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1.3 Abstract 

This thesis focuses on clinical manifestations with effect of a specific corticosteroid 

eyedrop in a paediatric cohort of uveitis, transportation of leukocytes in an experimental 

model of autoimmune uveitis (EAU), and a specific T cell population, the Th17/Th1 

cell, and its role in EAU. 

 

Chapter 1 outlines the epidemiology, importance of uveitis and discusses the evidence 

of the immune cells, CD4+ T cell subsets and myeloid cells in the pathogenesis of 

uveitis. In addition, the crucial roles of adhesion molecules are reviewed. Chapter 2 

outlines the materials and methods used in the following chapters. Results are described 

in Chapters 3, 4 and 5. Chapter 3 explores the use of rimexolone (Vexol) eyedrops in 

a cohort of paediatric uveitis patients, and the associated risk factors for flare ups. I 

discovered that Vexol resulted in moderate control for anterior uveitis in paediatric 

patients and reduced the risk to flare-ups. Chapter 4 investigates leukocyte subtypes 

involved in crossing the blood-retinal-barrier (BRB) using in vivo and in vitro models 

by an α4β1 integrin small molecule inhibitor. I discovered that Th17 cells in particular 

were affected in their adhesion ability by an α4β1 integrin small molecule inhibitor. 

Chapter 5 describes the novel results of a functionally distinct CD4+ T cell subset, the 

Th17/Th1 cell (IFNγ+IL-17A+), and its response to corticosteroids in EAU and in in 

vitro studies. Chapter 6 draws together the findings from the thesis and discusses 

limitations and future work. 
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1.4 Impact Statement 

It is known that uveitis has broad clinical spectrums and was assumed to be induced by 

multi-pathways involving different CD4+ T cell subsets and other leukocyte subsets. 

My study involves examining the influence of the VLA-4/VCAM-1 pathway, the 

corticosteroid inhibition pathway and the CD4+ T cell subsets, particularly Th17/Th1 

cells, in the pathogenesis of uveitis and experimental autoimmune uveitis (EAU). I hope 

through my study, to understand more about the immune pathogenic mechanisms of 

uveitis in order that clinicians in the future may deploy from a ‘one size fits all’ 

management to a tailored personalised treatment by considering individual’s health 

needs and target therapies to achieve the best outcomes whilst avoiding associated 

complications.  

    Firstly, I pointed out a substitute of corticosteroid, remixolone eyedrops, could 

reduce the pathogenic cellular migration into the anterior chamber in a paediatric cohort. 

Whilst topical steroid eye drops are known to control anterior uveitis in general, by 

reducing anterior chamber cells and disease recurrence, it is also known to induce 

elevation of intraocular pressure (the corticosteroid response). My research illustrated 

that in a cohort of paediatric uveitis patients, rimexolone eye drop, a distinct form of 

steroid eye drop, can achieve the balance between fair clinical control while reducing 

the prevalence of intraocular pressure (IOP) elevation, which may offer a better care 

for paediatric anterior uveitis patients.  

    Secondly, I demonstrated the importance of the VLA-4/VCAM-1 pathway 

involved in the development of experimental autoimmune uveitis (EAU) model by 

using topical GW559090 (a VLA-4 inhibitor) treatment. In addition, a specific 

inhibition by VLA-4 inhibitor on Th17, dendritic cells, and inflammatory 

monocytes/macrophages was illustrated. From a different perspective, the VLA-4 
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integrin is known to be expressed on activated lymphocytes that have migrated through 

the blood-retinal barrier breakdown, infiltrating the eye and inducing uveitis. It has been 

reported that systemic administration of VLA-4 inhibitor can reduce EAU severity in 

mice. However, our knowledge was limited as to which specific lymphocyte was 

inhibited. My study concluded that applying topical GW559090 can reduce the clinical 

severity in mice EAU models and has a comparable clinical effect to dexamethasone 

eye drop, by specifically targeting inflammatory monocyte/macrophages and Th17 

cells, and has no effect on regulatory T cells (Treg) or neutrophils. This study improves 

the understanding the pathogenesis of EAU and indicates new treatment directions for 

uveitis. 

    Thirdly, in an EAU model, I reported a vital role for a recently discovered CD4+ 

T cell subset, Th17/Th1 cells, and concluded that these cells may be pathogenic for 

EAU. This particular CD4+ T cell subset - Th17/Th1 - was characterised by dual 

expression of IFNγ and IL-17A as well as transcription factors Tbet and RORγt. Their 

corticosteroid resistance discovered using in vivo and in vitro assays, reinforces the 

importance of the use of other immunosuppressants, biologics, or other modality for 

the management of uveitis. These findings extend our knowledge to the pathogenesis 

of uveitis and may advance the clinical management in uveitis.
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DMARDs: disease modifying anti-rheumatic drugs 

DMEM: Dulbecco's Modified Eagle's Medium 

EAE: Experimental autoimmune encephalomyelitis 

EAU: Experimental autoimmune uveitis 

EBV: Epstein-Barr virus 

EC: endothelial cells 

EDTA: ethylene diamine tetraacetic acid  

EIU: endotoxin-induced uveitis 



20 

 

FACS buffer: Flow cytometry cell staining buffer 

FCS: Fetal Calf Serum  

FML: Fluorometholone 

FMO: fluorescence minus one 

GEE: generalized estimating equation 

H: human 

HBEC: human brain endothelial cells 

HBSS: Hanks’ Balanced Salt solution 

H&E: Haematoxylin and eosin  

HIV: human immunodeficiency viruses 

HLA: human leukocyte antigen 

HMEC/D3: human microvascular endothelial cell  

HRPE: Human retina pigment epithelium  

HSV: herpes simplex virus 

HUVEC: human umbilical vein endothelial cells 

IRBP: interphotoreceptor retinoid binding protein  

iMyD88: myeloid differentiation factor 88 

IOP: intraocular pressure 

IQR: inter-quadrantile range  

IVIG: Intravenous immunoglobulin 

IU: intermediate uveitis 

JIA: Juvenile idiopathic arthritis 

KO: knockout 

LN: Lymph node 

LPS: lipopolysaccharide 
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M: mouse 

MAL: MyD88 adaptor–like  

MAR: melanoma associated retinopathy 

MBEC: mouse brain endothelial cell 

MERIT: Macular Edema Ranibizumab v. Intravitreal Anti-inflammatory Therapy Trial 

MFI: mean fluorescence intensity  

MS: multiple sclerosis 

mTOR: mammalian target of rapamycin 

MUST: Multi-centre Uveitis Steroid Treatment 

NICE: National Institute for Health and Care Excellence 

NIU: Non-infectious uveitis 

OR: odds ratio 

OVA: ovalbumin  

PANU: pan uveitis 

PBMC: peripheral blood mononuclear cell 

PBS: phosphate buffered saline  

PF: prednisolone acetate 

PHA: Phytohemagglutinin  

p.i.: post immunisation 

PKC: protein kinase C  

PMA: Phorbol 12-myristate 13-acetate 

PU: posterior uveitis 

QIC: quasi-likelihood information criterion 

R: retina 

RBCs: red blood cells 
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REC: retinal endothelial cell 

RM: rimexolone 

RPE: retinal pigment epithelium 

SD: standard deviation 

SITE: Systemic Immunosuppressive Therapy for Eye Disease study 

SLE: Systemic lupus erythematosus 

SO: sympathetic ophthalmia 

SUN: standardization of uveitis nomenclature 

TCR: T cell receptor  

TEER: Transendothelial electrical resistance 

TEFI: topical endoscopic fundus imaging 

Tfh: T follicular helper cells 

TINU: Tubulointerstitial Nephritis and Uveitis Syndrome 

TIR: Toll–interleukin 1 receptor–resistance 

TLRs: Toll-like receptors 

TNFα: Tumour necrosis factor-alpha 

TRAM: Toll receptor–associated molecule  

Treg: natural regulatory T cells  

Trif: Toll receptor–associated activator of interferon 

V: vitreous 

Veh: vehicle-treated 

VKH: Vogt-Koyanagi-Harada disease 

VZV: Varicella Zoster Virus 

WHO: World Health Organisation 
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Chapter 1. General Introduction and Objectives 

Leukocyte activation and trafficking across blood retinal barrier (BRB) plays an 

important role in uveitis. My research started by studying the outcome of blocking 

infiltrating cells into the anterior chamber using a corticosteroid eyedrop in a paediatric 

anterior uveitis patient cohort. Secondly, I investigated the effects of a topical α4β1 

integrin inhibitor by administered both prophylactically and therapeutically in a model 

of experimental autoimmune uveitis (EAU) and compared it with a corticosteroid 

eyedrop as a treatment control. The results were further validated by in vitro mouse and 

human T cell migration studies. Lastly, a distinct T cell subset, Th17/Th1 cell, which 

was continuously observed in the experiments, is further explored for its role in EAU 

and its responsiveness to corticosteroid treatment. 

 

1.1 Uveitis: The known and beyond 

1.1.1 Clinical features of uveitis 

Uveitis is a spectrum of disease involving the uveal tract in the eye, which includes the 

iris, ciliary body and choroid. However, the neighbouring structures such as retina, optic 

nerve, vitreous and sclera may also be influenced. The clinical presentation of uveitis 

can be classified depending on the anatomical site it affected, or by the aetiology behind 

it. By involvement in anatomical structures of the eye, uveitis is classified as anterior 

(the disease that majorly affects iris and ciliary body), intermediate (the clinical 

presentation mostly affects vitreous and pars plana), posterior (the disease targets 

choroid and/or retina mostly) or panuveitis (uveitis that affects anterior, intermediate, 

and posterior chamber of the eye) (Jabs et al., 2005) (Table 1-1). By aetiology, uveitis 

can be classified as infectious, non-infectious, neoplastic or non-neoplastic (Deschenes 
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et al., 2008) (Table 1-2). My study will be addressing the immune mechanisms, 

focusing on non-infectious uveitis (NIU). 

 

Table 1-1 Anatomical site involvement in the uveitis spectrum and clinical examples 

Site Anatomical involvement Clinical spectrum 

Anterior 

uveitis 

Anterior chamber, 

including iridocyclitis, 

iritis, anterior cyclitis, 

hyalitis. 

Blau syndrome, BD, Posner Scholossman 

syndrome, Herpes virus kerato-uveitis, 

TINU, JIA, Seronegative 

spondyloarthropathies, Fuch’s 

heterochromic iridocyclitis, Sarcoidosis, 

Syphillis, Tuberculosis 

Intermediate 

uveitis 

Involve pars planitis, 

posterior cyclitis. 

Multiple sclerosis, Lyme disease, 

Sarcoidosis 

Posterior 

uveitis 

Involve retina or choroid. 

Can be presented as 

choroiditis, chorioretinitis, 

retinochoroiditis, retinitis, 

neuroretinitis 

Multifocal retinitis 

   Syphilis, HSV, CMV, Sarcoidosis, 

Candidiasis 

   Meningococcus, Masquerade 

syndrome 

Multifocal choroiditis 

   SO, VKH, Sarcoidosis, Serpiginous, 

BCR 

   Wegener’s, SLE, Histoplasmosis 

   Tuberculosis, Masquerade syndrome 

Focal choroiditis/retinitis 

   Toxoplasma, Toxocariasis, 



25 

 

Tuberculosis 

   Nocardiosis, Masquerade syndrome 

Panuveitis Involves anterior chamber, 

vitreous, and retina or 

choroid. 

Syphilis, Sarcoidosis, VKH, BD, SO 

Infectious endophthalmitis  

BCR: Birdshot chorioretinitis; BD: Behçet’s disease; CMV: Cytomegalovirus; HSV: 

herpes simplex virus; TINU: Tubulointerstitial Nephritis and Uveitis Syndrome; JIA: 

Juvenile idiopathic arthritis; SLE: Systemic lupus erythematosus; SO: sympathetic 

ophthalmia; VKH: Vogt–Koyanagi–Harada disease  

 

Table 1-2 Uveitis clinical presentations defined by aetiologies. 

Aetiology Clinical spectrum 

Infectious Bacterial: Tuberculosis/ Lyme 

Fungus: Candidiasis 

Viral: HSV/HIV/CMV/VZV/EBV/rubella 

Parasitic: Toxoplasmosis/Toxocariasis 

Non-infectious Known systemic association: BD/ Sarcoidosis/ Multiple 

sclerosis/ VKH/ Syphilis/ JIA 

Unknown systemic association: NIU 

Neoplastic Leukemia 

Retinoblastoma 

Juvenile xanthogranuloma 

CAR/MAR 

Non-neoplastic Autoimmune retinopathy 

BD: Behçet’s disease; CAR: carcinoma-associated retinopathy syndrome; EBV: 
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Epstein-Barr virus; HIV: human immunodeficiency viruses; MAR: melanoma 

associated retinopathy; VZV: Varicella Zoster Virus. 

 

    Anterior uveitis can present in acute, chronic, or recurrent forms and the symptoms 

may include pain, photophobia, redness, tearing, blurred vision and floaters. The 

severity of symptoms ranges from no symptoms in chronic disease to multiple 

symptoms in acute onset uveitis. Patients with insidious-onset chronic anterior uveitis 

may not have symptoms until complications develop which leads to blurred vision. 

Young children with chronic anterior uveitis are usually asymptomatic (Chan et al., 

2018). In the contrary, patients suffering from HLA-B27 antigen associated acute 

anterior uveitis are severely symptomatic by starting to feel a dull ocular pain even 

before any evidence of an acute attack can be detected on clinical examination. 

Posterior uveitis can present with blurred vision, floaters, and flashes. It is usually 

presented in exclusive of anterior uveitis symptoms (photophobia, pain, and redness) 

especially in non-infectious posterior uveitis. Symptoms presented with posterior 

uveitis and pain, is suggestive of anterior chamber involvement, bacterial 

endophthalmitis, or posterior scleritis. Symptoms of intermediate uveitis are similar to 

posterior uveitis, presented with painless floaters and decrease vision; however, it can 

be distinguished with additional mild photophobia or external inflammation.  

 

1.1.2 Epidemiology and treatment for uveitis 

Uveitis can occur at any age, but mainly affects the working-age population (Suttorp-

Schulten & Rothova, 1996). The latest report from World Health Organization (WHO) 

in 2010 estimated that 285 million people across ages all over the world were visually 

impaired and 39 million people were blind (Pascolini & Mariotti, 2012). In the middle 
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aged group in the western world, uveitis is the fifth major cause of blindness, 

accounting for 10% of the patients who were blind (Darrell et al., 1962; O. M. Durrani 

et al., 2004; Suttorp-Schulten & Rothova, 1996; Tomkins-Netzer, Talat, et al., 2014). 

Children comprise 2-33% of patients in uveitis clinics and are prone to develop chronic 

inflammation leading to ocular complications and permanent vision loss (BenEzra et 

al., 2005; Edelsten et al., 2003; Tomkins-Netzer, Talat, et al., 2014). The prevalence of 

severe vision loss (≤20/200) in paediatric uveitis patients ranges between 3 ~ 10% as 

reported in published long-term studies (Smith et al., 2009; Tomkins-Netzer, Talat, et 

al., 2014). Vision loss is mainly related to the development of cataract, glaucoma and 

macular oedema. 

    The main goal in the management of NIU is to control the inflammation, prevent 

recurrences of the disease and preserve vision at the same time minimizing the adverse 

effects related to the therapy. In non-infectious anterior uveitis, topical corticosteroids 

are the standard treatment of anterior uveitis (Foster et al., 1996). The most common 

topical corticosteroid prescribed for the treatment of anterior uveitis is prednisolone 

acetate 1%, followed by dexamethasone 0.1% and prednisolone sodium phosphate 1% 

(Harthan et al., 2016). Other agents, for example rimexolone 1% ophthalmic suspension 

(Vexol®, Alcon-Couvreur NV, Puurs, Belgium.) have been used, but it has not been 

particularly addressed in the paediatric cohort, which will be included in my study. Side 

effects of topical steroids include cataract formation, increased intraocular pressure 

(IOP) and the potential for steroid-induced glaucoma, and all remain a serious concern 

(Kothari et al., 2015; Sallam et al., 2009; Thorne et al., 2010). Therefore, various agents 

with different concentrations and frequency of use have been reported to avoid side 

effects. 

    In the acute phase of NIU, patients usually relied heavily on the use of 
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corticosteroids for they have a wide range of anti-inflammatory actions, suppressing 

multiple inflammatory genes that are activated in chronic inflammatory disease 

(Ronchetti et al., 2018). However, monotherapy with high-dose oral corticosteroids is 

associated with various side effects that will potentially emerge within a few weeks and 

therefore monotherapy cannot be maintained long term and steroid-sparing agents are 

needed to reduce the burden of steroid therapy. With an advanced understanding of the 

inflammatory pathways underlying NIU, there have been significant successes in the 

development of new therapeutic agents in the recent decade, allowing a more precise 

targeting of pathogenic pathways. Currently, the therapeutic approach for NIU consists 

of a stepladder approach with the first-line option being corticosteroids in various 

formulations, followed by the use of other immunosuppressants, and newly discovered 

biologics serve as third line agents in cases that failed their prior treatments.  

    The commonly used immunosuppressants in NIU can be classified according to 

their inhibitory pathways to antimetabolites depleting purine synthesis thereby affecting 

lymphocyte proliferation (including azathioprine, mycophenolate preparations and 

methotrexate); selective lymphocyte signalling inhibitors through calcineurin, 

interfering with T (especially Th1 (Thomson et al., 1995)) and B cell activation and 

proliferation via TCR signalling (for example, cyclosporine, tacrolimus) or through 

mammalian target of rapamycin (mTOR: sirolimus); cytotoxic alkylating agents, 

prevent normal cross linkage of the DNA double helix and suppress the immune 

response mediated by both B and T cells (for instance, cyclophosphamide, 

chlorambucil); cytokine inhibitors through TNFα (including etanercept, adalimumab, 

infliximab, and golimumab), through IL-1 (anakinra, canakinumab, gevokizumab), 

through IL-2 (daclizumab), through IL-6 (tocilizumab and sarilimumab), or through IL-

17 (secukinumab); antibodies against specific immune cell molecules (rituximab (anti-
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CD20), alemtuzumab (anti-CD52)); anti-lymphocyte antibody (immunoglobulin). A 

review of immunosuppressants and biologics used in NIU and their efficacy is 

described in Table 1-3.  

 

Table 1-3 Steroid sparing immunosuppressants and biologics and their clinical effects in 

use for non-infectious uveitis. 

Drug 

Mechanism of 

action 

Disease entities of 

reported use 

Stable or 

improved 

visual acuity 

Mycophenolate preparations 

(Larkin & Lightman, 1999; 

Rathinam et al., 2014; Sobrin, 

Christen, et al., 2008; Tomkins-

Netzer, Taylor, et al., 2014) 

antimetabolites NIU/ BCR/ VKH Yes in all 

Azathioprine (Kim & Yu, 2007; 

Pacheco et al., 2008; Pasadhika 

et al., 2009) 

6-

mercaptopurine 

analogue 

AU/NIU/BD/VKH Only in BD 

Methotrexate (Gangaputra et 

al., 2009; Rathinam et al., 

2014; Samson et al., 2001) 

Folic acid 

analogue 

inhibiting 

dihydrofolate 

reductase 

AU/NIU/ VKH Yes in all 

Cyclophosphamide (Buckley & 

Gills, 1969; K. Durrani et al., 

2004; Pujari et al., 2010) 

Alkylating agent AU/NIU No 
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Tacrolimus/ cyclosporine 

(Murphy et al., 2005) 

Calcineurin 

inhibitors 

AU/NIU Yes in all 

Chlorambucil (Godfrey et al., 

1974; Jennings & Tessler, 

1989; O'Duffy et al., 1984; 

Tricoulis, 1976) 

Alkylating 

agent, suppress 

B-cells 

particularly. 

SO Yes 

Sirolimus (Nguyen, Merrill, 

Clark, et al., 2016; Nguyen et 

al., 2018) 

Inhibit T cell 

proliferation in 

an IL-2 

dependant 

pathway 

NIU  

Infliximab (Artornsombudh et 

al., 2013; Markomichelakis et 

al., 2011; Markomichelakis et 

al., 2012; Suhler et al., 2009; 

Suhler et al., 2005) 

Chimeric 

monoclonal 

antibody to 

TNFα 

JIA/BD/VKH/BCR/ 

Sarcoidosis/ 

idiopathic vasculitis 

Yes in all 

Adalimumab (Jaffe et al., 2016; 

Nguyen, Merrill, Jaffe, et al., 

2016; Ramanan et al., 2017; 

Simonini et al., 2011; Steeples 

et al., 2018; Suhler et al., 2018) 

Fully humanized 

monoclonal 

antibody to 

TNFα 

BD/ idiopathic 

uveitis/ sarcoidosis/ 

BCR/TINU/VKH/ 

pars planitis/ HLA-

B27 AU, JIA 

Yes in all 

Golimumab (Tosi et al., 2019; 

van Bentum et al., 2019) 

Anti-TNFα NIU/ HLA-B27 AU Yes 

Etanercept (Foster et al., 2003; 

Reiff et al., 2001) 

Anti-TNFα NIU/ sarcoidosis No in all 
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Anakinra/ Canakinumab/ 

Gevokizumab (Fabiani et al., 

2017; Fabiani et al., 2020) 

Anti-IL-1 BD No 

Daclizumab (Bhat et al., 2009; 

Sobrin, Huang, et al., 2008; 

Wroblewski et al., 2011; Yeh et 

al., 2008) 

Anti-IL- 2 NIU, AU, scleritis, 

idiopathic PANU, 

sarcoid PANU; 

HSV-associated 

anterior scleritis; 

idiopathic 

keratouveitis 

Yes in all 

Tocilizumab (Ramanan et al., 

2020; Wennink et al., 2020) 

Anti-IL- 6 AU, IU, PU, PANU, 

idiopathic retinal 

vasculitis 

Yes in all 

 

Sarilimumab (Heissigerová et 

al., 2019) 

Anti-IL- 6 NIU Yes 

Secukinumab (Dick et al., 2013; 

Letko et al., 2015) 

Anti-IL-17 BD, IU, PU No 

Rituximab (Caso et al., 2015; 

Lasave et al., 2018; Miserocchi 

et al., 2016; You et al., 2018) 

Anti-CD-20 RA associated 

scleritis, VKH, BD 

Unknown 

Alemtuzumab (Willis et al., 

2017) 

Anti-CD52 BD Unknown 

Interferon alpha-2a and -2b 

(Celiker et al., 2019; 

Demiroglu et al., 2000; 

Interferon AU, BD, VKH, 

PANU 

Yes 
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Sánchez Román et al., 1996) 

Pegylated interferon alpha-2b 

(Celiker et al., 2019) 

Interferon BD No 

IVIG (Garcia-Geremias et al., 

2015; LeHoang et al., 2000; 

Onal et al., 2006) 

Immunoglobulin BCR Yes 

AU: anterior uveitis; IVIG: Intravenous immunoglobulin; NIU: non-infectious uveitis; 

SO: sympathetic ophthalmia 

*Contents of table represented a summary from (Dick et al., 2018; Hassan et al., 2019). 

 

1.1.3 Adaptive immunity and innate immunity in uveitis 

“Immunity” is a general ability encompassed by the host to defend itself against the 

plundering of microbes that otherwise would have destroyed it. Immunity can be 

recognised by many aspects, but the overall dichotomy is to divide it from adaptive 

immunity (“acquired immunity”) to innate immunity (“natural immunity” or ‘innate 

resistance’). Innate immunity refers to non-specific self-guarding mechanisms that 

could be initiated immediately or within hours of recognizing antigens in the body. The 

epithelial surfaces of the body that meet the cells and molecules can activate an innate 

immune response. Phagocytic macrophages are able to recognise bacteria using their 

surface receptors, and this process triggers the macrophage to engulf the bacteria in 

addition to secreting cytokines and chemokines which can then be used to attract 

neutrophils and monocytes from the bloodstream. These local inflammatory events can 

also activate complement to destroy the bacterial cell surface which contributes to 

further inflammation. 

    On the other hand, adaptive immunity is a process that memorises for future 
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responses against a specific antigen. The initiation of an adaptive immune response 

starts by pathogens being ingested by dendritic cells residing in the local tissues. The 

dendritic cells, which are derived from myeloid precursors cells from the bone marrow, 

migrate to local tissues and serve to survey the local environment for pathogens. These 

cells then utilise costimulatory molecules and MHC Class II to present the signals 

(antigens) to lymphocytes and a sequential, unique immune cascade of antibody 

production is then being initiated to protect hosts. The distinctive characteristics of 

adaptive immunity are the ability to distinguish non-self from self antigens, termed 

specificity; and the ability to respond quickly to repeated exposures to the same antigen, 

which is a phenomenon known as memory. A review of the differences between 

adaptive and innate immunity is summarised in Table 1-4. 

 

Table 1-4 Features of innate and adaptive immunity 

 Innate immunity Adaptive immunity 

Characteristics   

Features 

For molecules shared by groups of 

related microbes and molecules 

produced by damaged host cells 

For microbial and 

nonmicrobial antigens 

Diversity Limited; germline encoded 

Broad. Receptors are 

produced by somatic 

recombination of gene 

segments 

Memory None Yes 

Self-tolerance Yes Yes 



34 

 

Components     

Barrier site 
Skin, mucosal epithelia; antimicrobial 

molecules 

Lymphocytes in epithelia; 

antibodies secreted at 

epithelial surfaces 

Proteins Complement, cytokine, chemokines Antibodies 

Cells 

Phagocytes (macrophages, 

neutrophils), natural killer cells, 

innate lymphoid cells 

Lymphocytes 

 

    The discovery of the Toll-like receptors (TLRs) as detectors for microbial 

molecules renewed the knowledge of discrimination between self and non-self, an 

important element of any immune system. Currently there have been a total of 13 TLRs 

identified in mammals, and most are used to recognize specific, conserved microbially 

derived molecules or their synthetic counterparts. At present, four adaptor proteins, 

including iMyD88 (myeloid differentiation factor 88), MAL (MyD88 adaptor–like), 

Trif (Toll receptor–associated activator of interferon) and TRAM (Toll receptor–

associated molecule) have been shown to transduce signals via the intracellular TIR 

(Toll–interleukin 1 receptor–resistance) domains of the various TLRs (Hoebe et al., 

2004). Recent studies have suggested that the cellular localization of TLRs is important 

in the regulation of the signalling, and that cell type-specific signalling downstream of 

TLRs determines certain innate immune responses (Kawasaki & Kawai, 2014). 

 

1.1.4 Autoinflammation and autoimmunity: double-edged sword of uveitis 

Uveitis is a clinical term used to describe inflammation of the retina and uvea. Within 

the broad spectrum of disease, it is believed that both autoimmunity and 
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autoinflammation are involved in the pathogenesis of different uveitis disease types 

(Caspi, 2010; Forrester et al., 2018; Lee et al., 2014).  

    Autoimmune uveitis is characterized by dysfunction of the immune system leading 

to loss of immune tolerance against self-retinal antigenic targets and recapitulates that 

of responses directed against intracellular bacterial infection. The disease onset is 

caused by the presence of autoreactive T cells, induced by a complex multifactorial 

aetiology including genetics and environmental factors. Following disease initiation, 

adaptive immune cell trafficking, the BRB breakdown and chronic inflammatory 

process are crucial to mediate local tissue destruction that further amplify the disease 

(Arakelyan et al., 2017; Nicholson, 2016). The clinical course of autoimmune uveitis is 

characterised by a relapsing and remitting course. A summary of the evidence for 

autoimmune disease in uveitis is summarised in Table 1-5. 

    The concept of autoinflammatory disease was recently introduced by a set of self-

directed inflammatory disorders, presenting periodic fever and episodes of acute 

inexplicable inflammation involving the innate immune system (Doria et al., 2012). It 

involves genetic conditions which were previously classified as autoimmune, but does 

not involve adaptive immune cells, meaning a lack of autoreactive T cells and/or high 

autoantibody titres. The important sensor is the inflammasome, an intracytoplasmic 

structure that assembles from several proteins when the cell detects danger, is being 

activated and releases inflammation promoting cytokines, such as tumour necrosis 

factor (TNF) or interleukin-1β (IL-1β), and consequent damage to host tissues. The 

inflammasome is activated by environmental changes that trigger their subunits to 

assemble (Arakelyan et al., 2017; Doria et al., 2012; Nicholson, 2016). 

Autoinflammatory diseases share common characteristics with autoimmune diseases, 

such as self-tissue directed inflammation in the absence of an obvious infectious trigger, 
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injury, or autoimmunity. There is recent evidence that some spectrums of uveitis are 

caused by autoinflammation, as reviewed in Table 1-5. 

 

Table 1-5 Clinical entities of autoimmune and autoinflammation disease associated with 

uveitis 

Disease entity Affected gene/HLA 

association/Auto-

antigen 

Uveitis 

presentation 

Autoimmune diseases   

Eye only   

Idiopathic uveitis  Unknown AU, IU, PU, 

PANU 

Phaco-anaphylactic endophthalmitis (Marak, 

1992) 

Unknown PANU 

Sympathetic ophthalmia (Cunningham et al., 

2017; Kilmartin et al., 2001) 

HLA-DRB1/ DQA1 PANU 

Systemic   

ANA+ RF- Juvenile idiopathic arthritis (Busch 

et al., 2019) 

Retina and pineal 

gland- specific protein 

cellular retinaldehyde-

binding protein 

(cRALBP) 

AU, IU, PU, 

PANU 

Complete, incomplete Vogt-Koyanagi-Harada 

disease (Hou et al., 2020) 

HLA-DR4, 

DRB1/DQA1 

PANU 

Autoinflammatory diseases   
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Eye only   

Birdshot retinochoroidopathy (Kuiper et al., 

2015) 

HLA-A29. ERAP2 PU 

Systemic   

Blau syndrome (Caso et al., 2014; Sarens et al., 

2018) 

NOD2/ CARD15 

 

AU (40%), 

PANU with 

MFC (50%) 

Behçet’s disease (Hou et al., 2020) NOD2 or NLRP3. 

HLA-B51 

AU, PU, 

PANU 

Chronic atypical neutrophilic dermatosis with 

lipodystrophy and elevated temperature 

(CANDLE) syndrome (Al-Mayouf et al., 2018; 

Rigante, 2017; Verbsky, 2012) 

PSMB8, PSMB4, 

PSMA3, PSMB9 

IU, PU 

Cryopyrin-associated periodic syndrome 

(Zierhut et al., 2011) 

CIAS1/NLRP3 AU, PU 

Familial Mediterranean Fever (Mansour et al., 

2019; Verbsky, 2012) 

Pyrin (MEVF) 

 

AU, IU, PU, 

scleritis. 

Gaucher disease type I (Winter et al., 2019) N370S/N370S 

 

IU, PU 

Hemophagocytic lymphohistiocytosis (Suhr et 

al., 2016) 

UNC13D, perforin, 

syntaxin 

PU  

HLA-B27 associated spondyloarthropathies 

(Ambarus et al., 2012) 

HLA-B27 AU 

Juvenile idiopathic arthritis-systemic onset 

(Nigrovic, 2015; Sen & Ramanan, 2020) 

Unknown AU, IU, PU, 

PANU. 
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Neonatal-onset multisystem inflammatory 

disease (Finetti et al., 2016) 

NLRP3 

 

AU 

Sarcoidosis (Caso et al., 2014) NOD2 AU, IU, 

PANU 

Systemic juvenile idiopathic arthritis, Still’s 

disease (Rossi-Semerano & Koné-Paut, 2012; 

Smiley et al., 1957) 

Unknown 

 

AU 

Muckle- Wells syndrome (Cekic et al., 2020; 

Shakeel & Gouws, 2007) 

NLRP/CIAS/NALP3 AU 

AU: anterior uveitis; HLA: human leukocyte antigen; IU: intermediate uveitis; PU: 

posterior uveitis; PANU: panuveitis 

 

    The pathophysiology of uveitis depends on the specific aetiology and can be diverse. 

The common feature in all types of uveitis is the breach in the BRB which can be 

observed by vascular leakage seen by fluorescein and indocyanine green angiography. 

It is followed by leukocytes entering the eye, which is clinically observed as cells in the 

anterior chamber, vitreous, or around retinal vessels causing vascular wall inflammation 

and vasculitis. These cells cause further inflammatory cytokine production and lead to 

structural damage to the eye, for example, chorioretinal scars, posterior synechiae 

between iris and lens, cataract, optic nerve atrophy, and neovascularization formation, 

and finally resulting visual acuity deterioration. Thus, animal models of uveitis are 

important to understand the pathogenesis behind the clinical observations and allow 

development of efficient therapies targeting immune cell trafficking across the BRB for 

the treatment of NIU. 
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1.2 Experimental uveitis mouse model and its immunology  

EAU is a CD4+ T lymphocyte-mediated autoimmune disease model used to represent 

human sight-threatening non-infectious uveitis (NIU) and to study the pathogenesis, 

specifically the cellular interactions and other pathologic mechanisms to organ-specific 

antigens from immunologically privileged sites (Caspi, 2003). In the development of 

EAU, the breakdown of the BRB is crucial and this allows the infiltration of 

inflammatory cells into the retina. Because the retina is a major target site, this 

exquisitely defined, and readily isolated tissue presents a unique structure for the study 

of the traffic and specificity of T cells within the target tissue at sequential times after 

immunization. Our current knowledge about the molecular mechanisms mediating 

immune cell trafficking across brain barriers is mainly derived from experimental 

autoimmune encephalitis (EAE) (Caspi, 2011; Caspi, 2014; Diedrichs-Möhring et al., 

2018; Forrester et al., 2013). 

    There are various models of intraocular inflammation in mice and these will be 

critically reviewed and described as below. These experimental animal models have 

brought about benefits in understanding the basic immunological mechanisms involved 

in the pathogenesis of non-infectious uveitis (NIU), in explaining the clinical 

heterogeneity of uveitis, and serve as fundamental opportunities for the development of 

novel therapies. However, no animal model represents the full spectrum of human 

uveitis. 

 

1.2.1 Immunology of the eye 

The sequestration of the eye from the immune system which protects vision from 

inflammatory insults is known as ocular immune privilege. This is supported by 

evidence of the long-term extraordinary success of cornea graft transplantation. Arising 
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from research with animals over the past few decades, it is believed that a complex 

process of tolerance is involved in uveitis. The process of tolerance is operated in 

immune sites both centrally (thymus) and peripherally (eye) side by side. In the thymus, 

new T-lymphocytes specific to the antigens from the eyes are generated in the cortex, 

followed by an apoptotic depletion process in the medulla upon exposure to their 

associated tissue antigens, and T cells with intermediate affinity may be converted into 

regulatory T cells (Tregs) (Gery & Caspi, 2018). The process of thymic central 

tolerance aims to abolish all the T lymphocytes reactive to tissue-specific antigens. 

However, a proportion of self-reactive cells could escape to the periphery. These 

escaped peripheral T cells alone (known as peripheral tolerance) are insufficient to 

trigger uveitis, because they are unable to invade the eye without further activation and 

being largely sequestered by blood brain barrier (Caspi, 2006). It is a mystery that, 

while retinal antigens are not expressed in the periphery, retinal antigen-specific T cells 

in the periphery must be activated before they can enter the eye and drive pathology. 

The ocular immune privilege is arguably impeding peripheral tolerance to eye-specific 

antigens, allowing non-tolerized eye-reactive T cells in peripheral circulation. This may 

be the reason that, despite immune privilege, the eye is susceptible to destructive 

autoimmunity manifesting as uveitis. There is direct evidence of tolerance involvement 

to retinal antigens from a double-blind placebo controlled clinical trial, in which uveitis 

patients who had lymphocyte responses to retinal S-antigen were given retinal S-

antigen orally to induce oral tolerance. The patients fed with retinal S-antigen were able 

to be weaned off conventional therapy without experiencing a relapse which was better 

than the placebo controls (Nussenblatt et al., 1997). 
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1.2.2 Models of uveitis in mice 

To simulate the complex clinical features relating to human posterior uveitis, various 

mouse models have been established, which are characterized by differences in genetic 

strains, mode of induction, clinical appearance, and immunological mechanisms.  

    This is exemplified by two distinct clinical and immunologic forms of murine EAU: 

the induced EAU and spontaneously developed ones. One of the first animal models 

was induced by intraocular or systemic injection of endotoxin, lipopolysaccharide 

(LPS), a constituent of Gram-negative bacteria’s cell walls, so termed endotoxin-

induced uveitis (EIU) (Magaña-Guerrero et al., 2020; Rosenbaum et al., 2008). Clinical 

presentation of EIU mice includes a rapid onset, short-lasting uveitis with an 

inflammatory infiltrate majorly in the anterior chamber, and a sympathetic effect in the 

contralateral eye can be observed even if a unilateral injection was introduced. It is 

considered a model which is not autoimmune, however it is a useful model in the study 

of innate immune pathways of acute ocular inflammation (Caspi, 2010), and for 

studying as a part of endogenous uveitis (Chen et al., 2009). It has been reported that 

Gram-negative bacteria or their lipopolysaccharides may be important in the 

pathogenesis of non-infectious immune-mediated HLA-B27-associated AAU (Chang 

et al., 2005).  

    The model of classic EAU, which is induced by immunization with IRBP 

emulsified in CFA, is mainly characterized by retinal and/or choroidal inflammation, 

retinal vasculitis, optic nerve infiltration, photoreceptor structural destruction and loss 

of visual function. The histological presentation of classic EAU resembles that of 

human uveitis, with inflammatory infiltrating cells in the vitreous, retina, and choroid 

and photoreceptor cell layer damage. It is no doubt considered as the most commonly 

used model in terms of dissecting immunopathogenic mechanisms at the cellular and 
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molecular level (Bansal et al., 2015; Caspi, 2010; Caspi, 2011; Chen & Caspi, 2019; 

Chen et al., 2015; Chen et al., 2013; Forrester et al., 2013; Klaska & Forrester, 2015; 

Luger et al., 2008; Wildner & Kaufmann, 2013). 

