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Abstract 
Multiple sclerosis (MS) is a chronic, immune-mediated demyelinating disease of the central nervous 

system (CNS), characterised by focal areas of demyelination, neuroinflammation and ultimately 

neurodegeneration. There is an endogenous regenerative process termed remyelination, in which 

oligodendrocyte progenitor cell populations are recruited to the lesioned area, differentiate into 

oligodendrocytes and re-wrap myelin sheaths around axons. Unfortunately, remyelination ultimately 

fails in MS patients, in part due to a failure of oligodendrocyte differentiation, leading to an 

accumulation of disability and disease progression. Although there is no cure for MS, there has been 

an expansion in the number of diseases modifying therapies over the last few decades which aim to 

prevent relapses in MS patients. However, there are currently no approved therapies which aim to 

promote remyelination in MS patients. Although CD4+ T cells are involved in the pathogenesis of MS, 

they are also involved in CNS remyelination. Regulatory T cells have been shown to promote 

oligodendrocyte differentiation and remyelination, however T helper (Th) 17 cells impair 

endogenous remyelination. The roles of the other CD4+ T cell subsets have not yet been elucidated, 

and the aim of this PhD thesis was to evaluate the regenerative capacities of other effector T cells in 

CNS remyelination. 

Th1 cells have been implicated in the pathogenesis of MS and in animal models of immune-mediated 

demyelination, associated with macrophage-induced demyelination in lesions and impaired 

oligodendrocyte differentiation. Th22 cells are a more recently discovered CD4+ T cells subset, 

characterised by the secretion of IL-22, which have been detected in the cerebrospinal fluid of MS 

patients during both relapse and remission phases. Knowledge of the roles of Th22 cells in the CNS is 

limited, but Th22-secreted factors have been shown to reduce the severity of immune-mediated 

demyelination in the CNS. The Th22-secreted factor, IL-22, has also shown regenerative effects in 

other tissues by inducing proliferation of resident stem cell populations. This led to the following 

hypotheses: 1) Th1 cells negatively impact OPC differentiation and myelination, 2) Th22 cells 

promote OPC differentiation and myelination, and 3) IL-22 promotes OPC proliferation, 

differentiation and remyelination.  

The results in this PhD thesis show that both Th1 and Th22 cells promote OPC differentiation into 

oligodendrocytes in vitro through secreted factors. Results suggest that Th1 cells also enhance the 

rate of myelination, whereas Th22 cells do not impact myelination but decrease the axonal density 

of organotypic brain slice cultures ex vivo. Interestingly, the re-stimulation of OPC or brain slice 

cultures with Th1-secreted factors limits the extent of oligodendrocyte differentiation. Recombinant 

IL-22 does not have any effect on OPC proliferation, differentiation or myelination in vitro or ex vivo. 



The IL-22 receptor complex was not expressed in the CNS following lysolecithin-induced 

demyelination, indicating that IL-22 signalling is not relevant in this context. This work further 

elucidates the regenerative roles of CD4+ T cells in the CNS and opens up different avenues of future 

research to investigate these further, hopefully for a remyelinating therapy for MS patients. 

  



Contents 
Acknowledgments ................................................................................................................................... 1 

Conferences and Presentations .............................................................................................................. 3 

Manuscripts ............................................................................................................................................ 4 

Abbreviations .......................................................................................................................................... 5 

1. Introduction ...................................................................................................................................... 11 

1.1. Multiple Sclerosis ....................................................................................................................... 11 

1.1.1. Multiple sclerosis risk factors .............................................................................................. 11 

1.1.2. Types of multiple sclerosis and diagnostic criteria ............................................................. 13 

1.1.3. Treatments of MS/Disease-modifying therapies ................................................................ 14 

1.1.4. MS pathogenesis ................................................................................................................. 17 

1.2. Oligodendrocyte cell development and CNS myelination ......................................................... 20 

1.2.1. Oligodendrocyte lineage markers ....................................................................................... 20 

1.2.2. Oligodendrocyte development ........................................................................................... 22 

1.2.3. Control of OPC development .............................................................................................. 22 

1.2.4. OPC migration ..................................................................................................................... 23 

1.2.5. Developmental myelination ................................................................................................ 24 

1.3. CNS remyelination ..................................................................................................................... 25 

1.3.1. Process of remyelination after damage .............................................................................. 25 

1.3.2. Remyelination in MS patients ............................................................................................. 29 

1.3.3. Clinical trials for remyelinating therapies ........................................................................... 32 

1.4. CD4+ T cell biology ...................................................................................................................... 35 

1.4.2. CD4+ T cell activation and differentiation ........................................................................... 35 

1.5. Role of CD4+ T cells in the CNS ................................................................................................... 38 

1.5.1. Adaptive immune system in CNS homeostasis ................................................................... 38 

1.5.2. Adaptive immune system in CNS remyelination................................................................. 39 

1.6. Methods to evaluate OPC differentiation and remyelination ................................................... 41 

1.6.1. Animal models of demyelination ........................................................................................ 41 

1.6.2. In vitro and ex vivo CNS models of OPC differentiation and remyelination ....................... 42 

1.7. Rationale, Hypothesis and Aims ................................................................................................ 43 

1.7.1. Rationale ............................................................................................................................. 43 

1.7.2. Hypothesis ........................................................................................................................... 43 

1.7.3. Aims..................................................................................................................................... 43 

2. Methods and Materials ..................................................................................................................... 44 

2.1. Animals ....................................................................................................................................... 44 



2.2. Genotyping ................................................................................................................................. 44 

2.2.1. DNA extraction .................................................................................................................... 44 

2.2.2. Polymerase chain reaction (PCR) ........................................................................................ 45 

2.2.3. Real-time quantitative PCR (qPCR) ..................................................................................... 46 

2.3. T Cell Isolation and Polarisation ................................................................................................. 47 

2.3.1. Splenocyte Isolation ............................................................................................................ 47 

2.3.2. Whole CD4+ T Cell Isolation ................................................................................................. 48 

2.3.3. Naïve CD4+ T Cell Isolation .................................................................................................. 49 

2.3.4. Th1 Polarisation .................................................................................................................. 49 

2.3.5. Th22 cell polarisation .......................................................................................................... 50 

2.3.6. Flow cytometric analysis ..................................................................................................... 51 

2.3.7. Fluorescence-activated Cell Sorting (FACS) ........................................................................ 52 

2.4. Lamina propria cell isolation ...................................................................................................... 53 

2.5. In vitro glial cell cultures ............................................................................................................ 56 

2.5.1. In vitro mixed glial cultures ................................................................................................. 56 

2.5.2. In vitro oligodendrocyte progenitor cell (OPC) cultures ..................................................... 60 

2.5.3. Cell fixation and immunocytochemistry ............................................................................. 62 

2.5.4. Image acquisition and analysis ........................................................................................... 65 

2.6. Ex vivo organotypic cerebellar brain slice cultures .................................................................... 65 

2.6.1 Dissection and brain slice culture ........................................................................................ 65 

2.6.2. Lysolecithin-induced demyelination of brain slice cultures ................................................ 66 

2.6.3. Fixation and immunohistochemistry of brain slices ........................................................... 67 

2.6.4. Confocal microscopy and analysis of brain slices ............................................................... 68 

2.7. Lysolecithin-induced spinal cord demyelination in vivo ............................................................ 69 

2.7.1. Equipment setup ................................................................................................................. 69 

2.7.2. Animal preparation ............................................................................................................. 69 

2.7.3. Surgery ................................................................................................................................ 70 

2.7.4. Transcardial perfusion ........................................................................................................ 70 

2.7.5. Tissue processing ................................................................................................................ 71 

2.8. Immunohistochemistry .............................................................................................................. 71 

2.8.1. Staining of frozen tissue ...................................................................................................... 71 

2.8.2. Image acquisition and analysis ........................................................................................... 73 

2.9. ELISA ........................................................................................................................................... 74 

2.10. Western Blot ............................................................................................................................ 74 

2.10.1. Protein extraction ............................................................................................................. 74 

2.10.2. BCA assay and sample preparation ................................................................................... 74 



2.10.3. Gel preparation ................................................................................................................. 75 

2.10.4. Gel electrophoresis ........................................................................................................... 76 

2.10.5. Membrane transfer and staining ...................................................................................... 77 

2.11. Transcriptome Database Analysis ............................................................................................ 78 

2.12. Statistics ................................................................................................................................... 78 

3. Investigating the role of Th1 cells in OPC differentiation and myelination. ..................................... 79 

3.1. Introduction ............................................................................................................................... 79 

3.1.1. Th1 cell characterisation and function. .............................................................................. 79 

3.1.2. Th1 cells in MS. ................................................................................................................... 80 

3.1.3. Th1 cells in EAE. .................................................................................................................. 82 

3.1.4. Th1 cell effects on oligodendrocytes and remyelination. ................................................... 83 

3.2. Rationale, hypothesis and aims ................................................................................................. 87 

3.3. Results ........................................................................................................................................ 88 

3.3.1. Generation of Th1-conditioned medium from in vitro polarised Th1 cells. ....................... 88 

3.3.2. Establishing the experimental parameters required to accurately investigate the effect of 
Th1 cells on OPC cultures in vitro. ................................................................................................ 90 

3.3.3. Th1-conditioned medium may enhance astrogenesis in vitro A2B5+ OPC cultures. .......... 98 

3.3.4. Th1-secreted factors promote astrogenesis in PGFRα+ OPC cultures in vitro. ................. 101 

3.3.5. Th1-secreted factors promote OPC differentiation in vitro PGFRα+ OPC cultures. .......... 103 

3.3.6. Re-stimulation with Th1-conditioned medium suppresses OPC differentiation in vitro. . 106 

3.3.7. Th1-conditioned medium may promote developmental myelination and OPC 
differentiation ex vivo. ................................................................................................................ 108 

3.3.8. Re-stimulation with Th1-conditioned medium does not impact the number of 
differentiated oligodendrocytes but may promote developmental myelination ex vivo. ......... 111 

3.3.9. The Th1-conditioned medium pro-differentiation effect is not protein mediated. ......... 114 

3.4. Discussion ................................................................................................................................. 116 

4. Investigating the role of Th22 cells in OPC differentiation and myelination. ................................. 120 

4.1. Introduction ............................................................................................................................. 120 

4.1.1. Th22 cell characterisation ................................................................................................. 120 

4.1.2. Th22 cell function .............................................................................................................. 122 

4.1.3. Th22 cells in MS ................................................................................................................ 125 

4.2. Rationale, hypothesis and aims ............................................................................................... 128 

4.3. Results ...................................................................................................................................... 129 

4.3.1. Characterisation of the dual reporter IL-22tdTomato/IL-17eGFP mouse model. ..................... 129 

4.3.2. Purification of in vivo-differentiated Th22 cells from the lamina propria of the small 
intestine. ..................................................................................................................................... 132 

4.3.3. Optimisation of Th22 polarisation in vitro. ....................................................................... 133 



4.3.4. Th22-conditioned medium increases oligodendrocyte lineage cell numbers and OPC 
differentiation in vitro. ................................................................................................................ 137 

4.3.5. Th22-conditioned medium does not impact developmental myelination ex vivo. .......... 140 

4.4. Discussion ................................................................................................................................. 142 

5. Investigating the role of IL-22 in OPC differentiation and remyelination. ...................................... 145 

5.1. Introduction ............................................................................................................................. 145 

5.1.1. IL-22 discovery, structure and signalling. .......................................................................... 145 

5.1.2. IL-22 in the CNS ................................................................................................................. 149 

5.1.3. IL-22 in regeneration ......................................................................................................... 151 

5.2. Rationale, hypothesis and aims ............................................................................................... 155 

5.3. Results ...................................................................................................................................... 156 

5.3.1. IL22RA1 expression in CNS glial cells. ............................................................................... 156 

5.3.2 Recombinant IL-22 does not promote OPC proliferation or differentiation in vitro. ........ 160 

5.3.3. Recombinant IL-22 does not affect developmental myelination ex vivo. ........................ 175 

5.3.5. Validation of IL22RA1 antibodies. ..................................................................................... 177 

5.3.6. IL22RA1 is expressed by microglia and oligodendrocyte lineage cells following CNS 
demyelination. ............................................................................................................................ 181 

5.3.7. The canonical IL-22 receptor is not detectable in the CNS following demyelination. ...... 184 

5.4. Discussion ................................................................................................................................. 186 

6. General Discussion .......................................................................................................................... 191 

6.1. Discussion ................................................................................................................................. 191 

6.2. Th1 Discussion .......................................................................................................................... 192 

6.3. Th22 Discussion ........................................................................................................................ 194 

6.4. IL-22 Discussion ........................................................................................................................ 196 

6.5. Summary .................................................................................................................................. 197 

List of diagrams: .................................................................................................................................. 199 

List of tables: ....................................................................................................................................... 200 

List of figures: ...................................................................................................................................... 203 

Bibliography ........................................................................................................................................ 206 



1 | P a g e  
 

Acknowledgments 
I would first like to thank Queen’s University Belfast, Northern Ireland’s Department for the 

Economy and the Wellcome Trust for the opportunity and financial support to complete this PhD 

project. 

My most important acknowledgement is to my primary supervisor, Denise Fitzgerald. I feel very 

lucky to have been mentored by an extremely intelligent, hard-working, and passionate scientist. 

One of the reasons for applying for this PhD project (apart from my interest in the topic), was the 

opportunity to work with Denise as her reputation, not only as an excellent scientist but also as a 

great team leader, precedes her. Denise has a wonderful ability to inject enthusiasm and excitement 

into her research, which is a quality that I have deeply needed during the trials of a PhD project. 

Thank you for all of your support, advice and encouragement during my time in your lab. I will be 

very sorry to leave, but hope to always be a part of the Fitzgerald team whether near or far. I would 

also like to thank my secondary and tertiary supervisors, Rebecca Ingram and Yvonne Dombrowski, 

who have challenged and supported me during my PhD project. 

I would also to like to thank another mentor and close friend, Alerie Guzman de la Fuente. You are 

one of the most dedicated and talented scientists that I have ever met. Your insight and advice into 

experimental design, project direction and career goals have been vital during my PhD project. Not 

only was I lucky to have such an expert as a mentor but also as a great friend, providing laughs and 

company along the way. I will miss our chats and rants during setups in TC, but know that you are 

always a phone call away wherever our careers and lives take us.  

A massive thank you to all of the Fitzgerald lab group members, both past and present: Andrew 

Young, Rosana Penalva, Michelle Naughton, Marie Dittmer, Nira de la Vega Gallardo, Frances Evans, 

Rachael Kee, Jessica White, Jill Moffat, John Falconer, Elise Heesbeen, Gareth Geddis, Melanie 

Cranston, Carmel McVicar and Johnny Moffat. You all have been instrumental during my time in the 

Fitzgerald lab group, providing advice, support and friendship. I am very grateful to have completed 

my PhD in a lab group full of welcoming and supportive colleagues and friends. 

I would also like to thank the Dombrowski lab group members both past and present who have also 

been a great source of knowledge and support during my PhD project: Laura Gritti, Daniel Crooks, 

Sarah Kuhn, Rachael Bell, Katherine Feeney, Jenny Lau, Richard Creswell, Victor Asuzu, Gemma 

McIlwaine, Stephen McGovern and Tara Bertholon. Thank you to all the members of the 

immunology lab group meetings, who have provided an additional outside perspective to my work.  



2 | P a g e  
 

Thank you to all of QUB’s technical and administrative staff, who have supported my PhD in various 

ways. Liza Colhoun, Ileana Micu, Ryan Delaney, Mervyn McCaigue, Nuala McCann, Paul Crowe, 

Richard Forgrave, Patricia McConnell, Deborah Mitchell, Neil Meharg, Joe Lyttle, Zoe Hunter, Lousie 

Rodger, Sarah Hurston, Tracie Andreasson, Dawn Wylie, Cara McWilliams, Lynda Collins, Stephen 

Lloyd, Mary Hanna, Shannon Crook and Rosemary Robinson. 

I would also like to thank my past supervisors and teachers, who have advised and supported my 

journey to decide to do a PhD project. Thank you to the supervisors of my undergraduate research 

project, Derek Brazil and Tim Curtis, for their mentorship and support. A special thank you to Derek 

Brazil for all of the support and advice during the PhD application process. I would like to give a huge 

thank you to my supervisor during my placement year as a research assistant at the University of 

Nevada, Reno, Normand LeBlanc. Your mentorship and belief in my abilities is what solidified my 

decision to pursue a career in scientific research. I would also like to thank my biology teacher from 

secondary school, Mrs Wilson, who first supported and encouraged my interest in human biology.  

A massive thank you to all of the friends that I made during my PhD, in particular Stephanie Gatdula 

and Mariela Kyoreva. The PhD experience has been made so much better by having both of you on 

the journey alongside me, and I will always cherish the memories we made throughout. I would also 

like to thank my friend, Caroline McKibben, who has provided me with fun and laughter over the last 

15 years, but particularly in these last few months where she has helped keep me sane. A special 

thank you to my other friends, including but not limited to Andrea Coulter, Roisin McAvera, Hannah 

Shields and Órlaith O’Shaughnessy. 

Last but certainly not least I would like to say a massive thank you to my family, who have always 

been my biggest supporters. My mum Deborah Mayne, my dad Peter Mayne and my sister Connie 

Kailanathan. Thank you for always being there for me and for supporting and encouraging me in 

achieving all of my goals. I am extremely lucky to have their unending love and support and I would 

not be submitting this thesis without them. I would also like to thank my brother-in-law James 

Kailanathan and my wonderful nephews Benjamin Kailanathan, Sonny Kailanathan and Arlo 

Kailanathan.  

 

  



3 | P a g e  
 

Conferences and Presentations 

 Oral presentation at the Irish Society for Immunology Early Career Meeting – ‘Investigating 

the regenerative capacity of Th22 cells in the CNS’ (Nov 2021). Best PhD talk award. Dublin, 

Ireland. 

 Poster presentation at the XV European Meeting on Glial Cells in Health and Disease – 

‘Investigation of IL-22 in CNS regeneration’ (July 2021). Virtual. 

 Poster presentation at the Neurodegenerative Diseases: Genes, Mechanisms and 

Therapeutics Disease Keystone conference – ‘Investigation of IL-22 in CNS regeneration’ 

(June 2021). Virtual. 

 Oral presentation at the WWIEM 3rd year symposium - – ‘Investigating the role of effector T 

cells in CNS remyelination’ (Mar 2021). Belfast, UK. 

 Oral presentation at the Postgraduate Research Forum QUB – ‘Investigating the role of 

effector T cells in CNS remyelination’ (Nov 2020). Belfast, UK. 

 Oral presentation at the WWIEM 2nd year symposium – ‘Investigating the role of effector T 

cells in CNS remyelination’ (Aug 2020). Belfast, UK. 

 Poster presentation and selected talk at the Postgraduate Research Forum QUB (Nov 2019). 

Finalist poster prize. Belfast, UK. 

 Poster presentation at REMERGE QUB – ‘Generation of Th22 cells for Tissue Regeneration 

Studies’ (Oct 2019). Belfast, UK. 

 Poster presentation at the Irish Society for Immunology Meeting – ‘Investigation of the 

influence of T cell-secreted factors on oligodendrocyte progenitor cell development in vitro’ 

(Sep 2019). Dublin, Ireland. 

 Poster presentation at the XIV European Meeting on Glial Cells in Health and Disease – 

‘Investigation of the influence of T cell-secreted factors on oligodendrocyte progenitor cell 

development in vitro’ (July 2019). Porto, Portugal. 

 Oral presentation at the WWIEM 1st year symposium – ‘Investigating the role of effector T 

cells in CNS remyelination’ (June 2019). Belfast, UK. 

  



4 | P a g e  
 

Manuscripts 
Mayne K, White JA, McMurran CE, Rivera FJ, de la Fuente AG.  

Aging and Neurodegenerative Disease: Is the Adaptive Immune System a Friend or Foe? 

Frontiers in Aging Neuroscience. Sep 2020.  

 

In progress: 

O’Hare M, Esquiva G, McGahon M K, Hombrebueno J M R, Augustine J, Canning P, Edgar K S, Barabas 

P, Friedel T, Cincolà P, Henry J, Mayne K, Ferrin H, Stitt A W, Lyons T J, Brazil D P, Grieve D J, 

McGeown G, Curtis T M.  

Loss of TRPV2 mediated blood flow autoregulation recapitulates diabetic retinopathy in rats. 

JCI Insight. Sep 2022. 

 

Akin E, Aoun J, Mayne K, Baeck J, Young M D, Sullivan B, Sanders K M, Ward S M, Bulley S, Jaggar J H, 

Earley S, Greenwood I A, Leblanc N. 

ANO1, CaV1.2 and IP3R form a localized functional unit of EC-Coupling during agonist-mediated 

contraction of mouse pulmonary arterial smooth muscle. 

Drafting for submission. 

 

Mayne, K, Young, A, White, J, McMurran, C, Dombrowski, Y, Penalva, R, Guzman de la Fuente, A, 

Fitzgerald, D.C. 

Th1 cells modulate oligodendrocyte differentiation and CNS myelination. 

Drafting for submission.  



5 | P a g e  
 

Abbreviations 
aa Amino acid 

AHCT Allogenic hematopoietic cell transplant 

Akt Protein kinase B 

APC Antigen presenting cells 

APS Ammonium persulfate 

BBB Blood brain barrier 

BCG Bacillus Calmette-Guérin 

BDNF Brain-derived neurotrophic factor 

BSA Bovine serum albumin 

BSL1 Griffonia (Bandeiraea) Simplicifolia Lectin 1 

cDMEM Complete Dulbecco’s Modified Eagle Medium 

CFA Complete Freund’s adjuvant 

CFP-10 10 kDa culture filtrate protein 

CIS Clinically isolated syndrome 

cNM Complete Neural medium 

CNPase 2', 3’-Cyclic nucleotide 3'-phosphodiesterase 

CNS Central nervous system 

CO2 Carbon dioxide 

Con A Concanavalin A 

CSF Cerebrospinal fluid 

CSPG Chondroitin sulfate proteoglycans 

CTLA-4/CD152 Cluster of differentiation 152 

d Days 



6 | P a g e  
 

DDC 3,5-diethoxycarbonyl-1,4-dihydrocollidine 

DIV Days in vitro 

DMEM Dulbecco’s Modified Eagle Medium 

DMT Disease modifying therapy 

DNA Deoxyribonucleic acid 

DPBS Dulbecco’s Phosphate-Buffered Saline 

dpl Days post-lesion 

EAE Experimental autoimmune encephalomyelitis  

EAU Experimental autoimmune uveitis 

EBNA1 Epstein-Barr virus nuclear antigen 1 

EBV Epstein-Barr virus 

ECL Enhanced chemiluminescence 

EDSS Extended disability status scale 

EDTA Ethylenediaminetetraacetic acid 

ER Endoplasmic reticulum 

ERK Extracellular signal related kinases 

ESAT-6 6 kDa early secreted antigenic target 

FACS Fluorescence-activated cell sorting 

FACS buffer Flow cytometry staining buffer 

FBS Foetal bovine serum 

FGF Fibroblast growth factor 

FMO Fluorescence minus one 

GA Glatiramer acetate 

gDNA Genomic DNA 



7 | P a g e  
 

GlialCam Glial cell adhesion molecule 

HALF Hibernate A low fluorescence 

HBSS-/- Hanks’ Buffered Salt Solution, no calcium, no magnesium 

HDAC Histone deacetylase  

HPC Hepatic progenitor cells 

Hr Hour 

HSC Hepatic stellate cells 

ICOS CD28 homolog inducible co-stimulator 

IEC Intestinal epithelial cell 

IGF-1 Insulin-like growth factor 1 

IL-22BP IL-22 binding protein 

IL-TIF Interleukin-10-related T cell-derived inducible factor 

IMDM Iscove’s Modified Dulbecco’s Medium 

ISC Intestinal stem cells 

JAK1 Janus Kinase 1 

JNK Jun amino-terminal kinases 

LDH Lactate dehydrogenase 

LINGO-1 Leucine-rich repeat and immunoglobulin-like domain–containing Nogo 

receptor–interacting protein 1 

LPC L-α-Lysophosphatidylcholine  

LPS Lipopolysaccharide 

MAG Myelin-associated glycoprotein 

MAPK Mitogen-activated protein kinase 

MBP Myelin basic protein 

Mins Minutes 



8 | P a g e  
 

MMP matrix metalloproteinases 

MOG myelin oligodendrocyte glycoprotein 

MS Multiple sclerosis 

MSRV Multiple sclerosis-associated retrovirus 

mTOR Mechanistic target of rapamycin 

MTR Magnetic transfer ratio 

NAC N-Acetyl-L-cysteine 

NaCl Sodium chloride 

NAGM Normal appearing grey matter 

NAWM Normal appearing white matter 

NDS Normal donkey serum 

NFH Neurofilament heavy chain 

NICE National Institute for Health and Care Excellence 

NG2 Neural/glial antigen 2 

NGF Nerve growth factor 

NGS Normal goat serum 

NT3 Neurotrophin 3 

Olig Oligodendrocyte transcription factor 

OPC Oligodendrocyte progenitor cells 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate-buffered saline 

PDGFRα Platelet-derived growth factor receptor α 

PFA Paraformaldehyde 

PLP Proteolipid protein 



9 | P a g e  
 

pMN Motor neuron progenitor 

PNS Peripheral nervous system 

PPMS Primary progressive multiple sclerosis 

PSA-NCAM Polysialylated neural cell adhesion molecule 

PVDF Polyvinylidene fluoride 

qPCR quantitative polymerase chain reaction 

REG Regenerating gene 

RES Rapidly evolving severe relapsing remitting multiple sclerosis 

RIS Radiologically isolate syndrome 

RPMI Roswell Park Memorial Institute 

RRMS Relapsing-remitting multiple sclerosis 

RT Room temperature 

S1P Sphingosine-1-phosphate 

SAPK stress-activated protein kinases 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 

SCID Severe combined immunodeficient 

SDS Sodium dodecylsulfate 

Shh Sonic hedgehog 

Sox Sex determining region Y-box transcription factor  

SPMS Secondary progressive multiple sclerosis 

STAT Signal transducer and activator of transcription 

T-bet T-box protein expressed in T cells 

TBS Tris-buffered saline 

TCR T cell receptor 



10 | P a g e  
 

TEC Thymic epithelial cell 

TEMED N,N,N′,N′-Tetramethylethylenediamine 

Tfh T follicular helper cell 

TGF-β1 Transforming growth factor-β1 

Th T helper 

TNF Tumour necrosis factor 

TMEM Transmembrane protein 

Tyk2 Tyrosine Kinase 2 

UVR Ultraviolet radiation 

 



11 | P a g e  
 

1. Introduction 

1.1. Multiple Sclerosis 

Multiple sclerosis (MS) is an immune-mediated demyelinating disease of the central nervous system 

(CNS). MS is characterised by neurological dysfunction and the presence of demyelinated lesions in 

the brain and/or spinal cord. MS was first described by Jean-Martin Charcot in 1868 who associated 

neurological deficits with scattered lesions in the CNS (Charcot, 1868), however suspected MS cases 

date back to the 14th century (Grzegorski and Losy, 2019). Due to the widespread and unpredictable 

nature of MS lesions in the CNS, MS patients can present with a range of neurological symptoms. 

More common symptoms include fatigue, walking difficulties, sensory disturbances, vision issues, 

dysfunction of the intestinal and urinary systems, and cognitive and emotional dysfunction (Ghasemi 

et al., 2017). Secondary symptoms can also include infections, immobility and mental health issues 

(Ghasemi et al., 2017). MS is the second leading cause of neurological disability in young adults, 

second only to traumatic CNS injuries, usually presenting around the ages of 20-40 years old with the 

mean age of diagnosis being 32 years (Dimitrov and Turner, 2014; Walton et al., 2020). MS 

prevalence is rising globally, with the worldwide incidence rate at 2.1 per 100 000 people/year 

(Walton et al., 2020). The emergence of treatments for MS in the 1990’s and the subsequent 

expansion in the number of treatments available has helped to reduce relapses in MS patients (The 

IFNB Multiple Sclerosis Study Group, 1993). However, research is still needed to develop treatments 

which can stop disease progression entirely or promote regeneration in patients, particularly as 

treatment options for the more progressive forms of disease are limited.  

1.1.1. Multiple sclerosis risk factors 

There is no known cause of MS, however a range of genetic, lifestyle and environmental risk factors 

have been described. Genetic risk factors have been linked to the immune system, particularly genes 

related to the human leukocyte antigen (HLA) which encode surface molecules that present antigens 

to T cell receptors (Naito et al., 1972; Jersild et al., 1973; Moutsianas et al., 2015). Multipoint linkage 

studies in multiplex MS families showed an unequivocal linkage in the HLA region (Sawcer et al., 

2005). The HLA class II DRB1*1501 allele is the most commonly associated MS risk gene (Alcina et al., 

2012), however other class II risk alleles have been identified (Moutsianas et al., 2015). HLA class II is 

expressed by antigen presenting cells (APC) which present antigens to CD4+ T cells, highlighting a 

role for the adaptive immune system and specifically CD4+ T cells in MS (Martin et al., 2021). 

Conversely, some HLA class I alleles, which function to present antigens to CD8+ T cells, have been 

associated with decreased risk of MS, such as the HLA-A*02 allele (Silva et al., 2009). Although MS 
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risk genes have been discovered, genetics has been shown to play a modest role in MS risk, as 

familial studies show 15-25% concordance rates for monozygotic twins (Westerlind et al., 2014b) 

and siblings of MS patients show only a 7-fold increased risk of disease (Westerlind et al., 2014b). 

This was supported using genetic data from >45000 MS patients as the MS heritability estimate was 

19.2% (International Multiple Sclerosis Genetics Consortium, 2019). This supports a role for lifestyle 

and environmental risk factors being involved in MS susceptibility.  

A major environmental MS risk factor is infection with Epstein-Barr virus (EBV), which has been 

difficult to pinpoint due to the prevalence of EBV infection, infecting >90% of the global population 

(Zanella et al., 2019). Infection with EBV increased MS risk 32-fold in young adults in the US military, 

with only one MS case negative for EBV infection prior to diagnosis in >800 MS cases assessed (Kjetil 

et al., 2022). Another study showed that prior to diagnosis, EBV-negative cases become EBV-positive 

prior to disease onset (Levin et al., 2010). A recent study provided a mechanistic rationale for EBV 

infection triggering MS. This is postulated due to the molecular similarity between the EBV nuclear 

antigen 1 (EBNA1) and glial cell adhesion molecule (GlialCAM), which is expressed by astrocytes and 

oligodendrocytes in the CNS and associated with active MS lesions (Lanz et al., 2022). In 20-25% of 

MS patients, cross-reactive EBNA1 and GlialCAM antibodies were detected (Lanz et al., 2022). 

Although this provides strong rationale for EBV infection in promoting MS disease development, 

more research and potentially EBV vaccination is required to prove causality. Moderna is currently 

running a phase I clinical trial for an mRNA EBV vaccine to validate the safety and efficacy in young 

adults. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has been 

instrumental in the development and success of mRNA vaccines, which are now in clinical trials for 

other viruses such as EBV. 

Latitude gradient has also been shown to be a risk factor for MS as a significant association was 

found between latitude and MS prevalence (Norman et al., 1983; Simpson et al., 2011, 2019). 

Interestingly, this is also a factor for migrants as data showed an increased prevalence of MS in 

immigrant populations moving to a high-risk country from their lower-risk country of birth (Ahlgren 

et al., 2010, 2012). However, another study argued that MS risk is confined to continental 

differences rather than latitude. The highest MS prevalence was found in North America and 

Western Europe, with lower prevalence in central and Eastern Europe, Australia and New Zealand. 

The lowest prevalence was observed in Asia, the Middle East and Africa (Koch-Henriksen and 

Sørensen, 2010). These latitude and continental factors could be associated to genetics, race, 

sunlight exposure, or exposure to infections. Low levels of vitamin D and ultraviolet radiation (UVR) 

exposure, which is vital for converting vitamin D to its active form, have been linked to MS risk 

(Munger et al., 2006). Vitamin D levels in adolescence was shown to be particularly important, 
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associated with decreased sun exposure (Bjørnevik et al., 2014) and dietary intake (Bäärnhielm et 

al., 2014). Interestingly, there is also an association between maternal UVR exposure and vitamin D 

levels, as a birth month in October or November decreases MS risk whereas an April birth month 

increases risk (Dobson et al., 2013a). MS is more common in females than males, and incidence rates 

have been shown to be rising, as women born in the 1930’s had a 1.8-fold increased risk of MS than 

men, which has risen to a 2.67-fold increased risk for women born in the 1980’s (Koch-Henriksen and 

Sørensen, 2010). This may highlight an environmental or lifestyle impact of MS risk which is affecting 

women more than men. Pregnancy has a beneficial impact on MS risk, with recent childbirth and 

greater offspring numbers lowering risk of MS onset (Ponsonby et al., 2012; Westerlind et al., 

2014a). This may be a factor in the increased incidence for women, as fertility rates decrease and 

age of first-time mothers increase (Roustaei et al., 2019). Another factor for women is obesity during 

childhood and adolescence, with increased BMI showing increased MS risk in women and not men 

(Munger et al., 2009, 2013; Gianfrancesco et al., 2014). This may be a critical factor for the increased 

incidence in women as the global BMI increases ((NCD-RisC), 2016). Smoking is another major risk 

factor for MS, showing association with the MS risk genes. Even moderate smoking increased the 

risk of MS, with risk correlating with cumulative dose (Ghadirian et al., 2001). Of patients with the 

HLA-DRB1*15 haplotype but lacking the protective HLA-A*02 allele, 41% of cases were associated 

with smoking, compared to 20% of the total MS population (Hedström et al., 2016). However, this is 

not just a tobacco-mediated effect as long-time use of oral tobacco provides a reduced MS risk 

(Hedström et al., 2009). Other studies have shown associations with shift work at a young age 

increasing MS risk (Gustavsen et al., 2016). Factors reducing MS risk include high coffee 

consumption, alcohol consumption and infection with cytomegalovirus (Olsson et al., 2017). 

1.1.2. Types of multiple sclerosis and diagnostic criteria 

In 2013, the International Advisory Committee on Clinical Trials of MS revised the classifications of 

the clinical subtypes of MS and the disease courses (Lublin et al., 2014), updating the previously used 

classifications from 1996 (Lublin and Reingold, 1996). The MS subtypes are classified into four 

different groups including clinically isolated syndrome (CIS), relapsing-remitting MS (RRMS), primary 

progressive MS (PPMS) or secondary progressive MS (SPMS) (Lublin et al., 2014). CIS is defined 

within the MS spectrum as the first clinical presentation of MS-like disease however is not 

considered an official MS diagnosis. These patients show characteristics of neuroinflammation and 

demyelination however do not satisfy the criteria for dissemination in time which is required for an 

MS diagnosis (Lublin et al., 2014). RRMS is defined as periods of disease relapse presenting either 

clinically as neurological dysfunction or by the appearance of new or enlarging lesions followed by a 

remission period without disease progression (Lublin et al., 2014). RRMS is the most common form 
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of MS, as the initial diagnosis of ~85% of patients (McKay et al., 2015). SPMS usually follows a 

transition from an RRMS subtype to a gradual worsening of disease without remission phases (Lublin 

et al., 2014). Approximately 65% of RRMS patients will progress to an SPMS diagnosis (Leray et al., 

2010; McKay et al., 2015). PPMS is defined as the gradual worsening of disease from onset without 

remission phases and affects ~15% of MS patients (McKay et al., 2015). However, due to patient 

variability, disease subtypes are still classified as progressive if some disease fluctuations or periods 

of stability occur, although not an unequivocal period of remission. Although not classified as an MS 

subtype, patients with radiologically isolated syndrome (RIS), defined as the incidental MRI findings 

of inflammatory demyelination without patient symptoms, require further monitoring as this may 

lead to an MS diagnosis in the future (Lublin et al., 2014). As the MS subtypes dictate treatment 

options, annual assessment is required to assess disease activity and progression.  

The McDonald criteria created by the International Panel on MS Diagnosis in 2001, with updates in 

2005, 2010, and 2017, are used to establish a diagnosis of MS for patients (McDonald et al., 2001; 

Polman et al., 2005, 2011; Thompson et al., 2018). The basis of an MS diagnosis relies on the 

‘demonstration of dissemination of lesions in both time and space’ (McDonald et al., 2001). The 

criteria for dissemination of lesions in space is determined by magnetic resonance imaging (MRI), 

which must show lesions in at least two of four regions in the CNS, including the spinal cord or the 

periventricular, juxtacortical and infratentorial regions of the brain but does not include the optic 

nerve (Thompson et al., 2018). The criteria for dissemination of lesions in time can be determined by 

two or more relapses, the appearance of new or active lesions by gadolinium-enhanced MRI 

imaging, or the detection of oligoclonal bands in the cerebrospinal fluid (CSF) (Thompson et al., 

2018). As primary progressive MS patients do not experience relapses and remissions, the 

dissemination in time criterion is harder to meet. Therefore patients can be diagnosed with PPMS if 

they have experienced disability progression for at least 1 year, and satisfy 2 of the following criteria: 

at least 1 lesion in the brain regions described, at least 2 spinal cord lesions, or detection of 

oligoclonal bands in the CSF (Thompson et al., 2018). Under the reviewed McDonald criteria, CIS can 

be diagnosed as MS with the detection of oligocloncal bands in the CSF. The diagnostic methods for 

MS are of the utmost importance to begin appropriate treatment with disease-modifying therapies. 

It is also important to ascertain correct diagnoses as other demyelinating diseases have different 

treatment approaches. 

1.1.3. Treatments of MS/Disease-modifying therapies 

There is currently no cure for MS and treatment options remained limited until the emergence of 

disease-modifying therapies (DMT) in 1993, with treatments for patients greatly progressing since 

then (The IFNB Multiple Sclerosis Study Group, 1993). DMTs reduce disease relapses and severity 
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through different mechanisms of immunomodulation, which allows for a greater understanding of 

mechanisms of MS pathogenesis.  Some DMTs, such as IFN-β, glatiramer acetate and dimethyl 

fumarate have ambiguous mechanisms of immune regulation (Johnson et al., 1995; The IFNB 

Multiple Sclerosis Study Group, 1995; Gold et al., 2012). However, other DMTs have clearer 

mechanisms of action, providing further knowledge into the pathogenesis of MS (Table 1.1). 

Alemtuzumab is a specific monoclonal antibody to the surface protein CD52, thereby depleting T and 

B lymphocytes and monocytes (Coles et al., 2008). Cladribine is an anti-metabolite which also 

depletes T and B lymphocytes (Giovannoni et al., 2010). Mitoxantrone is an antineoplastic agent 

which inhibits B and T lymphocytes and macrophages (Hartung et al., 2002). Fingolimod and 

siponimod are sphingosine-1-phosphate (S1P) receptor modulators, causing lymphocyte 

sequestration in lymph nodes to prevent infiltration into the CNS (Kappos et al., 2010, 2018). 

Natalizumab is an α4-integrin receptor antagonist, preventing the migration of T lymphocytes across 

the blood brain barrier (Polman et al., 2006).  Teriflunomide decreases the proliferation of activated 

lymphocytes by inhibition of the pyrimidine synthesis pathway (Miller et al., 2014). Although MS is 

classically labelled a T cell-mediated disease, ocrelizumab is a monoclonal antibody against the CD20 

antigen, depleting B lymphocytes, and has proven effective in MS patients (Hauser et al., 2017). 

DMTs highlight the pathogenic mechanisms of the adaptive immune system in both RRMS and early-

stage PPMS patients. As highlighted in Table 1.1, most treatment options are specific for RRMS 

patients, with limited options available for the progressive forms of MS. DMTs are important for 

reducing relapses in MS, however when they do occur they are often treated with steroids to reduce 

inflammation and promote remission (Comi and Radaelli, 2015). Symptomatic treatments specific 

for each MS patient are also used to treat pain, spasticity, depression. 
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Table 1.1. Current disease-modifying therapies available for MS patients based on the National 

Institute for Health and Care Excellence (NICE) guidelines.  

DMT Target MS type Reference 

IFN-β-1a 

(Avonex) 

 

Immunomodulatory:  

↑ suppressor T cell activity.  

↓ pro-inflammatory cytokines.  

↓ antigen presentation. 

↓ lymphocyte trafficking 

RRMS (Beck et al., 

2002)(Jacobs 

et al., 1996) 

IFN-β-1b 

(Extavia) 

RRMS 

SPMS (continuing 

relapses) 

(The IFNB MS 

Study Group, 

1993, 1995)  

IFN-β-1b 

(Betaferon) 

 Not recommended  

Glatiramer 

acetate 

(Copaxone) 

T cell immunomodulation (amino acid 

copolymer) 

RRMS (Johnson et 

al., 1995) 

Mitoxantrone 

(Novatrone) 

Inhibit B, T cells and macrophages 

(anthracenedione antineoplastic agent) 

Not UK licensed (Hartung et 

al., 2002) 

Natalizumab 

(Tysabri) 

Decreased T cell migration across BBB (a4-

integrin receptor antagonist) 

Rapidly evolving 

severe RRMS (RES)  

(Polman et 

al., 2006) 

Alemtuzumab 

(Lemtrada) 

Depletion of T and B lymphocytes and 

monocytes (monoclonal antibody to CD52 

surface protein) 

Highly active RRMS 

RES 

(Coles et al., 

2008) 

Cladribine 

(Leustatin/Ma

venclad) 

Depletion of T and B lymphocytes (anti-

metabolite) 

Highly active RRMS 

RES 

(Giovannoni 

et al., 2010) 

Fingolimod 

(Gilenya) 

Lymphocyte sequestration in lymph nodes 

(S1P1 receptor modulator) 

Highly active RRMS  (Kappos et 

al., 2010) 

Dimethyl 

fumarate 

(Tecfidera) 

Unknown anti-inflammatory mechanism:  

Nrf2 pathway activation.  

NFKb inhibition 

Active RRMS (not 

highly active or 

RES) 

(Gold et al., 

2012) 

Teriflunomide Decreases proliferation of lymphocytes 

(pyrimidine synthesis inhibitor) 

Active RRMS (not 

RES) 

(Miller et al., 

2014) 

Ocrelizumab 

(Ocrevus) 

B cell depletion (monoclonal antibody 

against CD20 antigen) 

Early PPMS 

RRMS 

(Hauser et 

al., 2017) 

Siponimod 

(Mayzent) 

Blocks lymphocyte release from lymph 

nodes (S1P1,5 receptor modulator) 

SPMS (if active 

disease) 

(Kappos et 

al., 2018) 
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1.1.4. MS pathogenesis 

The pathological hallmarks of MS are inflammation, focal areas of demyelination and 

neurodegeneration in the CNS. In RRMS patients, pathology is associated with blood brain barrier 

(BBB) injury, inflammation and active demyelinating lesions which becomes rarer in the progressive 

forms of MS (Kutzelnigg et al., 2005). In MS patients with progressive forms of MS, pathological 

features include cortical demyelination, diffuse pathology in the ‘normal appearing’ white (NAWM) 

and grey matter (NAGM) and microglial activation (Kutzelnigg et al., 2005; Mahad et al., 2015). 

Although CNS atrophy is more prominent in the progressive forms of MS, it is observed in all MS 

subtypes, with greater reduction in brain volume than controls (Miller et al., 2002).  

Classification and staging systems have been proposed for MS lesions to reach a consensus on lesion 

descriptions. Systems by Bö and Trapp, by Lassmann and Brück and the Vienna consensus (Van Der 

Valk and De Groot, 2000) have been utilised, however an updated version was created by Kuhlmann 

et al. which incorporates the inflammatory status and demyelination status of lesions, highlighted in 

Table 1.2 (Kuhlmann et al., 2017). Active lesions are more common in RRMS patients (Frischer et al., 

2015) and histopathological features include demyelination, hypercellularity, dense infiltration of 

microglia and macrophages, diffuse T cells in the lesion, and astrogliosis (Kuhlmann et al., 2017). The 

subtype of active demyelinating lesions indicate the presence of microglia and macrophages 

phagocytosing myelin degradation products usually at the lesion edge, detected by luxol fast blue 

staining or staining of myelin components (Kuhlmann et al., 2017). This subtype can be further 

differentiated into early or late demyelinating lesions based on the phagocytosis of certain myelin 

proteins. Detection of myelin oligodendrocyte glycoprotein (MOG), 2', 3’-Cyclic nucleotide 3'-

phosphodiesterase (CNPase), or myelin-associated glycoprotein (MAG), in phagocytic cells indicate 

early lesions and their absence indicates late lesions (Kuhlmann et al., 2017). Active and early 

demyelinating lesions can show different patterns of inflammation: pattern I show association with 

microglia/macrophages, pattern II show complement activation, pattern III show apoptotic 

oligodendrocytes, and pattern IV show non-apoptotic oligodendrocyte death (Kuhlmann et al., 

2017). The subtype of active and post-demyelinating lesions lack these phagocytic microglia and 

macrophages. In contrast, mixed active/inactive lesions are more common in the progressive forms 

of disease and histopathological features include demyelination, a hypocellular lesion, and 

microglia/macrophages at the lesion edge rather than centre, diffuse T cells in the lesion, and 

hypertrophied astrocytes (Kuhlmann et al., 2017). Inactive lesions are the most common lesion type 

found in SPMS or in patients with long disease duration (Frischer et al., 2015). Histopathological 

features of inactive lesions include hypocellularity, sharp demarcation of lesion area, little immune 

infiltration, oligodendrocyte depletion, axon loss, and gliosis (Kuhlmann et al., 2017).   
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Diagram 1.2. Diagram showing the classification system of MS lesions by Kuhlmann et al. 

(Kuhlmann et al., 2017). 

There are two hypotheses on MS pathogenesis, the more commonly accepted ‘outside in’ 

hypothesis of autoimmunity and the ‘inside out’ hypothesis of an initial CNS insult priming an 

immune response (Titus et al., 2020). The ‘outside in’ hypothesis is that demyelination is caused by 

CNS infiltration of peripheral immune cells. Evidence has shown that there is BBB dysfunction in MS 

patients, characterised by tight junction defects (Kirk et al., 2003) and vascular leakage (Kirk et al., 

2003; Hochmeister et al., 2006). Although more frequent in active demyelinating lesions, BBB 

disruption is also observed, albeit to a lesser extent, in inactive lesions and in the NAWM of MS 

patients (Kirk et al., 2003). Gadolinium-enhanced MRI imaging detects BBB dysfunction and leakage 

in MS lesions as the gadolinium diffuses into lesions where the BBB is disrupted and not the 

surrounding areas (Gaitán et al., 2011). It has been suggested that there is a peripheral activation of 

adaptive immune cells against myelin components, which then infiltrate the CNS and cause 

demyelination. Neuroinflammation is a key feature of MS, and the infiltration of T and B cells has 

been shown to correlate with activity of demyelinating lesions (Frischer et al., 2009). MS is 

considered a T cell-mediated disease, and T cells which recognise myelin epitopes have been 

detected in MS patients (Allegretra et al., 1990; Davies et al., 2005). MBP-specific T cells are also 

detected in healthy controls (Burns et al., 1983), however the T cells from MS patients are more 
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easily activated (Arneth, 2015) and have a memory phenotype (Lovett-Racke et al., 1998; Burns et 

al., 1999), indicating that they have previously been activated in vivo. Although B cells are less 

evident in lesions than T cells (Brochard et al., 2009), IgG antibody deposition is observed on 

degenerating myelin sheaths (Raine et al., 1999), and IgG oligoclonal bands are detected in the CSF 

of MS patients (Dobson et al., 2013b), implicating B cells in MS pathogenesis. This is further 

supported as the DMT Ocrelizumab helps to prevent MS relapses by depleting B cells (Hauser et al., 

2017). Macrophages have been implicated in demyelination, as the effector cells of T cell-driven 

immune responses, phagocytosing myelin components. Macrophages have been detected in the 

lesion centre of active lesions, with T cells present at the lesion edges (Traugott et al., 1983). Not 

only that, but the presence of microglia or macrophages which phagocytose myelin components is a 

key part of the classification system of MS lesions, particularly prominent in the active demyelinating 

lesions (Kuhlmann et al., 2017).  

