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ABSTRACT 

Regulatory T-cells (T-reg) play a pivotal role in maintaining immune homeostasis and tolerance. 

There has been a significant amount of research devoted to understanding their physiological 

mechanisms of action and the causes of their dysfunction in disease settings as well as to 

developing strategies for their therapeutic application. Glycosylation is ubiquitous in all 

mammalian cells and surface glycan expression is involved in the regulation of many biological 

processes. While it is currently well accepted that surface glycan expression influences T-cell 

development, trafficking and function, little is known about the relevance of glycosylation to 

T-reg biology. The main goal of this thesis was to characterize the surface glycosylation 

characteristics of T-reg and to determine how the surface glycan expression profile of T-reg 

correlates with their suppressive functions.  

Initially, the surface glycomes and relevant protein marker expression patterns of T-reg and 

conventional (non-regulatory) T-cells were compared in mouse lymphoid organs and human 

white blood cells by multi-colour flow cytometry using a panel of carbohydrate-binding proteins 

(lectins) and fluorescently-labelled antibodies. Next, to evaluate the suppressive potencies of 

different T-reg sub-populations, T-cells and antigen presenting cells were isolated by 

fluorescence-activated cell sorting and were co-cultured to perform a range of functional assays. 

The T-reg sub-populations evaluated by purification and co-culture included those with 

differential levels of surface glycosylation in vivo as well as those in which surface glycosylation 

was manipulated by treatment with the enzymes neuraminidase and PNGase F. The 

experimental results first revealed that T-reg surface glycosylation differs significantly from that 

of conventional T-cells in the resting state and is further modified by activation stimuli. Following 

this, correlations were identified between higher surface expression levels of certain glycan 

epitopes and higher expression of proteins known to be involved in mediating T-reg suppressive 

functions. Next, it was shown that T-reg with high-level binding of the lectins GSL-I and PHA-L 

have greater suppressive potency than those with lower lectin binding levels. Finally, enzymatic 

manipulation of mouse T-reg surface glycosylation resulting in decreased surface expression of 

sialic acids or N-glycans was found to significantly reduce their capacity to suppress conventional 

T-cell activation through contact-dependent mechanisms. 

The novel findings of the thesis demonstrate an important role for glycosylation in determining 

T-reg phenotype and function. They also indicate the potential to apply knowledge of surface 

glycan expression profiles to better define and purify T-reg subsets with enhanced 

immunotherapeutic potency.
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1.1. REGULATORY T-CELLS – MAINTAINING IMMUNE HOMEOSTASIS 

Survival of an organism in this world depends on its ability to defend itself from a great many 

threats. Our body is equipped with physical and chemical barriers to shelter us from harm, but 

these can be damaged or breached by foreign agents. Protection against infectious agents and 

other harmful substances is provided by a diverse array of cells and molecules that constitute 

the immune system. Immune defence of the body against invaders requires interplay among the 

components of the innate and adaptive immune systems for effective recognition of the threat 

(immunological recognition) which must trigger adequate responses (effector immunity) that 

also need to be controlled (immune regulation) and to provide future protection (immunological 

memory) (1). 

While it is fundamental that strong immune responses are elicited, it is of the utmost importance 

that these are regulated in order to prevent excessive immune responses that may lead to injury 

of healthy tissues. Moreover, adaptive immunity must discern between harmful and innocuous 

antigens. Therefore, mechanisms need to be in place in order to avoid immunity in response to 

self, food and environmental antigens as well as the normal gut microbiota, against which no 

response is required.  

The adaptive immune response comprises the coordinated activities of B and T lymphocytes 

which display antigen receptors characterized by an enormous variability in their specificity (1). 

Lymphocytes are generated in the primary lymphoid tissues (bone marrow and thymus) from 

which they migrate to populate the secondary lymphoid tissues such as the spleen and the 

lymph nodes (1). The precursors of these cells originate in the bone marrow and, while B-cells 

remain in that organ for the duration of their development, maturation of T-cells occurs in the 

thymus to which their precursors migrate (1). The development of T-cells in the thymus is a 

stepwise process during which the antigen-receptor genes are rearranged followed by assembly 

of the antigen receptor. This results in the development of different T-cell lineages represented 

by the natural killer (NK), the γ:δ and the α:β T-cells (1). The development of the α:β T-cell 

lineage involves positive and negative selection events to ensure that only functional, major 

histocompatibility complex (MHC)-restricted, self-tolerant cells are allowed to mature into 

cluster of differentiation 4 (CD4) or CD8 T-cells and to migrate to the periphery (1, 2).  However, 

some auto-reactive T-cells escape deletion during the negative selection process in the thymus 

and migrate to the periphery, where their activities need to be controlled. Despite the existence 

of cell-intrinsic mechanisms to maintain self-tolerance and immune homeostasis in the 
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periphery (e.g. the induction of anergy by engagement of the T-cell receptor (TCR) by 

self-antigen and the requirement for co-stimulation for successful T-cell activation), immune 

homeostasis is only properly maintained as a result of the counteracting activities of a subset of 

the α:β T-cell lineage with immunomodulatory functions, known as regulatory T-cells (T-reg)  (1, 

3). This introductory section of the thesis will focus on the discovery of T-reg, on the current 

knowledge regarding their identification, development and suppressive functions as well as on 

the potential of T-reg-based clinical therapeutic strategies.    
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1.1.1. THE DISCOVERY OF A THYMIC-DERIVED SUPPRESSOR T-CELL POPULATION 

The initial evidence for the existence of a thymus-derived suppressor immune population 

emerged in the 1970’s from experimental data collected from thymectomy and transplantation 

studies (4-9). In these studies, neonatal thymectomy in mice resulted in tissue inflammation that 

could be prevented by adoptive transfer of thymocytes or splenocytes from adult mice (4, 6-8, 

10). Furthermore, allogeneic thymic epithelium transplantation experiments in chicken and mice 

demonstrated that tolerance induction in allo-reactive T-cells depended upon a 

thymus-generated T-cell population (9-11). The observed tolerance was then described to be 

due to the thymic epithelium chimeras being composed not only of graft-reactive cells but also 

of a population equipped with suppressive abilities that, although being less abundant, was 

capable of preventing rejection (11). Additional studies led to the identification of a CD4+ T-cell 

subset which could prevent the development of wasting disease in immunodeficient rats and 

mice (12, 13). Taken together, these studies supported the existence of a T-cell subset with 

suppressive abilities that could not only regulate immune responses targeting self and graft 

antigens but also restrain immunity against food antigens and the normal commensal 

microbiota. 
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1.1.2. REGULATORY T-CELL CHARACTERISATION  

As described above, the existence of a thymus-generated population with specialized functions 

to maintain immune tolerance was first suggested in the 1970’s but this would only become a 

“hot topic” of investigation in 1995 with the identification of CD25 (α chain of the interleukin-2 

(IL-2) receptor) as a marker of CD4+ T-cells with suppressive abilities that were important to 

maintain self-tolerance and control immune responses to transplantation in mice (14). These 

cells were named T-reg and were shown in successive studies to prevent autoimmunity, 

transplant rejection and anti-tumour responses (15-23). However, as CD25 expression is 

upregulated in all activated T-cells, its value as a specific T-reg marker was limited by the inability 

to distinguish regulatory and effector immune cells when immune activation occurred (3, 24). 

