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Abstract 
 
 
The use of polyclonal CD4+CD25+FoxP3+ regulatory T cells (Treg) have been 

successful in the management of acute graft versus host disease (aGvHD), a 

complication associated with allogeneic haematopoietic stem cell transplantation. 

However, polyclonal Tregs can cause broad immunosuppression of desired responses. 

To avoid this, the use of alloantigen reactive Tregs has been suggested, with pre-clinical 

data indicating that allospecific Tregs are more efficient than polyclonal Tregs in 

suppressing allospecific responses. This thesis demonstrates the generation and 

characterisation of alloantigen reactive Treg populations from umbilical cord blood 

(UCB). 

 

Culture conditions were established to isolate and expand CD4+CD25- and CD4+CD25+ 

lymphocytes from UCB. Phenotypic characterisation was conducted by flow cytometry, 

demethylation analysis of the FoxP3 gene, and TCR spectratyping. The suppressive 

function and allospecificity of regulatory cells was determined by their effects on 

responder cells stimulated with the same allogeneic or a 3rd party antigen presenting 

cells. 

 

The stimulation of UCB Tregs by allogeneic monocyte derived dendritic cells (MDDC) 

with IL-2 resulted in a 62±34-fold expansion and decreased TCR diversity. While 

freshly isolated UCB Tregs exhibited weak activity, expanded cells provided superior 

suppression of allospecific responses compared to adult Tregs. Analysis revealed the 

presence of CD25highCD45RO+CD39+ Tregs that expressed increased FoxP3, CTLA-4 

and Helios. CD39+ cells provided improved function compared to total allostimulated 

Tregs with >50% suppression obtained at a 1:256 ratio. UCB CD4+CD25- T cells were 

stimulated with MDDCs, the arising CD25+ population portrayed characteristics similar 

to Tregs including partial FoxP3 demethylation. The suppressive function of these cells 

matched allostimulated Tregs, however was lost upon re-stimulation. 

 

The results described in this dissertation demonstrate the possibility to establish 

suppressive cells with alloantigen reactivity from UCB CD4+ T cells. UCB is of interest 

as a potential source of cells for therapy, and the potential use of alloreactive UCB 

Tregs for immunotherapy are discussed.  nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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1.1	The	Adaptive	Immune	System	

 

The immune system functions to promote survival by eliminating unwarranted 

pathogens (Chaplin, 2010). This is broadly achieved via the two arms of the immune 

system, by innate and adaptive immunity. Both arms arise from haematopoietic stem 

cells (HSC) generated in the bone marrow (BM). The innate system recognises 

evolutionarily conserved molecular patterns commonly shared between microbes and 

toxins to generate a non-specific, germ line encoded response (Mogensen, 2009). 

Components forming the innate system include physical barriers such as mucosal tissue 

and the skin. When physical barriers are penetrated, cell types including dendritic cells 

(DCs), macrophages, basophils and neutrophils express pathogen recognition receptors 

(PRR) that recognise pathogen-associated molecular patterns (PAMP) initiating the 

internalisation of the pathogens and subsequent degradation (Akira et al., 2006). 

Alternatively other innate components such as the complement system can be used to 

opsonise pathogens and recruit other cells or factors to internalise and degrade 

pathogens (Chaplin, 2010). 

 

Innate immunity is only capable of responding towards pathogens recognised by 

germline encoded PRR. Upon encounter of antigenic matter that does not contain 

PAMPs, a specified immune response needs to be generated. This is achieved by the 

adaptive arm of the immune system. Effector cells within the adaptive immune system 

can be sub-divided into two categories (Figure 1.1). B cells are bone marrow derived 

and utilise immunoglobulin (Ig) molecules as their receptor (BCR – B cell receptor). 

Whereas T cell subsets are generated in the thymus and use the T cell receptor (TCR) to 

recognise pathogens. In comparison to the innate system, BCR and TCR undergo gene 

rearrangements to create randomised specificity (Chaplin, 2010). Through this, the 

adaptive immune system can recognise and target pathogens for clearance by multiple 

mechanisms. T cells are further divided into CD4+ and CD8+ cells. The latter are 

cytotoxic and effective in viral clearance. CD4+ T cells, when activated, differentiate 

into helper cells which themselves target antigens or provide aid to other cells including 

B cells in immune clearance. The CD4+ T cell compartment is comprised of multiple 

variants; this includes regulatory T cells (Tregs), which are the main focus of this thesis. 
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1.2	T	cell	development	

 

The development of T cells takes place within the thymus. Lymphoid precursors from 

the bone marrow enter the thymus in a double negative (DN) state, devoid of CD4 and 

CD8 surface expression. Commitment to the T cell lineage depends on thymocytes 

receiving signals via the Notch-1 signalling pathway to activate transcription factors for 

T cell differentiation (Artavanis-Tsakonas et al., 1999; Carpenter and Bosselut, 2010). 

There are 4 DN stages, during the early stages αβ- and γδ-T cells are generated from 

thymocytes committed to the T cell lineage based on their expression of CD44, CD25 

and CD117. In the latter DN stages, the TCR is generated and T cells acquire the 

capacity to recognise antigen (Zuniga-Pflucker, 2004). As it is not possible to pre-empt 

the types of antigens encountered during life, the development of a randomised TCR 

repertoire has evolutionary advantages to counteract these antigens. A basic overview of 

T cell generation is summarised in figure 1.2. 

 

With specific regards to αβ-T cells, the TCR is composed of an α-chain and a β-chain. 

From the DN2 stage onwards, recombination-activating gene (RAG) enzymes are 

employed to rearrange segments of the TCR-β gene. TCR rearrangement is achieved by 

random splicing of the variable (V), diversity (D) and joining (J) elements which 

coupled with further junctional diversity generates the vast TCR repertoire (Laydon et 

al., 2015; Livak and Schatz, 1998). Once the TCR-β chain gene is rearranged, it is 

linked with an invariant pre-TCR-α chain and CD3 molecules to create a pre-TCR 

complex, this allows surface expression of the TCR-β chain for its rearrangement to be 

screened. If successful, the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) and 

the protein kinase B (PKB) pathways are activated by Notch-1 signalling to promote 

thymocyte survival (Carpenter and Bosselut, 2010). Failure to pass the β-selection 

checkpoint results in cell death due to a lack of survival signals. Thymocytes which pass 

this checkpoint, enter the cell cycle to undergo multiple rounds of proliferation to 

become CD4+CD8+ double positive (DP) thymocytes (Carpenter and Bosselut, 2010). 

 

At this stage, the RAG enzyme is reactivated in DP thymocytes to further enhance the 

TCR repertoire by rearranging the VDJ gene segments of the TCR-α chain to produce a 

complete TCR αβ receptor (Livak and Schatz, 1998). Being a completely randomised 

process, TCRs reactive towards self-antigens are also produced. To prevent these from 
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entering circulation, checkpoints are implemented to screen newly formed TCR. In the 

cortex region of the thymus, DP thymocytes are exposed to cortical thymic epithelial 

cells (cTec) that present self-peptides in the context of human leukocyte antigen 

molecules (HLA, described in 1.3) (Zuniga-Pflucker, 2012). Thymocytes recognising 

self-HLA with low-moderate affinity are positively selected whereas those with high 

affinity TCRs or unable to recognise self-HLA molecules undergo death by neglect 

(Klein et al., 2014; Sawicka et al., 2014; von Boehmer et al., 1989). During positive 

selection, DP thymocytes commit to the CD4 lineage based on the TCR and CD4 co-

receptor docking to HLA class II molecules, whereas CD8 receptors associate with 

HLA class I  molecules (Carpenter and Bosselut, 2010). Upon leaving the cortex, T 

cells are exposed to tissue specific antigens by specialised medullary thymic epithelial 

cells (mTec) and thymic DCs (Jordan et al., 2001). These cells expose T cells to self-

peptides in the context of HLA molecules and serves to identify and remove T cells 

bearing TCRs which specificity towards self-peptide HLA (self-pHLA) complexes 

(Aschenbrenner et al., 2007; Caramalho et al., 2015a; Carpenter and Bosselut, 2010; 

Hsieh et al., 2012).  

 

Due to the stringent nature of the selection process, only 5% of generated thymocytes 

survive and enter circulation (Baldwin et al., 1999; Lucas et al., 1993). Irrespective of 

these checkpoints, the theory of self-reactive T cells escaping from the thymus is well 

established (Beverly et al., 1992; Carl et al., 2008). The natural variant of Tregs (thymic 

Tregs) are themselves generated within the thymus and have been shown to target self-

reactive T cells to prevent autoimmunity. This supports the theory of self-reactive T 

cells being present in peripheral circulation with Tregs acting as a ‘fail-safe’ mechanism 

to identify and remove autoreactive cells. How thymocytes are committed to become 

Tregs remains to be fully elucidated, but it is known that Tregs are identified very early 

on during development. Tregs are seen from week 12 of gestation with up to 7% of total 

thymocytes at this stage maintaining a basic Treg phenotype (CD4+CD25+) (Caramalho 

et al., 2015a; Darrasse-Jeze et al., 2005). Furthermore, the forkhead box transcription 

factor, FoxP3, which is considered a key regulator of Treg function (Fontenot et al., 

2003) is also seen in foetal CD4+CD25+ T cells (Darrasse-Jeze et al., 2005). 

 

In terms of the T cell development process, FoxP3 expression is seen in the DN and DP 

stages with FoxP3+ DP thymocytes co-expressing other markers linked with Treg 
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function such as: cytotoxic T lymphocyte antigen-4 (CTLA-4), glucocorticoid induced 

tumour necrosis factor receptor related protein (GITR) and CD39 whilst also 

maintaining immunosuppressive function (Liu et al., 2014; Nunes-Cabaco et al., 2011; 

Tai et al., 2005). Naturally occurring Tregs found in the periphery could originate from 

FoxP3+ DP thymocytes; however, questions arise regarding how these cells bypass 

checkpoint selection and commit to the Treg lineage. As previously mentioned, 

developing thymocytes pass through checkpoints to verify correct rearrangement of the 

TCR and assess their ability to recognise self-HLA whilst discriminating self-antigens 

(Carpenter and Bosselut, 2010). There is belief that FoxP3 can be induced in CD4+ SP 

thymocytes following TCR stimulation, thus indicating that FoxP3+ DP cells and non-

FoxP3 expressing thymocytes can commit to the Treg lineage (Caramalho et al., 2015a; 

Lee and Hsieh, 2009). Justification for this is provided via signalling pathway 

associations, as the promoter region of the FoxP3 gene contains binding sites for NFAT 

and AP1 transcription factors which are activated upon TCR binding (Mantel et al., 

2006). Additionally, CTLA-4, which is another molecule associated with 

immunosuppressive functions is similarly downstream of genes targeted upon TCR 

stimulation (Nunes-Cabaco et al., 2011; Rajpal et al., 2003). Hence, upon recognition of 

antigens presented in the medullary region of the thymus, FoxP3 can be turned on 

allowing commitment of cells to the Treg lineage. Experimentally, it has been shown 

that CD4+CD25- SP thymocytes can become functional Tregs following interactions 

with thymic stromal lymphopoietin activated myeloid DCs and plasmacytoid DCs in a 

HLA dependant manner (Watanabe et al., 2005). Cytokines also play a role in Treg 

lineage commitment, particularly the availability of IL-2 and IL-15, which can be 

provided by APC cells such as thymic macrophages and B cells located within the 

medulla (Caramalho et al., 2015b; Martin-Gayo et al., 2010; Watanabe et al., 2005). 

 

Interactions between self-pHLA complexes and TCR affects the fate of thymocytes. 

Strong avidity between both can result in deletion, therefore it is likely that there is a 

threshold which has to be surpassed to trigger thymocyte deletion (Caramalho et al., 

2015a). It may be possible that thymocytes recognising self-pHLA complexes with a 

lower level of avidity commit to the Treg lineage and upregulate FoxP3 expression 

(Caramalho et al., 2015a). Beyond TCR interactions, the role of the autoimmune 

regulator (Aire) is also important in FoxP3 expression. Aire is a key promoter of self-

antigen expression in mTec cells, although the role of Aire remains controversial in 
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Treg fate, there is increasing evidence supporting the role of Aire in the development 

Tregs (Daniely et al., 2010; Nomura and Sakaguchi, 2007). Mutations in the Aire gene 

are associated with the onset of APECED (autoimmune polyendocrinopathy candidiasis 

ectodermal dystrophy) syndrome which is related to decreased FoxP3 expression and 

low levels of circulating Tregs (Caramalho et al., 2015a; Kekalainen et al., 2007; 

Laakso et al., 2010). In Aire deficient mice, there is diminished Treg production that 

results in the development of organ specific autoimmunity (Aricha et al., 2011; 

Malchow et al., 2013; Pomie et al., 2011). Moreover, recent evidence by Malchow et al, 

shows that Aire -/- mice have increased Tcon infiltration in autoimmune lesions 

(Malchow et al., 2016). Interestingly however, the infiltrating cells maintained TCR 

specificity similar to those seen by Tregs in Aire+/+ mice (Malchow et al., 2016), thus 

highlighting the potential importance of Aire in directing cells towards the Treg lineage.  

 

These findings provide evidence that Treg produced in the thymus are selected based on 

their ability to recognise self-antigens and highlight the importance of Tregs during the 

early stages of development and in foetal immunity. At this stage, further clarity is 

required regarding Treg development and commitment. Outside of the thymus, 

conventional CD4+CD25- T cells within the periphery can acquire FoxP3 and obtain an 

immunosuppressive phenotype (Allan et al., 2007; Bilate and Lafaille, 2012; Fu et al., 

2004). This shows that all T cells generated from the thymus have the potential to 

regulate and promote tolerance but this is dependent upon the type and level of 

stimulation they receive and their environment. 
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Figure 1.1: Cells of the adaptive immune system. HSCs give rise to the lymphoid 

progenitor cell lineage. Depending on stimuli, progenitors differentiate to create B cells 

or T cells. B cells express immunoglobulin (Ig) molecules as the B cell receptor; upon 

activation B cells become plasma cells that secrete Ig molecules, neutralising targets. 

Lymphoid progenitor cells also give rise to T cells. These exist in 2 broad subsets 

determined based on the expression of the CD4 or CD8 receptor on the cell surface. 

CD8+ T cells express T cell receptors (TCR) that recognise antigen in the context of 

HLA (human leukocyte antigen) class I molecules. Upon activation, they release 

cytotoxic granules to neutralise target cells. CD4+ T cells recognise HLA class II 

molecules and upon activation differentiate into ‘helper’ T cells. There are several 

different types of helper T cells; these arise depending on the cytokine milieu that 

results in the activation of different transcription factors (T-bet, GATA3, RORɣt, BCL-

6 and EOMES). The effector function of these cells varies. Regulatory T cells (Tregs) 

belong to the CD4+ T cell lineage and express the FoxP3 transcription factor.
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Figure 1.2: Thymic development of αβ T cells. Basic overview. CD4-CD8- double negative (DN) thymocytes, once committed to the T cell 

lineage, undergo rearrangements of the TCRβ gene by RAG enzyme activity. These cells then proliferate, with the TCRβ chain joined to an 

invariant TCRα chain to produce a pre-TCR on the surface of at the DN4 stage. DN4 thymocytes progress to the double positive (DP) stage where 

the TCRα chain is rearranged to generate functioning TCRαβ T cells. Stringent selection selects cells based on correct generation of the TCR and 

specificity towards self-HLA and non-self antigens. DP thymocytes that successfully pass positive selection become single positive (SP) CD4+ or 

CD8+ T cells and enter peripheral circulation. Self-reactive DP thymocytes undergo negative selection and no longer receive cell survival signals. 

Image adapted from a review article by Engel and Murre (Engel and Murre, 2001). 
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1.3	Antigen	recognition	

 

The generation of T cell immunity is driven by the need for T cells to recognise 

antigens and the availability of co-stimulation. The TCR contains sequences 

complementary to the antigenic peptide presented in the context of HLA proteins (Teh 

et al., 1988). This, together with co-stimulatory signals, results in T cell activation 

which happens in an antigen specific nature.  

 

The HLA system was first seen in mouse models, whereby the equivalent, major 

histocompatibility complex (MHC) was identified, and referred to as H-2 (Teh et al., 

1988). HLA is a complex genetic region located on the short arm of chromosome 6 

(Chaplin, 2010; Mayor et al., 2015). Functionally and structurally, the HLA region has 

been divided into 3 different sub-regions, class I, class II and class III, with class I and 

II regions containing genes coding highly polymorphic cell surface molecules (Chaplin, 

2010; Mayor et al., 2015).   

 

The HLA-class I genes code for the classical class I: HLA-A, HLA-B and HLA-C 

molecules that are widely expressed on most nucleated cell types (Mayor et al., 2015; 

Neefjes et al., 2011). These molecules are primarily involved in the presentation of 

endogenous antigenic peptides to CD8+ T cells. HLA class I molecules possess 3 α-

subunits, from which α1 and α2 form the peptide binding groove, and α3 associates with 

a β2-microglobulin molecule (Neefjes et al., 2011; Roche and Furuta, 2015). Due to the 

constricted ends of the peptide binding groove, elution studies highlight that HLA class 

I molecules are primarily restricted to the presentation of peptide fragments composed 

of 9-12 amino acids in length (Blum et al., 2013; Mohan and Unanue, 2012). 

 

In comparison, the HLA-class II region contains genes coding for the classical 

molecules: HLA-DR, HLA-DP and HLA-DQ which were initially believed to have 

restricted expression on cell types designated as professional antigen presenting cells 

(APC), such as macrophages and DCs (Chaplin, 2010; Neefjes et al., 2011). However, 

there is increasing data demonstrating the induction of MHC class II molecules on non-

haematopoietic cells in inflammatory conditions, particularly under the presence of 

IFN-γ (Reith et al., 2005; Thelemann et al., 2014). Induction of MHC class II occurs 

following the activation of the tightly regulated class II transactivator gene with 
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different promotors activating this gene depending on the cell type (Reith et al., 2005). 

Structurally, HLA-class II molecules are composed of α- and β- chains, and are coded 

for by genes within the HLA region to form the peptide binding groove involved in the 

presentation of exogenous antigens to activate CD4+ T cells (Anderson and Roche, 

2015). Differing from HLA-class I molecules, the ends of the peptide binding groove of 

HLA-class II molecules are not rigid thereby allowing significantly longer peptide 

fragments to be presented. Peptide binding occurs via anchor residues located within the 

binding grove of each HLA molecule; with ‘pockets’ existing within the binding groove 

to stabilise the peptide fragment (Johansen et al., 1997; Neefjes et al., 2011). The 

structures of HLA class I and class II molecules are depicted in figure 1.3. 

 

An individual can express up to 6 HLA-class I molecules (two each of HLA-A, HLA-B 

and HLA-C) and HLA-class II molecules (two each of HLA-DR, HLA-DP, HLA-DQ), 

as determined by the inherited maternal and paternal HLA types. HLA genes are highly 

polymorphic and multiple alleles of each gene have been identified. The wide range of 

HLAs is believed to be an evolutionary advantage, as this enables individuals within a 

population to present and generate immune responses towards different antigens 

allowing them to survive infections. Most polymorphisms seen in HLAs are located in 

close proximity of or directly within the peptide binding groove therefore permitting the 

presentation of a wide range of antigens across a population (Sewell, 2012). 

 

T cell responses are antigen specific, therefore the TCR needs to contain sequences 

complementary to the presented antigenic peptide as well as the HLA molecule. With 

the highly polymorphic nature of HLA molecules, selection checkpoints employed by 

the thymus ensure that, although VDJ rearrangements are randomised, T cells made 

available in the periphery recognise foreign antigens in the context of self-HLA. This 

however, does not prevent the recognition of antigens in the context of foreign HLA 

molecules, therefore allowing the existence of allorecognition to occur. As the majority 

of HLA polymorphisms are limited to sites of peptide binding, there are evolutionary 

conserved regions which remain present irrespective of polymorphisms which can 

enable allorecognition. In addition, the TCR is composed of various complementarity 

determining regions (CDR) from which CDR3 loops have significant bearing in antigen 

recognition, but CDR1α, CDR1β, CDR2α and CDR2β interact with the HLA molecule 

during TCR binding (Sewell, 2012; Smith et al., 2013). The presence of conserved HLA 



Chapter 1 

	

	 22	

regions recognised by the TCR can enable T cells to interact with foreign HLAs, this is 

of particular relevance in the transplantation setting as allorecognition drives post-

transplantation complications (detailed in section 1.13)  

 

Originally T cell responses were believed to be confined by the theory of clonal 

selection, this states that one T cell is specific for a single antigen and cannot recognise 

other antigens (Mitchison and Pettersson, 1983; Qi et al., 2014). However, this thought 

is increasingly disregarded since substantial evidence highlights a high level of 

plasticity maintained by TCRs (Armstrong et al., 2008; Garcia et al., 1998; Sewell, 

2012). Clonal selection suggests that TCR-pHLA interactions are rigid and a single 

TCR will consistently recognise the same region of the antigen (Qi et al., 2014). But it 

has now been established that there is greater flexibility in how an antigen interacts with 

the HLA molecule meaning that different conformations of the same antigen activate 

different T cells depending on how the antigen is bound to the peptide binding groove. 

Further to this, plasticity also occurs between the TCR and the pHLA complex as the 

orientation of the TCR enables it to interact with different peptides (Armstrong et al., 

2008; Macdonald et al., 2009; Sewell, 2012; Smith et al., 2013). This is termed cross-

reactivity, whereby a TCR maintains specificity towards more than one antigen due to 

the presence of shared sequences. An example of this was shown by Borbulevych et al 

using a tumour specific TCR termed DMF4 recognised an 9-amino acid sequence 

antigen (AAGIGILTV) and also a 10-amino acid sequence antigen (ELAGIGLITV) 

when both are presented in the context of the same HLA molecule (Borbulevych et al., 

2011; Sewell, 2012). The flexibility of the CDR loops enables TCRs to dock in different 

orientations and angles to the pHLA complex whilst still interacting with exposed 

regions of the antigen (Adams et al., 2016; Armstrong et al., 2008; Cole et al., 2014). In 

addition to this, it has been reported that TCR plasticity can permit recognition of both 

HLA-class I and HLA-class II complexes. 

 

Having a range of cross-reactive TCRs can be beneficial for the immune system since 

this allows a limited number of T cells to recognise and respond towards a range of 

antigens. Fewer T cells would be required and thus a limited repertoire can quickly 

respond to any foreign antigen; moreover, single antigens can be recognised by several 

T cells leading to a polyclonal response (T cells with different TCRs recognise 

fragments of the same antigen and proliferate). Such TCR cross-reactivity was 
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beneficial in immunogenicity towards cowpox and smallpox, as the vaccine for the 

latter enabled a T cell response that recognised the former (Sewell, 2012; Stewart and 

Devlin, 2006). But there are detrimental consequences of cross-reactivity, most notably 

the onset of autoimmunity (Macdonald et al., 2009; Roep et al., 2002). 

 

Thymic checkpoints ensure deletion of TCRs with strong reactivity towards self-

antigens, but those showing weak reactivity towards self-antigens avoid cell death and 

progress into circulation (Klein et al., 2014). These T cells may respond towards foreign 

antigens enabling them to proliferate and differentiate into effector and eventually 

memory T cells (Veiga-Fernandes et al., 2000). Memory T cells facilitate enhanced 

immune clearance towards secondary antigen exposure (Okhrimenko et al., 2014). Part 

of this improved secondary function is associated with the ability of memory T cells to 

recognise antigens at a 50-fold lower concentration compared to naïve T cells (Sewell, 

2012; Veiga-Fernandes et al., 2000). This superior antigen specificity occurs due 

increased frequency of TCRs on the T cell surface and more TCR clustering allowing 

early reactivity towards previously exposed antigens (Castro et al., 2014; Okhrimenko 

et al., 2014). The consequence of having memory T cells with cross-reactivity is that 

these cells have enhanced antigen recognition and can thus recognise self-antigen 

peptides with greater affinity than would exist upon initial antigen encounter with a 

naïve T cell (Sewell, 2012). Such molecular mimicry is one of the methods by which 

infectious diseases can lead to autoimmune onset, and has been a suggested cause for 

herpetic stromal keratitis following the herpes simplex virus (Panoutsakopoulou et al., 

2001; Zhao et al., 1998) as well as in streptococcus pyrogenes infection leading to the 

presence of myosin reactive T cells in cardiac tissue (Cunningham et al., 1988; Ercolini 

and Miller, 2009). More notably, the autoimmunity in T1DM is linked to the 

cytomegalovirus (Roep et al., 2002; van der Werf et al., 2007). 

 

Another factor to be considered in antigen recognition is TCR affinity. There is a 

minimum threshold of TCR binding which needs to be achieved to evoke T cell 

activation, with the strength of the TCR-pHLA interaction determining T cell fate 

(Stone et al., 2009). Mutations within the HLA peptide binding groove can alter how 

the peptide is presented to the TCR, this could lower TCR affinity for the peptide and 

potentially prevent T cell activation. The inability of low affinity TCRs to activate T 

cells may favour the presence of low affinity self-reactive T cells in circulation as there 
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exists an opportunity that these T cells could have greater affinity towards foreign 

antigens (Morris and Allen, 2012). Binding affinity also affects how T cells are 

activated, it has been shown that low affinity TCR-pHLA interactions cause incomplete 

phosphorylation of CD3, which is essential to TCR downstream signalling (Morris and 

Allen, 2012; Sloan-Lancaster et al., 1994). This is not seen in high affinity interactions, 

indicating differences in signalling strength based on degree of affinity. 

 

Antigen recognition by T cells is essential in generating an immune response. There are 

multiple factors which need to be considered for successful recognition, this includes 

presentation of antigens in the context of HLA molecules and TCR specificity towards 

the pHLA complex. However, there are variables which can affect antigen recognition 

on both ends. The binding of antigens to HLA can differ and thus present different 

amino acids to the T cells, moreover the plasticity maintained by TCR itself can affect 

antigen recognition. This can be advantageous in immune clearance but can also 

promote autoimmunity, hence showing that T cell development does not account for 

cross-reactivity and this could be an evolutionary failure in this process. But considering 

the frequency of arising self-reactive T cells leading to autoimmunity within the general 

population, one would argue that antigen recognition is sufficient in immune protection 

irrespective of minor errors. 
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Figure 1.3: Structure of HLA molecules. HLA class I molecules are formed of 3 α-

subunits and β2Microglobulin unit, with the peptide binding groove created by 2 α-

subunits (A). Class II molecules are formed from 2 α- and β-subunits respectively with 

the peptide binding groove made by an α and an β subunit (B). Crystalogrphic images 

highlighting the ribon structure of both HLA classes and the location of the peptide 

binding groove from a side view, and also from a top-view with peptide within the 

grove as seen by the TCR. Image adapted from a review article by Neefjes and Ovaa 

(Neefjes and Ovaa, 2013)  
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1.4	Regulatory	T	cells	

 
Regulatory T cells form a unique subset of cells belonging to the CD4+ T cell lineage 

which play an essential role in maintaining immune homeostasis and promoting 

tolerance (Singer et al., 2014). Originally, Tregs were highlighted as suppressor T cells 

after it was recognised by Gershon and Kondo in 1970 that T cells could initiate 

immune responses and also suppress them (Gershon and Kondo, 1970). The actual 

characterisation of these suppressor T cells came much later by Sakaguchi et al., who 

demonstrated that CD4+ T cells co-expressing the high affinity IL-2 α-chain receptor, 

CD25, were essential in preventing autoimmunity (Sakaguchi et al., 1995). From this 

stage onwards, CD4+CD25+ suppressive T cells were referred to as Tregs. 

 

The significance of Tregs was identified prior to their characterisation. Thymectomy 

experiments in neonatal mice highlighted that organ-specific autoimmunity was linked 

to the removal of the thymus at day 3 of life, but not when the thymus was removed at 

days 1 or 7 (Nishizuka and Sakakura, 1969; Tung et al., 1987). These findings hinted 

that self-reactive T cells were produced within the thymus and enter circulation between 

day 1-3, however a second set of cells may be released from the thymus at day 3 which 

counteract the self-reactive T cells. More recent studies challenge the original 

thymectomy findings as evidence now suggests that Tregs are not produced at a set 

time-point (day 3), but are identifiable in the circulation, in lymphnodes and spleens of 

neonatal mice prior to day 3 (Monteiro et al., 2008; Ono and Tanaka, 2016; Samy et al., 

2008). Furthermore, at day 2 of life, almost 10% of CD4+ T cells within the neonatal 

thymus are CD4+CD25+ with these cells persisting for up to 6 weeks (Ono and Tanaka, 

2016; Suri-Payer et al., 1999). It could be argued that although Tregs are seen prior to 

day 3 in neonatal mice, they may not maintain functional capacity till day 3 thus 

supporting the outcomes noted by the Nishizuka and Tung studies. Irrespectively, 

substantial evidence demonstrates the importance of Tregs in tolerance and protecting 

against autoimmunity.   

 

In terms of Treg characterisation and function, studies conducted after determining 

CD4+CD25+ T cells as Tregs resulted in more specific designation of Tregs as cells 

which co-expressed the fork head box transcription factor, FoxP3 (Fontenot et al., 2003; 

Hori et al., 2003). Deletion of the FoxP3 gene locus in scurfy mice leads to systemic 

autoimmunity and lymphoproliferative disease with the mass production of pro-
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inflammatory cytokines because of defective Tregs (Asano et al., 1996; Brunkow et al., 

2001). The importance of FoxP3 was also highlighted in humans as a mutation or 

deletion within the FoxP3 gene presents as immunodysregulation, polyendocrinopathy 

and enteropathy, X-linked (IPEX) syndrome (Bennett et al., 2001a; Bennett et al., 

2001b; Singer et al., 2014). These findings lead to FoxP3 being hailed as the master 

regulator of Tregs (Fontenot et al., 2003).  

 

In murine Tregs, FoxP3 is indeed a master regulator and its expression is imperative to 

their suppressive capacity. However, human Tregs deficient in FoxP3 can still maintain 

suppressive function (Li et al., 2015; Walker et al., 2003; Wang et al., 2007; Zeng et al., 

2015). Moreover, FoxP3 seems to be involved in the regulation of human T cell 

activation, as this transcription factor is upregulated in activated conventional T cells 

(Tcons) and linked with their hyporesponsiveness instead of conferring suppressive 

function (Schubert et al., 2001; Ziegler, 2007). TCR stimulation results in activation of 

several transcription factors including NFAT1, which is involved in the transcription of 

IL-2, essential for Tcon survival and proliferation (Schubert et al., 2001; Ziegler, 2007). 

At the same time NFAT1 can upregulate transcription of FoxP3, which in turn 

negatively regulates T cell activation and represses NFAT1 to prevent further IL-2 

production (Schubert et al., 2001; Wu et al., 2006; Ziegler, 2007). Seeing as FoxP3 

levels peak several days following T cell stimulation, it is plausible for this gene to be 

upregulated as a method of self-regulation by Tcons (Ziegler, 2007). Murine studies do 

not report similar upregulation of FoxP3 in activated Tcons, indicating this activation-

induced expression occurs specifically in humans.  

 

In addition, FoxP3 can be transduced in murine T cells to successfully give rise to a 

population with suppressive functions comparable to Tregs (Fontenot et al., 2003; Hori 

et al., 2003). Although similar transduction in human CD4+CD25- T cells does provide 

a suppressive phenotype, this function remains lower than murine equivalents (Walker 

et al., 2003). Therefore, FoxP3 is involved in Treg mediated suppression, but is not the 

sole ‘master regulator’ of this phenomenon. With established reports of inducing Tcons 

to become Treg-like cells under selective conditions indicates that FoxP3 expression 

correlating to a Treg-type population is dependent upon the type environment and type 

of stimuli Tcons receive (Schmitt et al., 2012; Shevach and Thornton, 2014; Walker et 

al., 2003; Zhang et al., 2013; Ziegler, 2006). These findings therefore challenge the 
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dependency of human Tregs on FoxP3 with other factors also contributing to the 

features exhibited by Tregs. But this still demonstrates the significance this transcription 

factor has on T cell regulation and Treg function. 

 

Although FoxP3 expression is a phenomenon linked to human T cells activation, this 

transcription factor still serves as a useful marker for Treg lineage identity (Polansky et 

al., 2008). However, when analysing bulk populations of cells from humans, it is 

difficult to verify unambiguous Treg presence through sole reliance of FoxP3 

expression (Floess et al., 2007). But unlike activated effector T cells, Tregs maintain 

stable expression of FoxP3 with stability of this gene arising during Treg development 

via permanent epigenetic gene modifications within the FoxP3 locus (Polansky et al., 

2008). Genes which are not used remain in a methylated state, whilst activated genes 

are demethylated thus unwinding histones and enabling transcription. Comparisons in 

the methylation status of genes between conventional CD4+CD25- and Tregs highlight 

FoxP3 as the only gene to be fully demethylated in Tregs, with the Amp5 region being 

specifically demethylated in Tregs (Baron et al., 2007). This region is subsequently 

termed the Treg specific demehylated region (TSDR) and is increasingly assessed using 

bisulfite sequencing or quantified via real-time polymerase chain reaction (PCR) as an 

indicator of the Treg purity and stability (Baron et al., 2007; Tatura et al., 2012). TSDR 

analysis has been useful in understanding change occurring to the Treg population in 

disease states and also when determining Treg stability following expansions (Kennedy 

et al., 2014; Putnam et al., 2013; Shimazu et al., 2016; Tatura et al., 2012).  

 

It should be stressed that the existence of regulatory subsets is not limited to CD4+ T 

cells. Treg like cells can also be found within the CD8+ T cell compartment and are 

implicated in the pathophysiology of the acquired immune deficiency syndrome 

(AIDS), autoimmune arthritis and Experimental autoimmune encephalomyelitis (EAE) 

amongst other autoimmune diseases (Churlaud et al., 2015; Jiang et al., 1992; Suzuki et 

al., 2008). There are CD8+CD25+FoxP3+ suppressive cells, but selective populations of 

CD8+FoxP3- cells also provide immunoregulatory function (Churlaud et al., 2015). 

Regulatory cells are similarly identified in the B cell population. Regulatory B cells 

(Bregs) regulate inflammation and autoimmunity by suppressing respective target cells 

via the production and release of IL-10, IL-35 and transforming growth factor-β (TGF-

β) (Kalampokis et al., 2013; Mauri and Menon, 2015; Shen et al., 2014).  
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1.5	Inducible	Tregs	

 

The generation of Treg cells is not limited to the thymus, as conventional CD4+CD25- T 

cells are induced in the periphery to adopt a suppressive function. These inducible Tregs 

(iTregs) are believed to have a prominent role in inflammation and regulating immune 

responses (Schmitt and Williams, 2013). As mentioned previously, thymic generated 

Tregs (tTregs, referred to as Tregs) function to prevent autoimmune responses by 

targeting T cells specific for self-antigens that are believed to bypass the thymic 

selection and enter circulation (Enouz et al., 2012). In comparison, iTregs are generated 

within peripheral circulation towards sub-optimal TCR stimulation or sub-optimal co-

stimulation (Chen et al., 2003). iTregs can be generated towards exogenous antigens or, 

likewise to tTregs, towards self-antigens (Kretschmer et al., 2005). 

 

The expression of FoxP3 remains a key factor linked with iTreg function. De novo 

FoxP3 generation is believed to occur under sub-optimal TCR stimulation or when co-

stimulatory signals are insufficient (Fu et al., 2004; Koenecke et al., 2009; Kretschmer 

et al., 2005). In vitro, de novo FoxP3 generation is attainable when CD4+CD25- T cells 

are stimulated in the presence of TGF-β and IL-2 (Chen et al., 2003; Fu et al., 2004). 

The TGF-β is essential to iTreg induction both in vitro and in vivo, as TGF-β receptor 

deficient T cells fail to convert to iTregs thus abrogating their function (Beal et al., 

2011; Soares et al., 2015). The ligation of TGF-β to its respective receptor enables 

NFAT and smad3 to bind the conserved non-coding sequence (CNS1) enhancer to 

promote FoxP3 generation (Schmitt and Williams, 2013; Tone et al., 2008; Vaeth et al., 

2012). One pathway by which this occurs is via TGF-β activation preventing DNA 

methyltransferases from blocking FoxP3 induction (Josefowicz et al., 2009). The need 

for IL-2 is essential for Treg survival and is proposed to stabilise iTreg induction and 

prevent the conversion of CD4+CD25- T cells into Th17 cells (Omenetti and Pizarro, 

2015). The importance of CNS1 is signified as mutations in CNS1 have been shown to 

curtail Tcon conversion into iTregs (Josefowicz et al., 2012; Zheng et al., 2010b). 

 

The capacity to induce a Treg phenotype on CD4+CD25- is well established with studies 

comparing iTregs to tTregs (Huang et al., 2013; Lin et al., 2013). In tTregs, is has been 

highlighted that FoxP3, although initially considered important to Treg function, does 

not have complete control over transcription factors associated with Treg function (Hill 
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et al., 2007; Schmitt and Williams, 2013). Such FoxP3 independent factors include 

CTLA-4, CD25, Neuropilin 1 (Nrp-1) and zinc finger protein belonging to the Ikaros 

family, Helios (IKZF2) (list of Treg markers in table 1.1) (Ellis et al., 2012; Himmel et 

al., 2013; Schmitt and Williams, 2013). The latter transcription factors were suggested 

to distinguish between tTregs and iTregs, with Nrp-1 and helios believed to be restricted 

to tTregs (Singh et al., 2015; Yadav et al., 2012). But this is debatable as helios has is 

expressed during T cell development and involved in T cell differentiation with 

evidence demonstrating Helios upregulation in iTregs (Elkord et al., 2015; Himmel et 

al., 2013; Takatori et al., 2015)  

 

In the literature, there is conflict regarding how genes involved in suppression are 

expressed in tTregs and iTregs. Schmitt et al., suggested that iTregs and tTregs both up-

regulated genes for IL-2 receptor alpha, CTLA-4 and IL-10 (Schmitt et al., 2012). 

However, Ohkura et al., found the CTLA-4 gene to be demethylated in tTregs whilst it 

remained in a methylated state in iTregs (Ohkura et al., 2012). This was similarly 

reported for the IKZF4, TNFRSF18 and FoxP3 genes (Kitoh et al., 2009; Schmitt and 

Williams, 2013). It should be noted that, the gene profile of iTregs is different between 

those generated in vivo vs. in vivo, with Feuerer et al., reporting that in vivo generated 

iTregs had higher similarities in gene patterns to tTregs (Feuerer et al., 2010; Haribhai 

et al., 2009; Hill et al., 2007). Interestingly, maintaining in vitro derived iTregs for 

lengthened periods of culture alters their transcriptional profile to show increased 

similarities to tTregs (Schmitt et al., 2012). However, the pro-longed culture period 

stated in that study would require iTregs to remain stable and functional throughout 

following multiple rounds of stimulation. Constant stimulation can alter iTreg 

phenotype and promote the out-growth non-iTreg contaminants should these be present 

within the culture (Schmitt and Williams, 2013). 

 

Although changes are reported in the genetic profile of iTregs, it is important to note 

that selective regions, such as FoxP3, CTLA-4 and IKZF4 still maintain different 

methylation patterns between iTregs and tTregs (Ohkura et al., 2012; Ohkura et al., 

2013). These regions are demthylated in tTregs, but irrespective of in vivo and in vitro 

generation or long term culturing, iTregs maintain methylation in a significant 

proportion of these regions (Lin et al., 2013; Schmidt et al., 2016; Shevach and 

Thornton, 2014). Epigenetic modifications serve as a key indicator of lineage 
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commitment and phenotypic stability. In tTregs, stable FoxP3 expression is attained by 

permanent epigenetic modifications in the TSDR (Baron et al., 2007; Floess et al., 

2007; Polansky et al., 2008). Regarding iTregs, multiple studies have stressed that the 

TSDR remains methylated (Lin et al., 2013; Schmidt et al., 2016). The lack of lineage 

commitment by iTregs is also one of the reasons preventing their consideration in 

immunotherapy. However, recently a study by Lu et al., demonstrated the 

demethylation of the TSDR in CD4+CD25- T cells when provided with sub-optimal 

stimulation in the presence of a DNA methyltransferase inhibitor (Lu et al., 2016). This 

lead to the demethylation of several genes associated with tTregs, moreover, these 

iTregs were reported to have potent suppressive function (Lu et al., 2016). The use of 

DNA methyltransferase inhibitors is a unique method to enforce commitment of iTregs 

towards a Treg lineage, but this is a non-targeted approach, potentially altering the 

methylation pattern of several genes which could alter cell function.  

 

The mechanism used by iTregs to promote tolerance, overlap with the functions of 

tTregs, as described in section 1.7. Haribhai et al, demonstrated the capacity of iTregs to 

over-produce IL-10 when injected in FoxP3 deficient mice as a method of causing 

suppression (Haribhai et al., 2009). In addition, iTregs have been effective in the 

resolution of murine IBD and in limiting DC activation in autoimmune gastritis 

(Chattopadhyay and Shevach, 2013; DiPaolo et al., 2007; Haribhai et al., 2016a; 

Schmitt et al., 2012). Furthermore, iTregs are believed to play an important role in 

inducing graft tolerance in murine transplant models with the generation of these cells 

following stimulation by plasmacytoid DCs with insufficient co-stimulation (Burrell et 

al., 2012).  

 

1.5.1	Methods	of	Treg	conversion	

 

The conversion of CD4+CD25- T cells into iTregs can occur at several different sites, 

including the gut, sites of chronic inflammation and at sites of transplanted tissue. 

Development of iTregs in these areas occurs via APC stimulation with B cells, DC, 

myeloid derived suppressor cells and mesenchymal stromal cells (MSC) being 

implicated in this conversion (Benson et al., 2007; Ghannam et al., 2010; Yamazaki et 

al., 2007). But once again, this development is dependent upon sub-optimal priming of 

T cells by APCs. Furthermore, it has also been reported that tTregs can also induce 
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iTregs, one method by which this occurs is through the production of TGF-β by Tregs, 

further to this, iTreg conversion by tTregs is a contact-dependant mechanism 

(Dieckmann et al., 2002; Jonuleit et al., 2002). This would suggest that tTreg based 

iTreg development is a potential suppressive mechanism adopted by tTregs. This 

enables newly developed iTregs to subsequently suppress immune responses and 

amplify tTreg mediated suppression.  

 

Another factor highlighted in iTreg induction is all-trans retinoic acid (ATRA), this 

vitamin A metabolite has been shown to regulate cell differentiation and stability (Wang 

et al., 2009a). ATRA is naturally produced in DC subsets and promotes de novo FoxP3 

generation, moreover this metabolite is important in inducing tolerance at gut mucosa 

with converting CD4+CD25- T cells into iTregs as one potential mechanism (Wang et 

al., 2009a). Interestingly, unlike TGF-β, ATRA does not phosphorylate/ activate Smad 

proteins as cells from Smad3 knockout mice are able to undergo iTreg induction (Lu et 

al., 2011a). Instead, ATRA upregulated ERK signalling to promote FoxP3 by 

modifying histones within the CNS1 region as well as upregulating TGF-β receptor 

expression on the cell surface (Schmitt and Williams, 2013). Synergistically, the use of 

ATRA with rapamycin (RAPA) promotes greater iTreg conversion, moreover, ATRA 

can aid tTregs in maintaining a stable phenotype whilst expanding and in inflammatory 

conditions (Scotta et al., 2013). 

 

In addition to the use of ATRA and RAPA to enhance the stability of FoxP3 in iTregs, 

an alternative option to bypass natural induction of Tregs is to force FoxP3 expression 

by transduction. This was conducted in murine CD4+CD25- T cells by Hori et al, the 

results from this study demonstrated a potent suppression of effector T cells and had 

limited cytokine production (Dons et al., 2012; Hori et al., 2003). But, such forced 

FoxP3 expression did not enable the development of cells with stable FoxP3 expression 

and suppressive function akin to tTregs over long term culturing (Dons et al., 2012).  

 

1.6	Other	types	of	regulatory	cells		

 
1.6.1 Double negative Tregs 

 

Double negative (DN) Tregs are αβ-TCR thymocytes devoid of CD4 or CD8 

expression, yet can suppress CD4+ and CD8+ T cells (Chen et al., 2007a; Fischer et al., 
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2005; Juvet and Zhang, 2012). Identified in mice (Ma et al., 2008) , rats (Ma et al., 

2008) and humans (Fischer et al., 2005), it was believed that DN Tregs are generated in 

the spleen, but these cells can also arise from pre-cursor DN thymocytes which have 

‘escaped’ from the thymus (Schonrich et al., 1991; Takahama et al., 1991), whilst others 

believe DN Tregs to generate within the periphery following the downregulation of the 

CD4 or CD8 co-receptor (Mehal and Crispe, 1998; Zhang et al., 2000). Like 

conventional Tregs, phenotypic analysis highlight DN Tregs to express CD25 and be 

present in naïve and mature variants with the latter maintaining an activated phenotype 

characterised by the high surface expression of CD44 and CD62L (Juvet and Zhang, 

2012; Zhang et al., 2007). 

 

Unlike Tr1 cells, Th3 cells and Tregs generated from CD4+CD25- T cells using nitric 

oxide (NO-Tregs); DN Tregs exert their immunosuppressive potential in an antigen 

specific manner (Fischer et al., 2005; Juvet and Zhang, 2012). In vivo models show that 

DN Tregs generated in TCR transgene mice have typical traits allied with memory 

CD8+ T cells and hypo-proliferate upon antigenic stimulation without releasing IL-2 

(Duncan et al., 2010). Although DN Tregs express αβ-TCR, these cells can acquire 

antigens in an pHLA dependent manner via trogocytosis enabling them to suppress T 

cells bearing specificity towards the acquired antigen (Merriman and Barnett, 1995). 

Moreover, DN Tregs have been shown to utilise contact-dependent mechanisms to 

suppress CD8+ T cells (Shalev et al., 2011). This Treg variant has also been effective in 

protecting against EAE in mice and indicated in promoting transplant tolerance 

following the depletion of CD4+ and CD8+ T cells post conditioning regimens (Gran et 

al., 2004; Juvet et al., 2014; Juvet and Zhang, 2012). 

 

However, one of the key differences between standard Tregs and DN Tregs is their 

ability to produce pro-inflammatory cytokines. Mature DN Tregs can produce IFN-γ, 

TNF-α and IL-17, thus potentially contribute towards autoimmunity, although CD44- 

DN Tregs are considered deficient in pro-inflammatory cytokine production (Juvet and 

Zhang, 2012). This would suggest that naïve and mature DN Tregs play different roles 

in the immune response and this population serves a double-role whereby it can protect 

and regulate responses to maintain homeostasis but can also promote inflammation. 
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1.6.2 Type 1 regulatory T (Tr1) cells 

 

Tr1 cells are similar to Tregs and belong to the CD4+ T cell compartment. However, 

one of the main distinguishing factors between both subsets is FoxP3.  Unlike Tregs, 

Tr1 cells are deficient in FoxP3 expression (Groux et al., 1997). In regard to their 

generation, the regulatory phenotype of Tr1 cells is induced when CD4+ T cells are 

stimulated in the presence of IL-10. The resulting population itself secretes IL-10 whilst 

showing diminished production of IL-2 (Gregori et al., 2015; Groux et al., 1997). In 

disease models, Tr1 cells have demonstrated effectiveness in countering the pro-

inflammatory phenotype associated with EAE, collagen induced arthritis and colitis 

(Asnagli et al., 2014; Gregori et al., 2015; Groux et al., 1997; Meiron et al., 2008).  

 

In humans, monocyte stimulation of CD4+ T cells in the presence of IL-10 can also 

produce Tr1 cells that release IL-10 (Gregori et al., 2015). Whilst the ability to generate 

Tr1 cells via IL-10 is established, further studies are required to fully characterise this 

population and determine their potential for clinical use. Studies characterising Tr1 cells 

propose an overall phenotype of these cells as CD4+CD45RO+CD49b+LAG-3+CTLA-

4+CD226high (Bacchetta et al., 2014; Gregori et al., 2015). The expressions of LAG-3 

and CTLA-4 indicate the capacity of Tr1 cells to inhibit T cell activation by depriving 

other T cells of co-stimulation. Moreover, granzymes are also identified in Tr1 cells and 

highlight cytolytic functions to regulate target cells (Grossman et al., 2004). More 

recent data also highlights the enhanced capacity of Tr1 cells to suppress IL-1β mRNA 

and NLRP3 inflammasomes in an IL-10 dependant manner with greater efficiency than 

Tregs (Yao et al., 2015).  

