

SOM Suppresses IFN-γ production and NK-cell activity (Taylor, 2003) 

 

Table 1- Immunoregulatory elements that contribute to the immune privileged status 

of the eye (Vallochi et al., 2007) 

 

1.4 Corneal Graft Rejection 

Transplant rejection is the most important reason for corneal graft failure in humans. 

Integrity of the corneal endothelium is the single most important factor for the 

survival of a transparent corneal graft. In humans, corneal endothelial cells are 

terminally-differentiated and once damaged by transplant rejection they are incapable 

of proliferation and regeneration by mitosis (Tuft and Coster, 1990). 

Experimental orthotopic corneal transplantation in animal models has provided much 

of what is currently understood about the immunology of corneal allograft rejection. 

The rabbit (Khodadoust, 1968) and the domestic cat (Bahn et al., 1982) were two of 

the first species to be used as the clinical picture of corneal graft rejection in both 

these species is very similar to the corresponding process in humans. However, the 

recipient must be sensitised to the donor (by induction of neovascularisation and 

inflammation in the grafted eye), before rejection will occur. The sheep however, has 
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been shown to be an excellent experimental model, as rejection consistently occurs 

without the need for any manipulation, this being due to the fact that normal sheep 

cornea is already slightly vascularised (Williams et al., 1999). The development of 

orthotopic corneal transplantation in rats (Williams and Coster, 1985) and mice (She 

et al., 1990a) was a valuable advance, but has its limitations, mainly due to 

differences in the anatomy and physiology of the rodent and human eye. However, 

with the large range of transgenic and gene targeted strains of rodents currently 

available, valuable information on the potential mechanisms of corneal graft rejection 

has been gained.  

 

1.4.1 Site of antigen presentation in corneal transplantation 

While many molecular aspects of antigen processing and presentation are well 

understood in general, less is known about local factors involved in antigen 

presentation in corneal transplantation. Studies have shown that there are several 

distinct groups of APC in the anterior segment of the eye. McMenamin et al. 

demonstrated the presence of macrophages and MHC class II
+
 dendritic cells located 

within the iris and the trabecular meshwork of rat and human eyes (McMenamin et 

al., 1994). Furthermore, Camelo and Steptoe et al. showed that APCs present in the 

iris and ciliary body were able to capture and internalise soluble antigen introduced 

into the anterior chamber (Camelo et al., 2003), and that iris macrophages could 

efficiently stimulate primed T cells, playing a role in local antigen presentation during 

secondary responses (Steptoe et al., 2000). In 2004, Camelo et al. further 

demonstrated that in addition to internalisation of antigen introduced into the anterior 

chamber by APCs in the anterior segment tissues; internalisation of antigen occurred 

by macrophages present in mesenteric lymph nodes as well as spleen (Camelo et al., 

2004). As described previously in section 1.3.2, foreign antigen introduced into the 

anterior chamber results in a phenomenon called ACAID (systemic, antigen-specific 

suppression of DTH responses) (Dullforce et al., 2004). However, ACAID does not 

prevent  active sensitisation to corneal alloantigen as it is an active regulatory process 

that requires time to develop (Sonoda et al., 1995). 

MHC class II
+
 APCs, expressing macrophage markers have also been located in the 

conjunctiva (Baudouin et al., 1997). MHC class II
-
 APCs have been found in murine 

corneal stroma which become MHC class II
+
 after migration to the draining lymph 

node. However, this finding has not been reproduced by others and instead it has been 
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shown that there are two subset populations of leukocytes in the central corneal 

stroma: an MHC class II
+
 population (approximately 40%) that are CD11b

+ 
CD11c

-
 

(i.e. macrophages) and an MHC class II
-
 population that are CD34

+
 and are probably 

myeloid precursor cells. There is also a small population of B220
+
CD11c

lo
 cells 

which appear to be plasmacytoid DCs (Forrester et al., 2010). What is more 

interesting, is recently Maruyama et al., demonstrated CD11b
+
 cells (but not CD11c

-
 

cells) to contribute to lymphangiogenesis as demonstrated by the expression of 

lymphatic endothelial markers when the cornea is inflamed (Maruyama et al., 2005). 

This has implications in our understanding of local antigen presentation and T cell 

recruitment.  

 

1.4.2 Presentation of cornea-derived alloantigen 

Traditionally it is assumed that APC, having captured an antigen, migrate to regional 

lymphoid tissue where they mature and present antigen to naïve T cells. When 

transgenic cornea expressing green fluorescent protein (GFP) were transplanted into 

wild type mice, GFP was detected in the cervical lymph nodes within 6 hours (Liu et 

al., 2002). Another study has shown that after corneal transplantation, the number of 

CD4 and CD8 positive cells increases only in the cervical lymph nodes (Okada et al., 

1997). 

Other studies indicate that the actual site of antigen presentation may be even further 

upstream within the ocular structures. It has been shown that the conjunctiva contains 

a mucosa-associated lymphoid tissue with all components necessary for a complete 

immune response (Knop and Knop, 2000). Antigen presentation can occur in such 

mucosa-associated lymphoid tissue (Porgador et al., 1998). In the eye it has been 

demonstrated that a localised blockade of the costimulatory signals CD80 and CD86 

within the conjunctiva but outside of the cervical lymph nodes prevented a CD4
+
 T 

cell mediated herpetic keratitis (Chen and Hendricks, 1998). Local antigen 

presentation is further suggested by an experiment in which expression of 

recombinant IL-10 by corneal endothelial cells prevented corneal graft rejection 

(Klebe et al., 2001). IL-10 downregulates antigen presentation but its half-life is too 

short to account for modulation of antigen presentation outside the eye. After corneal 

graft rejection, dendritic cells are found in high frequency in the basal epithelium and 

stroma of human grafts (Morris, 1996). 
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Kuffova et al. recently demonstrated unequivocal evidence for the central role of 

recipient antigen-presenting cells in corneal allogeneic responses in which host APC-

associated cornea-derived antigen was transported to the draining lymph node 

(submandibular) and induced antigen-specific T-cell activation (Kuffova et al., 2008). 

 

1.4.3 T cell recognition of a corneal allograft 

There are two distinct pathways by which alloantigens expressed in solid organ 

transplants are recognised by recipient T cells, the indirect and direct pathways 

(Figure 2). In the direct pathway, the recipient T cells through their receptor (TcR) 

bind to the intact donor MHC molecules which are displayed on the surface of the 

donor cells. Alternatively, in the indirect pathway the TcR of recipient T cells require 

processing and presentation of donor derived peptides from MHC and minor 

transplantation antigens on self-MHC molecules at the surface of the hosts APCs 

(Lechler and Batchelor, 1982). 

When donor and recipient share no MHC class I or class II molecules, the two 

pathways of allorecognition are induced by two different types of APCs: the donor 

APCs serve the direct pathway while the indirect pathway is mediated by the recipient 

APCs. Both pathways have been implicated in the rejection of solid organ transplants 

(Benichou et al., 1999), however the direct pathway of allorecognition maybe 

preferentially involved in acute rejection of allografts, and the indirect pathway seems 

to be involved in chronic allograft rejection although it could also mediate acute 

rejection (Fluck et al., 1999). 

The most obvious source of alloantigen in a transplanted tissue is its MHC protein. 

MHC class I is expressed abundantly on the corneal epithelium and sparsely on the 

stroma and corneal endothelium (Khodadoust, 1968). In contrast MHC class II is not 

expressed on the epithelium or stroma and is absent on healthy endothelium. 

Cytokines TNF, GM-CSF and IL-1 can alter MHC class II expression following 

corneal transplantation, with rapid upregulation of MHC class II induced as a result of 

inflammation and cellular activation (Pepose et al., 1985). Thus with respect to graft 

self or non-self MHC antigen recognition, MHC class II donor antigens present 

themselves as direct targets for immune attack following transplantation. 
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Figure 2- Direct and indirect pathway of allorecognition 

In the direct pathway of allorecognition the TCR on the recipient alloreactive T cell 

directly recognises peptide antigen presented in the context of allogeneic MHC 

molecules on donor-derived APCs. In indirect presentation, allogeneic antigens are 

released from the donor cells (e.g. by death or shedding), these are then taken up by 

recipient APCs, processed and presented in the context of recipient MHC molecules.  

 

 

1.4.4 Contribution of direct and indirect T cell alloreactivity during corneal allograft 

rejection. 

Recipients of corneal transplants fall into two rejection risk categories. In 

approximately two thirds of graft recipients, ocular surface blood vessels do not 

extend beyond the corneal-conjunctival junction (the limbus). Thus, the recipient 

peripheral cornea, which provides the ‘bed’ for the graft, has no blood or lymphatic 

vessels and is therefore at a low risk of a rejection episode. However, the remaining 

third will have had a prior inflammatory episode, such as chemical trauma or infection 

(e.g. herpes simplex virus) or a previously rejected graft. These conditions promote 

corneal vascularisation and local infiltration of MHC class II-expressing APC 
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(Williams et al., 1985). In addition, recipients of multiple grafts may become 

sensitised to shared donor antigens. A breach of immunological privilege by any of 

these ways leads to a high chance of rejection and graft failure, which is as at least 

similar to that seen after renal transplantation (Nicholls and Williams, 2001).  

It has been well documented that the indirect pathway plays a significant role in 

corneal transplantation as will become evident later, especially when transplants are 

grafted onto uninflamed host beds. In this setting, the lack of constitutive expression 

of MHC class II by corneal tissues and the lack of passenger bone marrow-derived 

cells of the dendritic cell lineage, which basally express class II MHC molecules 

(Streilein et al., 1979, Whitsett and Stulting, 1984) are believed to be the main reasons 

for the minimal involvement of the direct pathway in low rejection risk (LR) 

transplantation. Indeed, Boisergault and co-workers, (Boisgerault et al., 2001) and 

others (Sano et al., 1997), have compellingly demonstrated that indirectly primed 

allospecific CD4
+
 T-cells produced against minor transplantation antigens (by 

comparing indirect T cell responses in MHC-disparate and fully allogeneic corneal 

transplant models) are essential in initiating the alloimmune response in LR corneal 

transplantation in mice.  

Huq et al. reported data to further support the concept that the direct pathway is not 

operative in rejection of LR allografts. They showed, using LR responder T-cells 

isolated from transplanted hosts, they were unable to detect any direct response in LR 

graft recipients and that by eliminating the class II-mediated direct response (by using 

class II KO mice as donors); this had no effect on the survival of LR grafts (Huq et 

al., 2004). While data suggest that the indirect pathway is operative in the HR setting 

(Sano et al., 1997, Dana et al., 1997) inhibiting it (by blockade of host APC 

infiltration into grafts) consistently fails to completely prevent graft rejection (Dana et 

al., 1997). 

Boisergault et al. also showed that an allograft naturally free of MHC class II
+
 APCs 

at the time of grafting is able to activate T-cells through both indirect and direct 

allorecognition pathways. Each pathway mediated by different T cell subsets with 

varying phenotypes and alloantigen specificities. Although the direct CD8 response 

can induce graft destruction when full costimulation is provided, the CD4 indirect 

response is vital in the rejection observed under normal circumstances. This provides 

further evidence that the indirect alloresponse remains the main driving force in the 
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rejection process, in the absence of MHC class II on the graft and most likely in the 

case of MHC-matched transplants (Boisgerault et al., 2001). 

Illigens et al. again showed that in corneal transplantation, the T-cell response was 

mediated by two T-cell subsets: i) CD4
+
 T-cells that recognise alloantigens 

exclusively through the indirect pathway and secrete IL-2 and ii) IFN-γ producing 

CD8
+
 T-cells recognising donor MHC in a direct fashion. In addition they observed 

that the vast majority of alloreactive CD4
+
 T-cells activated indirectly was directed 

towards mH, but not MHC proteins (using MHC deficient mice) (Illigens et al., 

2002). Yamada et al. when using BALB/c mice as recipients of orthotopic corneal 

allografts, revealed that mice with rejected grafts (but not mice with accepted grafts) 

acquired primed mH specific T-cells. However, none of the mice displayed 

cytotoxicity directed at target cells bearing donor MHC alloantigens (Yamada et al., 

2001). Thus showing, in BALB/c mice, direct alloreactive T-cells (either CD4
+
 or 

CD8
+
) specific for donor MHC alloantigens are not activated. Instead, donor mH-

specific DH and T-cells are readily detectable, especially in mice in which grafts are 

rejected. Combined with evidence that sensitisation of cornea allograft recipients to 

donor alloantigens correlates temporarily with infiltration of recipient Langerhans’ 

cells into the graft (Sano et al., 2000b), they deduced that only the indirect pathway of 

allorecognition is activated by orthotopic corneal allografts.  

Similarily, Neiderkorn and co-workers  and Sano et al. showed that it is mH antigens, 

rather than MHC, alloantigens that offer the greatest barrier to successful orthotopic 

corneal transplantation in mice and that these antigens will evoke an immune rejection 

reaction to the extent that recipient APCs migrate into the graft and capture donor-

derived alloantigens for processing and presentation on recipient MHC molecules 

(Peeler et al., 1988) ,(Sano et al., 1999). 

Sano et al. show that in high rejection risk corneal transplantation, it is the direct 

pathway of allorecognition that comes to the fore. They reported that C57BL/6 

corneal grafts placed in high risk eyes are capable of sensitising recipient T-cells 

through the ‘direct pathway of allorecognition’, but that this was not the case for graft 

rejection in normal eyes. Graft rejection in this case being mediated by T cells that 

recognise donor alloantigens presented by recipient MHC molecules (Sano et al., 

2000a).  

However, Dana and co-workers showed that contrary to current belief, donor graft 

cells that acquire MHC class II expression migrate from the corneal transplant to 
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draining lymph nodes, and the traffic of these donor cells to draining lymph nodes is 

significantly enhanced in inflamed high risk host beds compared with low risk hosts 

(with avascular recipient beds). Moreover, they demonstrated that these trafficking 

cells are CD45
+
CD11c

+
 cells that are normally universally MHC class II

-
 when 

resident in the uninflamed cornea but rapidly become MHC class II
+
 after 

transplantation or when placed in culture. They also demonstrated that in culture 

corneal CD11c
+
 cells spontaneously migrate out of the cornea and progressively 

acquire MHC class II expression, but have modest allostimulatory capacity compared 

with dendritic cells derived from the spleen (Liu et al., 2002). 

In summary, under normal circumstances, i.e. transplantation of a cornea into an 

uninflamed host (LR), allorecognition occurs through the indirect pathway mediated 

by CD4
+ 

cells. Where the immune privilege is abolished by inflammation, or 

vascularisation, allorecognition occurs through the indirect and direct pathway 

mediated by both CD4
+ 

and CD8
+
 T-cells respectively. A question that remains 

unanswered however is how CD4
+
 T-cells with indirect donor allospecificity regulate 

CD8
+
 T-cells with direct anti-donor allospecificity. The induction of an antigen 

specific cytotoxic CD8
+
 T lymphocyte (CTL) response usually requires helper CD4

+
 

T cells activated by the same APC to be effective (Ridge et al., 1998): often described 

as ‘linked’ help or the ‘three-cell’ model. However, several studies from Lee et al. 

showed that CD4
+ 

cells (sensitised indirectly by recipient APCs) can provide help for 

CD8
+
 CTLs (sensitised directly by donor cells). They did this by examining T cell 

responses in mice that had been treated with anti-CD8 antibody in vivo and that had 

rejected class II deficient but class I mismatched grafts. They found that despite the in 

vivo treatment with anti-CD8 antibody, CD8
+
 CTLs were present in these mice after 

graft rejection and that these CTLs were specific for donor class I antigens and 

depended on CD4
+
 helper cells that had been sensitised by donor peptides presented 

by recipient class II molecules (Lee et al., 1994). This suggests ‘unlinked’ help by 

which CD8
+
 T cells, activated directly by donor APCs, receive help from CD4

+
 T 

cells that are primed indirectly by recipient APCs. This has been described as the 

‘four cell problem’ (Jiang et al., 2004).  

Lechler and co-workers showed that DCs are capable of acquiring significant levels of 

MHC class I and II molecules from other DCs and from endothelial cells; and that the 

DCs were then able to present these acquired MHC complexes efficiently to antigen-

specific and alloreactive T cells (Jiang et al., 2004). With these reports, Lechler 
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proposed a third mode of allorecognition which he termed the ‘semi-direct’ pathway 

and which would provide a solution to the ‘four cell problem’. ‘Recipient DCs could 

acquire and present intact donor MHC class I molecules to direct pathway CD8
+
 T 

cells, and simultaneously could present internalised and processed donor MHC 

molecules as peptides to CD4
+
 T cells with indirect anti-donor allospecificity’ (Figure 

3) (Jiang et al., 2004). 
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Figure 3- The semi-direct pathway of allorecognition:  

In corneal allograft rejection, recipient CD8
+
 T cells, stimulated directly by donor 

DCs or parenchymal cells, receive help from CD4
+
 T cells primed indirectly by 

recipient DCs after processing of donor antigens. Thus, in the semi-direct pathway of 

allorecognition, recipient DCs  could acquire and present intact donor MHC class I 

molecules to direct pathway CD8
+
 T cells, and simultaneously present internalised 

and processed donor MHC molecules as peptides to CD4
+
 T cells with indirect 

allospecificity. 
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1.4.5 Histocompatibilty antigen matching in corneal transplantation 

Human leucocyte antigen (HLA) matching is not routinely carried out for corneal 

transplants. Over the past thirty years, clinical HLA-matching studies have produced 

inconsistent and conflicting results. Boisjoly et al. found a close association between 

HLA-A and –B incompatibility and  the  incidence of graft rejection in both high and 

low rejection risk patients (Boisjoly et al., 1990). The US Collaborative Corneal 

Transplantation Study (CCTS) found no beneficial effect of HLA matching in high 

risk patients (1992) (although an aggressive  post-grafting topical immunosuppressive 

protocol was used), whereas the UK Corneal Transplant Follow-up Study (CTFS) 

found a small increased risk of rejection with HLA-A and –B mismatching but a 

reduced risk of rejection with HLA-DR mismatching (Vail et al., 1997). Another 

study, using molecular typing methods concluded that DR matching was beneficial 

(Baggesen et al., 1991). 

The variable results obtained from HLA-matching in corneal transplantation, which is 

in contrast from those of other organs, such as kidney, can only be explained by the 

unique characteristics of the cornea. These in turn influence the mechanisms of T-cell 

activation and the antigens that are targeted (Nicholls, 1996). 

Murine models of corneal transplantation have confirmed a prominent role for non-

MHC antigens in corneal graft rejection (Sonoda and Streilein, 1992). The antigens 

themselves remain largely uncharacterised, although the chromosomal locations of 

some 50 or more have been determined in mice. The best known non-MHC antigens 

in humans are blood group antigens, but these are atypical in that they are targeted by 

antibody, rather than by T lymphocytes. Their role in corneal graft rejection is 

equivocal. The CCTS group showed that ABO compatibility resulted in fewer 

rejection associated graft failures and rejection episodes, however results were not 

statistically significant (1992), and recent work has shown improved survival if 

matched for the H-Y minor H antigens (Bohringer et al., 2006). Batchelor et al 

however, showed ABO incompatibility or ABO phenotype of recipient did not 

influence graft prognosis (Batchelor et al., 1976). The question of MHC matching 

remains controversial and there is currently a randomised, multicentre trial underway 

to address this question (Williams and Coster, 2007). 
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1.4.6 Effector mechansims in corneal allograft rejection 

The effector phase of corneal graft rejection involves multiple and redundant 

mechanisms. Using KO mice, graft rejection in the face of the selective exclusion of a 

single effector mechanism does not necessarily mean that mechanism does not have a 

role in a different situation. CTL and DTH responses are the two main T cell 

dependent immune effector mechanisms that are believed to be involved in the 

rejection of vascularised organ grafts. CTLs are characterised by their expression of 

the CD8 cell surface marker, whereas cells mediating DTH classically express the 

CD4 surface marker (Qian and Dana, 2001).  

The majority of existing evidence indicates that CD4
+
 T -cells play a crucial role in 

corneal allograft rejection. In vivo depletion of CD4
+
 T-cells using neutralising 

antibodies or by gene deletion results in a significant reduction in corneal graft 

rejection in both rat and mouse models (Ayliffe et al., 1992, He et al., 1991, 

Niederkorn et al., 2006, Yamada et al., 1999a). Furthermore, several groups have 

shown that long-term corneal allograft survival is closely associated with abolition of 

CD4
+
 T-cell dependent DTH responses to the donor’s histocompatibility antigens 

(Yamada et al., 1999a, Niederkorn and Mellon, 1996, She and Moticka, 1993, She et 

al., 1990a, Sonoda and Streilein, 1992). CD4
+
 Th1 cells were previously believed to 

be the sole mediator of corneal allograft rejection (Nickerson et al., 1994). However, 

results from studies examining survival of corneal allografts transplanted to Th2-

deviated hosts have yielded results ranging from complete acceptance of corneal 

allografts to rejection (Yamada et al., 1999b, Hargrave et al., 2004). Various groups 

have shown that patients with severe allergic eye disease are at a higher risk of 

corneal transplant rejection thus providing support to the idea that Th2 immune 

responses might be harmful, rather than beneficial (Easty et al., 1975, Ghoraishi et al., 

1995, Lyons et al., 1990, Hargrave et al., 2003). Recent reports by Beauregard et al. 

have shown that atopic conjunctivitis promotes systemic Th2 immune responses to 

the alloantigens expressed on the corneal allograft; that corneal allografts transplanted 

to atopic hosts display an increased incidence and a more rapid onset of rejection and; 

that corneal allograft rejection in atopic recipients does not require the direct 

involvement of infiltrating eosinophils (Beauregard et al., 2005). This was later 

confirmed by Flynn et al. who again showed an increased incidence of rejection in 

mice with allergic conjunctivitis (Flynn et al., 2007).  
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Hargrave et al. provided further evidence that corneal allograft rejection is not solely 

mediated by CD4
+
 Th1 cells.  They showed that corneal allograft rejection in IFN-γ 

KO mice or mice treated with neutralising anti-IFN-γ antibody ranged from 0% 

(MHC matched, multiple minor H-mismatched) to 100% (full MHC and multiple 

minor H mismatches) (Hargrave et al., 2004). This suggests therefore, that both Th1-

dependent and Th2-dependent pathways are essential for corneal allograft rejection. 

Although it is thought that CTLs play a central role in the rejection of different types 

of allografts, the evidence is not as clear in the case of corneal allografts. Corneal 

graft rejection occurs readily in mice with defective CTL function, such as perforin 

KO mice, β2-microglobulin KO mice and CD8 KO mice (Yamada et al., 2001, Hegde 

and Niederkorn, 2000). Furthermore, rejection of corneal allografts in normal mice 

still occurs if CD8
+
 T-cells are depleted with  neutralising anti-CD8 mAb, suggesting 

that CD8
+
 T cells are not obligatory for rejection (Yamada et al., 2001).  

It has become apparent that macrophages play an important role in corneal allograft 

rejection. They are a principal inflammatory cell in DTH lesions and as mentioned 

previously, DTH responses to donor histocompatibility antigens are the effector 

mechanism that most commonly result in corneal allograft rejection (Williams et al., 

1989, Hegde et al., 2005, Dvorak et al., 1986, Brissette-Storkus et al., 2002, 

Yamagami et al., 2006, Slegers et al., 2000). 

Macrophages have not only been found in rejected allografts but also in the 

conjunctiva and central corneal stroma in both humans and mice (Brissette-Storkus et 

al., 2002, Yamagami et al., 2006). 

Studies involving depletion of periocular macrophages (by subconjunctival injection 

of liposomes containing the macrophagicidal drug, clodronate) resulted in rejection of 

corneal allografts in rats (Slegers et al., 2000) and mice (Hegde et al., 2005) further 

confirming their important role in corneal allograft rejection.  Furthermore, Flynn 

showed that CD45
+
 monocyte/macrophage lineage cells are the predominant cell type 

in the aqueous humour of rejecting corneal grafts in humans (Flynn et al., 2008). 

Using rodent models of corneal transplantation, numerous studies have confirmed that 

the mammalian immune system provides multiple mechanisms for the destruction of 

the corneal allograft. These studies have shown that CD4
+
 T cells are the most 

important T cell population, but a wide range of molecules and immune cells may 

also contribute in different extents to corneal allograft rejection, but are not necessary 

for rejection to occur. These include 1) CD4
+
 T cells, 2) CD8

+
 T cells, 3) B cells 4) 
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perforin, 5) FasL, 6) TNF-α, 7) complement, and 8) interferon-γ, (Table 3). It seems 

therefore, reasonable to conclude that multiple and redundant immune effector 

elements can contribute to corneal allograft rejection (Niederkorn, 2007). 

Figure 4 illustrates the pivotal role that the CD4
+
 T-cell plays in inducing corneal 

graft rejection. In a typical DTH reaction, CD4
+ 

T-cells, especially Th1 cells, secrete a 

variety of chemokines, cytokines, and toxic molecules including IFN-γ, nitric oxide, 

superoxide radicals, and tumour necrosis factor-α (TNF-α). Each of these molecules is 

capable of inflicting injury to the corneal allograft. As an example, it is possible to 

induce apoptosis of corneal endothelial cells both in isolation and in intact corneas in 

a NO-dependent manner (produced by endothelial cells) using combinations of 

cytokines (Sagoo et al., 2004). 
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Figure 4- The CD4 
+
 T cell is the key cell for inducing corneal graft rejection.  

CD4 
+
 T cells could contribute to corneal graft rejection in multiple ways. They 

provide help for the activation of B cells and CD8 
+
 T cells. CD4 

+
 T cells also 

produce IFNγ and tumor necrosis factor-alpha (TNFα), which can directly induce 

apoptosis of corneal cells in a NO dependent manner. IFNγ can also activate 

macrophages, which in turn, elaborate apoptosis-inducing factors, including nitric 

oxide (NO), hydrogen peroxide (H2O 2), oxygen radicals, and TNFα. Antibody can 

produce corneal cell death by complement-mediated cytolysis, antibody-dependent 

cellular cytotoxicity via natural killer cells or by inducing apoptosis. 
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1.4.7 Role of Th17 cells in allograft rejection 

 

1.4.7.1 Defining T cell subsets 

As mentioned previously, CD4
+
 T helper (Th) cells are essential mediators of the 

immune response, helping to coordinate other cellular components of the immune 

system. The existence of two distinct effector Th populations, Th1 and Th2, was first 

demonstrated over two decades ago (Mosmann et al., 1986). These populations differ 

in the cytokines they produce and thus in their function. The decision on which path 

the progeny of a naïve CD4
+
 T cell will take is made during the clonal expansion 

phase that takes place after the first encounter with antigen. 

Th1 cells, characterised by the secretion of IFNγ and expression of T-bet as well as 

STAT4 are essential for the clearance of intracellular bacteria (Reiner, 2007). Th2 

cells are controlled by master regulator GATA-3 and play an essential role in humoral 

immunity by producing IL-4, IL-5, and IL-13 (Reiner, 2007). It has become clear only 

recently that IL-17 producing T cells form a separate T cell effector subset, termed 

Th17, distinct from Th1 and Th2 cells. Th17 cells do not produce the “classical” 

Th1/Th2 cytokines, and the Th1/Th2 signature cytokines IFNγ and IL-4 suppress 

Th17 cell differentiation (Harrington et al., 2005). Th17 cells produce large amounts 

of IL-17, IL-17F, IL-21 and IL-22, contributing to mucosal immunity (Mangan et al., 

2006, Zhou et al., 2007). In the presence of TGFβ, IL-6 and IL-21, naïve T cells 

differentiate into Th17 cells under control of housekeeper gene RORγt (Ivanov et al., 

2006). In addition, although essential for Th17 commitment, IL-23 is also required for 

expansion of Th17 cells (Veldhoen et al., 2006, Aggarwal et al., 2003). Regulatory T 

cells (Treg) are another T cell lineage under transcriptional control of master gene 

FoxP3 (Hori et al., 2003). Th17 cells have various roles; their importance in the 

control or clearance of various pathogens has been demonstrated in several models of 

acute infection (Infante-Duarte et al., 2000, Huang et al., 2004, Ye et al., 2001). They 

also play a key pathological role in several autoimmune diseases, which were 

previously assumed to be mediated by Th1 responses (Fujimoto et al., 2008, Cua et 

al., 2003, Jain et al., 2008). Interestingly, Th17 cells have been shown to be involved 

in allograft rejection of solid organs (Antonysamy et al., 1999, Vanaudenaerde et al., 

2006, Burlingham et al., 2007, Yuan et al., 2008, Burrell et al., 2008).  
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1.4.7.2 Transcriptional regulation of Th17 cell differentiation 

Unlike Th1 and Th2 cells, initial characterisation of Th17 cells has shown that they do 

not express T-bet and GATA3,  the classic transcriptional factors involved in Th1 and 

Th2 differentiation and that their differentiation is independent of STAT1, 4 or 6 

signalling (Harrington et al., 2005, Park et al., 2005). Chen et al. showed that 

deficiency in Socs3 (suppressor of cytokine signalling 3), a negative regulator of 

STAT3 phosphorylation, resulted in greatly enhanced IL-17 expression and that 

Socs3-conditional knockout mice developed systemic autoimmune disease, similar in 

phenotype to that observed in IL-17 and IL-23p19 transgenic mice (Chen et al., 

2006b). Subsequently, it has been shown that STAT3 deficiency results in impaired 

differentiation of Th17 cells (Yang et al., 2007). STAT3 is involved in the expression 

of RORγt, a critical transcription factor required for Th17 differentiation. STAT3 

mediated signals also suppress Th1 and T reg associated transcription factors, T-bet 

and FoxP3 respectively (Laurence et al., 2007).  

RORγt was identified as the first lineage specific transcription factor expressed in 

Th17 cells by the demonstration of a lack of IL-17 expressing cells in RORγt deficient 

mice (Ivanov et al., 2006). Furthermore, even in the presence of TGFβ and IL-6, 

RORγt deficiency has been shown to greatly reduce the differentiation of Th17 cells, 

establishing RORγt as a master transcriptional regulator of Th17 differentiation. 

However, mice lacking T cell expression of RORγt can still develop EAE and residual 

Th17 cells (compared with STAT3 deficient cells) are still present in the absence of 

RORγt, which indicates the involvement of other factors. Recently, it has been 

reported that RORα is also expressed by Th17 cells; however, compared with RORγt, 

it seems to have a minor role in Th17 cell differentiation (Yang et al., 2008). 

Furthermore, the interferon regulatory factor-4 (IRF4), known to be involved in Th2 

differentiation, was recently identified as a transcription factor necessary for Th17 cell 

differentiation. T cells from IRF4 deficient mice exhibit reduced RORγt expression 

and fail to diferentiate into Th17 cells (Brustle et al., 2007). Recently it has been 

shown that both T regs and Th17 cells express the aryl hydrocarbon receptor (AhR), 

as discussed later in section 1.4.7.3. (Veldhoen et al., 2008, Quintana et al., 2008).  
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1.4.7.3 AhR and Th17 cells 

The AhR belongs to the bHLH-PAS protein family. These are proteins that have been 

shown to control vascular and haemopoietic development aswell as a range of 

physiological events including circadian rhythms, toxin metabolism and stress 

responses to hypoxia, among others (Kewley et al., 2004). Environmental pollutants 

such as dioxin are the most extensively characterised classes of AhR ligands, 

however, the fact that the AhR is highly conserved in evolution supports the idea of 

there being other more naturally occurring ligands that drive its functions (Nguyen 

and Bradfield, 2008). An example of such a ligand is the tryptophan photo-product 6-

formylin-dolo (3,2-b) carabazole (FICZ) (Veldhoen et al., 2009). In fact tryptophan 

can be converted by a variety of mechanisms into AhR ligands and inducers of AhR-

dependent gene expression (Denison and Nagy, 2003) (Figure 5). 

There is a large body of evidence supporting a role for AhR signalling in the function 

of the immune system. Th17 cells have been shown to express high levels of AhR 

(Veldhoen et al., 2008). Although there are reports of AhR expression in Tregs 

(Quintana et al., 2008), its level of expression is much lower compared with Th17 

cells. Veldhoen et al. have shown that AhR activation as well as promoting the 

expression of IL-22, enhances Th17 cell development and increases cytokine 

production (Veldhoen et al., 2009). Furthermore, in vivo studies using a model of 

experimental autoimmune encephalomyelitis have shown premature onset of disease 

and more severe pathology, as well as a reduction in the number of Th17 cells, in 

Ahr-null mice in comparison to wild type (Veldhoen et al., 2008). Despite AhR not 

being an essential requirement for Th17 differentiation, its activation promotes further 

functional differentiation in these cells.  

Interestingly, it has been shown that FICZ, an endogenous AhR ligand mentioned 

above affects Th17 differentiation. FICZ has been shown to markedly increase the 

number of Th17 cells and their production of cytokines through activation of the AhR 

(Veldhoen et al., 2008, Veldhoen et al., 2009). 
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1.4.7.4 Effector function of IL-17 

mIL-17R expression has been revealed in virtually all cells and tissues by northern 

analysis (Yao et al., 1995). This ubiquitous distribution of the IL-17R is in contrast to 

the restricted expression of IL-17 in T cells. Expression of Il-17 was initially detected 

in memory CD4
+
 T cells from peripheral blood in humans (Yao et al., 1995). In 

addition to CD4
+
 T cells, IL-17 is expressed by CD8

+
 T cells, natural killer (NK) T 

cells, γδ T cells, and neutrophils under certain conditions (Dong, 2009). 

The role of IL-17 in autoimmune diseases is well established (Tartour et al., 1999, 

Witowski et al., 2004, Langowski et al., 2006). It has also been found to induce 

activation of the transcription factor NF-κB in a range of cell types and stimulate 

cells, such as endothelial cells, epithelial cells, and fibroblasts to secrete IL-6, IL-8, 

granulocyte CSF (G-CSF), and PGE2, a process that can be blocked by anti-IL-17 

mAb. In addition, IL-17 has been shown in human macrophages to induce the 

secretion of IL-1β and TNFα (Antonysamy et al., 1999). As well as inducing 

proinflammatory cytokine production, IL-17 has been shown to exhibit indirect 

haemopoietic activity by enhancing the ability of fibroblasts to sustain the growth of 

CD34
+
 haemopoietic progenitors and directing their maturation into neutrophils 

(Antonysamy et al., 1999). Yao et al. demonstrated that an IL-17 antagonist, soluble 

mIL-17R:Fc fusion protein, was able to inhibit IL-2 production and T cell 

proliferation induced by different stimulants, suggesting a key role for endogenously 

produced IL-17 in T cell growth (Yao et al., 1995). 

 

1.4.7.5 Evidence for a role of Th17 cells in allograft rejection 

Since IL-17 producing cells and enhanced IL-17 mRNA have been observed in 

human kidney transplants, investigators have focused on the possible role IL-17 may 

play in allograft rejection (Van Kooten et al., 1998, Loong et al., 2002).  

Antonysamy et al. showed in a rat cardiac allograft transplantation model that 

blocking IL-17 function resulted in significant increases in graft survival 

(Antonysamy et al., 1999). The same group later showed that IL-17 inhibition was 

able to prevent rejection in a murine aortic transplantation model (Tang et al., 2001). 

More recently, Vanaudenaerde et al. have shown IL-17 to be implicated in rejection 

of lung transplants, demonstrating that in patients with acute rejection of lung 

transplantation, IL-17 mRNA and protein levels were increased in bronchoalveolar 

lavages (Vanaudenaerde et al., 2006). Furthermore, Burlingham et al., showed that 
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Th-17 mediated immunity to collagen type V ultimately caused progressive airway 

obliteration in the transplanted lung (Burlingham et al., 2007). A disease promoting 

role for Th17 cells in cardiac allograft rejection was also confirmed, especially in the 

absence of a Th1 response (Burrell et al., 2008, Yuan et al., 2008).  

There has only been one report in the literature which demonstrated a pathogenic role 

of IL-17 at the early stage of corneal allograft rejection. The authors demonstrated 

significantly enhanced Th17 expression in inflamed transplants and draining lymph 

nodes early on in allocorneal rejection, while upregulation of Th1 producing IFNγ 

was seen in the late phase. Furthermore, they showed that IL-17 deficiency led to a 

delay in the onset of allogeneic rejection, but did not affect the overall survival time 

of transplants (Chen et al., 2009).  

The presence of both Th1 and Th17 cells has been demonstrated during allograft 

rejection, although direct evidence representing their specific roles is lacking. Indirect 

evidence as determined by detection of cytokines may even be deceptive in itself, as 

individual cells may co-produce both IFNγ and IL-17. Tackling the clinical problem 

of rejection will require better understanding of the factors that regulate both the 

development of these different cell types and the balance between them, as well as 

their interaction with other cell types such as Tregs. 
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Figure 5- AhR ligands 

Tryptophan can be converted by a variety of mechanisms into AhR ligands and 

inducers of AhR-dependent gene expression (Denison and Nagy, 2003). 
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1.4.8 Therapeutic immune modulation in corneal transplantation 

The goal of transplantation medicine is to improve the patient’s long-term quality of 

life by re-establishing lost organ or tissue function. To achieve this goal it is crucial to 

prevent the occurrence of any form of transplant rejection. This has to be achieved 

with the lowest possible number and severity of side effects.  

Historically, the major strategy for improving long-term graft survival in clinical 

transplantation has always been the suppression of the immune system. 

Immunosuppression comes at a cost of serious side effects and immunosuppressive 

treatment in organ transplantation must usually be given for as long as the graft 

survives. 

One of the major aims in transplantation immunology at large is the induction of 

donor-specific transplantation tolerance in the recipient, where a short-term 

immunomodulatory treatment would induce indefinite graft survival thereby allowing 

discontinuation of treatment. Tolerance, defined as a state of non-aggressive reactivity 

to a specific antigen, is demonstrated by the large number of foreign and self antigens 

that are encountered continuously throughout life without rejection or autoimmunity. 

T cell proliferation, the initial step in any transplant rejection, is induced if a foreign 

antigen is presented by the TCR (signal 1) together with a co-stimulatory signal 

(signal 2), delivered by receptor interactions between CD80 and CD86 on APC and 

CD28 on T lymphocytes. Signal 1 in the absence of signal 2 results in a state of 

anergy. Co-stimulation is of therapeutic interest because the manipulation of co-

stimulatory signals can provide a means to either enhance or terminate immune 

responses. 

The two-signal model oversimplifies the contribution of each signal because the 

strength of the TCR signal also has an influence on the extent of T cell differentiation. 

T cell activation might occur in the absence of signal 2 if the TCR signal is very 

strong. In addition both positive and negative second signals can be delivered to T 

cells. The balance between stimulatory and inhibitory signals is crucial in maximising 

protective immune responses whilst maintaining immunological tolerance and 

preventing autoimmunity. Negative second signals seem to be needed to induce T cell 

tolerance, whereas positive second signals promote T cell activation (Figure 6) 

(Sharpe and Freeman, 2002). 

Topical glucocorticoid treatment is the mainstay of immunosuppression in corneal 

transplant recipients with the exception of those patients with a recognised high risk 
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of rejection (Hill et al., 1991). Although topical steroid treatment has been 

demonstrated to prevent or reverse rejection episodes (Randleman and Stulting, 

2006), it is much less effective in preventing graft failure in high-risk patients. This 

has provided the impetus for the development of immunomodulatory approaches 

which would not involve systemic immunosuppression. There have been no reported 

clinical trials of immunomodulatory proteins in patients with corneal graft rejection, 

mainly due to a lack of clear cut, long term graft survival in animal models (George 

and Larkin, 2004). Modification of corneal endothelial cells by gene therapy is an 

attractive alternative to the systemic use of immunomodulatory proteins (Fu et al., 

2008). Ex vivo transduction of the cornea with viral vectors has been achieved using 

adenoviral, lentiviral, herpes and adeno-associated viral vectors in a range of different 

species (George et al., 2000, King et al., 2000, Larkin et al., 1996, Gong et al., 2006, 

Xie et al., 2003). These vectors have been used for the expression of molecules that 

can prolong the survival of allografts, including IL-10 (Klebe et al., 2001), IL-12 

(Klebe et al., 2005), soluble TNF receptor (Rayner et al., 2000), CTLA4-Ig (Comer et 

al., 2002, Gong et al., 2006) and IL-4 (Pleyer et al., 2000). However, while viral 

vectors can achieve efficient transgene expression, they can be immunogenic and pro-

inflammatory, and in at least one study vector controls have shortened graft survival 

when compared with untreated corneal grafts (George and Larkin, 2004). Therefore, 

there is a need for finding alternative strategies of introducing immunomodulatory 

molecules such that the cornea itself is not transduced, a process which has been 

implicated in the premature destruction of the corneal endothelium, thus overcoming 

the beneficial effects of the transgene. 
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Figure 6- The B7.1/B7.2-CD28/CTLA-4 superfamily members.  

 

 

 

1.5 Indoleamine 2,3-dioxygenase (IDO) 

IDO catabolises the enzymatic degradation of the essential and rarest amino acid 

tryptophan (trp) to kynurenine (kyn) and promotes the formation of kyn pathway 

metabolites. Trp degradation was previously thought to be a mechanism of the innate 

immune system as early literature showed IDO to inhibit the proliferation of 

facultative intracellular pathogens and tumour cells in vitro as a result of consumption 

of the essential amino acid tryptophan (Taylor and Feng, 1991). Since Mellor and 

Munn’s discovery in the late 1990’s of the involvement of IDO in maintaining 

maternal tolerance towards the foetus (Munn et al., 1998), interest in the enzyme has 

focused on its role in the generation of immune tolerance to foreign antigens. 

Currently the importance of the IDO enzyme is well recognised both in immunity and 

the pathogenesis of many diseases. Furthermore, the recent discovery of a novel 

isoform of IDO (IDO2) suggests that the degradation of trp via the kynurenine 

pathway may be involved in more biological processes than previously believed (Ball 

et al., 2009, Metz et al., 2007).  
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1.5.1 Tryptophan 

Trp is the rarest of all 20 essential amino acids. Essential amino acids are those that 

cannot be synthesised de novo and on which we rely on dietary ingestion for supply. 

Although it is the rarest of all 20 essential amino acids, accounting for only 1 to 1.5 % 

of total amino acids in cellular proteins, it is required in many physiological processes 

in addition to protein synthesis (Peters, 1991). It is essential to human metabolism, 

being the metabolic precursor of neuro-hormone melatonin, neurotransmitter 

serotonin and vitamin B3, Niacin. It is found in a variety of foodstuffs including, 

milk, chocolate, bananas and peanuts. The average daily intake is about 1g with the 

minimum recommended intake being approximately 200 mg.  

 Upon ingestion, dietary trp has been shown within minutes to enter the hepatic 

portal system and induce protein synthesis in the liver (Sidransky, 1976). Any excess 

trp is delivered to the bloodstream, where it is absorbed by tissues and used in general 

protein synthesis or in the synthesis of serotonin and melatonin. 

 Free trp in the plasma is derived not only from dietary trp, but also from trp 

released by protein turnover (Brown, 1996). In addition to general protein synthesis 

and serotonin biosynthesis, the third and main fate of trp in the body is catabolism 

through the kynurenine (kyn) pathway (Figure 7). 
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Figure 7- Catabolic pathways of trp. 

Trp is metabolised along various metabolic pathways however, 95% is metabolised 

via the kynurenine pathway. This pathway ultimately produces significant amounts of 

nicotinamide ribonucleotide, a precursor of the coenzyme nicotinamide adenine 

dinucleotide (NAD), thus decreasing the requirement for dietary niacin. 
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1.5.2 The kynurenine pathway  

The kyn pathway represents the major catabolic route of Ltrp in mammals, 95% of trp 

is metabolised via this pathway (Figure 8), (Takikawa et al., 2001). The first and rate-

limiting step in the kyn pathway is the oxidative cleavage of the pyrrole ring of trp 

catalysed by two unrelated enzymes; hepatic trp 2,3-dioxygenase (TDO) or ubiquitous 

and extrahepatic IDO. The end product of this pathway is nicotinamide 

ribonucleotide, a precursor of the coenzyme nicotinamide adenine dinucleotide 

(NAD). The kyn pathway is the only source of endogenous NAD, and therefore trp is 

an important pro-vitamin (MacKenzie et al., 2007).  

 Regulation of the kyn pathway is dependent on the type of tissue or cell in which it is 

expressed. For example, kyn production in the brain in comparison to peripheral 

organs is low; moreover, astrocytes preferentially breakdown kyn to kynurenic acid, 

which is a dead-end side arm of the kyn pathway. Microglial cells, in contrast, 

metabolise trp almost completely to quinolinic acid (QA) (MacKenzie et al., 2007), as 

do dendritic cells (Hill et al., 2007). 
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Figure 8- The Kyn pathway of trp metabolism. 
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1.5.3 Discovery of IDO 

Kotake and Masyama were the first to discover the liver enzyme TDO that catalysed 

the conversion of L-trp to N-formyl-kyn (Kotake and Masyama 1936). It wasn’t until 

1967, that Osamu Hayaishi’s group (Yamamoto and Hayaishi, 1967) discovered IDO, 

as a D-trp degrading enzyme from rabbit intestine. So far, IDO has been found only in 

mammals and yeast whereas TDO has been isolated in mammals as well as different 

insects, scallop and yeast (Yuasa et al., 2007).  

 

1.5.3.1 The INDO gene  

The IDO protein  is encoded by a single gene (INDO), located in a similar region of 

both human and mouse chromosome 8 (8p12-p11) (Najfeld et al., 1993). The cDNA 

clone was originally isolated, and after determination of its nucleotide sequence, the 

protein product identified as IDO in 1990 (Dai and Gupta, 1990). The INDO gene 

spans ~15 kb of DNA with 10 exons, and has been well conserved (Suzuki et al., 

2003). Gene transcription is tightly controlled, responding to specific inflammatory 

mediators and restricted to a limited range of cell types (Fallarino et al., 2002b).   

 

1.5.3.2 Induction of expression by IFNγ 

IDO expression has been shown to increase in response to a variety of inflammatory 

stimuli such as during; wounding, infection, or tumour growth in response to cytokine 

release (Jung et al., 2007). Monocyte-derived macrophages and DCs, endothelial 

cells, fibroblasts and some tumour-cell lines have been shown to express IDO after 

exposure to IFNγ (Fallarino et al., 2002b).  

IFNγ, a type II interferon, is a cytokine with a wide range of functions, including; a 

role in T cell differentiation, in the induction of immune-mediated inflammatory 

responses, in haematopoiesis as well as having antimicrobial, anti-proliferative, and 

anti-tumour functions (Jung et al., 2007).  IFNγ is the main inducer of INDO 

transcription and therefore the promoter region of INDO contains multiple sequence 

elements that confer responsiveness. Two IFN-stimulated response elements (ISRE1 

and ISRE2) and gamma-activated sequence (GAS) binding elements in the promoter 

recognise IFN regulatory factor-1 (IRF-1) and activated signal transducer and 

activator of transcription-1 (STAT-1) respectively (King and Thomas, 2007). STAT1 

and IRF-1 act together to mediate the induction of INDO expression by IFNγ (Chon et 

al., 1996), and both IFNγ and IRF-1 knockout mice have been shown to be deficient 
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in IDO expression during infection (Silva et al., 2002). Type I interferons, IFNα and 

IFNβ, are also able to induce INDO although to a much lesser extent than IFNγ (King 

and Thomas, 2007). This is believed to be as a result of minor differences in the 

nucleotide sequence of the ISRE homolog present in the INDO gene promoter and the 

ISRE consensus sequence characteristic of IFNα (Hassanain et al., 1993). 

There is a strong link between inflammation, IFNγ and induced IDO expression, but 

IFNγ is not essential for IDO induction. Several inflammatory agents and extracellular 

signals, such as lipopolysaccharide (LPS), the inflammatory cytokines IL-1 and TNFα 

act synergistically with IFNγ to enhance IDO expression in vitro (Babcock and 

Carlin, 2000, Platten et al., 2005). The mechanism for synergy may include an 

increase in cytokine receptor expression. 

LPS can also induce INDO expression via an IFNγ independent mechanism, which 

may be mediated by Toll-like receptors (TLRs) (Hayashi et al., 2004) and associated 

with the activities of the p38 mitogen-activated protein kinase (MAPK) and nuclear 

factor (NF)-κB (Jung et al., 2007). Jung et al. showed that the LPS induced expression 

in murine bone marrow derived DCs is mediated by PI3 kinase and c-Jun N-terminal 

kinase (JNK), whereas IFNγ induced expression is regulated by Janus kinase (JAK). 

Their results suggest that LPS and IFNγ belong to different signalling pathway 

responses of INDO induction. 

TNFα on the other hand, is directly dependent upon IFNγ; IFNγ mediated signalling 

is directly responsible for the synergistic transcriptional activation and is independent 

of TNFα specific activator recruitment to the INDO regulatory region (Platten et al., 

2005).  

 

1.5.3.3 Induction of expression by CTLA4 

Cytotoxic T lymphocyte associated antigen 4 (CTLA4), is an important negative 

costimulatory molecule constitutively expressed by Tregs (Scalapino and Daikh, 

2008). Grohmann et al. were the first to show soluble CTLA4-Immunoglobulin 

(CTLA4-Ig) fusion protein to induce INDO expression through the ligation of cell-

surface CD80/CD86 molecules (Grohmann et al., 2002). This role for CD80/CD86 

molecules has subsequently been confirmed in several model systems of both mouse 

and human DCs (Fallarino et al., 2003a, Mellor et al., 2003, Munn et al., 2004b, 

Mellor et al., 2004). Although IFNγ was required for induction of functional IDO 
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expression in some it was not essential as it could also be induced by ligation of 

CD80/CD86 in IFNγ receptor deficient DCs (Mellor et al., 2004).  

 

1.5.3.4 Cytokine inhibitors 

A number of cytokines have been shown to influence IDO activity. TGFβ inhibits 

several of the cellular responses to IFNγ. It mainly inhibits LPS induced IFNγ 

production but Yuan et al. also showed it to inhibit IDO gene expression in IFNγ 

stimulated human skin and synovial fibroblasts (Yuan et al., 1998). 

IL-6 has been shown to inhibit IDO activity; IL-6 results in downregulation of IFNγ 

receptor expression in the mouse CD8
+
 DC subset and is associated with a reduced 

ability of these cells to metabolise trp and initiate T cell apoptosis in vitro (Grohmann 

et al., 2001). Orobona et al. also showed that blocking the effects of IL-6 in mouse 

DCs resulted in increased trp catabolism (Orabona et al., 2004). 

 

1.5.4 Structure and expression of IDO 

With the use of X-ray crystallography, the tertiary structure of recombinant human 

IDO has recently been identified (Sugimoto et al., 2006). The protein is folded into 

two distinct alpha-helical domains of unequal size with a haem group positioned 

between them (King and Thomas, 2007). Human IDO protein consists of 403 amino 

acids with a molecular weight of ~45 kDa. The primary sequence of human INDO 

shows only 57% identity to that of mouse INDO. IDO is an intracellular enzyme; 

there are no reports of it being secreted or existing in an extracellular form (Mellor 

and Munn, 2004).  

Unlike TDO, whose catalytic activity is not dependent on haem or superoxide, the 

haem of IDO is essential for its enzymatic activity (King and Thomas, 2007). 

IDO and TDO differ in their tissue expression patterns. TDO is principally expressed 

in hepatic cells, is non-inducible and its main role is to regulate homeostatic trp 

concentrations (Mellor and Munn, 2003). IDO, on the other hand is detected in 

various tissues under normal conditions. Constitutive IDO expression has been 

demonstrated in immune privileged sites and in tissues with large mucosal surface 

area, such as the gut and placenta, potentially limiting harmful inflammatory 

responses.  

Functional IDO expression has also been found in the gut (distal ileum and colon), 

lymph nodes, spleen, thymus, lungs and mouse epididymis- which has the highest 
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expression outside the placenta (Takikawa et al., 1986). In the epididymis, IDO acts 

as an antioxidant enzyme, protecting the epithelia from the damaging effect of 

reactive oxygen species (Britan et al., 2006). IDO expression in these tissues might 

function as an anti-inflammatory and immunosuppressive mechanism (Mellor and 

Munn, 2004). In humans, IDO has been detected in lung, stomach, spleen, liver, 

kidney, thymus, epididymis and brain. 

Although most descriptions on the immunoregulatory role of IDO focus on DCs and 

macrophages, i.e. APCs; functional IDO activity can also be expressed by endothelial 

and epithelial cells, fibroblasts, eosinophils, lung cells, vascular smooth muscle cells, 

microglial cells in the central nervous system and, also certain tumour cell lines. Thus 

IDO is a molecule not just confined to the immune system (Terness et al., 2006, King 

and Thomas, 2007). 

 

1.5.5 Regulation of enzyme activity 

Although IDO is ubiquitously expressed, the protein can be present without functional 

enzymatic activity (Mellor and Munn, 2004). This is likely an evolutionary protective 

mechanism as due to its consumption of the essential amino acid (and nutrient) trp, it 

could potentially be very harmful if it were constitutively active and hence activity 

must be strictly regulated. Fallarino et al.  showed that isolated mouse splenic CD8α
+
 

DCs catabolised tryptophan when exposed to IFNγ, whereas other CD8α
-
 DCs did 

not, even though both subsets expressed comparable amounts of IDO protein as 

analysed by western blot (Fallarino et al., 2002b). Similarly, human DCs have been 

shown to constitutively express immunoreactive IDO protein as confirmed by flow 

cytometry and western blotting, yet they did not have functional enzymatic activity 

until they were activated by IFNγ and CD80/CD86 ligation (Munn et al., 2004b). The 

possible mechanisms for post-translational regulation are not yet clear, but include; 

controlling the supply of enzyme co-factors and substrates, regulation of protein 

stability, alternative splicing, and the presence of inhibitors of the enzyme active site 

(Thomas et al., 2001). Antioxidants and the cellular redox potential can also affect 

enzyme activity (Thomas et al., 2001). 