    It was arguable that the induction of EAU by immunization is dependent on 

stimulating the immune system by the mycobacteria in CFA, which may not be 

representative of human disease. Therefore, recent research was undertaken to develop 

an alternative spontaneous model of uveitis by generating mice transgenic for a retina-

specific T cell receptor (TCR). The spontaneous EAU in R161H mice transgenic mice 

presented with expanded peripheral CD4+ T cell population (20–30%), which is 

uveitogenic and specific for IRBP161-180 peptide. It is originated from cloning the TCR 

α and β chains from a highly uveitogenic T cell line, specific to the IRBP161-180 sequence, 

which encodes a major pathogenic epitope for B10.RIII mice, a highly EAU-susceptible 

strain, on the premise that a known pathogenic TCR would maximize the chances of 

spontaneous disease development (Chen et al., 2013; Horai et al., 2015; Horai et al., 

2013). In addition to R161H mice, spontaneous autoimmune uveitis is also found to 

develop in mice deficient in the AIRE (AutoImmune Regulator) gene (DeVoss et al., 

2006). AIRE controls expression in the thymus of tissue specific antigens, including 

IRBP and S-Ag, thus deleting the most highly uveitogenic T cells from the repertoire, 

and important to maintain central tolerance. Deletion in AIRE model of uveitis relies 

not only on thymic expression of IRBP, but also on proper antigen processing and 

presentation of IRBP by thymic antigen-presenting cells (Taniguchi et al., 2012). These 

AIRE-/- mice presented prominent choroidal involvement, while pathology of R161H 

mice is more focussed in the retina (Chen et al., 2015; Chen et al., 2013). These mice 

spontaneously develop ocular inflammatory disease and simulate some spectrum of 

human autoimmune uveitis without the need for active immunization with retinal Ag 
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as adjuvant. These spontaneous models are similar to classic EAU which was induced 

by CD4+ T cell mediated response to IRBP but differ from the classic EAU model by 

its chronic form of uveitis in nature and the clinical fundi presentations. A brief 

overview for EAU models in mice and their characteristics is presented in Table 1.6. 

 

Table 1-6 Experimental models of anterior and posterior uveitis  

Mouse model Details Characteristics Comments 

Endotoxin-

induced uveitis 

(EIU) 

(Magaña-

Guerrero et al., 

2020) 

BALB/c or 

C57Bl/6 mice 

Onset: 6h p.i. 

Peak: 24h p.i. 

Resolved by 

48h p.i. 

Induced by lipopolysaccharide 

(LPS) injection in vivo 

(intravitreal, tail vein, 

subcutaneous, footpad, or 

intraperitoneal injections). 

Anterior uveitis and retinal vessel 

dilatation.  

Involves dominant Th1 but some 

Th2 cells contribution. 

A model 

representing 

human acute 

anterior uveitis 

Classic EAU- 

immunization 

with IRBP/CFA 

(Luger et al., 

2008) 

B10.RIII 

(IRBP1-20), 

C57Bl/6 

(IRBP161-180), 

or B10.A 

Onset: ~10-

12 days p.i. 

Peak: 14-21 

days p.i. 

Retinal 

atrophy phase 

starts 4-5 

weeks p.i. 

Monophasic. Posterior uveitis 

involving vasculitis, optic neuritis, 

retinitis, vitritis, and choroiditis. 

Persistent anterior uveitis.  

In C57Bl/6 mice, a quarter 

developed initial low-grade disease 

(<2), exhibited chronic uveitis 

lasting 6-8 months p.i. 

Predominantly mononuclear 

infiltrate.  

Heavily Th17 dependent. 

Highly 

susceptible in 

B10.RIII mice.  

Moderated 

susceptible in 

C57BL/6 mice. 
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Adoptive 

transfer of 

polarized retina 

specific 

effector T cells 

(Luger et al., 

2008; Shao et 

al., 2006) 

Onset: 8-12 

days p.i. 

Peak: 14-16 

days p.i. 

Active 

disease for 60 

days. 

Th1 or Th17 depending on cells 

injected. 

Posterior uveitis with retinitis, 

optic neuritis, vitritis, post 

capillary artery vasculitis. 

Model with 

amplified 

immune response. 

DC-EAU 

induced by 

infusion of 

IRBP-pulsed 

mature DC 

(Tang et al., 

2007) 

B10.RIII 

mice 

Onset: 12-14 

days p.i. 

Remain 

active for 3 

months. 

Posterior uveitis with more retinal 

vasculitis, and less focal retinitis. A 

less severe disease than classical 

EAU. 

Th1 and Th2 dependent.  

Prominent granulocytic infiltrate. 

Inconsistent 

results. 

Spontaneous 

EAU in IRBP T 

cell receptor 

transgenic 

(R161H) mice 

(Horai et al., 

2013) 

B10.RIII 

background 

mice 

Onset: 4-6 

weeks old 

Peak: 8-10 

weeks old 

Posterior uveitis involving 

limbitis, retinitis, choroiditis. 

Minimal anterior uveitis. 

Secondary cataract formation 

precludes fundi examination by 

week 14. About half the mice 

develop focal retinal lymphoid 

aggregates, representing Dalen-

Fuchs nodules in VKH, which is 

characteristic of tertiary lymphoid 

tissue. (Kielczewski et al., 2016) 

Both Th1 and Th17 cells are 

pathogenic effectors, with Th1 

more dominant.  

Spontaneous 

chronic uveitis 

mode. 

Spontaneous 

Knockout for 

AIRE 

B10.RIII 

background. 

Onset: 4–5 

Defect in negative selection of 

autoreactive T cells. 

Posterior uveitis with diffuse 

Spontaneous 

chronic uveitis 

model. 
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transcriptional 

regulator 

(AIRE-/-) mice 

(Chen et al., 

2013; DeVoss 

et al., 2006) 

weeks old  

Retinal 

atrophy starts 

at 10-14 

weeks old. 

snowball-like multifocal 

chorioretinitis. Strong choroid 

involvement. In lack of cataract or 

anterior uveitis formation. 

Multi-organ disorders. 

Resembles human 

autoimmune 

polyendocrinopat

hy-candidiasis-

ectodermal 

dystrophy 

(APECED), 

which also 

includes 

uveoretinitis. 

IRBP: interphotoreceptor retinoid-binding protein; p.i.: post induction; VKH: Vogt-

Koyanagi-Harada disease 

 

1.3 Immune cells and their role in uveitis 

1.3.1 Introduction to T cells and their association with uveitis 

Among CD3+ T cells, it has long been considered that CD4+ but not CD8+ T cells are 

the important responders in immune responses necessary to induce EAU. Data from 

histology staining of eye tissue obtained from a uveitis patient supported that only CD4+ 

but not CD8+ T cells were discovered (Charteris et al., 1992). Depletion of CD4+ T cells 

prevents EAU development, and purified CD4+ T cells and particular T cell subsets 

specific for retinal antigens transferred into naive recipients would initiate EAU 

(Agarwal & Caspi, 2004). Although retinal antigen-specific CD8+ T cells cultured in 

the laboratory can induce retinal pathology in rodents, they are not necessary to elicit 

EAU (McPherson et al., 2003; Shao et al., 2004; Song et al., 2008). Mice and rats 

depleted of CD8+ T cells was reported to develop full-scale EAU upon immunization 

with a uveitis specific antigen (Calder et al., 1993). Furthermore, antigen-specific CD8+ 

T cells have a regulatory function to control EAU (Caspi et al., 1988; Han et al., 2007; 
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Peng et al., 2007). 

    Naive T cells, when activated by binding to the antigen as it is held in a structure 

called the MHC complex, on the surface of the antigen presenting cells (APCs), 

differentiate into distinct cytokine-producing effector CD4+ T cells, mainly Th1, Th2, 

Th9, Th17 and Th22 subsets, and have different immune functions. These T cells are 

defined by lineage-specifying transcription factors, expression of signature cytokines 

and distinct chemokine receptors allowing these T cells to exert different effector 

functions and to migrate to different tissue. For example, Th1 cells mediate cellular 

immunity following their recognition of an antigen (Ag), a process that involves 

expression of costimulatory molecules and the transcription factor T-bet, secreting IFN 

that upregulates MHC Class I and II expression and activates macrophages to kill 

intracellular bacteria. Th2 cells express the transcription factor GATA-3 and mediate 

the humoral and allergic responses by producing IL-4, IL-5, IL-9 and IL-13, which 

activate mast cells, basophils and eosinophils in response to helminth infection or 

allergen exposure. Th17 cells are characterised by expression of RORt and the 

production of IL-17A, IL-17F and IL-22 through a STAT3 pathway (Fouser et al., 2008), 

involved in recruitment of neutrophils and production of antimicrobial peptides in 

response to extracellular bacteria and fungi (Luchtman et al., 2014). In contrast to 

autoimmunity-promoting Th17 cells, thymus-derived natural regulatory T cells (Treg) 

represent a unique subpopulation of CD4+ T cells that inhibits T cell proliferation and 

autoimmune responses. The hallmark of Treg cells is the expression of Foxp3 

transcription factor, which serves as a master regulator of Treg cell development and 

function (Yamazaki et al., 2008).  
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1.3.2 T cell plasticity 

It has been an intriguing question as to the possibility that cells can change their identity; 

a phenomenon termed “cellular plasticity”. The discovery that terminally differentiated 

cells can be transformed into pluripotent cells as well as other terminal cell types 

experimentally has roused interests in the area. Recent studies have reported that the 

changes in cell identity can exist beyond the laboratory, that certain mature cells reserve 

the capacity to de-differentiate or trans-differentiate through the activation of certain 

signalling pathways or as a response to signals released during injury and inflammation 

physiologically (Merrell & Stanger, 2016). 

    Within the terminally differentiated CD3+ T cells, whether CD4+ helper and CD8+ 

cytotoxic T cell lineages are plastic in nature is an important immunological concept to 

understand which cell plasticity contributes to tissue homeostasis. There were more 

reports indicating that CD4+ T cells retain developmental plasticity, allowing them to 

acquire cytotoxic activity in the periphery (Taniuchi, 2018). There were limited reports 

indicating CD8+ T cells demonstrating a plastic ability (Liang et al., 2020). Since EAU 

mostly involves CD4+ T cells, my thesis will address mostly the CD4+ T cell functions. 

    It is well known that the effector CD4+ T cell subsets: Th1, Th2, Th9 and Th17 are 

matured and are accompanied by terminal differentiation. However, it has been reported 

that some single CD4+ T cells can acquire the phenotypic and functional characteristics 

of other T cell subsets simultaneously or at different times during their life cycles in 

response to specific microenvironmental condition. This can occur between CD4+ T cell 

subsets, between Th and T follicular helper cells (Tfh), between proinflammatory and 

regulatory functions, which has been reported between Th1/Th2, Th2/Th17, Th17/Th1, 

Treg/Th17, Tfh /Th17, Th2/ Tfh, and Th2/Th9 cells (Caza & Landas, 2015; DuPage & 

Bluestone, 2016). Plasticity between distinct CD4+ T cell subsets was reported in 
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human and mouse T cells under certain conditions in vitro (Basdeo et al., 2017; Wang 

et al., 2014) and in mice in vivo (Blatner et al., 2012; Komatsu et al., 2009; Panzer et 

al., 2012). It was proposed that the capability of a diverse repertoire of antigen-specific 

CD4+ T lymphocytes is essential for the host to respond to emerging microbial threats, 

to memorize secondary responses to previously encountered pathogens, to suppress 

immune responses after microbial clearance to avoid tissue damage resulting from 

inflammation, and may be the solution for evolutionary preservation (Caza & Landas, 

2015; DuPage & Bluestone, 2016; Sallusto et al., 2018). 

    This process is reported to be regulated by extracellular cytokines, T cell receptor 

(TCR) and co‑stimulatory signal strength, Notch signalling, the signal transduction 

pathway involving PI3K–AKT–mTOR, transcription factors and DNA methylation 

(DuPage & Bluestone, 2016; Liu et al., 2015; Mazzoni, Maggi, Siracusa, et al., 2019; 

Yan et al., 2019). In mouse CD4+ T cells, repeated stimulations with IL-12 or IL-4 were 

reported to enhance cytokine production and led to strongly polarized Th1 or Th2 cells 

(Murphy et al., 1996). It was reported that the transcription factor Eomesodermin 

(Eomes) controls non-classical Th1 cell development in a mouse model of T cell-

dependent colitis in vivo and promotes their pathogenic potential, but the expression of 

Eomes is also dependent on TCR and IL-2 signalling (Mazzoni, Maggi, Siracusa, et al., 

2019).   

    The phenomenon “plasticity” has been reported in several immune‑based diseases, 

such as autoinflammatory disease and cancer. There were evidences that suggested 

routes of trans-differentiation in CD4+ T cells. In Leishmania major infection in vivo, 

the exposed CD4+ T cells differentiated into Th1 cells and produced IFNγ, but these 

cells were able to trans-differentiate into Th2 phenotypes when exposed to IL-2 and IL-

4 ex vivo (Murphy et al., 1996). Th17 cell plasticity has been reported to be associated 
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with several diseases, such as IL‑17+FOXP3+ T Reg cells in rheumatoid arthritis and 

colon cancer (Blatner et al., 2012; Komatsu et al., 2014) and IL‑17‑expressing Th2 cells 

in asthma (Wang et al., 2010). These reprogrammed T cells may contribute to disease 

pathology. Research towards the potential controlling of T cell plasticity may lead to 

new therapies that ameliorated disease. 

 

1.3.3 Th17/Th1 (CD4+IFNγ+IL-17A+) cells and their role in autoimmune disease 

It has been reported that Th17 cells have substantial plasticity and readily acquire the 

ability to produce IFNγ in addition to IL-17 (Lee et al., 2009; Maggi et al., 2012; 

Sallusto et al., 2018). This subset, so-called Th17/Th1 cells, is thought to originate from 

Th17 cells, facilitated through IL-12 and IL-23 stimulation (Lee et al., 2009). It was 

further supported by in vivo studies demonstrating that Th17 cells can shift to Th1 cells 

in the presence of IL-12 or TNF-α (Annunziato et al., 2007). Th17-derived Th1 cells, 

also named Th17/Th1 cells, can be distinguished from the classic Th17 cells by the 

expression of CD161, and consistent expression of RORC, IL-17 receptor (IL-17R)E, 

CCR6 and IL-4-induced gene 1, which are all virtually absent in classic Th1 cells 

(Maggi et al., 2012).  

    In recent human studies, there is new evidence that Th17/Th1 cells could further 

progress towards a fully differentiated Th1 phenotype (CD161–CCR6+ non-classical 

Th1 cells) by losing IL-17 secretion, controlled by the transcription factor Eomes 

(Mazzoni, Maggi, Liotta, et al., 2019; Mazzoni, Maggi, Siracusa, et al., 2019). Human 

Th1 cells are traditionally considered less plastic, although a reverse plasticity from 

Th1 to Th17 cell trans-differentiation in response to TGFβ and IL-6 has been reported 

(Geginat et al., 2016; Leipe et al., 2019; Liu et al., 2015). In the brains of mice with 

EAE, it was proposed that IL-23 signalling induces the expression of GM-CSF and 
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IFN- in Th17 cells, thereby transforming these cells to the pathogenic Th17/Th1 cells. 

With a negative feedback loop, IFN- then suppresses the expression of RORγt and the 

production of GM-CSF and IL-17 and switches the cells to a non-classical Th1 cell 

phenotype, discontinuing the production of IL-17. The discovery of non-classical Th1 

cells may be an explanation for the variable success rate in targeting specific T cells for 

treating autoimmune diseases (Hirota et al., 2011; Raphael et al., 2015). 

    The detection of Th17/Th1 cells has been associated with juvenile idiopathic 

arthritis (Maggi et al., 2014), graft versus host disease (GVHD; (Ma et al., 2012), 

multiple sclerosis (Kebir et al., 2009), and in skin lesions in Behçet’s disease (Shimizu 

et al., 2012). In diabetes, Th17/Th1 cells have been associated with islet 𝛽-cell 

autoantibody activity in human and animal models of type I diabetes mellitus and was 

considered as a biomarker for disease progression (Reinert-Hartwall et al., 2015). 

Similarly, in experimental models of disease, Th17/Th1 cells have been reported in 

EAE (Hirota et al., 2011) and in dry eye disease (DED; (Chen et al., 2017). In addition, 

in a Th17-dominant mouse model of inflammatory bowel disease (IBD), Th17 cells 

deficient in IFNγ failed to induce intestinal inflammation, confirming that Th17/Th1 

cells are required for Th17-induced colitis (Harbour et al., 2015). 

    Patients with Crohn's disease exhibited fistula resolution after administration of 

adalimumab (a TNF-α inhibitor) where it was found that the resolution of the fistula is 

associated with a reduced frequency of non-classical Th1 and Th17/Th1, indicating 

these cells may be pathogenic (Maggi et al., 2013). Patients with JIA treated with 

Etanercept (a TNF-α inhibitor) were found to have inhibited the TNF-α-driven shift 

from Th17 towards the non-classic Th1 phenotype. Etanercept was found to act only 

on CD4+CD161+ T lymphocytes, inhibiting the expansion of Th1 cells, and increasing 

the proportions of both Th17 and Th17/Th1 cell subsets (Maggi et al., 2014). In the 
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mouse model for IBD, a study also indicated that Th17 cells play an important role for 

transitioning to Th1-like cells and supporting the development of classic Th1 cells 

(Harbour et al., 2015). 

 

 

Figure 1-1 A proposed model of Th17 cell plasticity transforming into Th17/Th1 cells in 

the EAE model. 

In the peripheral immune system, TGF-β, IL-6 and IL-23 induce the differentiation of Th17 

cells. In the CNS, IL-23 signalling induces the expression of GM-CSF and IFNγ in Th17 cells, 

inducing these cells to become pathogenic. In an autocrine signalling loop, IFNγ suppresses the 

expression of RORγt and the production of GM-CSF and IL-17 by the pathogenic Th17 cells, 

thereby inducing a switch to ‘‘suppressive’’ exTh17 cells (non-classical Th1 cells). Figure is 

orignated from Raphael et al., 2015. 

 

    In the classic EAU model, it has been reported that there is a higher proportion of 

Th17/Th1 cells in the eye (~10%) at peak disease, but not in cervical LN, peripheral 

LNs, or spleen (all less than 2%; Luger et al., 2008; Zou et al., 2019). However; the 

role of Th17/Th1 cells in EAU is not clear. In my thesis, I include an investigation of 

the function of Th17/Th1 cells in EAU. 
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1.3.4 Role of CD4+ T cells in uveitis 

The migration of T cells and other inflammatory cells into the eye has been investigated 

in human and animal models for many years. With the development of EAU, T cells 

reactivated to retinal antigen preferentially infiltrate the two barriers of the eye, the 

choroid and retinal vessels, and manifest disease with infiltration of granulocytes, 

macrophages and other non-specific lymphocytes that can destroy the ocular tissues. 

An early histological study of retinal tissue from a Behçet’s uveitis patient reported 

CD4+ T cell and macrophages infiltration, with a lack of CD8+ T cells, B cells and 

neutrophils (Charteris et al., 1992). In addition, another specifically reported evidence 

of Th1 cells (positive staining for CD4+IFNγ+ cells) participating in the process of 

inflammation at sites in uveitic eyes (Wakefield et al., 1994), which was later supported 

by studies using flow cytometry in HLA-B27 positive acute anterior uveitis patients 

and it was reported that elevated levels of CD4+ T cells and Th17 (CD4+IL-17A+) cells 

were detected in the blood as compared to healthy controls (Zhuang et al., 2017). Our 

group previously published data on CD4+ T cell distribution in uveitis patients without 

any systemic involvement and reported that the level of Th1 (CD4+Tbet+) and Th17 

(CD4+RORγt+) cells were similar in active uveitis patients who were already on 

immunosuppressants as compared to healthy controls. However, the level of IFNγ, but 

not IL-17A, was significantly increased in active uveitis patients compared to controls. 

The study was biased in that most active patients had been treated with 

immunosuppressants when enrolled. However, it indicated a more important 

pathogenic role for Th1 cells in non-specific non-infectious uveitis patients (Gilbert et 

al., 2018). In contrast, in a paediatric JIA cohort, it has been reported that levels of Th17 

(CD4+IL17+) cells in the peripheral blood were significantly increased in patients with 
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JIA without ocular involvement and JIA patients presenting with uveitis as compared 

to healthy controls. Interestingly, the level of Th17/Th1 (CD4+IL-17+CD161+) cells 

only increased in JIA with uveitis patients but not in JIA patients without ocular 

involvement comparing to control (Walscheid et al., 2018). Data in humans is 

subordinate, due to the diverse clinical spectrum and the difficulty to acquire ocular 

samples from patients when the disease initially manifests but are still compelling.  

    Animal models are useful to understand the detailed role for each T cell subset 

participating in the immunopathogenesis of uveitis. Both Th1 and Th17 cells are 

considered immunopathogenic in the initiation of EAU, in the context that either IFNγ- 

and IL-17-knockout (KO) mice can develop EAU, and IFNγ KO mice even show a 

more severe ocular disease than wild type mice, pointing to an important role of IL-17 

in uveitis (Avichezer et al., 2000; Luger et al., 2008; Yoshimura et al., 2008). In the 

C57Bl/6 classic EAU model, it has been demonstrated that there is a differential 

requirement for T cells, that Th1 is responsible for the induction phase and Th17 at later 

phases of EAU (Yoshimura et al., 2008). There is evidence that Th17/Th1 cells 

comprise of 5~15% of CD4+ T cells at peak C57Bl/6 and B10.RIII EAU intraocularly 

only, although their role in EAU is unclear (Eskandarpour et al., 2017; Zou et al., 2019). 

On the other hand, in monophasic and recurrent rat models, it has been demonstrated 

that IFNγ producing Th1 cells seems to play an important role in relapsing/remitting 

EAU, whilst Th17 cells might function more facilitating the primary ocular infiltration 

of cells. The Th17/Th1 cells appearing at disease onset comprised 10% of lymphocytes 

and increased two-fold when disease resolved in the monophasic model, and remained 

at similar detection levels in the relapsing/remitting model (Kaufmann et al., 2012). In 

addition, these CD4+ T cell can remain in the retina after resolution of inflammation for 

many weeks (Diedrichs-Möhring et al., 2018). 
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    Similarly, another model in the CNS, experimental autoimmune encephalomyelitis 

(EAE) is the most commonly used experimental model to dissect the 

immunopathogenesis in the human inflammatory demyelinating disease, multiple 

sclerosis (MS; Constantinescu et al., 2011). Previous literature pointed out that the EAE 

model showed many similarities to EAU in immunological processes for disease 

induction, the cytokines produced and the targeted molecules for treatment (Calder & 

Lightman, 1992). Kroenke et al. reported that in the adoptive transfer EAE model, the 

clinical signs of Th1- and Th17-induced EAE are indistinguishable, whereas the 

mediated dominant inflammatory cells are different, macrophages or neutrophils under 

Th1 or Th17 cell transferred EAE models, respectively (Kroenke et al., 2008). Although 

inflammation induced by each T cell subset differ in different animal models, both T 

cell responses synergistically contribute to the development of EAU. 

 

1.3.5 Role of myeloid cells in EAU 

During innate immune response to inflammatory process of the eye, monocytes and 

macrophages are vital regulators and effectors that takes the immediate and first action 

for the immune system. In the posterior chamber of the eye, retina microglia, 

populations of myeloid-derived cells, mainly macrophages, are present in the inner 

retinal vessels and throughout the retinal parenchyma. These macrophages are 

constantly replaced from the circulation rather than being derived in the retina (Xu et 

al., 2005). When acute inflammation occurred, resident macrophages and dendritic cells 

respond immediately by recognizing the molecules linked to pathogen-associated 

molecular patterns or damage-associated molecular patterns from receptors contained 

on the injured cells, function like APCs, and they suppress T-cells through nitric oxide 

production when activated (Slaney et al., 2011; Zhu et al., 2007). The macrophages also 
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engulf and kill the invading microorganisms and provide a vital phagocytic role as first 

defence in innate immunity (Mérida et al., 2015). Although the myeloid cell response 

to inflammation is intended for protection, it is also responsible for cellular pathology 

and tissue damage. At peak EAU, it was reported that the major infiltrating cell types 

are myeloid-derived cells along with T cells (Jiang et al., 1999). Th1-associated 

chemokines are responsible to attracting mononuclear cells to the eyes, whilst in the 

absence of IFNγ, Th2- and Th17-related chemokines are the key elements for 

immigration of granulocytes (Su et al., 2007). In the chronic phase of EAU, 

sialoadhesin-positive, tissue-damaging macrophages plays an important role in linking 

innate and adaptive immune systems and regulating the resolution of autoimmune 

inflammation (Jeong et al., 2018; Jiang et al., 1999). 

 

1.4 Adhesion molecules in uveitis 

1.4.1 Molecules involved in leukocyte recruitment 

Recruitment of effector T cells to an immune reaction site involves coordination of 

adhesion molecules between the leukocytes and the endothelial cells within the blood 

vessels. Figure 1-2 illustrates the steps needed in the process, including tethering of 

leucocytes, followed by rolling, adhesion to endothelial cells, further by activation and 

crawling on the endothelial cells, and finally transmigration. During rolling, integrins 

mediate interaction with the endothelium. After this contact, integrin activation 

mediates cell arrest, and accumulation of integrins at the endothelial/leukocyte border 

amplifies post-adhesion strengthening. Leukocytes then crawl over the endothelium 

before they transmigrate and finally detach (Herter & Zarbock, 2013). 
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Figure 1-2 Integrins on different leukocyte subsets and their role in each step of 

leukocyte recruitment.  

(a) Steps of leukocyte migration across blood vessel and the integrins presented 

on each leukocyte subsets. (b) Integrins are reported to be involved in each step 

by 1) Interaction of endothelial cell selectins with their respective 

counterreceptors triggers inside–out signalling, leading to integrin activation. 2) 

Decrease in expression of receptors and ligands: galectin-1, lipoxin A4, and 

DHA. 3) Blunted upregulation of integrins: lipoxin A4, resolvin D2, resolvin 

D1. 4) Antagonizing receptor engagement: PTX-3. 5) Interception of inside–out 

signalling: GDF-15. 6) Antagonizing integrin engagement: Del-1 (Crane & 

Liversidge, 2008; Herter & Zarbock, 2013). 
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    In mononuclear leukocytes, the major integrins includes α4β1 (Very Late Antigen-

4 (VLA-4), CD49d/CD29) and αLβ2 (lymphocyte function-associated antigen 1 (LFA-

1), CD11a/CD18), which bind to vascular cell adhesion molecule 1 (VCAM-1, CD106) 

and intercellular adhesion molecule 1 (ICAM-1, CD54), respectively (Table 1-7). Both 

α4 and β2 integrin can mediate stable adhesion, leukocyte spreading, and migration, 

whereas only α4 integrin can mediate initial rolling interactions. VLA-4 integrin has 

been demonstrated to stimulate production of potent inflammatory mediators such as 

TNF-α, IL-1, and the pro-coagulant tissue factor protein (Chan et al., 2000; Hyun et al., 

2009). 

 

Table 1-7 Cell adhesion molecules which are involved in lymphocyte transportation  

Family Localization Ligand Function 

Selectin     

P-selectin Endothelial cells, Platelets L-Selectin, PSGL-1, 

CD24 

Rolling 

E-selectin Endothelial cells PSGL-1, ESL-1, L-

selectin 

Rolling 

L-selectin Leukocyte P-selectin, E-

selectin, GlyCAM, 

CD34, MAdCAM-1, 

PSGL-1, PCLP-1 

Rolling 

Integrin     

CD11a/CD18 

(LFA-1, αLβ2) 

Lymphocytes, dendritic 

cells, NK cells, neutrophils 

ICAM-1, ICAM-2 Adhesion, 

Migration 

CD11b/CD18 Neutrophils, monocytes, ICAM-1 Adhesion, 
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(Mac-1, αMβ2) macrophages, dendritic 

cells, lymphocytes, NK cells 

Migration 

CD11c/CD18 

(αxβ2) 

Granulocytes, monocytes C3b Activation, 

Adhesion 

CD49d/CD29 

(VLA4, α4β1) 

Lymphocytes, eosinophils, 

monocytes 

VCAM-1 Adhesion 

α4β7 Lymphocytes VCAM-1, 

MAdCAM-1 

Rolling, 

Adhesion 

Immunoglobulin     

ICAM-1 (CD54) Endothelium, monocytes CD11a/CD18, 

CD11b/CD18 

Adhesion, 

Migration 

ICAM-2 

(CD102) 

Endothelium CD11a/CD18 Adhesion, 

Migration 

VCAM-1 

(CD106) 

Endothelium α4β1, α4β7 Adhesion, 

Migration 

MAdCAM-1 Intestine endothelium α4β7, L-selectin Adhesion, 

Migration 

PECAM-1 

(CD31) 

Endothelium, Leucocytes, 

Platelets 

PECAM-1 Adhesion, 

Migration 

*Table is modified from (Gonzalez-Salinas et al., 2018). 

 

1.4.2 Evidence for adhesion molecules participating in uveitis 

As EAU is characterized by activated CD4+ T cells and leukocytes entering the retina, 

lymphocyte migration across the vascular bed of the eye plays a critical role in the 

development of uveitis. Cell adhesion molecules were observed to be expressed in 
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ocular tissue specimens from patients with uveitis by histological staining (Dick et al., 

1992; Wakefield et al., 1992; Whitcup et al., 1992). Furthermore, there was indirect 

evidence for adhesion molecules participating in the pathogenesis of uveitis. In a study 

investigating peripheral blood of patients with Behçet’s disease, it was observed that 

the level of soluble ICAM-1 was higher in patients with active systemic disease than 

inactive eyes or healthy controls. However, in patients with active eye disease, the level 

of ICAM-1 and VCAM-1 in the blood did not differ when compared to controls (Verity 

et al., 1998). 

    In an animal model, the adhesion molecule ICAM-1 and its ligand (LFA-1) are 

expressed earlier in the development of EAU (Whitcup et al., 1993). There was no sign 

of VCAM-1 expression in healthy eyes, whereas its level increased from internal 

limiting membrane and epithelial cells of the ciliary body to the outer retinal layers 

including the outer limiting membrane with the development of EAU (Makhoul et al., 

2012). Xu et al. reported that the distribution of P-selectin, E-selectin, ICAM-1, 

VCAM-1, and PECAM-1 on the retinal microvascular endothelium increased 

progressively as classic EAU developed in B10.RIII mice, with the increase in ICAM-

1 and P-selectin expression starting earlier and being more closely associated with the 

sites of BRB breakdown, cellular adhesion and extravasation (Xu et al., 2003). These 

studies indicated the importance of upregulation of ICAM-1 and VCAM-1 with the 

development of EAU. 

    Previous studies have reported that by administration of integrin inhibitor 

systemically, by using anti-VLA-4 antibody or ani-LFA-1 antibody in either an 

adoptive transfer model of EAU, IRBP-induced EAU, or endotoxin-induced uveitis 

(EIU), the clinical severity was suppressed (Hafezi-Moghadam et al., 2007; Ishida et 

al., 2014; Ke et al., 2007; Martin et al., 2005; Whitcup et al., 1993). In addition, a 
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combination of an anti-VLA-4 antibody and an ani-LFA-1 antibody achieved a 

synergistic effect clinically (Ishida et al., 2014). The clinical effect is thought to be 

achieved by ani-integrin antibodies suppressing leukocyte adhesion to the blood vessels 

(Hafezi-Moghadam et al., 2007).  

    In other non-infectious inflammatory eye diseases, it has been reported that integrin 

inhibitors could suppress disease progression. For instance, topical integrin inhibitors, 

including GW559090 (a VLA-4 antagonist), BIO-8809 (anti–VLA-4 small molecule), 

and Lifitegrast 5% eyedrops (an LFA-1 inhibitor) have been investigated in dry eye 

disease and improved the extent of corneal staining and ocular surface inflammation in 

a murine model (Contreras-Ruiz et al., 2016; Ecoiffier et al., 2008; Krauss et al., 2015). 

In the murine model, Lifitegrast has been shown to suppress Th1 signature family genes 

(IFNγ, CXCL9, and CXCL11) on conjunctival tissues following treatment. Thus, the 

clinical efficacy may be achieved through blocking the Th1 pathway (Guimaraes de 

Souza et al., 2018). In clinical trials, Lifitegrast has recently been reported to show 

promising clinical results in dry eye patients (Haber et al., 2019; White et al., 2019). 

    In the EAE model, Rothhammer et al. demonstrated that the tool that Th1 and Th17 

cells used for trafficking were different. The infiltration of Th1 cells into the CNS 

depends upon α4β1 integrin expression, whereas that of Th17 cells is predominantly 

mediated by αLβ2 integrin in the EAE model (Rothhammer et al., 2011). Targeting the 

α4β1 integrin is proved to be effective in blocking encephalitogenic T cell infiltration 

into the CNS; as a result, the monoclonal antibody Natalizumab (Tysabri®, Biogen Idec, 

Cambridge, MA, USA) was approved for treating MS patients in 2006 (Baron et al., 

1993; Gandhi et al., 2016; Polman et al., 2006).  

    Despite anti-integrin treatment having been established in inflammatory brain 

disease, its precise clinical effect of blocking in uveitis is not fully understood. The 
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contribution of cell adhesion molecules to disease manifestations, including 

autoimmunity, and to the mechanism underlying Th1, Th17, and regulatory T cell 

infiltration has not been fully addressed. Whether the integrin inhibitor would work as 

a treatment in uveitis as a topical medication has not been previously demonstrated. My 

work investigated the effect of a novel topical integrin antagonist (GW559090, a VLA-

4 inhibitor) in vivo in EAU and its mechanisms in vitro (Chapter 4). 

 

1.4.3 In vitro evidence for adhesion molecules participating T cell migration 

Participation of various adhesion molecules in leukocyte subset transmigration depends 

on the specific phenotype interaction with local vascular endothelial cells (Becker et al., 

2001; Bharadwaj et al., 2013; Greenwood & Calder, 1993; Greenwood et al., 1995; 

Liversidge et al., 1990; Nolan et al., 2013; Smith et al., 2012; Xu et al., 2002). Previous 

in vitro studies reported that the interaction between ICAM-1 and LFA-1 is important 

for firm adhesion whereas VLA-4 is important for rolling in leukocyte trafficking in the 

CNS barrier (Crane & Liversidge, 2008; Greenwood et al., 2003; Greenwood et al., 

1995). In the retinal tissues, retinal antigens attract T cells and recruiting lymphocytes 

to the retina, even in the absence of inflammation (Greenwood & Calder, 1993; Howard 

et al., 2005). Previous reports illustrated that ICAM-1 is expressed at the luminal 

surface continuously at intercellular junctions between adjacent endothelial cells even 

when the endothelium was not inflamed (Biernacki et al., 2001; Xu et al., 2003), and is 

constitutively expressed at high levels on retinal pigment epithelial (RPE) cells (Devine 

et al., 1996), whereas VCAM-1 was only expressed in retinal endothelial cells after 

stimulation with IFNγ in human and rat cells (Crane & Liversidge, 2008; Faveeuw et 

al., 2000; Liversidge et al., 1990). 

    Under various inflammatory conditions, LFA-1/ICAM-1 and VLA-4/VCAM-1 
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paired axes may participate in lymphocyte migration differently. In one study where 

human umbilical vein endothelial cells (HUVEC) and lymphocytes from healthy 

PBMC and activated through protein kinase C (phorbol dibutyrate alone or in 

combination with the calcium ionophore, ionomycin) were co-cultured for EC 

monolayer transmigration, the results implicated that the process is mediated mostly 

via the LFA-1/ICAM-1 axis, even when ICAM-1 was not involved in adhesion. In 

addition, the report suggested that VCAM-1 does not play any part in the diapedesis 

(Oppenheimer-Marks et al., 1991). In another study focusing on lymphocytes and 

lymphoblasts harvested from healthy rat lymphocytes crossing primary cultures of high 

endothelial cells, α4 integrin and LFA-1 were reported as contributing equally to 

inactive lymphocyte adhesion, but less than 30% to lymphoblast adhesion. LFA-1 

blockage resulted in decrease levels of lymphocyte migration. However, neither α4 

integrin nor LFA-1 affect lymphoblast migration (Faveeuw et al., 2000). In a study 

investigating rat retinal endothelial cells co-cultured with Concanavalin A-stimulated 

lymphocytes, it was demonstrated that adhesion on CNS vascular EC is largely 

dependent on LFA-1/ICAM-1 whether on activated or inactivated EC. However, a small 

proportion was dependent on VLA-4/VCAM-1 when the EC was activated by IL-1β 

(Greenwood et al., 1995). In a human in vitro study using primary brain endothelial 

cells (HBEC) co-cultured with polarized Th1 and Th2 cells originated from healthy 

donor cells stimulated with or without myelin basic protein, it was reported that the 

process was more dependent on LFA-1/ICAM-1 interactions, while blocking the VLA-

4/VCAM-1 axis had no effect on trans-endothelial migration (Biernacki et al., 2001). 

In a study investigating human B cells without further activation crossing human retinal 

EC, it was discovered that blocking ICAM-1, but not VCAM-1 could block cell 

migration (Bharadwaj et al., 2016). These reports indicated that LFA-1/ICAM-1 
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interactions play an important role in general cell migration, whereas VLA-4/VCAM-

1 interactions are only involved in specific active or inflammatory migratory conditions.   

    There were further reports suggesting that different T cell subsets may use various 

adhesion mechanisms entering tissues during inflammation. Biernacki et al. reported 

that when crossing HBECs, polarized Th2 cells are more migratory compared to Th1 

cells with or without myelin basic protein stimulation (Biernacki et al., 2001). Alcaide 

et al. reported that polarized Th17 cells interact more with E-selectin than Th1 cells 

when crossing mouse heart endothelial cells, and there was no difference in the use of 

VCAM-1, ICAM-1, P-selectin or MadCAM-1 by these two subsets (Alcaide et al., 

2012). In a study investigating polarized Th1 and Th17 cells crossing human retinal 

endothelial cells it was reported that Th1 and Th17 cells have the same migratory ability, 

and this process could be blocked by anti-ICAM-1, but not anti-VCAM-1, or anti-

ALCAM antibodies (Bharadwaj et al., 2013). There is further indirect evidence from 

commonly use mycophenolate in treating NIU patients that it also interferes with T cell 

migration. Mycophenolate is known to impair lymphocyte mitosis by blocking inosine-

monophosphate dehydrogenase. In addition, it strongly interferes with the lymphocytic 

infiltration cascade on the adhesion penetration level by diminishing ICAM-1, VCAM-

1, E-selectin, and P-selectin expression on the endothelium (Blaheta et al., 1999). In 

my thesis, an investigation of how CD4+ T cell subsets adhere and migrate using the 

VLA-4/VCAM-1 axis is performed in vivo. 