 

Clinically, a trial conducted by Bacchetta et al., assessed the use of IL-10 treated donor 

derived T cells with specificity for host antigens as an infusion therapy post 

haploidentical HSC transplantation (Bacchetta et al., 2014). Conclusions from this study 

verified the safety profile of using IL-10 and tolerogenic DCs to generate Tr1 like 

phenotype to donor cells in vitro (Bacchetta et al., 2014). In addition, although the study 

cohort was limited, outcome data highlighted only mild forms of graft versus host 

disease (GvHD) and accelerated immune reconstitution compared to controls (Bacchetta 

et al., 2014; Gregori et al., 2015). 
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Tr1 cells may potentially provide a promising option for immunotherapy. However, 

more clinical studies need to be conducted to fully verify the effectiveness of IL-10 

treated T cells in the clinic to promote tolerance. 

 

1.6.3 Tolerogenic DCs 

 

DCs are an important component of the immune system. They serve as professional 

APCs stimulating CD4+ T cells via the expression of HLA class II molecules, directly 

contributing to immune surveillance and have a vital role in innate and adaptive 

immunity (Li and Shi, 2015). DCs exist in different variants such as myeloid DCs, 

plasmacytoid DCs and mature/ immature DCs, each variant provides different responses 

depending on type of stimuli and local environment.  

 

The local cytokine milieu and stimulation signals have a significant role in determining 

DC fate, as a result another variant that exists within the DC family are termed 

tolerogenic DCs. Similar to Tregs, tolerogenic DCs maintain immune homeostasis in 

the periphery and promote tolerance against self-antigens (Li and Shi, 2015). 

Functionally, tolerogenic DCs express a range of markers including: PD-L1, 

hemeoxygenase, galectin 1, DC-SIGN and CD95L as well as producing IL-10, TGF-β, 

nitric oxide and indoleamine 2,3-dioxygenase (IDO) to help promote tolerance 

(Ilarregui et al., 2009; Remy et al., 2009; Rodrigues et al., 2016). Tolerogenic DCs are 

directly capable of promoting Treg expansion via PD-L1 interactions and they can also 

induce Treg generation in the periphery (Ohnmacht et al., 2009). Induction of Tregs is 

achieved with the aid of the cytokine produced by tolerogenic DCs combined with their 

ability to provide low levels of antigen exposure and co-stimualtion to T cells 

(Ohnmacht et al., 2009). Interestingly, a feedback loop is formed between Tregs and 

tolerogenic DCs as these DCs induce Tregs but Tregs are required to control DC 

maturation and phenotype. IL-10 produced by Tregs can maintain DCs in an immature 

state, further to this when Tregs are depleted, DCs have down-regulated HLA class II 

expression on their surface therefore preventing them from interacting with CD4+ T 

cells to induce a Treg phenotype (Boks et al., 2012).  

 

Tolerogenic DCs are of interest in transplantation as they can directly contribute to 

promoting graft tolerance as well as inducing Tregs. But at this stage more studies are 
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needed to establish this population in humans. Thus far, most studies conducted on 

tolerogenic DCs have utilised murine cells, there is a possibility that the functions 

observed, markers expressed and cytokine produced differ between murine and human 

DC subsets, but the instrumental role of DCs in T cell differentiation and tolerance 

means that they are of high interest for therapeutic application. 

 

1.6.4 Regulatory macrophages  

 

Macrophages are involved in the detection and elimination of pathogens forming a vital 

component of the innate immune system. These cells can phagocytose antigens, present 

them to T cells via HLA molecules and produce pro-inflammatory cytokines and 

chemokines to recruit cells to sites of damage. Specialised variants of macrophages are 

identified at different tissues such as alveolar macrophages in the lung and Kupffer cells 

in the liver. Macrophages are broadly divided into 3 main types: classically activated 

macrophages are involved in inflammatory responses and induced towards IFN-γ, 

whilst alterative activated macrophages are induced following exposure to IL-4 or IL-13 

and involved in the wound healing process and the production of extracellular matrix 

(Classen et al., 2009; Doyle et al., 1994; Pace et al., 1983; Stein et al., 1992). A third 

type of macrophage is regulatory macrophages (Mregs), these are a subtype of 

alternative activated macrophages that have an anti-inflammatory response but unlike 

conventional alternative activated macrophages, Mregs cannot induce arginase or 

produce extracellular matrix and thus function to regulate immune response without 

contributing to wound healing (Broichhausen et al., 2012; Jiang et al., 2014).  

 

Macrophages arise from monocytes with activation signals determining cell fate, Mreg 

generation is driven by antigen-antibody immune complexes, IL-10, DAMPs and 

apoptotic signals (Broichhausen et al., 2012). The immunosuppressive capacity of 

Mregs is established due to IL-10 production by these cells (Cao et al., 2010). In 

humans, Mregs can be generated by the culturing of CD14+ monocytes in the presence 

of M-CSF, IFN-γ and human serum. Following culture, human Mregs are capable of 

suppressing T cell proliferation via contact mediated mechanisms and by the production 

of IFN-γ induced IDO (Riquelme et al., 2012). In vivo, use of Mregs has been 

successful in protecting against rejection of cardiac allografts by suppressing 

alloreactive T cells, thus highlighting the possible use of Mregs in post transplantation 
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immunotherapy. One of the potential routes this is achieved is via the induction of Tregs 

(Cao et al., 2010). This is interesting since the pathology of GvHD is, in part, attributed 

to the presence of macrophages with the depletion of these cells shown to limited the 

development of disease due to the decreased production of pro-inflammatory cytokines. 

 

1.6.5 Th3 cells  

 

Th3 cells are a T helper subset that produces high quantities of TGF-β and low levels of 

IL-10 and IL-4 (Carrier et al., 2007a, b; Hadaschik and Enk, 2015; Weiner, 2001). Due 

to their functional output, these cells are anti-inflammatory and do not produce IL-2 or 

IFN-γ upon activation. Murine studies have demonstrated the effectiveness of Th3 cells 

in suppressing EAE (Fletcher et al., 2010). Moreover, due to their excessive TGF-β 

output, Th3 cells are believed to aid in the generation and maintenance of iTregs 

(Carrier et al., 2007a; Faria and Weiner, 2005; Miller et al., 1992). 

	

1.7	Mechanisms	of	action	

 

Following their identification and significance in promoting immune tolerance, studies 

have aimed to understand the mechanisms by which Tregs suppress. Multiple 

mechanism are employed by these cells, some of which are explained below and shown 

in figure 1.4. 

 

1.7.1 CTLA-4 

 

As previously highlighted, T cell activation is a two-step process with TCR signalling 

and co-stimulation necessary to evoke a T cell response. As well as presenting antigens, 

APCs also express co-stimulatory molecules such as the B7 family members CD80 and 

CD86. Upon ligation of these by CD28 on complementary T cells, multiple down-

stream signalling pathways are activated to promote cell survival and proliferation 

(Rudd et al., 2009). However, as a self-regulatory mechanism T cells can up-regulate 

CTLA-4, this acts as a ‘molecular switch’ to negatively control T cell activation. Tregs 

are one of the main cell types to express CTLA-4 and it is believed to be another 

mechanism utilised by these cells to suppress immune responses.  
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Initially, CTLA-4 was identified within the genetic sequence of CD8+ T cells and 

established to share a significant level of structural homology to CD28 (Brunet et al., 

1987; Dariavach et al., 1988). Interestingly, in comparison to CD28, CTLA-4 

maintained higher affinity for CD80/CD86 establishing the concept of CTLA-4 

outcompeting CD28 to bind co-stimulatory molecules (Linsley et al., 1991). Unlike 

CD28 which is expressed on the cell surface, CTLA-4 remains in the intracellular 

compartment and, upon T cell activation, is translocated to the cell membrane where it 

binds co-stimulatory molecules (Sansom, 2000). Once ligated, CTLA-4 inhibits T cell 

activation by removing co-stimulatory molecules from APC cell surfaces by trans-

endocytosis (Chuang et al., 2008; Sansom, 2000; Schmidt et al., 2012). This response is 

believed to correlate with the level of TCR binding, with stronger TCR binding 

increasing the levels of CTLA-4 expressed on the cell surface (Egen and Allison, 2002). 

The negative signals provided by CTLA-4 interaction induce a state of anergy, but 

unlike conventional anergy, the state of unresponsiveness introduced by CTLA-4 

function cannot be reversed with the presence of IL-2 (Carreno et al., 2000; Wells et al., 

2001). 

 

Knockout and blockade studies have further highlighted the importance of CTLA-4 in 

regulating immune responses as the lack of CTLA-4 promoted autoimmunity, 

lymphoproliferative disease and inflammation in multiple organs (Takahashi et al., 

2000; Tivol et al., 1995; Waterhouse et al., 1995). The heightened inflammatory 

processes seen in these studies is associated with the excessive stimulation by 

CD80/CD86 and CD28 interactions. Deletions or blockade of CD28 can negate the 

effects seen when only CTLA-4 is no longer present. Further to this, in humans, 

mutations within exon 1 of the CTLA-4 gene are linked to the onset of autosomal 

dominant immune dysregulation syndrome (Schubert et al., 2014). The immune-

pathology exhibited in these patients is similar to that reported in CTLA-4 knockout 

mice and IPEX syndrome in which Treg production is diminished (Fontenot et al., 

2003; Khattri et al., 2003; Schubert et al., 2014). 

 

Mechanistically, CTLA-4 is believed to conduct its functions by altering intracellular 

signalling pathways. However, which signalling pathways are affected by CTLA-4 

remains unclear. The ability of CTLA-4 to alter PI3K signalling has been mentioned as 

a potential method to attenuate T cell activation, but he opposite is also shown and PI3K 
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is not altered (Carreno et al., 2000; Hu et al., 2001; Stein et al., 1994). Similarly, the 

role of CTLA-4 in phosphorylating CD3ζ and ZAP-70 has also been cited yet remains 

controversial (Guntermann and Alexander, 2002). Irrespective of this, it cannot be 

ignored that CTLA-4 plays a major role in negatively regulating T cell responses and is 

a mechanism employed by Treg cells to promote tolerance.   

 

In cancer therapies, targeting of CTLA-4 has been advantageous in maintaining an anti-

tumour response, part of which correlates with decreased Treg numbers (Buchbinder 

and Desai, 2016; Hannani et al., 2015; Yano et al., 2014). Selective blockade of CTLA-

4 with the monoclonal antibody ipilimumab has been successful in the treatment of 

melanoma and prostate cancer patients (Cabel et al., 2017; Fellner, 2012). The increased 

presence of Treg type cells within the tumour microenvironment prevents cytotoxic T 

lymphocytes from establishing an anti-tumour response, this is partially attributed to the 

increased expression of CTLA-4 on tumour specific Tregs (Chaudhary and Elkord, 

2016; Tanaka and Sakaguchi, 2017). Blockade of this molecule helps restore co-

stimulatory signals to activate T cells towards tumour specific antigens. 

 

With specific regards to the dominance of CTLA-4 in Treg based immunosuppression, 

discrepancies remain in the literature as studies have shown a lack of change in Treg 

function following CTLA-4 blockade (Baecher-Allan et al., 2001; Tran et al., 2009b). In 

contrast to this, others have mentioned complete abrogation of Treg function when 

CTLA-4 is not available (Klocke et al., 2016; Schmidt et al., 2009; Sojka et al., 2009). 

Considering the multiple mechanism employed by Tregs, it is plausible to assume that 

other suppressive mechanisms may have an increased capacity to compensate for 

CTLA-4 abrogation.  

 

More recently, it has been suggested that ablation of CTLA-4+ Tregs offers protection 

against EAE in mice (Paterson et al., 2015). The lack of CTLA-4 increased expansion 

of mature Tregs that enabled increases in inhibitory cytokine production (Paterson et al., 

2015). This differs from a previous study which highlighted the protective role observed 

by CTLA-4 interaction (Hurwitz et al., 2002). However, Paterson proposes that CTLA-

4 may play a role in the selection of Tregs in the thymus and to limit their expansion, 

but when CTLA-4 is ablated in adult Tregs, their numbers are further enhanced and 
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other suppressive functions serve to induce an anti-inflammatory state to prevent EAE 

(Paterson et al., 2015).  

	

1.7.2 CD25 

 

The expression of CD25 is essential to Treg characterisation. As mentioned, CD25 is 

the high affinity α-receptor of IL-2. Expression of CD25 on Treg surfaces indicates their 

dependency on IL-2 to survive, but this also serves as an important suppressive 

mechanism. Upon Tcon activation IL-2 is produced and acts in an autocrine manner 

(Zhang and An, 2007). Ligation of IL-2 receptors activated the PKB pathway generates 

anti-apoptotic signals to promote T cell survival (Schmidt et al., 2012). As CD25 is a 

high affinity receptor from IL-2, Tregs can outcompete CD4+CD25- T cells from 

receiving IL-2 (Vignali, 2012). Thus, Tregs can deplete IL-2 for Tcons to limit their 

proliferation. (Schmidt et al., 2012; Sojka et al., 2008).  

 

1.7.3 TGF-β 

 

T cell differentiation is dependent upon the activation of T cells and the local 

environment. Generally, the outcome of effector cell responses is the production of 

cytokines that are capable of acting on cells and tissue in an autocrine, paracrine and 

endocrine manner (Zhang and An, 2007). An array of cytokine receptors are expressed 

on T cells, which upon ligation can activate several signalling pathways associated to T 

cell effector functions. 

Cytokines are important in immune responses and are also a potent mechanism utilised 

by Tregs to promote tolerance (Schmidt et al., 2012). The production and secretion of 

inhibitory cytokines, TGF-β, IL-10 and IL-35 is synonymous with regulatory cell types. 

TGF-β is a pleiotropic cytokine involved in many biological processes, within and 

beyond the immune system, including: embryogenesis, fibrosis, tissue repair and cell 

differentiation (Meng et al., 2016; Penn et al., 2012; Watabe and Miyazono, 2009; 

Yoshimura and Muto, 2011). There are several members belonging to the TGF-β 

superfamily, with TGF-β1 being the most predominant variant, that is associated with 

Treg differentiation and a method of Tregs suppression (Dardalhon et al., 2008).  
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TGF-β1 is a homodimer that is constitutively associated with latency-associated peptide 

(LAP) to keep it in an inactive form. Upon activation, LAP is degraded by protease 

activity enabling the active form of TGF-β1 to ligate TGF-β receptors (Tran, 2012). 

There are 3 types of TGF-β receptors, which are constitutively expressed on multiple 

cell types. TGF-β1 mainly acts on type-II and type-III receptor variants resulting the in 

the activation of downstream signalling cascades to turn on/off target genes (Heldin et 

al., 1997; Taylor et al., 2006; Tran, 2012). In Treg mediated suppression, TGF-β1 can 

inhibit the proliferation of T cells and B cells; moreover, it can prevent the maturation 

of DCs and macrophages thus limiting their ability to activate T cells (Geissmann et al., 

1999; Gros et al., 2008; Ramalingam et al., 2012; Rastad and Green, 2016; Ronger-

Savle et al., 2005). 

 

The involvement of TGF-β1 in suppressive mechanisms was originally shown by 

Nakamura et al., as blockade of TGF-β1 restricted Treg function (Nakamura et al., 

2001; Tran, 2012). Similarly, in a colitis model, the blockade of TGF-β exacerbated the 

disease, with the lack of Treg produced TGF-β contributing to this outcome (Liu et al., 

2003; Taylor et al., 2006). In contrast to these findings, the opposite has also been 

reported, with Tregs isolated from TGF-β knockout mice offering similar suppressive 

function in in vitro assays as wild type Tregs (Piccirillo et al., 2002). This further 

supports the notion of Tregs utilising multiple mechanisms to suppress target cells, with 

the ability to use alternative mechanisms when others are ablated (Tran, 2012).   

 

In addition to the mechanistic properties, TGF-β is also involved in the development of 

Tregs and the stabilisation of FoxP3 (Marie et al., 2005). Tone et al demonstrated the 

use of TGF-β to activate Smad3 and NFAT transcription factors which interact with 

enhancer regions on the FoxP3 gene (Tone et al., 2008). This ability of TGF-β is 

important in promoting peripheral tolerance, as it enables the conversion of non-

regulatory CD4+CD25-FoxP3- Tcons to Tregs (Fu et al., 2004). Tregs generated in the 

periphery are vital in regulating pathogenic responses and pro-inflammatory processes 

(Yadav et al., 2013). Details of the different types of Tregs are summarised chapter 1.6. 
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1.7.4 IL-10 

 

IL-10 inhibits the proliferation and release of effector cytokines from effector T cells 

(Taylor et al., 2006). This cytokine is also involved in the induction of anergy, another 

mechanism by which tolerance is achieved (Akdis and Blaser, 1999; D'Amico et al., 

2004). Initial evidence of IL-10 acting in a regulatory capacity was determined through 

IL-10 treatment in mice, resulting in diminished allergen specific T cell responses 

(Akdis and Blaser, 1999). Furthermore, IL-10 releasing Tregs provided increased 

protection against colitis and EAE (de Kouchkovsky et al., 2013; Keubler et al., 2015; 

Mottet et al., 2003; Uhlig et al., 2006).  

 

This protective role of IL-10 is also seen in humans as deficiencies in IL-10 or its 

receptors contributes to the pathogenesis of inflammatory bowel disease (IBD) (Glocker 

et al., 2009; Schmidt et al., 2012; Shouval et al., 2016). Further to this, a meta-analysis 

study of diabetes mellitus highlighted decreased levels of Tregs and serum IL-10 in 

patients presenting with complications compared to those without, therefore showing 

the importance of IL-10 production by as well as acting on Tregs in preventing 

autoimmunity (Qiao et al., 2016a; Qiao et al., 2016b). In transplantation, IL-10 released 

by neutrophils can promote Treg activation to suppress acute graft versus host disease 

(aGvHD) (Perobelli et al., 2016). 

 

Interestingly, IL-10 deficient Tregs still maintain comparable suppressive capacity to 

wild type Tregs. Pillai et al demonstrated how Tregs unable to produce IL-10, 

compensated for this by producing and releasing TRAIL (TNF-related apoptosis-

inducing ligand), which inhibits Tcon proliferation and mediates apoptosis in target 

cells (Pillai et al., 2007). This once again provides evidence to support the multi-

functions employed by Tregs to suppress their target cells.    

 

1.7.5 IL-35 

 

IL-35 is a member of the IL-12 cytokine family, involved in counteracting inflammation 

and playing a role in T helper cell differentiation (Schmidt et al., 2012). One of the 

methods by which IL-35 can limit inflammation is via the induction of a Treg type 

phenotype from CD4+CD25- T cells in the periphery (Collison et al., 2010; Collison et 
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al., 2007; Whitehead et al., 2012). Like TGF-β and IL-10, stimulation of murine or adult 

CD4+CD25- T cells in the presence of IL-35 gives rise to an inducible Treg population, 

but these cells remain deficient in FoxP3 expression (Collison et al., 2010). In 

rheumatoid arthritis (RA) patients, IL-35 has been an effective treatment option to 

manage the disease (Nakano et al., 2015). It is likely that the effectiveness of IL-35 

therapy in RA patients is linked to the inducible capacity of this cytokine to enhance 

Treg presence (Wu et al., 2016). 

 

Beyond the capacity of this cytokine to induce a Treg like phenotype, naturally 

occurring murine Tregs can secrete IL-35 to prevent effector cell proliferation (Schmidt 

et al., 2012). In murine IBD models, although blockade of IL-35 fails to exacerbate or 

accelerate disease, Treg function is lowered (Bardel et al., 2008; Collison et al., 2007). 

This could highlight that deficiencies in IL-35 are compensated by other suppressive 

mechanisms. Moreover, Tregs unable to produce IL-35 have also been shown to 

suppress their targets via the production of TRAIL (Pillai et al., 2011). The presence of 

a Treg population in humans producing IL-35 remains unclear. The secretion of IL-35 

by human Tregs remains controversial but there is suggestion that long term activation 

of adult Tregs become dependent upon IL-35, however this once again could be 

associated with inducible Tregs developed from IL-35 (Collison et al., 2010).  

 

1.7.6 Contact mediated suppression 

 

In addition to cytokine production, contact mediated suppression is another mechanism 

used by Tregs. Studies summarised by Schmidt et al. and Sojka et al. indicated 

suppression to occur in a time dependent manner, primarily when Tregs are in direct 

contact with Tcons (Schmidt et al., 2012; Sojka and Fowell, 2011). Channels are 

formed between Tregs and their respective targets, enabling them to lyse Tcons and 

APCs via the release of factors such as granzyme and perforin (Cao et al., 2007; 

Schmidt et al., 2012). The separation of Tregs and Tcons using a semi-permeable 

membrane during in vitro assays is reported to inhibit Treg suppression, thus indicating 

the importance for Tregs to maintain contact with respective target cells (Tsaknaridis et 

al., 2003).  
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1.7.7 cAMP 

 

Once activated, Tregs up-regulate the formation of cyclic adenosine 3’,5’-

monophosphate (cAMP), by using adenylate cyclases to convert adenosine triphosphate 

(ATP) to cAMP. This acts a secondary messenger to activate the protein kinase A 

(PKA) signalling pathway (Rueda et al., 2016). Gap junctions are formed between 

Tregs and Tcons allowing for the transfer of cAMP into Tcons (Bopp et al., 2007; 

Fonseca et al., 2006). In turn, the activation of PKA pathway can induce the generation 

of ICER (induced cAMP early repressor) to alter IL-2 transcription, preventing T cell 

survival and proliferation (Guereschi et al., 2013; Vaeth et al., 2011; Vang et al., 2013). 

The use of gap junction inhibitors and cAMP blockade have been shown to reduce Treg 

suppression (Bopp et al., 2007; Kuczma et al., 2015). In addition, analysis of FoxP3 

target genes by Zheng et al identified PDE3b phosphodiesterase, used to minimise the 

breakdown of cAMP, to be under the control of the FoxP3 gene, therefore enabling 

Tregs to accumulate cAMP and transfer them to Tcons (Zheng et al., 2007b). cAMP is 

also beneficial in Treg suppression of APCs, as activation of the PKA pathway can 

down-regulate co-stimulatory molecules or alter APC migration to prevent Tcon 

activation (Riccomi et al., 2016; Ring et al., 2015; Schmidt et al., 2012). It has recently 

been highlighted that CTLA-4 and cAMP are the main mechanisms used in neonatal 

Tregs compared to adult Tregs (Rueda et al., 2016). 

 

1.7.8 CD39/CD73 

 

Tregs can generate adenosine by the sequential use of the ectonucleotidases CD39 and 

CD73 (Borsellino et al., 2007). The primary function of CD39/CD73 is to produce 

adenosine by hydrolysing ATP and adenosine diphosphate (ADP). In terms of 

expression, CD39/CD73 are found on total murine Tregs whilst up to 50% of human 

Tregs are CD39+ (Dwyer et al., 2010; Rueda et al., 2016). Borsellino et al identified the 

expression of CD39 in CD4+CD25+FoxP3+ Tregs, and highlighted the reduced 

expression of this marker in multiple sclerosis patients (Borsellino et al., 2007). 

Similarly, resistance to low dose methotrexate treatment in RA patients with reduced 

levels of adenosine is believed to correlate with the lower levels of CD39 expression in 

Tregs (Peres et al., 2015).  
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The breakdown of ATP and AMP to adenosine is another mechanism by which Tregs 

suppress. Adenosine acts on respective receptors such as A2aR (adenosine receptor 2a) 

to inhibit the production of pro-inflammatory cytokines, preventing Tcon proliferation 

and DC maturation (Baameur et al., 2010; Lopez-Abente et al., 2016; Scheibner et al., 

2009). Binding of adenosine to complementary receptors also enables the accumulation 

of cAMP in target cells that, as previously described, can minimise Tcon effector 

function (Schmidt et al., 2012). The main use of CD39 in Tregs was associated with 

promoting an anti-inflammatory environment. However, recent data suggests that CD39 

can also identify highly stable Treg subsets as CD39 deficient Tregs showed gradual 

loss of FoxP3 over time in an inflammatory environment (Gu et al., 2016). It has also 

been indicated that CD4+CD25hiFoxP3+CD39+CD45RO+ cells represent an effector 

Treg population that offer greater suppressive function compared to CD39- Tregs (Ye et 

al., 2016). The expression of CD39 and CD73 is not limited to Tregs as Bregs can also 

supress T cell responses via various mechanisms with one of the routes involving 

generation of adenosine via CD39 and CD73 (Saze et al., 2013). 
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Figure 1.4: Mechanisms of suppression. Diagram highlighting some of the 

mechanisms employed by Tregs. Tregs suppress T cells, B cells and APCs, the 

production of cytokines; direct cell-cell mediated contact, by CTLA-4 and other cell 

receptors, by the transfer of cytotoxic granules and cAMP.   
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1.8	Markers	of	Identification	

 

The immunoregulatory capacity of Tregs has been of high interest to clinical application 

of this population. Several studies focusing on Tregs have aimed to improve the 

characterisation of these cells beyond the basic CD4+CD25+FoxP3+ phenotype. This has 

been key to understanding mechanisms Tregs use and their dependency on these. As a 

result of such studies, an exhaustive list of Treg markers has been generated. However, 

several contradictions arise in these findings, part of which is related to the origin of 

examined cells. Murine and human Tregs have similar function, but certain markers are 

expressed differently and thus their use in murine studies may be different in human 

Tregs. Table 1.1 summarises some of the markers that have been identified on Tregs 

and their function. 
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Table 1.1 – Treg markers 
Marker Function Expression  Reference 

FoxP3 Part of the fork head box family of transcription factors. Essential to immunoregulation. Deletion 
or mutation in FoxP3 results in scurfy in mice or IPEX syndrome in humans. FoxP3 mutations 
present with diminished Treg numbers and function. In humans, FoxP3 is believed to contribute to 
Treg development and function but is not the sole transcription factor in this process. FoxP3 
expression is still widely regarded as the 'standard' in verifying Treg purity upon isolation. 

Expressed on all tTreg. iTreg 
subsets exist which do not 
express FoxP3. 

(Fontenot et al., 2003; 
Fontenot et al., 2005; Fu 
et al., 2004; Hori et al., 
2003) 

HELIOS Transcription factor, Ikaros family member. Plays a role in Treg survival, differentiation and 
function. Initially identified to distinguish tTregs from iTregs, but naïve Tregs are Helios-. Helios+ 
and Helios- Tregs have similar functional capacity but Helios+ cells produce IFN-γ. However, the 
converse has also been identified with Helios- Tregs providing reduced suppression.  

60-70% of Tregs in humans (Elkord et al., 2015; 
Himmel et al., 2013; 
Sebastian et al., 2016)  

LAG-3 Transmembrane protein, found in different T cell subsets. Involved in T cell homeostasis. 
Associated with CD4+CD25highFoxP3+ population, functions in a contact depend suppression. 

All Tregs upon activation (Camisaschi et al., 2010; 
Huang et al., 2004) 

RUNX Transcription factor. RUNX1 blockade results in autoimmune lymphoproliferative disease. 
Required in the attenuation of FoxP3 and production of IL-4. Also represses cytokine genes in 
Tcons to maintain quiescence. Not restricted to Tregs, up regulated in CD4+ T cells in IBD 
associated with enhancing RORγt expression to promote Th17 cells. 

All (Kitoh et al., 2009; 
Tosiek et al., 2016; 
Wong et al., 2012)  

CD39 Ectonucleotidase, used in the hydrolysis of ATP to ADP. Role in inflammatory cytokine inhibition 
and preventing Tcon activation/ proliferation. 

50% of Tregs   (Borsellino et al., 2007; 
Dwyer et al., 2010; 
Kunzli et al., 2011) 

Neuropillin-1 
(Nrp-1) 

Transmembrane glycoprotein. highlighted as a potential surface marker with high expression levels 
on tTregs. Used to distinguish between tTreg and iTreg cells. Acts as a co-receptor for multiple 
extracellular ligands including vascular endothelial growth factor (VEGF)/ semaphorins/ TGF 
family members. Promotes cell survival and migration. Nrp-1 mediates the infiltration of Tregs 
into tumour sites, but Nrp-1 levels decreased in IL-10-/- mice. Blockade of Nrp-1 enhances 
Th1/Th17 production. Expression on human Tregs is controversial, identified on FoxP3 Tcons 
upon activation.  

Murine Tregs  
(Chaudhary et al., 2014; 
Milpied et al., 2009; 
Wang et al., 2016; 
Yadav et al., 2012)  
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TNFR2 Surface receptor for TNF. Compared to the pro-inflammatory TNFR1 receptor, TNFR2 lacks a 
death domain and expression is limited to lymphocytes. Identified as a potential effector 
mechanism employed by Tregs as soluble TNFR2 can prevent Tcon activation. Presence on Tregs 
believed to associate with the use of TNF to activate Tregs in inflammatory conditions to enable 
localised expansion of Tregs. Synergistic effect with IL-2 to ensure survival and proliferation of 
Tregs under certain conditions. TNFR2 deficient Tregs show reduced function compared to 
TNFR2+ Tregs. 

Humans: >90% of FoxP3+ 
cells. Murine: >80% of 
FoxP3+ cells 

(Aggarwal, 2003; Chen 
et al., 2007b; Chen et al., 
2010; Chen et al., 2008b) 

LAP Latency associated peptide (LAP) keeps TGF-β in an inactive state. Expressed on cell surface, used 
in TGF-β mediated cell-cell contact based suppression.  

 Variable expression  (Chen et al., 2008a) 

CD127 Surface marker, alpha-chain of the IL-7 receptor. Activates JAK/STAT signalling, also essential in 
VDJ recombination of TCR in developing thymocytes. Incorporated into Treg phenotype to 
distinguish effector T cells from Tregs. CD127low/- correlate with highest levels of FoxP3 
expression.   

Low or negative expression (Liu et al., 2006; Seddiki 
et al., 2006; Yu et al., 
2012) 

GARP Glycoprotein A Repetitions Predominant (GARP)/ LRRC32.  Cell surface molecule. 100-fold 
greater expression on the surface of tTregs compared to Tcons. Rapidly up regulated in tTreg 
activation but absent in resting population. Gene transfer of GARP into Tcons provided partial 
suppressive phenotype whilst GARP knockout showed reduced Treg function. Down regulation of 
FoxP3 does not effect GARP expression and GARP+ cells still suppressed Tcon activation, 
therefore GARP may be independent of FoxP3 gene control. GARP anchors TGF-β complex to 
cell surface. 

 Variable expression (Stockis et al., 2009; 
Tran et al., 2009a; Wang 
et al., 2009b; Wang et 
al., 2008)  

GITR Glucocorticoid-induced tumour necrosis factor receptor (GITR). Predominately expressed on 
tTregs and iTregs. Benefit of GITR remains unclear in Tregs. Initial evidence indicated GITR 
signalling in murine Tregs enabled suppression. But subsequent findings indicate GITR signalling 
to promote proliferation of Tcons. Therefore GITR was believed to aid in Treg proliferation.    

Non-exclusive, found on 
Tcons and Tregs 

(McHugh et al., 2002; 
Shimizu et al., 2002; 
Stephens et al., 2004) 
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1.9	Isolation	

 

To study Tregs and exploit their suppressive function, the isolation of Tregs is essential. 

The immunoregulatory function offered by Tregs makes them a desirable treatment 

option for clinical use. Early studies highlighted the significance of FoxP3 in Treg 

function, but as a transcription factor, this marker cannot be used to discriminate 

between Tregs and Tcons (Sakaguchi et al., 1995; Sakaguchi et al., 2009). In murine 

models, the isolation of purified Treg cells can be simplified by means of genetic 

modification (van Loosdregt et al., 2013; Zhou et al., 2010). For example, the ability to 

place a fluorescent reporter gene (eg green fluorescent protein, GFP)  under the control 

of the FoxP3 promoter can allow for direct sorting of a pure Treg population using flow 

cytometric cell sorting (FACS) (Zhou et al., 2010).  

 

In humans, this approach may not be suitable due to the potential uptake and 

presentation of GFP derived peptides leading to an immune response towards them 

(Stripecke et al., 1999). Furthermore, the toxicity, immunogenicity and stability of 

fluorescent proteins needs to be evaluated prior to their use in humans (Ansari et al., 

2016). Therefore, current isolation methods are limited to the use of cell surface 

markers. At present, majority of studies conducted have utilised CD25 and low 

expression of CD127 to select Tregs, with FoxP3 expression determined post-isolation 

to confirm Treg purity (Yu et al., 2012). However, as previously mentioned, CD25 and 

FoxP3 are both susceptible to increases upon Tcon activation, which results in 

contaminated Treg preparations (Corthay, 2009). 

 

Currently, human Tregs are isolated using 2 main methods. They can be isolated from 

peripheral blood mononuclear cells (PBMC) using magnetic beads. This enables the 

selection of desired populations based on magnetic columns to positively or negatively 

select cells. Although successful, this method can allow for contaminants to enter Treg 

preparations, but due to the relative cost of reagents and ease of use, magnetic based 

systems are commonly used to isolate Tregs (Hoffmann et al., 2006a). Present clinical 

strategies for Treg immunotherapy depend on magnetic bead based isolation using the 

clinically approved magnetic based sorting system, CliniMACS and clinical grade 

reagents. This approach enriches for CD4+ T cells co-expressing CD25, but irrespective 

of the existence of clinical grade anti-CD127 beads, the costs and issues associated with 
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strictly isolating CD127low cells means that CD127 based selection is not routinely 

incorporated in the CliniMACS protocol.  The second method is FACS, cells are pre-

labelled with fluorescent monoclonal antibodies for surface markers of the populations 

of interest. The level of expression intensity can allow stringent selection of cell 

populations, including CD25high cells and ensuring discrimination of CD127+ cells. 

 

Due to the limited quantities of Tregs available (1-10% of the total CD4+ T cell 

compartment), ex-vivo manipulation is required to increase cell numbers (Baecher-

Allan et al., 2001). Expansion protocols stimulate Tregs to proliferate in culture to 

generate numbers sufficient for further use (Earle et al., 2005). Besides improving cell 

numbers, it remains important to maintain a purified and stable population (Barbi et al., 

2014). Early expansion studies demonstrated the efficiency of protocols to stimulate 

Tregs with significant enhancements in cell numbers (Chai et al., 2008; Hoffmann et al., 

2009). Unfortunately, with repeated stimulation and the increased possibility of effector 

T cell outgrowth; FoxP3 expression is lost, which correlates with diminished Treg 

function and increased production of pro-inflammatory cytokines (Hoffmann et al., 

2009; Singer et al., 2014). Such changes may cause unwanted effects in patients and 

exacerbate disease. The loss of Treg function following several rounds of expansion has 

been linked to the presence and subsequent outgrowth of activated effector T cells 

(Hippen et al., 2011b; Vogtenhuber et al., 2008). These can induce phenotype switching 

of Tregs into Th1/Th17 cells that further drive inflammation. 

 

To prevent effector T cell contamination, the selection of naïve Tregs has been 

suggested (Fritzsching et al., 2006; Hoffmann et al., 2006b). As effector T cells 

maintain an activated phenotype, they are devoid of CD45RA expression and instead 

are CD45RO+. By selecting CD4+CD25+ T expressing CD45RA, the presence of 

activated effector T cells is minimised. However, as stressed, Tregs are a limited 

population. Thus starting cell numbers are further reduced when only selecting naïve 

Tregs. 

 

In order to curtail effector cell contamination and promote Treg presence RAPA has 

been incorporated in Treg cultures (Hester et al., 2012). RAPA is a drug frequently 

provided to transplant recipients to prevent graft rejection (Blazar et al., 1994). It 

functions by inhibiting the mTOR (mechanistic target of rapamycin) pathway, which, is 
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involved in regulating T cell homeostasis, fate and proliferation (Hara et al., 2002). The 

use of RAPA suggests that it preferentially inhibits mTOR activity in Tcons and not 

Tregs thus enabling selective survival of Tregs (Shin et al., 2011). mTOR is a conserved 

serine/ threonine kinase that is activated upon TCR ligation and co-stimulation as well 

as through cytokines and growth factors (Chi, 2012). Generally, this pathway remains 

inhibited by the action of GTPase-activating proteins, but upon stimulation; PI3K-PKB 

signalling is induced and phosphorylates GTPases to inactivate them (Chapman and 

Chi, 2014; Liu et al., 2015). The resultant activation of mTOR facilitates sequential 

activation of multiple downstream signalling pathways via mTOR protein complexes, 

mTORC1 and mTORC2 to enable T cell differentiation, growth and survival (Chapman 

and Chi, 2014).  

 

Initially RAPA was shown to enhance the tolerogenic effect of Tregs, by increasing 

their effector function (Battaglia et al., 2006b). mTOR deficient models highlighted a 

lower number of Th1/Th2/Th17 cells in circulation with an increase in Treg presence 

(Delgoffe et al., 2009; Raich-Regue et al., 2015). These findings indicated that Tcons 

are dependent on mTOR activation whilst Tregs are not. But, Tregs also utilise the 

mTOR pathway, with Chapman and Chi suggesting mTORC1 proteins are used in 

Tregs to initiate lipid biosynthesis and cholesterol metabolism to induce Treg 

proliferation (Anderson and Roche, 2015; Chapman and Chi, 2014; Delgoffe et al., 

2009). Moreover, they propose that mTOR activation also up-regulates CTLA-4 

expression in Tregs. It becomes apparent that mTOR pathway activity is different in 

Tcons and Tregs, with the method of activation also differing in both cell types. More 

recent findings suggest that the mTOR pathway is blocked in Tregs due to the excessive 

production of ceramide that prevent the phosphorylation of protein phosphatase 2A 

(PP2A) which is required for mTOR activation (Apostolidis et al., 2016; Delgoffe, 

2016). This could indicate that different signals or stronger signalling are required to 

overcome this inhibition in Tregs and initiate their proliferation, thus enabling RAPA 

use to preferentially promote Treg survival whilst inhibiting Tcons.  

 

The inclusion of RAPA in cultures, improves Treg purity by reducing effector T cell 

contaminantion. Interestingly, it has also been indicated that the short-term culturing of 

cells such as mesenchymal stem cells, fibroblasts and APCs with RAPA enabled them 

to suppress the stimulation of non-RAPA treated Tcons (Girdlestone et al., 2015). This 
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proposes that several cell types take up RAPA and release it at sites of migration. This 

suggests that the presence of RAPA may improve Treg suppression through the release 

of the drug at sites of migration in addition to eliminating Tcons. 

	

1.10	Treg	expansion	

 

There are two primary routes used to stimulate and expand Tregs. Generating a vast 

population of Tregs that maintain a wide array of TCR specificities involves stimulation 

of the total Treg pool. This is conducted in an antigen independent system whereby anti-

CD3 antibodies ligate and activate the TCR-CD3 complex, with provision of anti-CD28 

antibodies to provide the necessary co-stimulatory signals to mimic T cell activation 

(Hombach et al., 2007; Putnam et al., 2009). Due to the lack of specific antigen in this 

system, the arising population is polyclonal as all cells respond to the stimulus and 

expand.  

 

Polyclonal stimulation can be attained with different methods. Several studies have 

utilised magnetic nanoparticles coated with anti-CD3/CD28 antibodies (Asanuma et al., 

2011; Chai et al., 2008; Hippen et al., 2008; Hippen et al., 2011b; Hoffmann et al., 

2009; Landwehr-Kenzel et al., 2014; Lin et al., 2014; Putnam et al., 2009; Veerapathran 

et al., 2011). At the end of the stimulation cycle, magnetic columns can be used to 

remove nano-particles from culture. Similarly, plate bound anti-CD3 and soluble anti-

CD28 has also been used and T cells are co-cultured in their presence (Singh et al., 

2010; Smyk-Pearson et al., 2008; Vogtenhuber et al., 2008).  

 

A third method of providing polyclonal stimulation is using artificial APCs (aAPC). 

These cells have been effective in expanding Tcons, to a greater extent, than antibody 

coated beads (Maus et al., 2002; Thomas et al., 2002). aAPC lines can be deficient in 

HLA expression but express or can be pre-labelled with anti-CD3 and co-stimulatory 

molecules and co-cultured with Tregs. Studies thus far have reported greater expansion 

rates with aAPC compared to beads (Hippen et al., 2008; Putnam et al., 2013; Riley et 

al., 2009).  

 

The second route of stimulation is achieved by using APCs loaded with peptide antigen 

in the context of HLA-class II molecules. In this setting, the population expanded will 
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be selective, as only cells bearing complementary TCRs to the presented pHLA 

complex will be stimulated. Compared to polyclonal stimulation, the numbers obtained 

following antigen specific stimulation are lower, but the specificity of these cells is 

greater (Peters et al., 2008a; Sagoo et al., 2011). Both methods have been used to 

expand Tregs. Table 1.2 outlines some Treg expansion studies indicating the method 

and rate of expansion. 
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Table 1.2 – Treg expansion studies 

Author Treg isolation Method of expansion Fold expansion Details References 

Golovina et al. Tregs isolated from 
PBMC using magnetic 
cell sorting. CD4+ T 
cells initially isolated 
from PBMCs followed 
removal of CD127+ 
cells by positive 
selection. CD4+CD127- 
fraction used to isolate 
CD25+ T cells. 

K562 aAPC expressing CD32 and 
CD64 irradiated and loaded with anti-
CD3 and anti-CD28 before being added 
to Treg cultures in a 1:2 ratio. RAPA 
added at start of culture with IL-2 
introduced at day 2. 

>1000 Study identified the significance of CD28 in Treg 
expansion. Only 60-85% of isolated cells contained 
FoxP3. Yet expansion provided enriched FoxP3 
population. Greater efficiency in expansion when 
aAPCs were used compared to beads. Importance of 
maintaining RAPA in culture to obtain suppressive 
cells post expansion. Non-RAPA cultures lost FoxP3 
expression and Treg function. 

(Golovina et 
al., 2008) 

Hoffmann et al CD25+ cells were 
directly isolated from 
PBMC using magnetic 
beads. CD4+ T cells 
enriched via FACS 
sorting to isolate 
CD4+CD25high cells 
further categorised 
based on CD127 and 
CD45RA expression. 

Plate bound anti-CD3 and anti-CD28 
loaded L929 cells lines. Anti-
CD3/CD28 bead based stimulation was 
conducted in parallel. IL-2 was present 
from start of culture. 

>1000 Identified CD45RA+ Tregs maintain FoxP3 
expression after expansion instead of CD127- Tregs. 
Total starting material had demethylated FoxP3 locus, 
but after repeated stimualtion FoxP3 expression was 
lost. Based on starting purity, concluded excessive 
stimulation results in down-regulation of FoxP3. 

(Hoffmann et 
al., 2009) 

Putman et al. FACS sorting to isolate 
CD4+CD25+CD127lowC
D45RA+ or CD45RO+ 
cells 

Stimulated with anti-CD3/CD28 coated 
microbeads in a 1 bead to 1 Treg ratio 
(1:1) and cultured in the presence of 
RAPA till day 7. IL-2 introduce at day 
2 of culture. 2 rounds of stimulation 
provided, 9 days each. 

With RAPA - 
1,248 ± 930 / 
No RAPA - 
1,532 ± 938.7 

Tregs from T1D patients and healthy controls showed 
equal suppressive function. But after stimulation, 
population of FoxP3+ cells identified that released 
IFN-γ. 

(Putnam et al., 
2009)  
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KL Hippen Initial enrichment of 
CD25 cells from PBMC 
followed by FACS 
sorting to select 
CD4+CD25highCD127- 
cells.  
In parallel, Tregs were 
isolated using GMP 
approved magnetic 
sorting protocol.  

Stimulated with irradiated K562 cell 
lines generated to express CD86 and 
CD64 and then loaded with anti-CD3 
antibody. Added into culture with Treg 
at a 1:1 ratio. RAPA maintained in 
culture and IL-2 introduced at day 2 of 
stimulation. 

5x107 Adult Tregs were expanded following 4 successive 
rounds of stimulation with aAPC cell line. Low levels 
of IFN-γ and IL-2 production in Tregs stimulated with 
aAPC compared to anti-CD3/CD28 microbeads. 
Multiple rounds of stimulation of magnetic sort 
purified Tregs resulted in decreased suppressive 
function although cells exhibited FoxP3 expression. 
Decreased loss of function observed when FACS 
sorted Tregs were used for expansion. 

(Hippen et al., 
2011b) 

Veerapathran 
et al 

CD4+ T cell purified 
from PBMC by 
negative selection with 
magnetic beads. FACS 
sorting used to isolate 
CD25+CD127- cells. 

Tregs were cultured with HLA-
mismatched T cell depleted irradiated 
PBMCs or DCs. Cultures supplemented 
with RAPA, IL-2 and IL-15 
throughout. Treg stimulated for 12 
days. 

>800 Allostimulation of Tregs. Generated population 
suppressed responses in an alloantigen specific 
manner and 100-fold more potent than polyclonal 
expanded Tregs.  

(Veerapathran 
et al., 2011) 

Putnam et al PBMCs FACS sorted 
for 
CD4+CD25+CD127low 
cells 

Tregs expanded using CD40L 
stimulated B cells. Tregs cultured in a 
4:1 ratio in the presence of IL-2. 
Second round of stimulation provided 
at day 11.  

1600 Allostimulated Tregs provided greater potency than 
polyclonal expanded Tregs. Allostimulated 
populations still had a diverse TCR repertoire with 
<7% clonality. 

(Putnam et al., 
2013) 
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1.11	Clinical	relevance	of	Tregs	

 

The detrimental consequence of Treg deficiency or Treg related genetic mutations has 

highlighted the importance of these cells in maintaining immunehomeostasis 

(Gambineri et al., 2003; Gavin et al., 2006). This makes Tregs a population of interest 

for clinical translation. Several studies have indicated the effectiveness of Treg 

intervention in the prevention or management of autoimmunity in diseases such as 

T1DM, system lupus erythematous, RA and multiple sclerosis (Ballantine et al., 2014; 

Bluestone et al., 2015; Fletcher et al., 2010). Further to this, Treg based immunotherapy 

is increasingly being assessed as a treatment option in transplantation. Interestingly, in 

cancer studies, Tregs have an opposite role to that indicated in autoimmunity and 

transplantation. A high presence of iTregs in tumour infiltrates is linked with poor 

clinical prognosis as the suppressive effects of Tregs counteracts the effector functions 

of CD4+ and CD8+ T cells needed to generate an anti-tumour immune response 

(Gallimore and Godkin, 2008; Liu et al., 2007; Shimizu et al., 1999). As a result, 

therapies targeting functional mechanisms employed by Tregs have been effective in 

restoring anti-tumour responses (Hannani et al., 2015; Tanaka and Sakaguchi, 2017). 

Yet, complete Treg ablation is linked with autoimmune onset, therefore even in cancer 

treatment, maintaining a balance of Tregs and effector T cells is necessary.  

 

The work presented in this thesis is primarily related to the potential role of Tregs in 

clinical transplantation.   

	

1.12	Transplantation	

 

The ability to transplant tissues and cells from one individual into another is considered 

gold-standard treatment option for several end stage diseases. For treating some 

haematological genetic disorders and malignancies, allogeneic HSC transplantation 

(alloHSCT) is the front-line treatment option used in patients (Copelan, 2006; Thomas 

et al., 1959). This form of treatment potentially allows the replacement of the host 

immune system with new lymphoid cells generated from transplanted stem cells. 

However, unless depleted from the graft, donor origin T cells can generate an immune 

response towards the transplant recipient (Mattsson et al., 2008).  Although this may 

confer a positive graft versus leukaemia (GvL) effect, a more extensive response can 
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result in GvHD whereby graft derived cells perceive the host to be foreign and thus 

attack host tissue (Ferrara and Deeg, 1991). One of the main aims in transplantation 

research is to develop protocols to prevent the rejection of organs and to ameliorate 

aGvHD. Tregs seem to offer the possibility of developing such protocols.  

 

1.13	Pathways	of	Allorecognition	

 

The onset of GvHD following HSCT or BMT creates a paradox that defies the concept 

of HLA restriction as antigens in the context of non-self HLAs can activate self T cells. 

T cells (CD4+ and CD8+) and other soluble mediators are responsible for the 

pathophysiology seen in GvHD (Afzali et al., 2008). Allorecognition is the term given 

to the phenomenon when T cells from one individual (the donor) are recognising HLA 

molecules from another individual (the recipient). There are 3 main pathways that 

govern this process, these are outlined below.  

 

The first is the direct pathway. In this pathway, donor T cells are activated by recipient 

APCs presenting HLA antigens in the context of self-HLA (Beres and Drobyski, 2013; 

Marino et al., 2016). The mixed lymphocyte reaction (MLR) has historically been used 

as the in vitro correlate, measuring the proliferative response between HLA 

incompatible and genetically different individuals (Bain et al., 1964; Bevan, 1984; 

Boardman et al., 2016). It is believed that 1-10% of T cells are alloresponsive and thus 

capable of interacting with foreign pHLA complexes (Veerapathran et al., 2011). Early 

on post transplantation, the direct pathway is believed to be most effective in driving 

alloreactive T cell responses as donor and recipient cells co-exist within the host 

(Marino et al., 2016). How allogeneic responses are generated by the direct pathway 

remain to be fully ascertained, but 2 models have been proposed, the peptide centric 

model and HLA centric model. 