Orobana et al. recently investigated the gene expression programs of IDO competent 

DCs and showed that IFNγ stimulation of DCs resulted in downregulation of the 

TYROBP gene, which encodes the membrane protein adapter DAP12; a 

transmembrane signalling adapter which typically associates with activating 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 66 

receptors. They concluded that the downregulation of DAP12 appears to be necessary 

for full IDO enzyme activity, suggesting that the loss of DAP12 expression could be a 

distinctive mark of IDO-competent DCs (Orabona et al., 2006). 

Nitric oxide (NO) has been shown in several studies to inhibit IDO enzyme activity. 

This has been through a direct effect, blocking the haem prosthetic group, thus 

inactivating the active site, or by breaking the Fe-N bond and inducing structural 

changes (Thomas et al., 1994, Alberati-Giani et al., 1997, Aitken et al., 2004). It also 

promotes proteasome-mediated degradation of the IDO protein (Hucke et al., 2004). 

NO is a highly reactive free radical produced by the enzymatic degradation of L-

arginine by nitric-oxide synthase (NOS) (Bogdan, 2001). There are three different 

NOS enzymes but only NOS2 (iNOS) is inducible, responding to IFNγ stimulation. It 

appears that NOS2 and IDO are reciprocally controlled, i.e. the product of one 

pathway regulates the enzyme of the other pathway; e.g. NO inhibits IDO (Thomas 

and Stocker, 1999). Although NOS2 and IDO are able to be induced in the same cell, 

it is uncertain as how one gains dominance over the other. It is unclear whether this is 

in response to the surrounding immunological milieu or directly influenced by the 

infectious organism (King and Thomas, 2007). 
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1.5.6 IDO-mediated immunoregulatory effects 

Early literature showed IDO to inhibit the proliferation of microbes and tumour cells 

in vitro as a result of depletion of the essential amino acid tryptophan (Taylor and 

Feng, 1991). In 1999, Mellor and Munn proposed a further role for IDO, suggesting 

that IDO-dependent suppression of T cell responses might function as a natural 

immunoregulatory mechanism, based on data showing that IDO regulated maternal T 

cell immunity during pregnancy (Munn et al., 1998). To date, there have been several 

studies supporting a role for IDO in immune regulation, including: as an effector 

mechanism for the immunosuppressive molecule CTLA4-Ig fusion protein 

(Grohmann et al., 2002); in T cell tolerance to tumours (Fallarino et al., 2002b, 

Friberg et al., 2002, Uyttenhove et al., 2003, Munn et al., 2004a); as a protective 

negative regulator in autoimmune disorders (Sakurai et al., 2002b, Gurtner et al., 

2003, Swanson et al., 2004); dysfunctional self-tolerance in non-obese diabetic 

(NOD) mice (Grohmann et al., 2003); and inhibition of an induced model of asthma 

(Hayashi et al., 2004). While it is clear that IDO suppresses T cell responses, the exact 

mechanism has not been fully elucidated. 

 

1.5.6.1 Tryptophan depletion 

T cells have been shown to be particularly senisitive to low tryptophan levels (Munn 

et al., 1999).  The in vitro work of Munn et al. demonstrated that IDO induced 

tryptophan depletion arrested cell cycle progression at the mid-G1 phase. Restoration 

of tryptophan to arrested cells, along with a second round of T cell receptor signalling, 

reversed the state of non-reactivity and induced cell cycle progression.  

It has been noted previously that amino acid deprivation exerts an inhibitory effect on 

cell-cycle progression (Dauphinais and Waithe, 1977, Tobey and Ley, 1971). In fact T 

cells may sense reduced levels of free tryptophan by two known amino acid 

responsive signal transduction pathways. The first is the mammalian Target of 

Rapamycin (mTOR) kinase pathway; mTOR signalling controls initiation of 

ribosomal translation. Amino acid starvation has been shown to inhibit this pathway 

by resulting in dephosphorylation of translation initiation regulators (Gao et al., 2002, 

Rohde et al., 2001). The immunosuppressant drug, rapamycin works specifically 

through this pathway (Grolleau et al., 2002). A second amino acid pathway is initiated 

by General Control Non-depressible 2 (GCN2) kinase. Amino acid depletion results 

in phosphorylation and activation of the kinase domain, resulting in phosphorylation 
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of eukaryotic translation-initiation factor-2α (eIF-2α) and inhibition of translation 

(Harding et al., 2000). These and other observations led to the hypothesis that the 

main mechanism by which IDO inhibits T cell proliferation is the depletion of 

tryptophan. However, most of the results suggesting trp depletion as the mechanism 

of IDO-induced immunosuppression have been obtained in vitro, and whether or not 

this is responsible for the immunosuppressive effects of IDO in vivo is open to debate. 

In vivo, a local decrease of trp is rapidly compensated by diffusion from surrounding 

tissues and plasma. In addition, at the site of inflammation, dead cells provide an 

additional source of trp by releasing their intracellular stocks (Terness et al., 2006). 

Thus the trp depletion hypothesis may not be the only explanation for the 

immunomodulatory properties elicited by IDO. 

What is interesting is that from an evolutionary perspective the downregulation of the 

immune system by trp metabolism, i.e. the suppression of T cell proliferation, appears 

to be in direct conflict with the antimicrobial function of IDO. To efficiently clear a 

pathogen, a brisk immune response is required at the infection site. On the one hand 

this IFNγ-induced upregulation of IDO protects against invading pathogens, while on 

the other inhibiting the production of the same IFNγ by T cells. Work carried out by 

MacKenzie et al. may help to explain these contradictory effects. They investigated 

the critical threshold of trp concentration required for survival of both T cells and 

micro-organisms. They found that this concentration is two to three times higher for 

bacteria (staphylococci) than for T cells (MacKenzie et al., 2007). They suggest that 

IDO-mediated trp depletion in the first instance leads to an inhibition in the growth of 

the pathogen and then, at lower concentrations, acts as a negative feedback loop 

downregulating T cell proliferation and hence IFNγ production. This would prevent 

an overshoot of the immune response and thus protect the host tissue from possibly 

damaging trp starvation. Thus IDO would be a ‘late contributor’ to the immune 

reaction, having a role of downregulating a successful response. On the other hand, 

inducers of IDO are clearly present at the start of an inflammatory process. IDO 

present early in the immune response may exist in a functionally inactive form or may 

not reach suppressive concentrations (Terness et al., 2006). The former can be 

achieved by coexpression of IDO inactivators, such as NO (Thomas et al., 1994). 
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1.5.6.2 Immune modulation by tryptophan catabolites 

It is also known that the kynurenines resulting from tryptophan catabolism, which 

include: Kyn, 3-hydroxykynurenine (3HK), 3-hydroxyanthranilic acid (3HAA) and 

QA, can themselves inhibit T cell activation and proliferation (Terness et al., 2002, 

Frumento et al., 2002).  

Kynurenines have pro-apoptotic properties particularly for activated cells and Th1 

lymphocytes (Fallarino et al., 2002a, Fallarino et al., 2003b) and molecular 

mechanisms of apoptosis have been characterised in murine thymocytes (Fallarino et 

al., 2002a). It has been shown that 3HAA induces apoptosis which is independent of 

Fas-/ Fas ligand interactions and is associated with the activation of caspase-8 and 

release of cytochrome c from the mitochondria (Fallarino et al., 2002a). In 

monocyte/macrophage cell lines, 3HAA can also induce apoptosis by production of 

hydrogen peroxide (Morita et al., 2001).  Besides T cells, kynurenines also suppress 

NK cells (Terness et al., 2002, Frumento et al., 2002), whereas B cells are not affected 

(Frumento et al., 2002). Fallarino et al. (2002) exposed T cells, macrophages and DCs 

to trp catabolites, 3HAA and QA, and demonstrated increased apoptosis. 

In the study by Fallarino et al. (2002) the kynurenine concentrations required to affect 

macrophages and DCs were 10-fold those required for lymphocytes, thus IDO-

producing cells seem to display resistance to the effects of IDO. Macrophages have 

been described as possessing a high affinity trp transport system, which may allow 

them to access the scant trp available during increased IDO activity (Seymour et al., 

2006). It may also be partly explained by the findings that some IDO competent cells 

also express the IFNγ-inducible enzyme trp-transfer-RNA ligase (WARS). Keskin et 

al. (2007) demonstrated that macrophages transfected to overexpress IDO had 

reduced superoxide levels in cell culture compared with control macrophages and had 

reduced protein nitration, suggesting that they were protected against oxidative stress 

(Fallarino et al., 2002b). So IDO induction in macrophages is likely to represent a 

host defence mechanism which produces a hostile environment for pathogens while at 

the same time protecting the macrophage itself against this environment. However, 

these findings do not explain DC and macrophage resistance to trp catabolites. It may 

be that specific kynurenines have a particular affinity for certain cell types owing to 

cell-specific uptake mechanisms or the differential expression of enzymatic 

breakdown pathways (Frumento et al., 2002). It is known that DCs metabolise 

tryptophan through the kynurenine pathway as demonstrated by 
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immunohistochemical staining of the presence of quinolinic acid, the penultimate 

product of the kynurenine pathway (Hill et al., 2007). Furthermore, it has been shown 

that 3HAA induced T cell death is as result of inhibition of NF-κB activation upon T 

cell antigen receptor engagement by specifically targeting PDK1 (Hayashi et al., 

2007). The same authors showed that inhibition of NFκB and induction of apoptosis 

is specific to CD4
+ 

T cells as 3HAA did not inhibit NFκB activation or induce cell 

death upon Toll-like receptor 4 (TLR-4) stimulation in dendritic cells (Hayashi et al., 

2007). While DCs and macrophages appear to be resistant to the apoptotic effects of 

IDO, it is not known whether the phenotype of these cells is altered by trp deficiency 

or excess catabolites (Mulley and Nikolic-Paterson, 2008). 

The combined effect of tryptophan degradation and increasing concentration of 

kynurenines has been shown to be responsible for GCN2 kinase mediated down-

regulation of the TCRζ-chain in CD8
+
 cells reducing their cytotoxic effector function 

(Fallarino et al., 2006b). In addition, long term tryptophan depletion with increased 

production of tryptophan metabolites promotes conversion of naïve CD4
+
CD25

-
 T 

cells into a regulatory phenotype (Fallarino et al., 2006b).  

In conclusion, the available evidence suggests a synergistic role of both trp depletion 

and production of trp catabolites in regulating adaptive immunity. They do not appear 

mutually exclusive and each could be active in varying degrees in different tissues or 

cells.  
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1.5.7 IDO2 

Until recently it was believed that the first and rate-limiting step in the kyn pathway 

was performed by either of the two enzymes, TDO or IDO, depending on the tissue 

and cell type. This was until the discovery of a gene with homology to INDO in 2007 

by a group in Boston (Murray, 2007) and subsequently demonstrated by three other 

groups to encode a trp catabolising enzyme (Metz et al., 2007, Ball et al., 2007, Yuasa 

et al., 2007). This new enzyme has been referred to as IDO-like protein (INDOL1) or 

IDO2 due to similarities in structure and enzymatic activity to IDO. The discovery of 

IDO2 suggests that the kyn pathway of trp metabolism may be involved in more 

biological processes than previously thought (Ball et al., 2009). 

The exact biological role of IDO2 is yet to be defined as its discovery is only recent. 

However, its predominant expression in kidney, followed by epididymis, ovary, 

uterus and also in DCs suggests that it has a role in kidney function, fertility and 

immunomodulation (Ball et al., 2009). Its ability to catabolise trp has been 

demonstrated in intact mammalian cells expressing IDO2 (Ball et al., 2009, Metz et 

al., 2007), with IDO2  catabolising a similar range of substrates to IDO but with much 

lower efficiency (Ball et al., 2009). 

 

1.5.7.1 The INDOL1 gene 

The INDOL1 gene is located on chromosome 8p12 just downstream of the IDO gene 

INDO. The primary human transcript is derived from 11 exons encompassing a 74 kb 

region of chromosome 8p12 (Metz et al., 2007). Transcripts are initiated only 5 to 7 

kb downstream of the INDO gene. The mouse gene differs in its lack of the alternate 

exon 1a found in the human gene; otherwise, exon positions are conserved, indicating 

gene duplication during evolution of this region of the genome (Metz et al., 2007). 

Alignments between IDO and IDO2 sequence have revealed highly conserved 

features that mediate haem and substrate binding, although the overall level of 

sequence conservation in humans is not particularly high (43% identical) (Metz et al., 

2007).  
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1.5.7.2 Structure and expression of IDO2 

IDO and IDO2 proteins share significant identity at the amino acid level (43% for 

humnas and mouse) but are not structurally related to the TDO protein. Human and 

mouse IDO2 proteins consist of 420 and 405 amino acids respectively, and are more 

conserved (72% identical) than IDO proteins (62% identical). Significantly, certain 

catalytically important residues determined by IDO mutagenesis and crystallographic 

analysis are highly conserved in IDO2 (Metz et al. 2007, Ball et al. 2009). 

Metz et al. (2007) showed IDO2 expression to be more restricted than IDO using RT-

PCR. Primers spanning the complete human coding region detected full length 

mRNAs only in placenta and brain, whereas primers specific to exon 10 (found in all 

human INDOL1 cDNAs) detected INDOL1 mRNAs in liver, small intestine, spleen, 

placenta, thymus, lung, brain, kidney and colon. A more restricted expression pattern 

was detected in mouse, revealing INDOL1 transcripts only in liver and kidney.  

Ball et al. found IDO2 protein in mice to be predominantly expressed in the kidney 

followed by epididymis, testis and liver as well as the ovary, uterus and placenta (Ball 

et al., 2009).  

Lӧb et al. showed that human DCs express both IDO and IDO2, but that only IDO 

mediates tryptophan catabolism. IDO and IDO2 differ also in their response to the 

competitive IDO-inhibitor 1-methyl-trp (1MT). 1MT exists in two forms, the levo and 

dextro isomer. It has been shown that D-1MT is selective for inhibition of IDO2, 

whilst its stereoisomer L-1MT is more selective for IDO (Metz et al. 2007, Lӧb et al. 

2008).  

Although IDO has shown to be expressed in murine corneas at the mRNA level 

(Serbecic and Beutelspacher, 2006), there have been no previous reports on IDO2 

expression in the cornea. 
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1.5.8 IDO and the eye 

Both murine and human corneas constitutively express IDO, albeit at low levels. This 

expression is markedly upregulated during rejection in response to the release of pro-

inflammatory cytokines. IDO was found in the endothelium of rejecting mouse 

corneas whereas it was found in corneal endothelial cells or in the corneal epithelial 

layer (Beutelspacher et al., 2006) and in rejecting human corneas depending on the 

underlying corneal disease and predominant site of immune reaction (Serbecic et al., 

2009). Furthermore, it was demonstrated that this upregulation of IDO in human 

(HCEC) and mouse (MCEC) corneal endothelial cells could inhibit T cell 

proliferation in vitro. This represents therefore an innate mechanism of both HCEC 

and MCEC for immunological modulation. More significantly, Serbecic et al. (2009) 

demonstrated that an L-amino acid transporter protein (LAT1) is upregulated in 

HCEC by pro-inflammatory cytokines. This transporter is known to exchange 

tryptophan for kynurenine. The authors conclude that the inhibition of T cell 

proliferation might depend on rapid delivery of L-kynurenine to the local corneal 

environment and that LAT1 is responsible for this mechanism. Moreover, Ryu et al. 

showed that amongst the three types of human corneal cells (fibroblasts, epithelial 

cells, andothelial cells), IDO mRNA and protein expression were observed in corneal 

fibroblasts and epithelial cells, with higher levels in the fibroblasts. They showed that 

human CD4
+
 T cells cultivated in conditioned medium derived from human corneal 

fibroblasts resulted in decreased cell proliferation and increased apoptosis, concluding 

that human corneal fibroblasts are relatively immunoresistant and that the IDO 

expression can act as one of the factors for the maintenance of immune privilege in 

the cornea (Ryu and Kim, 2007). 

IDO has also been shown to be involved in promoting the development of ACAID 

(Chen et al., 2006a). These authors showed that an increased expression of IDO 

correlates with the formation of ACAID and that inhibiting IDO activity with 1-MT 

prevented its development.  

As well as the role of IDO in the immune privilege of the eye, IDO has also been 

demonstrated as having a protective role in the eye, mainly as an antioxidant by its 

direct scavenging of superoxide radicals (Malina and Martin, 1996). IDO has also 

been shown to protect corneal endothelial cells from UV mediated damage (Serbecic 

and Beutelspacher, 2006). 
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1.5.9 IDO in allograft rejection 

Manipulation of the expression of IDO offers an important possibility for preventing 

graft rejection. Increased IDO activity has been demonstrated to suppress T cell 

activity in vitro in a variety of cell lines, whether by overexpression by ex-vivo 

transduction with IDO cDNA or upregulated endogenous IDO (Logan et al., 2002, 

Munn et al., 1999, Beutelspacher et al., 2006). IDO has also been shown to be 

upregulated in rejecting grafts as a result of IFNγ induction and increased IDO 

activity has been seen in studies of human kidney, cardiac and corneal transplant 

rejection (Brandacher et al., 2007, Guillonneau et al., 2007, Beutelspacher et al., 

2006)). 

Although IDO is upregulated during rejection, inhibition of function with 1-MT did 

not lead to significant increases in the speed of graft rejection in a variety of animal 

transplant models including skin, cornea and pancreas (Moffett and Namboodiri, 

2003, Grohmann et al., 2002, Sakurai et al., 2002a, Beutelspacher et al., 2006), with 

liver transplantation being the exception to this (Miki et al., 2001, Pan et al., 2000). 

This suggests that the level of IDO upregulation during rejection is not sufficient to 

prevent or significantly delay this process. Whether this is due to the rejection process 

being too strong to be overcome by IDO or simply that insufficient IDO is being 

induced in these models is unclear. The latter possibility has been addressed by using 

gene transfection strategies to overexpress IDO at levels higher than can be achieved 

endogenously (Mulley and Nikolic-Paterson, 2008). 

Ex-vivo transduction of transplanted tissue with IDO cDNA has generally resulted in 

prolongation of graft survival. In a mouse model of corneal transplantation, IDO 

transduction resulted in a significant prolongation in graft survival (median survial of 

21 days) in comparison to 11 days for controls (Beutelspacher et al., 2006). 

Alexander et al. investigated the effect of IDO overexpression on islet cell allograft 

survival. Diabetic NODscid mice (using streptozocin) were used as recipients. After 

islet transplantation the mice were reconstituted with diabetogenic NOD splenocytes. 

IDO-transfected islets exhibited significant prolongation of graft survival (median of 

15 days longer) in comparison to controls (Alexander et al., 2002). 

Li et al. demonstrated a significant reduction in CD3
+
 T cell infiltration of skin 

xenografts receiving IDO-transduced fibroblasts at days 14 and 28 post transplant 

relative to controls (Li et al., 2006). 
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Most recently, Yu et al. demonstrated prolongation of cardiac allograft survival after 

transfection of allografts with IDO. Furthermore, they showed that hearts treated with 

IDO had significantly reduced transcript levels of IL-2, IFNγ and IL-17 and T cells 

isolated from allografts pre-treated with IDO displayed a dramatic reduction of 

proliferation capacity to alloantigen stimuli and had a significant higher proportion of 

Tregs in comparison to controls (Yu et al., 2008). It appears therefore that IDO has an 

effect on both naïve and sensitised alloresponses as well as on xenogeneic responses 

in vivo. 

Although some work has been undertaken to understand the mechanism of IDO-

induced prolongation in graft survival, little is known about the effects of kynurenines 

in allograft rejection. 
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1.5.10 Kynurenines and their therapeutic applications 

Kynurenines may also be used in pharmacotherapy (Inglis et al., 2007). Several 

groups have looked at the effects of kynurenine administration mainly in animal 

models of allergic airway inflammation (Taher et al., 2008), mouse model of collagen 

induced arthritis (CIA) (Criado et al., 2009) and there has been one report in a rat 

model of skin transplantation (Bauer et al., 2005). Taher et al. (2008) showed that 

intraperitoneal administration of L-kyn, 3HK, 3HAA, QA and Xanthurenic acid in a 

mouse model of allergic asthma resulted in reduced eosinophilia as well as Th2 

cytokine production. Similarily, Criado et al. showed in a mouse model of CIA that 

IDO was induced in lymph node dendritic cells after collagen immunisation and that 

if tryptophan catabolism was inhibited by a systemic IDO inhibitor during active 

arthritis it resulted in increased severity. Conversely, bypassing the requirement for 

tryptophan degradation by the intrapeitoneal administration of L-kyn resulted in 

amelioration of the disease (Criado et al., 2009). 

Bauer et al. showed moderate prolongation in graft survival in a rat model of skin 

transplantation after the subcutaneous adminstration of L-kyn and 3HAA (Bauer et 

al., 2005). Currently, there is one commercially available drug, Tranilast :N-(3,4-

dimethoxycinnamonyl) anthranilic acid (3,4-DAA) that shares a common core of the 

anthranilic acid with other kynurenines- 3HAA and 3HKA respectively (Platten et al., 

2005) Figure 9. Studies in mice with experimental autoimmune encephalomyelitis 

(EAE) (Platten et al. 2005) or with CIA (Criado et al. 2007) have proved that 

Tranilast effectively ameliorates the clinical and histological manifestations of both 

diseases. 

 

 

Figure 9- Structure of Tranilast and selected kynurenines. Anthranilic acid core is 

highlighted in the black rectangle. 
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1.5.10.1 Tranilast 

 

Tranilast, an anti-inflammatory drug, has several mechanisms of action and is 

currently approved for use in Japan as an anti-allergic drug. It was first found to 

inhibit mast cell degranulation and thereby their antigen-induced release of histamine 

(Azuma et al., 1976),  but since, other biological effects have been suggested, such as 

inhibition of leukotrienes, cytokines, prostaglandins, oxygen radicals, and 

cycloxygenase-2 expression (Komatsu et al., 1988a, Komatsu et al., 1988b). Tranilast 

has also been shown to have anti-proliferative effects as well as inhibiting collagen 

deposition in several models of inflammatory disease (Tanaka et al., 1994, Miyazawa 

et al., 1996, Nie et al., 1996). Based on this, Tranilast has been used to inhibit keloid 

formation (Suzawa et al., 1992). More recently, in small clinical studies it has been 

shown to inhibit restenosis after percutaneous transluminal coronary angioplasty 

(Tamai et al., 1999) but not in a large clinical trial (SoRelle, 2001). It has also been 

shown to inhibit cardiac allograft vasculopathy by inhibiting neo-intimal smooth 

muscle cell proliferation (Izawa et al., 2001). Tranilast induced inhibition of vascular 

inflammation is believed to be as a result of its inhibition of vascular chymase, 

platelet-derived growth factor (PDGF)- and transforming growth factor β1 (TGF-β1)- 

induced smooth muscle cell proliferation as well as a result of upregulation of p21, a 

universal inhibitor of cyclin-dependent kinases (Izawa et al., 2001). Furthermore, it 

has been shown to inhibit NF-κB dependent transcriptional activation of endothelial 

cell adhesion molecules (Spiecker et al., 2002).   

As mentioned previously, Tranilast is an anthranilic acid derivative that shares the 

anthranilic acid core with both 3-HAA and 3-HK. Platten et al. have shown it to 

suppress antigen specific T cell proliferation and IFNγ and TNFα production and to 

increase production of IL-4 and IL-10 in a manner comparable with the structurally 

related kynurenines (Platten et al., 2005). They also showed Tranilast to reverse 

paralysis in mice with established experimental autoimmune encephalomyelitis (EAE) 

at least partly by inhibiting the activation of myelin-specific T cells (Platten et al., 

2005). Similarily, Tranilast has been shown to ameliorate the clinical and histological 

manifestations of arthritis in a mouse model of collagen induced arthritis (CIA), a T 

cell mediated disease that displays many pathological, genetic and immunological 

similarities to human rheumatoid arthritis (RA) (Inglis et al., 2007). In summary, 

Tranilast has anti-inflammatory, antiproliferative as well as immunomodulatory 
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effects. The exact mechanism for Tranilast’s immunosuppressive activities remains 

unknown and its role in preventing allograft rejection has not been previously 

investigated.  
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1.6 Aims, Approaches and Hypotheses of study 

The overall objective of this study was to harness IDO and particularly kynurenines as 

potential regulatory mechanisms to prolong allograft survival. 

In order to do this there were four specific aims: 

1) To determine whether UV irradiation could result in upregulation of IDO 

activity and if so, what effect this had on corneal allograft survival 

2) To determine if the effect of IDO in delaying graft rejection could be 

replicated by the administration of tryptophan metabolites and if so to 

determine the effect of the synthetic tryptophan metabolite 3,4-DAA on 

allograft survival 

3) To determine if IDO expression, or the administration of kynurenines, had a 

deleterious effect on corneal endothelial biology 

4) To examine how kynurenines prolong graft survival. 

 

Plan of investigation: 

 

1.6.1 Does ultraviolet light influence IDO expression in the cornea? 

The first report of IDO in ocular tissue was in the lens: Takikawa and co-authors 

demonstrated its role in protecting the lens from ultraviolet (UV) damage (Takikawa 

et al., 2001). It is therefore likely that a physiological function of IDO is to protect 

endothelial cells from UV-mediated cell injury, and there is data that it can be 

upregulated in endothelial cells by UVB (Serbecic and Beutelspacher, 2006). This 

study compared the effect of UVB irradiation on IDO mRNA and protein expression 

in murine corneal endothelial cells by real time RT-PCR and western blotting. UVB 

irradiation was administered according to protocols previously described (Harned et 

al., 2003). Functional activity was quantified by L-kynurenine production. 

One potential long-term strategy for therapeutic intervention would be to develop 

approaches to upregulate IDO activity in corneas. If increased levels of IDO were 

confirmed following irradiation, the effect of UV irradiation on allograft survival was 

to be examined. 
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1.6.2 What is the effect of tryptophan metabolites on corneal allograft survival and 

how do they prolong graft survival? 

Progressing from preliminary research undertaken with ex-vivo IDO viral 

transduction of the donor cornea significantly prolonging allograft survival 

(Beutelspacher, Pillai et al. 2006), the study assessed whether kynurenines could 

replicate the effect of IDO in prolonging graft survival, this would be a far simpler 

therapeutic approach than gene therapy. While on the one hand, the prolongation in 

graft survival obtained with IDO over-expression in the cornea, is explained by the 

accepted effect of IDO-induced tryptophan depletion in arresting replication of 

activated T lymphocytes, it is also known that the catabolites resulting from 

tryptophan breakdown, including Kyn and its further breakdown products 3HK, 

3HAA and QA can inhibit T cell activation (Terness et al., 2002, Frumento et al., 

2002). The study assessed how effective the kynurenines were in inhibiting T cell 

proliferative responses. This was tested using mixed lymphocyte responses consisting 

of stimulator C3H strain dendritic cells and responder BALB/c T cells as well as anti-

CD3 and anti-CD28 stimulated T cells. It was important to assess the effect of the 

kynurenines on T cell viability and on the induction of regulatory cells. This would 

allow us to determine which of the kynurenines is the most potent. Little is known 

about the effect of the kynurenines on dendritic cells. This study investigated the 

effect of individual kynurenines on DC phenotype, function and viability.  

As mentioned previously, in section 1.4.7.5, emerging evidence indicates a role for Th 

17 cells in allograft rejection. Recently it has been shown that Th17 cells express high 

levels of AhR as discussed in section 1.4.7.3. AhR activation results in expansion of 

Th17 cells, as well as increased cytokine production. FICZ is formed upon exposure 

of solutions of trp, cell culture medium or cells to UVR and is a high affinity AhR 

ligand. FICZ increases the proportion of Th17 cells and their production of IL-22 by 

activating the AhR. Given that a tryptophan photo-product is an AhR ligand, this 

study investigated whether or not kynurenines act as AhR ligands and induce AhR 

signalling transduction pathways, namely cytochrome p450 and 1A1. This was 

investigated by looking at gene upregulation of certain molecules of the AhR 

signalling pathway using quantitative real time RT-PCR.  

 

The known ability of kynurenines to inhibit T cell activation and proliferation offers, 

in the context of corneal transplantation, the opportunity for systemic or local 
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administration of these molecules with a view to blocking rejection. Using 

kynurenines identified from the first part of this project and using quantities estimated 

from the in vitro dose-response curves, this study investigated the effect of both 

systemic and topical administration on graft survival.  The effect of both systemic and 

topical treatment on lymphocyte counts in spleen, peripheral blood and in the case of 

topical treated animals, DLN lymphocyte counts were assessed. The induction of 

regulatory T cells after in vivo administration was also assessed.  

As there is a commercially available tryptophan metabolite (Tranilast), this study 

assessed the effect of Tranilast again on T cell function, namely proliferation, 

apoptosis and induction of regulatory cells and tried to understand further its 

mechanism of action. Experiments performed in a mouse in vitro system have shown 

Tranilast to inhibit T cell proliferation as a result of cell cycle arrest at the G1/S phase 

(Platten et al., 2005). This study determined whether Tranilast treated CD4
+
 T cells 

express specific cell cycle associated kinase inhibitors such as, p21 and underlined a 

potential signalling pathway by which T cells are rendered anergic. The effect of 

Tranilast on graft survival was also determined. 

 

These experiments offer an attractive and potentially rapidly applicable strategy for 

reducing T cell responses during allograft rejection. In addition, it might also find 

application in other settings such as autoimmune or inflammatory disorders of the 

anterior chamber. 

 

1.6.3 The effect of IDO expression and kynurenines on corneal endothelial cell 

function 

Clearly any strategies that aim at modulating or mimicking IDO activity have the 

potential of altering the behaviour of non-immunological cells, in this instance corneal 

endothelial cells. High levels of IDO activity, for example in the placenta, are 

compatible with the function and survival of normal tissues. Preliminary work, with 

different cell types over-expressing IDO has shown no obvious non-specific effects of 

the enzyme. However, it is important to systematically investigate this. This study 

investigated the effects of increased expression of IDO by both pathophysiological 

processes (IFNγ stimulation) and by gene transfer. The effect of addition of 

kynurenines directly to corneal endothelial cells was also examined. 
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The most likely consequence of IDO activity is death of the cells. In the first instance 

the effect of IDO and kynurenine administration on apoptosis of the cells was 

investigated. It has been previously shown that it is possible to induce apoptosis of 

corneal endothelial cells in a NO dependent manner using combinations of cytokines 

(Sagoo et al., 2004). Using dose response experiments in the presence or absence of 

IDO expression or kynurenines it was determined whether the cells became more 

sensitive to apoptosis by this pathway. Other functions of the corneal endothelial 

cells, namely their ability to upregulate chemokine and adhesion molecule expression, 

and MHC class II expression was also investigated (Arancibia-Carcamo et al., 2004). 

These experiments will allow determination of any toxic effect of IDO activity. 
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2.1 Cell Lines 

Four cell lines, detailed below, were used during the study. All cell lines were tested 

for Mycoplasma organisms using the gel-based PCR Mycoplasma Test Kit (MD 

Biosciences, Glasgow, UK) and were confirmed to be free of contamination before 

use. 

 

2.1.1 Murine corneal endothelial cells, MCEC 

Much of the in vitro work performed was carried out using a transformed endothelial 

cell line derived from murine (BALB/c) corneal endothelium, MCEC. MCEC were 

immortalised using a recombinant viral construct pLXSN16 E6/E7 containing the E6 

and E7 genes of human papilloma virus (Wilson et al., 1995). This was a kind gift 

from Prof. J. Neiderkon, (U.T. Southwestern Medical Centre, Dallas). Cells were 

maintained in DMEM supplemented with 100 u/ml penicillin:streptomycin, non-

essential amino acids (Gibco-BRL, Paisley, UK) and 10% heat inactivated foetal 

bovine serum (FBS) (Gibco-BRL). Cells were routinely grown at 37°C in 5% CO2 

within 75-cm
2
 flasks (T75; Corning Inc., Acton, MA, USA). Adherent cells were 

passaged routinely using trypsin treatment (0.02% EDTA and 0.05% trypsin solution- 

Gibco-Invitrogen) to remove them from the dish.  

 

2.1.2 Canine osteosarcoma cells, D17 

The D17 tumour cell line is derived from dog osteosarcoma tissue. They are 

characterised by their ease of transfection with a retroviral vector (Gilmore et al., 

2003). Cells were maintained in DMEM supplemented with 100 u/ml penicillin: 

streptomycin, non-essential amino acids and 10% heat inactivated FBS. Adherent 

cells were passaged routinely using trypsin treatment (0.02% EDTA and 0.05% 

trypsin solution) to remove them from the dish.  

 

2.1.3 293 Human embryonic kidney cells, 293HEK 

These cells are an immortalised epithelial cell type derived from human embryonic 

kidney (Graham et al., 1977) (ECACC 85120602). Cells were maintained in DMEM 

supplemented with 100 u/ml penicillin:streptomycin, non-essential amino acids and 

10% heat inactivated FBS. Adherent cells were passaged routinely using trypsin 
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treatment (0.02% EDTA and 0.05% trypsin solution- Gibco-Invitrogen) to remove 

them from the dish.  

 

2.1.4 Chinese Hamster Ovary (CHO) cells 

A CHO cell line stably transduced with IDO was used a positive control (generated in 

the laboratory) when assessing IDO protein expression using western blotting. Cells 

were maintained in DMEM supplemented with 100 u/ml penicillin: streptomycin, 

non-essential amino acids and 10% heat inactivated FBS. Adherent cells were 

passaged routinely using trypsin treatment (0.02% EDTA and 0.05% trypsin solution) 

to remove them from the dish.  

 

2.1.5 Freezing cells 

Cells were removed from a confluent flask using trypsin and washed with PBS. Cells 

were resuspended at 1x 10
6
/ ml in 10% DMSO and 90% foetal calf serum (FCS) and 

1 ml aliquotted into 2 ml cryovials. The cells were placed in an isopropanol cooling 

chamber that had been cooled to 4°C and placed at -80°C. Frozen cells were stored in 

liquid nitrogen. 

 

2.1.6 Thawing cells 

To thaw cells, the cryovial was placed in a 37°C water bath. The cells were then 

transferred to a 50 ml conical tube containing 10 ml of warmed medium, pelleted and 

the medium discarded. The cells were then resuspended in medium and transferred to 

a tissue culture flask at the appropriate volume. 

 

2.2 Exogenous Treatment of MCEC 

 

2.2.1 Cytokine stimulation of MCEC 

When assessing the effect of cytokine stimulation on MCEC phenotype, the 

recombinant murine pro-inflammatory cytokine IFN-γ (PeproTech EC, London, UK) 

was added directly to cell cultures at final concentrations of 100 ng/ml and 

subsequently cultured for 48 h. Cells were cultured to 70% confluence during routine 

culture and prior to stimulation. 
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2.2.2 Induction of apoptosis 

Recombinant murine pro-inflammatory cytokines TNF, IL1-α and IFN-γ (PeproTech 

EC, London, UK) were added directly to cell cultures at final concentrations of 10 

ng/ml and 100 ng/ml in combination and subsequently cultured for 48 h (Sagoo et al., 

2004). Cells were cultured to 70% confluence prior to stimulation. 

 

2.2.3 EIAV lentiviral transduction of MCEC 

MCEC were seeded in 6-well culture plates at 2x10
5
 cells/ well. After 24 hours and at 

approximately 60% confluence, EIAV-IDO (described later in section 2.9) or EIAV-

GFP (9.5 x10
6
 TU/ml) was added at a final MOI of 100 and subsequently cultured for 

72 h.  

 
2.2.4 UVB irradiation of MCEC 

Cells were plated in 6-well plates (2x10
5
 cells/well) and grown to confluence. Cells 

were exposed to UVB radiation at doses ranging from 0 to 1000 j/m
2
 from the UV 

source (Fisher Scientific, EL Series; 8 W, 302 nm, typical peak intensity at 7.5 cm- 

1300 µW/cm
2
 with a UV dose equivalent of 13 j/s). This lamp has a filter that blocks 

out all other wavelengths. Before irradiation, the media was removed from cells in 6-

well plates. Immediately after UV exposure, the media was replaced (Harned et al., 

2003). 

 

2.3 RNA extraction, cDNA synthesis and Real time RT-PCR  

Total RNA from corneal endothelial cells was extracted using the RNA isolation 

reagent Trizol (Invitrogen, UK) which uses the single step method for RNA isolation 

(Chomczynski and Sacchi, 1987). Briefly, corneal endothelial cells were homogenised 

in 1 ml Trizol and incubated at RT for 5 minutes. RNA was extracted by the addition 

of 200 µl of chloroform and precipitated with 500 µl of isopropanol. Total RNA was 

then washed with 70% ethanol and dissolved in RNA free molecular graded water. 

RNA concentration was determined by spectrophotometry and used when ratio of 

OD260 toOD280 was greater than 1.7. 

 

2.3.1 RNA extraction from mouse corneas 

For optimal RNA preparation from mouse corneas, corneas were removed from mice 

within 1 hr of sacrifice and snap-frozen in an eppendorf tube in liquid nitrogen. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 87 

Corneal tissue was ground using the beads and reagent supplied with the Fast RNA 

Pro Green Kit (QBiogene, Carlsbad, CA). Briefly, 1 ml of RNApro™ solution was 

added to one vial of beads from the Fast RNA kit. 4-6 corneas were thawed on ice and 

added to the bead mixture and the corneas ground using a FastPrep instrument for 40 

sec at 60 vibrations/ second and repeated 2-3 times until no tissue fragments were 

visible. The RNA was extracted as per manufacturer’s instructions. The final step was 

to DNAse treat the RNA by adding 1 µl DNAse, 1 µl Rnasin and 2.5 µl of 10xDNAse 

buffer (Promega, Southampton, UK) in a final volume of 25 µl. This was incubated 

for 30 min at 37°C in a waterbath. The reaction was stopped by heating for 10 min at 

70°C on a heat block. 

Prior to reverse transcription, RNA was treated with RNAse-free DNAse (RQ RNase-

free DNAse, Promega, Madison, WI, USA) for 30 minutes to eliminate potentially 

contaminating genomic DNA. The first strand cDNA was synthesised from 15.25 µl 

of RNA with 1 µl of oligo dT primer (10 µg/ml) heated at 65°C for 10 minutes and 

then cooled on ice for 2 minutes. To this 5 µl of 5x RT buffer, 1 µl of M-MLV reverse 

transcriptase, 1 µl of dNTP’s and 0.75 µl of RNAsin RNAse inhibitor. cDNA was 

stored at -20°C. 

The PCR protocol comprised an initial denaturation step at 95°C for 10 minutes 

followed by 40 cycles of amplification. The conditions were denaturation at 95°C for 

15 seconds, annealing at 60°C for 1 minute, elongation at 72°C for 30 seconds and a 

final dissociation stage. Amplification was performed using a LightCycler machine 

(Roche Molecular Biochemicals, Hertfordshire, UK) and the HotStart SYBR-Green 

mastermix (Roche), according to the manufacturer’s protocols. Specificity of the 

amplification was assessed by the melting temperature of the product determined 

using the LightCycler. Quantitative, real-time PCR data were analysed with 

LightCycler software (Roche). Table 2 lists the primer pair sequences used in real-

time PCR analysis. 

 

2.3.2 Use of quantitative real-time RT-PCR for determination of viral titre 

In order to determine titres for EIAV IDO lentiviral stocks, quantification of a DNA 

sequence found in the woodchuck hepatitis postregulatory element (WPRE) of the 

lentiviral constructs had to be undertaken as a reporter gene is not present in the 

constructs to allow for direct visualisation (Lizee et al., 2003a). The following   
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primers were used for the detection by real-time PCR of WPRE in RNA extracted 

from EIAV-transduced D17 cells- forward 5’-3’ CCGTTGTCAGGCAACGTG; 

reverse 5’-3’ AGCTGACAGGTGGTGGCAAT. 

Gene amplified 

(mouse) 

Amplicon size 

(bp) 

Primers (sequence given 5’-3’) Temp (°C) 

IDO1 197 Forward 

TGGCAAACTGGAAGAAAAAG 

Reverse 

AATGCTTTCAGGTCTTGACG 

60 

IDO2 188 Forward 

AATATGGAGCCTCAAAGTCAG 

Reverse 

TGAGCTCGGAGCTGGCGGTTC 

60 

HPRT 196 Forward 

GTAATGATCCAGTCAACGGGGGAC 

Reverse 

CCAGCAAGCTTGCAACCTTAACCA 

60 

FoxP3 314 Forward 

CACCCAGGAAAGACAGCAACC 

Reverse 

GCAAGAGCTCTTGTCCATTGA 

60 

p21 103 Forward 

CCTGGTGATGTCCGACCTG 

Reverse 

CCATGAGCGCATCGCAATC 

60 

p15 169 Forward 

CCCTGCCACCCTTACCAGA 

Reverse 

CAGATACCTCGCAATGTCACG 

60 

AhR 110 Forward 

CTCCTTCTTGCAAATCCTGC 

Reverse 

GGCCAAGAGCTTCTTTGATG 

60 

ARNT 101 Forward 

CAGCTCCTCCACCTTGAATC 

Reverse 

GGCGACTACAGCTAACCCAG 

60 

CYP1A1 110 Forward 

AGAATACGGTGACAGCCAGG 

Reverse 

TTTGGGAGGAAGTGGAAGG 

60 

IL-17A 141 Forward 

CTCCAGAAGGCCCTCAGACTA 

Reverse 

AGCTTTCCCTCCGCATTGACACAG 

60 

RORγt 232 Forward 

CCACTACGGGGTTATCACCTG 

Reverse 

CACTTCTGCATGTAGACTGTCC 

60 

 

Table 2- Primers used in real time RT-PCR analysis 
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2.4 Immunoblot Analysis 

 

2.4.1 Protein extraction and SDS treatment 

Cells ready for extraction of proteins were harvested and washed three times in cold 

PBS prior to counting. The cells were then pelleted by centrifugation at 350g for 5 

minutes and the supernatant removed. Cell lysates were prepared by resuspending 

1x10
6
-2x10

6
 cells in 130 µl lysis buffer (1% NP-40, 150 mM NaCl, 5 mM MgCl2, 10 

mM Hepes Buffer) supplemented with Protease Inhibitor Cocktail (PIC) (Sigma-

Aldrich). Once resuspended the cell/lysis buffer mixture was incubated on ice for 30 

minutes and the resulting cell debris was pelleted by centrifugation at 7500g in a 

bench-top microcentrifuge for 5 minutes. The supernatant containing the cell lysate/ 

extracted proteins was used for the subsequent stage. The cell lysate was diluted with 

an equal volume of 2X concentrated Laemmlli sample buffer (125 mM Tris HCL pH 

6.8, 10% 2-mercaptoethanol, 4% SDS, 0.004% bromophenol blue, 20% glycerol ) 

(Sigma-Aldrich) and boiled for 5 minutes. The 2-mercaptoethanol in the sample 

buffer reduces the intra- and intermolecular disulphide bonds of proteins. Thus 

reducing gels were used to carry out western blots in this study. SDS is a detergent 

that serves to denature the proteins and subunits and give an overall negative charge  

that is roughly proportional to the size of the proteins. The bromophenol blue serves 

as a dye front that runs ahead of the proteins whilst the glycerol increases the density 

of the sample so that it will layer in the sample well. 

 

2.4.2 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Gels containing varying percentages of acrylamide were prepared from a 30% (w/v) 

acrylamide. 0.8% (w/v) N-N’-methylene bisacrylamide stock (Sigma-Aldrich). A 

12% SDS-PAGE gel was used in the separation of IDO, cyclin E and β-actin. 

The resolving polyacrylamide gels were produced by mixing the following 

reagents prior to pipetting the resulting solution into casting modules: 4.3 ml of 30% 

acrylamide, 3 ml of H2O, 2.5 ml of 1.5M Tris (pH 8.8) and 100 µl of 10% (w/v) SDS. 

100 µl of 10% (w/v) ammonium persulphate and 4 µl of Tetramethyltheylenediamine 

(TEMED) were added immediately prior to pipetting 4 ml of the resulting solution 

into the casting module. After polymerisation of the resolving gel, a 4% 

polyacrylamide stacking gel was produced. Each stacking gel was prepared by mixing 
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500 µl of 30% acrylamide, 2.1 ml of H2O, 380 µl of 1M Tris (pH 6.8) and 30 µl of 

10% (w/v) SDS. Similar to the production of the resolving gel, 30 µl of 10% (w/v) 

ammonium persulphate and 3 µl of TEMED were added just prior to pipetting 3 ml of 

acylamide solution over the polymerised resolving gel. Protein was loaded into pre-

formed wells of the stacking gel, which together with the resolving gel was immersed 

in a running buffer (25 mM Tris-base, 192 mM glycine, 0.1% SDS) during 

electrophoresis. 

 

2.4.3 Western blotting 

Following electrophoresis, SDS-polyacrylamide gels were equilibrated in a transfer 

buffer (25 mM Tris-base, 192 mM glycine, 20% (w/v) methanol). Proteins separated 

by electrophoresis on the resolving gel were then electro-transferred onto Protran™ 

nitrocellulose membrane (Schleicher and Schuell Bioscience GmbH, Germany) using 

the Biorad Protean II™ electrotransfer equipment (Biorad Laboratories Ltd, UK). 

Electro-transfer was carried out for 1 hour at 200 mA and 4°C. The temperature of the 

transfer buffer, which immersed the cassette (containing the SDS-PAGE gel and 

membrane) during electro-transfer, was preventing from increasing in temperature by 

the applied current using an iceblock/compartment in the transfer tank. 

 

2.4.4 Immunodetection 

Following electro-transfer, the protein-blotted nitrocellulose membrane was rinsed 

with PBS Tween (0.1% (w/v) Tween 20). In order to block non-specific binding sites, 

the membrane was then immersed in newly prepared blocking solution (5% non-fat 

powdered milk in PBS Tween) for 1 hour at room temperature with constant agitation. 

After blocking the membrane was incubated with primary antibody diluted in 

blocking solution (at a dilution recommended by the manufacturer) at 4°C overnight 

with constant agitation. This was followed by three 15 minute washes in PBS Tween 

and further incubation with a secondary/HRP-conjugated antibody for 1 hour at room 

temperature at a dilution recommended by the manufacturer. Another 3x 20 minute 

washes in PBS Tween were carried out following the incubations with secondary 

antibody. 

Specific proteins labelled indirectly with HRP-conjugated secondary antibodies were 

visualised by enhanced chemiluminesence using the ECL™ plus western blotting 

detection system (Amersham Biosciences-GE Healthcare, UK) according to 
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manufacturer’s instructions. ECL™ plus-treated membranes were exposed to an 

autoradiography film- Hyperfil ECL™ (Amersham Biosciences-GE Healthcare)- that 

was then processed using a standard developer (AGFA, UK) after an optimal 

exposure time. The BenchMark™ pre-stained protein ladder (Invitrogen), were used 

to determine molecular weights of proteins and were treated in accordance with 

manufacturer’s instructions. After washing of the nitrocellulose membrane, the 

membranes were re-probed, after immunodetection of the primary protein of interest, 

with antibodies specific for the ubiquitous murine β-actin cytoskeletal protein and a 

secondary HRP-conjugated antibody as described earlier. The primary antibodies used 

for western blotting were: 

- Indoleamine 2,3-dioxygenase, Rabbit polyclonal IgG, Cosmo Bio Co. (USA). 

- Cyclin E, Rabbit polyclonal IgG, Upstate/Millpore 

- Β-actin, (AC-15) Mouse IgG1, Sigma-Aldrich 

The secondary antibodies used were: 

- Rabbit IgG- polyclonal goat  anti-rabbit IgG HRP, Dakocytomation 

- Mouse IgG-polyclonal rabbit anti-mouse IgG HRP, Dakocytomation 

 

2.5 L-kynurenine Assay 

The biological activity of IDO was evaluated by measuring levels of the tryptophan 

metabolite L-Kynurenine in culture supernatant as previously described (Takikawa et 

al., 1988, Feng and Taylor, 1989, Damonte et al., 1990). Briefly, 100 µl of tissue 

culture medium was incubated with 100 µl of 30% trichloracetic acid to precipitate 

the proteins for 30 minutes at 50°C. After centrifugation, 50 µl of supernatant was 

incubated with 50 µl Ehrlich’s reagent (1.2 ml H2O, 2.6 ml Perchloric acid, 6.2 ml 1-

propranolol, 1.5 g dimethylaminobenzaldehyde) for 15 minutes at 65°C. Absorption 

of the resulting solution was measured at 490 nm by a spectrophotometer. The values 

of kynurenine in conditioned medium were calculated by a standard curve with 

defined levels of kynurenine (Sigma-Aldrich) concentrations. 

 

2.6 Flow Cytometry 

2.6.1 Cell surface staining 

Prior to staining, cells harvested for analysis were pelleted by centrifugation at 300  g 

for 5 minutes at 4°C and washed twice with cold PBS, followed by counting and 
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assessment of viability, a minimum of 0.5x10
6
 were stained with antibody per test 

sample for the flow cytometric detection of cell surface markers. After counting, the 

cells were then pelleted again by centrifugation at 350g for 5 minutes at 4°C and 

resuspended in 100 µl of cold PBS supplemented with 5% FCS (FACS buffer). 

Staining of cells for the detection of surface markers was performed either directly, 

using flourochrome-conjugated antibodies, or indirectly using a combination of 

unconjugated/purified primary antibodies (listed in Table 3) and FITC- or PE-

conjugated secondary antibodies (listed in Table 4). Cells were incubated with a 

fluorochrome-conjugated/unconjugated antibody in 100 µl of FACS buffer for 30 

minutes at 4°C (on ice). 1 µg of antibody was added per 0.5x10
6
 cells. After 30 

minutes of incubation, cells were washed three times in 200 µl of FACS buffer and 

resuspended in 200 µl of PBS for analysis. If unconjugated primary antibodies were 

used, the cells were incubated for a further 30 minutes at 4°C with a fluorochrome- 

conjugated secondary antibody. This was followed by three subsequent washes in 

FACS buffer as described above and resuspension in 200 µl of PBS as described 

above. 

Determinant (Clone) Isotype-Conjugate Source (Company) 

CD3 

CD4 

CD8 

I-A/I-E (MHC II) 

CD16/32 

CD19 

CD80 (B7.1) 

CD86 (B7.2) 

ICOSL 

PDL-1 

ICAM-1 

Isotype Control 

Isotype Control 

Isotype Control 

(17A2) Rat IgG2b-Purified 

(RM4-5) Rat IgG2a-Purified 

(53-6.7) Rat IgG2a-Purified 

(M5/114.15.2) Rat IgG2a-Purified 

(93) Rat IgG2a-Purified 

(ID3) Rat IgG2a-Purified 

(RMMP-1) Rat IgG2a-Purified 

(RMMP-2) Rat IgG2a-Purified 

(HK5.3) Rat IgG2a-Purified 

(MIH5) Rat IgG2a-Purified 

(3E2) Hamster IgG1-Purified 

(A19-3) Hamster IgG1-Purified 

(54447) Rat IgG2a-Purified 

(141945) Rat IgG2b-Purified 

eBioscience/Insight 

eBioscience/Insight 

eBioscience/Insight 

BD Biosciences 

eBioscience/Insight 

eBioscience/Insight 

Catlag/Invitrogen 

Catlag/Invitrogen 

eBioscience/Insight 

BD Biosciences 

BD Biosciences 

BD Biosciences 

R&D systems 

R&D systems 

 

Table 3- List of primary antibodies for cell surface staining 
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Determinant Conjugate Source (Company) 

Rat IgG 

Hamster IgG 

Goat anti-Rat IgG-PE 

Goat anti-Hamster IgG-PE 

BD Biosciences 

BD Biosciences 

 

Table 4- List of secondary antibodies for cell surface staining 

 

2.6.2 Intracellular staining 

Intracellular staining for FoxP3, IL-17A and IFNγ was carried out in this study. 

Briefly, 100 µl of 1x10
6 

cells were first stained for relevant surface markers such as 

CD4 using the surface staining protocol described above, and washed in cold FACS 

buffer. Cells were then fixed, permeabilised and stained using the intracellular 

staining set (eBioscience, USA) in accordance with manufacturer’s instructions. 1x10
6
 

cells were resuspended in 100 µl of cold fixation/permeabilisation solution 

(eBioscience), vortexed and incubated at 4°C for 30 minutes in the dark. Cells were 

then washed twice in cold permeabilisation buffer (eBioscience) followed by staining 

with directly-conjugated antibody in the presence of 100 µl permeabilisation buffer at 

4°C for 30 minutes in the dark. Cells were washed twice again in cold 

permeabilisation buffer, centrifuged and resuspended in 200 µl of FACS buffer. 

Samples were then analysed within 24 hours by flow cytometry. All fluorochrome-

conjugated antibodies used for intracellular staining are listed in Table 5. 