    VLA-4 participates in the process of spontaneous firm adhesion between 

lymphocyte subsets and VCAM-1 substrates, thereby avoiding the necessity for 

exogenous stimulation of adhesion by chemo-attractants (Chen et al., 1999). α4 

integrins are expressed in partially active forms on circulating lymphocytes, monocytes, 

and eosinophils, and are reported to be involved in primary selectin-mediated rolling 
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adhesions as well as the firm adhesion supported by β2 integrin once steady connection 

on a vessel wall was established (Chan et al., 2000; Gonzalez-Salinas et al., 2018). The 

adhesive property of VLA-4 is dependent on activation status, the differential avidity 

to non-mobile ligands which varies between VLA-4 expressing cells and is regulated 

by different inside-out signals dynamically. During inflammation, it is these activated 

T cells expressing high affinity VLA-4 which support rapid lymphocyte arrest on 

inflamed vessel walls. Because VLA-4 adhesiveness is up-regulated by inside-out 

signalling pathways, this does not increase the intrinsic affinity of integrin for ligand 

(Chen et al., 1999).  

    There are currently limited reports of simulating inflammatory eye disease models 

under in vitro conditions. Whether the EC and the lymphocytes were activated and acted 

as per in vivo conditions were not known. Previous literature did not find a significant 

influence of VLA-4/VCAM-1 on lymphocyte migration in vitro, which was 

contradictory to the in vivo CNS studies (Coisne et al., 2009). In my PhD study, a study 

investigating the effects of a VLA-4 antagonist on different T cell subsets migrating 

through retinal EC and brain endothelial cells was included (Chapter 4.9). 

 

1.4.4 Evidence for adhesion molecules on myeloid cell migration in EAU 

There are limited studies investigating the effects of adhesion molecules on myeloid 

cell populations in EAU due to technical difficulties including the limited numbers of 

myeloid cells within the eye and the unclear myeloid cell phenotypes present in the eye. 

In a classic B10.RIII EAU model, it was demonstrated by a systemic treatment of both 

anti-VLA-4 Ab and anti-LFA-1 Ab, that F4/80+ macrophages were attenuated at peak 

disease (Ishida et al., 2014). 

    In the CNS inflammatory model, microglial cells are observed to differentiate into 



65 

 

both macrophage-like and dendritic-like (CD11b+) cells which present the major 

macrophage population infiltrating the CNS during the onset of EAE and its peak 

(Ponomarev et al., 2005). Activated macrophages have been shown to use VLA-4 

adhesion molecules as the primary integrin for CNS immigration (Chuluyan & Issekutz, 

1993). It has been reported that early introduction of anti-VLA-4 mAb systemically can 

prevent CD45hiCD11b+ activated microglia/macrophages infiltrating the CNS along 

with targeting T cell infiltration to achieve a reduction in clinical severity, however; the 

effect on the subtypes of myeloid cells was not addressed (Mindur et al., 2014). My 

study includes an investigation on the effect of a VLA-4-specific inhibitor on the 

resulting myeloid populations within the eyes (Chapter 4.8). 

 

1.5 Objectives of the thesis 

1.5.1 Hypothesis 

The working hypothesis for this thesis is that α4β1 integrin plays an important role 

when leukocytes infiltrate the retina during inflammation, through a specific but not 

general blockage of leukocytes and a topical form of α4β1 integrin inhibitor has good 

penetration for treating EAU. Furthermore, Th17/Th1 cells in addition to Th1, Th17 

and myeloid cells may play a role in promoting EAU. 

 

1.5.2 Aim 

To address this hypothesis, the overall aim of this study is to determine the contribution 

of this integrin in leukocyte trafficking into the retina, using a number of different 

models of immune-mediated retinal disease. Specifically, these objectives are: 

(1) To investigate the effect of topical steroid eyedrop, rimexolone 1% ophthalmic 

suspension (Vexol®, Alcon Laboratories, Inc.) on attenuate cellular infiltration 
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in human uveitis and reduce the possibility of recurrences in a cohort of 

paediatric anterior uveitis patients; 

(2) To identify VLA-4 expression profiles on cells during mouse models of EAU, 

comparing different tissues, including retina, dLNs, and blood; 

(3) To address whether a topical VLA-4 inhibitor administered prophylactically in 

EAU could reduce clinical severity by blocking leukocyte immigration. 

Different T cells may use adhesion molecules in divergent inflammatory 

conditions; 

(4) To determine if the topical VLA-4 inhibitor given therapeutically in EAU is 

capable of ablating uveitis disease severity, as compared with topical 

dexamethasone, and which leukocyte subsets were involved; 

(5) To determine at which location within the eye in vivo does the VLA-4 inhibitor 

affect CD4+ T cell subsets and myeloid populations; 

(6) To establish which level of the migratory process the CD4+ T cell subsets are 

affected, using an in vitro migration model;  

(7) To determine the role of the Th17/Th1 cells present during EAU in vivo and 

their migratory capacity in vitro, and their responsiveness to dexamethasone 

treatment. 
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Chapter 2. Material and Methods 

2.1 Ethics and study participants in paediatric uveitis cohort 

This project was carried with institutional ethics approval (LIGS10201, ROAD16039, 

vision loss in uveitis) granted by at Moorfields Eye hospital, London, United Kingdom. 

The research adhered to the Tenets of the Declaration of Helsinki. Individuals fulfilling 

the SUN criteria (Jabs et al., 2005) for chronic anterior non-infectious uveitis, 

approached at the paediatric uveitis clinical service at City Road, Moorfields Eye 

hospital, London were retrospective reviewed. 

A clinical database search was performed for all patients seen between the 1st 

January 2000 and 30th September 2015, who were under 16 years at diagnosis with 

chronic anterior non-infectious uveitis managed using 1% rimexolone ophthalmic 

suspension for more than one month. Patients were excluded if they had incomplete 

medical records; received intraocular or periocular steroids within 6 months; had ocular 

surgery, for example; cataract surgery, filter surgery for glaucoma or vitrectomy within 

6 months; or were followed up for less than 6 months. 

    Clinical data retrieved from the notes included demographics, follow-up duration, 

laterality, anatomical location of uveitis involvement, grading of uveitis activity 

according to standardization of uveitis nomenclature (SUN) criteria (Jabs et al., 2005), 

systemic medical history and whether patients developed any complications with 

corticosteroid treatment (steroid responders). Baseline was defined as the time 

treatment was switched to rimexolone. Ocular hypertension at baseline was defined as 

IOP more than 21mmHg, double checked by Goldmann tonometry. Clinical 

examination data including best corrected vision (BCVA); IOP; anterior chamber cells 

and flare; number of episodes of uveitis activity requiring increased treatment (defined 
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as flares); number of anti-glaucoma medications needed, and systemic corticosteroids 

or other immunomodulatory medications used. Data were collected at baseline and 1, 

3, 6 and 12 month-time before and after baseline. The incidence of increased IOP ≥30 

mmHg by the Becker system after 1 month using rimexolone was recorded (Becker, 

1965). BCVA results were converted to logarithm of the minimal angle of resolution 

(logMAR) for statistical analysis and presentation.  

 

2.2 List of reagents 

2.2.1 Media and solutions 

A. General 

1) 1X phosphate buffered saline (PBS)- NaCl 137 mM, KCl 2.7 mM, Na2HPO4 

8.1 mM, KH2PO4 1.47 mM (Sigma-Aldrich, UK) 

2) RPMI 1640L with L-glutamine and sodium bicarbonate (Sigma-Aldrich, UK) 

3) Dulbecco's Modified Eagle's Medium (DMEM) (ThermoFisher Scientific, UK) 

4) X-VIVOTM 20 Serum-free Hematopoietic Cell Medium (Lonza, USA) 

B. Histology 

1) 10X Tris Buffered Saline (TBS) (0.5M Tris Base, 9% NaCl, pH 8.4) (Sigma-

Aldrich, UK) 

C. Flow cytometry 

1) Flow cytometry cell staining (FACS) buffer- 0.5% BSA, PBS 

2) RBC Lysis Buffer (10X) (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, 

420301, BioLegend, UK) 

D. Cell culture 

1) T cell isolation media - Dulbecco's Modified Eagle's Medium (DMEM) 

(ThermoFisher Scientific), 10% Foetal Calf Serum (FCS) (LabTech, East 
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Sussex, UK), L-glutamine 2 mM, Penicillin-Streptomycin 100 U/100 µg/ml. 

2) Retinal digestion media - RPMI-1640, 10% FCS, 1 mM HEPES, 0.5 mg/mL 

collagenase D (Roche, Basel; Switzerland), 750 U/mL DNase I (Roche) 

3) Sterile 22% bovine serum albumin (BSA) solution without sodium azide (43-

20-850, First Link Ltd., UK) 

4) Non-enzymatic cell dissociation solution 1x (C5914, Sigma-Aldrich, UK) 

5) Working buffer for isolating primary endothelial cells: Ca and Mg free Hanks’ 

Balanced salt solution (HBSS) (Sigma-Aldrich, UK) with 1M tissue culture 

hydroxyethyl piperazine ethane sulfonic acid solution (HEPES) (Sigma-

Aldrich, UK) and 100 i.u./mL Penicillin/Streptomycin in 0.5% BSA  

6) Endothelial cell culture medium: Endothelial cell growth medium-2 (EGM®2-

MV) bullet kit (CC-3156 & CC-4176, Lonza, USA) 

 

2.2.2 Cytokines and antibodies 

A. Cytokines 

1) Recombinant mouse IFNγ (Animal-Free) (714006, BioLegend)   

2) Recombinant mouse IL-2 (carrier-free) (575404, BioLegend)  

3) Recombinant human IL-2 (AF-200-02, Peprotech) 

4) Recombinant human IFNγ (AF-300-02, Peprotech) 

5) Recombinant mouse TGF-β protein (7666-MB-005, R&D) 

6) Recombinant mouse IL-6 protein (406-ML-005, R&D) 

7) Recombinant mouse IL-23 protein (1887-ML- 010, R&D) 

8) Anti-mouse IL-4 (Clone: 11B11, 16-7041-85, eBioscience) 

9) Rat anti-mouse IFNγ (Clone: XMG1.2, 554408, BD Pharmingen™) 
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B. Antibodies for immunostaining 

Table 2-1 List of mouse primary antibodies used for immunostaining 

Name Species Source Catalogue 

reference 

Dilution 

CD3 Armenian hamster 

monoclonal 

eBioscience      145-2C11 1:100 

CD4 Rat monoclonal Santa Cruz sc-13573 1:100 

CD45 Rabbit 

polyclonal 

Abcam ab10558 1:200 

FoxP3 Rabbit 

polyclonal 

Abcam ab54501 1:100 

RORγt Goat polyclonal Santa Cruz sc-14196 1:100 

Tbet Rabbit 

polyclonal 

Santa Cruz sc-21003 1:100 

Iba-1 Mouse 

monoclonal 

Santa Cruz sc-32725 1:100 

 

Table 2-2 List of primary antibodies used for flow cytometry 

Target Species Fluorochrome Clone Isotype Source Catalogue 

reference 

CD4 M FITC RM4-5 Rat IgG2b, κ eBioscience 11-0048-

42 

CD11b M PE M1/70 Rat IgG2b, κ eBioscience 12-0112-

82 

CD11c M BV786 HL3 Armenian BD 563735 
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Hamster, 

IgG1, λ2 

Pharmingen 

CD25 M BV711 PC61 Rat IgG1, λ Biolegend 102049 

CD31 M APC REA784 Recombinant 

human IgG1 

Miltenyi 130-111-

355 

CD45 M BV605 30-F11 Rat Louvain 

IgG2b, κ 

BD 

Pharmingen 

563053 

CD49d M PE/Cy7 R1-2 Rat IgG2b, κ BioLegend 103618 

CD64 M BV421 X54-5/7.1 Mouse IgG1, 

κ 

Biolegend 139309 

Ly6C M PerCp-Cy5.5 HK 1.4 Rat IgG2c, κ BD 

Pharmingen 

128012 

Ly6G M PE-CF594 IA8 Lewis IgG2a, 

κ 

eBioscience 562700 

MHC II M BV650 M5/114.15.2 Rat IgG2b, κ BD 

Pharmingen 

563415 

CXCR3 M BUV395 CXCR3-173 Armenian 

Hamster 

IgG1, κ 

BD 

Pharmingen 

745689 

CCR6 M PE-Cy7 R6H1 Mouse IgG1, 

κ 

Invitrogen 25-1969-

42 

FoxP3 M APC FJK-16S Rat IgG2a, κ Invitrogen 17-5773-

82 

FoxP3 M PE/Cy5.5 FJK-16s Rat IgG2a, κ eBioscience 35-5773-

82 
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IFN-γ M PE-Cy7 XMG1.2 Rat IgG1, κ BD 

Pharmingen 

557649 

IL-17A M APC TC11-

18H10.1 

Rat IgG1, κ Biolegend 506916 

Tbet M APC eBio4B10 

(4B10) 

Mouse IgG1, 

κ 

Invitrogen 17-5825-

82 

RORγt M PE AFKJS-9 Rat IgG2a, κ Invitrogen 12-6988-

82 

CD4 H FITC OKT-4 Mouse IgG2b, 

κ 

Invitrogen 11-0048-

42 

CD31 H FITC WM59 Mouse IgG1, 

κ 

BioLegend 303104 

CD54 H PE HA58 Mouse IgG1, 

κ 

BioLegend 353106 

CD69 H PE/Cy5 FN50 Mouse IgG1, 

κ 

BioLegend 310908 

CCR6 H BV421 G034E3 Mouse IgG2b, 

κ 

BioLegend 353408 

CXCR3 H BUV395 1C6/CXCR3 Mouse 

BALB/c 

IgG1, κ 

BD 

Pharmingen 

565223 

FoxP3 H APC 236A/E7 Mouse IgG1, 

κ 

Invitrogen 17-4777-

42 

INF-γ H BV605 4S.B3 Mouse IgG1, 

κ 

BioLegend 502536 
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IL-17A H PE eBio64DEC17 Mouse IgG1, 

κ 

Invitrogen 12-7179-

42 

Live/Dead  APC-Cy7   Biolegend 423106 

Propidium 

Iodide  

 PE   Biolegend 421301 

H: human; M: mouse. 

*Dilution: 1:100 for all. Abbreviation used Allophycocyanin (APC), Brilliant 

violet (BV), BD Horizon brilliant ultraviolet (BUV), Cyanine-based fluorescent 

dyes (CF), Cyanine 5 (Cy5), Cyanine 7 (Cy7), Fluorescein isothiocyanate (FITC), 

Phycoerythrin (PE), Peridinin-chlorophyll-protein complex conjugate (PerCp) 

 

2.2.3 Other reagents 

1) AccuCheck counting beads (PCB100, Invitrogen, UK) 

2) Propidium iodide (Sigma-Aldrich, UK)  

3) Phytohemagglutinin (PHA) (Sigma Aldrich, UK) 

4) UltraComp eBeads™ Compensation Beads (Invitrogen, UK) 

5) Pertussis toxin from Bordetella pertussis (P2980, Sigma, UK) 

6) OneComp eBeads (01-1111-42, Thermo Fisher, UK) 

7) Human Fibronectin Protein, CF (1918-FN-02M, R&D Systems, UK) 

8) Amphotericin B solution 250 μg/mL (A2942, Sigma-Aldrich, UK) 

9) CD31 MicroBeads mouse (130-097-418, Miltenyi, UK) 

 

2.2.4 Other consumables 

1) Sterile Corning® 6.5 mm Transwell with collagen-coated 3.0 μm pore PTFE 

membrane insert, 24 well (Sigma-Aldrich, UK) 
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2) 96-well suspension culture plates sterile U bottom with lid (Greiner Bio-one 

Ltd, Stonehouse, UK) 

3) Easy strainer 40µm for 50ml tubes (Greiner Bio-One, Ltd, Stonehouse, UK) 

4) LS Columns (130-042-401, Miltenyi, UK) 

 

2.3 Experimental autoimmune uveitis 

2.3.1 Mice 

Female 6 to 8-wk-old wild-type C57Bl/6 mice were purchased from Charles River 

Laboratories, and female 6 to 8-wk-old wild-type B10.RIII mice, a colony maintained 

in-house, were used in this study. Animals were cared for under UK Home Office 

Regulations. All experiments were approved by the UCL Institute of Ophthalmology 

Animal Care and Use Committee and compliant with the Association for Research in 

Vision and Ophthalmology Statement for the use of animals in ophthalmic and vision 

research. 

 

2.3.2 Induction of EAU 

EAU was induced in mice as previously described (Caspi, 2003). In brief, all B10.RIII 

mice were subcutaneously immunized with a mixture of 300μg human IRBP161-180 

peptide (SGIPYIISYLHPGNTILHVD) emulsified in complete Freund’s adjuvant 

(CFA; Sigma, Gillingham, UK; 1:1vol/vol) with an additional 1.5mg/ml heat-killed 

Mycobacterium tuberculosis (Difco Microbiology, Voigt Global Distribution, KS, 

USA). Each mouse also received 1.5µg Bordetella pertussis toxin (Sigma, Gillingham, 

UK) intraperitoneally. For C57Bl/6 mice, 400μg IRBP1-20 peptide 

(GPTHLFQPSLVLDMAKVLLD) was used. Controls included mice receiving only 

CFA.  
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2.3.3 Clinical grading for EAU 

Mice were anaesthetized by an i.p. injection of a mixture of ketamine (75 mg kg-1 , 

Ketalar™ Injection, Pfizer Ltd., Sandwich, UK) and Medetomidine (1 mg kg-1, 

Domitor®, Janssen Animal Health, Basingstoke, UK; (Burnside et al., 2013). Fundus 

examination was performed by using Micron III camera (Phoenix Research 

Laboratories, Pleasanton, CA, USA). Pupils were dilated with phenylephrine 2.5% eye 

drops and tropicamide 1% eye drops (Minims; Chauvin Pharmaceuticals, Romford, 

UK), and the cornea was protected with viscotear (carbomer 0.2% eye gel, Medicom 

Healthcare, UK). After each retinal examination, Antisedan (Atipamezole 

hydrochloride, Vetoquinol , Towcester, UK) diluted with sterile normal saline for a final 

concentration of 6mg/ml was administered in approximately equivalent volumes of 

0.05 to 0.1 ml per animal to wake up the mice. Mouse cages were kept warm during 

recovery on heating pads with a temperature setting of 35 ºC. The clinical grading was 

performed independently by two experts (Copland et al., 2012; Xu et al., 2008). In 

summary, optic disc, retinal vessels, retinal tissue infiltration, and structural damage 

were scored individually in each eye, from 0 (no disease) to 5 (severe inflammation to 

the extent of not visible) with half-point increments and summed to generate the clinical 

score of the eye on a scale from 0-20 (Table 2-3). The clinical score attributed to one 

mouse corresponds to the mean of the scores of the two eyes.  

 

Table 2-3 EAU clinical grading criteria 

Score Optic disc 

inflammation 

Retinal vessels Retinal tissue 

infiltrate 

Structural damage 
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1 Minimal  1-4 mild cuffing 1-4 small lesions 

or 1 linear lesion 

Retinal lesions or retinal 

atrophy involving 1/4 to 

3/4 retinal area 

2 Mild  >4 mild cuffing or 

1-3 moderate 

cuffing 

5-10 small 

lesions or 2-3 

linear lesions 

Pan retinal atrophy with 

multiple small lesions 

(scars) or <3 linear lesions 

(scars) 

3 Moderate  >3 moderate 

cuffing 

>10 small lesions 

or >3 linear 

lesions 

Pan-retinal atrophy with 

>3 linear lesions or 

confluent lesions (scars) 

4 Severe >1 severe cuffing Linear lesion 

confluent 

Retinal detachment with 

folding 

5 Not visible 

(white out or 

extreme 

detachment) 

Not visible 

(white out or 

extreme 

detachment) 

Not visible 

(white out or 

extreme 

detachment) 

Not visible 

 

 

2.3.4 Treatment of EAU with VLA-4 inhibitor 

Eyedrops (5μL) containing α4β1 integrin antagonist GW559090 ((S)-3-(4-((4-

carbamoylpiperidine-1-carbonyl)oxy)phenyl)-2-((S)-4-methyl-2-(2-

(otolyloxy)acetamido)pentanamido) propanoic acid; kindly provided by P. Adamson, 

GSK Ophthalmology Group) solubilized in phosphate buffered saline (PBS, pH=7) 

were given twice daily in both eyes either prophylactically (from days 0 to 14 post EAU 

induction) or therapeutically (from days 10 to 18 post EAU induction). The 
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concentrations of GW559090 were selected based on previously published data 

(Contreras-Ruiz et al., 2016; Krauss et al., 2015). GW559090 was solubilized in PBS 

and used at a final concentration of 3mg/ml (GW3), 10mg/ml (GW10) or 30mg/ml 

(GW30) and compared to vehicle treated controls (Veh) or 0.1% dexamethasone eye 

drops (Maxidex®, Alcon, UK; Dex) as the treatment control. In some experiments, 

10mg/ml GW559090 was applied to the right eye only (GW10R) to evaluate whether it 

had a sympathetic effect on the untreated left eye (GW10L). Mice were sacrificed for 

further investigation when mice in Veh group reached peak disease (day 14 in B10.RIII 

mice, day 18-21 for C57BL/6 mice).  

 

2.4 Histology analysis of EAU 

2.4.1 H&E staining and grading to define disease severity  

Mice were sacrificed and eyes were first trimmed of external tissue, enucleated and 

fixed with 4% glutaraldehyde for 1 hour, followed by overnight fixation in 10% 

formalin, and embedded in paraffin (Sigma Aldrich, UK). A series of four anterior-

posterior sections passing through the optic nerve with 4μm thick sections were 

prepared and stained with haematoxylin and eosin (H&E) using Leica ST5010 XL 

workstation autostainer (Leica Microsystems Ltd, UK) provided by the Ocular 

Pathology Laboratories, UCL Institute of Ophthalmology. The results were graded by 

two independent, masked observers (Gegg et al., 2005). 

 

2.4.2 CD45 immunohistochemistry staining to evaluate leukocyte infiltration 

In the project, I also used immunohistochemistry staining to grade the infiltrating 

leukocytes. Sectioned eyes were deparaffinized in xylene for 5 minutes twice followed 

by rehydration in 100% ethanol for 5 minutes, twice. After rinsing gently in H2O, slides 
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were heated in 10mM sodium citrate buffer for antigen retrieval for 15 minutes at 95-

100 ºC. Non-specific binding was blocked with 5% goat serum (Vector laboratories) in 

phosphate-buffered saline (PBS) for 1 hour at room temperature, and then incubated 

with primary rabbit polyclonal antibody to CD45 or PBS alone in 2% BSA in PBS at 

4C overnight. After washing, the sections were incubated with secondary antibody 

biotinylated-goat anti-rabbit IgG (1:200 for CD45, Vectastain Elite ABC HRP Kit, 

Abcam, UK) for 1 hour at room temperature followed by visualization with a brick-red 

indicator product (NovaRED™, Vector Laboratories, UK) following the 

manufacturer’s instructions. Slides were washed in PBS for 5 minutes twice and 

counterstained in haematoxylin for 30 seconds, washed in H2O for 3 minutes and 

rehydrated through a series of graded alcohols and xylene using Leica ST5010 XL 

workstation auto-stainer. 

    Stained sections were scored (Copland et al., 2008; Dick et al., 1994). In brief, 

cellular infiltrates (0-30) were scored within the ciliary body, vitreous, vessels, rod outer 

segments, and choroid; whereas the structural score (0-12) was based on the rod outer 

segments, neuronal layers, and retinal morphology. Both scores were added for a final 

score for each eye, and a mean score from both eyes was calculated for each mouse (0-

42). 

 

Table 2-4 Summary of EAU disease scoring by CD45 staining 

Location Finding Score 

Cell infiltration   

Ciliary body Cell infiltrate < 5 cells 1 

 Mild thickening 2 

 Moderate thickening 3 
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 Gross thickening 4 

Vitreous Cell <5 1 

 Cell 5-25 2 

 Cell 25-50 3 

 Cell 50-100 4 

 Cell >100 5 

Vasculitis (mural or extravascular 

cells) 

<10% vessel involved/ Cells in or 

around wall 

1 

 10%-25%/ Mild perivascular cuffing 2 

 25%-50%/ Moderate cuffing 3 

 50%-75%/ Gross cuffing 4 

 >75% 5 

Rod outer segments Cell infiltrate 1 

 Partial loss 2 

 Moderate loss 3 

 Subtotal loss 4 

 Total loss 5 

Choroid Cell infiltrate/ Granuloma: 1 1 

 Mild thickening/ Granulomas 2–5 2 

 Moderate thickening/ Granulomas >5 3 

 Gross thickening 4 

Structural/Morphological 

Changes 

  

Rod outer segments Cell infiltrate 1 

 Partial loss 2 
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 Moderate loss 3 

 Subtotal loss 4 

Neuronal layers Cell infiltrate 1 

 Partial loss 2 

 Moderate loss 3 

 Subtotal loss 4 

 Total loss 5 

Retinal morphology Folds < 10% 1 

 Folds 10%–50% 2 

 Folds > 50% 3 

 

2.4.3 Optimization for immunohistochemistry 

A. Pre-treatment 

Different pre-treatments have been attempted for the retrieval of CD45 antigen that may 

have been obscured by fixation or processing of the retinal tissue. 

1) Pressure cooking - Sections were placed in boiling citrate buffer pH 6.0 

for 10 minutes once maximum pressure is reached. This method was discarded 

due to a difficulty to achieve a desired pressure. 

2) Microwave - Sections were placed in citrate buffer pH 6.0 for 10 minutes on 

high power in a 900W microwave. This method was not chosen due to its 

unstable results. 

3) Water bath - Pre-heated water bath with staining dish containing Sodium 

Citrate Buffer and slides until temperature reaches 95-100 °C for 15 minutes. I 

finally chose this method as a more gentle and reproducible procedure. 
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B. Optimization for visualizing CD45+ leukocytes 

The positive CD45 cells were visualized by comparing three kits: DAB substrate kit 

(Figure 2-1; SK4100, Vector laboratories, UK), red alkaline phosphatase substrate kit 

(Figure 2-2; SK5100, Vector laboratories, UK), and NovaRED substrate kit (Figure 2-

3; SK-4800, Vector, UK) using mouse spleen sections. The DAB substrate kit resulted 

in a deep brown colour in the positive cells which could be confused by pigmentations 

in the eye. The NovaRED substrate generated a light pink colour in positive cells which 

is too light and can be missed in pigmented eye sections. I finally decided to use 

NovaRED substrate kit for the its brick red positive cells that presented excellent colour 

contrast in pigmented retinal tissue, which is suitable for cell counting. 

 

 

Figure 2-1 CD45 expression by DAB substrate in mouse spleen sections.  

The sections were visualized by using DAB substrate kit. Leukocytes could be visualized in 

brown, located in the germinal centre (arrow) and in the white pulp (arrow) in low (a, 100X) 
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and high (b, 400X) magnification with arrowhead. The staining is controlled by negative 

staining without adding primary antibody in low (c, 100X) and high magnification (d, 400X). 

 

 

Figure 2-2 CD45 expression by red alkaline phosphatase substrate kit in mouse spleen 

sections.  

Leukocytes could be visualized in light pink located in the germinal centre (arrowhead) and in 

the white pulp (arrow) in low (a, 100X) and pink colour around cells in high (b, 400X) 

magnification with arrowhead. The staining is controlled by negative staining without adding 

primary antibody in low (c, 100X) and high magnification (d, 400X). 
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Figure 2-3 CD45 expression by NovaRed substrate kit in EAU retinal sections.  

Leukocytes could be identified as brick red colour (arrows) in good contrast to the tissue 

(400X). R: retina, V: vitreous. 

 

C. Titration of CD45 primary antibody concentrations 

Serial concentrations of CD45 were titrated onto EAU retinal sections, aiming to avoid 

background staining and achieve a clear view to identify positive cells. I finally chose 

the 1:200 concentration for its optimal detection results.  

 

 

Figure 2-4 EAU retinal sections stained with a series of anti-CD45 antibody 

concentrations using DAB substrate.  

(a) Section was stained with 1:50 CD45 antibody, and demonstrated non-specific staining in 

inner plexiform layer, inner nuclear layer, outer plexiform layer and outer nuclear layer. 
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Positive cells can be identified in the vitreous (arrowhead). (b) The section was stained with 

1:100 CD45 antibody and presented with inner plexiform layer non-specific bindings. 

Positive cells can be identified in the vitreous (arrowhead). (c) The retina was stained for 

CD45 antibody in 1:200 dilution. The inner plexiform layer has slight non-specific staining, 

but the leukocytes can be clearly identified (arrows). Magnification (200X). V: vitreous, R: 

retina, RPE: retinal pigment epithelium. 

 

2.4.4 Immunofluorescence staining to localize immune cells 

Immunofluorescence staining was carried out using several antibodies to demonstrate 

the co-localization of specific antigens. T cell subsets were analysed by staining for 

antibodies specific for CD4, Tbet, RORt, and FoxP3 in different combinations. The 

distribution of T cells and myeloid cells were identified by staining for CD4 (to identify 

CD4+ T cells) and Iba-1 (indicating myeloid cells).  

    Ocular anterior-posterior sections were blocked with 5% BSA in TBS for 2.5 hours, 

then incubated overnight at 4C with the following primary antibodies, diluted in TBS 

supplemented with 1% BSA. After three washes in TBS, sections were incubated in the 

dark for 2 hours with species-specific secondary antibodies coupled to different 

fluorochromes as indicated in the data: Alexa Fluor 488, 555, and 633-conjugated 

secondary antibody (1:200; Molecular Probes, Eugene, OR). After three final washings 

in PBS (20 min each), sections were mounted with Vectashield antifade mounting 

medium containing DAPI (Thermo Fisher Scientific, UK).  

    Staining patterns were observed to be consistent between consecutive single, 

double, and triple-stained spleen sections. Images from at least three separate fields per 

retinal section (X400) were captured using a Zeiss LSM 700 (or 710) confocal 

microscope. Images were further analysed using ZEN 2.1 software (Carl Zeiss, 
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Oberkochen, Germany) and ImageJ software (http://imagej.nih.gov/ij/) was used for 

counting cells in the images. These images were used for counting populations of 

CD4+Tbet+, CD4+RORγt+, CD4+Tbet+RORγt+, CD4+Foxp3+, and Iba-1+ cells in eye 

tissue. For scoring of cells within the anterior chamber, total cells from three non-

overlapping images were counted; for scoring cells in inner retina and vitreous, cell 

counts were from 5 images to cover the whole eye. Cells were verified with DAPI and 

counted within the anterior chamber, ciliary body, vitreous, vessels, retinal layers and 

choroid, and were summed up for a final score. The mean percentages of CD4+ T cell 

subsets in different experimental groups were calculated and compared. 

 

2.4.5 Validation of immunostaining by using mouse spleen sections 

The spleen sections were first used for optimizing primary antibody concentrations in 

CD4 with RORt and CD4 combined with Tbet separately using various concentrations 

(Figure 2-5, and Figure 2-6). At the end of trial, 1:100 concentration for all the primary 

antibody produced a satisfactory positive staining, which then was used for the rest of 

the experiments. 

 

 

Figure 2-5 Optimization of CD4 and RORt staining using mouse spleen sections.  
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Spleen section stained with (a) 1:100 CD4 and 1:100 RORt, and (b) 1:200 CD4 and 1:200 

RORt. The two conjugated secondary antibodies, Alexa Fluor 594 (shown in red colour) and 

488 (shown in green colour) were used to visualise CD4 (in red) and RORt (in green). Green 

arrow shows an example of positive CD4 and RORt stained cell. Scale bar: 50µm and 

original magnification: X400. 

 

 

Figure 2-6 Optimization of CD4 and Tbet staining using mouse spleen sections. 

Spleen section stained with DAPI plus (a) 1:100 CD4 and 1:100 Tbet, and (b) 1:200 CD4 and 

1:200 Tbet. The Alexa Fluor 594and 488 conjugated secondary antibodies, were used to 

visualise CD4 (in red) and Tbet (in green). Green arrow shows an example of positive CD4 

and Tbet stained cell. Scale bar: 50µm, and original magnification X400. 

 

The mouse spleen sections were then used as a tool to confirm CD4+ T cell subset 

staining using a various combination of CD4, Tbet, RORt, and FoxP3 (Fig. 2-7).
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Figure 2-7 Optimization of CD4+ T cell subset staining using mouse spleen sections. 

Spleen section stained with DAPI plus (a) CD4 (in red) and Tbet (in green), (b) CD4 (in red) 

and RORt (in green), (c) CD4 (in red) and FoxP3 (in green), and (d) CD4 (in grey), Tbet (in 

red) and RORt (in green). (a) The green arrowheads indicate cell positive for CD4 and Tbet. 

(b) The green arrowheads indicate cell positive for CD4 and RORt. (c) The green 

arrowheads indicate cell positive for CD4 and FoxP3. (d) The green arrows indicate cells 

positive for CD4 and RORt and the red arrows indicate cells positive for CD4 and Tbet. Bar 

size 50µm, original magnification: X400. 

 

2.5 Single cell analysis by flow cytometry  

2.5.1 Single cell preparation 

1) Retinal cells 

After incision at the limbus with scissors, the eye was cut circumferentially around the 

limbus and the cornea was removed. The anterior chamber fluid, vitreous and retina 

were carefully removed from the eye cup, following mechanical disruption with 
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scissors and pipetted up into the dissecting media in 100 µL of cold RPMI with 10% 

FCS collected in a 1.5ml microfuge tube (Eppendorf). The sclera was left intact. Retina 

was digested with 0.5 mg/mL collagenase D and 750 U/mL DNase I for 10 minutes at 

37ºC. The cell suspension was then passed through a 30μm cell strainer (Millipore, 

Watford, UK) using a syringe plunger and washed to obtain a single-cell suspension. 

This method was adapted from Copland et al. (Copland et al., 2012).  

2) Blood cells 

    Whole blood samples were collected from cardiac puncture using ethylene diamine 

tetraacetic acid (EDTA) anticoagulant tubes and were processed using a standardized 

red blood cell (RBC) lysis protocol. Briefly, RBCs were lysed in freshly prepared 1X 

RBC lysis buffer (Biolegends, UK) for 10 min at room temperature, protected from 

light. To stop the reaction, an equal amount of 1× PBS was then added before 

centrifuging the samples at 300g for 7 minutes at room temperature. The resulting cell 

pellet was washed and re-suspended in FACS buffer for further cell surface staining.  

3) Lymph node (LN) cells 

For flow cytometric analysis or cell culture, draining lymph nodes from individual mice 

were dissected with fine forceps, and placed in 500µl of RPMI-1640 with 10% FCS in 

1.5ml eppendorf tube on ice. LN cells were homogenized and passed through 40μm 

cell strainers using a blunt plunger, washed and resuspended for flow cytometry 

staining. 

 

2.5.2 Staining procedure for flow cytometry analysis 

Single-cell suspensions were stained with relevant fluorochrome-conjugated antibodies 

against cell surface markers and a Live/Dead fixable dye (Molecular Probes; Life 

Technology, UK) for 30 min at 4C, before resuspending in FACS staining buffer. Cells 
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were then permeabilized using fixation/perm buffer (Fix and Perm cell 

permeabilization kit; eBioscience, UK) for 10 min. Transcription factor expression was 

determined using the Foxp3 cell staining kit (BD Biosciences, UK), according to the 

manufacturer’s instructions. Intracellular cytokines then were stained for 45 min at RT 

before washing and resuspension in FACS staining buffer ready to be analysed. For 

intracellular cytokine staining, cultures were stimulated for 4 hours with PMA (50 

ng/mL) and ionomycin (1 μg/mL), and for a final 1 hour with brefeldin A (1 μg/mL; all 

Sigma-Aldrich) prior to staining. Relevant isotype control mAbs (BD Biosciences and 

eBioscience) were combined as fluorescence minus one (FMO) controls. Up to one 

million live cells per sample were acquired on a BD FACSCalibur using CellQuest (BD 

Cytometry Systems, Oxford, UK) or a BD LSR Fortessa-x20 using FACSDiva (BD 

Cytometry Systems). Isotypes and FMO controls were used for accurate gating. 

Compensation matrices were performed using OneComp Beads (eBioscience, UK). 

Flow cytometric data were analysed using FlowJo software (Version 9.6.4; Tree Star). 

Debris and doublets were excluded, and live cells were gated for further analysis. In 

experiments investigating the myeloid population, data were obtained from 2-3 eyes 

pooled from the same treatment group in order to generate enough cell numbers for 

analysis.  

 

2.6 In vitro Cell Culture 

2.6.1 Primary culture of retinal and choroidal microvascular endothelial cells 

Healthy B10.RIII mice and healthy C57Bl/6 mice aged 3 weeks to 9 months were used 

as a source of primary cultured retinal endothelial cells (RECs) and choroidal 

endothelial cells (CEC) (Figure 2-8). In a few of the experiments, mice were either 

immunised with IRBP (Figure 2-9) as in EAU or ovalbumin (OVA) for comparison. 
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Eyes were enucleated and hemisected. The retinas and choroid were dissected out 

aseptically under a dissecting microscope and kept in HBSS solution containing 1% 

penicillin/streptomycin. Retinae/choroids were pooled separately from all experimental 

mice, rinsed with HBSS buffer, minced into small pieces in a 60 mm culture dish using 

sterilized dissecting scissors and digested with 0.02% collagenase type I for 30 min at 

37 °C. Following digestion, DMEM with 10% FBS was added and cells were pelleted. 

The cellular digests then were filtered through a strainer and centrifuged at 300g for 10 

min to pellet cells at 4 °C, and cells were washed twice with DMEM containing 10% 

FBS. The cells were incubated with CD31 MicroBeads (Miltenyi Biotec, UK) for 15 

minutes at 4 °C. After affinity binding, bound cells were positively selected with LS 

column (Miltenyi Biotec, UK) and the endothelial cells were plated into a single well 

of a 24-well plate pre-coated with 2 µg/ml of human fibronectin and allowed to reach 

confluence. Endothelial cells were grown in EGM2-MV medium (Lonza, USA) with 

supplements with media to be changed weekly. Cells were maintained at 37°C with 5% 

CO2.  