 

T cell activation is antigen specific and requires the TCR to engage with pHLA 

complexes (Zuniga-Pflucker, 2004). According to the peptide-centric model of direct 

allorecognition, there is greater emphasis on the TCRs interactions with the peptide 

whilst recognising conserved regions of allogeneic HLAs (Afzali et al., 2008). The 

polymorphic nature of HLAs results in variations that alter the range of peptides and 

how they sit in the binding groove as well as altering the regions exposed to the TCR 
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(Sewell, 2012). This leads to the proposal of the multiple binary approach by Matzinger 

and Bevan (Matzinger and Bevan, 1977), they hypothesised that all peptides presented 

by foreign HLA molecules are allogeneic therefore the GvHD response is driven 

towards this range of different antigens. Peptide displacement studies highlighted the 

significance of the peptide in generating an alloresponse (Panina-Bordignon et al., 1991; 

Wang et al., 1998). In one study, T cells clones were developed restricted to HLA-DR1; 

when endogenous peptides bound to the HLA were displaced by HLA-DR1 specific 

hemagglutinin peptides, the majority of T cell clones were no longer able to recognise 

the pHLA complex and proliferate (Eckels et al., 1988; Panina-Bordignon et al., 1991). 

Moreover, removal of the peptide also lowers T cell derived responses, further to this a 

more recent study by Cole et al employed point mutations in the TCR gene and 

established that even if the TCR interacted with HLAs, without peptide interactions T 

cell responses were lower (Cole et al., 2014). 

 

The multiple binary complex proposes peptide specificity is key to alloresponse 

generation. The second model of direct allorecognition, the HLA-centric model, 

emphasises the significance of allogeneic HLAs (Marino et al., 2016). Irrespective of 

conserved regions, being highly polymorphic, differences will exist between self and 

non-self HLAs. If polymorphic changes occur at sites of TCR docking, this could alter 

the way in which self-TCRs interact with non-self HLAs without the TCR maintaining 

significant specificity for the presented peptide (Bevan, 1984). As a result, the entire 

pHLA complex is perceived as foreign, not just the peptide, hence the alloresponse 

generated is directed towards allogeneic HLAs. During T cell generation, TCR are 

selected based on weak affinity for self-pHLA complexes whilst T cells with high 

affinity for self-pHLAs are marked for cell death (Zuniga-Pflucker, 2004). Maintaining 

weak affinity for self-pHLA does not guarantee low affinity towards non-self pHLA, 

certain TCRs may show higher affinity towards non-self HLAs causing vigorous 

alloresponses (Boardman et al., 2016). The HLA-centric model focuses on the high 

determinant density theory where HLAs have a greater role in driving allorecognition 

(Bevan, 1984). Evidence for this model came via the use of HLA mimicking peptides, 

once bound within the peptide binding grove, T cells were no longer able to recognise 

the HLA and response was muted (Schneck et al., 1989). Furthermore, it has been 

shown that T cells can still bind allogeneic HLAs after the antigen has been removed 

from the biding groove, thus highlighting the importance of HLA recognition 
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(Lombardi et al., 1991; Smith et al., 1997; Villadangos et al., 1994). Further support for 

this theory of direct allorecognition arose using point mutations to alter TCR docking 

regions within HLA-DR1 molecules, HLA-DR1 specific T cells failed to respond to 

these concluding that TCR-HLA interactions are essential in response generation 

(Lombardi et al., 1991). 

 

The second pathway of allorecognition is the indirect pathway, in this case recipient T 

cells react or recognise allopeptides presented in the context of self-HLA, similar to the 

pathway used to recognise nominal antigens (Afzali et al., 2008; Marino et al., 2016). 

This pathway is believed to be closely associated with the onset of chronic GvHD 

(cGvHD) (Socie and Ritz, 2014), details of GvHD are outlined in section 1.13. Indirect 

allorecognition occurs upon exhaustion or death of cells expressing class I or class II 

HLAs from the donor, thus allowing these HLAs to be processed and presented in the 

context of self-HLAs by recipient APCs (Hornick et al., 2000).  

 

The third pathway is the semi-direct pathway, in this theory, allogeneic pHLA 

complexes are acquired and incorporated on to recipient APC cell surfaces enabling 

recipient APCs to present antigens via both direct and indirect pathways (Geneugelijk et 

al., 2014; Herrera et al., 2004). This route of allorecognition was proposed as APCs 

such as DCs can transfer pHLA complexes to other DCs and present these to T cells 

(Smyth et al., 2006). A summary of the routes of allorecognition is depicted in figure 

1.5. 

 

To promote long term graft survival in allogeneic transplantation, alloreactive T cells 

needs to be inhibited, this type of tolerance can be provided by Tregs. Tregs are already 

established in promoting tolerance of paternal alloantigens that are expressed by the 

fetus during pregnancy (Ait-Azzouzene et al., 1998; Vacchio and Jiang, 1999). When 

inserted in MLRs, Tregs can suppress alloreactive T cells, thus supporting their use in 

establishing transplant tolerance (Marino et al., 2016). Moreover, depletion of Tregs 

results in accelerated rejection in murine kidney allografts (Miyajima et al., 2011). 

Tregs are selected within the thymus based on their ability to recognise self-antigens, 

but the degree of plasticity within TCR-pHLA interactions enables Tregs to provide 

allograft tolerance (Boardman et al., 2016; Garcia et al., 1998; Smith et al., 2013). For 
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Tregs to target alloresponses, they are subjected to the pathways associated with 

allorecognition similar to conventional alloreactive T cells.   

 

 
 

 
 

 
 

 
 

 

 
 
 
 
 
 
 
Figure 1.5: Pathways of Allorecognition. The direct pathway of allorecognition, 

whereby donor APCs present peptide antigens to recipient T cells (A). Indirect pathway, 

allogeneic donor peptides are processed and presented by recipient APCs to activate 

recipient T cells (B). Semi-direct pathway, recipient APCs acquire and present donor 

HLA molecules on their surface as well as recipient HLA molecules (C). 
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1.14	Graft	versus	host	disease	

 

Despite improved HLA matching, the development of GvHD remains a significant risk 

post HSC transplantation and it is a common cause of transplant related mortality 

(TRM). Irrespective of stringent HLA matching criteria and the supplementation of 

rigorous immunosuppressive therapies, GvHD is still seen in up to 50% of alloHSCT 

recipients (Jacobsohn and Vogelsang, 2007). The acute form of GvHD (aGvHD) 

generally arises within 100 days of transplantation and affects several organs including 

the skin and gut (Beres and Drobyski, 2013). Originally chronic GvHD (cGvHD) was 

believed to occur 100 days post transplantation, but it is increasingly seen prior to this 

mark. cGvHD affects a plethora of organs including: skin, nails, hair, eyes, gut, lung 

and kidney (Socie and Ritz, 2014).    

 

The onset of GvHD is multifactorial, with evidence indicating the pivotal role of donor 

T cells in both aGvHD and cGvHD (Gendelman et al., 2003). Host APCs are activated 

due to tissue damage arising from pre-transplantation conditioning regimes. Amongst 

various stress signals, tissue damage can evoke the production of pro-inflammatory 

cytokines that then recruit APCs to sites of damage and aid in their maturation (Henden 

and Hill, 2015; Hill et al., 1997; Sung and Chao, 2013). Furthermore, innate receptors 

are simultaneously activated to recruit cells including macrophages and phagocytes to 

sites of inflammation which can also exacerbate disease (Hulsdunker and Zeiser, 2015; 

Koyama et al., 2015; Weng et al., 2015).  

 

T cells of donor origin, can be activated by recipient APCs resulting in direct 

allorecognition. The activation of alloreactive T cells results in their proliferation and 

differentiation into effector cells including Th1 and Th17 cells which produce pro-

inflammatory cytokines such as IFN-γ and IL-17 that further drive tissue damage (Socie 

and Ritz, 2014). Murine GvHD models have demonstrated the role of Th1/ Th17 cells 

contributing to aGvHD, whereas Th2 cells are believed to drive cGvHD (Bruggen et al., 

2014; Coghill et al., 2011). But, more recent evidence shows the involvement of pro-

inflammatory Th1/Th17 cells in patients with active cGvHD (Broady et al., 2010; Socie 

and Ritz, 2014). Differentiated effector T cells can home to various secondary lymphoid 

organs to evoke tissue damage, clinically presenting as symptoms of GvHD. In 
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addition, involvement of B cells has also been involved in GvHD models but further 

clarification of their role is required (Patriarca et al., 2006; Sarantopoulos et al., 2015). 

 

To try and reduce the development of aGvHD and ensure successful engraftment, 

several avenues of treatment have been examined. With T cells having a major role in 

GvHD pathogenesis, the use of T cell inhibitors such as Methotrexate and 

cyclophosphamide have been assessed in patients (Huang et al., 2005; Mielcarek et al., 

2016). But these drugs have deleterious side effects and delay immune reconstitution of 

T cells, which is essential to the restoration of host immunity (Socie and Ritz, 2014). 

Additionally, limiting pre-transplant conditioning has also been suggested to reduce the 

heightened presence of pro-inflammatory cytokines and minimise effector T cell 

responses to limit tissue damage (Sung and Chao, 2013).  

 

From the donor side, depleting donor T cells from the graft has been successful in 

reducing aGvHD. This is carried out either by removal of donor T cells ex vivo and/or 

by the selection of CD34+ stem cells and infusing these into patients. Unfortunately, 

although GvHD severity is reduced, an increased risk of graft failure has been identified 

(Champlin et al., 2000; Kernan et al., 1987). The lack of donor T cells, combined with 

total destruction of host immunity, further enhances the susceptibility of opportunistic 

infections that in turn can drive TRM (Sung and Chao, 2013). 

 

As an alternative to the previous treatment avenues, the use of adoptive Treg therapy 

has been proposed for the management of GvHD (Riley et al., 2009; Singer et al., 

2014). Tregs are naturally involved in conferring tolerance against self-antigens as well 

as playing a role in regulating immune responses. Moreover, diminished Treg presence 

is considered a contributor of GvHD pathogenesis (Beres and Drobyski, 2013; Chen et 

al., 2007c). Self-reactive T cells are present in the periphery in cGvHD, this is believed 

to occur due to alloreactive T cells damaging mTEC cells in the thymus and preventing 

Treg generation (Dertschnig et al., 2015; Socie and Ritz, 2014). Restoring tolerance by 

the transfer of Tregs could limit exacerbated GvHD responses, protect organs from 

damage and reduce the adverse effects of allorecognition (Dertschnig et al., 2015). 
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1.15	UCB	Transplantation	

 

The primary source of HSC for transplantation has been adult bone marrow or CD34+ 

mobilised peripheral blood stem cells. But, umbilical cord blood (UCB) is increasingly 

used as an alternative source of stem cells for HSCT (Broxmeyer et al., 1989). 

Broxmeyer et al. highlighted the possibility to use UCB in transplantation, and 

Gluckman and colleagues conducted the first UCB transplant (UCBT) to treat Fanconi’s 

anaemia in a paediatric patient (Broxmeyer et al., 1989; Gluckman et al., 1989). UCB is 

commonly discarded after birth but offers several advantages compared to bone marrow 

transplantation (BMT), one of which is the abundance of rich naïve stem cells with high 

proliferative potential (Ballen et al., 2013).  

 

Following the initial UCBT, Wagner et al. further demonstrated the high engraftment 

rate linked with UCBT when 44 paediatric patients received 1 HLA mismatched UCBT 

from sibling donors (Wagner et al., 1995). The follow up study of these patients 

indicated that less than 5% of recipients showed GvHD symptoms by day 50 post-

transplant, with 1.5 year survival being greater than historical BMT controls (Gluckman 

et al., 1997). Unrelated mismatched (1-3 HLA loci mismatch) UCBT was similarly 

assessed providing evidence that greater HLA disparity between donor and recipient 

was affordable with UCBT compared to BMT (Gluckman et al., 1997; Kurtzberg et al., 

2008; Metheny et al., 2013; Petersdorf et al., 1998). This paved the way for using UCB 

as a source of allogeneic HSC in situations where a fully matched donor is not 

available, with further clinical assessment providing more positive results. 

 

Multiple factors have been attributed to the lower incidence of GvHD in UCBT. One 

such factor is the naïve nature of UCB T cells (Wagner et al., 1996). Moreover, UBC T 

cells show increased polarisation towards an anti-inflammatory phenotype (Kim and 

Broxmeyer, 2011). In comparison, adult T cells are increasingly prone to differentiate 

into pro-inflammatory Th1 cells which potentially exacerbate GvHD (Yang et al., 

2012). Additionally, the presence of MSC and Tregs in UCB has also been attributed to 

the improved engraftment and low GvHD associated with this resource (Tolar et al., 

2009; Tondreau et al., 2005). 
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In comparison to HSC transplantation using BM or peripheral blood stem cells, or solid 

organ transplantation, UCBT is a relatively newer approach. As a result, there is 

substantial work that needs to be conducted to fully understand how UCBT is 

associated with lower GvHD. In addition, there are multiple types of conditioning 

regimens used in patients, these also influence immune reconstitution, engraftment and 

GvHD. Several factors need to be considered in order for transplantation to be 

successful. 

 

1.16	UCB	Treg	

 

One of the hypotheses proposed for the decreased aGvHD outcomes following UCBT is 

the presence of Tregs within the UCB unit (Haller et al., 2008; Porter et al., 2006). 

Being a naive resource, Tregs derived from UCB are expected to maintain a naïve 

phenotype. Due to the lower presence of activated effector T cells compared to APB, 

UCB is an ideal source of Tregs for immunotherapy as it has previously been suggested 

that the selection of naïve Tregs minimises the presence of effector cell contaminants 

(Hoffmann et al., 2006b). Therefore, potentially improving the phenotype and long-term 

stability of Treg cell populations. 

 

Also favouring the use of UCB as a source of Tregs for immunotherapy is the indication 

that adult CD45RA+ T cells may not strictly conform to a naïve phenotype, as CD45RA 

can be upregulated under selective conditions (Seddiki et al., 2006). During T cell 

development, it is believed that positively selected T cells initially express the memory 

marker CD45RO. Upon peripheral emigration, CD45RO expression is down-regulated 

and CD45RA upregulated, but following antigen encounter, cells re-express CD45RO 

(Hamann et al., 1997; Merkenschlager et al., 1988; Seddiki et al., 2006; Vanhecke et al., 

1995). Furthermore, CD45RO+ cell can revert to a CD45RA phenotype upon terminal 

effector cell differentiation (Hamann et al., 1997). The reversion of CD4+ and CD8+ T 

cells to a CD45RA phenotype is increasingly identified in the elderly population and 

linked to persistent viral infections (Di Mitri et al., 2011; Libri et al., 2011; Wills et al., 

2002). Regaining CD45RA expression in differentiated effector memory cells is also 

believed to be a hallmark of senescence (Hoffmann et al., 2015). Due to the limited 

exposure to environmental antigens in utero, UCB derived cells may maintain a greater 

proportion of truly naïve thymic emigrant cells.  
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In addition, the majority of CD4+CD25+ cells present in UCB express high levels of 

CD25 and are a distinct population, compared to adult peripheral blood (APB) 

CD4+CD25+ T cells which include both Tregs and activated T cells (Godfrey et al., 

2005). This is a significant advantage compared to APB Tregs when considering their 

use in immunotherapy, as a purified population of UCB Tregs can be obtained using 

current good manufacturing practise (GMP) protocols (Hippen et al., 2008).  

 

The identification of UCB CD4+CD25+ T cells was originally reported by Paganelli et 

al., they reported CD25+ cells in the absence of HLA-DR in 18-20 week old human 

foetuses (Paganelli et al., 1994). Subsequent studies supported this finding, highlighting 

the high presence of CD4+CD25+FoxP3+ Tregs in secondary foetal lymphoid tissues 

which effectively suppress CD4+CD25- T cells and when depleted, result in foetal T 

cells proliferating against maternal APCs (Aluvihare et al., 2004; Cupedo et al., 2005; 

Michaelsson et al., 2006). This indicated that naturally derived Tregs or those that are 

induced can confer tolerance in the foetal immune system by resisting anti-maternal 

immunogenicity towards maternal cells that cross the placental barrier (Mold et al., 

2008).  

 

However, in contrast to the suppressive function highlighted in the studies above, Wing 

et al showed UCB CD4+CD25+ Tregs provided limited suppression of oligodendrocyte 

glycoprotein even when used in equal numbers to responder cells (Wing et al., 2003). 

The lack of suppressive function seen by Wing et al may be associated to the resting 

phenotype of Tregs. Dissecting CD4+CD25+FoxP3+ Tregs reveals 3 distinct populations 

based on the expression of CD45RA (Miyara et al., 2009). Resting Tregs are defined as 

CD45RA+FoxP3low, whilst activated Tregs are CD45RA-FoxP3high and non-suppressive 

Tregs are CD45RA-FoxP3low cells that produce pro-inflammatory cytokines. Based on 

the study by Miyara et al., UCB Tregs maintain a resting phenotype with low FoxP3 

expression. Interestingly, naïve Tregs can also be identified in APB, however when 

analysed by Valmori et al, these cells maintained FoxP3 levels comparable to 

CD45RO+(CD45RA-)FoxP3+ (Milward et al., 2013; Valmori et al., 2005). This would 

argue that the Tregs seen in UCB are different from naïve APB Tregs and maybe that 

naïve APB Tregs have greater functional capacity compared to UCB. But as resting 

Tregs have a high proliferative potential, it is possible that UCB Tregs may provide 
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improved cell numbers upon expansion than naïve APB Tregs and this this can be 

beneficial in maximising the Treg population for immunotherapy (Milward et al., 2013). 

 

In support of the resting phenotype of UCB Tregs, potent suppressor function has been 

indicated when UCB Tregs are stimulated with anti-CD3/CD28 coated microbeads prior 

to insertion in MLR cultures (Godfrey et al., 2005). Functionally, UCB Tregs expressed 

high levels of CTLA-4 and FoxP3 and were reported to rely on increased TGF-β and 

IL-10 production as a method of suppression (Godfrey et al., 2005). 

 

Although UCB Tregs form a distinct population of CD4+CD25+ T cells with minimal 

presence of effector T cells, the limited quantity of UCB and subsequently Tregs maybe 

a hindrance to their use in immunotherapy. To resolve this, expansion techniques 

(summarised in chapter 1.9) have been utilised to improve Treg numbers. Bead based 

techniques have yielded up to 100-fold expansion in UCB Treg numbers when cultured 

in the presence of IL-2 (Godfrey et al., 2005). IL-15 also acts on the CD25 receptor, but 

was reported to only provide limited expansion of UCB Tregs (Lin et al., 2014). As a 

greater number of Tregs can be obtained from APB, other protocols have been used to 

further boost UCB Treg numbers. Hippen et al showed almost a 300-fold expansion of 

UCB Tregs with aAPCs, this was further enhanced to 1250-fold when aAPCs were 

generated to express OX40 and 4-1BB co-stimulatory molecules (Hippen et al., 2008). 

Moreover, they also demonstrated an enhanced suppressive capacity of these Tregs 

compared to bead expanded subsets (Hippen et al., 2008). 

 

Further championing of UCB Treg use in immunotherapy is their functional advantage 

to APB Tregs. The high proportion of CD45RA+ Tregs in UCB indicates minimal 

effector T cell presence which is associated with outgrowth and dilution of Treg 

function during ex-vivo expansion. This is already an important advantage linked with 

UCB Tregs as non-Treg contaminants can contribute towards and exacerbate GvHD 

severity (Hoffmann et al., 2009). However, UCB Tregs are antigen inexperienced and 

show weak suppressive capacity (Wing et al., 2003). But this is overcome when 

stimulating UCB Tregs prior to testing with their suppressive function exceeding the 

capacity shown by APB Tregs (Godfrey et al., 2005; Li et al., 2005; Lin et al., 2014; Ng 

et al., 2001). 
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Being a limited resource, the absolute numbers of Tregs obtainable from UCB remains 

lower than APB. Regardless of UCB reportedly containing a higher frequency of naïve 

CD25+ cells within the CD4+ compartment, actual cell numbers remain low (Wing et 

al., 2002; Wing et al., 2003). Expansion protocols used to improve cell numbers is often 

done at the loss of the starting naïve phenotype. As a method of enhancing naïve Treg 

numbers for use in therapy, Tregs pooled from multiple UCB units has been assessed. A 

study by Milward et al, identified the approach of pooling Tregs from multiple UCB 

units with functional capacity remaining comparable to freshly isolated APB Tregs 

(Milward et al., 2013). Moreover, there was no significant difference reported in the 

suppressive function of pooled Tregs compared to those from a single allogeneic donor 

with pooled cells effectively controlling graft rejection in a humanised mouse model 

(Milward et al., 2013). Being pooled from multiple units did not compromise Treg 

function but enhanced cell numbers, therefore this approach may be beneficial when 

considering the use of UCB Tregs clinically.  

	

1.17	The	use	of	Tregs	in	immunotherapy	

 

The ability of Tregs to promote tolerance is of significant interest in the management of 

many diseases. As Tregs exist within the immune system and have proven effectiveness 

in guarding against autoimmunity, they have been of high interest for the management 

of diseases. Interestingly, the consideration of using T cells with suppressive capacity 

has been suggested prior to the characterisation of CD4+CD25+ T cells as Tregs. 

Gershon and Kondo demonstrated that T cells helped B cells in antibody mediated 

responses but could also limit them (Gershon and Kondo, 1970). Following on from 

their identification of ‘suppressor T cells’ the clinical potential of these cells was 

realised.  

 

Regarding transplantation, tolerance is believed to be achieved by 2 main routes. 

Dominant tolerance enables cells with suppressive ability to dampen non-tolerant cells, 

whereas, infectious tolerance is when non-tolerant cells can be induced to obtain 

tolerogenic properties to suppress other non-tolerant cells (Gravano and Vignali, 2012). 

Initial evidence of suppressive cells playing a role in transplant tolerance arose from 

experiments by Kilshaw et al., as alloresponses were muted in murine skin grafts when 

lymphoid cells were vaccinated towards donor antigens (Kilshaw et al., 1975). This 
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showed that pre-exposure of donor cells enabled tolerance. The firsts indications of T 

cells in transplant tolerance came via adoptive transfer experiments looking at cardiac 

allografts in rats (Hall et al., 1984). Subsequently it was revealed that CD4+CD45RClow 

T cells were shown to play a protective role against GvHD-like systemic disease and 

autoimmunity and more specifically by cells which also co-expressed CD25 (Hall et al., 

1990; Powrie and Mason, 1990).   

 

Confirmation of infectious tolerance also having an involvement in transplantation 

tolerance arose as the use of non-depleting CD4+ T cell specific monoclonal antibodies 

were able to establish long term tolerance (Qin et al., 1993). Interestingly, this tolerance 

was not broken even upon transfer of untreated naïve CD4+ T cells, this proposed that T 

cells were disabled upon antibody treatment and these cells suppressed the proliferative 

capacity of the newly transferred naïve T cells (Qin et al., 1993). The role of antigen 

specific induction of tolerance was subsequently provided with the belief that a minor 

population of CD4+ T cells survived following antibody treatment and when exposed to 

alloantigens, these cells regulated the response of newly developed CD4+ T cells from 

the thymus (Bushell et al., 1995; Juvet et al., 2014). These discoveries were all 

established prior to the characterisation of CD4+CD25+ cells as Tregs and understanding 

of their role in autoimmune tolerance (Sakaguchi et al., 1995). 

 

As Tregs became a defined cellular population further work was conducted in 

characterising and assessing these cells. The support for Treg use to promote transplant 

tolerance was further encouraged when Tregs were used to manage GvHD in allogeneic 

BMT models (Edinger et al., 2003; Hoffmann et al., 2002; Taylor et al., 2002). 

Moreover, blockade of CTLA-4 and IL-10 was shown to abrogate the ability of donor 

specific Tregs to protect against GvHD (Hara et al., 2001; Kingsley et al., 2002; 

Sanchez-Fueyo et al., 2002). 

 

Several studies have focused on experimental models to examine the efficacy of Tregs 

in the management of both autoimmune diseases and transplantation (Chen et al., 2003; 

Haribhai et al., 2016a; Haribhai et al., 2016b; Klocke et al., 2016; Liu et al., 2003; 

Mottet et al., 2003; Safinia et al., 2013; Sakaguchi et al., 1995; Scotta et al., 2013; 

Shelton et al., 1992; Yao et al., 2015; Zhang et al., 2013). As a similarly suppressive 

CD4+CD25+ Treg popualtion could be isolated from humans, greater strides have been 



Chapter 1 

	

	 70	

taken to characterise these cells (Dieckmann et al., 2001; Jonuleit et al., 2000). Various 

clinical trials examining the clinical prospects of Treg immunotherapy in humans are 

taking place. Some of the data from completed and published clinical trials is 

highlighted in table 1.3. 
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Table 1.3 – Clinical trials 
Study Assessment Isolation and expansion info Dosage and cohort Outcome Refs 
Trzonkowski et 
al 

Patients with cGvHD or 
resistance to aGvHD. 
First in-human study of 
Treg therapy 

CD4+ T cells separate from MNCs by 
beads, Tregs isolated via FACS sorting for 
CD4+CD25highCD127- population. Tregs 
expanded with anti-CD3/CD28 for 3 weeks. 
Staining confirmed 90% FoxP3+ 

2 patients assessed. 
cGvHD pateint 
received 1x105 
Treg/kg. aGvHD 
resistant patient 
received 3x106 
Treg/kg. 

Ameiloriation of cGvHD and 
reduced immunosuppressive 
drug use. Resistant aGvHD 
patient showed no 
imporvement 

(Trzonkowski et al., 
2009) 

Di Lanni et al. Prevention of GvHD in 
the absence of post 
transplantation 
immunosuppression 

Donor origin Tregs were isolated using the 
CliniMACS system, with the isolated 
fraction characterised based on FoxP3 
expression (70% FoxP3+), in vitro 
suppression and cytokine generation.  Tregs 
were not expanded and instead infused at 
various doses (2x106 highlighted as 
sufficient) in combination with effector T 
cells. 

28 patients. Varying 
doses, but 2x106 Tregs 
+ 1x106 Tcons was 
sufficient for 
beneficial effects. 

Successfully ameliorated 
GvHD. Tregs accelerated 
immune reconstitution 
compared to historical control 
studies, but overall patient 
survival was 50% at the end of 
the trial 

(Di Ianni et al., 2011) 

Edringer and 
Hoffmann 

Safety and feasibility 
trial of freshly isolated 
Tregs in patients with 
high risk of leukaemia 
relapse 

Donor Tregs were freshly isolated and 
infused into patients after cessation of 
pharmocologic GvHD prophylaxis. 

9 pateints.  Max of 
5x106 Treg/Kg. Tcons 
provided in equal dose 
but at later timepoint. 

No signs of GvHD or relapse 
were recorded following Treg 
transfer. 

(Edinger and 
Hoffmann, 2011) 

Brunstein et al. Safety and efficacy of 
UCB Tregs in preventing 
GvHD after DUCBT 

Tregs isolated using CD25 microbeads. 
Average 64% FoxP3+ cells recorded post 
expansion for 18 days with anti-CD3/CD28 
beads + IL-2. 

23 patients. Dose 
varied between 0.1-
3x106 Treg/Kg. Target 
doseage attained in 
74% patients. 

Lower incidence of GvHD 
compared historical controls. 
However, although lower, the 
difference in GvHD incidence 
was not as significant as 
anticipated 

(Brunstein et al., 2011) 
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Marek-
Trzonkowska et 
al. 

Tregs in T1DM Tregs isolated using combination of 
magnetic beads and FACS to obtain 
purified CD4+CD25highCD127- population. 
Cells expanded using anti-CD3/CD28 
microbeads and IL-2. 90% FoxP3 
expression noted post expansion and IFN-Ɣ 
deficient upon stimualtion. 

10 patiets. 4 received 
10x106 Treg/kg. 6 
received 20x106 
Treg/Kg 

No toxicity caused by Treg 
infusion recorded. Increase in 
Tregs in peripheral blood. 6 
month follow up revealed 2 
pateints no longer requiring 
insulin whilst others still 
required 0.5UI/kg of body 
weight of insulin. 

(Marek-Trzonkowska 
et al., 2012) 

Hartemann et 
al. 

Ultra low dose IL-2 in 
T1DM 

IL-2 injected over 5 days with patients 
monitored for 60 days. Change in Treg 
numbers in peripheral blood as a 
measurement of CD4+ T cells. 

24 patients. Dosage of 
IL-2 provided at 
0.33MUI or 1 MUI or 
3MUI/day for 5 days. 

IL-2 treatment did not 
introduce significant adverse 
events. Dose dependent 
increase in the proportion of 
Tregs recorded, max 4.8% 
increase in Treg numbers 
compared to non-IL-2 
controls. 

(Hartemann et al., 
2013) 

Kennedy-
Nasser et al.  

Ultra low dose IL-2 to 
expand Tregs in HSCT 
patients 

Ultra low dose of IL-2 post HSCT at 3 
injections per week for up to 12 weeks 

16 patients. Ultra low 
dose of IL-2 post 
HSCT at 3 injections 
per week for up to 12 
weeks 

No severe cytotoxicity caused 
by IL-2 treatment. Increase in 
Treg numbers in peripheral 
blood from 4.8 to 11.2%. Only 
15% of patients developed 
viral infections vs 63% of 
patients who did not receive 
IL-2 treatment. Also 
concluded that low dose IL-2 
could protect against GvHD. 

(Kennedy-Nasser et 
al., 2014) 

Martelli et al . Same as Di Lanni et al. Same as Di Lanni et al. 43 Patients. Findings same as Di Lanni et 
al. 

(Martelli et al., 2014) 
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Bluestone et al. Treg in T1DM Similar to Marek-Trzonkowska et al. 14 patients. 4 dosing 
cohorts assessed, 
dosage between 5x106 
to 26x108 cells 

Upto 25% of infused Tregs 
remained viable 1 year post 
infusion. No evidence of short 
term toxicity recorded. 

(Bluestone et al., 
2015) 

Brunstein et al. The use of ex-vivo 
expanded polyclonal 
Tregs on double UCBT 
recipients 

Tregs isolated as previous. But expanded 
using aAPC expressing CD64 and CD86. 

11 patients. Dose 
increased from 
previous study to 3-
100x106 Treg/kg 

Following Treg treatment, 
patients showed reduced 
aGvHD and cGvHD. 

(Brunstein et al., 2016) 
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1.18	Alloantigen	specific	Tregs		

 

The current strategy employed in clinical trials has involved the infusion of ex-vivo 

expanded polyclonal or non-manipulated total Tregs. Being a non-specific population, 

these Tregs maintain a range of TCR specificities capable of recognising multiple 

antigens. Although polyclonal Tregs are effective in managing aGvHD, these cells can 

theoretically cause systemic immunosuppression due to the range of TCRs maintained 

in a polyclonal population. However, evidence suggests the opposite as anti-pathogen 

immune responses are maintained (Bushell et al., 2005; Trenado et al., 2004). But wide 

spread suppression can potentially hinder long-term success through the inability of 

immune cells to generate a response towards opportunistic infections or caner 

development. Addiationally, since polyclonal Tregs contains multiple TCR specificities, 

there are low numbers of clones with the desired specificity.  

 

To overcome these issues, the use of alloantigen specific Tregs has been suggested, and 

experimental models have highlighted their advantages. In a diabetes model, the 

superior potency of allostimulated Tregs enabled reversal of disease onset using a lower 

number of alloantigen specific Tregs compared to polyclonal Tregs (Masteller et al., 

2005; Tang et al., 2006; Tarbell et al., 2004). In a transplantation setting, IL-10 

producing Tregs prevented GvHD in an allospecific manner (Weston et al., 2006). 

Similarly, multiple studies have demonstrated the advantage of using alloantigen 

specific Tregs in a transplantation, highlighting reduced levels or complete amelioration 

of GvHD using lower quantities of Tregs (Davies et al., 2009; Joffre et al., 2008; Peters 

et al., 2008a; Tsang et al., 2008).   

 

Selection of alloantigen specific Tregs differs from polyclonal Tregs by the method of 

stimulation. Theoretically, by stimulating Tregs with an allogeneic stimulus, only Tregs 

bearing complementary TCRs to the allo-pHLA complex will expand. Tregs with non-

complementary TCRs do not receive survival signals or proliferate and thus are 

diminished during allostimulation. Consequently, the arising population will contain a 

restricted number of Treg clones with specific TCRs towards the alloantigen.  

 

Methods of generating alloantigen specific Tregs involve the stimulation of Tregs 

towards an allogeneic peptide in the context of self HLA, or towards allogeneic HLAs. 
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Due to their ability to stimulate CD4+ and CD8+ T cells as well as their capacity to 

expand Tregs, allogeneic DCs are considered a potent stimulator to generate Tregs 

(Cherai et al., 2015; Hall et al., 2009; Herrera et al., 2004; Markey et al., 2009; 

Veerapathran et al., 2011). However, DCs themselves are available in low quantities 

and can be a limiting factor in generating the Treg numbers needed to meet the demands 

of immunotherapy. 

 

To bypass this, polyclonal stimulation can be provided as second round stimuli to 

improve cell yield. However, to improve numbers even further and establish a GMP 

compliant protocol, the use of B cells has been explored. B cells can stimulate Tregs 

and, unlike DCs, be expanded with ease via CD40-CD40L (CD40 ligand) interaction 

(Schultze et al., 1997; von Bergwelt-Baildon et al., 2002). Putnam et al. and Tu et al. 

previously described protocols to establish alloantigen specific Tregs using B cells that 

were expanded using CD40L-expressing aAPCs, and then used to generate allospecific 

tTregs and iTregs respectively (Putnam et al., 2013; Tu et al., 2008). The effectiveness 

of B cell stimulation has prompted the generation of allogeneic B cell biobanks with the 

intention to generate various Treg lines with specificity for numerous allogeneic HLA 

molecules (Landwehr-Kenzel et al., 2014).  

 

The primary focus of generating alloantigen specific Tregs has involved using APB or 

murine Tregs. But, a publication by Fan et al. has demonstrated effective allospecific 

Treg generation from UCB with the arising population outperforming equivalently 

generated APB cells (Fan et al., 2012). In addition, UCB CD4+CD25- T cells have been 

used to generate iTregs with allospecificity (Chang et al., 2005). However, beyond these 

publications, no more studies are available which have focus on alloantigen specific 

Treg generation to verify these findings.  

 

Following allostimulation, most studies have utilised the total stimulated Treg 

population. To further discriminate allospecific from non-specific Tregs, selective 

studies have aimed to identify selective populations that may improve alloantigen 

specific suppression. Veerapathran et al. CFSE labelled Tregs prior to allostimulation, 

this allowed for the sorting of cells that had lost CFSE during stimulation as a method to 

isolate allospecific Tregs (Veerapathran et al., 2011). Another study used flow 

cytometry identifying highly specific Tregs as those up-regulating the activation 
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markers CD69 and CD71 upon allostimulation (Sagoo et al., 2011). Further to this, a 

Schoenbrunn et al demonstrated the ability to distinguish activated antigen specific 

Tregs from activated Tcons based on a 4-1BB+CD40L- phenotype post allostimulation 

(Schoenbrunn et al., 2012). 

 

More recent advancements in developing targeted Treg therapies have involved the use 

of chimeric antigen receptors (CAR). At present, CAR based immunotherapy is being 

trialled in cancer resolution studies (Dai et al., 2016; Maude et al., 2015; Till et al., 

2012). CAR usage surpasses the requirement to enrich for alloantigen specificity, 

alternatively, genetically engineered receptors containing an extracellular antibody 

single-chain variable fragment linked to an intracellular signalling domain (Sadelain et 

al., 2013). These are then expressed on T cells to establish cells with desired specificity 

and signalling response. In the context of transplantation, CARs with specificity 

towards HLA-A2 linked with CD28 signalling domains have successfully been 

transfected into Tregs. Post purification, CAR Tregs have then been expanded 

polyclonally to increase CAR Treg numbers and have been effective in suppressing 

HLA-A2 alloresponses in vitro and in murine models of xenogenic GvHD (MacDonald 

et al., 2016) and skin transplant (Boardman et al., 2017). CARs in transplantation is still 

at a very early stage, with a lone proof of concept study being published, but greater 

clarification is required to establish the significance of CAR therapy in treating GvHD. 
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1.19	Aims	and	Objectives	

 

Treg based immunotherapy has been trialled and has been promising in the management 

of aGvHD. But, there are certain complications preventing full clinical integration of 

Treg immunotherapy. Most studies have focused on maximising Treg numbers by 

polyclonal expansion, but long term expansion can result in a loss of FoxP3 expression. 

This, in turn can change the Treg phenotype to promote inflammatory responses and 

potentially exacerbate GvHD pathology. Therefore, it is essential to maintain a highly 

purified starting Treg population for ex vivo manipulation, with the use of naïve Tregs 

highlighted as a method to limit non-Treg contaminants. UCB is already an established 

resource used in allogeneic HSCT, the naivety of which and presence of Tregs have 

been attributed to the lower rate of GvHD associated with UCBT. Clinical trials using 

polyclonal expanded UCB Tregs, highlight their safety and efficacy in humans. 

However, with the pan-specificity of a polyclonal Treg population, there is belief that 

these cells may contribute to systemic immunosuppression and compromise host 

immunity. Selective studies have developed alloantigen specific Tregs and show that 

these cells have greater potency at selectively targeting alloresponses compared to 

polyclonal Tregs. Therefore, the aim of this project was to determine the possibility of 

generating alloantigen reactive Tregs from UCB. 

 

The key objectives of this research project were to: 

 

1. Characterise the phenotype and function of UCB tTregs. 

 

2. Establish the culture conditions for the generation of alloantigen reactive 

UCB Treg population. 

 

3. Develop a protocol to expand allostimulated UCB tTregs and characterise 

arising populations. 

 

4. Identify selective populations with enhanced suppressive function. 
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5. Characterise the phenotype and function of iTregs and compare them to 

alloantigen specific tTregs. 
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Chapter 2 – Materials and Methods 
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2.1 Blood samples 

 

All blood products were obtained from NHSBT with informed ethical consent obtained 

at point of donation. 

 

2.2 HLA typing 

 

HLA typing was carried out by the NHSBT Histocompatibility and Immunogenetics 

Lab at Colindale, London, UK. 

 

2.3 Culture media 

 

All experiments assessing changes initiated by culture serum were conducted using 

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12 (DMEM:F12) (Lonza, 

Basel, Switzerland) supplemented with penicillin/ streptomycin (100x conc. 5x105 

units/ml penicillin and 5x105 µg/ml streptomycin) (Sigma, Poole, UK) and 5% human 

AB serum (HS) (Sigma) or 10% Foetal calf serum (FCS) (Life Technologies, Paisley, 

UK)  

 

Subsequent experimentation and Treg expansions were carried out in X-vivo 15 culture 

medium (Lonza) supplemented with penicillin/ streptomycin and 5% HS. This medium 

is referred to as complete medium. 

 

2.4 Cell isolation 

 

2.4.1 Mononuclear cells  

 

The isolation of mononuclear cells (MNC) from APB apheresis cones or UCB units was 

conducted by density centrifugation. Briefly, blood samples were diluted in phosphate 

buffered saline (PBS) (Sigma-Aldrich, Poole, UK) in a 1:1 ratio, with 35ml layered over 

15ml of Lymphoprep (Axis-Shield, Oslo, Norway) in a 50ml falcon tube (Sarstedt, 

Nümbrecht, Germany) and centrifuged at 1200xg with the break off at room 

temperature. The subsequent buffy coat, located between the lymphoprep and plasma 
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layers, was aspirated and centrifuged for 12 minutes at 350xg with the break on for 

maximum deceleration.  

 

To remove remaining red blood cells (RBC), the cell pellet was resuspended in PBS and 

4-5x volumes of 1.2% ammonium oxalate (Sigma) in deionised water was addd.  After 

incubation at room temperature for 15 minutes, the Ammonium oxalate was removed by 

centrifugation (300xg for 5 minutes, no break) and the MNC pellet used in downstream 

assays or frozen (2.7). 

 

2.4.2 Treg isolation from UCB 

 

For all cell populations isolated using Miltenyi kits (Miltenyi Biotec, Bisley, UK), the 

volumes stated are per 107 cells. MACS buffer was made using PBS + 2mM 

Ethylenediaminetetraacetic acid (EDTA, Life Technologies) + 0.5% Bovine serum 

albumin (BSA, Sigma). 

 

Treg isolation was based on the direct selection of CD25+ cells from UCB-MNCs using 

an optimised protocol (Figueroa-Tentori et al., 2008). MNCs were pelleted by 

centrifugation at 300x g for 10 minutes and diluted in 20µl of MACS buffer with 2µl of 

CD25 beads (Miltenyi Biotec) and incubated for 15 minutes at 4oC. Cells were washed 

in MACS buffer and diluted to 2x108 cells/ ml prior to being applied to an MS column 

(Miltenyi Biotec). Columns were prepared by applying 1ml of MACS buffer prior to 

cell suspension. CD25+ cells are isolated by positive selection, with the effluent 

containing CD25- MNCs. Following 3 wash steps with 500µl of MACS buffer, the 

magnetically bound fraction is eluted and applied to a second MS column with all 

washes repeated. CD25+ cells remaining bound to the column are eluted, washed and 

counted. 

 

2.4.3 Treg isolation from APB 

 

CD4+ T cells were directly isolated from apheresis cones, using the RosetteSep CD4+ T 

cell enrichment cocktail (StemCell Technologies, Manchester, UK) according to the 

manufacturers protocol. Briefly, 50ul of CD4+ T cell enrichment cocktail (containing 

tetrametric antibody complexes towards CD8, CD16, CD19, CD36, CD56, CD66b, 
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TCRγ/δ and glycophorin A) was mixed per ml of blood for 20 minutes. Post incubation, 

blood was diluted in a 1:1 ratio with PBS + 2% FCS and layered on Lymphoprep as 

previously described. CD4+CD25+ Tregs were positively selected from total CD4+ T 

cells using Miltenyi CD25+ microbeads (According to 2.4.2), with the negative fraction 

yielding CD4+CD25- cells. 

 

To minimise presence of effector T cells in Treg factions, RAPA was supplemented into 

Treg cultures and maintained through expansion stages (Battaglia et al., 2006b; 

Veerapathran et al., 2011). Stock solution of RAPA was 2.5 mg/ml diluted in DMSO 

(Sigma), 10 ng/ml was added to Treg cultures.  

 

2.4.4 CD14+ cell isolation 

 

CD14+ cells were isolated from total APB MNCs by positive selection using anti-CD14 

biotin antibody (Clone: M5E2, 0.5mg/ml stock, diluted to 10µg/µl). 3x108 MNCs were 

diluted in 500µl of labelling buffer and mixed with 60µl of CD14 biotin for 30 minutes 

at room temperature shielded from light. Unbound antibody was removed through 

washing cells in labelling buffer at 300x g for 10 minutes. Cells were re-suspended in 

2.7ml of labelling buffer with 300µl of MACS streptavidin microbeads and incubated at 

4oC for 15 minutes. The cell pellet was re-suspended in 1.5ml of MACS buffer and 

applied to an MS column, prepared as previously described. Following the cell 

suspension, non-biotinylated cells are removed by washing the column with 3x 3ml of 

MACS buffer. The column was placed over a new 15ml falcon and topped up with 5ml 

of MACS buffer with ejected fraction representing CD14+ magnetically labelled cells. 

 

2.4.5 CD39+ cell isolation 

 

CD39+ Tregs were isolated from allostimulated UCB Treg populations with magnetic 

streptavidin beads, as described in 2.4.4, using an anti-CD39 biotin antibody 

(Biolegend, clone: A1, 0.5mg/ml stock, diluted to 10µg/µl, with 1µl per 1x106 cells).  
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2.5 Allogeneic Stimulator preparation 

 

2.5.1 CD2/CD3 T cell depleted MNC 

 

APB MNCs were isolated using Lymphoprep as described above. To prepare allogeneic 

stimulator cells, T cells were depleted from MNCs using biotin anti-CD2 (Clone RPA-

2.10, Biolegend, UK) and biotin anti-CD3 (Clone OKT3, Biolegend, UK) antibodies 

(0.5mg/ml stock, diluted to 10µg/µl) at 20µl per 108 cells and incubated at room 

temperature, protected from light. Streptavidin coated microbeads (Sigma) were 

prepared by vortexing with 200µl of beads taken and washed with 5ml of PBS in a 15ml 

falcon tube (Sarstedt). This mixture was applied to a magnet for 5 minutes with the 

supernatant removed using a serological pipette. 500µl of fresh PBS was added to the 

falcon with beads re-suspended and mixed with pre-labelled cells and incubated at 4oC 

for 45 minutes with the suspension mixed frequently. The total suspension is applied to 

a magnet for 10 minutes with unbound suspension representing CD2/3 depleted adult 

MNCs.  

 

2.5.2 Monocyte derived dendritic cells 

 

Alloantigen specific stimulation was provided using monocyte derived DCs (MDDC) 

generated from CD14+ monocytes (isolation, 2.4.4) using a previously published 

protocol (Mallon et al., 1999).  CD14+ cells were seeded at 5x105 cells per well in a 24-

well plate (Corning, USA) in 500µl of X-vivo medium supplemented with 

penicillin/streptomycin, 10% HS, 1000U/ml GM-CSF (Peprotech) and 1000U/ml IL-4 

(Peprotech) and incubated at 37oC and 5% CO2. After 2 days, 500µl of MDDC medium 

was added to each well. At day 4, MDDC medium was added with the addition of TNF-

α (Peprotech) and IL-1β (Peprotech) at 50ng/ml. At day 6, MDDCs were phenotyped 

and frozen.  
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2.6 Treg expansion 

 

2.6.1 Polyclonal stimulation 

 

Polyclonal expansion of Tregs was conducted using human anti-CD3/CD28 T-expander 

Dynabeads (ThermoFisher) using a previously published protocol (Hippen et al., 

2011b).Tregs were seeded in complete culture medium in a 24-well plate at 5x105 

Tregs/ml. T-expander beads were washed as per the manufacturers protocol and added 

to Tregs in a 1:1 ratio, and incubated at 37oC and 5% CO2. After 48 hours, recombinant 

human IL-2 (Peprotech) was supplemented into cultures at 500U/ml. Each round of 

stimulation lasted 7-10 days with IL-2 supplemented medium replenished every 2 days. 

Cell counts were taken and cultures split to maintain 5x105 cells/well. Post stimulation, 

beads were removed using magnetic columns; cells washed, counted and rested in 

complete medium with 10U/ml IL-2 for 2 days prior to further analysis. 1x106 Tregs 

were taken for second round of stimulation, repeated as described. 

 

Expansion of UCB Tregs was adjusted with 500U/ml IL-2 added 48 hours after initial 

anti-CD3/CD28 stimulation, but subsequent replenishment of IL-2 was limited to when 

cultures exceeded density of the well to maintain 5x105 Treg/well. Following this, the 

Treg:Bead ratio was also adjusted to 1:3 in order to improve Treg expansion. 

 

2.6.2 Alloantigen stimulation 

 

The generation of alloantigen specific Tregs was attempted by two routes. HLA 

mismatched, T cell depleted adult MNCs were initially cultured with Tregs in a 1:1 ratio 

in the presence of 500U/ml IL-2 with cultures maintained for 10 days. 