 

Determinant (Clone) Isotype-Conjugate Source (Company) 

FoxP3 

IL-17A 

IFNγ 

Isotype control 

Isotype control 

Isotype control 

(FJK-16s) Rat IgG2a-APC 

(eBio17B7) Rat IgG2a-FITC 

(XMG1.2) Rat IgG1-eFlour®450 

Rat IgG2a-APC 

Rat IgG1-eFlour®450 

Rat IgG2a-FITC 

eBioscience/Insight 

eBioscience/Insight 

eBioscience/Insight 

eBioscience/Insight 

eBioscience/Insight 

eBioscience/Insight 

 

Table 5- List of fluorochrome –conjugated antibodies used for intracellular staining 
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2.6.3 Calculation of absolute cell counts from spleen, peripheral blood and draining 

lymph node (DLN) 

Splenocytes, PBMC and lymphocytes (from the DLN) taken from mice following 

systemic and topical 3HK administration (or controls) were stained with rat anti-

mouse CD4-FITC, CD8- Peridinin chlorophyll protein (PerCP) and CD19-

Phycoerythrin (PE) (Abcam, UK). For absolute cell counts, cell counting beads 

(Perfect-count Microspheres, Cytognos, Spain) were used according to 

manufacturer’s instructions. 

 

2.6.4 Annexin V and 7-Amino-Actinomycin (7AAD) staining 

This assay is based on identifying apoptotic cells by the asymmetrical composition of 

the cellular membrane. Annexin V binds specifically to phosphatidylserine, which 

becomes translocated from the inner membrane leaflet to the outer lipid layer when 

cells enter early apoptosis. 7-AAD, normally actively excluded by viable cells, allows 

for the further discrimination of necrotic cells. This assay was used to assess apoptosis 

and cell death in T cells, DC’s and MCEC. Cells were stained with FITC-conjugated 

Annexin V and 7-AAD. The reagents were obtained from BD Bioscience and used 

according to the manufacturer’s instructions. Cells were stained with annexin-V in a 

buffer containing 0.01 M HEPES (pH 7.4); 0.14 M NaCl; 2.5 mM CaCl. Annexin V-

FITC was detected on the FL-1 channel and 7-AAD on the FL-3 channel of a 

FACSCALIBUR flow cytometry instrument equipped with a 488 nm Argon laser 

(BD Biosciences. 

 

2.7 Bacterial Transformation 
 
To insert a plasmid into a bacterial strain, DH5α E. coli competent cells were quickly 

thawed and transferred to an ice-bath for 10 minutes. 50 µl of the cell suspension were 

then transferred to a chilled polypropylene tube and stored in ice. 1ng of the plasmid 

of interest was then added to the competent cells and mixed. The tube was stored on 

ice for 30 minutes. The tube was then incubated at 42°C for 90 seconds and 

transferred to ice for a further 2 minutes. 

 450 µl of LB media without antibiotic was added to the tube and placed in a shaking 

incubator at 37°C. After one hour the transformed competent cells were plated onto 
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LB agar plates containing the appropriate antibiotic. The plates were incubated 

overnight at 37°C and checked for positive single colonies. 

 

2.8 Plasmid Isolation 

Plasmids were isolated from bacteria using the QIAfilter® Plasmid Purification Kit 

(QIAGEN Inc, Valencia, CA) according to manufacturer’s instructions. Briefly, a 

single colony was inoculated in 5 ml of LB medium containing the appropriate 

antibiotic, typically ampicillin 50 µg/ml and incubated for 8 hours at 37°C in a 

shaking incubator. The starter culture was then diluted 1:1000 and incubated at 37°C 

overnight in a shaking incubator. The bacteria were then harvested by centrifugation 

at 6000g in a Sorvall GSA rotor for 15 minutes at 4°C. 

The supernatant was removed and the bacterial pellet resuspended in 50 ml of 

Tris/EDTA (suspension buffer) with 100 mg/l of RNase. 50 ml of NaOH/1% SDS 

(lysis buffer) were then added and mixed gently. The mixture was then incubated at 

room temperature for 5 minutes after which the lysis reaction was stopped by the 

addition of 50 ml of potassium acetate (neutralising buffer). The lysate was then 

poured into the QIAfilter cartridge and incubated for 10 minutes at room temperature, 

this allows for a precipitate containing proteins, genomic DNA and detergents to float. 

The QIAGEN column was equilibrated by applying a buffer containing 

NaCl/MOPS/Triton (equilibration buffer) and the content of the QIAfilter cartridge 

was filtered and added to the equilibrated QIAGEN column. 

After the lysate passed through, the column was washed twice with a solution 

containing NaCl/MOPS (wash buffer). The DNA was then eluted with 30 ml of 

NaCl/Tris.Cl (elution buffer). The plasmid DNA was then precipitated by adding 21 

ml of isopropanol to the eluted DNA. The mixture was then centrifuged at 5000g for 

60 minutes, and the DNA pellet was washed with 7 ml of 70% EtOH. After further 

centrifugation at 5000g for 60 minutes the supernatant was decanted and the pellet air-

dried. The DNA was then resuspended in water and stored at -20°C. 

 

2.9 Replication-Defective Lentivirus Production, Titration and 

Transduction 

The EIAV-based constructs were propagated by a 3 plasmid cotransfection technique 

in 293T as described elsewhere (Naldini et al., 1996). All plasmids were a kind gift of 
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Oxford Biomedica (Oxford, United Kingdom). Transfections were performed using 

polyethylenimine (PEI; Sigma) on 14 cm tissue-culture plates. The 293T cells were 

transfected at a confluency of approximately 70%. For each plate to be transfected, a 

DNA mixture consisting of 24 µg of an EIAV gag/pol-expressing plasmid 

(pONY3.1), 12 µg of a viral envelope-expressing plasmid (pRV67), 24 µg of the 

vector constructs pSMART2G (EIAV with eGFP and IDO), were added to 7.5 ml 

serum-free DMEM;. A 10mM PEI solution was diluted 1:1000 in serum-free DMEM, 

of which 500 µl was added to 7.5 ml serum-free DMEM. The DNA and PEI solutions 

were mixed vigorously by vortexing for 30 seconds and then kept for 15 minutes at 

room temperature to allow complex formation. A quantity of 15 ml of the DNA/PEI 

solution was added to each 14 cm plate and left at 37°C for 4 hours; this was then 

replaced with full tissue culture medium. At 72 hours after transfection, supernatant 

was collected, cleared by low speed centrifugation (1200 g, 5 minutes) and filtered 

through 0.45 µm filters. Vector particles were then concentrated by ultracentrifugation 

at 17 000 g for 100 minutes at 4°C. The virus pellet was resuspended on ice in serum-

free DMEM, snap-frozen and kept in liquid nitrogen. 

 

2.9.1 Titration of lentiviral stocks 

To calculate lentiviral titres, canine osteosarcoma (D17) cells were seeded on 24-well 

plates at 2x10
4
 cells per well in 400 µl of medium. 40 µl of EIAV GFP stock was 

added to the seeded wells in triplicate and serially diluted 10-fold (10
-1

 -10
-7

). The 

D17 cells were subsequently visualised by fluorescence microscopy 72 hours after 

transduction. Quantitative (real-time) PCR was carried out (see section 2.3) in 

conjunction with fluorescence microscopy (see section 2.10) in order to determine 

titres of stocks of EIAV IDO, as the construct of this virus did not encode a reporter 

gene that would have allowed for direct visualisation of transduction of a reporter cell 

line (Lizee et al., 2003b). 

Titres calculated were of the order 1.5x10
6
-1.5x10

8
 infectious particles/ml. 

 

2.10 Fluorescence Microscopy 

Accurate determination of viral titres after each cycle of replication-defective EIAV 

production (EIAV GFP and EIAV IDO) relied, in part, upon the counting of the 

number of foci of infection present after transduction of canine osteosarcoma (D17) 
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cells by serial dilutions of EIAV GFP stocks. As described in section 2.9.1, 

fluorescence microscopy was used in conjunction with real-time PCR in order to 

determine titres for EIAV IDO, the DNA construct of which did not encode a reporter 

gene that would have allowed for direct visualisation of transduction like EIAV GFP 

stocks. Counting of the number of foci of infection in the GFP-transduced D17 cells 

was undertaken using a Nikon Eclipse TE2000-S (Nikon, UK) and Olympus CK40 

(Olympus, UK) fluorescence microscope. 

 

 

2.11 Generation and Culture of Murine Bone Marrow-derived 

Dendritic cells 

DCs were generated from the bone marrow (BM) obtained from the hind limbs (both 

tibia and femur) (Inaba et al., 1992, Lutz et al., 1999) of C3H mice used in this study. 

The hind limbs were collected in phosphate buffered saline (PBS) and the BM cavities 

flushed out with a 25G needle to obtain a homogenous cell suspension. The cells were 

pelleted by centrifugation and red blood cells lysed with Red Blood Cell (RBC) lysis 

solution (Flowgen, UK). After termination of lysis by dilution, cells were transferred 

through a 70 µM cell strainer, centrifuged again, and put in culture in Roswell Park 

Memorial Institute (RPMI) 1640 medium (Gibco-Invitrogen, Paisley, UK) 

supplemented with 10% heat-inactivated FCS (PAA, UK), 100 units/ml penicillin, 

100 µg/ml streptomycin (Cambrex Biosciences, Wokingham, UK), 2 mM L-

glutamine (Cambrex biosciences) and 50 µM β-mercaptoethanol (Gibco-Invitrogen) 

in the presence of a 1:30 dilution of culture medium obtained from a GM-CSF-

producing hybridoma (Zal et al., 1994)- see culture protocol of hybridoma below. 

DCs were cultured in T75 flasks at 37°C in a humidified atmosphere with 5% CO2 

until day 7. The DC culture medium was replaced with fresh GM-CSF-containing 

medium (1:30 hybridoma supernatant dilution) on day 3, and half of the culture 

medium was replaced with fresh GM-CSF-containing medium (1:60 hybridoma 

supernatant dilution) on day 6. In order to generate mature DCs, the cultures were 

stimulated for 16 hours with 1 µg/ml lipopolysaccharide (LPS) (Sigma-Aldrich). 
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2.11.1 Culture of GM-CSF-producing hybridoma 

The GM-CSF-producing hybridoma-Hypoxanthine-aminopetrin-thymidine-sensitive 

Ag8653 myeloma cells transfected with murine GM-CSF cDNA (Zal et al., 1994)- 

was cultured in DMEM that was purchased with supplemented glucose (Gibco-

Invitrogen), in the presence of 10% heat-inactivated FCS, 100 units/ml penicillin, 100 

µg/ml streptomycin, 2 mM L-glutamine and 1 mg/ml of G418 to ensure selection until 

GM-CSF-containing supernatant was ready to be collected. Cells were grown at 37°C 

in a humidified atmosphere with 5% CO2 to approximately 500 ml in volume in G418, 

centrifuged, washed twice in PBS and resuspended in medium without G418. The 

cells were then split every 2-3 days until 2 litres were attained, at which point the cells 

were grown to exhaustion in roller bottles (Falcon, UK) in order to achieve the highest 

activity. 

 

2.12 Murine T cell Proliferation Assays and DC : T cell cocultures 

2.12.1 Murine CD4
+
 T cell purification 

A single-cell suspension was obtained by passing spleens and lymph nodes 

(mesenteric and inguinal), derived from BALB/c mice, through 70 µM cell strainers 

into cold RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 100 

units/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine  and 50 µM β-

mercaptoethanol and 10 units/ml DNAse-Pulmozyme/Dornase Alfa (Roche, UK). The 

cells were pelleted by centrifugation and red blood cells lysed with RBC lysis solution 

(for experiments using splenocytes the purification process was terminated at this 

step, see section 2.12.2). Subsequent to lysis of erythrocytes, splenocytes were 

incubated on a horizontal roller at 4°C with supernatants of rat anti-mouse hybridoma 

cultures containing antibodies specific for murine CD45R/B220 (RA3-3A1, ATCC, 

Manassas, VA), murine CD8 (53.67, ATCC), H2-E 
k,d

/A
b,d 

(M5/114.2, ATCC) and 

murine CD16/32 (2.4G2, ATCC). After treatment with the hybridoma supernatants, 

the cells were washed twice in serum free/unsupplemented RPMI 1640 medium and 

incubated with sheep anti-rat IgG Dynabeads® (Dynal Biotech, Bromborough, UK) 

for 30 minutes on a horizontal roller at 4°C before separation in a magnetic field for 

negative selection of CD4
+
 T cells. Cells expressing CD8, MHC class II, CD16/32 

and B220 were selected and retained in the magnetic column due to Dynabead 

conjugation. The supernatant containing the population of negatively selected CD4
+
 T 
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cells was removed for another round of selection in a magnetic field (for optimal 

purity of CD4-expressing cells). The purity of the negatively selected CD4 population 

was assessed to be greater than 90% by flow cytometry. 

 

2.12.2 Preparation of splenocytes 

As described above, after red cell lysis of the spleen and lymph node suspension, 

medium was added, the cells centrifuged and then resuspended in 1.5 ml of medium. 

When used in mixed lymphocyte reactions, the cells were activated by incubating 

them with LPS at 10 µg/ml for 48 hours and irradiated (60 Gray) prior to co-culture. 

 

2.12.3 T cell proliferation assays 

Responder CD4
+
 T cells (1x10

5
 cells/well) were stimulated with anti-mouse CD3 and 

CD28 beads (Dynabeads Mouse CD3/CD28 T cell expander, 1x10
8
/ ml,- 1 bead/cell) 

or allogeneic BM-derived C3H (H-2
k
) DCs at a ratio of 10:1 (1x10

5
 CD4

+
 T cells: 

1x10
4
 DCs) in 96-well plates for 3 days. In order to measure proliferation, each well 

of the 96 well plate was pulsed on day 3 with 
3
H-thymidine that was diluted in serum 

free/unsupplemented-RPMI 1640 to a working concentration of 1 µCi/well 

(Amersham, UK). Plates were harvested 16 hours later and T cell proliferation 

determined using a Wallac MicroBeta TriLux Scintillation counter (Wallac, UK). 

 

2.12.4 Two-stage MLR (Rechallenge assay) for induction of anergy 

Rechallenge assays were optimised from established protocols in the laboratory 

designed to investigate the induction of anergy in vivo. Thus, for the detection of an 

allogeneic T cell response following a primary challenge in vivo, 8x10
6
 C3H/He LPS 

stimulated splenocytes were injected intravenously into BALB/c mice. After 10 days, 

spleen-purified CD4
+
 T cells from the injected mice were rechallenged in vitro (at a 

1:5 DC: T cell ratio) with donor C3H/He LPS stimulated splenocytes or third-party 

C57BL/6 LPS stimulated splenocytes, and proliferation assessed by thymidine 

incorporation on days 3, 5 and 7. 

 

2.13 Peripheral Blood Collection From Mouse Tail Vein 

Prior to blood collection, mice were placed in a warming chamber for 30 minutes to 

dilate veins. A scalpel was used to make a superficial incision in the tail vein and 7-9 
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droplets of blood collected in an eppendorf containing 100 µl of anticoagulant (3.2% 

buffered trisodium citrate). 1 ml of RBC lysis buffer (Flowgen) was added. Samples 

were centrifuged at 300 g for 5 minutes, the supernatant discarded and resuspended in 

PBS followed by further centrifugation. Cells were then stained for FACS analysis as 

described in section 2.6.1. 

 

2.14 Tryptophan Metabolites 

The main metabolites resulting from IDO-induced degradation of tryptophan are 

generally known as kynurenines and comprise N-formyl-kynurenine, kynurenine 

(kyn), 3-hydroxykynurenine (3HK), 3-hydroxyanthranilic acid (3HAA) and quinolinic 

acid (QA).  Kyn, 3HK and, 3HAA were dissolved in 1 M HCl as a carrier and QA 

(Sigma-Aldrich) dissolved in 1 M NaOH. To determine the inhibitory concentration, 

tryptophan metabolites were tested in titration series. Stocks of Kyn, 3HK, 3HAA and 

QA (Sigma-Aldrich) were dissolved in RPMI 1640 medium (Gibco BRL) and added 

to the cell cultures in different concentrations ranging from 0 to 100µM (pH of final 

cell culture medium 7.5-8.5). 

 

2.15 Kynurenine Treatment of Graft Recipients 

Stock 3HK was dissolved in PBS and administered intra-peritoneally (IP) 560 mg/kg 

on a daily basis on day 1-7, day 7-14 or day 1-14 post-operatively. Control animals 

were given the same volume of vehicle from day 1-14. For topical application, a total 

dose of 3HK of 0.165 mg was dissolved in 30 µl 0.9% NaCl eye drops (final pH 2.5-

3.0) and administered twice daily on days 3-14 post-operatively after removal of the 

protective eyelid suture. This was the highest tolerated topical dose, having been 

tested on unoperated eyes of BALB/c mice for 5 days. This dose is based on 1/3 of the 

total dose used in systemic administration. Control animals were given the same 

volume of vehicle.  

 

2.16 Tranilast (3,4-DAA) 

Tranilast was obtained as a kind gift from Nuon Therapeutics (San Mateo, CA) as 

well as Sigma Aldrich, UK. For in vivo studies, Tranilast was dissolved at a maximum 

concentration of 10 mg/ml in 1% sodium bicarbonate by heating for 1 h at 70°C. 

Upon cooling, an emulsion was formed. Animals received 400 mg/kg of Tranilast, 
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administered by IP injections, on days 1-16 post-operatively for corneal transplants 

and days 1-15 and days 1-30 for skin transplants. Control animals were given the 

same volume of vehicle. 

For in vitro studies, Tranilast was dissolved in dimethyl sulphoxide (DMSO). Stock 

Tranilast was dissolved in RPMI 1640 medium (Gibco BRL) and added to cell 

cultures in different concentrations ranging from 0 to 200µM. 

 

2.17 Animals 

Experiments were conducted using inbred adult female BALB/c mice (H2
d
, Harlan 

Olac), female C3H/He (H2
k
, Harlan Olac), male BALB/c mice (Harlan Olac) and 

C57BL/6 (H2
b
, Harlan Olac). Animals were maintained in a specific pathogen-free 

facility and treated in accordance to the UK regulations for care of experimental 

animals. 

 

2.18 Orthotopic Corneal Transplantation 

Mouse corneal transplantation was performed in the right eye of all animals (age 6-10 

weeks) as originally described by Zhang et al. 1996 with minor modifications 

(described in Ardjomand et al. 2003). To prepare the donor cornea a 2.5mm trephine 

was first used to mark the cornea. The eye was then enucleated and an anterior 

chamber paracentesis performed using a diamond knife (Duckworth & Kent, Baldock, 

UK). The cornea was then excised using curved Vannas scissors (M.I.S.S, Germany). 

This was left in PBS until grafting. Preparation of the recipient required topical 

administration of 2.5% phenylephrine and 1% atropine to the recipient eye to ensure a 

fully dilated pupil. A full anaesthetic was given as a 150 µl IP injection comprising 

25% Hypnorm, 25% Hypnovel in 50% water. A top-up to a maximum total volume of 

200 µl was used if the mouse was not sufficiently anaesthetised. The recipient cornea 

was marked using a 2.0 mm trephine and under a bubble of PBS an anterior chamber 

paracentesis performed and the cornea excised. The bubble of PBS on the ocular 

surface was maintained to prevent the eye from drying and cataract formation. The 

donor was then transferred to the recipient and an initial 11/0 nylon suture placed 

through the donor and recipient cornea. The cornea was fixed with a continuous 

suture with a minimum of 8 bites taken. At the end of the procedure chloramphenicol 

ointment (Martindale Pharmacuticals, Brentwood, UK) was applied to the eye and a 
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7/0 vicryl lid suture placed, which was removed after 48 hours. At that time and every 

2 days thereafter the eye was examined using the operating microscope. 

 

2.19 Grading of Clinical Findings Used in Diagnosis of Graft 

Rejection 

Grading of corneal opacity was as previously described (Sonoda et al. 1993) with 

minor modifications, as follows: grade 0, complete transparent cornea; 1, minimal 

corneal opacity, but iris clearly visible; 2, moderate corneal opacity, iris vessels still 

visible; 3, moderate corneal opacity, only pupil margin visible; 4, complete corneal 

opacity, pupil not visible. Grading of graft transparency was undertaken by an 

examiner masked in respect of treatment group of each animal. Technically 

satisfactory grafts had corneal opacity grade 0 to 1 at all times until corneal suture 

removal on day 7. All other graft recipients, including those with wound dehiscence, 

intraocular haemorrhage or cataract were excluded from further analysis. The onset of 

graft rejection was diagnosed when corneal opacity increased to grade 3 (no iris 

vessels visible) in a graft previously transparent after transplantation. 

 

2.20 Preparation of Mouse Corneas for Histological Sections 

To maintain corneal integrity for preparation of cryostat sections, whole eyes were 

removed from the sacrificed mouse on the day of observed onset of rejection. The 

tissue was placed in OCT embedding matrix (CellPath, Powys, UK) then snap frozen 

in liquid nitrogen and stored at -80°C. 7 µM thick sections were cut using a cryostat 

(Bright, Huntingdon, UK) and transferred onto clean microscope slides (CA Hendley, 

Loughton, UK). Sections were air-dried at room temperature for 30-40 minutes, fixed 

for 10 minutes in cold acetone (Sigma-Aldrich) and then further air-dried for 30 

minutes. Slides were wrapped in foil and stored at -20°C until use. 

 

2.21 Haematoxylin and Eosin (H&E) 

Frozen tissue sections of cornea were allowed to thaw at room temperature and H&E 

staining performed courtesy of Hammersmith Hospital Pathology department.  
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2.22 Immunohistochemistry 

The cryostat sections were thawed at room temperature for 10 minutes. A wax pen 

was used to encircle the sections. The slides were rinsed in PBS first and 2-3 times in 

PBS-T (0.1% Tween, Bio-rad). Sections were blocked with 10% mouse serum 

(Sigma-Aldrich) in PBS-T for 30 minutes. FITC labelled IL-17A Clone: eBio17B7 

was diluted (1:50 dilution; e-Bioscience) in 10% mouse serum/PBST (0.1% Tween) 

and sections incubated with this for 1 hour in a humidified chamber in the dark. 

Sections were washed with PBST (0.1% Tween) once and once with PBS. Excess 

PBS was removed with tissue paper, being careful not to touch the section. 1 drop of 

DAPI mounting medium, non-hard set (Vector Laboratories, UK) was placed on a 

cover slip and the slides carefully placed on the cover slip. Slides were kept in the 

dark for 5-10 minutes and stored at 4°C in the dark until analysis with a fluorescent 

microscope. Negative controls were sections incubated with rat IgG2a as the primary 

antibody. 

 

2.23 Preparation of Mouse Corneas for Flow Cytometry 

Corneas were dissected carefully under a stereo-microscope. All precautions were 

taken to avoid the limbal blood vessels. Single-cell suspensions were prepared from 

three corneas as described (Deshpande et al., 2001), with some modifications. Briefly, 

corneal buttons were incubated with collagenase D (Roche) 2.5 mg/ml for 60 minutes 

at 37°C in a humidified atmosphere at 5% CO2. After incubation, corneas were 

disrupted by grinding with a syringe plunger and passing through a 45 µM cell 

strainer. Cells were washed and suspended in RPMI 1640 with 10% FCS. Prior to 

intracellular staining for IL-17, cells were stimulated with 50 ng/ml PMA, 1 µg/ml 

Ionomycin in the presence of Brefeldin A for 4 hours. Cells were washed and then 

stained with FITC labelled anti IL-17A antibody (eBioscience) and isotype controls as 

described in section 2.6.2. 

 

 

2.24 ELISA for IL-2 Cytokine Production 

IL-2 levels in the supernatants of T cell proliferations assays were detected using the 

Mouse IL-2 Platinum ELISA kit (eBioscience, UK). The IL-2 kit had a sensitivity of 

5.3 pg/ml which allowed for the accurate and precise detection of low levels of IL-2 
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in 50 µl of culture supernatant taken from wells of a 96-well plate T cell proliferation 

assay. All steps were carried out according to the manufacturer’s protocol. After the 

addition of pre-titrated detection enzyme (Streptavidin-HRP), substrate solution 

(tetramethylbenzidine-TMB) and stop solution, ELISA plates were read at 450 nm 

using a microplate spectrophotometer. Samples were assayed in triplicate and were 

quantified by comparison with standard curves obtained with purified recombinant 

cytokines provided with the ELISA kits. Results are presented as the means and 

standard deviations of triplicates. 

 

2.25 Th17 Polarisation of Naïve CD4
+
 T cells 

 

2.25.1 Isolation of Naïve CD4 T cells 

CD4 T cells from spleens and lymph nodes (mesenteric and inguinal) of BALB/c 

mice were purified as described in section 2.12.1. Naïve CD4 T cells were isolated by 

FACS sorting using a FACSAria sorter of CD4 T cell suspensions for CD44
lo

(Pacific 

blue, EFlour 450 labelled), CD25
-
(PE labelled),CD62L

high
 (FITC labelled), CD4

+
 (PE 

CY5 labelled) cells. A purity of >99.5% was achieved. 

 

2.25.2 Th17 polarisation 

The culture medium used was IMDM (Sigma-Aldrich), supplemented with 2x10
-3

 M 

L-glutamine, 100 u/ml penicillin, 100 µg/ml streptomycin, 5x10
-5

 M β-

mercaptoethanol, and 10% FCS. For Th17 polarisation in the presence of 3HK and 

Tranilast, a final concentration of 10 µM of each was used. Th17 cells (2x10
5
 

cells/well) were differentiated on 24 well plates coated with 2µg/ml anti-CD3 and 10 

µg/ml anti-CD28 with a cytokine cocktail of 2 ng/ml TGFβ, 25 ng/ml IL-6 and 10 

ng/ml IL-1β. Neutralising antibodies to IFNγ (50 µg/ml), IL-4 (10 µg/ml) and IL-2 

(10 µg/ml) was added to cultures. For real-time PCR experiments, cells were collected 

at different time points in culture, 0, 18, 24 and 36 hours. For Flow cytometry to 

assess measurement of intracellular cytokines, cells were kept in culture, split 1:2 on 

day 4 in media only and then on day 8 stimulated with 50 ng/ml PMA and 1µg/ml 

Ionomycin in the presence of Brefeldin A for 4 hours, then fixed and stained as 

described in section 2.6.2. 
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2.26 Skin Transplantation 

Skin transplantation was carried out kindly by David Coe of Imperial College 

London. 6-8 week old male BALB/c (H2
d
) mice were used as recipients and 6-8 week 

old male C57BL/6 (H2
b
) mice were used as donors.  

Procedure: 

1) Donor skin preparation 

The donor mouse was sacrificed and the mouse positioned on a tail removing board. 

The tail was sterilised with 70% alcohol. Using a #3 scalpel handle fitted with a #11 

blade, a ring incision was made around the base of the tail and continued along the 

dorso mid-line for about two to three inches. The skin was pulled off the tail using a 

pair of toothed forceps. The skin was placed dermis side down on a dry, sterile plastic 

Petri dish. The tail was flattened using a glass “hockey stick” and the tail cut into 1 

cm x 1 cm squares using a #4 scalpel handle fitted with a #22 blade. The grafts were 

moistened with a small volume of sterile saline. 

2) Preparation of the recipient mouse 

The mouse was anaesthetised using induction and maintenance (Face mask) 

inhalational anaesthesia (Isoflourane). The mouse was secured on its side to the 

grafting board using retainers. An area over the chest about 2cm wide, from the base 

of the neck to the last rib was shaved. Loose hair was removed and the area wiped 

with 70% alcohol. 

3) Grafting 

Using fine scissors, the graft bed was prepared by cutting and removing an area of 

skin from the flank of the mouse. This area was made larger than the size of the graft 

to be used, making sure not to cut the underlying tissue. The donor skin was placed 

into position in the graft bed, making sure that the graft did not overlap the bed and 

was not curled. A square of tulle was placed over the graft area. A plaster was 

moistened and placed directly over the tulle and wound round the mouse making sure 

it was tight but comfortable. The plaster was allowed to dry and the retainers released 

from the mouse and the mouse placed in a warming chamber until it recovered from 

anaesthesia. 

4) Scoring the grafts 

8 days after the primary graft, the plaster was removed very carefully to prevent 

damage to the graft. Grafts were scored on day 9 and then daily thereafter. Scoring of 
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grafts was undertaken by an examiner masked in respect of treatment group of each 

animal. Rejection was registered when less than 10% of the original graft remained 

viable. 

 

2.27 Statistical Analysis 

The mean of triplicate values and associated standard deviation (SD) were calculated 

for all T cell proliferation, L-kynurenine assay, flow cytometry and ELISA data. 

Statistical differences were calculated using a two-tailed t-test. A Mann-Whitney U 

test was used for calculating statistical differences in absolute lymphocyte counts of 

peripheral blood. Differences in graft survival were analysed using a log rank test and 

plotted according to the Kaplan-Meyer method. A value of p≤0.05 was regarded as 

statistically significant. 
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CHAPTER 3: RESULTS 

EFFECT OF UVB IRRADIATION ON IDO EXPRESSION 
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3.1 Introduction 

As one of the objectives of this study was to develop IDO as a potential therapeutic 

target for preventing corneal allograft rejection, it was of interest to investigate 

different methods of upregulation of IDO expression in the cornea. So far, methods of 

overexpressing IDO in the cornea have included: 

• Gene therapy: 

Lentiviral vectors have been shown to be efficient at transducing human, rabbit 

and mouse corneal endothelial cells (Beutelspacher et al., 2005).  

• Pro-inflammatory cytokine stimulation 

As mentioned in section 1.5.3.2, LPS and the inflammatory cytokines IL-1 and 

TNF act synergistically with IFNγ to enhance IDO expression in vitro (Babcock 

and Carlin, 2000, Robinson et al., 2003). 

 

The first report of IDO in ocular tissue was in the lens, where Takikawa and co-

authors demonstrated its role in protecting lens from UV damage, being the first 

enzyme in the synthesis of UV filters (Takikawa et al., 2001). 3-hydroxykynurenine 

glucoside (3HKG), kyn and 3HK have been shown to be the major short-wave 

absorbing pigments present in human lenses (Wood and Truscott, 1993). On 

absorption of light they reach an excited state, described as a ‘triplet state’ and in this 

state they have been shown to be weakly reactive. Furthermore in the ‘triplet state’ 

they undergo decay rapidly, returning to the ground state. It is these properties- low 

triplet yield and low reactivity of the excited states that make kynurenine and its 

derivatives excellent UV filters (Sherin et al., 2008) (Dillon and Atherton, 1990, 

Dillon et al., 1990, Luthra and Balasubramanian, 1992). It is therefore likely that a 

physiological function of IDO is to prevent endothelial cells from UV-mediated cell 

injury, and there is data in the human that it can be upregulated in endothelial cells by 

UVB (Serbecic and Beutelspacher, 2006).  

UVB and UVC rays are strongly absorbed by all corneal layers. Experimental studies 

have shown that the corneal epithelium, Bowman’s membrane and stroma have the 

highest UV absorption, preventing penetration to the deeper ocular structures and 

hence light induced ocular damage. The significant absorbance of the cornea in the 

UVB and UVC spectra has been attributed to the high amounts of tryptophan residues 
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in the proteins of the stroma (Mitchell and Cenedella, 1995), as well as the high 

ascorbic acid content of the epithelium (Ringvold, 1997). 

As mentioned previously, the condition of the corneal endothelium is essential to the 

normal functioning of the whole cornea due to its restricted regenerative capacity in 

humans. As it is a single-layered structure, it is very susceptible to damage by UV 

irradiation. Dependent on the dose and duration of UV exposure, cell damaging 

effects may vary from minor endothelial changes such as pleomorphism, as observed 

clinically in patients exposed to excess solar radiation (Good and Schoessler, 1988) to 

irreversible DNA damage due to nuclear fragmentation resulting in apoptosis 

(Cejkova et al., 2001). However, experimental studies have shown that the corneal 

endothelium is relatively resistant to repeated radiation damage, with the threshold 

dose for damage not being beyond those used for practical purpose (Ringvold et al., 

1982). The exact mechanism by which the corneal endothelium protects itself from 

environmental UV irradiation has not yet been fully understood. 

 Although IDO has shown to be expressed in murine corneas at the mRNA 

level (Serbecic and Beutelspacher, 2006), there have been no previous reports on 

IDO2 expression in the cornea. 

 

3.1.2 Chapter aims 

The aims of the work presented in this chapter were to: 

 

1. Determine the effect of UVB exposure on corneal endothelial cell IDO 

expression at the mRNA and protein level as determined by real time RT-PCR 

and western blotting respectively.  

2. Determine functional activity of any upregulated IDO by quantification of L-

kynurenine production as well assessing function of irradiated MCEC in 

mixed lymphocyte reactions. 

3. Examine the effect of UVB exposure on murine corneal endothelial cell 

phenotype. 

4. Determine whether IDO2 is expressed on MCEC or whole corneas as 

determined by real time RT-PCR. 
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3.2 Results 

3.2.1 Upregulation of IDO mRNA in corneal endothelial cells post UVB irradiation 

A murine corneal  endothelial cell line (MCEC) was exposed to UVB irradiation at 

doses ranging from 0 to 1000 J/m
2
 as described previously (see section 2.2.4) (Harned 

et al., 2003). In order to validate real time RT-PCR results and generate a standard 

curve for the IDO plasmid template (pSMART-IDO), a series of consecutive 10-fold 

dilutions of an IDO plasmid template DNA ranging from 7.5x10
-1

 to 7.5x10
-10

 µg/ µl 

was generated and real time RT-PCR carried out. The amplification data revealed 

clear resolution of all dilutions from one another and the standard curve demonstrated 

an amplification efficiency of > 90% (Figure 10a). The dissociation curve revealed 

specific amplification of the IDO product (Figure 10b).  

Expression of IDO at the mRNA level (normalised to HPRT) was determined by real 

time PCR. Increasing UVB exposure resulted in upregulation of IDO in a dose 

dependent manner (Figure 11a and b). An IDO plasmid template with known IDO 

concentration (0.00075 µg/ µl) was used as the positive control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10- Validation of IDO real time RT-PCR 

A- In order to validate real time RT-PCR results and generate a standard curvve for an 

IDO plasmid template (pSMART IDO),  a series of consecutive 10-fold dilutions of 

pSMART-IDO ranging from 7.5x10
-1

 to 7.5x10
-10

 µg/ µl was generated and real time 

RT-PCR carried out. The amplification data and standard curve revealed a clear linear 

relationship between Ct value and IDO plasmid DNA concentration. B- The 

dissociation (melting) curve revealed a single peak confirming specific amplification 

of the IDO product. 
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Figure 11- IDO mRNA expression in UVB exposed MCEC samples.  

A- MCEC were exposed to UVB at doses ranging from 0-1000 J/m
2
, RNA was 

extracted and subsequently converted to cDNA and real time PCR carried out. The 

levels of IDO mRNA are normalised to HPRT and fold increase expressed relative to 

untreated samples. With increasing UVB exposure there is a corresponding increase 

in IDO mRNA expression. The positive control is a pSMART vector expressing IDO. 

Results are from one experiment, representative of three.  

 

3.2.2 UVB irradiation of MCEC did not upregulate IDO expression at the protein 

level. 

After demonstrating increased IDO expression in response to UVB irradiation at the 

mRNA level, it followed to examine whether this increase in expression could be 

translated to the protein level. Expression of the 45 kDa IDO protein in the lysates of 

MCEC exposed to UVB doses ranging from 0 to 1000 J/m
2
 was determined by 

western blotting 24 hours after UV exposure. The IDO protein expression was 

detected using an IDO specific antibody. The 45 kDa IDO protein was not detected in 

any of the samples except for the positive control, a CHO cell line stably transduced 

with IDO. Unexpectedly there was no IDO protein expression seen in MCEC 

stimulated with IFNγ. This suggests a lack of induction of IDO in MCEC (above 

threshold levels) by UVB irradiation (Figure 12).  
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Figure 12- IDO protein expression in UVB exposed MCEC samples 

IDO protein expression was assessed by immunoblot analysis, using an IDO specific 

antibody. Cell lysates from the different UVB treated cells (0J-1000J/m
2
) as well as 

MCEC stimulated with IFNγ (IFNγ) were prepared and analysed by western blotting 

for IDO expression. The blots were also analysed for β-actin as a housekeeping 

control. Results are from one experiment representative of three. UVB exposure did 

not induce IDO protein expression. The positive control was stably transduced CHO 

cell line expressing IDO (CHO IDO). 

 

 

3.2.3 UVB irradiation of MCEC did not result in any functional activity of IDO 

It may be that IDO is induced by UVB irradiation but at levels too low to be detected 

by western blotting. A functional assay was therefore used to measure IDO activity. 

The biological activity of IDO was evaluated by measuring levels of the tryptophan 

metabolite L-kynurenine in culture supernatant as described in section 2.5 using a 

colorimetric assay. Absorption of the resting solution was measured at 490 nm by a 

spectrophotometer. The assay was capable of detecting kynurenine concentrations as 

low as 3.13 µM. The values of kynurenine in conditioned medium were calculated by 

a standard curve with defined levels of kynurenine concentrations. There was very 

little kynurenine production in any UVB treated cell in comparison to untreated, 24 

hours post single dose of UVB exposure (Figure 13). In light of this result, it was 

determined whether or not time post UVB exposure had an impact on functional IDO 

activity. Cells were therefore exposed to UVB irradiation as above (0-1000J/m
2
) and 

supernatants removed ½ hr, 2 hr, 4 hr and 24 hr post UVB exposure. There was a lot 

of variability in results with no conclusive evidence of functional IDO activity (Figure 

14 a. and b.) The effect of repeated UVB exposure (twice daily dosing over three 

days) on functional IDO activity was also determined; again there was no conclusive 

evidence of functional IDO activity (Figure 15). The results of experiments 

  0J   10J   50J   100J  300J  1000J     CHO   IFNγ 
                  IDO 

45 kDa (IDO) 
42 kDa (β-actin) 
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undertaken in the above two sections therefore demonstrated a lack of IDO protein 

production or a lack of function of the expressed IDO in MCEC in response to UVB 

irradiation. 

 

 

 

 
Figure 13 - Effect of UVB exposure on IDO activity 24 hrs post exposure 

Functional IDO activity in response to UVB exposure (0-1000J/ m
2
) was measured in 

vitro in terms of the ability of MCEC to metabolise tryptophan to kynurenine. 

Kynurenine concentrations were measured in supernatants using a colorimetric 

method. By using the standard curve, the level of kynurenine in treated samples could 

be calculated. The positive control are supernatants collected from an IDO transduced 

D17 cell line (D17-IDO) as well as IFNγ treated MCEC. As can be seen, there is very 

little kynurenine production in any UVB treated cells in comparison to untreated. Data 

represent mean ± SD of triplicate samples. Results are from one experiment 

representative of six. 
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Figure 14- Effect of UVB exposure on IDO activity at varying time points post 

exposure. 

Functional IDO activity in response to UVB exposure (0-1000J/m
2
) was measured in 

vitro in terms of the ability of MCEC to metabolise tryptophan to kynurenine at time 

points ranging from A- 2 hr, 4 hr and 24 hr and B- ½ hr, 2 hr and 24 hr post UVB 

exposure. Kynurenine concentrations were measured in supernatants using a 

colorimetric method. Data represent mean ± SD of triplicate samples. Results are 

from two experiments representative of six. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15- Effect of single and repeated doses of UVB exposure on IDO activity 

Functional IDO activity in response to single dose UVB exposure (0-1000J/m
2
) or 

repeated (twice daily dosage over three days) was measured in vitro in terms of the 

ability of MCEC to metabolise tryptophan to kynurenine. Kynurenine concentrations 

were measured in supernatants using a colorimetric method. Data represent mean ± 

SD of triplicate samples. Results are of one experiment representative of three. 
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3.2.4 Effect of UVB irradiation of MCEC on T cell proliferation 

In order to determine definitively the lack of function of IDO in UVB irradiated 

MCEC, cells that were exposed to UVB were used as stimulators in a mixed 

lymphocyte reaction (MLR) and proliferation assessed by thymidine incorporation. 

Previously it has been shown that MCEC can be used as stimulators in mixed 

lymphocyte reaction and that overexpression of IDO in MCEC either by lentiviral 

transduction or cytokine stimulation can inhibit CD4
+
 T cell proliferation in a simple 

(one stage) MLR (Beutelspacher et al., 2006).  

MCEC (BALB/c origin) were therefore exposed to UVB irradiation at doses ranging 

from 0 to 1000 J/m
2
 and subsequently co-cultured with allogeneic CD4

+
 T cells (C3H) 

at a ratio of 1:1 MCEC : T cells. Proliferation of CD4
+
 T cells was detected by 

thymidine incorporation on day 4 of the MLR (Figure 16). When MCEC were used as 

stimulators in an MLR, T cell proliferation was observed although it was minimal. 

Proliferation counts from the MLR demonstrate that UVB exposed MCEC did not 

inhibit further the proliferation of allogeneic CD4
+
 T cells in comparison to untreated 

(0). This further supported the findings from the kynurenine assays showing a lack of 

functional IDO.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16- Effect of UVB irradiation of MCEC on T cell proliferation 

Following single dose UVB exposure at doses ranging from 0-1000 J/m
2
. 1x10

5
 

MCEC were cultured with allogeneic T cells (1x10
5
 cells /well). As a control T cells 

were incubated with un-irradiated MCEC (bar labelled 0) or with no other cells. T cell 

proliferation was determined by 
3
H Thymidine incorporation on day 4. UVB 

irradiation of MCEC did not inhibit T cell proliferation. Data represent mean ± SD of 

triplicate samples. Results are of one experiment representative of three. 
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3.2.5 Effect of UVB irradiation on MCEC phenotype 

Previous studies have reported that UV treatment of corneal allografts resulted in a 

steep reduction in the incidence of immunological rejection of heterotopic corneal 

grafts in mice (Ray-Keil and Chandler, 1986) and orthotopic corneal allografts in 

rabbits (Dana et al., 1990). This has been attributed to the inactivation of highly 

immunogenic donor-derived passenger Langerhans’ cells by the UV irradiation 

thereby reducing the immunogenicity of the corneal allograft (Noonan and De Fabo, 

1992). 

It could be hypothesised that UV irradation of MCEC altered chemokine and adhesion 

molecule expression and hence reduced the immunogenicity of corneas in this way. It 

is known that MCEC have the ability to upregulate chemokine and adhesion molecule 

expression, and MHC class II expression in response to pro-inflammatory cytokines 

(Arancibia-Carcamo et al., 2004). 

MCEC were therefore exposed to UVB irradiation at a single dose of 300 J/m
2
 and the 

expression of ICOSL, ICAM, PDL1 and MHC class II analysed by flow cytometry. 

UVB irradiation did not alter the phenotype of MCEC (Figure 17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17- Effect of UVB irradiation on MCEC phenotype 

MCEC were exposed to UVB irradiation at a single dose of 300 J/m
2
 and 24 hours 

later the expression of ICOSL, ICAM, PDL1 and MHC class II analysed by flow 

cytometry. UV irradiation did not alter MCEC phenotype. Results are from one 

experiment representative of three. 
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3.2.6 Determination of corneal IDO2 expression 

The recent discovery of an isoform of IDO (IDO2) as mentioned in section 1.5.8, and 

the fact that IDO has shown to be expressed in murine corneas (Serbecic and 

Beutelspacher, 2006); led us to investigate whether or not murine corneas expressed 

IDO2. Expression of IDO2 at the mRNA level (normalised to HPRT) was determined 

in MCEC as well as whole corneas by real time RT-PCR. Metz et al. (2007) showed 

that mouse liver expressed high levels of IDO2 and therefore murine liver samples 

were used as positive controls. There was no IDO2 expression in MCEC or whole 

corneas whereas IDO expression was demonstrated (Figure 18).  
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Figure 18- Corneal IDO2 expression 

IDO and IDO2 mRNA expression in MCEC as well as whole corneas was 

determined. RNA was extracted from 1x10
6
 MCEC (M), 6 whole BALB/c corneas 

(C) and liver (L) as a positive control, subsequently converted to cDNA and real time 

RT-PCR carried out. Water was used as a negative control (N). (A) The levels of 

IDO2 mRNA are normalised to those of HPRT mRNA and shown as the mean +/- SD 

of triplicate determinations. The separation of PCR products on a 1.5% agarose gel is 

also shown (B). 
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3.3 Discussion 

As mentioned previously, the first report of IDO in ocular tissue was in the lens, 

where Takikawa and co-authors demonstrated its role in protecting lens from UV 

damage (Takikawa et al., 2001). It is therefore likely that a physiological function of 

IDO is to prevent endothelial cells from UV-mediated cell injury, and there is data in 

the human that it can be upregulated in endothelial cells by UVB (Serbecic and 

Beutelspacher, 2006). UV treatment of corneal allografts has been shown to prolong 

graft survival in both a mouse and rabbit model (Ray-Keil and Chandler, 1986, Dana 

et al., 1990). It could therefore be hypothesised that the prolongation in corneal 

allograft survival observed in UVB treated corneas may be attributable to 

upregulation of IDO. The results from the work presented in this chapter have shown 

upregulation of IDO in response to UVB irradiation at the mRNA level, with 

increasing expression in a dose dependent manner. Expression of IDO at the protein 

or functional level however could not be demonstrated. It must be mentioned 

however, that there are limitations in the experiment carried out in section 3.2.4. 

These are due to the fact that MCEC alone are poor stimulators in a MLR owing to 

their low expression of MHC class II and hence in our experiments we were looking 

for inhibition of a low response which is difficult. Another method would have been 

to use anti-CD3/CD28 beads as stimulators and MCEC as inhibitors; here, we would 

have expected UVB irradiation of MCEC to increase inhibition of T cell proliferation 

and this could have been confirmed due to IDO upregulation by using the IDO 

inhibitor 1-MT.  

It is possible that the lack of functional activity observed maybe a result of post-

translational inactivation of IDO. IDO activity is regulated at both transcriptional and 

post-transcriptional levels (Braun et al., 2005). Braun et al. characterised the 

mechanism by which IDO is upregulated in monocyte derived DCs; showing that 

PGE2 induced mRNA expression of IDO, yet the enzyme remained inactive. It was 

only in response to a combined second signal via TNF receptor or Toll-like receptor 

(using TNFα, LPS or Staphylococcus aureus Cowan strain I) was bioactive IDO 

observed (Braun et al., 2005). 

In the case of UV irradiation, it is well known that cells subjected to UV irradiation 

actively repress DNA replication, transcription and mRNA translation. Although the 

effects of UV irradiation on DNA replication and transcription are well documented, 
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the mechanisms for translational repression have been poorly understood. Deng et al. 

recently described a mechanism for inhibition of translation by UV irradiation; 

demonstrating that UV irradiation elicits phosphorylation of the α-subunit of 

eukaryotic translation initiation factor 2 (eIF2α) by activating the GCN2 kinase. 

Phosphorylation of eIF2α results in cell cycle arrest through inhibition of mRNA 

translation of cell cyclins (Deng et al., 2002). Furthermore, UVB irradiation has been 

shown to activate nitric oxide synthase (NOS) and nitric oxide production (NO) (Liu 

and Wu, 2010). NO is a well known inhibitor of IDO; directly inhibiting the haem 

active site (Aitken et al., 2004) as well as promoting proteasome-mediated 

degradation of the IDO protein (Hucke et al., 2004). This may well explain the lack of 

IDO protein expression in the above experiments. As a result of this lack of 

demonstration of IDO protein and most importantly function in response to UV 

irradiation of MCEC it was deemed non-worthwhile to proceed with experiments 

investigating the effects of UV irradiation on corneal allograft survival. 

Although basal IDO expression has been demonstrated in murine corneas we 

have shown that its isoform IDO2 is not expressed in murine cornea, a finding not 

reported previously.  

 

3.3.1 Chapter Summary 

The work in this chapter has: 

• Demonstrated upregulation of IDO mRNA in response to UVB irradiation in a 

dose dependent manner. IDO protein expression however could not be 

detected. 

• Demonstrated a lack of function of any upregulated IDO as determined by L-

kynurenine production. 

• Demonstrated no alteration in MCEC phenotype in response to UVB 

irradiation. 

• Demonstrated a lack of IDO2 expression in MCEC and whole corneas. 
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CHAPTER 4: RESULTS 

MURINE CORNEAL TRANSPLANTATION MODEL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 121 

4.1 Introduction 

4.1.1 Animal models of experimental corneal transplantation  

Experimental corneal transplantation has been performed in various animal models 

and each animal species has its specific advantages and limitations. Rabbits, rats, and 

mice are the most commonly used models. Corneal allograft survival in these three 

species is markedly different and surgery becomes technically more difficult as the 

size of animal and its cornea decreases. Experimental corneal transplantation was first 

carried out in random bred rabbits in the 1940s and 1950s (Maumenee, 1951, 

Billingham et al., 1951). It was found that greater than 50% of corneal allografts 

placed into non-vascularised graft beds in rabbits survived indefinitely without the use 

of any immunosuppressive treatment (Maumenee, 1951, Chen et al., 1990). These 

studies established the avascular cornea as a main component of immune privilege. 

From the 1970s, inbred rats were used in experimental corneal transplantation 

(Williams and Coster, 1985, Lang et al., 1975, Gebhardt, 1981, Treseler and 

Sanfilippo, 1985). These investigations clarified the role of CD4
+
 and CD8

+
 T cells in 

corneal alloresponses and led to studies of the cellular and molecular events in corneal 

allograft rejection (Treseler et al., 1985, Treseler and Sanfilippo, 1986b, Treseler et 

al., 1986, Treseler and Sanfilippo, 1986a). Similar to the rabbit, approximatley 50% of 

rats receiving MHC mismatched corneal allografts undergo immune rejection whereas 

the remaining 50% survive without the use of immunosuppressive therapy (Peeler et 

al., 1988, Ross et al., 1991). A new model of corneal transplantation with clinico-

pathological features very similar to those observed in humans has recently been 

described in the outbred minature pig, but again corneal neovascularisation has to be 

induced prior to corneal transplantation to induce corneal graft rejection (Tavandzi et 

al., 2007). This will be particularly useful for assessing clinically applicable 

experimental immunosuppressive strategies.  

 

4.1.2 The mouse model of corneal transplantation 

Over the past decade the use of inbred strains of mice as donors and recipients of 

corneal allografts has been used increasingly by a number of investigators (She et al., 

1990a, Peeler et al., 1988, Joo et al., 1995, Sonoda et al., 1995, Plskova et al., 2004, 

Yamada et al., 1999a). The mouse has many advantages as an experimental animal for 

immunological studies. Whereas a large percentage of corneal allografts survive 
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without immunosuppression in rabbits and rats, the majority of grafts in mice are 

rejected (Joo et al., 1995, She et al., 1990a, Haskova et al., 2000, Ardjomand et al., 

1997). 

Mouse corneal transplantation has been successfully established in our laboratory for 

a number of years. The strain combination that was successfully used in our 

laboratory was adult female C3H/He (H2
k
) mice as allogeneic donors and female 

BALB/c (H2
d
) as recipients. Our experience is that even though the mouse cornea is 

avascular, exchange of corneas between strains of mice mismatched at the MHC 

genes such as C3H/He (H2
k
) and BALB/c (H2

d
) with multiple minor mismatches 

invariably leads to graft rejection; unless immunosuppression is used. In our 

experience this combination yielded a highly reproducible interval to rejection in 

almost all animals, with median graft survival (MST) of 12 days in unmodified 

recipients and minimal deviation (Ardjomand et al., 1997). 

The mouse cornea is approximately 3.5 mm in diameter and commonly 2-2.5 mm 

allografts are performed. It is necessary to hold grafts in place with a continuous 

nylon suture. The complexity of the operation and the ensuing surgical trauma 

ultimately leads to an intense, acute inflammatory response, which is followed by 

neovascularisation and culminates in immune graft failure (Figure 19).  

 

 

 

Figure 19- Photograph of a rejected corneal allograft in a BALB/c mouse. Fourteen 

days after transplantation the graft from a C3H/He donor is opaque and vascularised.  
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4.1.3 Chapter aims 

As the technique of mouse corneal transplantation was new to me, the aims of the 

work presented in this chapter were to: 

 

1. Set up the mouse model of corneal transplantation 

2. Confirm the syngeneic and allogeneic corneal graft survival in the C3H-

BALB/c strain combination 

3. Examine histopathology of normal cornea, syngeneic and allogeneic corneal 

grafts post-transplantation. 
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4.2 Results 

4.2.1 Mouse eyes 

The BALB/c mouse eye used as the recipient in this work has an axial length of 3.7 

mm and a corneal diameter of 3.5 mm (Zhang et al., 1996), significantly smaller 

dimensions than the human eye which has an average axial length of 23.0 mm and a 

corneal diameter of 12 mm. This appreciably makes surgery more technically 

demanding. The BALB/c mouse as a recipient however, has advantages over other 

strains, in that given it is an albino, the iris is thin and translucent with clearly visible 

vessels making corneal transplantation easier and also making the BALB/c mouse as 

the recipient of choice by most investigators. The mouse eye has a very shallow 

anterior chamber in comparison to the human eye due to the lens being proportionally 

larger (Figure 20 and 21). 

 

4.2.2 Histology of the mouse cornea 

Figure 22 is a histological slide showing a cryosection of a normal BALB/c cornea. 