Conversely, the ‘inside out’ hypothesis is that there is an initial CNS insult which leads to an immune 

response to myelin components. This is supported by the histopathological features of newly 

forming lesions showing oligodendrocyte dysfunction and minimal immune infiltration. Evaluation of 

newly formed lesions showed a ‘dying back’ phenomenon in oligodendrocytes, in which the inner 

layers of the myelin sheath were disrupted but the outer layers and axons remained preserved 

(Rodriguez et al., 1993). Another study showed that apoptosis of oligodendrocytes was an early 

feature of newly formed lesions at a point before extensive myelin loss (Barnett and Prineas, 2004). 

There was also no infiltration of macrophages and T cells in the area of apoptotic oligodendrocytes 

although they were present elsewhere in the lesion. Later time points showed a depletion of 

oligodendrocytes, T cell infiltration and myelin phagocytosis (Barnett and Prineas, 2004), supporting 

the hypothesis of initial oligodendrocyte and myelin dysfunction followed by an immune response to 

this insult. In the classification system of active demyelinating lesions, there are common features 

including demyelination, activated microglia and an infiltration of T cells and macrophages which 

could support either hypothesis. However, within MS patients, different patterns of demyelination 

have been observed. Patterns that would support the ‘outside in’ hypothesis, with infiltration of T 

cells and macrophages and deposition of IgGs and complement antigens have been observed 

(Lucchinetti et al., 2000). However, patterns of oligodendrocyte dysfunction and loss with minimal 

inflammation have also been observed, which would support the ‘inside out’ hypothesis (Lucchinetti 

et al., 2000). Interestingly, these patterns were heterogeneous across MS patients but were 

homogenous across multiple lesions in the same patient. This may indicate that MS pathogenesis is 

more complex than both hypotheses can explain, and a combination of the two may better describe 

the trigger of MS.  
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1.2. Oligodendrocyte cell development and CNS myelination 

1.2.1. Oligodendrocyte lineage markers 

Oligodendrocytes differentiate from OPC populations, and the developmental stage of 

oligodendrocyte lineage cells can be determined by the expression of different surface markers and 

transcription factors (Diagram 1.2). There are specific transcription factors that are expressed by 

oligodendrocyte lineage cells and are important for cell development such as oligodendrocyte 

transcription factor (Olig) 1 and Olig2 (Zhou et al., 2000), sex determining region Y-box transcription 

factor 2 (Sox10) (Kuhlbrodt et al., 1998), and Nkx2.2 (Qi et al., 2001). A2B5 is an early marker of 

OPCs, also expressed by glial progenitor cells which can differentiate into oligodendrocytes or type II 

astrocytes (Fok-Seang and Miller, 1994). Platelet-derived growth factor receptor α (PDGFRα) and 

neural/glial antigen 2 (NG2) are cell surface markers of OPCs and pre-oligodendrocytes (Pringle and 

Richardson, 1993). As OPCs differentiate into pre-oligodendrocytes and pre-myelinating 

oligodendrocytes, they express sulfatides commonly known as O4 and O1 (Sommer and Schachner, 

1981), CNPase (Braun et al., 1988) and GalC (Raff et al., 1978). Differentiated oligodendrocytes are 

identified by the expression of myelin proteins, such as myelin-basic protein (MBP), MOG (Brunner 

et al., 1989), MAG (Trapp, 1990) and proteolipid protein (PLP) (Michalski et al., 2011). Although PLP 

is a myelin component, embryonic cells express the PLP isoform DM20, involved in process 

extension during development, but is more commonly associated with mature oligodendrocytes 

post-development (Timsit et al., 1995). Differentiated oligodendrocytes can also be distinguished by 

the expression of Quaking-7, which is detected by the anti-adenomatous polyposis coli clone CC1 

(Bin et al., 2016). 
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Diagram 1.2. Oligodendrocyte lineage cell markers. Oligodendrocyte lineage cell markers at 

different stages of development and differentiation from glial progenitor to myelinating 

oligodendrocyte. Developmental stages of oligodendrocytes can be identified by the expression of 

transcription factors (Olig1, Olig2, Sox10, Nkx2.2), cell surface markers (A2B5, NG2, PDGFRα), 

proteins (CC1), and myelin components (04, 01, CNPase, GalC, MBP, MAG, MOG, PLP). Diagram 

created using BioRender.   
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1.2.2. Oligodendrocyte development 

During development, oligodendrocyte progenitor cells (OPC) originate in specific areas of the brain 

and spinal cord before migrating in waves to evenly distribute throughout the CNS where they 

differentiate into myelinating oligodendrocytes. In the rodent forebrain, OPCs first originate in the 

ventral forebrain, specifically in the medial ganglionic eminence (MGE) and anterior entopeduncular 

regions (Kessaris et al., 2006). The second wave of OPCs originate from the lateral and/or caudal 

ganglionic eminences and the third wave originate after birth from the dorsal cortex (Kessaris et al., 

2006). The first wave of OPCs originating from the ventral forebrain are depleted by adulthood, 

indicating an advantage for dorsally-derived OPCs in post-natal and adult life (Kessaris et al., 2006). 

Interestingly, OPCs were still capable of evenly distributing throughout the CNS even if one wave 

was ablated (Kessaris et al., 2006). Similar dynamics are seen in the human forebrain but at different 

time-points (Jakovcevski et al., 2009). Humans and primates however also develop a more complex 

cortical subventricular zone where radial progenitors and OPCs proliferate (Smart et al., 2002; 

Zecevic et al., 2005). In the spinal cord, OPCs first originate from the motor neuron domain of the 

ventral spinal cord from ventral neural progenitors (motor neuron progenitors) (pMN) which express 

Olig2 and can differentiate into motor neurons or OPCs (Pringle and Richardson, 1993; Timsit et al., 

1995; Novitch et al., 2001). More recent transcriptomic data has shown that there are two distinct 

populations of pMNs in zebrafish, with pMNs which will differentiate into OPCs expressing GS 

Homeobox 2 (gsx2). This may be a conserved feature of pMNs between species, as oligodendrocyte 

development is similar in different species (Ackerman and Monk, 2016). The second wave of OPCs 

originate in the dorsal cord from radial glia (Cai et al., 2005; Fogarty et al., 2005), however the 

ventrally derived OPCs remain dominant with ~80% of spinal cord OPCs showing a ventral origin 

(Tripathi et al., 2011). 

1.2.3. Control of OPC development 

Olig2 is required for the specification and development of OPCs in the CNS. Ventral progenitor cells 

in the spinal cord fail to differentiate into either motor neurons or OPCs without Olig2 expression 

(Takebayashi et al., 2002). This differentiation depends on different signals, with motor neurons 

differentiating first during development and then oligodendrocytes upon induction of Sonic 

hedgehog (Shh) signalling (Ravanelli and Appel, 2015). The differentiation into each cell type 

depends upon the phosphorylation status of serine 147 in the helix-loop-helix domain of Olig2, 

which is phosphorylated during differentiation of motor neurons and dephosphorylated during the 

switch to OPC differentiation (Li et al., 2011). Olig2+ progenitor cells in the forebrain can 

differentiate into OPCs but also cholinergic neurons (Furusho et al., 2006) or GABAergic neurons (He 
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et al., 2001), however it is unknown whether this is also controlled by phosphorylation. Another 

oligodendrocyte transcription factor, Olig1, is not essential for OPC specification or generation but is 

important for remyelination (Arnett et al., 2004). A major regulator of OPC specification is Shh 

signalling, inducing Olig2 expression and OPC differentiation in the forebrain and spinal cord (Nery et 

al., 2001; Tekki-Kessaris et al., 2001). In the spinal cord, signals from the notochord, floor plate or 

roof plate are involved in OPC specification (Pringle et al., 1996). This can be stimulatory signals for 

OPC differentiation by Shh and Notch signalling (Park and Appel, 2003; Kim et al., 2008), or inhibitory 

signals such as BMP4 (Miller et al., 2004). However, there are Shh-independent mechanisms of OPC 

development as OPCs from the dorsal spinal cord are derived independently of Shh signalling or of 

Nkx6 regulation of Olig2 (Cai et al., 2005). In the forebrain, Shh and fibroblast growth factor (FGF) 

are vital factors which co-operate to induce Olig2 expression and generate OPCs (Nery et al., 2001; 

Tekki-Kessaris et al., 2001). 

1.2.4. OPC migration 

Developmentally-derived OPCs from different regions from different waves are transcriptionally 

(Marques et al., 2018) and functionally similar, capable of expanding throughout the CNS if required 

(Kessaris et al., 2006). Although functionally similar they can display preferred migration patterns. In 

the spinal cord, ventrally-derived OPCs migrate throughout the CNS but dorsally-derived OPCs 

remain in dorsal regions and preferentially myelinate the corticospinal and rubrospinal tracts 

(Tripathi et al., 2011). They can also show different dynamics during repair as dorsally-derived OPCs 

have a larger contribution to remyelination (Crawford et al., 2016b). Interestingly, subsets of OPC 

populations who have common progenitor cells with other cell types (e.g. neurons) have also shown 

enhanced functionality with their progenitor counterparts. Surviving ventrally-derived OPCs in the 

forebrain, sharing a common progenitor with GABAergic neurons, have preferential functional 

connectivity with these interneurons than OPCs derived from other areas (Orduz et al., 2019). 

Similarly, ventrally-derived OPCs from the pMN domain show enhanced functionally after motor 

neuron injury, which their dorsal counterparts do not (Starikov and Kottmann, 2020). 

After the generation of OPCs during development, OPCs migrate in a Wnt-Cxcr4-dependent 

mechanism of movement along the CNS vasculature (Tsai et al., 2016). This migration is regulated by 

Wnt activation, which mediates interactions between OPCs and the vascular endothelium and also 

prevents OPC differentiation (Tsai et al., 2016). The down-regulation of Wnt allows for dissociation 

of OPCs from the vascular endothelium and subsequent oligodendrocyte differentiation in-situ (Tsai 

et al., 2016). The even distribution of OPCs throughout the CNS is regulated by NG2, controlling OPC 

polarity and process outgrowth which is important for OPC migration (Binamé et al., 2013). OPC 
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processes are capable of surveillance and remodelling, extending and retracting in order to migrate 

to areas vacant of other OPCs, ensuring even distribution (Kirby et al., 2006). 

1.2.5. Developmental myelination 

Myelin is vital for the rapid propagation of action potentials along axons by increasing conduction 

velocity and reducing the threshold required for firing (Williamson and Lyons, 2018). Myelin is also 

important for axonal protection and for providing metabolic support to underlying axons 

(Fünfschilling et al., 2012; Lee et al., 2012b). Myelin internodes are separated by Nodes of Ranvier, 

which are composed of a high concentration of ion channels which support saltatory conduction. 

The myelin sheath is composed mainly of lipids such as cholesterol, galactosylceramide and 

ethanolamine plasmalogen (Schmitt et al., 2015). The myelin sheath is also composed of specific 

myelin proteins, the most abundant of which are PLP, MBP, CNPase and MOG (Jahn et al., 2020). 

Studies have shown that these myelin proteins are distributed throughout the sheath, with MBP 

detectable over the whole myelin sheath, CNPase at the axon/myelin interface and MOG at the 

extracellular surface (Brunner et al., 1989). 

A model of the mechanisms of myelin wrapping was proposed using evidence from sophisticated 

imaging technology that analysed myelin ultrastructure and wrapping dynamics (Snaidero et al., 

2014). This study proposed that oligodendrocyte processes form a triangular shape, termed the 

inner tongue, which wraps around the axon (Snaidero et al., 2014). At the same time, the newly 

formed myelin layers extend laterally along the axon, with the outer tongue extending further than 

the inner layers (Snaidero et al., 2014). The compaction of the myelin sheath, important for physical 

stability and normal function, is regulated by MBP and CNPase. MBP is essential for myelin 

compaction, as MBP deficient mice (shiverer) do not form compact myelin sheaths (Brady et al., 

1999). Myelin compaction occurs from the outer to the inner layers and is regulated by CNPase, 

which accumulates at the inner layers and prevents early compaction by MBP (Snaidero et al., 2014). 

Myelination is a process which occurs during development however myelin is regulated and 

remodelled throughout life (Hill et al., 2018; Hughes et al., 2018) and can be repaired after damage. 
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1.3. CNS remyelination 

1.3.1. Process of remyelination after damage 

Remyelination is an endogenous regenerative mechanism which generates new myelin sheaths 

around axons after a demyelinating insult, restoring axon functionality. Remyelination can restore 

saltatory conduction (Smith et al., 1979) and reverse behavioural deficits (Jeffery and Blakemore, 

1997; Liebetanz and Merkler, 2006), however the myelin sheaths of remyelinated axons are thinner 

and shorter than non-demyelinated counterparts (Blakemore, 1974; Ludwin and Maitland, 1984). A 

seminal study also showed that remyelination can restore clinical function after severe neurologic 

disease. Demyelination was induced in cats by feeding an irradiated diet, causing severe paraparesis 

and visual defects, associated with myelin vacuolation and demyelination but a preservation of 

axons (Duncan et al., 2009). Two to 4 months after cessation of the irradiated diet, cats showed a 

functional recovery with extensive remyelination (Duncan et al., 2009). These studies provide 

evidence that promoting remyelination in MS patients could decrease disability.  

Key processes for efficient CNS remyelination are the migration, proliferation and differentiation of 

OPCs following CNS demyelination (Franklin and Ffrench-Constant, 2008). Although one of the 

proposed hypotheses is that OPC expansion from the resident adult OPC population and 

oligodendrocyte differentiation is responsible for remyelination, there have been conflicting reports 

on whether adult OPCs or surviving mature oligodendrocyte populations are the most important cell 

type for remyelination. Fate mapping experiments showed that surviving oligodendrocytes do not 

participate in remyelination after L-α-Lysophosphatidylcholine (lysolecithin) (LPC)-induced 

demyelination (Crawford et al., 2016a). The pre-existing oligodendrocyte population was found at 

the periphery of the demyelinated lesion and did not proliferate, migrate into the lesion or extend 

processes into the lesioned area to remyelinate axons (Crawford et al., 2016a). However, in other 

models of demyelination where some oligodendrocytes were shown to survive within the lesioned 

area, surviving oligodendrocytes were shown to extend processes and remyelinate axons with 

thinner myelin sheaths whilst maintaining the original thicker internodes on axons which had not 

been demyelinated (Duncan et al., 2018). This could highlight newly differentiated oligodendrocytes 

myelinating internodes at different rates, however other reports indicate that remyelination 

produces uniformly thin sheaths, indicating that partially-injured oligodendrocytes have the capacity 

to remyelinate neighbouring demyelinated axons (Duncan et al., 2018). These studies may indicate 

that surviving oligodendrocytes have a reduced migratory capacity, however can remyelinate axons 

if present in the demyelinated lesion. 
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Other studies have highlighted that although mature oligodendrocytes can myelinate axons, they 

have a lower capacity than earlier progenitors (Warrington et al., 1993; Bacmeister et al., 2020; 

Neely et al., 2022). Transfer of OPCs into the shiverer mouse model, which lacks MBP expression, 

resulted in OPC migration, differentiation and myelination of axons (Warrington et al., 1993). This 

process was significantly less efficient with the transfer of mature oligodendrocytes (Warrington et 

al., 1993). In a zebrafish model of demyelination with limited oligodendrocyte death, surviving 

oligodendrocytes were shown to have a limited contribution to remyelination and aberrantly 

myelinated neuronal cell bodies, a phenomenon also observed in post-mortem tissue of MS patients 

(Neely et al., 2022). In contrast, newly differentiated oligodendrocytes efficiently and extensively 

remyelinated axons (Neely et al., 2022). Similar results were observed in mice following 

demyelination induced by cuprizone administration, as surviving oligodendrocytes were found to 

rarely participate in remyelination (Bacmeister et al., 2020). However, remyelination by surviving 

oligodendrocytes could be enhanced by motor learning during early remyelination, indicating that 

these cell populations could be targeted therapeutically to enhance the remyelinating capacity of 

surviving oligodendrocyte populations (Bacmeister et al., 2020). These studies highlight a role for all 

oligodendrocyte lineage cells in myelination and remyelination, however OPC populations appear to 

have a greater capacity and efficiency for remyelination. Therefore, OPC populations would be the 

ideal target for potential regenerative therapies in MS patients. 

OPC migration and proliferation in the demyelinated lesioned area after insult is activated by a range 

of transcription factors which are also involved in OPC generation during development. This 

recruitment phase involves the activation of OPCs, and a switch from a quiescent phenotype 

(Wolswijk and Noble, 1989; Tokumoto et al., 2017) to a reactive phenotype with altered morphology 

and upregulation of certain genes (Levine and Reynolds, 1999; Reynolds et al., 2002; Franklin and 

Ffrench-Constant, 2008). Following demyelination, OPCs present within lesions showed increased 

expression of the transcription factors Olig2, Nkx2.2 (Fancy et al., 2004), myelin transcription factor 

1 (Myt1) (Vana et al., 2007), and Sox2 (Zhao et al., 2015). Sox2 expression in activated OPCs 

following demyelination contributes to OPC proliferation (Zhao et al., 2015). Interestingly, unlike in 

developmental myelination, this was not associated with Shh expression (Fancy et al., 2004), 

indicating that Shh signalling does not have an essential role in OPC differentiation during 

remyelination. Similar to OPC proliferation during development, PDGF-A is an important modulator 

of OPC expansion following demyelination (Woodruff et al., 2004). Following LPC-induced 

demyelination, over-expression of PDGF-A increased OPC numbers however this increase did not 

translate to enhanced remyelination in this model (Woodruff et al., 2004). However, in models such 

as experimental autoimmune encephalomyelitis (EAE) or in MS patients where remyelination is not 
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as extensive, promoting OPC proliferation may be a viable target to increase remyelination. Other 

modulators of OPC proliferation following demyelination are p27Kip-1 (Crockett et al., 2005) and 

fibroblast growth factor 2 (FGF2) (Murtie et al., 2005; Zhou et al., 2006). 

The next phase in the remyelination process is the differentiation of OPCs into mature 

oligodendrocytes which can re-wrap exposed demyelinated axons with myelin sheaths. This 

differentiation is also modulated by transcription factors such as myelin regulatory factor (Myrf), 

transcription factor 7-like 2 (TCF7L2), and Sox17 (Quan et al., 2022). Following LPC-induced 

demyelination, Myrf is expressed in new oligodendrocytes and is a vital regulator of oligodendrocyte 

differentiation and remyelination (Emery et al., 2009). Specific deletion of Myrf in OPCs did not 

impact OPC proliferation but resulted in a reduced capacity of oligodendrocytes to produce myelin 

proteins and impaired remyelination after demyelination (Duncan et al., 2017). Myrf self-cleavage 

and activation, required for oligodendrocyte differentiation, can be inhibited by transmembrane 

protein (TMEM) 98, a negative regulator of differentiation (Huang et al., 2018). Another mediator of 

OPC differentiation, TCF7L2, is expressed by OPCs in demyelinated lesions in mouse models and is 

expressed in MS lesions (Fancy et al., 2009). TCF7L2 does not impact OPC numbers but is involved in 

oligodendrocyte differentiation during both developmental myelination and remyelination (Weng et 

al., 2017). Sox17 is another transcription factor required for oligodendrocyte differentiation in both 

development myelination and following demyelination. Sox17 is involved in both OPC expansion and 

oligodendrocyte differentiation, associated with Notch signalling and TCF7L2 respectively (Chew et 

al., 2019). Other factors are also involved in the remyelination process, including fibrinogen, FGF21, 

transforming growth factor-β1 (TGF-β1), and apelin (Quan et al., 2022). The differentiation of 

oligodendrocytes is a key component of remyelination, and is tightly regulated by factors which 

could potentially be targeted to promote remyelination in MS patients. 
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Diagram 1.3. Process of demyelination and remyelination.  

MS is an immune-mediated demyelinating disease of the CNS, where the myelin sheath is damaged 

and there is loss of oligodendrocytes. There is an endogenous repair process that can occur after 

demyelination in which OPCs differentiate into mature oligodendrocytes which can re-wrap axons, 

albeit with thinner and shorter myelin sheaths. This remyelination process can lead to functional 

recovery in patients, however if remyelination does not occur this can lead to neurodegeneration 

and disability in patients. Diagram created using BioRender.   
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1.3.2. Remyelination in MS patients 

Remyelination is a key feature of MS, producing so called ‘shadow plaques’ identifiable by 

histopathological examination of post-mortem tissues of MS patients. Shadow plaques are defined 

as sharply demarcated areas with decreased myelin density, thinner and shorter myelin sheaths 

around axons, and longer nodes of Ranvier (Patrikios et al., 2006). A distinguishing feature between 

active demyelinating lesions and remyelinated lesions is the absence of phagocytic macrophages and 

low numbers of inflammatory infiltrates. Analysis of shadow plaques and shadow plaque areas, a 

term for partially remyelinated lesions, of MS patients showed extensive remyelination in a cohort of 

patients (~20%) (Patrikios et al., 2006). Interestingly, remyelination efficiency was not associated 

with a particular MS subtype and was observed even in PPMS patients (Patrikios et al., 2006). 

Although remyelination can be efficient in MS patients, >60% of patient samples showed sparse 

areas of remyelination (Patrikios et al., 2006). There are multiple hypotheses on why remyelination 

fails in MS patients, but no consensus on exact mechanisms. Due to the heterogeneity of MS 

subtypes and lesion patterns, it may be a combination of factors that lead to remyelination failure in 

different patients. It has been suggested that this failure may be due to impairments in OPC 

recruitment, impairments in oligodendrocyte differentiation or that demyelinated axons are not 

receptive to remyelination.  

Studies have shown that there is an age-related deficit in remyelination regardless of disease status. 

Following toxin-induced demyelination, older rats show an impairment in remyelination compared 

to young rats (Gilson and Blakemore, 1993). This impairment was later shown to be caused by the 

rate rather than the extent of remyelination, as older rats did eventually complete remyelination, 

however at a later time-point than their younger counterparts (Shields et al., 1999). This delayed 

remyelinated was associated with a slower recruitment of OPCs and therefore delayed 

oligodendrocyte differentiation (Sim et al., 2002). The mechanisms involved in this delayed 

differentiation and remyelination response may be due to a range of factors, including dysfunction 

in the immune responses which are required for remyelination. Older animals showed increased 

myelin debris in lesions, highlighting an impaired response by macrophages (Gilson and Blakemore, 

1993). Myelin debris contributes to remyelination failure as it inhibits oligodendrocyte 

differentiation, thereby impairing remyelination (Kotter et al., 2006). Macrophage phagocytosis has 

been shown to be defective in aged animals (Cantuti-Castelvetri et al., 2018), mediated by extrinsic 

factors in the aged environment, as young macrophages transplanted into old animals also showed 

an impairment (Linehan et al., 2014). Similar mechanisms may contribute to remyelination failure in 

MS patients as monocytes derived from MS patients show impaired myelin phagocytosis compared 

to controls (Natrajan et al., 2015). The defective macrophage response during ageing may be due to 
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a defective inflammatory response to demyelination. Aged rats showed a delayed expression of 

chemokines after LPC-induced demyelination, disrupting the recruitment and activation of 

macrophages (Zhao et al., 2006). Another mechanism involved in the delayed differentiation and 

remyelination response is the altered expression of key growth factors involved in OPC proliferation 

and differentiation in aged animals, with a lower and delayed expression of insulin-like growth factor 

(IGF-I) and TGF-β1 and a delayed expression of PDGF-A in aged animals (Hinks and Franklin, 2000). 

The increased stiffness of the OPC microenvironment during aging is also a factor in the age-related 

decline in OPC functionality (Segel et al., 2019). 

There does also appear to be an age-related decline in OPC functionality, as OPC recruitment is 

reduced in aged rats following OPC ablation. This is not due to signals from the aged 

microenvironment, as the transfer of OPCs from young animals into aged animals improved OPC 

recruitment (Chari et al., 2003). A proposed mechanism for the age-related decline in OPC dynamics 

and remyelination is that the epigenetic regulation of oligodendrocyte differentiation is disrupted 

during ageing (Shen et al., 2008). During efficient remyelination in young animals, recruitment of 

histone deacetylases (HDAC) to promoter regions of genes is required to downregulate inhibitors of 

oligodendrocyte differentiation, which are important during development and in the healthy CNS to 

control cell numbers (Shen et al., 2008). However, in aged animals there is insufficient recruitment 

of HDACs, leading to a sustained inhibition of oligodendrocyte differentiation and impaired 

remyelination (Shen et al., 2008). This feature can be phenocopied  in young animals using HDAC 

inhibitors and resulting in defective remyelination (Shen et al., 2008). Interestingly, there are also 

sex-related differences in remyelination, as aged male rats show a reduction in remyelination 

efficiency compared to old female rats (Li et al., 2006). While this could point to a remyelination 

deficiency in male MS patients, who do show a faster rate of disability progression than females in 

the RRMS subtype (Ribbons et al., 2015), histopathological analysis of post-mortem tissue show no 

differences in the proportion of shadow plaques between males and females (Frischer et al., 2015). 

The mechanism involved in the ageing-related impairment of remyelination may be similar or 

related to what is observed in MS patients, particularly as ageing is a key risk factor in disease 

progression (Confavreux and Vukusic, 2006). Increased age of MS patients is associated with a 

reduced ability to recover after relapse and increased severity of relapses (Cossburn et al., 2012; 

Kalincik et al., 2014). 

One of the main factors impacting remyelination failure is the impaired differentiation of OPCs into 

oligodendrocytes. One hypothesis proposes that demyelination destroys the adult OPC population 

leading to impaired remyelination. However, OPC populations were detected in EAE lesions and in 

chronic MS lesions (Wolswijk, 1998; Chang et al., 2000; Reynolds et al., 2002). Interestingly, OPC 
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populations remain even after repeated events of toxin-induced demyelination at the same site in 

rats (Penderis et al., 2003). Surprisingly, analysis of different MS lesion types showed that OPCs 

could be detected in lesions of all stages, albeit at lower numbers in chronic lesions than early MS 

lesions (Kuhlmann et al., 2008). This indicates that the recruitment of OPCs is not the limiting factor 

in remyelination failure. Newly maturing oligodendrocytes were detected in early but not chronic 

MS lesions, providing evidence that impaired oligodendrocyte differentiation is the main factor 

leading to remyelination failure (Kuhlmann et al., 2008). Other studies have indicated that 

remyelination may fail due to a defect in myelin ensheathment. Pre-myelinating oligodendrocytes 

were detected in chronic MS lesions and showed extended processes which were associated with 

demyelinated axons but not wrapping myelin sheaths (Chang et al., 2002). Although the number of 

pre-myelinating oligodendrocytes did decrease in chronic lesions in long-duration MS patients 

(Chang et al., 2002), this evidence suggests that oligodendrocytes in the lesion area are somehow 

limited in capacity to remyelinate axons. A potential factor mediating this limitation is the 

polysialylated form of the neural cell adhesion molecule (PSA-NCAM), which negatively regulates 

developmental myelination (Charles et al., 2002). Although PSA-NCAM is not usually expressed in 

the adult brain, expression in observed on demyelinated axons in MS lesions (Charles et al., 2002). 

This expression is not detected on remyelinated axons, indicating that PSA-NCAM may inhibit 

remyelination in MS lesions (Charles et al., 2002). Other mediators in the extracellular matrix have 

been shown to inhibit OPC differentiation and remyelination, including chondroitin sulfate 

proteoglycans (CSPG) (Lau et al., 2012), hyaluronan (Sloane et al., 2010), tenascin C (Czopka et al., 

2010) and fibrinogen (Petersen et al., 2017).  

Evidence from these studies indicate that oligodendrocyte differentiation is the main limiting factor 

for efficient remyelination in MS patients. However, recent data analysing the age of cells in MS 

lesions by nuclear data evaluation of the integration of carbon-14 in genomic DNA showed that 

there was a lack of new oligodendrocytes in remyelinated shadow plaques in MS patients (Yeung et 

al., 2019). This could either imply that surviving oligodendrocyte populations are the most important 

cell type for remyelination rather than adult OPCs, or could indicate that there is an impairment in 

OPC differentiation in MS patients. Although compelling data, the caveat to this study was the low 

sample number (only one shadow plaque analysed in 1960s when carbon levels were highest) 

(Baaklini et al., 2019). RNA sequencing has identified sub-clusters of oligodendrocyte lineage cells in 

healthy individuals, highlighting different functionality along oligodendrocyte lineage development 

(Jäkel et al., 2019). Interestingly, there were differences in the sub-cluster populations of 

oligodendrocyte lineage cells in MS lesions and in the NAWM compared to healthy controls (Jäkel et 

al., 2019). The differences observed even in the NAWM suggests that OPC or oligodendrocyte 
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populations in MS patients may have inherent functional differences compared to healthy 

individuals, and not only in response to a demyelinating insult.  

Taken together, the evidence from these studies indicates that remyelination failure in MS patients 

is a multi-faceted issue. However, the promotion of OPC differentiation into myelinating 

oligodendrocytes appears to be a key therapeutic target for potential remyelinating therapies in MS 

patients. Although surviving oligodendrocytes have the capacity to remyelinate, targeting the adult 

OPC population in the CNS appears to be the key for promoting remyelination. However, the 

heterogeneity of MS subtype and lesion patterns may indicate that different mechanisms of 

regeneration may be required for individual patients rather than one therapy for all. This is 

supported by the diversity of responses to DMTs by different MS patients.  

1.3.3. Clinical trials for remyelinating therapies 

There are currently no approved therapies targeting remyelination in MS patients, however clinical 

trials have been conducted for potential remyelinating therapies. The efficacy of remyelinating 

treatments can be difficult to evaluate, as remyelination can only be fully validated by the 

appearance of shadow plaques in post-mortem tissues. Therefore, trials for remyelination therapies 

rely mainly on functional readouts of disability reduction in progressive patients or readouts of 

reduced conduction delays (Farley et al., 2019), which suggest enhanced remyelination. Other trials 

utilise MRI imaging to evaluate remyelination efficacy, for example,  magnetisation transfer ratio 

(MTR) imaging can be used to assess changes in myelin content (Barkhof et al., 2003; Schmierer et 

al., 2004; Chen et al., 2008; Bodini et al., 2016).  

High-dose biotin (MD1003) was postulated to have pro-remyelinating effects in MS patients as it is a 

co-factor for four essential carboxylases which could stimulate fatty acid synthesis and increase ATP 

production. Phase I and phase II trials were promising, showing proportions of patients with 

decreased disability and improved visual acuity (Tourbah et al., 2016). Unfortunately, phase III trials 

in progressive MS patients failed to meet endpoints, showing no significant improvements in walking 

speeds or decreased disability (Cree et al., 2020). Not only did the trial fail to meet endpoints, high 

serum levels of biotin interfered with common laboratory tests which could have harmful health 

consequences (Cree et al., 2020).  

Other trials of potential remyelinating therapies have failed to meet endpoints but have shown 

improvements in some of the readouts assessed. GSK239512 is an antihistamine which inhibits the 

H3 receptor. The GSK239512 clinical trial used MTR as a readout of remyelination and although the 

trial did not meet the endpoints required, participants showed some improvements in treated 
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groups compared to placebo controls (Schwartzbach et al., 2017). Opicinumab is an antibody 

directed against leucine-rich repeat and immunoglobulin-like domain–containing Nogo receptor–

interacting protein 1 (LINGO-1), a negative regulator of oligodendrocyte differentiation and 

myelination. LINGO-1 deficiency enhances remyelination after cuprizone administration in mice or 

LPC-induced demyelination in rats, and reduces EAE severity (Mi et al., 2013). Although these studies 

showed promising data from animal models, two clinical trials of opicinumab failed to reach 

endpoints, failing to show a significant reduction of optic nerve conduction latency or disability 

improvement compared to placebo controls (Cadavid et al., 2017, 2019). However, they identified a 

potential subpopulation of MS patients which did respond to opicinumab treatment. Therefore, a 

new clinical trial is currently ongoing to assess opicinumab as an add-on to established DMTs 

(NCT03222973). Temelimab is an antibody directed against envelope protein of MS-associated 

retrovirus (MSRV) which was originally trialled as a treatment for RRMS patients. Temelimab did not 

reach the endpoint required for this trial but did show potential remyelinating effects and so is 

currently being trialled at increased doses in MS patients (NCT04480307)  (Hartung et al., 2022).  

Some drugs have been shown to promote oligodendrocyte differentiation and remyelination in 

animal models, which have led to clinical trials to assess tolerability and efficacy in humans. 

Domperidone is a D2/D3 dopamine receptor antagonist which increases the production of prolactin. 

Prolactin has been shown to reduce EAE severity in combination with IFN-β and promotes 

remyelination after LPC-induced demyelination (Gregg et al., 2007; Zhornitsky et al., 2015).  

Due to the beneficial effects in animal models, a clinical trial is ongoing to test if domperidone 

treatment in SPMS patients can prevent worsening of disability progression. Quetiapine fumarate 

was shown to improve memory deficits and increase myelin restoration in mice administered 

cuprizone and was in clinical trials to assess tolerability and safety in MS patients (NCT02087631) 

(Zhang et al., 2012b). High-throughput screening of 1000 molecules identified clemastine as a drug 

which may promote remyelination in MS patients (Mei et al., 2014). Clemastine is a muscarinic 

acetylcholine receptor antagonist which promoted OPC differentiation through the activation of 

extracellular signal related kinases (ERK) 1/2 signalling and enhanced remyelination after LPC-

induced demyelination in mice (Mei et al., 2014; Tong et al., 2022). A clinical trial of 50 RRMS 

patients with chronic demyelinating optic neuropathy, treated with either clemastine fumarate or a 

placebo control, met primary efficacy endpoint goals (Green et al., 2017). Remyelination efficacy 

was determined by a decreased P100 latency delay in visual evoked potentials which measures the 

conduction from the retina to the occipital cortex (Green et al., 2017). Delays indicate a defect in 

conduction and therefore a shortened delay can be indicative of remyelination, particularly in 

chronic, clinically stable cases as used in this trial. Clemastine is currently in phase 2a clinical trials to 
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further evaluate efficacy in MS patients (NCT05131828). This new trial combines clemastine with 

Metformin, a treatment for diabetes (Setter et al., 2003), which although not previously tested in a 

clinical trial for MS patients, has been shown to promote OPC differentiation and remyelination in 

aged rats after toxin-induced demyelination (Neumann et al., 2019).  
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1.4. CD4+ T cell biology 

The adaptive immune system, in particular CD4+ T cells, has been implicated in the pathogenesis of 

MS, however has also been shown to be involved in CNS development, homeostasis and 

remyelination (Bieber et al., 2003; Ziv et al., 2006; Brynskikh et al., 2008; Pasciuto et al., 2020). The 

primary function of the adaptive immune system is to provide antigen-specific immunity for host 

protection. The hallmarks of adaptive immunity are the specific destruction of foreign pathogens, 

tolerance to self-antigens and immunological memory (Luckheeram et al., 2012). Lymphocytes are 

the main effector cells of the adaptive immune system, which are generated in a process called 

lymphopoiesis. Hematopoietic stem cells in the bone marrow differentiate into common lymphoid 

precursor cells which can then differentiate into B cells which is completed in the bone marrow, or 

migrate to the thymus to differentiate into T cells (Luckheeram et al., 2012). The selection and 

maturation process occurs in the thymus to generate mature T cells from the precursor cells – 

thymocytes. This process involves rearrangement of the T cell receptor (TCR), which is composed of 

αβ or γδ chains bonded with CD3 molecules. The TCR binds the antigen/major histocompatibility 

complex (MHC) which is present on antigen-presenting cells and CD3 is important for T cell 

activation (Rudolph et al., 2006). Thymocytes then upregulate the expression of the surface markers 

CD4 and CD8 and interact with MHC class I or class II molecules and are positively and negatively 

selection based on the appropriate TCR-MHC affinity (Takahama, 2006; Klein et al., 2009). 

Thymocytes which recognise antigen/MHC complexes with the correct affinity are positively selected 

and thymocytes which recognise self-antigens are negatively selected (Daniels et al., 2006; Klein et 

al., 2009). Depending on the interaction with MHC I or MHC II molecules, the CD4 or CD8 cell surface 

markers are downregulated, creating either CD8+ T cells (MHC I) or CD4+ T cells (MHC II) respectively. 

CD4+ T cells then enter the periphery and migrate to secondary lymphoid tissues such as the spleen, 

lymph nodes, or mucosa-associated lymphoid tissue.  

1.4.2. CD4+ T cell activation and differentiation 

The initial activation of CD4+ T cells occurs in the periphery upon recognition of specific antigen by 

the TCR presented by MHC II molecules on APCs. The CD4 molecule also binds the MHC molecule as 

a co-receptor to the TCR. Co-stimulatory signals are required to augment the activation caused by 

the TCR interactions. T cells express CD28 which binds CD80 or CD86 molecules on APCs, and this 

induces T cell proliferation (Schwartz, 1992). This is negatively regulated by cluster of differentiation 

152 (CD152 also known at CTLA-4), which is required to control the immune response (Schwartz, 

1992). Other co-stimulatory signals are required for survival, proliferation and differentiation, 

including CD28 homolog inducible co-stimulator (ICOS), and molecules of the tumour necrosis factor 
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(TNF) receptor family (CD27, 4-1BB, and OX-40), which bind to respective ligands on APCs 

(Greenwald et al., 2004; Croft, 2009). Depending on the microenvironment, including the type of 

APC and the cytokine milieu, CD4+ T cells will then differentiate into a specific subset (Tao et al., 

1997).  

The methods of CD4+ T cell subset classification has been debated in the immunology field, since the 

proposal of the Th1/Th2 paradigm assigning cell types based on functions in cellular vs humoral 

immunity (Mosmann et al., 1986). With more research into specific subsets and the identification of 

new subsets, the criteria of this classification have broadened to include the expression of cytokines, 

transcription factors and homing receptors, however recent perspectives have called for a clearer 

classification system based on cell function rather than cytokine expression (Tuzlak et al., 2021). Th1 

and Th2 cells were the first discovered subsets, classified as being involved in cell-mediated 

immunity and humoral immunity respectively (Mosmann et al., 1986). Regulatory T cells were 

characterised soon after and were shown to regulate immune responses to maintain homeostasis 

and self-tolerance (Sakaguchi et al., 1995). T follicular helper cells (Tfh) were discovered in 2000, and 

were shown to be important for promoting B cell class switching in the germinal centre of B cell 

follicles (Breitfeld et al., 2000; Schaerli et al., 2000). Th17 cells were discovered in 2005, and are 

important for host protection at mucosal and epithelial barriers but are also implicated in 

autoimmune diseases (Harrington et al., 2005; Langrish et al., 2005; Park et al., 2005; Curtis and 

Way, 2009). Th9 cells were discovered in 2008 (Dardalhon et al., 2008; Veldhoen et al., 2008), and 

are involved in immunity against helminth parasites, anti-tumour immunity and also allergic 

inflammation (Dardalhon et al., 2008; Jia and Wu, 2014). Th22 cells were discovered in 2009 (Eyerich 

et al., 2009), and have been shown to be important for maintaining barrier function, host protection 

and are also implicated in autoimmune diseases (Fard et al., 2016).  
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Diagram 1.4. CD4+ T cell lineages. 

Schematic depicting the CD4+ T cell subsets which differentiate from a common naïve T cell 

progenitor. CD4+ T cell subsets are characterised by functionality, the expression of transcription 

factors (highlighted in the cell nucleus) and by the expression of signature cytokines. Diagram 

created using BioRender.   
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1.5. Role of CD4+ T cells in the CNS  

1.5.1. Adaptive immune system in CNS homeostasis 

The CNS was previously considered an ‘immune-privileged’ site with the BBB preventing infiltration 

of peripheral immune cells unless BBB dysfunction occurred due to injury or ageing-related changes. 

However, more recent studies have shown that the adaptive immune system is not only present in 

the healthy CNS but is required for CNS development and homeostasis. The presence of resident T 

cells in the CNS is critical for immune surveillance against a range of microbes with tropism for the 

CNS (Kivisäkk et al., 2003; Smolders et al., 2013, 2018). There are several routes of regulated entry 

for immune cell trafficking into the CNS, some of which have only recently been discovered, for 

immune-surveillance or after CNS injury (Kunis et al., 2013; Mapunda et al., 2022). 

The adaptive immune system is also critical for CNS development, behaviour, and cognitive function. 

Severe combined immunodeficient (SCID) mice, which lack mature lymphocytes, show impaired 

neurogenesis compared to their wild-type counterparts (Ziv et al., 2006). This impaired neurogenesis 

was associated with a reduced learning capacity (Brynskikh et al., 2008) and impaired memory (Luo 

et al., 2019), potentially caused by altered expression of neurotransmission-related genes leading to 

impaired synaptic activity (Luo et al., 2019). Similar findings of impaired cognitive function were 

observed in Rag2-/- mice, which also lack mature lymphocytes (Radjavi et al., 2014). The involvement 

of the adaptive immune system in neurogenesis may be mediated by T cells as nude mice, which lack 

a functional thymus and thus lack mature T cells, have a similar phenotype of impaired neurogenesis 

and cognitive dysfunction (Kipnis et al., 2004; Ziv et al., 2006). Impaired neurogenesis in both SCID 

and nude mice could be reversed upon adoptive transfer of T cells (Kipnis et al., 2004; Ziv et al., 

2006; Brynskikh et al., 2008). This may be a T cell-mediated effect on neural stem cell populations, as 

the adoptive transfer of human umbilical cord blood mononuclear cell-derived T cell populations 

enhanced survival and proliferation of neural stem cells in rats (Shahaduzzaman et al., 2013). The 

systemic depletion of CD4+ T cells but not CD8+ T cells or B cells, resulted in impaired neurogenesis, 

reduced learning capacity and decreased levels of brain-derived neurotrophic factor (BDNF) (Wolf et 

al., 2009). These conflicting reports may indicate a role for all lymphocyte populations in enhancing 

neurogenesis, but a critical role for CD4+ T cell involvement as only depletion of this subset impaired 

CNS neurogenesis. Resident CD4+ T cell populations have been shown to promote the switch of 

resident microglia populations from a foetal to an adult state, required for the development of 

neuronal synapses (Pasciuto et al., 2020). The mechanism of CD4+ T cell-mediated neurogenesis is 

debated, particularly the requirement for antigen-specificity. Wolf et al. showed that the adoptive 

transfer of non-specific CD4+ T cells into Rag2-/- mice increased proliferation of neural stem cells 
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(Wolf et al., 2009). However, others have shown that CD4+ T cell-mediated neurogenesis requires 

CNS antigen specificity. Transgenic mice in which the majority of the T cell population are MBP-

specific showed enhanced neurogenesis compared to wild-type controls (Ziv et al., 2006). 

Conversely, transgenic mice in which the majority of the T cell population were ovalbumin-specific, 

reactive towards a foreign, non-CNS protein, showed impaired neurogenesis and cognitive 

impairment compared to wild-type controls (Ziv et al., 2006; Radjavi et al., 2014). The adoptive 

transfer of MOG-specific CD4+ T cells into the transgenic mice with OVA-specific CD4+ T cells restored 

the learning and memory deficits of mice that only had OVA-specific CD4+ T cells (Radjavi et al., 

2014). Both studies did however agree on the CD4+ T cell-mediated stimulation of BDNF, which is an 

important mediator of neuronal survival and differentiation (Ziv et al., 2006; Wolf et al., 2009).  

The regulation of the adaptive immune system in the CNS is of utmost importance as dysfunction 

can lead to detrimental impacts and even autoimmune responses. During ageing, neurogenic niches 

become impaired, in part due to an increased infiltration of CD8+ T cells which inhibit the 

proliferation of neural stem cells (Dulken et al., 2019). This is thought to be due to an IFN-γ-

mediated response, as gene expression changes in the aged neurogenic niche in neural stem cell and 

CD8+ T cells populations are related to the IFN-γ signalling pathway (Dulken et al., 2019). The 

increased infiltration of peripheral immune cells during ageing (Stichel and Luebbert, 2007) is related 

to dysfunction of the BBB (Bake et al., 2009; Blau et al., 2012; Lee et al., 2012a), which tightly 

controls CNS infiltration in healthy individuals. This highlights that the adaptive immune system, and 

in particular T cells, have dual roles in the CNS, important for host defence and CNS homeostasis but 

can have detrimental effects when not tightly regulated. 

1.5.2. Adaptive immune system in CNS remyelination 

The pathogenic mechanisms of the adaptive immune system, in particular CD4+ T cells, has been well 

established in the MS field. However, the beneficial role of the adaptive immune system in 

neuroprotection and regeneration is a more novel and less researched area. T cells have been shown 

to have neuroprotective roles in the CNS after injury, creating an environment conducive for 

regeneration. In a partial crush injury model of the optic nerve, MBP-specific T cells prevented the 

progression of axonal damage into neighbouring areas of the CNS that did not receive a direct insult 

(Moalem et al., 1999). This protective effect of autoimmune T cells in the CNS, may be mediated by 

the increased expression of neurotrophic factors which are important mediators of neuronal survival 

and regeneration; nerve growth factor (NGF), BDNF and neurotrophin-3 (NT3), by infiltrating 

immune cells and resident astrocytes (Barouch and Schwartz, 2002). The protective effect may also 

be mediated by interactions of T cells with glial cells as nude mice, lacking T cells, show reduced 
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microglia/macrophage activation and reduced myelin clearance (Ghasemlou et al., 2007), which is 

required to create an environment conducive to regeneration (Kotter et al., 2006). The adaptive 

immune system is also directly involved in CNS remyelination. Rag1-/- mice which lack both B and T 

lymphocytes show reduced remyelination in LPC-induced demyelinating lesions compared to wild-

type controls (Bieber et al., 2003). Mice deficient or depleted of either CD4+ or CD8+ T cells also show 

reduced remyelination, highlighting the important role for both T cell subsets in myelin regeneration 

(Bieber et al., 2003).  