Cells before and after the selection were stained with recombinant anti-mouse 

PECAM-1 (CD31) antibody (1:50, REA 784, APC, Miltenyi Biotec, UK) for 30 min 

at 4°C. The stained cells were washed twice with staining buffer and resuspend in 

200µl staining buffer and analysed by BD FACSCaliber flow cytometer. 1µl PI was 

added before the staining to select the live cells. 

    The results demonstrated that the selection method was able to distinguish the 

CD31+ cells from the other cells and produced a better yield for CD31+ cells if the mice 

were pre-immunized with IRBP (Table 2-5). However, there was a variable yield of CD 

31+ cells (0.8- 29.6%, Figure 2-8, 2-9). In addition, when observed under the 

microscope, due to the mixed cell type growing, low cell yields, and high risk for 
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infection, I decided to use brain endothelial cells for further experiments instead. 

 

Table 2-5 Outcome of CD31+ endothelial cell harvesting. 

Exp No. 1st 2nd 3rd 4th 5th 6th 7th 

Mouse strain B10.RIII B10.RIII B10.RIII C57Bl/6 C57Bl/6 C57Bl/6 C57Bl/6 

N of mice 8 7 7 7 5 9.5 8 

Age 9 m 9 m 9 m 3 wks 9 m 3 wks 4 wks 

Induction OVA IRBP IRBP Nil Nil Nil Nil 

Outcome Failure Infection  

(day 5) 

Infection 

 (day 4) 

Infection 

 (day 2) 

Infection 

 (day 2) 

Infection  

(day 5) 

Mixed 

cell 

type 

Initial CD31+ cells 

/R/mouse 

 

3.2 x104 49.3 

x104 

2.2 x104 1.4 x104 0.2 x 104 625 

Initial CD31+ cells 

/C/mouse 

 

0.6 x 104 11.4 x 

104 

0.1 x 104 640 962 3575 

Yield CD31+ cells 

/R/mouse 

 

0.95 

x104 

 (29.6%) 

3.3 x104 

 (6.7%) 

177  

(0.8%) 

185  

(1.3%) 

26.5  

(1.1%) 

21.4 

Yield CD31+ cells 

/C/mouse 

 

415  

(6.7%) 

2.2 x104  

(19.3%) 

54  

(3.9 %) 

28  

(4.4%) 

8.8  

(0.9%) 

139 

C: choroid; R: retina; m: months; N: numbers; wks: weeks. 
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Figure 2-8 Selection of CD31+ cells from naïve mice.  

(a) Representative flow cytometric plot from an unstained control. (b) Representative flow 

cytometric plot from tube stained with PI only, as a control. (c) Representative flow 

cytometric plot from Isotype to CD31 as control, showing gating strategy for PI and CD31. 

(d) Representative flow plot from CD31 beads used for compensation. (e) Before the 

selection, there were 0.5% of CD31+ retinal live cells. (f) There were 0.19% of CD31+ retinal 

live cells in the not selected cells. (g) There was a upregulated CD31+ retinal live cells 

(3.14%) in the selected cells. 
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Figure 2-9 Representative flow cytometry figures to select CD31+ cells.  

(a) There were 4.2% CD31+ live cells before selection. (b) After selection, the negatively cells 

resulted in 0.08% of CD31+ live cells. (c) The positively selected cells demonstrated an 

increase of CD31+ population up to 20.6%. 

 

 

Figure 2-10 Microscopic images for cultured primary endothelial cells. 

Figures depict (a) Retinal endothelial cells at harvest day, (b) Choroidal endothelial cells at 

harvest day, (c) Representative photomicrograph showing cells infected by fungi, (d) 

Representative photomicrograph demonstrating a mixed retinal pigment epithelial cell growth 

despite a selection on CD31+ cells, (e) Representative photomicrograph illustrating microglial 

cell ingrowth, and (f) Foreign body on the cell plate.  

 

2.6.2 Primary Mouse Brain Microvascular Endothelial Cells 

C57Bl/6 mice, aged 3-10 weeks, were used for the source of primary brain endothelial 

cells. Microvessels were isolated from mouse cortical grey matter, digested with 

1mg/ml collagenase and 0.5mg/ml dispase at 37°C with 5% CO2 for 60 minutes, and 

underwent 22% BSA density gradient centrifugation (Abbott et al., 1992; Dragoni et 
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al., 2017). Purified vessels were seeded onto fibronectin-coated Corning trans-well 

inserts (12mm diameter each in a 12-well plate) at high density (vessels from 8 mouse 

brains per 40 cm2). Cells were grown in EGM2-MV medium (Lonza, USA) with 5 

μg/ml puromycin during the first 5 days under 5% CO2 at 370C. The culture medium 

was replaced every 2-3 days for up to 3 weeks until they reached confluency, as 

observed by light microscopy. The purity of mouse brain endothelial cell (MBEC) 

cultures was routinely assessed by microscopic inspection and transendothelial 

electrical resistance (TEER) measurements (cultures were deemed suitable when >90% 

confluency was reached, with >95% phase-bright cells evenly coating the wells. 

    When plating out initially, the cultures contained clusters of round cells attaching 

the remains of capillary vessel fragments, dispersed single cells and debris. After 3-5 

days, cells grew out from the clusters, single cells gradually died. By 3-5 days the major 

cell type was the spindle-shaped cell, width 10-20μrn across the broadest part, and 

around 100μm long. The healthy cells had a phase-bright appearance, and could grew 

out from the clusters radially, in swirling patterns and whorls. The cell alignments 

became clear and the adjacent cells became tightly attached to each other leaving fewer 

gaps. The cells became confluent at 14-21 days (Figure 2-11). 
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Figure 2-11 The growth pattern of mouse brain endothelial cells.  

(a) Cell morphology when being initially plated. (b) After 5 days, cells grew out from the 

clusters. (c) In one-week time, the cells started to grow from the clusters radially, presenting 

in swirling patterns and whorls. (d) In two-weeks’ time, there were more clusters that became 

prominent. (e) The cell alignments became clear and the adjacent cells became tightly 

attached to each other leaving fewer gaps in two to three weeks. 

 

    Due to the difficulties and time constraints in growing primary retinal and choroidal 

endothelial cells, in the mouse migration assays in my thesis, I used primary mouse 

brain endothelial cells. 

 

2.6.3 Human Microvascular Endothelial Cells 

In human studies, human microvascular endothelial cell (hMEC/D3) line (a gift from 

Professor Patric Turowski) were used. The hMEC/D3 cells were cultured with EGM-2 

MV medium and the culture medium was replaced weekly. The hCMEC/D3 cells 

represent one such model of the human BBB that can be easily grown and is amenable 

to cellular and molecular studies on pathological and drug transport mechanisms with 

relevance to the central nervous system (CNS) (Dragoni et al., 2017). 
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2.7 In vitro T cell migration and adhesion assay  

2.7.1 Source of lymphocytes 

Single cell mouse lymphocytes were obtained from day 10 EAU primed inguinal lymph 

nodes (pLN) as described in section 2.5.1. Cells were then frozen and stored in liquid 

nitrogen until employed in the experiments. Human PBMCs were obtained from buffy 

packs surplus to requirements from blood bank donors (North London Blood 

Transfusion Service, UK). Human buffy coat leukocytes were layered over Histopaque 

(density 1077 gcm-3; Sigma-Aldrich, UK) and centrifuged at 300g for 15 mins to obtain 

mononuclear leukocytes at the interface. 10x106 mononuclear leukocytes were 

resuspended in 1.5 mL cryovials containing FCS with 10% DMSO and stored in liquid 

nitrogen until used. 

 

2.7.2 T cell activation 

Lymphocyte stimulation is commonly used for T cell expansion and is important in the 

T cell functional assays. T-cell activation is defined as phenotypic or functional changes 

of an activated T cell via a T cell receptor (TCR) independent stimulation (Shibuya et 

al., 2015). Stimulators, for example, phytohemagglutinin (PHA) binds to the cell 

membrane glycoproteins, TCR–CD3 complex, induces DNA synthesis and cell division 

(Kay, 1991). PHA stimulates the initial cell proliferation without the need for IL-2. The 

resulting daughter cells require the binding of IL-2 and the high-affinity receptor to 

trigger T cell proliferation (Harel-Bellan et al., 1986). The resting T cells express non-

detectable levels of the receptors. Phorbol 12-myristate 13-acetate (PMA) and 

ionomycin stimulate T lymphocytes by directly activate protein kinase C (PKC), 

calcineurin, and activate many transcription factors, including NF-κB and members of 
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the NFAT family (Kay, 1991).  

    Human PBMCs or mouse pLN cells were cultured at 1x106/ml in RPMI 1640 

supplemented with 10% FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, 1mM 

sodium pyruvate, 1mM nonessential amino acids, 2mM L-glutamine, and 50 µM 2, β-

mercaptoethanol). Lymphocytes were stimulated weekly with PHA (3µg/ml) and 

specific rIL-2 (50 IU/ml) every 3 days for a week before the assay (Greenwood & 

Calder, 1993), and lymphocytes were re-stimulated with PHA 24 hours before the assay. 

This methodology has been demonstrated to maintain effector T cells in culture for a 

maximum of 4 weeks, after which their viability is reduced (Nishihara et al., 2020; 

Zielinski et al., 2012). In migration assays investigating the effect of VLA-4 inhibitors 

on T cells, cells were pre-treated with 10, 100, 1000 µg/ml GW559090 or saline (Sal) 

as controls for 2 hours prior to assay. In experiments studying the effect of 

corticosteroids, 1μM dexamethasone was added to T cells 24 hours’ prior to setting up 

the assay. 

 

2.7.3 Optimization for T cell activation  

In order to test which condition is best suited to activate T cells, I adopted the method 

by stimulating human peripheral blood mononuclear cells (PBMC) using PHA and rIL-

2 weekly. PBMC were obtained using a Ficoll density gradient from blood samples 

from healthy volunteers. Cells were stimulated with either 2 or 3μg/ml PHA and 100IU 

human rIL2/ml weekly. The cell activation status was analysed with CD3-FITC, CD25-

APC, and CD69-PE/Cy5 at day 0, 2, 7, 9, 11, 14, and 16 using flow cytometry (Figure 

2-12). Live dead staining was also performed to evaluate the viability of the cells. Cell 

number was counting using cell counting beads. 

    The results showed that viable cells could be maintained at 40-60% until day 16 
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(Figure 2-13). The expression of CD69 appeared as early as day 2 after the first 

stimulation, decreased after one week of culture, and spiked after a second round of 

stimulation (Figure 2-13). The expression of CD25 appeared at one week, later than 

CD69, and decreased slowly after. 

 

 

Figure 2-12 PBMC cells and the expression of CD69 and CD25. 

(a-b) Lymphocyte expansion with 3µl/ml (a) and 2µl/ml (b) PHA along with IL-2 at day 0, 2, 

7, 9, 11, 14, and 16. (c-d) Condition with CD3+ T cells expressing CD69 and CD25 after 

stimulation. 
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Figure 2-13 Viability, cell counts, and CD69 and CD25 expression in CD3+ T cells 

during cell expansion and stimulation. 

(a) The percentage of viable cells during the stimulation time course. (b) CD3 cell counts 

in different stimulation conditions. (c) The percentage of CD3+ T cells expressing CD69. 

(d) The percentage of CD3+ T cell expressing CD25.  

 

    My results suggested that the activation status with either 2 or 3μg/ml PHA and 

100IU IL-2/ml weekly was similar, but a better preservation of CD3+ cell viability was 

with 3μg/ml PHA. This optimized activated lymphocyte protocol was further used for 

migration assays. 

 

2.7.4 Optimization for endothelial cell activation  

I evaluated the endothelial cell activation status by stimulating with 200 IU/ml and 

100IU/ml recombinant human IFNγ (PeproTech, UK) on HMEC/D3 cells at day 0. 

Cells were harvested and stained for CD31 (PECAM-1)-FITC, CD54 (ICAM-1)-PE, 
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and HLA-DR-APC with flow cytometry (Figure 2-14) to evaluate the status at day 0, 

1, 2 and 3.  

 

 

Figure 2-14 Activation status of HMEC/D3 cells following 200IU/ml or 100IU/ml of IFNγ 

at day 0-3 by flow cytometry.  

(a-b) CD31+ population in 200IU/ml (a) or 100IU/ml (b) IFNγ stimulated cells. (c-d) 

Expression of CD54 and HLA-DR in 200IU/ml (c) or 100IU/ml IFNγ (d) stimulated CD31+ 

cells. 

 

    The results demonstrated that there was a similar CD31 expression in both 

conditions over the three-day observation. However, CD54 expression in CD31 cells 

remained at nearly 100% either in 200IU/ml or 100IU/ml IFNγ stimulated cells, while 

HLA-DR and both HLA-DR and CD54 expression were significantly higher in 

200IU/ml IFNγ treated cells. The MFI resulted in similar levels of CD31 expression 

in both conditions, but relatively higher expression levels of HLA-DR and CD54 in 
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the 200IU/ml IFNγ treated cells (Figure 2-15). In the migration study, I thus decided 

to use 200IU/ml IFNγ for endothelial cell activation. 

 

 

Figure 2-15 Expression of CD31, HLA-DR, and CD54 within endothelial cells over 3 

days of stimulation.  

Expression of CD31+ (a), HLA-DR+ in CD31+ (b), CD54+ in CD31+, and both HLA-

DR+CD54+ in CD31+ cells by in 200IU/ml or 100IU/ml IFNγ stimulated HMEC/D3 cells at 

day 0, 1, 2, and 3. Mean fluorescence intensity (MFI) of CD31 (e), HLA-DR (f), and CD54 

(g) by in 200IU/ml or 100IU/ml IFNγ stimulated HMEC/D3 cells at day 0, 1, 2, and 3. 

 

2.7.5 Transmigration assay 

Transmigration of T cells was studied using 6.5-mm Transwell inserts with a 3-mm pore 

size (Corning, Sigma-Aldrich, UK). In most cases, HMEC/D3 cells were seeded on 

fibronectin-coated filters 3 days before analysis at a density of 3 x 105 cells per well. 

EC monolayers were activated with IFNγ (200 IU/ml) 72 hours prior to the migration 

assay, as previously published (Ruszczak et al., 1990). To assess migration, 2 x 106 

lymphocytes were pelleted by centrifugation, re-suspended in 100 μl fresh medium and 

placed into each Transwell insert. The lower wells of a 24-well plate were filled with 
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500 μl RPMI 1640 and 10% FCS. Following incubation for 18 hours at 37˚C with 5% 

CO2, non-adherent, adherent and migrated lymphocytes were carefully harvested from 

each compartment and stained for CD4, RORγt, Tbet, and FoxP3, and acquired for flow 

cytometry as described. In some experiments, additional antibodies specifically 

recognizing CXCR3, CCR6, IFNγ and IL-17A were included. BD Liquid Counting 

Beads (BD Biosciences) were used to evaluate the cell numbers within each chamber, 

according to the manufacturer’s protocol. 

 

2.7.6 Optimization of in vitro migration assays  

For the initial steps of experiments, I compared the ability of lymphocytes to migrate 

through either 0.4µm and 3µm pore sized transwell (collagen-coated 0.4 and 3μm pore 

PTFE transwell membrane inserts, Corning® CLS3496-24EA and CLS3495-24EA). 

The human PBMCs and EAU mice LN cells were stimulated using the above method. 

The HCMEC/D3 endothelial cells were seeded at 30,000 cells on the transwell 

membranes positioned in wells of 24-well plates and incubated at 37ºC and 5% CO2. 

The endothelial cells were stimulated with human IFNγ 200IU/ml 72 hours prior to the 

experiment and compared to unstimulated controls. The MBEC cells were stimulated 

with mouse IFNγ 200IU/ml 3 days before expecting to reach confluence. When the 

endothelial cell monolayer reached confluence, the activated lymphocytes were added 

to upper chambers of transwells at 0.5-1.0 x106. Lower chambers were filled with 

medium alone. Cell numbers before and after migration were investigated after 18 hours’ 

incubation (Figure 2-16). Non-adherent, adhered and migrated cells were further 

stained for CD3 (PE-Cy7), CD4 (FITC), PI and CD31 (PE); or CD4 (FITC), Tbet 

(PerCP-Cy5.5), FoxP3 (APC), and RORγt (PE) to identify T cells and their subsets 

(Figure 2-17). 
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Figure 2-16 Representative photomicrograph of PBMCs at three distinct locations of the 

transwell.  

(a) The clusters of PBMCs on top of confluent endothelial cells. (b) The adhered cells on the 

membrane with some endothelial cells could be observed. (c) The migrated cells. (Original 

magnification: X400) 
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Figure 2-17 Representative flow cytometry figures illustrating CD3+ and CD4+ T cells in 

the upper chamber, adhered to the endothelium, and migrated to the lower chamber. 

Panels illustrated cells which did not adhere (a), adhered (b), and migrated (c) showing gating 

strategy to identify CD4+ and CD8+ (CD3+CD4-) T cells in each fraction. Counting beads were 

used in these experiments to quantify cell numbers. The figures illustrated low cell viability in 

cells that did not migrate (a), endothelial cells in the SSC/FSC analysis in the adhered 

fraction(b), and limited number of cells which are viable in the migrated fraction (c).  

 

    The results demonstrated a higher proportion of human PBMC being more 

migratory through IFNγ-stimulated HCMEC/D3 cells. In addition, when comparing 

cells migrating through 0.4µm and 3µm pore sizes of transwell, a fair proportion of 

cells migrated through 3µm pore size and a decent cell number can be acquired for 

further cell type analysis (Figure 2-18, a-b). Due to uneven cell numbers used before 

the migration in these optimization studies, the proportion of cells were used to 

standardise the analysis instead of absolute numbers. Within the CD3+ T cell 

populations, I further characterize the proportion of CD4 and CD8 T cells. The cells 

within non-adherent (N), adhered (A) and migrated (M) populations were 

predominantly CD4+ T cells in both human and mouse LN cell studies (Figure 2-18, c-

d). The results indicated that activated lymphocytes have a better migratory function 

through the 3µm pore size membrane, and under IFNγ-stimulation for the endothelium. 

The results from the mouse lymphocytes and MBEC showed similar results. I decided 

to use the 3µm pore size pore membrane transwell insert for further studies (Figure 2-

18).  
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Figure 2-18 Migration assay with unstimulated and stimulated endothelial cells and 

activated human PBMCs or EAU LN cells comparing 0.4µm and 3µm pore size.  

(a) Representative PBMC live cell count from experiment comparing IFNγ stimulated 

HCMEC/D3 cells to unstimulated, with 3µm pore size transwell. (b) Percentages of live CD3+ 

adhered and migrated PBMCs by 3µm and 0.4µm pore sized transwell with stimulated and 

unstimulated HCMEC/D3 cells (c) Proportion of CD4+ and CD8+ T cells in PBMCs in each 

fraction in stimulated and unstimulated endothelial cells through a 3µm pore sized transwell 

(d) Proportion of CD4+ and CD8+ T cells from EAU dLN cells and IFNγ-treated MBEC cells 

on 0.4µm pore size in non-adherent (N), adhered (A), and migrated (M) cell fraction . Data 

were plotted as mean ± SD from a representative experiment which was repeated for three 

times. N=1~5. Due to occasional infections, or the lymphocytes not activated effectively, cell 

numbers were insufficient to run more replicates, some of the controls had fewer replicates in 

one experiment. *, P <0.05; ** P < 0.01; *** P < 0.001, by unpaired Student t test. 
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2.8 In vitro Th17 cell polarization  

Female C57Bl/6 or B10.RIII mice aged 6 weeks were induced for EAU as described in 

section 2.3. Mice were sacrificed at day 10 and pLN cells were harvested as described 

in section 2.5. Isolated cells were cultured in T cell stimulatory conditions, which 

comprised plate-bound anti-CD3 mAb (25 mg/ml), with soluble anti-CD28 mAb (2 

mg/ml) added to culture medium (X-VIVO 20; Lonza, Cambridge, U.K.). Mouse pLN 

cells were polarized to a Th17 phenotype by addition of recombinant murine (rm)IL-6 

(20 ng/ml), rmIL-23 (10 ng/ml), anti–IFNγ mAb (10 mg/ml), anti–IL-4 mAb (10 ng/ml), 

and rmTGF-b1 (2 ng/ml). Cells before and after enrichment were stained and analysed 

using flow cytometry for CD4 (FITC), T-bet (PerCP/Cy5.5), RORt (PE), and FoxP3 

(APC) under PMA and ionomycin co-stimulation and compared to control (Figure 2-

19). Data were acquired for analysis by FACSCaliber. Cells used for adoptive transfer 

experiments were stimulated with 10μg/ml strain-specific IRBP. 

 

 

Figure 2-19 Results of polarizing dLN cells in vitro towards Th17 cells.  

(a-b) Representative flow cytometry figures illustrating the RORγt and Tbet distribution 

within the CD4+ cells prior (a) and after (b) the 5-day polarization. (c) Data from after the 

polarization period, indicating an increase in RORγt expression in PMA and ionomycin-

stimulated cells (P < 0.0001). Data were plotted as mean ± SD, from one experiment of three. 
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2.9 Statistical analysis 

Results are presented as the mean ± SEM for at least 5 data points and mean ± SD for 

3 data points. One eye from each mouse was treated as one statistical event. For 

comparing means from two groups, P values were calculated by the unpaired two-tailed 

student t test. For comparison of means from three or more groups for two factors, two-

way ANOVA was used to reveal differences in the data sets, followed by Dunn’s or 

Tukey’s multiple comparison post hoc test. Statistical analyses were performed using 

GraphPad Prism 6 software. P values < 0.05 were considered statistically significant. 
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Chapter 3. Effects of topical Rimexolone 1% in managing 

pediatric chronic anterior uveitis 

3.1 Distinct features of paediatric uveitis 

The incidence of uveitis in children is significantly lower than in adults, and the disease 

association pattern is not the same. The major systemic association to paediatric uveitis 

is juvenile idiopathic arthritis which does not onset until adult age. In addition to JIA, 

the most common type of paediatric uveitis is idiopathic. In contrast, the majority of 

systemic diseases associated with adult uveitis are usually manifest in patients’ thirties 

to fifties, and these conditions are rare in children (Edelsten et al., 2003). Despite 

differences in systemic associations, paediatric uveitis shares a worldwide common site 

of inflammation in the anterior chamber which is similar in adult cases (Edelsten et al., 

2003; Smith et al., 2009; Tomkins-Netzer, Talat, et al., 2014; Yalçındağ et al., 2019). 

The problem in managing paediatric uveitis patients include difficulties such as not 

being able to express symptoms accurately, delayed presentation, and challenges at 

examination which often complicate the identification of disease type and extent. 

Children comprise 2-33% of patients in uveitis clinics and tend to have a more severe 

course, leading to permanent vision loss (BenEzra et al., 2005; Edelsten et al., 2003; 

Tomkins-Netzer, Talat, et al., 2014). The prevalence of severe vision loss (≤20/200) was 

reported to be between 3 ~ 10% (Smith et al., 2009; Tomkins-Netzer, Talat, et al., 2014). 

Vision loss is mainly related to the development of cataract, glaucoma and macular 

oedema associated with treatment and disease itself. 

    The aims for treating paediatric non-infectious uveitis include to resolve intraocular 

inflammation, to achieve remission, to prevent recurrences and vision, and to prevent 

ocular complications. Topical corticosteroids are typically used as a first-line agent 



109 

 

where anterior uveitis is present, while systemic corticosteroids are used in intermediate, 

posterior and pan uveitis when required in sight threatening disease. Oral 

corticosteroids are usually used as short term agents in the acute phase but may be 

required to be continued for longer if the disease is chronic, sight threatening, or 

complicated by macular oedema. Potential adverse effects associated with long-term 

use of systemic steroids in paediatric patients include growth retardation, 

hyperglycaemia, weight gain, hypertension, osteoporosis, peptic ulcers, cataracts and 

glaucoma (Ellis, 1966; Sella et al., 2015; Tomkins-Netzer et al., 2016). Among the 

disease modifying anti-rheumatic drugs (DMARDs), methotrexate is the most 

commonly used first line steroid-sparing agent and others such as mycophenolate, 

azathioprine, and cyclosporine are less commonly used. Anti-TNFα agents, mainly 

infliximab and adalimumab, are typically third line agents used in children refractory 

to methotrexate and have been reported for their fair treatment response (Deitch et al., 

2018; Gaggiano et al., 2020; Ku et al., 2018; Miraldi Utz et al., 2019). There is currently 

limited data in children who failed anti-TNFα treatments (Sood & Angeles-Han, 2017). 

 

3.2 Topical treatments for paediatric anterior uveitis 

Topical corticosteroids are usually the first-line treatment for acute or chronic anterior 

uveitis. The most commonly used topical corticosteroid is dexamethasone eye drops 

(Maxidex®, Alcon Eyecare Ltd, UK) and prednisolonate acetate 1% (Pred Forte®, 

Allergan Ltd., UK). Other agents such as difluprednate ophthalmic emulsion 0.05% 

(Durezol®, Novartis, UK), fluorometholone 0.1% eye drops (FML®, Allergan Ltd., UK), 

betamethasone 0.1% eye drops (Betnesol® or Vistamethasone®, Martindale pharma, an 

Ethypharm group company, UK), loteprednol etabonate 0.5% eye drop (Lotemax®, 

Bausch and Lomb, UK), and rimexolone 1% ophthalmic suspension (Vexol®, Alcon 
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Eyecare Ltd, UK) have been reported (Sood & Angeles-Han, 2017). The concerns for 

prolonged use of topical steroids in children are cataract formation and the steroid 

response causing a rise in IOP. It has been demonstrated that elevation in IOP due to 

steroid response occurs more commonly and rapidly and with greater severity in 

children than adults although this is compounded by difficulties in obtaining accurate 

IOP measurements in young children (Kaur et al., 2016; Kothari et al., 2015; Kwok et 

al., 1997). 

    Recent studies on rimexolone 1% ophthalmic suspension demonstrated its anti-

inflammatory properties and low propensity to increase IOP during post-operative 

periods (Assil et al., 1997; Biswas et al., 2004; Bron et al., 1998; Hirneiss et al., 2005; 

Kavuncu et al., 2008; Vico-Ruiz et al., 2009; Yaylali et al., 2004; Table 3-1). Studies on 

anterior uveitis showed rimexolone to be as effective as prednisolone acetate 1% 

ophthalmic suspension in controlling intraocular inflammation (Arellanes-Garcia et al., 

2005; Biswas et al., 2004; Fan et al., 2003; Foster et al., 1996). However, these studies 

were conducted mainly on adults and in eyes with acute anterior uveitis, and there is a 

lack of information on refractory paediatric anterior uveitis patients and steroid 

responders. 
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Table 3-1 Studies comparing 1% rimexolone to other topical steroids in different 

type of diseases.  

Author Indication Mean 

age 

(range) 

Patient 

number 

Duration of 

outcome 

measurement 

Comparison 
Efficacy of 

inflammation 

control in RM 

Ocular 

hypertension 

incidence in 

RM 

(Fan et al., 

2003) 

Strabismus 

surgery 

5.3 

(4 - 8) 

54 

 

8 weeks 0.1% FML More effective Same 

(Foster et 

al., 1996) 

Uveitis 45 

(11 - 

85) 

119 

 

4 weeks 1% PF As effective Lower 

(Biswas et 

al., 2004) 

Anterior 

uveitis 

42.8 

(14 - 

72) 

66 

 

4 weeks 1% PF As effective Lower 

(Hirneiss 

et al., 

2005) 

Cataract 

surgery 

68 40 4 weeks 1% PF Less effective  Same  

(Kavuncu 

et al., 

2008) 

Cataract 

surgery 

65.5 

(17 - 

87) 

80 18 days 1% PF As effective Same 

(Al 

Hanaineh 

et al., 

2018) 

Strabismus 

surgery 

7.7 

(3.4 - 

12.5) 

40 6 weeks 0.1% Dex, 

0.1% FML 

Not mentioned Lower than 

0.1% Dex 

Similar to 0.1% 

FML 

Current 

study 

(2018) 

Uveitis 10 

(4 - 16) 

24 12 months Baseline As effective Dropped from 

53.7% at 

baseline to 

24.5% at 1 

month after 

RM. 

Dex: Dexamethasone; FML: Fluorometholone; PF: prednisolone acetate; RM: 

rimexolone  
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3.3 Concerns of corticosteroid-induced glaucoma in uveitic children 

Uveitic glaucoma is defined as uveitis patients who have an increased IOP which led to 

characteristic optic nerve damage and visual field loss. It has been demonstrated that 

among the spectrum of uveitis, idiopathic chronic anterior uveitis is the type most at 

risk for uveitic glaucoma (Neri et al., 2004). Studies have shown various mechanisms 

for this in adults. The underlying mechanism leading to uveitic glaucoma is most 

commonly attributed to open angle glaucoma and can be observed, for example, in 

chronic anterior uveitis associated with JIA and Fuchs’ heterochromic iridocyclitis 

patients. In uveitic glaucoma caused by open angle mechanism, Rho kinase and 

prostaglandin are important mediators which increase outflow resistance by obstructing 

the trabecular meshwork with cells, debris, fibrin, or protein. In uveitic patients who 

developed angle closure glaucoma, posterior synechiae (between the iris and the 

anterior lens capsule), peripheral anterior synechiae (between the iris and the trabecular 

meshwork), or trabeculitis (inflammation of trabecular meshwork resulting in thick and 

oedematous trabecular bands) can occur with inflammatory cells, fibrin, and protein 

obstructing aqueous flow. Patients can also develop angle closure glaucoma by 

inflammation and oedema of the ciliary body causing it to be rotated forward (Kesav et 

al., 2020). Managing uveitic glaucoma requires meticulous anti-inflammatory therapy 

in combination with appropriate intraocular pressure lowering drugs to prevent 

deterioration of condition and long-term visual loss. Despite the progress in the 

management of glaucoma with wide range of eyedrops, around 30% of uveitic 

glaucoma eyes do not respond to maximal medical therapy and require surgical 

intervention (Kesav et al., 2020).  

    Corticosteroid-induced glaucoma is a common scenario given that corticosteroids 

are regarded as a mainstay therapy for active intraocular inflammation. Oral 
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corticosteroids have been reported to cause an IOP ≥ 10mmhg rise between 15-24% in 

adult cohorts (Daniel et al., 2017; Friedman et al., 2013). The risk factors which have 

been reported so far include: systemic hypertension; poor visual acuity at presentation; 

previous pars plana vitrectomy; history of ocular hypertension in the other eye (IOP 

>21mmHg); prior/current use of IOP-lowering drops or surgery in the other eye; 

anterior chamber cells; epiretinal membrane; peripheral anterior synechiae; current use 

of prednisone >7.5 mg/day; periocular corticosteroids in the last 3 months, and current 

topical corticosteroid use (>8x/day) in adults (Daniel et al., 2017). Corticosteroid-

induced glaucoma is postulated to be induced by an increase in extracellular matrix 

degradation products and reduction of hyaluronidase, which leads to swelling of 

trabecular meshwork and further reducing outflow. This condition may occur as early 

as 2 to 6 weeks after initiating steroid therapy in adults (Siddique et al., 2013). Children 

were reported to be more susceptible to increased IOP associated with steroid use (Ang 

et al., 2012; Yamashita et al., 2010). However, the risk factors for it in children is less 

well studied (Kaur et al., 2016; Kothari et al., 2015). The only report investigating 

uveitic glaucoma in 916 children illustrated that the risk factors distinct from adults are 

age of 6 to 12 years (versus other paediatric ages), prior cataract surgery, pars plana 

vitrectomy, duration of uveitis 6 months or more, contralateral IOP elevation, 

presenting visual acuity worse than 20/40, and topical corticosteroid use, which is 

relatively similar to adults (Kothari et al., 2015). 

The aim of this project was to evaluate the efficacy in controlling the inflammation 

and safety in better control and prevention of any steroid induced rise in IOP by 

rimexolone 1% ophthalmic suspension in the treatment of paediatric chronic uveitis 

either as a first line or after switching from other topical corticosteroids.  
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3.4 Statistical analysis 

The demographic profile of all children included was assessed using descriptive 

statistics. Results were presented as mean ± standard error of mean or median (inter-

quadrantile range (IQR)). Paired t test was used to compare continuous variables. 

Categorical data before and after switching to rimexolone was analysed by the Wilcoxin 

rank test. All calculations were performed using SPSS software version 22.0 (SPSS, 

Inc, Chicago, Illinois, USA). A P-value of less than 0.05 was considered statistically 

significant. 

    Risk factors for IOP ≥30 mmHg and ocular hypertension (IOP ≥21 mmHg) 

following rimexolone were analysed by generalized estimating equation (GEE) with an 

autoregressive (AR-1) structure, a statistical robust sandwich estimate approach that 

accounts for the correlation between both eyes of individual patient and accounts when 

the number of observations varies across patients. Age, sex, and the aetiology were also 

taken into consideration. The crude and adjusted odds ratio (OR) with corresponding 

95% confidence interval (CI) were calculated for covariates of interest. Goodness of fit 

was measured via the quasi-likelihood information criterion (QIC), which quantifies 

the relative quality of statistical models while penalizing model complexity. A lower 

QIC value indicates better model of fit. 

 

3.5 Demographic results 

The clinical database search method performed was as described in section 2.1. The 

database search yielded 34 patients (51 eyes) who met the inclusion criteria. Six patients 

(6 eyes) were excluded due to short follow-up, three patients (3 eyes) for having 

intraocular surgery within 6 months and one patient (1 eye) for having an intraocular 
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steroid implant within 6 months. A total of 41 eyes (17 right eyes) of 24 patients (12 

females) were included in the analysis. Thirteen patients (26 eyes) received rimexolone 

for more than 12 months. The mean age at presentation was 10.6 ± 3.7 years (range 4 – 

16 years). The mean follow-up duration was 79.6 ± 48.6 months (range 11.0 – 201.5 

months). Eyes were diagnosed as having either anterior uveitis (n=25, 60.0%) or 

panuveitis (n=16, 40%, Table 3-2). None of the study participants had virus-associated 

anterior uveitis.  

 

Table 3-2 Demographics features of the studied patients at baseline. 

  All patients 

  
n (%) or  

Mean ± SD (range) 

Age (years) 10.5 ± 3.7 (4–16) 

Female 12 (50.0) 

Follow-up duration (months) 
79.6 ± 48.6 (11.0–

201.5) 

Ethnicity  

Caucasian 11 (45.8) 

  South Asian 4 (16.7) 

African Caribbean 1 (4.1) 

Other 8 (33.3) 

Anatomical diagnosis of eyes   

Anterior uveitis (no HLA-B27 positive cases) 25 (60.0) 

Pan uveitis 16 (40) 

Systemic diagnosis of patients  
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Idiopathic 17 (70.8) 

Juvenile idiopathic arthritis associated uveitis 4 (16.7) 

HLA B-27 negative idiopathic sacroiliitis 1 (4.2) 

Vogt Koyanagi-Harada syndrome 1 (4.2) 

Multifocal choroiditis with panuveitis 1 (4.2) 

Reason to use rimexolone   

  Inactive controlled uveitis, but IOP is elevated with medication 23 (56.1) 

  Active uveitis with controlled IOP, with history of 

corticosteroid responder 
13 (31.7) 

  Active uveitis with controlled IOP, without history of 

corticosteroid responder 
5 (12.2) 

Patients using oral prednisolone   

  Baseline 8 (32.0) 

  1 month 9 (39.1) 

  3 months 7 (28.0) 

  6 months 8 (40.0) 

  12 months 3 (20.0) 

Dose of oral prednisolone (mg/day)  

  Baseline  1.8 ± 4.0 

  12 months follow-up 1.7 ± 4.2 

IOP: intraocular pressure; SD: standard deviation. 

 

    Before initiating rimexolone, 27 eyes (65.9%) were given dexamethasone 0.1% 

eye drops, 4 eyes (9.8%) prednisolone acetate 1%, 2 eyes (4.9%) difluprednate 0.05% 

ophthalmic emulsion and 8 eyes (19.5%) did not receive any prior topical steroids. Eyes 
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were switched to rimexolone due to ocular hypertension (23 eyes, 56.1%), active uveitis 

with controlled IOP but known steroid responders (13 eyes, 31.7%) and active uveitis 

with controlled IOP and not known as steroid responders (5 eyes, 12.2%). 

    At baseline, the frequency of using topical steroids was once per day in 5 eyes 

(12.2%), twice per day in 8 eyes (19.5%), 3 times per day in 10 eyes (24.4%), 4 times 

per day in 6 eyes (14.6%), 6 times per day in 2 eyes (4.9%), and 10 eyes (24.4%) had 

newly diagnosed anterior uveitis and did not receive other topical steroids before at 

baseline. The initial dose of rimexolone ranged from every 2 hours to 4 times daily, 

depending on disease activity. During follow-up, the rimexolone dose was observed to 

be reduced (2.9 ± 0.9 drops per day at baseline, 2.7 ± 1.0 at one month, 2.1 ± 1.4 at 3 

months, 2.2 ± 2.1 at 6 months, and 1.6 ± 1.4 drops per day at 12 months). The change 

in treatment dose reached statistical significance at 6 and 12 months (P = 0.025 and P 

< 0.001 respectively). At baseline, there were 8 patients (32.0%) using oral 

prednisolone, reducing to 3 patients (20.0%) by 12 months after baseline (P < 0.001, 

Table 1). By 12 months follow-up there was no change in the average dose of oral 

prednisolone (1.8 ± 4.0 mg/day at baseline, 4.0 ± 7.7 mg/day at 1 month, 1.9 ± 3.4 

mg/day at 3 months, 5.7 ± 13.8 mg/day at 6 months, 1.7 ± 4.2 mg/day at 12 months). 

There were two patients who continued using second line steroid sparing agents in the 

form of mycophenolate mofetil, while three patients were able to reduce their 

methotrexate from 17.5mg per week to 10.0mg per week. 