This is made up of four layers: epithelium, stroma, Descemet’s membrane and 

endothelium. The outermost layer of the cornea is a stratified (5-7 cell layered), non-

keratinised and non-secreting epithelium- a tissue barrier essential for corneal 

integrity. The epithelium is composed of an outer layer of mostly differentiated 

superficial cells by two to three layers of intermediate wing cells. Underlying the 

basal cells is the basement membrane synthesised by the epithelial cells. In mouse, the 

epithelium comprises 30% of the cornea. Forming 70% of the cornea is the central 

connective tissue layer, the stroma, composed primarily of collagen fibrils, keratin 

sulphate and chondroitin sulphate proteoglycans. Synthesised by keratocytes, the 

collagens and proteoglycans form a highly ordered extracellular matrix. The posterior 

monolayered endothelium is separated from the stroma by a basal lamina, the 

Descemet’s membrane. Produced by the endothelium, the Descemet’s layer is a thick 

basal lamina that separates the endothelium from the stroma (Chakravarti, 2001). The 

cells of the endothelium are responsible for maintaining corneal transparency and in 

human, unlike mice are non-replicating. 
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Figure 20- Histological appearance of a normal human eye 

 

 

 

 

 

 

Figure 21- Histological appearance of a normal BALB/c mouse eye 

Cryosection from the eye of a BALB/c mouse counterstained with haematoxylin and 

eosin (original magnification x2). 

 

 

 

 

 

 

 

Image Courtsey of: 

http://biology.clc.uc.edu/fankhauser/Labs/Anatom

y_&_Physiology/A&P202/Special_Senses/Eye/H

istology_EYE.htm. Accessed 01.05.11, no 

copyright. 
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Figure 22- Histological appearance of a normal BALB/c cornea 

Cryosection from the cornea of a BALB/c counterstained with haematoxylin and 

eosin (original magnification x 40). 

 

4.2.3 Step-by-step corneal transplantation method  

Illustrated below are the steps required to perform corneal transplantation in mice. 

Preparation of donor 

 

1. The donor C3H mouse was killed by overdose of CO2. 

2. The eye was then enucleated. 

 

3. A 2.5 mm trephine was then used to mark the cornea. 

4. An anterior chamber paracentesis was performed using a diamond knife. 

Epithelium 

Stroma 

Endothelium 

Descemet’s 

membrane 

Keratocyte 

1 2 

3 4 
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5. The donor corneal button was excised using vannas scissors and retained in 

PBS until the recipient had been prepared for grafting. 

 

Preparation of recipient 

 

 

1. Preparation of the recipient required administration of a general anaesthetic by 

intra-peritoneal injection (150 µl of a mixture of 25% Hypnorm and 25% 

midazolam in 50% water).  

2. Topical atrophine sulphate 1% and phenylephrine 10% drops were instilled to 

ensure a fully dilated pupil. 

 

 

 

 

 

 

 

 

3. The cornea was marked using a 2.0 mm trephine 

4. The cornea was then excised using vannas scissors. 

5 

1 

1 

2 

3 4 
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5. The donor button was transferred to the recipient under a bubble of PBS. The 

bubble of PBS was maintained throughout the procedure to prevent the eye 

from drying and cataract formation. 

6. An initial fixation suture (11/0 nylon) was placed through the donor and 

recipient cornea. 

 

 

 

 

 

 

 

7. A continuous 11/0 nylon suture was used to fix the cornea in place with a 

minimum of 8 bites taken. The suture was then tied and trimmed. 

8. At the end of the procedure the eyelids were sutured closed with 7/0 vicryl to 

protect the corneas for the initial 48 hours. 

 

9. At that time and every 2 days thereafter the eye was examined by the 

operating microscope. Technically satisfactory grafts had corneal opacity 

grade 0 to 1 (see section 4.2.4) at all times until corneal suture removal on day 

7 (see Figure 23). All other graft recipients and those with intraocular 

haemorrhage or cataract were excluded from further analysis. 

 

 

 

 

 

5 6 

7 8 
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Figure 23- Orthotopic mouse corneal allograft at day 7 

Allogeneic corneal transplant showing a clear graft with a continuous 11/0 nylon 

suture in place. 
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4.2.4 Grading of corneal allografts 

Sonoda and Streilin devised the original scoring system for grading corneal allografts, 

describing in semi-quantitative terms the extent of corneal opacity and vascularisation 

and correlating observed graft appearances with histology (Sonoda and Streilein, 

1992). Over time, minor modifications have been made to the grading system. The 

grading we used is shown in Table 6 and illustrated in Figure 23. Corneal 

opacification is an indicator of disrupted corneal endothelial function and of graft 

endothelial injury. Grafts were considered rejected when they had an opacity score ≥ 

grade 3 (see Figure 24 red box). 

 

GRADE CLINICAL APPEARANCE 

0 Complete transparent cornea 

 

1 Minimal corneal opacity, but iris vessels 

clearly visible 

 

2 Moderate corneal opacity, iris vessels still 

visible 

 

3 Moderate corneal opacity, only pupil 

margin visible 

 

4 Complete corneal opacity, pupil not 

visible 

 

 

Table 6- Clinical scoring system for orthotopic corneal  allografts 

 

 

 

 

 

 

 

 

 

 

 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24- Clinical scoring system for orthotopic corneal grafts 

Grading of corneal opacity: 0, complete transparent cornea; 1, minimal corneal 

opacity, but iris clearly visible; 2, moderate corneal opacity, iris vessels still visible; 3, 

moderate corneal opacity, only pupil margin visible; 4, complete corneal opacity, 

pupil not visible. Grafts with an opacity score ≥ grade 3 were considered to be 

rejected (red box). 
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4.2.5 Mouse corneal allograft survival: syngeneic versus allogeneic 

To become proficient in the technique of mouse corneal transplantation, syngeneic 

transplants were initially used as any failures would be as a result of surgical failure 

and this was also useful experimentally to confirm non-rejection of syngeneic grafts. 

Animals with grafts that remained clear at 60 days were deemed long term survivors 

and killed. To establish the median survival of allogeneic grafts, transplantation was 

carried out with the previously described strain combinations; inbred C3H female 

mice as donors and inbred BALB/c female mice as recipients. The two groups 

therefore consisted of syngeneic (BALB/c to BALB/c) and allogeneic C3H to 

BALB/c transplants. As expected the syngeneic grafts (n=8) remained clear 

throughout the 60 day observation period, whereas allogeneic donor grafts (n=8) 

rejected from day 9 with a median survival (MST) of 12 days. Actuarial graft survival 

in recipient groups is illustrated in Figure 25. 
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Figure 25- Kaplan-Meier survival of mouse syngeneic and allogeneic corneal 

transplants. 

Mouse corneal transplants were performed using female BALB/c as recipients 

receiving either a syngeneic (BALB/c) or allogeneic (C3H) donor corneas. Syngeneic 

(n=8) corneal graft survival showed long term graft acceptance with a median survival 

time (MST) of > 60 days compared to allogeneic (n=8) corneal graft survival that had 

a MST of 12 days.  
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4.2.6 Histology of syngeneic and allogeneic corneal transplants 

In order to confirm rejection, end-point histology was carried out on both syngeneic 

and allogeneic recipients. Whole eye balls were removed on the day of observed 

rejection in the allogeneic group and day 60 in the syngeneic group, snap frozen and 

stored at -80°C. Whole eye balls were used to maintain corneal integrity. 

Subsequently, 7 µM tissue sections were cut with a cryostat and counterstained with 

haematoxylin and eosin. The histological appearance of syngeneic transplants was 

similar to that of normal corneas with intact epithelium, stroma and endothelium 

(Figure 26a and b). The histological appearance of rejected grafts however, showed 

marked stromal thickening, with an inflammatory infiltrate and absence of the 

endothelium (Figure 25c and d). The appearances are consistent with reported 

literature (Ardjomand et al., 2003, Sonoda and Streilein, 1992). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 26- Histology of corneal transplants 

Whole eyes from a) normal cornea b) syngeneic and c) & d) allogeneic grafts, were 

removed on the day of observed rejection and day 60 post-transplantation. Tissues 

were cryosectioned and counterstained with haematoxylin and eosin. Representative 

histopathology sections are shown (original magnification x 10). The arrow indicates 

destroyed graft endothelium. The box demonstrates iris with cellular extravasate. 

 

a) b) 

c) d) 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 134 

4.3 Discussion 

4.3.1 Development of the mouse model of corneal transplantation 

As mentioned previously, due to the small size of the mouse eye, corneal 

transplantation is surgically challenging. However with the availability of fine 11/0 

suture materials and advances in surgical instrument design it has become feasible to 

perform corneal transplantation in animals as small as mice (Plskova et al., 2002). 

There are several advantages to using the mouse model. 

1. The range of inbred, transgenic and gene-targeted strains of rodents available 

permitting more mechanistic studies. 

2. The availability of a large range of reagents for rodents. 

3. Large numbers of animals can be used with much smaller volumes of reagents 

required for systemic treatment than in a larger animal. 

As there are advantages, there are limitations to the use of the mouse model. The main 

disadvantage being the size of the mouse eye making surgery technically more 

demanding with a longer learning curve required to achieve adequate proficiency in 

the technique. Another limitation is the ability of mouse corneal endothelium to 

replicate unlike human corneal endothelium, although experimentally this did not 

pose a particular problem in our model as discussed later in section 4.3.3 and the 

clinical picture of rejection being different from that observed in humans. 

 

4.3.2 Grading of corneal transplantation 

Clinically and experimentally, rejection of corneal grafts is considered as 

opacification of the cornea. Various factors can contribute to opacification or reduced 

clarity of the cornea including new vessel ingrowth, cellular infiltration, thickening 

and irregularity of the cornea and oedema. Researchers using these rat and mouse 

corneal transplantation models therefore developed grading systems for corneal graft 

rejection which took into account each of these features and produced an aggregate 

score. An arbitary score level was then taken as clinical evidence of rejection (Plskova 

et al., 2002). However, Plskova et al. and others (Sonoda and Streilein, 1992) have 

shown in direct comparison studies that this more complex grading system correlates 

well with the single grading of the level of opacity as a measure of clinical graft 

rejection. As a result, opacity level is now used as the standard means for grading 

rejection (Plskova et al., 2002). The grading system used in our model of corneal 
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transplantation uses a single grading of opacification as a clinical measure of corneal 

graft rejection. 

 

4.3.3 Definition of irreversible graft rejection 

Graft rejection is considered irreversible when the corneal graft remains opaque 

despite treatment. Plskova et al. highlighted an interesting observation in mouse (fully 

MHC mismatched allograft combinations) corneal transplantation. That is, an early 

phase of rejection (8-21 days post graft) followed by recovery at a later stage, usually 

8 weeks post-grafting. This biphasic response greatly depended on the strain 

combination and on the host background. They suggested several possibilities for this, 

firstly that there is transient loss of donor endothelium which is followed by recovery 

presumably by repopulation by host endothelium (Plskova et al., 2002). However, it 

has been shown that using a green fluorescent protein transgenic (GFP-Tg) mouse that 

clear allografts retained donor endothelium while rejected allografts had no 

endothelium (Hori and Streilein, 2001). Secondly, that the donor endothelium can go 

through a period of dysfunction in response to inflammation, which eventually 

recovers (Plskova et al., 2002). In the strain combination used, we did not observe this 

biphasic response and consistently found allograft rejection (opacity grade ≥ 3) in 

100% of mice (Ardjomand et al., 2003). 

 

4.3.4 Allograft survival 

The results presented in this chapter found allograft rejection in 100% of mice with a 

MST of 12 days (range 9-14). This was inkeeping with the literature with 80-100% of 

mice rejecting between days 10-25 post-transplantation using fully mismatched 

allografts (He et al., 1994, He et al., 1996, Joo et al., 1995, Yamada and Streilein, 

1998, Niederkorn and Mellon, 1996, She et al., 1990b, He et al., 1991, Sonoda and 

Streilein, 1992). 

 

4.3.5 Histology of rejection 

Histological assessment of rejected allografts showed marked stromal thickening and 

oedema with a large inflammatory cell infiltrate. The salient finding in rejected 

allografts that has consistently been found in previous studies is the absence of the 

endothelium. This results in oedema, loss of corneal transparency and ultimately graft 

failure (Hori and Streilein, 2001). 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 136 

4.3.6 Chapter summary 

The work in this chapter has: 

• Set up the mouse model of corneal transplantation 

• Confirmed syngeneic and allogeneic corneal graft survival in the C3H to 

BALB/c strain combination 

• Confirmed histological features of normal BALB/c cornea, syngeneic and 

rejected allogeneic transplants. 
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CHAPTER 5- RESULTS 

EFFECT OF TRYPTOPHAN METABOLITES ON 

CORNEAL ALLOGRAFT SURVIVAL  
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5.1 Introduction 

Previously it has been shown that ex-vivo lentiviral transduction of corneas with IDO 

significantly prolongs corneal allograft survival (Beutelspacher et al., 2006). While on 

the one hand this is explained by the accepted effect of IDO-induced tryptophan 

depletion in arresting replication of activated lymphocytes, it is also known that the 

metabolites resulting from tryptophan breakdown, including kyn, 3HK and 3HAA can 

themselves inhibit T cell activation and proliferation (Bauer et al., 2005). Little is 

known however about the effect of individual kynurenines on corneal allograft 

survival. The kynurenine molecule is well below the size of molecule that can 

penetrate (although other factors may also influence penetration) to the corneal 

stroma. Therefore, using these agents as a topical treatment might be a simpler 

effective approach to preventing graft rejection than gene-based therapy.  

 

 

5.1.1 Chapter aims 

The aims of the work presented in this chapter were to: 

 

1. To determine the in vitro effect of individual kynurenines on T cell 

proliferative responses as well as T cell viability and regulatory T cell 

development 

2. To determine the in vitro effect of individual kynurenines on DC function, 

phenotype and viability 

3. To determine the in vitro effect of individual kynurenines as well as IDO 

expression on MCEC phenotype and viability 

4. To determine the in vivo effect of both systemic and topical administration of 

3HK on murine corneal allograft survival 

5. To determine the in vivo effect of both systemic and topical administration of 

3HK on splenic and peripheral blood lymphocyte counts as well as draining 

lymph node (DLN) counts in topical treated animals. 

 

 

 

 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 139 

5.2 Results 

5.2.1 Isolation of CD4
+
 T cells 

A principal aim of this study was to investigate the effects of kynurenines and other 

agents on CD4
+
 T cell responses. It was thus vital to ensure that pure populations of 

murine CD4
+
 T cells were isolated. CD4

+
 T cells were examined as corneal graft 

rejection is mediated predominantly by this subset (Tanaka et al., 2001). 

CD4
+
 T cells were first purified from the spleens of BALB/c mice by negative 

selection using magnetic beads. Purity of the CD4
+
 T cells was assessed by flow 

cytometry immediately after negative selection from the whole spleen cell population. 

Purified CD4
+
 T cells were analysed for cell surface expression of CD3, CD4, CD8, 

CD19 and CD16/CD32 (Figure 27). Greater than 90% of the negatively-selected cells 

expressed CD3 and CD4, consistent with a CD4
+
 T ‘helper’ cell phenotype, in 

addition to expressing negligible levels of the CD8 T cell marker, the B cell marker 

CD19 and the FcγR CD16/32. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27- Purification of murine spleen-derived CD4
+
 T cells. 

CD4
+
 T cells were purified from the spleens of BALB/c mice by negative selection 

using magnetic beads. Purity of the CD4
+
 T cells was assessed by flow cytometry 

immediately after negative selection from the whole spleen population. Purified CD4
+ 

T cells were analysed for cell surface expression of CD3, CD4, CD8, CD19 and 

CD16/32. 
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5.2.2 T cell stimulation and expansion using anti CD3/CD28 beads 

T cell proliferation assays using anti-CD3/CD28 beads are well established in our 

laboratory and have been shown to provide a simple, rapid and reproducible method 

for polyclonal T cell stimulation and expansion (Trickett and Kwan, 2003). T cell 

stimulation was performed in 96 well plates and 1x10
5
 T cells with equal numbers of 

beads were added to the wells. This gave a ratio of 1 bead: 1 cell (See section 2.12.3). 

T cell proliferation was detected on day 3 of the assay. CD4
+
 T cells demonstrated 

significant clonal proliferation after a 3 day culture on repeated experiments (Figure 

28). Advantages of this assay are its simplicity as well as providing an accurate 

method of assessing the effects of external agents solely on T cell proliferation. T cell 

proliferation assays that were subsequently performed throughout this investigation 

were harvested on day 3 subsequent to thymidine incorporation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28- Capacity of anti CD3/CD28 beads to stimulate CD4+ T cells. 

1x10
5
 BALB/c CD4

+
 T cells were stimulated with anti CD3/CD28 beads at a ratio of 

1 bead: 1 cell in three separate experiments. T cell proliferation was detected by 

thymidine incorporation on day 3 of the assay. Data represents mean ± SD of 

triplicate samples from three different experiments.  

 

 

 

 

T cell proliferation assay

0

20000

40000

60000

80000

100000

120000

1 2 3

Experiment

3
H

-T
h

y
m

id
in

e
 i
n

c
o

rp
o

ra
ti

o
n

 (
c
p

m
)

Stimulated

Unstimulated



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 141 

5.2.3 The tryptophan metabolites 3HK and 3HAA inhibit murine T cell proliferation 

in vitro 

In order to confirm the effect of tryptophan metabolites on murine allogeneic T cell 

responses (Bauer et al., 2005), the metabolites were added at various concentrations to 

purified CD4
+ 

T cells that were stimulated with anti-CD3/CD28 beads and 

proliferation determined using 
3
H thymidine incorporation. As shown in Figure 29a, 

addition of 3HK and 3HAA significantly inhibited CD4
+
 T cell proliferation in a 

dose-dependent manner with IC50 values of approximately 70 µM and 30 µM 

respectively, when compared to T-cells incubated in vehicle alone. A minimal effect 

with Kyn was observed and no effect was seen with QA. Similar data were obtained 

when the T cells were stimulated with allogeneic dendritic cells in a mixed 

lymphocyte response (Figure 29b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29a- Effect of kynurenines on T cell proliferation. 

 CD3/CD28 bead stimulated CD4
+
 T cells were incubated for 72 h in the presence of 

kynurenines (3HK, 3HAA, Kyn and QA) at concentrations varying from 0-100 µM. 

Proliferation was measured by
 3

H-Thymidine incorporation. The solid box represents 

the vehicle control and the open, the kynurenine. Data represents mean ± SD of 

triplicate cultures. Results shown are of one experiment representative of four. * 

p<0.005, versus control. 
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Figure 29b- Effect of kynurenines on T cell proliferation in a mixed lymphocyte 

reaction.  

Mature bone marrow derived DCs (C3H) were used to stimulate allogeneic CD4
+
 T 

cells (BALB/c) in a mixed lymphocyte reaction at a ratio of 1: 10 in the presence or 

absence of kynurenines. Proliferation was measured by
 3

H-thymidine incorporation on 

day 3 of the MLR. Data represents mean ± SD of triplicate cultures. Results shown 

are of one experiment, representative of four. * p<0.005, versus control. 

 

 

 

5.2.4 3HK and 3HAA induce CD4
+ 

T cell death 

There are several possible mechanisms by which 3HK and 3HAA might influence T 

cell responses. These include the induction of T cell death, or the induction of T 

regulatory cells (Tregs). In order to investigate cell death CD4
+
 T cells were 

stimulated with anti-CD3/CD28 beads in the presence of the kynurenines (0-100 µM) 

for 24 h and cell death assessed by flow cytometry following staining with 7-AAD 

and annexin V. Both 3HK and 3HAA induced significant CD4
+
 T cell-mediated cell 

death in a dose-dependent manner whereas neither QA nor Kyn did (Figure 30a and 

b). Furthermore, as previously reported (Fallarino et al., 2002a), 3HAA was found to 

be more potent than 3HK; inducing apoptosis at concentrations as low as 25 µM in 

comparison to 100 µM for 3HK.  
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Figure 30- Effect of Kynurenines on T cell viability. 

CD3/CD28 bead activated CD4
+
 T cells were incubated with or without kynurenines 

for 72 h. Apoptosis and cell death were evaluated by flow cytometry following vital 

staining with Annexin V and 7-AAD (B). The bar graph summarises the percentage of 

cell death detected by Annexin V and 7-AAD staining using flow cytometry (A). Data 

represent mean ± SD of triplicate samples.  
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5.2.5 Tryptophan metabolites induce a T regulatory cell phenotype from the whole 

CD4
+
 T cell population 

Expression of FoxP3 correlates with suppressor activity in CD4
+
 T cells (Fontenot et 

al., 2005). Fallarino et al, demonstrated that naïve CD4
+
 FoxP3

-
 T cells, which are 

resistant to kynurenine-induced apoptosis, can convert into CD4
+
FoxP3

+
 cells by a 

GCN2-dependent mechanism following incubation with kynurenines (Fallarino et al., 

2006a). We looked at the effect of the kynurenines on the number of FoxP3 positive 

cells from the whole CD4
+
 T cell population. CD4

+
 T cells were stimulated with anti-

CD3/CD28 beads in the presence of the kynurenines (0-100 µM) for 3 and 7 days. As 

shown in Figure 31a, there was no difference in the proportion of CD4
+
 cells 

expressing FoxP3 in the presence of any of the kynurenines after 3 days. However 

after 7 days, there was a significant increase in the proportion of CD4
+ 

cells 

expressing FoxP3 in the presence of all of the kynurenines at the 10 µM concentration 

(Figure 31b), flow histograms of 3HK and 3HAA data are also shown (Figure 32). 

This suggests that lower concentrations of kynurenines are required to induce Tregs, 

in keeping with earlier reports (Fallarino et al., 2006a). Interestingly, at the 100 µM 

concentration there was a reduction in the percentage of FoxP3 expressing cells after 

both 3 and 7 days in the presence of 3HK and 3HAA, but not QA nor Kyn.  
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Figure 31- FoxP3 expression in CD4
+
 T cells cultured with kynurenines.   

CD4
+
 T cells were activated with anti-CD3/CD28 beads with or without kynurenines. 

At 3 days (A) and 7 days (B), cells were recovered and the percentage of CD4
+
 T cells 

that were FoxP3 positive was quantified by intracellular flow cytometry. Data 

represent mean ± SD of triplicate samples. * p≤0.005, experimental versus T cells 

alone. 
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Figure 32- FoxP3 expression in CD4
+
 T cells cultured with kynurenines.   

CD4
+
 T cells were activated with anti-CD3/CD28 beads with or without kynurenines. 

At 3 days (A) and 7 days (B), cells were recovered and the percentage of CD4
+
 T cells 

that were FoxP3 positive was quantified by intracellular flow cytometry. (Solid 

histograms = FoxP3, open = isotype control). Histograms are indicative of one 

experiment representative of three. 
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5.2.6 Tryptophan metabolites do not alter DC function or phenotype 

Given the observed effect of kynurenines on T cells, it was speculated that 

kynurenines could modify DC biology in a direct manner. The effect of the individual 

kynurenines on both immature and mature DC was assessed by co-incubation for 24 

h, followed by washing. The DCs were then used in mixed lymphocyte reactions to 

investigate their ability to stimulate CD4
+
 T cells; stained for CD80, CD86 and class 

II cell surface markers to identify phenotype; and viability assessed by flow cytometry 

following vital staining with 7-AAD. It was shown that incubation with kynurenines 

did not alter either the phenotype of immature or mature DCs (Figure 33A, B and 

Figure 34A, B), or alter their ability to stimulate CD4
+
 T cells (Fig 35A and B) and 

had no effect on their viability (Figure 36). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33- Effect of 3HK on the phenotype of both immature and mature bone 

marrow-derived dendritic cells. 

Bone marrow-derived dendritic cells from BALB/c mice were stimulated with LPS on 

day 7 of culture for 16 hours to induce maturation. Both unstimulated/immature (A) 

and LPS-stimulated/mature DCs (B) were subsequently co-cultured with 3HK at a 

concentration of 100 µM for 24 hrs, washed and cell surface expression of CD80, 

CD86 and MHC Class II analysed by flow cytometry (solid line represents 3HK, 

dashed line vehicle control and dotted line DC alone). Data is from one experiment 

representative of three. 
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Figure 34- Effect of kynurenines on the phenotype of both immature and mature bone 

marrow-derived dendritic cells. 

Bone marrow-derived dendritic cells from BALB/c mice were stimulated with LPS on 

day 7 of culture for 16 hours to induce maturation. Both unstimulated/immature (A) 

and LPS-stimulated/mature DCs (B) were subsequently co-cultured with the 

individual kynurenines at a concentration of 100 µM for 24 hrs, washed and cell 

surface expression of CD80, CD86 and MHC Class II analysed by flow cytometry. 

Data is from one experiment representative of three. 
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Figure 35- Effect of kynurenines on capacity of dendritic cells to stimulate allogeneic 

CD4
+
 T cells in a mixed lymphocyte response. 

Mature (A) and immature (B) bone marrow-derived (C3H/He) DCs were incubated 

with the individual kynurenines (open) as well as their vehicle controls (solid) at 

concentrations ranging from 0-100 µM for 24 h, subsequently washed and then used 

to stimulate allogeneic (BALB/c) CD4
+
 T cells (at a ratio of 1:10 DC : T cell ratio) in 

a mixed lymphocyte reaction and proliferation measured by
 3

H-thymidine 

incorporation on day 3. Data represents mean ± SD of triplicate cultures. Results 

shown are of one experiment representative of three. 
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Figure 36- Effect of kynurenines on DC viability 

Mature and immature bone marrow-derived (C3H/He) DCs were incubated with the 

individual kynurenines as well as their vehicle controls at a concentration of 100 µM 

for 24 h, subsequently washed and cell death evaluated by flow cytometry following 

vital staining with 7-AAD. 

 

 

5.2.7 Effect of IDO expression and kyurenines on corneal endothelial cell biology 

Clearly any strategies that aim at modulating or mimicking IDO activity have the 

potential of altering the behaviour of non-immunological cells. Having shown 

selective T cell toxicity in the presence of kynurenines, it was important to ensure that 

they did not alter the behaviour of corneal endothelial cells, the function of which is 

critical for maintenance of corneal transparency and particularly because of the 

potential of using these agents as a therapeutic strategy in preventing corneal graft 

rejection. 
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The most likely consequence of IDO activity is death of cells. MCEC at a 
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5
 were incubated with the individual kynurenines at a 

concentration of 100 µM for 24 hrs and subsequently assessed for apoptosis and cell 

death using Annexin V and 7-AAD staining as described previously. Minimal 

apoptosis was observed in the presence of any of the kynurenines (2.8-5.8%), 
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Percentage of alive DCs

0

20

40

60

80

100

120

Negative 3HK 3HK

(Veh Ctrl)

3HAA 3HAA

(Veh Ctrl)

Condition

P
e

rc
e

n
ta

g
e

 a
li
v

e
 c

o
m

p
a

re
d

 t
o

 

c
o

n
tr

o
ls Imm DC

Mat DC



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 151 

laboratory, it has been shown that it is possible to induce apoptosis of corneal 

endothelial cells both in isolation and in intact corneas in a NO-dependent manner 

using combinations of cytokines (Sagoo et al., 2004). 

Recombinant murine pro-inflammatory cytokines TNFα, IL1-α and IFN-γ were added 

directly to cell cultures at final concentrations of 10 ng/ml and 100 ng/ml in 

combination together with the kynurenines and subsequently cultured for 48 h and 

then assessed for apoptosis using Annexin V staining.  

Using dose-response experiments in the presence or absence of kynurenines we 

investigated whether cells became more sensitive to apoptosis by this pathway. We 

found that in the presence of 3HK and 3HAA, there was no increase in apoptosis; 

however consistently in the presence of kynurenine and quinolinic acid there was 

(Figure 38 & 39). This suggests that 3HK and 3HAA do not sensitise cells to 

apoptosis. 
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Figure 37- Effect of kynurenines on MCEC viability 

(A) MCEC were incubated with the individual kynurenines as well as their vehicle 

controls at a concentration of 100 µM for 24 h, subsequently washed and cell death 

evaluated by flow cytometry following vital staining with Annexin V and 7-AAD. (B) 

The bar graph summarises the percentage of apoptosis detected by Annexin V 

staining as assessed using flow cytometry. 
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Figure 38- Effect of kynurenines on apoptosis of stressed MCEC 

MCEC were stressed by using a cocktail of cytokines- TNFα, IL1-α and IFNγ at 

concentrations of 10 and 100 ng/ml. These were added directly to cell cultures 

together with the kynurenines (100 µM) and left for 48 hrs. Apoptosis was evaluated 

by flow cytometry following vital staining with Annexin V. The control group 

consisted of MCEC with the cytokine cocktail but no added kynurenines. 
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Figure 39- Effect of kynurenines on apoptosis of stressed MCEC 

MCEC were stressed by using a cocktail of cytokines- TNFα, IL1-α and IFNγ at 

concentrations of 10 and 100 ng/ml. These were added directly to cell cultures 

together with the kynurenines (100 µM) and left for 48 hrs. Apoptosis was evaluated 

by flow cytometry following vital staining with Annexin V. The control group 

consisted of MCEC with the cytokine cocktail but no added kynurenines. This graph 

summarises the percentage of apoptosis detected by Annexin V staining as assessed 

using flow cytometry in figure 38. 
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5.2.7.2 Effect of IDO expression on MCEC viability 

5.2.7.2.1 Self-inactivating Lentivirus production using a three-plasmid co-transfection 

technique and highly efficient transduction of an immortalised cell line 

In order to assess the effect of IDO expression on MCEC viability, MCEC had to be 

transduced with an EIAV lentiviral vector expressing IDO as well as with a control 

vector expressing GFP. An EIAV lentiviral construct encoding murine IDO was 

generated previously in the laboratory and had been shown to efficiently transduce 

corneal endothelial cells (Beutelspacher et al., 2006) (Figure 40). The VSV-G-

pseudotyped, self-inactivating EIAV lentivirus was propagated by a three- plasmid 

co-transfection technique using pONY3.1, an EIAV/HIV gag/pol-expressing 

consrtuct, pRV67 (the EIAV VSV-G-expressing construct) and pSMART2G (the 

EIAV vector construct with the eGFP/ IDO expression cassette) (Figure 41a-d). The 

pSMART IDO construct would be used to generate the EIAV IDO lentivirus for long-

term, stable expression of the transgene after integration into the host cell genome. In 

addition to production of lentiviral vectors by transient transfection with three 

plasmids, safety has been further guaranteed by deleting genes not required for the 

generation of functional vector particles and making the vector self-inactivating 

(SIN). 

 

 

 

 

 

 

 

 

 

 

 

Figure 40- IDO EIAV Lentiviral construct (pSMART2G) 

An EIAV lentiviral construct encoding murine IDO was generated previously 

(plasmid shown). The gene for murine IDO was amplified from mature DCs by PCR 

and the plasmid pSMART2G cut with restriction enzymes, removing the eGFP gene 

originally present. A linker oligonucleotide was ligated into the plasmid using T4 

ligase. The gene for IDO was inserted between the PacI and NheI sites. 
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Figure 41- Self-inactivating EIAV Lentivirus production using a three-plasmid co-

transfection technique and highly efficient transduction of an immortalised cell line. 

The VSV-G-pseudotyped, self-inactivating/ third generation EIAV GFP lentivirus 

was propagated by a three-plasmid co-transfection technique using the following 

plasmids: a) pONY3.1 (EIAV/HIV gag/pol-expressing construct), b) pRV67 (EIAV 

VSV-G-expressing construct) and c) pSMART2G (EIAV vector construct with the 

eGFP expression cassette). d) D17 cells were transduced with EIAV GFP (generated 

using the three-plasmid co-transfection technique described above) at MOI 10 and 

transduction efficiency assessed by flouresence microscopy 72 hours later. 

Transduction efficiency was calculated by counting the number of green cells in a 

given area and expressed as a percentage of the total number of cells in this given 

area. 
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5.2.7.2.2 Lentivirus titration by real time (quantitative PCR) and fluorescence 

microscopy 

Consistency in the number of infectious units (or concentration of virus) used to 

transduce cells was achieved by titrating lentiviral stocks immediately after 

production. The number of infectious particles (or transducing units) per ml of virus 

stock was calculated after titration of viral stocks, and cells subsequently transduced 

at an identical multiplicity of infection (MOI). EIAV stocks were titred using a 

combination of fluorescence microscopy and quantitative (real-time) PCR. 

Fluorescence microscopy of EIAV GFP-transduced cells was used in conjunction 

with real-time PCR of mRNA (transgene transcripts) extracted from transduced cells 

to determine titres for EIAV IDO stocks. Real-time PCR was used as the pSMART 

IDO construct does not encode a reporter gene that allows for direct visualisation of 

transduced cells (the GFP sequence present in the pSMART2G construct was replaced 

by sequences encoding IDO to generate pSMART IDO). The real-time PCR was 

adapted from a method described in which a DNA sequence found in the woodchuck 

hepatitis postregulatory element (WPRE) was quantified using qPCR (Lizee et al., 

2003b). The WPRE sequence is known to enhance lentiviral transgene expression 

(Ramezani et al., 2000, Zufferey et al., 1999) and is included in the 3’ untranslated 

region (UTR) of many lentiviral vector plasmid constructs. Quantitative RT-PCR of a 

transcribed nucleotide sequence provides a useful tool for titring novel recombinant 

lentiviruses, particularly when it is difficult to quantify transgene expression at the 

protein level- the ultimate goal of viral transduction. Furthermore, it has been shown 

that titration of lentiviruses based on the determination of the number of integrated 

proviral DNA copies per cell by qPCR has limitations; it can overestimate the 

capacity of transduced cells to express the transgene, because a significant proportion 

of integrated provirus may not be transcribed (Lizee et al., 2003b). 

To calculate lentiviral titres, canine osteosarcoma (D17) cells were seeded on 24-well 

plates at 2x10
4
 cells per well in 400 µl of medium. 40 µl of EIAV stock was added to 

the seeded wells in triplicate and serially diluted 10-fold (10
-1

 -10
-7

). The D17 cells 

were subsequently visualised by fluorescence microscopy 72 hours after transduction 

with the serial dilutions of EIAV GFP stocks. A graph of the number of foci of 

infection visualised per well at each of the dilutions (10
-1

 – 10
-6

) was generated with 

the Y axis (foci of infection) converted to a Log scale for linearisation of the curve 
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(Figure 42a and b). The graph was generated from values derived from the titration of 

EIAV GFP lentiviral stocks on three separate occasions. 

Ten-fold serial dilutions of the pSMART GFP plasmid were used to generate standard 

curves for WPRE qPCR (Figure 42c). Because the concentration of plasmid can be 

accurately measured by spectrophotometry, the standard curve can be used to 

calculate the number of copies of lentiviral molecules in a given sample. A similar 

curve was derived for the pSMART IDO plasmid. 

Similar to methods used for fluorescence microscopy, D17 cells transduced with 

EIAV IDO and EIAV GFP were harvested 72 hours post-transduction and total RNA 

extracted for real-time PCR analysis. Real-time PCR was used to quantify WPRE 

mRNA sequences in order to report a D17 cell lentivirus transduction event. A graph 

of WPRE copy numbers from the mRNA of EIAV transduced D17 at each dilution of 

EIAV GFP stock was generated with a line of best fit applied (Figure 42d). The same 

curve was derived for EIAV IDO transduced D17 cells. A line of best fit applied to 

the EIAV GFP standard curve (Figure 42b) was used to unite the WPRE copy number 

(of EIAV IDO transduced D17 cells) to a value of foci of infection for EIAV GFP 

transduced D17 cells (using the log 10 dilution as the connecting value). The number 

of infectious particles per ml of each lentiviral stock was then deduced from the 

estimated foci of infection value. The EIAV GFP curve (Figure 42b) was thus used as 

a standard to deduce the number of foci of infection from the real-time PCR data used 

to detect WPRE after transduction of cells with EIAV IDO, which lacks the reporter 

gene in its DNA construct. There are limitations to this approach, the most notable 

being that D17 cells are very easily transduced with 100% efficiency whereas other 

cell types in particular MCEC are more difficult to transduce. The maximum 

transduction efficiency achieved with MCEC was 50% using an MOI of 100. 
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Figure 42- Lentivirus titration by Real-time (quantitative) PCR and fluorescence 

microscopy.  

EIAV stocks were titred using a combination of flourescence microscopy and 

quantitative (real-time) PCR of RNA extracted from transduced cells to determine 

titres for EIAV IDO stocks. (a-c) Canine osteosarcoma (D17) cells were seeded on 

24-well plates at 2x10
4
 cells per well in 400 µl of medium. 40 µl of EIAV stock was 

added to the seeded wells in triplicate and serially diluted 10-fold (10
-1

 -10
-7

). The 

D17 cells were subsequently visualised by fluorescence microscopy 72 hours after 

transduction with the serial dilutions of EIAV GFP stocks. A graph of the number of 

foci of infection visualised per well at each of the dilutions (10
-1

 – 10
-6

) is shown a) 

with the Y axis in Log scale b). The graph was generated from values derived from 

the titration of EIAV GFP lentiviral stocks on three separate occasions. Ten-fold serial 

dilutions of the pSMART GFP plasmid were used to generate standard curves for 

WPRE qPCR. Because the concentration of plasmid can be accurately measured by 

spectrophotometry, the standard curve can be used to calculate the number of copies 

of lentiviral molecules in a given sample c). A similar curve was derived for the 

pSMART IDO plasmid. Similar to methods used for fluorescence microscopy, D17 

cells transduced with EIAV IDO and EIAV GFP were harvested 72 hours post-

transduction and RNA extracted for real-time PCR analysis. Real-time PCR analysis 

was used to quantify WPRE DNA sequences in order to report a D17 cell lentivirus 

transduction event. d) A graph of WPRE copy numbers from the mRNA of EIAV 

transduced D17 at each dilution of EIAV GFP stock was generated with a line of best 

fit applied. The same curve was derived for EIAV IDO transduced D17 cells. A line 

of best fit applied to the EIAV GFP standard curve b) was used to unite the WPRE 

copy number (of EIAV IDO transduced D17 cells) to a value of foci of infection for 

EIAV GFP transduced D17 cells (using the log 10 dilution as the connecting value). 

The number of infectious particles per ml of each lentiviral stock was then deduced 

from the estimated foci of infection value. 
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5.2.7.2.3 Confirmation of functional IDO activity 

In order to assess the effect of IDO on corneal endothelial cell biology it had to be 

assessed from the outset whether transduction of cells with EIAV IDO resulted in the 

expression of functional/active IDO (and thus the catabolism of tryptophan into 

kynurenines). As described in section 5.2.7.2.2, D17 cells were seeded on 24-well 

plates at 2x10
4
 cells per well in 400 µl of medium. 40 µl of EIAV IDO stock (9.5x10

6
 

TU/ ml) at an MOI of 10 was added to the seeded wells in triplicate and serially 

diluted 10-fold (10
-1

 -10
-4

). EIAV IDO (9.5x10
6
 TU/ ml) at an MOI of 100 was added 

to 1x10
5
 MCEC. L-tryptophan was added as a supplement to the culture media to a 

final concentration of 100 µM. IDO activity was assessed by an L-kynurenine assay 

on cell culture supernatants, removed 72 hours post-transduction. With decreasing 

EIAV IDO concentration, a dose dependent reduction in IDO activity in transduced 

D17 cells was observed (Figure 43). Functional/active IDO in MCEC transduced as 

described above was observed (Figure 43) and MCEC were subsequently transduced 

at an MOI of 100 throughout this investigation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 43- Expression of functional IDO in transduced cells 

D17 cells were seeded on 24-well plates at 2x10
4
 cells per well in 400 µl of medium. 

40 µl of EIAV IDO stock (9.5x10
6
 TU/ ml) at an MOI of 10 was added to the seeded 

wells in triplicate and serially diluted 10-fold (10
-1

 -10
-4

). EIAV IDO (9.5x10
6
 TU/ 

ml) at an MOI of 100 was added to 1x10
5
 MCEC. L-tryptophan was added as a 

supplement to the culture media to a final concentration of 100 µM. IDO activity was 

assessed by an L-kynurenine assay on cell culture supernatants, removed 72 hours 

post-transduction. Results shown are mean ± SD of triplicate cultures representative 

of three separate experiments. 
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5.2.7.2.4 Effect of IDO expression on MCEC viability 

MCEC were transduced with EIAV GFP and EIAV IDO at an MOI of 100. 72 hours 

post-transduction, MCEC were harvested and incubated with or without the cytokine 

cocktail described in section 5.2.7.1 to induce apoptosis, left for 48 hours and then 

assessed for apoptosis using Annexin V staining. IDO expression did not increase 

apoptosis of MCEC and did not sensitise cells to apoptosis, in fact it appeared 

protective (Figure 44). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44- Effect of IDO and GFP expression on MCEC viability 

MCEC virally transduced with EIAV IDO or GFP or nil were incubated with or 

without a cocktail of cytokines- TNFα, IL-1α and IFNγ at concentrations of 10 and 

100 ng/ml and left for 48 hrs. Apoptosis was evaluated by flow cytometry using 

Annexin V staining. 
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5.2.7.3 Effect of kynurenines and IDO expression on MCEC phenotype 

The effect of direct kynurenine administration and IDO expression on MCEC 

phenotype was investigated, looking specifically at ICOSL, ICAM-1, PDL-1 and 

MHC Class II expression. This is because MCEC have the ability to upregulate 

chemokine and adhesion molecule expression, and MHC class II expression in 

response to pro-inflammatory cytokines (Arancibia-Carcamo et al., 2004). No basal 

expression of ICOSL, ICAM-1 or MHC Class II was detected, though there was a 

strong basal expression of PDL-1. Upon incubation with 100 µM of each of the 

kynurenines for 24 hours, there was no effect on expression of any of the molecules 

investigated except for slight increase in ICAM-1 expression on incubation with QA. 

Furthermore, incubation with a cocktail of all the kynurenines showed no effect 

(Figure 45). IDO expression by viral transduction of MCEC did not alter phenotype 

(Figure 46). 

3HK KynQA3HAA

ICAM

ICOSL

Class II

PDL1

Isotype ctrl

QA induced upregulation
of ICAM

Basal PDL1 expression 

on MCEC

 

 

Figure 45- Effect of kynurenine administration on MCEC phenotype 

Effect of kynurenine administration on ICOSL, ICAM1, PDL1, and, MHC class II 

expression in MCEC as detected by flow cytometry. MCEC were incubated with each 

of the kynurenines as well as a cocktail at a concentration of 100 µM for 24 hrs and 

then stained with the appropriate antibody and analysed by flow cytometry. 

Histograms show profiles of the isotype control, MCEC alone, individual kynurenine 

treated MCEC and cocktail kynurenine treated MCEC. As can be seen there is no 

effect of the kynurenines on MCEC phenotype, except for QA which resulted in a 

consistent upregulation of ICAM1. MCEC showed basal expression of PDL1. Results 

shown are of one experiment representative of three. 
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Figure 46- Effect of IDO expression on MCEC phenotype 

MCEC were virally transduced with IDO or GFP and then stained for cell surface 

expression of ICOSL, ICAM-1, PDL-1 and MHC Class II and analysed by flow 

cytometry. Results shown are of one experiment representative of three. 
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5.2.8 Systemic administration of 3HK prolongs murine corneal allograft survival 

As kynurenines were not toxic to corneal endothelial cells and given the ability of 

3HK and 3HAA to suppress allogeneic T cell responses in vitro, we went on to 

determine whether administration of 3HK resulted in prolonged C3H corneal allograft 

survival in BALB/c recipients, in which strain combination there is full MHC and 

multiple minor mismatches. 3HK was administered at 560 mg/kg i.p. on a daily basis 

on day 1-7, day 7-14 or day 1-14 post-transplant. This dose was chosen as in 

preliminary experiments higher doses resulted in an observed lack of physical activity 

in treated animals. The ‘early’ (day 1-7) and ‘late’ (day 7-14) administration were 

chosen to compare the effect of 3HK on the induction and effector phases of the 

allogeneic response. Control animals were given the same volume of vehicle from day 

1-14. Median survival time (MST) of allogeneic C3H corneas was 12 days in 

untreated BALB/c recipients, while syngeneic corneas survived indefinitely and 

administration of the vehicle had no effect on survival (MST 11 days). 3HK 

administration resulted in significant prolongation of graft survival whether 

administered between days 1-7 (MST 18 days, p<0.036), days 7-14 (MST 19 days, 

p<0.0003) or day 1-14 (MST 18 days, p<0.0037). There was no significant difference 

between the different 3HK-treated groups (Figure 47). 
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Figure 47- Effect of systemic 3HK administration on corneal allograft survival 

BALB/c (H2
d
) mice received unilateral C3H (H2

k
) donor corneal allografts and i.p. 

injections of 3HK were administered at a dose of 560 mg/kg/day according to three 

different treatment regimes; on days 1-7, 1-14 and 7-14 post-transplantation. There 

was significant prolongation of graft survival in all treatment groups; n=7 (MST 18, 

18, 19 and p<0.036, p<0.0003, p<0.0037 respectively) in comparison to controls 

(MST 11 days). Indefinite survival was observed in untreated syngeneic grafts 

(BALB/c-BALB/c). 

 

 

5.2.9 Systemic administration of 3HK results in depletion of both splenic and 

peripheral blood lymphocytes 

Given the effect of 3HK on CD4
+
 T cell viability, it is possible that prolongation of 

graft survival is as a result of depletion of T cells. In animals that did not receive a 

graft, administration of 3HK for 14 days (following the same regimen) did not result 

in any significant change in the weight of the spleen (data not shown), but did result in 

a reduction in the number of splenic CD4
+
, CD8

+
 T cells and CD19

+
 B cells, albeit not 

statistically significant (Figure 48A); this was a consistent observation in repeated 

experiments. Systemic 3HK treatment did not induce regulatory T cell development 

as there was no alteration in the proportion of splenic CD4
+
 cells expressing FoxP3 

(Figure 48B). Furthermore, it was assessed whether or not 3HK treatment altered the 

function of CD4
+
 T cells by assesing their proliferative capacity following stimulation 

with CD3, CD28 beads.  3HK did not alter the proliferative capacity of CD4
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(Figure 48C). There was a significant reduction in the number of CD4
+
, CD8

+
 T cells 

and CD19
+
 B cells in peripheral blood (Figure 48D).  
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Figure 48- Splenic and peripheral blood analysis after daily i.p. administration of 

3HK.  

Animals (n=3) received systemic i.p. 3HK 560 mg/kg/day for 14 days consecutively, 

after which spleens were removed and:  (A) absolute counts of CD4, CD8 and CD19 

assessed using counting beads.  (B) The percentage of CD4
+
 T cells that were FoxP3 

positive was quantified by intracellular flow cytometry. (C) CD4
+
 T cells isolated and 

subsequently stimulated with CD3/CD28 beads and proliferation assessed by 
3
H-

Thymidine incorporation. (D) Peripheral blood from the tail vein was taken and 

absolute numbers of CD4, CD8 and CD19 cells assessed using counting beads. * 

p≤0.05, experimental versus vehicle control. Data represents mean ± SD of triplicate 

counts. Results shown are of one experiment representative of two. 
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5.2.10 Topical administration of 3HK results in prolongation of corneal allograft 

survival  

We went on to determine whether topical administration might prolong graft survival. 

3HK (0.165 mg in 30 µl) was administered twice daily on days 3-14 post-transplant. 

Control animals were given the same volume of vehicle. Treated animals had a 

significant prolongation in graft survival (MST=15 days, p<0.0001) compared to 

untreated or vehicle alone (MST= 12, 11 days). In addition a minority of animals 

(3/15) showed long term survival (> 60 days) (Figure 49).  

The corneal grafts of mice that had received topical 3HK treatment as well as controls 

were excised after the onset of rejection (n=8/group) and RNA extracted. Corneal 

FoxP3 mRNA expression was subsequently assessed by quantitative, real time-RT-

PCR. There was a marked upregulation of FoxP3 expression in 3HK versus vehicle 

control treated corneas (Figure 50). 

In mice that did not receive a graft, topical administration of 3HK did not alter the 

splenic or peripheral blood lymphocyte count (Figure 51A and B) but did result in a 

moderate albeit insignificant generalised reduction in the lymphocyte count of the 

draining lymph node (Figure 51C). The draining lymph nodes assessed were the deep 

cervical and submandibular nodes which have previously been shown to be the ocular 

draining nodes (Plskova et al., 2004).  There was minimal difference in the proportion 

of CD4
+
 cells expressing Fox P3 in the draining lymph node (Figure 51D).  
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Figure 49- Effect of daily topical administration of 3HK on murine corneal allograft 

survival.  

BALB/c (H2
d
) recipients of unilateral C3H (H2

k
) donor corneal allografts were 

treated with topical 3HK or vehicle in the operated eye twice daily on days 3-14 post-

operatively. There was a significant prolongation of graft survival in the 3HK treated 

group; n=15 (MST 15 days, p<0.0001) in comparison to controls (MST 12 days). 
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Figure 50- FoxP3 mRNA expression in rejected corneal grafts. 

The corneal grafts of mice that had received topical 3HK treatment as well as controls 

were excised after the onset of rejection (n=8/group) and RNA extracted. Corneal 

FoxP3 mRNA expression was subsequently assessed by quantitative, real time RT-

PCR. A- Bar graph showing corneal FoxP3 mRNA expression normalised to HPRT 

as assessed using qReal-time PCR. B- 1.5% Agarose gel of PCR products. 
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Figure 51- Splenic, peripheral blood and draining lymph node analysis after daily 

topical administration of 3HK. 

Animals (n=3) received topical 3HK for 12 days consecutively, after which spleens 

were removed (A), peripheral blood taken (B), and lymphocytes from the draining 

lymph node collected (C) and absolute counts of CD4, CD8 and CD19 assessed using 

counting beads. The percentage of CD4
+
 T cells that were FoxP3 positive from the 

draining lymph node was quantified by intracellular flow cytometry (D). Data 

represents mean ± SD of triplicate counts.* p≤0.01, treatment versus vehicle control. 
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5.3 Discussion 

Ever since it was reported that IDO can prevent rejection of the foetus during 

pregnancy in mice (Munn et al., 1998); there has been considerable interest in 

elucidating the role of this enzyme in immunoregulation. In the context of 

transplantation, tryptophan catabolism has been shown to suppress alloimmune 

responses. IDO-expressing DCs suppress allogeneic T cell proliferation in vitro via 

tryptophan metabolites (Terness et al., 2002) and the metabolites themselves have 

been shown to inhibit allogeneic T cell responses both in vitro and in vivo (Bauer et 

al., 2005). There has however been no investigation as to how tryptophan metabolites 

mediate their in vivo effect. In this study, we have investigated whether the tryptophan 

metabolites given either locally or systemically can modulate corneal allograft 

survival.  

We confirmed that 3HK and 3HAA suppressed CD4
+
 T cell proliferation in vitro, 

related to death of the T cells. Previously, Fallarino et al. (Fallarino et al., 2006b, 

Fallarino et al., 2006a) showed a large  increase in the proportion of naïve CD4
+
 

FoxP3 expressing cells in the presence of the kynurenines (70% vs 2% controls), we 

showed a moderate increase (8% vs 2% controls) from the whole CD4
+
 T cell 

population.  This may relate to differences in the populations studied, it is recognised 

that naïve T cells are more resistant to kynurenine-induced apoptosis than effector 

CD4
+
 T cells (Fallarino et al., 2002a). We found a reduction of FoxP3 expression in 

CD4
+
 T cells at the higher concentrations of 3HK and 3HAA after 3 and 7 days 

incubation. This could be due to the fact that T regs are more sensitive or it may be an 

indirect effect as for example, it has been shown that CD4
+
CD25

+
 FoxP3

+
 T cells are 

extremely sensitive to two common cell metabolites that are released from necrotic 

cells; NAD and ATP (Aswad et al., 2005). However, given the kinetics of T reg 

development, they will not contribute significantly to the inhibition of T cell 

proliferation seen in vitro, where the major mechanism of action is death of the 

responding cells. 

Consistent with previous reports, we demonstrated that DCs are resistant to 

kynurenine-induced apoptosis (Terness et al., 2002, Fallarino et al., 2002a). Taking 

this further, we have shown that the function and phenotype of DCs is not altered in 

the presence of kynurenines. It is interesting to speculate why DCs are resistant to 

kynurenines: it may be the result of cell-specific uptake mechanisms or differential 
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expression of enzymatic breakdown pathways (Moffett and Namboodiri, 2003, 

Frumento et al., 2002). It is known that DCs metabolise tryptophan through the 

kynurenine pathway as demonstrated by immunohistochemical staining of the 

presence of quinolinic acid, the penultimate product of the kynurenine pathway (Hill 

et al., 2007). Furthermore, it has been shown that 3HAA induced T cell death is as a 

result of inhibition of NF-κB activation upon T cell receptor engagement by 

specifically targeting PDK1 (inhibiting its phosphorylation and therefore activation) 

(Hayashi et al., 2007). The same authors showed that the induction of apoptosis is 

specific to CD4
+
 T cells as 3HAA did not inhibit NFκB activation or induce cell death 

upon Toll-like receptor 4 stimulation in dendritic cells (Hayashi et al., 2007). We also 

demonstrated that there were no toxic effects of either IDO or kynurenines on corneal 

endothelial cells, in keeping with findings demonstrating IDO to be part of the ocular 

immune privilege (Chen et al., 2006a). Furthermore, it has been recently demonstrated 

that a tryptophan / kynurenine transporter protein exchange mechanism (LAT1) is 

upregulated by inflammatory cytokines in human corneal endothelial cells. This 

transporter would allow rapid delivery of the cytotoxic tryptophan catabolites to the 

local corneal environment, dampening down T cell responses (Serbecic et al., 2009), 

again suggesting a probable role for kynurenines in corneal immune privilege. 