A landmark of T-reg investigation was the identification of the forkhead/winged helix 

transcription factor forkhead box P3 (FoxP3) as a crucial player in the development and function 

of these cells in mice (25-27) and humans (28, 29). The insight into the importance of FoxP3 for 

immune tolerance was obtained from studies in which genetic mutations in the 

X-chromosome-located Foxp3 gene in Scurfy mutant mice and human patients with the 

immunodysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome correlated 

with severe lethal autoimmunity and lymphocyte dysregulation manifested in multi-organ 

immune pathologies (30). These observations prompted the investigation of FoxP3 expression 

by mouse-derived T-cells and it was found to be consistently expressed at high levels by 

CD4+CD25+ T-reg while no expression was detected in naïve and activated conventional T-cells 

(T-conv) (25-27). Furthermore deficiency in FoxP3 expression in scurfy mice correlated with 

hyper-proliferation of lymphocytes and reduced production of thymic CD4+CD25+ cells. 

However, definitive proof of the essential role of FoxP3 arose from the observation that T-reg 

only differentiate from FoxP3-sufficient precursors and that transgenic FoxP3 expression in 

T-cells induces T-reg phenotype and suppressive functions (25-27). Additional proof of the 

exclusive dependence of the T-reg lineage on FoxP3 and of the crucial role of these cells in 

immune homeostasis has now been provided by many other studies. Fontenot et al. showed 

that the severe autoimmunity which afflicts neonatal FoxP3-deficient mice can be mimicked by 

T-cell targeted deletion of the Foxp3 gene and is rescued by adoptive transfer of T-reg (24, 25). 

Moreover, deficient FoxP3 expression in other cells such as thymic epithelial cells, dendritic cells 

(DCs) and macrophages has been reported not to have any adverse consequences (3). In 

addition, FoxP3 ablation was found not to impact upon thymic negative selection or anergy 
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induction in self-reactive T-cells during development and not to affect T-cell activation, 

proliferation and effector functions in the periphery (24, 25, 31, 32).  

Dependency on FoxP3 expression is not restricted to T-reg thymic development. The stability 

and level of expression of FoxP3 in committed, mature T-reg at the protein level has been 

identified to be essential to maintain the T-reg phenotype and suppressive abilities. 

Experimentally induced reduction in FoxP3 expression levels or ablation of its expression have 

been associated with decreased inhibitory function and acquisition of effector pro-inflammatory 

phenotype and functions (33, 34). Moreover, depletion of the FoxP3+ T-reg population in adult 

healthy mice has been shown to result in immune pathology and death (35-37). 

Regulatory T-cell identification by analysis of FoxP3 reporter mice, which are genetically 

modified to co-express fluorescent proteins with FoxP3, has demonstrated that FoxP3 

expression is restricted to a subpopulation of CD4+ T-cells but is not exclusive to CD25 expressing 

cells (24, 33, 38). Moreover, FoxP3+ cells which lack CD25 expression were shown to be as potent 

as their CD25+ counterparts, further corroborating the value of FoxP3 but not of CD25 for 

accurate identification of the T-reg lineage in mice (24). Although FoxP3 has been reported to 

be expressed in other cell types (tumour-infiltrating macrophages, thymus stromal cells, 

microglia and epithelial cells) in mouse, there is controversy regarding its expression by non-T-

reg cells and, in general it is widely accepted as a highly specific T-reg marker within the murine 

CD4+ T-cell compartment (39-43). However, while mouse-derived T-conv do not express 

detectable levels of FoxP3, most human T-cells display transient expression of this transcription 

factor upon activation, rendering FoxP3 a less reliable marker for human T-reg (44-46). 

Moreover, being a transcription factor, the intracellular nature of FoxP3 expression requires that 

cells are fixed and permeabilized for its detection – an approach that is incompatible with 

isolation of viable cells for use in functional studies. In addition, even though multiple studies 

report the presence of suppressive T-cells within the human CD4+CD25high T-cell population (47-

50), CD25 is not sufficient to identify human T-reg, particularly those circulating in the peripheral 

blood where CD25 expression has been reported in up to 20% of the CD4+ T-cells (47, 51). In 

2006, two distinct research groups described an alternative method for the identification of 

human T-reg from blood, lymph nodes, cord blood and thymus. These researchers 

demonstrated that human CD4+ T-cells which display high expression of CD25 and low 

expression of CD127 (the α chain of the interleukin-7 (IL-7) receptor) also express FoxP3 and 

have suppressive functions (52, 53). Since then, this combination has been widely accepted as 

the best strategy to better define and identify T-reg in human blood samples (54). 
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In the resting state, when compared to the conventional counterparts, T-reg are also 

characterized by higher expression levels of a number of molecules including the ectonucleoside 

triphosphate diphosphohydrolase (CD39), the membrane-bound ecto-5’-nucleotidase (CD73), 

the integrin αEβ7 (CD103), the programmed death-1 receptor (PD-1/ CD279) and its ligand 

programmed death ligand-1 (PD-L1/ CD274/ B7-H1), the inducible co-stimulator (ICOS/ CD278), 

the glucocorticoid-induced tumour necrosis factor-related receptor (GITR/ CD357/ TNFRSF18), 

cytotoxic T lymphocyte antigen-4 (CTLA-4/ CD152) and Helios (IKZF2) which are involved in their 

development, differentiation and function (55-60). 