 

3.6 Control of inflammation and visual outcome after rimexolone 

Median BCVA remained stable throughout follow-up and was 0.19 LogMAR, equals 

to 20/30 Snellen BCVA (0.0 – 0.56) at baseline, 0.10 LogMAR, equals to 20/25 snellen 

BCVA (0.0 – 0.34) at one month, 0.10 LogMAR (0.0 – 0.30) at 3 months, 0.17 LogMAR, 
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equals to 20/30 Snellen BCVA (0.0 – 0.50) at 6 months, and 0.3 LogMAR, euals to 

20/40 Snellen BCVA (0.0 – 0.55) at 12 months. By 12 months the mean change in 

BCVA was 0.10 ± 0.2 LogMAR (P = 0.62). There was no significant difference in 

BCVA among patients who used rimexolone as a primary treatment and those who 

switched to rimexolone (Figure 3-1). The median number of flares reduced from 2.0 

episodes (IQR 1.0 – 2.75) during the 12 months prior to baseline to 1.0 episode (IQR 

0.0 – 1.0) during the 12 months following baseline (P < 0.001). The incidence of flares 

reduced from 25 eyes (82.9%) to 23 eyes (70.7%) after switching to rimexolone. The 

average duration to flare-up after using rimexolone was 8.7 ± 13.4 months (median 9.4, 

range 1.0 – 50.5, Figure 3-2). 

 

 

Figure 3-1 Best corrected visual acuity (BCVA) among patients using rimexolone (RM) 

as primary or switching from other agents over follow-up 12 months.  

Data were plotted as mean ± SEM. 

 

0 1 3 6 12
0.0

0.5

1.0

1.5

Follow-up duration (months)

B
C

V
A

 (
L

o
g

M
A

R
) Primary RM

Switched to RM



119 

 

 

Figure 3-2 The cumulative incidence of time to first uveitis flare-up during follow-up.  

The average duration to flare-up after using rimexolone was 8.7 ± 13.4 (range, 1.0 – 50.5) 

months.  

 

3.7 Control of IOP after using rimexolone eyedrops 

The mean IOP reduced significantly following treatment with rimexolone and was 22.0 

± 7.3 mmHg at baseline, 18.8 ± 8.7 mmHg at 1 month (P = 0.01), 16.4 ± 5.0 mmHg at 

3 months (P = 0.001), 17.6 ± 5.3 mmHg at 6 months (P = 0.019), and 15.9 ± 5.0 mmHg 

at 12 months (P < 0.001, Figure 3-3). Patients who were switched to rimexolone had a 

higher IOP compared to those who used rimexolone as primary treatment (23.9 ± 

7.7mmHg to 17.0 ± 5.4mmHg, P = 0.0093), but no significant difference was found 

one month after baseline (Figure 3-4). Following baseline, there was no significant 

change with regards to the numbers of anti-glaucoma drops (1.8 ± 1.6 at baseline, 1.8 

± 1.4 at 1 month, 2.0 ± 1.4 at 3 months, 2.3 ± 1.7 at 6 months, and 1.5 ± 1.5 at 12 months, 

Figure 3-4). There was no change in the percentage of eyes that underwent glaucoma 

filtration surgery, with four eyes (12.9%) having it before baseline and five (16.1%) 

after. 
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Figure 3-3 Observed intraocular pressure over the follow-up period in all patients.  

Data were plotted as mean ± SEM. ** P < 0.01, *** P < 0.001. 

 

 

Figure 3-4 Intraocular pressure in patients using rimexolone (RM) as primary or being 

switched over to follow-up period.  

Data were plotted as mean ± SEM. ** P < 0.01. 
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3.8 Analysis of risk factors for IOP elevation after rimexolone 

In the current study, most patients demonstrated a reduced IOP after using rimexolone. 

We further investigated the risk factor for IOP elevation after using it. At baseline 26 

eyes (63.4%) were known as steroid responders and 22 eyes (53.7%) had ocular 

hypertension. Following baseline, the incidence of ocular hypertension reduced to 

24.5% at 1 month (P = 0.0002). The prevalence of an increased IOP of 30mmHg or 

more was 14.6% (n=6) at baseline, 12.2% (n=5) at 1 month, significantly dropped to 

2.4% (n=1) at 3 months (P = 0.006), 2.4% (n=1) at 6 months (P = 0.006), and 2.4% 

(n=1) at 12 months (P = 0.006). The risk factors for the development of IOP ≥30 mmHg 

included use of prednisolone dose >7.5mg per day (OR= 4.4, P = 0.032) and being a 

known steroid responder (OR= 6.8, P = 0.002). The risk factors for the development of 

IOP ≥21 mmHg were use of prednisolone at a dose >7.5mg per day (OR= 2.6, P = 0.04), 

and a borderline importance for being a known steroid responder (OR= 2.1, P = 0.05) 

(Table 2). However, the dose of rimexolone or number of flares was not associated with 

the risk for IOP ≥21 mmHg or ≥30 mmHg. The goodness of fit of the model was 

assessed by its QIC (191.6 fitting for model of risk factors in IOP ≥ 21 mmHg and 106.6 

for model of risk factors in IOP ≥30 mmHg), suggesting the adjusted model fitted to 

the data.  

 

Table 3-3 Risk factors for ocular hypertension ( ≥21mmHg and ≥30 mmhg) after 

patients switched to use rimexolone during 1-year follow-up period. 

 IOP ≥21mmHg  IOP ≥30 mmHg 

 Odds ratio 

(95% CI) 

Standard 

error 

P - 

value 

 Odds ratio  

(95% CI) 

Standard 

error 

P - 

value 

Corticosteroid 

responder 

2.09 

(1.00─4.36) 

0.77 0.051  6.75 

(1.88─24.20) 

0.65 0.003 
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Using 7.5 mg more 

oral prednisolone 

per day 

2.59 

(1.04─6.46) 

0.47 0.042  4.37 

(1.12─16.95) 

0.69 0.033 

Flare up episodes 

after using 

rimexolone 

0.77 

(0.38─1.56) 

0.36 0.469  0.92 

(0.32─2.61) 

0.53 0.871 

Rimexolone 

dosage per day 

0.99 

(0.69─1.43) 

0.19 0.968  1.10 

(0.63─1.90) 

0.28 0.742 

IOP: intraocular pressure; CI: confidence interval. 

  

  There were no reported cases of side effects following treatment with rimexolone 

1%, including ocular discharge, chemosis, ocular hyperemia, ocular pain, ocular 

pruritus. 

 

3.9 Chapter discussion and summary 

My study investigated the use of rimexolone 1% ophthalmic suspension in children 

with chronic anterior uveitis and found that (1) using rimexolone improved 

inflammatory control with a significant reduction in the number of flares, allowing 

patients to stop treatment with oral prednisolone; (2) the IOP dropped significantly by 

1 month, and remained stable up to 12 months; (3) the visual acuity remained stable 

over the follow-up period; (4) risk factors for developing IOP ≥30 mmHg were being a 

known steroid responder and patients taking >7.5mg oral prednisolone per day.  

    Previous studies illustrated the results of treatment with rimexolone 1% among 

adults with uveitis, following cataract surgery and after strabismus surgery (Al 

Hanaineh et al., 2018; Biswas et al., 2004; Fan et al., 2003; Foster et al., 1996; Hirneiss 

et al., 2005; Kavuncu et al., 2008). In two studies that compared the effect of rimexolone 

to prednisolone 1% solution in adult uveitis patients, the use of rimexolone as the 



123 

 

primary treatment was as effective as prednisolone 1% and resulted in a lower incidence 

of ocular hypertension (Biswas et al., 2004; Foster et al., 1996). In children who 

underwent strabismus surgery, studies illustrated that rimexolone achieved better IOP 

control than dexamethasone 0.1% eye drops and similar to fluorometholone 0.1% 

ophthalmic suspension (Al Hanaineh et al., 2018; Fan et al., 2003). Our results support 

the findings that rimexolone achieves good inflammation control in paediatric chronic 

uveitis, by a reduced number of flares, less oral prednisolone use and better IOP control.  

It is known that the dose of corticosteroids, type of corticosteroids and mode of 

administration are related to the risk of developing ocular complications and raised IOP 

(Luchtman et al., 2014; Suhler et al., 2017). Our results illustrate that in paediatric 

patients treated with a dose of prednisolone >7.5mg per day, the risk of a raised IOP 

≥21mmHg and even ≥30mmHg was increased. These findings are consistent with 

previous studies investigating risks for IOP ≥30 mmHg and IOP ≥21 mmHg in adult 

and paediatric uveitic patients (Daniel et al., 2017; Kothari et al., 2015). Interestingly, 

following the introduction of rimexolone 1% the IOP reduced significantly and was 

maintained during follow-up, suggesting a synergistic effect of local and systemic 

treatment on IOP. In patients treated with a high dose of prednisolone, the introduction 

of rimexolone may contribute both to the control of the inflammation as well as to help 

maintain a lower IOP.  

Topical corticosteroids have different intraocular inflammation suppression 

efficacy, related both to their immunosuppressive potency as well as to their ability to 

penetrate into the eye. In animal models, local application of rimexolone was found to 

be as effective as dexamethasone, betamethasone and hydrocortisone (Fox et al., 1980). 

Rimexolone inhibited CD4+ T-cell proliferation and cytokine production in a similar 

manner to dexamethasone (Spies et al., 2010). On a cellular level, the anti-inflammatory 
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effect of rimexolone is mediated via T-cell receptor (TCR) and cytosolic glucocorticoid 

receptors (GCR). Previous studies illustrated that rimexolone treatment rapidly disrupts 

TCR-linked GCR protein, followed by a cellular redistribution of Lck and Fyn kinases, 

causing impaired TCR signalling and interference with CD4+ T cell function 

(Lowenberg et al., 2006; Spies et al., 2010). The mechanism to corticosteroid induced 

IOP elevation is mostly related to upregulated expression of the myocilin gene and 

trabecular meshwork cell loss (Pleyer et al., 2013). The IOP elevating potential of 

rimexolone 1% is comparable to that of fluorometholone 0.1% and lower than 

dexamethasone. This is due to the chemical structure of the drug, lacking a hydroxyl 

group in the 21st position, with lipophilic properties and limited intraocular penetration. 

My study was limited by its small sample size, retrospective design, and lack of a 

comparison to other topical steroids in use. Furthermore, most patients were not 

observed at their initial diagnosis, so that the inflammation at baseline might have been 

reduced by previous treatments. The effect seen in these eyes might therefore differ 

from that of eyes with active inflammation and no previous treatment. The systemic 

corticosteroid dose recorded might be lower than when the disease first started and, 

therefore, we might have underestimated the risk to the developing ocular hypertension 

and IOP ≥30 mmHg. The strengths of our study relate to our cohort comprising of only 

paediatric uveitis patients, providing evidence in a previously underexamined patient 

group. We provide information regarding the use of rimexolone 1%, for which there is 

limited information. In addition, our study provided support for the use of rimexolone 

1% eyedrops in cases of refractory paediatric uveitis, when elevated IOP may be a 

concern. However, future prospective studies should be considered to demonstrate the 

results in larger cohorts of paediatric patients.  
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In conclusion, our results suggest that rimexolone 1%, an alternative topical 

steroid to Dexamethasone eye drop, is effective in controlling anterior uveitis by 

reducing cells and flares, achieving better IOP control and allowing most patients to 

stop treatment with systemic corticosteroids. The incidence of IOP elevation to a 

clinically important degree is not related to the use of rimexolone but is related to 

systemic steroid use and a history of being corticosteroid responder. Rimexolone 1% 

should be considered for long-term treatment of chronic anterior uveitis in children. 

In this current project, rimexolone 1% eye drop demonstrated its ability to reduce 

cellular infiltration to the anterior chamber and to achieve better disease control in 

paediatric uveitis patients. To study the leukocyte subsets involved in the pathogenesis 

of uveitis and the effect on these subsets I used a VLA-4 integrin inhibitor eye drop in 

vivo in EAU and in vitro to dissect the role of VLA-4 on leukocyte subset migration.  
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Chapter 4. The effects of GW559090 on EAU cell infiltration 

4.1 Introduction 

Recruitment of effector CD4+ T cells to an immune privileged site of eye in EAU 

involves co-ordination of adhesion molecules expressed by circulating leukocytes and 

by endothelial cells within the blood vessels (Herter & Zarbock, 2013; Whitcup et al., 

1992). The specific cell migration process is largely mediated by leukocyte functional 

antigen-l (LFA-1) /intercellular adhesion molecule-1 (ICAM-l) and very late activation 

antigen-4 (VLA-4) /vascular cell adhesion molecule-1 (VCAM-1) interactions (Devine 

et al., 1996; Engelhardt & Ransohoff, 2005). There is evidence of increasing expression 

of ICAM-1 and VCAM-1 in studies of human uveitis retinal specimens and from EAU 

retinal tissues (Whitcup et al., 1992; Xu et al., 2003) and escalating VCAM-1 

expression specifically in focal areas of the retinal postcapillary venule where 

inflammation initiates and when EAU is evident (Makhoul et al., 2012; Xu et al., 2003). 

However, in vitro studies suggested that lymphocyte migration is more dependent on 

LFA-1/ICAM-1 than VLA-4/VCAM-1 interactions (Faveeuw et al., 2000; Greenwood 

et al., 1995). The discrepancy may be due to the fact that the VLA-4/VCAM-1 axis 

participated in migration only under inflamed conditions (Greenwood et al., 1995). 

Indeed, targeting VLA-4 or LFA-1 molecules systemically has previously been shown 

to inhibit lymphocytes from crossing the BRB and ameliorated the clinical signs of 

EAU, indicating the importance of the VLA-4/VCAM-1 pathway in inflamed retinae 

(Hafezi-Moghadam et al., 2007; Ishida et al., 2014; Ke et al., 2007; Martin et al., 2005; 

Prendergast et al., 1998; Whitcup et al., 1993). Whether there is a preferential use of 

specific integrins by Th1 cells versus Th17 cells has not been addressed within 

uveitogenic CD4+ T cell subsets.  
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    The side effects of systemically administered integrin inhibitors have been reported 

with long term use, for example infection and progressive multifocal 

leukoencephalopathy in Natalizumab (humanized α4 antibody) treating multiple 

sclerosis patients (Butzkueven et al., 2020). Recently, a topical α4β1 (VLA-4, 

CD49d/CD29) integrin inhibitor (GW559090) was shown to be clinically efficacious 

in a mouse model of dry eye disease (Contreras-Ruiz et al., 2016; Ecoiffier et al., 2008; 

Krauss et al., 2015). It has been reported to exert its clinical effect through its high 

affinity binding to the α4β1/VLA-4 integrin and specific blockade of cell interaction to 

VCAM-1 (Krauss et al., 2015). In this study, we investigated the effect of topically 

applied GW559090 in EAU, and the potential cellular mechanisms involved. 

 

4.2 Profile of VLA-4 expressing cells in EAU  

To investigate which cell express VLA-4 in EAU, 5-7-week old female B10.RIII mice 

were induced for EAU as described in section 2.3. Retinal examination for clinical 

disease severity was evaluated by fundoscopy at days 6 and 13. (Figure 4-1). Mice were 

harvested at peak disease on day 14. VLA-4 expression is investigated in different types 

of T cells in blood, draining lymph nodes, and retinae by flow cytometry (Figure 4-2). 

VLA-4 expression and the mean fluorescence intensity (MFI) were increased in all 

CD4+ T cell subsets in EAU than controls in retinae and dLNs, but not blood (Figure 

4-3). However, the mean fluorescence intensity of cells expressing VLA-4 molecules 

on their surface did not significantly differ between Th1 and Th17 in EAU lymphocytes 

in either retinae or dLNs. 
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Figure 4-1. Clinical scores for EAU in B10.RIII mice at peak disease.  

(a-b) EAU development from day 6 (a) to day 13 (b) in the same mouse by retinal fundus 

examination. (a) Representative retinal photograph showing minimal disc swelling, slightly 

vessel cuffing and minimal retinal tissue infiltration at day 6 post induction of EAU. (b) Fundus 

photography showing disc swelling, retinal haemorrhages, vessel cuffing and some vitreous 

cellular infiltration to inhibit a clear view of the retina. (c) Clinical scoring by optic disc, retinal 

vessel cuffing, retinal tissue infiltration and structural damage at day 6 and 13 post 

immunization. Data were from one representative experiment of three. n=3~5 in EAU mice, 

and N=3 in age-match control mice. 
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Figure 4-2. Flow cytometric gating strategy to identify VLA-4-expressing T cells.  

(a) Gating strategy to identify CD4 T cell subsets by intracellular cytokines (IFNγ and IL-17A) 

in line with chemokine receptors (CXCR3 and CCR6). (b-c) Gating strategy to demonstrate 

VLA-4 expressing Th1 (CD4+FoxP3- IFNγ+ cells) and Th17 (CD4+FoxP3- IL-17A+) cells in 

unstimulated (b) and stimulated (c) retinal cells. 

 

 

Figure 4-3. Expression of VLA-4 in CD4+ T cell subsets in retina, draining lymph nodes, 

and blood in EAU. 

(a) Illustration of VLA-4 expression in Th1 (CD4+FoxP3- IFNγ+) and Th17 (CD4+FoxP3- IL-
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17A+) cells in EAU retinae relative to controls (Ctrl). Demographic features of VLA-4 

expression in the retina (b), dLNs (c), and peripheral blood (d). The mean fluorescence intensity 

(MFI) of VLA-4 in retina (e), dLN (f), and blood (g). Data were plotted as mean ± SD. (b, e) 

Data were plotted from single eye staining from one experiment repeated three times using B10. 

RIII EAU model. * P < 0.05, ** P < 0.01, *** P < 0.001. 

 

4.3 VLA-4 inhibitor prevented EAU development 

B10. RIII mice were immunized for EAU and treated with topical 3, 10 or 30 mg/ml of 

GW559090 (VLA-4 inhibitor) twice daily from day 0 to day 14 to investigate the effect 

of VLA-4 inhibitor. Mice receiving CFA alone served as a control for disease. In some 

experiments GW was given to the right eye only (GW10R) to evaluate a potential 

sympathetic effect in the untreated eye. Mice were sacrificed on day 14 shortly after 

dilated retinal examination by topical endoscopy fundus imaging (TEFI), for 

histological evaluation including H&E and immunofluorescence staining as described 

in section 2.4. Data from retinal fundus examinations were obtained from previous 

preliminary studies, as part of the GSK collaboration. 

    The GW559090-treated B10.RIII EAU mice demonstrated a reduction of retinal 

inflammatory infiltrates as compared to vehicle-treated (Veh) controls at peak disease 

(Figure 4-4, 4-5). Retinae from vehicle treated (Veh) group showed signs of 

inflammation by retinal fundoscopy and moderate to severe signs of EAU which were 

also observed by in histopathologic investigation by H&E staining on day 14 and the 

results were compatible. For example, retinal structural damage, retinal vasculitis, optic 

neuropathy and diffuse infiltration of cells into the vitreous, uvea and retina. In contrast, 

mice treated with GW559090 topically from day 0 to 14, showed minimal disease 

development in the GW10 group (P = 0.005; Figure 4-4, 4-5). The reduction of EAU 



131 

 

severity was significant in GW10 group compared to Veh group, but the effect was not 

seen in GW3 and GW30 groups. In addition, there was a significant decrease in disease 

incidence in GW10 group (P < 0.05).  

 

 

Figure 4-4. Preventive treatment of GW559090 attenuated EAU severity.  

(a) H&E staining of a healthy eye. (b-c) H&E staining of the EAU eye from vehicle (Veh) group 

demonstrated massive vitreous cell infiltration, retinal folding, retina structural damage and 

cellular infiltration in optic nerve (b) and peripheral retina layers (c). (d-e) In GW10 treated eyes, 

there were minimal levels of migrated cells in the vitreous cavity and optic nerve, reduced focal 

retinitis and vasculitis, and fewer cells infiltrated the retinal tissue by H&E staining. (e) Retinal 

examination by TEFI showing severe vessel cuffing and retinal infiltration (left) in Veh group, 

and minimal vessel cuffing in GW10 group (right). (f) Histological scoring in EAU mice treated 

with GW559090 preventively and compared to Veh controls. Figures were representatives from 

one experiment out of three. Values were means ± SEM. n=8. *** P < 0.001 using a two-tailed, 

unpaired Student’s t test. 
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Figure 4-5. Histology sections of H&E staining of the EAU eyes from different treatment 

groups. 

(a) Histology section from a healthy control eye, demonstrating intact retinal layers and the lack 

of cellular infiltration. (b) H&E staining of a Vehicle (Veh) treated EAU eye, showing diffuse 

cell infiltration in the vitreous and retina, retinal folding, and vasculitis. Arrows indicated retinal 

folding and cellular infiltration at outer retinal layer. (c) Eyes received GW10 treatment 

demonstrated low grade of cellular infiltration at low magnification and retinal structural 

damage. Original magnification: (a) and left panels of (b-c): X40. right panels of (b-c): X200. 

 

    To access whether the drug had a sympathetic effect, which is the effect on the other 

(untreated) eye, one group received GW10 in the right eye only. In mice treated in just 

the right eye, disease was suppressed in the treated eye (GW10R), but EAU continued to 

develop in the contralateral eye (GW10L; Figure 4-6), suggesting there was no 

sympathetic effect of topical treatment. 
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Figure 4-6. Comparison of EAU severity in the right eyes that received GW10 treatment 

to the left eyes that did not. 

Histological sections from eyes receiving GW10 treatment in the right eye only (GW10R, a) 

demonstrating less inflammation comparing to left eye (GW10L, b-c). Mean ± SD. * P < 0.05 

using a two-tailed, unpaired Student’s t test. 

 

4.4 VLA-4 inhibitor prevented leukocyte immigration into the eye 

By staining retinal sections with CD45 (a pan leukocyte marker), the infiltrating 

leukocytes were able to be analysed quantitatively based on their location. In EAU 

controls, leukocytes were localized in the anterior chamber, optic nerve, vitreous cavity 

and retinal layers (Figure 4.7, a-c). There were fewer leukocytes around the optic nerve 

head, in the vitreous, anterior chamber and inner retina, especially following GW10 

treatment (Figure 4.7, d-f) and levels were significantly decreased relative to Veh 

controls (Figure 4.7, g-i). There was an overall decrease in cell numbers within the 

anterior chamber and inner retinal layer in all treated groups (Figure 4.7, h-i). In 

summary, a significantly reduced cellular infiltration score was observed in both GW10 

and GW30 groups (Figure 4.7, j), although some retinal folding remained (Figure 4.7, 

f), and the structural damage scores in all groups were relatively low and did not differ 

(Figure 4.7, k). Despite cellular infiltration scores being reduced in the GW30 group 

(Figure 4.7, j), the cumulative disease scores revealed a significant disease reduction 
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only in the GW10 group (Figure 4.7, l). The results indicated that the drug could achieve 

an effective therapy for a posterior segment uveitis in mice.  

 

 

Figure 4-7. Immunohistochemical staining of CD45 showing location of migrated 

leukocytes (arrowheads) within the eyes.  

There was an increase in leukocytes around the optic nerve (X100; a), within the anterior 

chamber (b), retinal layers and within the vitreous cavity (X400; c) in vehicle-treated control 

(Veh). In GW10 treated eyes, decreased levels of cells were detected around the optic nerve (d), 

in the anterior chamber (e), and within the vitreous (f). Mean ± SEM scores were calculated for 

cell numbers infiltrating the vitreous (g), anterior chamber (h) and inner retina (i) in all groups. 

(j) Cellular infiltration score for CD45+ cells within the ciliary body, vitreous, vessels, rod outer 
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segments, and choroid. (k) structural damage score for CD45+ cells within the rod outer 

segments, neuronal layers, and retinal morphology. (l) Cumulative scores from cellular 

infiltration and structural damage. n=5. Scale bars: 50 μm in a–f. *P < 0.05; **P < 0.01, using 

a two-tailed, unpaired Student’s t test. 

 

4.5 GW559090 attenuated EAU severity when used therapeutically 

The previous data showed a protective effect for the topical anti-VLA-4 inhibitor given 

before the disease onset. I next aimed to assess its therapeutic effect by administering 

the drug during the efferent phase of disease. The inflammatory extent after a week of 

treatment was scored and the infiltration patterns of the inflammatory cells in the eye, 

lymph node and blood were investigated. 

    EAU was induced in C57Bl/6 mice as described in Section 2.3. The control group 

(CFA) received CFA emulsified in PBS only. Retinal inflammation was evaluated 

clinically by retinal fundoscopy on day 10 to confirm disease development. Topical 

treatment twice daily was initiated with topical GW at 10 and 30mg/ml and compared 

to vehicle (Veh) as negative control and dexamethasone 0.1% eye drops (Dex) as a 

positive treatment control. Retinal inflammation was evaluated repeatedly at peak 

disease and the mice were sacrificed for histological and flow cytometry evaluation.  

    All mice assessed for their development of EAU at day 10 following disease 

induction were confirmed to have a similar disease severity (2.9 ± 0.1). By the end of 

the treatment period, the disease continue to progress in the Veh group, but there was a 

decrease in disease progression in the GW10 group (3.5 ± 0.5, P < 0.0001) and the Dex 

group (4.4 ± 0.4, P < 0.0001) as compared to Veh group (7.6 ± 0.4). A decrease in 

disease scores involving optic disc infiltrates, subretinal infiltrates, and peri-vascular 

infiltrates was observed in GW10 group, and there was a reduced clinical severity 
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comparable to the Dex treated group (Figure 4-8).  

    The results were further confirmed by CD45 immunohistochemistry staining 

(Figure 4-8) and a similar discovery was that if GW559090 was given therapeutically, 

there was a decrease in the cellular infiltration rather than structural damage in the 

GW10 (P = 0.0221) and Dex group (P = 0.0221) (Data not shown). There was no 

difference in structural damage between the studied groups.  

 

 

Figure 4-8 Clinical and histological severity scores in EAU eyes following GW559090 

treatment.  

(a) Representative fundus images from day 10 EAU mice, showing some optic nerve infiltration 

and mild retinal infiltration as well as mild vessel cuffing. (b) Representative retinal photograph 

of eyes from vehicle treated (Veh) mice at peak disease (day 18 in this experiment). Arrows 

indicated progressive optic nerve infiltration, vessel cuffing and retinal tissue infiltration. (c-e) 

Representative fundus photos of Dex (c), GW10 (d), GW30 (e) treated eyes at peak stage of 

disease, showing less retinal tissue infiltration, less optic nerve swelling as compared to Veh 

treated eye. The summary scores of evaluating inflammatory changes to the optic disc, retinal 

vessels, retinal lesions and structural damage before initiating treatment and after treatment. (g-

k) Corresponding CD45 staining for retina sections in groups mentioned above. (i) Summary 

of H&E histological score for each treatment group. (f) Data were plotted for individual eyes 
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in one representative experiment out of three. (i) Data were plotted from eyes from three 

animals in the same experiment. Mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, using a 

two-tailed, unpaired Student’s t test. 

 

4.6 Prophylactic VLA-4 inhibitor targeted specific T cell subsets 

Since both Th1 and Th17 autoreactive CD4+ T cells are involved in the pathogenesis of 

uveitis, the distribution of CD3 and CD4 cells and the expression of T-bet, RORγt and 

FoxP3 in the CD4+ T cell population were investigated using B10.RIII EAU eyes 

treated as described in section 4.3 to determine which type of cells migrated into the 

eye with or without the treatment of GW559090.  

    Firstly, I tried to determine the distribution of CD3+ and CD4+ cells in the anterior 

chamber and vitreous cavity. There was a general distribution of CD3+ cells in the 

vitreous (96.2 ± 4.0, 91.7 ± 14.4, and 96.6 ± 5.4 in Veh, GW10, and GW30 group 

respectively). Within the CD3+ cells, the levels of CD4+ co-expressing cells were higher 

in the Veh group but were significantly decreased in the GW10 treated group (P = 0.02), 

and were 68.2 ± 21.9, 47.4 ± 19.9, and 67.0 ± 19.6 in Veh, GW10, and GW30 group 

respectively. A similar trend in the distribution of CD3+ and CD3+CD4+ co-expressing 

cells was discovered in the anterior chamber cells (Figure 4-9, 4-10). 
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Figure 4-9. Distribution of CD3+ and CD4+ T cells in the eyes after prophylactic 

treatment with GW559090.  

(a-b) Most cells infiltrated the vitreous cavity in a GW30 treated eye stained positively with (a) 

CD4 (conjugated with Alexa Fluor 488 secondary antibody), in pink and (b) CD3 (conjugated 

with Alexa Fluor 633 secondary antibody), in yellow. Bar size: 20µm, original image 

magnification: X630. (c-d) Cell counts for CD3 and CD4 cells in different treatment groups 

comparing to vehicle control (Veh) in the anterior chamber (c) and vitreous cavity (d). Mean ± 

SEM. n=5. *P < 0.05 using a two-tailed, unpaired Student’s t test and double confirmed by two-

way ANOVA test.  

 

    Regulatory T cells (Treg) were then identified using co-expression of the CD4 and 

FoxP3 markers. There were many infiltrating cells in the vitreous of Veh-treated eyes 
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yet very few Treg cells (5.0 ± 5.3% of total CD4+ cells). In GW10 treated eyes, there 

were minimal cells infiltrating the eyes, but an increased level of Treg cells (20.5 ± 

5.5%) was detectable in the vitreous, and the levels were similar in the anterior chamber 

and inner retina (Figure 4-10). 

 

 

Figure 4-10. Treg cells detected using anti-CD4 and anti-FoxP3.  

(a) In Veh treated eyes, there were many CD4+ T cells in the inner retinal layer and in the 

vitreous. However, very few of them were CD4+FoxP3+ cells. (b) In Dex treated eyes, there 

were only a few CD4+FoxP3+ cells in the posterior chamber and rarely cells in the anterior 

chamber were identified as Treg cells. R: retina, V: vitreous. Bar size: 20µm and images were 

captured with original magnification of X630. 

     

    T cells were further analysed by staining for the expression of T-bet and RORγt 

within the CD4+ T cells. Both Th1 (CD4+Tbet+) and Th17 (CD4+RORγt+) cells were 
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observed, with Th17 cells being the predominant subset in EAU retinae (Veh group, 

Figure 4-11). These cells were mostly localized to the inner retinal layer and vitreous 

(Figure 4-11, a). In contrast, in the GW10 and GW30 treated groups, there were fewer 

cells detected in the posterior chamber of the eye, and the dominant CD4+ T cell subset 

was Th1. Most cells were located within the retina and there were fewer infiltrating 

cells observed in the vitreous cavity (Figure 4-11, b-c). Interestingly, a few of the CD4+ 

cells expressed both T-bet and RORγt (Figure 4-11), and this will be discussed in more 

detail in the next chapter.  

 

 

Figure 4-11. Immunofluorescence staining analysis of CD4+ T cell subsets within the retina 

after GW559090 treatment in the B10.RIII EAU model.  

(a) There was a mixture of CD4+Tbet+ (green arrows), CD4+RORγt+ (red arrows), and 

CD4+Tbet+ RORγt+ (white arrows), in the vitreous and inner retinal layers in the Veh group. (b) 

In the GW10 treated group, there were decreased numbers of CD4+ T cells infiltrating the retina 

which were mostly Th1 (CD4+Tbet+) cells. (c) There was a similar T cell distribution pattern in 

GW30 treated group and that similar T cell distribution pattern were observed in the C57Bl/6 

EAU mice. Bar size: 20µm, original magnification was X630 when images were captured.  
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    By calculating the CD4+ T cell subsets by immunofluorescence staining in eye 

sections, there was a significant reduction of Th17 cell number in anterior chamber and 

vitreous when compared to control by treatment with GW10 (Figure 4-12). However, 

other T cell subsets, Th1, non-classic Th1 (CD4+Tbet+ RORγt+) and Treg cells did not 

change significantly in the anterior chamber or in the vitreous cavity compared to Veh 

group. 

 

 

Figure 4-12. Distribution of the CD4+ T cell subsets in (a) anterior chamber and (b) 

vitreous cavity in EAU treatment groups.  

Mean ± SEM. n=5 in each group of one experiment. *P < 0.05, ***P < 0.001 using a two-

tailed, unpaired Student’s t test and confirmed by two-way ANOVA test.  

 

4.7 Therapeutic VLA-4 inhibitor treatment in EAU targeted specific 

CD4+ T cell subsets  

The therapeutic effects of topical GW559090 treatment on different CD4+ T cell 

subsets after EAU were further investigated in the retinae, blood and dLNs by single 

cell staining using flow cytometry, investigating cytokine expression by Th1 
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(CD4+IFNγ+), Th17 (CD4+IL-17A+) in CD4+FoxP3- live cell region (Figure 4-13).  

 

 

Figure 4-13 Representative gating strategy to identify retinal CD4+ T cell subsets 

in the retina. 

Retinal CD4+ T cells were identified by single cell gating, live cell staining, and expression of 

CD4. Within the CD4+ cell region, Th1 and Th17 were distinguished by intracellular expression 

of IFNγ and IL-17A gated within the FoxP3- region. 

 

The results indicated the same trend of observations from immunofluorescence 

staining, in that Th17 cells were the predominant T cell subset in the Veh eyes. Within 

the CD4+ T cell subsets, there was a relative decrease of Th17 cells in the GW10 treated 

group (7.6 ± 1.7%, P < 0.001) and the GW30 treated group (5.9 ± 1.6%, P < 0.001) and 

there were relative increases in levels of Th1 cells in both the GW10 treated group (21.0 

± 4.8%, P = 0.018) and the GW30 group (22.7 ± 3.1%, P = 0.004) inside the eye as 

compared to Veh group (Figure 4-14 c). In the draining LNs, a significantly reduced 

level of Th17 cells in GW10 and Dex groups compared to Veh group was detected, but 

not for other CD4+ T cell subsets (Figure 4-14 d). In addition, there were no significant 



143 

 

changes regarding Th1 and Th17 cells in the blood from mice treated topically with 

GW559090 (Figure 4-14 e). There were no significant changes in the percentages of 

Treg cells following topical GW10, GW30, and Dex application in the eye, or in the 

blood (Figure 4-15).  

 

 

 

Figure 4-14 Identification of CD4+ T cell subsets by flow cytometry following GW559090 

treatment in EAU.  

(a-b) Representative flow cytometric figures for characterizing T cell subsets by expression of 

IFNγ or IL-17A within CD4+FoxP3- live cells in retina, dLNs, and blood. Results represent the 

flow cytometric analysis for CD4+ T cell subsets within the retinae (c), dLNs (d) and blood (e). 

n=5 in each treatment group. Data were representative from one experiment out of three. (c) 

Three eyes from the same group were pooled together for analysis. Means ± SD. *P < 0.05; 

**P < 0.01; ***P < 0.001 compared to Veh group, using two-tailed, unpaired Student’s t test. 
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Figure 4-15 Distribution of CD4+FoxP3+ cells in each EAU group, comparing retina and 

blood.  

(a) Data illustrated the percentage of CD4+FoxP3+ cells in retinal lymphocytes stimulated with 

PMA, ionomycin and brefeldin A. (b) The figure illustrated CD4+FoxP3+ cells from peripheral 

blood lymphocytes stimulated with PMA, ionomycin and brefeldin A and compared to the 

unstimulated cells. Means ± SD. Data from treated groups were compared to Veh group using 

two-tailed, unpaired Student’s t test. 

 

4.8 Effects of VLA-4 inhibitor on myeloid cells in EAU  

Since VLA-4 is also known to be expressed on myeloid cells, I next decided to 

determine if the myeloid cells were also affected by treatment with GW559090.  

    In the prophylactic treatment experiments, I inherited data using retinal single cell 

preparations from individual treated mice, where the cells were stained with CD45, 

CD4, CD3 and CD11b markers. The results suggested that there was no significant 

difference in levels of CD11b+ expression within CD45+ cells by each treatment group 

relative to controls (Figure 4-15). However, CD11b is a pan-myeloid marker and there 

are many different myeloid cell subtypes, which at the time my colleague did not have 

the opportunity to explore. 
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Figure 4-16. Cell surface expression of CD11b in CD45+ cell population in retinal cells.  

Mice were treated with 10 or 30 mg/ml of GW559090 topically in both eyes comparing to EAU 

or Veh treated controls. Means ± SEM. N=5~8 per group. Data from treated groups were 

compared to Veh group using two-tailed, unpaired Student’s t test. 

 

    I next stained cells using a panel of CD4, Iba-1 and DAPI to identify the myeloid 

population by immunofluorescence staining. In the Veh control group, CD4+ T cells 

were increased within the vitreous cavity and retinal layers and Iba-1+ myeloid cells 

were mainly located in the vasculitic areas (Figure 4-16, a-b). In the GW10 group, of 

the few infiltrating cells, most were CD4+ T cells rather than myeloid cells (Fig. 4-16c).  

 

 

Figure 4-17 Immunofluorescent staining to identify CD4 and myeloid (Iba-1+) cells 
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within the eye.  

(a) Retinal tissue sections illustrated the presence of CD4+ T cells in the perivascular regions, 

inner retina and vitreous cavity. In some area of vasculitis, Iba-1 cells could be prominently 

observed in Veh control group. (b) Retinal tissue section showing fewer infiltrating cells, but 

the distribution of Iba-1+ cells was also prominent in the inner retina layer in a GW10 treated 

eye. (c) Retinal tissue section from a Dex-treated eye, illustrating fewer infiltrating cells, and 

most of the cells were CD4+ T cells. Bar size: 20µm. Red arrows indicated positive CD4+ T 

cells and green arrows indicated Iba-1+ cells. R= retina and V= vitreous. 

  

    Different leukocyte sub-populations in the blood and retinae were evaluated further 

using a gating strategy and antibody panel with flow cytometry (Yu et al., 2016) where 

topical VLA-4 inhibitor was applied therapeutically for EAU. There was no difference 

regarding the proportions of CD4+ T cell, CD8+ T cell, B cell, and NK cell within the 

CD45+ cell population in the treated groups compared to controls in blood and eye 

samples (Figure 4-18). There were very few eosinophils and neutrophils in the retinae 

and their presence did not alter with treatment (data not shown). Systemic neutrophils 

were decreased in the Dex group but were unaffected by GW559090 (data not shown). 

Similarly, GW treatment did not affect NK cells in the eye (Figure 4-18). When regards 

to the myeloid populations, there was a decrease in myeloid cells (CD45+Ly6G-

CD11b+CD11c-CD64+) only detected in the Dex group (P = 0.007), but not in any of 

the GW559090 treated groups in the eyes. In addition, the myeloid cell population in 

the blood was not altered with any topical treatment. 
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Figure 4-18. Results of myeloid cell subpopulations present in the blood and retinae in 

each EAU treatment groups using CD45, CD11b, CD11c, Ly6G and Ly6C markers. 