A specific CD4+ T cell subset, regulatory T cells (Tregs), promote oligodendrocyte differentiation and 

remyelination (Dombrowski et al., 2017). In mice depleted of Tregs, remyelination after toxin-

induced demyelination was impaired compared to wild-type controls and was rescued upon 

adoptive transfer of Tregs (Dombrowski et al., 2017). The involvement of Tregs in remyelination was 

shown to be through Treg-secreted factors, as Treg-conditioned medium promoted OPC 

differentiation and remyelination in vitro and ex vivo. Tregs were also shown to be involved in 

remyelination in EAE, as transplantation of human neural stem cells after EAE induction resulted in 

increased the numbers of Tregs and enhanced remyelination, which was reversed upon ablation of 

Treg populations (McIntyre et al., 2020). The involvement of Tregs in remyelination is of particular 

importance as Treg populations appear to be functionally impaired in MS patients, with reduced 

immune-suppressive functions (Viglietta et al., 2004; Fritzsching et al., 2011). This reduced 

functionality may translate to a reduced regenerative capacity, potentially implicated in 

remyelination failure in MS patients. On the other hand, another subset of CD4+ T cells, Th17 cells, 

were shown to be detrimental for remyelination (Baxi et al., 2015). These studies highlight the 

complexity of adaptive immune responses in the CNS depending on the cell type or the 

environment. Further research is required to elucidate the role of the other CD4+ T cells in CNS 

remyelination. This thesis will address some of the gaps in the field, deciphering the roles of other 

CD4+ T cell subsets in CNS remyelination. 
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1.6. Methods to evaluate OPC differentiation and remyelination 

1.6.1. Animal models of demyelination 

The most common animal model used to study MS and potential MS treatments is the immune-

mediated demyelinating disease, EAE. EAE can be induced by immunisation with myelin components 

such as MBP, MOG or PLP, CNS tissues or the adoptive transfer of myelin-specific T cells 

(Constantinescu et al., 2011). Although not an exact representation of MS, EAE shares the key 

hallmarks of MS pathology including neuroinflammation, focal areas of demyelination and 

neurodegeneration. EAE was first described in monkeys, where the injection of aqueous emulsions 

and extracts of rabbit brain induced demyelinating lesions and physical impairments (Rivers and 

Schwentker, 1935). Typical models of EAE currently utilise immunisation with specific myelin 

proteins such as the PLP139-151 peptide or MOG35-55
 peptide and an immune stimulant such as 

complete Freund’s adjuvant (CFA) in rodents. EAE has been an essential model for understanding 

aspects of the pathogenesis of MS and also for discovering and validating potential treatment 

options for MS patients. However, EAE is limited for studying the key processes of remyelination as 

the clinical course is more unpredictable, recovery is limited due to the ongoing demyelination, and 

is accompanied by axonal loss (Cayre et al., 2021).  

Methods to study the processes of remyelination rely on models of toxin-induced demyelination, 

such as injection of LPC, ethidium bromide, or administration of cuprizone. These methods allow for 

the evaluation of key mechanisms during remyelination along a consistent timeline. Injection of 

toxins into the white matter of the spinal cord is a common method as it is easier to access than the 

brain, however similar methods can be used in the corpus callosum (Nait-Oumesmar et al., 1999) 

and  the caudal cerebellar peduncle, which connects the cerebellum to the brain stem (Woodruff 

and Franklin, 1999). Cuprizone is administered in animal chow causing systemic demyelination and 

subsequent remyelination upon cessation of feeding and is mostly evaluated in the brain.  

LPC is a commonly used method of focal demyelination to study remyelination and was first shown 

to induce demyelination in the peripheral nervous system (PNS) (Hall and Gregson, 1971). LPC can 

also induce focal demyelination in the CNS, with disruption of the myelin sheath, subsequent 

degradation and oligodendrocyte death without damaging axons (Hall, 1972). This demyelination 

occurs rapidly, creating a focal area of demyelination and an infiltration of immune cells. OPCs are 

recruited and proliferate in the lesion area (Gensert and Goldman, 1997), differentiating into 

oligodendrocytes to remyelinate axons, with extensive remyelination observed by 23 days post-

lesion (dpl) (Jeffery and Blakemore, 1995). This consistent and well-defined method is key for 
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studying dynamics of remyelination and potential mediators which could be modulated for 

regenerative therapies. 

1.6.2. In vitro and ex vivo CNS models of OPC differentiation and remyelination 

In vivo animal models provide insight into the complex dynamics involved in a living organism, often 

showing relevant and reliable data for interpreting mechanisms in human disease. However, in vitro 

models can mitigate some of the limitations of using in vivo models, providing quicker, high-

throughput and more ethical models to evaluate oligodendrocyte biology. Purified OPC cultures can 

be used to evaluate the direct effects of certain components or cells on OPC survival, proliferation or 

differentiation. Mixed glial cell cultures can also be used to assess oligodendrocyte differentiation, as 

treatments may promote indirect effects through other glial cells in culture. 

In vitro limitations of reduced physiological relevancy can be mitigated by utilising ex vivo 

organotypic brain slice cultures which maintain the cellular architecture seen in vivo, therefore 

providing a clearer insight into the mechanisms involved in myelination and remyelination. There are 

other methods to assess myelination in vitro, such as OPC and neuron co-cultures, or OPC cultures 

with nanofibers which can mimic axonal wrapping (Li et al., 2014). However, brain slice cultures have 

the advantage of being a three-dimensional structure of glial cells. Organotypic brain slice cultures 

allow for the evaluation of oligodendrocyte differentiation and developmental myelination. They can 

also be used to evaluate remyelination by demyelinating slices with LPC. Therefore, this model is a 

key tool for assessing mechanisms involved in remyelination before moving to more complex in vivo 

studies. 
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1.7. Rationale, Hypothesis and Aims 

1.7.1. Rationale 

MS is an immune-mediated demyelinating disease of the CNS. Current treatment options are 

immunomodulatory and prevent relapses, however there are no approved therapies which aim to 

promote myelin regeneration in MS patients which could reduce disability. Although implicated in 

MS pathogenesis, CD4+ T cells are also important for CNS remyelination. A subset of CD4+ T cells, 

Tregs, can promote oligodendrocyte differentiation and remyelination, whereas Th17 cells impede 

remyelination. These studies are critical in beginning to decipher the regenerative capacity of CD4+ T 

cell subsets in the CNS, however the roles of the other CD4+ T cells subsets have not yet been 

elucidated. Th1 cells have been implicated in the pathogenesis of immune-mediated demyelination 

in animal models and in MS. Th22 cells have been detected in the cerebrospinal fluid of MS patients, 

however the role of Th22 cells in the CNS is unknown. Th22-secreted factors, in particular IL-22, have 

shown neuroprotective effects in the CNS and regenerative effects in other tissues.  

1.7.2. Hypothesis 

CD4+ T cells are involved in OPC differentiation and remyelination: 

1. Th1 cells negatively affect OPC differentiation and myelination. 

2. Th22 cells promote OPC differentiation and myelination. 

1.7.3. Aims 

 To investigate the effects of Th1-secreted factors in OPC differentiation and myelination. 

 To investigate the effects of Th22-secreted factors in OPC differentiation and myelination. 

 To investigate the effects of IL-22 in OPC proliferation, differentiation and 

myelination/remyelination.  
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2. Methods and Materials 

2.1. Animals  

Dual reporter IL-22tdTomato/IL-17eGFP mice, on a C57BL/6 background, were a kind donation from Prof. 

Paul Foster (Priority Research Centre for Healthy Lungs, Department of Microbiology and 

Immunology, School of Pharmacy and Biomedical Sciences, Faculty of Health and Hunter Medical 

Research Institute, University of Newcastle, Australia) and the resulting colony was bred in-house. 

C57BL/6 mice were either bred in-house or purchased from Charles River Laboratories. All animals 

were housed in a contained unit at 21 °C with a 12 hour (hr) light/dark cycle, 50% humidity, with 

food and water available at all times. Experiments in this study used male and female p2-9 C57BL/6 

pups or adult mice from the above strains from 6 weeks to 15 months old. All animal maintenance 

and experiments were in compliance with the UK Home Office and approved by Queen’s University 

Belfast Animal Welfare Ethical Review Board on project licenses PPL2789 and PPL2894.  

2.2. Genotyping  

2.2.1. DNA extraction 

Deoxyribonucleic acid (DNA) was extracted from murine ear punch samples for genotype analysis. 

Next, 100 µl of lysis buffer (Table 2.2.1) was added to each ear punch sample and incubated at 56 °C 

at 1000 rpm overnight on a Thermomixer comfort (Eppendorf). Samples were then centrifuged at 4 

°C at 18500 g for 5 minutes (mins). The supernatant was then transferred to new labelled tubes and 

100 µl isopropanol was added for 10 mins at RT before centrifuging at 4° at 18500 g for 10 mins. The 

supernatant was removed, and the pellet was resuspended in 500 µl ice-cold 70% ethanol before 

centrifuging at 4 °C at 18500 g for 10 mins.  The supernatant was removed, and the pellet air-dried. 

The pellet was then resuspended in 30 µl of distilled, sterile water and incubated at 55 °C at 900 rpm 

for 1 hr. DNA concentration was determined using a Nanodrop 2000 Spectrophotometer 

(ThermoFisher, ND-2000). 

Table 2.2.1 DNA lysis buffer: 

Reagent Supplier/Cat # Volume Final Concentration 

dH2O   8.25 ml  

Tris-HCl pH 9.0 (1M)  1 ml 100 mM 

Ethylenediaminetetraacetic 

acid (EDTA) 

ThermoFisher, 

15575-020 

100 µl 5 mM 
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Sodium Chloride (NaCl) (5 

M) 

Merck, S5150 400 µl 200 mN 

Sodium dodecylsulfate 

(SDS) 

Melford, S1030 200 µl 2 mg/ml 

Proteinase K (20 mg/ml) ThermoFisher, 

25530049 

50 µl 100 µg/ml 

 

2.2.2. Polymerase chain reaction (PCR) 

For IL-22tdTomato/IL-17eGFP mice, two separate PCR reactions must be carried out for each reporter. 

Master mix solution (Table 2.2.2) was made using the indicated primers (Table 2.2.3), 47 µl was 

added to each reaction tube and then 3 µl genomic DNA added. Samples were then placed in the 

thermal cycler (Techne, TC-512) and run through the appropriate programme. The thermal cycling 

conditions for the IL-17 reporter reaction were: 95 °C for 2 mins, followed by 35 cycles of 95 °C for 

30 secs, 60 °C for 30 secs and 72 °C for 30 secs, followed by 72 °C for 10 mins with a final hold at 10 

°C. The thermal cycling conditions for the IL-22 reporter reaction are: 95 °C for 2 mins, followed by 

35 cycles of 95 °C for 30 secs, 60 °C for 60 secs and 72 °C for 30 secs, followed by 72 °C for 10 mins 

with a final hold at 10 °C.  

For agarose gel electrophoresis, a 2% agarose gel was made by adding 3 g UltraPure Agarose 

(ThermoFisher, 16500500) to 150ml 1X TAE buffer (Table 2.2.4), and 6 µl SYBR Safe DNA gel stain 

(ThermoFisher, S33102) added once the agarose was fully dissolved, before pouring into the gel 

mould with well combs to set. Next, 25 µl of each PCR product was added to each well and run at 90 

V for 1 hr. The gel was then imaged using a G:BOX Chemi XRQ (Syngene). For the IL-17 reporter, the 

mutant band should appear at 390 bp and the WT band at 264 bp, with heterozygous animals 

showing both bands. For the IL-22 reporter, the mutant band appears at ~120 bp and is the same for 

homozygous and heterozygous animals. 

Table 2.2.2 Master mix (per reaction): 

IL-17 Reporter IL-22 Reporter 

25 µL X2DreamTaq MM 25 µL X2DreamTaq MM 

2.5 µL 15241_GFPrep_wt_R  10 µM 2.5µL  il22prom_F 10 µM 

2.5 µL 11188_GFPrep_mut_R  10 µM 2.5 µL tdTom_R 10 µM 

5µl 15240_GFPrep_com_F 10µM 17 µL H2O (in kit) 

12 µL H2O (in kit)  
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Table 2.2.3 Primer Sequences: 

Primer Sequence 

il22prom_F CTCCCCTGATGTTTTTGCCTT 

tdTom_R CGCATGAACTCTTTGATGACCT 

15240_GFPrep_com_F (JAX #15240) AAGCTGGACCACCACATGA 

15241_GFPrep_wt_R (JAX #15241) TGAATCCACATTCCTTGCTG 

11188_GFPrep_mut_R (JAX #11188) GACATTCAACAGACCTTGCATTC 

Bactin_F GACGGCCAGGTCATCACTATTG 

Bactin_R AGGAAGGCTGGAAAAGAGCC 

 

Table 2.2.4 X50 TAE buffer recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

dH2O  842.9 ml  

Trizma Base Merck, T6066 242 g 242 mg/ml 

Glacial Acetic Acid  VWR, 20104 57.1 ml 5.71% (v/v) 

EDTA ThermoFisher, 15575-

020 

100 ml 50 mM 

 

2.2.3. Real-time quantitative PCR (qPCR) 

For the IL-22 reporter which has a random gene insertion, qPCR was required for the determination 

of heterozygous vs homozygous mice by quantification relative to the housekeeping gene β-actin. 

DNA was extracted as described in 2.6.1. and concentration was determined using a Nanodrop 

Spectrophotometer. Master mix solution (Table 2.2.5) was made using PowerUp SYBR Green Master 

Mix (ThermoFisher, A25741) and the indicated primers (Table 2.2.3) for the IL-22 reporter and the 

housekeeping gene. Nine µl master mix and 1 μl genomic DNA (gDNA) were added to each well of 

the PCR plate (ThermoFisher, AB1384). A 1 in 5 serial dilution of a known homozygous sample was 

also included to generate a standard curve. The plate was sealed with optical film and centrifuged 

briefly for ~10 seconds at 400 g at RT. The plate was then run through a touchdown qPCR cycling 

method as indicated (Table 2.2.6) in a LightCycler480 instrument (Roche). Touchdown qPCR 

enhances specificity of the PCR reaction by having an initial annealing which is above the expected 

melting point which is gradually lowered to reach the annealing temperature (Green and Sambrook, 

2018). Primer efficiencies were calculated using the known standards and fold change of the 
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POWER^(E(target),dCt) value for the IL-22 reporter over the housekeeping gene used to determine 

the correct genotype.  

Table 2.2.5 qPCR Master mix recipe (per reaction): 

IL-22 Reporter β-actin 

5 µL Sybr Green Master Mix 5 µL Sybr Green Master Mix 

0.5 µL  il22prom_F 10 µM 0.5 µL  Bactin_F 10 µM 

0.5 µL tdTom_R 10 µM 0.5 µL Bactin_R 10 µM 

2 µL H2O  2 µL H2O  

gDNA gDNA 

 

Table 2.2.6 qPCR Touchdown cycling method: 

Stage Step # Temp °C Time Note 

Initial 

Denaturation 

1 95 3 min  

Touchdown 2 

3 

4 

95 

65 

20 sec 

10 sec 

-0.5 °C per cycle decrease 

Repeat steps 2-3 for 10 cycles (Touchdown) 

Don't collect data during Touchdown 

Amplification 5 

6 

7 

95 

60 

20 sec 

10 sec 

Repeat steps 5-6 for 30 cycles.                          

Collect data at end of every cycle (70 °C for 1 

sec) 

Melt 8   Melt Curve 

 

2.3. T Cell Isolation and Polarisation  

2.3.1. Splenocyte Isolation 

Splenocytes were isolated from spleens of 6-12 week old female and male mice. Mice were 

euthanised using appropriate schedule 1 methods such as exposure to a rising concentration of 

carbon dioxide (CO2) or cervical dislocation. The spleen was dissected by opening the skin of the 

abdomen on the left side of the mouse, and carefully opening the peritoneum before removing the 

spleen with forceps. The spleen was then transferred to a 50 ml tube on ice containing T cell 

medium (Table 2.3.1/2.3.2).  The spleen was mashed through a 70 µm strainer using the rubber end 

of a 2 ml syringe plunger until no tissue remained. The strainer was then rinsed with T cell medium, 
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and the cell suspension centrifuged at 300 g for 7 mins at 4 °C (same centrifugation used throughout 

section 2.2.1-2.2.3). The pellet was resuspended in 2ml of room temperature (RT) ammonium 

chloride (100% v/v) solution (Stemcell Technologies, 07850) for 2 mins at RT to lyse red blood cells. 

Cells were washed with T cell medium, centrifuged, and resuspended at 1x108 cells per ml in flow 

cytometry staining (FACS) buffer (2% foetal bovine serum (FBS) in phosphate-buffered saline (PBS)), 

adding up to 2.5 ml of the cell suspension in FACS buffer per 5 ml tube.  

Table 2.3.1 Complete Roswell Park Memorial Institute (RPMI) recipe: 

 

Table 2.3.2 Complete Iscove’s Modified Dulbecco’s Medium (IMDM) recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

IMDM ThermoFisher, 12440-

053 

439.5 ml  

FBS Merck, F7524 50 ml 10% (v/v) 

Penicillin/ 

Streptomycin 

ThermoFisher, 

15140122 

5 ml 100 U 

L-glutamine ThermoFisher, 

25030149 

5 ml 2 mM 

2-Mercaptoethanol ThermoFisher, 31350-

010 

500 µl 50 µM 

 

2.3.2. Whole CD4+ T Cell Isolation 

Whole CD4+ T cells were isolated from spleens of 6-12 week old female and male C57BL/6 mice using 

immunomagnetic negative selection. After isolation of splenocytes, the EasySep mouse whole CD4+ 

T cell isolation kit (Stemcell Technologies - #19765) was used according to manufacturer’s 

Reagent Supplier/Cat # Volume Final Concentration 

RPMI Merck, R8757 444.95 ml  

FBS Merck, F7524 50 ml 10% (v/v) 

Penicillin/ 

Streptomycin 

ThermoFisher, 

15140122 

5 ml 100 U 

2-Mercaptoethanol ThermoFisher, 31350-

010 

50 µl 5 µM 
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instructions with optimisations. In summary, rat serum (50 µl/ml) was added to the splenocytes, 

CD4+ T cell isolation cocktail (50 µl/ml) was added and cells were incubated on ice for 15 minutes, 

with gentle trituration to mix every 5 mins in this period. EasySep Streptavidin RapidSpheresTM were 

vortexed, added to the cells (75 µl/ml) and incubated on ice for 5 mins. The total volume was 

increased to 2.5 ml with FACS buffer and the tube placed in an EasySep magnet for 2.5 mins at RT. 

Isolated cells were collected by pipetting the remaining cell suspension from the flow tube, taking 

care not to disrupt the beads on the magnet side of the tube. To check whole CD4+ T cell purity, 

splenocytes taken from the beginning of the protocol and a sample of isolated cells were stained for 

CD4 (as detailed in section 2.3.6) and analysed using flow cytometry on a BD FACS Canto II 

cytometer (as detailed in section 2.3.6). Purity of whole CD4+ T cells were routinely >90% CD4+.  

2.3.3. Naïve CD4+ T Cell Isolation  

Naïve CD4+ T cells were isolated from spleens of 6–12 week old female and male C57BL/6 mice and 

IL-22tdTomato/IL-17eGFP mice using immunomagnetic negative selection. After isolation of splenocytes, 

the Easysep mouse naïve CD4+ T cell isolation kit (Stemcell Technologies - #19852) was used 

according to manufacturer’s instructions with optimisations. In summary, rat serum (50 µl/ml) was 

added to the splenocytes, then CD4+ T cell Isolation Cocktail (50 µl/ml) was added and cells were 

incubated on ice for 15 mins, with gentle trituration to mix every 5 mins in this period. Memory T 

Cell Depletion Cocktail (50 µl/ml) was added and cells incubated on ice for 5 mins. Easysep 

Streptavidin RapidSpheresTM were vortexed, added to the cells (75 µl/ml) and incubated on ice for 5 

minutes. The total volume was increased to 2.5 ml with FACS buffer and the tube placed in an 

EasySep magnet for 2.5 minutes at RT. Isolated cells were collected by pipetting the remaining cell 

suspension from the flow tube, taking care not to disrupt the beads on the magnet side of the tube. 

To check naïve CD4+ T cell purity, splenocytes taken from the beginning of the protocol and a sample 

of isolated cells were stained for CD4, CD44, and CD62L and analysed using flow cytometry on a BD 

FACS Canto II cytometer (as detailed in section 2.3.6). Purity of naïve CD4+ T cells were routinely 

>90% CD4+CD62L+CD44-.  

2.3.4. Th1 Polarisation 

CD4+ T cells were activated using plate-bound anti-CD3 (1 µg/ml) and plate-bound anti-CD28 (1 

µg/ml). A 24-well plate was incubated with the plate-bound antibodies (500 µl/well) for 4 hr at 37 °C 

before plating. Cells were then plated at a density of 1 million cells per ml in a 24-well plate (1 ml per 

well) and polarised using 10 ng/ml IL-12 in cRPMI (Table 2.3.1). After 72 hr, cells were checked for 

purity and reactivated with plate-bound anti-CD3 (1 µg/ml) and plate-bound anti-CD28 (1 µg/ml) 

with IL-12 (10 ng/ml) in X-VIVO 15 serum-free medium (Lonza, Cat. BE02-060F) for 72 hr. 
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Conditioned medium was collected, aliquoted, and stored at -80°C. Cells were checked for purity by 

staining with viability dye, anti-CD4, anti-T-bet, anti-Foxp3 and anti-GATA3 (Table 2.3.7) and 

analysed using flow cytometry on a BD FACS Canto II cytometer (as detailed in section 2.3.6). Purity 

of polarised Th1 cell cultures were routinely >90% CD4+Tbet+Foxp3-GATA3-. 

Table 2.3.3 Th1 Polarising Conditions: 

Reagent Supplier/Cat # Final Concentration 

cRPMI/X-VIVO 15 Table 2.1/Lonza, BE02-060F  

IL-12 ThermoFisher, 14-8121-80 10 ng/ml 

 

2.3.5. Th22 cell polarisation 

Naïve CD4+ T cells were activated using plate-bound anti-CD3 (2 µg/ml), plate-bound anti-CD28 (0.5 

µg/ml) and soluble anti-CD28 (2 µg/ml). A 24-well plate was incubated with the plate-bound 

antibodies (500 µl/well) for 4 hr at 37 °C before plating. Cells were then plated at a density of 1 

million cells per ml in a 96-well round-bottomed plate (200 µl per well). Different Th22 polarisation 

conditions were tested (Table 2.3.4/2.3.5), with following experiments using the optimal Th22 

polarising factors (Table 2.3.4). Th17 polarising conditions (Table 2.3.6) were used as a control for IL-

17 production. After 72 hrs, CD4+ IL-17- IL22+ cells were sorted and reactivated using plate-bound 

anti-CD3 (2 µg/ml), plate-bound anti-CD28 (0.5 µg/ml) and soluble anti-CD28 (2 µg/ml in X-VIVO 15 

serum-free medium (Lonza, Cat. BE02-060F) without polarising factors for a further 72 hrs. 

Conditioned medium was collected, aliquoted, and stored at -80°C. Cells were checked for purity by 

staining with viability dye and anti-CD4 (Table 2.3.7) and analysed using flow cytometry on a BD 

FACS Aria III cytometer (as detailed in section 2.3.6). Purity of polarised Th22 cells were routinely 

>90% CD4+IL-22+IL-17-. Cytokine secretion profiles were checked by ELISA (section 2.9). 

Table 2.3.4 Th22 Polarising Conditions #1: 

Reagent Supplier/Cat # Final Concentration 

cIMDM Table 2.2  

IL-1β ThermoFisher, BMS332 10 ng/ml 

IL-6 ThermoFisher, 14-8061-80 30 ng/ml 

IL-23 ThermoFisher, 14-8231-63 20 ng/ml 

6-formylindolo[3,2-b]carbazole Merck, SML1489 400 nM 

Galunisertib Fluorochem, 340506 10 µM 
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Anti-IL-4 2BScientific, BE0045 10 µg/ml 

Anti-IFN-γ 2BScientific, BE0055 10 µg/ml 

 

 

Table 2.3.5 Th22 Polarising Conditions #2: 

Reagent Supplier/Cat # Final Concentration 

cIMDM Table 2.2  

IL-6 ThermoFisher, 14-8061-80 10 ng/ml 

6-formylindolo[3,2-b]carbazole Merck, SML1489 200 nM 

TGF-β ThermoFisher, 14-8342-62 1 ng/ml 

Anti-IL-4 2BScientific, BE0045 10 µg/ml 

Anti-IFN-γ 2BScientific, BE0055 10 µg/ml 

 

Table 2.3.6 Th17 Polarising Conditions: 

Reagent Supplier/Cat # Final Concentration 

cIMDM Table 2.2  

IL-1β ThermoFisher, BMS332 10 ng/ml 

IL-6 ThermoFisher, 14-8061-80 20 ng/ml 

TGF-β ThermoFisher, 14-8342-62 4 ng/ml 

Anti-IFN-γ 2BScientific, BE0055 10 µg/ml 

 

2.3.6. Flow cytometric analysis  

Cell samples were washed with PBS, centrifuged at 300 g for 5 mins at 4 °C (same centrifugation 

throughout section 2.3.6 and 2.3.7), and stained with 200 µl Viability Dye (Table 2.3.6) diluted in PBS 

(200 µl per tube) for 10 mins in the dark at RT. Cells were washed in FACS buffer, centrifuged and 

stained for cell surface antigens with antibodies (Table 2.3.6) diluted in FACS buffer (100 µl per tube) 

for 10 mins in the dark at RT. Cells could be washed with FACS buffer and acquired immediately at 

this point or fixed and staining continued for intracellular antigens. To fix cells, Fixation Medium A 

Reagent (ThermoFisher, GAS001S100) was added to each sample (100 µl per tube) for 10-15 mins in 

the dark at RT. Cells were washed in FACS buffer, centrifuged and stained for intracellular antigens 

with antibodies (Table 2.3.7) diluted in Permeabilisation Medium B (ThermoFisher, GAS002S100) 
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(100 µl per tube) overnight in the dark at 4°C. Cells were then washed, centrifuged, and stored at 4 

°C until acquisition.  

All cell samples include unstained and compensation controls made using either cells or UltraComp 

eBeads (ThermoFisher, 01-2222-42), with automatic compensation setup before acquisition of 

samples.  FMO (fluorescence minus one), and/or isotype controls were also used for intracellular 

antibodies. Gating was determined using the unstained negative populations and the relevant 

FMO/isotype controls. Data were acquired on a BD FACSCanto II or BD FACS Aria III and analysed 

using FlowJo software. 

2.3.7. Fluorescence-activated Cell Sorting (FACS) 

Following the activation and polarisation of Th22 cells from naïve CD4+ T cells, CD4+IL-22+IL-17- cells 

were sorted using a FACS Aria III. Cells were collected after 72 hr by trituration, washed with FACS 

buffer and centrifuged. Cells were stained with Viability Dye and anti-CD4 antibody (Table 2.3.6) in 

FACS buffer for 10 mins in the dark at RT, washed and centrifuged. Cells were re-suspended at 10 

million cells/ml in 1:30 000 DAPI solution (if not using viability dye) or FACS buffer. Isolated cells 

from C57BL/6 mice were used as the unstained controls and for gating purposes.  

For cell sorting, the FACS Aria III was first cleaned using the ‘Prepare for aseptic sort’ cleaning mode. 

In most experiments, the 70 µm nozzle was used. After fluidics start up, the stream was set up, 

sweet spot turned on and the stream allowed to stabilise. Drop delay was calculated using one drop 

of AccuDrop beads (BD Biosciences, 345249) in 1 ml PBS. Compensation was not set up as cells were 

from a dual reporter mouse. Instead, fluorophores were chosen that could each use separate lasers 

to prevent spectral overlap. Unstained and single colour controls were used to ensure no 

fluorescence spill-over and also for gating purposes. Live, CD4+IL-22+IL-17- cells were sorted using 

purity precision mode, at a speed of 6000-10000 events/sec that best yielded >90% efficiency. 

Sorted cells were checked for purity and were routinely >90% CD4+IL-22+IL-17-. 

Table 2.3.7 Flow Cytometry Antibodies: 

Antibody Dilution Concentration Clone Supplier/Cat # 

Viability Dye eFluor 

506 

1:1000   ThermoFisher, 65-0866-

14 

Viability Dye eFluor 

780 

1:1000   ThermoFisher, 65-0865-

14 

Anti-mouse CD4, 

APC 

1:300 0.667 µg/ml 

 

RM4-5 ThermoFisher, 17-0042-

82 
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Anti-mouse CD4, 

FITC 

1:300 1.667 µg/ml 

 

GK1.5 ThermoFisher, 11-0041-

82 

Anti-mouse CD4, 

eFluor 450 

1:300 0.667 µg/ml 

 

GK1.5 ThermoFisher, 48-0041-

80 

Anti-mouse CD8, 

APC-Cy7 

1:300 0.333 µg/ml 

 

53-6.7 ThermoFisher, A15386 

Anti-mouse CD62L, 

APC 

1:300 0.667 µg/ml 

 

MEL-14 ThermoFisher, 17-0621-

83 

Anti-mouse CD44, 

PerCP-Cy5.5 

1:300 0.667 µg/ml 

 

IM7 ThermoFisher, 45-0441-

82 

Anti-mouse T-bet, 

PerCP-Cy5.5 

1:100 2 µg/ml 

 

eBio4B10 ThermoFisher, 45-5825-

82 

Anti-mouse Foxp3, 

eFluor 450 

1:100 2 µg/ml 

 

FJK-16s ThermoFisher, 48-5773-

82 

Anti-mouse ROR 

gamma (t), PE 

1:100 2 µg/ml 

 

AFKJS-9 ThermoFisher, 12-6988-

82 

Anti-mouse IL-17, 

PerCPCy5.5 

1:100 2 µg/ml 

 

eBio17B7 ThermoFisher, 45-7177-

82 

Anti-mouse IL-22, 

PE 

1:100 2 µg/ml 

 

1H8PWSR ThermoFisher, 12-7221-

82 

Anti-mouse IFN-γ, 

eFluor 450 

1:100 2 µg/ml 

 

XMG1.2 ThermoFisher, 48-7311-

82 

 

2.4. Lamina propria cell isolation  

Lamina propria cells of the small intestine were isolated from adult female and male dual reporter 

IL-22tdTomato/IL-17eGFP mice and C57BL/6 mice. Mice were euthanised using an appropriate schedule 1 

method (rising levels of CO2). The ileum of the small intestine was removed by carefully opening the 

skin and peritoneum of the abdomen, identifying the caecum and removing approximately 4 cm of 

ileum above the cecum. The ileum was then transferred to a petri dish containing PBS and the 

contents were flushed with PBS using a syringe. The ileum was opened longitudinally and cut into 1 

cm pieces for processing.  To remove the epithelial cells, the tissue pieces were transferred to 7 ml 

tissue homogeniser tubes with 5 ml of intestinal epithelial cell isolation (IEC) solution 1 (Table 2.4.1), 

without beads. Tubes were then shaken in a Precellys 24 tissue homogeniser at 30-second intervals 
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until the solution turned cloudy. The tissue pieces were transferred to a new tube and the shaking 

step repeated in IEC solution 2 (Table 2.4.2) and then PBS only. The remaining tissue was transferred 

to a 50 ml tube of 20 ml pre-warmed digestion solution (Table 2.4.3) and incubated for 10-20 mins at 

37 °C in an orbital incubator, with gentle agitation. At the point when the solution became cloudy 

but some debris remained visible, 30 ml of cold neutralisation solution (Table 2.4.4) was added to 

stop digestion. The suspension was strained through a 70 µm strainer. Cells were washed with PBS, 

counted, centrifuged at 300 g for 10 mins at 4 °C, and resuspended in FACS buffer. The cell 

suspension was strained through a 40 µm strainer to ensure a single cell suspension. Lamina propria 

cells were stained for CD3 and CD4 and analysed using a BD FACSAria.  

Table 2.4.1 IEC Solution 1: 

Reagent Supplier/Cat # Volume Final Concentration 

PBS ThermoFisher, 

10010056 

50 ml  

EDTA  ThermoFisher, 

15575020 

250 µl 2.5 mM 

 

Table 2.4.2 IEC Solution 2: 

Reagent Supplier/Cat # Volume Final Concentration 

PBS ThermoFisher, 

10010056 

50 ml  

EDTA  ThermoFisher, 

15575020 

50 µl 0.5 mM 

 

Table 2.4.3 Digestion Solution: 

Reagent Supplier/Cat # Volume or Weight Final Concentration 

RPMI Merck, R8757 49 ml  

FBS Merck, F7524 1 ml 2% (v/v) 

Collagenase Merck, C9891 50 mg 1 mg/ml 

DNase I (4 mg/ml) Lorne Labs (LS002007) 1.25 ml 0.1 mg/ml 

 

Table 2.4.4 Neutralisation Solution: 
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Reagent Supplier/Cat # Volume Final Concentration 

RPMI Merck, R8757 45 ml  

FBS Merck, F7524 5 ml 10% (v/v) 
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2.5. In vitro glial cell cultures  

2.5.1. In vitro mixed glial cultures  

Mixed glial cells were isolated from the brains of male and female C57BL/6 pups aged p2-9. Pups 

were euthanised by decapitation or overdose of terminal anaesthesia with injection of 20 µl of 

pentobarbital (200 mg/ml). The brain was dissected after decapitation by carefully cutting the lateral 

edges of the base of the skull to open the foramen magnum and the skull removed to expose the 

brain. The olfactory bulbs were removed, and the cerebrum and cerebellum were then collected in 

Hibernate A Low Fluorescence (HALF) solution (Table 2.5.1) and transferred to a petri dish to be 

chopped into small pieces using #11 scalpels. Tissue pieces were collected, and the petri dish rinsed 

with Hanks’ Balanced Salt Solution with no added calcium or magnesium (HBSS-/-) (ThermoFisher, 

14175095) before centrifuging for 1 min at 100 g. Next, 5 ml pre-warmed papain buffer (Table 2.5.2) 

was added to the tissue, and the tube rocked on a MACSmix Tube Rotator (Miltenyi Biotec, 130-090-

753) at 37 °C for 30 mins to allow dissociation, then neutralised with 10 ml blocking buffer (Table 

2.5.3), and centrifuged at 300 g for 5 mins at 4 °C (same centrifugation used throughout section 2.5, 

unless otherwise specified). Next, 4 ml trituration buffer (Table 2.5.4) was added to the tissue pellet 

and slowly inverted to ensure coating of all tissue pieces. The suspension was then slowly triturated 

10 times with a 5 ml serological pipette, making sure to not create bubbles which can cause 

oxidation. The remaining tissue was allowed to settle, and the supernatant was passed through a 70 

µm strainer. A further 2 ml trituration solution was added to the tissue pieces and the trituration 

procedure was repeated twice more with fire polished Pasteur pipettes until the tissue was fully 

dissociated. The strainer was rinsed with Dulbecco’s Modified Eagle Medium (DMEM) Glutamax 

media (ThermoFisher, 31996-021) and the cell suspension centrifuged. Cells were then counted and 

plated at 1x105 cells per well (150 µl per well) in cDMEM medium (Table 2.5.5) in a 96-well plate 

(Falcon, 353219) which had been coated overnight at 4 °C with poly-L-lysine (10 µg/ml) (Merck, 

P6282) and removed before plating. PDGF-AA (10 ng/ml) (Peprotech, 100-13A) growth factor was 

added when plating, and medium was changed on day 1 and 3 post-setup with cDMEM and PDGF-

AA (10 ng/ml). Mixed glial cells were treated on day 5 post-setup in cNM (complete neural medium) 

(Table 2.5.6) without growth factors. Single treatments were carried out by adding 5% T cell-

conditioned medium, appropriate controls, or recombinant proteins for a further 5 days post-

treatment, with no media changes during this time. Specific details on treatments and 

concentrations are indicated in figure legends. 
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Table 2.5.1 HALF recipe: 

Reagent Supplier/Cat # Volume or Weight Final Concentration 

dH2O  5 L  

Glycine Merck, G6201 150.1 mg 30.02 µg/ml 

L-alanine Merck, A7627 9.8 mg 1.96 µg/ml 

L -arginine hydrochloride Merck, A5131 420.7 mg 84.14 µg/ml 

L-asparagine-H2O Merck, A0884 4.12 mg 824 ng/ml 

L-cysteine hydrochloride-

H2O 

Merck, C7880 12.06 mg 2.412 µg/ml 

L-histidine hydrochloride-

H2O 

Merck, H8125 209.6 mg 41.92 µg/ml 

L-isoleucine Merck, I2752 526.1 mg 105.22 µg/ml 

L-leucine Merck, L8000 526.1 mg 105.22 µg/ml 

L-lysine hydrochloride Merck, L5626 583.3 mg 116.66 µg/ml 

L-methionine Merck, M9625 149.9 mg 29.98 µg/ml 

L-phenylalanine Merck, P2126 330.4 mg 66.08 µg/ml 

L-proline Merck, P0380 38.569 mg 7.7138 µg/ml 

L-serine Merck, S4500 210 mg 42 µg/ml 

L-threonine Merck, T8625 474.8 mg 94.96 µg/ml 

L-tryptophan Merck, T0254 79.6 mg 15.92 µg/ml 

L-tyrosine disodium salt 

dihydrate 

Merck, T1145 360.6 mg 72.12 µg/ml 

L-valine Merck, V0500 470.6 mg 94.12 µg/ml 

Choline chloride Merck, C7017 19.55 mg 3.91 µg/ml 

D-calcium pantothenate Merck, C8731 9.53 mg 1.906 µg/ml 

Niacinamide Merck, 1462006 18.3 mg 3.66 µg/ml 

Pyridoxine hydrochloride Merck, P9755 20.6 mg 4.12 µg/ml 

Thiamine hydrochloride Merck, T4625 16.9 mg 3.38 µg/ml 

myo-Inositol Merck, I5125 36 mg 7.2 µg/ml 

Ferric nitrate Merck, 254223 0.5 mg 0.1 µg/ml 

Potassium chloride Merck, P3911 1.9979 g 399.58 µg/ml 

Sodium bicarbonate Merck, S5761 369.9 mg 73.98 µg/ml 

Sodium chloride Merck, S9888 25810 mg 5.162 mg/ml 
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Sodium phosphate dibasic 

anhydrous 

Merck, 71640 543.6 mg 108.72 µg/ml 

Zinc sulphate heptahydrate Merck, Z4750 0.9633 mg 192.66 ng/ml 

D-glucose Merck, g8270 22.525 g 4.505 mg/ml 

Sodium pyruvate Merck, P2256 124.9 mg 24.98 µg/ml 

3-(N-

morpholino)propanesulfonic 

acid 

Merck, M1254 13.465 g 2.693 µg/ml 

 

Table 2.5.2 Papain buffer recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

HALF buffer  5ml  

Papain solution Worthington, 

LS003127 

 165U 

DNase I (4 mg/ml) Lorne Labs, LS002007 50µl 40 µg/ml 

N-Acetyl-L-cysteine 

(NAC) (1.2 g/ml) 

Merck, A-9165 3.4 µl 815 µg/ml 

 

Table 2.5.3 Blocking buffer recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

HALF buffer  7.5 ml  

OVO Table 2.5.3-2 2.5 ml 25% (v/v) 

DNase I (4 mg/ml) Worthington, 

LS002007 

125 µl 50 µg/ml 

 

Table 2.5.3-2 Ovomucoid trypsin inhibitor (OVO) recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

HALF buffer  33.4 ml  

Bovine serum albumin 

(BSA) 

Merck, A8806 2 g 60 mg/ml 

Trypsin Inhibitor CellSystems, LS003086 2 g 60 mg/ml 
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Table 2.5.4 Trituration buffer recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

HALF  9.6 ml  

B27 supplement (50X) ThermoFisher, 

17504001 

200 µl 1 X 

Sodium pyruvate  Gibco, 11360-070 200 µl 2 mM 

NAC (1.2 g/ml) Merck, A-9165 6.8 µl 815 µg/ml 

 

Table 2.5.5 Mixed Glia Medium - cDMEM: 

Reagent Supplier/Cat # Volume Final Concentration 

DMEM (31885) ThermoFisher, 31966-

021 

48 ml  

Endotoxin-low FBS  Merck, F9665 1 ml 2% (v/v) 

L-glutamine (200 mM) ThermoFisher, 

25030149 

500 µl 2 mM 

Penicillin/ 

Streptomycin 

ThermoFisher, 

15140122 

500 µl 100 U/ml 

 

Table 2.5.6 Mixed Glia Medium – cNM: 

Reagent Supplier/Cat # Volume Final Concentration 

MACS Neuro Medium Miltenyi Biotec, 130-

093-570 

48 ml  

Neurobrew-21  Miltenyi Biotec, 130-

093-566 

1 ml 2% (v/v) 

Penicillin/ 

Streptomycin 

ThermoFisher, 15140-

122 

500 µl 100 U/ml 

L-glutamine (200 mM) ThermoFisher, 

25030149 

500 µl 2 mM 
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2.5.2. In vitro oligodendrocyte progenitor cell (OPC) cultures  

For the isolation of OPCs, the cell suspension collected at the end of the trituration procedure of the 

mixed glia setup was then put through a 22% percoll gradient, by adding 11 ml of 90% Percoll (Table 

2.5.7) and topping up to 45 ml with DMEM Glutamax, to remove myelin and centrifuged at 800 g for 

20 min at 4 °C with the brake off. The myelin ring was removed following centrifugation, and the 

pellet was washed in HBSS-/- and centrifuged. 

Anti-PDGFRα immunopanning: 

The pellet was resuspended in panning buffer (Table 2.5.8) and added to a pre-washed 

negative selection plate, which had been incubated overnight at 4 °C with Griffonia 

(Bandeiraea) Simplicifolia Lectin 1 (BSL1) (5 µg/ml) (Vector laboratories, L-1100), for 15 mins 

at RT to deplete microglia. The cell suspension was incubated for 1 hr in the positive 

selection plate, which had been incubated overnight at 4 °C with goat anti-rat IgG (7.5 

µg/ml) (ThermoFisher, A18867), washed and incubated for 4 hr with rat anti-mouse CD140a 

antibody (750 ng/ml) (Biolegend, 135902), to select for PDGFRα+ OPCs. The positive 

selection dish was carefully washed 8-10 times with Dulbecco’s Phosphate-Buffered Saline 

(DPBS) (ThermoFisher, 14190094) to wash off all non-adherent cells and the dish was 

carefully scraped to detach the adherent PDGFRα+ OPCs.  

Anti-A2B5 magnetic-activated cell sorting: 

The pellet was resuspended in panning buffer and added to a non-treated Corning petri dish 

for 15 mins at 37 °C to negatively select microglia. The supernatant was removed, dish was 

washed, and the negative selection was repeated. The cell pellet was then washed, 

centrifuged, resuspended in 500 µl of panning buffer and the cells were counted. Next, 1 µl 

of anti-A2B5 antibody (Merck, MAB312) per 10 million cells was added and incubated at 4 °C 

for 25 mins, mixing halfway by inversion. The cells were then washed, centrifuged, and 

resuspended in 80 µl of panning buffer with 20 µl anti-IgM microbeads (Miltenyi Biotec, 130-

047-301) per 10 million cells at 4 °C for 15 mins. The cells were washed, centrifuged, and 

resuspended in 500 µl of panning buffer. MS columns (Miltenyi Biotec, 130-042-201) were 

placed in magnets and washed with 500 µl panning buffer before adding the cell suspension. 

The columns were then washed with a further 1.5 ml panning buffer and the contents of the 

column were eluted into a new falcon with 1ml OPC patch medium (Table 2.5.9). 

Cells were then counted and plated at either 2000 cells per well for experiments detailed in chapter 

3, or 3000 cells per well for experiments detailed in chapters 4 and 5, in OPC patch medium (150 µl 
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per well) in a 96-well plate (Falcon, 353219). Plates were pre-coated overnight at 4 °C with poly-L-

lysine (10 µg/ml) and then coated with laminin (10 µg/ml) (Merck, L2020) for 4 hr at 37 °C before 

plating. PDGF-AA (10 ng/ml) and NT3 (20 ng/ml) (Peprotech, 450-03) growth factors were added 

when plating, and medium was changed on day 1 post-setup with OPC patch medium and the same 

concentration of growth factors. OPCs were treated on day 3 post-setup in OPC patch medium 

without growth factors. Single treatments were carried out by adding 5% T cell-conditioned medium, 

appropriate controls, or recombinant proteins for a further 5 days post-treatment, with no media 

changes during this time. Specific details on treatments and concentrations are indicated in figure 

legends. 

Table 2.5.7 90% Percoll gradient recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

Percoll  Analab, 17-0891-01 10.8ml 90% v/v 

10X PBS ThermoFisher, 70013-

016 

1.2ml 10% (v/v) 

 

Table 2.5.8 Panning buffer recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

MWB Table 2.5.8-2 15ml  

NAC (1.2 g/ml) Merck, A-9165 10.2µl 815 µg/ml 

Sodium pyruvate  Gibco, 11360-070 300µl 2 mM 

Insulin (5 mg/ml) Merck, 91077C 30µl 10 µg/ml 

 

Table 2.5.8-2 Miltenyi Biotec-Wash buffer recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

HALF buffer  47.67 ml  

7.5% BSA Gibco, 15260-037 1.33 ml 0.2% (v/v) 

Sodium pyruvate Gibco, 11360-070 1 ml 2 mM 

EDTA  ThermoFisher, 15575-

020 

200 µl 2 mM 
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Table 2.5.9 OPC Patch Medium: 

Reagent Supplier/Cat # Volume Final Concentration 

DMEM  ThermoFisher, 31966-

021 

47.39 ml  

B27 supplement (50X) ThermoFisher, 

17504001 

1 ml 1 X 

OPC-Sato  Table 2.5.9-2 0.5 ml 1% (v/v) 

Penicillin/ 

Streptomycin/ 

Glutamine 

ThermoFisher, 10378-

016 

0.5 ml 1 X 

N-acetyl-cysteine (6 

mg/ml) 

Merck, A-9165 0.5 ml 6 µg/ml 

Insulin (5 mg/ml) Merck, 91077C 50 µl 5 µg/ml 

Trace Elements B Corning, 25-022-Cl 50 µl 1 X 

Biotin (10 µg/ml) Merck, B4639 5 µl 1 ng/ml 

Forskolin (50 mM) Merck, F6886 5 µl 50 µM 

 

Table 2.5.9-2 OPC-Sato Recipe: 

Reagent Supplier/Cat # Volume/Weight Final Concentration 

DMEM  50 ml  

Sodium selenite (0.4 

mg/ml) 

Merck, S5261 500 µl 4 µg/ml 

Putrescine Merck, P5780 80 mg 10 M 

Progesterone (0.25 

mg/ml) 

Merck, P8783 12.5 µl 62.5 ng/ml 

Apo-transferrin Merck, T1147 500 mg 10 mg/ml 

BSA Merck, A8806 500 mg 10 mg/ml 

 

2.5.3. Cell fixation and immunocytochemistry  

Prior to fixation, cell supernatant was collected and frozen at -20 °C. Cells were fixed using 4% 

paraformaldehyde (PFA) (Merck, 158127) (50 µl per well) for 15 mins at RT. PFA was added slowly 

against the side of the well to avoid cell detachment. The PFA was aspirated, and cells were washed 
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twice with PBS (200 µl per well). Plates were wrapped in parafilm and stored at 4 °C until ready for 

staining.  

Cells were blocked for 1 hr at RT with strong blocking solution (Table 2.5.11) (50 µl per well). Cells 

were then incubated overnight at 4 °C with a mix of primary antibodies (Table 2.5.13) in weak 

blocking solution (Table 2.5.12) (50 µl per well). Cells were washed twice with PBS (200 µl per well) 

before adding a mix of secondary antibodies (Table 2.5.14) in weak blocking solution (50 µl per well) 

for 1 hr at RT. Cells were again washed twice with PBS and counterstained with DAPI solution 

(1:30000 in PBS) (50 µl per well) for 5 mins. Cells were washed with PBS and stored in PBS (200 µl 

per well) at 4 °C until imaging. 