Regulatory T-cells express high levels of GITR which is important for T-reg differentiation and 

expansion. Surface expression of GITR has proven useful for the identification of activated and 

suppressive T-reg, both in mouse and human (55, 61, 62). During T-reg development in the 

thymus, the signalling event that triggers FoxP3 expression is dependent on the combined 

expression of GITR, tumour necrosis factor receptor superfamily, member 4 (TNFRSF4/ CD134/ 

OX40), and tumour necrosis factor receptor 2 (TNFR2), all of which are members of the tumour 

necrosis factor receptor superfamily (TNFRSF). These proteins are highly expressed by T-reg 

progenitors and their expression correlates with TCR signalling strength. Neutralization of the 

engagement of these TNFRSF members in vivo has been shown to have a negative impact in 

T-reg thymic development (63). In fact, GITR-knockout mice display lower numbers of T-reg 

whereas overexpression of GITR ligand (GITRL) has been shown to correlate with higher 

numbers of T-reg which are phenotypically activated and suppressive (62, 64-66). The GITRL is 

widely expressed in the immune system, being constitutively present at basal levels on 

macrophages, monocytes, DCs and B lymphocytes and transiently upregulated under 

inflammatory conditions (64). Even though both T-reg and effector T-cells are responsive to GITR 

activation, proliferation of FoxP3+ T-reg is favoured in mice treated with GITRL-Fc [a fusion 

protein of GITRL and a conserved functional (Fc) immunoglobulin (Ig) fragment] (67). The 

identification of a CD4+CD25lowGITR+ T-reg subset in human peripheral blood with relevant 

suppressive abilities dependent on transforming growth factor β (TGF-β), that is inhibited by 

T-reg pre-coating with anti-GITR antibody, further supports the relevance of GITR as a marker 

for suppressive T-reg (68). However, this member of the TNFRSF has also been reported to be 

up-regulated in activated CD4+ and CD8+ effector T-cells. In these studies, GITR co-stimulation 

triggered TCR activation, promoted T-cell expansion and cytokine secretion and was associated 

with exacerbated autoimmunity, inflammation and tumour rejection (55, 61, 69-74).  
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Inducible co-stimulator has been shown to be expressed by mouse T-reg and lack of expression 

of ICOS is associated with reduced number of T-reg in mice. The reduced T-reg number in 

ICOS-deficient mice was shown to be unrelated to impaired thymic development of these cells 

but to result, instead, from compromised survival in the periphery (58). Moreover, high ICOS 

expression levels have been shown to correlate with increased T-reg suppressive ability in a 

model of contact hypersensitivity. In this study, the CD4+FoxP3+ICOS+ T-reg subset was 

distinguished from other FoxP3+ cells by the production of IL-10, IL-17 and interferon gamma 

(IFN-γ) (75). Expression of ICOS by human natural T-reg has been reported to enable the division 

of this regulatory population into two distinct subsets that differ in their molecular mechanisms 

of suppression. The ICOS-expressing T-reg subset displayed IL-10-mediated DC suppression and 

TGF-β-mediated T-cell suppression while the ICOS- subset were restricted to TGF-β production 

(76). In a mouse model of experimental autoimmune encephalomyelitis (EAE), transfer of 

CD4+ICOS+ cells had a protective effect which was believed to be IL-10-mediated (77). 

The integrin αEβ7 (CD103) plays an important role in mediating T-cell localization within epithelial 

compartments by interacting with the adhesion molecule E-cadherin expressed by epithelial 

cells (78, 79). Expression of CD103 has been reported to identify distinct T-reg populations 

characterized by increased suppressive abilities (80-82). Moreover, within the CD103-expressing 

subset, it was observed that T-reg with different CD25 expression displayed similar CTLA-4 

expression, suppression of T-cell proliferation in vitro and protective effects in a mouse model 

of colitis (80). A different study showed that, even though both CD103- and CD103+ T-reg 

displayed suppressive abilities in vitro, only the CD103+ T-reg subset was able to control wasting 

disease in vivo (81). In a model of graft-versus-host disease (GVHD), transfer of in vivo-activated 

CD103+ T-reg was found to be more potent than transfer of freshly isolated or in vitro-activated 

natural T-reg in ameliorating the on-going disease and in reducing the numbers of  both T and B 

lymphocytes in the  target tissues (82). The in vivo relevance of CD103 expression for T-reg 

ant-inflammatory activities may be primarily explained by the increased ability of the CD103+ 

T-reg subset to migrate to sites of epithelial inflammation (83).  

Although multiple proteins have been identified to have distinctive expression patterns on the 

surface of some or all FoxP3+ T-reg, there is much left to be discovered regarding the detailed 

composition of T-reg outer surface membranes. This thesis focused on characterizing the surface 

expression of carbohydrate structures by CD4+FoxP3+ mouse-derived T-reg and by 

CD4+CD25highCD127low human-derived T-reg. 
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1.1.3. REGULATORY T-CELL DEVELOPMENT  

It is now well accepted that there are at least two major T-reg sub-types which differ in their 

developmental processes: naturally occurring T-reg (nT-reg) which develop in the thymus and 

induced T-reg (iT-reg) which originate from naïve T-conv in the periphery in vivo (Figure 1.1).  

 

 

Figure 1.1 – Regulatory T-cell sub-types have different developmental origins. Naturally occurring T-reg 
(nT-reg) develop in the thymus whereas induced T-reg (iTreg) are generated in the periphery from naïve 
T-cell. Conversion of T-conv into iT-reg in the periphery occurs in the presence of environmental cues such 
as IL-2 in combination with TGF-β which favor iT-reg development over differentiation into the other 
effector T-cell subtypes (Th1, Th2, Th17). As shown both nTreg and iTreg share the expression of the 
transcription factor FoxP3 while the other Th subtypes express other signature transcription factors (Tbet, 
GATA3, RORγt). 

 

During thymic T-cell development, the strength and duration of TCR signalling is known to 

modulate CD4 and CD8 lineage specification, the differentiation into the different effector T-cell 

subsets and the CD4 T-cell commitment to a particular T helper (Th) phenotype (3). The 

commitment to the T-reg lineage is no exception and the characteristics of TCR signalling have 

been shown to play a determining role in the process. Thymic development of nT-reg is triggered 

by high-affinity interactions with self-peptide presented in the context of MHC-II molecules (84, 

85). Therefore, mice with defective negative feedback control of TCR signalling have been 

reported to display increased T-reg abundance (86). Further evidence of the specificity of T-reg 
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for self-antigens and the requirement for endogenous TCR expression for their development has 

been provided by several studies using TCR transgenic mouse models (85, 87-91).  

There is a convincing body of evidence for the crucial role of TCR signalling in the induction of 

FoxP3 expression and the commitment of thymic precursors to the T-reg lineage. Analysis of the 

sequence of TCRα chains has shown high variability in the T-reg repertoire with most sequences 

being distinct from those expressed by T-conv (84, 92-94). Moreover, even though transfection 

of effector T-cells with T-reg TCRs has been shown to correlate with severe pathogenesis in 

lymphopenic recipient mice, these cells produced only weak response towards syngeneic 

antigen presenting cells (APCs) in vitro (84). In addition, the abundance of T-reg has been 

observed to be increased in conditions in which negative selection was rendered inefficient by 

reduced MHC-II expression on medullary thymic epithelial cells (95). In contrast, increased 

negative selection as a result of deficient TGF-β signalling correlated with reduced frequencies 

of FoxP3+ T-reg (96). However, negative selection events have been shown to occur 

independently of FoxP3 expression with TCRs that are typically expressed by T-reg being 

displayed by T-conv in FoxP3-deficient mice (31, 32, 97). Taken together, these observations 

suggest that T-reg differentiation is mediated by signalling through self-antigen-specific TCRs 

with resulting signal strengths that range between those required for positive selection of T-conv 

to those that mediate negative selection of self-reactive cells. Moreover, the ability of T-reg to 

escape negative selection is not dependent on FoxP3 expression.  