(a) Representative gating strategy from a retinal sample pooled from three eyes to identify 

leukocyte sub-populations within the CD45+ cells. After doublet cells were excluded, 

lymphocytes were selected for live/dead staining and for CD45 expression. Neutrophils were 

first selected by using Ly6G+. Within the Ly6G- cells, the CD11b-CD11c- cells were further 

classified by MHC class II+CD4- (B cells), MHC class II-CD4+ (CD4+ T cells), MHC class II-

CD4- (CD8+ T cells). NK cells were selected from the Ly6G-MHC class II-CD11b+CD64- 
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population. Myeloid cells were defined as CD45+Ly6G-CD11b+CD11c-CD64+ cells. (b-c) 

Percentage of CD4+ T cell, CD8+ T cell, B cell, NK cell, and myeloid cells in CD45+ cells in 

blood (b) and eye (c). N=5 mice in each treatment group. Data were presented as mean ± SD 

from one experiment with three experiment repeats. **P < 0.01. Data from treated groups were 

compared to Veh group using two-tailed, unpaired Student’s t test.  

 

    I further analysed the myeloid subpopulation. Due to cell losses from the above 

flow cytometry gating strategy for myeloid cells, which resulted in very few cells within 

the myeloid gates especially in the retina where only few cells were available, I 

simplified the gating strategy for the myeloid population as below, using CD45-BV605, 

CD11b-PE, CD11c-BV786, Ly6G-PE-CF594, Ly6C-PerCP/Cy5.5 and CD64-BV421 

(Figure 4-19). Within the myeloid populations, there was a decrease of CD45+CD11b-

CD11c+ dendritic cells (DCs) detected in the retina in Dex and GW10 group (P = 0.0002 

and 0.017 respectively, Figure 4-20, a-b). In addition, there were decreased levels of 

CD45+Ly6G-CD11b+CD11c-CD64+Ly6C+ inflammatory monocytes/macrophages, 

whilst Ly6C- residential monocytes/macrophages within the eyes were unchanged after 

GW10 treatment (Figure 4-19, d-e). In the blood, topical treatments did not influence 

level of activated monocytes or CD45+CD11b-CD11c+ DCs (Figure 4-19, c,f). 
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Figure 4-19 Representative gating strategy to identify myeloid cell populations using 

CD45, CD11b, CD11c, CD64, Ly6G and Ly6C markers. 

 

 

Figure 4-20 Results of presence of different myeloid sub-populations.  

Flow cytometry figures representatives from Veh and GW10 treated eyes to identify myeloid 

and dendritic cells (DCs) from CD45+ gate (a), and to identify residential and inflammatory 

monocyte/macrophage by Ly6C in Ly6G- gate (b). Distribution of CD11b+CD11C+ DCs and 

activated monocyte (inflammatory and residential monocyte/macrophage in tissue) in blood (b-

c) and eye (e-f). N=5 in each treatment group. Data were presented as mean ± SD from one 
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experiment in three repeated ones. *P < 0.05; **P < 0.01; ***P < 0.001 compared to Veh group, 

using two-tailed, unpaired Student’s t test. 

 

4.9 Human CD4+ T cell migration and adhesion in vitro on activated 

endothelium and effect of GW559090 

Having shown that mouse CD4+ T cell subsets are differentially affected by GW559090 

treatment in vivo, I next wanted to determine if the VLA-4 antagonist affected the T 

cells at the level of entry into the retina. I used human PBMC for this series of 

experiments, and human CNS endothelial cells. 

 

4.9.1 Viability of T cells treated with GW559090 

I first investigated the viability of cells treated in vitro with GW559090. Activated 

human PBMCs were prepared (as described in Chapter 2.7) and treated with 

GW559090 at different concentrations for 24 hours. Cells were then harvested and 

stained for PI exclusion, as an indicator of viability, at 4 hours and at the end of the 

assay (Figure 4-21, a). There was a slightly reduced viability of PBMCs treated with 

105 µg/ml GW559090 at 24 hours, although it did not reach statistical significance when 

comparing to cells treated at the same condition for 4 hours, using paired Student’s t 

test. The results indicated that PBMCs retained their viability for 24 hours treated with 

0.01, 0.1, 10, 103 and 105 µg/ml GW559090 (Figure 4-21, b).  
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Figure 4-21 Viability of lymphocytes treated with GW559090.  

(a) Gating strategy to identify live cells. (b) Viability of cells treated with various concentration 

of GW559090 at 4 hours (4H) and 24 hours (24H). Individual data points were presented from 

one of three experiments with three replicates in each condition. Paired Student’s t test was 

used to compare values between 4 and 24 hours in the same treated condition.  

 

4.9.2 Influence of VLA-4 inhibitor on CD4+ T cell subsets 

To assess whether human lymphocyte migration was affected by GW559090, activated 

human PBMCs cells were first characterized for their levels of CD4+ T cell subsets and 

then assayed for their ability to migrate across inflamed human endothelial monolayers 

grown on a fibronectin-coated matrix transwell for 18 hours (Chapter 2.7). I would 

prefer to assay mouse EAU lymph node cells with primary mouse brain endothelial 

cells which would have been more relevant to the EAU findings. However, due to a 

high rate of primary endothelial cell infection, low yield of cells and limitation of time 

restriction, I had to use human cells to address this question. 

 

    Cell numbers in the non-adherent (N), adhered (A) and migrated (M) fractions 

observed under the microscope were low (Figure 4-22). Absolute cell numbers post 

treatment with GW559090 in non-adherent, adhered and migrated populations relative 
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to Saline (Sal) controls were further calculated by flow cytometry. The results 

demonstrated that numbers of non-adherent cells were increased at 10, 102 and 103 

µg/mL GW559090, whereas the adhered and migrated cell numbers remained evenly 

distributed. However, the percentages of cells that migrated were significantly 

decreased if pre-treated with at least 102 µg/ml GW559090, whereas percentages of 

adhered cells remained unchanged across the treated groups (Figure 4-23 b). 

 

 

 

Figure 4-22 Microscopic photographs of cell appearance at each migration level after 

treatment with GW559090.  

Cell appearance after treating with 10, 102, and 103 µg/ml GW559090 when PBMCs first 

introduced to the transwell (NM), after gentle washing off the non-adherent cells to reveal the 

adhered PBMCs (A) on the endothelium, and the migrated (M) PBMCs at centre of the field 

(X100). Arrow indicated the activated and clustered lymphocytes.  
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Figure 4-23 Effect of GW559090 on human PBMCs migration in vitro 

(a) The leukocyte cell number in non-adherent (N), adhered (A), and migrated (M) populations 

in saline-treated controls (Sal) and 10, 102, 103 µg/ml of GW559090 treated groups. (b) The 

percentage of live cells adhered and migrated in each group. Data were plotted and performed 

in triplicate for each testing condition from 6 experiments in total. Mean ± SD. *P < 0.05, **P 

< 0.01, ***P < 0.001, using two-way ANOVA test (a) and a two-tailed unpaired Student’s t test 

(b). 

 

    The CD4+ T cell subsets in the non-adherent, adhered and migrated populations 

were further evaluated by flow cytometry using CD4, FoxP3, RORγt and Tbet markers. 

There was no difference in the proportion of Th1 cells in adhered cells and migrated 

cells in different concentration compared to the saline-treated control group. However, 

a suppression of Th17 cells adhering to activated endothelium was detected by pre-

treating with 103 µg/ml GW559090 (Figure 4-24).  
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Figure 4-24 Effect of GW559090 on CD4+ T cell subsets during migration 

(a-c) Representative flow cytometry figures for cells in the in non-adherent (N) (a), adhered 

(A)(b), and migrated (M) (c) fractions in saline treated (Sal) and 103 µg/ml GW559090 

treated groups. (d-e) Distribution of CD4+ T cell subsets in the adhered (d) and migrated (e) 

fraction. Data were plotted and performed in triplicate for each testing condition from 6 

experiments in total. Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, using a two-tailed 

unpaired Student’s t test. 

 

4.10 Discussion 

In this study, I have investigated α4β1-dependent mechanisms involved in leukocyte 

infiltration into the retinal tissues before and during mouse EAU by using GW559090 

eyedrops. I also investigated the functional role of α4β1 in human CD4+ T cell 

transmigration using in vitro assays, in which VCAM-1 has previously been 

demonstrated to be involved only when activated with rat endothelial cells (Greenwood 

et al., 1995). Both rat and human neutrophils, eosinophils, monocytes, and lymphocytes 

are known to express α4β1 (Hafezi-Moghadam et al., 2007). Treatment with 

GW559090 before the onset of EAU resulted in a significant decrease of disease scores 
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and a noticeable attenuation of disease severity if administered therapeutically, once 

EAU was established. My novel findings were firstly that EAU can be therapeutically 

downregulated by a topical α4β1 inhibitor, as seen both in the levels of retinal cell 

infiltration and in clinical severity scores. It preferentially downregulated Th17 cells 

and inflammatory monocyte/macrophages, without affecting Treg or neutrophils in the 

retina. I also determined that α4β1 facilitated adhesion, but not migration, of human 

Th17 cells to endothelial cells in vitro.      

    There is evidence for adhesion molecule expression in uveitis affecting man, where 

histological investigations demonstrated an increase in adhesion molecule expression 

in uveitis tissue specimens (Dick et al., 1992; Wakefield et al., 1992; Whitcup et al., 

1992). Furthermore, there is indirect evidence for the importance of adhesion molecules 

from studies with Behçet’s disease patients. It was demonstrated that the level of 

ICAM-1 was increased in bloods from patients with active systemic disease than with 

inactive uveitis localized to the eye or with healthy controls. However, in patients with 

localized active uveitis without systemic involvement, the level of ICAM-1 and 

VCAM-1 in the blood was similar to controls (Verity et al., 1998). The result suggested 

elevation of integrin levels in blood can only be detected with an associated systemic 

inflammation, although there is currently a lack of knowledge regarding integrin levels 

expressed in eyes from uveitis patients with localized disease. In animal studies, Xu et 

al. reported the distribution of P-selectin, E-selectin, ICAM-1, VCAM-1 and PECAM-

1 on the retinal microvascular endothelium increased as EAU progressed (Xu et al., 

2003). VCAM-1 is however not expressed in healthy eyes, and its level is only 

increased after EAU has developed, especially at the site of post-capillary venules 

where inflammation involves cells being recruited to the retina (Makhoul et al., 2012; 

Velázquez et al., 2019; Xu et al., 2003). Thus, interrupting the VLA-4/VCAM-1 
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pathway appears to be a more specific way of preventing the activated leukocytes from 

crossing the BRB. This has also been validated by systemic VLA-4 inhibitors for 

attenuation of EAU clinical severity (Ishida et al., 2014; Martin et al., 2005). Our study 

involves treatment, administered topically via eye drops, to achieve a localized 

therapeutic effect without affecting the systemic immune system, thereby avoiding the 

serious side effects which have occurred in multiple sclerosis patients receiving 

intravenous natalizumab (a humanized anti-α4 integrin antibody), in which a fatal or 

catastrophic re-activation of JC virus occurred within CNS glial cells, that could be the 

result of drug-induced systemic immunosuppression (Engelhardt & Ransohoff, 2005). 

    During the development of uveitis, it is essential for lymphocytes entering the eye 

to first traverse the vascular endothelial cell wall and cross the BRB. This process 

involves adhesive interactions between the endothelial cells and lymphocytes, and their 

subsequent migration across the endothelium. It has been described that the migratory 

process is controlled by adhesion molecules which may be upregulated following cell 

activation and has been well characterized in previous CNS studies (Greenwood & 

Calder, 1993). This was supported by evidence that VCAM-1 expression was only 

detected if the endothelium was stimulated with IFNγ in vitro (Crane & Liversidge, 

2008; Devine et al., 1996; Faveeuw et al., 2000). In contrast, in the LFA-1/ICAM-1 

axis, ICAM-1 is expressed at the luminal surface continuously at intercellular junctions 

between adjacent endothelial cells even when the endothelium was not inflamed 

(Biernacki et al., 2001; Xu et al., 2003). In a study investigating rat retinal endothelial 

cells co-cultured with mitogen-activated antigen-specific T cells, it was demonstrated 

that adhesion on CNS vascular EC was largely dependent on LFA-1/ICAM-1 whether 

expressed on active or inactive EC, and only a small portion was dependent on VLA-

4/VCAM-1 when the EC was activated by IL-1β (Greenwood et al., 1995). In an in 
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vitro study using primary human brain endothelial cells co-cultured with polarized Th1 

and Th2 cells originating from healthy donor cells stimulated with or without myelin 

basic protein, it was reported that the process was more dependent on LFA-1/ICAM-1 

interactions, while blocking the VLA-4/VCAM-1 axis had no effect on trans-

endothelial migration (Biernacki et al., 2001). These reports indicated that LFA-

1/ICAM-1 interactions play an important role in general cell migrations, whereas VLA-

4/VCAM-1 interactions are only involved in specific inflammatory migratory 

conditions. My results agreed with the finding that blocking VLA-4 did not affect 

migrating cells but did affect the adhesion of T cell subsets. It has previously been 

reported that lymphocytes derived from active multiple sclerosis patients were more 

migratory to fibronectin-coated and brain-derived endothelial cell monolayers as 

compared to lymphocytes from non-affected individuals (Prat et al., 2002). My results 

were limited by using healthy human PBMCs activated non-specifically with the 

mitogen PHA. The functionally reduced adhesion of Th17 cells by GW559090 but not 

its migration could be due to that they were not antigen-specific and perhaps were less 

migratory. 

    Under various inflammatory conditions, LFA-1/ICAM-1 and VLA-4/VCAM-1 

paired axes may participate in lymphocyte migration differently. My results suggested 

that individual CD4+ T cell subsets possess differential abilities with respect to 

migration across BRB despite expressing a similar increased VLA-4 expression profile 

in all CD4+ T cell subsets specifically within the retina and dLNs. This is supported by 

a previous CNS study in which the percentage of healthy peripheral blood-derived Th1 

and Th2 cells expressed similar levels of VLA-4 and LFA-1 before and after migration 

across adult brain-derived endothelium in vitro. However, Th2 cells were more potent 

for migration than Th1 cells, even in the presence of an inhibitory ICAM-1 antibody 
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(Biernacki et al., 2001). In another study investigating VLA-4 on CD4+ T cells in EAE, 

it was reported that Th1 cells preferentially infiltrate the spinal cord via a VLA-4-

mediated mechanism, whereas the entry of Th17 cells into the brain parenchyma 

occurred in the absence of VLA-4 integrins but was dependent on the expression of 

LFA-1 (Rothhammer et al., 2011). This conflicts with my findings but might reflect 

local barrier-specific differences. These results could also reflect tissue-specific 

differences in chemokine and chemokine receptor interactions in different 

autoinflammatory conditions. Crane et al. further supported the concept by reporting 

that CCR5 plays an important migratory role for antigen-specific Th1-polarized cells 

entering the BRB and into the retina during an inflammatory reaction rather than for 

rolling on the retinal vasculature in the initial stages of recruitment (Crane et al., 2006). 

I discovered that by treating with GW559090 at the same time as inducing EAU, 

specific CD4+ T cells were blocked from crossing the BRB, thus preventing structural 

damage. In contrast, by administering GW559090 only after signs of EAU were already 

detectable, GW559090 appeared to stop further cell infiltration, and low levels of 

disease could still be observed. It has been proposed in a time course study of EAU, 

that leukocytes cross the BRB at the level of the small venules, utilize selectin and 

ICAM-1 before the disease appears, and VCAM-1 and PECAM-1 when the disease 

starts to manifest in B10.RIII mice, and that these conditions were only specific for 

EAU and not in OVA-immunized mice (Xu et al., 2003). In my study, by blocking 

VLA-4 preventively, the disease severity was reduced, indicating low levels of adhesion 

molecule upregulation were associated with a decreased severity of disease. When 

blocking VLA-4 once EAU had developed, a few lymphocytes might utilize other 

adhesion molecules infiltrating the BRB, which could explain why the disease was not 

fully ablated. The interaction between VLA-4/VCAM-1 is not a sole event. It was 
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reported for human T cells that VLA-4 integrin/VCAM-1 interaction could activate 

LFA-1 integrin-mediated adhesion to ICAM-1 (Chan et al., 2000). Inhibition of both 

pathways systemically exerted a synergistic effect in EAU (Ishida et al., 2014). 

However, we did not have the chance to test both these inhibitors in our study. 

    As it has been shown that, apart from CD4+ T cells, other cells express VLA-4, I 

investigated retinal myeloid cells and found that if the α4β1inhibitor GW559090 was 

given therapeutically, a decrease of Iba1-expressing myeloid cells within the retinae 

and vitreous cavity and a reduction in Ly6C+ inflammatory monocytes/macrophages 

could be observed. I have employed two different gating strategies trying to dissect 

myeloid populations. It is more thorough to investigate all myeloid cells using CD4, 

CD45, CD11b, CD11c, Ly6G, Ly6C, MHC class II, and CD64 markers, and by this 

gating strategy, the demographics of CD4+ T cells and B cells can be identified at the 

same time. However, within the limited cells presented in the retina, a minimal cell loss 

during the gating strategy means that there were not enough cells for final analysis for 

the myeloid population of interest. With the second method that was utilised I believe 

that this simpler way focusing on myeloid subtypes in the retina using CD45, CD11b, 

CD11c, CD64, Ly6G and Ly6C markers is more precise and the results more 

representative in order to understand the changes of myeloid subtypes within the eye. 

Given that macrophages and dendritic cells were not detectable in CFA controls (data 

not shown), it is likely that the decrease in Ly6C+ inflammatory monocyte/macrophage 

was due to an inhibition of cell infiltration into the retina by GW559090 treatment. It 

has been reported that Ly6C+ inflammatory monocyte/macrophages appeared in EAU 

eyes a week post immunization and are involved in the chronic tissue damage seen in 

the eye during the course of uveitis (Biswas et al., 2015; Ko et al., 2017). Activated 

macrophages have been demonstrated to use VLA-4 adhesion molecules as their 
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primary integrin for in vitro CNS immigration (Chuluyan & Issekutz, 1993). It has been 

reported that early introduction of anti-VLA-4 mAb systemically can prevent 

CD45hiCD11b+ activated microglia/macrophage infiltrating the CNS along with 

targeting T cell infiltration to achieve a reduction in clinical severity in EAE (Mindur 

et al., 2014). Our study is the first to report that following GW559090, the Ly6C+ 

inflammatory monocytes/macrophages were abrogated in the retina, further supporting 

the CNS studies and suggesting its role to prevent further tissue damage.  

    It is known that in vitro VLA-4 affinity to ligand is very low in physiological 

medium and cannot be monitored by direct cell binding assays using monovalent 

physiological ligands of VLA-4, because such ligands are readily washed out from the 

cell surface during these assays (Chen et al., 1999). Thus, in my study, I chose to 

investigate functional effects of this VLA-4 inhibitor on lymphocyte migration in vitro. 

There were a few limitations to my migration assays. For example, the unexpected cell 

contamination during the expansion of primary endothelial cells, the cell number 

decreases during stimulating lymphocytes, and the challenges in coordinating the 

growth of the two different cell types. The baseline levels of cells counted in each 

experiment were expected to differ slightly and, to overcome this, I was able to 

normalize the data by calculating percentage of cells that migrated and adhered. 

    In conclusion, topical GW559090 significantly ameliorated CD4+ T cell infiltration 

into the eye, especially Th17 cells, without affecting systemic T cell levels. The results 

were further supported by in vitro studies, showing that Th17 cells were specifically 

suppressed with respect to their adhesion to endothelial cells by GW559090. In addition, 

Ly6C+ inflammatory monocyte/macrophages in the eye were also ameliorated. α4β1 

integrin-directed inhibition could therefore be of potential use in Th17-dominant uveitis 

disease. 
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    In my study, I constantly observed a T cell subset, Th17/Th1 (CD4+IFNγ+IL-17A+) 

cells, which did not have any response to GW559090, has been discovered recently and 

is important in other autoimmune disease. Its role and function in EAU are less 

understood. In the next chapter, I will focus on this particular CD4+ T cell subset and 

its relationship to EAU. 
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Chapter 5. Functionally distinct Th17/Th1 (IFNγ+IL-17A+) cells 

in experimental autoimmune uveitis (EAU) 

5.1 Introduction 

The immunopathogenic mechanism in posterior uveitis is thought to involve induction 

by activated autoimmune CD4+ T cells, which migrate across the blood-retinal barrier 

(BRB), activating local myeloid cells, initiating tissue destruction, angiogenesis, and 

disruption of immunoregulation within the retinal microenvironment (Lee et al., 2014). 

Both interleukin 17 (IL-17) producing helper T cells (Th17 cells) and interferon gamma 

(IFNγ)-producing helper T cells (Th1 cells), have been shown to be increased in human  

retinal tissues (Wakefield et al., 1994) and are thought to be important in the 

immunopathogenesis of posterior uveitis in man. Evidence to support this comes from 

the experimental model of autoimmune uveitis (EAU), where both Th1 and Th17 cells 

can induce EAU in adoptive transfer experiments (Luger et al., 2008). These T cells are 

characterized by their specific cytokine-producing signature, as well as their distinctive 

transcription factor expression: RORγt and T-bet for Th17 and Th1 cells, respectively 

(Caza & Landas, 2015). Of note, it has been reported that Th17 cells are strong drivers 

for uveitis in patients who did not respond to corticosteroid treatment, so-called steroid 

resistance (Schewitz-Bowers et al., 2015). Whether Th17/Th1 cells inherited this trait 

or behaved more like Th1 cells that tend to be responsive to corticosteroid is not known. 

    Although initial studies concluded that the phenotypes of these cells are distinct, 

more recent reports show that CD4+ T cells can co-express markers from different 

phenotypes (DuPage & Bluestone, 2016). It has been reported that Th17 cells have 

substantial plasticity and readily acquire the ability to produce IFNγ in addition to IL-

17 (Lee et al., 2009; Maggi et al., 2012; Sallusto et al., 2018). This subset, so-called 
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Th17/Th1 cells, is thought to originate from Th17 cells, facilitated through IL-12 and 

IL-23 stimulation (Lee et al., 2009). In recent human studies, there is new evidence that 

Th17/Th1 cells could further progress to a fully differentiated Th1 phenotype (CD161–

CCR6+ non-classical Th1 cells) by losing IL-17 secretion, controlled by the 

transcription factor Eomes (Mazzoni, Maggi, Liotta, et al., 2019; Mazzoni, Maggi, 

Siracusa, et al., 2019). Human Th1 cells are traditionally considered less plastic, 

although a reverse plasticity from Th1 to Th17 cell trans-differentiation in response to 

TGFβ and IL-6 has been reported (Geginat et al., 2016; Leipe et al., 2019; Liu et al., 

2015). Trans-differentiation of CD4+ T cells into functionally distinct subsets can be 

crucial in balancing the protective and pathogenic features of the immune response (Yan 

et al., 2019). The detection of Th17/Th1 cells has been associated with Th17-mediated 

diseases, for example in juvenile idiopathic arthritis (Maggi et al., 2014), graft versus 

host disease (GVHD) (Ma et al., 2012), and in skin lesions in Behçet’s disease (Shimizu 

et al., 2012). In diabetes, Th17/Th1 cells have been associated with 𝛽-cell autoantibody 

activity in human and animal models of type I diabetes mellitus and was considered as 

a biomarker for disease progression (Reinert-Hartwall et al., 2015). Similarly, in 

experimental models of disease, Th17/Th1 cells have been reported in EAE (Hirota et 

al., 2011) and in dry eye disease (DED) (Chen et al., 2017). In addition, in a Th17-

dominant mouse model of inflammatory bowel disease (IBD), Th17 cells deficient in 

IFNγ failed to induce intestinal inflammation, confirming Th17/Th1 cells are required 

for Th17-induced colitis (Harbour et al., 2015).  

In this study, I investigated the function of Th17/Th1 cells in EAU and in human 

PBMCs. I first determined if Th17/Th1 cells are sensitive to dexamethasone treatment. 

Secondly, I assessed the ability of effector CD4+ T cell subsets to migrate across CNS 

microvascular endothelium monolayers in vitro. To our knowledge, this is the first time 
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that functional aspects of Th17/Th1 cells in non-infectious inflammatory eye disease 

(EAU) are described.  

 

5.2 Th17/Th1 cells were increased in inflamed retinae, and in dLNs at 

peak EAU 

To compare CD4+ T cell subsets in active EAU with control (non-immunized) mice, 

single cells were isolated from retinae, dLNs and peripheral blood, and 

immunophenotyped by flow cytometry as described strategy in section 4.7. In control 

mice, there was only a minimal presence of CD4+ T cells (0.05 ± 0.03%; n=3) in retinal 

tissues, but the percentages increased significantly in EAU retinae (4.6 ± 1.6%; n=6; 

Figure 5-1, a-c). Within the live cell population, Th1, Th17, as well as Th17/Th1 cells 

were detectable in EAU retinae (1.05 ± 0.90% in Th1, 0.09 ± 0.08% in Th1 and 0.35 ± 

0.2% in Th17/Th1 cell respectively), whilst there were only a few cells detected in the 

controls (Figure 5-1, d). Increases in both Th17/Th1 and Th1 cells were also observed 

in EAU dLNs relative to controls (Figure 5-1, e). However, the proportions of Th17/Th1 

cells detected in the blood were similar between controls and EAU (Figure 5-1, f).  
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Figure 5-1. Increased levels of retinal CD4+IFNγ+IL-17A+ (Th17/Th1) cells and 

CD4+IFNγ-IL-17A+ (Th17) cells in EAU 

(a-b) Representative flow cytometry dot plots to identify CD4+ cells within the live cells (a), 

and to define IFNγ versus IL-17A quadrant from CD4+FoxP3- gate (b) in healthy control (Ctrl) 

and EAU mice within retinae. (c) Retinal CD4+ T cells were significantly upregulated in peak 

EAU mice (closed bars; n=5), compared to controls (open bars; n=3). (d-f) Bar charts 

demonstrating CD4+ T cells subsets characterized by IL-17A and IFNγ in retinae (d), dLNs (e), 

and blood samples (f). The graphs represent mean scores ± SD for 5 mice per EAU group and 

3 mice per control group from one experiment. These observations were confirmed in a total of 

three independent experiments using B10.RIII EAU. Mean ± SD. *P < 0.05, ***P < 0.001, 

using Student’s t-test. 
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5.3 Intraocular Th1, but not Th17/Th1, cell downregulation by 

corticosteroids 

I investigated the therapeutic effect of topical dexamethasone on Th17/Th1 cells in 

EAU in comparison with saline treated EAU controls. After signs of EAU were detected 

at day 10 post immunization, topical dexamethasone treatment over the subsequent 7 

days significantly reduced clinical severity scores (11.6 ± 4.1 vs 5.9 ± 1.8; Figure 5-2, 

a-b) and reduced cellular infiltration within the retinae (Figure 5-2, c-d). 

 

 

Figure 5-2 Dexamethasone treatment effectively prevented the progression of EAU.  

(a) Representative retinal fundus photos revealed retinal inflammation and vessel cuffing in 

saline (Sal) treated EAU eye (left), whereas there was a reduced inflammation in the retinal 

optic nerve, vessel, and retinal tissue following dexamethasone (Dex) treatment (right). (b) 

Summary of the EAU clinical score at peak disease following 7 days’ dexamethasone and saline 

treatment. (c) Representative H&E histological staining showing cellular infiltrations, 

structural folding of the retina, and infiltrating leukocytes within the vitreous in control group 
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(left). There was a reduced cellular infiltration, less retinal structural changes following 

dexamethasone treatment (right). The graft is expressed as mean ± SEM. There were 5 mice 

per group. Data were shown as one representative from three independent experiments using 

C57Bl/6 EAU. *P < 0.05, ***P < 0.001, using Student’s t-test. 

 

    There were also fewer CD45+CD4+ T cells found intraocularly in the 

dexamethasone-treated group (Figure 5-3, a). In both retinae and dLNs, 

dexamethasone-treated mice showed a significantly decreased percentage of Th1 cells 

(36.5 ± 25.9% to 11.3 ± 2.7% in the retinae; 21.4 ± 8.2% to 15.0 ± 0.9%, in the dLNs), 

but dexamethasone treatment had no effect on levels of Th17 or Th17/Th1 cells (Figure 

5-3 b-d). In the blood, however, there was no difference in the level of Th1, Th17, nor 

Th17/Th1 in dexamethasone treated mice compared to controls.  

 

 

Figure 5-3. Dexamethasone (Dex) treatment demonstrated an effective reduction in 
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CD4+ T cells in the EAU eyes. 

 (a) There were fewer infiltrating CD4+ T cells within the retinae in mice receiving Dex 

treatment compared to saline (Sal) group. (b) Representative flow cytometry dot plots 

illustrating gating strategy for IFNγ and IL-17A in CD4+FoxP3- live cells in the retina. (c-e) 

Data showing distribution of CD4+ T cell subsets within the retina (c) dLNs (d), and blood (e), 

and compared the effect of Dex to Saline. The figures are expressed as mean ± SEM. n= 5 per 

treatment group. Data were shown as one representative from three independent experiments 

using C57Bl/6 EAU. *P < 0.05, ***P < 0.001, using Student’s t-test. 

 

5.4 IL-17/IFNγ expression by Th17/Th1 cells correlated with 

Tbet/RORγt expression 

Immunofluorescence staining of retinal tissue sections, identifying CD4+ T cell subsets 

by their transcription factor expression, revealed that CD4+ T cells infiltrated the retinal 

layers and the vitreous space in EAU eyes. There were no CD4+ T cells observed in 

control tissues (data not shown). Using serial retinal sections from peak EAU, I 

confirmed a low prevalence of CD4+Tbet+RORγt+ (non-classical Th1, or Th17/Th1) 

cells presenting in EAU eyes (Figure 5-4). I identified Th17/Th1 cells mainly located 

in close proximity to the optic nerve, and within the retina.  

 

 

Figure 5-4 Localization of T cell subsets by four-colour immunofluorescence staining 

targeting CD4, Tbet and RORγt within retinal sections. 
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The histopathological changes in the Sal-treated group included accumulation of effector CD4+ 

T cells (Th1 (green arrowhead), Th17 (red arrowhead), non-classical Th1 or Th17/Th1 (white 

arrowhead) in the optic nerve head area, inner retinal retinitis area, as well as inflammatory 

cells migrating into the retina and vitreous. Bar size, 20 μm, and original magnification X400. 

Eye section was obtained from the C57Bl/6 EAU model. 

 

    I further analysed the retinal CD4+ T cell subsets by single cell flow cytometry 

using IL-17A and IFNγ. A further analysis demonstrated that the CD4+Tbet+RORγt+ 

expression level correlated with Th17/Th1 cytokine expression (R2 = 0.54, P = 0.02; 

Figure 5-5, a). In addition, a further correlation analysis was done comparing the 

presence of CD4+IL-17A+IFNγ+ (Th17/Th1) cells with Th1 and Th17 cells in the 

inflamed retinal tissues from EAU eyes (Figure 5-5). There was a strong positive 

correlation between Th17/Th1 cells and CD4+IFNγ-IL-17A+ (Th17) cells (R2 = 0.94, P 

< 0.001) and a negative correlation between Th17/Th1 cells and CD4+IFNγ+IL-17A- 

(Th1) cells (R2 = 0.54, P < 0.001). The results suggested that single IFNγ expressors 

mostly do not co-exist with double cytokine expressors, whereas single IL-17A 

expressors are likely to co-exist with double cytokine expressors. 

 

 

Figure 5-5 Correlation analysis of retinal CD4+ T cell subsets.  
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(a) Correlation between retinal CD4+RORγt+Tbet+ with CD4+IFNγ+IL-17A+ (Th17/Th1) 

cytokine expressing cells. (b-c) Correlation between Th17/Th1 (CD4+IFNγ+IL-17A+) cells, Th1 

(CD4+IFNγ+IL-17A-), and Th17 (CD4+IFNγ-IL-17A+) cells. Data were pooled from 3 

individual experiments, with 5 mice per treatment naïve group using C57Bl/6 EAU model. *P 

< 0.05, ***P < 0.001 calculated by Pearson’s test. 

 

    Lastly, cells were identified based on their intracellular cytokine profiles and then 

analysed for expression of RORγt and Tbet (Figure 5-6). Using this approach, the 

percentages of single RORγt expression were higher than dual RORγt and Tbet 

expression in Th17/Th1 cells, and the intensity of RORγt is stronger than Tbet in 

Th17/Th1 cells (Figure 5-6, c). In addition, the mean fluorescence intensity (MFI) and 

the percentage of expression of RORγt and Tbet expression was unaffected by 

dexamethasone treatment (Figure 5-6, d).  

 

 



171 

 

Figure 5-6 Correlation of intracellular cytokine expression with transcription factor 

expression in CD4+ T cell subsets.  

(a-b) Representative flow cytometry figures to identify RORγt+ and Tbet+ in Th1 

(CD4+IFNγ+IL-17A-), Th17 (CD4+IFNγ-IL-17A+) and IFNγ+IL-17A+ (Th17/Th1) cells. (c) 

Expression of RORγt+ and Tbet+ in Th1 (CD4+IFNγ+IL-17A-), Th17 (CD4+IFNγ-IL-17A+) and 

IFNγ+IL-17A+ (Th17/Th1) cells. (d) Median fluorescence intensity (MFI) of Tbet and RORγt 

in Th1, Th17 and Th17/Th1 cells. Data points were plotted as mean ± SD, from one experiment 

in 3 representatives using C57Bl/6 EAU model. *P < 0.05, **P < 0.01, ***P < 0.001, using 

Student’s t-test. 

 

5.5 Factors associated with EAU clinical severity 

I next investigated the correlation between CD4+ T subsets to EAU clinical severity in 

Veh and Dex groups using correlation analysis. Data were pooled from three classical 

EAU experiments using C57Bl/6 mice. Mice were scored at the peak stage of disease 

(day 21), and eyes were harvested for retinal single cell flow cytometry staining to 

characterise the proportion of Th1, Th17, and Th17/Th1 using intracellular cytokine 

staining. Correlation between each T cell subset to clinical score was calculated and 

plotted (Figure 5-7). There was no significant correlation between intraocular Th1 

expression to clinical score in Veh group (R2= 0.011, P = 0.11) nor Dex group (R2= 

0.003, P = 0.454). Th17 cells were found to have a mild positive correlation with 

clinical severity in Veh group (R2= 0.094, P =0.035) and Dex group (R2 = 0.139, P= 

0.024). There was a mild positive correlation between Th17/Th1 cells and the clinical 

severity regardless of treatment (Veh: R2= 0.109, P= 0.004, Dex: R2= 0.103, P= 0.007). 
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Figure 5-7 Correlation of each intraocular CD4+ T cell subset at peak disease and its 

relationship to clinical scores in dexamethasone treated (Dex) and saline (Sal) treated 

groups. Data were from 3 EAU experiments pooled.  

 

5.6 EAU effector Th17/Th1 cells migrated in vitro 

To determine whether Th17/Th1 cells are capable of migrating across endothelial cells 

of the blood-retinal barrier, we performed in vitro transendothelial migration assays. A 

mixed population of CD4+ T cells obtained from EAU mice at day 10 (Figure 5-8, a) 

and activated in vitro by a pan T cell activator (PHA) and IL-2, were cocultured with 

primary activated microvascular CNS endothelial cells, as described in chpater 2.7. At 

the end of the assays, cells in each fraction (non-adherent (N), adherent (A) and 

migrated (M)) were counted for cell yield (Figure 5-8, b). A mean of 56.2 ± 9.0% live 

cells remained adhered to the endothelial monolayer, whilst 5.1 ± 0.4% cells had 

migrated through the endothelium (Figure 5-8. c). Th1 cells were detected at low levels 

(<20%) in all three fractions. Th17 cells were the predominant subset and the 

percentages of Th17 cells in the non-adherent, adherent and migrated fractions 

remained unchanged (Figure 5-8, d). In the Th17/Th1 subset, there was a significant 

increase in migrated as compared with non-migrated (non-adherent) cells ((15.6 ± 9.5 

vs. 1.9 ± 1.5%; Figure 5-8, d). Prior to running the transmigration assays, the mixed T 
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cell populations were immunophenotyped (see chapter 2.7). The migration assay was 

controlled by assays without activating the endothelial cells. In the absence of 

endothelium activation, the T cell migration levels were minimal (data not shown). 

 

 

Figure 5-8 Adherence and migration of EAU CD4+ T cell subsets on CNS endothelium.  

(a) Retinal fundus photography of early (d10) EAU mice showing some vessel cuffing, retinal 

tissue and retinal nerve, infiltration, relative to healthy retina, optic nerve, and retinal vessels in 

the left. (b) Cell counts on non-adherent (N), adherent (A), and migrated (M) populations. (c) 

Percentages of CD4+ T cells adhered and migrated. (d) Percentages of CD4+ T cell subsets, in 

non-adherent (N), adherent (A) and migrated (M) fractions. Data are presented as mean ± SEM 

from one representative of 3 independent experiments, with 6 six replicate wells per group. **P 

< 0.01, ***P < 0.001, using Student’s t-test. 

 

5.7 Human Th17/Th1 cells adhered to CNS endothelium in vitro 

In order to investigate the effects of dexamethasone on human Th17/Th1 cell function 

in vitro, migration assays using activated healthy human PBMCs were performed with 

activated human CNS endothelial cell monolayers. In the absence of endothelium 
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activation, the T cell migration levels were minimal (data not shown). Addition of 

dexamethasone to the PBMCs had no significant effect on the total numbers of live 

lymphocytes in the non-adherent, adherent and migrated fractions (Figure 5-9, a). In 

the absence of dexamethasone, the percentages of Th17 and Th17/Th1 cells were 

significantly increased relative to the Th1 population adhering to the monolayer. Within 

the migrated CD4+ T cells, Th17 cells were significantly increased in comparison with 

Th1 and Th17/Th1. Dexamethasone had no effect on the CD4+ T cell subsets in the non-

adherent, adherent or migrated fractions (Figure 5-9, b). On the other hand, total 

numbers of Th1, Th17 and Th17/Th1 cells in the adherent and migrated fractions were 

unaffected by dexamethasone. But all Th1, Th17, Th17/Th1 cell numbers in the non-

adherent fraction were significantly decreased by dexamethasone (Figure 5-9, c-e). 