 

In subsequent experimentation, allogeneic MDDCs were cultured with Tregs in a 1:10 

MDDC:Treg ratio, at day 10 a second round of MDDC stimulation was provided. IL-2 

was replenished every 48 hours for APB Tregs, whilst UCB Tregs, IL-2 was only 

changed when cell count was over 5x105 per well in 24-well plate. HLA types and the 

differences between APB/UCB HLA vs MDDC HLA-type are shown in tables 2.1 and 

2.2 respectively) 
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Table 2.1 – HLA Types 

 
 

	 	
HLA	Type	

	 	
Class	I	 Class	II	

	 	
HLA-A	 HLA-B	 HLA-C	 HLA-DR	

	
Sample	 A	 A	 B	 B	 C	 C	 DR	 DR	

MDDC	

M1	 01	 29	 08	 08	 07	 16	 01	 07	

M2	 02	 03	 08	 44	 05	 07	 03	 04	

M3	 03	 24	 07	 35	 07	 12	 04	 15	

M4	 03	 24	 18	 39	 07	 12	 01	 16	

UCB	Treg	

C1	 01	 02	 37	 44	 05	 06	 10	 11	

C2	 02	 03	 41	 50	 06	 17	 07	 15	

C3	 24	 32	 15	 44	 03	 16	 07	 13	

C4	 02	 03	 35	 44	 04	 07	 O1	 11	

C5	 01	 24	 07	 08	 07	 07	 03	 15	

C6	 01	 02	 35	 57	 06	 12	 04	 04	

C7	 02	 25	 13	 18	 06	 12	 07	 13	

C8	 01	 02	 57	 58	 06	 15	 03	 07	

C9	 25	 32	 18	 18	 07	 13	 04	 15	

C10	 02	 02	 27	 44	 01	 07	 01	 11	

C11	 03	 33	 35	 35	 04	 16	 01	 15	

C12	 11	 24	 08	 40	 07	 12	 03	 07	

APB	Treg	

A1	 24	 24	 15	 18	 03	 05	 03	 11	

A2	 01	 32	 08	 44	 05	 07	 01	 03	

A3	 01	 03	 07	 57	 06	 07	 07	 13	

A4	 02	 02	 27	 44	 02	 16	 07	 11	

A5	 01	 29	 08	 08	 07	 16	 01	 07	

A6	 02	 03	 08	 44	 05	 07	 03	 04	

A7	 03	 24	 07	 35	 07	 12	 04	 15	
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Table 2.2 – Treg:MDDC pairings 

 

	
Stimulator	

Treg	 Allo	 3rd	party	
C1	 M2	 M4	
C2	 M1	 M4	
C3	 M2	 M1	
C4	 M1	 M2	
C5	 M2	 M3	
C6	 M1	 M3	
C7	 M4	 M1	
C8	 M4	 M1	
C9	 M2	 M1	
C10	 M2	 M1	
C11	 M3	 M2	
C12	 M3	 M2	
A1	 M1	 M4	
A2	 M1	 M4	
A3	 M2	 M4	
A4	 M2	 M1	
A5	 M4	 M1	
A6	 M3	 M1	
A7	 M2	 M3	
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2.7 Freezing/ Thawing 

 

2.7.1 Freezing cells 

 

To preserve cell populations for downstream analysis, cells were washed of medium 

and re-suspended in a pre-cooled freeze mix composed of 90% FCS and 10% dimethyl 

sulfoxide (DMSO) (Sigma-Aldrich Ltd, Poole, UK). Cells were transferred into 

cyrovials, pre-cooled on ice, at a volume of 500µl for up to 5x106 cells/vial or 1ml for 

cell counts of up to 10x106. Cyrovials were subsequently transferred in styrofoam 

containers to provide gradual temperature decrease and stored at -80oC overnight, 

before being transferred to -150oC for long term storage. 

 

2.7.1 Thawing 

 

Cryovials were thawed at 37oC until partially thawed and the contents then pipetted in a 

drop-wise manner into a 15ml falcon containing 10ml pre-warmed complete medium. 

Cells were washed at 300xg for 10 minutes and re-suspended in complete medium for 

analysis. Thawed cells were rested in cultured for 24 hours in complete medium prior to 

further experimentation. 

 

2.8 Cell counting 

 

Cell suspensions were diluted with trypan blue (Sigma) in a 1:1 ratio and applied to a 

haemocytometer for counting. Viable cells were identified by trypan blue exclusion and 

counted based on the average seen in large 4x4 square grid. Cell numbers were 

determined with equation: [(n � 2 � 10,000) � total volume of suspension/ml]. 

 

2.9 Flow cytometry 

 

Cell phenotypes were determined by flow cytometry, a list of flow cytometric 

antibodies with conjugated fluorophores is presented in table 2.3 
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2.9.1 Surface staining 

 

Cells were diluted to 1x106/ml in blocking buffer (PBS+ 5% FCS) to prevent non-

specific binding of antibodies. 1x105 cells were stained with respective antibodies for 30 

minutes at room temperature, shielded from light. Samples were washed twice with 

PBS and immediately analysed by flow cytometry. Cells were acquired using a FACS 

Canto II (Becton Dickinson, Oxford, UK) and analysed by the FlowJo software (Tree 

Star, Oregon, USA). 

 

2.9.2 Cell viability staining 

 

To restrict flow cytometric analysis to healthy cells, based on the integrity of the cell 

membrane, the LIVE/DEAD stain kit (ThermoFisher Scientific) was used to detect dead 

cells based on fluorescence emitted in the 665-775nm range. A vial of LIVE/DEAD 

reactive dye was reconstituted with 50µl of anhydrous DMSO (Thermo Fisher) and 

frozen at -20oC in 10µl aliquots. Prior to surface or intracellular staining, LIVE/DEAD 

aliquots were thawed at room temperature and diluted in 1 ml PBS, 50µl was added to 

1x106 pelleted cells, mixed and incubated for 30 minutes at room temperature shielded 

from light. Post incubation, cells were washed once with PBS prior to proceeding with 

surface staining and intracellular staining. 

 

2.9.3 Intracellular Treg marker staining 

 

The expression of FoxP3, CTLA-4, GITR, HELIOS and cytokines were confirmed 

using intracellular staining. 

 

A FoxP3 Fix/Perm kit was used for intracellular staining following the manufacturer’s 

instructions (Cat# 00-5523-00 eBioscience, Hatfield, UK). Surface staining was 

performed prior to intracellular staining with the provided kit solutions diluted as per 

the manufacturer’s instructions. Antibodies for intracellular markers were incubated 

with samples for 1 hour and washed twice in 1X permeabilisation buffer and 

immediately acquired on the cytometer as above. 
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CD4+CD25- T cells were used as a control for FoxP3, CTLA-4, HELIOS staining. 

Tubes containing unstained cells served as a negative control for background 

fluorescence.  

 

2.9.4 Cytokine staining 

 

1x105 cells were pelleted in 200µl of complete medium and transferred to a 96 well 

plate. 0.2µl of a pre-made solution consisting of PMA (80nM), ionomycin (10.6µM) 

and monensin (2µM) (eBioscience) was added to respective wells and incubated at 37oC 

and 5% CO2 for 5 hours. Control wells were similarly set up barring the addition of 

stimuli. Following the stimulation period, cells were transferred into FACS tubes and 

intracellular staining set up as above with the addition of cytokine specific antibodies.  
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Table 2.3 – List of flow cytometry antibodies 

 

Specificity	 Clone	 Fluorochrome	 Company	

CD3	
UCHT-1	 PerCP	

Biolegend	
HIT3a	 PE	Cy7	

CD4	 OKT-4	 APC	Cy7	 Biolegend	
CD8	 SK1	 FITC	 Biolegend	

CD14	 M5E2	
FITC	

Biolegend	
APC	Cy7	

CD19	 HIB19	 APC	 Biolegend	

CD25	
BC96	

PE	Cy7	 Biolegend	

APC	 Biolegend	
M-A251	 PerCP	 Biolegend	

CD31	 WM59	 PE	 Biolegend	

CD39	 A1	
PE	Cy7	

Biolegend	APC	
PerCP	

CD45RA	 HI100	 FITC	 Biolegend	
CD45RO	 UCHL1	 PerCP-eFluor	710	 eBioscience	
CD56	 HCD56	 PE	 Biolegend	
CD62L	 DREG-56	 PE	Cy7	 Biolegend	
CD69	 FN50	 PE	 Biolegend	
CD73	 AD2	 PE	 Biolegend	
CD80	 2D10.4	 PE	 eBioscience	
CD83	 HB15e	 PE	Cy7	 eBioscience	

CD86	 IT2.2	
APC	 Biolegend	

Ax	488	 eBioscience	

CD127	 A019D5	
FITC	

Biolegend	
Ax	647	

CD161	 HP-3G10	 PerCP	 Biolegend	
HLA-DR	 L243	 PerCP	 Biolegend	

FoxP3	
PCH	101	

PE	
eBioscience	

PE	Cy7	
259D	 PE	 Biolegend	

CTLA-4	 L3D10	 APC	 Biolegend	
GARP	 G14D9	 PE	 eBioscience	
GITR	 621	 APC	 Biolegend	

IL-2	
MQ1-
17H12	

PE	 BD	

IL-4	 B-S4	 FITC	 eBioscience	
IFN-γ	 45.B3	 FITC	 Biolegend	

HELIOS	 22F6	 PerCP-eFluor	710	 eBioscience	
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CXCR4	 12G5	 APC	 Biolegend	
ICOS	 C398.4A	 FITC	 Biolegend	

TNFR2	 3G7A02	 PE	
R&D	

Systems	

CCR7	 G043H7	 PE	
R&D	

Systems	
GITR	 eBioAITR	 ARP	 eBioscience	
GARP	 G14D9	 PE	 eBioscience	

 

 

2.10 Suppression assay 

 

2.10.1 CD4+CD25- CFSE labelling 

  

To measure proliferation, CD4+CD25- T cells were labelled with 1.25µM 

Carboxyfluorescein succinimidyl ester (CFSE). Cells were washed twice in PBS to 

remove culture medium and re-suspended at 10x106 cells in 1ml of PBS.  CFSE 

(Sigma-aldrich) was dissolved in DMSO at 15mM and stored in 5µl aliquots at -20oC. 

1µl of the aliquot was taken and diluted in 7.5ml of PBS, 100µl of which was mixed 

with the cell suspension and incubated, in the dark, for 15 minutes at room temperature. 

Unbound CFSE was quenched with 10ml of PBS/10% FCS. Cells were washed once 

and re-suspended as required in complete culture medium.  When acquiring CFSE 

labelled samples, the PE (488-575 nm) channel was not used to monitor other cell 

markers.  

 

2.10.2 Treg labelling 

 

To minimise background in CFSE assays and to measure proliferative capacity of Tregs 

in suppression assays, Tregs were labelled using the cell proliferation dye eFluor 670 

(eBioscience). Tregs were suspended in 500µl of PBS at room temperature, 5µM of dye 

was added and mixed with cells and incubated at 37oC and 5% CO2 for 10 minutes. The 

reaction was quenched using medium supplemented with 10% FCS and samples kept at 

4oC for 5 minutes. Tregs were washed 3 times in cold complete medium prior to culture. 

Prolieration was measured based on fluorescence in the 665-775nm range. 
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2.10.3 Mixed Lymphocyte Reaction 

 

Cultures were set up in round bottom 96-well plates (Corning). All cells were cultured 

in complete medium with Tregs diluted to 5x105/ml.  Serial dilutions of putative 

suppressor populations were performed by seeding 1x105 cells in 200µl into the first 

well, with 100µl taken and diluted 1:1 with medium in the subsequent well. Up to 12 

serial dilutions were used with 5x105 CFSE labelled CD4+CD25- T responder (Tresp) 

cells added to each well. Tregs were thus used in a 1:1 – 1:2048 (Treg:Tresp) ratio 

respectively. To measure the proliferation towards non-specific stimuli, αCD3/CD28 

microbeads were added in a 1:40 bead:Tresp ratio. To confirm allospecificity, first party 

or third party MDDCs were used in a 1:10 MDDC:Tresp ratio. Plating order for MLRs 

depicted in figure 2.1. Negative control wells containing non-stimulated responder cells 

were used for the gating strategy for CFSE proliferation. Positive control wells 

contained stimulated responder cells but without the presence of Tregs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1:  Plating order for mixed lymphocyte reactions. Tregs are serially diluted 

12 times across a row of a 96-well plate, with the maximum number of Tregs in the first 

well containing 5x104 cells. Following this, CFSE labelled responder cells  

(CD4+CD25-) are added at 5x104 cells/well. The stimulator population of αCD3/CD28 

microbeads (1:40 bead:Tresp) or MDDCs (5x103 cells/well) is added to each well. 

Cultures are incubated for 4 to 7 days prior to analysis via flow cytometry.  

  

3.	Stimulator	
αCD3/CD28	

beads	(1:40)	or	
MDDCs

(5x103 cells/well)

2.	Responder	
CD4+CD25-

5x104 cells/well

1.	Treg	– 12	
dilutions,	 starting	
at	5x104 cells



Chapter 2  

	

	 93	

2.11 Multiplex Cytokine analysis 

 

A multiplex cytokine array utilising the Luminex platform was used to detect and 

quantify the presence of multiple cytokines in a single well. Supernatants from 

polyclonal stimulation, alloantigen stimulation and suppression assays were collected 

from UCB and APB Tregs and CD4+CD25- cells at multiple time-points throughout 

culture. 

 

The assay uses fluorescently labelled magnetic beads covalently linked with cytokine 

specific antibodies. Beads linked with different anti-cytokines are added to a single well 

and incubated with the sample enabling antibodies to bind to cytokines present in the 

supernatant. Following the binding step, samples were washed and labelled with 

biotinylated detection antibodies which subsequently bind the cytokine antibodies. The 

biotinylated antibody is then detected with a streptavidin-phycoerythrin conjugate 

(Streptavidin-PE). Human cytokine standards were provided as part of the kit, and 

diluted 3-fold serially to produce 6 concentrations for generating a standard curve. 

 

All wash steps were conducted according to the manufacturer’s instructions, using the 

provided surfactant-based wash buffer diluted in deionised water. Cell culture 

supernatants were collected and stored at -80oC. At point of assaying, supernatants were 

thawed at room temperature with 50µl taken and mixed with equal amounts of provided 

protein based calibrator diluent. 50µl of diluted sample is used in the assay and 

incubated with cytokine-microparticle bead cocktail followed by biotin beads and then 

streptavidin-PE. Samples were run on a Luminex 200 analyser. 

 

Two cytokine array panels were tested: the first was a multiplex panel consisting of: IL-

1, IL-1RA, IL-1α, IL-2, IL-2RA, IL-4, IL-6RA, IL-7, IL-8, IL-10, IL-15, IL-17RA, 

GMCSF, HGF, IFN-ɣ and TNF-α and TNF-R1; the second array was used to detect and 

quantify TGF-β1, TGF-β2 and TGF-β3. As TGF-β is present in an inactive form, 

samples were acid treated prior to tested in order to detect TGF-β. Acid treatment was 

conducted by adding 20µl of 1N hydrochloric acid (Bio-techne) for 10 minutes at room 

temperature followed by 20µl of a pre-made 1.2N sodium hydroxide and 0.5M 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solution (Bio-techne) into 
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100µl of culture supernatant. Following acid treatment, samples were diluted in 

calibrator diluent to obtained an overall 1:5 fold dilution of the original sample. 

 

2.12 FoxP3 methylation analysis 

 

2.12.1 DNA extraction 

 

Genomic DNA (gDNA) was extracted using the Blood and Cell culture DNA Mini kit 

(Qiagen) per the manufacturer’s instructions. DNA was eluted in 115µl of water and its 

concentration determined by absorbance of light at 230nm using a Nanodrop 

spectrophotometer machine.   

 

2.12.2 Methylation 

 

To confirm the methylation status of the Treg specific demethylated region (TSDR), 

isolated gDNA was bisulfite treated to convert unmethylated cytosine into uracil using 

the EZ DNA Methylation-Gold Kit (ZymoResearch, USA). Up to 300ng of gDNA was 

used, based on the manufacturers protocol. Following the conversion step, remaining 

sodium was removed using the provided desulphonation buffer, and the bisulfite-

converted DNA eluted in 20µl of buffer using spin columns. Converted DNA was 

quantified using a Nanodrop. 

 

2.12.3 Real-Time PCR 

 

This work was conducted in collaboration with Dr Abigail Lamikanra at NHSBT, 

Oxford. Real-time PCR was employed to quantify the level of demehtlyated TSDR in 

Treg samples. Quantification was determined based on amplification of methylated 

(CpG) and unmethylated (TpG) regions as determined by respective sets of primers. 

PCR reaction mixture was made using: 1x EpiTect MethyLight master mix and ROX 

(Qiagen), 0.4µM of respective forward and reverse primers, 0.4µM TaqMan probes 

(Thermo-fisher) and 1µl of bisulfite converted template DNA (20-25ng/ml diluted) to 

provide a mix volume totalling 20µl. Primer sequences for methylated and 

unmethylated primers as well as fluorescently labelled primers are shown in table 2.4. 

All fluorescently labelled primers were tagged with MGB (Minor groove binder) to 
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quench the reaction. Reactions were carried out on fast plates (Thermo-Fisher) and 

conducted on the ViiA7 TaqMan real time machine (Thermo-Fisher), cycle conditions 

are shown in table 2.5. 

 

Quantification was determined based on standard curves generated using plasmid 

constructs that contained CpG sequence or TpG sequence of bisulfite sensitive regions 

of the FoxP3 target. Plasmid standard were plated out in serial dilution based on copy 

numbers from 3 to 3x105 copies/µl. All samples and standard were measured in 

triplicates with an efficiency of >90% to >110% was considered acceptable for all 

standard curves. 

 

Table 2.4 – Primer sequences 

 

 
Primer Sequence 5' - 3' 

FoxP3 CpG 
(Methylated) 

Fwd GTTTTCGATTTGTTTAGATTTTTTCGTT 
Rev CCTCTTCTCTTCCTCCGTAATATCG 
FAM - labelled ATGGCGGTCGGATGCGTC 

FoxP3 TpG 
(Unmethylated) 

Fwd GTTTTTGATTTGTTTAGATTTTTTTGTT 
Rev CCTCTTCTCTTCCTCCATAATATCA 
FAM - labelled ATGGTGGTTGGATGTGTTGGGTT 

 

Table 2.5 – PCR conditions for TSDR 

 

Temp	 Time	 Cycle	
95oC	 5	mins	 1	
95oC	 15	sec	

50	
60oC	 60	sec	
4oC	 ∞	 1	

 

 

2.13 TCR Spectratyping 

 

Changes in the heterogeneity of T cell populations was determined by CDR3 size 

spectratyping of 24 TCR-Vβ families (Gorski et al., 1994). A standard Gaussian 

distribution is assumed for a diverse TCR repertoire, changes in this distribution were 

used to indicate clonal expansion of selected TCRs during allostimulation. 
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Spectratyping was conducted in collaboration with Dr Stuart Adams at Great Ormond 

Street Hospital.   

 

2.13.1 RNA isolation and cDNA synthesis 

 

Previously cryopreserved cells were used for RNA isolation. Cells were thawed as 

previously described and washed twice in PBS to remove DMSO. Up to 5x105 cells 

were taken for RNA isolation with the RNeasy Plus Micro kit (Qiagen), as per the 

manufacturers protocol. Lysis of the cell membrane was conducted by mechanical 

disruption using a needle and syringe in the presence of provided lysis buffer. RNA was 

eluted in 15µl of RNase free water. To determine concentration, 1µl of RNA was placed 

on a spectrophotometer Nanodrop machine (Life Technologies) to determine 

concentration by measuring absorbance of light at 260nm. 

 

cDNA was synthesised using the Superscript III first-stand synthesis kit (ThermoFisher) 

as per the manufacturer’s instructions. A 1% agarose gel was used to determine 

integrity of cDNA prior based on presence of bands. Photo of gel shown in the 

appendix, figure 8.1. 

 

2.13.2 Multiplex RT-PCR set up 

 

Primer sequences used to detect 24 TCR-Vβ families by PCR are outlined in table 2.6. 

Primers used in pairs, with the pairings summarised in table 2.7. All primer pairs are 

used with a single TCR-β constant region primer (Cβ) to amplify the CDR3 region of 

the TCR-Vβ chain, with products subsequently amplified using a secondary, 

fluorescently labelled (FAM) primer for TCR-Cβ. A single run enabled analysis of 8 

samples on a 96-well plate (StarLabs, Milton Keynes, UK), the plate layout is shown in 

table 2.8. 

 

Stock solutions for the Cβ-primer and Vβ-primers were maintained at 100pM/µl. 

Working solutions of Vβ-primers were made by diluting 7.5µl of respective Vβ-primer 

pairs into 885µl of TE buffer (Life Technologies), giving a final working concentration 

of 0.83pM/µl. 15µl of this was aliquoted into well plates based on the plate layout and 
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stored at -20oC, Vβ-primer plates were thawed out at on ice prior for each run. Cβ-

primer is made to a 50pM/µl working solution. 

 

A mastermix is created, with 110µl of this added to each cDNA sample. The mastermix 

contained (volumes indicated in table 2.9): 

 

• 10x PCR Buffer (with 15mM magnesium chloride) (Qiagen) 
• 25mM Magnesium chloride (Qiagen) 
• Hot Star Taq DNA polymerase (Qiagen) 
• 50pM/µl Cβ-primer 
• 25mM dNTP (Bioline, London, UK) 
• Nuclease-free water (ThermoFisher) 

 
 
The mastermix and cDNA mixtures are plated out into wells containing aliquoted Vβ-

primer pairs. Details of the PCR amplification programmes are shown in table 2.10. 

 

After an initial amplification, the product is mixed with 8µl of run-off master mix 

containing the FAM-labelled Cβ-primer. The mastermix and volumes are indicated in 

table 2.11. 2µl of RT-PCR product and run-off mix into a new 96 well plate and 

amplified according to the conditions highlighted in table 2.12. The generated product 

was stored at 4oC shielded from light overnight. 
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Table 2.6 – Spectratyping primer sequences 

 

Primer Sequence 

Vβ1 CCGCACAACAGTTCCCTGACTTGC 

Vβ2 CACAACTATGTTTTGGTATCGTC 

Vβ3 CGCTTCTCCCTGATTCTGGAGTCC 

Vβ4 TTCCCATCAGCCGCCCAAACCTAA 

Vβ5 GATCAAAACGAGAGGACAGC 

Vβ6a GATCCAATTTCAGGTCATACTG 

Vβ6b1* CAGGGSCCAGAGTTTCTGAC 

Vβ6b2* CAGGGCTCAGAGGTTCTGAC 

Vβ7 CCTGAATGCCCCAACAGCTCT 

Vβ8 GGTACAGACAGACCATGATGC 

Vβ9 TTCCCTGGAGCTTGGTGACTCTGC 

Vβ11 GTCAACAGTCTCCAGAATAAGG 

Vβ12 TCCYCCTCACTCTGGAGTC 

Vβ13a GGTATCGACAAGACCCAGGCA 

Vβ13b AGGCTCATCCATTATTCAAATAC 

Vβ14 GGGCTGGGCTTAAGGCAGATCTAC 

Vβ15 CAGGCACAGGCTAAATTCTCCCTG 

Vβ16 GCCTGCAGAACTGGAGGATTCTGG 

Vβ17 TCCTCTCACTGTGACATCGGCCCA 

Vβ18 CTGCTGAATTTCCCAAAGAGGGCC 

Vβ20 TGCCCAGAATCTCTCAGCCTCCA 

Vβ21 GGAGTAGACTCCACTCTCAAG 

Vβ22 GATCCGGTCCACAAAGCTGG 

Vβ23 ATTCTGAACTGAACATGAGCTCCT 

Vβ24 GACATCCGCTCACCAGGCCTG 

Primary Cβ GGGTGTGGGAGATCTCTGC 

Secondary Cβ** ACACAGCAGCCTCGGGTGGG 

 

* - Primers Vβ6b1 and Vβ6b2 are mixed to created Vβ6b 

** - Secondary Cβ primer is FAM labelled. Used in Run-off master mix. 
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Table 2.7 – Primer pairs 

 

Mix Primer Pair 
1 Vβ9 Vβ18 
2 Vβ23 Vβ6b 
3 Vβ16 Vβ4 
4 Vβ3 Vβ13a 
5 Vβ22 Vβ11 
6 Vβ21 Vβ8 
7 Vβ24 Vβ20 
8 Vβ15 Vβ2 
9 Vβ17 Vβ13b 
10 Vβ7 Vβ6a 
11 Vβ12 Vβ14 
12 Vβ1 Vβ5 
 

Table 2.8 – Plate layout 

 

  1 2 3 4 5 6 7 8 9 10 11 12 
A Mix 

1 
Mix 
9 

Mix 
5 

Mix 
1 

Mix 
9 

Mix 
5 

Mix 
1 

Mix 
9 

Mix 
5 

Mix 
1 

Mix 
9 

Mix 
5 

B Mix 
2 

Mix 
10 

Mix 
6 

Mix 
2 

Mix 
10 

Mix 
6 

Mix 
2 

Mix 
10 

Mix 
6 

Mix 
2 

Mix 
10 

Mix 
6 

C Mix 
3 

Mix 
11 

Mix 
7 

Mix 
3 

Mix 
11 

Mix 
7 

Mix 
3 

Mix 
11 

Mix 
7 

Mix 
3 

Mix 
11 

Mix 
7 

D Mix 
4 

Mix 
12 

Mix 
8 

Mix 
4 

Mix 
12 

Mix 
8 

Mix 
4 

Mix 
12 

Mix 
8 

Mix 
4 

Mix 
12 

Mix 
8 

E Mix 
5 

Mix 
1 

Mix 
9 

Mix 
5 

Mix 
1 

Mix 
9 

Mix 
5 

Mix 
1 

Mix 
9 

Mix 
5 

Mix 
1 

Mix 
9 

F Mix 
6 

Mix 
2 

Mix 
10 

Mix 
6 

Mix 
2 

Mix 
10 

Mix 
6 

Mix 
2 

Mix 
10 

Mix 
6 

Mix 
2 

Mix 
10 

G Mix 
7 

Mix 
3 

Mix 
11 

Mix 
7 

Mix 
3 

Mix 
11 

Mix 
7 

Mix 
3 

Mix 
11 

Mix 
7 

Mix 
3 

Mix 
11 

H Mix 
8 

Mix 
4 

Mix 
12 

Mix 
8 

Mix 
4 

Mix 
12 

Mix 
8 

Mix 
4 

Mix 
12 

Mix 
8 

Mix 
4 

Mix 
12 

 

Table 2.9 – RT-PCR master mix volumes 

 

Master Mix n =1 n = 8 
10x Buffer (with 15mM MgCl2) 39.75µl 318µl 
MgCl2 (25mM) 8µl 64µl 
Hot Star Taq DNA polymerase 5.625µl 45µl 
Cβ primer (100pmols/µl) 3.75µl 30µl 
dNTPs (25mM) 3µl 24µl 
Nuclease-free water 74.875µl 599µl 
 

 

  Sample 1 

  Sample 2 
  Sample 3 
  Sample 4 
  Sample 5 

  Sample 6 
  Sample 7 
  Sample 8 
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Table 2.10 – RT-PCR cycle conditions 

 
Temperature Time Cycle 
95oC 10 mins 1 
95oC 25 sec 

40 60oC 45 sec 
72oC 45 sec 
72oC 5 mins 1 
4oC ∞ 1 
 

Table 2.11 – Run-off master mix volumes 

 

Run-off Master Mix n =1 n = 8 
10x Buffer (with 15mM MgCl2) 15µl 120µl 
MgCl2 (20mM) 9.375µl 75µl 
Hot Star Taq DNA polymerase 0.5µl 4µl 
FAM labelled Cβ primer (50pmols/µl) 0.5µl 4µl 
dNTPs (25mM) 1.25µl 10µl 
Nuclease-free water 97.75µl 782µl 
 

Table 2.12 – Run-off RT-PCR cycle conditions 

 

Temperature Time Cycle 
95oC 2 mins 1 
95oC 25 sec 

40 60oC 45 sec 
72oC 45 sec 
72oC 5 mins 1 
4oC ∞ 1 
 

 

2.12.3 Sequencing 

 

Sanger Sequencing of the amplified RT-PCR products was conducted by capillary 

electrophoresis using the 3500xL Genetic Analyzer (ThermoFisher). 1µl of fluorescent 

labelled RT-PCR product is combined with 8µl of the PCR loading mixture and added 

into new a well plate and loaded on to the Genetic Analyzer. Electropherogram plots 

analysed using the provided data collection software (ThermoFisher).  
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2.13 Statistics 

 

Statistical analysis was carried out using the GraphPad Prism software. Tests were used 

as mentioned in figure legends. All error bars are representative of the mean ± standard 

deviation (SD).  
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Chapter 3 – Baseline phenotype of UCB 
Tregs and culture conditions for 

allostimulation 
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3.1	Introduction	

 

At present, most studies assessing Tregs in transplantation immunotherapy have 

employed polyclonal APB Tregs (Bluestone et al., 2015; Putnam et al., 2009; Putnam et 

al., 2013; Scotta et al., 2013). However, caveats have been expressed in these studies 

which need to be addressed prior to full clinical integration of Treg based 

immunotherapy. As previously stressed, naturally occurring CD4+CD25+FoxP3+ Tregs 

are a niche population that need to undergo ex-vivo expansion prior to being provided 

to patients. In this process, there is an increased risk of non-Treg contaminants being 

isolated with Tregs and the subsequent expansion of these cells (Corthay, 2009; 

Hoffmann et al., 2009; Zheng et al., 2010a). The contamination and eventual outgrowth 

of non-Tregs including activated effector T cells is a constant hindrance to 

immunotherapy strategies. Due to the effector properties, stimulation of CD4+CD25- T 

cells can promote pro-inflammatory phenotypes which hinder therapy and exacerbate 

disease. 

 

The transient upregulation of CD25 is a hallmark characteristic of T cell activation, thus 

surface markers can fail to identify a purified Treg population (Yu et al., 2012). To 

minimise such contaminants, the selection of naïve Treg has been suggested as a 

starting population for immunotherapy (Hoffmann et al., 2006b; Mazur et al., 2008).  

Furthermore, the use of UCB has also been suggested as an alternative to APB as a 

source of Tregs for immunotherapy (Brunstein et al., 2013; Brunstein et al., 2016; 

Hippen et al., 2008). The low presence of activated effector T cells favours their use as 

a starting point to isolate Tregs for therapeutic use. UCB is increasingly used in 

alloHSCT with outcome data highlighting the reduced GvHD associated with UCBT 

compared to BMT and peripheral blood derived stem cell transplantations (Ballen et al., 

2013; Gluckman et al., 1997).  Additionally, the naivety of UCB cells and the presence 

of Tregs have also been implicated to minimise allogeneic responses to lower the 

incidence of GvHD post transplantation (Haller et al., 2008; Porter et al., 2006).  

 

Interestingly, discrepancies remain in the literature regarding the functional capacity of 

UCB Tregs. Some studies highlight UCB Tregs as maintaining minimal suppressor 

function whereas others show the opposite and believe UCB Tregs outperform APB 

Tregs (Lin et al., 2014; Wing et al., 2003). In terms of clinical application, polyclonal 
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expanded UCB Tregs have been provided to dUCBT recipients with outcome data 

indicating a lower rate of GvHD incidence compared to historical controls (Brunstein et 

al., 2011; Brunstein et al., 2016). 

 

The main aim of this project is to generate alloantigen specific Tregs from UCB. This 

chapter aims to characterise the function and phenotype of freshly isolated UCB Tregs 

and compare them to equivalent APB populations, with the objectives of clarifying the 

discrepancies regarding UCB Tregs in the literature, and identifying the basal 

phenotype of these cells. As the primary focus of this study is to generate alloantigen 

specific Tregs from UCB, this chapter will assess the baseline conditions required to 

maintain a stable phenotype in UCB Tregs and promote alloantigen specific stimulation. 
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3.2	Identification	of	CD4+CD25+CD127low	T	cells	in	UCB	mononuclear	cell	populations	

 

Flow cytometry was employed to determine the proportion of Tregs in UCB and APB 

MNCs prior to their isolation. Tregs were initially identified based on the surface 

phenotype of CD3+CD4+CD25+CD127low T cells (gating strategy summarised in figure 

3.1A). The CD25+ population was distinguished in UCB CD4+ T cells compared to 

APB CD4+ T cells (Figure 3.1B). This distinction was visible due to the higher MFI of 

CD127 on CD4+CD25- T cells from UCB compared to APB (CD127 MFI on 

CD4+CD25-, UCB = 1670 ± 232.554 vs APB = 1070.4 ± 215.953, figure 3.1C)  

 

However, a lower proportion of UCB CD4+ T cells conformed to the Treg phenotype of 

CD4+CD25+CD127low compared with APB (UCB 1.469% ± 0.809% vs. APB 8.747% ± 

2.945%, figure 3.1D). When assessing differences in the expression of CD25 between 

UCB and APB within the Treg gate, the intensity of CD25 was lower in APB samples 

(UCB CD25 MFI = 5517.6 ± 1087.576 vs APB CD25 MFI = 4206.3 ± 796.012, figure 

3.1E). This was unexpected as a greater proportion of CD4+ T cells co-expressing CD25 

with low CD127 expression was seen APB, but the expression levels of this marker 

were lower.  

 

Although APB contains a greater proportion of cells which fell within the defined 

CD3+CD4+CD25+CD127low gate, the lower expression intensity of CD25 would 

highlight that APB contains CD25low and CD25int cells. This when combined with the 

higher CD127 expression intensity, indicates that APB contained activated effector T 

cell contaminants and less of these may have been within UCB samples. In addition, 

this also enables easier selection of CD4+CD25+ Tregs from UCB using either magnetic 

bead isolation or FACS, thus favouring the clinical use of UCB Tregs for expansion in 

immunotherapy. 
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Figure 3.1 Characterisation of Treg population in APB and UCB. Gating strategy 

used to identify CD3+CD4+CD25+CD127low from MNCs (A). CD25 and CD127 were 

used to identify the presence of CD4+CD25+CD127low within the CD4 compartment and 

highlighted differences in APB and UCB samples based on CD127 expression 

(representative dot plot and CD127 expression, B-C). The proportion of CD4+ T cells 

were determined based on the CD4+CD25+CD127low Treg phenotype (D). Differences 

in the MFI of CD25 (E) were compared for CD4+CD25+CD127low cells from APB and 

UCB. Statistical analysis by unpaired student’s t test. (n = 10 per group) **** = P ≤ 

0.0001, * = P ≤ 0.05 
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3.3	Greater	presence	of	naïve	Tregs	in	UCB	

 

It has previously been highlighted that the naivety of UCB Tregs is a primary reason 

favouring their clinical application (Chang et al., 2005; Miyara et al., 2009; Wing et al., 

2005). To confirm the proportion of naïve Tregs, the expression of CD45 isoforms, 

CD45RA and CD45RO were measured to establish the proportion of naïve and memory 

Tregs respectively. Expectedly, the proportion of CD4+CD25+CD127low T cells co-

expressing CD45RA was significantly greater in UCB compared to APB (average UCB 

= 90.11 ± 3.71% vs. APB = 14.34 ± 6.85%, figure 3.2A-B). Additionally, greater 

uniformity was seen in CD45RA expression in UCB samples whilst APB Tregs showed 

variable levels between individuals. In inverse correlation with CD45RA expression, 

<10% of UCB Tregs co-expressed CD45RO whereas most APB Tregs (average APB = 

79.92 ± 6.66% vs UCB = 8.94 ± 1.55%) had a memory phenotype (Figure 3.2C). 

 

It has been suggested that due to the lack of external antigen exposure in utero, the 

majority of UCB CD4+ T cells remain unchallenged and thus naïve (Mazur et al., 2008). 

As CD45RA expression alone cannot verify cellular naivety, the expression of recent 

thymic emigrant marker, CD31, was measured to further characterise UCB Tregs. 

Although, 90.11% of UCB Tregs expressed CD45RA only 67.49% ± 6.48% co-

expressed CD31, this however remained significantly greater than the CD31 expression 

seen in equivalent APB Tregs (APB 35.59% ± 8.55, figure 3.2D). When measuring 

CD45RA and CD31 expression in CD4+CD25- Tcons (representative dot plots, figure 

3.3A), it was seen that UCB Tcons maintained high CD45RA expression (UCB 96.92 ± 

2.92 vs. APB 52.66 ± 4.49, figure 3.3B). Moreover, like Tregs, CD31- T cells were seen 

in UCB samples, (CD31+ = UCB 76.21 ± 7.36 vs. APB 26.86 ± 5.26, figure 3.3C), but 

the proportion of CD31+ cells remained significantly higher in UCB samples compared 

to APB samples. This would indicate that the UCB T cell population is heterogeneous, 

consisting of recent thymic emigrants and those that are not. However, the high 

presence of CD45RA would still argue that both UCB Tregs and Tcons are naïve 

although there may be functional differences between CD45RA+CD31- and 

CD45RA+CD31+ population with the latter potentially representing greater naivety.  

  



Chapter 3  

	

	 108	

 
 
 
 
 

Figure 3.2:  Naivety of UCB Tregs. Representative flow cytometry dot plot showing 

differences in CD45RA and CD45RO (representative dot plot from APB Tregs) (A). To 

determine the proportion of naïve, memory and recent thymic emigrant Tregs from 

UCB and APB, frequency of CD4+CD25+CD127low cells co-expressing either CD45RA 

(B), CD45RO (C) or CD31 (D) was measured. Statistical analysis by unpaired student’s 

t test. (n = 10 per group) **** = P ≤ 0.0001. 
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Figure 3.3:  Naivety of UCB CD4+CD25- cells. Representative flow cytometric dot 

plots showing differences in CD45RA and CD31 expression between UCB and APB 

CD4+CD25- T cells (A). This was quantified to establish how many CD4+CD25- T cells 

expressed CD45RA (B) and CD31 (C) between UCB and APB samples. Statistical 

analysis by unpaired student’s t test. (n = 5 per group) Error bars show mean ± SD 

 **** = P ≤ 0.0001. 
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3.4	Composition	of	Memory	Treg	compartment	in	UCB	

 

UCB Tregs were confirmed to maintain a mainly naïve phenotype but a 

CD4+CD25+CD127lowCD45RO+ population was consistently identified during the 

analysis of multiple UCB units. Previous evidence highlights the significance of using a 

naïve Treg population for ex-vivo manipulation, thus making UCB as an ideal resource 

for Tregs immunotherapy. Further to the use of CD45RA+ Tregs, Hoffmann et al., 

identified that naïve Tregs co-expressing the lymph-node homing markers CD62L and 

C-C chemokine receptor 7 (CCR7), maintained stable Treg phenotype post expansion 

(Hoffmann et al., 2006b). The ability to home and remain in lymphoid organs prior to 

activation is essential for Treg function, as this enables them to suppress professional 

APC – T cell interactions (Hoffmann et al., 2006b; Tang et al., 2006). Further to this, 

differences in CD62L and CCR7 expression provide an insight into the types of 

memory Tregs present (Veerapathran et al., 2011). Therefore, the CD45RA+ and 

CD45RO+ populations within UCB Tregs were characterised based on CD62L and 

CCR7 expression. 

 

In the naïve Treg population, co-expression of CD62L and CCR7 are believed to verify 

the resting phenotype of these cells (Hoffmann et al., 2006b). Interestingly, from the 

UCB naïve population (CD4+CD25+CD127lowCD45RO-) only 73% of cells co-

expressed both CD62L and CCR7 (Figure 3.4A). This highlights the potential presence 

of a minor Treg population, that although naïve may not be in a resting state or are 

potentially transitioning towards a memory phenotype, when assessed in APB 

equivalents, only 34% were CD62L+CCR7+.  

 

The non-naïve population, as determined through CD45RO+ expression, was further 

categorised as CD4+CD25+CD127lowCD45RO+CD62L-CCR7- effector Tregs and 

CD4+CD25+CD127lowCD45RO+CD62L+CCR7+ central memory Tregs. Although <10% 

of UCB Tregs expressed CD45RO, of these cells, 13% were classified as effector Tregs 

whilst 46% maintained CD62L and CCR7 expression. The remaining CD45RO 

population expressed neither of these markers. In APB samples, most Tregs belonged to 

a memory phenotype (Fig 3.2C), from this, 68.5% were determined to be central 

memory Tregs and 23.14% as effector Tregs (Figure 3.4B-C). 
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Compared to APB, UCB is abundant in naïve cells, including Tregs (Cupedo et al., 

2005; Mazur et al., 2008). From the minor population of CD45RO+ Tregs, most these 

cells conform to a central memory Treg like phenotype. The very limited number of 

effector type cells favours the use of UCB derived Tregs as a starting point for ex-vivo 

manipulation.  
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Figure 3.4:  Homing markers of CD45RO+ UCB Tregs. The composition of the Treg 

population was categorised based on the expression of lymph-node homing markers. 

Flow cytometry was used to establish the phenotype Tregs with naïve Tregs determined 

as CD4+CD25+CD127lowCD45RO- cells, with co-expression of CCR7 and CD62L 

measured (A). The memory Treg population (CD4+CD25+CD127lowCD45RO+) was 

sub-categorised to determine the proportion of central memory Tregs (CCR7+CD62L+, 

(B)) and effector memory Tregs (CD62L-CCR7-, (C)). Statistical analysis by student’s t 

test. (n = 10 per group) **** = P ≤ 0.0001, *** = P ≤ 0.001, ** = P ≤ 0.01. 
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3.5	Greater	purity	of	Tregs	isolated	from	UCB	

 

Treg mediated suppression is directly correlated with the expression of the forkhead box 

transcription factor, FoxP3 (Hori et al., 2003). As a transcription factor, FoxP3 cannot 

be utilised in the selection of Tregs, although transgene markers can be placed under the 

control of FoxP3 genetic control elements to allow separation (Zhou et al., 2010). 

Therefore, isolation of un-manipulated Tregs is restricted to the selection of the surface 

phenotype CD4+CD25+CD127low (Liu et al., 2006).  

 

Intracellular staining was used to confirm the presence of FoxP3 in purified 

CD4+CD25+ T cells from both UCB and APB (gaiting strategy shown using UCB 

fractions – Figure 3.5A). From UCB, Tregs were directly isolated from MNCs using 

anti-CD25 magnetic beads. To isolate Tregs from APB MNCs, a 2-step protocol was 

required, this entailed the isolation of CD4+ T cells followed by CD25 selection. When 

analysing the total isolated population, the expression of FoxP3 is greater in UCB 

samples compared to APB samples (UCB MFI = 1373.63 ± 368.21 vs APB MFI = 

716.43 ± 100.99, figure 3.5B). Due to the presence of CD25low and CD25- cells at point 

of CD25 isolation from APB CD4+ T cells, several FoxP3- cells were obtained (FoxP3+ 

= APB 60.61% ± 15.32% vs UCB 96.27% ± 3.06%, figure 3.5C). 

 

Maintaining a purified population is essential to preserve the suppressive function of 

Tregs (Vogtenhuber et al., 2008). With UCB samples, the easily identifiable CD25+ 

population and the correlation of this with FoxP3 expression are indicative of Tregs. 

However, with APB samples the lack of uniform FoxP3 expressed in isolated fractions, 

questions if isolated cells were Tregs. One of the reasons for the differences seen in 

UCB and APB is related to the different selection protocols used. The protocol used for 

UCB Tregs was sufficient to isolate cells correlating with typical Treg phenotype 

whereas the protocol for Treg isolation from APB may be insufficient to provide pure 

Tregs. Therefore, the results obtained could be due to this and not representative of 

differences between Tregs purity in UCB and APB. 

 

To improve purity of APB Treg samples isolated using the above-mentioned method, 

the mTOR inhibitor RAPA was introduced into cultures to deplete CD4+CD25- T cells 

(Battaglia et al., 2006a; Chapman and Chi, 2014). Prior to the use of RAPA, when the 
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gating strategy was aimed at only analysing CD25+ Tregs from the isolation population, 

the proportion of FoxP3+ cells had improved (60.61% ± 15.32% vs 75.02% ± 9.03%), 

yet remained below the levels obtained from isolated UCB samples. However, post 

RAPA inclusion, up to 90% of isolated APB CD4+CD25+ T cells maintained FoxP3 

expression (Figure 3.6 B-C). 

 

Based on FACs analysis, the purity of UCB isolated Tregs was satisfactory. However, 

to improve FoxP3 expression further and diminish the presence of activated effector T 

cells, RAPA was subsequently cultured with UCB Tregs for 2 days. Post treatment, 

very few Tregs remained viable in culture (data not shown) as a result RAPA was not 

utilised in subsequent UCB Treg cultures.  
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Figure 3.5: Isolation of Tregs. Tregs were isolated using magnetic beads. UCB Tregs 

were directly obtained from UCB MNCs based on CD25+ selection. CD4+ T cells were 

initially isolated from APB MNCs followed by CD25+ selection to obtain CD4+CD25+ 

cells. Purity of Tregs was determined using flow cytometry to establish isolation of 

CD25+ cells and confirm restriction of FoxP3 expression to the CD25+ population 

(representative dot plots and histogram, A). FoxP3 expression in the CD4+CD25+ 

isolated fraction was compared between UCB and APB (n = 16, (B)). This represented 

differences in percentage of FoxP3+ cells obtained post isolation (n = 10, (C)).  

Statistical analysis by unpaired student’s t test. (n = 16 per group) Error bars show mean 

± SD **** = P ≤ 0.0001. 
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Figure 3.6: Removal of non-Tregs from APB isolations. CD4+CD25+ T cells were 

isolated from APB and analysed by flow cytometry, this highlighted the presence of 

CD25- and FoxP3- cells as shown in the representative dot plot (A). As a method of 

removing CD25- and FoxP3- contaminants, RAPA was introduced into culture. Post 2-

day treatment, flow cytometry was used to visualise the level of CD25 and FoxP3 

expression (representative dot plot and histogram, (B)). FoxP3 levels were then 

quantified based and compared between initial isolated fraction, when only CD25+ cells 

were gated post isolation and following RAPA treatment (C). Statistical analysis by 

paired student’s t test. (n = 10 per group) Error bars show mean ± SD **** = P ≤ 

0.0001 *** = P ≤ 0.001, ** = P ≤ 0.01. 
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3.6	Freshly	isolated	UCB	Tregs	have	limited	suppressive	capacity	

 

To test the suppressive capacity of freshly isolated UCB Tregs, suppression assay 

cultures were set up. Suppression was determined by the proliferation of autologous 

responder CD4+CD25- T cells activated by anti-CD3/CD28 beads in the presence of 

Tregs added in serial dilutions. Freshly isolated UCB Tregs failed to offer significant 

suppression at the 1:1 ratio, with up to 70% of responder cells proliferating upon 

activation. This suppression was further diminished as Treg numbers were halved with 

the 1:4 ratio failing to suppress. Comparatively, APB Tregs (isolated following the use 

of RAPA) offered significantly better suppression at the 1:1 ratio, however this was lost 

at the 1:2 ratio with 1:8 dilution offering no suppression (Figure 3.7). 

 

The relatively limited suppressive function exhibited by UCB Tregs may reflect the 

increased presence of naïve and recent thymic emigrant cells compared to APB isolated 

Tregs. Moreover, as FoxP3 expression was lower in UCB Tregs compared with APB 

Tregs (RAPA treated), this correlates with the weak suppression. UCB Tregs are mainly 

composed of naïve cells whilst APB Tregs also have memory and effector Tregs, the 

latter may be expected to exhibit superior suppressive capacity and account for the 

difference seen between UCB and APB. Overall, the low FoxP3 together with naïve 

expression and weak suppressive function support the resting phenotype of UCB Tregs. 
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Figure 3.7: Weak suppression by UCB Tregs. Freshly isolated UCB Tregs and RAPA 

treated APB Tregs were added in serial dilution to autologous responder cells 

stimulated with anti-CD3/CD28 beads. Suppression was assessed based on proliferation 

of responder cells. Statistical analysis by unpaired student’s t test. (n = 6 per group) * = 

P ≤ 0.05.  
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3.7	Change	in	naivety	of	UCB	T	cells	upon	culture	

 

Multiple rounds of stimulation are necessary to generate sufficient alloantigen specific 

Tregs for therapy (Cherai et al., 2015). To achieve this, Tregs need to be maintained in 

culture for long durations. Prior to determining the potential to expand polyclonal or 

allogeneic UCB Tregs, the conditions promoting Treg survival were assessed. Previous 

studies have utilised cell culture medium supplemented with either FCS or HS when 

stimulating or maintaining human Tregs in culture (Godfrey et al., 2005; Hippen et al., 

2008).  

 

Cultures were kept for 9 days and the phenotype of viable cells was determined by flow 

cytometry (Live/Dead gating strategy shown in figure 3.8A).  At day 0, analysis of the 

total CD4+ T cells compartment showed high expression of naïve markers CD45RA and 

CD31 in UCB samples, in comparison APB CD4+ T cells remained significantly lower 

in the expression of both markers (CD45RA: APB = 37.53% ± 12.39%, UCB = 96.31% 

± 1.62%, figure 3.8B. CD31: APB = 30.64% ± 11.04%, UCB 81.48% ± 12.06%, figure 

3.8C). 

 

All initial cultures were conducted in FCS supplemented medium with UCB MNCs 

rested without any stimulation. Over the 9 days, a decrease in the frequency of CD4+ T 

cells expressing CD45RA was observed, with the formation of CD45RA- cells, 

demonstrating a change in naivety. Parallel cultures supplemented with HS showed 

greater phenotypic stability as minimal changes were observed, moreover, APB MNC 

cultures also show minimal changes irrespective of culture serum used (Figure 3.9). 