The differentiation of T-reg and related induction of FoxP3 expression is not solely promoted by 

the specific TCR signalling characteristics. It also involves the integration of TCR-derived 

signalling events with other signals from the environment or from the cell itself. The expression 

of FoxP3 has been experimentally induced by increased nuclear factor 

kappa-light-chain-enhancer of activated B-cells (NF-κB) signalling, decreased deoxyribonucleic 

acid (DNA) methylation and deficiency in mammalian target of rapamycin (mTOR) and 

sphingosine-1 phosphate receptor type 1 (98-102). In combination with the TCR, CD28 

co-stimulation plays an important role in mediating thymic differentiation of nT-reg. This process 

is specifically dependent upon a CD28 cytoplasmic motif that binds the lymphocyte-specific 

protein tyrosine kinase Lck (103, 104). Murine models that lack this co-stimulatory pathway 

either by deficiency of CD28 or its ligands (CD80/CD86) display significantly reduced numbers of 

T-reg (103, 104). Moreover, transcription factors activated by combined TCR/CD28 signalling 

have been shown to bind to the Foxp3 promoter [nuclear factor of activated T-cells (NFAT), 

activator protein-1 (AP-1), forkhead box O1 (foxo1) and forkhead box O3 (foxo3)] as well as to 
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the conserved non-coding sequence 2 in the Foxp3 locus [foxo1 and 3, cyclic adenosine 

monophosphate (cAMP) response element-binding protein and activating transcription factor 1 

(CREB-ATF-1)] and to enhance its expression (105-107).  

Additional signals that promote nT-reg differentiation are provided by IL-2, IL-7 and IL-15. 

Studies using murine models of IL-2 or CD25 deficiency have suggested that IL-2 is not absolutely 

required for T-reg thymic differentiation but is important for T-reg maintenance in the periphery 

(108, 109). However, disruption of the IL-2 receptor β chain (IL-2Rβ) has a profound effect on 

T-reg numbers both in the thymus and in the periphery in a signal transducer and activator of 

transcription 5 (STAT5)-dependent manner that can be rescued by transgenic expression of 

FoxP3 (110, 111). Moreover, mice lacking the common gamma-chain (γc, CD132) show complete 

loss of T-reg differentiation demonstrating a crucial involvement of this cytokine receptor chain 

(108, 110). In contrast, mice with individual deficiencies of IL-15, IL-7 or the α-chain of their 

receptors display normal T-reg frequencies (110, 112). The combined loss of IL-2 and IL-15 or 

IL-7 has also been reported to severely impact T-reg proportions (110, 113, 114). Furthermore, 

the lack of IL-2Rβ signalling has been associated with increased expression of IL7Rα and IL15Rα 

chains, which would be downregulated to normal levels upon the addition of IL-2 (114).  Taken 

together, the different studies suggest a predominant, but not exclusive, role of IL-2 in T-reg 

thymic differentiation to which IL-7 and IL-15 also contribute by being able to compensate for 

the absence of IL-2. Another cytokine that has been described to be involved in nT-reg 

development is TGF-β. This cytokine specifically promotes the survival of T-reg precursors in the 

thymus by preventing B-cell lymphoma 2 (bcl-2) interacting mediator of cell death 

(BIM)-dependent apoptosis of self-reactive thymocytes (96). 

The development of T-reg is not restricted to the thymus. Naïve T-conv may be induced to 

differentiate into iT-reg in the periphery (Figure 1.1). In contrast to the self-antigen-restricted 

thymic development of nT-reg, iT-reg differentiation is believed to occur in response to foreign 

antigens (allergens, dietary antigens and commensal microbiota) to which the immune system 

must develop a measure of tolerance (3, 115, 116). As with nT-reg development, iT-reg 

generation has also been reported to require specific TCR signal characteristics. For example, it 

was observed that iT-reg generation correlates with TCR avidity and that the TCR repertoire of 

iT-reg is distinct from those of both nT-reg and T-conv (84, 116-118). Despite the similar 

dependence on high affinity TCR signalling, iT-reg differentiation differs from that of nT-reg by a 

requirement for suboptimal co-stimulation generated by increased CTLA-4 and decreased CD28 

signalling (115, 119-122). Therefore, iT-reg are considered to differentiate, under homeostatic 



Chapter One 

 

 

12 

 

conditions, from naïve T-cells bearing TCRs with specificities for target antigens to which an 

organism is chronically exposed. Such antigens are likely to include environmental and dietary 

constituents as well as antigens derived from the commensal microbiota of the gastrointestinal 

tract (3, 115, 123, 124).  

There is also strong experimental evidence for the conclusion that, in addition to high avidity 

TCR stimulation and suboptimal co-stimulation, peripheral generation of iT-reg requires TGF-β 

signalling (115, 125-127). The direct regulation of the Foxp3 gene by TGF-β signalling is mediated 

through TGF-β-inducible early gene 1 (TIEG1) and Sma and Mad related protein (SMAD) family 

member 3 (Smad3) which upregulate Foxp3 transcription by binding to the gene promoter and 

enhancer regions (128, 129). Moreover, in vivo presence of TGF-β expressing DCs has been 

reported to be sufficient for iT-reg induction to occur (122, 130). This TGF-β-mediated induction 

of FoxP3 expression is also thought to be dependent on IL-2 signalling (131, 132). The potential 

roles of IL-2 in the iT-reg differentiation process may include the promotion of survival and cell 

division, induction of STAT5-mediated FoxP3 expression and skewing of activated CD4+ T-cell 

differentiation from Th17 (which occurs in the presence of combined TCR, TGF-β and IL-6 

stimulus) to iT-reg phenotype (3, 133, 134). Another molecule that has been described to 

synergize with TGF-β is all-trans-retinoic acid which promotes iT-reg development through 

inhibition of T-cell differentiation into the other Th effector lineages (122, 135-137). Therefore, 

iT-reg generation in the periphery is favoured in mucosal tissues where the required balance of 

stimulatory and co-stimulatory factors may be combined with chronic exposure to 

non-threatening foreign antigens (3).  

Despite the clearly crucial role of FoxP3 in T-reg biology, gene expression analyses have provided 

evidence that its expression is not essential to prompt T-reg lineage commitment but is 

indispensable for the regulatory function and maintenance of these cells (59, 97, 138, 139). 