Table 2.5.11 Strong block solution recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

PBS ThermoFisher, 

10010056 

4.45ml  

Normal goat serum 

(NGS)/Normal donkey 

serum (NDS) 

Vector Labs, S-

1000/Merck, D9663 

500 µl 10% (v/v) 

Triton X-100 Merck, X100 5 µl 0.1% (v/v) 

 

Table 2.5.12 Weak block solution recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

PBS ThermoFisher, 

10010056 

4.9 ml  

NGS/NDS Vector Labs, S-

1000/Merck, D9663 

100 µl 2% (v/v) 

Triton X-100 Merck, X100 0.5 µl 0.01% (v/v) 

 

Table 2.5.13 Immunocytochemistry primary antibodies: 

Antibody  Host Final Dilution Final 

Concentration 

Clone Supplier/Cat # 

Anti-mouse 

Olig2 

Mouse 1:500  211F1.1 Merck, 

MABN50 
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Anti-mouse 

Olig2 

Goat 1:500 0.4 µg/ml Polyclonal Biotechne, 

AF2418 

Anti-mouse 

MBP 

Rat 1:1000  12 Merck, MAB386 

Anti-mouse 

GFAP 

Chicken 1:1000  Polyclonal Abcam, ab4674 

Anti-mouse 

Ki67 

Rabbit 1:300 0.1 µg/ml SP6 Abcam, 

AB16667 

 

Table 2.5.14 Immunocytochemistry secondary antibodies: 

Antibody Final Dilution Final 

Concentration 

Clone Supplier/Cat # 

Donkey anti-

chicken AF488 

1:500 2 µg/ml Polyclonal Abcam, ab63507 

Donkey anti-goat 

AF488 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A11055 

Donkey anti-rat 

AF568 

1:500 4 µg/ml Polyclonal Abcam, 

ab175475 

Donkey anti-

mouse AF568 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A10037 

Donkey anti-goat 

AF568 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A11057 

Donkey anti-

mouse AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A31571 

Donkey anti-rat 

AF647 

1:500 4 µg/ml Polyclonal Abcam, 

ab150155 

Donkey anti-

rabbit AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A31573 

Donkey anti-

rabbit AF755 

1:500 1 µg/ml Polyclonal ThermoFisher, 

SA510043 

Goat anti-mouse 

AF488 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A11001 
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Goat anti-chicken 

AF488 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A11039 

Goat anti-chicken 

AF568 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A11041 

Goat anti-rat 

AF568 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A11077 

Goat anti-mouse 

AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A21236 

Goat anti-rat 

AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A21247 

Goat anti-rabbit 

AF755 

1:500 1 µg/ml Polyclonal ThermoFisher, 

SA510035 

 

2.5.4. Image acquisition and analysis  

Images were acquired and analysed using the ThermoFisher Scientific™ CellInsight™ CX5 High 

Content Screening (HCS) Platform. Twenty-five images were taken from each well in 96-well plates 

with 2-6 technical replicates (wells) and 3-6 biological replicates (pups) as indicated. Cell counts and 

area analysis was calculated using an unbiased automated protocol on the CX5, with manual 

thresholding for cell size and cell fluorescence intensity applied to all plates and conditions of each 

experiment. Representative images were selected based on average data and the same 

brightness/contrast settings used for all comparable groups on Fiji ImageJ software. 

2.6. Ex vivo organotypic cerebellar brain slice cultures  

2.6.1 Dissection and brain slice culture 

Organotypic cerebellar brain slices were isolated from the brains of male and female C57BL/6 pups 

aged p2-3. Pups were euthanised by decapitation or overdose of terminal anaesthesia with injection 

of 20 µl of pentobarbital (200 mg/ml). The brain was dissected by carefully cutting the lateral edges 

of the base of the skull to open the foramen magnum and the skull was removed. The brain was 

placed in a petri dish containing slice medium (Table 2.6.1) and the cortices were removed using #11 

sterile scalpels. The hindbrain was then transferred to a McIlwain Tissue Chopper stage using a fine 

spatula and positioned perpendicular to the blade (DerbyExtra). Sagittal sections were cut at a 

thickness of 300 µm at a blade speed of 1 stroke/second. The resulting slices were picked up using a 

fine spatula and transferred to a petri dish containing slice medium. Next, 30 G needles were used to 



66 | P a g e  
 

gently separate the slices under a microscope and intact slices were then placed onto the membrane 

of a 12 mm Merck cell culture insert (Merck, PIHP01250), with a pore diameter of 0.4 µm using a 

fine spatula (one slice per insert). Inserts were then transferred to a 24 well plate which contained 

250 µl pre-warmed slice medium. Slices were cultured at 37°C, 5% CO2 and complete media changes 

were completed at 1-day post-setup and every other day following. To assess developmental 

myelination, slices were treated at day 1 or 3 post-setup and medium was changed every other day 

until fixation at day 7 or 10 post-setup as indicated. Single treatments were carried out by adding 

either 5% or 20% T cell-conditioned medium, appropriate controls, or recombinant proteins, with 

media changes without re-treatment every other day during this time for a further 5-7 days. Repeat 

treatments included re-treatment during the media changes every other day. Specific details on 

treatments and concentrations are indicated in figure legends. 

Table 2.6.1. Brain slice culture medium: 

Reagent Supplier/Cat # Volume Final Concentration 

MEM with Earle’s salts  ThermoFisher, 12360-

038 

25 ml 49% (v/v) 

Heat-inactivated horse 

serum 

ThermoFisher, 26050-

088 

12.5 ml 24.5% (v/v) 

Earle’s balanced salt 

solution  

Merck, E2888 12.5 ml 24.5% (v/v) 

Penicillin/ 

Streptomycin 

ThermoFisher, 15140-

122 

500 µl 1% (v/v) 

Glutamax ThermoFisher, 35050-

038 

500 µl 1% (v/v) 

D-(+)-Glucose  Merck, G8769 722 µl 6.5 mg/ml 

 

2.6.2. Lysolecithin-induced demyelination of brain slice cultures 

At day 14 post-setup, a time point at which the slice is reasonably well myelinated, slices were 

demyelinated to assess remyelination. LPC from egg yolk (Merck, L4129) was prepared at a stock 

concentration of 25 mg/ml in sterile PBS and sonicated to dissolve fully. At 14 days post-setup, brain 

slices were treated with LPC (0.5 mg/ml) in pre-warmed slice medium. After 17 hr, LPC was removed 

and slices were washed with 3 medium changes. Demyelinated and non-demyelinated control slices 

were fixed 24 hr after LPC removal and remaining slices treated with recombinant proteins and 

allowed to remyelinate for a further 7 days. Medium was again changed every other day, including 
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re-treating appropriate slices until fixation. Specific details on treatments and concentrations is 

indicated in figure legends. 

2.6.3. Fixation and immunohistochemistry of brain slices 

At completion of the experiment, slices were fixed by placing inserts in a 24-well plate containing 4% 

PFA (250 µl per well), with 10 µl 4% PFA added onto the top of the slice, for 45 mins at RT. Slices 

were then washed in PBS three times for 10 mins and stored in PBS at 4 °C until staining.  

For immunohistochemical analysis of brain slices, the membranes were carefully cut out of the 

inserts using a #11 scalpel. Membranes were transferred to 48-well plates, keeping the brain slice 

side facing upwards. Slices were blocked with blocking solution (250 µl per well) (Table 2.6.2) for 3 hr 

on a shaker at RT. Slices were then incubated with primary antibodies (Table 2.6.3) in blocking 

solution (200 µl per well) for 2 nights on a shaker at 4 °C. Slices were washed 3 times in PBS-0.01% 

TritonX (1 hr per wash) on a shaker at RT. Next, slices were incubated in secondary antibodies (Table 

2.6.4) diluted in blocking solution (200 µl per well) overnight on a shaker at 4°C. DAPI (1:30000 in 

PBS) was then added for 10 mins on a shaker at RT, before washing 3 times (1 hr per wash) in PBS-

0.01% TritonX on a shaker at RT. Slices were then removed from plates using fine forceps and 

mounted face up on a glass microscope slide. A drop of ProLong Gold anti-fade mountant 

(ThermoFisher, P36930) was added to the top of each slice, a coverslip was placed on top and slides 

were stored at 4 °C until imaging. 

Table 2.6.2 Brain slice blocking solution: 

Reagent Supplier/Cat # Volume or Weight Final Concentration 

PBS ThermoFisher, 

10010056 

44 ml  

Heat-inactivated 

horse serum 

ThermoFisher, 26050-

088 

1 ml 2% (v/v) 

Goat serum Vector Labs, S-1000 5 ml 10% (v/v) 

1M HEPES ThermoFisher, 15630-

106 

50 µl 1 mM 

BSA Merck, 05482 0.5 g 10 mg/ml 

Triton X-100 Merck, X100 125 µl 0.25% (v/v) 

 

 

 



68 | P a g e  
 

Table 2.6.3 Brain slice primary antibodies: 

Antibody Host Final 

Dilution 

Final 

Concentration 

Clone Supplier/Cat 

# 

Anti-mouse NFH Chicken 1:250 4 µg/ml Polyclonal EncorBiotech, 

CPCA-NF-H 

Anti-mouse MBP Rat 1:600  12 Merck, 

MAB386 

Anti-mouse APC-

CC1 

Mouse 1:200  Monoclonal Abcam, 

ab16794 

Anti-mouse Caspr Rabbit 1:500  Polyclonal Abcam, 

ab34151 

 

Table 2.6.4 Brain slice secondary antibodies: 

Antibody Final Dilution Final 

Concentration 

Clone Supplier/Cat # 

Donkey anti-

chicken AF488 

1:500 2 µg/ml Polyclonal Abcam, 

ab150169 

Donkey anti-rat 

AF568 

1:500 4 µg/ml Polyclonal Abcam, 

ab175475 

Donkey anti-mouse 

AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A31571 

Donkey anti-rabbit 

AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A31573 

 

2.6.4. Confocal microscopy and analysis of brain slices  

Brain slices were imaged at 40 X (oil lens) using a Leica TCS SP8 confocal microscope. An overview of 

each slice was taken using the automated spiral scan on the Leica LAS X software. Three 

representative areas of the full slice thickness were imaged using Z-stack intervals of 0.5 µm, using 

the automated Leica LAS X Navigator software. Images were taken at an 8-bit resolution using a 

1024x1024 scan format, at a speed of 400 Hz. Representative areas were chosen based on NFH 

staining as a determinant of good axonal architecture in the chosen area.  Myelination index per 

image was analysed using an ImageJ macro designed by the lab of Anna Williams (NFH+MBP+ 
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area/total NFH+ area) (Zhang et al., 2011a; Sekizar and Williams, 2019). The myelination index was 

determined on a 5 µm section of each slice Z-stack, based on the highest intensity NFH staining, and 

3 representative fields of view were averaged to give one myelination index value per n (pup). 

Representative images were chosen based on the average myelination index value per group, and 

maximum intensity projection images of the 5 µm section that was analysed produced on Fiji Image 

J. 

2.7. Lysolecithin-induced spinal cord demyelination in vivo   

Surgery was kindly performed by Dr Alerie Guzman de la Fuente or Dr Carmel McVicar and assisted 
by Ms Katie Mayne. 

2.7.1. Equipment setup 

Borosilicate glass capillaries (Harvard Apparatus, 30-0018) were previously prepared for 

microinjection by pulling using a P-97 Flaming/Brown type micropipette puller (Sutter Instrument). 

Prepared glass microneedles were attached to a Hamilton syringe (Hamilton Apex Scientific, 80330) 

and the syringe was filled with LPC (1% (w/v)) using a transfer syringe, taking care to not create 

bubbles. A steel plate was utilised to secure the magnetic stand holding the clamp and the magnetic 

manual micromanipulator, which were placed to the left and right of the surgical site respectively. 

The Hamilton syringe was secured into the micromanipulator at an angle of 60 °, with the 

micromanipulator at a 90 ° angle to the surgical site. The isoflurane tube was secured using tape 

above the surgical site, and the mouse mask placed onto the tube. At the surgical site, the operation 

table (Vettechsolutions) was prepared by adding paper tissue to raise the site to reach the isoflurane 

tube and a heat pad was placed underneath gauze. A swan neck microscope lamp was positioned 

behind the isoflurane tube and switched on. Previously autoclaved surgery tools were heat-

sterilised, and the areas surrounding the surgical site, including the microscope handles, were 

sterilised using ethanol. To prepare the anaesthesia equipment, the fluid tank was filled with 

isoflurane and a new scavenger filter was fitted to the scavenger unit. The oxygen tube was secured 

into the main oxygen port and set to 2. The isoflurane was then opened to setting 2.5 and the gases 

directed towards the anaesthesia chamber.  

2.7.2. Animal preparation  

Mice undergoing surgery were weighed before being placed into the anaesthesia chamber 

containing isoflurane. Deep anaesthesia was confirmed by loss of toe reflexes. The mouse was then 

quickly transferred to the operation stage, the gases switched towards the mouse mask, and the 

nose of the mouse was inserted into the mask. The mouse was positioned abdomen-down, ensuring 

the spine was not curved. The mouse was then administered with an analgesic subcutaneously by 
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injection of 50 µl buprenorphine solution (0.05 mg/ml). Using electric clippers, hair was removed 

from the neck and back of the mouse. The skin was then sterilised using cotton balls soaked in 

Betadine solution, starting from the middle of the shaved skin area and working towards the outside 

in a circular motion. The Betadine solution was removed by repeating the above using 70% ethanol 

solution. A sterile surgical drape was used to cover the mouse, exposing the skin.  

2.7.3. Surgery 

Demyelination was induced in adult C57BL/6 male and female mice from 8-18 weeks of age. The 

mouse was secured to reduce body movement caused by the animal breathing, by clamping the skin 

and soft tissue above the surgical site and slightly lifting the mouse. The skin was opened by making 

a small midline incision at the targeted spinal vertebrae site, the centre of the spine hump, using a 

scalpel.  The subcutaneous fat and muscle layer above the spine was also opened using a scalpel to 

expose the vertebrae. The targeted spinal vertebrae, between T11-12 or T12-13 was identified using 

thin forceps to differentiate between soft tissue and bone. The soft tissue between the bones at the 

targeted site was removed using the thin forceps, until the spinal cord was exposed and the 

membrane covering the spinal cord was removed. A small hole was punctured into the spinal cord 

using a dental needle at the same angle of the microneedle, directly beside the blood vessel, to 

allow access for the microneedle. Excess cerebrospinal fluid was removed using sterile cotton swabs. 

The microneedle was inserted into the spinal cord until met with light resistance. This location was 

checked using the co-ordinates of the micromanipulator, and length of needle penetration was 

between 1.5-2.1 mm across surgeries. Next, 0.6 µl of LPC was then slowly injected and the needle 

was then retracted 0.25 mm and a further 0.6 µl of LPC was injected. After 1 min, the needle was 

slowly removed from the spinal cord, and the mouse released from the clamp. The musculature was 

closed with a suture and the skin incision was also closed with sutures. Any remaining blood was 

removed using 70% ethanol. Mice were kept warm in a separate box and were monitored until fully 

recovered from anaesthesia. Animals were checked and weighed daily until the experiment 

endpoint. 

2.7.4. Transcardial perfusion 

Mice were anaesthetised with a terminal dose of anaesthesia with injection of 100 µl of 

pentobarbital (200 mg/ml). When under deep anaesthesia and completely unresponsive, the animal 

was pinned to a cork platform and the thoracic cavity opened to expose the heart. A 26 G needle 

was inserted directly into the protrusion of the left ventricle, the perfusion pump was switched on 

and the right atrium was snipped with scissors. The animal was first perfused with 20 ml PBS to clear 
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blood and then 20-30 ml of cold 4% PFA to fix tissues. The spinal cord and any other required tissues 

were then dissected and processed accordingly. 

2.7.5. Tissue processing 

Following perfusion, the spinal cord was stored in 4% PFA overnight at 4 °C. Spinal cords were then 

rinsed in PBS and transferred into a 30% sucrose solution and stored overnight at 4 °C until the 

spinal cords had sunk to the bottom of the tube. Spinal cords were then placed in cylindrical 

embedding capsules (Agar Scientific, G3759) containing OCT compound (Tissue-Tek, 4583) and snap-

frozen in isopentane on dry ice and stored at -80 °C. Spinal cords were then transversely sectioned 

using a Leica CM1950 cryostat, at a thickness of 12 µm. Typically, 3 non-consecutive sections were 

collected per slide in a total of 2 series of 10 slides. Slides were stored at -80 °C until staining.  

2.8. Immunohistochemistry  

2.8.1. Staining of frozen tissue 

Frozen slides were thawed for 30 mins at RT and washed in TBST (Table 2.8.1) before beginning the 

staining protocol. For antigen retrieval, antigen retrieval solution (Table 2.8.2) was warmed in a 

plastic Coplin jar immersed in a water bath at 90 °C. Once temperature was reached, slides were 

placed into the Coplin jar for 5 mins. The Coplin jar was then removed from the water bath and 

allowed to cool to RT. Slides were washed twice in TBST solution in a fresh Coplin jar, on a shaker at 

RT.  Sections were permeabilised by immersing slides in permeabilisation solution (Table 2.8.3) for 

30 mins on a shaker at RT. Slides were then washed twice in TBST before removing and drying each 

slide and framing sections with a ImmEdge[R] Hydrophobic Barrier PAP Pen (2B Scientific, H-4000). 

Slides were placed into a humidified chamber and 10% blocking solution (Table 2.8.4) was carefully 

pipetted onto each section (~200 µl per slide) for 1 hr at RT. Blocking solution was removed and a 

mix of primary antibodies (Table 2.8.6) in 1% blocking solution (Table 2.8.5) was added to each 

section (~200 µl per slide) overnight at 4 °C in the humidified chamber. Slides were washed 3 times 

in TBST and placed back into the humidified chamber. A mix of secondary antibodies (Table 2.8.7) in 

1% blocking solution was added to each section (~200 µl per slide) and incubated for 30 mins at RT. 

Slides were washed again and counter stained with DAPI (1:30,000) for 5 mins. Slides were rinsed 

with TBST and a cover slip was mounted using a drop of ProLong Gold mounting medium. Slides 

were stored in the dark at 4 °C until imaging. 

Table 2.8.1 TBST solution recipe: 

Reagent Supplier/Cat # Volume Final Concentration 
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Tris-buffered saline 

(TBS) (1 X) 

ThermoFisher, 28358 1 L  

Tween20 Merck, P1379 2.5 ml 0.25% 

Table 2.8.2 Antigen retrieval solution recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

dH2O Merck, C9999 45 ml 90% 

Citrate buffer pH6 Merck, C9999 5 ml 10% 

 

Table 2.8.3 Permeabilisation solution recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

TBS (1 X) ThermoFisher, 28358 49.5 ml  

Triton X-100 Merck, X100 0.5 ml 1% 

 

Table 2.8.4 10% Blocking solution recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

TBS (1 X) ThermoFisher, 28358 5 ml  

NDS Merck, D9663 500 µl 10% 

Triton X-100 Merck, X100 15 µl 0.3% 

 

Table 2.8.5 1% Blocking solution recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

TBS (1 X) ThermoFisher, 28358 5 ml  

NDS Merck, D9663 50 µl 1% 

Triton X-100 Merck, X100 5 µl 0.1% 

 

Table 2.8.6 Primary antibodies: 

Antibody Host Dilution Concentration Clone Supplier/Cat 

# 

Anti-rat/human 

Iba1 

Goat 1:500 0.1 µg/ml Polyclonal Abcam, 

ab5076 
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Anti-GFAP Chicken 1:1000  Polyclonal Abcam, 

ab4676 

Anti-mouse Olig2 Goat 1:500 0.4 µg/ml Polyclonal Biotechne, 

AF2418 

Anti-mouse 

IL22RA1 

Rat 1:200 2.5 µg/ml 496514 Biotechne, 

MAB42941 

Anti-mouse 

IL22RA1 

Rabbit 1:200 5 µg/ml Polyclonal Bioss, BS-

2624R 

Anti-mouse IL10RB Rabbit 1:200 5 µg/ml Polyclonal Bioss, BS-

2602R 

Anti-mouse IL10RB Rabbit 1:200 12.95 µg/ml Polyclonal ThermoFisher, 

PA590616 

 

Table 2.8.7 Secondary antibodies: 

Antibody Dilution Concentration Clone Supplier/Cat # 

Donkey anti-rat AF488 1:500 4 µg/ml Polyclonal ThermoFisher, 

A21208 

Donkey anti-goat 

AF568 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A11057 

Donkey anti-rabbit 

AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A31573 

Donkey anti-chicken 

AF488 

1:500 2 µg/ml Polyclonal Abcam, ab150169 

Donkey anti-rat AF568 1:500 4 µg/ml Polyclonal Abcam, ab175475 

Donkey anti-rabbit 

AF568 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A10042 

Donkey anti-goat 

AF647 

1:500 4 µg/ml Polyclonal ThermoFisher, 

A21447 

 

2.8.2. Image acquisition and analysis 

Images of spinal cord sections were acquired using a Leica DM5500 epifluorescence or SP8 confocal 

microscopes at 5X, 20X, 40X and 63X. An image of the whole spinal cord section was taken at 5X 
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magnification, and images of the lesion and non-lesioned white matter were taken at 20X 

magnification. Representative images were selected based on average data and the same 

brightness/contrast settings used for all comparable groups on Fiji ImageJ software. 

2.9. ELISA 

ELISAs were carried out according to manufacturer’s instructions for IL-22 (Bio-Techne DY582), IL-17 

(Bio-Techne, DY421) and IFN-γ (Bio-Techne, DY485). In summary, Nunc MaxiSorp 96-well plates 

(ThermoFisher, 44-2402-21) were coated overnight at RT with the relevant capture antibody that 

was diluted to the working concentration in PBS without carrier protein (50 µl per well). The plate 

was washed 3 times with wash buffer (0.05% Tween® 20 in PBS) and then blocked with the relevant 

reagent diluent for 1 hr at RT (150 µl per well). The wash step was repeated and the standards and 

samples, diluted in reagent diluent if required, added for 2 hr at RT (50 µl per well). Washes were 

repeated and the relevant detection antibody added for 2 hr at RT (50 µl per well). Washes were 

repeated and the working dilution of Streptavidin-HRP (50 µl per well) was added for 20 min at RT 

before stopping the reaction with 2N H2SO4 (25 µl per well). The optical density of each well was 

determined using a microplate reader at both 450 nm and 570 nm. Wavelength correction was 

applied by subtracting the 450 nm readings from the 570 nm readings to correct for optical 

imperfections in the plate. The reading for the blank standard value was subtracted from all 

corrected optical density values. The standard curve was generated from the standards on each 

plate using Microsoft Excel software and the concentrations of sample values were calculated using 

the equation of the line of the standard curve. 

 

2.10. Western Blot 

2.10.1. Protein extraction  

Protein was extracted from tissue samples by homogenising in Halt™ Protease and Phosphatase 

Inhibitor Cocktail (ThermoFisher, 78447). For brain slice protein extraction, the slice was removed 

from the membrane by scraping with a p200 tip and triturating in the inhibitor cocktail until all tissue 

was dissociated. For small intestine and brain protein extraction, tissue was dissected and 

homogenised in inhibitor cocktail using a Potter-Elvehjem PTFE pestle and glass tube until the tissue 

was fully dissociated. Samples were incubated on ice for 5 mins for complete lysis and stored at -80 

°C. 

2.10.2. BCA assay and sample preparation  
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Protein concentration of samples was calculated using the PierceTM BCA Protein Assay Kit 

(ThermoFisher, 23225) according to manufacturer’s instructions. In summary, 50 parts of BCA 

Reagent A was mixed with 1 part BCA Reagent B and added to standards or samples at a ratio of 8:1 

in a 96 well plate. Serial dilutions of the albumin standard (2 mg/ml) were prepared in the protein 

extraction solution from 0-2000 µg/ml and added in duplicate to the well plate. The well plate was 

incubated at 37 °C for 30 mins, allowed to cool to RT, and then read in a spectrophotometer at 562 

nm. Protein concentrations were calculated by averaging the blank absorbance measurements and 

subtracting this value from all other measurements. A standard curve of the blank-corrected 

absorbance measurements for the standards vs. the standards concentration in µg/ml. The equation 

of the line of the standard curve was then used to determine the protein concentrations of the 

unknown samples.  

For sample preparation, the protein concentrations were used to ensure that an equivalent amount 

of protein was added to each well (as indicated in individual experiments), between 5-20 mg of 

protein. Distilled water was added to samples to ensure the same volume was added to each well 

(~25 µl total) and Laemmli SDS sample loading buffer (AlfaAesar, J61337) was added at a ratio of 

sample to loading buffer of 6:1. Samples were then boiled at 100 °C for 10 mins, allowed to cool, and 

centrifuged at 250 g for 5 mins at RT. 

2.10.3. Gel preparation  

Polyacrylamide gels were hand casted for subsequent western blot gel electrophoresis. Spacer and 

short plates were thoroughly cleaned with 2% chemgene disinfectant, distilled water, and 70% 

ethanol and clamped together to form 1.5 mm cassette sandwiches in the Mini-PROTEAN Tetra Cell 

Casting Stand (Bio-Rad). Water was poured between the plates to ensure that there was a complete 

seal before adding the gel solutions. A 12% resolving gel (Table 2.10.1) was prepared (7ml per gel), 

vortexed well, and poured between the plates. Isopropanol (100 µl) was run along the top of the gel 

to level and remove any air bubbles that remained. Once the resolving gel had fully set, the 

isopropanol was poured off and the gel was washed 3 times with distilled water. A 4% stacking gel 

(Table 2.10.2) was prepared (4 ml per gel), vortexed well, and then poured on top of the resolving 

gel. The 10 well comb was carefully slid between the glass plates at an angle to avoid air bubbles 

between wells. Once set, the combs were carefully removed, and gels were wrapped in cling film 

with distilled water and stored at 4 °C overnight. 

Table 2.10.1 12% Resolving gel recipe: 

Reagent Supplier/Cat # Volume Final Concentration 
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Distilled H20  3.3 ml  

30% Acrylamide/Bis Solution  BioRad, 1610158 4 ml 12% (v/v) 

Tris pH8.8 (1.5 M)  2.5 ml 375 mM 

SDS Melford, S1030 1 g 1 mg/ml 

Ammonium persulfate (APS) ThermoFisher, 

MC2005 

1 g 1 mg/ml 

N,N,N′,N′-

Tetramethylethylenediamine 

(TEMED) 

Merck, T9281 10 µl 0.1% (v/v) 

 

Table 2.10.2 4% Stacking gel recipe: 

Reagent Supplier/Cat # Volume Final Concentration 

Distilled H20  4.3 ml  

30% Acrylamide/Bis 

Solution  

BioRad, 1610158 1.1 ml 4.3% (v/v) 

Tris pH8.8 (1.5 M)  2 ml 400 mM 

SDS Melford, S1030 10 mg 1.32 mg/ml 

APS ThermoFisher, 

MC2005 

10 mg 1.32 mg/ml 

TEMED Merck, T9281 10 µl 0.132% (v/v) 

 

2.10.4. Gel electrophoresis  

For gel electrophoresis, the Mini-PROTEAN Tetra cell (Bio-Rad, 1658006FC), was filled with running 

buffer (Table 2.10.3). The glass plates were placed into the electrode assembly stands, clamped into 

place, and inserted into the tank. The dam created between the two gels was then also filled with 

running buffer. The PageRuler Prestained Protein Ladder (ThermoFisher, 26616) was added to the 

first well (7.5 µl) and then prepared samples were added to each well. The lid was placed onto the 

tank and electrodes were connected. Next, 60 V was applied until the samples had run through the 

stacking gel, 100 V for the resolving gel, and 40 V just before the end of the gel.  

Table 2.10.3 Running buffer recipe: 

Reagent Supplier/Cat # Volume/Weight Final Concentration 
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dH20  1 L  

Trizma Base Merck, T6066 3.03 g 3.03 mg/ml 

Glycine Merck, G6201 14.28 g 14.28 mg/ml 

SDS Melford, S1030 1 g 1 mg/ml 

 

2.10.5. Membrane transfer and staining  

For electrophoretic transfer of proteins from the gel to a polyvinylidene fluoride (PVDF) membrane, 

a wet transfer protocol was used. The PVDF membrane was activated by soaking in methanol for 1-2 

mins, taking care to not touch the membrane with hands. Meanwhile, the sponges and filter paper 

were soaked in transfer buffer (Table 2.10.4). The soaked sponge was placed down first, with the 

soaked filter paper added on top and rolled with a serological pipette to remove air bubbles. The 

activated PVDF membrane was then placed on top of the filter paper, transfer buffer was added to 

prevent drying, and rolled to remove air bubbles. The gel was removed from the glass plates by 

gently prying the short plate off and the stacking gel was cut off the gel. The gel was removed from 

the spacer plate and placed on top of the PVDF membrane. Pre-soaked filter paper was placed on 

top of the gel and finally the pre-soaked sponge was placed on top of the stack. At each step, care 

was taken to not adjust any of the lower levels and each step included rolling to remove air bubbles. 

This stack was placed into the gel holder cassettes, with the gel side facing the black side of the 

cassette. The cassette was then placed into the Mini-PROTEAN Tetra electrophoresis cell (Bio-Rad) 

and run at 400 mA for 1.5 hrs. The membrane was then removed and washed in PBS-1% Tween. The 

membrane was blocked with 3% BSA in PBS-1% Tween for 1hr at RT. The membrane was incubated 

with primary antibody mix in 3% BSA in PBS-1% Tween solution overnight at 4°C. The membrane was 

again washed with 3% BSA in PBS-1% Tween 3 times. The membrane was incubated with IRDye 

secondary antibodies (LI-COR) in 3% BSA in PBS-1% Tween solution for 1 hr at RT and again washed 3 

times. Membranes were imaged using the LI-COR Odyssey imaging system. Membranes were re-

stained with anti-β-actin (Merck, A3853) in 3% BSA in PBS-1% Tween solution for 20 mins at RT and 

washed 3 times. Next, 1 ml enhanced chemiluminescence (ECL) (ThermoFisher, 32106) buffer was 

added to membranes for 1 min and membranes were then imaged on a G:BOX Chemi XRQ 

(Syngene). 

Table 2.10.4 Transfer buffer recipe: 

Reagent Supplier/Cat # Volume/Weight Final Concentration 

dH20  800 ml  
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Methanol Merck, 34860 200 ml 20% (v/v) 

Trizma Base Merck, T6066 3.03 g 3.03 mg/ml 

Glycine Merck, G6201 14.28 g 14.28 mg/ml 

 

2.11. Transcriptome Database Analysis 

Publicly available RNA sequencing databases were accessed and used to evaluate the mRNA 

expression of the IL-22 receptor components in the CNS. There are multiple published transcriptome 

databases available to evaluate gene expression spatiotemporally and in specific CNS cell types. 

Some databases were accessed on freely accessible online interfaces, which generates graphs of the 

expression data for the searched gene of interest (human brain atlas for human and mouse 

transcriptomes - https://hbatlas.org/, and interfaces created by the Barres lab - 

http://brainrnaseq.org/ and Gephart lab -  http://gbmseq.org/). Other mRNA expression data was 

taken from published studies with accessible supplementary data containing the full transcriptomic 

data. Genes of interest were searched, and graphs made from the available data using GraphPad 

Prism software, including replicates and statistical analysis if provided (Sharma et al., 2015; Spitzer et 

al., 2019). 

 

2.12. Statistics 

For datasets comparing two groups, the data were checked for normal distribution and then 

statistical significance using unpaired student’s t-tests for parametric data or Mann-Whitney U-tests 

for non-parametric data. For datasets comparing more than two groups, the data were checked for 

normal distribution and then statistical significance using one-way ANOVA with Tukey’s or Dunnett’s 

multiple comparison test for parametric data or Kruskal-Wallis with Dunn’s multiple comparison test 

for non-parametric data. For datasets comparing more than two groups with more than one 

independent variable, data were checked for normal distribution and then statistical significance 

using two-way ANOVA with Tukey’s or Sidak’s multiple comparison test. All statistical analysis used 

for each experiment is indicated in the figure legends. All statistical analysis and graphing of data 

were performed using GraphPad Prism. 
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3. Investigating the role of Th1 cells in OPC differentiation and 

myelination. 

3.1. Introduction 

3.1.1. Th1 cell characterisation and function. 

Th1 cells were first proposed as a CD4+ T cell subset by Mossmann et al. in 1986, when CD4+ T cells 

were distinguished into 2 distinct subsets (Mosmann et al., 1986). These subsets were termed Th1 

and Th2 cells, which were characterised based on the distinctive expression of different cytokines, 

highlighting the different functionality of the subsets (Mosmann et al., 1986). Th1 cells were 

described as the T helper cell subset which produced IFN-γ in the absence of IL-4, and Th2 cells 

described as the T helper cell subset which produced IL-4 in the absence of IFN-γ (Mosmann et al., 

1986). Interestingly, these defining cytokines act as autocrine growth factors and also as inhibitory 

factors for the other subset, promoting their own subset differentiation whilst inhibiting the other 

(Mosmann et al., 1986; Fernandez-Botran et al., 1988; Gajewski and Fitch, 1988). Although IFN-γ is 

regarded as the classical Th1-related cytokine, other prominent cytokines that Th1 cells produce 

include IL-2, TNF-β (known at the time as lymphotoxin-alpha (LTα)), TNF-α, granulocyte macrophage-

colony stimulating factor (GM-CSF) and IL-3 (Mosmann et al., 1986; Zhu and Paul, 2008). Although 

Th1 cells were characterised by the unique cytokine signature, the expression of chemokine 

receptors can also be used to distinguish CD4+ T cell subsets whilst providing insight into subset 

functionality and recruitment/migration. The chemokine receptors CXCR3 and CCR5 are associated 

with Th1 cells and function to promote Th1 cell migration to sites of inflammation (Bonecchi et al., 

1998; Sallusto et al., 1998; Kunkel et al., 2002). 

Th1 cell differentiation and cytokine expression is regulated by the transcription factor T-box protein 

expressed in T cells (T-bet) and also by IL-12 signalling (Hsieh et al., 1993; Szabo et al., 2000). IL-12 

produced by macrophages in response to heat-killed Listeria monocytogenes in vitro induced the 

polarisation of naïve CD4+ T cells into a Th1 cell subset (Hsieh et al., 1993). This was also observed in 

vivo, as L. monocytogenes infection in mice induced immune-responses consistent with a Th1 cell 

response (Hsieh et al., 1993). A component of the IL-12 receptor, IL-12Rβ2 is upregulated in T cells 

after antigen stimulation via the T cell receptor, allowing these cells to differentiate into Th1 cells 

(Szabo et al., 1997). However, IL-12Rβ2 is inhibited by IL-4, thereby promoting Th2 cell 

differentiation and limiting Th1 differentiation, highlighting the importance of IL-12 signalling for Th1 

cell lineage commitment (Szabo et al., 1997). IL-12 has not only been shown to be involved in the 

development of Th1 cells but also acts as a trans-activator, promoting IFN-γ synthesis (Mullen et al., 
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2001). The discovery of a unique transcription factor for Th1 cells, T-bet, allowed for a clearer 

method of Th1 cell identification (Szabo et al., 2000). T-bet was shown to direct T cells into a Th1 cell 

lineage whilst inhibiting Th2 differentiation (Mullen et al., 2001). T-bet modulates Th1 cell 

differentiation by promoting expression of IL-12Rβ2 and through epigenetic modification of IFN-γ 

alleles (Mullen et al., 2001). Interestingly, IFN-γ can also induce T-bet, acting in an autocrine loop to 

promote Th1 cell differentiation and further IFN-γ production (Lighvani et al., 2001). 

Due to the unique cytokine signature of the Th1 and Th2 subsets and the different functionality in 

providing help to B cells, Th1 cells were classed as the subset responsible for cell-mediated immunity 

and Th2 cells as the subset responsible for humoral immunity (Mosmann et al., 1986; Killar et al., 

1987; Mosmann and Coffman, 1989). Cell-mediated immunity confers host protection against 

intracellular pathogens without the production of antibodies (Zhu and Paul, 2008). Th1 cells were 

shown to be protective against the intracellular pathogen-mediated disease Leishmaniasis, with Th1 

cells expanded in recovering mice and Th2 cells expanded in mice with exacerbated disease, 

highlighting the important divergent aspects of T cell immune responses against different pathogens 

(Scott et al., 1988; Heinzel et al., 1989). In host defence, Th1 cells release cytokines in response to 

foreign antigens causing the activation of macrophages and cytotoxic T cells which phagocytose and 

destroy pathogens (Zhu and Paul, 2008). IFN-γ production by Th1 cells modulates macrophage 

function and promote their clearance of intracellular pathogens (Spellberg and Edwards  Jr., 2001). 

The neutralisation of IFN-γ in mice infected with the intracellular parasite Toxoplasma gondii 

resulted in toxoplasmosis and mortality due to an inhibition of macrophage activation, however 

antibody production was unaffected (Yasuhiro et al., 1988). IFN-γ has also been shown to promote 

macrophage phagocytosis (Szulc and Piasecki, 1988) and macrophage oxidative burst, which is the 

release of reactive oxygen species that destroy engulfed pathogens (Goldberg et al., 1990). Although 

Th1 cells are important for mediating host-protection against intracellular pathogens, they are also 

linked to organ-specific autoimmune disorders, such as multiple sclerosis, Crohn’s disease, 

inflammatory bowel disease and arthritis (Zhu and Paul, 2008). 

3.1.2. Th1 cells in MS. 

The T cell-mediated pathogenic mechanism of demyelination and neurodegeneration in MS has 

been linked to a Th1 response. CD4+ T cells were found in post-mortem brain samples from MS 

patients, particularly at the lesion edge of active lesions and the surrounding normal-appearing 

white matter, indicating a role for CD4+ T cells in lesion expansion (Traugott et al., 1983). 

Macrophages were also detected in the lesion centre and the surrounding normal-appearing white 

matter, and observed close to damaged myelin sheaths, highlighting a potential role in lesion 
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development and demyelination (Traugott et al., 1983; Rodriguez et al., 1993). These studies provide 

evidence to support a role for Th1 cell-mediated macrophage activation and demyelination, due to 

the detection of both CD4+ T cells and macrophages in MS lesions, and the association of 

macrophages as the effector cells of Th1 immunity. This Th1-mediated hypothesis of MS 

pathogenesis was furthered as IFN-γ was shown to be expressed in active MS lesions from post-

mortem brain specimens (Traugott and Lebon, 1988). An MBP-specific human CD4+ T cell line 

derived from MS patients showed a Th1 cell phenotype, producing IFN-γ and LTα but not IL-4 upon 

stimulation with MBP (Voskuhl et al., 1993). Mononuclear cells isolated from MS patients and 

stimulated with MBP also showed increased IFN-γ and TNF-α and lower IL-10 levels compared to 

healthy controls (Hedegaard et al., 2008). In some patient samples, stimulation with MBP promoted 

proliferation of CD4+ T cells which correlated with increased IFN-γ, although this did not correlate 

with active plaques detected by MRI (Hedegaard et al., 2008). These studies support the hypothesis 

of a Th1-mediated pathogenic mechanism in MS as MBP-specific T cells showed a Th1 phenotype. 

Increased levels of Th1 cells were detected in the CSF of MS patients compared to the blood of MS 

patients or the CSF of non-MS controls, indicating a role for Th1 cells in the CNS of MS patients 

(Ishizu et al., 2005). 

Due to the beneficial effects of both IFN-β and IFN-α in controlling MS relapses, it was hypothesised 

that IFN-γ may also be beneficial for MS patients (Jacobs et al., 1981; Knobler et al., 1984). However, 

in a clinical trial, treatment with recombinant IFN-γ resulted in an increased rate of exacerbations, 

defined as a new or recurrent neurological symptoms, compared to the rate in the 2 years prior to 

the trial (Panitch et al., 1987). This was also associated with an increased expression of MHC II 

molecules on circulating monocytes, indicating increased inflammation following IFN-γ treatment 

(Panitch et al., 1987). It was later shown that levels of IFN-γ and TNF were increased in the blood of 

MS patients prior to exacerbations and clinical symptoms, with levels persisting during the 

exacerbations except in mild cases, indicating a role for IFN-γ and TNF in initiating and maintaining 

relapses (Beck et al., 1988). Due to these new indications that IFN-γ was detrimental in MS, SPMS 

patients were treated with antibodies to IFN-γ to reduce levels, resulting in a significant 

improvement compared to the placebo control group, with no disability progression and decreased 

active lesions by MRI (Skurkovich et al., 2001). However, the neutralisation of IL-12, a key inducer of 

Th1 differentiation and IFN-γ expression, in RRMS patients did not significantly impact the number of 

active lesions by MRI or clinical relapses (Segal et al., 2008).  
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3.1.3. Th1 cells in EAE. 

The pathogenic mechanisms of Th1-mediated demyelination and neurodegeneration have been 

postulated using an animal model of immune-mediated demyelination, EAE. The inflammatory 

infiltrate in the CNS shortly after EAE induction in mice consists predominantly of CD4+ T cells which 

persist even after recovery (Merrill et al., 1992). Th1-associated cytokines IFN-γ and IL-2 were also 

detected in the brains and spinal cord during the course of EAE, however were not detected in 

recovered mice (Merrill et al., 1992). The hypothesis of Th1-mediated macrophage activation being 

pathogenic in MS patients may be similar in EAE, as numbers of antigen-presenting microglia and 

macrophages were increased in the CNS throughout the disease process and were found to persist 

after recovery (Merrill et al., 1992). An MBP-specific CD4+ T cell line derived from the draining lymph 

nodes of EAE-induced mice showed a Th1 cell phenotype, producing IFN-γ, IL-2 and LTα but not IL-4, 

and were capable of inducing EAE after adoptive transfer (Ando et al., 1989). Th1 cells have been 

shown to be critical for EAE induction as mice deficient in T-bet, the major transcription factor 

responsible for Th1 differentiation, fail to produce Th1 cells and are resistant to EAE development 

(Bettelli et al., 2004). MOG-specific Th1-polarised cells also induced EAE in mice after adoptive 

transfer (Jager et al., 2009). It should be noted however, that transfer of both MOG-specific Th17 

and Th9 polarised cells also induced EAE, although with different clinical presentations (Jager et al., 

2009). The adoptive transfer of Th1 cells induces ‘classical’ EAE, showing similar symptoms to EAE 

induced using myelin peptides or CNS tissues, including progressive ascending paralysis and similar 

disease courses (Domingues et al., 2010). However, Th17-induced EAE can cause ‘atypical’ EAE as 

mice present with unbalanced gait, ataxia, rotary defects and progressive paralysis (Domingues et 

al., 2010).  

Although treatment with IFN-γ was shown to be detrimental in MS patients, mice deficient in IFN-γ 

are still susceptible to EAE, highlighting that IFN-γ is not critical for EAE induction or development 

(Ferber et al., 1996). Conversely, IFN-γ has surprisingly been shown to be beneficial during EAE, 

providing resistance in some mice strains. Inducing IFN-γ-deficiency in BALB/c mice, which are 

usually resistant to EAE, converts this resistant strain to become susceptible to EAE induction, 

indicating that IFN-γ production may provide the resistance to EAE in these animals (Krakowski and 

Owens, 1996). The beneficial role of IFN-γ in EAE was also highlighted in studies by neutralising IFN-γ 

during EAE induction, as the reduction in IFN-γ resulted in worsened disease (Lublin et al., 1993; 

Heremans et al., 1996). In rats induced with EAE, systemic treatment with IFN-γ showed no impact 

on clinical disease, however local injection into the CNS completely ameliorated disease (Voorthuis 

et al., 1990). The contradictory roles of IFN-γ in EAE and in MS serves as an important reminder that 
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although animal models can provide insight into disease mechanisms and treatments, it is not 

always completely translatable to humans. 

IL-12, which is a key driver of Th1 differentiation and inducer of IFN-γ production by Th1 cells, 

originally demonstrated contradictory effects in EAE. Mice deficient in the p40 subunit of IL-12 are 

resistant to EAE (Segal et al., 1998), however mice deficient in the p35 subunit of IL-12 are 

susceptible to EAE (Gran et al., 2002). This contradictory report on the function of IL-12 in EAE was 

resolved when IL-23 was discovered, as it shares the p40 subunit of IL-12 (Oppmann et al., 2000). IL-

12p40-defective mice lack both IL-12 and IL-23, and IL-23p19−/− mice were also shown to be resistant 

to EAE, implicating IL-23 rather than IL-12 in EAE induction (Cua et al., 2003). This may indicate that 

Th17 cells are the pathogenic CD4+ T cell subset in EAE, as IL-23 is an important mediator of Th17 cell 

differentiation (Langrish et al., 2005). Interestingly, more recent studies have identified Th1-like 

Th17 cells, capable of producing IFN-γ and IL-17, which infiltrate the brain early after EAE induction, 

with Th1 cells infiltrating after symptoms have developed (Murphy et al., 2010). Th1-like Th17 cells 

were also shown to be more efficient at crossing the BBB than Th1 cells in EAE and in vitro in primary 

human BBB-derived endothelial cell cultures (Kebir et al., 2009). In mixed glial cell co-culture with 

MOG-specific Th1 cells or Th1-like Th17 cells, Th1-like Th17 cells induced greater production of pro-

inflammatory cytokines than Th1 cells (Murphy et al., 2010). These studies highlight the complexity 

in deciphering MS pathogenesis using experimental models, particularly when discussing the 

involvement of CD4+ T cell subsets, which display plasticity and different functions in vivo. This is of 

particular importance when considering the heterogeneity of MS presentation and pathogenesis, 

which may involve multiple mechanisms depending on subtypes.  

3.1.4. Th1 cell effects on oligodendrocytes and remyelination. 

Previous studies have assessed the effects of human peripheral blood mononuclear cells (PBMC) 

polarised to a Th1 phenotype on human and rodent OPC cultures. Although these studies show 

increased production of IFN-γ by these cultures, there are no readouts to validate that these cells are 

CD4+ T cells, indicating that there could be other PBMC cell types in the culture mediating effects, 

such as CD8+ T cells which can also produce IFN-γ. These IFN-γ-expressing PBMCs showed cytotoxic 

effects in human A2B5+ OPC cultures and a delayed differentiation into oligodendrocytes (Moore et 

al., 2015). However, in another study evaluating glatiramer acetate (GA)-specific IFN-γ-expressing 

PBMCs, results showed beneficial effects on rodent oligodendrocyte cell numbers and 

oligodendrocyte differentiation (Zhang et al., 2010). The immunomodulatory mechanism of GA 

involves a decreased activation of MBP-specific Th1 or Th17 cells by binding MHC II on APCs (Fridkis-

Hareli and Strominger, 1998; Fridkis-Hareli et al., 1999; Gran et al., 2000). These GA-specific IFN-γ-
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expressing PBMCs show beneficial effects on oligodendrocyte differentiation through the production 

of neurotrophic factors, such as IGF-2 (Zhang et al., 2010). These studies highlight the differential 

impacts of immune cells, in particular Th1 cells, depending on the environmental context which has 

major implications in MS patients in acute inflammatory phases or in active treatment with 

immunomodulatory DMTs. 