When assessing changes in CD45RA frequency in UCB CD4+ T cells, drastic decreases 

were seen at days 7 and 9 for FCS samples, however no such changes were noted for 

HS samples (Figure 3.10A). When CD31 expression was assessed, no significant 

difference was observed between FCS and HS treated cultures (Figure 3.10B). This 

shows that although there is a slight decrease in CD31 expression, UCB T cells still 

maintain their recent thymic emigrant status. 

 

Identifying the ideal culture conditions is essential prior to Treg generation. As UCB is 

a naïve resource, this could be a reason for the change in phenotype upon FCS 

encounter. There is a consistent decrease and loss in the expression of CD45RA, even 
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though CD31 remained stable. Overall, these findings would favour the use of HS 

instead of FCS when culturing UCB T cells. 

  



Chapter 3  

	

	 121	

 

 
 
 
Figure 3.8: Total UCB CD4+ T cells are naïve. To ensure analysis was limited to 

viable cells, live/dead staining was employed. Upon acquisition, cell populations were 

divided based on live/dead staining with non-fluorescent populations indicating live 

cells, forwards and side scatter were subsequently used to gate the lymphocyte 

population (A). Following viability assessment, the proportion of CD3+CD4+ T cells 

also expressing CD45RA (B) and CD31 (C) were compared. Statistical analysis by 

unpaired student’s t test. (n = 10 per group) **** = P ≤ 0.0001.  
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Figure 3.9: Culture serum causes changes in UCB naivety. UCB and APB MNCs 

were maintained for 9 days in culture media supplemented with FCS or HS. During this 

time, the CD4+ T cell compartment was assessed at set time points (Days 0, 2, 5, 7, 9). 

Flow cytometry was used over these 9 days to assess T cell naivety based on changes to 

CD45RA and CD31, as demonstrated by representative dot plots. 
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Figure 3.10: Decrease in CD45RA in the presence of FCS. UCB and APB MNCs 

were maintained for 9 days in culture media supplemented with FCS or HS. During this 

time, the CD4+ T cell compartment was assessed at set time points (Days 0, 2, 5, 7, 9). 

Changes in the frequency of CD4+ T cells co-expressing CD45RA (A) and CD31 (B) 

was monitored throughout culture. Statistical analysis by multiple paired student’s t test. 

(n = 5 per group) * = P ≤ 0.05. 
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3.8	Increased	FoxP3	in	the	presence	of	FCS	

 

After observing a change in CD45RA expression over time in FCS supplemented 

cultures, the activation status of T cells was assessed. The high affinity IL-2α receptor, 

CD25, is a marker commonly associated with Tregs but known to be transiently 

upregulated during T cell activation (Sakaguchi et al., 1995; Vogtenhuber et al., 2008). 

The changes in expression of CD25 over the 9 day culture period were monitored using 

flow cytometry. 

 

In correlation to the phenotypic changes previously highlighted in CD31 and CD45RA 

expression, an enhancement in the proportion of CD4+ T cells expressing CD25 was 

seen in the presence of FCS. Compared to the start of culture, significant increments in 

CD25 frequency were seen at day 7 and 9 respectively (Figure 3.11A). In HS 

supplemented cultures, a similar trend in CD25 increase was seen over the duration of 

culture; these changes however, remained less than those exhibited by FCS samples.    

 

The expression of FoxP3 was further assessed on the CD4+CD25+ population. FoxP3 is 

identified as an essential transcription factor required for Treg function, but is also 

known to be up-regulated upon human T cell activation. In accordance with CD25 

expression, significant upregulation of FoxP3 was seen compared to the start of culture 

and days 7-9 in the presence of FCS. However, only a proportion of these CD25+ T 

cells co-expressed FoxP3 (At day 7, 46.76 ± 8.11% of UCB CD4+ T cells expressed 

CD25 with the use of FCS, but only 23.42 ± 8.25% also expressed FoxP3, Figure 

3.11B).  An increase in the expression of FoxP3 was also identified in HS supplemented 

cultures, this could be due to low level of activation caused by HS or dead cells and 

debris which are present at an increased proportion by day 7-9 of culture. 

 

The changes in naivety together with increased CD25 and FoxP3 expression suggests 

the response of CD4+ T cells towards FCS associated factors. FCS is routinely used in 

cell culture, but xenogeneic serum has a profound effect with UCB cells. It is important 

to note that MNCs are composed of multiple cellular populations thus cells such as 

monocytes; NK cells, macrophages and B cells are also present along with CD4+ T 

cells. These cells can process and present antigen in the context of HLA class II 

molecules to activate CD4+ T cells. 
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To understand if the processing and presentation of FCS derived antigen by antigen 

presenting cells within UCB MNCs was the reason for T cell activation, UCB CD4+ T 

cells were isolated and cultured alone in the presence of FCS or HS for 7 days. Viable 

cells were analysed and compared to previous findings, irrespective of serum type used, 

no significant changes were seen in the composition of the CD45RA population 

irrespective of serum type used (Figure 3.11C). 

 

In the presence of other cell types, including APCs, the use of FCS results in the 

activation of UCB CD4+ T cells resulting in increased CD25+ and FoxP3+ expression as 

well as changes in naivety. 

  



Chapter 3  

	

	 126	

 
 

Figure 3.11: Activation of UCB T cells in the presence of FCS. Following the change 

in naïve and memory markers in the presence of FCS, changes in CD25 expression was 

measured between UCB and APB CD4+CD25+ T cells at days 0,2,5,7 and 9 in culture 

with the use of FCS or HS (A). From these CD25+ T cells, the proportion co-expressing 

FoxP3 was measured (B). To confirm if the presence of non-CD4+ T cells in UCB 

MNCs contributed to the change in CD45RA, CD4+ T cells were isolated and cultured 

in FCS or HS contained media for 7 days, the percentage of CD45RA was monitored 

over the culture period (C). Statistical analysis by paired student’s t test. (n = 6 per 

group) * = P ≤ 0.05.  
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3.9	Enhanced	expression	of	Treg	markers	

 

Due to the change in UCB CD4+ T cell phenotype when UCB MNCs were cultured in 

the presence of FCS, subsequent experiments were conducted in HS supplemented 

medium. Previous results showed enhancements in the expression of CD25 and FoxP3 

when UCB MNCs were cultured in FCS and HS. Since the naivety of UCB CD4+ T 

cells was maintained with HS, the possibility of culturing UCB MNCs prior to Treg 

isolation was assessed to determine if this improved their function. 

 

UCB MNCs were rested in culture as previously in HS supplemented medium. Over the 

duration of culture, cell counts of the CD4+ T cell population were determined using 

absolute count beads. Cell counts indicated the high occurrence of cell death over 9 

days in culture wells (Figure 3.12A). This was expected as MNCs were cultured 

without exogenous cytokines or stimulation. Irrespective of the increased cell death, at 

day 7 of culture, the expression of FoxP3 was higher than at the start of culture. 

Differences seen between UCB samples at various time points showed that day 7 

provided significant increases compared to days 0, 2 and 5 (Figure 3.12B).  

 

To determine if Treg numbers and viability could be improved, the culture medium was 

supplemented with recombinant IL-2, IL-15 or both cytokines. IL-2 is essential for 

Tregs and has been implicated in their generation and maintenance (Fontenot et al., 

2005; Sakaguchi et al., 1995). Similarly, IL-15 has also been used in Treg generation 

with studies also utilising this cytokine in Treg expansion (Caramalho et al., 2015b; Lee 

et al., 2009; Lin et al., 2014). Absolute count beads were again employed to obtain 

details on the expansion of CD4+CD25+CD127low T cells (which correlate with FoxP3 

expression) following the supplementation of cytokines. Changes in cell numbers were 

determined based on a fold difference, this was calculated using the equation: (B − A) / 

A, whereby A is the initial cell number and B is the new cell count. The rate of 

expansion of CD4+CD25+CD127low cells was variable at all time points during culture. 

However, IL-2 supplementation provided significant improvement of cell numbers at 

day 7 and 9 when compared with samples treated without exogenous cytokines. IL-15 

and IL-2 + IL-15 treated cultures failed to yield significant improvements with numbers 

being high variable (Figure 3.12C).  When assessing trends in expansion, a visible peak 

is seen followed by a decrease in cell numbers, this could indicate the high cell death 
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rate occurring over culture even in the presence of cytokines known to support Treg 

survival. It should be stressed that no direct stimulant is provided in cultures to evoke 

Treg activation and expansion, therefore a high cell death rate was anticipated. 

 

As absolute cell counts could not be conducted with intracellular stained samples, 

aliquots of the same samples were taken in parallel to measure the proportion of CD4+ T 

cells expressing CD25 and FoxP3 cells. The use of IL-2 or IL-15 or both improves the 

frequency of CD4+CD25+FoxP3+ cells, but the growth was highly variable and 

remained insignificant when compared to the other conditions at each respective time 

point. However, when assessing changes over time within the same condition, 

significant growth was observed, particularly at day 7 in cultures with IL-2 present 

(Figure 3.13A). After initially observing the presence of FoxP3high cells during culture 

(Figure 3.12B), the proportion of CD4+CD25+FoxP3+ T cells falling within the 

FoxP3high gate was measured in cultures set-up using different cytokines (Figure 3.13B). 

Unfortunately, like previous, no significant difference was observed at each time point 

when comparing different culture conditions. But upon comparison within the same 

culture conditions, significant presence of FoxP3high cells was seen at day 9 when 

exogenous cytokine was not provided or at day 7 in the presence of IL-2. Day 7 with 

IL-2 is also when the maximal peak is seen in FoxP3high cells with 4.36±2.44% of 

CD4+CD25+FoxP3+ cells falling within the FoxP3high gate. 

 

Overall, the use of cytokines in culture improved the presence of cells with a Treg-like 

phenotype. The use of IL-2 offered heightened expression of FoxP3, whilst IL-15 or the 

combined use of both failed to provide further advantages. From this data, the 

maintenance of UCB MNCs in culture has a positive effect on cell numbers and the 

expression of Treg associated markers. However, with cell death occurring over time, 

there is a possibility that the increased FoxP3 presence may correlate with the 

preferential survival of Tregs over time and thus these cells begin to form a greater 

majority within the CD4+ T cell compartment. Seeing as total MNCs have been 

cultured, if any stimulation was occurring, there is a high likelihood that this stimulation 

would also affect CD4+CD25- T cells and these themselves could contribute towards the 

increased CD4+CD25+ presence. Yet as the cultures continue, over time there is a 

decrease in absolute cell numbers thus supporting the loss of cells/ high cell death. 
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Figure 3.12: FoxP3 expression profiles. UCB MNCs were cultured for 9 days. 

Changes in the number of CD4+ T cells were monitored throughout culture using 

absolute count beads showing a loss of cells throughout culture (A). Culturing MNCs 

highlighted a change in the expression of FoxP3 with the appearance of a FoxP3high 

population (representative dot plot shows gating), the proportion of CD4+CD25+ T cells 

falling within the FoxP3high gate was determined (B). Cytokines were supplemented in 

culture and absolute counts beads used to determine changes to the number of 

CD4+CD25+ T cells in their presence, this is plotted as a fold change in expansion, 

calculated as (B-A/A), where A is the initial cell count and B is the count of the next 

time point (C). Statistical analysis for (B) via paired student’s t test (n = 6 per group) at 

time points in UCB samples. Differences between UCB and APB were N/S. Statistical 

analysis for (C) shown in adjoining table, conducted via paired student’s t test (n = 6 per 

group). * = P ≤ 0.05  
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Figure 3.13: Increased FoxP3 expression. To establish the change in Treg cells over 

time, intracellular staining was conducted on UCB MNCs that were cultured without 

exogenous cytokine or IL-2 or IL-15 or IL-2+IL-15. CD4+ T cells were gated and the 

proportion of cells co-expressing CD25 and FoxP3 were measured (A). The proportion 

of these CD4+CD25+FoxP3+ cells was also measured based on their expression of 

FoxP3high cells when in different culture conditions (B). Accompanying tables showing 

statistical analysis conducted by multiple paired student’s t test, no significant 

difference was noted when comparing data between culture conditions. Table compares 

differences over time within the same culture condition. (n = 6 per group) **** = P ≤ 

0.0001, *** = P ≤ 0.001, ** = P ≤ 0.01 * = P ≤ 0.05 
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3.10	Improved	suppression	of	UCB	Tregs	following	culture	

 

After establishing the enhanced expression of FoxP3 in the presence of IL-2 when UCB 

MNCs were cultured for 7 days, the function of these cells was determined. Tregs were 

isolated from UCB MNCs cultures supplemented with IL-2 at day 7 and used in 

suppression assays. 

 

Prior to the start of culture, 50% of obtained MNCs were used to isolate CD4+CD25- T 

cells and cryopreserved. These cells were autologous to the Tregs obtained from the 

MNC fraction that was cultured for 7 days in the presence of IL-2 and served as 

responder T cells for the suppression assay. Responder T cells were stimulated with 

anti-CD3/CD28 beads used in a 10:1 (T cell:Bead) ratio with equal amounts used per-

well. Tregs were used in serial dilution with the maximum ratio of Tregs:Tresp at 1:1. 

No IL-2 was supplemented into assay and stimulated cells were kept for 4 days prior to 

analysis by flow cytometry. Suppression was determined based upon CFSE labelled 

Tresp cells.  

 

Compared to the weak suppressive capacity exhibited by freshly isolated UCB Tregs, 7 

day cultured cells offered significant improvements in suppressing responder T cell 

proliferation, particularly at the 1:1 ratio (94.76±5.91% vs. 38.12±4.48% proliferation 

from day 7 Tregs, figure 3.14). As the ratio of Tregs to Tresp decreased, suppression 

was diminished with almost 90% proliferation seen at the 1:4 ratio. 

 

Maintaining UCB MNCs in culture prior to the isolation of Tregs provided improved 

suppressive function compared to freshly isolated Tregs. This functional change 

correlated with the enhanced expression of FoxP3 and CTLA-4. In HS cultures, 

CD45RA and CD31 expression remained consistent throughout, thus indicating the 

naivety of Tregs. Irrespective of improvements and fold change in expansion, 

maintaining cultures for 9 days in the absence of a stimulus results in a high cell death 

rate which further diminishes the number of viable Tregs available for subsequent use. 
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Figure 3.14: Change in Treg function after rest. Confirmation of the change in 

suppression of UCB Tregs from MNCs rested in culture for 1 week in the presence of 

IL-2 prior to isolation. Suppressive function was compared with freshly isolated UCB 

and APB Tregs. Statistical analysis conducted using paired student’s t tests between 

UCB and UCB-1wk (black asterisk), unpaired student’s t used between UCB-1wk and 

APB (red asterisk). (n = 6 per group) * = P ≤ 0.05 
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3.11	Discussion	

 

The aim of this chapter was to identify the baseline characteristics of UCB Tregs and 

understand the culture conditions favouring their function. Upon isolation, UCB Tregs 

maintained a naïve and resting phenotype as determined by their high expression of 

CD45RA and CD31 coupled with the low expression of FoxP3. When assessing 

function, it was evident that UCB Tregs are unable to suppress as efficiently as freshly 

isolated APB Tregs. Comparisons of UCB and APB isolated Treg populations 

highlighted a difference in the composition of Tregs with APB consisting of 

significantly greater levels of CD45RO+ memory Tregs, which potentially supports the 

reason for APB Tregs to provide greater suppression than UCB equivalents. 

 

Previous publications similarly highlight the naïve and resting phenotype of UCB Tregs 

as well as their limited suppressive capacity (Chang et al., 2005; Hippen et al., 2008; Ng 

et al., 2001; Porter et al., 2006). However, discrepancies exist in the literature with 

indications that UCB Tregs provide better suppression than APB Tregs, thus it was 

important to determine the baseline characteristics of UCB Tregs prior to ex-vivo 

manipulation. The findings in this chapter agree with the former as low levels of FoxP3 

and high presence of naïve markers would potentially support antigen inexperienced 

state of UCB Tregs thus limiting their function (Chang et al., 2005; Miyara et al., 2009).   

 

The maintenance of UCB MNCs in culture in the presence of FCS identified a decrease 

in naivety and changes to CD25 expression. The increase in CD25 hindered 

identification of Tregs since activated effector T cells also up-regulate this marker. In 

the past, Treg expansion studies have utilised FCS in culture media without highlighting 

changes in culture caused due to the serum (Beyersdorf et al., 2006; Godfrey et al., 

2005; Sarkar et al., 2014). In this instance, total MNCs were utilised, which contains 

APCs capable of presenting antigens in the context of HLA-class II molecules. APCs 

could take up FCS derived antigens and present them to UCB CD4+ T cells, causing 

activation. Being a resource rich in naïve T cells, UCB cells can elicit a stronger 

response upon exposure to antigens compared with memory T cells. One of the 

potential reasons for this is linked to the repertoire of naïve T cells and the expansive 

range of peptide antigens it can interact with, whereas memory T cells maintain greater 

antigen specificity enabling them to provide a superior secondary response. As APB 
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contains a greater proportion of memory T cells, these may not be reactive to FCS. This 

may in part explain the differences seen between UCB and APB responses towards 

FCS. Moreover, there is a possibility that APB cells may have previously been exposed 

to FCS components and as a result do not react as UCB T cells did. Upon testing 

batches of FCS, the same effect was still obtained. It is important to note however, that 

the phenotypic changes were only caused in the presence of total MNCs, as culturing of 

CD4+ T cells alone in the presence of FCS did not alter CD31/CD45RA or CD25 

expression. To fully preserve and maintain a stable phenotype, umbilical cord serum 

(UCBS) should have been used. However, due to the limited availability UCBS, HS 

was used in subsequent experiments. 

 

During culture, a high rate of cell death was seen, this was due to the lack of stimulatory 

signals which compromised T cell survival. Although IL-2 and IL-15 were 

supplemented into culture and increased CD4+ T cell numbers, without stimulation, a 

high cell death rate still occurs. As a result, there is an increased presence of debris in 

culture which can be presented to CD4+ T cells by APCs contained within the MNCs. 

This could activate T cells enabling their proliferation and improving the count of 

CD4+CD25+CD127low cells and potentially their function. When coupled with 

previously published findings that UCB T cells are skewed towards an anti-

inflammatory phenotype, there is chance that stimulating UCB Tcons promotes a 

suppressive phenotype (Miyagawa et al., 2009). This outcome opposes the response 

generated following APB Tcon stimulation, thus implicating that the suppressive 

outcome seen through maintaining UCB MNCs in culture could be linked to the 

generation of anti-inflammatory suppressive effector T cells (Chang et al., 2005). 

 

The increased presence of CD4+CD25+ cells with suppressive function seen when 

maintaining UCB MNCs in culture may also be attributed to iTreg generation. In vitro, 

CD4+CD25- cells can be converted into suppressive CD4+CD25+ T cells under the 

provisions of IL-2 and TGF-β during stimulation (Chen et al., 2003; Ellis et al., 2012; 

Fu et al., 2004). Although, IL-2 was supplemented into MNC cultures, TGF-β was not 

added, therefore indicating that the suppressive population obtained at the end of culture 

were tTregs. But to confirm this, levels of TGF-β in culture could be measured, as T 

cells can produce TGF-β and together with IL-2 promote iTreg generation.  
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The primary aim of this thesis is to generate alloantigen specific Tregs from UCB. In 

order to achieve this, UCB Tregs need to be cultured in the presence of allogeneic 

APCs. If FCS supplemented medium was used whilst stimulating UCB Tregs towards 

an allostimulus, there exists a potential that Tregs will be stimulated towards the culture 

serum instead of alloantigens.  

 

Compared to FCS cultures, the use of HS resulted in a lower decrease in CD45RA 

expression. Since CD45RA expression was maintained throughout, an improvement in 

Treg function and change in FoxP3 was not expected. Yet, during the culture period an 

enhancement in FoxP3 expression was noted which subsequently resulted in superior 

suppressive function particularly in the 1:1 and 1:2 ratios. An explanation for this could 

link to the ability of memory T cells to revert back to a naïve, CD45RA+, phenotype (Di 

Mitri et al., 2011). Therefore, there is a possibility that culturing UCB cells altered their 

maturity without affecting their expression of CD45RA. Alternatively, without any 

stimulation over the 9 day culture period and a high cell death rate, there could be 

selective survival of cells with high expression of CD45RA and FoxP3 leading to the 

increased presence of Tregs following culture. 

 

This indicates that resting total UCB MNCs offers an improvement in Treg function and 

availability. However, the high cell death exhibited throughout culture due to the lack of 

stimuli further diminishes overall Treg numbers, thus providing a limited starting 

population for expansion or allospecific Treg development. 

 

Throughout characterisation experiments, UCB cells were cultured in parallel to APB 

cells. This aided in highlighting the naivety of UCB Tregs and the functional 

differences between both subsets. However, one limiting factor affecting these findings 

was the use of the total Treg fraction from APB. This study aimed to compare the total 

Treg population when freshly isolated from UCB or APB, but it would be interesting to 

confirm how UCB Tregs compare when phenotypically equivalent populations from 

APB were isolated, therefore CD45RA+ APB Tregs could be used. This would help to 

establish differences in the naïve profile between UCB and APB and truly understand 

the advantages, if any, are offered on the selection of UCB Tregs as an alternative to 

naïve APB Tregs. A second factor to consider is the different isolation protocols used 

for Tregs. CD4+ T cells were isolated from APB following the selection of CD25+ cells, 
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with this approach FACS analysis revealed the presence of CD25low/int and subsequently 

FoxP3- cells. To improve purity, RAPA was used in APB Treg cultures and showed 

improved CD25 and FoxP3 expression. RAPA treated APB Tregs were used in 

suppression assays in parallel with UCB Tregs. This could have influenced a bias in this 

assay favouring APB Treg function, as it has recently been demonstrated that cells are 

able to take up RAPA or other immunosuppressive drugs and release them at a later 

time point (Girdlestone et al., 2015). A similar event could be occurring with the RAPA 

treated APB Tregs, leading to the release of RAPA during suppression assays, enabling 

mTOR inhibition in Tresps thus preventing them from responding towards the stimulus. 

UCB Treg cultures were also treated with RAPA but failed to survive, therefore 

experiments were conducted with RAPA treated APB Tregs and standard culture was 

used for UCB Tregs.  

 

3.12	Conclusion	

 

These experiments have highlighted the significance of culture serum, particularly when 

utilising total MNCs or having antigen-presenting cells in culture. This is beneficial 

when generating alloantigen specific Tregs to minimise cells responding to the culture 

serum and to ensure allospecificity. At this stage, it has also not been confirmed if 

resting UCB MNCs in culture promotes iTreg development or tTreg expansion and 

more work is required to confirm the long-term stability of these cells and potential for 

use. 
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4.1	Introduction	

 

The identification of Tregs has been pivotal in understanding self-tolerance. The mass 

autoimmunity occurring when Tregs are not present or non-functional indicate the 

dependence on Tregs to confer tolerance (Asano et al., 1996; Nishizuka and Sakakura, 

1969; Sakaguchi et al., 1982). Due to their functions, Tregs are of interest in clinical 

treatments. Post transplantation, the onset of aGvHD remains a typical occurrence 

irrespective of HLA matching (Jacobsohn and Vogelsang, 2007). Allorecognition of 

recipient HLA molecules by donor T cells can evoke pro-inflammatory responses to 

drive GvHD (Afzali et al., 2008; Marino et al., 2016). 

 

The current clinical strategies tested in the management of GvHD have involved the use 

of polyclonal expanded Tregs. These cells are expanded with non-discriminant 

stimulation resulting in a Treg pool consisting of a wide range of TCR specificities. 

This can be achieved by multiple routes including: anti-CD3/CD28 antibody coated 

microparticles and aAPCs (Bardel et al., 2008; Hippen et al., 2011b; Thomas et al., 

2002). Clinical trial data and in vivo modelling have demonstrated the effectiveness of 

polyclonal Tregs in suppressing immune responses. Similar findings have also been 

reported in the clinical testing of polyclonal expanded UCB Tregs with the generated 

population being proficient in the management of GvHD (Brunstein et al., 2011; 

Brunstein et al., 2016; McKenna et al., 2016).  

 

However, to improve treatment, the development of alloantigen specific therapies is 

being explored. Studies have highlighted the improved efficacy maintained by 

alloantigen specific Tregs in suppressing alloresponses (Marino et al., 2016; Masteller 

et al., 2005; Sagoo et al., 2011; Veerapathran et al., 2011). Further to this, due to the 

wide range of TCRs offered in polyclonal Tregs, these cells can potentially cause 

systemic dampening of immune responses, exposing the recipient to increased 

opportunistic infections and de novo cancer generation (Kim et al., 2015). 

 

Alloantigen specific Tregs avoid this complication as the diversity of the TCR is limited 

compared to polyclonal Tregs (Kim et al., 2015). Due to this, alloantigen specific Tregs 

can no longer inflict mass immunosuppression. Furthermore, by being able to provide a 

higher number of specific Tregs, the potency of alloantigen specific Tregs towards 



Chapter 4  

	

	 139	

supressing allogeneic responses is greater than for polyclonal Tregs (Cherai et al., 2015; 

Masteller et al., 2005). To generate alloantigen specific Tregs, multiple routes of 

stimulation have been assessed including stimulation with HLA mismatched PBMCs, 

DCs and B cells (Albert et al., 2005; Cherai et al., 2015; Landwehr-Kenzel et al., 2014; 

Litjens et al., 2015; Peters et al., 2008a; Putnam et al., 2013). Most studies have 

allostimulated APB Tregs, results have been variable in terms of expansion but the 

arising population maintains specificity towards alloantigen specific responses. Thus 

far, only 1 study has utilised UCB Tregs to generate alloantigen specific Tregs (Fan et 

al., 2012). Further validation is needed to confirm if UCB Tregs can be a viable source 

for alloantigen specific immunotherapy.  

 

From the studies conducted, the use of total alloantigen stimulated Treg populations 

have been effective in suppressing alloresponses. It has previously been shown that 

selecting Tregs following allostimulation based on activation markers can identify Treg 

with superior suppression of allospecific responses (Sagoo et al., 2011). The aims of 

this chapter are to describe the generation of alloantigen specific Tregs from UCB, and 

the characterisation of the function and phenotype of arising populations. To establish if 

alloantigen specific UCB Tregs could be viable for immunotherapy, arising 

allostimulated cells were characterised and compared to APB counterparts. In addition, 

being a naïve population, the changes in the phenotype of allostimulated UCB Tregs 

were analysed in an attempt to identify populations with superior suppression. 
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4.2	Polyclonal	expansion	of	UCB	Tregs	

 

Prior to the allostimulation of UCB Tregs, polyclonal stimulation was used to verify the 

expansive capacity of Tregs. Various methods have been documented to expand Tregs; 

generally, Tregs are stimulated in the presence of high dose IL-2 (Lin et al., 2014; 

McKenna et al., 2016). Due to its high consumption during expansion, IL-2 is 

replenished every 48 hours. Initially this method was adopted for UCB Tregs (flow 

diagrammatic representation of expansion protocol, Figure 4.1A). APB Tregs were 

expanded in parallel, but were treated with RAPA before and during expansion to 

minimise the presence and subsequent outgrowth of CD4+CD25low/- cells (Figure 4.1B). 

A single round of stimulation was provided which lasted 10 days, following this beads 

were removed and cells counted. APB Tregs provided 19.09 ± 2.67 fold expansion, but 

in contrast no change (0.99 ± 0.88 fold) was seen with UCB Tregs (Figure 4.2A). The 

bulk APB Treg population was used for polyclonal expansion. Unlike UCB isolated 

samples, the APB Treg compartment is comprised of a high proportion of memory 

Tregs. This alters the proliferative capacity between both. Ideally, APB Tregs could 

have been sorted into CD45RA+ and CD45RO+ with the former population treated in 

the same conditions as UCB to determine if they would still grow as efficiently as the 

total population.   

 

The lack of Treg expansion following anti-CD3/CD28 stimulation indicated 

inefficiencies in the culture protocol used to stimulate cells. Interestingly however, 

although freshly isolated UCB Tregs portrayed weak functional capacity in suppression 

assays (Figure 3.6), the labelling of these Tregs prior to use in suppression assays, 

revealed proliferation in the presence of anti-CD3/CD28 beads (Figure 4.2B). As 

suppression assays were set up without provisions of exogenous IL-2, production of this 

cytokine by responder cells could have supported Treg survival. Based on this, UCB 

Tregs were stimulated with anti-CD3/CD28 beads in a 1:1 (Bead:Treg) ratio in the 

presence of IL-2 which was replenished when cell density exceeded the surface area of 

the well-plate. Using this method, a fold expansion of 12.53 ± 3.82 was obtained. This 

correlated to the expansion seen after first round of stimulation by others. In an attempt 

to improve the expansion, anti-CD3/CD28 bead were cultured in a 3:1 ratio, this 

increased overall Treg counts with a fold change of 23.07 ± 4.17 (Figure 4.2C) 
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The activation and expansion of UCB Treg resulted in changes to their function. 

Compared to freshly isolated Tregs, polyclonal Tregs provided a significant 

improvement in suppression with only 11.2% proliferation seen at the 1:1 ratio 

(Treg:Tresponder) and 50% suppression occurring at the 1:4 ratio (Figure 4.3). 

Therefore, by modifying the culture conditions for UCB Tregs it was possible to obtain 

results similar to those for APB Treg populations in terms of expansion potential and 

suppressive activity. This was important to establish prior to allostimulation and 

highlights that UCB Tregs are functional and suppressive upon activation. This further 

showcases their use an alternative population to APB Tregs. 
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A) 
 

B) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.1: Expansion methods. Flow diagrammatic representation of expansion 

protocols initially tested to isolate and expand Tregs from UCB (A) and from APB (B). 
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A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B)  
 
 
 
 
 
 
 
 
 
 
C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Polyclonal expansion. Limited number of UCB Tregs obtained compared 

to APB Tregs when stimulated with anti-CD3/CD28 microbeads under standard 

conditions (A). Representative histogram showing proliferation of Tregs (B). 

Maintaining IL-2 in culture without frequent replenishment improved UCB Treg 

expansion. Use of 1:3 Treg:Bead ratio further enhanced fold expansion (C). (Fig A, n = 

3. Fig C, n = 5) Statistical analysis by student’s t test. **** = P ≤0.0001, *** = P 

≤0.001, * = P ≤0.05 
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Figure 4.3: Suppression by polyclonal expanded Tregs. Suppression assay was used 

to determine the function of UCB Tregs. Suppression was measured based on changes 

in proliferation of CFSE labelled Tresp cells autologous to the Tregs. Tresps were 

stimulated using anti-CD3/CD28 beads and culture with Tregs in serial dilution. Flow 

cytometry used to determine changes in proliferation. Suppression measured of freshly 

isolated UCB Tregs (D0 start, grey line) and polyclonal expanded UCB Tregs (green 

line). (n = 5 per group) Statistical analysis by multiple paired student’s t test. * = P 

≤0.05  
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4.3	Weak	allospecific	suppression	by	UCB	Tregs	

 

Initially, UCB Treg suppression was determined immediately upon isolation (Figure 

3.6). Autologous Tcons were used as responder cells and stimulated with anti-

CD3/CD28 with Tregs added in serial dilution. Being a highly potent stimulus, total 

responder cells were activated, therefore it was decided to confirm if similar limited 

function is seen when freshly isolated UCB Tregs are used against responder cells 

stimulated towards an alloantigen.  

 

To test UCB Treg suppression against alloantigen induced cell proliferation, APB 

MNCs were depleted of CD2+/CD3+ T cells using negative selection and used as an 

allogeneic stimulator (representative histograms showing depletion of CD4+ and CD8+ 

T cells, Figure 4.4A). A significant proportion of CD4+ and CD8+ T cells were depleted 

using this method, with < 5% of both subsets identified (post depletion: CD4 = 

1.32±0.58% and CD8 = 1.06±0.56%, Figure 4.4B-C). The CD2/CD3 depleted MNCs 

were mainly composed of CD14+ monocytes (60.46±12.94%), with 17.92±4.13% cells 

expressing CD19. CD19 expression confirms the presence of B cells, these are 

considered to be potent allogeneic stimulators (Tu et al., 2008). HLA-DR expression 

was identified in 82.82±9.94% of cells thus indicating their ability to present antigens to 

stimulate T cells (Figure 4.4D).   

 

Having established that baseline UCB Tregs provide weak suppression against anti-

CD3/CD28 bead stimulated responders, their suppressive capacity was then tested using 

autologous responders stimulated with allogeneic stimulators. However, although the 

CD2/CD3 depleted MNCs provide weaker stimulation compared to anti-CD3/CD28 

beads, in agreement with previous findings, freshly isolated UCB Tregs similarly failed 

to provide effective inhibition of allogeneic immune responses (Figure 4.5). 

 

As part of baseline characterisations, it was essential to establish the suppressive ability 

of UCB Tregs towards alloantigens. In accordance with the resting and naïve nature of 

freshly isolated Tregs, these cells provide weak suppression of responder cells 

stimulated by allogeneic or polyclonal stimuli.  
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Figure 4.4: CD4/CD8 depletion. Allogeneic stimuli were prepared by the depletion of 

CD2+ and CD3+ T cells from APB MNCs. Flow cytometry was used to confirm 

depletion of CD3+, CD4+, CD8+ and presence of CD19+, CD56+, HLA-DR+ cells 

(representative histograms, A). Starting and depleted populations were compared to 

verify proportions of CD4 and CD8 T cells respectively (B-C). Post depletion, the 

proportions were tabulated for the remaining cell populations (D). (n = 5 per group) 

Statistical analysis by paired student’s t test. **** = P ≤ 0.0001, * = P ≤0.05. 
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Figure 4.5: Weak suppression by D0 Tregs. To confirm the suppressive function of 

freshly isolated UCB Tregs against Tresp stimulated with anti-CD3/CD28 beads and 

CD2/CD3 depleted MNCs, suppression assays were set up. UCB Tresps were 

stimulated with CD2/CD3 depleted MNCs for 7 days (Pink line) or anti-CD3/CD28 

beads for 4 days (Grey line) in the presence of Tregs autologous to the Tresps but at 

different dilutions. Suppression measured as decrease of proliferation of CFSE labelled 

Tresp. (n = 5 per group) Statistical analysis by multiple paired student’s t test. No 

significant difference found. 
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4.4	Limited	survival	of	UCB	Tregs	upon	alloantigen	stimulation	

 

After confirming the purity of CD2/CD3 depleted MNCs and determining the presence 

of cells capable of providing allostimulation to Tregs, UCB Tregs were co-cultured with 

the allostimulus in the presence of IL-2. Following a single round of stimulation Tregs 

were removed from culture and counted. Only a 0.38±0.36 fold change was seen, with a 

high presence of non-viable cells in culture. APB Tregs stimulated in parallel provided 

significantly greater expansions (20.14±2.95, Figure 4.6A). At point of stimulation, the 

HLA types were not established but determined retrospectively, these are shown in 

figure 4.6B. From these it is apparent that there was some HLA-matches between Treg 

and the allostimulus, but a greater level of matching occurred in APB Treg cultures. 

Therefore, the degree of matching may not directly equate to why poor expansions were 

seen from UCB Tregs and not APB counterparts.  

 

The use of HLA-mismatched T cell depleted MNCs was able to expand APB Tregs, 

however this method of stimulation was not efficient enough to generate a substantial 

number of Tregs with alloantigen specificity from UCB. Due to the high cell death seen 

after a single round of stimulation, a second round was not provided. 
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Figure 4.6: Limited expansion of allostimulated UCB Tregs. To generate alloantigen 

specific Tregs, CD2/3 depleted MNCs were used as stimulator cells. These were co-

cultured with Tregs isolated from APB or UCB in the presence of IL-2. At the end of 

culture, changes in cell number were determined as calculated as a fold expansion (A). 

(n =5 per group) Statistical analysis by unpaired student’s t test. *** = P ≤ 0.001. HLA 

types for Class I and HLA-DR were analysed retrospectively and shown in table (B). 

‘C’ and ‘A’ designate cord and adult respectively. ‘M’ represents stimulator. Pairings 

are shown with the stimulator highlighted in red. Matches are shown in grey.  
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4.5	Improved	Treg	expansion	with	MDDC	stimulators	

 

The limited expansion seen with T cell depleted MNCs as stimulators resulted in an 

insufficient cell count to conduct functional studies. As a method of improving 

expansion, MDDCs were generated and their capacity to stimulate UCB Tregs 

compared with T cell depleted MNCs. 

 

To generate MDDCs, CD14+ monocytes were isolated from APB and treated with IL-4 

and GM-CSF and activated using TNF-a and IL-1b according to a previously published 

method (Mallon et al., 1999). When comparing T cell depleted MNCs and MDDCs, 

there is a significant increase in the expression of CD80 and CD86 (MFI CD80 = 

122±7.07 vs 1399±540.77; CD86 = 647±81.68 vs 15087.25±421.38 Figure 4.7A-B). 

Correlating with improved B7 (CD80 and CD86) expression, there is also a significant 

increase in the expression of HLA-DR (MFI 2638.5±617.13 vs 20926.25±12422.35, 

Figure 4.7C). 

 

In accordance with the increased co-stimulation and HLA-DR expression, UCB Tregs 

showed greater expansion when co-cultured with MDDCs for a single round of 

stimulation compared to T cell depleted MNCs (0.38±0.36 fold change vs 2.77±1.78, 

Figure 4.8A). Furthermore, a second round of MDDC stimulation further enhanced cell 

numbers resulting in a total 64.16±35.13 fold expansion from starting Tregs. APB Tregs 

were also stimulated with MDDCs for two rounds, like polyclonal expansion results, 

APB cell numbers remained greater than UCB Tregs (R1, APB = 16.91±10.11 vs. UCB 

= 2.77±1.78 and R1, APB = 85.9±39.47 vs. UCB = 64.16±35.13, Figure 4.8B). 

However, it is important to note that APB Tregs were expanded in the presence of 

RAPA as a method of reducing effector cell outgrowth (Battaglia et al., 2006b) and 

improve the purity  to match that obtained in UCB samples. 

 

Due to the naïve status of UCB Tregs, provisions of increased levels of co-stimulation 

and HLA-DR are essential for activation. With increased CD80/CD86 expression of the 

MDDCs, UCB Tregs were expanded successfully. This indicates that compared to APB 

Tregs, UCB Tregs require a greater level of stimulation to become activated. 
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Figure 4.7:  Superior expression of co-stimulatory molecules and HLA-DR by 

MDDCs. Due to the lack of stimulation with CD2/CD3 depleted MNCs, MDDCs were 

generated from CD14+ monocytes. Following their activation, the expression intensity 

of co-stimulatory molecules CD80 (A) and CD86 (B) as well as HLA-DR (C) was 

measured in MDDCs and CD2/CD3 depleted MNCs. (n = 5 per group) Statistical 

analysis by paired student’s t test. **** = P ≤ 0.0001, * = P ≤ 0.05. 
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Figure 4.8: Allogeneic expansion of UCB Tregs. UCB Tregs, upon isolation, were 

cultured with CD2/CD3 depl. MNCs or MDDCs generated from APB CD14+ 

monocytes in the presence of IL-2 to compare the expansive capacity of both 

stimulators after a single round (CD2/3 depleted MNC, n = 5; MDDC, n = 12) (A). 

Following this MDDCs were used to provide a second round of stimulation with the 

expansion compared between UCB and APB Tregs (UCB n = 12; APB n = 6) (B). 

Statistical analysis for (A) and for comparison between R1 and R2 for (B) by paired 

student’s t test whilst unpaired student’s t test used to compare expansion between UCB 

and APB from (B). *** = P ≤ 0.001, * = P ≤ 0.05, ns = non-significant. 
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4.6	Allogeneic	suppression	by	stimulated	Tregs	

 

A significant number of Tregs could be obtained with two rounds of allostimulation by 

MDDCs, although there was variability between UCB isolates. MLRs were set up to 

determine the suppressive function of allostimulated Tregs. To do this, CD4+CD25- 

responder cells, autologous to the Tregs were CFSE labelled and cultured with MDDCs. 

To measure suppression towards the alloresponse, CD4+CD25- responder cells were co-

cultured with the same MDDC line used to stimulate Tregs whilst MDDCs previously 

unseen by the Tregs served as a 3rd party stimulator. Allostimulated Tregs were added in 

serial dilution and cultures maintained for 7 days. 

 

 The use of Tregs in a 1:1 (Treg:Tresp) ratio achieved 96.78±3.46% suppression 

towards the original allostimulus, moreover 50% suppression was attainable at the 1:64 

ratio. When a 3rd party stimulator was used, suppression was lower at the 1:1 ratio 

(82.09±15.48%) with 50% suppression only obtained by the 1:8 ratio (Figure 4.9A). 

These results confirmed that the allostimulation of UCB Tregs gives rise to a population 

capable of suppressing allogeneic responses with greater efficiency compared to a 3rd 

party response. In parallel, APB Tregs were also allostimulated using MDDCs, but 

UCB Tregs provided greater suppression of the allostimulus with significant differences 

in the suppressive capacity seen at 1:32 and 1:64 Treg:Tresp ratio (Figure 4.9B).  

Furthermore, against a 3rd party stimulator, UCB and APB Tregs provided equal levels 

of suppression (Figure 4.9C). This highlights the improved suppressive function of 

UCB Tregs compared to APB Tregs when suppressing the original alloantigen. 

  

The suppression assay data shown so far has utilised responder cells autologous to the 

Tregs. This was intended to mimic a UCB transplant setting whereby donor UCB Tcons 

are exposed to allogeneic APCs from the recipient. The use of allostimulated UCB 

Tregs as a 3rd party resource was also assessed. In the context of transplantation, for this 

instance, UCB Tregs were not autologous to the recipient or the donor, however have 

been previously stimulated towards donor antigens. To do this, APB Tcons served as 

responders (Tresp) whilst MDDCs non-autologous to the Tresp were used as 

stimulators. MLRs were set up according to this where allostimulated UCB Tregs were 

inserted in serial dilutions.   
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In this scenario, UCB Tregs remarkably provided similar suppressive function to when 

they were autologous to the responder population. This demonstrates that UCB Tregs 

are capable of suppressing APB responder cells (Figure 4.10A-B). These results 

indicate that UCB Tregs could be used as a 3rd party resource in non-UCB transplants to 

confer tolerance provided they are educated to recognise donor alloantigens. 

 

The suppressive efficiency remained equal irrespective of UCB Tregs being matched or 

unmatched to Tresps. This was an interesting finding as it was anticipated that UCB 

Tregs would show greater suppression when remaining autologous to the Tresp. Tregs 

function via multiple routes that inhibit both APCs and T cells. With the use of Tregs 

unmatched to Tresp, it could be likely that the suppression observed occurred by Tregs 

directly suppressing MDDCs and preventing these cells from interacting and activating 

Tresps. Examples of how this can be achieved may involve the production of inhibitory 

cytokines and co-stimulation blockade via CTLA-4. Seeing as unmatched and matched 

both provided equal suppression, it could be speculated that allostimulated Tregs show 

greater targeting of the APC than T cells. To verify this blockade antibodies directed 

towards CTLA-4 or other factors produced upon Treg-APC interactions could be used 

to see if similar suppressive responses are obtained. 

 

During the functional assessment of allostimulated UCB Tregs, the use of a 3rd party 

stimulus was used to determine the allospecificity of Tregs post allostimulation. 

However, although less potent, suppression was still seen against the 3rd party stimuli, 

particularly when used in high Treg:Tresp ratios. To establish how allostimulated Tregs 

maintained specificity for both the allostimulus and 3rd party stimulators, the HLA types 

were compared between the MDDC stimulators. Tregs were isolated from fresh UCB 

units and stimulated with MDDCs prior to functional assessment. Following buffy coat 

extraction during the MNC isolation procedure from UCB units, the remaining waste 

was provided for HLA typing. This process was not immediate and thus all HLA typing 

was conducted retrospectively. Upon comparing HLA-DR types between the 

allostimulators and 3rd party stimulators in the suppression assay for each UCB Treg 

sample used, it was noted that from the 6 samples assessed, 3 showed matching between 

the original stimulator and 3rd party (Figure 4.10C, HLA-class I results shown in 

supplement figure 7.2). The matching between these could result in allostimulated UCB 

Tregs recognising 3rd party MDDCs leading to their suppression. Yet the successful 
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suppression of alloresponses highlights that alloreactive Tregs can be generated by UCB 

and these perform better than APB Tregs stimulated using a similar protocol. This 

would favour the use of allostimulated Tregs from UCB.  
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Figure 4.9: Alloantigen specific suppression by allostimulated UCB Tregs. 

Functional analysis of allostimulated UCB Tregs demonstrated effective suppression of 

autologous responder cells towards allogeneic responses (blue line) vs. 3rd party 

stimulators (grey line) (A). The suppressive ability of allostimulated UCB and APB 

Tregs were compared when suppressing autologous Tresps stimulated towards the 

original allostimulus or a 3rd party stimulator respectively (B-C). Statistical analysis by 

multiple t tests. * = P ≤ 0.05 (n = 6 for UCB, n = 5 for APB) 
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Figure 4.10: Suppression by allostimulated UCB Tregs towards autologous and 

non-autologous responders. Allostimulated UCB Tregs were added to cultures in 

which APB Tresps were either stimulated towards the same allogeneic MDDCs used to 

generate allostimulated UCB Tregs (A) or 3rd party MDDCs (B) (black line). The 

suppressive function was compared with assays were Tresps were autologous to 

allostimulated UCB Tregs (green line). Following the suppression of 3rd stimulators 

seen by UCB Tregs, the HLA types of the allostimulus and 3rd party stimulus was 

compared between them (blue boxes highlight matching between both sets of stimuli) 

(C). (UCB Resp n = 6, APB Resp n = 6) 
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4.7	TCR	Clonality	

 

Following allostimulation of UCB Tregs, functional analysis highlighted the increased 

suppressive response of alloantigen specific Tregs towards the originally allostimulus 

compared to 3rd party stimulators. This indicated that upon stimulation, UCB Tregs 

showed preferential function towards the alloantigen. As further characterisation of the 

allostimulated UCB Tregs, the clonality of the TCR between populations of polyclonal 

and allostimulated UCB Tregs were assessed. 

 

As previously mentioned, the CDR3 region is the hypervariable region of the TCR and 

responsible in peptide recognition (Cole et al., 2014; Jones et al., 2008). Measuring 

changes in the heterogeneity of CDR3 in TCR-Vβ families has been used in several 

studies to assess complexity and stability of circulating T cells including the analysis of 

patients post transplantation (Gorski et al., 1994; Peggs et al., 2003; Tsutsumi et al., 

2004). This method was employed to visualise changes in the TCR repertoire between 

different UCB Treg populations (Conducted in collaboration with Dr Stuart Adams, 

Great Ormond Street Hospital, UCL). Due to the low number of day 0 Tregs available 

from UCB, part of the Treg fraction was expanded using anti-CD3/CD28 beads to 

obtain a polyclonal population, with the remaining Tregs used for allostimulation. Since 

polyclonal stimulation expands Tregs non-discriminately, it was assumed that the 

spectratyping data obtained from this population would be reflective of Day 0 Tregs. 

RNA was isolated from polyclonal and alloantigen specific Tregs derived from the 

same UCB unit and reverse transcribed to cDNA, with the synthesised product used in 

RT-PCR in 12 separate reactions using primer pairs from 24 TCR-Vβ primers (Memon 

et al., 2012). The amplified product was then sequenced to measure distribution of 

TCR-Vβ families. 

 

From polyclonal samples, the majority of TCR-Vβ sets assessed showed normal 

Gaussian distribution, indicating a diverse TCR population (Representative spectratype, 

figure 4.11A). In contrast, skewing of multiple TCR-Vβ families was seen in 

alloantigen specific Tregs when compared to those expanded by polyclonal stimulation. 

The change in Gaussian distribution highlights increased clonality of selective TCR-Vβ 

families in allostimulated Tregs compared to polyclonal sets of the same Treg source 

(Representative spectratypes, figure 4.11B and appendix figure 7.3). However, from the 
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24 TCR-Vβ families assessed, certain families showed standard distribution from all the 

allostimulated Treg sets analysed, indicating that these TCRs interact with the 

alloantigen. 

 

It should be stressed that although polyclonal stimulation is not antigen specific, 

evidence suggests that there is skewing of the TCR repertoire with preferential 

stimulation of selective Vβ families compared to others (Gotoh et al., 2008; Neller et 

al., 2012). This could explain why the representative polyclonal sample analysed in 

figure 4.11 failed to show amplification of TCR Vβ5 whilst standard Gaussian 

distribution was seen for this family upon allostimulation. Overall the data highlights 

differences in the TCR repertoire between polyclonal and allostimulated Tregs, with 

limited distribution of TCR-Vβ families seen in allostimulated subsets when compared 

to polyclonal counterparts. 