Prior to running the transmigration assays, mixed T cell sub-populations were 

discovered (Figure 5-10). 

 

 

Figure 5-9 Results of migration assays with human CD4+ T cell subsets.  

(a) Live lymphocyte cell counts in non-adherent (N), adherent (A), and migrated (M) fractions 
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in dexamethasone (Dex) treated as compared to saline (Sal) controls (Sal). (b) Percentages of 

Th1, Th17, Th17/Th1 in the adherent and migrated cell population by treatment group. (c-e) 

Percentages of Th1 (c), Th17 (d), Th17/Th1 (e) cells within the non-adherent (N), adherent (A) 

and migrated (M) fractions comparing saline (Sal) with dexamethasone (Dex) treated EAU. 

Data are presented as mean ± SD from one experiment representative of 3 independent 

experiments, with triplicate wells in each group. *P < 0.05, **P < 0.01, **** P < 0.0001, using 

Mann-Whitney U test. 

 

 

Figure 5-10 Distribution of CD4+ T cell subsets prior to migration assay.  

(a) Mouse CD4+ T cell subsets originated from dLNs, stimulated with PHA, mouse IL-2 for 2 

cycles, and re-stimulated just prior to use in migration assays. (b) CD4+ T cell subsets originated 

from healthy human donors, stimulated with PHA, human IL-2 for 2 cycles, and re-activated 

just prior to use in migration assays. Data are presented as mean ± SD from one experiment 

representative of 3 independent experiments performed. The graphs represent 6 mice in mouse 

study (a) and 3 data points in human study (b). 

 

In some of the experiments, I also addressed whether the chemokine receptors on 

CD4+ T cells changed with migration process within each T cell subset. The non-

adherent, adherent, and migrated cell populations were characterized on their 
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expression of CXCR3 and CCR6, within the live CD4+FoxP3- cell population. In 

addition, intracellular cytokine expression levels were investigated to determine if 

migratory function could be selected on the basis of chemokine receptor expression 

(Figure 5-11, a). Cell numbers in the migrated populations were limited and therefore I 

only analysed the non-adherent and adherent populations using chemokine receptor 

expression. In general, expression of intracellular cytokines expression by CD4+ T cell 

subsets already characterized by chemokine receptors was distinct (Figure 5-11, b-d). 

Within the CXCR3+CCR6- cells, a reduction of IFNγ+IL-17A- expression on the 

adhered cell fraction was observed in either saline or Dex group (P = 0.001, and P = 

0.04 respectively). Within the CXCR3-CCR6+ cells, expression of IFNγ-IL-17A+ was 

significantly enriched in the non-adherent and adherent fractions. There was a 

significant increase of IFNγ+IL-17A+ expression relative to the other CD4+ T cell 

subsets in both the non-adherent and adherent fractions within CXCR3+CCR6+ cells. 

The findings indicate that healthy human Th17/Th1 cells were well-characterized by 

dual cytokine-expression and they maintained their chemokine receptor expression 

during migration. However, Th1 cells may lose their IFNγ+ expression over the 

migration process. These findings also confirm that CXCR3 and CCR6 chemokine 

receptors differentially define Th17 and Th17/Th1 cell subsets in line with their 

cytokine expression. 
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Figure 5-11 Characterisation of CD4+ T cell subsets by chemokine receptor and 

intracellular cytokine expression. 

(a) Gating strategy to identify CD4+T cell subsets on the basis of expression of CXCR3 and 

CCR6 in CD4+FoxP3- live cells in non-adherent (N) and adherent (A) fractions, prior to 

identifying the intracellular cytokine profiles. (b) The expression of IFNγ and IL-17A in CD4+T 

subsets characterized by CXCR3 expression. (c) The expression of IFNγ and IL-17A in CD4+ 

T subsets characterized by CCR6 expression (d) The expression of IFNγ and IL-17A in 

CD4+CCR6+CXCR3+ population. Data were presented as mean ± SD from one experiment 

representative of 3 independent experiments, with triplicate wells in each group. *P < 0.05, **P 

< 0.01, **** P < 0.0001, using two-way ANOVA test. 

 

5.8 Chapter discussion and summary 

Depending on the local microenvironment, effector CD4+ T cells can transdifferentiate 

into functionally distinct subsets, and this process plays a key role in balancing the 

protective and pathogenic features of the T cell response. Unlike the concept of “cell 

polarization”, which was described for naïve T cells, CD4+ T cell plasticity has been 
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extended to mature effector cells. Among CD4+ T cell subsets, Th17 cells are a crucial 

example of plasticity, since these cells play an important immunopathogenic role in 

many autoimmune and infectious diseases in different tissues (Caza & Landas, 2015). 

In the EAE mouse model, it has been reported that the fate of Th17 cells is influenced 

by different proinflammatory cytokines including GM-CSF, IFNγ and IL-1 in vivo, 

which determine distinct patterns of plasticity (Hirota et al., 2011). In a previous study 

using a rat model of EAU the natural course of effector T cells was investigated, and 

there were equal numbers of retinal Th1 and Th17 cells at disease onset and these 

remained at similar levels throughout in a monophasic model. Th17/Th1 cells also 

appeared at disease onset and increased two-fold when disease resolved. However, in a 

chronic relapsing rat EAU model in the same study, the distribution of T cell subsets 

was different. Th17 cells played a dominant role at disease onset and declined at later 

stages. There were limited Th1 cells when disease began and, since these cells increased. 

It was concluded that Th1 cells play an important role in disease relapse. Th17/Th1 

cells remained at similar detection levels throughout (Kaufmann et al., 2012). Our study 

also demonstrated that the significant increase of Th17/Th1 cell phenotype in peak 

EAU in a monophasic mouse model was only detected in retinal tissues and not in dLNs 

or peripheral blood (Zou et al., 2019), and suggests an important effect of the tissue 

microenvironment in CD4+ T cell plasticity. Our detection of increased levels of 

intraocular Th17/Th1 cells in comparison to dLNs could be as a result of the local 

microenvironment within the eye which contains a range of cytokines, notably TGFß 

(Zheng et al., 2004). However, I did not investigate IL-10 expression by the T cell 

subsets in this study. 

    It is debatable whether Th17/Th1 cells have differentiated from the Th17 or Th1 

cell route or vice versa. In an experimental model of IBD, it was reported that Tbet and, 
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to a lesser extent, STAT4 expression by Th17 cells is required for their transition to 

Th17/Th1 cells (Harbour et al., 2015). Similarly, in EAE, Tbet, Runx1 and Runx3 

transcription factors are required to initiate Th17/Th1 cell differentiation from Th17 

cells. In a mouse model of DED, the Th17/Th1 cell population was assumed to be 

derived from Th17 precursors and exerted a pathogenic role in addition to Th17 cells 

(Chen et al., 2017). However newly emerged studies provide evidence for the Th1 cells’ 

ability to transdifferentiate into Th17 cells, under the influence of TGFβ and IL-6, 

upregulating expression of Runx1, and increasing accessibility of Runx1 binding sites 

in the RORγt promoter as well as Runx1 and RORγt binding sites in the IL-17 promoter 

(Geginat et al., 2016; Leipe et al., 2019; Liu et al., 2015). Hence there is currently no 

clearly defined route for differentiation towards Th17/Th1 cells, or if this subset 

represents a stable CD4+ T cell subpopulation. In our EAU studies, we were unable to 

determine whether Th17/Th1 plasticity was occurring within the eye due to the very 

low levels of cells present and our study was limited to investigate Th17/Th1 cells only 

at peak stage of disease. 

In EAU, Lyu et al reported that a selective RORγt inhibitor (TMP778) 

substantially reduced CD4+IL-17+IFNγ+ cells and Th1 cells in the retinae and reduced 

clinical severity in a B10.A model of developing EAU (Lyu et al., 2018). Given these 

results, it is tempting to speculate that Th1 and Th17/Th1 subsets play an 

immunopathogenic role in EAU as suggested from our findings. Furthermore, by 

targeting RORγt there was a suppression of IFNγ-producing Th1 cells, suggesting either 

these cells were co-expressing RORγt (non-classical Th1 cells), or they had trans-

differentiated towards Th17/Th1 cells. Our group previously reported using an 

epigenetic target in EAU, that it could also inhibit IRBP-specific Th17/Th1 cells in vitro. 

The data suggested that blocking plasticity of effector T cells may be controlled by 
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chromatin regulators (Eskandarpour et al., 2017). In our current study, whilst 

dexamethasone effectively downregulated EAU severity scores via a Th1 reduction, the 

disease itself was not completely suppressed. We believe that this was due to the 

presence of Th17 and Th17/Th1 cells which were still detected within the retina 

following dexamethasone treatment. These studies indirectly suggest a pathogenic role 

of Th17/Th1 cells in EAU. We found a negative correlation between Th1 and Th17/Th1 

cells during peak EAU within the intraocular CD4+ T cell populations, supporting the 

hypothesis that the reduction in the proportion of Th1 cells intraocularly is due to their 

switching to Th17/Th1 cells. However, there is limited evidence for non-classical Th1 

cells in mice. The functional differences between non-classical Th1 cells and Th17/Th1 

cells are poorly understood. It is believed that, following an IL-17/IFNγ double-

producing phase, Th17/Th1 cells lose their ability to produce IL-17 and become non-

classical Th1 cells which expressing IFNγ and IL-17 but only a minimal level of RORγt 

(Leipe et al., 2019).  

    It was reported that in rheumatoid arthritis, human Th17/Th1 cells mediate their 

pathogenic roles by increasing their proliferative capacity in response to TCR signalling, 

cytokine polyfunctionality and resistance to Treg suppression (Basdeo et al., 2017). 

Human Th17/Th1 (IL-17+IFNγ+) cells are distinguished from Th1 cells based on their 

expression of CD161, CCR6, IL-17 receptor E, RORC, and IL-4-induced gene 1 (Cosmi 

et al., 2014; Maggi et al., 2013; Maggi et al., 2012). It has been demonstrated that non-

classical human Th1 cells can be distinguished from Th17/Th1 cells on the basis of 

their expression of CXCR4 (Stadhouders et al., 2018). Our in vitro data suggests that 

human Th17/Th1 cells can be defined by both CXCR3 and CCR6 expression, but few 

CD4+CXCR3+CCR6- or CD4+CCR6+CXCR3- cells also expressed both IFNγ and IL-

17, indicating a functional instability of this subset. The importance of non-classical 
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Th1 cells has added complexity to our understanding of the function of Th17/Th1 cells 

in man. For example, in the multi-organ disease sarcoidosis, which particularly affects 

the lungs and eyes, Kaiser et al found that the presence of lung 

CD4+Tbet+RORγt+CXCR3+CCR6+ T cells in sarcoidosis was associated with a 

favourable prognosis (Kaiser et al., 2016). Our group previously compared PBMCs 

from healthy controls and from active or quiescent uveitis patients, all receiving 

systemic corticosteroids, and found that levels of peripheral blood CD4+Tbet+RORγt+ 

T cells did not differ with disease status (Gilbert et al., 2018). We were unable to 

investigate those cells within affected tissues, so it remains unclear as to their roles 

within the retinae. Altogether, these reports suggest that either non-classical Th1 cells 

are not pathogenic, or that the corticosteroids had no effect on non-classical Th1 cells 

or Th17/Th1 cells.  

Corticosteroids inhibit T cell migration either by binding to palindromic DNA 

elements or through cytoskeleton rearrangements and interactions with other 

transcription factors (Muller et al., 2013). In EAU Th1 cells are more sensitive to the 

suppressive effects of dexamethasone whereas Th17 cells are steroid-resistant 

(Schewitz-Bowers et al., 2015). Our finding that Th17/Th1 cells are also refractory to 

dexamethasone in the C57Bl/6 EAU is novel and was supported by a previous study 

investigating systemic dexamethasone treatment in a B10.RIII mouse model of EAU at 

peak disease (Schewitz-Bowers et al., 2015). Steroid-resistance may be due to human 

memory CD4+CCR6+CXCR3hiCCR4loCCR10-CD161+ (Th17/Th1) cells, which 

expressed a stable level of multi-drug transporter MDR1 (also known as P-glycoprotein 

[P-gp] and ABCB1), an ATP-dependent membrane efflux pump, which manifests in 

resistance to corticosteroid suppression in these cells (Ramesh et al., 2014).  

The increase of Th17/Th1 cells in EAU retinal inflammation may be considered a 
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selective target for biological treatment. A clinical trial targeting the IL-17A pathway 

alone (secukinumab) was ineffective in treating posterior uveitis, where Th1 and 

Th17/Th1 cells are also involved (Dick et al., 2013). The anti-TNF-α mAbs etanercept 

and adalimumab have been shown to preferentially suppress Th17/Th1 cells and Th17 

cell plasticity in vivo in juvenile idiopathic arthritis (Maggi et al., 2019), and would 

explain the clinical benefits seen in for anti-TNF therapy in posterior uveitis patients. 

In a future study we would like to generate Th17/Th1 cells to assess for their ability to 

induce disease in adoptive transfer studies. However, we struggled to generate enough 

cells for adoptive transfer and obtaining a pure population is difficult. To our knowledge, 

there is no standard protocol for producing Th17/Th1 cells and there is no available 

methodology for this yet. 

    Development of Th17/Th1 and non-classical Th1 cells is strictly controlled at the 

molecular level and sustained by epigenetic and transcriptional events. It seems that 

non-classical Th1 cells are crucial for host protection, while Th17/Th1 cells are more 

pathogenic in uveitis. This was supported by the observed higher proportions of 

Th17/Th1 cells in dLNs and retina in diseased EAU mice, and that these cells also 

possess a migratory function across retinal endothelium in vitro. Their resistance to 

dexamethasone leads us to conclude that targeting Th17/Th1 plasticity with biologicals 

may provide a valuable tool for a potential therapeutic strategy in posterior uveitis. 
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Chapter 6. Discussion 

The aim of my PhD studies was to investigate the effects of leukocyte targeted therapies 

for use in treating uveitis/EAU and the effects of treatment on inflammatory cells 

involved in disease following their migration across the blood-ocular barrier. The 

effects of different treatments can provide us with information as to the relative 

contribution of specific cells and molecules during disease, as well as identify those 

pathways which are crucial during disease which must be targeted for disease remission.  

    In Chapter 3, I demonstrated that topical rimexolone eyedrop was effective in 

treating paediatric anterior uveitis patients and a reduced risk for IOP elevation was 

shown. In Chapter 4, the importance of VLA-4 specific pathways in the development 

of EAU was examined by using a topical VLA-4 inhibitor, GW559090. I illustrated that 

blocking the VLA-4 pathway specifically reduced Th17, inflammatory 

monocytes/macrophages, and dendritic cells within the retina, and could ameliorate 

clinical severity either when administered prophylactically or as a therapeutic agent. In 

Chapter 5, a recently discovered CD4+ T cell subset of Th17/Th1 cells was investigated 

for its role in EAU. I concluded that Th17/Th1 cells were increased in peak 

inflammation in EAU retina as compared to controls and that these cells were resistant 

to dexamethasone treatment. The study pointed out the possible pathogenesis of these 

cells and the importance of understanding other pathways involved in uveitis. 

 

6.1 Clinical studies 

A topical steroid, rimexolone was known to exert an anti-inflammatory effect as well 

as being less prone to increasing ocular hypertension in patients post strabismus surgery, 

post cataract surgery and in adults with anterior uveitis (Chapter 3.2). In treating 
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paediatric uveitis when patients may be asymptomatic with active disease so a potential 

delay in presentation for treatment is always a concern, a balance between efficacy and 

less potential ocular side effects of intraocular pressure elevation are important. My 

research provided new evidence that in paediatric uveitis patients with anterior uveitis, 

the use of rimexolone reduces the inflammatory cell levels in the anterior chamber and 

the numbers of disease relapses, whilst avoiding the prevalence of ocular hypertension 

that commonly occurs following other steroid treatments. In patients who still 

developed IOP ≥30 mmHg, the risk factors were being a known steroid responder and 

taking >7.5mg oral prednisolone per day. Furthermore, the use of rimexolone eye drop 

is not associated with the development of IOP ≥30 mmHg. My research was limited by 

its retrospective, single arm, and small cohort design. In addition, in this clinical 

research, the mechanism for why rimexolone could achieve such effect could not be 

addressed, as repetitive biopsies in patients are in reality not possible to study the 

underlying mechanism.  

    Systemic corticosteroid, introduced to ophthalmic use in 1961, has long been 

considered as a mainstay therapy for non-infectious uveitis, especially for posterior 

uveitis. Treatment usually involves using high dosage initially and then tapering the 

dose according to the clinical effect. The concerns of possible side effects, such as 

cataract, hypertension, hyperglycaemia, and osteoporosis usually initiate a love-hate 

feeling with oral steroids for both patients and clinicians. Alternative local treatment is 

an attractive therapeutic option for uveitis as it has the potential to avoid systemic 

adverse events. The Multi-centre Uveitis Steroid Treatment (MUST) Trial tried to 

answer whether a local intravitreal fluocinolone acetonide implants could achieve better 

outcome than systemic steroid therapy. To everyone’s surprise, after 7 years of follow-

up in patients with NIU, systemic steroid achieved slightly better visual acuity 
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improvement (Kempen et al., 2017). Recently there is emerging research about using 

intravitreal dexamethasone implant (Ozurdex; Allergan, Inc., Irvine, California, USA) 

in the treatment for NIU which showed promising results, however; whether Ozurdex 

can be used as a monotherapy for NIU remains unanswered (Saincher & Gottlieb, 2020). 

Several other local therapies, for example; periocular triamcinolone, intravitreal 

triamcinolone, intravitreal ranibizumab, and intravitreal methotrexate have been tried, 

but are majorly focused on uveitic macular oedema rather than control of the uveitis 

itself (Thorne et al., 2018) (Macular Edema Ranibizumab v. Intravitreal Anti-

inflammatory Therapy (MERIT) Trial, NCT02623426, ongoing). Topical corticosteroid 

eye drops for example, dexamethasone eye drop (Maxidex); have been known to be 

effective for treating anterior uveitis since the 1950s but are less effective for 

intermediate and posterior uveitis (Tempest-Roe et al., 2013).  

    Personalized medicine is a new era evolving in health care. Considering each 

person’s clinical, genetic, genomic, and environmental information drives the concept 

of individualised treatment for a chance to a better outcome in patients. Clinicians have 

long undertaken personalized medicine, however; with the lack of genetic and 

bioinformatic information in the past, best treatment was rather a hit and miss approach. 

With the discovery of novel cytokines and biologics in NIU patients, we have moved 

from corticosteroids as the one and only solution to the new era where many 

immunosuppressants and biologics are also possible solutions. In the real world, 

however, there is evidence that these contemporary molecules among the non-

specialists and even the specialists in developing countries have not been used. In the 

USA, Nguyen et al. reported that corticosteroids are still the most preferred medication 

among most ophthalmologists in treating visually threatening NIU and that the majority 

of physicians did not abide by the standard guidelines for use of steroid-sparing 
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immunosuppressants (Nguyen et al., 2011). The reason may be the financial burden of 

some of these drugs for non-infectious uveitis as the cost is quite comparable to other 

medical diseases and is almost equal or higher than that for cancer per patient per month 

in developing countries. In addition, the risk of systemic malignancy or reactivation of 

latent infections, especially the risk for reactivation of latent tuberculosis associated 

with these biologics increases the burden for use of healthcare facilities and 

infrastructure by admission (Chu et al., 2013). My research provided a conclusion that 

rimexolone could achieve a balance between therapeutic efficacy and side effects and 

may be used in a broader anterior uveitis cohort. 

    There were specific scenarios in clinic where topical steroids are not an elixir. For 

example, chronic anterior uveitis associated with Fuch’s heterochromic cyclitis is a 

more likely CD8+ T cell led pathway and usually does not respond to topical steroid 

eyedrops (Muhaya et al., 1998). Twenty-five to 35% of patients with pars planitis have 

mild disease, without macular oedema or other complications developing and presented 

with good vision. These patients may maintain good vision with up to 10 years of 

follow-up without treatment, as the risks of topical steroid may outweigh the potential 

visual benefit (Donaldson et al., 2007; Raja et al., 1999). In JIA uveitis patients who 

received maintenance topical steroid treatment (less than three times a day of eyedrops) 

for anterior uveitis, some of the patients would still have trace (+/-) cell activities in the 

anterior chamber. Treatment escalation may increase the risk to benefit ratio. In addition, 

these patients are usually asymptomatic, which adds difficulties to the treatment 

decision, although the goal of treating JIA-associated uveitis should be no cells in the 

anterior chamber (Constantin et al., 2018). 

    There are more and more treatment options which have become available for 

treating non-infectious uveitis and can be classified according to their mode of action:  
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antimetabolites, T-cell inhibitors, alkylating agents, and biologic response modifiers, as 

discussed in Chapter 1.1 (Figure 6-1).  

 

Figure 6-1 Immunosuppressants and biologics available for treating uveitis (Hassan et al., 

2019).  

 

    However, the treatment response varies. The Systemic Immunosuppressive 

Therapy for Eye Disease (SITE) Study, which focused on the efficacy of single second-

line immunosuppressants, included 246 uveitis patients treated with methotrexate (an 

antimetabolite) and reported that the success rate in inflammation control (no activity 

within the eye) was 67.2% in patients with AU, 74.9% in patients with IU, and 52.1% 

in patients with PU by 12 months. The reported corticosteroid-sparing effect (defined 

as intake of ≤10 mg of prednisone per day) was achieved by methotrexate by 12 months 

or between 6 to 12 months in 62.6% of patients with AU, 68.8% with intermediate 

uveitis, and 39.1% with posterior uveitis or panuveitis. However, only 17.6% of AU, 

15.0% of IU, and 11.9% of PU patients were able to completely discontinue prednisone 
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between 6 to 12 months (Gangaputra et al., 2009). Cyclophosphamide, an alkylating 

agent, which was first introduced for treatment of uveitis in 1952, was reported by SITE 

study to achieve 81.3% of inflammation control and 64.8% of corticosteroid-sparing 

effect by 12 months in a total 44 uveitis patient cohort (Pujari et al., 2010). In a UK 

retrospective cohort study with 62 patients, it was reported that the use of Tacrolimus 

(a Calcineurin inhibitor) could achieve 85% chance of corticosteroid-sparing effect 

after 1 year 2 months of treatment, and the effect extended to 81% for taking just 5 mg 

oral prednisolone daily and a 61% probability of discontinuing systemic prednisolone 

therapy at two years follow-up (Hogan et al., 2007). With biologics, our group recently 

published a retrospective study which involved 82 NIU patients predominately using 

infliximab or adalimumab (anti-TNFα therapy) after failing other second-line agents 

and corticosteroids and reported that the general success rate is 87.2% at an average 

follow-up of 4.7 years. In addition, 44.7% of patients had either stopped treatment with 

a second-line agent or reduced to a nontherapeutic dose use by 6 months (Al-Janabi et 

al., 2020). In conclusion, there are now several treatment options available for non-

infectious uveitis. However due to the disease heterogeneity, it is impossible to predict 

which patients will respond to each therapy. We therefore need to increase our 

understanding of the disease processes involved. Although we are now in the era with 

many options available to use for treating non-infectious uveitis, we are still limited in 

knowledge regarding a “one approach for all” treatment. This could be explained 

because we still do not fully understand the underlying pathogenesis to uveitis.  

 

6.2 Experimental studies 

To further explore the key inflammatory pathways involved in uveitis, the remaining 

experimentation was conducted using the well-established mouse model, EAU. As a 
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result of an ongoing collaboration with GSK, we had access to the compound 

GW559090, a specific VLA-4 integrin inhibitor, and VLA-4 was known to be 

expressed on the surface of lymphocytes, eosinophils, monocytes, macrophages and 

NK cells in the eye (Gonzalez-Salinas et al., 2018). In untreated naïve EAU mice, I 

discovered that there were activated CD4+ T cells and myeloid cells, yet very few 

eosinophils or NK cells in the inflamed retina. Therefore, my study focused on this 

VLA-4 inhibitor and its effect on CD4+ T cells and myeloid cells. I discovered that 

therapeutic application of GW559090 as eye drops demonstrated moderate 

inflammation control, and specifically inhibited dendritic cells, Th17 cells and 

inflammatory monocyte/macrophage for migration across the retina and endothelial 

cells. In addition, GW559090 inhibited the preferential migration of these cells from 

retinal blood vessels into the retina, their secondary activation in the retina, and their 

recruitment and retention into the posterior chamber. My data suggested the importance 

of VLA-4/VCAM-1 pathway involved in EAU, and a potential new therapeutic 

direction. 

    Leukocyte recruitment into the inflamed tissue is a key process in dry eye syndrome 

and other inflammatory diseases, leukocyte integrin targeting strategies seem 

reasonable due to their role in recruitment for these cells to sites of inflammation. 

Multiple sclerosis is a CNS inflammatory disease which also involves CD4+ T cells 

entering the CNS via VLA-4 dependant mechanism. Treatment with systemic 

natalizumab (a humanized anti-α4 integrin immunotherapy) has been proven effective, 

yet serious side effects regarding progressive multifocal leukoencephalopathy (PML), 

a fatal re-activation of JC virus within CNS glial cells, may result from the drug-induced 

systemic immunosuppression (Engelhardt & Ransohoff, 2005). In uveitis, it has been 

reported  that an  intercellular adhesion molecule inhibitor (Efalizumab (Raptiva, 
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Genentech, San Francisco, CA, USA), a recombinant humanized monoclonal antibody 

approved by the FDA for the treatment of plaque psoriasis in adults) has been used as 

weekly subcutaneous injection in patients with refractory uveitic macular oedema. The 

case reported uveitic macular oedema resolution after about 6 months of treatment and 

the effect persisted 6 months after discontinuing the treatment. However, a frequent 

report of PML and neurological symptoms in patients who have been treated with 

efalizumab chronically (often more than 2 years) urged the manufacturer to discontinue 

the commercial use of efalizumab (J. Wang et al., 2010). Recently, a topical LFA-1 

inhibitor lifitegrast ophthalmic solution 5% (XidraTM, [SAR 1118], Novartis, USA,) 

was approved for use in dry eye in 2016 and it was reported not to affect systemic 

lymphocytes. Common ocular side effects included mild dysgeusia (metallic taste 

associated with the eyedrop passing through nasal lacrimal duct and reaching to the 

mouth), eye irritation and reduced visual acuity (Haber et al., 2019; Sheppard et al., 

2014). Whether lifitegrast is also effective for uveitis treatment has not been reported. 

I approached Shire before it was purchased by Novartis for a possible collaboration to 

investigate the effects of lifitegrast in my EAU study. Unfortunately, my proposal was 

rejected due to lifitigrast only being licensed for clinical use in the USA and not yet by 

the National Institute for Health and Care Excellence (NICE) in the UK. In my study, 

the VLA-4-directed EAU inhibition was via a topical route of administration and I 

concluded that it could therapeutically downregulate levels of antigen-specific effector 

CD4+ T cells within the eye, without systemic immunosuppression being detected in 

the blood, suggesting possible systemic side effects could be minimized. There was a 

similar localised effect without affecting systemic lymphocytes in the use of lifitegrast 

use in human dry eye disease, although through a Th1-directed mechanism (Gonzalez-

Salinas et al., 2018; Guimaraes de Souza et al., 2018). It is known that some topical 
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corticosteroids such as betamethasone and prednisolone may not achieve proper 

penetration into the posterior chamber and may not be useful for management of 

inflammation of the posterior segment (Hassan et al., 2019). Although our study 

showed a moderate clinical effect of GW559090 in EAU, it is not yet known if 

lifitegrast or GW559090 are effective for clinical use in patients with non-infectious 

uveitis and this is a worthwhile study for future direction. 

 

6.3 Preliminary GW559090 studies 

In order to investigate if GW559090 could exert its treatment effect on EAU via 

preferentially targeting Th17 cells, I conducted an experiment utilising a Th17 adoptive 

transfer EAU model, treated the mice with intravitreal GW559090, and compared 

clinical results in a small pilot study. Since the concept that GW559090 is able to block 

lymphocytes migration in by prophylactic approach in EAU demonstrated in Chapter 

4, I thought to use an intravitreal route of administration to address whether the process 

of cell emigration was also affected in vivo. I first induced EAU in B10.RIII mice and 

harvested their LN cells at day 9. The LN cells went through a Th17 polarization 

condition for 5 days, as described in section 2.8, and were reinjected into 6-8-week old 

B10.RIII mice via tail vein for the adoptive transfer model. Retinal fundoscopy was 

performed at day 6 and 13 to confirm EAU development and intravitreal injection in 

the right eye with GW559090 (1ul, 3 mg/ml, n=3) was applied and compared to saline 

(Sal) control (n=3) at day 13 (Figure 6-1, a-c). At day 15, I repeated the retinal fundus 

examination to investigate whether there were any clinical changes in the retina. 

Unfortunately, two mice died while recovering from sedation after intravitreal injection 

in the GW559090 group. The results confirmed that eyes treated with 1ul of 3 mg/ml 

GW559090 did not develop infection or allergic reactions. Clinically, the disease 
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remained at the same level as before the treatment, while in the control group, the 

disease continued to progress (Figure 6-2, d). It is very hard to tell whether the 

adoptively transferred Th17-dominant EAU model would benefit from intravitreal 

injections with GW559090, as the adoptive transfer model takes longer to develop, and 

yet the T cells go in very early on, so perhaps putting GW559090 into the vitreous when 

the disease presented was already too late. Further studies comprised of larger numbers 

and different concentrations of GW559090 are needed to provide the answer. In 

addition, if the VLA-4 inhibitor is given intravitreally, it is debateable as to whether it 

could continue to exert its effect through inhibiting cell migration, or if it could only 

inhibit cells from migrating out of the BRB. A further analysis was performed with 

retina, blood and LN cells to investigate whether CD4+ T cell subsets and myeloid cells 

were affected between the groups. However; due to limited cell numbers identified by 

flow cytometry and there was no significant difference between the GW559090 group 

and the control group (data not shown). The study should be repeated in the future. 

 

 

Figure 6-2. Clinical effect of intravitreal injection of GW559090 in EAU.  
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(a-b) EAU eyes in day 13 before receiving intravitreal injection and day 15, two days after the 

intravitreal injection in the right eye (treated eye, a) and the left eye (b, control eye). (c) 

Fluorescein angiography showing dye leaking from vessel at day 13 EAU, indicating active 

disease. (d) Clinical score in the adoptive transferred mice receiving treatments. Arrow 

indicated retinal infiltration or vessel cuffing. Data were expressed as mean ± SD from single 

experiment. ***, P < 0.001, using two tailed Student’s t test.  

 

   In this preliminary study, the remaining GW559090 in stock was not enough for 

topical therapy to be conducted and we were unable to get obtain a new batch of 

GW559090 despite several approached to its current owner. I conducted the study 

design by using intravitreal injections rather than a consistent topical treatment as 

described in Chapter 4. My results were limited by the fact that there were no relative 

controls employed and this was just a small pilot study to test the technique for the 

adoptive transfer model and applying GW559090 intravitreally, to investigate whether 

leukocyte migration out was affected. Diverse treatments for NIU are becoming 

available, and I hope through my investigation, an eyedrop or other kind of local 

therapy could be used for localised uveitis patients. 

 

6.4 Understanding the role of Th17/Th1 cells 

    It is known that: EAU involves the important contribution of Th1 and Th17 cells; 

the major inflammatory cell populations in the eyes during uveitis are CD4+ or CD8+ T 

cells and monocytes/macrophages; Foxp3+Tregs are associated with the 

immunoregulation and natural resolution of uveitis and in the maintenance of remission, 

which occurs at least in part through an effect that is local to the eye (Caspi, 2008; 

Silver et al., 2015; Tang et al., 2007). During my studies in EAU, I observed that besides 
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the traditional CD4+ T cell subsets known to be involved in EAU, CD4+ T cells co-

expressing IFNγ and IL-17A (Th17/Th1) were also present within the retinal tissues. 

Although these cells comprised only 10-15% of CD4+ T cells within the mouse and rat 

EAU eyes at the peak stage of disease, the levels were increased as compared to the 

healthy controls and the phenomenon was localised to the eye and not detectable in the 

blood or draining LNs (Kaufmann et al., 2012; Zou et al., 2019), suggesting a Th17/Th1 

cell migration or a localised CD4+ T cell plasticity towards this subset within the retina. 

In in vitro and in vivo studies, these cells were characterised by their potent migratory 

function and were refractory to dexamethasone treatment, which may partly explain 

why in certain conditions corticosteroids are not effective clinically in controlling the 

retinal inflammation. However, further studies regarding the characterization of 

Th17/Th1 cells in acute and chronic phases of retinal disease in EAU and their function 

in adoptive transfer models are needed to further understand the role of this subset in 

EAU. In a future study I would like to generate Th17/Th1 cells to assess their ability to 

induce disease in adoptive transfer studies. However, I struggled to generate enough 

cells for adoptive transfer and obtaining a pure population is difficult. To my knowledge, 

there is no standard protocol yet for producing Th17/Th1 cells and there is no 

methodology available for this yet. Another approach would have been to apply a 

specific Th17/Th1 inhibitor in this study. However, to my knowledge there is no known 

Th17/Th1-selective treatment available at present. 

 

6.5 Future plans 

During my PhD study, I discovered the efficacy of integrin-directed targeting and the 

important role of Th17/Th1 cells in EAU. Yet, the role of Th17/Th1 cells in uveitis 

patients, either as pathogenic cells or as immunoregulatory cells associated with disease 
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resolution, is still unclear. Within the chemokine and chemokine receptors utilised by 

Th1 and Th17 cells in the cell trafficking in EAU, it has been reported that although 

chemokine receptors CXCR5 and CXCR3 mediated the chemotactic effect of IRBP, 

whilst only CXCR3 was required for the chemotactic response to S-Ag (Howard et al., 

2005). This is supported by the evidence that there were escalations of CD4+ T cells 

expressing both CCR6 and CXCR3 in EAU retinal tissue sections (Eskandarpour et al., 

2017). Although my study showed that there was no change of CCR6 and CXCR3 

expression in Th17 and Th1 cells respectively in in vitro migration assays, how the 

functional roles of CCR6 and CXCR3 chemokine receptors interact with Th17/Th1 

cells has not been reported in EAU and uveitis, although it is tempting to speculate that 

they will be involved in the migratory function of these cells. To further understand this, 

I am planning to initiate a grant application to study the function of Th17/Th1 and non-

classical Th1 cells in active and quiescent uveitis patients, by using blood and/or 

aqueous humour specimens to investigate intracellular cytokine expression profiles on 

CD4+ T cells, as well as their chemokine receptors, to determine whether they could be 

a biomarker for clinical activity.  

    I will also aim to recruit a cohort of uveitis patients who are not well-controlled on 

steroids, as they are likely to have Th17 and Th17/Th1 cell-mediated retinal 

inflammation. It has been reported in the literature that the Th17 cells are more prone 

to be steroid-resistant in uveitis (Schewitz-Bowers et al., 2015). My data demonstrated 

that the Th17/Th1 cells behave in a way that is similar to Th17 cells and that they were 

also steroid-resistant. Whether they have more characteristics similar to Th17 or Th1 

cells is not known at the current stage. Furthermore, migration assays using effector 

CD4+ T cells obtained from blood from active uveitis patients may be needed to 

characterise the migration process of active uveitis specific T cells. 
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    Since the surface marker CD161 for Th17/Th1 cells exists only in human T cells, 

the association of non-classical Th1 and Th17/Th1 cells in EAU remained unexplored. 

Recently it has been reported that in active tuberculosis pulmonary infection cases 

confirmed by acid fast stain, the level of CD4+CD161+ and CD8+CD161+ T cells in the 

blood were significantly lower than that in healthy controls (Yang et al., 2015). The 

authors did not characterise whether these cells co-expressed IFNγ and IL-17A. 

However, this may indicate that Th17/Th1 cells play an important role in active 

tuberculosis infection. Diagnosis of a sole intraocular tuberculosis infection is 

sometimes a challenging dilemma (Agrawal et al., 2018), and Th17/Th1 cells might 

play a role in this, which is also worthy of investigation.  

    Another viewpoint to be considered is that in the classic EAU model, there is a need 

to use complete Freund’s adjuvant (CFA) to induce the disease. CFA consists of a 

suspension of heat-killed tuberculosis bacteria in mineral oil and is critical for disease 

induction in both mice and rats. Notably, Th17 cells become dominant when antigen is 

recognized in the context of CFA (Caspi, 2011). Nevertheless, we see Th17 cells in 

uveitis affecting man, and these cells are downregulated when disease is controlled for 

example, by interferon α-2b, indicating a spontaneous Th17 cell production in uveitis 

without the need for CFA (Lightman et al., 2015). Whether Th17/Th1 cells are also 

considered pathogenic in the spontaneous EAU model or if these cells are important in 

the classic EAU model only because of the use of CFA, requires further study. I was 

unable to investigate this during my PhD as the CFA controls did not have sufficient 

numbers of CD4+ T cell subsets entering the retina. Another adjuvant, aluminium 

hydroxide, will also be compared. On the downside, the spontaneous model of EAU 

could only examine a specific pathogenic pathway towards uveitis and may preclude 

us from examining other pathways. My study using classical EAU already has provided 
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further basic knowledge of Th17/Th1 cells and their role in general uveitis. 

    There are recent reports demonstrating that the commensal gut microbes provide 

signals directly through the retina-specific T cell receptor and trigger these autoreactive 

T cells for targeting the eye and a resultant uveitis. In addition, a depletion of gut 

microbiota in EAU attenuated disease, through reducing effector Th1 and Th17 cells 

(Heissigerova et al., 2016; Horai & Caspi, 2019; Nakamura et al., 2016). The influence 

of microbiome on T cell subsets especially Th17/Th1 cells has not been investigated up 

to date, which I will include for my future studies. 

    The efficacy of anti-integrin local therapy in EAU/ uveitis remains to be explored. 

I am also planning to extend my work to study the effect of intravitreal injection of 

GW559090/BIO-5192 for use in controlling EAU and in the Th17 cell adoptive 

transferred model of EAU, to magnify the cellular response for fluorescein angiography 

or retinal whole mount immunofluorescent staining to investigate the in vivo migration.  