A recent study showed that MOG-specific Th1 cells can interact with murine oligodendrocytes in 

vitro, resulting in an increased cytoskeletal area and inducing oligodendrocyte expression of 

adhesion molecules and immunomodulatory genes (González-Alvarado et al., 2022). Co-cultures of 

MOG-specific Th1 cells with CNPase+ oligodendrocytes resulted in a significantly lower percentage of 

MBP+ cells and GalC+ cells in culture, indicating an impairment in oligodendrocyte differentiation, 

however this was not seen when oligodendrocytes where treated with MOG-specific Th1-

conditioned medium (González-Alvarado et al., 2022). There were no differences observed in the 

number of apoptotic OPCs or oligodendrocytes or in the number of proliferating OPCs when co-

cultured with MOG-specific Th1 cells or conditioned medium (González-Alvarado et al., 2022). These 

results indicate that Th1 cells may impact oligodendrocyte differentiation both in vitro and in vivo 

through direct cell-cell interactions. 

The effects of the classic Th1-associated cytokine, IFN-γ, have been used to postulate the effects of 

Th1 cells. Treatment of rat OPCs or oligodendrocytes with recombinant IFN-γ resulted in apoptosis-

mediated cell death (Vartanian et al., 1995). This may present a mechanism of oligodendrocyte 

death in vivo, as apoptotic oligodendrocytes and IFN-γ+ cells were detected at the edge of MS lesions 

(Vartanian et al., 1995). Treatment of primary human oligodendrocytes isolated from adult brain 

tissue with recombinant IFN-γ did not impact cell survival or MBP expression, however, this 

treatment did upregulate the death receptor Fas, resulting in oligodendrocytes becoming more 

susceptible to apoptosis (Pouly et al., 2000). However, another study in rat oligodendrocyte cultures 

showed differential effects of IFN-γ on oligodendrocytes exposed to different modes of cellular 

stress, providing protection against H2O2 and proteasome inhibitor-mediated death but potentiating 

the effects of anti-Fas antibody, staruosporine and ceramide in vitro (Balabanov et al., 2007). IFN-γ-

associated apoptosis of oligodendrocytes was shown to be associated with the activation of the 

endoplasmic reticulum (ER) stress response in vitro (Lin et al., 2005). These studies highlight the 

detrimental impact of IFN-γ on oligodendrocytes, promoting apoptosis in response to injury which is 

of particular importance in the damaged CNS, such as in MS, where IFN-γ could promote 

oligodendrocyte death.  
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In a model of cuprizone-mediated demyelination, transgenic mice over-expressing IFN-γ in the CNS 

under transcriptional control of the MBP gene, were protected from demyelination, oligodendrocyte 

death, microgliosis and astrogliosis (Gao et al., 2000). However, even without demyelination, there 

was a significant reduction in the expression of the myelin protein genes, MBP and PLP (Gao et al., 

2000). A caveat to this data is that this transgenic animal model has previously been shown to have a 

shivering phenotype and less CNS myelin than wild type mice, similar to that observed in other 

mouse models of hypomyelination (Corbin et al., 1996). These animals also showed an upregulation 

of MHC I and MHC II in the CNS, indicating a higher level of neuroinflammation (Corbin et al., 1996). 

Therefore, evaluating the effects of increased levels of IFN-γ using this animal model may not 

provide accurate results, as CNS myelin is already disrupted before cuprizone administration. 

However, in another model of cuprizone-induced demyelination, this time with tetracycline 

controlled IFN-γ over-expression in the CNS at the point of cuprizone administration impaired 

remyelination and decreased oligodendrocyte repopulation in lesions was observed (Lin et al., 

2006). The detrimental impact of IFN-γ was linked to activation of the ER response in remyelinating 

oligodendrocytes (Lin et al., 2006), similar to that shown previously in vitro (Lin et al., 2005).  

However, this same system of controlled IFN-γ expression in the CNS resulted in a less severe EAE 

disease course, protecting against demyelination and oligodendrocyte death (Lin et al., 2007). This 

beneficial effect was linked to the activation of pancreatic endoplasmic reticulum kinase (PERK) 

pathway in oligodendrocytes which maintains homeostasis during the ER stress response (Lin et al., 

2007). The authors hypothesised that these contradictory roles of IFN-γ in activating the ER stress 

response in oligodendrocytes depends upon the cellular developmental stage and the environment. 

Activating the ER stress response in myelinating or remyelinating oligodendrocytes which are 

already experiencing increased ER stress, results in apoptosis. This hypothesis would explain the 

mechanisms observed with over-expression of IFN-γ during development resulting in 

hypomyelination and over-expression of IFN-γ after cuprizone-induction causing impaired 

remyelination and a reduction in oligodendrocytes (Corbin et al., 1996; Lin et al., 2006). However, 

activating the ER stress response in adult oligodendrocytes which are not actively producing as many 

products as developing or remyelinating oligodendrocytes, may prove protective against immune-

mediated damage. This is supported by the finding that IFN-γ over-expression at the point of EAE 

induction led to a less severe disease course and reduced oligodendrocyte death (Lin et al., 2007), 

however IFN-γ over-expression during the recovery phase of EAE delayed clinical recovery and 

impaired remyelination (Lin et al., 2006). These results indicate that IFN-γ can provide protection to 

oligodendrocytes during demyelination, however can promote oligodendrocyte cell death during 

myelination or remyelination, potentially by increasing oligodendrocyte susceptibility to apoptosis.  
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The impact of IFN-γ on oligodendrocytes and remyelination can be used to postulate a potential 

effect of Th1 cells, as the classic Th1-related cytokine. However, Th1 cells secrete a range of other 

factors that could potentially affect oligodendrocyte lineage cells and remyelination, such as TNF-α, 

TNF-β, IL-2 and GM-CSF. The overexpression of TNF during EAE results in increased oligodendrocyte 

death and reduced numbers of differentiated oligodendrocytes within lesions, which was reversed 

by blocking TNF (Valentin-Torres et al., 2018). However, TNF-α and TNF-β are not critical for EAE as 

EAE can be induced in TNF-deficient animals (Frei et al., 1997). TNF-α and TNF-β have been shown to 

inhibit OPC differentiation and can induce oligodendrocyte death (Selmaj et al., 1991; Jurewicz et al., 

2003; Plant et al., 2005; Su et al., 2011). However, another study showed beneficial effects of TNF-α, 

promoting OPC proliferation and remyelination following demyelination after cuprizone 

administration (Arnett et al., 2001). This study was supported by human clinical trials, as the 

neutralisation of TNF-α was associated with neurological symptoms and demyelination (Kaltsonoudis 

et al., 2014). IL-2 has shown differential effects in different contexts, showing detrimental effects on 

OPC proliferation (Saneto et al., 1986) and even cytotoxicity (Curatolo et al., 1997) to 

oligodendrocytes in vitro but beneficial immunomodulatory effects in vivo. IL-2 treatment reduces 

EAE severity through immune modulation of T cell subsets, increasing levels of Tregs and therefore 

suppressing other pathogenic effector subsets (Kim et al., 2018; Li et al., 2021). GM-CSF is an 

important mediator of EAE, with GM-SCF-deficient mice showing resistance to EAE induction 

(Kroenke et al., 2010; Duncker et al., 2018). GM-CSF in involved in promoting CNS inflammation and 

demyelination, increasing the inflammatory infiltrate into the CNS (McQualter et al., 2001; Spath et 

al., 2017). Taken together, these studies show that products of Th1 cells can exert a range of effects 

during demyelination and remyelination. 
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3.2. Rationale, hypothesis and aims  

Rationale: 

Th1 cells have been linked to the pathogenesis of MS due to the presence of CD4+ T cells, Th1-

associated macrophages and the expression of IFN-γ in MS lesions. Similar results were observed in 

EAE, with Th1 cells hypothesised to promote demyelination through IFN-γ production and 

macrophage/microglia activation. The hypothesis of Th1 cells being pathogenic in both MS and EAE 

was supported by evidence that MOG-specific Th1 cells induce EAE (Jager et al., 2009), interact with 

oligodendrocytes in vivo, and impair oligodendrocyte differentiation in vitro (González-Alvarado et 

al., 2022). The classic Th1-associated cytokine, IFN-γ, has proved to be detrimental to MS patients, as 

treatment with recombinant IFN-γ resulted in increased exacerbations. IFN-γ has also been shown to 

promote oligodendrocyte susceptibility to apoptosis by upregulating the death receptor Fas and by 

promoting the ER stress response in myelinating or remyelinating oligodendrocytes. Other Th1 cell-

secreted products have also been shown to be detrimental in the CNS, providing further rationale 

for a negative effect of Th1 cells on oligodendrocytes and in the process of remyelination.   

Hypothesis: 

Th1 cells negatively impact OPC differentiation and myelination. 

Aims: 

 To design experimental parameters to investigate the effect of Th1 cells on OPC cultures in 

vitro. 

 To evaluate the effects of Th1-secreted factors on OPC proliferation and differentiation in 

vitro. 

 To evaluate the effects of Th1-secreted factors on myelination ex vivo. 
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3.3. Results 

3.3.1. Generation of Th1-conditioned medium from in vitro polarised Th1 cells. 

As the hypothesis for this chapter was that Th1 cells would negatively affect OPC differentiation and 

impede myelination, the first goal was to generate Th1-conditioned medium. This would allow for 

the evaluation of the effects of Th1-secreted factors on key processes such as OPC proliferation and 

OPC differentiation in glial cell cultures in vitro and developmental myelination in organotypic brain 

slice cultures ex vivo. Whole CD4+ T cells were isolated from the spleens of C57BL/6 mice and 

activated via the TCR using anti-CD3 (1 µg/ml) and co-stimulation using anti-CD28 (1 µg/ml). Cells 

were polarised to a Th1 phenotype for 72 hr using IL-12 (10 ng/ml) in cRPMI. During this 72 hr 

period, the CD4+ T cells become activated, expand and are directed towards a Th1 phenotype by IL-

12, promoting an upregulation of T-bet and production of IFN-γ and other Th1-associated cytokines. 

After 72 hrs, cells were collected and assessed for purity by measuring the expression of the 

canonical Th1 transcription factor, T-bet, using flow cytometry. Isotype and FMO controls were used 

to identify the negative population of cells which were not stained with the specific anti-T-bet 

antibody. Th1 polarisations under these conditions were routinely >99% CD4+Tbet+ and therefore 

classified as a Th1 cell population (Fig 3.1A). A critical consideration in mixing immune and neural 

experimental approaches is unintended consequences of routine approaches in each field.  It has 

been shown that FBS can promote the differentiation of OPCs into type II astrocytes in vitro (Raff et 

al., 1983; Suzuki et al., 2017), and thus, addition of serum-containing Th1-conditioned medium to 

glial cultures would have the potential to drive this effect irrespective of the Th1 phenotype. 

Therefore, Th1 cultures were reactivated and re-polarised in serum-free medium to prevent FBS-

mediated astrocyte differentiation in OPC cultures. Th1 cells that were re-activated and re-polarised 

in serum-free medium for 72 hr remained >99% CD4+Tbet+, allowing for the generation of FBS-free 

Th1-conditioned medium for use in subsequent experiments (Fig 3.1B).  
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FSC-A 

3.1A. 

Figure 3.1: Th1 polarisation and generation of Th1-conditioned medium. 
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 T cells from C57BL/6 mice were activated and polarised to a Th1 cell subset with IL-12 (10 

ng/ml). A) Representative flow cytometry plots from the 1
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+
 T cells, and Th1 cells (CD4
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+
). Isotype (top 

row) and fluorescence minus one (FMO) (middle row) controls were used to determine T-bet-

specific staining in the Th1-polarised sample (bottom row). B) Representative flow cytometry 

plots from the 2
nd

 activation show the gating used to identify lymphocytes, live cells, single cells, 
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 T cells, and Th1 cells (CD4
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). Representative experiment of n=4 mice from 4 
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3.3.2. Establishing the experimental parameters required to accurately investigate the effect of 

Th1 cells on OPC cultures in vitro. 

Having successfully generated pure Th1-conditioned medium samples, the next objective was to 

comprehensively investigate the effect of Th1-secreted factors in OPC cultures. OPCs were purified 

from the brains of C57BL/6 mice pups aged p2-7 using anti-A2B5 antibody, an early marker of OPCs, 

and treated with a range of concentrations of Th1-conditioned medium (0-20%), or 5% of the 

appropriate controls. Although plate-bound activation was used and therefore activating antibodies 

should not have been present in the conditioned medium, it was important that this was controlled 

for in case these factors detached in the medium and promoted effects in OPC cultures independent 

of Th1-secreted factors. Therefore, X-vivo 15 medium was cultured in wells coated with anti-CD3 (1 

µg/ml) and anti-CD28 (1 µg/ml in parallel with Th1 cultures (media control). An additional 

polarisation control was also used to ensure that the recombinant IL-12 used to drive Th1 

differentiation was also not inducing any effects on glial cultures. This was generated by culturing X-

vivo 15 medium with IL-12 (10 ng/ml) in wells coated with anti-CD3 (1 µg/ml) and anti-CD28 (1 

µg/ml) in parallel with the Th1 culture (polarisation control). Previous literature from the Fitzgerald 

group evaluating the effects of regulatory T cell (Treg)-conditioned medium on OPC cultures, used 

5% Treg-conditioned medium and noted an increased OPC differentiation (Dombrowski et al., 2017). 

Therefore, concentration increments were chosen (1, 2.5, 5, 10, 20%) based on the successful 

evaluation of a different T cell subset with 5% T cell conditioned medium treatments. Cultures were 

evaluated at 24 hr increments from 0-120 hr post-treatment to determine the best time-points to 

investigate the impacts of Th1-secreted factors on key processes such as OPC proliferation and 

differentiation.  

Due to culture variability, the optimisation experiment results shown are a representative 

experiment of technical (well) replicates from n=1 pup from a total of n=3 pups performed. Although 

not statistically powered and therefore not statistically analysed, these results pointed to the time-

points and concentrations that should be used for future experiments evaluating the effects of Th1-

secreted factors. Th1-conditioned medium showed a trend of increased oligodendrocyte lineage 

numbers, as indicated by DAPI+Olig2+ cell numbers, from 2.5-20% Th1-conditioned medium 

compared to media or polarisation controls (Fig 3.2A, C). Although OPC proliferation, determined by 

the number of oligodendrocyte lineage cells expressing the proliferative marker Ki67, 

DAPI+Olig2+Ki67+, did not appear to show any differences between Th1-conditioned medium and 

controls, these cultures showed that 48 hr post-treatment may be the best time-point to evaluate 

OPC proliferation (Fig 3.2B, C) which is in line with previous studies from our group. Analysing the 

data as a concentration response at this key time-point, indicated that the Th1-mediated expansion 
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of oligodendrocyte lineage cells occurred at concentrations over 2.5% of Th1-conditioned medium 

(Fig 3.3A). 

OPC differentiation was evaluated using a marker of myelin basic protein (MBP), which is expressed 

by differentiated oligodendrocytes. Surprisingly, Th1-conditioned medium also showed a trend of 

increased OPC differentiation from 2.5-20% Th1-conditioned medium treatment, with an increase in 

the average MBP+ area (Fig 3.4A, C) and in the number of DAPI+Olig2+MBP+ cells compared to 

controls (Fig 3.4B, C). These cultures also showed that 120 hr post-treatment was the best time-

point to evaluate OPC differentiation (Fig 3.4A, B). Analysing these data as a concentration response 

at 120 hr post-treatment again showed Th1-mediated effects on OPC differentiation particularly at 

2.5 or 5% Th1-conditioned medium (Fig 3.5A, B). Although it appeared that effects of Th1-

conditioned medium could be seen at as little as a 2.5% concentration, the results between 2.5% 

and 5% appeared similar. Therefore, to remain consistent with the previous work investigating the 

effects of T cell-secreted factors on OPCs, subsequent experiments were treated with 5% Th1-

conditioned medium (Dombrowski et al., 2017). 
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Figure 3.2: Th1-conditioned medium may affect OPC cell numbers at concentrations over 2.5% 

in A2B5
+
 OPC cultures in vitro.  

Oligodendrocyte progenitor cells (A2B5
+
) were isolated from brains of male and female C57BL/6 

pups aged p3-9. Cells were treated with Th1-conditioned medium (Th1 CM) at 1, 2.5, 5, 10, 20% 

(v/v), 5% X-vivo 15 serum free medium (Media control) or 5% X-vivo 15 serum free medium with 

10 ng/ml IL-12 (Polarisation control) and fixed at 0-120 hr post-treatment. A) A representative 

time course experiment of DAPI
+
Olig2

+
 cells per well and B) DAPI

+
Olig2

+
Ki67

+ 
cells per well for 

each Th1 concentration. C) Representative CellInsight 10X images showing Olig2
 
(green) and Ki67 

(magenta) staining at 24 hr post-treatment for each group. One representative experiment of n = 

1 pups with 5-6 technical replicates, of n = 3 pups total from 3 independent experiments. Data 

shown as mean +/- SEM. No statistical analysis as not statistically powered. 

Media Control Polarisation Control 

Th1 CM (5%) Th1 CM (2.5%) Th1 CM (1%) 

Th1 CM (10%) Th1 CM (20%) 

3.2.C. 
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Figure 3.3: Th1-conditioned medium may affect oligodendrocyte lineage cell counts in OPC 

cultures at concentrations over 2.5% in vitro. 

Oligodendrocyte progenitor cells (A2B5
+
) were isolated from brains of male and female C57BL/6 

pups aged p3-9. Cells were treated with Th1-conditioned medium (Th1 CM) at 1, 2.5, 5, 10, 20% 

(v/v) or 5% X-vivo 15 serum free medium with 10 ng/ml IL-12 (0%). A) Effect of Th1 CM on the 

density of DAPI
+
Olig2

+
 and B) DAPI

+
Olig2

+
Ki67

+ 
cells per well at 48 hr post-treatment from 0-20% 

(v/v). One representative experiment of n = 1 pups with 5-6 technical replicates, of n = 3 pups 

total from 3 independent experiments. Data shown as mean +/- SEM. No statistical analysis as 

not statistically powered. 
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Figure 3.4: Th1-conditioned medium may affect OPC differentiation at concentrations over 

2.5% in A2B5
+
 OPC cultures in vitro.  

Oligodendrocyte progenitor cells (A2B5
+
) were isolated from brains of male and female C57BL/6 

pups aged p3-9. Cells were treated with Th1-conditioned medium (Th1 CM) at 1, 2.5, 5, 10, 20% 

(v/v), 5% X-vivo 15 serum free medium (Media control) or 5% X-vivo 15 serum free medium with 

10 ng/ml IL-12 (Polarisation control) and fixed at 0-120 hr post-treatment. A) A representative 

time course experiment of the average MBP area per well and DAPI
+
Olig2

+
MBP

+
 cells per well for 

each Th1 concentration. B) Representative CellInsight 10X images showing DAPI (blue) Olig2
 

(green) and MBP (white) staining at 120 hr post-treatment. One representative experiment of n = 

1 pups with 5-6 technical replicates, of n = 3 pups total from 3 independent experiments. Data 

shown as mean +/- SEM. No statistical analysis as not statistically powered. 

3.4C. 
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Figure 3.5: Th1-conditioned medium show effects on OPC differentiation in OPC cultures at 

concentrations over 2.5% in vitro. 

Oligodendrocyte progenitor cells (A2B5
+
) were isolated from brains of male and female C57BL/6 

pups aged p3-9. Cells were treated with Th1-conditioned medium (Th1 CM) at 1, 2.5, 5, 10, 20% 

(v/v) or 5% X-vivo 15 serum free medium with 10 ng/ml IL-12 (0%). A) Effect of Th1 CM on the 

average MBP area per well and DAPI
+
Olig2

+
MBP

+
 cells per well at 120 hr post-treatment from 0-

20% (v/v). One representative experiment of n = 1 pups with 5-6 technical replicates, of n = 3 

pups total from 3 independent experiments. Data shown as mean +/- SEM. No statistical analysis 

as not statistically powered. 
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3.3.3. Th1-conditioned medium may enhance astrogenesis in vitro A2B5+ OPC cultures. 

In the OPC cultures treated with Th1-conditioned medium, it was noted that there was a population 

of astrocytes which developed during the culture, as indicated by GFAP staining. This did not appear 

to be due to contamination as levels of GFAP staining were extremely low at the time-point that cells 

were treated, 3 days in vitro (DIV), and Th1-conditioned medium showed a trend of increased 

astrocyte differentiation from OPCs from 2.5-20% Th1-conditioned medium (Fig 3.6A, C). Analysing 

this data as a time-course at the peak of astrogenesis (120 hr) showed that the Th1-mediated 

astrogenic effect occurred at concentrations over 2.5% Th1-conditioned medium (Fig 3.6B). These 

results indicate that Th1-conditioned medium may promote OPC differentiation into both 

oligodendrocytes and type II astrocytes from a common progenitor cell. Although A2B5 is commonly 

used as a OPC marker, it is an earlier marker which can also identify neural progenitor cells capable 

of differentiating into both oligodendrocytes and astrocytes (S. et al., 1998). Therefore, the 

astrogenesis observed in A2B5+ OPC cultures even in the control conditions at later time-points, may 

not be a surprise.  
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Figure 3.6: Th1-conditioned medium may promote OPC differentiation into astrocytes at 

concentrations over 2.5% in A2B5
+
 OPC cultures in vitro.  

Oligodendrocyte progenitor cells (A2B5
+
) were isolated from brains of male and female C57BL/6 

pups aged p3-9. Cells were treated with Th1-conditioned medium (Th1 CM) at 1, 2.5, 5, 10, 20% 

(v/v), 5% X-vivo 15 serum free medium (Media control) or 5% X-vivo 15 serum free medium with 

10 ng/ml IL-12 (Polarisation control) and fixed at 0-120 hr post-treatment. A) A representative 

time course experiment of the average GFAP area per well for each Th1 concentration. B) Effect 

of Th1 CM on the average GFAP area per well at 120 hr post-treatment from 0-20% (v/v). C) 

Representative CellInsight 10X images showing DAPI (blue), Olig2 (green) and GFAP
 
(pink) 

staining at 120 hr post-treatment. One representative experiment of n = 1 pups with 5-6 

technical replicates, of n = 3 pups total from 3 independent experiments. Data shown as mean 

+/- SEM. No statistical analysis as not statistically powered. 
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3.3.4. Th1-secreted factors promote astrogenesis in PGFRα+ OPC cultures in vitro.  

A2B5+ isolated OPC cultures resulted in OPC differentiation into both oligodendrocytes and 

astrocytes, with a particular trend towards increased astrogenesis when treated with Th1-

conditioned medium. Although this Th1-mediated effect is itself an interesting result, the aim of this 

experiment was to assess the direct effects of Th1-secreted factors on OPCs. Therefore, the 

differentiation of both oligodendrocytes and astrocytes interfered with the capacity to address this 

question, as any effects observed may be mediated by these differentiated astrocytes. Rather than 

statistically powering the A2B5+ OPC experiments, I decided to move to PDGFRα+ OPC cultures, 

which as a later stage marker of OPCs that have reduced capacity to differentiate into astrocytes. As 

such, these cultures would have greater potential to address direct effects of Th1 products on OPC 

independent of astrocytes. PDGFRα+ OPCs were purified from the brains of C57BL/6 mice pups aged 

p2-7 with anti-PDGFRα, cultured and treated with 5% Th1-conditioned medium, 5% X-vivo 15 serum 

free control (media control) or 5% X-vivo 15 serum free medium with 10 ng/ml IL-12 control 

(polarisation control). In PDGFRα+ cultures, the presence of astrocytes, as indicated by the average 

GFAP+ area, was very low at 3 DIV at the point of treatment (0 hr), and remained consistently low 

across all time-points in the control groups (Fig 3.7A, C). These results indicate that using PDGFRα+ 

OPC cultures is more appropriate for the assessment of direct Th1 cell effects on OPCs, rather than 

A2B5+ OPC cultures. However, PDGFRα+ OPCs treated with Th1-conditioned medium did again show 

a trend towards increased astrogenesis compared to controls (Fig 3.7A, B, C). When analysed as a 

smaller dataset at the peak time-point of astrogenesis, there was a significant increase in astrocyte 

differentiation when treated with Th1-conditioned medium compared to the media control (p = 

0.0148) and polarisation control (p = 0.0178) (Fig 3.7B). It is important to note the caveat in these 

experiments, as Th1-mediated effects could be mediated through the OPC-differentiated astrocytes 

present in the OPC cultures rather than via direct effects on OPC.  
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Figure 3.7: Th1-conditioned medium promotes OPC differentiation into astrocytes in PDGFRα
+
 

OPC cultures in vitro.  

Oligodendrocyte progenitor cells (PDGFRα
+
) were isolated from brains of male and female 

C57BL/6 pups aged p3-9. Cells were treated with 5% Th1-conditioned medium (Th1 CM), 5% X-

vivo 15 serum free medium (Media control) or 5% X-vivo 15 serum free medium with 10 ng/ml IL-

12 (Polarisation control) and fixed at 0-120 hr post-treatment. A) Time course of the average 

GFAP area per well and B) at 120 hr post-treatment. C) Representative CellInsight 10X images 

showing DAPI (blue) and GFAP
 
(pink) staining at 120 hr post-treatment. n = 3 pups with 4-6 

technical replicates per n, from 3 independent experiments. Data shown as mean +/- SEM. Two 

way ANOVA or one way ANOVA with Tukey’s multiple comparisons test. * = p < 0.05.  

 

3.7A. 

C. Media Control Polarisation Control Th1 Conditioned Medium 

DAPI 
Olig2 
GFAP 

M
ed

 C
trl

Pol C
trl

Th1 
CM

 (5
%

)
0

20000

40000

60000

80000

A
ve

ra
g

e 
G

F
A

P
+
 a

re
a

 /
 w

el
l (

m
2
)

*
*

B. 



103 | P a g e  
 

3.3.5. Th1-secreted factors promote OPC differentiation in vitro PGFRα+ OPC cultures. 

Following the previous optimisations in pilot studies, the next aim was to confirm the Th1-mediated 

OPC differentiation effects observed in the A2B5+ OPC cultures. PDGFRα+ OPCs were isolated from 

the brains of C57BL/6 mice pups aged p2-7, cultured and treated with 5% Th1-conditioned medium, 

5% X-vivo 15 serum free control (media control) or 5% X-vivo 15 serum free medium with 10 ng/ml 

IL-12 control (polarisation control) and assessed from 0-120 hr post-treatment. Th1-conditioned 

medium did not significantly impact the number of oligodendrocyte lineage cells, as indicated by the 

number of DAPI+Olig2+ cells, compared to controls (Fig 3.8A, C). Th1-conditioned medium also did 

not significantly impact OPC proliferation, with similar numbers of DAPI+Olig2+Ki67+ cells compared 

to controls (Fig 3.8B, C). As Th1-conditioned-medium showed a pro-differentiation effect in A2B5+ 

OPC cultures, the next goal was to assess OPC differentiation in PDGFRα+ OPC cultures. Th1-

conditioned medium significantly increased the average MBP+ area at 120 hr post-treatment 

compared to controls (p = 0.02) (Fig 3.9A, B). Although non-significant, there was also a trend of 

increased numbers of differentiated oligodendrocytes, as indicated by DAPI+Olig2+MBP+ cell 

numbers, when treated with Th1-conditioned medium compared to controls at 96 and 120 hr post-

treatment (Fig 3.9B, C). These results indicate that contrary to our expectations, Th1-secreted 

factors can promote OPC differentiation, potentially by increasing the number of differentiated 

oligodendrocytes or by increasing the total MBP expressed per cell.  
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Figure 3.8: Th1-conditioned medium does not affect oligodendrocyte lineage cell numbers or 

proliferation in PGFRα
+
 OPC cultures in vitro.  

Oligodendrocyte progenitor cells (PDGFRα
+
) were isolated from brains of male and female 

C57BL/6 pups aged p3-9. Cells were treated with 5% Th1-conditioned medium (Th1 CM), 5% X-

vivo 15 serum free medium (Media control) or 5% X-vivo 15 serum free medium with 10 ng/ml IL-

12 (Polarisation control) and fixed at 0-120 hr post-treatment. A) Time course of DAPI
+
Olig2

+
 cells 

per well and B) DAPI
+
Olig2

+
Ki67

+ 
cells per well. C) Representative CellInsight 10X images showing 

Olig2
 
(green) and Ki67 (magenta) staining at 24 hr post-treatment for each group. n = 3 pups with 

4-6 technical replicates per n, from 3 independent experiments. Data shown as mean +/- SEM. 

Two way ANOVA with Tukey’s multiple comparisons test, no statistically significant difference 

was observed. 
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Figure 3.9: Th1-conditioned medium promotes OPC differentiation in PDGFRα
+
 OPC cultures in 

vitro.  

Oligodendrocyte progenitor cells (PDGFRα
+
) were isolated from brains of male and female 

C57BL/6 pups aged p3-9. Cells were treated with 5% Th1-conditioned medium (Th1 CM), 5% X-

vivo 15 serum free medium (Media control) or 5% X-vivo 15 serum free medium with 10 ng/ml IL-

12 (Polarisation control) and fixed at 0-120 hr post-treatment. A) Time course of the average 

MBP area per well and B) DAPI
+
Olig2

+
MBP

+
 cells per well. B) Representative CellInsight 10X 

images showing DAPI (blue) Olig2
 
(green) and MBP (white) staining at 120 hr post-treatment. n = 

3 pups with 4-6 technical replicates per n, from 3 independent experiments. Data shown as mean 

+/- SEM. Two way ANOVA with Tukey’s multiple comparisons test. * = p < 0.05. 
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3.3.6. Re-stimulation with Th1-conditioned medium suppresses OPC differentiation in vitro. 

As Th1-conditioned medium promoted OPC differentiation, the next question was whether repeated 

treatment with Th1-conditioned medium would augment this pro-differentiation effect. A hallmark 

of MS pathogenesis is neuroinflammation, with T cells in the centre of active MS lesions (Kuhlmann 

et al., 2017). Therefore, OPC populations in the lesion centre are more likely to be in an environment 

with sustained contact with Th1 cells and Th1-secreted factors, highlighting that a single treatment 

of Th1-conditioned medium may not be relevant in an MS context. In previous experiments, OPC 

cultures were treated once with Th1-conditioned medium at 3 DIV and cultures fixed at 24 hr 

increments until 120 hr post-treatment with no further media changes. However, it is unknown how 

quickly Th1-secreted factors persist in culture either due to cellular uptake or short half-lives of 

certain factors. Therefore, PDGFRα+ OPCs isolated from C57BL/6 mice pups aged p2-7 were treated 

with either 5% Th1-conditioned medium, 5% media control or 5% polarisation control at 3 DIV, with 

one Th1-treated group re-stimulated with 5% Th1-conditioned medium at 6 DIV. Cultures were then 

assessed for OPC differentiation at 120 hr post the first treatment, as this was consistently identified 

as the time-point at which differentiation was significantly increased compared to controls. In this 

experiment with a greater n number than Fig 3.9, Th1-conditioned medium significantly increased 

OPC differentiation, with an over 2-fold increase in the average MBP+ area compared to the control 

conditions (p < 0.0001) (Fig 3.10A, C). There was also a significant increase in the number of 

differentiated oligodendrocytes, as indicated by DAPI+Olig2+MBP+ cell numbers compared to the 

media control (p=0.0007) and the polarisation control (p = 0.0036) (Fig 3.10B, C) which convincingly 

identified a pro-differentiation effect of Th1-secreted factors on OPCs. However, contrary to 

expectations, re-stimulation with Th1-conditioned medium significantly decreased the MBP+ area 

compared to the single Th1-conditioned medium treatment (p = 0.0173) (Fig 3.10A, C), without 

affecting the number of differentiated oligodendrocytes (Fig 3.10B, C). These results may indicate 

that initial treatment with Th1-conditioned medium promotes oligodendrocyte differentiation as 

numbers remain similar, however the repeated treatment may limit the extent of OPC 

differentiation by decreasing the total MBP expressed per cell.  
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Figure 3.10: Re-stimulation with Th1-conditioned medium decreased total MBP
+
 area without 

affecting the number of differentiated oligodendrocytes. 

Oligodendrocyte progenitor cells (PDGFRα
+
) were isolated from brains of male and female 

C57BL/6 pups aged p3-9. Cells were treated with 5% Th1-conditioned medium (Th1 CM), 5% X-

vivo 15 medium (Media control) or 5% X-vivo 15 medium with 10 ng/ml IL-12 (Polarisation 

control) and fixed at 120 hr post-treatment. A) Average MBP area per well and DAPI
+
Olig2

+
MBP

+
 

cells per well. B) Representative CellInsight 10X images showing DAPI (blue) Olig2
 
(green) and 

MBP (white) staining at 120 hr post-treatment. n = 8 pups with 2-3 technical replicates per n, 

from 3 independent experiments. Data shown as mean +/- SEM. One way ANOVA with Tukey’s 

multiple comparisons test, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. **** = p < 0.0001.  
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3.3.7. Th1-conditioned medium may promote developmental myelination and OPC differentiation 

ex vivo. 

As Th1-conditioned medium promoted OPC differentiation in vitro PDGFRα+ OPC cultures, I 

hypothesised that this pro-differentiation effect would translate into increased myelination. In order 

to test this hypothesis, oligodendrocyte differentiation and developmental myelination was assessed 

in neonatal organotypic brain slices. This model was used as it is a more complex model of the CNS 

than in vitro glial cell cultures can provide, with a similar cellular architecture to that seen in vivo. 

Critically, organotypic brain slice cultures allow for the evaluation of oligodendrocyte dynamics and 

myelin wrapping of axons. Neonatal pups are used to generate the slice cultures as slices continue to 

myelinate in culture, and show extensive myelination by 10 d (days) ex vivo (Zhang et al., 2011a). 

This allows for the assessment of effects of both beneficial and detrimental factors on the 

myelination process. Neonatal organotypic brain slices from mouse pups aged p2-3 were allowed to 

recover and flatten in culture until 3 d ex vivo before treating with 20% Th1-conditioned medium, 

20% X-vivo 15 serum free control (media control) or 20% X-vivo 15 serum free medium with 10 

ng/ml IL-12 control (polarisation control). These experiments were a collaboration with Dr Andrew 

Young, who had previously trialled different concentrations of Th1-conditioned medium in brain 

slice experiments and found no detrimental impact on axonal density or myelination readouts using 

20% Th1-conditioned medium. Medium was changed every other day, without replenishing 

treatments, and slices were fixed and stained at 8 d ex vivo. Th1-conditioned medium showed a 

trend of increasing numbers of differentiated oligodendrocytes, as indicated by CC1+ cells which 

stains for mature oligodendrocytes, compared to controls (p = 0.31 for media control) (Fig 3.11A, B). 

As the pro-differentiation effect of Th1 factors observed in OPC cultures in vitro was also observed in 

brain slices ex vivo, the next aim was to assess whether the increased number of oligodendrocytes 

impacted myelination in these cultures. Th1-conditioned medium showed a trend of an increased 

rate of developmental myelination as indicated by increased myelination index, a readout of the 

proportion of neurofilament heavy chain (NFH)+ pixels, used to label axons, co-localising with MBP+ 

pixels, compared to the media control (p = 0.11) and polarisation control (p = 0.16) groups (Fig 

3.12A, B). These results show that Th1-secreted factors not only promote OPC differentiation in 

vitro, but may also have a pro-differentiation and pro-myelination effect ex vivo which may translate 

to beneficial effects of Th1 cells in myelin production in vivo. 
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Media Control Polarisation Control Th1 Conditioned Medium 

Figure 3.11: Th1-conditioned medium may promote OPC differentiation ex vivo. 

Organotypic brain slices from male and female C57BL/6 pups aged p2-3 were treated with 20% 

Th1-conditioned medium (Th1 CM), 20% X-vivo 15 serum free medium (Media control) or 20% X-

vivo 15 serum free medium with 10 ng/ml IL-12 (Polarisation control) at 3 d ex vivo and fixed at 8 

d ex vivo. A) Average CC1
+
 cells per Z-stack of 3 FOV per brain slice at 8 d ex vivo. B) 

Representative confocal 40X maximum projection images of a Z-stack segment showing DAPI 

(blue) and CC1 (red) in organotypic brain slices at 8 d ex vivo. n = 3 pups per group. Data shown 

as mean +/- SEM. One way ANOVA with Tukey’s multiple comparisons test, no statistically 

significant difference was observed. 
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Media Control Polarisation Control Th1 Conditioned Medium 

Figure 3.12: Th1-conditioned medium may promote developmental myelination ex vivo. 

Organotypic brain slices from male and female C57BL/6 pups aged p2-3 were treated with 20% 

Th1-conditioned medium (Th1 CM), 20% X-vivo 15 serum free medium (Media control) or 20% X-

vivo 15 serum free medium with 10 ng/ml IL-12 (Polarisation control) at d 3 ex vivo and fixed at 8 

d ex vivo. A) Average myelination index per Z-stack segment (MBP
+
NFH

+
 co-localisation 

area/NFH
+
 total area) of 3 FOV per brain slice at 8 d ex vivo. B) Representative confocal 40X 

maximum projection images of the analysed Z-stack segment showing NFH (green) and MBP
 

(magenta) staining in organotypic brain slices at 8 d ex vivo. n = 3 pups per group. Data shown as 

mean +/- SEM. One way ANOVA with Tukey’s multiple comparisons test, no statistically 

significant difference was observed. 
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3.3.8. Re-stimulation with Th1-conditioned medium does not impact the number of differentiated 

oligodendrocytes but may promote developmental myelination ex vivo. 

The re-stimulation of OPC cultures in vitro with Th1-conditioned medium impacted OPC 

differentiation, resulting in decreased MBP expression without affecting the number of 

differentiated oligodendrocytes. Therefore, the next aim was to evaluate the effects of re-

stimulating brain slice cultures with Th1-conditioned medium, particularly on the pro-differentiation 

and pro-myelination effects observed with a single treatment. This was of particular importance in 

these cultures, as media is changed every other day, thereby removing the treatments at 5 d ex vivo, 

allowing an initial effect but potentially concealing other impacts of Th1-secreted factors. Therefore, 

slices were re-treated with experimental interventions at each media change until fixation at 8 d ex 

vivo. Interestingly, repeated treatment with Th1-conditioned medium resulted in similar numbers of 

differentiated oligodendrocytes, as indicated by CC1+ cell numbers, compared to control groups (Fig 

3.13A, B). However, the pro-myelination effect was still observed, with Th1-conditioned medium 

showing a trend of an increased rate of developmental myelination compared to the media control 

(p = 0.09) and polarisation control (p = 0.06) groups (Fig 3.14A, C). Evaluation of the expression of 

myelin components by re-stimulated brain slices showed similar CNPase expression across all 

treatment groups, however Th1-conditioned medium treatment resulted in lower MBP expression 

compared to control groups (Fig 3.14B). These results are similar to that observed in vitro, with re-

stimulation of Th1-conditioned medium showing a trend of decreased MBP expression by 

oligodendrocytes (Fig 3.10). However, the detrimental effects on OPC-differentiation and MBP 

expression does not impact the pro-myelination effect mediated by Th1-secreted factors. This may 

indicate that although Th1-conditioned medium is promoting oligodendrocyte myelin wrapping of 

axons, the myelin sheaths composition may be disrupted due to the decreased MBP expression.  
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Figure 3.13: Re-stimulation with Th1-conditioned medium does not affect oligodendrocyte 

differentiation ex vivo. 

Organotypic brain slices from male and female C57BL/6 pups aged p2-3 were treated with 20% 

Th1-conditioned medium (Th1 CM), 20% X-vivo 15 serum free medium (Media control) or 20% X-

vivo 15 serum free medium with 10 ng/ml IL-12 (Polarisation control) at d3, d5, d7 ex vivo and 

fixed at 8d ex vivo. A) Average CC1
+
 cells per Z-stack of 3 FOV per brain slice at 8d ex vivo. B) 

Representative confocal 40X maximum projection images of a Z-stack segment showing DAPI 

(blue) and CC1 (red) in organotypic brain slices at 8d ex vivo. n = 3 pups per group, Western blot 

shows a representative n=1. Data shown as mean +/- SEM. One way ANOVA with Tukey’s 

multiple comparisons test, no statistically significant difference was observed. 
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Figure 3.14: Re-stimulation with Th1-conditioned medium may promote developmental 

myelination but reduce overall MBP production ex vivo. 

Organotypic brain slices from male and female C57BL/6 pups aged p2-3 were treated with 20% 

Th1-conditioned medium (Th1 CM), 20% X-vivo 15 serum free medium (Media control) or 20% X-

vivo 15 serum free medium with 10 ng/ml IL-12 (Polarisation control) at d3, d5, d7 ex vivo and 

fixed at 8d ex vivo. A) Average myelination index per Z-stack segment (MBP
+
NFH

+
 co-localisation 

area/NFH
+
 total area) of 3 FOV per brain slice at 8d ex vivo. B) Representative western blot 

images of CNPase, MBP and β-actin protein expression in slices treated at 3, 5 and 7 DIV with 

20% Th1-conditioned medium (Th1), 20% X-vivo 15 medium (MC) or 20% X-vivo 15 medium with 

10 ng/ml IL-12 (PC) and fixed at 8d ex vivo. C) Representative confocal 40X maximum projection 

images of the analysed Z-stack segment showing NFH (green) and MBP
 
(magenta) staining in 

organotypic brain slices at 8d ex vivo. n = 2-3 pups per group, Western blot shows a 

representative n=1. Data shown as mean +/- SEM. One way ANOVA with Tukey’s multiple 

comparisons test, no statistically significant difference was observed. 
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3.3.9. The Th1-conditioned medium pro-differentiation effect is not protein mediated. 

As Th1-conditioned medium promoted OPC differentiation, the next aim was to narrow down the 

mechanism of the pro-differentiation effect. As T cells are often characterised by the production of 

certain cytokines, which are small secreted proteins, the first objective was to determine whether 

the pro-differentiation effect was mediated by protein(s). Th1-conditioned medium was heated to 

90 °C for 10 mins to denature proteins present in the medium. PDGFRα+ OPCs isolated from C57BL/6 

mice pups aged p2-7 were treated with either 5% Th1-conditioned medium, 5% denatured Th1-

conditioned medium, 5% media control or 5% polarisation control at 3 DIV and assessed for OPC 

differentiation at 120 hr post-treatment. Again, Th1-conditioned medium promoted OPC 

differentiation with significantly increased numbers of differentiated oligodendrocytes, DAPI+MBP+ 

cells, and significantly increased MBP area compared to controls (Fig 3.15A, B, C). Surprisingly, there 

was no significant differences seen in OPC differentiation between the Th1-conditioned medium and 

the denatured Th1-conditioned medium groups (Fig 3.15A, B, C). Denatured Th1-conditioned 

medium also showed a significant increase in the number of differentiated oligodendrocytes, 

DAPI+MBP+ cells, and significantly increased MBP area compared to both controls and heat-treated 

controls (Fig 3.15A, B, C). These results indicate that the Th1-induced OPC differentiation is not 

mediated by a protein, which rules out the classical Th1-secreted cytokines. This pro-differentiation 

effect is mediated by a heat-stable factor which may include certain lipids, heat-resistant proteins, or 

amino acids.  

 

  



115 | P a g e  
 

  

0

500

1000

1500

*
**

**

**
**

*

Denatured

Media Control

Polarisation Control

Th1 CM (5%)

NS

0

20000

40000

60000

80000

Denatured

***
***

****

****
****

***

NS

Figure 3.15: Th1-conditioned medium-mediated OPC differentiation is not protein-mediated. 

Oligodendrocyte progenitor cells (PDGFRα
+
) were isolated from brains of male and female 

C57BL/6 pups aged p3-9. Cells were treated with standard or heat-treated 5% Th1-conditioned 

medium (Th1 CM), 5% X-vivo 15 medium (Media control) or 5% X-vivo 15 medium with 10 ng/ml 

IL-12 (Polarisation control) and fixed at 120 hr post-treatment. A) Average MBP area per well and 

DAPI
+
Olig2

+
MBP

+
 cells per well. B) Representative CellInsight 10X images showing DAPI (blue) 

Olig2
 
(green) and MBP (white) staining at 120 hr post-treatment. n = 8 pups with 2-3 technical 

replicates per n, from 3 independent experiments. Data shown as mean +/- SEM. One way 

ANOVA with Tukey’s multiple comparisons test, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. **** 

= p < 0.0001.  
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3.4. Discussion 

Th1 cells have been implicated in the pathogenesis of MS due to their association with MS lesions 

and induction of immune-mediated demyelination in the animal model, EAE and in Theiler’s murine 

encephalomyelitis virus-induced demyelinating disease (Kim et al., 2001). The hypothesised 

mechanism of Th1-induced demyelination and neurodegeneration in MS and in EAE is through the 

IFN-γ-mediated activation of macrophages and microglia. IFN-γ, the classical Th1-associated 

cytokine, has been shown to be detrimental in MS patients. Treatment of RRMS patients with 

recombinant IFN-γ promoted exacerbations (Panitch et al., 1987), however treatment with 

antibodies to IFN-γ, thereby reducing levels, resulted in decreased active lesions detected by MRI 

and no disability progression compared to controls (Skurkovich et al., 2001). MOG-specific Th1 cells 

have been shown to interact with oligodendrocytes in vivo, and impair oligodendrocyte 

differentiation in vitro (González-Alvarado et al., 2022). IFN-γ promotes ER stress responses in 

oligodendrocytes, which can prove beneficial in protecting oligodendrocytes from immune-mediated 

death during EAE development, however IFN-γ-mediated ER stress promotes death in myelinating or 

remyelinating oligodendrocytes. Due to the detrimental roles of Th1 cells and IFN-γ in both MS and 

EAE, I hypothesised that Th1 cells would negatively impact oligodendrocyte differentiation and 

remyelination.  

In order to test this hypothesis, it was first important to optimise OPC cultures for the evaluation of 

Th1 cells on OPCs. T cells can mediate effects directly through cell-cell contact, however they are 

most commonly known for promoting cellular effects through the secretion of cytokines or other 

factors, for example Th1-secretion of IFN-γ. Therefore, the first aim was to generate Th1-conditioned 

medium to evaluate the effects of Th1-secreted factors on OPCs (Fig 3.1). Whole CD4+ T cells were 

isolated from C57BL/6 mice, which are the ideal strain to use for Th1 polarisation due to their pre-

disposition to Th1 immune responses (Kelso et al., 1991). Th1 cells were polarised using IL-12, and 

tested for purity using the Th1-specific transcription factor, T-bet. Th1 cells were re-activated and re-

polarised in serum-free medium before collecting the Th1-conditioned medium as it has been shown 

that FBS can promote astrocyte differentiation from OPCs in vitro which may promote non-Th1-

specific effects (Raff et al., 1983; Suzuki et al., 2017). 

After successful generation of Th1-conditioned medium from pure cultures, the next aim was to 

optimise the concentration of Th1-conditioned medium used to treat OPC cultures. Concentrations 

from 1-20% were evaluated, as previous literature evaluating the impact of Tregs on OPCs, a 

different CD4+ T cell subset, identified 5% Treg-conditioned medium as bioactive in oligodendrocyte 

differentiation assays. In my studies, effects of Th1-conditioned medium were observed with as little 
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as 2.5% Th1-conditioned medium, however to remain consistent with previous literature evaluating 

T cell-conditioned medium effects on OPCs, experiments were continued using 5% Th1-conditioned 

medium (Fig 3.2, 3.3). Preliminary results also suggested that Th1-conditioned medium promoted 

OPC differentiation into, not only oligodendrocytes, but also astrocytes (Fig 3.4). These OPC cultures 

were purified using an anti-A2B5 antibody, an early marker of OPCs which can also be expressed on 

neural progenitor cells. As these cells can also differentiate into astrocytes (observed in both the 

treated and control groups in Fig 3.4) I decided to move to PDGFRα+ OPC cultures, which is a later 

marker of OPCs. In PDGFRα+ OPC cultures, Th1-conditioned medium still promoted a trend of 

increased astrogenesis, however this was not significant compared to control groups (Fig 3.6). 