 

The increased prominence of selected TCR families in allostimulated UCB Treg 

indicates that certain TCRs engage with the alloantigen and these Tregs expand. This 

supports the enhanced suppressive function exerted by alloantigen stimulated Tregs 

when suppressing the allostimulus compared to previously unseen 3rd party stimulators. 
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Figure 4.11: Changes in TCR-Vβ clonality in allostimulated Tregs. CD3R size 

spectratyping was conducted from RNA isolated from polyclonal expanded and 

alloantigen stimulated Tregs from the same UCB unit. 24 TCR-Vβ families were 

assessed for changes in their distribution. Representative sequencing plots from 

Polyclonal Tregs (A) and alloantigen specific Tregs (B). 
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4.8	UCB	provides	highly	pure	and	stable	allostimulated	Tregs	

 
Upon confirming the suppressive capacity of allostimulated Tregs and verifying their 

efficiency in suppressing responses, the expression of Treg markers as well as the purity 

and stability of Tregs pre- and post-allostimulation was also assessed. 

 

As previously established (Chapter 3, Figure 3.1), CD25 expression was low in starting 

UCB Tregs, but was significantly higher in polyclonally expanded Tregs. In contrast, a 

spectrum of CD25 expression was visible in allostimulated Tregs, with CD25low, 

CD25int and CD25high cells being identified (Figure 4.12A-B). In conjunction with 

greater suppressive function and CD25 expression, significant improvements were also 

seen in the expression of FoxP3. Freshly isolated Tregs were classified as resting cells 

with low FoxP3 expression but this increased upon stimulation (FoxP3 MFI starting = 

1293.14 ± 276.15 vs Allo = 2398.29 ± 421.11 and vs Poly 2731.71 ± 399.24, Figure 

4.12C-D). 

 

To characterise the stability and purity of Tregs further, the production of IL-2 and IFN-

γ was assessed. Since CD25 and FoxP3 are both transiently upregulated during 

activation of effector T cells, the production of these cytokines could highlight the 

presence of non-Treg cells. The production of IL-2 and IFN-γ are associated with Th1 

type cells, the presence of which can exacerbate GvHD. Following the stimulation of 

Tregs with PMA, ionomycin and monensin, intracellular staining was used to determine 

cytokine production. CD4+CD25- T cells were used as a positive control to confirm 

cytokine release. IL-2 was present in <5% in cells in both UCB allostimulated and 

polyclonal Tregs. APB allostimulated and polyclonal Treg populations showed 

significantly greater levels of IL-2 compared to UCB subsets, indicating the presence of 

effector T cells (Figure 4.13A). 

 

IFN-γ production was extremely low (<1%) in both UCB allostimulated and polyclonal 

Tregs, but was considerably greater in APB populations (Figure 4.13B). This further 

indicated the purity of UCB Tregs compared to APB Tregs. With the limited production 

of IFN-γ by UCB responder cells and their increased polarisation towards a Th2 type 

response, IL-4 production was measured in UCB subsets. The presence of high levels of 

IL-4 in Tregs would implicate the presence of Th2 cells that similarly compromises the 

purity of Tregs. IL-4 generation was extremely low in allostimulated Tregs, but was 
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identified in polyclonal Tregs, when measured following APB Treg stimulation, IL-4 

remained undetectable (Allo = 0.393 ± 0.167 vs Poly = 2.30 ± 1.37, Figure 4.13C). The 

APB Tregs used for allostimulation were cultured in the presence of RAPA as a method 

of removing non-Treg contaminants that were present during APB Treg isolation. 

Similar treatment was not conducted on UCB Tregs due to the lack of viability in the 

presence of RAPA, however this can skew APB Treg results and enhance their function 

(Girdlestone et al., 2015). Consequently, UCB and APB Treg outcomes may not be 

directly comparable. In terms of cytokine production, irrespective of RAPA inclusion 

the results highlight the low levels of IL-2 and IFN-γ produced by UCB Tregs. 

 

In addition to cytokine detection and FoxP3 expression to assess the Treg phenotype, 

real-time PCR was used to quantify the methylation status of the TSDR of the FoxP3 

gene. Bisulphite treated gDNA from UCB CD4+CD25- responders showed 99.6% 

methylation whereas allostimulated Tregs provided 94.9% demethylation, therefore 

verifying their commitment to the Treg lineage (Figure 4.14). 

 

Determining the purity of Tregs following allostimulation is essential, since the 

presence of effector cells can counteract the functions of Tregs (Peters et al., 2008b; 

Vogtenhuber et al., 2008). Allostimulated UCB Tregs maintained high expression of 

FoxP3 and a spectrum of CD25 with a high proportion of the TSDR being 

demethylated. Moreover, insignificant levels of IL-2, IL-4 and IL-2 were detected. The 

purity and stability of allostimulated UCB Tregs implicates the commitment of these 

cells to the Treg lineage, potentially favouring their clinical consideration. 
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Figure 4.12: Increased CD25 and FoxP3 expression in allostimulated UCB Tregs. 

Phenotypic changes between the starting, allostimulated and polyclonal Treg 

populations were monitored. Flow cytometry was used to measure CD25 expression on 

CD4+CD25+ T cells upon isolation as well as post allo- and polyclonal stimulation (A). 

The CD25 population was separated into low, intermediate and high with the proportion 

of CD4+CD25+ falling into each gate compared between the 3 sets (B). A change in the 

expression of FoxP3 was also seen between starting and allostimulated Tregs (C-D). 

Statistical analysis by paired Student’s t test (B) (n = 6). (D) (n = 10) **** = P ≤ 

0.0001, *** = P ≤ 0.001, ** = P ≤ 0.01. 
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Figure 4.13: Allostimulated Tregs show limited production of pro-inflammatory 

cytokines. Freshly isolated, polyclonal and alloantigen stimulated Tregs were 

stimulated with a cocktail containing PMA, ionomycin and monensin. This enabled 

cytokine production and accumulation with intracellular staining and flow cytometry 

used to detect the production of IL-2 (A) and IFN-γ (B) from UCB and APB. UCB 

samples were also used to detect the production of IL-4 (C). (n = 8 per group) Statistical 

analysis using unpaired student’s t test for (A) and (B), paired analysis for (C). **** = P 

≤ 0.0001, ** = P ≤ 0.01, * = P ≤ 0.05 
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Figure 4.14: High demethylation of TSDR in UCB Tregs. Demethylation status was 

quantified using real time PCR. DNA samples from UCB Tregs that were stimulated for 

2 consecutive rounds with allogeneic MDDCs and un-stimulated CD4+CD25- Tcons 

were bisulfite treated to convert CpG into TpG. Real-time PCR was conducted using 

primers specific for methylated (CpG) or demethylated (TpG) TSDR. Values were 

determined as a percentage based on calculation of: ((TpG / (TpG + CpG)) x 100). 

Proportion of TSDR demethylated was calculated for allostimulated Tregs and 

CD4+CD25- T cells. Statistical analysis by paired student’s t test. (n = 3 per group) **** 

= P ≤ 0.0001.  

  

CD4+25- Allo nTreg
0.0

0.5

1.0
30

40

50

60

70

80

90

100

%
 D

em
et

hy
la

te
d 

TS
D

R

****



Chapter 4  

	

	 166	

4.9	Changes	in	Treg	cell	naivety	following	allostimulation	

 

The need to maintain a phenotypically stable and functional Treg populations is one of 

the primary limitations associated with immunotherapy (Tu et al., 2008). To limit the 

presence of contaminants and have a stable population, the use of naïve Tregs has been 

proposed as a starting population (Hoffmann et al., 2009). The high abundance of naïve 

cells in UCB favours the consideration of this source to isolate Tregs for 

immunotherapy. Changes in the naivety of Treg cells were measured following the 

allostimulation of UCB Tregs. 

 

As previously highlighted, the majority of UCB Tregs were naive CD45RA+ cells, 

whilst APB Tregs maintained a predominately CD45RO+ phenotype. Upon 

allostimulation, an enhancement in CD25 and FoxP3 expression was exhibited in UCB 

Tregs. However, as two rounds of stimulation were provided, it was expected that the 

cells obtained at the end of stimulation would have an activated or memory phenotype 

and thus express CD45RO. Polyclonal stimulated Tregs no longer expressed CD45RA, 

similarly polyclonal and allostimulated APB Tregs were also CD45RA-. Interestingly, 

CD45RA+CD45RO- and CD45RA-CD45RO+ populations were visible in allostimulated 

UCB Tregs with most cells (61.75±23.45%) still maintaining a naïve phenotype (Figure 

4.15A-B). 

 

When measuring the expression of Treg markers, the CD25high population within 

allostimulated UCB Tregs exclusively expressed CD45RO whereas the CD25int/low 

groups consisted of a mix of both naïve and memory Tregs (Figure 4.15C). APB 

allostimulated Tregs were all determined as CD25highCD45RO+ Tregs. Additionally, 

polyclonal Treg populations no longer presented CD45RA on the cell surface. When 

comparing the CD45RA and CD45RO populations separately, CD45RO+ Tregs also 

had higher expression of FoxP3 therefore providing a phenotype of 

CD4+CD25highFoxP3highCD45RO+ cells (Figure 4.15D).  

 

In contrast to the heterogeneous population maintained by APB Tregs, the naivety of 

the starting UCB Treg population enables the generation of a CD45RO+ Treg 

population with an activated Treg phenotype. To verify if the CD45RA+ Treg 

population seen post allostimulation remained non-responsive, the proliferative capacity 
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of these cells could have been monitored using CFSE labelling to establish if they were 

activated towards the stimulus, however this has not been assessed. Yet, from this data, 

the ability to use flow cytometry to measure phenotypic markers and distinguish 

potentially naïve Tregs from memory Tregs may enable the selection of functionally 

activate Tregs with greater specificity towards the alloantigen.  
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Figure 4.15: Memory Tregs are CD25high FoxP3high. The naivety of UCB Tregs was 

measured between starting, allostimulated and polyclonal expanded Tregs (dot plots, 

A). Post simulation a proportion of allostimulated Tregs maintained CD45RA 

expression (B). Representative dot plots showing gating of CD45RA and CD45RO cells 

identified differences in the expression of CD25 (C). Greater expression intensity of 

FoxP3 was seen in cells with high CD25 expression (D). Statistical analysis by 

student’s t test. (n = 10) **** = P ≤ 0.0001, ** = P ≤ 0.01. 
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4.10	High	expression	of	TNFR2	in	UCB	Tregs	

 

The ability of Tregs to regulate inflammation is one of the possible mechanisms by 

which these cells regulate aGvHD (Klein and Bopp, 2016; Schmidt et al., 2012). TNF-α 

is a pleiotropic cytokine often identified at sites of inflammation and known to induce 

transcriptional changes in naïve T helper cells. However, the nature of this cytokine 

means it can provide either pro-inflammatory or anti-inflammatory effects (Chen and 

Oppenheim, 2011; Chen et al., 2010). Cellular response to TNF-α is dependent upon 

their expression of the TNF receptor (TNFR). TNFR1 is pro-inflammatory where as 

TNFR2 activates anti-inflammatory pathways (Chen and Oppenheim, 2011; Chen et al., 

2008b; Van Hauwermeiren et al., 2015). The latter is identified on selective cell types 

including Tregs. In addition to the anti-inflammatory role of TNFR2, murine studies 

highlight the role of this marker in promoting Treg survival indicating enhanced 

effector function of TNFR2+ Tregs (Okubo et al., 2016). Moreover, TNFR2 has been 

considered a marker that distinguishes Tregs from effector T cells in humans (Chen and 

Oppenheim, 2011). Due to the lack of information on TNFR2 on UCB Tregs, TNFR2 

was assessed on Tregs to identify changes pre- and post-allostimulation. 

 

When assessing UCB CD4 cells, the total CD25+ population exhibited homogenous 

expression of TNFR2 whilst CD4+CD25- cells remained TNFR2- thus verifying the 

limited expression of this marker (Figure 4.16A). Post allostimulation, the expression of 

TNFR2 was significantly increased in UCB Tregs compared to the starting population 

(Figure 4.16B).  

 

Upon measuring TNFR2 in APB samples, only a selective proportion of APB 

CD4+CD25+ cells were determined as TNFR2+ (61.26% ± 15.52%), however post 

RAPA treatment and allostimulation the proportion of cells expressing TNFR2 

significantly increased (99.72% ± 0.09%, Figure 4.16C). This potentially indicates the 

ability of TNFR2 to distinguish between effector T cells and Tregs in APB. 

 

There was no significant difference in the expression of TNFR2 in starting and 

allostimulated UCB Tregs. Furthermore, following RAPA use APB Tregs showed 

similarly high expression of TNFR2. The presence of TNFR2 may be used as another 
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method to verify the purity of Tregs and further implicate the stability of UCB Tregs in 

an inflammatory environment. 
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Figure 4.16: Restricted expression of TNFR2. The expression of TNFR2 was 

confirmed to be limited to CD4+CD25+ T cells in UCB (representative dot plots, A). 

Following allostimulation the expression intensity of TNFR2 was measured (B). In 

APB Tregs the proportion of cells co-expressing TNFR2 was low initially, but 

increased upon rapamycin treatment and allostimulation (C). Statistical analysis by 

paired student’s t test except for unpaired comparisons between CD4+CD25- and Treg/ 

Allo in (B). (n = 8 per group) **** = P ≤ 0.0001, *** = P ≤ 0.001, * = P ≤ 0.05 
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4.11	Changes	observed	in	the	homing	phenotype	of	allostimulated	Tregs	

 

The ability of Tregs to migrate to secondary lymphoid tissues and sites of inflammatory 

distress is essential in Treg function (Beres and Drobyski, 2013; Wei et al., 2006). 

Animal knockout models have highlighted the importance of migration to effective Treg 

suppression, therefore changes in selected homing markers were assessed pre- and post-

allostimulation (Ermann et al., 2005; Xia et al., 2014). 

 

Freshly isolated UCB Tregs were mainly composed of CD45RA+CCR7+ cells (73% - 

chapter 3.2.2). CCR7 plays a role in the extravasation of Tregs across high endothelial 

venules enabling them to home to secondary lymphoid organs to encounter antigens 

(Forster et al., 2008). During Treg activation, CCR7 is down regulated. As mentioned, 

polyclonal expanded Tregs no longer express CD45RA and are also deficient in CCR7. 

In allostimulated cultures, both CD45RA+ and CD45RO+ Tregs were identified, but 

neither population expressed CCR7 (Figure 4.17A). It is possible that upon stimulation, 

UCB Tregs lose their CCR7 expression and the CD45RA+CCR7- cells seen after 

allostimulation may not maintain the same naivety as starting Treg populations. 

 

CD62L is another marker associated with T cell development by enabling their homing 

to secondary lymphoid organs for antigen encounter. Originally the majority of UCB 

Tregs expressed CD62L. Post allostimulation, even with the generation of CD45RO+ 

Tregs, a considerable proportion of cells were CD62L+ (91.44% at start vs 73.36% post 

allostimulation, Figure 4.17B) 

 

Having noted a spectrum of CD25 expression in allostimulated UCB Tregs, analysis of 

the CD25high population showed these cells to be CD62L+, whilst CD25low cells were a 

heterogeneous population comprised of CD62L+ and CD62L- cells. Polyclonal clonal 

Tregs were monitored in parallel and remained CD62L+ after stimulation 

(representative histogram, Figure 4.17C). 

 

CXCR4 is associated with bone marrow homing and the trafficking of cells towards 

sites of inflammation based on the secretions of CXCL12. When assessing the 

expression of this homing receptor on Tregs, no significant changes were observed in 

starting, polyclonal or allostimulated Tregs. However, when looking at differences 
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between UCB and APB Tregs, a markedly lower proportion of APB Tregs co-expressed 

CXCR4 (Figure 4.17D). 

 

There are some changes observed in the expression of homing markers following 

allostimulation. The loss of CCR7 correlates with the activated status of Tregs and 

complements the decrease in CD45RA. The lack of significant change in CXCR4 

indicates that allostimulated UCB Tregs may still migrate to the BM where they can be 

retained to preserve HSCs from immune attack. Additionally, this also indicates the 

ability of Tregs to migrate to sites where CXCL12 is released, which also includes sites 

of inflammation. The high presence of CD62L is advantageous for allostimulated Tregs 

as besides secondary lymphoid organ homing, CD62L+ Tregs have been implicated to 

play a protective role in GvHD and can home to the skin, thereby helping to minimise 

post-transplant complications (Ermann et al., 2005; Lu et al., 2011b). 
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Figure 4.17: Variations in homing markers upon allostimulation. The expression of 

CCR7 on UCB Tregs was monitored by flow cytometry post allostimulation and 

polyclonal (representative dot plots, A). CD62L expression also decreased in 

allostimulated Tregs compared to the starting population (B), statistical analysis by 

paired student’s t test. Histogram showing the variation in CD62L expression in 

CD25high and CD25low allostimulated Tregs (C). The expression of CCR7 remained 

stable following allostimulation of UCB Tregs but was low in APB Tregs (D), statistical 

analysis by unpaired student’s t test. (n = 10 per group) *** = P ≤ 0.001, * = P ≤ 0.05. 
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4.12	TGF-β	as	a	mediator	of	Treg	suppression	

 

To support the characterisation and suppression assay data, markers associated with 

Treg function and stability were also assessed. Multiple mechanisms are believed to 

govern the way Tregs suppress their targets, however no single or dominant mechanism 

has been elucidated (Schmidt et al., 2012). 

 

One mechanism by which Tregs suppress is through the release of TGF-β. Initially 

TGF-β production by Tregs was controversial, but substantial evidence suggests that 

TGF-β promotes self-tolerance via the induction of FoxP3 expression in peripheral 

CD4+CD25- responder cell populations (Chen et al., 2011; Chen et al., 2003; Shevach 

and Thornton, 2014). To confirm if UCB Tregs could produce TGF-β, the surface 

expression of LAP was measured. LAP is located on the N-terminal of a dimer with 

mature TGF-β at the C-terminal, this complex is bound to the cell surface by attachment 

to the GARP receptor. Cleavage of LAP from TGF-β results in the release and 

activation of this cytokine with LAP-GARP complex remaining bound to the cell 

surface. 

 

At the start of culture, UCB Tregs remained deficient (<1%) in LAP and thus assumed 

not to produce TGF-β, upon allostimulation LAP was significantly upregulated (55.40% 

± 10.15%, Figure 4.18A-B). The release of TGF-β was quantified in cell culture 

supernatants using a luminex based cytokine array. Interestingly, TGF-β1 was detected 

in all suppression assay samples tested. However, no significant difference was noted 

between MLRs stimulated with the original allogeneic stimulus or 3rd party stimulator. 

Further to this, no substantial difference was observed upon measuring TGF-β1 when 

Tregs were used in different ratios to responder cells (Figure 4.18C). But it needs to be 

stressed that TGF-β was identified in control samples. When MDDCs + Tresp (No 

Treg) were cultured there was a significant amount of TGF-β1 produced compared to 

the Treg alone samples. This indicates that MDDCs may potentially be producing TGF-

β1 which can have significant role in shaping T cell responses. TCR stimulation in the 

presence of TGF-β1 is a known route to induce a suppressive phenotype and limit T cell 

proliferation (Chen et al., 2003). The induction of Tregs from Tresps would limit T cell 

proliferation but MLR results highlight that greatest suppression is seen when the 

allostimulated Tregs were present, moreover a greater quantity of TGF-β1 is seen when 
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Tregs are present in culture. Therefore, indicating that although TGF-β1 may be 

produced by MDDCs, the production of this cytokine is significantly increased when 

Tregs were present in culture. 

 

In addition, no significant difference was seen in TGF-β1 detected when comparing 

UCB and APB MLRs, but levels did remain higher when allostimulated APB Tregs 

were used (Figure 4.18D). TGF-β2 and TGF-β3 production were also quantified, but 

remained below detectable levels. 

 

The changes in LAP correlate with the resting phenotype previously established in UCB 

Tregs. Increased LAP expression following stimulation and TGF-β1 detection indicates 

that this cytokine may play a role in the suppressive response exerted by UCB Tregs 

post allostimulation. However, the lack of change observed in TGF-β1 levels as Treg 

function decreases, would indicate other mechanisms to play a more dominant role in 

UCB Tregs.  
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Figure 4.18: Measurement of TGF-β production. To assess the role of TGF-β in Treg 

suppression, changes in expression of GARP and LAP were identified post 

allostimulation (A). From these, drastic changes were evident in the proportion of Tregs 

expressing LAP (B). Cytokine assays confirmed the production of TGF-β from 

allostimulated UCB Tregs when in the presence of alloantigen or 3rd party stimulator 

(C). The release of TGF-β remained greater when allostimulated APB Tregs were used 

(D). Statistical analysis by paired student’s t test for (B-C) and unpaired for (D). (B n = 

10, C-D n = 3) **** = P ≤ 0.0001.  
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4.13	CD39+	Allostimulated	Tregs	

 

Another marker linked with Treg function is CD39. The ectonuclease activity of CD39, 

coupled with that of CD73, enables Tregs to suppress immune responses via the 

degradation of ATP and ADP into adenosine that binds to complementary receptors on 

effector T cells to limit TCR activation or disrupts DC maturation (Borsellino et al., 

2007; Dwyer et al., 2010; Gu et al., 2016; Saze et al., 2013). CD39 expression was 

measured pre- and post-allostimulation.  

 

Upon isolation, UCB Tregs showed a low but variable expression of CD39 (10.70% ± 

6.65%). Some UCB units contained <1% of CD4+CD25+ that co-expressed CD39, 

greater consistency in CD39 expression was observed in Tregs isolated from APB, 

where a greater proportion of cells were CD39+ (46.78% ± 10.04%). After 

allostimulation however, there is a significant rise CD39+ UCB Tregs, such up-

regulation was not seen in APB Tregs (UCB Allo = 37.01% ± 24.02%, APB Allo = 

53.72% ± 17.73%, Figure 4.19A-B). The use of CD39 to analyse allostimulated Tregs, 

highlighted three distinct populations: CD4+CD25+FoxP3+CD45RA+CD39-, 

CD4+CD25+FoxP3+CD45RO+CD39- and CD4+CD25+FoxP3+CD45RO+CD39+. As 

previously shown, the CD45RO+ Treg analysed post allostimulation correlated with the 

CD25high expression. From this population, CD45RO+CD39+ Tregs expressed higher 

levels of CD25 than CD45RO+CD39- cells (Figure 4.19C). 

 

Having seen a significant change in the expression of CD39 in UCB Tregs, the 

expression of other Treg markers was also assessed within CD39+ Tregs as a way of 

determining if these cells offer any selective advantage over the total allostimulated 

population. Treg function correlates with FoxP3 presence, following allostimulation 

total Tregs maintained higher FoxP3 expression than starting Tregs (Figure 4.11D). 

When comparing FoxP3 expression in allostimulated total, CD45RA+, CD45RO+CD39+ 

and CD45RO+CD39- Tregs, the CD45RO subsets show greater mean fluorescence 

intensity for FoxP3 with CD39+ cells containing the highest level of expression 

(CD45RO+CD39- = 2040.63 ± 541.38 vs. CD45RO+CD39+ = 2833.62 ± 745.99, Figure 

4.20A). 
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CTLA-4 was measured in parallel to FoxP3 as another marker to confirm Treg 

phenotype through culture. In agreement with high CD25 expression, the CD45RO+ 

fraction of allostimulated UCB Tregs also showed improved expression of CTLA-4. 

Further to this, CD39+ cells showed significantly greater expression of CTLA-4 

compared to CD39- cells (CD45RO+CD39- = 3261.18 ± 1400.48 vs. CD45RO+CD39+ = 

5907.27 ± 3042.70, Figure 4.20B-C).  

 

These findings characterise the arising CD39+ Treg population as 

CD4+CD25highCD39+CD45RO+FoxP3highCTLA-4high cells. The expression of LAP and 

TGF-β was also determined for these Tregs. Luminex data highlighted no significant 

difference in the levels of TGF-β produced between total/ CD39+/ CD39- Tregs. 

Similarly, there was no significant difference in the expression of LAP between these 

subsets (Figure 4.21A-B). This data suggests that some TGF-β is produced by the CD39 

subset, but other mechanisms might have a more dominant role in mediating 

suppression. 
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Figure 4.19: Changes in the expression of CD39. Analysis of the CD45RA and 

CD45RO populations on isolated allostimulated UCB Tregs identifies a subpopulation 

of CD45RO+ Tregs that co-express CD39 (representative dot plot, A). Comparing the 

proportion of CD39+ cells between starting and allostimulated UCB and APB Tregs, 

shows increased CD39 expression in allostimulated UCB Tregs (B). Representative 

histogram showing increased CD25 expression within CD45RO+CD39+ Tregs (C). 

Statistical analysis by paired (UCB start vs UCB Allo) and unpaired (UCB start vs APB 

Allo) student’s t test. (n = 8) **** = P ≤ 0.0001, ** = P ≤ 0.01.  
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Figure 4.20: CD39+ Tregs have high expression of FoxP3 and CTLA-4. The mean 

fluorescence intensity of FoxP3 was assessed in CD45RO+CD39- and CD45RO+CD39+ 

Tregs (A). Analysis of the CD39+ subset, showed higher expression levels of CTLA-4 

compared to CD39- Tregs (B-C). Statistical analysis by student’s t test. (n = 8) ** = P ≤ 

0.01. 
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Figure 4.21: Lower levels of TGF-β released by CD39+ Tregs. To establish the 

differences in TGF-β1 by CD39+/- Tregs post allostimulation, flow cytometry was used 

to measure the expression of LAP between total, CD39+ and CD39- Tregs post 

allostimulation (A). Luminex assay was then used to quantify the production of TGF-β1 

between the same populations using supernatants from suppression assays (B). 

Statistical analysis by paired student’s t test. (A n = 8, B n = 3) * = P ≤ 0.05. 
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4.14	Enhanced	suppression	by	CD39+	allostimulated	Tregs		

 

The identification of CD4+CD25highFoxP3highCD45RO+CD39+ Tregs was of significant 

interest due to the increased expression of functional Treg markers. To understand if 

this population provided any selective advantage over the total allostimulated Treg 

population, CD39+ cells were isolated and their suppressive capacity assessed. 

 

Positive selection was used to isolate CD39+ Tregs post allostimulation. Confirmation 

of purity was determined through flow cytometry, verifying the lack of CD45RA+ and 

CD45RO+CD39- Tregs within the CD39+ Treg fraction (Figure 4.22A-B). Suppression 

assays comparing CD39-, CD39+ and total Tregs demonstrated a trend towards greater 

suppressive capacity exerted by the CD39+population against the allostimulator, but the 

difference was only significant at the 1:256 (Treg:Tresp) ratio (Figure 4.22C). No 

difference was seen between the Treg CD39 sub-populations when tested against a 3rd 

party response (Figure 4.22D). Therefore, the presence of CD39+ does not lead to a 

substantial increase in suppressive activity under these conditions, and further analysis 

would be required before recommending selection of Treg based on expression of this 

marker.  

 

 



Chapter 4  

	

	 184	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22: CD39+ Tregs provide enhanced suppression. CD39+ and CD39- 

fractions were isolated by column separation. Representative dot plots showing CD39 

and CD45RA/CD45RO expression upon isolation (A-B). Function of CD39+ and CD39- 

Tregs were compared with total allostimulated sets via suppression assays. Suppression 

determined as decreases in proliferation of CFSE labelled Tresp cells. Suppression 

measured when Tresps were stimulated with the same alloantigen (C) or a 3rd party (D). 

Statistical analysis by paired student’s t test. (n = 4 per group) * = P ≤ 0.05.  
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4.15	Discussion	

 
 
The results in this chapter successfully demonstrate the ability to establish Treg 

populations from UCB with alloreactivity. By stimulating UCB Tregs with activated 

MDDCs for two rounds, a 64-fold expansion was obtained. Preferential suppression of 

the allostimulus was indicated by the increased efficiency of allostimulated Tregs in 

suppressing effector T cell proliferation in response to the original stimulator, as 

compared to 3rd party stimulators. Phenotypic analysis showed the presence of 

CD25highCD45RO+ Tregs with increased FoxP3 expression post allostimulation. A 

CD39+ sub-population was also identified which showed enhanced expression of CD25, 

FoxP3 and CTLA-4. Moreover, CD39+ Tregs provided a significant improvement in 

alloantigen specific suppression of alloresponses compared to total allostimulated 

Tregs. 

 

In agreement with others, it was previously confirmed that UCB Tregs have limited 

function upon fresh isolation (Chang et al., 2005; Wing et al., 2003). Initial attempts to 

stimulate UCB Tregs with anti-CD3/CD28 beads, based on published protocols to 

stimulate APB Tregs (Putnam et al., 2009), failed to expand UCB Tregs whilst APB 

Treg numbers increased. Process optimisation led to the observation that UCB Treg 

expansion was only seen when IL-2 replenishment was restricted to when cultures were 

split, rather than automatic renewal every 48 hours. Once activated, UCB Tregs showed 

improved suppression compared to their freshly isolated counterparts. 

 

IL-2 is a pleiotropic cytokine essential to Treg survival. The frequent replenishment of 

IL-2 in APB Tregs is believed to maximise their expansion. It was originally anticipated 

that UCB Tregs would require similar or greater levels of IL-2. However, maintaining 

UCB Tregs in expansion cultures without changing the medium favoured their survival 

and growth. This could indicate that UCB Tregs do not require as much IL-2 as APB 

Tregs for survival and expansion. Moreover, by maintaining Tregs for prolonged 

periods in culture medium may indicate that UCB Tregs themselves produce factors 

necessary to their survival.  Jin et al., recently highlighted that factors in UCB 

conditioned medium activated the PKB pathway within cardiac myocytes to promote 

their survival (Jin et al., 2013). Furthermore, it has been suggested that prostaglandin E2 

also plays an essential role in promoting naïve T cell survival in UCB by increasing 



Chapter 4  

	

	 186	

Wnt signalling (Li et al., 2014). A similar occurrence may take place in UCB Treg 

cultures, where by factors produced by Tregs alter their signalling pathways to promote 

growth and survival. Depletion or dilution of these factors during IL-2 replenishment 

may have inhibited Treg growth. 

 

It is important to establish what factors are secreted by UCB Tregs and understand if 

these could be externally supplemented to cultures to enhance survival and improve 

numbers for immunotherapy. To confirm which cytokines and growth factors were 

secreted by UCB Tregs during expansion, culture supernatants were collected to use in 

a Luminex based cytokine array. However, due to technical problems, results could not 

be validated. Setting up a similar assay to measure cytokines and growth factors 

released by UCB Tregs can benefit future expansions. Additionally, this could also help 

detect IL-10 production, which is a cytokine prominent in Treg mediated suppression 

and associated with UCB Treg functions (Tsuji-Takayama et al., 2008). Moreover, it 

has been reported that the co-culture of Tregs with MSCs can enhance Treg function 

correlating with the increased expression of programmed death ligand-1 (PD-1), IL-10 

and TGF-β (Yan et al., 2014). The addition of MSCs was not tested in these 

experiments but could be assessed in the future to determine if this affects UCB Tregs 

survival and function. 

 

The primary aim of this study was to generate and expand allogeneic Tregs. Polyclonal 

expansion was used to ascertain UCB Treg function upon activation. For 

allostimulation, UCB Tregs were initially cultured with T cell depleted MNCs. Previous 

studies have used allogeneic PBMCs to generate alloantigen specific APB Tregs 

(Litjens et al., 2015; Peters et al., 2008a; Pozo et al., 2009). However, this failed to 

evoke a proliferative response in UCB Tregs. To improve expansion, activated MDDCs 

were co-cultured with Tregs. The significant difference between both types of stimuli 

was the higher expression intensity of co-stimulatory molecules CD80/CD86 and HLA-

DR. Due to the naivety and lack of external antigenic exposure in utero, UCB Tregs 

may require greater levels of co-stimulation compared to APB Tregs. This is supported 

by previous studies that demonstrate the inability of UCB DCs to evoke proliferation of 

UCB CD4+ T cells (Chunduri et al., 2008; Sorg et al., 1999). UCB DCs have an 

immature phenotype and show lower levels of co-stimulation compared to mature DCs 

(Sorg et al., 1999). This could explain the lack of a proliferative response obtained by T 
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cell depleted MNCs compared to activated MDDCs. In addition, it is believed that total 

UCB CD4+ T cells express higher levels of CTLA-4 enforcing an inhibitory phenotype 

in utero (Grozdics et al., 2014). Hence, high levels of co-stimulation may be required to 

overcome this inhibitory effect. 

 

Although MDDCs successfully expanded UCB Tregs, the expansion obtained varied 

significantly between each sample. Some samples showed >100 fold expansion whereas 

others provided <30 fold. At point of Treg isolation and allostimulation, the HLA type 

of the UCB unit remained unknown. It is possible that variability in expansion is 

associated with the HLA disparity between Tregs and MDDCs. A higher degree of 

HLA mismatching is associated with greater risk of GvHD due to the alloresponse 

generated by T cells (Fujiwara et al., 2003). Similarly, increased HLA disparity may 

expand Tregs more significantly than less HLA desperate combinations.  

 

Obtaining a sufficient quantity of cells is key in Treg immunotherapy, the expansions 

generated in this study were considerably lower than those previously reported and 

insignificant to meet the demands of therapy. The generation of alloantigen specific 

UCB Tregs by Fan et al., utilised allogeneic B cells as the first-round stimulus (R1) 

with numbers boosted by second round (R2) polyclonal stimulation (Fan et al., 2012). 

Incorporation of polyclonal stimulation during the R2 stage after MDDC stimulation 

may increase Treg numbers to match the levels reported by Fan et al (Fan et al., 2012). 

Additionally, to improve expansion, IL-15 could be supplemented with IL-2 as MDDC 

function is increased in its presence (Litjens et al., 2015). As another method to 

optimise allogeneic Treg generation, the use of other allogeneic stimuli such as B cells 

could be assessed to see if these improve cell numbers. 

 

Although polyclonal stimulation could improve Treg numbers, using this during R2 

stimulation will alter the end phenotype of Tregs. Due to the diverse range of TCR 

specificities, it has been suggested that approximately 5% of TCRs will be specific to 

any given alloantigen (Veerapathran et al., 2011). As UCB Tregs were stimulated for 20 

days with MDDCs, it was expected that a uniform population would be obtained. 

However, CD45RA+ and CD45RO+ Treg populations were identified at the end of 

culture. CD45RO is synonymous with memory cells and considered to represent cells 

that have responded to the alloantigen specific stimulus. Correlating with CD45RO 
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expression, higher levels of CD25 and FoxP3 were seen compared to CD45RA+ Tregs. 

One explanation regarding the survival of non-alloreactive CD45RA+ T cells may relate 

to the exogenous IL-2 provided to Tregs at time of stimulation. Alternatively, 

CD45RA+ Tregs obtained post allostimulation may no longer be naïve cells, but those 

that have received repeated stimulation and reverted to the CD45RA phenotype (Fulop 

et al., 2013). However, the reversion to a CD45RA phenotype is characteristic of ageing 

T cells undergoing senescence, which is an unlikely event to occur in UCB cells (Di 

Mitri et al., 2011). 

 

Suppression assays highlighted the enhanced suppression maintained by alloantigen 

stimulated UCB Tregs towards the original allostimulus. In parallel to this, CDR3 size 

based spectratyping was conducted to compare the change in TCR clonality between 

polyclonal and allostimulated Tregs. This showed allostimulated Tregs to contain a 

greater proportion of both monoclonal and oligoclonal TCR populations compared with 

polyclonal counterparts. However, standard Gaussian distribution was seen in certain 

TCR-Vβ families post allostimulation. These families may play a lesser role in 

responding to the respective MDDC stimuli used (Adeegbe et al., 2010; Amrolia et al., 

2006). Moreover, equal distributed families may also belong to the CD45RA+ Treg 

population that was seen post allostimulation (Halnon et al., 2011). To obtain a better 

understanding of the TCR clonal status of individual populations, spectratyping can be 

used to assess TCR-Vβ distribution in CD45RA+ vs. CD45RO+ Tregs and 

CD45RO+CD39- vs. CD45RO+CD39+ Tregs. As an alternate method to analyse the 

TCR, flow cytometry can be used to assess CFSE labelled Tregs with TCR-Vβ 

antibodies to determine which populations show greater proliferation and the TCR-Vβ 

they express. Confirming the TCR clonality of CD39+ Tregs would help establish if the 

enhanced suppressive capacity exhibited by these cells is associated to their increased 

specificity for the alloantigen. However, due to time limitations and financial 

constraints the spectratyping of CD39+ vs. CD39- or CD45RA+ vs CD45RO+ was not 

conducted and needs to be explored in the future. 

 

Analysis of CD45RO+ Tregs post allostimulation identified the presence of cells co-

expressing the functional marker CD39. Previously it has been shown that CD39+ Tregs 

denote a memory Treg population which correlates with the restriction of CD39+ Tregs 

within the CD45RO compartment upon allostimulation of UCB Tregs (Dwyer et al., 
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2010). CD39+ Tregs provided slightly improved suppression of the alloantigen 

compared to total Tregs, this further confirms that CD45RO+CD39+ Tregs are effector 

Tregs as highlighted by Ye et al (Ye et al., 2016). However, in contrast to the findings 

of Ye et al., the CD39- population still maintained FoxP3 expression and suppressed 

responses. Surprisingly, total Tregs and CD39+/CD39- subsets provided suppression of 

3rd party responses, therefore allostimulated Tregs are recognising and responding 

towards unseen stimulators. As previously mentioned, assays were set up without 

knowledge of HLA types. Upon retrospective analysis similarities are visible in 

selective allo-MDDCs and 3rd party MDDCs used in functional assays, particularly at 

HLA-DR which is involved in CD4+ T cell activation. Matching of HLA-DR could 

explain why allostimulated Tregs remained suppressive towards 3rd party stimulators. 

To resolve this, assays need to be repeated but ensuring that there is greater 

mismatching between the initial allogeneic stimulator and 3rd party stimulus. Until 

mismatched stimulators are used, the allospecific restriction of these UCB Tregs cannot 

be established. 

 

The breakdown to ATP by the action of CD39 is a well-established mechanism by 

which Tregs are believed to suppress (Borsellino et al., 2007; Crikis et al., 2010; Gu et 

al., 2016). The results presented here show enhanced suppressive activity of CD39+ 

cells which correlate with the presence of this marker. TGF-β production was also 

measured in suppression assay supernatants but levels of TGF-β remained consistent 

irrespective of variations in Treg:Tresp ratio. However, CD39+ Tregs showed 

significantly lower production of TGF-β compared to total Tregs. This suggest that 

CD39 may be the dominant mechanism in Tregs that express it, but analysis of other 

Treg mechanisms needs to be conducted to confirm this. But as MDDCs, also show 

TGF- β production, this can promote a Treg-like phenotype in non-Tregs and help limit 

T cell responses towards the stimuli. Irrespectively, the presence of Tregs significantly 

restricted Tresp proliferation, particularly at the higher levels therefore exerting a more 

pronounced effect than MDDC released TGF- β.  

 

Attempting to identify Treg populations with allospecificity is advantageous for 

immunotherapy. This will help reduce the demands to obtain vast quantities of cells and 

could limit the need for multiple rounds of ex-vivo expansion. Moreover, if a 

population is highly specific, this could potentially permit immune responses to remain 



Chapter 4  

	

	 190	

intact towards opportunistic infections whilst selectively reducing GvHD severity. With 

UCB Tregs, having identified CD45RA and CD45RO Tregs post allostimulation, it was 

originally believed that CD45RO population would maintain greater capacity to 

suppress alloantigens. Then, with the identification of CD39+ as a sub-population of 

CD45RO+ Tregs, it was anticipated that these cells would have greater specificity. 

Although the data is primitive at this stage to comment on the allospecificity of the 

CD39+ population, identifying different populations post allostimulation can be 

beneficial. Mechanistic advantages associated with CD39 could have preferential roles 

in targeting alloresponses compared to the bulk allostimulated population. Moreover, 

with the wide availability of antibodies towards CD39, the isolation of this population 

in a clinical setting using FACS or a MACS based system would be easily achievable.   

  

4.16	Conclusion	

 

UCB is a naïve resource that can be used successfully to generate Tregs with 

alloantigen specificity. Moreover, the suppressive potency of the total allostimulated 

Treg population outweighs allostimulated APB Tregs, which are currently under 

consideration for clinical use. In addition, the mainly naïve phenotype of UCB enabled 

the selection of CD39+ Tregs which showed a trend towards superior suppression of the 

alloantigen and maintained greater expression of CTLA-4 and FoxP3. This 

demonstrates the potential benefit of utilising UCB Tregs or naïve Tregs as a starting 

point for alloantigen specific Treg generation. However, further optimisation in 

expansion protocols are required to generate a sufficient quantity of alloantigen specific 

UCB Tregs to meet the demands of immunotherapy. 
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5.1	Introduction	

 

The use of Tregs in immunotherapy has offered benefits in the management of GvHD 

(Albert et al., 2005; Beres et al., 2011; Beres and Drobyski, 2013; Brunstein et al., 

2011; Di Ianni et al., 2011; Veerapathran et al., 2011; Yang et al., 2012). Clinically 

tested strategies have thus far involved the infusion of tTregs (Brunstein et al., 2011; 

Brunstein et al., 2016; Di Ianni et al., 2011; Trzonkowski et al., 2009). Since only small 

fraction of CD4+ T cells are tTregs, long term ex-vivo expansion protocols are required 

to meet the demands of therapy (Hippen et al., 2011b). To generate substantial cell 

numbers, the use of conventional T cells induced towards an immunoregulatory 

phenotype have been studied as an alternative to tTregs (Haribhai et al., 2016a).  

 

In vivo, genetic mutations or deletions within genes associated with tTregs results in 

their deficiency and subsequent onset of autoimmunity (Gambineri et al., 2003). This 

indicates the significance of tTregs in conferring tolerance against autoreactive T cells. 

However, in the periphery, CD4+CD25- T cells are believed to adopt a suppressive 

phenotype under tolerogenic conditions to help regulate pathogenic and inflammatory 

responses (iTreg) (Chen et al., 2003; Nutsch et al., 2016; Samstein et al., 2012; Shevach 

and Thornton, 2014). 

 

Generally, the development of immunoregulatory functions is associated with presence 

of the FoxP3 transcription factor (Fontenot et al., 2003; Hori et al., 2003). The 

conversion of CD4+CD25- T cells in the periphery to iTregs is essential in regulating 

inflammatory responses (Shevach and Thornton, 2014; Yadav et al., 2013). This 

conversion of CD4+CD25- T cells can also occur in vitro, giving rise to iTregs (Chen et 

al., 2003). Conditions under which iTregs are produced involve TCR stimulation in the 

presence of exogenous IL-2 and TGF-β (Chen et al., 2003; Davidson et al., 2007). 

Stimulation of CD4+CD25- without provisions of TGF-β result the production of 

effector T cells (Chen et al., 2003). This ability of converting Tcons into iTregs has 

been of particular interest for clinical use. The vast availability of Tcons compared to 

tTregs can help generate sufficient quantities of immunoregulatory cells to provide 

patients and met the demands of therapy.  
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Although the generation of iTregs is an exciting avenue for immunotherapy, due to the 

lack of commitment by iTregs to the Treg lineage and the instability portrayed by these 

cells in long-term culture, clarity is required regarding the use of iTregs in 

immunotherapy. This chapter reports on experiments aimed at determining if UCB 

CD4+CD25- T cells can be induced into an iTreg phenotype and whether they could be a 

viable alternative to tTregs for use in immunotherapy.   
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5.2	Inability	of	freshly	isolated	CD4+CD25-	cells	to	suppress	immune	responses	

 

The generation of iTregs results in a change to the functional properties associated with 

CD4+CD25-  T cells enabling them to suppress immune responses. The basal function 

of UCB CD4+CD25- was assessed and compared to freshly isolated tTregs. 

 

From UCB, tTregs were directly isolated from MNCs via the selection of CD25+ cells 

as described (Figueroa-Tentori et al., 2008). CD4+ T cells were isolated from the 

remaining CD25 depleted MNC fraction to obtain CD4+CD25- T cells (Flow diagram, 

Figure 5.1A).  Flow cytometry was used to confirm purity and the lack of FoxP3 

expression in isolated CD4+CD25- T cells; moreover, this also confirmed CTLA-4 

expression to be restricted to CD4+CD25+FoxP3+ T cells (Figure 5.1B-C). In addition, 

real time PCR was used to assess the methylation status of the FoxP3 gene in freshly 

isolated Tregs and CD4+CD25- cells. This showed only 0.36 ± 0.15% of the TSDR was 

demethylated in CD4+CD25- T cells. Interestingly, freshly isolated tTregs showed 44.8 

± 4.44% demethylation compared to allostimulated and polyclonal tTregs both of which 

were 95% demethylated (Figure 5.1D). 

 

Correlating with the lack of FoxP3 expression, UCB CD4+CD25- T cells had no 

suppressive capacity, failing to suppress autologous responder cells stimulated with 

MDDCs (Figure 5.2). As described in chapter 3, UCB tTregs were highlighted as weak 

suppressor cells upon isolation, but still provided significant suppression when 

compared to non-Treg counterparts, particularly at the 1:1 – 1:4 (Treg:Tresp) ratio 

(Figure 3.6) . 
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Figure 5.1: Isolation of CD4+CD25- T cells. Flow diagrammatic representation of 

isolation protocol for tTregs and CD4+CD25- T cells from UCB (A). Flow cytometry 

was used to determine expression of CD25, CD127, FoxP3 and CTLA-4, shown via 

representative dot plot and histograms (B-C). Changes in the methylation status of the 

TSDR was measured between subsets using real-time PCR (D). Statistical analysis by 

paired student’s t test. (n = 3 per group) **** = P ≤ 0.0001, *** = P ≤ 0.001  
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Figure 5.2: UCB CD4+CD25- T cells are non-suppressive. The suppressive capacity 

of freshly isolated UCB CD4+CD25- was determined using CFSE labelled autologous 

responder cells that were stimulated using MDDCs in a 1:10 Tresp:MDDC ratio. 

Additionally, non-CFSE labelled CD4+CD25- (purple line) or freshly isolated tTregs 

(blue line) were added in serial dilution with 1:1 (Treg:Tresp) equating to the maximum 

ratio. The suppressive capacity of CD4+CD25- T cells and freshly isolated tTregs was 

compared. Statistical analysis by paired student’s t tests. (CD4+CD25- n = 4, tTreg n = 

5). **** = P ≤ 0.0001, ** = P ≤ 0.01 
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5.3	IL-4	production	by	conventional	T	cells	from	UCB	

 

The phenotype adopted by naïve Tcons following activation is dependent upon the type 

of stimulation they receive and the local cytokine milieu (Leung et al., 2010). Previous 

studies have documented the polarisation of UCB CD4+CD25- T cells towards a Th2-

like phenotype (Yang et al., 2012). To confirm this, UCB T cells were stimulated and 

cytokine production measured. 

 

UCB T cells were stimulated with PMA and ionomycin in the presence of monensin. 

Following this, the cell membrane was fixed and permeabilised enabling staining of 

intracellular collected cytokine, which was detected using flow cytometry (Figure 

5.3A). The proportion of cells expressing IFN-γ was significantly lower in UCB vs. 

APB CD4+CD25- cells (UCB = 1.24 ± 0.86% vs APB = 6.64 ± 1.79%, Figure 5.3B). 

When measuring IL-2 generation, both UCB and APB CD4+CD25- cells were 

comparable (UCB = 17.83 ± 13.42% vs APB = 11.15 ± 2.39%, Figure 5.3C). As a way 

of confirming the increased polarisation of UCB T cells towards Th2 type phenotype, 

the production of IL-4 was assessed and found to be higher in UCB samples (UCB = 

10.38 ± 6.59% vs APB = 1.06 ± 0.67%, Figure 5.3D). These findings agree with the 

literature and indicate that UCB T cells have decreased production of IFN-γ and 

produce higher levels of IL-4.  

 

Comparisons were made between freshly isolated CD4+CD25- T cells from UCB and 

APB. However, due to the differences in naivety of UCB and APB a more conclusive 

comparison could have been made using CD45RA+ T cells from APB. The cytokine 

profile of the naïve and memory compartments would be different, especially since 

memory T cells are committed to a lineage (e.g. Th1/Th2). Further to this, it has 

previously been established that naïve UCB T cells only produce IL-2 and are devoid of 

IFN-γ production, whilst this cytokine was present when using total APB T cells (Early 

and Reen, 1999).  