While differentiated T-reg which lack FoxP3 or express truncated versions of FoxP3 are reported 

to resemble FoxP3+ T-reg phenotype in their anergic behaviour in response to TCR signalling and 

expression of certain surface molecules (low CD127 and high CD25, CTLA-4 and GITR), they were 

observed to produce Th2 and Th17 effector cytokines and to lack suppressive functions (97, 

138). Therefore, FoxP3 expression is pivotal to T-reg lineage stability by maintaining the T-reg 

transcriptional signature and phenotype. In this thesis, murine T-reg identification was mainly 

performed based on FoxP3 expression by using reporter mice transgenic for the co-expression of 

FoxP3 and green fluorescent protein (GFP).  
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1.1.4. REGULATORY T-CELL SUPPRESSIVE FUNCTIONS 

Regulatory T-cells have multiple specialized functions that serve to suppress the activities of 

other effector immune cells, ultimately preventing autoimmunity, excessive immune responses 

to infection and tissue injury. The molecular mechanisms of T-reg-mediated suppression are 

diverse and include those that are dependent on cell-cell contact, those mediated by the 

secretion of inhibitory cytokines and those that involve competition for ligands and local growth 

factors (Figure 1.2) (140-143). 

 

 

Figure 1.2 – Regulatory T-reg display a diverse arsenal of immunosuppressive strategies. Regulatory 
T-cells can inhibit T-cell activation by modulating (A) APC maturation and function (e.g. production of IDO) 
and by (B) competing with other T-cells for interactions with APCs. Mechanisms of T-reg mediated 
suppression also include (C) inhibitory co-stimulation (through CTLA-4 and PD-L1), (D) metabolic 
disruption (IL-2 consumption and increased extracellular adenosine concentrations), (E) production of 
inhibitory cytokines (IL-10, TGF-β and IL-35) and (D) apoptosis induction (through galectin-1, perforin and 
granzyme B).  
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The mechanisms involved in cell-cell contact-dependent suppression can be mediated by a 

range of molecules including CTLA-4, PD-1, PD-L1, CD73 and CD39 among others. The 

co-inhibitory receptor CTLA-4 is a structural homologue of CD28 that displays higher affinity to 

the same ligands, CD80 (B7-1) and CD86 (B7-2), which are primarily expressed by APCs (144-

147). Within the T-cell compartment, CTLA-4 is constitutively expressed by T-reg whereas T-conv 

expression of this molecule is activation-induced (148, 149). Thymic T-reg development and 

proliferation is CTLA-4 independent since CTLA-4 deficient mice do not have depleted T-reg 

numbers (150, 151). Several mechanisms have been described for cell-intrinsic CTLA-4-mediated 

modulation of T-cell activation including competition with CD28 for the binding to CD80 and 

CD86, inhibition of TCR signalling, suppression of proliferation and IL-2 secretion, as well as 

limiting T-cell contact with APCs (152-158). The mechanism for T-reg-mediated suppression via 

CTLA-4 has been suggested to be through the down-regulation of CD80/CD86 expression on 

APCs, thus indirectly inhibiting T-cell priming by APCs both in vitro and in vivo (159-162). It has 

also been proposed that T-reg induce the expression of the tryptophan-catabolizing enzyme 

indoleamine 2,3-dioxygenase (IDO) in DCs which, in turn, regulates T-cell proliferation and 

survival (163-165). The expression of the CTLA-4 ligands has been described to be up-regulated 

on activated T-cells, providing the means for T-reg engagement and delivery of inhibitory signals 

through CTLA-4 (166, 167). Deficiency of CD80/CD86 expression on effector T-cells has been 

reported to confer resistance to T-reg suppression with adoptive transfer of these cells into mice 

resulting in immune dysregulation that culminates in lethal wasting disease (166). Interestingly, 

lentiviral reconstitution of B7 ligand expression rendered the previously resistant cells 

susceptible to T-reg regulatory functions (166). However, there is controversy as to whether or 

not CTLA-4 is essential for T-reg function (168). In mice, germline CTLA-4 deficiency is fatal in the 

first month of life due to the development of lymphoproliferative disorders and multi-organ 

tissue damage (169, 170). Moreover, CTLA-4 has been identified as a susceptibility gene for the 

development of autoimmune diseases (171).  Multiple studies have suggested a role for CTLA-4 

in T-reg mediated suppression with blockade of CTLA-4 co-stimulatory activity resulting in 

abrogation of T-reg control of intestinal inflammation in vivo and loss of suppression of T-conv 

proliferation in vitro (149, 150, 172-174). In addition, Wing et al. showed that T-reg-specific 

CTLA-4 deficiency in mice correlates with impaired T-reg suppression manifested as disrupted 

immune homeostasis characterized by hyper-proliferative lymphocytes, lethal autoimmune 

disease and enhanced anti-tumour immunity (162). Nevertheless, CTLA-4- T-reg do ameliorate 

disease in colitis and EAE models, suggesting that other suppressive mechanisms compensate in 
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the absence of the CTLA-4 pathway (174, 175). Despite the controversy, high CTLA-4 expression 

levels have been reported to be useful for the identification of T-reg subsets with higher 

suppressive abilities both in mouse and in human (176, 177). 

The surface receptor PD-1 and its ligands PD-L1 and programmed death ligand-2 (PD-L2) 

represent an important inhibitory co-stimulatory pathway in the regulation of the balance 

between T-cell activation, tolerance and immune-mediated tissue damage (178, 179). In the 

thymus, PD-1 is expressed by immature CD4-CD8- lymphocytes during TCRβ rearrangement and 

its expression is activation-induced in peripheral T-cells, monocytes, NKT cells, B-cells and DCs 

by antigen receptor signalling and cytokines (180-183). Resting, freshly isolated T-reg display low 

surface expression levels of PD-1 but high retention of the receptor in intracellular 

compartments that gets translocated to the surface upon TCR stimulation (184). The ligands for 

this receptor are expressed by a multitude of cell types with PD-L2 being primarily expressed by 

APCs while PD-L1 is expressed by a variety of immune and non-immune cell types. Constitutive 

expression of PD-L1 is detected on B- and T-cells, macrophages, mesenchymal stem cells and 

DCs and is increased upon activation of these cells and under inflammatory conditions. 