However, as opposed to A2B5+ OPC cultures which showed astrogenesis even in control conditions, 

PDGFRα+ OPC cultures showed little to no astrogenesis in control conditions which remained 

consistent over the culture. Therefore, there appeared to be a Th1-mediated mechanism promoting 

the differentiation of OPCs into astrocytes. This is a caveat to the results as these Th1-mediated 

effects may be direct on OPCs but could also potentially by mediated through the differentiated 

astrocytes, therefore we cannot evaluate direct effects of Th1-secreted factors. There is an 

indication that Th1-conditioned medium promotes direct effects due to the fact that 

oligodendrocyte differentiation and astrocyte differentiation both follow similar time-courses across 

the culture, first showing increases at 96 hr post-treatment and peaking at 120 hr post-treatment. 

However, in order to fully determine whether Th1-secreted factors act directly on OPCs, the 

astrocytes would first need to be prevented from differentiating or depleted from the culture. 

Th1-conditioned medium showed no effects on the number of oligodendrocyte lineage cells or on 

OPC proliferation, however promoted oligodendrocyte differentiation (Fig 3.7, 3.8). These results 

indicate that Th1-secreted factors can promote OPC differentiation in vitro. Interestingly, re-

stimulation with Th1-conditioned medium impaired oligodendrocyte differentiation (Fig 3.9). Th1-

conditioned medium did not significantly decrease the number of differentiated oligodendrocytes. 

However, Th1-conditioned medium significantly decreased the expression of MBP in these cultures. 

These results may indicate that Th1-secreted factors have different effects on oligodendrocyte 

lineage cells depending on the developmental stage, indicating two distinct mechanisms. These 

results highlight an initial pro-differentiation effect of Th1-secreted factors on OPCs, and a later 

detrimental impact on differentiated oligodendrocytes inhibiting production of myelin components.  

This increased OPC differentiation was initially surprising given the previous literature that MOG-

specific Th1 cells inhibit oligodendrocyte differentiation and that MOG-specific Th1-conditioned 

medium did not impact oligodendrocyte differentiation (González-Alvarado et al., 2022). However, 

the data from González-Alvarado et al. evaluated the effects of Th1 cells on CNPase+ 
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oligodendrocyte cultures, therefore assessing the Th1 impact on immature oligodendrocytes already 

producing myelin components (Michalski and Kothary, 2015) compared to the data in this chapter 

investigating the Th1 impact on OPCs (Michalski and Kothary, 2015). This previous work may support 

the hypothesis that Th1 cells can promote early differentiation of OPCs into oligodendrocytes but 

when stimulated at later developmental stages, inhibit oligodendrocyte differentiation by reducing 

production of myelin components. This theory is supported as González-Alvarado et al. showed a 

MOG-specific Th1 cell-mediated reduction in the percentage of MBP+ cells and GalC+ cells in 

oligodendrocyte cultures (González-Alvarado et al., 2022). The main differences in the results shown 

in this thesis and by González-Alvarado et al are that González-Alvarado et al. showed these effects 

in MOG-specific Th1 cell/oligodendrocyte co-cultures however observed no effect using conditioned 

medium, contrary to the results in this chapter. However, this may be explained by the different 

phenotypes of Th1 cells evaluated in these cultures. Encephalitogenic Th1 cells used by González-

Alvarado et al. most likely have different properties than non-specific Th1 cells used in these 

experiments. MOG-specific Th1 cells may be more likely to have direct interactions and effects on 

OPCs than non-specific Th1 cells, as indicated by the stable contacts between MOG-specific Th1 and 

OPCs seen both in vitro and in vivo (González-Alvarado et al., 2022). 

As Th1-secreted factors promoted OPC differentiation in vitro, the next aim was to assess 

oligodendrocyte differentiation and myelination in organotypic brain slice cultures ex vivo. This 

model was chosen as it is a three-dimensional structure which mimics the cellular architecture of 

CNS tissue in vivo, allowing for the assessment of Th1-secreted factor effects on myelination which 

cannot be assessed in OPC or mixed glial cell cultures in vitro. Single administration of Th1-

conditioned medium resulted in a trend of increased numbers of mature oligodendrocytes and 

increased myelination index ex vivo (Fig 3.10, 3.11). However, re-stimulation with Th1-conditioned 

medium resulted did not increase the number of differentiated oligodendrocytes compared to 

controls and decreased production of MBP (Fig 3.12, 3.13). Surprisingly however, there was still a 

trend of increased myelination index, indicating that although re-stimulation of Th1-secreted factors 

impaired oligodendrocyte differentiation, the extent of myelination was unaffected, at least as 

measured by colocalisation of MBP and NFH. These results provide evidence to support the in vitro 

findings that initial stimulation with Th1-secreted factors is beneficial for oligodendrocyte 

differentiation and now myelination, but re-stimulation with Th1-secreted factors is detrimental to 

oligodendrocyte differentiation. It was surprising that re-stimulation of organotypic brain slice 

cultures with Th1-secreted factors did not show difference in the myelination index, however this 

may indicate that although oligodendrocytes are still wrapping myelin sheaths around axons, the 

myelin sheaths composition might be disrupted. It would be interesting to evaluate the effects of 
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Th1-secreted factors for longer periods in these cultures, to see if the impaired oligodendrocyte 

differentiation eventually impacts the pro-myelination effect of Th1-secreted factors. It would be 

required to increase the n numbers for these organotypic brain slice experiments before assessing 

these effects in in vivo models of remyelination such as LPC-induced demyelination.  

The final aim of studies in this chapter was to evaluate the mechanism of the initial Th1-mediated 

OPC differentiation, which may have translational value. As T cells are often characterised by the 

expression of cytokines which are small proteins, the first question was whether the Th1-mediated 

pro-differentiation effect was protein-mediated. Therefore, proteins were denatured in the Th1-

conditioned medium by heating to 90 °C for 10 mins. Denatured Th1-conditioned medium still 

promoted OPC differentiation, with similar number of differentiated oligodendrocytes and MBP 

production, indicating that the pro-differentiation effect is not mediated by Th1-secreted proteins 

(Fig 3.14). This leads to the hypothesis that Th1-secreted factors that promote OPC differentiation 

are heat-stable factors, potentially indicating lipids, heat-resistant proteins, amino acids, or 

exosomes, in mediating pro-differentiation effects of Th1 cells on OPC. Although temperatures >80 

°C should be adequate for irreversible denaturation of proteins, there is the caveat that proteins 

were potentially not sufficiently denatured in this process. Insoluble aggregates were visible in the 

denatured samples which is a sign of successful denaturation, however samples should be evaluated 

further using circular dichroism spectroscopy to validate denaturation (Sreerama et al., 2000).  

The beneficial effects of Th1 cells on OPC differentiation and myelination disproved the initial 

hypothesis that Th1 cells would negatively impact these processes. However, there does seem to be 

more complexity to the Th1-mediated effects on OPC, potentially becoming detrimental upon 

prolonged exposure which is more likely to be the case during neuroinflammation and 

demyelinating events in MS patients. Therefore, further studies are required to elucidate the 

mechanisms of Th1-secreted factor induced OPC differentiation and myelination, which may have 

translational value in regenerative therapies in MS.  
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4. Investigating the role of Th22 cells in OPC differentiation and 

myelination. 

4.1. Introduction 

4.1.1. Th22 cell characterisation  

Th22 cells are a more recently discovered CD4+ T cell subset, first described in human inflammatory 

skin conditions in 2009 (Duhen et al., 2009; Eyerich et al., 2009; Trifari et al., 2009). Th22 cells are 

characterised by the production of IL-22 in the absence of IL-17, IFN-γ and IL-4, differentiating the 

subset from Th17, Th1 and Th2 cells respectively. Much of the current literature surrounding Th22 

cells have mistakenly termed these cells, IL-22-expressing CD4+ T cells, however both Th17 and Th1 

cells can express IL-22, albeit with lower expression than Th22 cells (Gurney, 2004; Liang et al., 

2006). This has led to the function of Th22 cells being skewed by data which may be more 

representative of the other CD4+ T cell subsets which can also express IL-22. This highlights the need 

for a more accurate identification of Th22 cells in the field. 

The generation of a dual reporter IL-22tdTomato/IL-17eGFP mouse model by Dr. S. K. Durum (National 

Institutes of Health) and Prof. P. Foster (University of Newcastle, Australia), allowed for an accurate 

and comprehensive characterisation of Th22 cells (Shen et al., 2016; Plank et al., 2017). Although 

Th22 cells had been previously identified in both humans and mice and had been implicated in 

certain disease states, the characterisation of these cells and Th22 functionality had proved difficult 

due to the limited methods of Th22 cell identification.  The dual reporter mouse model allows for 

the distinction between Th22 and Th17 cells, as the other main IL-22-expressing CD4+ T cell subset. 

This identification therefore enables the sorting of pure Th22 cells for transcriptional profiling and 

comparison of subsets.  

The IL-22 reporter was generated through bacterial artificial chromosome (BAC) recombineering 

DNA manipulation (Shen et al., 2017). This method preserves the original gene, allowing IL-22 to be 

produced and secreted normally, without affecting cell function. The BAC containing the Il22 gene 

was modified, replacing exon 1 of the IL-22 locus with the tdTomato cDNA sequences with PolyA 

signal fragment (Shen et al., 2017). When the Il22 gene is transcribed, IL-22 protein synthesis and 

secretion occurs normally, with the addition of the transcription of the BAC reporter promoter. As 

the insertion disrupts the sequence, the reporter is accumulated within the cell, allowing for the 

detection of IL-22-expressing cells. The IL-17 reporter is a mouse line carried by The Jackson 

Laboratory (C57BL/6-Il17atm1Bcgen/J). This line was generated by inserting the IRES-EGFP-SV40-polyA 
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signal sequence cassette after the stop codon of the Il17a gene, allowing for normal IL-17 protein 

synthesis and secretion, whilst accumulating the eGFP reporter in the cells for the detection of IL-17-

expressing cells. The expression of both reporters in this mouse model therefore allows for the 

selection of Th22 cells as CD3+CD4+IL-22+IL-17- cells. The dual reporter mice are fertile, viable and 

show no obvious phenotype.  

 

 

Diagram 4.1: Bacterial artificial chromosome recombineering of the IL-22tdTomato construct.  

 

Diagram 4.2: Insertion of the IRES-EGFP-SV40-polyA signal sequence cassette into the Il17 gene. 

After the generation of this dual reporter model, the Foster lab optimised the polarisation of Th22 

cells in vitro and found that Th22 cells remain stable in culture, however can show plasticity towards 

Th1 or Th2 subsets when re-polarised with Th1 or Th2 polarising conditions respectively (Plank et al., 
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2017). Th22 cells have previously been shown to have a distinct phenotype from Th17 cells (Trifari et 

al., 2009; Basu et al., 2012; Plank et al., 2017), however the Foster lab was the first group to 

compare sorted Th22 and Th17 cells, ensuring a comparison between pure populations of cells. 

Transcriptional profiling of Th22 and Th17 cells showed distinct subsets, with 287 differentially 

regulated genes between the cell types (Plank et al., 2017). The genes encoding T cell-related 

cytokines or transcription factors that were differentially regulated are shown in Table 4.1. 

Upregulated - Th22 vs Th17 Upregulated - Th17 vs Th22 

Il22 Il17a 

Il13 Il17f 

Gzmb Il21 

Gzma Il9 

Tbx21 Il10 

Il3 Rora 

Hamp Rorc 

Ccl5 Gpr15 

Il1r2 Maf 

Cd226 Ahr 

Table 4.1: RNA transcripts upregulated in sorted Th22 or Th17 cells, encoding for cytokines or 

transcription factors (Plank et al., 2017). 

4.1.2. Th22 cell function 

Th22 cells have been shown to have functions in host defence, promotion of epithelial barrier 

integrity and promotion of wound healing and tissue remodelling. However, Th22 cells have also 

been implicated in the pathogenesis of autoimmune diseases, allergies, intestinal diseases, and 

malignancies.  

Th22 cells promote host protection and maintenance of barrier function, often through an IL-22-

mediated mechanism. This has been demonstrated during infection with pathogenic bacteria in both 

the intestinal tract and in the lungs. The adoptive transfer of polarised Th22 cells into IL-22-deficient 

mice provided complete protection to animals infected with Citrobacter rodentium (C. rodentium), 

whereas transfer of polarised Th17 cells showed little effect (Basu et al., 2012). This CD4+ T cell-

expressed-IL-22-mediated host protection against C. rodentium requires signal transducer and 

activator of transcription 3 (STAT3) activation for IL-22 production in Th22 cells (Backert et al., 2014). 

Th22 cells specific to virulent components of Mycobacterium tuberculosis (M. tuberculosis), 6 kDa 

early secreted antigenic target (ESAT-6), 10 kDa culture filtrate protein (CFP-10) or Bacillus Calmette-
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Guérin (BCG) were detected in the tubercular pleural fluid of M. tuberculosis infected patients (Qiao 

et al., 2011). These cells showed a central memory cell phenotype, indicating a potential function in 

effective long-lasting immunity against re-infection. Th22 cells also have a role in host protection 

against fungal infections. Th22 cells specific to Candida albicans (C. albicans) are present in PBMC 

isolated from healthy donors, and are detected at higher levels in patients with current C. albicans 

infections. These cells showed a memory phenotype, with increased IL-22 production by Th22 cells 

upon stimulation of PBMCs with heat-inactivated C. albicans, again indicating a role for Th22 cells in 

effective secondary immune-responses to infection (Liu et al., 2009).  

The role of IL-22 in Th22-mediated host protection is unsurprising given the abundant literature on 

the importance of IL-22 in host defence through maintenance of epithelial integrity of the intestine, 

lung and skin. The IL-22-mediated protection against C.rodentium, is partially through the induction 

of antimicrobial peptides such as the regenerating gene (REG) family (Zheng et al., 2008), and pro-

inflammatory mediators such as IL-18 (Muñoz et al., 2015) in intestinal epithelial cells. IL-22 also 

protects against enteropathogenic bacteria through the modulation of the complement system in 

response to C. difficile infection (Hasegawa et al., 2014), and the regulation of IL-18-mediated anti-

microbial responses in response to adherent-invasive Escherichia coli infection (Chiang et al., 2022). 

Following pulmonary Klebsiella pneumoniae infection, IL-22 upregulates genes involved in host 

defence in the pulmonary epithelium, such as lipocalin-2 (Aujla et al., 2008). In the skin, IL-22 

stimulates antimicrobial peptide expression in keratinocytes such as β-defensins and S100A7 (Wolk 

et al., 2004; Boniface et al., 2005; Liang et al., 2006). 

Th22 cells, although predominantly characterised by cytokine production, have also been shown to 

express the chemokine receptors CCR10, CCR6, and CCR4 (Duhen et al., 2009; Trifari et al., 2009). 

Chemokine receptors are important for the homing of T cells to specific tissue sites, and the 

expression of certain CCR receptors may indicate the functionality of certain T cells. Both CCR4 and 

CCR10 have been postulated as skin homing receptors, however studies have shown that CCR4 

expression is representative of skin-homing T cells (Tubo et al., 2011), whereas CCR10 is expressed 

on memory-like skin-resident T cells (Xia et al., 2014). This may indicate a role for Th22 cells in skin 

homeostasis or disease. Th22 cells isolated from patients with psoriasis showed an upregulation of 

genes involved in tissue remodelling and/or repair, such as FGF (wound healing) and the chemokines 

CCL7 (fibrosis), CCL15, and CCL23 splice variant 1 (angiogenesis) (Eyerich et al., 2009). In an in vitro 

model of tissue injury on a monolayer of human primary keratinocytes, Th22-secreted factors 

promoted the closure of the epithelial layer, showing an important role of Th22 cells in wound 

healing (Eyerich et al., 2009). 
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Although Th22 cells have shown beneficial effects in wound healing and tissue remodelling, they 

have also been implicated in the pathogenesis of inflammatory skin diseases such as psoriasis and 

atopic dermatitis. As Th22 cells express skin-related chemokine receptors and were discovered in 

psoriasis patients, the implication of these cells in the pathogenesis of skin-related diseases is 

unsurprising (Duhen et al., 2009; Eyerich et al., 2009). Studies have shown increased levels of 

circulating Th22 cells and plasma IL-22 in psoriasis patients, with both correlating with disease 

severity scales (Wolk et al., 2006; Michalak-Stoma et al., 2013; Luan et al., 2014). Th17 cells are 

increased in the active stage of psoriasis implicating the role of Th17 cells in inducing inflammatory 

lesions. However, Th22 cells were found to be tissue-resident in healed skin following remission, 

indicating either a role in psoriatic relapse or potentially in repair (Cheuk et al., 2014). Again, the role 

of Th22 cells in the pathogenesis of psoriasis has been inferred from the role of IL-22. Patients 

treated with anti-psoriatic phototherapy show reduced expression of IL-22 mRNA in skin lesion 

samples (Wolk et al., 2006). IL-22 induces the expression of antimicrobial peptides and neutrophil 

chemoattractants by keratinocytes, which although important for host defence also promote skin 

inflammation (Guilloteau et al., 2010). IL-22 has also been shown to inhibit keratinocyte 

differentiation and induce the production of matrix metalloproteinases (MMP) which can promote 

tissue degradation (Wolk et al., 2006). Psoriasis patients treated with anti-psoriatic therapy also 

showed reduced levels of antimicrobial peptide and MMP mRNA from skin lesions (Wolk et al., 

2006). The neutralisation of IL-22 in an animal model of psoriasis inhibited the development of skin 

lesions and decreased antimicrobial peptide levels (Van Belle et al., 2012). Th22-related proteins 

have also been detected in skin lesions from patients with atopic dermatitis (AD), including IL-22, IL-

13, and S100A antimicrobial peptides (Gittler et al., 2012). Treatments of AD patients with the IL-22 

antagonist, Fezakinumab, showed clinical efficacy in patients with severe disease. These 

improvements were observed in patients with high IL-22 levels before treatment, with 

downregulation of CD4+ T cell immune pathways (Brunner et al., 2019).  

Th22 cells have also been implicated in the pathogenesis of other inflammatory or autoimmune 

diseases (Jiang et al., 2021). There are elevated levels of Th22 cells and plasma IL-22 in patients with 

rheumatoid arthritis (RA) and ankylosing spondylitis. The percentage of Th22 cells in RA patients 

correlated with disease activity score and levels of C-reactive protein (Zhang et al., 2011b, 2012a; 

Zhao et al., 2013). RA patients responding to treatment showed a reduction in disease activity scores 

alongside a reduction in Th22 cells and IL-22 (Zhong et al., 2017b). The chemokine ligands of the 

chemokine receptors expressed on Th22 cells are abundantly expressed in RA synovial patients, 

indicating the potential migration of Th22 cells to these areas of inflammation (Miyazaki et al., 

2018). Th22 cells can promote osteoclast differentiation leading to bone destruction in RA patients, 
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and IL-22 has been shown to enhance the inflammatory response of synovial tissue (Miyazaki et al., 

2018). Th22 cells and plasma IL-22 levels are also increased in patients with systemic lupus 

erythematosus (SLE), with IL-22-expressing CD4+ T cells correlating with disease activity indices (Zhao 

et al., 2013). The percentages of Th22 cells correlated with the area of SLE and severity indices of the 

skin and measurements of renal damage (Zhong et al., 2017a). In SLE patients responding positively 

to treatment with immunosuppressants and glucocorticoids, the levels of Th22 cells and plasma IL-

22 was decreased (Zhao et al., 2014). However, other studies have shown that B cells can reduce 

lupus-related injuries in mice by inducing the differentiation of IL-22-expressing CD4+ T cells and 

inhibiting IL-17-expressing CD4+ T cells, promoting immunosuppression and decreasing renal 

endothelial cell apoptosis (Yang et al., 2020). In Chinese SLE patients, IL-22 gene polymorphisms 

which reduce IL-22 expression increase the susceptibility to SLE (Wang et al., 2018). Th22 cells have 

been shown to be elevated in other autoimmune diseases such as immune thrombocytopenia, IgA 

nephropathy, graves’ disease, systemic sclerosis (Truchetet et al., 2011; Hu et al., 2012b; Peng et al., 

2013b, 2013a). 

4.1.3. Th22 cells in MS 

Th22 cells have been implicated in the pathogenesis of MS, due to the increased numbers of Th22 

cells in MS patients compared to healthy individuals (Xu et al., 2013; Rolla et al., 2014; Zhen et al., 

2017; Kalra et al., 2020). Th22 cells and serum levels of IL-22 are significantly increased in patients 

with the CNS demyelinating diseases neuromyelitis optica and MS, however no correlation was 

observed between Th22 cells and IL-22 levels, suggesting that IL-22 production by other cell types 

may be increased (Xu et al., 2013). Th22 cells have been shown to be increased in the blood and CSF 

of MS patients during the active phase of disease, inactive phase and also pre-relapse (Rolla et al., 

2014). Th22 cells isolated from MS patients were MBP-specific and showed resistance to IFN-β-

induced inhibition of proliferation or cytokine production in culture (Rolla et al., 2014). IFN-β is a 

treatment used to prevent relapses in MS patients, and so this may indicate a role for Th22 cells in 

MS patients who do not respond to IFN-β treatment. Although studies have shown an increased 

percentage of Th22 cells in MS patients compared to healthy controls, there was no significant 

difference in the levels of Th22 cells in RRMS or SPMS patients compared to healthy controls or in 

relapse compared to remission phases (Kalra et al., 2020). Interestingly, this study also showed that 

the highest proportion of IL-22 production from CD4+ T cells in MS patients was by Th22 cells rather 

than Th17 cells, indicating that studies identifying IL-22-expressing CD4+ T cells as Th22 cells may 

also provide clarification of the role of Th22 cells in MS (Kalra et al., 2020). However, these studies 

still have the caveat of potential Th17 contamination, highlighting the need for accurate Th22 cell 

descriptions to have complete confidence in the conclusions reached in certain studies.   
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The importance of accurate T cell descriptions is highlighted as Muls et al. has shown that IL-22-

expressing CD4+ T cells are increased during MS relapses compared to the inactive phase of disease 

(Muls et al., 2017). Although the majority of IL-22-expressing CD4+ T cells were shown to be Th22 

cells (~83%) in this study, the expression of IL-22 by Th17 cells (~17%) is also of significance (Muls et 

al., 2017). Both studies by Rolla et al. and Kalra et al. showed no differences in Th22 cells numbers in 

relapse vs remission phases in MS patients, indicating that the differences seen by Muls et al. in IL-

22-expressing CD4+ T cells may not be representative of the Th22 cell population (Rolla et al., 2014; 

Muls et al., 2017; Kalra et al., 2020). Treatments with anti-inflammatory or steroidal agents which 

are often used in MS patients, were less efficient in reducing IL-22-expressing CD4+ T cell numbers or 

IL-22 expression (Wing et al., 2016; Muls et al., 2017). The effectiveness of hydrocortisone-induced 

IL-22-inhibition was inversely correlated with the numbers of active brain lesions in patients (Wing et 

al., 2016). However, this study showed the same effect with IL-17-inhibition and so these findings 

may be more representative of a Th17 cell population. Treatment with a cathepsin B inhibitor (CA-

074) in EAE has been shown to be neuroprotective, and analysis of the effect of treatment on CD4+ T 

cell populations has been used to postulate the role of these cells in immune-mediated 

demyelination. Cathepsin B inhibitor treatment decreased the number of IL-22-expressing CD4+ T 

cells and IL-22 expression, suggesting a role for these cells and IL-22 in EAE pathogenesis (Ansari et 

al., 2022). However, cathepsin B inhibitor treatment also decreased Th1 and Th17 cell populations, 

and so the neuroprotection observed may be through the effect on these subsets which are known 

to be pathogenic in EAE (Ansari et al., 2022). Also, IL-22 is not directly required for EAE development, 

as IL-22 knockout mice show typical EAE clinical scores and inflammatory lesions (Kreymborg et al., 

2007). 

Studies implicating Th22 cells in the pathogenesis of MS have tended to focus on the increased 

numbers of Th22 cells and the resistance of IL-22-expressing CD4+ T cells to common treatments. 

However, it is important to note that these studies show a very low percentage of Th22 cells within 

the CD4+ T cell population.  Also, the mere presence of cells does not mean that these cells are 

detrimental, as the literature has shown that CD4+ T cells are required for CNS homeostasis and 

remyelination (Bieber et al., 2003; Ziv et al., 2006; Brynskikh et al., 2008; Radjavi et al., 2014; 

Pasciuto et al., 2020). Evidence that Th22 cells are present in the inactive and active phases of MS, 

may indicate a potential role in initiating relapses however it may also indicate a role in 

remyelination and repair mechanisms during remission phases. As many of the studies have looked 

at the impact of treatments on IL-22-expressing CD4+ T cells, this could show effects on Th22 cells 

but also on Th1 and Th17 cells. Both Th1 and Th17 cells are known to be involved in the induction of 

EAE (Jager et al., 2009; Domingues et al., 2010) and Th17 cells have been shown to negatively impact 
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remyelination (Baxi et al., 2015). Therefore, the implication of Th22 cells as pathogenic in MS, may 

be difficult to pinpoint due to this overlap in subset IL-22 expression.  

As Th22 cells are detected in the CSF of MS patients, there may be direct effects of Th22 cells in the 

CNS or effects mediated by Th22-secreted factors. Th22 cell products encompass a range of 

functionally distinct mediators which could promote detrimental or protective effects in the 

processes of demyelination or remyelination. As previously described, the Foster group 

transcriptionally profiled Th22 cells and showed expression of Il22, Il13, Gzmb/a and Il3 genes (Plank 

et al., 2017). Although this was the most ideal method of transcriptional profiling, other studies have 

also indicated that Th22 cells can express IL-26, IL-10 and TNF-α (Eyerich et al., 2009; Trifari et al., 

2009). The main cytokine of Th22 cells, IL-22 has shown neuroprotective effects in the CNS and 

regenerative roles in other tissues. The natural antagonist for IL-22, IL-22 binding protein (IL-22BP), 

is an MS risk gene, and IL-22 has been shown to be neuroprotective in the CNS in animal models of 

EAE and experimental autoimmune uveitis (EAU) (Laaksonen et al., 2014; Mattapallil et al., 2019; 

Eken et al., 2021). IL-22 has also been shown to play regenerative roles in the liver, intestine and 

thymus, often through the promotion of proliferation of resident stem cell populations (Radaeva et 

al., 2004; Dudakov et al., 2012; Feng et al., 2012a; Lindemans et al., 2015). The roles of IL-22 in CNS 

neuroprotection and tissue regeneration will be discussed in more detail in chapter 5.  

Although the most commonly associated cytokine for Th22 cells is IL-22, Th22 cells can also produce 

other cytokines which have been shown to have roles in neuroprotection and regeneration, 

including IL-13 and IL-26. Human adipose-derived stem cells which overexpress IL-11 and IL-13 

reduced clinical scores and improved oligodendrocyte differentiation and remyelination when 

transferred following EAE induction (Azimzadeh et al., 2020). Studies have shown that IL-13 is 

involved in promoting an anti-inflammatory phenotype of microglia or macrophages, associated with 

enhanced CNS regeneration and a reduction in further inflammatory-mediated degeneration (Kigerl 

et al., 2009; Hu et al., 2012a; Azimzadeh et al., 2020; Mishra et al., 2021). CD4+ T cells expressing IL-

26 have been detected in perivascular infiltrates in MS brain lesions (Broux et al., 2020). Treatment 

with IL-26 after EAE induction reduced clinical scores, reduced Th17 cell infiltration into the CNS and 

promoted Treg infiltration (Broux et al., 2020). These beneficial IL-26-mediated effects reduced 

permeability of the blood brain barrier by upregulating tight junction molecules and downregulating 

pro-inflammatory pathways (Broux et al., 2020). These studies, taken with others, show the diversity 

of functions of Th22-secreted factors, which may play key roles in the CNS. 
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4.2. Rationale, hypothesis and aims  

Rationale: 

Th22 cells have been discovered in the CSF of MS patients and are elevated during both periods of 

relapse and in remission (Rolla et al., 2014). Although Th22 cells have been implicated in the 

pathogenesis of MS, the difficulties in Th22 cell classification has made it challenging to fully 

establish the function of these cells. However, Th22-secreted factors such as IL-22, IL-13 and IL-26 

have shown neuroprotective effects in the CNS and regenerative roles in other tissues, indicating 

that Th22 cells present in the CNS of MS patients may be protective. 

Hypothesis: 

Th22 cells promote murine OPC differentiation and myelination. 

Aims: 

 To characterise the dual reporter IL-22tdTomato/IL-17eGFP mouse model. 

 To optimise the detection, polarisation and purification of Th22 cells. 

 To determine if Th22-secreted factors promote OPC proliferation or differentiation in vitro. 

 To determine if Th22-secreted factors promote myelination ex vivo. 
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4.3. Results 

4.3.1. Characterisation of the dual reporter IL-22tdTomato/IL-17eGFP mouse model. 

The dual reporter IL-22tdTomato/IL-17eGFP mouse model is the only tool available to accurately identify 

and isolate murine Th22 cells (Plank et al., 2017). In order to study the effects of Th22 cells and 

Th22-secreted factors on OPC differentiation and remyelination, it was important to first confirm the 

reporter expression in these animals for subsequent experiments. Genotyping the IL-22tdTomato/IL-

17eGFP mouse model requires standard and qPCR for the IL-17 reporter and IL-22 reporter 

respectively. Zygosity can be determined with standard PCR for unknown animals for the IL-17 

reporter as the gene insertion is in a known site, with homozygous animals showing one mutant 

band, and heterozygous animals showing a mutant band and a WT band (Fig 4.1A). IL-22 reporter 

animals can be distinguished from WT animals with standard PCR, but as the gene is inserted in a 

random site, this only shows whether the animal contains the mutant gene and not whether the 

animal is heterozygous or homozygous (Fig 4.1A). Zygosity for the IL-22 reporter is determined using 

qPCR to calculate the fold change of the reporter gene compared to a housekeeping gene, β-actin, 

for unknown animals (Fig 4.1B).  

To determine if either genotype of reporter animals could be used to identify Th22 cells, the next 

aim was to characterise the reporter expression in homozygous vs heterozygous animals for each 

reporter. Naïve CD4+ T cells were isolated from the spleens of adult heterozygous and homozygous 

IL-22tdTomato/IL-17eGFP mice and polarised to either a Th22 or Th17 subset for detection of the IL-22 or 

IL-17 reporter respectively. Flow cytometric analysis showed a marked reduction in the number of 

IL-22+ cells when polarised to a Th22 cell subset, with 5.85% CD4+IL-17-IL-22+ cells in the homozygous 

animal and 1.97% CD4+IL-17-IL-22+ cells in the heterozygous animal (Fig 4.2A). Flow cytometric 

analysis also showed a marked reduction in the number of IL-17-positive cells when polarised to a 

Th17 cell subset, with 26.9% CD4+IL-22-IL-17+ cells in the homozygous animal and 16.8% CD4+IL-22-IL-

17+ cells in the heterozygous animal (Fig 4.2B). These results indicate that only animals homozygous 

for both reporters can be used to identify Th22 cells, as heterozygous animals may not accurately 

reflect an IL-17- population and will have a lower yield of IL-22-single positive cells.  
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Figure 4.1: Genotyping the dual reporter IL-22
tdTomato

/IL17
eGFP

 mice.  

A) PCR products from the DNA of 10 mice, processed for either the IL-17 reporter (top panel) or 

the IL-22 reporter (bottom panel).  IL-17
eGFP+/+

 show a band at 390 bp, IL-17
eGFP+/- 

animals show a 

band at 390 bp and 264 bp, and WT animals show a band at 264 bp. Both IL-22
tdTomato+/+ 

and IL-

22
tdTomato+/- 

show a band at ~120 bp. No band for the IL-22 reporter represents animals which do 

not contain the reporter allele. B) Relative quantitative results from RT-qPCR analysis showing 

the relative fold change of the IL-22 reporter compared to β-actin from 10 animals. Black bars 

indicate IL-22
tdTomato+/+ 

and white bars indicate IL-22
tdTomato+/-

. 
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Figure 4.2: Characterising the reporter expression of dual reporter IL-22
tdTomato

/IL17
eGFP

 

genotypes.  

Representative flow cytometric plots showing the differences in reporter expression in 

homozygous vs heterozygous dual reporter IL-22
tdTomato

 /IL-17
eGFP

 mice. A) Naïve CD4
+
 T cells from 

IL-22
tdTomato+/+  

(top row) and IL-22
tdTomato+/-  

(bottom row) were activated and polarised to a Th22 

cell subset for 72 hr and IL-22 expression compared between genotypes. B) Naïve CD4
+
 T cells 

from IL-17
eGFP+/+

 (top row) and IL-17
eGFP+/- 

(bottom row) were activated and polarised to a Th17 

cell subset for 72 hr and IL-17 expression compared between genotypes. Gating was used to 

identify cells, live cells, CD4
+
 T cells, and Th22 cells (CD4

+
IL-22

+
IL-17

-
) or Th17 cells (CD4

+
IL-17

+
IL-

22
-
). 
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4.3.2. Purification of in vivo-differentiated Th22 cells from the lamina propria of the small 

intestine. 

CD4+IL-22+ T cells have been identified in the lamina propria of the small intestine in healthy IL-22 

reporter mice (Shen et al., 2016). Therefore, to identify Th22 cells in vivo, lamina propria cells of the 

small intestine were isolated from the IL-22tdTomato/IL-17eGFP mice. These cells were isolated by 

removing the intestinal epithelial cells of the small intestine and digesting the remaining tissue, 

leaving a single cell suspension of lamina propria cells. Flow cytometric analysis was used to identify 

T cell populations and the gating strategy identified live single cells that were CD3+CD4+IL-17-IL-22+ as 

Th22 cells and CD3+CD4+IL-17+ as Th17 cells (Fig 4.3A). Of the CD3+CD4+ T cell population, 30.4% were 

Th17 cells, with 15.4% CD3+CD4+IL-22-IL-17+ and 15% CD3+CD4+IL-22+IL-17+ (Fig 4.3A). There was a 

smaller population of Th22 cells, at 4.02% of the total CD3+CD4+ T cell population, however was a 

clearly defined and sortable population for further experiments (Fig 4.3A). These results confirm that 

Th22 cells are naturally occurring in mice, highlighting the validity of the Th22 cell subset and 

allowing for future experiments to address the role of Th22 cells without the caveat of potential 

Th17 contamination.  

 

 

  

Figure 4.3: Isolation of Th22 cells from the lamina propria of dual reporter IL-22
tdTomato

/IL17
eGFP

 

mice. A) Representative flow cytometric plots showing the isolation of T cells from the lamina 

propria of dual reporter IL-22
tdTomato

/IL-17
eGFP

 mice (DR) and C57BL/6 mice (WT). Gating was used 

to identify cells, live cells, single cells, CD3
+
CD4

+
 T cells, and Th22 cells (CD3

+
CD4

+
IL-22

+
IL-17

-
). 

Representative experiment of n=9 from 2 independent experiments. 
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4.3.3. Optimisation of Th22 polarisation in vitro. 

Although primary Th22 cells could be isolated from the lamina propria, numbers were too low to 

culture and collect sufficient secreted factors for subsequent experiments. Therefore, with 

identification of bone fide Th22 cells optimised, the next aim was to polarise Th22 cells from isolated 

naïve CD4+ T cells. Optimisation of Th22 polarisation was carried out in C57BL/6 mice as the IL-

22tdTomato/IL-17eGFP colony was being re-derived for larger scale experiments. As the identification of 

Th22 cells relies on the characterisation of cytokine expression, stimulation reagents to induce 

intracellular production of cytokines whilst also inhibiting cytokine release were required. Phorbol 

12-myristate 13-acetate (PMA) and ionomycin were used to re-stimulate cytokine production and 

Brefeldin A was used to inhibit intracellular protein transport. Different stimulation protocols were 

assessed for maximising cell viability and cytokine staining using polarising conditions for Th17 cells 

as this was an established polarisation protocol. Results showed that the best cell viability and 

cytokine staining was achieved by stimulating with PMA (25 ng/ml), ionomycin (250 ng/ml) and 

Brefeldin A (3 µg/ml) (Fig 4.4). 

To optimise Th22 polarisation, two protocols from relevant Th22 literature were chosen and the 

extent of polarisation was determined by measuring the production of IL-17 and IL-22 by flow 

cytometry and ELISA. Naïve CD4+ T cells were isolated from the spleens of C57BL/6 mice, activated 

and polarised for 72 hr with different Th22 polarisation protocols, and with a Th17 polarisation 

protocol as a control. Th22 polarisation protocol #1 showed the best Th22 polarisation, with ~10% 

CD4+IL-22+IL-17- and minimal to no IL-17 or IFN-γ production detectable by flow cytometry compared 

to Th22 polarisation protocol 2 which had a significant CD4+IL-17+IL-22-  cell population, similar to the 

Th17 cell subset (Fig 4.5A). This result was confirmed by ELISA (Fig 4.5B). 

Once the polarisation of Th22 cells was optimised, the next goal was to produce Th22-conditioned 

medium that was free of Th22-polarising factors. This ensures that only the Th22-secreted factors 

could be the cause of any impact on subsequent experiments using the conditioned medium rather 

than the exogenous factors added to polarise cells.  Naïve CD4+ T isolated from the IL-22tdTomato/IL-

17eGFP mice were activated and polarised using Th22 polarising factors for 72 hr, to produce an 

enriched Th22 cell population (CD4+IL-22+IL-17-) (Fig 4.6A). Th22 cells were sorted using 

fluorescence-activated cell sorting, and re-activated in X-vivo 15 serum-free medium without further 

polarising factors for 72hr, and these cells remained a stable population of >90% Th22 cells (CD4+IL-

22+IL-17- )(Fig 4.6B). This again highlights the validity and stability of the Th22 cell subset and allows 

for the collection of Th22-conditioned medium without the additional polarising factors which may 

produce other effects in future experiments.   
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Figure 4.4: Optimisation of stimulation protocols for the intracellular staining of cytokines in 

C57BL/6 mice. 

A) Naïve CD4
+
 T cells from C57BL/6 mice were activated and polarised to a Th17 cell subset and 

stimulated with different protocols. #1 represents no stimulation, #2 represents PMA (25 ng/ml), 

ionomycin (250 ng/ml), Brefeldin A (3 µg/ml), #3 represents PMA (50 ng/ml), ionomycin (500 

ng/ml), Brefeldin A (3 µg/ml), #4 represents PMA (50 ng/ml), ionomycin (1 µg/ml), Brefeldin A (5 

µg/ml). Representative flow cytometry plots show the gating used to identify lymphocytes, live 

cells, single cells, CD4
+
 T cells, and Th17 cells (CD4

+
IL-22

-
IL-17

+
). Representative experiment of n = 

3 mice from 3 independent experiments. 
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Figure 4.5: Optimisation of Th22 polarisation protocols in C57BL/6 mice. 

Naïve CD4
+
 T cells were activated in Th17 polarising conditions, TGF-, IL-6, IL-1 and anti-IFN-  

and Th22 polarising conditions (Th22 #1) IL-1β, IL-6, IL-23, FICZ, galunisertib, anti-IL-4 and anti-

IFN-γ, (Th22 #2) IL-6, FICZ, anti-IL-4, anti-IFN- and TGF-. A) Representative flow cytometry plots 

show the gating used to identify lymphocytes, live cells, single cells, CD4
+
 T cells, and IL-22

+
, IL-17

+
 

or IFN-γ
+
 cells per polarisation condition. B) Representative ELISA showing the concentration of 

IL-22 and IL-17 in pg/ml per polarisation condition. Representative experiment of n = 3-4 mice 

from 3-4 independent experiments. 
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Figure 4.6: Polarisation and cell sorting of Th22 cells in vitro. 

Naïve CD4
+
 T cells from IL-22

tdTomato
 /IL-17

eGFP
 mice were activated in Th22 polarising conditions, 

IL-1β, IL-6, IL-23, FICZ, galunisertib, anti-IL-4 and anti-IFN-γ for 72 hr. IL-22-single positive cells 

were sorted and re-activated in X-vivo 15 serum-free medium without polarising factors for a 

further 72 hr. A) Representative flow cytometry plots from the 1
st
 activation show the gating 

used to identify lymphocytes, live cells and Th22 cells, and cells were confirmed to be CD4
+ 
(top 

row). IL-22-single positive cells were sorted using a FACS Aria III, and sorted cells were checked 

for purity (bottom row). B) Representative flow plots from the 2
nd

 activation show the gating 

used to identify lymphocytes, live cells and Th22 cells, and cells were confirmed to be CD4
+
. 

Representative experiment of n = 14 mice from 10 independent experiments.  
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4.3.4. Th22-conditioned medium increases oligodendrocyte lineage cell numbers and OPC 

differentiation in vitro. 

After optimising the Th22 polarisation protocol to generate Th22-conditioned medium without 

polarising factors, the next step was to determine if Th22-secreted factors impact OPC proliferation 

or differentiation. To do this, OPCs were purified from the brains of C57BL/6 mice aged p2-7 and 

cultures were treated with either 5% Th22-conditioned medium or 5% X-vivo 15 control medium 

which was cultured in the same manner as the Th22-conditioned medium without the Th22 cells. 

OPC proliferation was assessed at 72 hr and 120 hr post-treatment using DAPI+Olig2+ cell counts and 

the proliferative marker Ki67. Th22-conditioned medium significantly increased the number of 

oligodendrocyte lineage cell numbers (DAPI+Olig2+) compared to the control at both 72 hr (p=0.006) 

and 120 hr (0.007) post-treatment (Fig 4.7A, B, C). However, there was no difference in the number 

of proliferating oligodendrocyte lineage cells as based on DAPI+Olig2+Ki67+ cell numbers (Fig 4.7A, B, 

C). These results indicate that Th22 cells do not affect OPC proliferation, however the increased cell 

numbers may still have been due to increased proliferation at an earlier time-point that was not 

assessed. Although an effect of Th22-conditioned medium on OPC proliferation may have gone 

undetected at early time-points, or due to the inherent limitation of Ki67 staining, it is also possible 

that the increased cell numbers may have arisen from an effect of Th22-conditioned medium on cell 

survival. As Th22-conditioned medium increased oligodendrocyte lineage cell numbers, the next goal 

was to investigate the effect on OPC differentiation into oligodendrocytes in these cultures. OPC 

differentiation was assessed at 120 hr post-treatment using the differentiation marker MBP, a 

protein produced by differentiated oligodendrocytes. Th22-conditioned medium promoted OPC 

differentiation with a significant increase in total MBP area (p<0.0001) and in the number of 

differentiated oligodendrocytes (p=0.0008) as based on DAPI+Olig2+MBP+ cell numbers (Fig 4.8A, B). 

These results show a significant pro-differentiation effect of Th22-secreted factors on OPCs, with an 

8-fold increase in the MBP area and over 5 times increase in the numbers of differentiated 

oligodendrocyte compared to the control group.  
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Figure 4.7: Th22-conditioned medium increased oligodendrocyte lineage cell numbers in vitro 

OPC cultures but does not affect proliferation.  

Oligodendrocyte progenitor cells were isolated from brains of male and female C57BL/6 pups 

aged p3-9. Cells were treated with 5% X-vivo 15 serum free medium (control) or 5% Th22-

conditioned medium and fixed at 72 hr and 120 hr. A) DAPI
+
Olig2

+
 cells per well and 

DAPI
+
Olig2

+
Ki67

+ 
cells per well at 72 hr post-treatment and B) 120 hr post-treatment. C) 

Representative CellInsight 20X images showing Olig2
 
(green) and Ki67 (magenta) staining at 72 hr 

(top row) and 120 hr post-treatment (bottom row). n = 6 pups with 2-3 technical replicates per n. 

Data shown as mean +/- SEM. Unpaired, two-tailed, student’s t-test, ** = p < 0.01. 
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Figure 4.8: Th22-conditioned medium promotes OPC differentiation in vitro.  

Oligodendrocyte progenitor cells were isolated from brains of male and female C57BL/6 pups 

aged p3-9. Cells were treated with 5% X-vivo 15 serum free medium (control) or 5% Th22-

conditioned medium and fixed at 120 hr post-treatment. A) Average DAPI
+
Olig2

+
MBP

+
 cells per 

well and average MBP area per well for each group at 120 hr post-treatment. B) Representative 

CellInsight 20X images showing DAPI (blue), Olig2
 
(green) and MBP (white) staining, scale bar = 

200 µm. n = 6 pups with 2-3 technical replicates per n. Data shown as mean +/- SEM. Unpaired, 

two-tailed, student’s T test, ** = p < 0.01, *** = p < 0.001.  
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4.3.5. Th22-conditioned medium does not impact developmental myelination ex vivo. 

As Th22-conditioned medium promoted OPC differentiation, the next aim was to investigate 

whether this pro-differentiation effect translated to an increase in myelination. To assess 

developmental myelination, neonatal organotypic brain slices from mice aged p2-3 were allowed to 

recover and flatten in culture for 3 days before treating with 5% Th22-conditioned medium or 5% X-

vivo 15 control medium for a further 7 days. This 10 day culture can be used as a readout of 

developmental myelination, as slices continue to myelinate in culture after slicing. This allows for the 

investigation of the impact of Th22-secreted factors on the rate of myelination ex vivo. Th22-

conditioned medium showed no impact on developmental myelination compared to controls, with 

no differences in myelination index (proportion of NFH+ pixels co-localising with MBP+ pixels) 

observed between groups (Fig 4.9A, C). These results highlight that although Th22-secreted factors 

can promote OPC differentiation, this does not necessarily correlate with increased myelination, at 

least in the models investigated here. Although no differences were seen in the myelination indices, 

there was a significant decrease (p=0.0069) in the average NFH+ area in the Th22-conditioned 

medium-treated slices (Fig 4.9B). This decreased axonal density may indicate a detrimental effect of 

Th22-secreted factors on axonal integrity and overall slice health.  
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Figure 4.9: Th22-conditioned medium does not affect developmental myelination ex vivo in 

organotypic brain slice cultures. 

Organotypic brain slices from male and female C57BL/6 pups aged p2-3 were treated at d3 ex 

vivo with Th22-conditioned medium or a media only control and fixed at 7d post-treatment. A) 

Average myelination index per Z-stack segment (MBP
+
NFH

+
 co-localisation area/NFH

+
 total area) 

of 3 FOV per brain slice at 10 d ex vivo. B) Average NFH
+
 area per Z-stack of 3 FOV per brain slice 

at 10 d ex vivo. C) Representative confocal 40X maximum projection images of the analysed Z-

stack segment showing NFH (green) and MBP
 
(magenta) at 10d ex vivo, scale bar = 100 µm. N = 4 

pups per group. Data shown as mean +/- SEM. Unpaired, two-tailed, student’s T test, ** = p < 

0.01.  
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4.4. Discussion 

Th22 cells are present in the CNS of MS patients, however due to the difficulty of Th22 

characterisation, the functionality of these cells has not yet been elucidated. Th22 cells have been 

implicated in the pathogenesis of MS due to increased Th22 cell numbers in MS patients and 

increased IL-22 levels (Xu et al., 2013; Kalra et al., 2020). However, Th22 cells were shown to be 

increased during both relapses and remission phases of MS (Rolla et al., 2014), highlighting that 

Th22 cells may function in promoting inflammatory relapses or may be involved in regenerative 

processes during remission phases. Th22 cells present in the CNS may mediate functions directly or 

indirectly through secretion of functionally distinct cytokines. Th22-secreted cytokines IL-22, IL-13, 

and IL-26 have shown neuroprotective and tissue-regenerative effects, leading to the hypothesis 

that Th22 cells would promote OPC differentiation and myelination.  