 

Although not directly comparable, the findings shown here agree with the literature and 

highlight low levels of IFN-γ and higher level of IL-4 by UCB (Merindol et al., 2010; 

Yang et al., 2012)  when compared to using total CD4+ T cells from APB. 
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Figure 5.3: Anti-inflammatory cytokine production by UCB T cells. Cytokine 

production was detected by flow cytometry after stimulating APB and UCB T cells (A). 

The production of IFN-γ (B), IL-2 (C) and IL-4 (D) were measured, indicating UCB T 

cells to produce greater levels of IL-4 and low IFN-γ. Statistical analysis by unpaired 

student’s t test. (n = 8 per group) **** = P ≤ 0.0001, ** = P ≤ 0.01 
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5.4	Generation	of	alloantigen	reactive	putative	Tregs	

 

Induction of an immunoregulatory phenotype in CD4+CD25- UCB T cells was 

previously documented by Chang et al. (Chang et al., 2005). Findings from their study 

indicated the lack of an alloantigen specific suppressive response from stimulated 

tTregs, but iTregs provided potent suppression (Chang et al., 2005). Chang et al. utilised 

immature MDDCs generated using an immortalised cell line (Chang et al., 2005; 

Masterson et al., 2002). However, in this study allostimulated tTregs were generated 

when cultured with MDDCs activated with TNF-α and IL-1β (Chapter 4). Therefore, 

UCB CD4+CD25- were stimulated with activated MDDCs to characterise and compare 

with allostimulated tTregs. 

 

A time-point culture was set up in which UCB CD4+CD25- were co-cultured with 

allogeneic MDDCs in a 1:1 ratio without IL-2, leading to the production of 

lymphoblasts from day 5 onwards (Figure 5.4A). In correlation, a significant 

enhancement in CD25+ T cell formation was also seen from this point, with maximum 

CD25+ cells being obtained by day 7 (71.92 ± 6.21%, Figure 5.5B-C). Originally, 

cultures were maintained for 10 days, however by the final day cells no longer remained 

viable and thus subsequent time points only went up until day 7. 

 

The basic phenotypic characterisation of tTregs is CD4+CD25+CD127lowFoxP3+. UCB 

tTregs were found to be CD127-/low at point of isolation, whilst CD4+CD25- were 

CD127+ (Figure 3.1, UCB tTreg CD127 MFI = 1670 ± 232.54 vs. CD4+CD25- = 4309 

± 389.51). Upon stimulation of CD4+CD25- T cells, most remained CD127+ but 

expression of this marker decreased over time (Day 0 MFI = 4309 ± 389.51 vs. Day 7 

MFI = 1648.8 ± 126.1, figure 5.5D). 
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Figure 5.4: Activation of CD4+CD25- T cells. Conventional T cells were stimulated 

with MDDCs, with changes monitored at various time-points throughout culture. 

Blasting lymphocytes were formed at day 5 of culture (A). The change in proportion of 

cells expressing CD25 was measured using flow cytometry as shown in representative 

dot plots and as a graph (B-C) with the formation of CD4+CD25+ T cells from day 5 in 

culture. Total CD4+ T cells expressed CD127, but changes in the intensity of expression 

were also measured during culture (D). Statistical analysis by paired student’s t test. (n 

= 5 per group) **** = P ≤ 0.0001, *** = P ≤ 0.001 
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5.5	Increased	FoxP3	and	CTLA-4	expression	in	putative	Tregs	

 

The suppressive function of tTregs is believed to be dependent upon FoxP3 (Fontenot et 

al., 2003), however expression of this transcription factor is also upregulated during 

activation of human effector cells (Allan et al., 2007; Barbi et al., 2014; Fontenot et al., 

2003). Changes to the expression of FoxP3 were monitored over the duration of 

allostimulation of UCB CD4+CD25-. 

 

As the starting population was devoid of Tregs, FoxP3 expression remained <1%. 

Similar to the increased CD25+ presence and the formation of blasting lymphocytes, 

FoxP3 expression was significantly upregulated by day 5 (57.88 ± 10.83%), but 

decreased by day 7 (38.88 ± 7.49%, Figure 5.5A-C). When comparing the fluorescence 

intensity of FoxP3, a decrease is again noticed between day 5 and day 7. Furthermore, 

when compared to allostimulated tTregs, the expression intensity of FoxP3 was 

significantly lower in stimulated CD4+CD25- T cells (Figure 5.5D). 

 

When monitoring the expression of CTLA-4, initially it was anticipated that changes in 

CTLA-4 expression would directly correlate to changes in FoxP3, but in comparison, 

the proportion of CTLA-4+ cells elevated at day 5 and further increased by day 7 (day 5 

= 55.34 ± 10.60% vs. day 7 = 71.69 ± 5.50%, Figure 5.6A-B). Further to this the 

expression intensity exhibited by CTLA-4 was similar between day 7 iTregs and 

allostimulated tTregs (D7 iTreg MFI = 1775.2 ± 517.10 vs tTreg MFI = 1874.14 ± 

591.43, Figure 5.6C). This indicates that stimulation of UCB CD4+CD25- T cells by 

allogeneic MDDCs promotes CTLA-4 and FoxP3 expression. However, unlike tTregs, 

which naturally expressed both markers, the long-term expression of CTLA-4 and 

FoxP3 on allostimulated CD4+CD25+ was not established. The presence of these 

markers may provide a suppressive phenotype immediately post stimulation, but both 

are known to down-regulate when T cells return to resting phenotype. 
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Figure 5.5: CD25+ cells express FoxP3. Flow cytometry was used to visualise changes 

in the expression pattern of FoxP3 during the allostimulation of UCB CD4+CD25- T 

cells. Representative dot plots and histogram depicting changes over 7 days (A-B). The 

proportion of FoxP3+ cells was tracked during culture at various time points (C). FoxP3 

increased at day 5 and 7, expression intensity (MFI) at these days was measured and 

compared to tTregs also allostimulated for 7 days (D). Statistical analysis by paired 

Student’s t test. (n = 5 per group) **** = P ≤ 0.0001, ** = P ≤ 0.01, * = P ≤ 0.05 
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Figure 5.6: UCB iTregs express CTLA-4. Flow cytometry was used to visualise 

changes in the expression pattern of CTLA-4 during the allostimulation of UCB 

CD4+CD25- T cells. Representative dot plots depicting changes over 7 days (A). The 

proportion of CTLA-4+ cells was tracked during culture at various time points (B). 

CTLA-4 increased at day 5 and 7, expression intensity (MFI) at these days was 

measured and compared to tTregs also allostimulated for 7 days (D). Statistical analysis 

by paired Student’s t test. (n = 5 per group) **** = P ≤ 0.0001, * = P ≤ 0.05 
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5.6	Change	in	naivety	

 

The primary advantage of using UCB as a Treg source for immunotherapy is the high 

proportion of naïve and resting cells (Kim and Broxmeyer, 2011; Milward et al., 2013; 

Miyara et al., 2009). The naivety of this resource is one of the reasons why UCB 

alloHSCT are linked with lower levels of GvHD compared to similar mismatched BMT 

(Kim and Broxmeyer, 2011; Rocha et al., 2004). During allostimulation, an up-

regulation in CD25, FoxP3 and CTLA-4 was seen. Following this, changes in the 

expression of naïve and memory cell markers were also assessed. 

 

Naïve CD4+CD25- T cells are suggested to portray the greatest immunosuppression 

upon iTreg generation (Schmidt et al., 2016; Shevach and Thornton, 2014). At point of 

isolation, total UCB CD4+CD25- T cells were identified as CD45RA+CD45RO- cells, 

compared to APB CD4+CD25- cells where only 40.26 ± 9.57% of cells were CD45RA+ 

(Figure 5.7A-B). Allostimulation of UCB CD4+CD25- T cells resulted the down 

regulation of CD45RA over the duration of stimulation. In agreement with this, a 

CD45RO+ population is formed from day 5 onwards, gating upon the CD45RO 

population identified these cells to be CD25+FoxP3+ whereas most CD45RA+ cells 

remained CD25-FoxP3- (Figure 5.7C-D). 

 

The expression of CD31 was also assessed prior to and following allostimulation. A 

high proportion of UCB CD4+CD25- co-express CD31, further implicating their naïve 

status as recent thymic emigrant cells. Initially a drastic decrease in CD31 expression 

was anticipated in correlation with the down regulation of CD45RA between day 0 and 

7 in UCB samples, but, only a marginal change was seen (day 0 = 81.48 ± 11.44% vs 

day 7 = 52.83 ± 11.86%, figure 5.7E). 

 

  



Chapter 5  

	

	 205	

Figure 5.7: Changes in markers of naivety. The expression of naïve and memory cell 

markers CD45RA and CD45RO were compared in UCB and APB CD4+CD25- T cells 

respectively (Representative histograms, A). UCB T cells maintained a strong 

CD45RA+ naïve phenotype (B). During stimulation, CD45RA expression decreased 

from day 0-7 (C). Formation of CD45RO+ T cells correlated with CD25 and FoxP3 

expression (D). Differences in expression of CD31 was also measured between day 0-7 

(E). Statistical analysis by Student’s t test. (n = 5) **** = P ≤ 0.0001, ** = P ≤ 0.01 
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5.7	Partial	demethylation	of	TSDR	upon	CD4+CD25-	stimulation	

 

As previously highlighted, FoxP3 is actively up-regulated upon the activation of 

effector T cells (Allan et al., 2007). Therefore, the measurement of this transcription 

factor cannot discriminate between regulatory and effector cell types. To complement 

flow cytometric data for FoxP3, the methylation status of the TSDR was determined. 

APB CD4+CD25- T cells were not assessed, but previous studies assessing the 

generation of iTregs from APB document a lack of change in the methylation status of 

the TSDR compared to CD4+CD25- cells (Barbi et al., 2014; Floess et al., 2007). But, 

TSDR analysis on allostimulated UCB T cells is unknown, therefore changes to the 

methylation of this region were measured prior to- and post-allostimulation. 

 

Initially, UCB CD4+CD25- T cells were shown to have a methylated TSDR, with only 

0.36 ± 0.15% demethylation detected (Figure 5.1c). This correlated with the lack of 

FoxP3 expression seen using flow cytometry. After the allostimulation of CD4+CD25- 

cells, positive selection was used to isolate CD25+ cells by magnetic column based 

separation. Upon quantifying the TSDR, 17.52 ± 0.46% was demethylated, this was 

significantly greater than the starting population (Figure 5.8). The enhanced 

demethylation exhibited by the CD25 fraction of allostimulated UCB T cells potentially 

indicates epigenetic modifications occurring during the stimulation process. Irrespective 

of this, allostimulated tTregs still maintained a significantly higher proportion of 

demethylated TSDR (Figure 4.13). 
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Figure 5.8: Allostimulated iTregs have increased demethylated TSDR.  

Demethylation was quantified using real time PCR. DNA was isolated from 

CD4+CD25- T cells and the CD4+CD25+ population generated at day 7 following the 

allostimulation of CD4+CD25- cells. DNA was bisulfite treated to convert any CpG into 

TpG with real-time PCR used to detect methylated (CpG) or demethylated (TpG) 

TSDR. Values obtained as a percentage based on calculation of: ((TpG / (TpG + CpG)) 

x 100). Statistical analysis by paired student’s t test. (n = 3 per group) **** = P ≤ 

0.0001. 
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5.8	Formation	of	CD39+	cells	upon	allostimulation	

 

As part of the characterisation of UCB CD25+ T cells generated following 

allostimulation of CD4+CD25- cells, changes in the expression of CD39, a Treg 

associated functional marker was assessed. CD39 expression was monitored throughout 

culture with UCB CD4+CD25- initially being CD39-. As CD25 expression was seen by 

day 5 following allostimulation, the formation of CD39+ cells is also seen from this 

time-point. Correlating with allostimulated tTregs, CD39 expression was limited to 

proportion of CD4+CD25+CD45RO+ cells (representative flow cytometry histogram and 

dot plot 5.9A-B). The expression of CD39 was variable, but remained akin the levels 

seen in allostimulated tTregs (Figure 5.9C). CD45RO+CD39+ tTregs showed increased 

FoxP3 expression compared to CD45RO+CD39- cells, but the expression of FoxP3 in 

both populations remained indistinguishable in iTregs (5.9D). 
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Figure 5.9: CD39 expression in iTregs. An enhancement in the expression of CD39 

was seen in UCB CD4+CD25- T cells post allostimulation. Representative histogram 

showing changes in CD39 expression throughout culture (A). CD39+ expression was 

limited to the CD45RO+ population, representative dot plot (B). The proportion of 

CD45RO+CD39+ cells was established over time and compared with the equivalent 

population seen at day 7 in allostimulated tTregs (C). The differences in FoxP3 

expression between CD39+ and CD39- in allostimulated CD4+CD25- cells was 

compared (D). (n = 5 per group) Statistical analysis by paired student’s t test, results 

non-significant.  
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5.9	Increased	TGF-β	production	by	iTregs	

 

TGF-β is expressed on cell surfaces in a latent form due to the binding of LAP and its 

respective binding protein (Schmidt et al., 2012). The tethering of this latent TGF-β 

complex is dependent on GARP presence (Tran et al., 2009a). Furthermore, knockout 

studies have shown GARP deficient Tregs to secrete latent TGF-β instead of the active 

variant (Edwards et al., 2013). Therefore, changes in LAP and GARP expression were 

assessed on allostimulated UCB putative iTregs. Like tTregs, upon isolation 

CD4+CD25- cells were deficient in LAP (1.58 ± 0.46%). During stimulation with 

allogeneic MDDCs, LAP expression increased significantly by day 5 but had decreased 

at day 7 of stimulation (Day 5 = 30.84 ± 5.11%, day 7 = 5.54 ± 1.21%, Figure 5.10A-

B). GARP expression was low (<0.5%) on freshly isolated UCB CD4+CD25- T cells. 

Over the duration of stimulation, GARP expression peaked at day 7 with 34.68 ± 7.32% 

of cells, however this remained lower than the levels of expression seen in 

allostimulated tTregs (62.68 ± 21.39%, Figure 5.10C-D). 
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Figure 5.10: Latent TGF-β formation. The expression of LAP was monitored during 

the time-point culture of allostimulated UCB CD4+CD25- T cells (representative dot 

plots A). LAP presence peaked at day 5 after which it decreases at day 7 (B). In parallel, 

GARP was also measured and increased by day 7 of culture (C). All tTregs expressed 

LAP, but a greater proportion of allostimulated tTregs expressed GARP compared to 

iTregs (D). Statistical analysis by paired student’s t test. (n = 5 per group) **** = P ≤ 

0.0001, *** = P ≤ 0.001 
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5.10	Alloantigen	specific	suppression	by	putative	UCB	iTregs	

 

The conversion of conventional CD4+CD25- T cells in the periphery into CD25+ 

suppressive cells is associated with a negative feedback response to inhibit 

inflammatory processes that occur during an immune response (Chen et al., 2011; Chen 

et al., 2003; Davidson et al., 2007). Having observed that allostimulation of UCB 

CD4+CD25- T cells leads to a decrease in methylation of the TSDR and the appearance 

of a CD4+CD25+CD45RO+FoxP3+CTLA-4+ sub-population, these cells were assessed 

for their ability to suppress alloantigen specific immune responses. 

 

Following the culture of UCB CD4+CD25- T cells with allogeneic MDDCs, the CD25- 

and CD25+ fractions were separated by magnetic selection. Autologous CD4+CD25- T 

cells were stimulated with the same MDDC used to generate iTregs, and the CD25- and 

CD25+ fractions were added in serial dilutions (Figure 5.11A). The CD25+ (iTreg) 

fraction exerted significant suppression of responder cell proliferation at the 1:1, 1:2 and 

1:4 (Treg:Tresp) ratio (>90% suppression), while CD25- cells (obtained post 

allostimulation) had no suppressive activity. As the quantity of iTregs decreased, 

suppressive capacity also decreased, however 50% suppression remained at the 1:32 

ratio. When 3rd party MDDCs were used to stimulate autologous responder cells, the 

suppressive response of iTregs was significantly lower. When used at the 1:1 ratio only 

38.97 ± 7.1% suppression was seen compared to 91.74 ± 3.13% suppression achieved 

towards the original allostimulus, and no activity was evident beyond the 1:64 ratio 

(figure 5.11B). Therefore, the CD25+ sub-population resulting from allostimulation of 

UCB CD4+CD25- cells exhibited the suppressive property of allospecific iTregs. 

 

One of the primary reasons for assessing the suppressive potential of CD4+CD25+ T 

cells obtained following the allostimulation of UCB CD4+CD25- T cells was their 

upregulation of FoxP3. FoxP3 is transiently expressed upon conventional T cell 

activation without generating a suppressive response (Allan et al., 2007). Studies 

attempting to induce regulatory function in activated CD4+CD25- T cells from APB 

utilise external TGF-β to establish iTregs in vitro (Chen et al., 2003). As allostimulation 

of UCB CD4+CD25- alone was substantial enough to establish regulatory potential, 

APB CD4+CD25- cells were similarly stimulated. Following MDDC stimulation, APB 

CD25+ T cells were isolated and used in suppression assays, these cells failed to provide 
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significant suppression of autologous responders stimulated towards the same 

alloantigen (Figure 5.12). This confirms that UCB CD4+CD25- T cells can develop a 

suppressive/ inhibitory phenotype upon direct stimulation with MDDCs without the 

provision of TGF-β. 
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Figure 5.11: Allogeneic suppression of UCB iTregs. Suppression assays to measure 

iTreg function. Suppression was measured as a reduction in proliferation of CFSE 

labelled allostimulated autologous responder cells with either CD4+CD25+ (iTreg, 

Green line) or CD4+CD25- (Grey line) isolated post-allostimulation (A). Allogeneic 

suppression was measured using CD4+CD25+ iTregs against autologous responders 

stimulated towards initial stimulus or 3rd party stimulator (Pink line, B). Statistical 

analysis by paired student’s t test. (n = 4 per group) **** = P ≤ 0.0001, *** = P ≤ 0.001 
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Figure 5.12: APB CD4+CD25+ activated T cells do not suppress. The suppressive 

function of APB CD4+CD25- T cells stimulated with MDDCs was assessed. CD25+ T 

cells (Brown line) were isolated at the end of culture and used in suppression assays in 

parallel to UCB iTregs (Green line). Statistical analysis by unpaired student’s t test. (n = 

4 per gorup) * = P ≤ 0.5  
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5.11	CD25+	cells	derived	from	CD4+CD25-	have	similar	activity	to	tTregs	

 

To complement or supersede the clinical use of tTregs, iTregs have been suggested as a 

potential alternative due to the vast number of CD4+CD25- T cells available compared 

to tTregs (Haribhai et al., 2016a). Therefore, the functional capacities of alloantigen 

specific UCB tTregs and putative iTregs (data taken from figure 5.11) were compared. 

 

Both tTregs (isolated from UCB MNCs as CD4+CD25+) and CD25+ cells isolated 

following the allostimulation of CD4+CD25- cells were stimulated with the same 

allogeneic MDDCs. Interestingly, no significant difference was observed in the 

suppressive potency of allostimulated of both subsets irrespective of Treg:Tresp ratio 

(figure 5.13A). This shows the ability of putative iTregs to offer equal suppression as 

their tTreg counterparts. 

 

In addition, the suppressive capacity of both subsets towards a 3rd party stimulator was 

also determined. CD25+ T cells generated from allostimulated CD4+CD25- T cells 

showed significantly weaker suppressive capacity upon exposure to a 3rd party 

stimulator compared to allostimulated tTregs. tTregs provided effective suppression of 

3rd party responses with 50% suppression occurring with 1 Treg suppressing 16 

responder cells. However, <50% suppression was seen with iTregs when they were used 

at the maximum 1:1 ratio with responder T cells (figure 5.13B).  

 

Based on the similarities between allostimulated UCB tTregs and putative iTregs, in 

terms of suppressing the original allostimulus, similar levels of suppression was 

anticipated with 3rd party stimulators. However, while tTregs exhibited significant 

suppression of a response to a 3rd party, the putative iTregs generated from CD25- T 

cells did not. This would argue that putative iTregs from UCB maintain greater 

allospecificity since they poorly suppress 3rd party stimulators. One of the reasons for 

this difference could be linked to the TCR repertoire. It has been suggested that tTregs 

and CD4+CD25- T cells have different TCR repertoires with tTregs able to recognise 

self-antigens whereas Tcons recognise foreign antigens (Schmitt and Williams, 2013). 

This could explain why tTregs showed greater specificity for antigens presented by 3rd 

party stimulators compared to non-Treg counterparts. TCRs from tTregs may recognise 

antigens presented by 3rd party stimulators due to molecular mimicry, but TCRs in 
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putative iTregs do not. To verify this, other 3rd party stimulators could be used to verify 

if allostimulated tTregs still maintain greater suppressive capacity. Furthermore, studies 

to elute and assess antigens presented in allogeneic and 3rd party stimulators could be 

conducted and sequencing of the TCR from iTregs and tTregs compared to identify 

complementary sequences.  
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Figure 5.13: iTregs have equal function to tTregs. Suppression assays to compare the 

function of iTregs and tTregs generated from the same UCB unit. Suppression was 

measured of CFSE labelled allostimulated autologous responder cells in the presence of 

alloantigen specific iTreg (Green line) or tTreg (Blue line, A). The suppressive capacity 

was also compared between iTregs and tTregs when responder cells were stimulated 

towards a 3rd party stimulator (B). Statistical analysis by paired student’s t test. (n = 4 

per gorup) **** = P ≤ 0.0001, *** = P ≤ 0.001, ** = P ≤ 0.01  
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5.12	iTregs	suppress	APB	responder	cells	in	an	allogeneic	manner	

 

Prior functional assays assessed the suppressive function of putative iTregs towards 

autologous responders. This concept allows Treg populations established from donor 

UCB units to be stimulated towards recipient APCs to confer allospecificity (Fan et al., 

2012). The use of CD25+ cells generated from allostimulated CD4+CD25- cells was also 

assessed in a 3rd party capacity, whereby they are not autologous to the responder or the 

stimulator. In this scenario, putative iTregs are exposed to the alloantigen and their 

capacity to suppress APB CD4+CD25- T cells was determined. 

 

Putative iTregs were generated from UCB upon stimulation of CD4+CD25- cells with 

MDDCs. The same MDDCs were then used to stimulate CFSE labelled APB responder 

T cells in an MLR with the putative iTregs added in serial dilution. In correlation with 

previous results, iTregs were similarly able to suppress APB responder cells stimulated 

towards the initial allostimulus. tTregs provided greater suppression when used at the 

1:1 and 1:2 ratio against responder cells (1:2 ratio - iTreg = 72.20 ± 3.57% vs tTreg = 

94.01 ± 3.97%, Figure 5.14). However, in the lower Treg ratios both tTregs and iTregs 

provided similar suppression of the original allostimulus.   

 

Tregs suppress T cells and APCs, therefore provided that the Treg is exposed to the 

allostimulus, these results indicate that Treg populations are potentially capable of 

limiting alloresponse generation by targeting APCs without being autologous to the 

responder population.  
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Figure 5.14: Suppression of APB responders. Suppression assays were conducted 

whereby APB responder CD4+CD25- T cells were CFSE labelled and cultured with 

MDDCs. tTregs or putative iTregs generated from UCB were originally stimulated 

towards the same MDDC line and then added in serial dilution. After 7 days in culture, 

cells were harvested and flow cytometry used to determine suppressive function. 

Statistical analysis by paired student’s t test. (n = 4) * = P ≤ 0.05  
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5.13	Changes	in	TCR	clonality	with	allostimulation	

 

The suppressive capacity of UCB CD4+CD25+ T cells generated following the 

stimulation of CD4+CD25- Tcons correlated with their expression of FoxP3. 

Furthermore, this suppression was more effective against the original allostimulus 

compared to 3rd party stimuli. Changes in the TCR repertoire were assessed using 

CDR3 size spectratyping to determine if TCR clonality changes between Tcons and the 

populations arising post MDDC stimulation. 

 

Spectratyping was conducted to assess changes in the heterogeneity of the CDR3 region 

of 24 TCR-Vβ gene families (Gorski et al., 1994). The starting UCB CD4+CD25- T 

cells maintained a diverse TCR population, with standard Gaussian distribution 

exhibited for the majority of the TCR-Vβ families assessed. Following allostimulation, 

the arising CD25+ population showed changes in the Gaussian distribution of selective 

TCR-Vβ families compared to the starting CD4+CD25- population, indicating clonal 

expansion of certain families (representative spectratyping plots in figure 5.14A-B). The 

changes in clonality may indicate potential increased specificity of the arising CD25+ 

population as the diversity of the TCR-Vβ gene is reduced. Moreover, confirmation of 

specificity being restricted to the CD25+ population was seen when the CD25- cells 

obtained post Tcon allostimulation were assessed. The TCR diversity for these 

remained similar to the starting Tcon population (figure 5.14C). Putative iTregs were 

spectratyped from 3 individual UCB units, spectratype data for the other 2 samples are 

shown in the appendix, figure 7.4. 

 

The Tcons spectratyped were derived from the same UCB units as the tTregs examined 

in chapter 4.7. As UCB CD25+ putative iTregs and tTregs showed equal potency in 

suppressing allogeneic responses, the TCR spectratype was compared between starting 

tTregs and Tcons. As tTregs are believed to contain specificity towards self-antigens 

and Tcons do not, it is believed that the repertoire of tTregs and Tcons is different 

(Hsieh et al., 2006). Although the TCR analysis employed in this study does not provide 

details regarding the exact sequence of TCRs, differences are visible in the spectratype 

and clonality of tTregs and Tcons (differences seen in TCR-Vβ 3, 4, 5, 8, 13B, 16, 17, 

18, 20 for the representative examples in Figure 5.15A-B). Due to these differences, 

although both subsets were stimulated using the same MDDC allostimulator, the 
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repertoires of allostimulated tTregs and the CD25+ population generated from Tcons are 

different (Figure 5.15C-D). Reduced Gaussian distribution is exhibited in allostimulated 

tTregs, demonstrating the expansion of selective clones. This could potentially highlight 

that TCRs responding to the same alloantigen are different and recognise different parts 

of the presented allogeneic pHLA complex. 
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Figure 5.14: Changes in TCR upon putative iTreg generation. Spectratyping was 

used to monitor changes in heterogeneity of the 24 TCR-Vβ gene families. 

Representative spectratypes shown for starting UCB CD4+CD25- T cells (A), 

CD4+CD25+ T cells generated when CD4+CD25- were stimulated with allogeneic 

MDDCs (B) and the CD4+ cells that remained CD25- (C). 
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Figure 5.15: Differences in TCR clonality between tTregs and iTregs. Spectratyping 

was used to monitor changes in heterogeneity of the 24 TCR-Vβ gene families. 

Representative spectratypes shown for starting UCB CD4+CD25+ tTregs (A), 

CD4+CD25- Tcons (B), allostimulated tTregs (C) and CD25+ iTregs cells generated 

upon the allostimulation of CD4+CD25- Tcons (D).  
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Polyclonal - tTreg

Allo – tTreg

Vb1 Vb5 Vb6A Vb6B Vb7 Vb8 Vb9 Vb11 Vb12Vb3 Vb4Vb2

Vb13A Vb16 Vb17 Vb18 Vb20 Vb21 Vb22 Vb23 Vb24Vb14 Vb15Vb13B

Vb1 Vb5 Vb6A Vb6B Vb7 Vb8 Vb9 Vb11 Vb12Vb3 Vb4Vb2

Vb13A Vb16 Vb17 Vb18 Vb20 Vb21 Vb22 Vb23 Vb24Vb14 Vb15Vb13B
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B)

C)
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5.14	TGF-β	production	as	a	potential	mechanism	of	iTreg	function	

 

As LAP and GARP were identified in the CD25+ population generated following the 

allostimuatlion of UCB Tcons, the release of TGF-β was also measured. Cell culture 

supernatants from suppression assays were collected and cryopreserved. At a later time 

point these samples were activated by acid treatment and TGF-β levels quantified using 

Luminex. At this point, it is important to note that the control wells containing ‘no 

Tregs’ also showed presence of TGF-β indicating that this cytokine may be produced by 

MDDCs. However, the TGF-β seen in control samples remained significantly lower 

than the levels obtained in suppression assay cultures where Tregs were present. This 

could indicate that the putative iTregs are also producing TGF-β.  

 

But, when comparisons were made between the 1:2 and 1:4 ratios or between allo and 

3rd Party, although a decreasing trend is graphically visible which correlates with the 

decrease in suppression, this trend was insignificant (TGF-β Allo = 261.25 ± 11.25 

pg/ml vs 3rd party = 202.2 ± 2.5 pg/ml, Figure 5.16A). In addition, the level of TGF-β 

was compared between putative iTregs and tTregs when suppressing their allogeneic 

targets at the 1:2 (Treg:Tresp) ratio. But the level of TGF-β was similar for both subsets 

(Figure 5.16B). 

 

This data would suggest that TGF-β is being produced and this may contribute to the 

suppression obtained by putative iTregs. But with the lack of difference in TGF-β 

presence between allogeneic and 3rd party cultures, this mechanism may not be the only 

route of suppression. Furthermore, a more significant point obtained from these 

experiments is the presence of TGF-β when iTregs/tTregs were not present in culture. 

TGF-β coupled with suboptimal TCR stimulation is sufficient to establish an iTreg 

phenotype (Ellis et al., 2012; Hadaschik and Enk, 2015). Therefore, if MDDCs are 

producing TGF-β, this may be the reason for UCB CD4+CD25- T cells obtaining an 

immunosuppressive phenotype upon allostimulation. Additionally, to verify if the TGF-

β produced is aiding in Treg mediated suppression, blocking antibodies could be used to 

see if the inability of TGF-β to bind respective receptors would alter suppression results.  
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Figure 5.16: Putative iTreg suppress via TGF-β. TGF-β as a potential mechanism of 

UCB iTreg suppression was assessed on culture supernatants from suppression assays. 

Supernatants were activated by acid treatment and TGF-β quantified via Luminex. 

Putative iTregs were used in suppression assays to suppress responder cells stimulated 

with the same MDDC allostimulus or a 3rd party stimulator. The secretion of TGF-β 

was measured between Allo and 3rd party cultures at the 1:2 and 1:4 (Treg:Tresp) (A). 

As control samples, ‘No Treg’ signifies Tresp + MDDC and ‘Treg alone’ are where 

putative iTregs were cultured without MDDCs and Tresps. The production of TGF-β 

was compared between iTreg and allostimulated tTregs at the 1:2 (Treg:Tresp) ratio 

from suppression assay supernatants (B). (n = 3 per group) Statistical analysis by paired 

student’s t test. ** = P ≤ 0.01 * = P ≤ 0.5 
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5.15	Lack	of	suppression	following	second	round	of	stimulation	

 

The requirement to generate a sufficient pool of cells is essential to the success of 

immunotherapy (Riley et al., 2009). With the demand for greater cell numbers, the 

generation of iTregs from CD4+CD25- cells has been mentioned in several studies 

(Haribhai et al., 2016a; Hippen et al., 2011a; Scotta et al., 2013). To this extent, 

allostimulation of UCB CD4+CD25- T cell enables the selection of putative iTregs 

based on CD25+ expression. In order to increase cell numbers, a further round of 

stimulation was provided and changes in suppressive capacity assessed.  

 

The first round of stimulation to UCB CD4+CD25- T cells was provided by MDDCs. 

However, contrasting from tTregs, CD4+CD25- cells were only maintained in culture 

until day 7 and without exogenous IL-2. At first, stimulation was provided until day 10, 

but cell viability was diminished by this stage. The first round of stimulation provided 

15.42 ± 6.02 fold expansion which was significantly greater than the first round 

expansion seen in tTregs (2.78 ± 1.78, Figure 5.17A). As the CD25+ population 

generated from CD4+CD25- T cells post allostimulation was suppressive (Figure 

5.11A), these cells were isolated, rested for 48 hours and stimulated for a second round 

(R2) with the same allogeneic MDDC. Irrespective of IL-2 provision, R2 stimulation 

failed to expand iTregs further and thus cells were not obtained for subsequent analysis. 

 

In another attempt to enhance iTreg numbers, polyclonal stimulation by anti-CD3/CD28 

beads was provided in R2. Beads were co-cultured with iTregs in a 1:1 ratio. When 

exogenous IL-2 was not supplemented into culture, iTregs did not expand or remain 

viable in culture indicating their dependence on IL-2 for survival, similar to tTregs 

(Fold change = 0.35 ± 0.30). Following this, IL-2 was supplemented during expansion 

and cells were stimulated for 10 days. IL-2 presence promoted survival leading to 

significant expansion of putative iTregs (fold change = 217.94 ± 83.77 Figure 5.17B).  

 

The suppressive function of R2 stimulated iTregs was determined. This showed a 

significant loss in function, as maximum suppression seen at the 1:1 (iTreg:Tresp) was 

59.51 ± 13.23%, this was lower than iTregs after R1. As the ratio of iTregs decreased, 

suppression was further diminished with 2.64 ± 3.81% suppression seen at the 1:8 ratio. 

In comparison, R1 stimulated iTregs were highly suppressive with 50% suppression 
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occurring at the 1:64 ratio (Figure 5.17C). The second round of stimulation was used to 

increase iTreg numbers, but this resulted in the loss of immunoregulatory function 

especially when iTregs are not cultured in equal numbers to stimulated responder cells. 

 

The loss of suppression would highlight that the CD4+CD25+ cells generated following 

R1 stimulation are not stable and fully committed to an Treg-like lineage. Reasons for 

the loss in function may relate to the presence of IL-2, as R1 stimulation occurred in the 

absence of exogenous IL-2, therefore only IL-2 produced by T cells was available. 

Excessive amounts of IL-2 could contribute to the loss of function, but as mentioned, 

when exogenous IL-2 was not added, putative iTregs failed to expand during R2. 

Moreover, with anti-CD3/CD28 stimulation, TGF-β, either exogenously or by APCs 

was not provided and this may also contribute to the change in suppressive function 

following R2.  
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Figure 5.17: Loss of function after R2 stimulation. Post allostimulation of UCB 

CD4+CD25- T cells, the expansion of these exceeded tTregs (A). After determining the 

function of UCB iTregs, polyclonal stimulation was used, increasing iTreg numbers 

(B). Suppression assay compared function of iTregs following R1 (Green line) or R2 

(Teal line) of stimulation (C). Statistical analysis by paired student’s t test. (n = 5 per 

group) **** = P ≤ 0.0001, *** = P ≤ 0.001, ** = P ≤ 0.01 
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5.16	Discussion	

 

The generation of immunosuppressive cells from conventional T cells has been of 

interest as an alternative to tTregs in immunotherapy. In this chapter, UCB CD4+CD25- 

T cells were stimulated with allogeneic MDDCs that were previously used to generate 

alloantigen specific tTregs. Changes were monitored in the phenotype of UCB 

CD4+CD25- T cells over the duration of culture leading to the identification of CD25+ 

cells that co-expressed FoxP3 and CTLA-4. Upon isolation, newly formed CD25+ T 

cells showed preferential suppression towards the allostimulus which equalled the 

function seen in alloantigen specific UCB tTregs. 

 

The major limitation of tTregs immunotherapy is their cell number. tTregs are a niche 

population and only available in limited quantities in circulation, in contrast the 

periphery is abundant in CD4+CD25- T cells hence favouring their use for cellular 

therapy (Hippen et al., 2011b). However, the development of iTregs from conventional 

Tcons only occurs under selective conditions (Beres et al., 2011; Chen et al., 2003; Ellis 

et al., 2012).  Studies have highlighted the generation of iTregs from murine and human 

CD4+CD25- T cells emphasising the importance of TGF-β together with IL-2 during 

TCR stimulation to promote de novo FoxP3 generation (Chen et al., 2003; Davidson et 

al., 2007; Tran, 2012). This is achieved by activation of the TGF-β receptor with 

subsequently activates NFAT and smad3 that bind CNS1 to stimulate histone 

acetylation to induce FoxP3 (Hadaschik and Enk, 2015; Lu et al., 2010; Schmitt et al., 

2012; Shevach and Thornton, 2014). This mechanism is blocked when the PI3K-AKT-

mTOR pathways are activated which typically occurs in conventional TCR activation 

(Chen et al., 2003; Davidson et al., 2007; Tran, 2012). IL-2 is essential in Treg survival 

and supports Treg development, in iTregs IL-2 plays a similar role with belief that this 

cytokine stabilises FoxP3 expression (Chen et al., 2011). In this chapter, suppressive 

UCB iTregs were developed in the absence of exogenous TGF-β and IL-2, which 

opposes previously published findings of in vitro iTreg development as supplemented 

cytokines plays a significant role in conferring a tolergenic phenotype. 

 

One of the main advantages for assessing iTreg development from UCB Tcons is their 

predominately naïve phenotype. It has previously been indicated that naïve cells are the 

ideal starting population to induce Tregs since this minimises the presence of effector T 
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cells which dilute suppressive function and cause phenotypic instability (Beres et al., 

2011; Ellis et al., 2012; Hoffmann et al., 2009; Zheng et al., 2007a). Beyond the 

increased presence of naïve cells in UCB, studies have shown UCB CD4+CD25- T cells 

to skew towards an anti-inflammatory immunoregulatory phenotype which is in stark 

contrast to the Th1 type differentiation associated with APB Tcon activation (Chen et 

al., 2006; Naderi et al., 2009; Tolar et al., 2009). This once again favours the 

consideration of UCB as a candidate for iTreg development as the presence of pro-

inflammatory effector cells is diminished. However, this immunoregulatory skewing 

also explains the suppressive function obtained in this chapter following UCB Tcon 

stimulation and could be an outcome could be a response to protect the neonate from 

excessive pro-inflammatory cytokine production.   

 

This study compared UCB CD4+CD25- T cells that mainly have a naïve phenotype with 

CD4+CD25- T cells isolated from APB. Expectedly the ratio of CD45RA to CD45RO is 

different between UCB and APB, as a result the effector response will also be different. 

Furthermore, with evidence suggesting that only CD45RA+ Tcons can give rise to 

iTregs and not memory T cells, the use of total APB Tcons may have hindered APB 

iTreg generation in these experiments. Their use conveys that upon isolation of 

CD4+CD25- T cells, those obtained from UCB can be cultured to establish a suppressive 

phenotype. In contrast, APB Tcons need to be subjected to a second purification step to 

ensure selection of naïve Tcons. The experiments conducted in this chapter could have 

incorporated naïve APB Tcons and determined if stimulating these with MDDCs alone 

would induce a suppressive phenotype. Additionally, the CD45RA+ and CD45RO+ 

populations from APB Tcons could have been cultured separately and changes to their 

phenotype compared with UCB Tcons.  

 

The findings of this chapter agree with the previously published findings of Chang et al 

(Chang et al., 2005). Chang et al. employed immature MDDCs to stimulate Tcons, 

whereas the work shown in this chapter utilised activated MDDCs. Prior publications 

highlight the immature nature of UCB DCs and their inability to stimulate CD4+ T cells, 

hence it was expected that immature MDDCs would also fail to evoke a proliferative 

response, but the opposite was documented by Chang et al (Borras et al., 2001; Chang 

et al., 2005; Chunduri et al., 2008). Interestingly, both immature MDDCs (Chang study) 

and activated MDDC (this study) in R2 stimulation failed to generate a proliferative 
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response. However, when anti-CD3/CD28 beads were used for R2 stimulation, UCB 

iTregs proliferated extensively but lost their suppressive function. This asserts the 

thought that after initial stimulation, generated UCB CD25+ T cells portray 

hyporesponsiveness which neither immature or mature DCs can remove but is nullified 

upon more potent stimulation. As there is a significant difference in co-stimulatory 

potential between MDDCs and anti-CD3/CD28 beads, the changes to UCB iTreg 

phenotype and their expansive capacity need to be determined. Anti-CD3/CD28 beads 

could be titrated to limit the stimulatory potential, moreover the lack of cytokines that 

MDDCs may have produced during R1 could also be a reason for R2 stimulated cells 

losing their suppressive function. Following R1 stimulation, generated CD4+CD25+ T 

cells are unstable and not fully committed to a regulatory phenotype thus leading to the 

loss of Treg-type function after R2. It would be interesting to see if iTreg function can 

be established and maintained if different stimuli such as aAPCs and B cells are used. 

The lack of suppression in R2 could also be associated to neonatal immunity. To 

prevent excessive immune activation, UCB T cells are polarized towards anti-

inflammatory and suppressive phenotypes (Broxmeyer et al., 2011), but upon re-

stimulation, UCB T cell function is altered. 

 

The lack of R2 expansion with MDDC stimulation contrasts the rapid activation of APB 

effector T cells upon antigen re-challenge and demonstrates differences in the effector 

functions of UCB and APB T cells. Differences between APB and UCB CD4+CD25- T 

cells need to be characterised, particularly to understand the genes and transcription 

factors that are activated upon Tcon stimulation and how this correlates to downstream 

effector functions. Understanding the genetic profile of UCB and APB Tcons would 

also help determine if UCB Tcons can be used for iTregs in immunotherapy and 

potentially highlight optimal conditions favouring multiple rounds of stimulation to 

boost cell numbers. 

 

Due to the differences in APB and UCB Tcon response, at this stage, it cannot be 

verified if UCB Tcon stimulation with MDDCs gives rise to iTregs or effector T cells 

with suppressive function. But with TGF-β release seen in Luminex assays in cultures 

without tTregs/ iTregs, the use of MDDCs could indirectly be promoting a suppressive 

phenotype. One of the main hindrances in the consideration of iTregs for 

immunotherapy is their instability and lack of commitment to the Treg lineage. 
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Interestingly, an increase in FoxP3 TSDR demethylation was identified in the CD25+ 

population post UCB Tcon stimulation. An increase in demethylation could suggest 

epigenetic modification is occurring enabling some CD25+ T cells gained from Tcons 

to be committed to the Treg lineage. The increased TSDR demethylation is 

advantageous when considering the use of UCB as a source of iTregs for 

immunotherapy as APB iTregs are believed to maintain a fully methylated TSDR (Chen 

et al., 2011; Kim et al., 2012; Lin et al., 2013). However, only 20% TSDR 

demethylation was seen in the CD25+ T cells generated from UCB CD4+CD25- cells. 

Experimentally, FACS sorting could be used to split the CD25 population seen upon 

CD4+CD25- stimulation into CD25low, CD25int and CD25hi. TSDR status could be 

quantified in these populations to see if demethylated TSDR was restricted to CD25hi 

cells and subsequently these cells could be characterised further for clinical potential. 

Furthermore, with TGF-β known to promote iTreg induction, exogenous provisions of 

this cytokine may influence changes in the TSDR. Another possibility to isolate cells 

based on TSDR demethylation, this could be achieved via genetic modification. 

Incorporating a surface protein gene within the TSDR reading frame could allow for the 

selection of cells that have demethylated TSDR following allostimulation. Moreover, 

CD39+ putative iTregs could have been isolated and the TSDR assessed to verify if this 

population has committed to the Treg lineage. In addition, assessment of the 

demethylated TSDR population after Tcon allostimulation may show greater stability 

during R2 stimulation and be of interest as iTregs for immunotherapy. 

  

The type of T helper cells generated upon Tcon stimulation is highly dependent on the 

local cytokine milieu surrounding the cell and the signals received (Allan et al., 2007; 

Leung et al., 2010). The activation of different transcription factors determines cell fate, 

with T-bet activation for Th1 cells, GATA-3 for Th2 development and ROR-ɣt for 

Th17 cell generation (Chen et al., 2007c). This study stimulated UCB Tcons with 

MDDCs, that can produce cytokines which could include TGF-β whilst activated UCB 

Tcons can provide IL-2, thereby providing the factors needed to promote iTreg 

generation. (Clemente et al., 2013). Analysis of the supernatants from UCB Tcon + 

MDDC cultures would confirm the presence of TGF-β and IL-2. Moreover, the 

generation of a suppressive cells from UCB was only assessed in the same culture 

conditions as tTregs barring IL-2. However, it remains to be established if UCB Tcons 

will still generate suppressive CD25+ T cells in the presence of cytokines known to 



Chapter 5  

	

	 234	

promote Th1 or Th17 environment such as IL-17, IL-6, IL-1β and IFN-ɣ. Further to 

this, activation of the different T cell differentiation transcription factors post 

stimulation need to be monitored.  

 

As briefly mentioned earlier, beyond the requirements of TGF-β and IL-2 for the 

generation of iTregs, the active vitamin A metabolite, ATRA, has been highlighted to 

promote de novo FoxP3+ T cell development (Wang et al., 2009a). ATRA is produced 

by DCs and aids in inducing a FoxP3 phenotype on Tcons in murine studies (Coombes 

et al., 2007; Sun et al., 2007). The high presence of ATRA in conjunction with TGF-β 

in gut is associated with the increased iTreg generation providing tolerance towards 

intestinal commensal bacteria (Telesford et al., 2015). There is also evidence supporting 

the role of ATRA in preventing the differentiation of Tcons to Th17 cells, further 

demonstrating the significance of this metabolite in promoting tolerance (Mucida et al., 

2007). The use of ATRA has previously been suggested in the expansion of polyclonal 

Tregs due to the synergistic effect this metabolite provides in combination with RAPA 

(Golovina et al., 2011; Scotta et al., 2013). In the in vitro conversion of naïve APB 

CD4+CD25- cells to iTregs, ATRA has been implicated with a recent study by Schmidt 

et al. demonstrating robust generation of iTregs with the use of TGF-β, IL-2, ATRA and 

RAPA (Schmidt et al., 2016). In their study, characterisation of arising iTregs showed 

minimal mRNA signatures for IFN-ɣ and IL-17, however irrespective of ATRA 

supplementation, iTregs maintained a methylated TSDR (Schmidt et al., 2016). The 

release of ATRA by MDDCs when stimulating UCB Tcons was not tested and can also 

be assessed from culture supernatants. Understanding the roles of TGF-β, RAPA and 

ATRA when stimulating UCB Tcons with MDDCs would be instrumental in 

establishing the development of iTreg from UCB and needs to be assessed in future 

studies. 

	

5.18	Conclusion	

 

The stimulation of UCB Tcons in the absence of TGF-β and IL-2 gives rise to a CD25+ 

population capable of suppressing alloresponses with similar potency to allostimulated 

UCB tTregs. There are questions regarding the capacity of these cells to serve as iTregs 

since UCB and APB Tcons respond different upon activation. However, increased 

methylation of CD4+CD25+ following allostimulation indicate the ability to stimulated 
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Tcons to commit to a Treg lineage. This along with further characterisation will help 

establish if UCB Tcons can be used to generate iTregs for use in immunotherapy.  
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Chapter 6 – General Discussion 
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6.1	Summary	of	work	

 

In this thesis, I have demonstrated the ability to generate alloantigen reactive Treg 

populations from UCB. Freshly isolated UCB tTregs expressed a naïve phenotype based 

on the expression of CD45RA, CD31 and low levels of FoxP3. In accordance with this, 

the suppressive capacity was limited but improved upon anti-CD3/CD28 stimulation. 

Before commencing on attempts at allostimulation, culture media and expansion 

conditions were tested to ensure the maintenance of a stable Treg phenotype. From this, 

it was established that FCS can stimulate UCB T cells in the presence of other MNCs, 

thus HS was used in the culture media for subsequent experimentation. The use of IL-2 

and IL-15 was also assessed, with IL-2 providing better support of Treg survival 

compared to IL-15 and IL-2+IL-15 without affecting APCs. 

 

Regarding the generation of alloantigen reactive UCB tTregs, MDDCs provided 

superior stimulation compared to CD2/CD3 depleted MNCs. Allostimulated tTregs 

effectively suppressed responder cells stimulated towards the same alloantigen 

compared to 3rd party stimulators. Moreover, allostimulation seemed to alter the 

diversity of the TCR, potentially providing evidence of increased clonality. Further to 

this, changes in naivety post allostimulation enabled the identification of a population of 

CD45RO+CD39+ cells which, once isolated, provided superior suppression of the 

allostimulus. Similar MDDC stimulation of UCB CD4+CD25- T cells gave rise to a 

suppressive CD25+FoxP3+ population, highlighting a change in the TCR diversity of 

these cells compared to starting Tcons. The suppressive capacity of these putative 

iTregs was comparable to allostimulated tTregs, with a partial increase in FoxP3 

demethylation also being seen. However, upon re-stimulation, the suppressive function 

was lost indicating the generation of a functional but unstable population from UCB 

compared to tTregs. 