 Earlier reports on the effect of subcutaneous administration of 3HAA and Kyn in a 

model of skin transplantation indicated a short prolongation of graft survival (two 

days) (Bauer et al., 2005). For the first time we demonstrate that both systemic and 

topical administration of 3HK resulted in prolongation of corneal graft survival. In the 

systemic group, we administered 3HK i.p. in three different regimes. Although we 

observed a longer median graft survival in the day 7-14 treated group, there was no 

statistical difference between the three treatment regimes. Despite concern about 

administration of 3HK in vivo owing to its neurotoxic potential (Freese et al., 1990, 

Moroni, 1999), we did not observe any major effect at the doses we administered. 

Furthermore, the systemic doses administered (60 mg/L) are only 20 times higher than 

the serum concentration of Kyn in rats or humans (3 mg/L) (Chavele et al., 2010). The 

longest survival of individual grafts (>50 days) was observed in the topical group in 

comparison to 30 days in the systemic group. Direct application of drops to the graft 

recipient eye, offer a more targeted treatment reducing possible systemic adverse 

effects.  
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To determine the effect of 3HK on lymphocyte counts we examined mice that had had 

systemic administration of 3HK for 14 days, finding a moderate although not 

statistically significant reduction in the CD4
+
, CD8

+
 and B lymphocyte population of 

the spleen but a significant reduction in peripheral blood. This loss of lymphocytes 

could be as a result of cell death; consistent with our in vitro findings, or due to a 

redistribution of circulating lymphocytes to the bone marrow and/or transient arrest of 

recirculation as has been observed with corticosteroid treatment (Yu et al., 1974, 

Fauci, 1975).  

While there is a small decrease in cell number, it is not clear that such a small 

decrease would be responsible for the prolongation of graft survival. However, the 

topical administration of 3HK resulted in a significant upregulation of corneal FoxP3 

mRNA expression in comparison to controls suggesting, therefore, that regulatory 

pathways may be involved. Although significant prolongation in graft survival was 

observed in both the topical and systemic treated groups following a treatment 

duration of fourteen days post transplantation, longer duration treatment might have 

resulted in longer term acceptance of grafts as in other reported treatment studies in 

this mouse model (Zhang et al., 2000).  

In conclusion, our data show that 3HK and 3HAA induce mouse T cell suppression in 

vitro, primarily as a result of death of the T cells, and 3HK prolongs corneal allograft 

survival whether administered by topical or systemic routes. These data show that 

these molecules may be responsible in part for the effect of IDO in preventing 

allograft rejection (though they cannot determine the relative importance of 

kynurenine production as compared to tryptophan reduction). In addition we have 

demonstrated the potential for using kynurenine or kynurenine-like molecules to 

prevent graft rejection. 
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5.3.1 Chapter Summary 

The work in this chapter has demonstrated: 

• That of the four kynurenines, 3HK and 3HAA inhibit T cell proliferation and 

promote death of T cells in vitro. 

• Kynurenines induce T regulatory cells. 

• Kynurenines do not alter DC phenotype or function in vitro. 

• Kynurenines are not toxic to corneal endothelial cells and do not alter their 

phenotype. 

• Systemic and topical 3HK administration prolongs corneal graft survival. 

• Systemic 3HK administration results in reduction in splenic and peripheral 

blood generalised lymphocyte counts. 

• Systemic 3HK administration does not alter function of CD4
+
 T cells. 

• Topical 3HK administration results in local T regulatory cell development as 

well as reduction in draining LN lymphocyte counts. 
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CHAPTER 6- RESULTS 

EFFECT OF N-(3,4-DIMETHOXYCINNAMONYL) 

ANTHRANILIC ACID (TRANILAST) ON CORNEAL 

ALLOGRAFT SURVIVAL  
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6.1 Introduction 

Tranilast, an anti-inflammatory drug, has several mechanisms of action and is 

currently approved for use in Japan as an anti-allergic drug. 

As mentioned previously in section 1.5.10.1, Tranilast is a synthetic anthranilic acid 

derivative that shares the anthranilic acid core with both 3-HAA and 3-HK. Platten et 

al. have shown it to suppress antigen specific T cell proliferation and IFNγ and TNFα 

production and to increase production of IL-4 and Il-10 in a manner similar to the 

structurally related kynurenines (Platten et al., 2005). They also showed Tranilast to 

reverse paralysis in mice with established experimental autoimmune 

encephalomyelitis at least partly by inhibiting the activation of myelin-specific T cells 

(Platten et al., 2005). Similarily, Tranilast has been shown to ameliorate the clinical 

and histological manifestations of arthritis in a mouse model of collagen induced 

arthritis, a T cell mediated disease that displays many pathological, genetic and 

immunological similarities to human rheumatoid arthritis (Inglis et al., 2007). 

In summary, Tranilast has anti-inflammatory, antiproliferative as well as 

immunomodulatory effects. The exact mechanism for Tranilast’s immunosuppressive 

activities remains unknown and its possible role in preventing allograft rejection has 

not been previously investigated.  

 

6.1.1 Chapter aims: 

The aims of the work presented in this chapter were to: 

 

1) Confirm the inhibitory effect of Tranilast on T cell proliferation 

2) Determine the effect of Tranilast on T cell viability and regulatory cell 

development 

3) To determine the effect of systemic Tranilast administration on allograft 

survival 

4) To investigate possible mechanisms of action for the observed 

immunosuppressive properties of Tranilast. 
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6.2 Results 

6.2.1 Tranilast inhibits murine T cell proliferation in vitro 

Prior to analysing the effect of Tranilast on allograft survival, its inhibitory effect on T 

cell proliferation had to be confirmed. Tranilast was added at various concentrations 

to purified CD4
+ 

T cells that were stimulated with anti-CD3/CD28 beads and 

proliferation determined using 
3
H thymidine incorporation. As shown in Figure 52, 

addition of Tranilast significantly inhibited CD4
+
 T cell proliferation in a dose-

dependent manner when compared to T cells incubated with vehicle alone. 
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Figure 52- Effect of Tranilast on CD4
+
 T cell proliferation 

CD3/CD28 bead stimulated CD4
+
 T cells were incubated for 72 h in the presence of 

Tranilast at concentrations varying from 0-200 µM. Proliferation was measured by
 

3
H-Thymidine incorporation. Data represents mean ± SD of triplicate cultures. Results 

shown are of one experiment representative of three. * p<0.005, versus control. 
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6.2.2 Tranilast does not induce T cell death 

In contrast to the kynurenines which inhibited T cell proliferation as a result of T cell 

death as discussed in section 5.2.4; Tranilast did not induce T cell death. CD4
+
 T cells 

were stimulated with anti-CD3/CD28 beads in the presence of varying concentrations 

of Tranilast (0-200 µM) as well as vehicle control for 72 h and cell death assessed by 

flow cytometry following staining with 7-AAD and annexin V. Tranilast did not 

induce T cell death in comparison to controls and increasing the concentration of 

Tranilast had no influence on T cell viability (Figure 53). This suggests that although 

structurally similar to kynurenines, Tranilast has a different underlying molecular 

mechanism of action.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53- Effect of Tranilast on T cell viability 

CD3/CD28 bead activated CD4
+
 T cells were incubated with or without Tranilast and 

with or without vehicle for 72 h. Cytotoxicity was evaluated by flow cytometry 

following vital staining with 7AAD. Results shown are of one experiment, 

representative of three. The bar graph summarises the percentage of cell death 

detected by Annexin V and 7-AAD staining as assessed using flow cytometry. Data 

represent mean ± SD of triplicate samples. 
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6.2.3 Tranilast can induce T reg development from the whole CD4
+
 T cell population 

Having established that Tranilast inhibits CD4
+
 T cell proliferation and that this 

inhibition is not as a result of T cell death, we went on to investigate the effect of 

Tranilast on regulatory T cell development. We looked at the effect of Tranilast on the 

number of FoxP3 positive cells from the whole CD4
+
 T cell population.  

CD4
+ 

T cells were stimulated with anti-CD3/CD28 beads in the presence or absence 

of Tranilast at varying concentrations for 7 days. As shown in Figure 54, there was 

only a slight although statistically insignificant increase in the percentage of FoxP3 

expressing cells at low concentrations of Tranilast (10 µM) but a significant drop at 

higher concentrations. Interestingly however, when we looked at the relative 

percentage of CD4 cells expressing FoxP3 there was a statistically significant increase 

in the presence of a low concentration of Tranilast in comparison to vehicle alone 

(Figure 55).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54- FoxP3 expression in CD4
+
 T cells cultured with Tranilast. 

CD4
+
 T cells were activated with anti-CD3/CD28 beads with or without Tranilast for 

7 days, cells were recovered and the percentage of CD4
+
 T cells that were FoxP3 

positive was quantified by intracellular flow cytometry. Results shown are of one 

experiment, representative of three. The bar graph summarises the percentage of 

FoxP3 expressing cells as assessed using flow cytometry. Data represent mean ± SD 

of triplicate samples. 
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Figure 55- Relative FoxP3 expression in CD4
+
 T cells cultured with Tranilast. 

CD4
+
 T cells were activated with anti-CD3/CD28 beads with or without Tranilast for 

7 days, cells were recovered and the relative percentage of CD4
+
 T cells that were 

FoxP3 positive to the was quantified by intracellular flow cytometry. Data represent 

mean ± SD of triplicate samples. * p<0.005, versus control. Results are from one 

experiment representative of three. 

 

6.2.4 Cell cycle arrest in T cells cultured with Tranilast 

Experimental work carried out so far indicates Tranilast to inhibit T cell proliferation 

not as a result of cell death but possibly through regulatory mechanisms. We have 

shown an increase in Treg development in response to low concentrations of Tranilast 

but this does not explain the significant inhibition observed at the higher 

concentrations of Tranilast where in fact, a reduction in the percentage of Tregs was 

observed. As mentioned in section 1.5.7.1, Tranilast has previously been shown to 

inhibit vascular smooth muscle proliferation and hence inhibit allograft vasculopathy 

in association with enhanced p21 expression on neointimal cells (Izawa et al., 2001). 

The protein product of the Waf1/Cip1 gene, p21, is identified as a universal inhibitor 

for cyclin-dependent kinases (Xiong et al., 1993, Harper et al., 1993), which are 

essential for cell progression through the G1-S check point. Platten et al. 2005, 

demonstrated suppression of T cell proliferation in response to Tranilast and observed 

that this was associated with a G1-S phase arrest in CD4
+
 T cells rather than through 

cytotoxic effects. We postulated that the Tranilast induced inhibition of T cell 

proliferation was as a result of G1-S phase cell cycle arrest secondary to upregulation 

of specific cell cycle inhibitors in particular p21. 
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The definition of tolerance and anergy; is the inability of T cells to produce 

interleukin (IL)-2 and proliferate after stimulation with competent APCs (Schwartz, 

1997). Anergy of T cells is induced by ligation of the TcR by antigen alone and is 

overcome by co-stimulation or IL-2. Given the potential clinical importance of the 

induction and maintenance of tolerance, many investigators have examined the 

biochemical events that define the anergic state. The most direct model of anergy 

induction proposes that the central gap is the failure to activate mediators of the cell 

cycle for progression from the G1 to S phase (Rudd, 2006). 

It has been observed in the murine system that the induction of anergy (or its 

stimulus) results in a considerable and sustained increase in T cells in the G1 phase of 

the cell cycle, whereas productive stimulation causes induced cells to enter G1 after 

12-16 hours, enter S phase by 18-24 hours and reach G2-M after 48-72 hours 

(Boussiotis et al., 2000, Gilbert and Weigle, 1993). 

 

The cell division cycle is under tight regulatory control with many factors that 

promote or inhibit different stages of the cell cycle (Figure 56a). Cyclin dependent 

kinases (Cdks) are fundamental to the cell cycle and their actions are positively 

regulated by binding to the cyclins. In resting cells, due to the abundance of cyclin-

Cdk2 inhibitors such as p21
Cip1

, G1 Cdks are relatively inactive ensuring that cell 

cycling is not activated without a proper signal. The inhibitor p21
Cip1

 (which belongs 

to the Cip/Kip family of Cdk inhibitors) binds and inhibits cyclin E-Cdk2 complexes 

in late G1 phase. The irreversible progression of a cell to S phase entry occurs at the 

G1 restriction point and is characterised by activation of cdk2 and synthesis of cyclin 

E (Sherr and Roberts, 1995). Cyclins E and A sequentially activate Cdk2 near the start 

of S phase, a process thought to be responsible for initiating DNA replication. 

Activated cyclin E-Cdk2 acts in synergy with D cyclins and their associated Cdk4 and 

Cdk6 molecules to phosphorylate Rb. Increased levels of p21 can bind and inactivate 

cyclin D-Cdk4, 6 and cyclin E-Cdk2 complexes, resulting in hypophosphorylation of 

pRB and subsequent cell cycle arrest (Harper et al., 1995). 

p21 can also inhibit cellular proliferation through at least another two different 

mechanisms. p21 is a potent inhibitor of the proliferating-cell nuclear antigen 

(PCNA), which functions as the variable inhibitor of DNA polymerase delta, the 

principal replicative DNA polymerase. PCNA expression is low in resting T cells, 

whereas upon activation, PCNA expression increases 1000-fold during mid G1 phase 
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(Moore et al., 1987). Lorens et al. have shown p21 to inhibit the cell cycle in both G1 

and G2 phases in Jurkat T cells as a result of its inhibition of PCNA (Lorens et al., 

2000). 

The third mechanism by which p21 can block the cell cycle is via inhibition of c-Jun 

N-terminal kinase (JNK). In vitro studies have shown p21 to interact with JNK and 

inhibit JNK activity in various cells, including fibroblasts and T cells (Shim et al., 

1996, Xue et al., 2003, Patel et al., 1998). JNK is a member of the mitogen-activated 

protein kinase (MAPK) signalling pathway that is activated by antigen stimulation in 

T cells. Stimulation of the MAPK pathway in T cells normally leads to the activation 

of transcription factors such as activation protein 1 (AP-1), with a corresponding 

increase in IL-2 transcription. Dagtas et al. showed that p21 interacted with members 

of the MAPK pathway, specifically p-JNK and p-c-jun, resulting in an inhibition in 

proliferation and IL-2 secretion in anergic Th1 cells (Selma Dagtas and Gilbert, 

2010). 

The role of the cell cycle inhibitors p15 and p21 was investigated in CD4
+
 T cells 

incubated with varying concentrations of Tranilast. CD4
+ 

T cells were stimulated with 

anti-CD3/CD28 beads in the presence or absence of Tranilast at varying 

concentrations for 72 hours. Expression of p15 and p21 at the mRNA level 

(normalised to HPRT) was determined by real time PCR. Tranilast resulted in an 

upregulation of p21 and p15 expression in comparison to vehicle alone and increasing 

Tranilast concentration resulted in a dose dependent increase in expression of the cell 

cycle inhibitors (Figure 56b and c). 

The expression of cyclin E by CD4
+
 T cells incubated with Tranilast was also 

investigated. Increasing Tranilast concentration resulted in a dose-dependent 

reduction in cyclin E protein expression (Figure 56d). Hence, T cells incubated with 

Tranilast fail to progress through the restriction point into late G1 and are thus 

arrested at earlier stages of the G1 phase. 
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Figure 56 continues on next page 
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Figure 56- Cell cycle arrest in CD4
+
 T cells cultured with Tranilast. 

(A) Control of cell-cycle progression from G1 to S transition. Following stimulation, 

cyclins D and Cdk2 or CDK6 are induced and coupled, initiating the G1/S transition. 

Cyclin E and Cdk2 drive the cell into S phase, and progression of the cycle proceeds. 

Cyclin A assembles with Cdk2 during late G1 and early S phase. The rest of the cell-

cycle is controlled by cyclins A, B and D and their associated kinases. G1 to S 

transition is negatively regulated by the INK4 and the Cip/Kip families of Cdk 

inhibitors. 

p21(B) and p15 (C) mRNA expression in Tranilast treated CD4
+
 T cells. CD4

+ 
T cells 

were stimulated with anti-CD3/CD28 beads in the presence or absence of Tranilast at 

varying concentrations for 72 hours, cells were washed, RNA extracted and 

subsequently converted to cDNA and real time PCR carried out. The levels of p15 and 

p21 mRNA are normalised to those of HPRT mRNA and shown as the mean +/- SD 

of triplicate determinations. The separation of PCR products on a 1.5% agarose gel is 

also shown, L=Ladder.  

(D) Expression of the 52 kDa Cyclin E protein in the lysates of CD4+ T cells 

incubated with Tranilast and vehicle alone (relative to T cell expression of the 42 kDa 

β-actin protein) was determined by western blotting on day 3 of culture.  

Results shown are from one experiment, representative of three.  
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6.2.5 Cell cycle arrest in CD4
+
 T cells cultured with Tranilast is associated with 

reduced IL-2 production 

As mentioned earlier in section 6.2.4, anergy of helper T cells is induced by ligation 

of the T cell receptor by antigen alone and is prevented by co-stimulation or IL-2. 

Having shown that Tranilast inhibits T cell proliferation as a result of cell cycle arrest 

in the G1-S phase, the levels of IL-2 in supernatants of T cells cultured with Tranilast 

was analysed. CD4
+ 

T cells were stimulated with anti-CD3/CD28 beads in the 

presence or absence of Tranilast at varying concentrations for 72 hours. Culture 

supernatants from the assays were harvested for detection of the IL-2 cytokine by 

ELISA. Relative to concentrations of IL-2 in the culture supernatants of CD4
+
 T cells 

incubated with vehicle alone, there was a significant dose dependent reduction in IL-2 

levels in Tranilast-treated CD4
+
 T cells (Figure 57). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57- Production of IL-2 in Tranilast treated T cell assays. 

CD4
+ 

T cells were stimulated with anti-CD3/CD28 beads in the presence or absence 

of Tranilast at varying concentrations for 72 hours. Culture supernatants from the 

assays were harvested for detection of the IL-2 cytokine by ELISA. Data represent 

mean ± SD of triplicate samples, * p<0.05, versus control. Results shown are of one 

experiment representative of two. 
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6.2.6 Tranilast does not induce donor alloantigen-specific tolerance in vivo 

As mentioned in section 6.2.4, tolerance and anergy, are defined as the inability of T 

cells to produce IL-2 and expand after stimulation with competent antigen-presenting 

cells. Although anergy induced through blockade of co-stimulation has been studied 

in vitro, in vivo models of allogeneic organ and bone marrow transplantation provide 

evidence that induction of alloantigen-specific anergy results in long-term graft 

acceptance (Larsen et al., 1996, Kirk et al., 1997, Ardjomand et al., 2003). For a 

tolerogenic therapy to be effective in transplantation medicine, it is critical that 

allogeneic cells rendered anergic do not die but have the capacity to regulate the 

activity of alloreactive T cells. We have already demonstrated T cell anergy in 

response to Tranilast treatment and shown that low concentrations of Tranilast are 

associated with a slight increase in regulatory cell development. We therefore 

addressed the question as to whether Tranilast could induce donor alloantigen specific 

tolerance in vivo.  

In order to demonstrate the induction of donor allospecificity, T cells that 

encountered alloreactive DCs in vivo after injection of allogeneic DC populations into 

mice (that were treated with or without Tranilast) were subsequently ‘rechallenged’ in 

vitro with both donor-derived and third-party DCs as detailed below. 

 

6.2.6.1 Optimisation of rechallenge assays for the detection of in vivo generated 

allogeneic T cell responses 

Rechallenge assays were optimised from established protocols in the laboratory 

designed to investigate the induction of anergy in vivo. Thus, for the detection of an 

allogeneic T cell response following a primary challenge in vivo, 8x10
6
 C3H/He LPS 

stimulated splenocytes were injected intravenously into BALB/c mice. After 10 days, 

spleen-purified CD4
+
 T cells from the injected mice were rechallenged in vitro (at a 

1:5 DC: T cell ratio) with donor C3H/He LPS stimulated splenocytes (Figure 58a) or 

third-party C57BL/6 LPS stimulated splenocytes (Figure 58b), and proliferation 

assessed by thymidine incorporation on days 3, 5 and 7. The rechallenge assay used 

after a primary challenge of CD4
+
 T cells in vivo was optimised such that rechallenge 

of CD4
+ 

T cells with donor-derived DCs resulted in the kinetics of a secondary 

(memory) response with optimal T cell proliferation on day 3, whereas rechallenge 

with third party C57BL/6 DCs resulted in the kinetics of a primary response with 

optimal T cell proliferation on day 5. 
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Figure 58- Optimisation of rechallenge assays for the detection of in vivo-generated 

allogeneic T cell responses. 

Two-stage DC : T cell MLRs (rechallenge assays) were used to detect donor-specific 

allogeneic T cell responses following a primary in vivo-generated T cell response. For 

the detection of an allogeneic T cell response following a primary challenge in vivo, 

8x10
6
 C3H/He DCs were injected intravenously into BALB/c mice. After 10 days, 

spleen-purified CD4
+
 T cells from the injected mice were rechallenged in vitro (at a 

1:5 DC: T cell ratio) with (A) donor C3H/He DCs or (B) third party C57BL/6 DCs 

and proliferation assessed by thymidine incorporation on days 3, 5 and 7. The 

rechallenge assay used after a primary challenge of CD4
+
 T cells in vivo was 

optimised such that rechallenge of CD4
+
 T cells with donor-derived DCs resulted in 

the kinetics of a secondary (memory) response with optimal T cell proliferation on 

day 3, whereas rechallenge with third party C57BL/6 DCs resulted in the kinetics of a 

primary response with optimal T cell proliferation on day 5. Data represent mean ± 

SD of triplicate samples. Results shown are of one experiment representative of three. 
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6.2.6.2 Tranilast fails to induce donor alloantigen-specific T cell anergy in vivo 

We investigated whether treatment with Tranilast induced donor allospecific anergy 

in CD4
+
 T cells in vivo. BALB/c mice were treated with or without Tranilast (400 

mg/kg/day) or with vehicle control for a total of 5 days (one day prior to splenocyte 

injection and 4 days thereafter). 8x10
6
 LPS stimulated C3H/He splenocytes were 

injected intravenously into the BALB/c mice. After 10 days, spleen-purified CD4
+
 T 

cells from the injected mice were rechallenged in vitro (at a 1:5 DC : T cell ratio) with 

donor C3H/He LPS stimulated splenocytes (Figure 59a) or third party C57BL/6 LPS 

stimulated splenocytes (Figure 59b) and proliferation assessed by thymidine 

incorporation on days 3, 5 and 7. Although an inhibition in T cell proliferation was 

observed in Tranilast treated animals and two out of the three treated animals 

exhibited the kinetics of a memory response on donor rechallenge (Figure 59a); the 

overall proliferation counts were greater than the vehicle control treated animals. 

Moreover, animals who were treated with Tranilast alone (T alone) and had had no 

primary challenge exhibited greater T cell proliferation than animals who had 

received no treatment (No injection). It is difficult to ascertain whether this effect is 

real or just experimental variation. It does suggest however that Tranilast treatment 

did not induce donor-allospecific T cell anergy in this study, although it is possible 

that the dose and duration of Tranilast used was insufficient to induce tolerance.  
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Figure 59- Tranilast fails to induce donor-alloantigen specific T cell anergy in vivo. 

BALB/c mice were treated with (3 separate mice T1-T3) Tranilast (400 mg/kg/day) or 

with vehicle control for a total of 5 days (one day prior to splenocyte injection and 4 

days thereafter). 8x10
6
 LPS stimulated C3H/He splenocytes were injected 

intravenously into the BALB/c mice (non-injected mice were also used as controls). 

After 10 days, spleen-purified CD4
+
 T cells from the injected mice were rechallenged 

in vitro (at a 1:5 DC : T cell ratio) with (A) donor C3H/He LPS stimulated 

splenocytes or (B) third party C57BL/6 LPS stimulated splenocytes and proliferation 

assessed by thymidine incorporation on days 3, 5 and 7. Data represent mean ± SD of 

triplicate samples. 
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6.2.7 Systemic administration of Tranilast results in prolongation of corneal allograft 

survival 

Given the ability of Tranilast to inhibit allogeneic T cell responses in vitro we went on 

to determine whether systemic administration of Tranilast resulted in prolonged C3H 

corneal allograft survival in BALB/c recipients. Tranilast was administered at 400 

mg/kg i.p. on a daily basis on days 1-16 post-transplant. This dose was based on 

previous published studies (Inglis et al., 2007). Control animals were given the same 

volume of vehicle on days 1-16 post-transplant (n=10/group). Tranilast administration 

resulted in significant prolongation in graft survival in comparison to controls (MST 

24 days vs 12 days, p<0.0001, Figure 60). As well as delaying the onset of rejection, a 

delay in vascularisation (new blood vessel growth) of the grafted corneas was 

observed in the Tranilast treated group (Figure 61a-d- for illustrative purposes).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60- Effect of systemic Tranilast administration on corneal allograft survival. 

BALB/c (H2
d
) mice received unilateral C3H (H2

k
) donor corneal allografts and i.p. 

injections of Tranilast were administered at a dose of 400 mg/kg/day on days 1-16 

post-transplantation (n=10/group). There was significant prolongation of graft 

survival in the Tranilast treated group (MST 23.5 days, p<0.0001) in comparison to 

controls (MST 11.5 days).  
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Figure 61- Tranilast treatment delays onset of allograft rejection as well as delaying 

the onset of neovascularisation of recipient and donor cornea. 

Systemic Tranilast treatment (A&B) resulted in a delay in the onset of rejection as 

well as a delay in vascularisation (new blood vessel growth-arrows) in comparison to 

controls (C&D). 
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6.2.8 Systemic administration of Tranilast results in prolongation of skin allograft 

survival 

The markedly significant prolongation in corneal allograft survival observed after 

Tranilast treatment led us to investigate whether this effect would be observed in other 

transplant models. As mentioned in section 1.3, corneal allograft rejection is 

predominantly mediated by the indirect pathway of allorecognition owing largely to 

paucity of passenger class II
+
 APC in donor cornea. Skin allograft rejection however, 

is mediated by the direct pathway due to the abundance of APCs in the skin as well as 

the strong MHC expression and represents a more aggressive transplant model. We 

used a fully MHC mismatched with multiple minor mismatch donor-recipient strain 

combination, C57BL/6 male donors to BALB/c male recipients, which have a similar 

rejection kinetic to the C3H/He to BALB/c corneal transplant model (a fast rejecting 

donor-recipient strain combination, with a MST of ~12 days). Animals were treated 

with Tranilast at a dose of 400 mg/kg/day i.p. on days 1-15 and days 1-30 post-

transplant to compare the effect of short as well as long term treatment on allograft 

survival. Control animals were given the same volume of vehicle on days 1-15 post-

transplant (n=5/group). 

Systemic Tranilast administration resulted in a significant prolongation in skin 

allograft survival in both the short and long term treatment groups (MST= 17 and 21 

days respectively) in comparison to controls (MST= 13 days, p<0.03, Figure 62). 

There was however no significant difference between short- and long-term treatment 

on skin allograft survival.  
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Figure 62- Effect of systemic Tranilast administration on skin allograft survival. 

Skin transplants were carried out in C57BL/6 male donors to BALB/c male recipients, 

a strain combination, which has a similar rejection kinetic to the C3H/He to BALB/c 

corneal transplant strain combination. Animals were treated with Tranilast at a dose of 

400 mg/kg/day i.p. on days 1-15 and days 1-30 post-transplant to compare the effect 

of short as well as long term treatment on allograft survival. Control animals were 

given the same volume of vehicle on days 1-15 post-transplant (n=5/group). 

Systemic Tranilast administration resulted in a significant prolongation in skin 

allograft survival in both the short and long term treatment groups (MST= 17, p<0.03 

and 21 days, p<0.0001 respectively) in comparison to controls (MST= 13 days). 
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6.3 Discussion 

Tranilast (3,4-DAA), a natural anthranilic acid derivative, is currently licensed for use 

as an anti-allergy drug in humans in Japan (Komatsu et al., 1988b). Initially, it was 

found to inhibit mast cell degranulation and the antigen-induced release of histamine 

(Azuma et al., 1976) and hence its development for the treatment of allergic diseases. 

Its safety has been established in greater than fifteen years of clinical use.  

Recently it has been shown to be effective in a mouse model of EAE (Platten et al., 

2005) and CIA (Inglis et al., 2007), both studies demonstrating its potent 

immunosuppressive effects on T cell proliferation in a manner similar to that of the 

structurally related kynurenines. Having shown the effectiveness of kynurenines in 

prolonging allograft survival, the aim of this study was to assess whether Tranilast 

would be effective in preventing allograft rejection. 

We confirmed that similar to the kynurenines, Tranilast inhibited T cell proliferation 

but not through cytotoxic effects; rather possibly through immunoregulatory 

mechanisms by demonstrating a minor increase in the percentage of CD4 cells 

expressing FoxP3 in the presence of a low concentration of Tranilast. Higher 

concentrations of Tranilast inhibited T cell proliferation by inducing cell cycle arrest. 

Previously, it has been shown that the Tranilast induced T cell cycle arrest is at the 

G1-S phase (Platten et al., 2005). We confirmed that this is indeed the case by 

demonstrating a novel action in the upregulation of p21 and p15, cell cycle specific 

inhibitors that bind and inhibit cyclin E-Cdk2 complexes in late G1 phase.  

The irreversible progression of a cell to S phase entry occurs at the G1 restriction 

point and is characterised by activation of cdk2 and synthesis of cyclin E (Sherr and 

Roberts, 1995). We demonstrated a decrease in cyclin E protein expression with 

increasing Tranilast concentration, further supporting the cell cycle arrest to be at the 

G1-S phase. 

Reports on p21 and its role in cell cycle arrest are well documented with three 

different mechanisms identified: 

1) Increased levels of p21 can bind and inactivate cyclin D-Cdk4, 6 and cyclin E-

Cdk2 complexes, resulting in hypophosphorylation of pRB and subsequent 

cell cycle arrest (Harper et al., 1995). 

2) p21 is a potent inhibitor of PCNA, which can inhibit DNA polymerase delta, 

the principal replicative DNA polymerase. Inhibition of PCNA by p21 has 
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been reported to inhibit the cell cycle in both G1 and G2 phases in Jurkat T 

cells (Lorens et al., 2000). 

3) p21 can block the cell cycle via inhibition of JNK. Dagtas et al. showed that 

p21 interacted with members of the MAPK pathway, specifically p-JNK and 

p-c-jun, resulting in an inhibition in proliferation and IL-2 secretion in anergic 

Th1 cells (Selma Dagtas and Gilbert, 2010). 

Another striking observation not reported previously is the dose-dependent decrease 

in the pro-inflammatory cytokine IL-2 that was observed following Tranilast 

treatment. This allowed us to define a novel mechanism of action of Tranilast-induced 

T cell anergy most likely working through triggering of the MAPK pathway as 

described in point 3 above. 

Having elucidated a novel mechanism for the in vitro Tranilast induced T cell anergy, 

we showed a significant prolongation in both corneal and skin allograft survival 

following systemic administration. In vivo tolerance however was not achieved and 

may have been as a result of the short duration of Tranilast treatment. In corneal 

transplant recipients it was evident that continued therapy with Tranilast was 

associated with continued graft acceptance, rejection only occurring on cessation of 

therapy, although we did not look at long term treatment. This was not observed with 

the skin transplants however and may be a manifestation of the higher responder 

transplant model. The use of Tranilast in other disease models such as CIA showed 

that disease severity increased upon cessation of therapy, indicating that continued 

Tranilast treatment is necessary for therapeutic effect (Inglis et al., 2007). 

We know from previous published studies that the systemic doses of Tranilast used in 

this study (400 mg/kg/day) are equivalent to the doses which are known to be safe and 

effective in humans (Inglis et al., 2007). 

In conclusion, we have shown that Tranilast- a drug already in routine clinical use- is 

highly effective in prolonging allograft survival. We have confirmed that it inhibits T 

cell proliferation through cell cycle arrest and elucidated a novel mechanism for the in 

vitro Tranilast-induced T cell anergy. Its oral bioavailability and safe therapeutic 

profile make it an excellent novel candidate for the prevention of rejection. 
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6.3.1 Chapter Summary: 

The work in this chapter has demonstrated: 

• Tranilast inhibits T cell proliferation. 

• Tranilast does not induce T cell death and is associated with an increase in 

the percentage of CD4
+
 T cells expressing FoxP3 at low Tranilast 

concentration. Higher Tranilast concentration induces T cell cycle arrest. 

• Systemic Tranilast administration results in a significant prolongation in 

allograft survival. 

• A novel mechanism of action of Tranilast induced T cell anergy. 
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CHAPTER 7- RESULTS 

KYNURENINES, THE ARYL HYDROCARBON 

RECEPTOR AND Th 17 CELLS  
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7.1 Introduction 

Recently, Th17 cells have been shown to be implicated in allograft rejection of solid 

organs, (see section 1.4.7.5.). There has only been one report in the literature which 

demonstrated a pathogenic role of IL-17 at the early stage of corneal allograft 

rejection. The authors demonstrated significantly enhanced Th17 expression in 

inflamed transplants and draining lymph nodes early on in allocorneal rejection, while 

upregulation of Th1 producing IFNγ was seen in the late phase. Furthermore, they 

showed that IL-17 deficiency led to a delay in the onset of allogeneic rejection, but 

did not affect the overall survival time of transplants (Chen et al., 2009).  

Conversely, Cunnusamy et al. recently showed that depletion of IL-17A significantly 

increased corneal allograft rejection rates and that inhibition of the Th17 lineage 

promoted the emergence of a Th2 cell subset that independently mediated allograft 

rejection. They provide evidence that IL-17A may in fact contribute to ocular immune 

privilege, demonstrating high IL-17A expression from CD4
+
 T cells taken from mice 

who had accepted their corneal allografts (Cunnusamy et al., 2010).  

As described in section 1.4.7.3, the AhR has been shown to be expressed in high 

levels in Th17 cells. Environmental pollutants such as dioxin are the most extensively 

characterised classes of AhR ligands, however, the fact that the AhR is highly 

conserved in evolution supports the idea of there being other more naturally occurring 

ligands that drive its functions (Nguyen and Bradfield, 2008). An example of such a 

ligand is the tryptophan photo-product 6-formylin-dolo (3,2-b) carabazole (FICZ) 

(Veldhoen et al., 2009). In fact tryptophan can be converted by a variety of 

mechanisms into AhR ligands and inducers of AhR-dependent gene expression 

(Denison and Nagy, 2003). 

Veldhoen et al. have shown that AhR activation as well as promoting the expression 

of IL-22, enhances Th17 cell development and increases cytokine production 

(Veldhoen et al., 2009). Furthermore, in vivo studies using a model of experimental 

autoimmune encephalomyelitis have shown premature onset of disease and more 

severe pathology, as well as a reduction in the number of Th17 cells, in Ahr null mice 

in comparison to wild type (Veldhoen et al., 2008). Despite AhR not being an 

essential requirment for Th17 differentiation, its activation promotes further 

functional differentiation in these cells.  
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Interestingly, it has been shown that FICZ, an endogenous AhR ligand mentioned 

above affects Th17 differentiation. FICZ has been shown to markedly increase the 

number of Th17 cells and their production of cytokines through activation of the AhR 

(Veldhoen et al., 2008, Veldhoen et al., 2009). 

 

 Based on the above information, we postulated that kynurenines and Tranilast 

could act as AhR agonists and induce AhR signalling transduction pathways, which 

could increase IL-17 expression and that this could provide another plausible 

explanation for the prolongation in allograft survival observed after both kynurenine 

and Tranilast treatment. 

 

7.1.1 Chapter aims: 

The aims of the work presented in this chapter were to: 

 

1) Investigate IL-17 expression in cornea. 

2) Determine if kynurenines and Tranilast could act as AhR agonists and induce 

AhR signalling transduction pathways. 
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7.2 Results 

7.2.1 Corneal IL-17 expression is upregulated in corneal allograft rejection 

In order to determine the likelihood of a role of IL-17 in corneal allograft rejection, 

we examined IL-17 mRNA expression in rejected corneas. Murine corneal allografts 

were excised after the onset of rejection (n=8/group), corneas from non-operated mice 

were used as controls, and RNA extracted. IL-17A mRNA expression in cornea was 

subsequently assessed by quantitative, real time-RT-PCR. There was a doubling of 

expression of IL-17A as well as of RORγt (a Th17 transcription factor) in rejected 

versus control corneas (Figure 63a,b), a finding which was reproducible on repeated 

experiments. Direct immunohistochemistry for Il-17A expression of corneal cryostat 

sections was also compared in rejected and non-operated corneas: there was an 

apparent increase in intracellular IL-17A expression in corneal epithelium in rejected 

vs. non-operated corneas although we had no positive control for comparison (Figure 

63c). A finding of interest, not previously reported, was basal expression of IL-17A in 

non-operated corneas from BALB/c strain mice, exactly which resident cells would be 

producing this remains unclear. In order to establish definitively whether or not 

resting corneas expressed IL-17, corneal IL-17A expression between IL-17 KO and 

wild type (WT) mice was compared. As the IL-17 KO was only available on a 

C57BL/6 background, expression was compared with a C57BL/6 IL-17 WT. 

Expression was assessed at the mRNA level by real time-RT-PCR, by direct 

immunohistochemistry and by flow cytometry of corneal cells (Figure 64a-c). In this 

strain we found i) no IL-17 mRNA expression in the corneas from the WT or the KO 

mice, ii) no difference in the pattern of immunohistochemical staining of IL-17A 

between the WT and KO mice and iii) flow cytometric analysis of IL-17A expression 

in corneal cells from WT and KO mice showed no IL-17A expression. Corneal IL-

17A mRNA expression in the C3H strain of mouse was also assessed and no basal IL-

17 expression was found (data not shown).  The evidence therefore points to a lack of 

IL-17A expression in unmodified corneas tested other than the BALB/c strain.  
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Figure 63- IL-17A expression in cornea 

(A) IL-17A mRNA expression in rejected vs non-operated corneas. Mouse corneal 

allografts were excised after onset of rejection (n=8/group), corneas from non-

operated mice (Normal) were used as controls, and RNA extracted. Intracorneal IL-

17A and RORγt mRNA expression was subsequently assessed by quantitative, real 

time-RT-PCR. (B) Separation of IL-17A PCR products on 1.5% agarose gel (DNA 

Hyperladder IV used and RNA from Th17 cells was used as a positive control for IL-

17A expression). 

(C) Whole eyes from normal cornea and rejected allografts were enucleated on the 

day of observed rejection and snap frozen in OCT compound. Tissues were 

cryosectioned and stained with FITC-coupled monoclonal anti-mouse IL-17A 

antibody as well as its isotype control. The slides were counterstained with DAPI and 

visualised under a fluorescent microscope. Original magnification (x10). 
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Figure 64- Corneal IL-17A expression in IL-17 KO vs WT mice 

(A) Corneal IL-17A mRNA expression- 4 corneas from both C57BL/6 IL-17A WT 

and KO mice were excised, RNA extracted and corneal IL-17A mRNA expression 

subsequently assessed by quantitative, real time-RT-PCR, the PCR products were 

separated on a 1.5% agarose gel (DNA Hyperladder IV used).  

(B) Whole eyes from IL-17 KO and WT mice were enucleated and snap frozen in 

OCT compound. Tissues were cryosectioned and stained with FITC-coupled 

monoclonal anti-mouse IL-17A antibody and its isotype control and visualised under 

a fluorescent microscope. Original magnification (x10). 

(C) Corneal buttons from 3 IL17 WT and KO mice were treated with Collagenase D 

and a single cell suspension prepared. Cells were subsequently stimulated with PMA, 

Ionomycin and Brefeldin A for 3.5 hours prior to intracellular IL-17A staining and 

analysed by flow cytometry.  
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7.2.2 Kynurenines and Tranilast act as AhR agonists, inducing AhR signalling 

transduction pathways 

Recent data emphasising the role of AhR activation in the development of Th17 cells 

as well as demonstrating the tryptophan photoproduct, FICZ being a potent enhancer 

of Th17 differentiation (Veldhoen et al., 2009) led us to assess whether kynurenines 

or Tranilast could act as AhR agonists, inducing AhR signalling pathways.  

The structure and signalling pathway of the AhR was recently reviewed (Stevens et 

al., 2009). The AhR belongs to the Per-Arnt-Sim (PAS) superfamily of proteins. It is a 

ligand-activated transcription factor and structural analysis shows it to consist of three 

components: an N-terminal basic helix loop helix (bHLH) domain, a C-terminal 

variable domain and a central PAS domain with two degenerate repeats. The central 

PAS domain of the AhR is responsible for heterodimerisation with a structurally 

related protein known as the aryl hydrocarbon receptor nuclear translocator (ARNT), 

DNA recognition, ligand binding and chaperone interactions. The N-terminal, bHLH 

domain is involved in DNA binding and support of dimerisation. The C-terminal 

domain is highly variable and accounts for differences in receptor molecular weight 

within and across species. This region also contains a transcriptionally active portion 

and domains involved in receptor transformation. When unbound, the AhR exists in 

complex with its chaperones heat shock protein 90 (Hsp 90), P23 and aryl 

hydrocarbon receptor associated 9 protein (ARA9) within the cytoplasm. Hsp90 is 

responsible for both holding the receptor in a form able to bind ligand and preventing 

nuclear translocation of the AhR. P23 as a cochaperone stabilises the AhR-Hsp90 

interaction, while the ARA9 protein improves AhR signalling by increasing the 

amount of properly folded AhR in the cytoplasm. Once bound with agonist, the AhR-

chaperone complex translocates to the nucleus and binds the ARNT protein. The 

AhR:ARNT heterodimer initiates the transcription of genes from dioxin-responsive 

enhancer elements (DREs) within the genome. These primary targets are commonly 

referred to as the ‘AhR gene battery’. The list of members of the AhR gene battery 

continues to expand but includes those that encode xenobiotic metabolising enzymes, 

such as cytochromes P450 (CYP1A1), CYP1A2, CYP1B1 and UDP 

glucoronsyltransferase 1 family polypeptide A6 (UGT1A6). Collectively these 

enzymes are well known for their important roles in the clearance of toxins (Stevens 

et al., 2009). 
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Therefore, in order to assess whether kynurenines or Tranilast utilised the AhR 

signalling transduction pathway, naïve CD4
+
 T cells isolated by FACS sorting using a 

MoFlo sorter of lymph node cell suspensions for CD44
lo

 CD25
- 
CD62L

high
 and CD4

+
 

were polarised under Th17 conditions in the presence or absence of 10 µM of 

Tranilast or 3HK. Cells were collected at the following time points, 0, 18, 24 and 36 

hrs and mRNA expression of AhR, ARNT, CYP1A1 and IL-17A assessed using real 

time RT-PCR. In order to ensure that the correct Th17 polarising conditions were 

used, naïve CD4
+
 T cells polarised under Th17 conditions in IMDM for 7 days were 

then stimulated with PMA, Ionomycin and Brefeldin A for 4 hours on day 7 after 

initiation of cultures and intracellular staining for IL-17, IFNγ and FoxP3 performed. 

The conditions used, polarised the naïve CD4
+
 T cells to a Th17 phenotype with no 

differentiation into a Th1 or Treg phenotype (Figure 65). 

It was evident that naïve CD4
+
 T cells did not express AhR or the remainder of the 

components of the AhR signalling pathway (Figure 66a) but when polarised under 

Th17 conditions expression of AhR was maximal after 18 hrs (Figure 66a) and 

dropped after 24 hrs (Figure 66b). ARNT expression was maximal after 24 hours 

(Figure 66b) and no IL-17 expression was seen at any of the time points. In the 

presence of 3HK or Tranilast, a similar kinetic of AhR and ARNT expression was 

observed but what was most interesting was the IL-17 expression noted at the 36 hour 

time point in both the presence of 3HK and Tranilast (Figure 66g). This suggested that 

3HK and indeed Tranilast could act as agonists of the AhR, utilising the AhR 

signalling transduction pathway and that similar to FICZ they were also potent 

enhancers of Th17 differentiation.  
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Figure 65- Th17 polarisation of Naïve CD4+ T cells. 

Naïve CD4
+
 T cells isolated by FACS sorting using a FACSaria sorter of lymph node 

cell suspensions for CD44
lo

 CD25
- 
CD62L

high
 and CD4

+
 were polarised under Th17 

conditions in IMDM for 7 days. Cells were then stimulated with PMA, Ionomycin 

and Brefeldin A for 4 hours on day 7 after initiation of cultures and intracellular 

staining for IL-17, IFNγ and FoxP3 performed. Representative dot plots of three 

independent experiments are shown. 
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Figure 66- 3HK and Tranilast act as AhR agonists utilising the AhR signalling 

pathway. 

Naïve CD4
+
 T cells isolated by FACS sorting using a MoFlo sorter of lymph node cell 

suspensions for CD44
lo

 CD25
- 

CD62L
high

 and CD4
+
 were polarised under Th17 

conditions in the presence or absence (-) of 10 µM of Tranilast (T) or 3HK. Cells 

were collected at the following time points, 0 (A) (naïve CD4
+
 T cells, N), 18 (A), 24 

(B-D) and 36 hrs (E-G) and mRNA expression of AhR, ARNT, CYP1A1 and IL-17A 

assessed using real time RT-PCR. The PCR products separated on a 1.5% agarose gel 

for each time point and condition is shown under the corresponding dissociation 

curve. Results are of one experiment representative of four independent experiments. 
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7.3 Discussion 

The recent finding by Cunnusamy et al. showing increased rejection of corneal 

allografts following depletion of IL-17A and the suggestion that IL-17A has a 

probable role in ocular immune privilege (Cunnusamy et al., 2010) led us to 

investigate whether or not corneas exhibited basal IL-17 expression. We found no 

constitutive corneal IL-17A mRNA expression with the exception of the BALB/c 

mouse strain. This observed lack of basal corneal IL-17 expression is not in keeping 

with the suggested direct role of IL-17 in ocular immune privilege. However a 

functional role in immune privilege may be explained by IL-17 production by 

activated immune cells which are not present in resting corneas. 

IL-17 is produced not only by adaptive, but also by innate immune cells such as NKT 

cells (Rachitskaya et al., 2008). These are unique cells of the innate immune system 

that express both NK lineage markers, such as NK1.1 and CD49b/DX5 in mice and 

CD56 in humans, with a TCR (Godfrey et al., 2004) and are characterised by their 

ability to rapidly produce immunoregulatory cytokines, such as IL-4 and IFNγ, upon 

engagement of their TCR (Bendelac et al., 2007). Rachitskaya and colleagues recently 

showed that NKT cells are responsible for an early, rapid, IL-6 independent IL-17 

response and that this is due to their constitutive expression of IL23R and RORγt, 

similar to memory T cells but unlike NK and naïve T cells (Rachitskaya et al., 2008). 

NKT cells have a reported role as participants in the process of eye-induced tolerance 

(Sonoda and Stein-Streilein, 2002b), contributing to ocular immune privilege and 

therefore the connection between NKT cells, IL-17 and ocular immune privilege still 

remains possibile. 

A role for AhR signalling in the functioning of the immune system is becoming 

increasingly evident as previously discussed. AhR null animals have been shown to 

have altered lymphocyte numbers in the spleen as well as enlarged spleens (Schmidt 

et al., 1996, Fernandez-Salguero et al., 1995) and have been shown to be more 

susceptible to Listeria infection (Ward et al., 2007). A role for AhR signalling in 

Tregs has been reported by at least four independent laboratories (Quintana et al., 

2008, Marshall et al., 2008, Hauben et al., 2008, Kimura et al., 2008) and a role for 

AhR activation in the development of Th17 cells as well as a tryptophan photoproduct 

being a potent activator of Th17 differentiation has recently been reported (Veldhoen 

et al., 2008). Our preliminary results show 3HK and Tranilast to be AhR agonists 
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utilising the AhR signalling pathway. Most interestingly, 3HK and Tranilast treated 

naïve CD4
+
 T cells showed increased IL-17 expression in comparison to naïve CD4

+
 

T cells alone, indicating, similar to FICZ, their role as potent enhancers of Th17 

differentiation. Whether or not the increased IL-17 expression could explain the 

observed prolongation in allograft survival in response to both 3HK and Tranilast 

treatment remains to be investigated. Our results however are preliminary: a more 

definitive method of investigating the effects of 3HK and Tranilast on Th17 

differentiation would be to incubate naïve CD4
+ 

T cells for longer (such as 8 days) 

under Th17 polarising conditions in their presence or absence, and then assessing IL-

17 expression by intracellular staining using flow cytometry. Financial restrictions 

and time limitation did not allow for this. 

Interestingly, in support of the preliminary findings above are the results of a recent 

study by Mezrich et al. showing kynurenine and to a lesser extent 3HK to be a potent 

AhR agonist, but inducing the generation of FoxP3
+
 Tregs, rather than effector Th17 

cells, in an AhR-dependent manner (Mezrich et al., 2010). Although the concept of 

one AhR agonist diverting T cells towards regulators and another, generating effectors 

is unusual, multiple studies have confirmed the importance of the AhR in Th17 

development as mentioned previously in section 7.1. It appears therefore, that AhR 

activation with different ligands can lead to entirely different outcomes depending on 

the surrounding milieu. Not only this, but Nguyen etal. demonstrated only recently 

that the AhR has a kynurenine-dependent immunoregulatory role in DCs by showing 

that in a T cell: BMDC co-culture system; Ahr 
-/-

 BMDCs inhibited the development 

of Tregs from naïve CD4
+
 T cells but with the addition of synthetic L-kynurenine, 

naïve T cells differentiated into Tregs (Nguyen et al., 2010).  

Another explanation for our observed Th17 induction via the AhR following 3HK and 

Tranilast treatment may be due to the fact that we performed assays in media rich in 

aromatic amino acids (IMDM) rather than in a low tryptophan media as used by 

Mezrich and colleagues (Mezrich et al., 2010). It has been shown that media richer in 

aromatic amino acids, which give rise to AhR agonists, supports higher Th17 

expansion than medium with low amino acid content (Veldhoen et al., 2009). The 

presence of other AhR agonists may shift the balance toward an effector response 

rather than toward generation of regulatory cells. 

These findings open an interesting avenue for further research particularly because we 

did not look at Treg induction in this set of experiments. Furthermore, this provides 
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another possible explanation for the prolongation of allograft survival in response to 

both 3HK and Tranilast observed in our models. The hypothesis of Tranilast inducing 

its immunoregulatory effects via the AhR has not been previously investigated or 

reported. 

 

 

 

 

7.3.1 Chapter Summary: 

The work in this chapter has demonstrated: 

• Lack of basal corneal IL-17A expression 

• 3HK and Tranilast to be agonists of AhR, utilising the AhR signalling 

pathway and increasing IL-17 expression. 
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8.1 Introduction 

Topical steroids are the mainstay of treatment in preventing or treating corneal graft 

rejection but are not without their associated sight-threatening side effects. More 

importantly, they can fail to prevent or reverse allograft rejection in a proportion of 

patients. Some corneal transplant recipients perceived at high risk of allograft 

rejection are reliant for prolonged graft survival on systemic immunosuppression, the 

adverse effects of which cannot be justified in many patients in whom vision is 

normal in the contralateral eye (Reis et al., 1999, George and Larkin, 2004, Chatel and 

Larkin, 2010). Consequently there is a need for more specific immunomodulatory 

interventions that would allow the opportunity of a corneal transplant in those high 

rejection risk patients in whom it is currently considered unjustified or denied. 

Moreover, systemic immunosuppression is not successful as rejection prophylaxis in 

all corneal transplant recipients, even at the doses used following solid organ 

transplantation (Chatel & Larkin 2010). The effect of transplant antigen matching 

(HLA –A, -B and –DR) has been under investigation in corneal recipients since the 

1970s without the convincing benefit in outcomes evident in renal transplantation.  

Alternative investigative interventions have been studied in experimental models of 

corneal transplantation for many years. One recent body of work summarised 

previously (section 1.4.8) is ex vivo transduction of the donor cornea with gene 

sequences, which has been demonstrated to be feasible using adenoviral, lentiviral, 

herpes and adeno-associated viral vectors in a range of different species (George et 

al., 2000, King et al., 2000, Larkin et al., 1996, Gong et al., 2006, Xie et al., 2003). 

However, while viral vectors are highly efficient, they can be immunogenic and pro-

inflammatory, and in at least one study vector controls have shortened graft survival 

when compared with untreated corneal grafts. Furthermore, the oncogenic potential of 

viral vectors and the recent cases of leukaemia have blunted the enthusiasm of many 

for viral vector-mediated gene therapy (Yanez-Munoz et al., 2006). Therefore, there 

remains a need for alternative strategies and approaches to introduce 

immunomodulatory agents. 
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8.2 Summary of Major Findings 

In this project I have shown that kynurenines, in particular 3HK, have an 

immunoregulatory role, specifically suppressing the T cell response as a result of T 

cell death. Whether administered systemically or topically, kynurenines result in 

prolongation in graft survival and explain in part one mechanism by which IDO 

prolongs graft survival. More importantly, I have shown that they are not pathogenic 

to corneal endothelial cells. I have shown that a synthetic, commercially available 

tryptophan analogue, Tranilast, is effective in prolonging allograft survival; this effect 

results from its inhibition of T cell proliferation through cell cycle arrest and I have 

characterised a novel potential mechanism for Tranilast induced T cell anergy. The 

importance of the fact that this agent is commercially available and in clinical use in 

allergic disease is that there would be few regulatory hurdles to its introduction in 

transplantation in the event that it were found in large animal or other preclinical 

studies to be effective in delaying rejection. In addition, I have shown that contrary to 

published data, UVB irradiation of cornea upregulates IDO at the mRNA level but not 

at the protein or functional level and demonstrated that murine corneas do not basally 

express the IDO isoform IDO-2.  Prelimanary findings indicate murine corneas to lack 

basal expression of IL-17 and that both kynurenines and Tranilast can act as agonists 

of the AhR, utilising the AhR signalling pathway and increasing IL-17 expression. 