Non-hematopoietic tissues that express PD-L1 include endothelial, epithelial and neural cells 

(185, 186). The PD-L1: PD-1 pathway represents one of the mechanisms by which T-reg suppress 

effector T-cells. Upon TCR signalling, PD-1 co-stimulation results in inhibition of T-cell 

proliferation, survival, cytokine production and cytolytic function (187). Engagement of PD-1 on 

T-cells has also been described to prevent the expression of the anti-apoptotic protein B-cell 

lymphoma extra large (bcl-xL) and of the transcription factors GATA binding protein 3 (GATA-3), 

T-box expressed in T-cells (T-bet) and eomesodermin (Eomes), which are associated with T-cell 

effector functions, thus preventing T-cell survival and differentiation into effector phenotypes 

(188, 189). The PD-L1: PD-1 pathway is believed to promote T-reg differentiation, maintenance 

and function. Francisco et al. reported that PD-1 engagement on naïve T-cells, in the presence 

of anti-CD3 and TGF-β, significantly enhances their conversion into functional T-reg in vitro, 

through the attenuation of protein kinase B (Akt)-mTOR and increased phosphatase and tensin 

homolog (PTEN) activity. Moreover, their results support an important role of PD-L1 not only in 

the induction but also in the maintenance of FoxP3 expression both in vitro and in vivo (60). 

Multiple studies support an important role of PD-1 expression for T-reg function since the 

suppressive abilities of T-reg have been shown to be impaired both in vitro and in vivo when 

these cells lack PD-1 expression or when blocking antibodies are used to mask its presence (190-

194). In a model of murine ischemia-reperfusion injury (IRI), it was shown that pre-coating of 
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T-reg with anti-PD-1 blocking antibody prior to adoptive transfer abrogates T-reg protective 

effects (192). The PD-L1: PD-1 pathway has been show to play an important role in T-reg 

suppression of anti-tumour cytotoxic T-cell responses which could be overcome by anti-PD-L1 

monoclonal antibody treatment in a murine model of acute myeloid leukaemia (AML) (191).  

Neuropilin-1 has been described to be preferentially expressed by T-reg and to promote 

prolonged interactions of these cells with DCs.  It has been proposed to be involved in T-reg 

suppression since blockade of this receptor under co-culture conditions with limited antigen 

resulted in decreased T-reg mediated inhibition of responder T-cell proliferation (195). 

Another surface molecule with a potential role in mediating T-reg suppressive functions is the 

lymphocyte activation gene-3 (LAG-3), a CD4 homolog which has high affinity for MHC-II 

molecules (196, 197). Engagement of LAG-3 and MHC-II on immature DCS has been described 

to regulate antigen presentation by preventing maturation and co-stimulatory activity (197). 

Moreover LAG-3 deficiency has been associated with impaired T-reg function while ectopic 

expression of this molecule has been described to induce a suppressive phenotype on CD4+ 

T-cells (196). 

Helios (Ikaros family zinc-finger protein 2 [IKZF2]) is a T-cell restricted member of the Ikaros 

transcription factor family, expressed by the T-cell lineage during early stages of development 

(198-201). In addition, multiple microarray comparisons have described selective Helios 

expression by T-reg when compared to T-conv, with Helios representing a potential target for 

FoxP3 (59, 139, 202). There is no consensus as to whether or not Helios is a specific marker for 

discrete T-reg subsets with some studies supporting its expression to be exclusive to 

thymus-derived T-reg, whereas others report Helios to be expressed both in nT-reg and in iT-reg 

(203, 204). In regard to T-reg function, Helios has been shown to regulate epigenetic silencing 

of IL-2 gene transcription while maintaining the characteristic T-reg anergic phenotype. 

Moreover, loss of Helios expression was accompanied by partial loss of T-reg suppressive 

functions (205). Although the mechanism is still unclear, reduced numbers of Helios+ T-reg have 

been associated with the development of autoimmune diseases including myasthenia gravis and 

type I diabetes mellitus (T1D), suggesting that Helios expression by T-reg may be important for 

immune homeostasis (206, 207). Recently, Takatori et al. reported that in vitro-induced Helios+ 

T-reg show higher expression levels of GITR, glycoprotein A repetitions predominant (GARP) and 

CD103 and lower levels of CD39 and CD73. In addition, the Helios+ subset was more suppressive 
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than Helios- T-reg in a FoxP3-dependent manner indicating a potential role of Helios in 

enhancing iT-reg function (208). 

Regulatory T-cells may also exert suppression by inducing immune cell apoptosis through the 

expression of the cytolytic molecules granzyme (A in humans and B in mouse) and perforin (209-

212). Perforin-mediated apoptosis occurs through osmotic lysis resulting from the insertion of 

these molecules into the target cell membrane, forming pores through which small ions and 

solutes can diffuse and lead to the disruption of normal cellular gradients (213). Granzyme B is 

a serine protease that can pass through the perforin-formed pores and activate substrates, 

ultimately leading to DNA fragmentation and apoptotic cell death (213). Expression of granzyme 

B is absent on naïve T-reg but has been found to be induced on activated T-reg (209, 210). 

Moreover, Cao et al. described a correlation between the expression of these cytolytic 

molecules and T-reg suppression of tumour clearance in vivo, with prevention of tumour growth 

by granzyme B deficiency (211). The induction of immune cell apoptosis may also be mediated 

through T-reg expression of galectin-1 which has been described to induce cell anergy and to 

inhibit the production of pro-inflammatory cytokines on responder T-cells. Furthermore, it was 

found that blocking of galectin-1 activities or deficiency in its expression results in impaired T-reg 

function, demonstrating a role for this β-galactoside binding protein in T-reg function (214). 

Another interesting T-reg suppressive mechanism is the modulation of cAMP levels in the target 

cells either by direct delivery of cAMP via gap junctions (215) or indirectly, by the local 

generation of extracellular adenosine (56, 57). Extracellular adenosine constitutes a negative 

regulator with immunosuppressive properties and its production from adenosine triphosphate 

(ATP) dephosphorylation is catalysed by CD39 and CD73 (216). CD39 is an ectonucleoside 

triphosphate diphosphohydrolase that sequentially converts extracellular ATP to adenosine 

monophosphate (AMP), which is further converted to adenosine by CD73 (membrane-bound 

ecto-5’-nucleotidase). The resulting adenosine exerts its immunosuppressive properties by 

engaging type 1 purinergic (adenosine) receptors, such as A2A-adenosine receptor (A2AR), which 

are expressed by most immune cells (216, 217). Regulatory T-cells have been found to express 

high levels of these enzymes with the adenosine production leading to suppression of responder 

T-cell proliferation, cytotoxicity and cytokine secretion (56, 57, 218). Abrogation of enzymatic 

activity or adenosine ligation to its receptor have been shown to impair T-reg suppressive 

abilities in vivo and in vitro, attesting to the importance of this mechanism for T-reg regulatory 

functions (56, 57, 192). Extracellular adenosine stimulation of APCs has been associated with 

the acquisition of a suppressive phenotype by both macrophages and DCs.  Adenosine effects 
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result in decreased IL-12 and tumour necrosis factor alpha (TNF-α) secretion and enhanced IL-10 

production by macrophages, whereas it inhibits DC maturation and pro-inflammatory cytokine 

secretion as well as DC-mediated Th1-differentiation. A2AR activation is also associated with 

decreased NK cell cytotoxicity and modulation of type I NKT cell activity by promoting IL-4 and 

TGF-β production by these cells while inhibiting INF-γ (217). Moreover, adenosine has also been 

shown to promote T-reg differentiation and enhance T-reg inhibitory abilities (216, 219, 220).  