In order to test this hypothesis, it was crucial to accurately identify Th22 cells. The field often 

inaccurately describes Th22 cells as IL-22-expressing CD4+ T cells which can encompass Th17 or Th1 

cells, which although having low IL-22 expression, can result in misinterpretation of Th22 cell 

function. The generation of the dual reporter IL-22tdTomato/IL-17eGFP mouse model by Dr. S. K. Durum 

(National Institutes of Health) and Prof. P. Foster (University of Newcastle, Australia), was the first 

method which allowed for the isolation and culture of pure Th22 cells. The first aim for this chapter 

was to characterise the dual reporter IL-22tdTomato/IL-17eGFP mouse model. Results showed that only 

mice homozygous for both reporters could be used for Th22 cell polarisations, as heterozygous mice 

show a marked reduction in the percentage of fluorescent cells for both reporters, indicating that 

heterozygous animals may not accurately identify IL-17- population and will produce a lower yield of 

IL-22+ cells (Fig 4.2). These results also confirmed that Th22 cells are a differentiated subset in vivo 

that can be detected in the lamina propria of the small intestine in healthy animals, which had 

previously only been shown with the IL-22 reporter mice (Fig 4.3) (Shen et al., 2016). The next aim 

was to optimise the polarisation of Th22 cells for the generation of Th22-conditioned medium. Th22 

polarisation protocols from previous published data were assessed for efficiency of polarisation. It 

was determined that the polarisation method from Plank et al. showed greater efficiency of Th22 

polarisation, with ~10% IL-22+ cells and minimal IL-17+ or IFN-γ+ cells (Fig 4.5) (Plank et al., 2017). The 

results also supported Th22 cells as a valid and stable subset, as polarisation of Th22 cells in vitro 

from naïve CD4+ T cells produces a sortable Th22 cell population which retain the Th22 phenotype 

during subsequent culture (Fig 4.6). This was of utmost importance, as it allowed for the generation 

of Th22-conditioned medium without the addition of multiple exogenous factors which may have 

detrimental effects in OPC cultures, or make any future data difficult to interpret without additional 

controls for each additional controls for each factor.  
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Based on the regenerative effect of Th22 cells in other tissues, the overarching hypothesis for this 

chapter was that Th22 cells promote OPC differentiation and myelination. As key steps in the 

remyelination process are the migration, proliferation and differentiation of OPCs, the first aim was 

to assess the effect of Th22-secreted factors in OPC cultures. Th22-secreted factors increased the 

numbers of oligodendrocyte lineage cells and also increased the differentiation of OPCs into 

oligodendrocytes (Fig 4.7, 8). Although OPC cultures are an important tool to assess the cell biology 

and differentiation stages of oligodendrocytes, the model has limitations. The differentiation of 

OPCs into oligodendrocytes is a key step in the remyelination process, however the development of 

myelin sheets in OPC cultures cannot be used to determine myelination as there are no neurons or 

structures for myelin wrapping to occur. Therefore, to assess the effect of Th22-secreted factors on 

myelination, organotypic brain slice cultures were utilised. Organotypic brain slice cultures provide a 

three-dimensional structure with similar cell types and architecture to a mouse brain in vivo, which 

myelinates during culture (Sekizar and Williams, 2019). Th22-secreted factors had no impact on 

developmental myelination, however did negatively impact axonal density (Fig 4.9). The effect of 

Th22-secreted factors on OPC differentiation in vitro did not translate to increased myelination ex 

vivo. This may be explained by the other glial cells present in the brain slice up-taking the pro-

differentiation factors in the conditioned medium. However, as Th22-secreted factors showed a 

neurotoxic effect ex vivo, the lack of a pro-myelination effect may be due to the detrimental impacts 

of Th22 products on the other glial cells present in this model. Although a better method of 

evaluating myelination, the organotypic brain slice model does also have its limitations, including 

slice variability, the influence of the damage caused by slicing during the setup, and the caveat of no 

circulation system. 

These results highlight a role for Th22-secreted factors in the expansion and differentiation of 

oligodendrocytes in vitro. Further experiments are required to identify the mechanism of this 

expansion, assessing earlier time-points to pin-point a proliferative effect or performing a lactate 

dehydrogenase assay (LDH) to determine an effect on cell survival. Although Th22-secreted factors 

promoted OPC differentiation, there was no effect on myelination and neurotoxic effects were 

observed in organotypic brain slice cultures. This may indicate that in the more complex system, 

which is more similar to the tissue architecture seen in vivo, Th22 cells can be detrimental. However, 

it may also highlight that there are two mechanisms at play, with Th22 cells having a beneficial role 

in OPC differentiation and a detrimental role in neurodegeneration. Therefore, identifying the 

molecular mechanisms responsible could help to develop MS treatments based on specific factors 

rather than Th22 cells as a whole. Conflicting roles of Th22 cells have been documented previously, 

as Th22 cells can promote wound healing but when dysfunctional can lead to inflammatory skin 
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diseases such as psoriasis (Duhen et al., 2009; Eyerich et al., 2009). Similar roles may be present in 

the CNS, particularly as Th22 cells are detected during both remission and relapse phases (Rolla et 

al., 2014), highlighting a potential change in function depending on the environmental milieu. These 

data not only help to decipher the roles of Th22 cells in the CNS, but also highlight the importance of 

accurate T cell classifications in research in order to pinpoint regenerative or pathogenic 

mechanisms of specific cell populations in MS. 

Further work is required to evaluate the mechanism of Th22-mediated OPC differentiation, which 

may have translational regenerative value for MS patients. Mechanistic studies were not feasible 

during the PhD project due to time constraints and due to the limited amount of Th22-conditioned 

medium generated by using pure Th22 cultures. However, due to the difficulty in effectively studying 

Th22 cells and the incorrect definition of Th22 cells as CD4+ T cells-expressing IL-22 in the field, it was 

of utmost importance for this project to accurately and definitively assess pure Th22 cell effects. 

Similarly to the work in Chapter 3, it would be interesting to determine if this was a protein-

mediated effect involving the classic Th22-related cytokines. Depleting IL-22 from the Th22-

conditioned medium would indicate whether this pro-differentiation effect was IL-22-mediated. It 

would also be interesting to further investigate the mechanisms of Th22-mediated neurotoxicity, as 

it may provide insight into pathogenic mechanisms in MS.  
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5. Investigating the role of IL-22 in OPC differentiation and 

remyelination. 

5.1. Introduction 

5.1.1. IL-22 discovery, structure and signalling. 

IL-22 was first discovered in mice in 2000 by Dumoutier et al. and was initially referred to as 

interleukin-10-related T cell-derived inducible factor (IL-TIF) due to its structural similarity to mouse 

IL-10, sharing a 22% amino acid (aa) identity (Dumoutier et al., 2000a). The discovery of human IL-22 

expressed by T cells in 2000 by Xie et al. led to the name switch from IL-TIF to IL-22 (Xie et al., 2000). 

In humans, IL-22 is found on the 12q15 chromosome and in mice, is found on chromosome 10 but in 

both species is made up of 6 exons in total (Dumoutier et al., 2000b). In both humans and mice, IL-

22 is a 179 aa long protein, with species sharing a 78% aa homology (Dumoutier et al., 2000b; Xie et 

al., 2000). The secreted active form of IL-22 is 146 aa long as the first 33 aa are part of the signal 

sequence with the mature sequencing beginning at aa 34 (Dumoutier et al., 2000b). The crystal 

structure of IL-22 reveals that IL-22 acts as a monomer folded into a compact bundle of six folded 

anti-parallel α-helices (A-F) (Nagem et al., 2002). 

IL-22 signals through a heterodimeric receptor composed of class II cytokine receptors, namely, the 

novel IL-22RA1 (known at the time as CRF2-9 or ZCYTOR11), and a component of the IL-10 receptor, 

IL-10Rβ, (at the time referred to as CRF2-4) (Xie et al., 2000; Kotenko et al., 2001). The IL-22RA1 

subunit is not unique to the IL-22 receptor, but is shared by the IL-20 receptor type 2, composed of 

IL-20Rβ and IL22RA1, which facilities IL-20 and IL-24 signalling (Dumoutier et al., 2001a). IL-10Rβ is 

more commonly known as a component of the IL-10 receptor, composed of IL-10R1 and IL-10Rβ and 

is necessary for IL-10 signal transduction (Kotenko et al., 1997). IL-22 requires both components of 

the receptor to function, with both required to promote downstream STAT activation (Xie et al., 

2000). When first discovered, IL-22 was found to bind with greater affinity to the IL-10Rβ component 

(Xie et al., 2000). However, further functional and crystallography studies on the IL-22 receptor 

revealed that IL-22 has a higher affinity for the IL-22RA1 subunit with no detectable affinity for IL-

10Rβ (Logsdon et al., 2002; Li et al., 2004; Bleicher et al., 2008). This variability could be due to the 

source of IL-22 protein and the interaction of other cells in cell-based assays. The proposed crystal 

structure of the ternary IL-22/IL-22RA1/IL-10Rβ complex suggests that there is a sequential binding 

of IL-22 to IL-22RA1 which induces conformational changes to either IL-22 or IL-22RA1, thereby 

creating a binding site for IL-10Rβ (Bleicher et al., 2008). IL-22 shows a substantially greater affinity 

for the heterodimeric receptor complex of IL-22RA1/IL-10Rβ, indicating that this binding promotes a 
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more stable structure for IL-22 signalling (Li et al., 2004). An endogenous antagonist of IL-22, IL-22BP 

encoded by the IL22RA2 gene, was also identified in humans on chromosome 6q24. IL-22BP is a 231 

aa protein (Dumoutier et al., 2001b). IL-22BP shows a 33% aa homology with the extracellular 

domain of IL-22RA1 and lacks cytoplasmic or transmembrane domains (Dumoutier et al., 2001b). 

This soluble receptor is secreted mainly by dendritic cells but T cells, eosinophils and keratinocytes 

have also been shown to express IL-22BP, which thereby inhibits the activity of IL-22 (Dumoutier et 

al., 2001b; Martin et al., 2014, 2016; Penelope et al., 2016; Fukaya et al., 2018). 

The binding of IL-22 to the IL-22 receptor induces phosphorylation and therefore activation of Janus 

Kinase 1 (JAK1) and Tyrosine Kinase 2 (Tyk2) which are associated to the IL-22RA1 and IL-10Rβ 

subunits respectively (Lejeune et al., 2002). The coiled coil domain of STAT3 is recruited to the C 

terminus of IL-22RA1, and phosphorylated on either a tyrosine or serine residue after JAK1/Tyk2 

activation (Dumoutier et al., 2009). IL-22 signalling can also result in STAT1 and STAT5 tyrosine 

phosphorylation but mainly acts through STAT3 (Lejeune et al., 2002). After activation, STAT 

molecules are translocated into the nucleus where they modulate the expression of certain target 

genes, acting as transcriptional activators (Rébé et al., 2013). IL-22 signalling can also activate the 

main mitogen-activated protein kinase (MAPK) pathways, ERKs, Jun amino-terminal kinases (JNKs), 

and p38 stress-activated protein kinases (SAPKs) (Lejeune et al., 2002). IL-22 signalling can also cause 

cellular effects through the phosphoinositide 3-kinase (PI3K), protein kinase B (Akt), mechanistic 

target of rapamycin (mTOR) signalling pathway (Mitra et al., 2012).  

IL-22 is expressed by immune cells and has not been reported to be produced by non-hematopoietic 

cells (Witte et al., 2010). IL-22 is produced by CD4+ T cells, particularly Th22, Th17 and Th1 cells 

(Wolk et al., 2002; Liang et al., 2006; Duhen et al., 2009). It is also produced by innate lymphoid cell 

(ILC) types, including ILC3s, natural killer (NK) cells, and lymphoid tissue inducer (LTi) cells (Wolk et 

al., 2002; Satoh-Takayama et al., 2008; Takatori et al., 2008; Marchesi et al., 2009; Sciumé et al., 

2012). To a lesser extent, CD8+ Tc22 cells, γδ T cells and neutrophils can also express IL-22 (Marchesi 

et al., 2009; Res et al., 2010; Zindl et al., 2013). IL-22 acts on non-hematopoietic cells, which express 

the IL-22 receptor, and has not been reported to act on immune cells, which do not show expression 

of the receptor (Witte et al., 2010; Zenewicz, 2018). IL-10Rβ is ubiquitously expressed throughout 

tissues in the human body, as a component of the IL-10 receptor (Wolk et al., 2004). IL-22RA1 

expression is more limited, however it is expressed in the pancreas, skin, small intestine, colon, lung, 

and liver (Wolk et al., 2004). No IL-22RA1 expression was detected in immune-related tissues such as 

the spleen, thymus and bone marrow (Wolk et al., 2004). Notably, IL-22RA1 was also not detected in 

the adult or foetal brain (Wolk et al., 2004).  
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 As previously discussed in chapter 4 and in many literature reviews, IL-22 has a wide range of 

functions, particularly in mediating host defence and maintaining the barrier function of tissues 

often mediated through effects on epithelial cells (Zenewicz and Flavell, 2011; Eidenschenk et al., 

2014; Dudakov et al., 2015; Zenewicz, 2018; Arshad et al., 2020). IL-22 has shown beneficial effects 

in the immune response against pathogens, tissue homeostasis, wound healing and tissue 

regeneration (Eidenschenk et al., 2014; Arshad et al., 2020). However, the pathways mediating these 

effects can overlap into detrimental effects in disease pathogenesis. For example, IL-22 has been 

shown to be involved in inflammatory diseases such as psoriasis and inflammatory bowel disease 

(IBD) and in certain malignancies (Sabat et al., 2014). For the purpose of this chapter investigating 

the potential regenerative role of IL-22 in the CNS, the focus will be on the current literature 

discussing the roles of IL-22 in the CNS and the regenerative effects of IL-22 in other tissues. 
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Diagram 5.1. The IL-22/IL-22 receptor complex and signalling cascade.  

IL-22 is secreted by immune cell populations such as CD4+ T cell subsets and ILCs. IL-22 binds to 

the IL-22RA1 subunit of the heterodimer receptor with high affinity, promoting a conformational 

change which provides a binding site for the other IL-22 receptor subunit, IL-10Rβ. IL-22 has a 

greater affinity for the heterodimer complex, providing a stable structure for downstream 

signalling. Upon binding, JAK1 and Tyk2 are phosphorylated and activated, causing the 

phosphorylation and activation of STAT3. STAT3 translocates to the nucleus to act as a 

transcriptional activator, modulating the expression of key genes. IL-22 can also signal through 

MAPK pathways and PI3k/Akt/mTOR pathways. A natural antagonist of IL-22, IL-22BP is 

produced by dendritic cells and inhibits the binding of IL-22 to the functional receptor. Diagram 

created using BioRender. 
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5.1.2. IL-22 in the CNS 

As discussed previously in chapter 4, IL-22-expressing CD4+ T cells and IL-22 have been implicated in 

the pathogenesis of MS and EAE (Wing et al., 2016; Muls et al., 2017; Ansari et al., 2022). However, 

IL-22-/- mice show similar clinical scores and inflammatory lesions to wild type mice, indicating that 

IL-22 is not required for EAE development (Kreymborg et al., 2007). Conversely, rather than showing 

a detrimental effect of IL-22 in EAE, other studies have shown a neuroprotective role of IL-22 in EAE 

and EAU. IL22RA2 is a known MS and EAE risk gene, encoding IL-22BP, a natural antagonist of IL-22 

(Beyeen et al., 2010). Although one study has shown that the IL-22BP rs28385692 coding variant 

decreases the levels of secreted IL-22BP isoforms, the IL-22BP rs17066096 coding variant increases 

the expression of IL-22BP (Lindahl et al., 2019; Gómez-Fernández et al., 2020). Peripheral blood 

monocytes isolated and differentiated into antigen-presenting cells in vitro from carriers of the risk 

genotype rs17066096, expressed higher levels of IL-22BP than controls (Lindahl et al., 2019). 

In the CSF of MS patients, IL-22BP levels correlated with a higher lesion load as detected by MRI, 

indicating an association with neuroinflammation (Lindahl et al., 2019). However, there was no 

correlation with age or extended disability status scale (EDSS), highlighting that IL-22BP levels may 

not associate with neurodegeneration and disability progression (Lindahl et al., 2019). Serum IL-22 

levels were significantly increased in the serum of patients with active MS compared to inactive MS 

or healthy controls (Perriard et al., 2015). Although no differences were observed in the serum levels 

of IL-22BP between MS patients and controls, there was a significant increase in IL-22BP expression 

in monocytes and in vitro differentiated dendritic cells derived from MS patients than controls 

(Perriard et al., 2015). Expression of IL-22 and the IL-22 receptor were observed in both control and 

MS brain tissue, with stronger expression of the receptor in MS tissue and MS lesions by astrocytes 

compared to low levels in controls (Perriard et al., 2015). Recombinant IL-22 promoted the survival 

of stress-induced primary human astrocytes in vitro (Perriard et al., 2015). This study suggests a role 

for IL-22 in MS, however astrocyte populations can be beneficial for CNS homeostasis or can be 

detrimental by progressing neurodegeneration during disease (Oksanen et al., 2019). Therefore, IL-

22-mediated astrocyte survival could have a pro- or anti-inflammatory influence in MS patients and 

this functional consequence is yet to be determined. 

IL-22BP-/- mice show a less severe EAE course, with one study showing an overall reduced disease 

course and another showing similar peak clinical scores but greater recovery and improved motor 

function compared to control animals (Laaksonen et al., 2014; Lindahl et al., 2019). However, rats 

that have a tetracycline controlled IL-22BP deficiency at the time of EAE induction, show complete 

resistance to EAE (Lindahl et al., 2019). Although both models show a detrimental impact of IL-22BP 
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in EAE, it is interesting that the inducible knockdown model shows greater effects, potentially 

indicating a compensatory mechanism during development in the knockout models. The beneficial 

mechanism of IL-22BP depletion was shown to be IL-22-mediated, with dual IL-22-/-/IL-22BP-/- mice 

negating the protective effect (Lindahl et al., 2019). This IL-22-mediated reduced pathogenicity in 

EAE may be due to a modulation of the inflammatory response as indicated by lower EAE clinical 

scores, but may also be due to resolution of inflammation or an enhancement of remyelination as 

indicated by quicker recovery. More studies are required to assess the mechanisms involved in the 

IL-22-mediated reduction in EAE pathogenicity, however rats with IL-22BP deficiency showed a 

significant decrease in IFN-γ-expressing CD3+ T cells in the draining lymph nodes after EAE induction 

compared to wild-type rats (Lindahl et al., 2019). Similar results were observed in human T cells, 

with lower secretion of IFN-γ from both CD4+ and CD8+ T cells when activated and treated with 

recombinant IL-22 ex vivo (Lindahl et al., 2019). This may indicate an immunomodulatory role of IL-

22 by limiting the Th1 and Tc1 responses which are detrimental in EAE.  

Overexpression of IL-22 mediated by hydrodynamic gene delivery of an IL-22-expressing plasmid 

resulted in decreased EAE scores and decreased demyelination (Eken et al., 2021). The 

overexpression of IL-22 resulted in a decreased infiltration of lymphocytes and both IFN-γ and IL-17-

expressing T cells, again highlighting the potential immunomodulatory mechanism involved in IL-22-

mediated protection during EAE (Eken et al., 2021). Interestingly, neutralisation of IL-22 using 

antibodies did not impact EAE development, however this study did not show data on the 

effectiveness of the IL-22-neutralisation which may have been reduced locally but not in the CNS 

(Eken et al., 2021). There are contradictory reports on the development of EAE in IL-22-/- animals, 

with one study showing no significant differences in clinical scores or lesions (Kreymborg et al., 

2007) and one showing a more severe EAE course (Mattapallil et al., 2019). However, this may be 

due to variations in the EAE disease course between groups, as Mattapallil et al. showed a less 

severe EAE course in control animals compared to Kreymborg et al., meaning greater differences in 

disease severity could be detected. 

Studies have also investigated the neuroprotective role of IL-22 in the CNS in models other than EAE. 

IL-22 has shown neuroprotective effects in EAU, a model of CNS inflammation, and in a model of 

direct neural toxicity through intraocular glutamate injection (Mattapallil et al., 2019). IL-22-/- mice 

and C57BL/6 mice treated with IL-22 neutralising antibodies showed a more severe EAU disease, 

with increased retinal thickness, serous detachment and destruction of the retinal architecture 

(Mattapallil et al., 2019). IL-22-/- mice also showed increased loss of retinal ganglion cells after 

glutamate intraocular injection, which was partially rescued by local injection of IL-22 (Mattapallil et 

al., 2019). The mechanism of IL-22-induced neuroprotection in these models was again postulated to 
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be through immunomodulation, with IL-22-mediated stimulation of Müller cells resulting in 

decreased T cell proliferation and increased production of neurotrophic factors (Mattapallil et al., 

2019).  

However, IL-22 has not always been shown to be beneficial in the CNS. The IL-22 receptor was 

shown to be expressed on human brain endothelial cells within MS lesions but was not detected in 

non-MS control tissue (Kebir et al., 2007). However, this study does not indicate whether both 

subunits of the IL-22 receptor were investigated, most likely only showing IL22RA1 staining as a 

readout of the receptor expression. Recombinant IL-22 increased blood brain barrier (BBB) 

permeability and CD4+ T cell migration in vitro, indicating a role for IL-22 in inflammatory responses 

in the CNS (Kebir et al., 2007). Recombinant IL-22 also promoted Fas expression and enhanced 

caspase 3 activity of isolated mouse oligodendrocytes and the CG4 oligodendrocyte cell line, 

indicating that IL-22 can promote apoptosis of oligodendrocytes in vitro (Zhen et al., 2017). Zika virus 

can cause nervous system pathologies in the PNS and the CNS. IL-22-/- mice infected with Zika virus 

showed less severe symptoms, with a decreased inflammatory response, lower rate of paralysis and 

no mortality compared to wild-types (Liang et al., 2020). Zika virus-infected IL-22-/- mice had more 

effective CD8+ T cells and lower viral loads in the brain, indicating that the immunomodulatory role 

of IL-22 is not always beneficial in response to different insults (Liang et al., 2020). Interestingly, 

although IL-22-/- mice showed a reduction in the number of activated microglia and astrocytes in the 

brain in vivo, recombinant IL-22 showed no effects on microglia or astrocyte activation or viral load 

in vitro, highlighting the differences between naturally secreted IL-22 and the recombinant 

counterpart in vitro (Liang et al., 2020). In a model of murine glioma, IL-22-/- mice showed a 

significantly prolonged survival rate compared to C57BL/6 mice (Liu et al., 2017). In addition, 

injection of recombinant IL-22 in the glioma model in C57BL/6 mice significantly exacerbated disease 

and increased mortality rates. This detrimental effect was mediated by an increased proliferation of 

glioma cells, as treatment of the GL261 glioma cell line with recombinant IL-22 promoted 

proliferation of cells through the induction of STAT3 (Liu et al., 2017).  

5.1.3. IL-22 in regeneration 

Although there are limited studies on the specific mechanisms of IL-22-mediated protection in the 

CNS, others have determined a regenerative role for IL-22 in other tissues such as the liver, thymus 

and intestine. Models of liver injury show a protective and regenerative role of IL-22, specifically in 

the induction of hepatocyte or hepatic progenitor cell (HPC) proliferation. In patients with chronic 

hepatitis B infection, IL-22-expressing CD3+ T cells positively correlate with proliferating HPCs, which 

can differentiate into hepatocytes to facilitate regeneration (Feng et al., 2012b). IL-22 showed 
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regenerative effects in a mouse model of acute-on-chronic liver failure, which displays severe liver 

injury, fibrosis and impaired regeneration (Xiang et al., 2020). Treatment with recombinant IL-22 

fusion protein reduced liver injury, increased hepatocyte proliferation and increased liver 

regeneration (Xiang et al., 2020). This promotion of liver regeneration was mediated by a switch 

from the anti-regenerative IFN-γ/STAT1 pathway to a pro-regenerative IL-6/STAT3 pathway (Xiang et 

al., 2020). In another model investigating liver regeneration in mice, the neutralisation of IL-22 prior 

to partial hepatectomy significantly decreased hepatocyte proliferation, a vital step in liver 

regeneration (Ren et al., 2010). Surprisingly, the administration of recombinant IL-22 prior to 

hepatectomy did not show any effect on hepatocyte proliferation, however endogenous IL-22 levels 

were increased following hepatectomy indicating that exogenous addition was not required for 

hepatocyte proliferation (Ren et al., 2010). In a model of T cell-mediated liver injury, induced 

through concanavalin A (Con A) injection, neutralisation of IL-22 significantly increased liver necrosis, 

however treatment with recombinant IL-22 prior to Con A injection provided nearly complete 

protection against liver necrosis (Radaeva et al., 2004). Recombinant IL-22 also promoted the 

survival and proliferation of hepatocytes in vitro (Radaeva et al., 2004).  

This IL-22-mediated liver regeneration does not only seem to involve the proliferation of 

hepatocytes but also other cellular mechanisms. In a model of liver injury, induced by feeding with a 

3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet, mice overexpressing IL-22 showed increased 

levels of liver progenitor cell proliferation compared to controls, mediated by STAT3 activation (Feng 

et al., 2012b). Hepatic stellate cells (HSC) promote liver fibrosis which although it is a part of liver 

repair, leads to loss of function and impedes regeneration. Mice over-expressing IL-22 showed an 

enhanced survival and senescence of HSCs, promoting a quicker resolution of liver fibrosis after 

injection of carbon tetrachloride (Kong et al., 2012). Therefore, the protective and regenerative 

effects of IL-22 following liver injury are broad and encompass effects on many cell types, promoting 

the proliferation of hepatocytes and HPCs, but also facilitating an environment conducive to 

regeneration.  

IL-22 has also shown regenerative properties in the intestine, promoting the proliferation of Lgr5+ 

intestinal stem cells (ISC). In an induced graft vs host disease murine model which causes intestinal 

injury, treatment with recombinant IL-22 increased the numbers of ISCs, reduced intestinal damage 

and increased epithelial regeneration, leading to a reduction in mortality compared to untreated 

mice (Lindemans et al., 2015). Recombinant IL-22 also promoted the growth of both human and 

mouse ex vivo intestinal organoids from the small intestine, by directly promoting the proliferation 

of ISCs in a STAT3-dependent manner (Lindemans et al., 2015, 2016). The same findings of ISC 

proliferation and increased organoid size were observed with organoids generated from human 
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colon tissue (Patnaude et al., 2021). IL-22 can also promote the expansion of intestinal epithelial 

organoids by promoting proliferation of intestinal epithelial cells through the expression of H19 long 

noncoding RNA (Geng et al., 2018). However, a contradictory study showed that although IL-22 

could promote ISC proliferation in organoids, it promoted defects in self renewal of ISCs leading to 

organoid degeneration (Zhang et al., 2019). The main differences in these studies is the 

concentration of the recombinant IL-22 utilised, with Zhang et al. reasoning that higher 

concentrations of IL-22 was more relevant to the IL-22 expression in vivo in inflammatory conditions. 

However, the uptake of IL-22 by other cell types would be much greater in vivo, leading to lower 

concentrations required for ex vivo experiments. Also, as Lindemans study showed regenerative 

effects of IL-22 in vivo, the evidence points to a regenerative role of IL-22 in the intestine. However, 

the Zhang study may highlight the dual role of IL-22 as detrimental in extremely pro-inflammatory 

environments.  

IL-22 has also been shown to be involved in regeneration of the thymus, important for restoration of 

immunocompetence. IL-22-/- mice displayed impaired thymic regeneration with lower numbers of 

thymic cells compared to C57BL/6 controls after radiation-induced thymus injury (Dudakov et al., 

2012). Conversely, C57BL/6 mice treated with recombinant IL-22 following radiation-induced thymus 

injury increased thymic cell numbers by promoting proliferation of thymic epithelial cells (TEC) 

(Dudakov et al., 2012). Thymic damage caused by chemotherapy and radiation prior to allogenic 

hematopoietic cell transplant (AHCT) can lead to the production of autoreactive T cells after 

transplant, causing graft vs host disease (Wu et al., 2013). Following irradiation, IL-22-/- mice show 

delayed thymus regeneration with decreased TEC numbers and reduced expression of thymus 

functional genes, which was recovered by treatment with recombinant IL-22 (Pan et al., 2019a). 

Following irradiation and AHCT in mice, IL-22 levels were increased in the thymus, particularly by 

donor-derived T cells (Pan et al., 2019b). Mice that received IL-22-/- derived T cells during AHCT 

showed lower numbers of thymus cells and TECs, which were recovered by treatment with 

recombinant IL-22 (Pan et al., 2019b). Both endogenous and exogenous recombinant IL-22 

promoted the proliferation and survival of TECs in vitro (Dudakov et al., 2012; Pan et al., 2019b). IL-

22 has a key role in thymus regeneration by promoting the proliferation and survival of TECs, 

important for restoring immunocompetence after injury and preventing graft vs host disease. 

These studies highlight the protective and regenerative role of IL-22 after injury in the liver, small 

intestine and the thymus. Although not directly related to the CNS, these studies can be used to 

postulate the potential mechanism of the IL-22-mediated reduction in pathogenicity observed in EAE 

models. Many of these studies indicate that IL-22 mediates a regenerative effect through the 

proliferation or survival of resident progenitor cell populations such as HPCs and IECs, in order to 
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regenerate damaged tissue. Therefore, similar mechanisms may be at play in the CNS, with IL-22 

promoting the proliferation or differentiation of OPCs, promoting remyelination and facilitating the 

neuroprotective effect observed in EAE. IL-22 was also shown to establish an environment conducive 

to regeneration after damage by limiting fibrosis. This may also be observed in the CNS, where 

inflammatory responses after demyelination promote myelin debris clearance, OPC migration and 

facilitate remyelination.  
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5.2. Rationale, hypothesis and aims  

Rationale: 

In chapter 4, Th22-secreted factors were shown to promote the expansion of OPCs and the 

differentiation of OPCs into oligodendrocytes. In order to study the mechanism behind this Th22-

mediated OPC differentiation, the first aim was to assess the role of IL-22 in the processes of OPC 

differentiation and remyelination. Not only is IL-22 characterised as the main Th22-secreted 

cytokine, IL-22 has also shown neuroprotective roles in EAE, decreasing disease scores and reducing 

demyelination. IL-22 has also shown regenerative effects in other tissues by promoting the 

proliferation and survival of resident progenitor cells and facilitating a pro-regenerative 

environment. Therefore, IL-22 may have similar regenerative roles in the CNS, potentially through 

effects on the resident oligodendrocyte progenitor cell, OPCs. 

Hypothesis: 

IL-22 promotes murine OPC proliferation, differentiation and myelination/remyelination. 

Aims: 

 To determine if recombinant IL-22 promotes OPC proliferation or differentiation in vitro. 

 To determine if recombinant IL-22 promotes myelination ex vivo. 

 To validate IL-22RA1 antibodies for the detection of the IL-22 receptor. 

 To characterise IL-22 receptor expression during CNS remyelination.  
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5.3. Results 

5.3.1. IL22RA1 expression in CNS glial cells. 

There have been limited studies assessing the expression of the IL-22 receptor in the CNS, however it 

has been shown to be expressed by human astrocytes and to be expressed by murine microglia and 

neuronal cell lines (Perriard et al., 2015; Lee et al., 2022). The IL-22RA1 subunit of the receptor was 

shown to be expressed in the cerebellum and hippocampus of the mouse brain, and was 

upregulated in the inflamed brain of the Gulo-/- mouse model which is deficient in Vitamin D (Lee et 

al., 2022). However, this study did not assess the expression of IL-10Rβ in the mouse brain and 

therefore this may not be representative of the IL-22 receptor, as the IL22RA1 subunit is also shared 

by the IL-20 type 2 receptor. To further investigate the expression of the IL-22 receptor in humans 

and mice, publicly available published RNA sequencing databases were utilised.  

A human brain transcriptome database was composed from data by Kang et al. Pletikos et al. and 

Johnson et al. assessing gene expression in multiple brain regions using post-mortem human brains 

across a range of ages (Johnson et al., 2009; Kang et al., 2011; Pletikos et al., 2014). This database 

shows that mRNA transcripts of both IL22RA1 and IL10Rβ are expressed constitutively across all 

brain regions at every age (Fig 5.1A) (Johnson et al., 2009; Kang et al., 2011; Pletikos et al., 2014) but 

the cell types expressing these transcripts cannot be determined from whole tissue transcriptomic 

sequencing. Darmanis et al. performed single cell RNA sequencing of glial cell types isolated from 

glioblastoma samples from human patients (Darmanis et al., 2017). IL22RA1 showed minimal 

expression in only neoplastic cells and OPCs, whereas IL10Rβ showed expression in all isolated cell 

types including neurons, oligodendrocytes, OPCs and astrocytes (Fig 5.1B) (Darmanis et al., 2017). 

Zhang et al. performed RNA sequencing on isolated human neural cells from the normal-appearing 

temporal lobe cortex of brain specimens from epilepsy patients (Zhang et al., 2016). This study 

showed no IL22RA1 expression by astrocytes, neurons, oligodendrocytes, microglia or endothelial 

cells (Zhang et al., 2016). These studies highlight that the IL-22RA1 subunit is lowly expressed in the 

human brain and may be upregulated in disease or following insult.  

A murine brain transcriptome database assessing gene expression in different regions of the murine 

brain from p4 to adult in both genders was used to investigate IL-22 receptor subunit expression in 

mice (Fertuzinhos et al., 2014). IL22RA1 showed very low expression in all regions of the mouse 

brain across all age ranges, whereas the IL10Rβ subunit was constitutively expressed across all 

regions and ages (Fig 5.2A) (Fertuzinhos et al., 2014). Spitzer et al. performed RNA sequencing of 

OPCs isolated from mice at different age points (Spitzer et al., 2019). Both subunits of the IL-22 

receptor, IL22RA1 and IL10Rβ, were expressed by OPCs at p12, p90 and p310 and there was a 
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significant upregulation of both subunits from E16 to P12 (Fig 5.2B). These findings suggest that OPC 

have the capacity to respond to IL-22 and demonstrate dynamic expression of IL-22R from the 

embryonic to postnatal stage which aligns with when myelination occurs in development. Sharma et 

al. performed RNA sequencing of the adult mouse brain and freshly isolated or cultured neural cell 

types from mice pups aged p1 for glial cells or E16.5 for neuronal cells (Sharma et al., 2015). IL22RA1 

was expressed by cultured oligodendrocytes, cultured cortical neurons and astrocytes (Fig 5.2C). 

IL10Rβ was expressed by all cell types including oligodendrocytes, cortical neurons, microglial and 

astrocytes (Fig 5.2C). However, Zhang et al. performed RNA sequencing of glial cell types from mice 

aged p7 and found no IL22RA1 expression in murine astrocytes, neurons, oligodendrocytes, 

microglia or endothelial cells (Zhang et al., 2014), indicating that IL22RA1 expression may be 

upregulated during culture in some glial cells (Sharma et al., 2015).  

These transcriptomic studies indicate that the IL-22 receptor may be expressed in the human CNS by 

OPCs and in the murine CNS by OPCs, oligodendrocytes, cortical neurons and astrocytes, as both 

subunits are expressed by these cell types at the RNA level. This theoretically suggests that each of 

these glial cell types could by modulated by IL-22. However, the RNA expression of the subunits may 

not accurately reflect the functional IL-22 receptor as both subunits are shared by other receptor 

complexes. Although mRNA expression can be used to predict protein expression, studies have 

shown that mRNA expression data do not always correlate to protein production (Guo et al., 2008). 

Another caveat of RNA transcriptomes is that without fully comprehensive sequencing, genes which 

are expressed at low levels can be missed, which may explain some of the conflicting data on the 

IL22RA1 subunit.  
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Figure 5.1: The IL-22 receptor subunits are expressed in the human brain. 

A) RNA IL22RA1 and IL10Rβ expression in multiple brain regions from post-mortem human brain 

specimens using the human brain transcriptome database. Brain regions include the cerebellar 

cortex (CBC), mediodorsal nucleus of the thalamus (MD), striatum (STR), amygdala (AMY), 

hippocampus (HIP) and neocortex (NCX). B) RNA IL22RA1 and IL10Rβ expression in glial cell types 

isolated from glioblastoma specimens from human patients using a single cell RNA seq database 

(Darmanis et al., 2017). Graphs and error bars extrapolated from the publicly available online 

database.  
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Figure 5.2: The IL-22 receptor subunits are expressed in glial cells of the murine CNS. 

A) RNA IL22RA1 and IL10Rβ expression in multiple murine brain regions using the mouse brain 

transcriptome database. Brain regions include the infragranular layers (IgL), granular layer (L4) 

and supragranular layers (SgL) from the primary somatosensory cortex. B) OPC mRNA IL22RA1 

and IL10Rβ expression using an RNA seq database from (Spitzer et al., 2019). Student’s two-tailed 

t test. ** = p < 0.01, *** = p < 0.001. C) RNA expression of IL22RA1 and IL10Rβ by cultured 

murine CNS cell types using an RNA seq database from (Sharma et al., 2015). Data shown as 

mean +/- SEM. 
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5.3.2 Recombinant IL-22 does not promote OPC proliferation or differentiation in vitro. 

As Th22-secreted factors induced an increase in oligodendrocyte lineage cell numbers (Fig 4.7), the 

first aim was to assess whether the canonical Th22 cytokine, IL-22, also affected oligodendrocyte 

lineage cells. IL-22 has previously shown regenerative effects in other tissues by promoting tissue 

resident progenitor cell proliferation (Arshad et al., 2020). From studies using RNA sequencing 

databases (Fig 5.2), the IL-22 receptor components were shown to be expressed by OPC and 

cultured oligodendrocytes. Therefore, OPCs and oligodendrocytes may be able to respond to 

recombinant IL-22 in vitro. PDGRα+ OPCs were isolated from the brains of C57BL/6 mice aged p2-7 

and cultures were treated with recombinant IL-22 or a vehicle control. In order to thoroughly 

investigate the cellular processes which may be affected by IL-22, OPCs were assessed from 0-120 hr 

post-treatment with a range of concentrations of recombinant IL-22 (1-1000 ng/ml). There was no 

significant difference in the percentage of oligodendrocyte lineage cells in the culture at any 

concentration of IL-22 compared to the vehicle control at any time-point (Fig 5.3). This indicates that 

recombinant IL-22 does not affect the purity of the OPC cultures by causing cell death or promoting 

differentiation of other cell types. There was also no significant difference in the number of 

oligodendrocyte lineage cells as determined by quantification of DAPI+Olig2+ cells at any 

concentration of IL-22 compared to the vehicle control at any time-point (Fig 5.4A, C). OPC 

proliferation was also assessed from 0-120 hr post-treatment using the proliferative marker Ki67. 

There was no significant difference in the number of proliferating oligodendrocyte lineage cells, as 

determined by DAPI+Olig2+Ki67+ cell numbers at any concentration of IL-22 compared to the vehicle 

control at any time points (Fig 5.4B, C). Although previous studies have reported an increase in 

resident progenitor cell populations when treated with IL-22, these results indicate that recombinant 

IL-22 does not promote OPC proliferation in vitro. In order to thoroughly evaluate this 

comprehensive dataset, key time-points at the peak of OPC proliferation and oligodendrocyte 

differentiation were chosen and graphed as concentration response curves of recombinant IL-22. No 

significant differences were observed in oligodendrocyte lineage cell number (Fig 5.5A) or OPC 

proliferation (Fig 5.5B) at 24 hr post-treatment.  

As Th22-secreted factors also induced an increase in OPC differentiation into oligodendrocytes, the 

next aim was to assess whether IL-22 showed similar effects due to the reported regenerative 

effects of IL-22 in other tissues. OPC differentiation was evaluated from 0-120 hr post-treatment 

using the differentiation marker MBP, a protein produced by differentiated oligodendrocytes. This 

time-course approach was taken to comprehensively assess the effects of IL-22 on OPC 

differentiation. There was no significant difference in the number of differentiated oligodendrocytes 

as determined by DAPI+Olig2+MBP+ cell numbers, or in the total MBP produced, at any concentration 
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of IL-22 compared to the vehicle control at any time points (Fig 5.6A, B, C). There were also no 

significant differences in oligodendrocyte differentiation at 120 hr post-treatment at any 

concentration of recombinant IL-22 when analysed as a concentration response curve (Fig 5.7A, B). 

These results indicate that recombinant IL-22 does not promote OPC differentiation in vitro.  

Although there were no effects of recombinant IL-22 in pure OPC cultures, previous literature has 

shown that recombinant IL-22 can reduce pathogenicity in models of EAE and EAU, by either 

decreasing disease severity or by promoting recovery after the peak of disease. Mechanisms 

promoting this reduced pathogenicity may not be through direct effects on OPCs, but may be 

mediated through other glial cell types such as astrocytes which also express the IL-22 receptor. To 

test this hypothesis, mixed glial cells were isolated from C57BL/6 mice aged p2-7 and cultures were 

treated with recombinant IL-22 (1-1000 ng/ml) or a vehicle control from 0-120 hr. As there are 

multiple glial cell types in this culture which may module OPCs through IL-22 stimulation, cultures 

were assessed across a time-course to fully investigate these potential complex cellular mechanisms. 

There was no significant difference in the number of oligodendrocyte lineage cells, as determined by 

DAPI+Olig2+ cell counts, at any concentration of recombinant IL-22 compared to the vehicle control 

at any time point (Fig 5.8A, C). There was also no statistically significant difference in the number of 

proliferating oligodendrocyte lineage cells, DAPI+Olig2+Ki67+, at any concentration of recombinant IL-

22 compared to the vehicle control at any time points (Fig 5.8B, C), or when analysed as a 

concentration response curve at 24 hr post-treatment (Fig 5.9A, B). These results show that 

recombinant IL-22 does not promote proliferation of OPCs either directly or indirectly through other 

glial cell types in vitro. OPC differentiation was also not impacted by IL-22 treatment in mixed glial 

cell cultures. There was no significant difference in the number of differentiated oligodendrocytes, 

as indicated by DAPI+Olig2+MBP+ cells, or total MBP production, at any concentration of recombinant 

IL-22 compared to the vehicle control at any time points (Fig 5.10A, B, C), or when analysed as a 

concentration response curve at 120 hr post-treatment (Fig 5.11A, B). This thorough examination of 

the effect of IL-22 on OPCs, using different concentrations of recombinant IL-22 and assessing the 

culture at every 24 hr time increment, indicates that recombinant IL-22 does not affect either OPC 

proliferation or differentiation directly or indirectly in vitro. There are limitations in using 

recombinant IL-22 in culture to investigate the function of endogenous IL-22 which may still have 

effects in vivo and will be discussed later. 
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Figure 5.3: Recombinant IL-22 does not directly affect OPC culture purity in vitro.  

Oligodendrocyte progenitor cells were isolated from brains of male and female C57BL/6 pups 

aged p3-9. Cells were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control (1% v/v of 

1% BSA in PBS) and fixed at 0-120 hr post-treatment. A) Time course of the proportion of 

DAPI
+
Olig2

+
 cells of total DAPI

+
 cells per well. n = 9 pups with 2-3 technical replicates per n from 3 

independent experiments. Data shown as mean +/- SEM. Two way ANOVA with Sidak’s multiple 

comparisons test, no statistically significant difference was observed. 
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Figure 5.4: Recombinant IL-22 does not directly affect OPC proliferation in vitro.  

Oligodendrocyte progenitor cells were isolated from brains of male and female C57BL/6 pups 

aged p3-9. Cells were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control (1% v/v of 

1% BSA in PBS) and fixed at 0-120 hr post-treatment. A) Time course of DAPI
+
Olig2

+
 cells per well 

and B) DAPI
+
Olig2

+
Ki67

+ 
cells per well for each rIL-22 concentration. C) Representative CellInsight 

20X images showing Olig2
 
(green) and Ki67 (magenta) staining at 24 hr post-treatment for each 

group. n = 9 pups with 2-3 technical replicates per n from 3 independent experiments. Data 

shown as mean +/- SEM. Two way ANOVA with Sidak’s multiple comparisons test, no statistically 

significant difference was observed. 
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Figure 5.5: Recombinant IL-22 does not directly affect OPC proliferation at 24 hr post-treatment 

in vitro.  

Oligodendrocyte progenitor cells were isolated from brains of male and female C57BL/6 pups 

aged p3-9. Cells were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control. A) Effect 

of IL-22 on the density of DAPI
+
Olig2

+
 and B) DAPI

+
Olig2

+
Ki67

+ 
cells per well at 24 hr post-

treatment at a range of concentrations.  n = 9 pups with 2-3 technical replicates per n, from 3 

independent experiments. Data shown as mean +/- SEM. One way ANOVA with Dunnett’s 

multiple comparisons test, no statistically significant difference was observed. 
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Figure 5.6: Recombinant IL-22 does not directly affect OPC differentiation in vitro.  

Oligodendrocyte progenitor cells were isolated from brains of male and female C57BL/6 pups 

aged p3-9. Cells were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control (1% v/v of 

1% BSA in PBS) and fixed at 0-120 hr post-treatment. A) Time course of DAPI
+
Olig2

+
MBP

+
 cells per 

well and average MBP area per well for each rIL-22 concentration. B) Representative CellInsight 

20X images showing DAPI (blue) Olig2
 
(green) and MBP (white) staining at 120 hr post-treatment. 

n = 9 pups with 2-3 technical replicates per n, from 3 independent experiments. Data shown as 

mean +/- SEM. Two way ANOVA with Sidak’s multiple comparisons test, no statistically significant 

difference was observed. 
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Figure 5.7: Recombinant IL-22 does not directly affect OPC differentiation at 120 hr post-

treatment in vitro.  

Oligodendrocyte progenitor cells were isolated from brains of male and female C57BL/6 pups 

aged p3-9. Cells were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control. A) Effect 

of IL-22 on the average MBP area per well and B) DAPI
+
Olig2

+
MBP

+
 cells per well at 120 hr post-

treatment at a range of concentrations. n = 9 pups with 2-3 technical replicates per n, from 3 

independent experiments. Data shown as mean +/- SEM. One way ANOVA with Dunnett’s 

multiple comparisons test, no statistically significant difference was observed. 

5.7A. B. 
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Figure 5.8: Recombinant IL-22 does not affect OPC proliferation in mixed glial cultures in vitro.  