In addition, the effect of a topical VLA-4 inhibitor in chronic stages of EAU where 

myeloid cells play a more important role, should be investigated. Other study questions 

to be answered include whether, if the GW559090 eyedrop treatment is discontinued, 

the suppressive effect on T cells and active monocytes could still be observed, and how 

long this downregulatory effect could be achieved.  

    The ending of my PhD raises further questions and I hope that I will continue 

investigating these aspects in the near future.  
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Functionally distinct IFN-γ+IL-17A+ Th cells in
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Immunopathogenic roles for both Th1 (CD4+IFN-γ+) and Th17 (CD4+IL-17A+) cells have
been demonstrated in experimental autoimmune uveitis (EAU). However, the role for
Th17/Th1 (CD4+ T cells co-expressing IFN-γ and IL-17A) cells in EAU is not yet under-
stood. Using interphotoreceptor retinoid-binding protein peptide-induced EAU in mice,
we found increased levels of Th17/Th1 cells in EAU retinae (mean 9.6 ± 4.2%) and drain-
ing LNs (mean 8.4 ± 3.9%; p = 0.01) relative to controls. Topical dexamethasone treatment
effectively reduced EAU severity and decreased retinal Th1 cells (p = 0.01), but had no
impact on retinal Th17/Th1 or Th17 cells compared to saline controls. Using in vitro
migration assays with mouse CNS endothelium, we demonstrated that Th17/Th1 cells
were significantly increased within the migrated population relative to controls (mean
15.6 ± 9.5% vs. 1.9 ± 1.5%; p = 0.01). Chemokine receptor profiles of Th17/Th1 cells
(CXCR3 and CCR6) did not change throughout the transendothelial migration process and
were unaffected by dexamethasone treatment. These findings support a role for Th17/Th1
cells in EAU and their resistance to steroid inhibition suggests the importance of targeting
both Th17 and Th17/Th1 cells for improving therapy.

Keywords: experimental autoimmune uveitis � IL-17A+IFN-γ+
� steroid resistance � T cell

migration � Th17/Th1 cells

� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Noninfectious posterior uveitis, an immune-mediated disease
involving the uveal tract of the eye, is characterized by leukocyte
infiltration and structural damage. Patients are at risk of visual
impairment and blindness. The immunopathogenic mechanism is
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thought to involve activated CD4+ T cells, which migrate across
the blood-retinal barrier, activating local myeloid cells, initiating
tissue destruction, angiogenesis, and disruption of immunoregu-
lation within the retinal microenvironment [1]. Both interleukin
17 (IL-17) producing helper T cells (Th17 cells) and interferon
gamma (IFN-γ) producing helper T cells (Th1 cells) have been
shown to be increased in retinal tissues [2] and are thought to be
important in the immunopathogenesis of posterior uveitis in man.
Evidence to support this comes from the experimental model of

C© 2020 The Authors. European Journal of Immunology published by Wiley-VCH GmbH. www.eji-journal.eu

This is an open access article under the terms of the Creative Commons Attribution-NonCommer-
cial-NoDerivs License, which permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0002-2682-939X
https://orcid.org/0000-0003-1422-2926
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feji.202048616&domain=pdf&date_stamp=2020-08-31


2 Yi-Hsing Chen et al. Eur. J. Immunol. 2020. 00: 1–11

experimental autoimmune uveitis (EAU), where both Th1 and
Th17 cells can induce EAU in adoptive transfer experiments [3].
These T cells are characterized by their specific cytokine-producing
signature, as well as their distinctive transcription factor expres-
sion: RORγt and T-bet for Th17 and Th1 cells, respectively [4].

Although initial studies concluded that the phenotypes of these
cells are distinct, more recent reports show that CD4+ T cells can
co-express markers from different phenotypes [5]. It has been
reported that Th17 cells have substantial plasticity and readily
acquire the ability to produce IFN-γ in addition to IL-17 [6–8].
This subset, so-called Th17/Th1 cells, is thought to originate from
Th17 cells, facilitated through IL-12 and IL-23 stimulation [6]. In
recent human studies, there is new evidence that Th17/Th1 cells
could further progress to a fully differentiated Th1 phenotype
(CD161–CCR6+ nonclassical Th1 cells) by losing IL-17 secretion,
controlled by the transcription factor Eomes [9, 10]. Human Th1
cells are traditionally considered less plastic, although a reverse
plasticity from Th1 to Th17 cell trans-differentiation in response to
TGF-β and IL-6 has been reported [11–13]. Trans-differentiation
of CD4+ T cells into functionally distinct subsets can be crucial in
balancing the protective and pathogenic features of the immune
response [14]. The detection of Th17/Th1 cells has been associ-
ated with Th17-mediated diseases, for example in juvenile idio-
pathic arthritis [15], graft versus host disease [16], and in skin
lesions in Behçet’s disease [17]. In diabetes, Th17/Th1 cells have
been associated with β-cell autoantibody activity in human and
animal models of type I diabetes mellitus and was considered as a
biomarker for disease progression [18]. Similarly in experimental
models of disease, Th17/Th1 cells have been reported in EAE [19]
and dry eye disease [20]. In addition, in a Th17-dominant mouse
model of inflammatory bowel disease, Th17 cells deficient in IFN-
γ failed to induce intestinal inflammation, confirming Th17/Th1
cells are required for Th17-induced colitis [21].

In this study, we investigated the function of Th17/Th1 cells
in EAU and human PBMCs. We first determined if Th17/Th1 cells
are sensitive to dexamethasone treatment. Second, we assessed
the ability of effector CD4+ T cell subsets to migrate across CNS
microvascular endothelium monolayers in vitro. To our knowl-
edge, this is the first time that functional aspects of Th17/Th1 cells
in noninfectious inflammatory eye disease (EAU) are described.

Results

CD4+IL-17A+IFN-γ+ (Th17/Th1) cells were increased
in inflamed retinae, and in dLNs at peak EAU

To compare CD4+ T cell subsets in inflamed EAU with control
(nonimmunized) mice, single cells were isolated from retinae,
draining LNs (dLNs), and peripheral blood, and immunopheno-
typed by flow cytometry (Fig. 1A). In control mice, there was
a minimal presence of CD4+ T cells (0.05 ± 0.03%; n = 3) in
retinal tissues, but the percentages increased significantly in EAU
retinae (4.6 ± 1.6%; n = 6; Fig. 1B). Within the live cell popu-
lation, Th1, Th17, as well as Th17/Th1 cells were detectable in

EAU retinae (1.05 ± 0.90% in Th17, 0.09 ± 0.08% in Th1, and
0.35 ± 0.2% in Th17/Th1 cell, respectively), while there were
barely cells detected in the controls (Fig. 1C and D). Increases in
both Th17/Th1 and Th1 cells were also observed in EAU dLNs rel-
ative to controls (Fig. 1E). However, the proportions of Th17/Th1
cells detected in the blood were similar between controls and EAU
(Fig. 1F).

Intraocular Th1, but not Th17/Th1, cell
downregulation by corticosteroids

We investigated the therapeutic effect of topical dexamethasone
on Th17/Th1 cells in EAU in comparison with saline-treated EAU
controls. After signs of EAU were detected at day 10 postimmu-
nization, dexamethasone treatment over 7 days reduced clinical
severity scores (11.6 ± 4.1 vs. 5.9 ± 1.8; Fig. 2A), and reduced cel-
lular infiltration within the retinae (Fig. 2B). There were also fewer
CD45+CD4+ T cells found intraocularly in the dexamethasone-
treated group (Fig. 2C). In both retinae and dLNs, dexamethasone-
treated mice showed a significantly decreased percentage of Th1
cells (36.5 ± 25.9% to 11.3 ± 2.7% in the retinae; 21.4 ± 8.2%
to 15.0 ± 0.9%, in the dLNs), but dexamethasone treatment had
no effect on levels of Th17 or Th17/Th1 cells (Fig. 2D–E).

IL-17/IFN-γ expression by Th17/Th1 cells correlated
with Tbet/RORγt expression

Immunofluorescence staining of retinal tissue sections, identify-
ing CD4+ T-cell subsets by their transcription factor expression,
revealed that CD4+ T cells infiltrated the retinal layers and the
vitreous space in EAU. There were no CD4+ T cells observed in
control tissues (data not shown). Using serial retinal sections from
peak EAU, we observed CD4+Tbet+RORγt+ (nonclassical Th1 or
Th17/Th1) cells in EAU eyes (Fig. 3A). We identified Th17/Th1
cells mainly located in close proximity to the optic nerve, and
within the retina. By retinal single cell flow cytometry, we demon-
strated that the level of CD4+Tbet+RORγt+ expression correlated
with Th17/Th1 cytokine expression (R2 = 0.54, p = 0.02; Fig. 3B).

A further correlation analysis was done comparing the presence
of CD4+IL-17A+IFN-γ+ (Th17/Th1) cells with Th1 and Th17 cells
in the inflamed retinal tissues from EAU eyes (Fig. 3C). There
was a strong positive correlation between Th17/Th1 cells and
CD4+IFN-γ−IL-17A+ (Th17) cells (R2 = 0.94, p < 0.001) and
a negative correlation between Th17/Th1 cells and CD4+IFN-γ+

IL-17A− (Th1) cells (R2 = 0.54, p < 0.001). The results suggested
that single IFN-γ expressors mostly do not coexist with double
cytokine expressors, whereas single IL-17A expressors are likely
to coexist with double cytokine expressors.

Lastly, cells were identified based on their intracellular
cytokine profiles and then analyzed for expression of RORγt and
Tbet (Fig. 3D–F). Using this approach, the percentages of single
RORγt expression were higher than dual RORγt and Tbet expres-
sion in Th17/Th1 cells, and the intensity of RORγt is stronger than
Tbet in Th17/Th1 cells (Fig. 3E and F). In addition, the mean
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Figure 1. Increased levels of retinal CD4+IFN-γ+IL-17A+ (Th17/Th1) cells and CD4+IFN-γ−IL-17A+ (Th17) cells in EAU. (A) Demonstration of
the gating strategy for the flow cytometric analysis of mouse CD4+ T-cell subsets from retina, blood, and dLNs. In this example, a single cell
suspension was prepared from the single retina of a peak EAU mouse and stained with fluorochrome-conjugated antibodies against CD4 (FITC),
FoxP3 (PE/Cy5.5), IL-17A (APC), and IFN-γ (PE) based on surface and intracellular staining protocols. Doublets were excluded by stringent gating
on SSC-H x SSC-A and FSC-H x FSC-A; live cells were selected with live/dead staining (APC-Cy7), and then lymphocytes identified by their scatter
properties (FSC-A x SSC-A plot). (B) Retinal CD4+ T cells were significantly upregulated in peak EAU mice (closed bars; n = 5), compared to controls
(open bars; n = 3) and representative flow cytometry plots are shown. (C) Dot plots to identify CD4+ T cells subsets using IL-17A and IFN-γ in the
retinae (D), dLNs (E), and blood samples (F). All graphs represent mean scores ± SD for five mice per EAU group and three mice per control group
from one experiment. These observations were confirmed in a total of three independent experiments using B10.RIII EAU. Mean ± SD. *p < 0.05,
***p < 0.001, using Student’s t-test.

fluorescence intensity (MFI) and the percentage of expression of
RORγt and Tbet expression were unaffected by dexamethasone
treatment (Fig. 3E and F).

EAU effector Th17/Th1 cells migrated in vitro

To determine whether Th17/Th1 cells are capable of migrating
across endothelial cells of the blood-retinal barrier (Fig. 4A), we

performed in vitro transendothelial migration assays. A mixed
population of CD4+ T cells activated in vitro by a pan T-cell
activator (PHA) and IL-2 were cocultured with primary activated
microvascular CNS endothelial cells. At the end of the assays, cells
in each fraction (nonadherent (N), adherent (A), and migrated
(M)) were counted for cell yield (Fig. 4B). A mean of 56.2 ± 9.0%
live cells remained adhered to the endothelial monolayer, while
5.1 ± 0.4% cells had migrated through the endothelium (Fig. 4C).
Th1 cells were detected at low levels (<20%) in all three fractions.
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Figure 2. Dexamethasone treatment effectively prevents the progression of EAU, and mainly suppressed Th1 cells intraocularly. (A) Central 50° of
retinal fundus images were captured by Micron III fundus camera (Phoenix Laboratories), which revealed retinal inflammation and vessel cuffing
(arrows), reflecting the EAU clinical score at peak disease and following seven daily treatments with dexamethasone. (B) H&E staining of retinal
sections of dexamethasone eyedrop treated (Dex) and control eyes (Sal). Histological staining illustrated cellular infiltrations, structural folding
of the retina, and infiltrating leukocytes within the vitreous in Sal group and following Dex treatment. Scale bars represent 100 μm and 200×
magnification. The average cellular infiltration score was 10.0 ± 0.6 and 3.3 ± 1.2 in Sal control and Dex group (p = 0.0006). The average structural
damage score in Sal and Dex group was 2.7 ± 1.2 and 1.7 ± 0.7, respectively. (C) Intraocular flow cytometry depicting CD4+ T cells in Sal and Dex
groups from single live cell region. (D–E) Distribution of Th1, Th17, and Th17/Th1 cells in the retina (D) and draining lymph nodes (dLNs, E). All
bar plots are expressed as mean ± SEM. (A–E) There were five mice per group. Data were shown as one representative from three independent
experiments using C57Bl/6 EAU. *p < 0.05, ***p < 0.001, using Student’s t-test.
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Figure 3. RORγt and Tbet expression in retinal Th17/Th1 cells in EAU. (A) Localization of T-cell subsets by four-color immunofluorescence staining
targeting CD4 (gray), Tbet (green), and RORγt (red) within retinal sections during peak EAU. The histopathological changes in the Sal-treated
group include accumulation of effector CD4+ T cells (Th1 (green arrowhead), Th17 (red arrowhead), and nonclassical Th1 or Th17/Th1 (white
arrowhead)) in the optic nerve head areas, as well as inflammatory cells migrating into the retina (R) and vitreous (V). Scale bar, 20 μm and 400×
magnification. (B) Correlations of retinal T-cell subsets defined as expression of RORγt+Tbet+ with IFN-γ+IL-17A+ (Th17/Th1) cytokine expression.
(C) Correlation between Th17/Th1 (CD4+IFN-γ+IL-17A+) cells, Th1 (CD4+IFN-γ+IL-17A−), and Th17 (CD4+IFN-γ−IL-17A+) cells. (D) Representative
flow cytometry figures to identify RORγt+ and Tbet+ in Th1, Th17, and IFN-γ+IL-17A+ (Th17/Th1) cells. (E) Expression of RORγt+ and Tbet+ in Th1
(CD4+IFN-γ+IL-17A−), Th17 (CD4+IFN-γ−IL-17A+), and Th17/Th1 cells measured by flow cytometry. (F) Median fluorescence intensity (MFI) of Tbet
and RORγt in Th1, Th17, and Th17/Th1 cells (A). Data were from one individual experiment as described in Fig. 2, which comprised five mice per
treatment group and was repeated for three times (B and C). Data were pooled from three individual experiments, with five mice per group. (E and
F) Mean ± SD, from one experiment in three representatives with five mice per treatment group. Data in this figure were generated using C57Bl/6
EAU model. *p < 0.05, ***p < 0.001, using Student’s t-test. Correlations were calculated using Pearson’s test.

C© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu



6 Yi-Hsing Chen et al. Eur. J. Immunol. 2020. 00: 1–11

Figure 4. Adherence and migration of B10.RIII EAU CD4+ T-cell sub-
sets on CNS endothelium. (A) Central 50° of retinal fundus images
was captured using Micron III fundus camera of early (d10) EAU mice,
arrows indicating some vessel cuffing, retinal tissue and retinal nerve
infiltration. (B) Cell counts of mouse lymphocytes on nonadherent (N),
adherent (A), and migrated (M) populations from each single well were
measured by counting beads using flow cytometry. (C) Percentages of
CD4+ T cells adhered and migrated measured by counting beads using
flow cytometry. (D) Percentages of CD4+ T cell subsets in nonadherent
(N), adherent (A), and migrated (M) fractions analyzed by intracellu-
lar cytokine staining within CD4+FoxP3− live cell region were calcu-
lated using counting beads by flow cytometry. Data are presented as
means ± SEM from one representing three independent experiments,
with six six replicate wells per group using stimulated LN cells orig-
inated from day 9 EAU mice (n = 10). **p < 0.01, ***p < 0.001, using
Student’s t-test.

Th17 cells were the predominant subset and the percentages of
Th17 cells in the nonadherent, adherent, and migrated fractions
remained unchanged (Fig. 4D). In the Th17/Th1 subset, there was
a significant increase in migrated as compared with nonmigrated
(nonadherent) cells (15.6 ± 9.5 vs. 1.9 ± 1.5%; Fig. 4D). Prior to
running the transmigration assays, the mixed T-cell populations
were immunophenotyped (Supporting Information Fig. 1A). The
migration assay was controlled by assays without activating the
endothelial cells. In the absence of endothelium activation, the
T-cell migration levels were minimal (data not shown).

Human Th17/Th1 cells adhered to CNS endothelium
in vitro

In order to investigate the effects of dexamethasone on human
Th17/Th1 cell function in vitro, migration assays using activated
healthy human PBMCs were performed with activated human CNS
endothelial monolayer. In the absence of endothelium activation,

Figure 5. Migration assays with human CD4+ T cell subsets. (A) CD4+

T cell counts in nonadherent (N), adherent (A), and migrated (M) frac-
tions in dexamethasone (Dex) treated as compared to saline controls
(Sal) and analyzed by counting beads using flow cytometry. (B) Total cell
counts of Th1, Th17, and Th17/Th1 in the nonadherent cell population
were measured by intracellular cytokine staining within CD4+FoxP3−

live cell region and calculated using counting beads by flow cytom-
etry. (C) Percentages of Th1, Th17, and Th17/Th1 cells within CD4+

T cells in the adherent (A) and migrated (M) fractions comparing saline-
treated EAU (Sal) with dexamethasone (Dex) were measured by intra-
cellular cytokine staining within CD4+FoxP3− live cell region and cal-
culated using counting beads by flow cytometry. (D) Gating strategy to
identify CD4+ T-cell subsets on the basis of expression of CXCR3 and
CCR6 in CD4+FoxP3− live cells in nonadherent (N) and adherent (A)
fractions, prior to identifying the intracellular cytokine profiles. (E) The
expression of IFN-γ and IL-17A in CD4+ T subsets characterized by CCR6
expression. (F) The expression of IFN-γ and IL-17A in CD4+ T subsets
characterized by CCR6 and CXCR3 co-expression. Data are presented
as means ± SD from one experiment representing three independent
experiments, with triplicate wells in each condition. *p < 0.05, **p < 0.01,
***p < 0.0001, using Mann–Whitney U test.

the T-cell migration levels were minimal (data not shown). Addi-
tion of dexamethasone to the PBMCs had no significant effect on
the total numbers of live CD4+ T cells in the nonadherent, adher-
ent, and migrated fractions (Fig. 5A). Similarly, total numbers
of Th17 and Th17/Th1 cells in the nonadherent, adherent, and
migrated fractions were unaffected by dexamethasone (data not
shown) and only the Th1 cells in the nonadherent fraction were
significantly decreased by dexamethasone (Fig. 5B). In the absence
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of dexamethasone, the percentages of Th17 and Th17/Th1 cells
were significantly increased relative to the Th1 population adher-
ing to the monolayer (Fig. 5C). Within the migrated CD4+ T cells,
Th17 cells were significantly increased in comparison with Th1
and Th17/Th1. Prior to running the transmigration assays, the
mixed T-cell populations were immunophenotyped (Supporting
Information Fig. 1B).

The nonadherent, adherent, and migrated cell populations
were characterized on the basis of their expression of CXCR3 and
CCR6, within the live CD4+FoxP3− cell population. In addition,
intracellular cytokine expression levels were also investigated to
determine if migratory function could be selected on the basis
of chemokine receptor expression (Fig. 5D). In general, expres-
sion of intracellular cytokines by CD4+ T cell subsets already
characterized by chemokine receptors was distinct for each frac-
tion (Fig. 5D–F). Within the CXCR3−CCR6+ cells, both Th17 and
Th17/Th1 cells were significantly enriched in the nonadherent and
adherent fractions. In contrast, within the CXCR3+CCR6+ cells,
Th17/Th1 cells were significantly increased relative to the other
CD4+ T-cell subsets in both the nonadherent and adherent frac-
tions. The findings indicate that healthy human Th17/Th1 cells
were well characterized as dual cytokine-expressing cells, which
maintained their chemokine receptor expression during migration.
These findings confirm that CXCR3 and CCR6 chemokine recep-
tors differentially define Th17 and Th17/Th1 cell subsets in line
with their cytokine expression.

Discussion

Depending on the local microenvironment, effector CD4+ T cells
can transdifferentiate into functionally distinct subsets, and this
process plays a key role in balancing the protective and pathogenic
features of the T-cell response. Unlike the concept of “cell polariza-
tion,” which was described for näıve T cells, CD4+ T-cell plasticity
has been extended to mature effector cells. Among CD4+ T-cell
subsets, Th17 cells are a crucial example of plasticity, since these
cells play an important immunopathogenic role in many autoim-
mune and infectious diseases in different tissues [4]. In the EAE
mouse model, it has been reported that the fate of Th17 cells is
influenced by different proinflammatory cytokines including GM-
CSF, IFN-γ, and IL-1 in vivo, which determine distinct patterns
of plasticity [19]. In a previous study using a rat model of EAU,
the natural course of effector T cells was investigated, and there
were equal numbers of retinal Th1 and Th17 cells at disease onset
and these remained at similar levels throughout in a monopha-
sic model. Th17/Th1 cells also appeared at disease onset and
increased twofold when disease resolved. However, in a chronic
relapsing rat EAU model in the same study, the distribution of
T-cell subsets was different. Th17 cells played a dominant role
at disease onset and declined at later stages. There were limited
Th1 cells when disease began and hence these cells increased.
It was concluded that Th1 cells play an important role in dis-
ease relapse. Th17/Th1 cells remained at similar detection levels
throughout. Furthermore, IL-10 expression was investigated in

both Th1 and Th17 cells suggesting a regulatory role [22]. Our
study also demonstrated that the significant increase of Th17/Th1
phenotype in peak EAU in a monophasic mouse model was only
detected in retinal tissues and not dLNs or peripheral blood [23],
and suggests an important role of the tissue microenvironment in
CD4+ T cell plasticity. Our detection of increased levels of intraoc-
ular Th17/Th1 cells in comparison to dLNs could be as a result of
the local microenvironment within the eye, which contains a range
of cytokines, notably TGF-ß [24]. However, we did not investigate
IL-10 expression by the T-cell subsets.

It is debatable whether Th17/Th1 cells have differentiated from
Th17 or Th1 cells or vice versa. In an experimental model of
inflammatory bowel disease, it was reported that Tbet and, to a
lesser extent, STAT4 expression by Th17 cells is required for their
transition to Th17/Th1 cells [21]. Similarly, in EAE, Tbet, Runx1,
and Runx3 transcription factors are required to initiate Th17/Th1
cell differentiation from Th17 cells. In a mouse model of dry eye
disease, the Th17/Th1 cell population was assumed to be derived
from Th17 precursors and exerted a pathogenic role in addition
to Th17 cells [20]. However, new studies provide evidence for the
Th1 cells’ ability to transdifferentiate into Th17 cells, under the
influence of TGF-β and IL-6, upregulating expression of Runx1,
and increasing accessibility of Runx1 binding sites in the RORγt
promoter as well as Runx1 and RORγt binding sites in the IL-17
promoter [11–13]. Hence, there is currently no clearly defined
route for differentiation toward Th17/Th1 cells, or if this subset
represents a stable CD4+ T-cell subpopulation. In our EAU studies,
we were unable to determine whether Th17/Th1 plasticity was
occurring within the eye due to the very low levels of cells present
and our study was limited to investigating Th17/Th1 cells only at
peak stage of disease.

In EAU, Lyu et al. reported that a selective RORγt inhibitor
(TMP778) substantially reduced Th1 and CD4+IL-17+IFN-γ+

cells in the retinae and reduced clinical severity in a B10.A model
of developing EAU [25]. Given these results, it is tempting to spec-
ulate that Th1 and Th17/Th1 subsets play an immunopathogenic
role in EAU as suggested from our findings. Furthermore, by
targeting RORγt, there was a suppression of IFN-γ-producing
Th1 cells, suggesting either these cells were co-expressing RORγt
(nonclassical Th1 cells) or they had trans-differentiated toward
Th17/Th1 cells. Our group previously reported using an epigenetic
target in EAU, in which it could also inhibit interphotoreceptor
retinoid-binding protein (IRBP)-specific Th17/Th1 cells in vitro.
The data suggested that blocking plasticity of effector T cells may
be controlled by chromatin regulators [26]. In our current study,
while dexamethasone effectively downregulated EAU severity
scores via a Th1 cell reduction, the disease itself was not com-
pletely suppressed. We believe that this was due to the presence
of Th17 and Th17/Th1 cells, which were still detected within
the retina following dexamethasone treatment. These studies
indirectly suggest a pathogenic role of Th17/Th1 cells in EAU. We
found a negative correlation between Th1 and Th17/Th1 cells
during peak EAU within the intraocular CD4+ T-cell populations,
supporting the hypothesis that the reduction in the proportion of
Th1 cells intraocularly is due to their switching to Th17/Th1 cells.
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However, there is limited evidence for nonclassical Th1 cells in
mice. The functional differences between nonclassical Th1 cells
and Th17/Th1 cells are poorly understood. It is believed that,
following an IL-17/IFN-γ double-producing phase, Th17/Th1
cells lose their ability to produce IL-17 and become nonclassical
Th1 cells expressing IFN-γ and IL-17 but only a minimal level of
RORγt [11].

It was reported that in rheumatoid arthritis, human Th17/Th1
cells mediate their pathogenic roles by increasing their prolifera-
tive capacity in response to TCR signaling, cytokine polyfunction-
ality, and resistance to Treg suppression [27]. Human Th17/Th1
(IL-17+IFN-γ+) cells are distinguished from Th1 cells based on
their expression of CD161, CCR6, IL-17 receptor E, RORC, and
IL-4-induced gene 1 [7, 28, 29]. It has been demonstrated that
nonclassical human Th1 cells can be distinguished from Th17/Th1
cells on the basis of their expression of CXCR4 [30]. Our in vitro
data suggests that human Th17/Th1 cells can be defined by both
CXCR3 and CCR6 expression, but few CD4+CXCR3+CCR6− or
CD4+CCR6+CXCR3− cells also expressed both IFN-γ and IL-17,
indicating a functional instability of this subset. The importance
of nonclassical Th1 cells has added complexity to our understand-
ing of the function of Th17/Th1 cells in man. For example, in
the multiorgan disease sarcoidosis, which particularly affects the
lungs and eyes, Kaiser et al. found that the presence of lung
CD4+Tbet+RORγt+CXCR3+CCR6+ T cells in sarcoidosis was asso-
ciated with a favorable prognosis [31]. Our group previously com-
pared PBMCs from healthy controls and from active or quiescent
uveitis patients, all receiving systemic corticosteroids, and found
that levels of peripheral blood CD4+Tbet+RORγt+ T cells did not
differ with disease status [32]. We were unable to investigate those
cells within affected tissues, so it remains unclear as to their roles
within the retinae. Altogether, these reports suggest that either
nonclassical Th1 cells are not pathogenic or that the corticos-
teroids had no effect on nonclassical Th1 cells or Th17/Th1 cells.

Corticosteroids inhibit T cell migration either by binding
to palindromic DNA elements or through cytoskeleton rear-
rangements and interactions with other transcription factors
[33]. In EAU, Th1 cells are more sensitive to the suppressive
effects of dexamethasone, whereas Th17 cells are steroid resis-
tant [34]. Our finding that Th17/Th1 cells are also refractory
to dexamethasone in the C57Bl/6 EAU is novel and was sup-
ported by a previous study, investigating systemic dexametha-
sone treatment in a B10.RIII mouse model of EAU at peak dis-
ease [34]. Steroid resistance may be due to human memory
CD4+CCR6+CXCR3hiCCR4loCCR10−CD161+ (Th17/Th1) cells,
which expressed a stable level of multidrug transporter MDR1
(also known as P-glycoprotein [P-gp] and ABCB1), an ATP-
dependent membrane efflux pump, which manifests as resistance
to corticosteroid suppression in these cells [35].

The increase of Th17/Th1 cells in EAU retinal inflammation
could be considered a selective target with biologics. A clinical
trial targeting the IL-17A pathway alone (secukinumab) was
ineffective in treating posterior uveitis, where Th1 and Th17/Th1
cells are also involved [36]. The anti-TNF-α mAbs etanercept
and adalimumab have been shown to preferentially suppress

Th17/Th1 cells and Th17 cell plasticity in vivo in juvenile
idiopathic arthritis [37], and would explain the clinical benefits
seen for anti-TNF therapy in posterior uveitis patients. In a future
study, we would like to generate Th17/Th1 cells to assess for their
ability to induce disease in adoptive transfer studies. However,
we struggled to generate enough cells for adoptive transfer and
obtaining a pure population is difficult. To our knowledge, there
is no standard protocol for producing Th17/Th1 cells and there
is no available methodology for this yet.

The development of Th17/Th1 and nonclassical Th1 cells is
strictly controlled at the molecular level and sustained by epige-
netic and transcriptional events. It seems that nonclassical Th1
cells are crucial for host protection, whereas Th17/Th1 cells are
more pathogenic in uveitis. This was supported by the observed
higher proportions of Th17/Th1 cells in dLNs and retina in dis-
eased EAU mice, and that these cells also have migratory proper-
ties across retinal endothelium in vitro. Their resistance to dexam-
ethasone leads us to conclude that targeting Th17/Th1 plasticity
with biologics may provide a valuable tool for a potential future
therapeutic strategy in posterior uveitis.

Material and methods

Animals

Female 6- to 8-week-old WT C57Bl/6 mice purchased from Charles
River Laboratories, and B10.RIII mice, a colony maintained in-
house, were used in this study. Animals were cared for under UK
Home Office Regulations. All experiments were approved by the
UCL Institute of Ophthalmology Animal Care and Use Committee
and compliant with the Association for Research in Vision and
Ophthalmology Statement for the use of animals in ophthalmic
and vision research.

EAU induction and scoring

EAU was induced in mice as previously described [38]. In brief, all
B10.RIII mice were subcutaneously immunized with a mixture of
400 μg human IRBP161-180 peptide emulsified in complete Freund’s
adjuvant (CFA; Sigma, Gillingham, UK; 1:1, v/v) with an addi-
tional 1.5 mg/mL heat-killed Mycobacterium tuberculosis (Difco
Microbiology, Voigt Global Distribution, KS, USA). Each mouse
also received 1.5 μg Bordetella pertussis toxin (Sigma, Gilling-
ham, UK) intraperitoneally. For C57Bl/6 mice, IRBP1-20 peptide
was used. The development of clinical severity was scored by
dilated-pupil fundus examination using Micron III retinal fun-
doscopy (Phoenix Research Laboratories, Pleasanton, CA, USA)
and scored according to inflammatory changes to the optic disc
and retinal vessels in addition to retinal lesions and structural
damage using a well-defined grading system [39].
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Drug treatment

To investigate the effect of dexamethasone on CD4+ T cell sub-
sets, mice were treated with 5 μL dexamethasone eyedrops (0.1%
Maxidex, Novartis Pharmaceuticals, UK) (Dex), compared with
controls, receiving 5 μL saline eyedrops (Sal), twice daily after
disease development was confirmed, usually around day 10, and
was given for 7 days, until peak stage of disease. For each experi-
ment, at least five mice were included per treatment group.

Histology

Whole eyes from EAU mice were fixed with formalin, and embed-
ded in paraffin (Sigma-Aldrich, UK). A series of five sequen-
tial 4 μm sections were collected with an autoslide preparation
system. Anterior–posterior sections were stained with H&E and
graded by two independent, masked observers [40]. Sections
were also stained with rat anti-mouse CD45 monoclonal antibody
(Serotec, Oxford, UK), counterstained with hematoxylin (Ther-
moShandon, Pittsburgh, PA), and scored for inflammatory infil-
trates (presence of CD45-positive cells) and structural disease (dis-
ruption of morphology) using a well-defined grading system [41].

For immunohistochemistry staining, the sections were blocked
with 4% goat serum in PBS for 1 h at room temperature, and then
incubated with primary rat antibody against mouse CD4, rabbit
antibody against mouse Tbet, and goat antibody against mouse
RORγt (all Santa Cruz Biotechnology) at 4°C overnight. After three
washes with PBS/Tween 20, sections were incubated with sec-
ondary antibodies (Alexa Fluor 488-conjugated anti-rabbit, Alexa
Fluor 555-conjugated anti-rat, Alexa Fluor 633-conjugated anti-
goat; Eugene, Oregon, USA) for 1 h at room temperature and
counterstained with DAPI (Thermo Fisher Scientific). Images were
acquired with a confocal microscope (LSM700; Zeiss).

Immunophenotyping by flow cytometry

Both human and murine-cultured or single cell suspensions col-
lected from retina, blood, or dLNs were stained for flow cytometric
analysis [42]. This study adhered to the guidelines on the use
of flow cytometry in immunological studies [43]. Blood samples
were collected with ethylene diamine tetraacetic acid (EDTA)
anticoagulant tubes. The activation strategy was performed as
follows: cells were cultured with 50 ng/mL phorbol myristate
acetate (PMA) and 1 μg/mL ionomycin (Sigma-Aldrich, USA) in
complete RPMI 1640 (ThermoFisher) supplemented with 10%
FCS for 4 h at 37°C. Brefeldin A (5 μg/mL) was added for the last
1 h. Dead cells were excluded via staining with Live/dead fixable
dead cell Stain (Molecular Probes; Life Technology, Paisley, UK)
prior to surface staining or fixation (ThermoFisher). Surface
markers were stained for 20 min at +4°C, with CD4 (RM4-5
mouse) and OKT4 (human; eBioscience or BD Bioscience). For
staining of transcription factors, cells were first fixed for 1 h at 4°C
with Foxp3 fixation/permeabilization working solution according

to the manufacturer’s instructions (eBioscience), washed with
1× permeabilization buffer (eBioscience), and stained for 45 min
at RT with anti-Foxp3 (FJK-16s in mice studies and 236A/E7
in human studies). Cells were then fixed in Cytofix/Cytoperm
buffer (BD Biosciences, San Jose, CA, USA) for 10 min at RT,
washed with 1× permeabilization buffer (BD Biosciences),
and intracellularly stained for 45 min at RT with anti-IFN-γ
(XMG1.2 in mice studies, and 4S.B3 in human studies) and
anti-IL-17A (TC11-18H10.1 in mice studies, and eBio64DEC17 in
human studies). In human assays, CCR6 (G034E3) and CXCR3
(1C6/CXCR3) were used in addition. In some mice experiments,
RORγt (AFKJS-9) and Tbet (eBio4B10) were also used. Samples
were acquired with a Fortessa flow cytometer (BD Biosciences).
Single-stained One Comp beads (eBioscience) were used to
generate compensation matrices. Isotype and FMO controls were
used to identify gating boundaries. Data were analyzed using
FlowJo version 10 (TreeStar Inc., Ashland, OR, USA).

Cells for migration assays

Murine CD4+ T cells were isolated from dLNs 10 days postim-
munization from B10.RIII mice. Human PBMC (All Cells; Cal-
tag Medsystems, Buckingham, UK) were cultured at 1 × 106/mL
in culture medium (X-VIVO 20; Lonza, Cambridge, UK), supple-
mented with 10% FCS, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, 1 mM sodium pyruvate, 1 mM nonessential amino acids,
2 mM L-glutamine, and 50 μM β-mercaptoethanol. Lymphocytes
were stimulated with phytohaemagglutinin (PHA; 3 μg/mL) and
IL-2 (50 U/mL) weekly for up to three cycles prior to use. Note that
1 μM dexamethasone was added 1 day prior to assay. In human
cell assays, the hCMEC/D3 cell line (a gift from P. Turowski, UCL,
UK) was seeded at a density of 3 × 105 cells/transwell and cul-
tured in EGM2-MV medium (Lonza, Slough, UK) 3–4 days prior
to assay. In mouse studies, primary mouse brain endothelial cells
were harvested from 10-day old näıve B10.RIII mice according to
previously published methods and cultured in EGM2-MV medium
(Lonza, Slough, UK) [44].

Migration assay

Transwells composed of 6.5-mm collagen-coated polytetraflu-
oroethylene (PTFE) membrane with 3.0 μm pore size insert
(Corning, Sigma-Aldrich, UK) were positioned in a 24-well plate.
EC monolayers were activated with human- or mouse-specific
IFN-γ (100 IU/mL) 72 h prior to the migration assay as a pub-
lished method [45]. To assay migration, 1 × 106 T cells in 100 μL
fresh medium were placed into each triplicate insert. The lower
wells of a 24-well plate were filled with 500 μL medium alone.
Transwells were incubated for 18 h at 37°C and 5% CO2, after
which time, nonadherent (N), adherent (A), and migrated (M) T
cells were recovered from each chamber and immunophenotyped
for flow cytometry. Collection of cells involved careful aspiration
of all medium from each chamber. The upper chamber cells were

C© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu



10 Yi-Hsing Chen et al. Eur. J. Immunol. 2020. 00: 1–11

removed and defined as nonadherent cells. The lower side of the
transwell membrane was washed to dislodge those lymphocytes
that had migrated through the endothelium, but not reached
the lower chamber, and these were added to those collected
directly from the lower chamber (M). Enzymatic digestion of the
endothelium was performed to assess the remaining lymphocytes
adhered to the endothelium. AccuCheck counting beads (Thermo
Fisher Scientific) were included to determine cell counts.

For all assays, the integrity of the endothelial monolayers was
routinely assessed by visual inspection and transendothelial elec-
trical resistance measurements [46].

Statistical evaluation

Each experiment was repeated at least three times. Comparison
of means in parametric data was analyzed by Student’s t-tests.
Nonparametric data were analyzed by the Mann–Whitney U test.
Pearson’s correlation coefficient was used for comparing two con-
tinuous variables. Values were considered statistically significant
when p < 0.05.
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