 

These results show that Treg populations showing superior function towards 

alloantigens can be successfully generated and expanded from UCB. In addition, 

monitoring the changes in phenotype of UCB tTregs enabled the identification of a 

subpopulation of CD45RO+CD39+ cells with greater function and potentially more 

specific suppressive capacity. 
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6.2	Naivety	of	Tregs	

 
It has previously been stressed that naïve Tregs are an ideal starting population for 

immunotherapy. This favours the use of UCB, as it maintains a high proportion of naïve 

cells including Tregs. During this study, UCB Tregs were compared with APB Tregs 

when identifying basal culture conditions, alloreactivity and assessing putative iTreg 

development. However, the total APB Treg population was used in this study, this 

comprised of both memory and naïve cells. For both subsets to be comparable, naïve 

Tregs should have been isolated from APB and then assessed in parallel to UCB Tregs. 

The functional differences between both subsets may have been different compared to 

what has previously been presented in this study. This data would be beneficial in 

establishing if UCB is a viable alternative to APB naïve Tregs for immunotherapy. 

 

The selection of naïve Tregs from APB could also have improved the purity of Tregs 

without requiring RAPA pre-treatment. This was another caveat within this study as 

APB Tregs samples were pre-treated with RAPA prior to stimulation. Although the 

inclusion of RAPA showed reduced presence of CD25low/int contaminant cells, there 

exists a potential for RAPA to be taken up by cells and subsequently released later 

(Girdlestone et al., 2015). For APB Tregs, this could bias results by providing cells 

within improved immunosuppressive capacity via the mTOR inhibitory function of 

RAPA towards responder cells. But irrespective of RAPA usage for APB samples, UCB 

Tregs still provided greater levels of suppression following allostimulation, thereby 

favouring their function compared to RAPA treated APB Tregs. To make results from 

UCB and APB comparable, RAPA should have been used with UCB Treg samples. 

This was attempted, but RAPA diminished viability of samples.  

 

Another point of interest is the presence of non-Treg contaminants. The presence of 

activated effector T cells or CD4+CD25- cells can have unwarranted effects in 

immunotherapy and detract from the tolerogenic capacity of Tregs (Hippen et al., 

2011a; Hoffmann et al., 2009). In this study, both flow cytometry and TSDR were 

employed to verify the purity of Tregs. From the samples measured, allostimulated 

Tregs maintained >90% demethylated TSDR, indicating that a high proportion of cells 

within that sample were committed to the Treg lineage. However, changes in TSDR 

were also seen in allostimulated CD4+CD25-. TSDR was not analysed on APB samples, 

but from the literature it was noted APB iTregs generated in vitro do not change their 
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methylation status(Chen et al., 2011; Lu et al., 2011a; Schmitt and Williams, 2013), as a 

result the change in CD4+CD25- TSDR following MDDC stimulation may be unique to 

UCB. It is also possible that non-Treg contaminants (effector T cells) may have been 

isolated during UCB CD25+ T cell isolation, and allostimulation induced a change in 

their demethylation status. Supporting this possibility is the observation that starting 

UCB Tregs showed a low level of TSDR demethylation compared to allostimulated 

Tregs. Moreover, with the detection of TGF-β production from MDDCs, this could 

favour iTreg generation. However, it is likely that the TSDR results for starting UCB 

Tregs relates to the high presence of non-viable non-Treg cells that were isolated during 

CD25 selection. To improve TSDR demethylation results, dead cells can be removed 

using commercially available kits or a different isolation technique could be adopted. 

FACS sorting enables the selection of the CD4+CD25high population that would also 

avoid the isolation of dead cells.  

 

Considering the successful expansion of UCB Tregs following 2 rounds of MDDCs, it 

could be suggested that the cells are nTregs and not putative iTregs. The latter failed to 

proliferate with MDDCs beyond one round of stimulation, while allostimulated nTregs 

expanded, this would argue that isolated nTregs did not contain non-Treg contaminants. 

 

6.3	Antigen	specific	UCB	Tregs	in	immunotherapy	

 

The use of Tregs in immunotherapy has been successful in reducing aGvHD severity 

post alloHSCT. At present, completed clinical trials have used polyclonal expanded 

Tregs from APB and UCB (Brunstein et al., 2011; Trzonkowski et al., 2009). 

Polyclonal Treg cells are generated by anti-CD3/CD28 or modified aAPCs to expand 

Tregs independently of pHLA recognition (Brunstein et al., 2011; Brunstein et al., 

2016). As previously mentioned, it is believed that using polyclonal clonal Tregs can 

cause systemic immunosuppression (Sagoo et al., 2011). Mass dampening of immune 

responses can lead to increased risk of opportunistic infections and tumour formations 

(Peters et al., 2008a; Singer et al., 2014). As a result, there is increasing demand to 

provide targeted therapies to control allogeneic responses and preserve host immunity. 

 

Most studies have focused on alloantigen specific Treg generation from APB (Putnam 

et al., 2013; Sagoo et al., 2011; Veerapathran et al., 2011). However, a study conducted 
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by Fan et al successfully generated alloantigen specific Tregs from UCB (Fan et al., 

2012). The findings in this thesis agree with the work of Fan et al. as both studies 

identified enhanced suppressive function of UCB Tregs towards the alloantigen which 

surpassed APB counterparts. However, there are some discrepancies between both 

studies. Firstly, the method of stimulation used by Fan et al., was B cells, whereas my 

study utilised MDDCs. Secondly, the expansions obtained from both studies differed 

vastly with my results highlighting a modest expansion in cell numbers. But the Tregs 

in my study showed increased suppressive capacity towards the alloantigen potentially 

indicating that a lower number of these cells can be provided to patients compared to 

APB Tregs. 

 

One of the main caveats with the data presented in this thesis is associated with 

allospecificity. As mentioned earlier, the rationale for developing alloantigen specific 

therapies is to target responses involved in GvHD whilst preserving host immune 

responses. To achieve this, Tregs need to discriminate between antigens and target those 

that promote GvHD. However, in my study, although UCB Tregs were expanded in the 

presence of allogeneic MDDCs, Treg mediated suppression was not restricted towards 

the original allostimulus. Allostimulated UCB Tregs still suppressed 3rd party responses, 

particularly when Tregs were used in high Treg:Tresp ratio. A reason for this 3rd party 

suppression could be linked with HLA matching between allo- and 3rd party MDDCs, as 

HLA types were determined retrospectively and similarities were seen between the 

HLA types of the initial allostimulus and the 3rd party stimulator. Moreover, the 

possibility of cross-matching can also account for the results obtained. To confirm the 

alloantigen specific nature of generated Tregs, a larger panel of HLA typed stimulator 

cells, that are mismatched from the initial allostimulus, should have been tested. In 

addition, to confirm specificity of these cells, limiting dilution assays could be used to 

establish a monoclonal Treg population with specificity towards the allostimulus only. 

These cells could then be used in suppression assays against 3rd party stimulators to 

measure their response and spectratyping could be used to assess differences in the TCR 

families seen between these and the starting Treg population. Another possibility to 

establish allospecific Tregs is to transduce TCRs of known specificities on to Tregs and 

expand these to establish a monoclonal population.   
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The TCR analysis conducted in this study only focused on total polyclonal and 

allostimulated Tregs. As CD45RA+/ CD45RO+ and CD39+/ CD39- populations were 

visible following allostimulation, it would be interesting to assess spectratyping data 

from each of these populations to understand if the TCR composition varied. If greater 

clonality is seen in the CD39+ population, this could argue that these cells may have 

greater specificity towards the allostimulus versus the total and CD39- populations. 

Current suppression data highlights a trend in improved function of CD39+ Tregs 

compared to the total allostimulated population, but it remains to be established if this 

was due to functional advantages of CD39 in ATP degradation in mediating suppression 

or due to enhanced specificity of this population.    

 

Moreover, as well as spectratyping, the CD45RO+ and CD45RA+ populations could be 

separated following allostimulation and used in suppression assays. This would help 

understand if the CD45RA+ population that persisted post allostimulation did maintain 

specificity towards the allostimuli. The spectratyping of different populations was 

considered, however due to due to financial constraints this could not be competed and 

remains of interest for future studies.  

 

Generally, UCBT is associated with lower aGvHD incidence compared to BMT with 

the naivety of UCB and the presence of Tregs highlighted as a potential reason for this 

outcome (Broxmeyer et al., 2011). The ability to take UCB Tregs from the transplanted 

unit, stimulate them towards alloantigens from the recipient and infuse them into 

patients may further amplify the protective effects provided by UCB in transplantation. 

In addition, allostimulated UCB Tregs were assessed as a 3rd party resource in 

transplantation. This would enable UCB Tregs to be stimulated towards recipient 

alloantigens and be used in BMT (where the UCB Treg source is not of donor or host 

origin). The results of my study demonstrated that allostimulated UCB Tregs could 

potentially be provided upon BMT due to their ability to supress allostimulated APB 

responder cells. This could improve the prospects of using previously banked UCB 

units for immunotherapy that have not been issued to patients or even enable the use of 

UCB units that fall short of the criteria for banking/ transplantation. However, my study 

did not address if there are any adverse reactions that would occur towards the HLAs 

expressed by UCB Tregs when used in such a 3rd party scenario. Cells have a life-span, 

whilst viable and functional allostimulated Tregs may be beneficial in reducing aGvHD 
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severity, as these cells being to undergo apoptosis, debris can be presented to T cells 

from the transplanted unit resulting in targeted clearance of Tregs and limiting their 

existence and function within the host. In vivo modelling would help to clarify the 

feasibility of using allostimulated UCB Tregs in such a capacity. 

 

At this stage, the suppressive function of allostimulated UCB Tregs has only been 

demonstrated using in vitro assays. For any clinical consideration of cellular products, it 

is essential to verify the functional capacity of these cells in vivo. Several murine based 

GvHD models have been created and used to assess Treg capacity (MacDonald et al., 

2016; Putnam et al., 2013; Sagoo et al., 2011). Interestingly, with specific regards to 

allostimulated UCB Tregs, Fan et al failed to identify any significant difference in the in 

vivo function of polyclonal and allostimulated Tregs in suppressing alloantigen specific 

responses (Fan et al., 2012). This raises questions about the in vivo survival, homing 

and function of UCB Tregs. However, their findings were the same with APB 

allostimulated Tregs (Fan et al., 2012). Other studies have shown APB alloantigen 

specific Treg variants to suppress immune responses in an alloantigen specific manner 

to ameliorate murine GvHD (Cherai et al., 2015; Kalmykova et al., 2011; Veerapathran 

et al., 2011).  

 

At present, there is no other information in the literature regarding the in vivo benefits 

of allospecific UCB Tregs. Therefore, being able to test the Treg populations generated 

in this study in humanised murine models such as those adopted by Lockridge et al. or 

Sagoo et al. would help establish the potential of allostimulated UCB Tregs in the 

management of aGvHD and cGvHD (Lockridge et al., 2013; Sagoo et al., 2011). 

 

6.3	Alternative	methods	to	develop	alloantigen	specific	Tregs	

 

In this study, alloantigen stimulation was initially provided by HLA mismatched T cell 

depleted APB MNCs. This failed to evoke an expansion during culture and thus, 

activated MDDCs were used to successfully stimulate UCB Tregs. The expansion 

obtained by this route was highly variable, but remained significantly lower than the 

expansions indicated in other studies which have utilised different allogeneic stimuli or 

incorporated polyclonal stimulation after the initial alloexpansion (Fan et al., 2012; 

Putnam et al., 2013). As a starting population, UCB Tregs are available in limited 
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quantities, particularly due to the low volume of UCB compared to APB. To improve 

starting Treg numbers, multiple UCB units have been pooled together (Milward et al., 

2013). Although this method boosts cell numbers and can be used to develop highly 

functional Tregs from UCB, due to the HLA differences and potential reactivity 

between different UCB units, this approach may not be viable to confer alloantigen 

specificity. The expansion of Tregs from a single UCB unit needs to be optimised to 

generate sufficient quantities of allospecific UCB Tregs in immunotherapy.  

 

Although DCs are considered potent in stimulating Tregs and conferring allospecificity, 

they are available in limited numbers. To overcome this, CD14+ monocytes were 

cultured in conditions favouring their conversion to a DC phenotype (Mallon et al., 

1999). These MDDCs are capable of stimulating Tregs, but their numbers are also a 

limiting factor. Research is currently on going in DC expansion, with early implications 

of expanding DC progenitor cells to increase DC numbers for anti-cancer therapy 

(Harada et al., 2011; Salmon et al., 2016). However, there are multiple subsets of DCs, 

each with their respective functions, therefore more research needs to be conducted to 

optimise the expansion of specific DC populations that can then be used to stimulate 

Tregs. 

 

6.3.1 B cells 

 

Besides DCs/MDDCs, B cells can stimulate Tregs (Putnam et al., 2013). Beyond BCR 

expression, B cells process and present antigen in the context of HLA-class II and 

express co-stimulatory molecules (Schultze et al., 1997; Zheng et al., 2010a). The 

presentation of antigens via this route is essential for B cell differentiation, and has 

successfully been used in Treg cultures (Tran et al., 2010; Zheng et al., 2010a). The 

main advantage offered by this route is the expansive potential of B cells themselves. 

This enables the possibility to increase stimulator cell numbers to subsequently improve 

Treg numbers. Putnam et al., previously established a protocol to generate alloantigen 

specific Tregs, involving CD40-CD40L interactions via K562 aAPCs transformed cell 

lines to stimulate B cells (Putnam et al., 2013; Schultze et al., 1997). The stimulated 

population was then cultured with Tregs to initiate their proliferation with Tregs 

expanding 1600-fold (Putnam et al., 2013).  This is significantly greater than modest 

64-fold expansion I obtained by stimulating UCB Tregs with MDDCs.  
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Fan et al. expanded APB and UCB Tregs with allogeneic human/ murine B cells and 

anti-CD28 followed by a second round of polyclonal stimulation with anti-CD3/CD28 

microbeads (Fan et al., 2012). The anti-CD28 incorporated during allostimulation 

enables engagement of the CD28 receptors expressed on Tregs bypassing the need for 

CD80 and CD86. This yielded a 500-fold expansion, compared to the 64-fold expansion 

established in my study following 2 rounds of stimulation. This indicates that further 

optimisation is needed in the protocol used in my study. An improvement in Treg 

numbers could be obtained by introducing a third round of MDDC stimulation or by 

providing polyclonal stimulation following the initial round of allogeneic stimulation. 

Fan et al. further highlighted that 80% suppression was seen when UCB Tregs, 

expanded by B cells, were used in a 1:4 ratio with Tcons. My results showed a slightly 

higher level of suppression with 90% suppression seen at the 1:4 ratio. The potency of 

DCs to stimulate allogeneic Tregs may be one of the factors linked to marginally 

improved suppression of MDDC stimulated Tregs compared to B cells stimulated cells. 

 

The use of B cells is a promising prospect in allogeneic Treg immunotherapy, with the 

generation of allogeneic B cell banks being employed for generating alloantigen 

specific Tregs (Landwehr-Kenzel et al., 2014).  It would be interesting to see how well 

UCB Tregs would expand using the same methodology as Putnam et al. and if the 

suppressive function of the Tregs will be comparable to MDDC stimulated subsets or be 

similar to the in vivo capacity exhibited in the Fan et al study.  

 

 

6.3.2 Chimeric antigen receptors 

 

To move away from culturing of Tregs with allogeneic stimulators to generate 

alloantigen specific cells, genetic modification has emerged as an alternative method of 

establishing alloantigen specific Tregs (Dai et al., 2016; Gill and June, 2015; Maude et 

al., 2015). CARs have been of high interest in cancer immunotherapy as they enable the 

re-direction of tumour antigens to elicit a T cell response (Newick et al., 2016). This is 

achieved by engineering T cells to express single chain variable fragments (ScFv) from 

antibodies with known specificity as a receptor. The ScFv is anchored to the cell 
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membrane and linked with transmembrane domains to activate TCR associated 

downstream signalling pathways (Maude et al., 2015). 

 

More recently, CAR Tregs have been developed for use in transplantation with HLA-

A2 specific CARs capable of ameliorating skin GvHD in a murine model (Boardman et 

al., 2017; MacDonald et al., 2016). The use of CARs provides a unique method of 

targeting alloresponses whilst bypassing the selection process used in my study. This 

route of generating allospecific Tregs can be beneficial where APCs are limited. 

Following successful transduction of CARs, Tregs can be expanded by polyclonal 

stimulation with all cells having the same specificity (MacDonald et al., 2016; Newick 

et al., 2016). CAR Tregs avoid TCR based specificity hence these cells are not 

dependent upon the direct or indirect routes of antigen presentation.  

 

In addition, in the long term, CAR Tregs could be generated as an “off the self” product 

for transplantation, with Tregs expressing ScFvs towards different HLA molecules. 

These cells can then be infused post transplantation based on the HLA mismatches to 

minimise GvHD complications. Another advantage of CARs in transplantation is the 

time scale involved in producing cells. In my work, from generating MDDCs and 

stimulating UCB Tregs, the overall time taken to obtain sufficient cells for analysis is 

27 days. Depending on transfection efficiency and selection with a single round of 

polyclonal stimulation, the time to obtain a CARs Treg population may be lower. 

However, optimisation of the allostimulation protocol used in my study may similarly 

help reduce the time scale and enhance Treg numbers. This can be achieved by 

introducing polyclonal stimulation following 1 round of stimulation with MDDCs or 

with the use of other types of allogeneic stimulators.  

 

CARs are an intriguing prospect for immunotherapy, but it is important to stress that 

CAR Tregs in transplantation is at a very early stage. In comparison, multiple studies 

have been conducted highlighting the ability to confer allospecificity by allostimulating 

Tregs. A further complication is that, unlike APB Tregs, UCB units contain a limited 

volume of blood, and consequently contain markedly lower levels of Tregs (Broxmeyer 

et al., 2011). Integration of vectors is random and high cell death rates are linked with 

transfection, thus establishing CAR Tregs from UCB may not be as feasible as it is with 

APB Tregs (Scholler et al., 2012). 
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Besides cell numbers, other hindrances linked with CARs include the biosafety of both 

lentiviral and retroviral vectors, which are presently employed CAR T cell engineering 

(Schambach et al., 2013). Therefore, stringent testing is required prior to using such 

treatment options in patients. Moreover, as CAR Tregs still maintain their respective 

TCR, it remains to be elucidated what will happen to CAR function upon TCR 

engagement with allogeneic pHLA complexes (MacDonald et al., 2016). The pathways 

of allorecognition indicate the significance of allogeneic pHLA molecules, with the 

emergence of both peptide centric and HLA centric models of direct allorecognition. 

The TCRs ability to interact with HLA molecules and the wide array of peptides they 

present is essential to generating transplant tolerance (Afzali et al., 2008). Current CAR 

strategy has been based on using Ig receptors, these do not recognise pHLA complexes 

and are not as diverse as TCRs. But transgenic TCRs would enable recognition of a 

wider range of allogeneic peptides. 

 

At this stage, CARs are effective in anti-cancer therapies, but their use in a 

transplantation environment may be limited. This again favours the use of selecting 

Tregs which naturally express TCRs capable of docking to allogeneic pHLA 

complexes. 

 

6.4	Graft	versus	leukaemia	vs.	GvHD	

 
The onset of aGvHD is a very well documented consequence that arises following 

alloHSCT (Broady et al., 2010; Shlomchik, 2007). Alloreactive T cells within the graft 

are activated by recipient APCs resulting in a GvH response. The severity of aGvHD 

can cause significant complications post transplantation as well as mortality (Warren 

and Deeg, 2013). Presently, evidence exists in the literature supporting the use of Tregs 

post transplantation to promote tolerance and minimise the severity of aGvHD. 

However, an anti-tumour effect (graft versus leukaemia, GvL) is associated with 

aGvHD (Li et al., 2009). Further to this, the relapse rate post transplantation is lower in 

patients that had aGvHD compared to those that did not develop the complication 

(Hess, 2010). The GvL effect enables the direct targeting of tumour cells by alloreactive 

T cells from the graft, but in the long-term as aGvHD severity progresses, this has a 

negative impact for the patient, particularly as aGvHD can be a risk factor for increased 

cGvHD (Warren and Deeg, 2013). 
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Due to the benefits of GvL, it is important to separate GvL from GvHD to preserve the 

anti-tumour capacity whilst minimising the levels of T cells activated towards non-

tumour host antigens (Hess, 2010). Studies have highlighted the role of donor cytotoxic 

effector cells in targeting host derived haematopoietic lymphoid cells, thus reducing 

tumour burden in diseases such as chronic lymphocytic leukaemia (Cai et al., 2010; 

Verneris, 2013; Warren and Deeg, 2013). GvHD is defined as a spectrum of immune 

responses which also encompasses GvL (Shlomchik, 2007). This anti-tumour effect is 

linked to both aGvHD and cGvHD, with the latter having a greater association (Mo et 

al., 2015). With there being an interest in maintaining the GvL effect, Treg therapy may 

be a potential hindrance due to the immunosuppressive function provided by these cells. 

 

Selective methods have been suggested by which GvL can be preserved. This includes 

the depletion of donor T cells from the graft prior to transplantation. However, the total 

depletion of T cells, although reduced GvHD, resulted in higher relapse rates and 

increased opportunistic infections due to the lack of T cells (Zheng et al., 2008a). This 

method was later improved by the selective targeting of specific T cell populations, with 

Zheng et al., demonstrating the requirement of effector memory CD4+ T cells in GvL 

response with naïve T cells having a greater role in GvHD induction (Zheng et al., 

2008a). The Zheng study also highlighted the importance of T cell interactions in 

promoting GvL as blockade of Fas-Fas ligand and perforin pathways diminished the 

GvL effect (Schmaltz et al., 2001). Interestingly, it has been suggested that GvL and 

GvHD can potentially be segregated by targeting suppressive pathways in Tregs. Cai et 

al demonstrated that granzyme B is a non-redundant mechanism employed by Tregs in 

preventing GvHD (Schmaltz et al., 2001). The lack of granzyme B would reduce the 

killing of donor T cells upon engraftment, thus promoting GvL as granzyme B deficient 

Tregs can still provide protection against GvHD (Cai et al., 2010). The production and 

dependence of allostimulated UCB Tregs to use granzyme B to suppress target cells 

could be assessed to understand if UCB Tregs provide greater distinctions between GvL 

and GvHD compared to APB Tregs. Other strategies that have also been considered 

include the preservation and expansion of donor NK cells in grafts and the use of CAR 

T cells (Provasi et al., 2012; Verneris, 2013). 
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The main issue in separating the GvL from GvHD is that both can be mediated by T 

cells. The use of Tregs in post transplantation aims to manage GvHD but at the same 

time can interfere with GvL. The results in my study have indicated that allostimulated 

UCB Tregs are highly efficient at suppressing alloresponses when used in high 

Treg:Tresp ratios. The complete blunting of the immune response would improve 

GvHD outcomes for patients but there is a likelihood that this would also diminish GvL 

as T cells capable of targeting lymphoid cells would also be suppressed. Dissecting the 

GvL and GvHD response would allow one to understand if time points existed when 

GvL becomes GvH. Should this be identified, a delayed Treg infusion could be 

provided to patients to allow T cells to offer initial function prior to 

immunosuppression. In addition, the quantity of Tregs could also be adjustable as when 

Tregs are used in a lower ratio to Tresps, suppression can still occur but total immune 

responses are not dampened. Alternatively, the co-infusion of Tcons and Tregs has been 

highlighted to maintain GvL whilst minimising GvHD (Del Papa et al., 2017). 

 

It becomes apparent that balance GvL and GvH is essential to successful outcome of the 

transplants, however strategies to maintain this balance are yet to be established. Initial 

T cell activity is vital for the anti-tumour effect whilst increased T cell present and 

activation towards host results in the development of GvHD. Besides the depletion of T 

cell populations based on naïve/memory markers, another potential method of 

maintaining GvL is to separate T cell populations according to their homing phenotype. 

Recently Brennan and Yang mentioned that GvHD primarily occurs in parenchymal 

tissue whilst GvL responses are limited to the lymphoid tissue. Therefore, prior to allo 

HSCT, T cells from the transplantable unit can be isolated and those homing to 

lymphoid tissue repleted. This could enable GvL responses to occur and limit GvHD, 

moreover with a delayed Treg infusion post transplantation, arising GvHD responses 

could also be targeted. Interestingly, UCBT is already linked with low aGvHD and 

provides greater GvL effects compared to stem cell transplants from adult blood 

(Broxmeyer et al., 2011; Kim and Broxmeyer, 2011; Zheng et al., 2017). This is linked 

to the naivety of the resource and would, again, favour the use of UCB in alloHSCT to 

minimise aGvHD and preserve GvL, but comparative studies between APB and UCB 

Tregs are needed to establish if the latter provides any advantage in maintaining the 

GvL effect whilst also limiting aGvHD.  
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Further comparative studies are needed between UCB and APB Tregs to fully establish 

if any advantage is provided by the former in promoting the GvL effect whilst limiting 

GvHD severity. 

 
 

6.5	Mechanisms	of	action	

 

Tregs incorporate multiple mechanisms to suppress Tcons and APCs. As previously 

highlighted, there is no single dominant mechanism utilised by Tregs to suppress target 

cells (Schmidt et al., 2012).  

 

Characterisation of allostimulated Tregs in this study revealed the existence of a sub-

population of CD4+CD25highFoxP3+CD45RO+CD39+ T cells. Isolation of the CD39+ 

subset showed these to provide appreciably better function with 50% suppression 

attained at the 1:256 ratio. Prior to this, total allostimulated Tregs were used and 

provided 50% suppression at 1:64 ratio. CD39 is an ectonucleotidase that is involved in 

the degradation of ATP and ADP into adenosine (Borsellino et al., 2007). Adenosine is 

involved in numerous pathways associated with Treg suppression (Nemeth et al., 2005; 

Zarek et al., 2008). In addition, the breakdown of ATP by CD39 can increase 

intracellular levels of cAMP; which can alter cell signalling pathways, including PKA 

to induce the ICER transcription factor (Klein and Bopp, 2016). cAMP affects both 

APCs and Tcons to prevent differentiation and proliferation. In addition, the generation 

of adenosine via CD39 is essential in suppressing inflammatory responses and 

inhibiting DC maturation (Borsellino et al., 2007). 

 

Functional studies need to be conducted to determine if mechanisms linked with CD39 

expression are responsible for the improved suppression offered by these Tregs. cAMP 

signalling in responder T cells can be measured in Tcons from suppression assays using 

CD39+ and CD39- Tregs. Blockade of both cAMP and adenosine may also verify the 

allospecific nature of CD39+ Tregs, as Tregs use multiple mechanisms to suppress their 

targets hence should still provide superior suppression of the alloantigen irrespective of 

cAMP or adenosine blockade. 
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In addition, CD39+ Tregs also showed significantly greater levels of CTLA-4 compared 

to CD39- and the total allostimulated Treg population. CTLA-4 functions to deprive 

Tcons of co-stimulation by maintaining higher affinity than CD28 for CD80 and CD86 

(Krummel and Allison, 1995; Sansom, 2000; Schmidt et al., 2009; Sojka et al., 2009). 

Clinically, ipilimumab and tremelimumab are anti-CTLA-4 antibodies which have been 

tested in the treatment of cancer patients (Suarez et al., 2011; Yano et al., 2014). To 

determine if CTLA-4 plays a major role in CD39+ Treg suppression, the use of such 

blocking antibodies can be used to establish if suppression is reduced. 

 

In contrast to CTLA-4, a lower level of TGF-β1was present in suppression assay 

cultures when CD39+ Tregs were used compared to the total population. This indicates 

that CD39+ Tregs produce TGF-β1 but this may not be a dominant mechanism by which 

these cells suppress their targets. Blocking or neutralising antibodies could once again 

be employed to assess functional significance. 

	

6.6	Identifying	specialised	allospecific	populations	

 

At point of isolation, UCB Tregs exhibit very low levels of FoxP3, CD39 and CD45RA. 

Post allostimulation, CD39 levels were markedly increased but expression was limited 

to CD45RO+ Tregs. Assaying indicated that CD39+ Tregs provided greater suppression 

of Tcons upon allostimulation. This could highlight the preferential use of CD39 

associated mechanisms to enhance suppression instead of CD39- Tregs, thus 

questioning the allospecificity of CD39+ Tregs compared to CD39- or total Tregs. 

However, CD39+ Tregs displayed no significant advantage compared to total 

allostimulated Tregs in suppressing 3rd party responses. This could show that CD39+ 

Tregs maintain greater potency for the alloantigen compared to the total Tregs and 

CD39- Tregs.  

 

Several studies investigating alloantigen specific Treg generation have used the total 

Treg population obtained post-stimulation (Cherai et al., 2015; Litjens et al., 2015; 

Putnam et al., 2013; Tu et al., 2008; Veerapathran et al., 2011; Zheng et al., 2010a). It is 

believed that up to 5% of total Tregs will have TCRs complementary to allogeneic 

pHLA complexes (Kim et al., 2011). Only those with the capacity to recognise 

alloantigens will undergo extensive proliferation whilst non-specific Tregs undergo cell 
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death due to the lack of stimulation. Based on this, the total Treg population following a 

single round of allostimulation was expected to strictly be composed of alloantigen 

specific Tregs.  

 

But when characterising the allostimulated UCB Treg, a proportion of Tregs were 

identified still expressing CD45RA. These cells correlated with the resting Treg 

phenotype showing lower levels of CD25 and FoxP3 compared to CD45RO+ Tregs. The 

survival of CD45RA+ Tregs following 2 rounds of MDDC stimulation was not 

expected. However, as exogenous IL-2 was supplemented in cultures during 

stimulation, the availability of this cytokine together with factors secreted by CD45RO+ 

Tregs may provide an environment enabling CD45RA+ Tregs to co-exist in culture with 

CD45RO+ Tregs. There is also the possibility that CD45RA+ Tregs have reverted to this 

phenotype, but it would be expected for these cells to express heightened levels of 

CD25 and FoxP3, comparable to the CD45RO population. Cytokine and growth factor 

analysis on supernatants collected during the expansion phase would identify which 

factors are secreted by the Tregs and can be provided exogenously to promote Treg 

survival in future experiments. 

 

Analysis of the TCR repertoire would confirm differences in the specificity of 

CD45RA+ and CD45RO+ Tregs. As arising CD45RO+CD39+ Tregs showed increased 

suppression of the original alloantigen, assessing the TCR diversity in this population 

would help confirm if CD39+ Tregs offer greater suppression due to a mechanistic 

advantage or because of increased allospecificity. 

 

Previously Sagoo et al demonstrated the selection of CD69+CD71+ Tregs post 

allostimulation to provide greater suppression of alloresponses and ameliorate skin 

GvHD compared to CD69-CD71- Tregs (Sagoo et al., 2011). However, the expression 

of CD69 and CD71 is time dependent (Vanhecke et al., 1995). CD69 is an early T cell 

activation marker believed to be up-regulated immediately upon TCR ligation but is 

downregulated 24-48 hours post activation (Simms and Ellis, 1996). In correlation, 

CD71 is a transferrin receptor and considered a mid-early activation marker 

(Brekelmans et al., 1994). The expression of CD71 is similarly down-regulated from 

day 2-3 post activation (Samarasinghe et al., 2010). CD69 assessment was attempted 

following the allostimulation of UCB Tregs, however, due to the down regulation of 
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this marker, CD69 was frequently negative in long-term culture. In comparison, greater 

stability is seen in the expression of CD45RO and CD39. This enables the ability to 

isolate alloantigen specific UCB Tregs even in cultures maintained for pro-longed 

periods following initial allostimulation.   

 

6.7	Generating	immunosuppressive	cells	from	UCB	CD4+CD25-	T	cells	

		

Current strategies employed in Treg immunotherapy have primarily involved tTregs. 

Published outcome supports the use of tTregs in the management of GvHD with 

increased Treg dosage linked to improved outcomes. However, as previously stressed, 

cell numbers are a key obstacle in Treg immunotherapy. To address this, iTregs are 

increasingly assessed for use in immunotherapy (Beres et al., 2012; Haribhai et al., 

2016a; Haribhai et al., 2016b; Schmitt et al., 2012). In conjunction with establishing 

alloantigen specific tTregs from UCB, this study also assessed the potential to generate 

immunoregulatory cells with allospecificity from UCB CD4+CD25- T cells. 

 

Previous studies have indicated the importance of using naïve APB CD4+CD25- T cells 

in iTreg generation since the presence of effector T cells or memory cells can inhibit 

iTreg induction (Ellis et al., 2012). The thymic emigrant status together with CD45RA 

expression shows the naivety of UCB Tcons, further to this, their skewing towards an 

anti-inflammatory phenotype upon stimulation favours their use as a source of iTregs 

for immunotherapy. After stimulating UCB tTregs with MDDCs, UCB Tcons were 

similarly stimulated with the arising CD4+CD25+ T cell population showing a 

suppressive phenotype with functional capacity akin to allostimulated tTregs.  

 

One of the main issues associated with murine and APB iTregs has been their lack of 

long term stability and subsequent loss of immunoregulatory capacity (Bilate and 

Lafaille, 2012). Upon stimulation of UCB Tcons with MDDCs, the generated CD25+ 

population showed increased TSDR demethylation. This indicated that following 

stimulation, a partial population of CD25+ cells had undergone permanent epigenetic 

modification within the FoxP3 gene and these cells could commit to the Treg lineage. 

An increase in TSDR demethylation has been reported with iTregs but this region is 

reported to be completely methylated in in vitro equivalents (Bilate and Lafaille, 2012; 

Chen et al., 2011). Following the generation of CD25+ suppressive cells from UCB 
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Tcons, selection of the CD25high population may potentially show increased 

demethylated TSDR compared to the bulk CD25+ population that was analysed in this 

study and be of benefit in immunotherapy.  

 

Studies focusing on APB iTregs indicate CTLA-4 and GITR expression to remain even 

after the loss of FoxP3 (Huang et al., 2013). To stabilise FoxP3 expression in iTregs, 

the use of DNA methyltransferase inhibitors has been suggested (Stubig et al., 2014). 5-

azacytidine (5-AZC) is increasingly used in the treatment of myeloid malignancies and 

shown to enhance tumour immunity by promoting the expression of tumour antigens 

(Costantini et al., 2013; Gang et al., 2014; Khan et al., 2008). However, 5-AZC has 

been associated with increased Treg numbers (Costantini et al., 2013). Upon uptake, 5-

AZC is phosphorylated to 5-aza-2′-deoxycytidine-5′-triphosphate and incorporated into 

DNA to inhibit methylation (Stresemann and Lyko, 2008). Although several murine 

studies have looked at 5-AZC activity in the generation of iTregs, more recent data also 

demonstrates the use of 5-AZC in human iTreg generation (Lu et al., 2016). The 

presence of 5-AZC in culture together with IL-2, TGF-β and sub-optimal TCR 

stimulation resulted in higher levels of FoxP3, CD25 and CTLA-4 expression than non-

5-AZC treated iTregs (Lu et al., 2016). However, the main drawback to this approach in 

iTreg generation is the non-discriminatory role of DNA methyltransferase inhibitors, 

causing uncontrolled demethylation of several genes (Costantini et al., 2013; 

Stresemann and Lyko, 2008). Consequently, generated iTregs can upregulate genes 

which promote inflammation and hinder Treg function. Therefore, although DNA 

methyltransferase inhibition is an option in promoting FoxP3 TSDR demethylation, 

without selective targeting the stability of iTregs remains an issue. The increased 

demethylation of TSDR observed upon UCB Tcon stimulation, could pinpoint 

phenotypically distinct populations. Identification of CD4+CD25+ iTreg populations 

correlating with the highest level of demethylation may identify highly stable UCB 

iTregs, thereby avoiding the use of DNA methyltransferase inhibitors. 

 

The observations seen in my study highlight certain differences in the generation of 

iTregs from UCB and APB. As previously mentioned, the stimulation of UCB Tcons 

with allogeneic MDDCs alone was sufficient to produce suppressive CD4+CD25+ T 

cells. Luminex data, however, highlighted the production of TGF-β by MDDCs which 

may have enabled iTreg conversion. TGF-β is essential in promoting de novo FoxP3 
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expression in CD4+CD25-FoxP3- T cells (Chen et al., 2003; Yoshimura and Muto, 

2011). TGF-β acts on NFAT and SMAD3 transcription factors to promote FoxP3 

expression (Lu et al., 2010). To determine if allostimulation of UCB Tcons without 

TGF-β can promote a suppressive phenotype, MDDCs should be irradiated prior to 

culturing with T cells. Additionally, one more issue with iTreg generation is the naivety 

of T cells. The APB CD4+CD25- population was composed of both naïve and memory 

cells, this favours greater iTreg potential from UCB Tcons as these were mainly naïve. 

To establish if MDDC stimulation of APB Tcons also gives rise to iTregs, naïve 

CD4+CD25- should be isolated and co-cultured with MDDCs to assess the arising 

CD25+ population, moreover changes in NFAT and SMAD3 in stimulated APB and 

UCB Tcons could be measured to help verify iTreg development. It could be possible 

that lower levels of TGF-β is needed to generate iTregs in UCB compared to APB. 

 

Irrespective of the suppressive function portrayed by converted UCB Tcons, 

consideration of these cells as iTregs is questionable especially since the use of 

polyclonal stimulation during R2 resulted in loss of function. More remarkably, with 

MDDC stimulation for R2, generated CD25+ cells failed to expand. This blunted 

proliferative response is similar to an anergic response, although the supplementation of 

IL-2 during the expansion stage failed to break anergy (Oh et al., 2015; Powell et al., 

1999; Zheng et al., 2008b). The addition of TGF-β during R2 stimulation of generated 

CD25+ T cells was not assessed. It is essential to determine if this may further stabilise 

FoxP3 expression to enhance TSDR demethylation. Moreover, TGF-β addition may 

overcome the lack of proliferation seen with R2 MDDC stimulation and the lack of 

function from R2 polyclonal expanded iTregs. With APB Tcons, upon antigen re-

encounter, the proliferative response is significantly increased to allow clearance of 

pathogens. Therefore, the suppressive response seen in R1 could be a defence 

mechanisms adopted by the neonatal immune system to prevent excessive activation 

towards newly detected antigens. 

 

The difference seen in APB and UCB T cells could also be linked to differences in their 

development. Mold et al. previously described that foetal and adult HSCs are identified 

at different stages of development and give rise to distinct T cell lineages (Mold et al., 

2010). Having different T cell precursors justifies the functional differences seen with 

UCB Tcons and APB Tcons when stimulated without IL-2 and TGF-β and the increased 
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skewing of UCB Tcons towards an anti-inflammatory phenotype. The differences in 

APB and UCB T cell functions also correlate with the improved GvHD outcomes 

associated with UCBT compared to BMT (Broxmeyer et al., 2011). This puts UCB T 

cells at an advantage for use in immunotherapies. Similar differences have been shown 

recently by Kalekar et al., they described the increased generation of Treg precursors 

from foetal antigen specific maternal CD4+ T cells in mice under anergic conditions 

(Kalekar et al., 2016). Therefore the anergy response exhibited by CD25+ cells 

generated from UCB Tcons upon their re-stimulation may associate with the 

development of Treg precursor cells. 

 

However, since foetal and adult HSCs produce different T cell lineages, this would 

question the direct comparability of APB and UCB T cells as both should be treated as 

individual lineages. The data present by Mold et al., also implicates that events occur 

during life that enables the replacement or switching of foetal cells with adult cells that 

provide the classical immune responses associated with APB T cells and Tregs (Mold et 

al., 2010). Understanding the differences between UCB and APB T cell populations, 

how they function and establishing immunological events leading to the production of 

different T cell lineages is essential to fully characterise UCB T cells. More work is 

needed to establish these differences and determine if iTregs can be generated from 

UCB and if they are stable and functional for use in immunotherapy.  
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6.8	Future	work	

 
This study has provided evidence for the successful generation of functional 

alloantigen-specific immunoregulatory populations from UCB. In order to establish if 

UCB can serve as an alternative source of Tregs for immunotherapy, further work is 

required to determine the feasibility of producing sufficient numbers of cells with the 

desired functional attributes.   

 

My results have shown that UCB cannot be expanded using the same conditions as APB 

Tregs. Differences were particularly noted in the culture serum requirements of UCB 

when producing alloantigen specific populations and the IL-2 dosing requirements 

when expanding Tregs using polyclonal stimuli. Therefore, optimisation of culture 

conditions was required to expand Tregs and establish alloantigen specific Tregs. But 

further optimisation can be conducted to promote Treg survival and stability, this could 

also improve Treg expansion numbers to attain expansion like levels reported in other 

studies.  

 

Measuring the production of cytokines can provide an insight into improving the culture 

conditions promoting Treg survival. During polyclonal expansion, the medium was 

replenished with fresh IL-2 every 2 days which prevented UCB Treg survival, in 

contrast leaving Tregs in culture favoured their growth. Assessing the cytokine milieu 

during expansion would identify cytokines and growth factors are present in the 

supernatant which could then be supplemented to help promote Treg survival. 

Furthermore, identification of cytokines such as IL-10, which is linked to Treg function, 

would also help clarify how UCB Tregs suppress respective target cells.  

 

Another obstacle in determining the use of alloantigen specific UCB Tregs is their 

function in vivo. Using Treg populations generated in this study in in vivo models for 

GvHD would help complete the functional profile of these cells and understand if they 

have potential to be translated for therapeutic use. There has only been one prior study 

assessing alloantigen specific UCB Tregs which highlighted limited function of UCB 

Tregs in vivo. Assessing the Treg population generated in my study in a similar in vivo 

model would help establish if allostimulated UCB Tregs are effective in ameliorating 

GvHD. 
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This study only tested 2 types of allogeneic stimuli. Originally, stimulation was 

provided by HLA mismatched T cell depleted MNCs but this failed to expand Tregs. 

Following this, allogeneic MDDCs were generated and used to stimulate Tregs, this 

method was effective and enabled sufficient expansion of Tregs for further analysis. 

The increased expansion was linked to the improved co-stimulatory capacity and HLA-

DR expression of MDDCs compared to T cell depleted MNCs. However, the numbers 

of Tregs obtained with MDDCs was lower than the expansions reported in published 

studies. With the need to obtain maximal cell numbers without compromising stability 

and function, further optimisation is needed to enhance alloantigen specific UCB Treg 

numbers. As previously discussed, the incorporation of polyclonal stimulation 

following a R1 of allostimulation could boost numbers. Alternatively, different 

allogeneic stimuli can be used to stimulated UCB Tregs. B cells are easily expandable 

and shown to generate alloantigen specific Tregs. Testing different allostimuli would 

help optimise alloantigen specific Treg generation from UCB. Further to this, only two 

rounds of allostimulation was provided in this study. To increase numbers further and 

assess changes to allostimulated Tregs in long term culture, subsequent rounds of 

stimulation could be provided and changes in function and phenotype assessed. 

 

As a method to verify allorestriction, functional assays were set up using the original 

allostimulus or a 3rd party stimulator. In addition, spectratyping was used to assess 

changes in the clonality of UCB Tregs pre- and post-allostimulation. However, 

spectratyping was limited to analysis of the CDR3 polymorphisms, to assess diversity 

of the other equal length CDR regions from the TCR-Vβ chain next generation 

sequencing could be employed to analyse the TCR of Tregs. Furthermore, it would also 

be interesting to see if similarities appear in TCR-Vβ clonality when Tregs from 

different UCB units are stimulated with the same MDDCs. This would enable the 

identification of dominant TCR clones which could provide more specificity towards 

the alloantigen.  

 

The iTreg generation from UCB established that an immunoregulatory phenotype can 

be given to stimulated Tcons in the absence of external TGF-β. However, post 

secondary stimulation, cells exhibited an anergic response or lost their respective 

functions depending on the type of stimulus provided. Subsequent experiments should 
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incorporate TGF-β during secondary stimulation and see if this enables iTreg 

generation. 

 

6.8	Conclusion	

 

UCB is already an effective resource in transplantation (over 600 issues from the NHS 

Cord Blood Bank). The work in this thesis demonstrated the ability to raise alloantigen-

specific tTreg lymphocytes from UCB which exhibit reduced clonality from the starting 

population.  Furthermore, the allostimulated generation of CD39+ tTregs was observed, 

and upon isolation this sub-population showed increased potency of suppression 

towards the alloantigen. This enhanced activity would be beneficial in immunotherapy 

as fewer cells would be needed to suppress alloreactivity. However, to fully determine 

the advantage of using alloantigen specific UCB tTregs in immunotherapy, further work 

is needed to fully understand their suppressive mechanisms and ability to function in 

vivo. Moreover, the suppressive capacity exhibited by UCB CD4+CD25- T cells upon 

allostimulation and the increased FoxP3 demethylation indicate that these cells may be 

useful as a source of generating functional alloantigen specific iTregs, but at this stage 

more studies are needed to develop this hypothesis. The naivety and immaturity of UCB 

offers an advantage in developing alloantigen specific Treg populations, due to this 

UCB can potentially prove to be a useful alternative to APB for alloantigen specific 

Treg therapy in the treatment of GvHD and other immune-mediated disorders.
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7.1	Figures	

 

 
 
 
Figure 7.1: Confirmation of cDNA synthesis. cDNA was synthesised from RNA 

isolated from different CD4+ T cell samples from UCB. Post cDNA systhesis, samples 

were assessed for integrity by running on a 1% agarose gel. A ladder (lane 1) was used 

to confirm fragmentation of product with band shown at 300kb for each sample (lanes 

2-9).  
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Figure 7.2: HLA types for suppression assays. HLA typing was conducted 

retrospectively, after UCB Tregs has been isolated, stimulated and assessed. Table 

highlighting the HLA types of the UCB Tregs (black), the allogeneic MDDC stimulus 

(red) and the 3rd party stimulator (green) combinations used in suppression assays. 

Boxes highlighted in blue show the HLA match between allo and 3rd party stimulators.  

Sample	# A A B B C C DR DR
Treg C7 02 25 13 18 06 12 07 13
Allo M4 03 24 18 39 07 12 01 16

3rd	Party M1 01 29 08 08 07 16 01 07
Treg C8 01 02 57 58 06 15 03 07
Allo M3 03 24 07 35 07 12 04 15

3rd	Party M1 01 29 08 08 07 16 01 07
Treg C9 25 32 18 18 07 13 04 15
Allo M2 02 03 08 44 05 07 03 04

3rd	Party M1 01 29 08 08 07 16 01 07
Treg C10 02 02 27 44 01 07 01 11
Allo M2 02 03 08 44 05 07 03 04

3rd	Party M1 01 29 08 08 07 16 01 07
Treg C11 03 33 35 35 04 16 01 15
Allo M3 03 24 07 35 07 12 04 15

3rd	Party M2 02 03 08 44 05 07 03 04
Treg C12 11 24 08 40 07 12 03 07
Allo M3 03 24 07 35 07 12 04 15

3rd	Party M2 02 03 08 44 05 07 03 04

HLA	Type

Class	I Class	II

HLA-A HLA-B HLA-C HLA-DR
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Figure 7.3: TCR differences upon allostimulation. Spectratyping was used to monitor 

changes in heterogeneity of the 24 TCR-Vβ gene families in polyclonal UCB tTregs (A) 

and allostimulated tTregs (B). Red cross indicates failed spectratypes due to technical 

errors. 

 

  

Vb1 Vb5 Vb6A Vb6B Vb7 Vb8 Vb9 Vb11 Vb12Vb3 Vb4Vb2

Vb13A Vb16 Vb17 Vb18 Vb20 Vb21 Vb22 Vb23 Vb24Vb14 Vb15Vb13B

Vb1 Vb5 Vb6A Vb6B Vb7 Vb8 Vb9 Vb11 Vb12Vb3 Vb4Vb2

Vb13A Vb16 Vb17 Vb18 Vb20 Vb21 Vb22 Vb23 Vb24Vb14 Vb15Vb13B

Vb1 Vb5 Vb6A Vb6B Vb7 Vb8 Vb9 Vb11 Vb12Vb3 Vb4Vb2

Vb13A Vb16 Vb17 Vb18 Vb20 Vb21 Vb22 Vb23 Vb24Vb14 Vb15Vb13B

Vb1 Vb5 Vb6A Vb6B Vb7 Vb8 Vb9 Vb11 Vb12Vb3 Vb4Vb2

Vb13A Vb16 Vb17 Vb18 Vb20 Vb21 Vb22 Vb23 Vb24Vb14 Vb15Vb13B

Polyclonal - tTregA)

Allostimulated  – tTregB)



Appendix  

	

	 337	

 
Figure 7.4: TCR of allostimulated iTregs. Spectratyping was used to monitor changes 

in heterogeneity of the 24 TCR-Vβ gene families from starting UCB CD4+CD25- T 

cells (A), CD4+CD25+ T cells generated when CD4+CD25- were stimulated with 

allogeneic MDDCs (B) and the CD4+ cells that remained CD25- (C). Red cross 

indicates failed spectratypes due to technical errors. 
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