Mixed glial cells were isolated from brains of male and female C57BL/6 pups aged p3-9. Cells 

were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control (1% v/v of 1% BSA in PBS) 

and fixed at 0-120 hr post-treatment. A) Time course of DAPI
+
Olig2

+
 cells per well and B) 

DAPI
+
Olig2

+
Ki67

+ 
cells per well for each rIL-22 concentration. C) Representative CellInsight 20X 

images showing Olig2
 
(green) and Ki67 (magenta) staining at 24 hr post-treatment for each 

group. n = 6 pups with 2-3 technical replicates per n from 2 independent experiments. Data 

shown as mean +/- SEM. Two way ANOVA with Sidak’s multiple comparisons test, no statistically 

significant difference was observed.  
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Figure 5.9: Recombinant IL-22 does not affect OPC proliferation at 24 hr post-treatment in 

vitro.  

Mixed glial cells were isolated from brains of male and female C57BL/6 pups aged p3-9. Cells 

were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control. Cells were treated with 

recombinant IL-22 (1-1000 ng/ml) or vehicle control. A) Effect of IL-22 on the density of 

DAPI
+
Olig2

+
 and B) DAPI

+
Olig2

+
Ki67

+ 
cells per well at 24 hr post-treatment at a range of 

concentrations. n = 6 pups with 2-3 technical replicates per n, from 2 independent experiments. 

Data shown as mean +/- SEM. Kruskal-Wallis with Dunn’s multiple comparisons test, no 

statistically significant difference was observed. 

5.9A. B. 
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Figure 5.10: Recombinant IL-22 does not affect OPC differentiation in mixed glial cultures in 

vitro.  

Mixed glial cells were isolated from brains of male and female C57BL/6 pups aged p3-9. Cells 

were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control (1% v/v of 1% BSA in PBS) 

and fixed at 0-120 hr post-treatment. A) Time course of DAPI
+
Olig2

+
MBP

+
 cells per well and 

average MBP area per well for each rIL-22 concentration. B) Representative CellInsight 20X 

images showing DAPI (blue) Olig2
 
(green) and MBP (white) staining at 120 hr post-treatment. n = 

6 pups with 2-3 technical replicates per n, from 2 independent experiments. Data shown as mean 

+/- SEM. Two way ANOVA with Sidak’s multiple comparisons test, no statistically significant 

difference was observed. 
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Figure 5.11: Recombinant IL-22 does not affect OPC differentiation at 120 hr post-treatment in 

vitro.  

Mixed glial cells were isolated from brains of male and female C57BL/6 pups aged p3-9. Cells 

were treated with recombinant IL-22 (1-1000 ng/ml) or vehicle control. Cells were treated with 

recombinant IL-22 (1-1000 ng/ml) or vehicle control. A) Effect of IL-22 on the average MBP area 

per well and B) DAPI
+
Olig2

+
MBP

+
 cells per well at 120 hr post-treatment at a range of 

concentrations. n = 6 pups with 2-3 technical replicates per n, from 2 independent experiments. 

Data shown as mean +/- SEM. Kruskal-Wallis with Dunn’s multiple comparisons test, no 

statistically significant difference was observed. 

5.11A. B. 
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5.3.3. Recombinant IL-22 does not affect developmental myelination ex vivo. 

Studies showing a reduction in EAE pathogenicity either directly or indirectly by IL-22, highlighted 

different disease courses, with over-expression of IL-22 leading to either reduced disease scores 

overall (Lindahl et al., 2019; Eken et al., 2021) or an enhanced recovery after peak of disease 

(Laaksonen et al., 2014). The mechanism of this IL-22-mediated reduction in EAE pathogenicity has 

not yet been elucidated, however IL-22 has shown regenerative roles in other tissues which may 

indicate a potential role for IL-22 in myelination or remyelination which is neuroprotective. 

Therefore, the next aim was to assess the effect of IL-22 on myelination using ex vivo organotypic 

brain slice cultures, as myelination cannot be assessed using in vitro OPC or mixed glial cell cultures. 

To evaluate developmental myelination, neonatal organotypic brain slices from mice aged p2-3 were 

treated at 1d ex vivo with recombinant IL-22, vehicle control or a medium only control for a further 7 

days. This 8 day culture can be used as a readout of developmental myelination, as slices continue to 

myelinate in culture. As the role of IL-22 in vivo was in an inflammatory CNS setting in EAE, the brain 

slices were treated at 1d ex vivo. Previous literature has shown that the pro-inflammatory cytokine 

IL-6 is expressed by brain slices in culture between 0-2d ex vivo, with undetectable levels expressed 

after this point (Dombrowski et al., 2017). Therefore, brain slice cultures were treated at 1d ex vivo 

when inflammatory signalling is still upregulated from the damage occurred during the brain slice 

setup. This allows for the investigation of the effect of recombinant IL-22 on the rate of myelination 

ex vivo in an inflammatory context. There was no significant difference in developmental 

myelination at either concentration of recombinant IL-22 compared to controls, as indicated by the 

myelination index (proportion of NFH+ pixels co-localising with MBP+ pixels) representing the 

proportions of axonal staining co-localising with myelin/oligodendrocyte staining (Fig 5.12A, B). As 

Th22-secreted factors reduced the axonal density of the brain slice cultures (Fig 4.9B), the next aim 

was to evaluate whether recombinant IL-22 showed similar neurotoxic effects. Recombinant IL-22 

did not affect axonal density in brain slice cultures, with no statistical difference in the average NFH+ 

area at either concentration of recombinant IL-22 compared to controls (Fig 5.12B, C). These results 

indicate that recombinant IL-22 alone does not produce the same neurotoxic effects ex vivo as Th22-

secreted factors. 
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5.12A. 

Figure 5.12: Recombinant IL-22 does not affect developmental myelination ex vivo in 

organotypic brain slice cultures. 

Organotypic brain slices from male and female C57BL/6 pups aged p2-3 were treated with 

recombinant IL-22 (10 or 100 ng/ml) or vehicle control (1% v/v of 1% BSA in PBS) at 1 d ex vivo 

and fixed at 8 d ex vivo. A) Average myelination index per Z-stack segment (MBP
+
NFH

+
 co-

localisation area/NFH
+
 total area) of 3 FOV per brain slice at 8 d ex vivo. B) Average NFH

+
 area per 

Z-stack of 3 FOV per brain slice at 8 d ex vivo. C) Representative confocal 40X maximum 

projection images of the analysed Z-stack segment showing NFH (green) and MBP
 
(magenta) 

staining in organotypic brain slices at 8d ex vivo. n = 6 pups per group from 2 independent 

experiments. Data shown as mean +/- SEM. One way ANOVA with Tukey’s multiple comparisons 

test, no statistically significant difference was observed. 
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5.3.5. Validation of IL22RA1 antibodies. 

The beneficial role of IL-22 during demyelination in murine EAE, indicates that IL-22 may be 

protective against demyelination or promote remyelination after insult in vivo. Although no impact 

of recombinant IL-22 was observed on OPC proliferation, differentiation or developmental 

myelination in vitro or ex vivo, there are limitations of these models which fail to fully replicate the 

complexity of these processes. Therefore, to determine if IL-22 signalling may be relevant during 

remyelination, the next aim was to assess IL-22 receptor expression in vivo. However, there are 

limited citations in the literature providing convincing evidence to support the use of anti-IL-22R 

antibodies for immunofluorescence staining of IL22RA1 in murine tissue. As the IL10Rβ subunit is 

also a component of the IL-10 receptor, this subunit has well-cited antibodies for use in murine 

tissue. Therefore, antibody validation was required for the IL22RA1 subunit antibodies before 

assessing IL-22 signalling in the CNS.  

Two antibodies that had been cited in published literature were chosen for validation, from Bio-

techne and Bioss, with isotype controls included for each host species. As my hypothesis involved IL-

22 signalling following demyelination, antibody staining was assessed using a model of LPC-induced 

demyelination in the CNS. As previous literature showed that the IL-22 receptor was upregulated in 

MS lesions, with lower expression in normal-appearing white matter, similar expression patterns 

may be expected in the LPC-induced demyelinated lesions and non-lesioned areas in mice (Perriard 

et al., 2015). Immunofluorescence staining of the lesioned spinal cord showed no co-localisation of 

the two IL22RA1 subunit antibodies, with both showing different expression patterns in the CNS (Fig 

5.11A, B). The IL22RA1Biotechne antibody showed staining only within the demyelinated lesion whereas 

the IL22RA1Bioss antibody showed staining both within the demyelinated lesion and in the 

surrounding areas (Fig 5.13A, B). In order to assess the validity of the IL22RA1 staining, a competitive 

binding assay was utilised to test antibody specificity. Antibodies were blocked by incubating with 

recombinant IL22RA1 protein at 25 fold excess over the anti-IL-22RA1 antibodies and compared 

against the unblocked antibody. The IL22RA1Biotechne antibody was efficiently blocked by the 

recombinant IL22RA1, indicating antibody specificity which is unsurprising given that the same 

immunogen was used to generate the antibody (Fig 5.14A). However, the IL22RA1Bioss antibody was 

not efficiently blocked by the recombinant IL22RA1 protein, indicating that the Bioss antibody is 

unspecific in targeting IL22RA1 (Fig 5.14B). The staining patterns from the IL22RA1Biotechne antibody 

results also match the published literature on the IL-22 receptor expression in brain specimens from 

MS patients, with upregulation of the IL-22 receptor within demyelinated or MS lesions and lower 

expression in the non-lesioned or normal-appearing white matter (Perriard et al., 2015). Therefore, 
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subsequent experiments utilised the Bio-techne antibody for evaluating IL-22 receptor expression in 

the CNS. 
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Figure 5.13: IL22RA1 antibodies show different patterns of IL-22RA1 expression following CNS 

demyelination. 

Demyelinating lesions were induced by injecting lysolecithin into the spinal cord of C57BL/6 mice 

adult mice. Representative DM5500 20X images showing a lesion and adjacent non-lesioned area 

at 5 dpl. Images show DAPI (blue), IL22RA1
Biotechne

 (green), IL22RA1
Bioss 

(magenta) cells, rat isotype 

(ISO) (green) and rabbit isotype (ISO) (magenta). Scale bar = 100 µm.  
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Figure 5.14: Optimisation of IL22RA1 staining in the CNS. 

Demyelinating lesions were induced by injecting lysolecithin into the spinal cord of C57BL/6 mice 

adult mice. Competitive binding assays were carried out by blocking with 25X recombinant 

IL22RA1 protein. A) Representative DM5500 20X images showing control IL22RA1
Biotechne

 staining 

(top row) vs the blocked antibody (bottom row) in serial sections. B) Representative DM5500 20X 

images showing control IL22RA1
Bioss 

staining (top row) vs the blocked antibody (bottom row) in 

serial sections. Images show DAPI (blue), IL22RA1
Biotechne

 (green) and IL22RA1
Bioss 

(magenta) cells. 

Scale bar = 100 µm. 
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5.3.6. IL22RA1 is expressed by microglia and oligodendrocyte lineage cells following CNS 

demyelination. 

To evaluate IL-22 receptor expression during remyelination, tissue from a model of LPC-induced 

demyelination in the CNS was stained for the IL-22 receptor components. LPC-induced 

demyelination is a model which exhibits efficient remyelination through a well-defined time course, 

allowing the evaluation of IL-22 receptor expression following demyelination and during key 

remyelination processes. A qualitative study of immunofluorescence staining identified that IL22RA1 

was expressed within the demyelinated lesion centre at 5 dpl, a key time-point of OPC proliferation 

and phagocytosis of myelin debris (Fig 5.13A, B). IL22RA1 expression was decreased by 14 dpl, a key 

time point of OPC differentiation and onset of remyelination/myelin wrapping (Fig 5.15A, B). 

IL22RA1 expression was not observed in the non-lesioned areas of the spinal cord suggesting that 

demyelination induces the expression of IL22RA1 by glial cells. Previous literature has showed that 

the IL-22 receptor is expressed by human astrocytes and by murine microglial and neuronal cell lines 

(Perriard et al., 2015; Lee et al., 2022). However, transcriptomic databases have shown that murine 

OPCs, astrocytes, cultured oligodendrocytes and cultured neurons can express both subunits of the 

receptor, with microglia and freshly isolated oligodendrocytes not expressing the IL22RA1 subunit 

(Fig 5.2B, C) (Sharma et al., 2015; Spitzer et al., 2019). However, there are no studies evaluating the 

IL-22 receptor expression at the protein level in the murine CNS in vivo. Therefore, the next aim was 

to assess the murine glial cell types which may be expressing the IL-22 receptor during CNS 

remyelination. The IL22RA1 subunit was predominantly expressed by microglial/macrophages, as 

indicated by Iba1+ cells and oligodendrocyte lineage cells as indicated by Olig2+ cells (Fig 5.16A, B). 

Although recombinant IL-22 did not affect the glial cell functions studied in vitro or ex vivo, IL22RA1 

expression in vivo suggests that IL-22 signalling may play a role in remyelination processes such as 

OPC proliferation or microglial phagocytosis of myelin debris. 
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Figure 5.15: IL22RA1 is expressed within the demyelinated lesion, particularly at 5 dpl. 

Demyelinating lesions were induced by injecting lysolecithin into the spinal cord of C57BL/6 mice 

adult mice. A) Representative DM5500 20X images showing a lesion and adjacent non-lesioned 

area at 5 dpl and B) 14 dpl. Images show DAPI (blue) and IL22RA1 (green) cells. Scale bar = 100 

µm. 
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Figure 5.16: IL22RA1 is expressed by microglial/macrophages and oligodendrocyte lineage cells 

in demyelinated/remyelinating spinal cord lesions in vivo. 

Demyelinating lesions were induced by injecting lysolecithin into the spinal cord of C57BL/6 mice 

adult mice. A) Representative DM5500 20X images showing lesions at 5 dpl and 14 dpl and 

isotype controls. B) Merged images of lesions at 5 dpl and 14 dpl. Images show DAPI (blue), 

IL22RA1 (green), Iba1 (magenta) and Olig2 (white) cells. Scale bar = 100 µm. 
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5.3.7. The canonical IL-22 receptor is not detectable in the CNS following demyelination. 

The IL-22 receptor requires both IL22RA1 and IL10Rβ subunits for IL-22 signalling, with IL22RA1 

having a high affinity for IL-22 binding and IL10Rβ acting as a signalling component. Although 

IL22RA1 is often used as a readout of the IL-22 receptor, this subunit is also a component of the IL-20 

type 2 receptor (Dumoutier et al., 2001a). Therefore, to ascertain that the IL22RA1 staining was 

representative of the IL-22 receptor, the next aim was to assess the expression of IL10Rβ in LPC-

induced demyelinated lesions at 5 dpl, the time-point which showed upregulation of the IL22RA1 

subunit. However, IL10Rβ did not co-localise with the IL22RA1 subunit and was not expressed by 

microglia/macrophages (Fig 5.17A, B). The cellular morphology of the cells that expressed IL10Rβ 

was suggestive of astrocytes (Fig 5.17A, B). These results indicate that the IL22RA1 subunit staining 

may not reflect the canonical IL-22 receptor and highlights the importance of establishing co-

localisation of receptor components rather than relying on RNA sequencing data or western blots to 

determine gene or protein expression. As the IL22RA1 subunit expressed following demyelination is 

not representative of the canonical IL-22 receptor, this may represent expression of the IL-20 type 2 

receptor. The IL-20 type 2 receptor is composed of IL22RA1 and IL20Rβ. IL20Rβ subunit expression 

has been linked to the pathogenesis of EAE and transcriptome databases show IL20Rβ expression in 

isolated and cultured murine CNS glial cells (astrocytes, oligos, microglia, neurons, OPCs, 

endothelial) (Zhang et al., 2014; Sharma et al., 2015; Dayton et al., 2021).  
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Figure 5.17: IL22RA1 and IL10Rβ are not expressed by the same cells following CNS 

demyelination. 

Demyelinating lesions were induced by injecting lysolecithin into the spinal cord of C57BL/6 mice 

adult mice. A) Representative SP8 40X confocal images showing a lesion, adjacent non-lesioned 

area and isotype controls at 5 dpl. B) Merged images of lesion and non-lesioned areas. Images 

show DAPI (blue), IL22RA1
 
(green), Iba1 (magenta) and IL10Rβ (white) cells. Scale bar = 100 µm. 
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5.4. Discussion 

In chapter 4, Th22-secreted factors were shown to promote the expansion of oligodendrocyte 

lineage cells and to promote OPC differentiation. As Th22 cells are characterised by the production 

of IL-22 and much knowledge of Th22 function is based on the roles of IL-22, the first question was 

whether IL-22 alone would promote the same effects. IL-22 was also a prime candidate for 

investigation due to the IL-22-mediated reduction of EAE pathogenicity (Laaksonen et al., 2014; 

Lindahl et al., 2019; Eken et al., 2021). Although overarchingly protective, studies showed different 

disease courses, with direct or indirect over-expression of IL-22 either reducing overall disease 

scores or enhancing recovery after the peak of disease (Laaksonen et al., 2014; Lindahl et al., 2019; 

Eken et al., 2021). There is limited literature on the role of IL-22 in the human CNS, however IL-22BP, 

the natural IL-22 antagonist, has been shown to be a risk factor in MS and EAE and so IL-22 signalling 

may prove beneficial in both EAE and MS. Mechanisms of IL-22-mediated protection point to an 

immunomodulatory role in the CNS regulating T cell populations, however IL-22 has shown 

regenerative effects in other tissues which may highlight similar mechanisms in the CNS. IL-22 has 

been shown to promote regeneration in other tissues by inducing the proliferation and survival of 

resident progenitor cell populations and by promoting a pro-regenerative environment. Therefore, 

my hypothesis approaching the work described in this chapter was that IL-22 would promote OPC 

proliferation, differentiation and remyelination. 

The IL-22 receptor is a heterodimer of 2 receptor complexes, IL22RA1 and IL10Rβ, however both of 

these subunits are shared by other cytokine receptors, the IL-20 type 2 receptor and the IL-10 

receptor respectively. The IL-22 receptor has been shown to be expressed by human astrocytes and 

by murine microglia and neuronal cell lines. Transcriptomic data indicate that both subunits of the 

IL-22 receptor are expressed by murine OPCs, microglia, astrocytes, cultured oligodendrocytes and 

cultured neurons (Fig 5.2). Therefore, IL-22 signalling may impact these glial cells. As the hypothesis 

was that IL-22 would promote OPC proliferation and differentiation, the first aim was to evaluate the 

effects of recombinant IL-22 on these processes in vitro. Recombinant IL-22 did not promote OPC 

proliferation or differentiation directly in purified OPC cultures (Fig 5.4-5.7). This may indicate that 

OPCs do not express the IL-22 receptor or do not respond to IL-22 in these experimental conditions. 

Although OPCs showed RNA expression of both IL-22 receptor subunits, this may not necessarily 

reflect expression of the IL-22 receptor and could indicate expression of the IL-20 type 2 or IL-10 

receptor which are also both shown to be expressed by OPCs (Zhang et al., 2014; Sharma et al., 

2015). Another caveat of utilising transcriptomic databases to assess receptor expression is that 

mRNA expression does not always correlate to actual protein production (Guo et al., 2008). 



187 | P a g e  
 

Although recombinant IL-22 did not directly impact OPCs, the potential regenerative or 

neuroprotective effects of IL-22 could potentially be mediated by other cell types in the CNS. 

Particularly as the RNA sequencing databases only indicate potential expression of the IL-22 

receptor, whereas it has been confirmed to be expressed in human astrocytes and murine microglial 

cell lines. Therefore, to assess the potential indirect effects of recombinant IL-22 on OPCs, mixed 

glial cell cultures were utilised. However, recombinant IL-22 also did not promote OPC proliferation 

or differentiation indirectly in mixed glial cell cultures (Fig 5.8-5.11). These results indicate that 

recombinant IL-22 does not play a role in OPC proliferation or differentiation in vitro. Due to the 

work by Laaksonen et al. which highlighted an IL-22-mediated improved recovery after EAE 

induction, the next aim was to evaluate whether IL-22 could mediate neuroprotection by promoting 

myelination. In order to assess the roles of IL-22 in the myelination process, organotypic brain slice 

cultures were used. Although OPC and mixed glial cultures allow for the evaluation of OPC 

differentiation and expression of myelin components, oligodendrocytes do not wrap axons in these 

cultures and therefore do not represent myelination. Ex vivo organotypic brain slice cultures, which 

show a similar CNS architecture to that seen in vivo, allow for the evaluation of different factors on 

the myelination process. Recombinant IL-22 did not impact myelination ex vivo in organotypic brain 

slices (Fig 5.12).  

These results indicate that recombinant IL-22 does not impact key processes involved in 

remyelination, including OPC proliferation, differentiation and axonal wrapping in vitro or ex vivo. 

However, these experiments and models have limitations which may conceal the full spectrum of 

biological effects of IL-22. Unfortunately, although IL22RA1 antibodies were validated for specificity 

for immunohistochemistry applications in this thesis, I was not confident in the 

immunocytochemistry staining of mixed glial cell cultures as it did not look representative of 

receptor expression patterns. However, no alternative was available and previous cited literature 

and RNA sequencing databases show IL-22 receptor expression or subunit expression in glial cell 

cultures, so therefore the effects of recombinant IL-22 were evaluated. Just prior to thesis 

submission, Biotechne removed immunocytochemistry as a validated application for this antibody, 

highlighting unspecific mitochondrial and nuclear staining which confirms my previous findings. 

These experiments utilised recombinant IL-22 in vitro which may not accurately reflect the effects of 

endogenous IL-22 in vivo. This has been highlighted previously, as Liang et al. showed reduced 

numbers of activated microglia and astrocytes in IL-22-/- mice, however found no effects of 

recombinant IL-22 on microglia or astrocyte activation in vitro. Although the recombinant IL-22 used 

has been shown to modulate IL-10 secretion by COLO 205 human colorectal adenocarcinoma cells 

and has been well-cited, it has not been tested for bio-activity in this thesis. The recombinant IL-22 
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should be tested for bio-activity before conducting future experiments, by assessing STAT3 

activation in glial cell cultures or in the COLO 205 human colorectal adenocarcinoma cells, where 

bio-activity has previously been validated. The neuroprotective roles of IL-22 in EAE and 

regenerative roles in other tissues were all studied in an injury setting, whereas the experiments in 

these chapters used healthy neonatal glial cultures. Therefore, future experiments may be required 

to evaluate the effects of IL-22 on OPC proliferation, differentiation and myelination in an injury 

context to fully elucidate the impacts of IL-22 on these processes. Due to the development of the 

hypothesis that IL-22 plays a role following CNS damage, the next aim was to assess the IL-22 

receptor expression in the CNS after demyelination and during the remyelination processes. 

Therefore, LPC-induced demyelinated lesions were chosen to assess IL-22 receptor expression. 

Although IL-22 has previously been shown to play roles in the immune-mediated demyelination 

model of EAE, LPC-induced demyelinated lesions were chosen as they allow for the evaluation of key 

processes during remyelination, which is the central focus of this thesis. IL-22 has been shown to 

play regenerative roles following damage in other tissues, and a potential mechanism of IL-22 

neuroprotection is through remyelination.  

Unfortunately, the murine anti-IL22RA1 antibodies are not well cited, and therefore required 

optimisation before testing this hypothesis. The two most well-cited antibodies were chosen for 

evaluation, one from Biotechne and the other from Bioss. The antibodies showed different patterns 

of IL22RA1 expression following CNS demyelination, with the IL22RA1Biotechne antibody showing 

upregulation within the lesion centre and minimal expression in the non-lesioned area and the 

IL22RA1Bioss antibody showing expression in the lesion area and outside the lesion area (Fig 5.13). 

Therefore, antibody validation studies were required to determine specificity. A competitive binding 

assay experiment determined that the IL22RA1Biotechne antibody showed greater specificity to 

IL22RA1 than the IL22RA1Bioss antibody (Fig 5.14). This was unsurprising given that the recombinant 

IL22RA1 protein used for the competitive binding assay was the same immunogen used to generate 

the monoclonal IL22RA1Biotechne antibody. As specificity had been validated in the IL22RA1Biotechne 

antibody, this was chosen for the immunohistochemical evaluation of the IL-22 receptor in the CNS 

during remyelination.  

IL22RA1 was expressed within the demyelinated lesion, with minimal expression in non-lesioned 

areas, particularly at 5 dpl (Fig 5.15). This is a key time-point of microglial phagocytosis and OPC 

proliferation which are crucial processes for clearing myelin debris to promote a pro-regenerative 

environment and to re-populate OPC populations for differentiation and remyelination (Kotter et al., 

2005, 2006; Neumann et al., 2009). This is of particular importance as IL22RA1 was shown to be 

expressed predominantly by microglia/macrophages but also by oligodendrocyte lineage cells at this 
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time-point (Fig 5.16). The upregulation of IL22RA1 by microglia and oligodendrocyte lineage cells at 

5 dpl may therefore highlight a role for IL-22 signalling in myelin phagocytosis and OPC proliferation, 

key processes in remyelination. This hypothesis would be supported by the regenerative IL-22 

literature in other tissues, with IL-22 often showing effects by promoting resident progenitor cell 

proliferation after injury or promoting an environment conducive to regeneration. Unfortunately, 

this hypothesis was not supported by my observations, as the other subunit of the IL-22 receptor 

was not expressed by the same cells as the IL22RA1 subunit, indicating that this was not the 

canonical IL-22 receptor observed (Fig 5.17). The IL22RA1 subunit expression may therefore 

represent the IL-20 type 2 receptor, which is composed of the IL22RA1 subunit and the IL20Rβ 

subunit, which has previously been linked to CNS neuroinflammation (Dayton et al., 2021). 

Transcriptomic data has also showed IL20Rβ expression in microglia, OPCs and oligodendrocytes 

(Zhang et al., 2014; Sharma et al., 2015). 

The obvious caveat to this work is the anti-IL22RA1 antibody used to determine receptor expression. 

Antibody specificity was shown using a competitive binding assay and expression patterns in LPC-

induced lesions matched previous human literature showing IL-22 receptor expression in MS lesions 

with minimal staining in the ‘normal appearing’ white matter (Perriard et al., 2015). However, the 

IL22RA1Bioss antibody, which did not show specificity with the recombinant IL22RA1 protein used, 

showed expression in cells with similar morphology to astrocytes, which was also seen with the 

IL10Rβ staining (Fig 5.13, 5.17). This staining pattern would also be supported by previous human 

literature showing IL-22 receptor expression in astrocytes (Perriard et al., 2015). These differences 

could be described by a lack of specificity of the IL22RA1Bioss antibody, however may also be 

described by the recognition of different conformations of the IL-22 receptor. The monoclonal 

IL22RA1Biotechne antibody showed specificity to the IL22RA1 immunogen as it recognises a specific 

epitope. The polyclonal IL22RA1Bioss antibody did not show specificity to the same IL22RA1 

immunogen, however as a polyclonal antibody it would recognise multiple epitopes. This could 

indicate that the antibodies both recognise different epitopes of the IL22RA1 subunit, potentially at 

different points of IL-22 binding which is hypothesised to promote a conformation change of the 

IL22RA1 subunit (Diagram 5.1). Although this would explain how the different expression patterns 

are supported by previous literature, more work would need to be done to test this hypothesis. Ideal 

future evaluation of antibody specificity would be to source IL22RA1 knockout mice that could be 

stained and compared to the staining observed in demyelinated CNS lesions. 

With the data presented in this chapter, the overarching conclusion is that IL-22 does not impact 

OPC proliferation, differentiation or myelination in vitro/ex vivo. This was shown with recombinant 

IL-22 in glial and brain slice cultures, and is supported by the lack of IL-22 receptor expression in the 
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CNS at key time-points during remyelination. This may indicate that the neuroprotection mediated 

by IL-22 in EAE is not related to a pro-remyelination effect and rather a reduction in 

neuroinflammation and demyelination. This is supported by previous literature, as although one 

study showed an IL-22-mediated enhanced recovery following EAE (Laaksonen et al., 2014), others 

have shown an overall less severe EAE clinical courses and pin-pointed an immunomodulatory role 

for IL-22 (Lindahl et al., 2019; Eken et al., 2021). Future work should focus on the role of IL-22 in 

response to immune-mediated demyelination in the CNS. It would be interesting to determine if this 

more inflammatory environment induced IL-22 receptor expression in the CNS. Although this cannot 

be fully recapitulated in vitro or ex vivo, other mechanisms to induce inflammatory responses could 

be utilised such as co-culture with T cells or factors such as bacterial endotoxin lipopolysaccharide 

(LPS). LPC-induced demyelination is a key model for understanding the dynamics in remyelination, 

however does not include the immune-mediated factor which may be required to fully understand 

the role of IL-22 in diseases such as MS. 
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6. General Discussion 

6.1. Discussion 

The overarching aim of this thesis was to investigate the regenerative potential of CD4+ T cells which 

may have key roles in processes involved in remyelination that have not yet been described. 

Multiple sclerosis is a chronic, immune-mediated demyelinating disease of the CNS, with hallmarks 

of neuroinflammation, demyelination, and neurodegeneration. Following demyelination, OPCs 

migrate to the lesioned area, proliferate and differentiate into mature oligodendrocytes which 

remyelinate axons (Franklin and Ffrench-Constant, 2008). However, this remyelination process 

ultimately fails in MS patients, leading to disease progression and an accumulation of disability. 

Although there has been an expansion in the number of immunomodulatory treatments available 

for MS patients which aim to prevent relapses, there are currently no approved therapies which 

promote remyelination. Therefore, this has become an emerging area of research in the MS field, as 

therapies which can reduce relapses in combination with regenerative therapies could dramatically 

improve the quality of life of MS patients. Although pathogenic in MS, acute inflammation is also 

required for CNS remyelination (Foote and Blakemore, 2005), as it is important for creating an 

environment conducive to remyelination and to promote oligodendrocyte differentiation (Foote and 

Blakemore, 2005). More specifically, research has shown that CD4+ T cells are required for efficient 

CNS remyelination (Bieber et al., 2003), however there are different CD4+ T cell subsets which may 

play different roles in this process. Tregs have been shown to be involved in promoting 

oligodendrocyte differentiation and remyelination (Dombrowski et al., 2017) whereas Th17 cells 

have been shown to impede endogenous remyelination (Baxi et al., 2015).  

The main goal of this PhD project was to elucidate the roles of different CD4+ effector T cells in OPC 

differentiation and remyelination. One of the major reasons for remyelination failure is the 

impairment of OPC populations to differentiate into myelinating oligodendrocytes (Kuhlmann et al., 

2008). Therefore, enhancing this differentiation is an important therapeutic target to establish 

regenerative therapies for MS patients. Previous studies have shown the Tregs can promote OPC 

differentiation into oligodendrocytes and enhance remyelination, however the mechanisms behind 

these processes have yet to be elucidated (Dombrowski et al., 2017). The work in this thesis 

evaluated the roles of both Th1 cells, one of the first CD4+ T cell subsets discovered (Mosmann et al., 

1986), and Th22 cells, a much more novel and less studied subset (Eyerich et al., 2009). Th1 cells are 

considered pathogenic in MS and in animal models of immune-mediated demyelination, associated 

with macrophage-induced demyelination in lesions (Traugott et al., 1983) and impaired 

oligodendrocyte differentiation (Moore et al., 2015; González-Alvarado et al., 2022). Th22 cells, 
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characterised by the production of IL-22, have been detected in the CSF of MS patients during 

relapses and remission phases (Rolla et al., 2014). Although IL-22-expressing CD4+ T cells have been 

linked to MS pathogenesis (Muls et al., 2017), this can include both Th17 and Th1 cells and may not 

be representative of a Th22 cell population. The effects of Th22 cells have not been evaluated in the 

CNS, however Th22-secreted factors have shown neuroprotective roles in the CNS. Particularly the 

Th22-associated cytokine IL-22, which can reduce EAE severity (Lindahl et al., 2019; Eken et al., 

2021) and has shown regenerative effects in the intestine (Lindemans et al., 2015), thymus (Pan et 

al., 2019b) and liver (Xiang et al., 2020). With this evidence from the field, the two main hypotheses 

were that: 1) Th1 cells would negatively impact oligodendrocyte differentiation and myelination and 

2) Th22 cells would promote oligodendrocyte differentiation and myelination.  

6.2. Th1 Discussion 

Surprisingly, my hypothesis about Th1 cells was at least partially disproved as Th1-secreted factors 

promoted OPC differentiation into oligodendrocytes in vitro. There was also evidence to suggest that 

Th1-secreted factors could promote OPC differentiation and developmental myelination ex vivo. 

Interestingly however, re-stimulation with Th1-secreted factors impaired the extent of 

oligodendrocyte differentiation in vitro and ex vivo. A key hallmark of MS pathogenesis is 

neuroinflammation, particularly in active MS lesions which contain dense microglia/macrophage 

populations and T cells in the lesion centre (Kuhlmann et al., 2017). Therefore, it is more likely that 

OPC populations in the lesion are in an environment of sustained inflammation, exposed to direct 

contact with Th1 cells or Th1-secreted factors. Consequently, the beneficial effects of a single 

exposure of Th1-secreted factors on OPCs is interesting from a conceptual perspective and for 

mechanistic work to identify the factors which drive OPC differentiation however it may not be 

relevant in an MS context. Rather, the re-stimulation of OPCs with Th1-secreted factors may be 

more indicative of the processes occurring in MS patients. There was a significant decrease in total 

MBP expression by oligodendrocytes when re-stimulated with Th1-secreted factors, indicating that 

the beneficial effect of promoting OPC differentiation is still present, however the re-stimulation 

inhibits the extent of oligodendrocyte differentiation. Similar results were observed in ex vivo 

organotypic brain slice cultures, with results suggesting that Th1-secreted factors promote 

oligodendrocyte differentiation and developmental myelination, however re-stimulation of Th1-

secreted factors appears to impede this differentiation without affecting the pro-myelination 

outcome. This again suggests an impairment in the extent of oligodendrocyte differentiation, which 

could have negative implications in vivo. A major roadblock in remyelination in MS patients is the 

differentiation of OPCs into oligodendrocytes (Kuhlmann et al., 2008). Although Th1 cells may be 

able to promote this differentiation, it is unknown if these oligodendrocytes are functional in 
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remyelination as the expression of myelin components appears to be disrupted with repeated 

exposure as would be expected in an MS context.  

These results challenge the existing literature on the roles of Th1 cells in oligodendrocyte 

differentiation, which have shown detrimental effects of Th1 cells and classical Th1-associated 

cytokines on oligodendrocytes (Vartanian et al., 1995; Moore et al., 2015; González-Alvarado et al., 

2022). However, this work overcomes some of the limitations of the other studies by utilising pure 

Th1 cultures to generate Th1-conditioned medium and by evaluating the full range of Th1-secreted 

factors rather than individual cytokines. Other studies indicating that Th1 cells are cytotoxic and 

impair oligodendrocyte differentiation did not validate that these effects were mediated by Th1 

cells, as other IFN-γ-expressing PBMCs may have been present in the culture and therefore may have 

caused these effects (Moore et al., 2015). A recent study showed that MOG-specific Th1 cells in co-

culture with early oligodendrocytes inhibit oligodendrocyte differentiation (González-Alvarado et al., 

2022). The findings in this study provide further evidence supporting the hypothesis that Th1-

secreted factors promote OPC differentiation into oligodendrocytes, but limit the extent of 

oligodendrocyte differentiation upon re-stimulation. Taken together, this may indicate that Th1 cells 

or Th1-secreted factors have different effects on oligodendrocyte lineage cells at different 

developmental stages. 

Future work should focus on the mechanism behind this initial OPC differentiation mediated by a 

single exposure of OPC cultures to Th1-secreted factors. It is unknown whether the differential 

effects caused by re-stimulation are due to two distinct mechanisms or by factors that are beneficial 

at low doses but the accumulation of these factors following re-stimulation are detrimental. As Th1-

secreted factors also promote OPC differentiation into astrocytes, there is potential that these later 

detrimental effects are also mediated by the astrocytes present in the culture at later time-points. 

There is also a strong possibility that Th1-secreted factors have different effects on oligodendrocyte 

lineage cells at different developmental stages, supported by data from a recent study (González-

Alvarado et al., 2022). If the beneficial effects of Th1-secreted factors on OPCs and the detrimental 

effects of Th1-secreted factors on oligodendrocytes were mediated by the same mechanism, it 

would make this a very difficult therapeutic target as OPC populations and surviving 

oligodendrocytes are present in demyelinated lesions. However, if the mechanisms are distinct, 

elucidating the Th1-secreted factors involved in the promotion of OPC differentiation could be a 

valuable therapeutic target. This thesis showed that the pro-differentiation effect of Th1-secreted 

factors in OPC cultures was likely not protein-mediated, ruling out classical Th1-related cytokines. 

Results indicated that the factors were heat-stable, potentially implicating lipids, heat-resistant 

proteins, exosomes, or amino acids as potential mediators. Further mechanistic studies, such as 
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removal of lipids from the conditioned medium e.g. using charcoal, should be explored to further 

pin-point the type of biomolecule involved, which would guide further analyses such as lipidomic 

studies of the Th1-conditioned medium. If a target was discovered, this could be validated in OPC or 

organotypic brain slice cultures to determine efficacy, the effects at different concentrations, or 

effects on different developmental stages of oligodendrocytes.  

Obviously in vitro and ex vivo studies can only be used to predict potential mechanisms that may 

occur in vivo, and although important for mechanistic studies, cannot replicate the environment and 

cellular interactions which occur in a living organism. Therefore, the ideal experiment to evaluate 

the effects of Th1 cells on key processes involved in remyelination would be to conditionally deplete 

Th1 cells before inducing demyelination in a model such as LPC-induced demyelination. This loss of 

function approach has been used in previous publications, with a mouse model of Th1-deficiency 

generated by crossing CD4-Cre mice with floxed T-bet mice (Shimizu et al., 2021). T-bet-/- mice are 

commercially available and could be a potential model to evaluate Th1-deficiency, as T-bet is the 

transcription factor required for Th1 cell differentiation. However, T-bet is expressed by other 

immune cells, including CD8+ T cells, NK cells, and innate lymphoid cells (Yeo and Fearon, 2011; 

Huang and Bi, 2021; Schroeder et al., 2021). Therefore, using a CD4-specific T-bet-/- mouse model 

would specifically target Th1 cells. Using a conditional knockout model allows for the normal 

development of the mouse strain, with Th1 ablation at specific time-points to prevent potential 

compensatory mechanisms. The conditional depletion of Th1 cells before/during a demyelinating 

event would determine if Th1 cells are critical for OPC differentiation or remyelination. If a Th1-

secreted factor was discovered that could promote OPC differentiation into oligodendrocytes and 

remyelination without impeding the differentiation of early oligodendrocytes, this factor could also 

be trialled in treatment regimens in a demyelinating model such as LPC-induced demyelination.  

6.3. Th22 Discussion 

The Th22 hypothesis was partially supported and partially disproved as Th22-secreted factors 

promoted OPC differentiation into oligodendrocytes in vitro, however showed no effects on 

developmental myelination ex vivo. Further to this, Th22-secreted factors showed potential 

neurotoxic effects ex vivo, decreasing the axonal density of brain slice cultures. Further mechanistic 

studies are required to evaluate the effects of Th22 in the CNS, particularly if Th22-secreted factors 

have differential effects on diverse glial cell types. These results show a beneficial direct effect of 

Th22-secreted factors in OPC cultures, however this is negated in the more complex model of 

organotypic brain slices, indicating that Th22-secreted factors may be detrimental in the CNS of MS 

patients. Previous literature has highlighted the presence of Th22 cells in the CSF of MS patients 
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during relapse and remission phases and have implicated Th22 cells in MS pathogenesis due to the 

resistance of Th22 cells isolated from MS patients to IFN-β-induced inhibition of proliferation or 

cytokine production (Rolla et al., 2014). The hypothesis that Th22 cells would be beneficial in CNS 

regeneration was partially due to the presence of Th22 cells in the CNS of MS patients during 

remission phases. However, it would be interesting to determine the potential neurotoxic effects of 

Th22-secreted factors, as this could indicate a role for Th22 cells in neurodegeneration during 

relapses. Previous literature from the field has identified roles for Th22 cells in wound healing, tissue 

remodelling (Eyerich et al., 2009) and maintaining barrier function (Basu et al., 2012). However, 

Th22 cells are also associated with inflammatory conditions such as psoriasis and intestinal diseases 

(Jiang et al., 2021). This may indicate a dual role for Th22 cells depending on the environmental 

context. Harnessing the beneficial effects of Th22 cells in promoting oligodendrocyte differentiation 

could still be a potential therapeutic opportunity and should be further evaluated. Similar to the Th1 

studies, further mechanistic work would be required to pin-point certain mediators that could be 

involved in this process for testing in vivo. Th22-secreted factors have shown beneficial roles in the 

CNS, with factors such as IL-22 (Lindahl et al., 2019), IL-13 (Azimzadeh et al., 2020) and IL-26 (Broux 

et al., 2020) reducing EAE severity and promoting an environment conducive for regeneration. 

Therefore, depleting these factors from the Th22-conditioned medium would determine whether 

they are involved in the observed effects of Th22 cells in promoting OPC differentiation. 

As Th22 cells are more challenging to identify due to the lack of a lineage-specific transcription 

factor, potential in vivo studies deciphering the roles of these cells in the CNS is more difficult. It 

would be interesting to use the dual reporter mouse model to determine if Th22 cells migrate to the 

lesioned site following a demyelinating event, during key processes of remyelination, or during 

immune-mediated demyelination. If further research pointed to a regenerative role of Th22 cells in 

the CNS, it would be interesting to determine whether Th22 cells could promote OPC differentiation 

or remyelination in vivo. This could be determined by adoptive transfer of Th22 cells into an 

immune-deficient mouse model (e.g. Rag1-/-) following LPC-induced demyelination to determine if 

Th22 cells could promote remyelination. However, this experiment would require large numbers of 

the dual reporter mice to generate enough Th22 cells for the adoptive transfer, and so would need a 

strong rationale due to the ethical implications and 3Rs principles. 

More research is required to elucidate the roles of Th22 cells in the CNS and in demyelinating 

diseases however a key strength of this thesis has been the accurate definition of Th22 cells. 

Although this has provided serious limitations due to the long wait time of re-deriving the mouse 

line which allows for the identification of Th22 cells and the small amounts of Th22-conditioned 

medium generated by using pure Th22 cultures, it allows for confidence in the data presented. Much 
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of the current research in the field characterises Th22 cells as IL-22-expressing CD4+ T cells. Although 

Th22 cells are often the most common CD4+ T cell producer of IL-22, these studies can also 

incorporate Th17 and Th1 cells as sources of IL-22, and these cell subsets can have very different 

functional roles. It was therefore of the utmost importance to correctly identify and assess true Th22 

cells in processes key for remyelination such as oligodendrocyte differentiation and myelination, 

even with the technical challenges that this approach presented.  

6.4. IL-22 Discussion 

Part of the rationale behind choosing to evaluate Th22 cells rather than the other CD4+ T cells 

subsets, which may have been easier to study, was due to the strong evidence of IL-22 being 

protective in the CNS and regenerative in other tissues. Therefore, the final hypothesis tested was 

that IL-22 promotes oligodendrocyte differentiation and remyelination. IL-22 reduces EAE 

pathogenicity by either reducing demyelination (Lindahl et al., 2019) or improving recovery 

(Laaksonen et al., 2014). Due to the roles of IL-22 in regeneration in other tissues by promoting the 

proliferation of resident stem cell populations, it was postulated that IL-22 may have similar 

regenerative capabilities in the CNS. This hypothesis was not supported by my results, as 

recombinant IL-22 showed no effects on OPC proliferation, oligodendrocyte differentiation or 

developmental myelination. The canonical heterodimeric IL-22 receptor, composed of IL22RA1 and 

IL10Rβ subunits, was not detected in the CNS following LPC-induced demyelination, indicating that 

IL-22 signalling may not be relevant after toxin-induced demyelination. The specific limitations to 

these studies were discussed in chapter 5, including the disadvantages of recombinant proteins, 

using RNA expression databases to determine receptor expression, and antibody specificity. 

However, one of the strengths of this thesis was the validation of the IL22RA1 antibodies which were 

available for murine tissue, highlighting a lack of resources in the IL-22 field for 

immunohistochemical analysis of IL22RA1 protein expression to identify the IL-22 receptor. For the 

hypothesis and aims of the thesis, the models used were the most appropriate for deciphering 

effects of IL-22 in remyelination, however these models may not reveal the true function of IL-22 in 

the CNS. Therefore, future experiments should focus on the role of IL-22 in immune-mediated 

demyelination, particularly in EAE models where beneficial effects have already been discovered 

(Lindahl et al., 2019; Eken et al., 2021). Evidence from previous literature and the results in this 

thesis point to a role for IL-22 in reducing immune-mediated demyelination rather than a role in 

remyelination and recovery. Mechanistic studies to decipher this role should utilise inflammatory 

CNS models as IL-22 did not show effects on healthy glial cell cultures. Having an inflammatory 

stimulus may upregulate IL-22 receptor expression and allow the evaluation of the effects of IL-22 in 

this context. This does not mean that IL-22 is not involved in remyelination at all, but the more 
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inflammatory EAE environment may be required to identify these roles which are not obvious during 

toxin-induced demyelination. 

6.5. Summary 

The results of this thesis highlight the complex and multi-faceted roles of CD4+ T cells in processes 

involved in CNS remyelination. The dual roles of CD4+ T cells being involved in MS pathogenesis but 

also in regeneration is further complicated by the different effects induced by even one CD4+ T cell 

subset, as has been shown with both Th1 and Th22 cells in this thesis. This also calls into question 

the classification of CD4+ T cell subsets which has been debated, particularly in recent times with the 

discovery of more subsets. A recent published perspective challenged the current classification 

system of CD4+ T cells, which is based on cytokine expression, transcription factors and chemokine 

receptor expression. Tuzlak et al. proposed a new classification system based on the cell function 

and the cells they function with, for example phagocytes, B cells or non-immune cells (Tuzlak et al., 

2021). This system would have its own flaws, as shown in this thesis that CD4+ T cells can have both 

beneficial and detrimental effects on non-immune cell populations and classifying these in the same 

bracket would become confusing. Therefore, more thought is required on the best method of T cell 

classification, although I agree that T cell functionality should definitely be a factor in CD4+ T cell 

classification. For example, CD4+ T cells in the CNS could be classed functionally as host-protective, 

pathogenic or regenerative rather than specifying roles to individual subsets, particularly as CD4+ T 

cells display plasticity in vivo (Murphy and Stockinger, 2010). 

So what does this mean for the MS field? Harnessing the regenerative capacity of CD4+ T cells is a 

promising therapeutic approach for MS patients as we already know that CD4+ T cells are present in 

the CNS and are involved in remyelination. However, the multi-faceted roles of CD4+ T cells, 

particularly in the pathogenesis of MS and involvement in demyelination makes this a more complex 

and difficult objective. It has been shown that current DMTs for MS patients can alter the function of 

T cells in vivo (Zhang et al., 2010; Wu et al., 2017). However, it is much more likely that a 

regenerative therapy could be developed by discovering a T cell-secreted factor which promotes 

oligodendrocyte differentiation and remyelination. These results also highlight that multiple CD4+ T 

cell subsets do not promote regenerative effects in the CNS by a common mechanism, as previous 

literature showed that the Treg-mediated effect was protein-mediated (Dombrowski et al., 2017) 

whereas the Th1-mediated effect is not. This opens up different avenues of research to harness 

these regenerative mechanisms for future treatments for MS patients. As the clinical trials and the 

basic research into mechanisms of regeneration continue, it is likely to promote a new wave of MS 
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treatments, which in combination with the existing DMTs will hopefully prevent relapses and 

promote regeneration in patients.  
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