 

8.3 Discussion of the Major Findings 

8.3.1 The effect of kynurenines on corneal graft survival 

One of the major aims in transplantation immunology is the induction of donor-

specific transplantation unresponsiveness (tolerance) in the recipient, where a short-

term immunomodulatory treatment would induce indefinite graft survival.  

There has been speculation on the role of IDO and kynurenines in T cell regulation. 

Of particular interest is whether IDO
+
 DCs can induce the expression of the enzyme 

in neighbouring IDO
-
 DCs via induction of Tregs as a mechanism of infectious 

tolerance (Mellor et al. 2004), or whether kynurenines can directly induce a regulatory 

T cell phenotype from naïve CD4
+
 T cells (Munn et al., 2004b, Fallarino et al., 

2006a). Data generated both in vitro and in vivo during the course of this project has 

demonstrated the ability of kynurenines to specifically suppress T cell responses as 

well as prolong allograft survival. This supression of T cell proliferation was as a 
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result of T cell death rather than via a regulatory phenomenon. Although 3HK 

resulted in modest induction of Tregs in vitro, this was not translated in vivo, where 

there was no difference between splenic CD4
+
 FoxP3 expression and splenic CD4

+
 T 

cell function after systemic 3HK treatment in comparison to controls. In the context of 

allotransplantation, a moderate prolongation in allograft survival was observed after 

both systemic and topical 3HK treatment but not long term graft acceptance; the 

exception was a small number of topical 3HK-treated grafts, which could be 

explained by the finding of increased FoxP3 expression locally in topical 3HK-treated 

grafts versus controls. These findings are in keeping with other work carried out in 

our laboratory by Khan et al (manuscript in submission) who demonstrated that IDO-

transduced DCs fail to induce and/or expand T reg populations both in vitro and in 

vivo; this being in contrast to DCs expressing the intracellular fusion protein CTLA4-

KDEL (resulting in intracellular retention of CD80/86). Furthermore, they showed 

indefinite survival of corneal allografts in mice injected with CTLA4-KDEL DCs, 

consistent with a tolerance induction mechanism mediated by the induction of Tregs, 

whereas only a moderate prolongation of corneal allograft survival was observed in 

mice injected with IDO DCs, consistent with a deletional mechanism resulting from 

the apoptosis of alloreactive T cells after localised tryptophan depletion. 

Current literature investigating the effects of IDO expression and kynurenines on 

allograft survival corroborates with our findings with moderate prolongation in graft 

survival being demonstrated but not tolerance. 

One explanation regarding the lack of in vivo donor-specific T reg induction by 

kynurenines reported in this thesis is that Tregs are generated at tryptophan 

concentrations within a narrow range - see section 5.2.5. The concentrations used in 

the in vivo studies may have been higher than the concentrations used in studies that 

have reported the generation of Tregs after the incubation of T cells with tryptophan 

catabolites. 

It is important to note that the C3H/He (H2
k
) → BALB/c (H2

d
) donor-recipient strain 

combination used in this study is a high-responder allogeneic combination, with 

median corneal graft survival in untreated graft recipients of 12 days. Moreover it is a 

robust rejection model in that almost all donor corneas are rejected at 12±1 days post-

transplantation. In contrast, reported survival times in BALB/c recipients of C57BL/6 

(H2
b
) donor corneas (the most common donor-strain combination reported in the 

literature) is 5 weeks (Yamagami et al., 2002). Irrespective of the reasons behind this 
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observed difference in survival between different MHC mismatch combinations, 

experimentation in a high-responder combination is a useful strategy for evaluating 

immunomodulation with great therapeutic potential in patients at high rejection risk 

(Watson et al., 2006). 

 

8.3.2 The effect of Tranilast on allograft survival 

The use of Tranilast in transplantation has not been previously reported. As mentioned 

in section 1.5.7.1, Tranilast which is prepared from the constituents of the leaves of 

the nandina plant (Ogawa et al., 2010) is currently licensed for human use as an anti-

allergy agent in Japan because of its anti-inflammatory effects; inhibiting mast cell 

degranulation and histamine release (Azuma et al., 1976). It has however, also been 

shown to inhibit vascular smooth muscle proliferation and hence inhibit allograft 

vasculopathy in association with enhanced p21 expression on neointimal cells (Izawa 

et al., 2001). The protein product of the Waf1/Cip1 gene, p21, is identified as a 

universal inhibitor for cyclin-dependent kinases (Xiong et al., 1993, Harper et al., 

1993), which are essential for cell progression through the G1-S check point. In this 

research, we took this further and showed that this Tranilast induced upregulation of 

p21 was responsible for arrest of T cells at the G1-S phase and rendered T cells 

anergic through inhibition of IL-2 release, allowing us to characterise a novel 

mechanism of Tranilast induced T cell anergy. 

Following on from this, we showed a significant prolongation in both corneal and skin 

allograft survival following systemic Tranilast administration. Whether or not this was 

due to the induction of Tregs remains to be investigated, as at the doses administered 

we did not induce tolerance although we did observe Treg induction in vitro at low 

Tranilast concentration. Tranilast inducing Treg development is a novel finding in 

itself and warrants further investigation and as is discussed later in section 8.3.3 this 

maybe mediated through activation of the AhR. 

Having demonstrated that Tranilast - a drug already in routine clinical use - is 

effective in prolonging allograft survival makes it an excellent novel candidate for the 

prevention of rejection, particularly because a topical preparation of Tranilast exists 

and has recently been shown to be effective in the management of dry eye secondary 

to chronic GVHD (Ogawa et al., 2010). A phase II clinical trial (NCT00882024) 

looking at the efficacy of Tranilast in the treatment of active Rheumatoid arthritis has 

just been completed and its results are awaited. 
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8.3.3 Kynurenines, the Aryl hydrocarbon receptor and Th17 cells 

A role for AhR signalling in the functioning of the immune system is becoming 

increasingly evident as previously discussed. AhR null animals have been shown to 

have altered lymphocyte numbers in the spleen as well as enlarged spleens (Schmidt 

et al., 1996, Fernandez-Salguero et al., 1995) and have been shown to be more 

susceptible to Listeria infection (Ward et al., 2007). A role for AhR signalling in 

Tregs has been reported by at least four independent laboratories (Quintana et al., 

2008, Marshall et al., 2008, Hauben et al., 2008, Kimura et al., 2008) and a role for 

AhR activation in the development of Th17 cells as well as a tryptophan photoproduct 

(FICZ) being a potent activator of Th17 differentiation has recently been reported 

(Veldhoen et al., 2008). Data from others and ourselves show kynurenines to directly 

induce Tregs but the mechanism for this was not clear (Fallarino et al., 2006a, Zaher 

et al., 2011). Preliminary work presented in this study shows 3HK and Tranilast to be 

AhR agonists utilising the AhR signalling pathway and we know that the AhR has 

been shown to be required for optimal Treg differentiation.  Recent data has now 

emerged supporting our findings where it has been shown that kynurenine and to a 

lesser extent 3HK to be potent AhR agonists, but inducing the generation of FoxP3
+
 

Tregs, rather than effector Th17 cells, in an AhR-dependent manner (Mezrich et al., 

2010).  

The question as to why different ligands of the AhR produce different effects, e.g. 

FICZ enhancing Th17 differentiation (Veldhoen et al., 2008) and L-kyn enhancing 

Treg differentiation (Mezrich et al., 2010) is an interesting one and Mezrich et al. 

hypothesised that this maybe due to the fact that kynurenine itself maybe 

enzymatically modified by the cytochrome P450 enzymes that are induced by the 

AhR whereas FICZ may not. The product of this modification may then directly lead 

to FoxP3 induction as opposed to a direct effect of the kynurenine itself. This may 

well be true for Tranilast as well. 

These findings bring together nicely all parts of the research carried out in this thesis 

and provide a plausible explanation for the observed prolongation in graft survival 

after both 3HK and Tranilast treatment as well as accounting for the direct induction 

of Tregs seen following both 3HK and Tranilast treatment in vitro. It opens an 

interesting avenue of research, particularly because the possibility of Tranilast 

mediating its immunreglatory effects via AhR signalling has never been previously 

investigated or reported. 
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Moreover, what is most intriguing is that the AhR is also reported to contribute to 

normal physiological processes during cell growth and differentiation (Schmidt and 

Bradfield, 1996). In cultured cells, several studies suggest that the activation of the 

AhR is involved in cell cycle arrest in the absence or presence of exogenous agonists. 

Kolluri et al. have shown that AhR activation with TCDD delays cell-cycle 

progression through the G1 phase by increasing p27
Kip1

 mRNA (Kolluri et al., 1999). 

Han et al. have shown that AhR activation with laminar fluid shear stress induces cell 

cycle arrest in vascular endothelial cells by increasing p21 mRNA and protein 

(Akimoto et al., 2000, Han et al., 2008). Work presented in this thesis indicating 

Tranilast to be an AhR agonist, utilising the AhR signalling pathway and inducing T 

cell cycle arrest as a result of upregulation of the cell cycle inhibitors p21 and p15, 

could possibly indicate a role for AhR in Tranilast-induced cell cycle arrest.  

 

8.4 Future strategies 

8.4.1 Future possibilities with kynurenines in corneal transplantation 

Although we did not observe longterm graft acceptance after either topical or 

systemic 3HK treatment, one wonders whether combination and prolonged therapy 

would have been more promising. 

Also one wonders whether combination therapy with genetic modulation of DCs to 

overexpress IDO combined with exogenous systemic 3HK treatment may have been 

more effective in inducing graft tolerance. Dai et al. recently showed that a single IV 

injection of 3HAA together with allogeneic DCs seven days before cardiac grafting 

markedly prolonged graft survival (Dai and Zhu, 2009). 

Kynurenines have also been used effectively in the treatment of experimental models 

of allergic airway inflammation (Taher et al., 2008) as well as a mouse model of 

collagen induced arthritis (CIA) (Criado et al., 2009). This suggests that kynurenines 

may have a wider therapeutic role in ophthalmology, other than corneal 

transplantation, e.g. in the treatment of ocular inflammatory disorders such as uveitis, 

a T cell mediated process, which can be associated with significant ocular morbidity. 

The kynurenine molecule (208 Da) is well below the size of molecule that can 

penetrate to the corneal stroma (Brereton et al., 2005). This therefore makes it 

attractive as a potential topical treatment. 
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8.4.2 Future possibilities with Tranilast 

Having shown that Tranilast is effective in prolonging allograft survival is very 

promising not only in the field of corneal transplantation but allotransplantation as a 

whole given our additional findings of prolonged graft survival in a skin transplant 

model. Investigating its efficacy in treatment of ocular inflammatory disorders is also 

warranted particularly as there has been one study demonstrating amelioration of 

experimental uveoretinitis by a single injection of dioxin, an established AhR agonist 

(Zhang et al., 2010). This provides real impetus to take Tranilast into larger animal or 

preclinical studies, particularly as it is already commercially available and in clinical 

use in allergic disease. 

Findings from this thesis characterising a novel mechanism for Tranilast induced T 

cell anergy and indicating a possibility that this maybe due to tranilast induced p21 

upegulation blocking the cell cycle through inhibition of JNK (Selma Dagtas and 

Gilbert, 2010) warrants further investigation.  

Our preliminary data showing Tranilast to be an AhR agonist and potentially 

mediating its immunoregulatory effects via the AhR pathway again warrants further 

investigation to help elucidate further its molecular mechanism of action. 

 

8.4.3 Evolving understanding of the AhR pathway and its ligands 

There is emerging evidence including the findings from this thesis that helps to 

explain the direct effects of kynurenines on Treg and Th17 development via the AhR 

pathway. The ability of different AhR ligands to produce different effects is intriguing 

and requires further investigation to help elucidate the exact molecular responses 

elicited after binding of different agoinsts to the AhR.  

Emerging evidence of the AhR playing a key role in the differentiation of T cells is 

supported by findings from this thesis and as this pathway is further characterised, it 

will enhance our understanding of T cell differentiation and yield new strategies of 

modulating the balance between regulatory and effector responses using ligands of the 

AhR. 

 

8.4.4 Conclusion 

Collectively, the data represented in this thesis helps to explain the effects of IDO and 

kynurenines in prolonging corneal allograft survival. The role of the AhR in T cell 
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differentiation and the fact that it is generally believed that T cell differentiation 

depends on the interaction between DCs and T cells, with IDO playing a role in this 

(Grohmann et al., 2002) helps to shed light on the direct mechanism of IDO which has 

been controversial. The identification of a commercially available drug effective in 

prolonging corneal allograft survival may prove a useful adjunct or alternative to 

topical corticosteroids that can be transferred from the laboratory to clinical practice. 
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Part of the work carried out in this thesis has been both presented and published; see 

below. 

 

 Presentations (Regional, National and International) 

2008- Khan A, Zaher SS, George AJT, Germain C. Prolongation of murine corneal 

graft survival following systemic administration of 3HK. Oral presentation at 

the XXII International Congress of the Transplantation Society in Sydney, 

Australia. 14
th

 August. 

 

2009- Zaher SS, Larkin DFP, George AJT. Prolongation of murine corneal graft 

survival following systemic administration of 3HK. Oral presentation at the 

Twenty ninth Moorfields Alumni Meeting, Institute of Child Health, London. 

30
th

 January. 

 

2009- Zaher SS, George AJT, Larkin DFP. Prolongation of murine corneal graft 

survival following systemic administration of 3HK. Poster presentation at the 

spring meeting of the Medical Research Society, Royal College of Physicians, 

London. 26
th

 February. 

 

2009 Zaher SS, George AJT, Larkin DFP. Prolongation of murine corneal allograft 

survival following 3HK administration is associated with depletion of 

peripheral B and T lymphocytes. Selected to represent Dept. of Immunology at 

the GSLSM summer research symposium of Imperial College. Sir Alexander 

Fleming Building, South Kensington, London. 10
th

 July. 

 

2010 Zaher SS, George AJT, Larkin DFP. Prolongation of murine corneal allograft 

survival following systemic and topical administration. Oral presentation at 

the British Transplant Society meeting, 17
th

 March 2010. Kensington Town 

hall, London. 

 

2010  Zaher SS, Larkin DFP, George AJT. Prolongation of mouse corneal allograft 

survival following systemic and topical 3-hydroxykynurenine (3HK) 

administration. Poster presentation, ARVO, Fort Lauderdale, Florida, May 

2010.  

 

2010 Zaher SS, George AJT, Larkin DFP. Prolongation of murine corneal allograft 

survival following systemic and topical 3HK administration. Rapid Fire oral 

presentation at the RCO congress May 2010-Liverpool. Winner of the Foulds 

Trophy for the best Rapid fire presentation 2010. 

 

2011 Zaher SS, George AJT, Larkin DFP. Prolongation of murine corneal allograft 

survival following systemic and topical 3HK administration. Oral presentation 

at the South Western Ophthalmological Society meeting November 2010-

Newport, Wales. 

 

2011 Zaher SS, George AJT, Larkin DFP. Prolongation of mouse allograft survival 

following systemic Tranilast administration. Submitted as Paper to the 20ll 

ARVO conference, Fort Lauderdale, Florida. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 225 

 Publications 

2011 Zaher SS, Germain C, Fu H et al. 3-hydroxykynurenine suppresses CD4
+
 T 

cell proliferation, induces T regulatory cell development and prolongs corneal 

allograft survival. IOVS. 2011;52(5):2640-8 (attached as a supplement to the 

thesis). 

 

2011 Zaher SS, George AJT, Larkin DFP. Prolongation of mouse allograft survival 

following systemic Tranilast administration. Manuscript under review. 

 

2011 Hongmei Fu, Adnan Khan,
 
 David Coe,

 
 Sarah Zaher,

 
 Jian-Guo Chai,

 
 

Pascale Kropf,
 
 Ingrid Müller,

 
  Daniel F P Larkin, Andrew J T George. 

 

 Arginine depletion as a mechanism for the immune privilege of corneal grafts. 

EJI 2011 Epub ahead of print. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 226 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 9- REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 227 

1988. Report of the organ transplant panel. Corneal transplantation. Council on 

Scientific Affairs. JAMA, 259, 719-22. 

1992. The collaborative corneal transplantation studies (CCTS). Effectiveness of 

histocompatibility matching in high-risk corneal transplantation. The 

Collaborative Corneal Transplantation Studies Research Group. Arch 

Ophthalmol, 110, 1392-403. 

AGGARWAL, S., GHILARDI, N., XIE, M. H., DE SAUVAGE, F. J. & GURNEY, 

A. L. 2003. Interleukin-23 promotes a distinct CD4 T cell activation state 

characterized by the production of interleukin-17. J Biol Chem, 278, 1910-4. 

AITKEN, J. B., THOMAS, S. E., STOCKER, R., THOMAS, S. R., TAKIKAWA, O., 

ARMSTRONG, R. S. & LAY, P. A. 2004. Determination of the nature of the 

heme environment in nitrosyl indoleamine 2,3-dioxygenase using Multiple-

scattering analyses of X-ray absorption fine structure. Biochemistry, 43, 4892-

8. 

AKIMOTO, S., MITSUMATA, M., SASAGURI, T. & YOSHIDA, Y. 2000. Laminar 

shear stress inhibits vascular endothelial cell proliferation by inducing cyclin-

dependent kinase inhibitor p21(Sdi1/Cip1/Waf1). Circ Res, 86, 185-90. 

ALBERATI-GIANI, D., MALHERBE, P., RICCIARDI-CASTAGNOLI, P., 

KOHLER, C., DENIS-DONINI, S. & CESURA, A. M. 1997. Differential 

regulation of indoleamine 2,3-dioxygenase expression by nitric oxide and 

inflammatory mediators in IFN-gamma-activated murine macrophages and 

microglial cells. J Immunol, 159, 419-26. 

ALBERT, D. M. & EDWARDS, D. D. 1996. The history of ophthalmology, 

Cambridge, Mass. ; Oxford, Blackwell Science. 

ALEXANDER, A. M., CRAWFORD, M., BERTERA, S., RUDERT, W. A., 

TAKIKAWA, O., ROBBINS, P. D. & TRUCCO, M. 2002. Indoleamine 2,3-

dioxygenase expression in transplanted NOD Islets prolongs graft survival 

after adoptive transfer of diabetogenic splenocytes. Diabetes, 51, 356-65. 

ANTONYSAMY, M. A., FANSLOW, W. C., FU, F., LI, W., QIAN, S., TROUTT, A. 

B. & THOMSON, A. W. 1999. Evidence for a role of IL-17 in organ allograft 

rejection: IL-17 promotes the functional differentiation of dendritic cell 

progenitors. J Immunol, 162, 577-84. 

APTE, R. S., SINHA, D., MAYHEW, E., WISTOW, G. J. & NIEDERKORN, J. Y. 

1998. Cutting edge: role of macrophage migration inhibitory factor in 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 228 

inhibiting NK cell activity and preserving immune privilege. J Immunol, 160, 

5693-6. 

ARANCIBIA-CARCAMO, C. V., OSAWA, H., ARNETT, H. A., HASKOVA, Z., 

GEORGE, A. J., ONO, S. J., TING, J. P. & STREILEIN, J. W. 2004. A 

CIITA-independent pathway that promotes expression of endogenous rather 

than exogenous peptides in immune-privileged sites. Eur J Immunol, 34, 471-

80. 

ARDJOMAND, N., BERGHOLD, A., KOMERICKI, P. & REICH, M. E. 1997. [The 

significance of tissue storage time for success after corneal transplantation]. 

Ophthalmologe, 94, 285-9. 

ARDJOMAND, N., MCALISTER, J. C., ROGERS, N. J., TAN, P. H., GEORGE, A. 

J. & LARKIN, D. F. 2003. Modulation of costimulation by CD28 and CD154 

alters the kinetics and cellular characteristics of corneal allograft rejection. 

Invest Ophthalmol Vis Sci, 44, 3899-905. 

ASHOUR, H. M. & NIEDERKORN, J. Y. 2006. Gammadelta T cells promote 

anterior chamber-associated immune deviation and immune privilege through 

their production of IL-10. J Immunol, 177, 8331-7. 

ASWAD, F., KAWAMURA, H. & DENNERT, G. 2005. High sensitivity of 

CD4+CD25+ regulatory T cells to extracellular metabolites nicotinamide 

adenine dinucleotide and ATP: a role for P2X7 receptors. J Immunol, 175, 

3075-83. 

AYLIFFE, W., ALAM, Y., BELL, E. B., MCLEOD, D. & HUTCHINSON, I. V. 

1992. Prolongation of rat corneal graft survival by treatment with anti-CD4 

monoclonal antibody. Br J Ophthalmol, 76, 602-6. 

AZUMA, H., BANNO, K. & YOSHIMURA, T. 1976. Pharmacological properties of 

N-(3',4'-dimethoxycinnamoyl) anthranilic acid (N-5'), a new anti-atopic agent. 

Br J Pharmacol, 58, 483-8. 

BABCOCK, T. A. & CARLIN, J. M. 2000. Transcriptional activation of indoleamine 

dioxygenase by interleukin 1 and tumor necrosis factor alpha in interferon-

treated epithelial cells. Cytokine, 12, 588-94. 

BACHMANN, B. O., BOCK, F., WIEGAND, S. J., MARUYAMA, K., DANA, M. 

R., KRUSE, F. E., LUETJEN-DRECOLL, E. & CURSIEFEN, C. 2008. 

Promotion of graft survival by vascular endothelial growth factor a 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 229 

neutralization after high-risk corneal transplantation. Arch Ophthalmol, 126, 

71-7. 

BAGGESEN, K., EHLERS, N. & LAMM, L. U. 1991. HLA-DR/RFLP compatible 

corneal grafts. Acta Ophthalmol (Copenh), 69, 229-33. 

BAHN, C. F., MEYER, R. F., MACCALLUM, D. K., LILLIE, J. H., LOVETT, E. J., 

SUGAR, A. & MARTONYI, C. L. 1982. Penetrating keratoplasty in the cat. 

A clinically applicable model. Ophthalmology, 89, 687-99. 

BALL, H. J., SANCHEZ-PEREZ, A., WEISER, S., AUSTIN, C. J., ASTELBAUER, 

F., MIU, J., MCQUILLAN, J. A., STOCKER, R., JERMIIN, L. S. & HUNT, 

N. H. 2007. Characterization of an indoleamine 2,3-dioxygenase-like protein 

found in humans and mice. Gene, 396, 203-13. 

BALL, H. J., YUASA, H. J., AUSTIN, C. J., WEISER, S. & HUNT, N. H. 2009. 

Indoleamine 2,3-dioxygenase-2; a new enzyme in the kynurenine pathway. Int 

J Biochem Cell Biol, 41, 467-71. 

BALUK, P. & MCDONALD, D. M. 2008. Markers for microscopic imaging of 

lymphangiogenesis and angiogenesis. Ann N Y Acad Sci, 1131, 1-12. 

BATCHELOR, J. R., CASEY, T. A., WERB, A., GIBBS, D. C., PRASAD, S. S., 

LLOYD, D. F. & JAMES, A. 1976. HLA matching and corneal grafting. 

Lancet, 1, 551-4. 

BAUDOUIN, C., BRIGNOLE, F., PISELLA, P. J., BECQUET, F. & PHILIP, P. J. 

1997. Immunophenotyping of human dendriform cells from the conjunctival 

epithelium. Curr Eye Res, 16, 475-81. 

BAUER, T. M., JIGA, L. P., CHUANG, J. J., RANDAZZO, M., OPELZ, G. & 

TERNESS, P. 2005. Studying the immunosuppressive role of indoleamine 

2,3-dioxygenase: tryptophan metabolites suppress rat allogeneic T-cell 

responses in vitro and in vivo. Transpl Int, 18, 95-100. 

BEAUREGARD, C., STEVENS, C., MAYHEW, E. & NIEDERKORN, J. Y. 2005. 

Cutting edge: atopy promotes Th2 responses to alloantigens and increases the 

incidence and tempo of corneal allograft rejection. J Immunol, 174, 6577-81. 

BENDELAC, A., SAVAGE, P. B. & TEYTON, L. 2007. The biology of NKT cells. 

Annu Rev Immunol, 25, 297-336. 

BENICHOU, G., VALUJSKIKH, A. & HEEGER, P. S. 1999. Contributions of direct 

and indirect T cell alloreactivity during allograft rejection in mice. J Immunol, 

162, 352-8. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 230 

BEUTELSPACHER, S. C., ARDJOMAND, N., TAN, P. H., PATTON, G. S., 

LARKIN, D. F., GEORGE, A. J. & MCCLURE, M. O. 2005. Comparison of 

HIV-1 and EIAV-based lentiviral vectors in corneal transduction. Exp Eye 

Res, 80, 787-94. 

BEUTELSPACHER, S. C., PILLAI, R., WATSON, M. P., TAN, P. H., TSANG, J., 

MCCLURE, M. O., GEORGE, A. J. & LARKIN, D. F. 2006. Function of 

indoleamine 2,3-dioxygenase in corneal allograft rejection and prolongation of 

allograft survival by over-expression. Eur J Immunol, 36, 690-700. 

BILLINGHAM, R. E., KROHN, P. L. & MEDAWAR, P. B. 1951. Effect of cortisone 

on survival of skin homografts in rabbits. Br Med J, 1, 1157-63. 

BOGDAN, C. 2001. Nitric oxide and the immune response. Nat Immunol, 2, 907-16. 

BOHRINGER, D., SPIERINGS, E., ENCZMANN, J., BOHRINGER, S., 

SUNDMACHER, R., GOULMY, E. & REINHARD, T. 2006. Matching of the 

minor histocompatibility antigen HLA-A1/H-Y may improve prognosis in 

corneal transplantation. Transplantation, 82, 1037-41. 

BOISGERAULT, F., LIU, Y., ANOSOVA, N., EHRLICH, E., DANA, M. R. & 

BENICHOU, G. 2001. Role of CD4+ and CD8+ T cells in allorecognition: 

lessons from corneal transplantation. J Immunol, 167, 1891-9. 

BOISJOLY, H. M., ROY, R., BERNARD, P. M., DUBE, I., LAUGHREA, P. A. & 

BAZIN, R. 1990. Association between corneal allograft reactions and HLA 

compatibility. Ophthalmology, 97, 1689-98. 

BOURNE, W. M., NELSON, L. R., MAGUIRE, L. J., BARATZ, K. H. & HODGE, 

D. O. 2001. Comparison of Chen Medium and Optisol-GS for human corneal 

preservation at 4 degrees C: results of transplantation. Cornea, 20, 683-6. 

BOUSSIOTIS, V. A., FREEMAN, G. J., TAYLOR, P. A., BEREZOVSKAYA, A., 

GRASS, I., BLAZAR, B. R. & NADLER, L. M. 2000. p27kip1 functions as 

an anergy factor inhibiting interleukin 2 transcription and clonal expansion of 

alloreactive human and mouse helper T lymphocytes. Nat Med, 6, 290-7. 

BRANDACHER, G., CAKAR, F., WINKLER, C., SCHNEEBERGER, S., OBRIST, 

P., BOSMULLER, C., WERNER-FELMAYER, G., WERNER, E. R., 

BONATTI, H., MARGREITER, R. & FUCHS, D. 2007. Non-invasive 

monitoring of kidney allograft rejection through IDO metabolism evaluation. 

Kidney Int, 71, 60-7. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 231 

BRAUN, D., LONGMAN, R. S. & ALBERT, M. L. 2005. A two-step induction of 

indoleamine 2,3 dioxygenase (IDO) activity during dendritic-cell maturation. 

Blood, 106, 2375-81. 

BRERETON, H. M., TAYLOR, S. D., FARRALL, A., HOCKING, D., THIEL, M. 

A., TEA, M., COSTER, D. J. & WILLIAMS, K. A. 2005. Influence of format 

on in vitro penetration of antibody fragments through porcine cornea. Br J 

Ophthalmol, 89, 1205-9. 

BRISSETTE-STORKUS, C. S., REYNOLDS, S. M., LEPISTO, A. J. & 

HENDRICKS, R. L. 2002. Identification of a novel macrophage population in 

the normal mouse corneal stroma. Invest Ophthalmol Vis Sci, 43, 2264-71. 

BRITAN, A., MAFFRE, V., TONE, S. & DREVET, J. R. 2006. Quantitative and 

spatial differences in the expression of tryptophan-metabolizing enzymes in 

mouse epididymis. Cell Tissue Res, 324, 301-10. 

BROWN, R. R. 1996. Metabolism and biology of tryptophan. Some clinical 

implications. Adv Exp Med Biol, 398, 15-25. 

BRUSTLE, A., HEINK, S., HUBER, M., ROSENPLANTER, C., STADELMANN, 

C., YU, P., ARPAIA, E., MAK, T. W., KAMRADT, T. & LOHOFF, M. 2007. 

The development of inflammatory T(H)-17 cells requires interferon-regulatory 

factor 4. Nat Immunol, 8, 958-66. 

BURLINGHAM, W. J., LOVE, R. B., JANKOWSKA-GAN, E., HAYNES, L. D., 

XU, Q., BOBADILLA, J. L., MEYER, K. C., HAYNEY, M. S., BRAUN, R. 

K., GREENSPAN, D. S., GOPALAKRISHNAN, B., CAI, J., BRAND, D. D., 

YOSHIDA, S., CUMMINGS, O. W. & WILKES, D. S. 2007. IL-17-

dependent cellular immunity to collagen type V predisposes to obliterative 

bronchiolitis in human lung transplants. J Clin Invest, 117, 3498-506. 

BURRELL, B. E., CSENCSITS, K., LU, G., GRABAUSKIENE, S. & BISHOP, D. 

K. 2008. CD8+ Th17 mediate costimulation blockade-resistant allograft 

rejection in T-bet-deficient mice. J Immunol, 181, 3906-14. 

CAMELO, S., SHANLEY, A., VOON, A. S. & MCMENAMIN, P. G. 2004. The 

distribution of antigen in lymphoid tissues following its injection into the 

anterior chamber of the rat eye. J Immunol, 172, 5388-95. 

CAMELO, S., VOON, A. S., BUNT, S. & MCMENAMIN, P. G. 2003. Local 

retention of soluble antigen by potential antigen-presenting cells in the anterior 

segment of the eye. Invest Ophthalmol Vis Sci, 44, 5212-9. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 232 

CEJKOVA, J., STIPEK, S., CRKOVSKA, J., ARDAN, T. & MIDELFART, A. 2001. 

Reactive oxygen species (ROS)-generating oxidases in the normal rabbit 

cornea and their involvement in the corneal damage evoked by UVB rays. 

Histol Histopathol, 16, 523-33. 

CHAKRAVARTI, S. 2001. The cornea through the eyes of knockout mice. Exp Eye 

Res, 73, 411-9. 

CHATEL, M. A. & LARKIN, D. F. 2010. Sirolimus and mycophenolate as 

combination prophylaxis in corneal transplant recipients at high rejection risk. 

Am J Ophthalmol, 150, 179-84. 

CHAVELE, K. M., SHUKLA, D., KETEEPE-ARACHI, T., SEIDEL, J. A., FUCHS, 

D., PUSEY, C. D. & SALAMA, A. D. 2010. Regulation of myeloperoxidase-

specific T cell responses during disease remission in antineutrophil 

cytoplasmic antibody-associated vasculitis: the role of Treg cells and 

tryptophan degradation. Arthritis Rheum, 62, 1539-48. 

CHEN, H. & HENDRICKS, R. L. 1998. B7 costimulatory requirements of T cells at 

an inflammatory site. J Immunol, 160, 5045-52. 

CHEN, H., WANG, W., XIE, H., XU, X., WU, J., JIANG, Z., ZHANG, M., ZHOU, 

L. & ZHENG, S. 2009. A pathogenic role of IL- 17 at the early stage of 

corneal allograft rejection. Transpl Immunol, 21, 155-61. 

CHEN, X., LIU, L., YANG, P., WU, C., JIN, H., XING, L., LI, B., ZHOU, H., 

HUANG, X. & ZHU, L. 2006a. Indoleamine 2,3-dioxygenase (IDO) is 

involved in promoting the development of anterior chamber-associated 

immune deviation. Immunol Lett, 107, 140-7. 

CHEN, Y. F., GEBHARDT, B. M., REIDY, J. J. & KAUFMAN, H. E. 1990. 

Cyclosporine-containing collagen shields suppress corneal allograft rejection. 

Am J Ophthalmol, 109, 132-7. 

CHEN, Z., LAURENCE, A., KANNO, Y., PACHER-ZAVISIN, M., ZHU, B. M., 

TATO, C., YOSHIMURA, A., HENNIGHAUSEN, L. & O'SHEA, J. J. 

2006b. Selective regulatory function of Socs3 in the formation of IL-17-

secreting T cells. Proc Natl Acad Sci U S A, 103, 8137-42. 

CHOMCZYNSKI, P. & SACCHI, N. 1987. Single-step method of RNA isolation by 

acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem, 

162, 156-9. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 233 

CHON, S. Y., HASSANAIN, H. H. & GUPTA, S. L. 1996. Cooperative role of 

interferon regulatory factor 1 and p91 (STAT1) response elements in 

interferon-gamma-inducible expression of human indoleamine 2,3-

dioxygenase gene. J Biol Chem, 271, 17247-52. 

COMER, R. M., KING, W. J., ARDJOMAND, N., THEOHARIS, S., GEORGE, A. J. 

& LARKIN, D. F. 2002. Effect of administration of CTLA4-Ig as protein or 

cDNA on corneal allograft survival. Invest Ophthalmol Vis Sci, 43, 1095-103. 

COSTER, D. J. & WILLIAMS, K. A. 2005. The impact of corneal allograft rejection 

on the long-term outcome of corneal transplantation. Am J Ophthalmol, 140, 

1112-22. 

CRIADO, G., SIMELYTE, E., INGLIS, J. J., ESSEX, D. & WILLIAMS, R. O. 2009. 

Indoleamine 2,3 dioxygenase-mediated tryptophan catabolism regulates 

accumulation of Th1/Th17 cells in the joint in collagen-induced arthritis. 

Arthritis Rheum, 60, 1342-51. 

CUA, D. J., SHERLOCK, J., CHEN, Y., MURPHY, C. A., JOYCE, B., SEYMOUR, 

B., LUCIAN, L., TO, W., KWAN, S., CHURAKOVA, T., ZURAWSKI, S., 

WIEKOWSKI, M., LIRA, S. A., GORMAN, D., KASTELEIN, R. A. & 

SEDGWICK, J. D. 2003. Interleukin-23 rather than interleukin-12 is the 

critical cytokine for autoimmune inflammation of the brain. Nature, 421, 744-

8. 

CUNNUSAMY, K., CHEN, P. W. & NIEDERKORN, J. Y. 2010. IL-17 Promotes 

Immune Privilege of Corneal Allografts. J Immunol, 185, 4651-8. 

CURSIEFEN, C., CAO, J., CHEN, L., LIU, Y., MARUYAMA, K., JACKSON, D., 

KRUSE, F. E., WIEGAND, S. J., DANA, M. R. & STREILEIN, J. W. 2004. 

Inhibition of hemangiogenesis and lymphangiogenesis after normal-risk 

corneal transplantation by neutralizing VEGF promotes graft survival. Invest 

Ophthalmol Vis Sci, 45, 2666-73. 

CURSIEFEN, C., SCHLOTZER-SCHREHARDT, U., KUCHLE, M., SOROKIN, L., 

BREITENEDER-GELEFF, S., ALITALO, K. & JACKSON, D. 2002. 

Lymphatic vessels in vascularized human corneas: immunohistochemical 

investigation using LYVE-1 and podoplanin. Invest Ophthalmol Vis Sci, 43, 

2127-35. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 234 

DAI, W. & GUPTA, S. L. 1990. Molecular cloning, sequencing and expression of 

human interferon-gamma-inducible indoleamine 2,3-dioxygenase cDNA. 

Biochem Biophys Res Commun, 168, 1-8. 

DAI, X. & ZHU, B. T. 2009. Suppression of T-cell response and prolongation of 

allograft survival in a rat model by tryptophan catabolites. Eur J Pharmacol, 

606, 225-32. 

DAMONTE, G., SDRAFFA, A., ZOCCHI, E., GUIDA, L., POLVANI, C., 

TONETTI, M., BENATTI, U., BOQUET, P. & DE FLORA, A. 1990. 

Multiple small molecular weight guanine nucleotide-binding proteins in 

human erythrocyte membranes. Biochem Biophys Res Commun, 166, 1398-

405. 

DANA, M. R., OLKOWSKI, S. T., AHMADIAN, H., STARK, W. J. & YOUNG, E. 

M. 1990. Low-dose ultraviolet-B irradiation of donor corneal endothelium and 

graft survival. Invest Ophthalmol Vis Sci, 31, 2261-8. 

DANA, M. R., YAMADA, J. & STREILEIN, J. W. 1997. Topical interleukin 1 

receptor antagonist promotes corneal transplant survival. Transplantation, 63, 

1501-7. 

DAUPHINAIS, C. & WAITHE, W. I. 1977. PHA stimulation of human lymphocytes 

during amino acid deprivation. Protein, RNA and DNA synthesis. J Cell 

Physiol, 91, 357-67. 

DENG, J., HARDING, H. P., RAUGHT, B., GINGRAS, A. C., BERLANGA, J. J., 

SCHEUNER, D., KAUFMAN, R. J., RON, D. & SONENBERG, N. 2002. 

Activation of GCN2 in UV-irradiated cells inhibits translation. Curr Biol, 12, 

1279-86. 

DENISON, M. S. & NAGY, S. R. 2003. Activation of the aryl hydrocarbon receptor 

by structurally diverse exogenous and endogenous chemicals. Annu Rev 

Pharmacol Toxicol, 43, 309-34. 

DESHPANDE, S., ZHENG, M., LEE, S., BANERJEE, K., GANGAPPA, S., 

KUMARAGURU, U. & ROUSE, B. T. 2001. Bystander activation involving 

T lymphocytes in herpetic stromal keratitis. J Immunol, 167, 2902-10. 

DIETRICH, T., BOCK, F., YUEN, D., HOS, D., BACHMANN, B. O., ZAHN, G., 

WIEGAND, S., CHEN, L. & CURSIEFEN, C. 2010. Cutting edge: lymphatic 

vessels, not blood vessels, primarily mediate immune rejections after 

transplantation. J Immunol, 184, 535-9. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 235 

DILLON, J. & ATHERTON, S. J. 1990. Time resolved spectroscopic studies on the 

intact human lens. Photochem Photobiol, 51, 465-8. 

DILLON, J., WANG, R. H. & ATHERTON, S. J. 1990. Photochemical and 

photophysical studies on human lens constituents. Photochem Photobiol, 52, 

849-54. 

DONG, C. 2009. Differentiation and function of pro-inflammatory Th17 cells. 

Microbes Infect, 11, 584-8. 

DULLFORCE, P. A., GARMAN, K. L., SEITZ, G. W., FLEISCHMANN, R. J., 

CRESPO, S. M., PLANCK, S. R., PARKER, D. C. & ROSENBAUM, J. T. 

2004. APCs in the anterior uveal tract do not migrate to draining lymph nodes. 

J Immunol, 172, 6701-8. 

DVORAK, H. F., GALLI, S. J. & DVORAK, A. M. 1986. Cellular and vascular 

manifestations of cell-mediated immunity. Hum Pathol, 17, 122-37. 

EASTY, D., ENTWISTLE, C., FUNK, A. & WITCHER, J. 1975. Herpes simplex 

keratitis and keratoconus in the atopic patient. A clinical and immunological 

study. Trans Ophthalmol Soc U K, 95, 267-76. 

FALLARINO, F., GROHMANN, U., HWANG, K. W., ORABONA, C., VACCA, C., 

BIANCHI, R., BELLADONNA, M. L., FIORETTI, M. C., ALEGRE, M. L. 

& PUCCETTI, P. 2003a. Modulation of tryptophan catabolism by regulatory 

T cells. Nat Immunol, 4, 1206-12. 

FALLARINO, F., GROHMANN, U., VACCA, C., BIANCHI, R., ORABONA, C., 

SPRECA, A., FIORETTI, M. C. & PUCCETTI, P. 2002a. T cell apoptosis by 

tryptophan catabolism. Cell Death Differ, 9, 1069-77. 

FALLARINO, F., GROHMANN, U., VACCA, C., ORABONA, C., SPRECA, A., 

FIORETTI, M. C. & PUCCETTI, P. 2003b. T cell apoptosis by kynurenines. 

Adv Exp Med Biol, 527, 183-90. 

FALLARINO, F., GROHMANN, U., YOU, S., MCGRATH, B. C., CAVENER, D. 

R., VACCA, C., ORABONA, C., BIANCHI, R., BELLADONNA, M. L., 

VOLPI, C., FIORETTI, M. C. & PUCCETTI, P. 2006a. Tryptophan 

catabolism generates autoimmune-preventive regulatory T cells. Transpl 

Immunol, 17, 58-60. 

FALLARINO, F., GROHMANN, U., YOU, S., MCGRATH, B. C., CAVENER, D. 

R., VACCA, C., ORABONA, C., BIANCHI, R., BELLADONNA, M. L., 

VOLPI, C., SANTAMARIA, P., FIORETTI, M. C. & PUCCETTI, P. 2006b. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 236 

The combined effects of tryptophan starvation and tryptophan catabolites 

down-regulate T cell receptor zeta-chain and induce a regulatory phenotype in 

naive T cells. J Immunol, 176, 6752-61. 

FALLARINO, F., VACCA, C., ORABONA, C., BELLADONNA, M. L., BIANCHI, 

R., MARSHALL, B., KESKIN, D. B., MELLOR, A. L., FIORETTI, M. C., 

GROHMANN, U. & PUCCETTI, P. 2002b. Functional expression of 

indoleamine 2,3-dioxygenase by murine CD8 alpha(+) dendritic cells. Int 

Immunol, 14, 65-8. 

FAUCI, A. S. 1975. Mechanisms of corticosteroid action on lymphocyte 

subpopulations. I. Redistribution of circulating T and b lymphocytes to the 

bone marrow. Immunology, 28, 669-80. 

FENG, G. S. & TAYLOR, M. W. 1989. Interferon gamma-resistant mutants are 

defective in the induction of indoleamine 2,3-dioxygenase. Proc Natl Acad Sci 

U S A, 86, 7144-8. 

FERNANDEZ-SALGUERO, P., PINEAU, T., HILBERT, D. M., MCPHAIL, T., 

LEE, S. S., KIMURA, S., NEBERT, D. W., RUDIKOFF, S., WARD, J. M. & 

GONZALEZ, F. J. 1995. Immune system impairment and hepatic fibrosis in 

mice lacking the dioxin-binding Ah receptor. Science, 268, 722-6. 

FLUCK, N., WITZKE, O., MORRIS, P. J. & WOOD, K. J. 1999. Indirect 

allorecognition is involved in both acute and chronic allograft rejection. 

Transplant Proc, 31, 842-3. 

FLYNN, T. H., MITCHISON, N. A., ONO, S. J. & LARKIN, D. F. 2008. Aqueous 

humor alloreactive cell phenotypes, cytokines and chemokines in corneal 

allograft rejection. Am J Transplant, 8, 1537-43. 

FLYNN, T. H., OHBAYASHI, M., IKEDA, Y., ONO, S. J. & LARKIN, D. F. 2007. 

Effect of allergic conjunctival inflammation on the allogeneic response to 

donor cornea. Invest Ophthalmol Vis Sci, 48, 4044-9. 

FONTENOT, J. D., RASMUSSEN, J. P., WILLIAMS, L. M., DOOLEY, J. L., 

FARR, A. G. & RUDENSKY, A. Y. 2005. Regulatory T cell lineage 

specification by the forkhead transcription factor foxp3. Immunity, 22, 329-41. 

FORRESTER, J. V., XU, H., KUFFOVA, L., DICK, A. D. & MCMENAMIN, P. G. 

2010. Dendritic cell physiology and function in the eye. Immunol Rev, 234, 

282-304. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 237 

FREESE, A., SWARTZ, K. J., DURING, M. J. & MARTIN, J. B. 1990. Kynurenine 

metabolites of tryptophan: implications for neurologic diseases. Neurology, 

40, 691-5. 

FRIBERG, M., JENNINGS, R., ALSARRAJ, M., DESSUREAULT, S., CANTOR, 

A., EXTERMANN, M., MELLOR, A. L., MUNN, D. H. & ANTONIA, S. J. 

2002. Indoleamine 2,3-dioxygenase contributes to tumor cell evasion of T 

cell-mediated rejection. Int J Cancer, 101, 151-5. 

FRUMENTO, G., ROTONDO, R., TONETTI, M., DAMONTE, G., BENATTI, U. & 

FERRARA, G. B. 2002. Tryptophan-derived catabolites are responsible for 

inhibition of T and natural killer cell proliferation induced by indoleamine 2,3-

dioxygenase. J Exp Med, 196, 459-68. 

FU, H., LARKIN, D. F. & GEORGE, A. J. 2008. Immune modulation in corneal 

transplantation. Transplant Rev (Orlando), 22, 105-15. 

FUJIMOTO, M., SERADA, S., MIHARA, M., UCHIYAMA, Y., YOSHIDA, H., 

KOIKE, N., OHSUGI, Y., NISHIKAWA, T., RIPLEY, B., KIMURA, A., 

KISHIMOTO, T. & NAKA, T. 2008. Interleukin-6 blockade suppresses 

autoimmune arthritis in mice by the inhibition of inflammatory Th17 

responses. Arthritis Rheum, 58, 3710-9. 

GAO, X., ZHANG, Y., ARRAZOLA, P., HINO, O., KOBAYASHI, T., YEUNG, R. 

S., RU, B. & PAN, D. 2002. Tsc tumour suppressor proteins antagonize 

amino-acid-TOR signalling. Nat Cell Biol, 4, 699-704. 

GEBHARDT, B. M. 1981. Factors affecting corneal allograft rejection in inbred rats. 

Transplant Proc, 13, 1091-3. 

GEORGE, A. J., ARANCIBIA-CARCAMO, C. V., AWAD, H. M., COMER, R. M., 

FEHEVARI, Z., KING, W. J., KADIFACHI, M., HUDDE, T., 

KEROUEDAN-LEBOSSE, C., MIRZA, F., BARBAROS ORAL, H., 

RAYNER, S. A., TAN, P. H., TAY, E. & LARKIN, D. F. 2000. Gene delivery 

to the corneal endothelium. Am J Respir Crit Care Med, 162, S194-200. 

GEORGE, A. J. & LARKIN, D. F. 2004. Corneal transplantation: the forgotten graft. 

Am J Transplant, 4, 678-85. 

GHORAISHI, M., AKOVA, Y. A., TUGAL-TUTKUN, I. & FOSTER, C. S. 1995. 

Penetrating keratoplasty in atopic keratoconjunctivitis. Cornea, 14, 610-3. 

GILBERT, K. M. & WEIGLE, W. O. 1993. Th1 cell anergy and blockade in G1a 

phase of the cell cycle. J Immunol, 151, 1245-54. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 238 

GILMORE, T. D., JEAN-JACQUES, J., RICHARDS, R., CORMIER, C., KIM, J. & 

KALAITZIDIS, D. 2003. Stable expression of the avian retroviral oncoprotein 

v-Rel in avian, mouse, and dog cell lines. Virology, 316, 9-16. 

GODFREY, D. I., MACDONALD, H. R., KRONENBERG, M., SMYTH, M. J. & 

VAN KAER, L. 2004. NKT cells: what's in a name? Nat Rev Immunol, 4, 231-

7. 

GONG, N., PLEYER, U., YANG, J., VOGT, K., HILL, M., ANEGON, I., VOLK, H. 

D. & RITTER, T. 2006. Influence of local and systemic CTLA4Ig gene 

transfer on corneal allograft survival. J Gene Med, 8, 459-67. 

GOOD, G. W. & SCHOESSLER, J. P. 1988. Chronic solar radiation exposure and 

endothelial polymegethism. Curr Eye Res, 7, 157-62. 

GOSLINGS, W. R., PRODEUS, A. P., STREILEIN, J. W., CARROLL, M. C., 

JAGER, M. J. & TAYLOR, A. W. 1998. A small molecular weight factor in 

aqueous humor acts on C1q to prevent antibody-dependent complement 

activation. Invest Ophthalmol Vis Sci, 39, 989-95. 

GRAHAM, F. L., SMILEY, J., RUSSELL, W. C. & NAIRN, R. 1977. Characteristics 

of a human cell line transformed by DNA from human adenovirus type 5. J 

Gen Virol, 36, 59-74. 

GRIFFITH, T. S., BRUNNER, T., FLETCHER, S. M., GREEN, D. R. & 

FERGUSON, T. A. 1995. Fas ligand-induced apoptosis as a mechanism of 

immune privilege. Science, 270, 1189-92. 

GROHMANN, U., FALLARINO, F., BIANCHI, R., BELLADONNA, M. L., 

VACCA, C., ORABONA, C., UYTTENHOVE, C., FIORETTI, M. C. & 

PUCCETTI, P. 2001. IL-6 inhibits the tolerogenic function of CD8 alpha+ 

dendritic cells expressing indoleamine 2,3-dioxygenase. J Immunol, 167, 708-

14. 

GROHMANN, U., FALLARINO, F., BIANCHI, R., ORABONA, C., VACCA, C., 

FIORETTI, M. C. & PUCCETTI, P. 2003. A defect in tryptophan catabolism 

impairs tolerance in nonobese diabetic mice. J Exp Med, 198, 153-60. 

GROHMANN, U., ORABONA, C., FALLARINO, F., VACCA, C., CALCINARO, 

F., FALORNI, A., CANDELORO, P., BELLADONNA, M. L., BIANCHI, R., 

FIORETTI, M. C. & PUCCETTI, P. 2002. CTLA-4-Ig regulates tryptophan 

catabolism in vivo. Nat Immunol, 3, 1097-101. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 239 

GROLLEAU, A., BOWMAN, J., PRADET-BALADE, B., PURAVS, E., HANASH, 

S., GARCIA-SANZ, J. A. & BERETTA, L. 2002. Global and specific 

translational control by rapamycin in T cells uncovered by microarrays and 

proteomics. J Biol Chem, 277, 22175-84. 

GUILLONNEAU, C., HILL, M., HUBERT, F. X., CHIFFOLEAU, E., HERVE, C., 

LI, X. L., HESLAN, M., USAL, C., TESSON, L., MENORET, S., SAOUDI, 

A., LE MAUFF, B., JOSIEN, R., CUTURI, M. C. & ANEGON, I. 2007. 

CD40Ig treatment results in allograft acceptance mediated by CD8CD45RC T 

cells, IFN-gamma, and indoleamine 2,3-dioxygenase. J Clin Invest, 117, 1096-

106. 

GURTNER, G. J., NEWBERRY, R. D., SCHLOEMANN, S. R., MCDONALD, K. 

G. & STENSON, W. F. 2003. Inhibition of indoleamine 2,3-dioxygenase 

augments trinitrobenzene sulfonic acid colitis in mice. Gastroenterology, 125, 

1762-73. 

HAN, Z., MIWA, Y., OBIKANE, H., MITSUMATA, M., TAKAHASHI-YANAGA, 

F., MORIMOTO, S. & SASAGURI, T. 2008. Aryl hydrocarbon receptor 

mediates laminar fluid shear stress-induced CYP1A1 activation and cell cycle 

arrest in vascular endothelial cells. Cardiovasc Res, 77, 809-18. 

HARDING, H. P., NOVOA, I., ZHANG, Y., ZENG, H., WEK, R., SCHAPIRA, M. 

& RON, D. 2000. Regulated translation initiation controls stress-induced gene 

expression in mammalian cells. Mol Cell, 6, 1099-108. 

HARGRAVE, S., CHU, Y., MENDELBLATT, D., MAYHEW, E. & 

NIEDERKORN, J. 2003. Preliminary findings in corneal allograft rejection in 

patients with keratoconus. Am J Ophthalmol, 135, 452-60. 

HARGRAVE, S. L., HAY, C., MELLON, J., MAYHEW, E. & NIEDERKORN, J. Y. 

2004. Fate of MHC-matched corneal allografts in Th1-deficient hosts. Invest 

Ophthalmol Vis Sci, 45, 1188-93. 

HARNED, J., GRIMES, A. M. & MCGAHAN, M. C. 2003. The effect of UVB 

irradiation on ferritin subunit synthesis, ferritin assembly and Fe metabolism 

in cultured canine lens epithelial cells. Photochem Photobiol, 77, 440-5. 

HARPER, J. W., ADAMI, G. R., WEI, N., KEYOMARSI, K. & ELLEDGE, S. J. 

1993. The p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-

dependent kinases. Cell, 75, 805-16. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 240 

HARPER, J. W., ELLEDGE, S. J., KEYOMARSI, K., DYNLACHT, B., TSAI, L. H., 

ZHANG, P., DOBROWOLSKI, S., BAI, C., CONNELL-CROWLEY, L., 

SWINDELL, E. & ET AL. 1995. Inhibition of cyclin-dependent kinases by 

p21. Mol Biol Cell, 6, 387-400. 

HARRINGTON, L. E., HATTON, R. D., MANGAN, P. R., TURNER, H., 

MURPHY, T. L., MURPHY, K. M. & WEAVER, C. T. 2005. Interleukin 17-

producing CD4+ effector T cells develop via a lineage distinct from the T 

helper type 1 and 2 lineages. Nat Immunol, 6, 1123-32. 