The secretion of the inhibitory cytokines IL-10, TGF-β and IL-35 has been identified as a crucial 

contribution to T-reg suppression in vivo (140, 142, 143). The cytokine IL-10, while not required 

for systemic tolerance, has been found to be particularly important for the maintenance of 

mucosal homeostasis. For example, deficiency of IL-10 renders T-reg incapable of inhibiting the 

development of experimental colitis (221-224). However, the requirement for IL-10 for T-reg 

mediated suppression is restricted to colitis driven by antigen-experienced T-cells and not 

essential for T-reg control of colitis mediated by naïve T-cells (225, 226). In addition, the IL-10 

locus has been identified as a susceptibility locus for the development of ulcerative colitis in 

humans and mutations to the IL-10 receptor have been shown to correlate with early onset 

inflammatory bowel disease (IBD) (227, 228). In the inflamed skin, T-reg control of IFN-γ 

production by effector Th1 cells required IL-10 secretion while being dispensable for this same 

regulatory function in the lymph nodes (229). Moreover, T-reg modulation of inflammation in 

allergy and asthma models has been suggested to be, at least in part, dependent on IL-10 

production either by the T-reg or by other cell types which are induced by T-reg to secrete IL-10 

(223, 230-232). Furthermore, IL-10 producing T-reg have been reported to play an important 

role in inhibiting anti-tumour immunity (233, 234). 

Lymphocyte homeostasis is greatly dependent on TGF-β as mice deficient in TGF-β expression 

or responsiveness develop multi-organ immune pathologies (235). Regulatory T-cells express 

TGF-β either as the active soluble form or as a membrane-bound latent complex, which, when 

blocked, has been shown to partially abrogate in vitro suppression of effector T-cell proliferation 

by both human and murine T-reg (236-238). In several studies, T-reg expression of TGF-β, or 

induction of the expression by other immune cell-types, has been shown to be necessary for the 

prevention of disease in colitis models (172, 239-241). Moreover, effector cells unresponsive to 

TGF-β were shown to escape immune regulation, also in the colitis model (242, 243). An 

interesting finding by Jonuleit et al. was that suppressive cells generated by infectious tolerance 

(T-reg mediated conversion of conventional T-cells into T-reg) displayed effector functions 

involving TGF-β (244). A few years later, a study by Andersson et al. showed that T-reg infectious 
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tolerance was mediated by surface expression of membrane-bound TGF-β (245). Furthermore, 

some studies have also associated T-reg production of TGF-β with the suppression of 

anti-tumour immune responses in different cancers namely head and neck squamous cell 

carcinoma, follicular lymphoma and lung cancer (246-248). 

The most recently described inhibitory cytokine is IL-35, which is preferentially expressed by 

murine T-reg and is up-regulated during active suppression while being absent in effector T-cells 

(97, 249). It is a heterodimeric cytokine composed of IL-27 β-chain paired with IL-12 α-chain 

(249). Deficiency in any of the components of the IL-35 heterodimer resulted in impaired 

suppressive functions both in vitro and in vivo, suggesting an important role of this cytokine for 

T-reg function. Moreover, induced IL-35 expression conferred suppressive abilities on naïve 

T-cells and recombinant IL-35 was sufficient for inhibition of T-cell proliferation in vitro (249). In 

addition, IL-35 has been used to induce suppressive cells which suppress via IL-35 and are 

functional and stable in vivo (250). Furthermore, it has also been reported that T-reg induce the 

generation of IL-35-producing suppressive cells, both in vitro and in vivo, under inflammatory 

conditions. In this study, IL-35-producing cells were involved in the inhibition of anti-tumour 

immunity (250). 

Competition for growth factors as also been implicated as a mechanism for T-reg suppression. 

The constitutive high expression levels of CD25 on T-reg has been suggested to provide them 

with an advantage for the consumption of IL-2 (251, 252).  However, such competition does not 

seem to be essential for suppression since T-reg are able to suppress IL-2R-deficient T cells and 

remain suppressive in the presence of excess exogenous IL-2 (253-255). In a study by Pandiyan 

et al. it was demonstrated that T-reg mediated competition for growth factors results in effector 

cell apoptosis. The observed cytokine deprivation-induced apoptosis was described to be 

BIM-dependent (256). However, others studies suggest that T-conv deprivation of IL-2 by T-reg 

occurs as a result of transcriptional down-regulation in the target T-cells rather than a 

competitive mechanism (255, 257-259).  

Recently, murine T-reg have also been shown to mediate regulatory effects through the 

secretion of exosomes (260, 261). These T-reg-derived extracellular vesicles were shown to have 

immunomodulatory properties which were attributed to the presence of CD73 in one study and 

to Let-7d micro ribonucleic acid (miRNA) in another (260, 261).  

The degree and mechanisms of T-reg suppression are influenced by the anatomical location, the 

environmental cytokine milieu, antigen load and target cell number and activation status (140, 
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143). Moreover, the diverse arsenal of suppressive strategies and differential requirements for 

suppression in different anatomical sites and pathological settings supports a model where 

multiple, distinct mechanisms are required for optimal T-reg function and that individual T-reg 

subsets, which are equipped with different suppressive mechanisms, may be specialized to 

suppress particular immune responses (142, 262, 263). This project focused on evaluating the 

relevance of the surface expression of certain carbohydrate structures for T-reg-mediated 

suppressive functions. 
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1.1.5. REGULATORY T-CELL REGENERATIVE PROPERTIES 

Recently, a novel function has been attributed to tissue-resident T-reg in the protection of tissue 

integrity not only by suppressing inflammation-driven immune-mediated collateral damage but 

also by promoting tissue repair through the regulation of non-immune cells (264). For example, 

visceral adipose tissue-resident T-reg have been suggested to play a role in preventing the 

development of insulin resistance through an IL-10-mediated modulation of the production of 

pro-inflammatory molecules by adipocytes (265). Similarly, skeletal muscle T-reg have been 

described to be distinct from those found at other anatomical sites and to be involved in muscle 

regeneration. Regulatory T-cell influence on the regenerative process has been found to be due 

to a direct impact on muscle satellite cells in addition to the modulation of macrophage 

phenotype (by promoting M2 over M1 responses). The mediator of these T-reg influences over 

muscle satellite cells has been identified as amphiregulin (266-268). The production of 

amphiregulin by T-reg has also been proposed to play a role in the repair of mucosal tissues in 

the colon and lung (268, 269). This recent evidence indicates T-reg biological relevance extends 

beyond that of regulating immune system activity and identifies T-reg regenerative functions as 

an exciting avenue for future research. 
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1.1.6. REGULATORY T-CELL BIOLOGICAL RELEVANCE AND CLINICAL APPLICATIONS 