HASKOVA, Z., USIU, N., PEPOSE, J. S., FERGUSON, T. A. & STUART, P. M. 

2000. CD4+ T cells are critical for corneal, but not skin, allograft rejection. 

Transplantation, 69, 483-7. 

HASSANAIN, H. H., CHON, S. Y. & GUPTA, S. L. 1993. Differential regulation of 

human indoleamine 2,3-dioxygenase gene expression by interferons-gamma 

and -alpha. Analysis of the regulatory region of the gene and identification of 

an interferon-gamma-inducible DNA-binding factor. J Biol Chem, 268, 5077-

84. 

HAUBEN, E., GREGORI, S., DRAGHICI, E., MIGLIAVACCA, B., OLIVIERI, S., 

WOISETSCHLAGER, M. & RONCAROLO, M. G. 2008. Activation of the 

aryl hydrocarbon receptor promotes allograft-specific tolerance through direct 

and dendritic cell-mediated effects on regulatory T cells. Blood, 112, 1214-22. 

HAYASHI, T., BECK, L., ROSSETTO, C., GONG, X., TAKIKAWA, O., 

TAKABAYASHI, K., BROIDE, D. H., CARSON, D. A. & RAZ, E. 2004. 

Inhibition of experimental asthma by indoleamine 2,3-dioxygenase. J Clin 

Invest, 114, 270-9. 

HAYASHI, T., MO, J. H., GONG, X., ROSSETTO, C., JANG, A., BECK, L., 

ELLIOTT, G. I., KUFAREVA, I., ABAGYAN, R., BROIDE, D. H., LEE, J. 

& RAZ, E. 2007. 3-Hydroxyanthranilic acid inhibits PDK1 activation and 

suppresses experimental asthma by inducing T cell apoptosis. Proc Natl Acad 

Sci U S A, 104, 18619-24. 

HE, Y., MELLON, J., APTE, R. & NIEDERKORN, J. Y. 1994. Effect of LFA-1 and 

ICAM-1 antibody treatment on murine corneal allograft survival. Invest 

Ophthalmol Vis Sci, 35, 3218-25. 

HE, Y. G., MELLON, J. & NIEDERKORN, J. Y. 1996. The effect of oral 

immunization on corneal allograft survival. Transplantation, 61, 920-6. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 241 

HE, Y. G., ROSS, J. & NIEDERKORN, J. Y. 1991. Promotion of murine orthotopic 

corneal allograft survival by systemic administration of anti-CD4 monoclonal 

antibody. Invest Ophthalmol Vis Sci, 32, 2723-8. 

HEGDE, S., BEAUREGARD, C., MAYHEW, E. & NIEDERKORN, J. Y. 2005. 

CD4(+) T-cell-mediated mechanisms of corneal allograft rejection: role of 

Fas-induced apoptosis. Transplantation, 79, 23-31. 

HEGDE, S. & NIEDERKORN, J. Y. 2000. The role of cytotoxic T lymphocytes in 

corneal allograft rejection. Invest Ophthalmol Vis Sci, 41, 3341-7. 

HILL, J. C., MASKE, R. & WATSON, P. 1991. Corticosteroids in corneal graft 

rejection. Oral versus single pulse therapy. Ophthalmology, 98, 329-33. 

HILL, M., TANGUY-ROYER, S., ROYER, P., CHAUVEAU, C., ASGHAR, K., 

TESSON, L., LAVAINNE, F., REMY, S., BRION, R., HUBERT, F. X., 

HESLAN, M., RIMBERT, M., BERTHELOT, L., MOFFETT, J. R., JOSIEN, 

R., GREGOIRE, M. & ANEGON, I. 2007. IDO expands human 

CD4+CD25high regulatory T cells by promoting maturation of LPS-treated 

dendritic cells. Eur J Immunol, 37, 3054-62. 

HONG, Y. K., HARVEY, N., NOH, Y. H., SCHACHT, V., HIRAKAWA, S., 

DETMAR, M. & OLIVER, G. 2002. Prox1 is a master control gene in the 

program specifying lymphatic endothelial cell fate. Dev Dyn, 225, 351-7. 

HORI, J. & STREILEIN, J. W. 2001. Dynamics of donor cell persistence and 

recipient cell replacement in orthotopic corneal allografts in mice. Invest 

Ophthalmol Vis Sci, 42, 1820-8. 

HORI, S., NOMURA, T. & SAKAGUCHI, S. 2003. Control of regulatory T cell 

development by the transcription factor Foxp3. Science, 299, 1057-61. 

HOS, D., BOCK, F., DIETRICH, T., ONDERKA, J., KRUSE, F. E., THIERAUCH, 

K. H. & CURSIEFEN, C. 2008. Inflammatory corneal (lymph)angiogenesis is 

blocked by VEGFR-tyrosine kinase inhibitor ZK 261991, resulting in 

improved graft survival after corneal transplantation. Invest Ophthalmol Vis 

Sci, 49, 1836-42. 

HUANG, W., NA, L., FIDEL, P. L. & SCHWARZENBERGER, P. 2004. 

Requirement of interleukin-17A for systemic anti-Candida albicans host 

defense in mice. J Infect Dis, 190, 624-31. 

HUCKE, C., MACKENZIE, C. R., ADJOGBLE, K. D., TAKIKAWA, O. & 

DAUBENER, W. 2004. Nitric oxide-mediated regulation of gamma 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 242 

interferon-induced bacteriostasis: inhibition and degradation of human 

indoleamine 2,3-dioxygenase. Infect Immun, 72, 2723-30. 

HUQ, S., LIU, Y., BENICHOU, G. & DANA, M. R. 2004. Relevance of the direct 

pathway of sensitization in corneal transplantation is dictated by the graft bed 

microenvironment. J Immunol, 173, 4464-9. 

ILLIGENS, B. M., YAMADA, A., FEDOSEYEVA, E. V., ANOSOVA, N., 

BOISGERAULT, F., VALUJSKIKH, A., HEEGER, P. S., SAYEGH, M. H., 

BOEHM, B. & BENICHOU, G. 2002. The relative contribution of direct and 

indirect antigen recognition pathways to the alloresponse and graft rejection 

depends upon the nature of the transplant. Hum Immunol, 63, 912-25. 

INABA, K., INABA, M., ROMANI, N., AYA, H., DEGUCHI, M., IKEHARA, S., 

MURAMATSU, S. & STEINMAN, R. M. 1992. Generation of large numbers 

of dendritic cells from mouse bone marrow cultures supplemented with 

granulocyte/macrophage colony-stimulating factor. J Exp Med, 176, 1693-702. 

INFANTE-DUARTE, C., HORTON, H. F., BYRNE, M. C. & KAMRADT, T. 2000. 

Microbial lipopeptides induce the production of IL-17 in Th cells. J Immunol, 

165, 6107-15. 

INGLIS, J. J., CRIADO, G., ANDREWS, M., FELDMANN, M., WILLIAMS, R. O. 

& SELLEY, M. L. 2007. The anti-allergic drug, N-(3',4'-

dimethoxycinnamonyl) anthranilic acid, exhibits potent anti-inflammatory and 

analgesic properties in arthritis. Rheumatology (Oxford), 46, 1428-32. 

IVANOV, II, MCKENZIE, B. S., ZHOU, L., TADOKORO, C. E., LEPELLEY, A., 

LAFAILLE, J. J., CUA, D. J. & LITTMAN, D. R. 2006. The orphan nuclear 

receptor RORgammat directs the differentiation program of proinflammatory 

IL-17+ T helper cells. Cell, 126, 1121-33. 

IZAWA, A., SUZUKI, J., TAKAHASHI, W., AMANO, J. & ISOBE, M. 2001. 

Tranilast inhibits cardiac allograft vasculopathy in association with 

p21(Waf1/Cip1) expression on neointimal cells in murine cardiac 

transplantation model. Arterioscler Thromb Vasc Biol, 21, 1172-8. 

JAGER, M. J. 1992. Corneal Langerhans cells and ocular immunology. Reg Immunol, 

4, 186-95. 

JAIN, R., TARTAR, D. M., GREGG, R. K., DIVEKAR, R. D., BELL, J. J., LEE, H. 

H., YU, P., ELLIS, J. S., HOEMAN, C. M., FRANKLIN, C. L. & 

ZAGHOUANI, H. 2008. Innocuous IFNgamma induced by adjuvant-free 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 243 

antigen restores normoglycemia in NOD mice through inhibition of IL-17 

production. J Exp Med, 205, 207-18. 

JIANG, S., HERRERA, O. & LECHLER, R. I. 2004. New spectrum of 

allorecognition pathways: implications for graft rejection and transplantation 

tolerance. Curr Opin Immunol, 16, 550-7. 

JOO, C. K., PEPOSE, J. S. & STUART, P. M. 1995. T-cell mediated responses in a 

murine model of orthotopic corneal transplantation. Invest Ophthalmol Vis Sci, 

36, 1530-40. 

JUNG, I. D., LEE, C. M., JEONG, Y. I., LEE, J. S., PARK, W. S., HAN, J. & PARK, 

Y. M. 2007. Differential regulation of indoleamine 2,3-dioxygenase by 

lipopolysaccharide and interferon gamma in murine bone marrow derived 

dendritic cells. FEBS Lett, 581, 1449-56. 

KARKKAINEN, M. J., HAIKO, P., SAINIO, K., PARTANEN, J., TAIPALE, J., 

PETROVA, T. V., JELTSCH, M., JACKSON, D. G., TALIKKA, M., 

RAUVALA, H., BETSHOLTZ, C. & ALITALO, K. 2004. Vascular 

endothelial growth factor C is required for sprouting of the first lymphatic 

vessels from embryonic veins. Nat Immunol, 5, 74-80. 

KARPANEN, T., WIRZENIUS, M., MAKINEN, T., VEIKKOLA, T., HAISMA, H. 

J., ACHEN, M. G., STACKER, S. A., PYTOWSKI, B., YLA-HERTTUALA, 

S. & ALITALO, K. 2006. Lymphangiogenic growth factor responsiveness is 

modulated by postnatal lymphatic vessel maturation. Am J Pathol, 169, 708-

18. 

KEWLEY, R. J., WHITELAW, M. L. & CHAPMAN-SMITH, A. 2004. The 

mammalian basic helix-loop-helix/PAS family of transcriptional regulators. 

Int J Biochem Cell Biol, 36, 189-204. 

KHODADOUST, A. A. 1968. Lamellar corneal transplantation in the rabbit. Am J 

Ophthalmol, 66, 1111-7. 

KIMURA, A., NAKA, T., NOHARA, K., FUJII-KURIYAMA, Y. & KISHIMOTO, 

T. 2008. Aryl hydrocarbon receptor regulates Stat1 activation and participates 

in the development of Th17 cells. Proc Natl Acad Sci U S A, 105, 9721-6. 

KING, N. J. & THOMAS, S. R. 2007. Molecules in focus: indoleamine 2,3-

dioxygenase. Int J Biochem Cell Biol, 39, 2167-72. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 244 

KING, W. J., COMER, R. M., HUDDE, T., LARKIN, D. F. & GEORGE, A. J. 2000. 

Cytokine and chemokine expression kinetics after corneal transplantation. 

Transplantation, 70, 1225-33. 

KIRK, A. D., HARLAN, D. M., ARMSTRONG, N. N., DAVIS, T. A., DONG, Y., 

GRAY, G. S., HONG, X., THOMAS, D., FECHNER, J. H., JR. & 

KNECHTLE, S. J. 1997. CTLA4-Ig and anti-CD40 ligand prevent renal 

allograft rejection in primates. Proc Natl Acad Sci U S A, 94, 8789-94. 

KLEBE, S., COSTER, D. J., SYKES, P. J., SWINBURNE, S., HALLSWORTH, P., 

SCHEERLINCK, J. P., KRISHNAN, R. & WILLIAMS, K. A. 2005. 

Prolongation of sheep corneal allograft survival by transfer of the gene 

encoding ovine IL-12-p40 but not IL-4 to donor corneal endothelium. J 

Immunol, 175, 2219-26. 

KLEBE, S., SYKES, P., COSTER, D., KRISHNAN AND, R. & WILLIAMS, K. 

2001. Prolongation of sheep corneal allograft survival by ex vivo transfer of 

the gene encoding interleukin-10. Transplantation 2001; 71: 1214. 

Transplantation, 71, 1207-1209. 

KNOP, N. & KNOP, E. 2000. Conjunctiva-associated lymphoid tissue in the human 

eye. Invest Ophthalmol Vis Sci, 41, 1270-9. 

KOLLURI, S. K., WEISS, C., KOFF, A. & GOTTLICHER, M. 1999. p27(Kip1) 

induction and inhibition of proliferation by the intracellular Ah receptor in 

developing thymus and hepatoma cells. Genes Dev, 13, 1742-53. 

KOMATSU, H., KOJIMA, M., TSUTSUMI, N., HAMANO, S., KUSAMA, H., 

UJIIE, A., IKEDA, S. & NAKAZAWA, M. 1988a. Mechanism of inhibitory 

action of tranilast on the release of slow reacting substance of anaphylaxis 

(SRS-A) in vitro: effect of tranilast on the release of arachidonic acid and its 

metabolites. Jpn J Pharmacol, 46, 53-60. 

KOMATSU, H., KOJIMA, M., TSUTSUMI, N., HAMANO, S., KUSAMA, H., 

UJIIE, A., IKEDA, S. & NAKAZAWA, M. 1988b. Study of the mechanism of 

inhibitory action of tranilast on chemical mediator release. Jpn J Pharmacol, 

46, 43-51. 

KUFFOVA, L., NETUKOVA, M., DUNCAN, L., PORTER, A., STOCKINGER, B. 

& FORRESTER, J. V. 2008. Cross presentation of antigen on MHC class II 

via the draining lymph node after corneal transplantation in mice. J Immunol, 

180, 1353-61. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 245 

LANG, R. F., RIEKHOF, F. T. & STEINMULLER, D. 1975. Interlamellar corneal 

grafts in rats. Effect of histocompatibility. Arch Ophthalmol, 93, 349-53. 

LANGOWSKI, J. L., ZHANG, X., WU, L., MATTSON, J. D., CHEN, T., SMITH, 

K., BASHAM, B., MCCLANAHAN, T., KASTELEIN, R. A. & OFT, M. 

2006. IL-23 promotes tumour incidence and growth. Nature, 442, 461-5. 

LARKIN, D. F., ORAL, H. B., RING, C. J., LEMOINE, N. R. & GEORGE, A. J. 

1996. Adenovirus-mediated gene delivery to the corneal endothelium. 

Transplantation, 61, 363-70. 

LARSEN, C. P., ELWOOD, E. T., ALEXANDER, D. Z., RITCHIE, S. C., 

HENDRIX, R., TUCKER-BURDEN, C., CHO, H. R., ARUFFO, A., 

HOLLENBAUGH, D., LINSLEY, P. S., WINN, K. J. & PEARSON, T. C. 

1996. Long-term acceptance of skin and cardiac allografts after blocking 

CD40 and CD28 pathways. Nature, 381, 434-8. 

LAURENCE, A., TATO, C. M., DAVIDSON, T. S., KANNO, Y., CHEN, Z., YAO, 

Z., BLANK, R. B., MEYLAN, F., SIEGEL, R., HENNIGHAUSEN, L., 

SHEVACH, E. M. & O'SHEA J, J. 2007. Interleukin-2 signaling via STAT5 

constrains T helper 17 cell generation. Immunity, 26, 371-81. 

LECHLER, R. I. & BATCHELOR, J. R. 1982. Restoration of immunogenicity to 

passenger cell-depleted kidney allografts by the addition of donor strain 

dendritic cells. J Exp Med, 155, 31-41. 

LEE, R. S., GRUSBY, M. J., GLIMCHER, L. H., WINN, H. J. & AUCHINCLOSS, 

H., JR. 1994. Indirect recognition by helper cells can induce donor-specific 

cytotoxic T lymphocytes in vivo. J Exp Med, 179, 865-72. 

LI, Y., TREDGET, E. E., GHAFFARI, A., LIN, X., KILANI, R. T. & GHAHARY, 

A. 2006. Local expression of indoleamine 2,3-dioxygenase protects 

engraftment of xenogeneic skin substitute. J Invest Dermatol, 126, 128-36. 

LIN, H. H., FAUNCE, D. E., STACEY, M., TERAJEWICZ, A., NAKAMURA, T., 

ZHANG-HOOVER, J., KERLEY, M., MUCENSKI, M. L., GORDON, S. & 

STEIN-STREILEIN, J. 2005. The macrophage F4/80 receptor is required for 

the induction of antigen-specific efferent regulatory T cells in peripheral 

tolerance. J Exp Med, 201, 1615-25. 

LIU, W. & WU, S. 2010. Differential Roles of Nitric Oxide Synthases in Regulation 

of Ultraviolet B Light-induced Apoptosis. Nitric Oxide. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 246 

LIU, Y., HAMRAH, P., ZHANG, Q., TAYLOR, A. W. & DANA, M. R. 2002. 

Draining lymph nodes of corneal transplant hosts exhibit evidence for donor 

major histocompatibility complex (MHC) class II-positive dendritic cells 

derived from MHC class II-negative grafts. J Exp Med, 195, 259-68. 

LIZEE, G., AERTS, J. L., GONZALES, M. I., CHINNASAMY, N., MORGAN, R. 

A. & TOPALIAN, S. L. 2003a. Real-time quantitative reverse transcriptase-

polymerase chain reaction as a method for determining lentiviral vector titers 

and measuring transgene expression. Hum Gene Ther, 14, 497-507. 

LIZEE, G., BASHA, G., TIONG, J., JULIEN, J. P., TIAN, M., BIRON, K. E. & 

JEFFERIES, W. A. 2003b. Control of dendritic cell cross-presentation by the 

major histocompatibility complex class I cytoplasmic domain. Nat Immunol, 

4, 1065-73. 

LOGAN, G. J., SMYTH, C. M., EARL, J. W., ZAIKINA, I., ROWE, P. B., 

SMYTHE, J. A. & ALEXANDER, I. E. 2002. HeLa cells cocultured with 

peripheral blood lymphocytes acquire an immuno-inhibitory phenotype 

through up-regulation of indoleamine 2,3-dioxygenase activity. Immunology, 

105, 478-87. 

LOONG, C. C., HSIEH, H. G., LUI, W. Y., CHEN, A. & LIN, C. Y. 2002. Evidence 

for the early involvement of interleukin 17 in human and experimental renal 

allograft rejection. J Pathol, 197, 322-32. 

LORENS, J. B., BENNETT, M. K., PEARSALL, D. M., THRONDSET, W. R., 

ROSSI, A. B., ARMSTRONG, R. J., FOX, B. P., CHAN, E. H., LUO, Y., 

MASUDA, E., FERRICK, D. A., ANDERSON, D. C., PAYAN, D. G. & 

NOLAN, G. P. 2000. Retroviral delivery of peptide modulators of cellular 

functions. Mol Ther, 1, 438-47. 

LUTHRA, M. & BALASUBRAMANIAN, D. 1992. 3-Hydroxykynurenine and 3-

hydroxyanthranilic acid may act as endogenous antioxidants in the eye lens. 

Exp Eye Res, 55, 641-3. 

LUTZ, M. B., KUKUTSCH, N., OGILVIE, A. L., ROSSNER, S., KOCH, F., 

ROMANI, N. & SCHULER, G. 1999. An advanced culture method for 

generating large quantities of highly pure dendritic cells from mouse bone 

marrow. J Immunol Methods, 223, 77-92. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 247 

LYONS, C. J., DART, J. K., ACLIMANDOS, W. A., LIGHTMAN, S. & 

BUCKLEY, R. J. 1990. Sclerokeratitis after keratoplasty in atopy. 

Ophthalmology, 97, 729-33. 

MACKENZIE, C. R., HESELER, K., MULLER, A. & DAUBENER, W. 2007. Role 

of indoleamine 2,3-dioxygenase in antimicrobial defence and immuno-

regulation: tryptophan depletion versus production of toxic kynurenines. Curr 

Drug Metab, 8, 237-44. 

MALINA, H. Z. & MARTIN, X. D. 1996. Indoleamine 2,3-dioxygenase: antioxidant 

enzyme in the human eye. Graefes Arch Clin Exp Ophthalmol, 234, 457-62. 

MANGAN, P. R., HARRINGTON, L. E., O'QUINN, D. B., HELMS, W. S., 

BULLARD, D. C., ELSON, C. O., HATTON, R. D., WAHL, S. M., 

SCHOEB, T. R. & WEAVER, C. T. 2006. Transforming growth factor-beta 

induces development of the T(H)17 lineage. Nature, 441, 231-4. 

MARSHALL, N. B., VORACHEK, W. R., STEPPAN, L. B., MOURICH, D. V. & 

KERKVLIET, N. I. 2008. Functional characterization and gene expression 

analysis of CD4+ CD25+ regulatory T cells generated in mice treated with 

2,3,7,8-tetrachlorodibenzo-p-dioxin. J Immunol, 181, 2382-91. 

MARUYAMA, K., II, M., CURSIEFEN, C., JACKSON, D. G., KEINO, H., 

TOMITA, M., VAN ROOIJEN, N., TAKENAKA, H., D'AMORE, P. A., 

STEIN-STREILEIN, J., LOSORDO, D. W. & STREILEIN, J. W. 2005. 

Inflammation-induced lymphangiogenesis in the cornea arises from CD11b-

positive macrophages. J Clin Invest, 115, 2363-72. 

MAUMENEE, A. E. 1951. The influence of donor-recipient sensitization on corneal 

grafts. Am J Ophthalmol, 34, 142-52. 

MCMENAMIN, P. G., CREWE, J., MORRISON, S. & HOLT, P. G. 1994. 

Immunomorphologic studies of macrophages and MHC class II-positive 

dendritic cells in the iris and ciliary body of the rat, mouse, and human eye. 

Invest Ophthalmol Vis Sci, 35, 3234-50. 

MELLOR, A. L., BABAN, B., CHANDLER, P., MARSHALL, B., JHAVER, K., 

HANSEN, A., KONI, P. A., IWASHIMA, M. & MUNN, D. H. 2003. Cutting 

edge: induced indoleamine 2,3 dioxygenase expression in dendritic cell 

subsets suppresses T cell clonal expansion. J Immunol, 171, 1652-5. 

MELLOR, A. L., CHANDLER, P., BABAN, B., HANSEN, A. M., MARSHALL, B., 

PIHKALA, J., WALDMANN, H., COBBOLD, S., ADAMS, E. & MUNN, D. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 248 

H. 2004. Specific subsets of murine dendritic cells acquire potent T cell 

regulatory functions following CTLA4-mediated induction of indoleamine 2,3 

dioxygenase. Int Immunol, 16, 1391-401. 

MELLOR, A. L. & MUNN, D. H. 2003. Tryptophan catabolism and regulation of 

adaptive immunity. J Immunol, 170, 5809-13. 

MELLOR, A. L. & MUNN, D. H. 2004. IDO expression by dendritic cells: tolerance 

and tryptophan catabolism. Nat Rev Immunol, 4, 762-74. 

METZ, R., DUHADAWAY, J. B., KAMASANI, U., LAURY-KLEINTOP, L., 

MULLER, A. J. & PRENDERGAST, G. C. 2007. Novel tryptophan catabolic 

enzyme IDO2 is the preferred biochemical target of the antitumor indoleamine 

2,3-dioxygenase inhibitory compound D-1-methyl-tryptophan. Cancer Res, 

67, 7082-7. 

MEZRICH, J. D., FECHNER, J. H., ZHANG, X., JOHNSON, B. P., 

BURLINGHAM, W. J. & BRADFIELD, C. A. 2010. An interaction between 

kynurenine and the aryl hydrocarbon receptor can generate regulatory T cells. 

J Immunol, 185, 3190-8. 

MIKI, T., SUN, H., LEE, Y., TANDIN, A., KOVSCEK, A. M., SUBBOTIN, V., 

FUNG, J. J. & VALDIVIA, L. A. 2001. Blockade of tryptophan catabolism 

prevents spontaneous tolerogenicity of liver allografts. Transplant Proc, 33, 

129-30. 

MITCHELL, J. & CENEDELLA, R. J. 1995. Quantitation of ultraviolet light-

absorbing fractions of the cornea. Cornea, 14, 266-72. 

MIYAZAWA, K., HAMANO, S. & UJIIE, A. 1996. Antiproliferative and c-myc 

mRNA suppressive effect of tranilast on newborn human vascular smooth 

muscle cells in culture. Br J Pharmacol, 118, 915-22. 

MOFFATT, S. L., CARTWRIGHT, V. A. & STUMPF, T. H. 2005. Centennial 

review of corneal transplantation. Clin Experiment Ophthalmol, 33, 642-57. 

MOFFETT, J. R. & NAMBOODIRI, M. A. 2003. Tryptophan and the immune 

response. Immunol Cell Biol, 81, 247-65. 

MOORE, K. S., SULLIVAN, K., TAN, E. M. & PRYSTOWSKY, M. B. 1987. 

Proliferating cell nuclear antigen/cyclin is an interleukin 2-responsive gene. J 

Biol Chem, 262, 8447-50. 

MORITA, T., SAITO, K., TAKEMURA, M., MAEKAWA, N., FUJIGAKI, S., 

FUJII, H., WADA, H., TAKEUCHI, S., NOMA, A. & SEISHIMA, M. 2001. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 249 

3-Hydroxyanthranilic acid, an L-tryptophan metabolite, induces apoptosis in 

monocyte-derived cells stimulated by interferon-gamma. Ann Clin Biochem, 

38, 242-51. 

MORONI, F. 1999. Tryptophan metabolism and brain function: focus on kynurenine 

and other indole metabolites. Eur J Pharmacol, 375, 87-100. 

MORRIS, P. J. 1996. A critical review of immunosuppressive regimens. Transplant 

Proc, 28, 37-40. 

MOSMANN, T. R., CHERWINSKI, H., BOND, M. W., GIEDLIN, M. A. & 

COFFMAN, R. L. 1986. Two types of murine helper T cell clone. I. 

Definition according to profiles of lymphokine activities and secreted proteins. 

J Immunol, 136, 2348-57. 

MULLEY, W. R. & NIKOLIC-PATERSON, D. J. 2008. Indoleamine 2,3-

dioxygenase in transplantation. Nephrology (Carlton), 13, 204-11. 

MUNN, D. H., SHAFIZADEH, E., ATTWOOD, J. T., BONDAREV, I., PASHINE, 

A. & MELLOR, A. L. 1999. Inhibition of T cell proliferation by macrophage 

tryptophan catabolism. J Exp Med, 189, 1363-72. 

MUNN, D. H., SHARMA, M. D., HOU, D., BABAN, B., LEE, J. R., ANTONIA, S. 

J., MESSINA, J. L., CHANDLER, P., KONI, P. A. & MELLOR, A. L. 2004a. 

Expression of indoleamine 2,3-dioxygenase by plasmacytoid dendritic cells in 

tumor-draining lymph nodes. J Clin Invest, 114, 280-90. 

MUNN, D. H., SHARMA, M. D. & MELLOR, A. L. 2004b. Ligation of B7-1/B7-2 

by human CD4+ T cells triggers indoleamine 2,3-dioxygenase activity in 

dendritic cells. J Immunol, 172, 4100-10. 

MUNN, D. H., ZHOU, M., ATTWOOD, J. T., BONDAREV, I., CONWAY, S. J., 

MARSHALL, B., BROWN, C. & MELLOR, A. L. 1998. Prevention of 

allogeneic fetal rejection by tryptophan catabolism. Science, 281, 1191-3. 

MURRAY, M. F. 2007. The human indoleamine 2,3-dioxygenase gene and related 

human genes. Curr Drug Metab, 8, 197-200. 

NAJFELD, V., MENNINGER, J., MUHLEMAN, D., COMINGS, D. E. & GUPTA, 

S. L. 1993. Localization of indoleamine 2,3-dioxygenase gene (INDO) to 

chromosome 8p12-->p11 by fluorescent in situ hybridization. Cytogenet Cell 

Genet, 64, 231-2. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 250 

NALDINI, L., BLOMER, U., GALLAY, P., ORY, D., MULLIGAN, R., GAGE, F. 

H., VERMA, I. M. & TRONO, D. 1996. In vivo gene delivery and stable 

transduction of nondividing cells by a lentiviral vector. Science, 272, 263-7. 

NGUYEN, L. P. & BRADFIELD, C. A. 2008. The search for endogenous activators 

of the aryl hydrocarbon receptor. Chem Res Toxicol, 21, 102-16. 

NGUYEN, N. T., KIMURA, A., NAKAHAMA, T., CHINEN, I., MASUDA, K., 

NOHARA, K., FUJII-KURIYAMA, Y. & KISHIMOTO, T. 2010. Aryl 

hydrocarbon receptor negatively regulates dendritic cell immunogenicity via a 

kynurenine-dependent mechanism. Proc Natl Acad Sci U S A, 107, 19961-6. 

NICHOLLS, S. M. 1996. Non-HLA antigens and HLA-DR matching in corneal 

transplantation. Br J Ophthalmol, 80, 780-2. 

NICHOLLS, S. M. & WILLIAMS, N. A. 2001. MHC matching and mechanisms of 

alloactivation in corneal transplantation. Transplantation, 72, 1491-7. 

NICKERSON, P., STEURER, W., STEIGER, J., ZHENG, X., STEELE, A. W. & 

STROM, T. B. 1994. Cytokines and the Th1/Th2 paradigm in transplantation. 

Curr Opin Immunol, 6, 757-64. 

NIE, L., MOGAMI, H., KANZAKI, M., SHIBATA, H. & KOJIMA, I. 1996. 

Blockade of DNA synthesis induced by platelet-derived growth factor by 

tranilast, an inhibitor of calcium entry, in vascular smooth muscle cells. Mol 

Pharmacol, 50, 763-9. 

NIEDERKORN, J. Y. 1999. Anterior chamber-associated immune deviation. Chem 

Immunol, 73, 59-71. 

NIEDERKORN, J. Y. 2002. Immune privilege in the anterior chamber of the eye. Crit 

Rev Immunol, 22, 13-46. 

NIEDERKORN, J. Y. 2007. Immune mechanisms of corneal allograft rejection. Curr 

Eye Res, 32, 1005-16. 

NIEDERKORN, J. Y. & MELLON, J. 1996. Anterior chamber-associated immune 

deviation promotes corneal allograft survival. Invest Ophthalmol Vis Sci, 37, 

2700-7. 

NIEDERKORN, J. Y., STEVENS, C., MELLON, J. & MAYHEW, E. 2006. CD4+ T-

cell-independent rejection of corneal allografts. Transplantation, 81, 1171-8. 

NOONAN, F. P. & DE FABO, E. C. 1992. Immunosuppression by ultraviolet B 

radiation: initiation by urocanic acid. Immunol Today, 13, 250-4. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 251 

OGAWA, Y., DOGRU, M., UCHINO, M., TATEMATSU, Y., KAMOI, M., 

YAMAMOTO, Y., OGAWA, J., ISHIDA, R., KAIDO, M., HARA, S., 

MATSUMOTO, Y., KAWAKITA, T., OKAMOTO, S. & TSUBOTA, K. 

2010. Topical tranilast for treatment of the early stage of mild dry eye 

associated with chronic GVHD. Bone Marrow Transplant, 45, 565-9. 

OKADA, K., MISHIMA, H. K., KAWANO, M. M., MIZOTE, H. & MINAMOTO, 

A. 1997. Involvement of CD8+ RT1.B+ and CD4+ RT1.B+ cells of cervical 

lymph nodes in the immune response after corneal transplantation in the rat. 

Jpn J Ophthalmol, 41, 209-16. 

ORABONA, C., GROHMANN, U., BELLADONNA, M. L., FALLARINO, F., 

VACCA, C., BIANCHI, R., BOZZA, S., VOLPI, C., SALOMON, B. L., 

FIORETTI, M. C., ROMANI, L. & PUCCETTI, P. 2004. CD28 induces 

immunostimulatory signals in dendritic cells via CD80 and CD86. Nat 

Immunol, 5, 1134-42. 

ORABONA, C., PUCCETTI, P., VACCA, C., BICCIATO, S., LUCHINI, A., 

FALLARINO, F., BIANCHI, R., VELARDI, E., PERRUCCIO, K., 

VELARDI, A., BRONTE, V., FIORETTI, M. C. & GROHMANN, U. 2006. 

Toward the identification of a tolerogenic signature in IDO-competent 

dendritic cells. Blood, 107, 2846-54. 

PAN, T. L., LIN, C. L., CHEN, C. L., LIN, Y. C., GOJO, S., LEE, T. H., WANG, Y. 

H., LORD, R., LAI, C. Y., TSU, L. W., TSENG, H. P., WU, M. L., 

IWASHITA, Y., KITANO, S., CHIANG, K. C., HASHIMOTO, T., 

SUGIOKA, A. & GOTO, S. 2000. Identification of the indoleamine 2,3-

dioxygenase nucleotide sequence in a rat liver transplant model. Transpl 

Immunol, 8, 189-94. 

PARK, H., LI, Z., YANG, X. O., CHANG, S. H., NURIEVA, R., WANG, Y. H., 

WANG, Y., HOOD, L., ZHU, Z., TIAN, Q. & DONG, C. 2005. A distinct 

lineage of CD4 T cells regulates tissue inflammation by producing interleukin 

17. Nat Immunol, 6, 1133-41. 

PATEL, R., BARTOSCH, B. & BLANK, J. L. 1998. p21WAF1 is dynamically 

associated with JNK in human T-lymphocytes during cell cycle progression. J 

Cell Sci, 111 ( Pt 15), 2247-55. 

PEELER, J. S., CALLANAN, D. G., LUCKENBACH, M. W. & NIEDERKORN, J. 

Y. 1988. Presentation of the H-Y antigen on Langerhans' cell-negative corneal 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 252 

grafts downregulates the cytotoxic T cell response and converts responder 

strain mice into phenotypic nonresponders. J Exp Med, 168, 1749-66. 

PEPOSE, J. S., GARDNER, K. M., NESTOR, M. S., FOOS, R. Y. & PETTIT, T. H. 

1985. Detection of HLA class I and II antigens in rejected human corneal 

allografts. Ophthalmology, 92, 1480-4. 

PETERS, J. C. 1991. Tryptophan nutrition and metabolism: an overview. Adv Exp 

Med Biol, 294, 345-58. 

PLATTEN, M., HO, P. P., YOUSSEF, S., FONTOURA, P., GARREN, H., HUR, E. 

M., GUPTA, R., LEE, L. Y., KIDD, B. A., ROBINSON, W. H., SOBEL, R. 

A., SELLEY, M. L. & STEINMAN, L. 2005. Treatment of autoimmune 

neuroinflammation with a synthetic tryptophan metabolite. Science, 310, 850-

5. 

PLEYER, U., BERTELMANN, E., RIECK, P., HARTMANN, C., VOLK, H. D. & 

RITTER, T. 2000. Survival of corneal allografts following adenovirus-

mediated gene transfer of interleukin-4. Graefes Arch Clin Exp Ophthalmol, 

238, 531-6. 

PLSKOVA, J., HOLAN, V., FILIPEC, M. & FORRESTER, J. V. 2004. Lymph node 

removal enhances corneal graft survival in mice at high risk of rejection. BMC 

Ophthalmol, 4, 3. 

PLSKOVA, J., KUFFOVA, L., HOLAN, V., FILIPEC, M. & FORRESTER, J. V. 

2002. Evaluation of corneal graft rejection in a mouse model. Br J 

Ophthalmol, 86, 108-13. 

PORGADOR, A., STAATS, H. F., ITOH, Y. & KELSALL, B. L. 1998. Intranasal 

immunization with cytotoxic T-lymphocyte epitope peptide and mucosal 

adjuvant cholera toxin: selective augmentation of peptide-presenting dendritic 

cells in nasal mucosa-associated lymphoid tissue. Infect Immun, 66, 5876-81. 

PRICE, F. W., JR., WHITSON, W. E., COLLINS, K. S. & MARKS, R. G. 1993. 

Five-year corneal graft survival. A large, single-center patient cohort. Arch 

Ophthalmol, 111, 799-805. 

QIAN, Y. & DANA, M. R. 2001. Molecular mechanisms of immunity in corneal 

allotransplantation and xenotransplantation. Expert Rev Mol Med, 3, 1-21. 

QUINTANA, F. J., BASSO, A. S., IGLESIAS, A. H., KORN, T., FAREZ, M. F., 

BETTELLI, E., CACCAMO, M., OUKKA, M. & WEINER, H. L. 2008. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 253 

Control of T(reg) and T(H)17 cell differentiation by the aryl hydrocarbon 

receptor. Nature, 453, 65-71. 

RACHITSKAYA, A. V., HANSEN, A. M., HORAI, R., LI, Z., VILLASMIL, R., 

LUGER, D., NUSSENBLATT, R. B. & CASPI, R. R. 2008. Cutting edge: 

NKT cells constitutively express IL-23 receptor and RORgammat and rapidly 

produce IL-17 upon receptor ligation in an IL-6-independent fashion. J 

Immunol, 180, 5167-71. 

RAMEZANI, A., HAWLEY, T. S. & HAWLEY, R. G. 2000. Lentiviral vectors for 

enhanced gene expression in human hematopoietic cells. Mol Ther, 2, 458-69. 

RANDLEMAN, J. B. & STULTING, R. D. 2006. Prevention and treatment of corneal 

graft rejection: current practice patterns (2004). Cornea, 25, 286-90. 

RAY-KEIL, L. & CHANDLER, J. W. 1986. Reduction in the incidence of rejection 

of heterotopic murine corneal transplants by pretreatment with ultraviolet 

radiation. Transplantation, 42, 403-6. 

RAYNER, S. A., KING, W. J., COMER, R. M., ISAACS, J. D., HALE, G., 

GEORGE, A. J. & LARKIN, D. F. 2000. Local bioactive tumour necrosis 

factor (TNF) in corneal allotransplantation. Clin Exp Immunol, 122, 109-16. 

REINER, S. L. 2007. Development in motion: helper T cells at work. Cell, 129, 33-6. 

REIS, A., REINHARD, T., VOICULESCU, A., KUTKUHN, B., GODEHARDT, E., 

SPELSBERG, H., ALTHAUS, C. & SUNDMACHER, R. 1999. 

Mycophenolate mofetil versus cyclosporin A in high risk keratoplasty patients: 

a prospectively randomised clinical trial. Br J Ophthalmol, 83, 1268-71. 

RIDGE, J. P., DI ROSA, F. & MATZINGER, P. 1998. A conditioned dendritic cell 

can be a temporal bridge between a CD4+ T-helper and a T-killer cell. Nature, 

393, 474-8. 

RINGVOLD, A. 1997. In vitro evidence for UV-protection of the eye by the corneal 

epithelium mediated by the cytoplasmic protein, RNA, and ascorbate. Acta 

Ophthalmol Scand, 75, 496-8. 

RINGVOLD, A., DAVANGER, M. & OLSEN, E. G. 1982. Changes of the cornea 

endothelium after ultraviolet radiation. Acta Ophthalmol (Copenh), 60, 41-53. 

ROBINSON, C. M., SHIREY, K. A. & CARLIN, J. M. 2003. Synergistic 

transcriptional activation of indoleamine dioxygenase by IFN-gamma and 

tumor necrosis factor-alpha. J Interferon Cytokine Res, 23, 413-21. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 254 

RODRIGUES, M. M., ROWDEN, G., HACKETT, J. & BAKOS, I. 1981. Langerhans 

cells in the normal conjunctiva and peripheral cornea of selected species. 

Invest Ophthalmol Vis Sci, 21, 759-65. 

ROHDE, J., HEITMAN, J. & CARDENAS, M. E. 2001. The TOR kinases link 

nutrient sensing to cell growth. J Biol Chem, 276, 9583-6. 

ROSS, J., HE, Y. G., PIDHERNEY, M., MELLON, J. & NIEDERKORN, J. Y. 1991. 

The differential effects of donor versus host Langerhans cells in the rejection 

of MHC-matched corneal allografts. Transplantation, 52, 857-61. 

RUDD, C. E. 2006. Cell cycle 'check points' T cell anergy. Nat Immunol, 7, 1130-2. 

RYU, Y. H. & KIM, J. C. 2007. Expression of indoleamine 2,3-dioxygenase in 

human corneal cells as a local immunosuppressive factor. Invest Ophthalmol 

Vis Sci, 48, 4148-52. 

SAGOO, P., CHAN, G., LARKIN, D. F. & GEORGE, A. J. 2004. Inflammatory 

cytokines induce apoptosis of corneal endothelium through nitric oxide. Invest 

Ophthalmol Vis Sci, 45, 3964-73. 

SAKURAI, K., ZOU, J. P., TORRES, N. I., TSCHETTER, J. R., KIM, H. S. & 

SHEARER, G. M. 2002a. Study of the effect of indoleamine 2,3-dioxygenase 

on murine mixed lymphocyte reactions and skin allograft rejection. Transplant 

Proc, 34, 3271-3. 

SAKURAI, K., ZOU, J. P., TSCHETTER, J. R., WARD, J. M. & SHEARER, G. M. 

2002b. Effect of indoleamine 2,3-dioxygenase on induction of experimental 

autoimmune encephalomyelitis. J Neuroimmunol, 129, 186-96. 

SANO, Y., KSANDER, B. R. & STREILEIN, J. W. 1997. Murine orthotopic corneal 

transplantation in high-risk eyes. Rejection is dictated primarily by weak 

rather than strong alloantigens. Invest Ophthalmol Vis Sci, 38, 1130-8. 

SANO, Y., KSANDER, B. R. & STREILEIN, J. W. 2000a. Analysis of primed 

donor-specific T cells in recipient mice bearing orthotopic corneal allografts. 

Transplantation, 70, 1302-10. 

SANO, Y., KSANDER, B. R. & STREILEIN, J. W. 2000b. Langerhans cells, 

orthotopic corneal allografts, and direct and indirect pathways of T-cell 

allorecognition. Invest Ophthalmol Vis Sci, 41, 1422-31. 

SANO, Y., STREILEIN, J. W. & KSANDER, B. R. 1999. Detection of minor 

alloantigen-specific cytotoxic T cells after rejection of murine orthotopic 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 255 

corneal allografts: evidence that graft antigens are recognized exclusively via 

the "indirect pathway". Transplantation, 68, 963-70. 

SCALAPINO, K. J. & DAIKH, D. I. 2008. CTLA-4: a key regulatory point in the 

control of autoimmune disease. Immunol Rev, 223, 143-55. 

SCHMIDT, J. V. & BRADFIELD, C. A. 1996. Ah receptor signaling pathways. Annu 

Rev Cell Dev Biol, 12, 55-89. 

SCHMIDT, J. V., SU, G. H., REDDY, J. K., SIMON, M. C. & BRADFIELD, C. A. 

1996. Characterization of a murine Ahr null allele: involvement of the Ah 

receptor in hepatic growth and development. Proc Natl Acad Sci U S A, 93, 

6731-6. 

SCHWARTZ, R. H. 1997. T cell clonal anergy. Curr Opin Immunol, 9, 351-7. 

SELMA DAGTAS, A. & GILBERT, K. M. 2010. p21(Cip1) up-regulated during 

histone deacetylase inhibitor-induced CD4(+) T-cell anergy selectively 

associates with mitogen-activated protein kinases. Immunology, 129, 589-99. 

SERBECIC, N. & BEUTELSPACHER, S. C. 2006. Indoleamine 2,3-dioxygenase 

protects corneal endothelial cells from UV mediated damage. Exp Eye Res, 82, 

416-26. 

SERBECIC, N., LAHDOU, I., SCHEUERLE, A., HOFTBERGER, R. & ABOUL-

ENEIN, F. 2009. Function of the tryptophan metabolite, L-kynurenine, in 

human corneal endothelial cells. Mol Vis, 15, 1312-24. 

SEYMOUR, R. L., GANAPATHY, V., MELLOR, A. L. & MUNN, D. H. 2006. A 

high-affinity, tryptophan-selective amino acid transport system in human 

macrophages. J Leukoc Biol, 80, 1320-7. 

SHARPE, A. H. & FREEMAN, G. J. 2002. The B7-CD28 superfamily. Nat Rev 

Immunol, 2, 116-26. 

SHE, S. C. & MOTICKA, E. J. 1993. Ability of intracamerally inoculated B- and T-

cell enriched allogeneic lymphocytes to enhance corneal allograft survival. Int 

Ophthalmol, 17, 1-7. 

SHE, S. C., STEAHLY, L. P. & MOTICKA, E. J. 1990a. Intracameral injection of 

allogeneic lymphocytes enhances corneal graft survival. Invest Ophthalmol Vis 

Sci, 31, 1950-6. 

SHE, S. C., STEAHLY, L. P. & MOTICKA, E. J. 1990b. A method for performing 

full-thickness, orthotopic, penetrating keratoplasty in the mouse. Ophthalmic 

Surg, 21, 781-5. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 256 

SHERIN, P. S., TSENTALOVICH, Y. P., SNYTNIKOVA, O. A. & SAGDEEV, R. 

Z. 2008. Photoactivity of kynurenine-derived UV filters. J Photochem 

Photobiol B, 93, 127-32. 

SHERR, C. J. & ROBERTS, J. M. 1995. Inhibitors of mammalian G1 cyclin-

dependent kinases. Genes Dev, 9, 1149-63. 

SHIM, J., LEE, H., PARK, J., KIM, H. & CHOI, E. J. 1996. A non-enzymatic p21 

protein inhibitor of stress-activated protein kinases. Nature, 381, 804-6. 

SIDRANSKY, H. 1976. Nutritional disturbances of protein metabolism in the liver. 

Am J Pathol, 84, 649-68. 

SILVA, N. M., RODRIGUES, C. V., SANTORO, M. M., REIS, L. F., ALVAREZ-

LEITE, J. I. & GAZZINELLI, R. T. 2002. Expression of indoleamine 2,3-

dioxygenase, tryptophan degradation, and kynurenine formation during in vivo 

infection with Toxoplasma gondii: induction by endogenous gamma interferon 

and requirement of interferon regulatory factor 1. Infect Immun, 70, 859-68. 

SKELSEY, M. E., MAYHEW, E. & NIEDERKORN, J. Y. 2003a. CD25+, 

interleukin-10-producing CD4+ T cells are required for suppressor cell 

production and immune privilege in the anterior chamber of the eye. 

Immunology, 110, 18-29. 

SKELSEY, M. E., MAYHEW, E. & NIEDERKORN, J. Y. 2003b. Splenic B cells act 

as antigen presenting cells for the induction of anterior chamber-associated 

immune deviation. Invest Ophthalmol Vis Sci, 44, 5242-51. 

SLEGERS, T. P., TORRES, P. F., BROERSMA, L., VAN ROOIJEN, N., VAN RIJ, 

G. & VAN DER GAAG, R. 2000. Effect of macrophage depletion on immune 

effector mechanisms during corneal allograft rejection in rats. Invest 

Ophthalmol Vis Sci, 41, 2239-47. 

SONODA, K. H., EXLEY, M., SNAPPER, S., BALK, S. P. & STEIN-STREILEIN, 

J. 1999. CD1-reactive natural killer T cells are required for development of 

systemic tolerance through an immune-privileged site. J Exp Med, 190, 1215-

26. 

SONODA, K. H., FAUNCE, D. E., TANIGUCHI, M., EXLEY, M., BALK, S. & 

STEIN-STREILEIN, J. 2001. NK T cell-derived IL-10 is essential for the 

differentiation of antigen-specific T regulatory cells in systemic tolerance. J 

Immunol, 166, 42-50. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 257 

SONODA, K. H. & STEIN-STREILEIN, J. 2002a. CD1d on antigen-transporting 

APC and splenic marginal zone B cells promotes NKT cell-dependent 

tolerance. Eur J Immunol, 32, 848-57. 

SONODA, K. H. & STEIN-STREILEIN, J. 2002b. Ocular immune privilege and 

CD1d-reactive natural killer T cells. Cornea, 21, S33-8. 

SONODA, Y., SANO, Y., KSANDER, B. & STREILEIN, J. W. 1995. 

Characterization of cell-mediated immune responses elicited by orthotopic 

corneal allografts in mice. Invest Ophthalmol Vis Sci, 36, 427-34. 

SONODA, Y. & STREILEIN, J. W. 1992. Orthotopic corneal transplantation in mice-

-evidence that the immunogenetic rules of rejection do not apply. 

Transplantation, 54, 694-704. 

SORELLE, R. 2001. Late-breaking clinical trials at the American Heart Association's 

scientific sessions 2001. Circulation, 104, E9046-8. 

SPIECKER, M., LORENZ, I., MARX, N. & DARIUS, H. 2002. Tranilast inhibits 

cytokine-induced nuclear factor kappaB activation in vascular endothelial 

cells. Mol Pharmacol, 62, 856-63. 

STEPTOE, R. J., MCMENAMIN, P. G. & HOLT, P. G. 2000. Resident tissue 

macrophages within the normal rat iris lack immunosuppressive activity and 

are effective antigen-presenting cells. Ocul Immunol Inflamm, 8, 177-87. 

STEVENS, E. A., MEZRICH, J. D. & BRADFIELD, C. A. 2009. The aryl 

hydrocarbon receptor: a perspective on potential roles in the immune system. 

Immunology, 127, 299-311. 

STREILEIN, J. W. 1993. Immune privilege as the result of local tissue barriers and 

immunosuppressive microenvironments. Curr Opin Immunol, 5, 428-32. 

STREILEIN, J. W. 2003a. New thoughts on the immunology of corneal 

transplantation. Eye, 17, 943-8. 

STREILEIN, J. W. 2003b. Ocular immune privilege: therapeutic opportunities from 

an experiment of nature. Nat Rev Immunol, 3, 879-89. 

STREILEIN, J. W., NIEDERKORN, J. Y. & SHADDUCK, J. A. 1980. Systemic 

immune unresponsiveness induced in adult mice by anterior chamber 

presentation of minor histocompatibility antigens. J Exp Med, 152, 1121-5. 

STREILEIN, J. W., TOEWS, G. B. & BERGSTRESSER, P. R. 1979. Corneal 

allografts fail to express Ia antigens. Nature, 282, 326-7. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 258 

STUART, P. M., GRIFFITH, T. S., USUI, N., PEPOSE, J., YU, X. & FERGUSON, 

T. A. 1997. CD95 ligand (FasL)-induced apoptosis is necessary for corneal 

allograft survival. J Clin Invest, 99, 396-402. 

SUGIMOTO, H., ODA, S., OTSUKI, T., HINO, T., YOSHIDA, T. & SHIRO, Y. 

2006. Crystal structure of human indoleamine 2,3-dioxygenase: catalytic 

mechanism of O2 incorporation by a heme-containing dioxygenase. Proc Natl 

Acad Sci U S A, 103, 2611-6. 

SUZAWA, H., KIKUCHI, S., ARAI, N. & KODA, A. 1992. The mechanism 

involved in the inhibitory action of tranilast on collagen biosynthesis of keloid 

fibroblasts. Jpn J Pharmacol, 60, 91-6. 

SUZUKI, T., YOKOUCHI, K., KAWAMICHI, H., YAMAMOTO, Y., UDA, K. & 

YUASA, H. J. 2003. Comparison of the sequences of Turbo and Sulculus 

indoleamine dioxygenase-like myoglobin genes. Gene, 308, 89-94. 

SWANSON, K. A., ZHENG, Y., HEIDLER, K. M., MIZOBUCHI, T. & WILKES, 

D. S. 2004. CDllc+ cells modulate pulmonary immune responses by 

production of indoleamine 2,3-dioxygenase. Am J Respir Cell Mol Biol, 30, 

311-8. 

TAHER, Y. A., PIAVAUX, B. J., GRAS, R., VAN ESCH, B. C., HOFMAN, G. A., 

BLOKSMA, N., HENRICKS, P. A. & VAN OOSTERHOUT, A. J. 2008. 

Indoleamine 2,3-dioxygenase-dependent tryptophan metabolites contribute to 

tolerance induction during allergen immunotherapy in a mouse model. J 

Allergy Clin Immunol, 121, 983-91 e2. 

TAKIKAWA, O., KUROIWA, T., YAMAZAKI, F. & KIDO, R. 1988. Mechanism of 

interferon-gamma action. Characterization of indoleamine 2,3-dioxygenase in 

cultured human cells induced by interferon-gamma and evaluation of the 

enzyme-mediated tryptophan degradation in its anticellular activity. J Biol 

Chem, 263, 2041-8. 

TAKIKAWA, O., LITTLEJOHN, T. K. & TRUSCOTT, R. J. 2001. Indoleamine 2,3-

dioxygenase in the human lens, the first enzyme in the synthesis of UV filters. 

Exp Eye Res, 72, 271-7. 

TAKIKAWA, O., YOSHIDA, R., KIDO, R. & HAYAISHI, O. 1986. Tryptophan 

degradation in mice initiated by indoleamine 2,3-dioxygenase. J Biol Chem, 

261, 3648-53. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 259 

TAMAI, H., KATOH, O., SUZUKI, S., FUJII, K., AIZAWA, T., TAKASE, S., 

KUROGANE, H., NISHIKAWA, H., SONE, T., SAKAI, K. & SUZUKI, T. 

1999. Impact of tranilast on restenosis after coronary angioplasty: tranilast 

restenosis following angioplasty trial (TREAT). Am Heart J, 138, 968-75. 

TANAKA, K., HONDA, M., KURAMOCHI, T. & MORIOKA, S. 1994. Prominent 

inhibitory effects of tranilast on migration and proliferation of and collagen 

synthesis by vascular smooth muscle cells. Atherosclerosis, 107, 179-85. 

TANAKA, K., SONODA, K. & STREILEIN, J. W. 2001. Acute rejection of 

orthotopic corneal xenografts in mice depends on CD4(+) T cells and self-

antigen-presenting cells. Invest Ophthalmol Vis Sci, 42, 2878-84. 

TANG, J. L., SUBBOTIN, V. M., ANTONYSAMY, M. A., TROUTT, A. B., RAO, 

A. S. & THOMSON, A. W. 2001. Interleukin-17 antagonism inhibits acute 

but not chronic vascular rejection. Transplantation, 72, 348-50. 

TARTOUR, E., FOSSIEZ, F., JOYEUX, I., GALINHA, A., GEY, A., CLARET, E., 

SASTRE-GARAU, X., COUTURIER, J., MOSSERI, V., VIVES, V., 

BANCHEREAU, J., FRIDMAN, W. H., WIJDENES, J., LEBECQUE, S. & 

SAUTES-FRIDMAN, C. 1999. Interleukin 17, a T-cell-derived cytokine, 

promotes tumorigenicity of human cervical tumors in nude mice. Cancer Res, 

59, 3698-704. 

TAVANDZI, U., PROCHAZKA, R., USVALD, D., HLUCILOVA, J., 

VITASKOVA, M., MOTLIK, J., VITOVA, A., FILIPEC, M., FORRESTER, 

J. V. & HOLAN, V. 2007. A new model of corneal transplantation in the 

miniature pig: efficacy of immunosuppressive treatment. Transplantation, 83, 

1401-3. 

TAYLOR, A. 2003. A review of the influence of aqueous humor on immunity. Ocul 

Immunol Inflamm, 11, 231-41. 

TAYLOR, A. W. 1999. Ocular immunosuppressive microenvironment. Chem 

Immunol, 73, 72-89. 

TAYLOR, A. W., STREILEIN, J. W. & COUSINS, S. W. 1994. Immunoreactive 

vasoactive intestinal peptide contributes to the immunosuppressive activity of 

normal aqueous humor. J Immunol, 153, 1080-6. 

TAYLOR, M. W. & FENG, G. S. 1991. Relationship between interferon-gamma, 

indoleamine 2,3-dioxygenase, and tryptophan catabolism. Faseb J, 5, 2516-22. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 260 

TERNESS, P., BAUER, T. M., ROSE, L., DUFTER, C., WATZLIK, A., SIMON, H. 

& OPELZ, G. 2002. Inhibition of allogeneic T cell proliferation by 

indoleamine 2,3-dioxygenase-expressing dendritic cells: mediation of 

suppression by tryptophan metabolites. J Exp Med, 196, 447-57. 

TERNESS, P., CHUANG, J. J. & OPELZ, G. 2006. The immunoregulatory role of 

IDO-producing human dendritic cells revisited. Trends Immunol, 27, 68-73. 

THIEL, M. A., COSTER, D. J. & WILLIAMS, K. A. 2003. The potential of 

antibody-based immunosuppressive agents for corneal transplantation. 

Immunol Cell Biol, 81, 93-105. 

THOMAS, S. R., MOHR, D. & STOCKER, R. 1994. Nitric oxide inhibits 

indoleamine 2,3-dioxygenase activity in interferon-gamma primed 

mononuclear phagocytes. J Biol Chem, 269, 14457-64. 

THOMAS, S. R., SALAHIFAR, H., MASHIMA, R., HUNT, N. H., RICHARDSON, 

D. R. & STOCKER, R. 2001. Antioxidants inhibit indoleamine 2,3-

dioxygenase in IFN-gamma-activated human macrophages: posttranslational 

regulation by pyrrolidine dithiocarbamate. J Immunol, 166, 6332-40. 

THOMAS, S. R. & STOCKER, R. 1999. Redox reactions related to indoleamine 2,3-

dioxygenase and tryptophan metabolism along the kynurenine pathway. Redox 

Rep, 4, 199-220. 

THOMPSON, R. W., JR., PRICE, M. O., BOWERS, P. J. & PRICE, F. W., JR. 2003. 

Long-term graft survival after penetrating keratoplasty. Ophthalmology, 110, 

1396-402. 

TOBEY, R. A. & LEY, K. D. 1971. Isoleucine-mediated regulation of genome 

repliction in various mammalian cell lines. Cancer Res, 31, 46-51. 

TRESELER, P. A., FOULKS, G. N. & SANFILIPPO, F. 1986. The relative 

immunogenicity of corneal epithelium, stroma, and endothelium. The role of 

major histocompatibility complex antigens. Transplantation, 41, 229-34. 

TRESELER, P. A. & SANFILIPPO, F. 1985. Humoral immunity to heterotopic 

corneal allografts in the rat. Transplantation, 39, 193-6. 

TRESELER, P. A. & SANFILIPPO, F. 1986a. The expression of major 

histocompatibility complex and leukocyte antigens by cells in the rat cornea. 

Transplantation, 41, 248-52. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 261 

TRESELER, P. A. & SANFILIPPO, F. 1986b. Relative contribution of major 

histocompatibility complex antigens to the immunogenicity of corneal 

allografts. Transplantation, 41, 508-14. 

TRESELER, P. A., TRESELER, C. B., FOULKS, G. N. & SANFILIPPO, F. 1985. 

Cellular immunity to heterotopic corneal allografts in the rat. Transplantation, 

39, 196-201. 

TRICKETT, A. & KWAN, Y. L. 2003. T cell stimulation and expansion using anti-

CD3/CD28 beads. J Immunol Methods, 275, 251-5. 

TUFT, S. J. & COSTER, D. J. 1990. The corneal endothelium. Eye, 4 ( Pt 3), 389-

424. 

UYTTENHOVE, C., PILOTTE, L., THEATE, I., STROOBANT, V., COLAU, D., 

PARMENTIER, N., BOON, T. & VAN DEN EYNDE, B. J. 2003. Evidence 

for a tumoral immune resistance mechanism based on tryptophan degradation 

by indoleamine 2,3-dioxygenase. Nat Med, 9, 1269-74. 

VAIL, A., GORE, S. M., BRADLEY, B. A., EASTY, D. L., ROGERS, C. A. & 

ARMITAGE, W. J. 1997. Conclusions of the corneal transplant follow up 

study. Collaborating Surgeons. Br J Ophthalmol, 81, 631-6. 

VALLOCHI, A. L., COMMODARO, A. G., SCHWARTZMAN, J. P., BELFORT, 

R., JR. & RIZZO, L. V. 2007. The role of cytokines in the regulation of ocular 

autoimmune inflammation. Cytokine Growth Factor Rev, 18, 135-41. 

VAN KOOTEN, C., BOONSTRA, J. G., PAAPE, M. E., FOSSIEZ, F., 

BANCHEREAU, J., LEBECQUE, S., BRUIJN, J. A., DE FIJTER, J. W., 

VAN ES, L. A. & DAHA, M. R. 1998. Interleukin-17 activates human renal 

epithelial cells in vitro and is expressed during renal allograft rejection. J Am 

Soc Nephrol, 9, 1526-34. 

VANAUDENAERDE, B. M., DUPONT, L. J., WUYTS, W. A., VERBEKEN, E. K., 

MEYTS, I., BULLENS, D. M., DILISSEN, E., LUYTS, L., VAN 

RAEMDONCK, D. E. & VERLEDEN, G. M. 2006. The role of interleukin-17 

during acute rejection after lung transplantation. Eur Respir J, 27, 779-87. 

VELDHOEN, M., HIROTA, K., CHRISTENSEN, J., O'GARRA, A. & 

STOCKINGER, B. 2009. Natural agonists for aryl hydrocarbon receptor in 

culture medium are essential for optimal differentiation of Th17 T cells. J Exp 

Med, 206, 43-9. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 262 

VELDHOEN, M., HIROTA, K., WESTENDORF, A. M., BUER, J., DUMOUTIER, 

L., RENAULD, J. C. & STOCKINGER, B. 2008. The aryl hydrocarbon 

receptor links TH17-cell-mediated autoimmunity to environmental toxins. 

Nature, 453, 106-9. 

VELDHOEN, M., HOCKING, R. J., ATKINS, C. J., LOCKSLEY, R. M. & 

STOCKINGER, B. 2006. TGFbeta in the context of an inflammatory cytokine 

milieu supports de novo differentiation of IL-17-producing T cells. Immunity, 

24, 179-89. 

WANG, Y., GOLDSCHNEIDER, I., O'ROURKE, J. & CONE, R. E. 2001. Blood 

mononuclear cells induce regulatory NK T thymocytes in anterior chamber-

associated immune deviation. J Leukoc Biol, 69, 741-6. 

WARD, R. P., AL-MALLAH, M. H., GROSSMAN, G. B., HANSEN, C. L., 

HENDEL, R. C., KERWIN, T. C., MCCALLISTER, B. D., JR., MEHTA, R., 

POLK, D. M., TILKEMEIER, P. L., VASHIST, A., WILLIAMS, K. A., 

WOLINSKY, D. G. & FICARO, E. P. 2007. American Society of Nuclear 

Cardiology review of the ACCF/ASNC appropriateness criteria for single-

photon emission computed tomography myocardial perfusion imaging 

(SPECT MPI). J Nucl Cardiol, 14, e26-38. 

WATSON, M. P., GEORGE, A. J. & LARKIN, D. F. 2006. Differential effects of 

costimulatory pathway modulation on corneal allograft survival. Invest 

Ophthalmol Vis Sci, 47, 3417-22. 

WHITSETT, C. F. & STULTING, R. D. 1984. The distribution of HLA antigens on 

human corneal tissue. Invest Ophthalmol Vis Sci, 25, 519-24. 

WILLIAMS, K. A., ASH, J. K. & COSTER, D. J. 1985. Histocompatibility antigen 

and passenger cell content of normal and diseased human cornea. 

Transplantation, 39, 265-9. 

WILLIAMS, K. A. & COSTER, D. J. 1985. Penetrating corneal transplantation in the 

inbred rat: a new model. Invest Ophthalmol Vis Sci, 26, 23-30. 

WILLIAMS, K. A. & COSTER, D. J. 1997. Rethinking immunological privilege: 

implications for corneal and limbal stem cell transplantation. Mol Med Today, 

3, 495-501. 

WILLIAMS, K. A. & COSTER, D. J. 2007. The immunobiology of corneal 

transplantation. Transplantation, 84, 806-13. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 263 

WILLIAMS, K. A., MUEHLBERG, S. M., LEWIS, R. F. & COSTER, D. J. 1995. 

How successful is corneal transplantation? A report from the Australian 

Corneal Graft Register. Eye (Lond), 9 ( Pt 2), 219-27. 

WILLIAMS, K. A., STANDFIELD, S. D., MILLS, R. A., TAKANO, T., LARKIN, 

D. F., KRISHNAN, R., RUSS, G. R. & COSTER, D. J. 1999. A new model of 

orthotopic penetrating corneal transplantation in the sheep: graft survival, 

phenotypes of graft-infiltrating cells and local cytokine production. Aust N Z J 

Ophthalmol, 27, 127-35. 

WILLIAMS, K. A., WHITE, M. A., ASH, J. K. & COSTER, D. J. 1989. Leukocytes 

in the graft bed associated with corneal graft failure. Analysis by 

immunohistology and actuarial graft survival. Ophthalmology, 96, 38-44. 

WILSON, S. E., LI, Q., WENG, J., BARRY-LANE, P. A., JESTER, J. V., LIANG, 

Q. & WORDINGER, R. J. 1996. The Fas-Fas ligand system and other 

modulators of apoptosis in the cornea. Invest Ophthalmol Vis Sci, 37, 1582-92. 

WILSON, S. E., WENG, J., BLAIR, S., HE, Y. G. & LLOYD, S. 1995. Expression of 

E6/E7 or SV40 large T antigen-coding oncogenes in human corneal 

endothelial cells indicates regulated high-proliferative capacity. Invest 

Ophthalmol Vis Sci, 36, 32-40. 

WITOWSKI, J., KSIAZEK, K. & JORRES, A. 2004. Interleukin-17: a mediator of 

inflammatory responses. Cell Mol Life Sci, 61, 567-79. 

WOOD, A. M. & TRUSCOTT, R. J. 1993. UV filters in human lenses: tryptophan 

catabolism. Exp Eye Res, 56, 317-25. 

XIE, L., SHI, W. & GUO, P. 2003. Roles of tumor necrosis factor-related apoptosis-

inducing ligand in corneal transplantation. Transplantation, 76, 1556-9. 

XIONG, Y., HANNON, G. J., ZHANG, H., CASSO, D., KOBAYASHI, R. & 

BEACH, D. 1993. p21 is a universal inhibitor of cyclin kinases. Nature, 366, 

701-4. 

XU, H., SILVER, P. B., TARRANT, T. K., CHAN, C. C. & CASPI, R. R. 2003. Tgf-

beta inhibits activation and uveitogenicity of primary but not of fully polarized 

retinal antigen-specific memory-effector T cells. Invest Ophthalmol Vis Sci, 

44, 4805-12. 

XUE, Y., RAMASWAMY, N. T., HONG, X. & PELLING, J. C. 2003. Association of 

JNK1 with p21waf1 and p53: modulation of JNK1 activity. Mol Carcinog, 36, 

38-44. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 264 

YAMADA, J., KSANDER, B. R. & STREILEIN, J. W. 2001. Cytotoxic T cells play 

no essential role in acute rejection of orthotopic corneal allografts in mice. 

Invest Ophthalmol Vis Sci, 42, 386-92. 

YAMADA, J., KURIMOTO, I. & STREILEIN, J. W. 1999a. Role of CD4+ T cells in 

immunobiology of orthotopic corneal transplants in mice. Invest Ophthalmol 

Vis Sci, 40, 2614-21. 

YAMADA, J. & STREILEIN, J. W. 1998. Fate of orthotopic corneal allografts in 

C57BL/6 mice. Transpl Immunol, 6, 161-8. 

YAMADA, J., YOSHIDA, M., TAYLOR, A. W. & STREILEIN, J. W. 1999b. Mice 

with Th2-biased immune systems accept orthotopic corneal allografts placed 

in "high risk" eyes. J Immunol, 162, 5247-55. 

YAMAGAMI, S., DANA, M. R. & TSURU, T. 2002. Draining lymph nodes play an 

essential role in alloimmunity generated in response to high-risk corneal 

transplantation. Cornea, 21, 405-9. 

YAMAGAMI, S., EBIHARA, N., USUI, T., YOKOO, S. & AMANO, S. 2006. Bone 

marrow-derived cells in normal human corneal stroma. Arch Ophthalmol, 124, 

62-9. 

YAMAGAMI, S., KAWASHIMA, H., TSURU, T., YAMAGAMI, H., KAYAGAKI, 

N., YAGITA, H., OKUMURA, K. & GREGERSON, D. S. 1997. Role of Fas-

Fas ligand interactions in the immunorejection of allogeneic mouse corneal 

transplants. Transplantation, 64, 1107-11. 

YAMAMOTO, S. & HAYAISHI, O. 1967. Tryptophan pyrrolase of rabbit intestine. 

D- and L-tryptophan-cleaving enzyme or enzymes. J Biol Chem, 242, 5260-6. 

YANEZ-MUNOZ, R. J., BALAGGAN, K. S., MACNEIL, A., HOWE, S. J., 

SCHMIDT, M., SMITH, A. J., BUCH, P., MACLAREN, R. E., ANDERSON, 

P. N., BARKER, S. E., DURAN, Y., BARTHOLOMAE, C., VON KALLE, 

C., HECKENLIVELY, J. R., KINNON, C., ALI, R. R. & THRASHER, A. J. 

2006. Effective gene therapy with nonintegrating lentiviral vectors. Nat Med, 

12, 348-53. 

YANG, X. O., PANOPOULOS, A. D., NURIEVA, R., CHANG, S. H., WANG, D., 

WATOWICH, S. S. & DONG, C. 2007. STAT3 regulates cytokine-mediated 

generation of inflammatory helper T cells. J Biol Chem, 282, 9358-63. 

YANG, X. O., PAPPU, B. P., NURIEVA, R., AKIMZHANOV, A., KANG, H. S., 

CHUNG, Y., MA, L., SHAH, B., PANOPOULOS, A. D., SCHLUNS, K. S., 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 265 

WATOWICH, S. S., TIAN, Q., JETTEN, A. M. & DONG, C. 2008. T helper 

17 lineage differentiation is programmed by orphan nuclear receptors ROR 

alpha and ROR gamma. Immunity, 28, 29-39. 

YAO, Z., PAINTER, S. L., FANSLOW, W. C., ULRICH, D., MACDUFF, B. M., 

SPRIGGS, M. K. & ARMITAGE, R. J. 1995. Human IL-17: a novel cytokine 

derived from T cells. J Immunol, 155, 5483-6. 

YE, P., GARVEY, P. B., ZHANG, P., NELSON, S., BAGBY, G., SUMMER, W. R., 

SCHWARZENBERGER, P., SHELLITO, J. E. & KOLLS, J. K. 2001. 

Interleukin-17 and lung host defense against Klebsiella pneumoniae infection. 

Am J Respir Cell Mol Biol, 25, 335-40. 

YU, D. T., CLEMENTS, P. J., PAULUS, H. E., PETER, J. B., LEVY, J. & 

BARNETT, E. V. 1974. Human lymphocyte subpopulations. Effect of 

corticosteroids. J Clin Invest, 53, 565-71. 

YU, G., DAI, H., CHEN, J., DUAN, L., GONG, M., LIU, L., XIONG, P., WANG, C. 

Y., FANG, M. & GONG, F. 2008. Gene delivery of indoleamine 2,3-

dioxygenase prolongs cardiac allograft survival by shaping the types of T-cell 

responses. J Gene Med, 10, 754-61. 

YUAN, W., COLLADO-HIDALGO, A., YUFIT, T., TAYLOR, M. & VARGA, J. 

1998. Modulation of cellular tryptophan metabolism in human fibroblasts by 

transforming growth factor-beta: selective inhibition of indoleamine 2,3-

dioxygenase and tryptophanyl-tRNA synthetase gene expression. J Cell 

Physiol, 177, 174-86. 

YUAN, X., PAEZ-CORTEZ, J., SCHMITT-KNOSALLA, I., D'ADDIO, F., 

MFARREJ, B., DONNARUMMA, M., HABICHT, A., CLARKSON, M. R., 

IACOMINI, J., GLIMCHER, L. H., SAYEGH, M. H. & ANSARI, M. J. 2008. 

A novel role of CD4 Th17 cells in mediating cardiac allograft rejection and 

vasculopathy. J Exp Med, 205, 3133-44. 

YUASA, H. J., TAKUBO, M., TAKAHASHI, A., HASEGAWA, T., NOMA, H. & 

SUZUKI, T. 2007. Evolution of vertebrate indoleamine 2,3-dioxygenases. J 

Mol Evol, 65, 705-14. 

ZAHER, S. S., GERMAIN, C., FU, H., LARKIN, D. F. & GEORGE, A. J. 2011. 3-

hydroxykynurenine suppresses CD4+ T cell proliferation, induces T 

regulatory cell development and prolongs corneal allograft survival. Invest 

Ophthalmol Vis Sci. 



Sarah Zaher, Section of Immunobiology, Department of Medicine, Imperial College London 266 

ZAL, T., VOLKMANN, A. & STOCKINGER, B. 1994. Mechanisms of tolerance 

induction in major histocompatibility complex class II-restricted T cells 

specific for a blood-borne self-antigen. J Exp Med, 180, 2089-99. 

ZHANG, E. P., SCHRUNDER, S. & HOFFMANN, F. 1996. Orthotopic corneal 

transplantation in the mouse--a new surgical technique with minimal 

endothelial cell loss. Graefes Arch Clin Exp Ophthalmol, 234, 714-9. 

ZHANG, E. P., SCHULTE, F., BULFONE-PAUS, S. & HOFFMANN, F. 2000. The 

effect of corticosteroid and cyclosporin A on murine corneal allograft 

rejection. Graefes Arch Clin Exp Ophthalmol, 238, 525-30. 

ZHANG, L., MA, J., TAKEUCHI, M., USUI, Y., HATTORI, T., OKUNUKI, Y., 

YAMAKAWA, N., KEZUKA, T., KURODA, M. & GOTO, H. 2010. 

Suppression of experimental autoimmune uveoretinitis by inducing 

differentiation of regulatory T cells via activation of aryl hydrocarbon 

receptor. Invest Ophthalmol Vis Sci, 51, 2109-17. 

ZHOU, L., IVANOV, II, SPOLSKI, R., MIN, R., SHENDEROV, K., EGAWA, T., 

LEVY, D. E., LEONARD, W. J. & LITTMAN, D. R. 2007. IL-6 programs 

T(H)-17 cell differentiation by promoting sequential engagement of the IL-21 

and IL-23 pathways. Nat Immunol, 8, 967-74. 

ZUFFEREY, R., DONELLO, J. E., TRONO, D. & HOPE, T. J. 1999. Woodchuck 

hepatitis virus posttranscriptional regulatory element enhances expression of 

transgenes delivered by retroviral vectors. J Virol, 73, 2886-92. 

 

 



3-Hydroxykynurenine Suppresses CD4� T-Cell
Proliferation, Induces T-Regulatory-Cell Development,
and Prolongs Corneal Allograft Survival

Sarah S. Zaher,1 Conrad Germain,1 Hongmei Fu,1 Daniel F. P. Larkin,1,2

and Andrew J. T. George1,2

PURPOSE. IDO (indoleamine 2,3-dioxygenase) modulates the
immune response by depletion of the essential amino acid
tryptophan, and IDO overexpression has been shown to pro-
long corneal allograft survival. This study was conducted to
examine the effect of kynurenines, the products of tryptophan
breakdown and known to act directly on T lymphocytes, on
corneal graft survival.

METHODS. The effects of kynurenines on T-cell proliferation and
death, T-regulatory-cell development, and dendritic cell func-
tion, phenotype, and viability were analyzed in vitro. The effect
of topical and systemic administration of 3-hydroxykynurenine
(3HK) on orthotopic murine corneal allograft survival was
examined.

RESULTS. T-lymphocyte proliferation was inhibited by two of
the four different kynurenines: 3HK and 3-hydroxyanthranilic
acid (3HAA). This effect was accompanied by significant T-cell
death. Neither 3HK nor 3HAA altered dendritic cell function,
nor did they induce apoptosis or pathogenicity to corneal
endothelial cells. Administration of systemic and topical 3HK
to mice receiving a fully mismatched corneal graft resulted in
significant prolongation of graft survival (median survival of
control grafts, 12 days; of treated, 19 and 15 days, respectively;
P � 0.0003). While systemic administration of 3HK was asso-
ciated with a significant depletion of CD4� T, CD8� T, and B
lymphocytes in peripheral blood, no depletion was found after
topical administration.

CONCLUSIONS. The production of kynurenines, in particular 3HK
and 3HAA, may be one mechanism (in addition to tryptophan
depletion) by which IDO prolongs graft survival. These mole-
cules have potential as specific agents for preventing allograft
rejection in patients at high rejection risk. (Invest Ophthalmol
Vis Sci. 2011;52:2640–2648) DOI:10.1167/iovs.10-5793

Indoleamine 2,3-dioxygenase (IDO) is the rate-limiting en-
zyme in the catabolism of tryptophan and is mainly ex-

pressed by antigen-presenting cells and in the placenta.1,2 It is
present at low levels in healthy individuals, but production

markedly increases during infection or inflammation, being
induced by cytokines, lipopolysaccharide (LPS), or other
agents.3–6 Early literature documents the ability of IDO to
inhibit the proliferation of microbes and tumor cells in vitro
through consumption of the essential amino acid tryptophan.7

In 1998, Munn et al.8 proposed a further role for IDO, suggest-
ing that IDO-dependent suppression of T-cell responses might
function as a natural immunoregulatory mechanism, based on
data showing that IDO regulates maternal T-cell immunity
during pregnancy. So far, physiological IDO activity has been
implicated as an effector mechanism for the immunosuppres-
sive reagent CTLA4-Ig fusion protein,9 in T-cell tolerance to
tumors,2,10–12 in dysfunctional self-tolerance in nonobese dia-
betic (NOD) mice,13 as a protective negative regulator in au-
toimmune disorders,14–16 and as an inhibitor in an induced
model of asthma.17

While it is clear that IDO suppresses T-cell responses, the
exact mechanism has not been fully elucidated. T cells are
particularly sensitive to tryptophan deprivation.18 At low tryp-
tophan concentrations, cell cycle progression is arrested at
mid-G1 phase. Restoration of tryptophan to arrested cells,
along with a second round of T-cell receptor signaling, reverses
the state of nonreactivity and induces cell cycle progression.
These and other observations led to the hypothesis that the
main mechanism by which IDO inhibits T-cell proliferation is
the depletion of tryptophan. However, it is also known that
the kynurenines resulting from tryptophan catabolism,
which include L-kynurenine (Kyn), 3-hydroxykynurenine
(3HK), 3-hydroxyanthranilic acid (3HAA), and quinolinic
acid (QA), can themselves inhibit T-cell activation and pro-
liferation.19,20 Kynurenines have proapoptotic properties
particularly for activated cells and Th1 lymphocytes,21,22

and the molecular mechanisms of apoptosis have been char-
acterized in murine thymocytes.21 In monocyte/macrophage
cell lines, 3HAA can also induce apoptosis by production of
hydrogen peroxide.23

The combined effect of tryptophan degradation and increas-
ing concentration of kynurenines has been shown to be re-
sponsible for GCN2 kinase–mediated downregulation of the
TCR�-chain in CD8� cells, reducing their cytotoxic effector
function.24 In addition, long-term tryptophan depletion with
increased production of tryptophan metabolites promotes con-
version of naïve CD4�CD25� T cells into a regulatory pheno-
type.24 There has only been one report on the effect of local
administration of 3HAA and Kyn in a model of skin transplan-
tation, in which prolongation of graft survival by 2 days was
found.25

Having previously shown that IDO can be expressed in the
cornea during inflammation, including allograft rejection and
that overexpression of IDO in murine corneas prolongs allo-
graft survival,26 we examined whether kynurenines can mod-
ulate the allogeneic response to a corneal transplant. In this
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study, we show that systemic 3HK administration results in
prolonged corneal graft survival and is associated with a deple-
tion of the circulating lymphocyte count in peripheral blood.

The kynurenine molecule (208 Da) is well below the size of
molecule that can penetrate to the corneal stroma.27 There-
fore, using these agents as a topical treatment may be a sim-
pler, more effective approach to preventing graft rejection
than gene-based therapy. In this study, we demonstrate that
topical 3HK administration also results in prolonged corneal
graft survival and is associated with moderate depletion of the
lymphocyte count in the draining lymph node (DLN).

MATERIALS AND METHODS

Murine Corneal Endothelial Cells

A murine corneal endothelial cell (MCEC) line, a kind gift from Jerry
Niederkorn, (University of Texas Southwestern Medical Center, Dallas,
TX), was maintained in DMEM supplemented with 100 U/mL penicil-
lin-streptomycin, nonessential amino acids (Invitrogen-Gibco, Paisley,
UK) and 10% heat-inactivated fetal bovine serum (Invitrogen-Gibco).

Generation and Culture of Murine Bone Marrow–
Derived Dendritic Cells

The hind limbs, tibia, and femur, were collected in PBS and the BM
cavities flushed out to obtain a single cell suspension. The cells were
pelleted and red blood cells were lysed with red blood cell (RBC) lysis
solution (Flowgen, Nottingham, UK). The cells were pelleted and put
in RPMI 1640 medium supplemented with 10% FCS, 100 U/mL peni-
cillin, 100 �g/mL streptomycin, 2 mM L-glutamine, and 50 �M �-mer-
captoethanol (Invitrogen) in the presence of a 1:30 dilution of culture
medium obtained from a GM-CSF-producing hybridoma.28 DCs were
cultured at 37°C with 5% CO2 until day 7. The DC culture medium was
replaced with fresh GM-CSF-containing medium on day 3, and half of
the culture medium was replaced with fresh GM-CSF-containing me-
dium on day 6. To generate mature DCs, the cultures were stimulated
for 16 hours with 1 �g/mL LPS (Sigma-Aldrich, Dorset, UK) on day 7.

DC and MCEC Phenotyping

Immature DCs taken at day 7, mature DCs at day 8, and MCECs were
incubated with the individual kynurenines at a concentration of 100
�M for 24 hours. Kyn, 3HK, and 3HAA (Sigma-Aldrich) were dissolved
in 1 M HCl as a carrier and QA (Sigma-Aldrich) dissolved in 1 M NaOH.
After the cells were washed, they were incubated with 1 �g/�L
unconjugated rat anti-mouse and with MHC class II (BD Biosciences-
Pharmingen, Oxford, UK), CD80, and CD86 (Invitrogen-Caltag) for
DCs; MHC class II, ICOS-L, PDL-1, and ICAM-1 (all BD-Biosciences) for
MCECs; and rat anti-mouse IgG2a (R&D Systems, Abingdon, UK) as an
isotype control for both, for 30 minutes. After three washes, the cells
were incubated with goat anti-rat PE-conjugated secondary antibody
(BD Biosciences-Pharmingen) for 30 minutes. Staining was analyzed on
a flow cytometer (FACSCalibur; BD Biosciences).

T-Cell Proliferation Assays

Splenocytes from BALB/c mice were treated with a mixture of anti-
CD45R/B220, anti-CD8, and anti-MHC class II supernatants (RA3–3A1,
M5/114, 53.6.7, and 2.4G2) for 30 minutes. After antibody treatment,
the cells were washed and incubated with goat anti-mouse IgG and
goat anti-rat IgG-coated beads (Dynal, Bromborough, UK) for 30 min-
utes, and bound cells were removed with a magnet (CD4 T-cell purity
85%–90%). Responder CD4� T cells (1 � 105 cells/well) were stimu-
lated with anti-mouse CD3 and CD28 beads (mouse CD3/CD28 T-cell
expander; 1 bead/cell; Dynabeads; Dynal) or allogeneic BM-derived
C3H (H-2k) DCs at a ratio of 10:1 (1 � 105 CD4� T cells: 1 � 104 DCs)
in the presence of tryptophan metabolites in 96-well plates for 3 days.
Proliferation was measured by a 16-hour pulse with [3H]thymidine
(Amersham, Buckinghamshire, UK).

Tryptophan Metabolites

The main metabolites resulting from IDO-induced degradation of tryp-
tophan are generally known as kynurenines and comprise N-formyl-
kynurenine, kynurenine (Kyn), 3-hydroxykynurenine (3HK), 3-hy-
droxyanthranilic acid (3HAA), and quinolinic acid (QA). To determine
the inhibitory concentration, we tested the tryptophan metabolites in
a titration series. Kyn, 3HK, 3HAA, and QA (Sigma-Aldrich) with a
purity �98% were dissolved in RPMI 1640 medium (Invitrogen-Gibco)
and added to the cell cultures in different concentrations ranging from
0 to 100 �M (pH of final cell culture medium, 7.5–8.5).

Detection of Cell Death

CD4� T cells (1 � 105 cells/well) were stimulated with CD3/CD28
beads (1 bead/cell) in the presence of Kyn, 3HK, 3HAA, or QA (100 �M
concentration) individually for 3 days and MCECs for 24 hours. The
Cells were then stained with FITC-labeled annexin V and 7-AAD (BD
Biosciences), according to the manufacturer’s instructions.

Detection of Regulatory T-Cells

CD4� T cells were activated by CD3/CD28 beads, in low tryptophan (5
�M)–containing medium in combination with 3HK, 3HAA, Kyn, or QA
(0–100 �M) for 3 to 7 days. The cells were stained with an APC
anti-mouse/rat FoxP3 staining kit (eBioscience, Gloucestershire, UK)
after permeabilization and analyzed by flow cytometry.

Calculation of Absolute Cell Counts from Spleen,
Peripheral Blood, and DLN

Splenocytes, PBMCs, and lymphocytes (from the DLN) taken from
mice after systemic and topical 3HK administration (or controls) were
stained with rat anti-mouse CD4-FITC, CD8-peridinin chlorophyll pro-
tein (PerCP), and CD19-phycoerythrin (PE) (AbCam, Cambridge, UK).
For absolute cell counts, cell counting beads (Perfect-count Micro-
spheres; Cytognos SL, Salamanca, Spain) were used according to the
manufacturer’s instructions.

RNA Extraction, Reverse Transcription, and
Quantitative PCR

Corneal tissue was ground using the beads and reagent supplied in a kit
(Fast RNA Pro Green Kit; QBiogene, Carlsbad, CA). RNA extraction and
quantification were performed as previously described.29 Quantitative
PCR was performed as previously described,26 and FoxP3 mRNA was
performed with the paired primers 5�-CACCCAGGAAAGACAG-
CAACC-3� (forward) and 5�-GCAAGAGCTCTTGTCCATTGA-3� (re-
verse) spanning 314 bp of the FoxP3 gene. Transcripts were normal-
ized to levels of hypoxanthine phosphoribosyl transferase (HPRT)
mRNA. Quantification of HPRT mRNA was performed using the paired
primers 5�-GTAATGATCCAGTCAACGGGGGAC-3� (forward) and 5�-
CCAGCAAGCTTGCAACCTTAACCA-3� (reverse).

Corneal Transplantation

Orthotopic corneal transplantation of fully mismatched C3H strain
or syngeneic BALB/c donor corneas was undertaken in inbred
BALB/c (6 –10-week-old) mouse recipients (Harlan Olac UK, Bices-
ter, UK). The animals were maintained in a specific pathogen-free
facility and treated in accordance with the U.K. government regu-
lations for care of experimental animals and with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research.
Transplantation was performed in the right eye of all animals as
originally described,30 with minor modifications.31 Corneal graft
transparency was graded on a scale of 0 to 4 as described.31

Rejection was diagnosed when the opacity score reached or ex-
ceeded 3 in a previously transparent cornea.
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Kynurenine Treatment of Graft Recipients

Stock 3HK was dissolved in PBS and administered intraperitoneally (IP)
560 mg/kg on a daily basis on days 1 to 7, days 7 to 14, or days 1 to 14
after surgery. Control animals were given the same volume of vehicle
from days 1 to 14. For topical application, a total dose of 3HK of 0.165
mg was dissolved in 30 �L 0.9% NaCl eye drops (final pH 2.5–3.0) and
administered twice daily on days 3 to 14 after surgery after removal of
the protective eyelid suture. This was the highest tolerated topical
dose, having been tested on nonsurgical eyes of BALB/c mice for 5
days. This dose is a molar equivalent and is based on one third of the
total dose used in systemic administration. Control animals were given
the same volume of vehicle.

Statistical Analyses

The mean of triplicate values and associated standard deviations were
calculated for all T-cell proliferation data. Statistically significant differ-
ences were calculated with a two-tailed t-test. Differences in graft
survival were analyzed with a log rank test and plotted according to the
Kaplan-Meier method. P � 0.05 was regarded as statistically significant.

RESULTS

The Tryptophan Metabolites 3HK and 3HAA
Inhibit Murine T-Cell Proliferation In Vitro

To confirm the effect of tryptophan metabolites on murine
allogeneic T-cell responses, we added the metabolites at vari-
ous concentrations to purified CD4� T cells that were stimu-
lated with anti-CD3/CD28 beads and proliferation determined
using 3H thymidine incorporation. CD4� T cells were exam-
ined as corneal graft rejection is mediated predominantly by
this subset.32 As shown in Figure 1, addition of 3HK and 3HAA
significantly inhibited CD4� T-cell proliferation in a dose-de-
pendent manner with IC50 of approximately 70 and 30 �M,
respectively, when compared with T cells incubated in vehicle
alone. A minimal effect with Kyn was observed, and no
effect was seen with QA. Similar data were obtained when
the T cells were stimulated with allogeneic dendritic cells in
a mixed lymphocyte response (Supplementary Fig. S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-
5793/-/DCSupplemental).

3HK and 3HAA Induce CD4� T-Cell Death

There are several possible mechanisms by which 3HK and
3HAA may influence T-cell responses. These include the induc-
tion of T-cell death or the induction of T regulatory cells
(Tregs). To investigate cell death, we stimulated CD4� T cells
with anti-CD3/CD28 beads in the presence of the kynurenines
(0–100 �M) for 24 hours and cell death assessed by flow
cytometry after staining with 7-AAD and annexin V. Both 3HK
and 3HAA induced significant CD4� T-cell-mediated cell death
in a dose-dependent manner, whereas neither QA nor Kyn did
(Fig. 2). Furthermore, as previously reported,21 we found 3HAA
to be more potent than 3HK; inducing apoptosis at concentra-
tions as low as 25 �M compared with 100 �M for 3HK.

FIGURE 1. Effect of kynurenines on
T-cell proliferation. CD3/CD28 bead–
stimulated CD4� T cells were incu-
bated for 72 hours in the presence of
kynurenines (3HK, 3HAA, Kyn, and
QA) at concentrations varying from 0
to 100 �M. Proliferation was measured
by 3H-thymidine incorporation. (f)
Vehicle control; (�) kynurenine. The
data represent the mean � SD of trip-
licate cultures. Results shown are rep-
resentative of four experiments. *P �
0.005, versus the control.

FIGURE 2. Effect of kynurenines on T-cell death. CD3/CD28 bead
activated CD4� T cells were incubated with or without kynurenines
for 72 hours. Cytotoxicity was evaluated by flow cytometry after
vital staining with 7AAD. Data represent the mean � SD of triplicate
samples. Results shown are representative of three experiments.
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Tryptophan Metabolites Induce a T-Regulatory-
Cell Phenotype from the Whole CD4�

T-Cell Population

Expression of FoxP3 correlates with suppressor activity in
CD4� T cells.33 Fallarino et al.34 demonstrated that naïve CD4�

FoxP3� T cells, which are resistant to kynurenine-induced
apoptosis, can convert into CD4�FoxP3� cells by a GCN2-
dependent mechanism after incubation with kynurenines.34

We looked at the effect of the kynurenines on the number of
FoxP3� cells from the whole CD4� T-cell population. CD4� T
cells were stimulated with anti-CD3/CD28 beads in the pres-
ence of the kynurenines (10–100 �M) for 3 and 7 days. As
shown in Figure 3A, there was no difference in the proportion
of CD4� cells expressing FoxP3 in the presence of any of the
kynurenines after 3 days. However, after 7 days (Fig. 3B), there
was a significant increase in the proportion of CD4� cells
expressing FoxP3 in the presence of all the kynurenines at the
10-�M concentration, flow histograms of 3HK and 3HAA data
are also shown (Supplementary Fig. S2, http://www.iovs.org/
lookup/suppl/doi:10.1167/iovs.10-5793/-/DCSupplemental).
This suggests that lower concentrations of kynurenines are
necessary to induce T-regulatory cells (Tregs), in keeping with
earlier reports.34 Of note, at the 100-�M concentration, there
was a reduction in the percentage of FoxP3-expressing cells
after both 3 and 7 days in the presence of 3HK and 3HAA, but

not QA or Kyn. The possible reasons for this are discussed
below.

Tryptophan Metabolites Do Not Alter DC
Function or Phenotype

We speculated that kynurenines could modify DC biology in an
autocrine manner. We assessed the effect of the individual
kynurenines on both immature and mature DCs by co-incuba-
tion for 24 hours, followed by washing. The DCs were then
used in mixed lymphocyte reactions to investigate their ability
to stimulate CD4� T cells; stained for CD80, CD86, and class II
cell surface markers to identify phenotype; and assessed for
viability by flow cytometry after vital staining with 7-AAD. We
showed that incubation with kynurenines did not alter the
phenotype of either immature or mature DCs (data shown for
3HK only; Fig. 4A), did not alter their ability to stimulate CD4�

T cells (Figs. 4B, 4C), and had no effect on their viability (data
not shown). Similarly, kynurenines were not pathogenic to
corneal endothelial cells and did not alter phenotype or viabil-
ity (Supplementary Figs. S3, S4, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.10-5793/-/DCSupplemental).

Systemic Administration of 3HK Prolongs Murine
Corneal Allograft Survival

Given the ability of 3HK and 3HAA to suppress allogeneic
T-cell responses in vitro, we went on to determine whether
administration of 3HK resulted in prolonged C3H corneal allo-
graft survival in BALB/c recipients, in which strain combination
there is full MHC and multiple minor mismatches. 3HK was
administered at 560 mg/kg IP on a daily basis on days 1 to 7,
days 7 to 14, or days 1 to 14. This dose was chosen, as in
preliminary experiments higher doses resulted in an observed
lack of activity in treated animals. The early (days 1–7) and late
(days 7–14) administration were chosen, to compare the effect
of 3HK on the induction and effector phases of the allogeneic
response. Control animals were given the same volume of
vehicle from days 1 to 14. Median survival time (MST) of
allogeneic C3H corneas was 12 days in untreated BALB/c re-
cipients, whereas syngeneic corneas survived indefinitely and
administration of the vehicle had no effect on survival (MST, 11
days). 3HK administration resulted in significant prolongation of
graft survival whether administered between days 1 to 7 (MST, 18
days; P � 0.036), days 7 to 14 (MST 19 days; P � 0.0003), or days
1 to 14 (MST 18 days; P � 0.0037). There was no significant
difference between the 3HK-treated groups (Fig. 5).

Systemic Administration of 3HK Depletes Both
Splenic and Peripheral Blood Lymphocytes

To determine whether 3HK alters the number of lymphocytes,
we administered 3HK for 14 days (according to the same
regimen) to animals that did not receive a graft. This treatment
did not result in any significant change in the weight of the
spleen (data not shown), but did result in a statistically insig-
nificant reduction in the number of splenic CD4� and CD8� T
cells and CD19� B cells (Fig. 6A); this was a consistent obser-
vation in repeated experiments. There was no alteration in the
proportion of splenic CD4� cells expressing FoxP3 (Fig. 6B).
Furthermore, it did not alter the proliferative capacity of CD4�

T cells after stimulation with CD3/CD28 beads (Fig. 6C). There
was a significant reduction in the number of CD4� and CD8�

T cells and CD19� B cells in peripheral blood (Fig. 6D).

Topical Administration of 3HK Results in
Prolongation of Corneal Allograft Survival

We went on to determine whether topical administration
might prolong graft survival. 3HK (0.165 mg) was administered

FIGURE 3. FoxP3 expression in CD4� T cells cultured with kynure-
nines. CD4� T cells were activated with CD3/CD28 beads, with or
without kynurenines. At 3 (A) and 7 (B) days, the cells were recovered
and the percentage of CD4� T cells that were FoxP3� was quantified
by intracellular flow cytometry. Data represent the mean � SD of
triplicate samples. *P � 0.005, experimental versus T cells alone.
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twice daily on days 3 to 14 after transplantation. Control
animals were given the same volume of vehicle. Treated ani-
mals had a significant prolongation in graft survival (MST, 15
days; P � 0.0001) compared with untreated or vehicle alone
(MST, 12; 11 days). In addition, a minority of animals (3/15)
showed long-term survival (�50 days; Fig. 7).

The corneal grafts of mice that had received topical 3HK
treatment, as well as those of the controls, were excised after
the onset of rejection (n � 8/group), and RNA was extracted.
Corneal FoxP3 mRNA expression was subsequently assessed
by quantitative real-time RT-PCR. There was a marked upregu-
lation of FoxP3 expression in 3HK versus vehicle control–
treated corneas (Fig. 8).

In mice that did not receive a graft, topical administration of
3HK did not alter the splenic or peripheral blood lymphocyte
count (Figs. 9A, 9B), but did result in a moderate, albeit insig-
nificant generalized reduction in the lymphocyte count of the
DLNs (Fig. 9C). The DLNs assessed were the deep cervical and
submandibular nodes, which have been shown to be the ocu-

lar DLNs.35 There was minimal difference in the proportion of
CD4� cells expressing Fox P3 in the DLNs (Fig. 9D).

DISCUSSION

Ever since it was reported that IDO can prevent rejection of
the fetus during pregnancy in mice,8 there has been consider-
able interest in elucidating the role of this enzyme in immuno-
regulation. In the context of transplantation, tryptophan catab-
olism has been shown to suppress alloimmune responses.
IDO-expressing DCs suppress allogeneic T-cell proliferation in
vitro via tryptophan metabolites,19 and the latter inhibit allo-
geneic T-cell responses both in vitro and in vivo.25 There has
been no investigation, however, as to how tryptophan metab-
olites exert their in vivo effect. In this study, we have investi-
gated whether the tryptophan metabolites given either locally
or systemically can modulate corneal allograft survival.

We confirmed that 3HK and 3HAA suppressed CD4� T-cell
proliferation in vitro, related to death of the T cells rather than

FIGURE 4. Effect of kynurenines on function and phenotype of DCs. (A) Mature and immature bone marrow–derived DCs were incubated with
3HK at a concentration of 100 �M for 24 hours, and expression of CD80, CD86, and MHC class II expression was quantified by flow cytometry
(solid line: 3HK; dashed line: vehicle control; dotted line: DCs alone). The isotype control is represented by the solid profile. Mature (B) and
immature (C) bone marrow-derived DCs were incubated with the individual kynurenines (�) as well as their vehicle controls (f) at concentrations
ranging from 0 to 100 �M for 24 hours, subsequently washed, and then used to stimulate allogeneic CD4� T cells in a mixed lymphocyte reaction
and proliferation measured by [3H]thymidine incorporation. Data represent the mean � SD of triplicate cultures. Results shown are representative
of three experiments.
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Treg development. Previously, Fallarino et al.24,34 showed a
large increase in the proportion of naïve CD4� FoxP3 express-
ing cells in the presence of the kynurenines (70% vs. 2%
controls), we showed only a moderate increase (8% vs. 2%
controls) in the whole CD4� T-cell population. This result may
relate to differences in the populations studied. It is recognized
that naïve T cells are more resistant to kynurenine-induced
apoptosis than are effector CD4� T cells.21 We found a reduc-
tion in FoxP3 expression in CD4� T cells at the higher con-
centrations of 3HK and 3HAA after 3 and 7 days of incubation.
This decrease could be because Tregs are more sensitive or it
may be an indirect effect as, for example, it has been shown
that CD4�CD25� FoxP3� T cells are extremely sensitive to
two common cell metabolites that are released from necrotic
cells: NAD and ATP.36 However, given the kinetics of Treg
development, they will not contribute significantly to the inhi-

bition of T-cell proliferation seen in vitro, where the major
mechanism of action is the death of the responding cells.

Consistent with previous reports, we demonstrated that
DCs are resistant to kynurenine-induced apoptosis.19,21 Taking
this further, we showed that the function and phenotype of
DCs is not altered in the presence of kynurenines. It is inter-
esting to speculate why DCs are resistant to kynurenines. It
may be the result of cell-specific uptake mechanisms or differ-
ential expression of enzymatic breakdown pathways.20,37 It is
known that DCs metabolize tryptophan through the kynure-
nine pathway, as demonstrated by immunohistochemical stain-
ing of the presence of quinolinic acid, the penultimate product
of the kynurenine pathway.38 Furthermore, it has been shown
that 3HAA-induced T-cell death is as a result of inhibition of
NF-�B activation on T-cell receptor engagement by specifically
targeting PDK1.39 The same investigators showed that the
induction of apoptosis is specific to CD4� T cells, as 3HAA did
not inhibit NF-�B activation or induce cell death on Toll-like
receptor-4 stimulation in dendritic cells.39 We also demon-
strated that there were no toxic effects of either IDO or

FIGURE 5. Effect of systemic administration of 3HK on murine corneal
allograft survival. BALB/c (H2d) mice received unilateral C3H (H2k)
donor corneal allografts, and IP injections of 3HK were administered at
a dose of 560 mg/kg/d according to three different treatment regimens:
on days 1 to 7, 1 to 14, and 7 to 14 after transplantation. There was
significant prolongation of graft survival in all treatment groups; n � 7
(MST, 18, 18, and 19; P � 0.036, P � 0.0003, and P � 0.0037,
respectively) in comparison to the controls (MST, 11 days). Indefinite
survival was observed in the untreated syngeneic grafts (BALB/c-BALB/c).

FIGURE 6. Splenic and peripheral
blood analysis after daily IP administra-
tion of 3HK. Animals (n � 3) received
systemic IP 3HK 560 mg/kg/d for 14
days consecutively, after which the
spleens were removed and (A) abso-
lute counts of CD4, CD8, and CD19
assessed by using counting beads.
(B) The cells were stained intracellu-
larly for Fox P3. (C) CD4� T cells iso-
lated and subsequently stimulated
with CD3/CD28 beads and prolifera-
tion assessed by 3H-thymidine incorpo-
ration. (D) Peripheral blood was taken
from the tail vein, and the absolute
number of CD4, CD8, and CD19 cells
was assessed by using counting beads.
*P � 0.05, experimental versus vehicle
control. Data represent the mean � SD
of triplicate counts. Results shown are
representative of two experiments.

FIGURE 7. Effect of daily topical administration of 3HK on murine
corneal allograft survival. BALB/c (H2d) recipients of unilateral C3H
(H2k) donor corneal allografts were treated with topical 3HK or vehi-
cle in the surgical eye twice daily on days 3 to 14 after surgery. There
was a significant prolongation of graft survival in the 3HK treated
group; n � 15 (MST, 15 days; P � 0.0001) in comparison to controls
(MST, 11 days).
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kynurenines on corneal endothelial cells, in keeping with find-
ings demonstrating IDO to be part of the ocular immune
privilege.26,40 Furthermore, it has been recently demonstrated
that a tryptophan/kynurenine transporter protein exchange
mechanism (LAT1) is upregulated by inflammatory cytokines in
human corneal endothelial cells. This transporter would allow
rapid delivery of the cytotoxic tryptophan catabolites to the
local corneal environment, dampening T-cell responses,41

again suggesting a probable role for kynurenines in corneal
immune privilege.

Earlier reports on the effect of SC administration of 3HAA
and Kyn in a model of skin transplantation indicated a short
prolongation of graft survival.25 For the first time we dem-
onstrate that both systemic and topical administration of
3HK resulted in prolongation of graft survival. In the sys-
temic group, we administered 3HK IP in three different
regimens. Although we observed a longer median graft sur-
vival in the day 7- to 14-treated group, there was no signif-
icant difference between the three treatment regimens. De-
spite concern about administration of 3HK in vivo owing to
its neurotoxic potential,42,43 we did not observe any major
effect at the doses we administered. Furthermore, the sys-
temic doses administered (60 mg/L) are only 20 times higher
than the serum concentration of Kyn in rats or humans (3
mg/L).44 The longest survival of individual grafts (�50 days)
was observed in the topical group in comparison to 30 days
in the systemic group. Direct application of drops to the
graft-recipient eye offer a more targeted treatment, reducing
possible systemic adverse effects.

To determine the effect of 3HK on lymphocyte counts we
examined mice that had had systemic administration of 3HK
for 14 days, finding a moderate although not statistically
significant reduction in the CD4�, CD8� and B-lymphocyte
population of the spleen but a significant reduction in pe-
ripheral blood. This loss of lymphocytes could be as a result
of cell death, consistent with our in vitro findings, or due to
a redistribution of circulating lymphocytes to the bone mar-
row and/or transient arrest of recirculation, as has been
observed with corticosteroid treatment.45,46

While there is a small decrease in the number of cells, it is
not clear that such a small decrease would be responsible for
the prolongation of graft survival. However, the topical admin-
istration of 3HK resulted in a significant upregulation of cor-
neal FoxP3 mRNA expression in comparison to controls, sug-
gesting that regulatory pathways may therefore be involved.
Although significant prolongation in graft survival was ob-
served in both the topically and systemically treated groups
after a treatment duration of 14 days after transplantation,
longer duration treatment might have resulted in longer term
acceptance of grafts, as in other reported treatment studies in
this mouse model.47

FIGURE 8. FoxP3 mRNA expression in rejected corneal grafts. The
corneal grafts of mice that were not operated on (No Op) and those
that had received an allograft together with topical vehicle control
(VC) or 3HK treatment were excised after the onset of rejection (n �
8/group) and RNA extracted. Corneal FoxP3 mRNA expression was
subsequently assessed by quantitative, real-time RT-PCR. (A) Bar graph
showing corneal FoxP3 mRNA expression normalized to HPRT, as
assessed using qRT-PCR. Data represents mean � SD of triplicate
samples. (B) Separation of PCR products on 1.5% agarose gel. (1, VC;
2, 3HK; 3, Op-no treatment; 4, No Op).

FIGURE 9. Splenic, peripheral blood,
and draining lymph node analysis af-
ter daily topical administration of
3HK. Animals (n � 3) received topi-
cal 3HK for 12 consecutive days, af-
ter which the spleens were removed
(A), peripheral blood was taken
(B), and lymphocytes from the DLNs
collected and absolute counts of
CD4, CD8, and CD19 assessed by us-
ing counting beads (C). Lymphocytes
from the DLNs were also stained in-
tracellularly for FoxP3 (D). Data rep-
resent the mean � SD of triplicate
counts.*P � 0.01, treatment versus
vehicle control.
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In conclusion, our data show that 3HK and 3HAA induce
mouse T-cell suppression in vitro, primarily as a result of death
of the T cells, and that 3HK prolongs corneal allograft survival
whether administered by topical or systemic routes. These data
show that these molecules may be responsible in part for the
effect of IDO in preventing allograft rejection (although they
cannot determine the relative importance of kynurenine pro-
duction compared with tryptophan reduction). In addition, we
have demonstrated the potential for using kynurenine or
kynurenine-like molecules to prevent graft rejection.
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