Regulatory T-cells play an indisputably crucial role in maintaining immune homeostasis by 

controlling immune responses not only to self-antigens but also to environmental antigens, 

microbial constituents and allo-antigens. Their multiple specialized suppressive functions confer 

T-reg with the ability to prevent autoimmunity, allergy, and excessive immune response to 

infection and, in some settings, to induce tolerance to foreign transplanted tissues (18, 23, 54, 

270-272). However, in certain circumstances, T-reg activities can have deleterious effects by 

interfering with the immunological clearance of pathogens or tumours (22, 273-276). The pivotal 

role of T-reg in maintaining tolerance and immune homeostasis has led to a quest for the 

development of T-reg-directed therapeutic strategies – based either on the expansion of 

functional T-reg ex vivo or on the promotion of T-reg development and proliferation in vivo (3, 

54, 277). 

 

1.1.6.1. REGULATORY T-CELL FOR CELL-BASED THERAPY 

There are several different proposed approaches for T-reg-based therapy (277). These include 

the infusion of high numbers of ex vivo-expanded autologous nT-reg; the administration of ex 

vivo-generated antigen-specific autologous iT-reg; the infusion of high numbers of 

ex vivo-expanded third-party nT-reg isolated from cryopreserved cord blood; the site-specific 

administration of autologous T-reg. This section summarizes the current state of production of 

T-reg for immunotherapy and its potential application to several important disease areas. 

 

1.1.6.1.1. REGULATORY T-CELL IDENTIFICATION, ISOLATION AND EXPANSION 

Despite the dramatic advancements in the T-reg field described in the previous sections, certain 

factors have served as obstacles to the development of highly effective T-reg-based therapies. 

These have included:   (a) the absence of markers to clearly distinguish nT-reg from iT-reg, (b) the 

considerable overlap of surface marker expression between T-reg and activated T-conv, (c) the 

fact that the most specific T-reg marker is the intra-cellularly expressed transcription factor 

FoxP3 and (d) the inherent resistance of T-reg to conventional in vitro stimulation conditions 

(54, 277). Thus, existing protocols for the isolation of human T-reg for therapeutic applications 

are still far from ideal. The methods employed for T-reg purification are variable, including 

magnetic bead-based cell enrichment techniques and fluorescence-activated cell sorting (FACS) 
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approaches. Although magnetic cell sorting (MACS) devices are approved for clinical applications 

in Europe and have validated protocols in place, the purity of the T-reg population obtained by 

this method is not optimal due to the non-T-reg restricted expression of CD25 (54, 277). 

Nonetheless, data from clinical trials using nT-reg isolated by MACS have shown promising 

results in preventing GVHD (278, 279). The purification of highly pure T-reg populations, 

characterized by the combined expression levels of CD4, CD25 and CD127 as well as other 

markers, can be achieved by FACS. However, unlike the MACS method, FACS-based purification 

has not yet been approved by most European regulatory authorities for cellular product 

manufacturing (54, 277). This relates to the challenge of developing FACS systems that comply 

with good manufacturing practices (GMP). Currently, new GMP-compatible FACS-based systems 

are being created and approval for FACS purification has already been achieved by research 

groups in Poland and the United States (277). 

A critical challenge for adoptive T-reg therapy is the ex vivo expansion of the relatively low 

numbers of T-reg that can be purified from the peripheral blood of patients (54, 277). Even 

though it has been demonstrated that T-reg expansion can be achieved by stimulation with 

anti-CD3/anti-CD28 beads and IL-2 supplementation, this strategy also leads to the robust 

proliferation of any contaminating T-conv (50, 54, 280). Supplementation of the cultures with 

the mTOR inhibitor sirolimus has been suggested as a method to overcome unwanted T-conv 

expansion and is currently being tested in clinical trials (54). This is based on experimental 

evidence demonstrating that sirolimus inhibits T-conv proliferation while preferentially 

promoting T-reg survival and expansion and preserving the stability and function of these cells 

both in vitro and in vivo (101, 281-287). Other molecules under investigation for improved T-reg 

expansion and stability are the all-trans-retinoic acid and vitamin D (54).  

There has also been significant interest in the development of strategies for the ex vivo 

generation and expansion of antigen-specific iT-reg for therapeutic applications (54, 277). The 

first iT-reg clinical product was generated, in the setting of transplantation, by incubation of 

donor peripheral blood mononuclear cells (PBMCs) with recipient PBMCs that had been 

irradiated and depleted of T-cells, in the presence of IL-10 for 10 days (288). A different approach 

described for iT-reg ex vivo generation involved culture of MACS-purified human CD4+ T-cells 

with tolerogenic DCs (known as DC-10) which were generated from circulating monocytes in the 

presence of granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-4 and IL-10 (289). 

Recently, a donor-specific iT-reg product has been developed for allogeneic kidney 

transplantation therapy in which recipient CD4+ T-cells were incubated with DC-10 generated 
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from living kidney donors (290). Moreover, a clinical trial (NCT02188719) at University of 

California is currently testing the use of selectively expanded allo-antigen-reactive T-reg for 

transplantation therapy in which the T-reg are obtained by stimulation with CD40 ligand 

(CD40L)-activated allogeneic B-cells (54, 291). 

Even though initial clinical trials demonstrate a clear potential benefit for the therapeutic 

application of T-reg in multiple clinical settings (described in more detail in the sections below), 

T-reg-based therapy still faces obstacles at each step from isolation to commercialization of the 

product which will need to be addressed for this field to reach its full potential (summarized in 

Table 1.1) (277). Given the current need for identification of further surface-expressed molecules 

that enable the distinction of T-reg from T-conv and the identification and isolation of T-reg 

subsets with relevant suppressive abilities, the value of the expression profile of carbohydrate 

structures for these purposes was evaluated in this thesis.
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Table 1.1 – Obstacles that need to be overcome for the wide-spread clinical implementation of T-reg based therapy. Adapted from (277). 
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1.1.6.1.2. AUTOIMMUNINITY  

The physiological maintenance of immune tolerance and prevention of self-targeted immune 

reactivity relies on the presence of appropriate numbers of fully functional T-reg that inhibit the 

development of autoimmunity while still allowing the beneficial protective roles of other 

immune cells against foreign antigens (8, 14, 257, 258). Therefore, environmental insults and/or 

genetic abnormalities which perturb T-reg development, survival or effector functions play a 

causal role in the pathogenesis of autoimmune diseases (23, 270, 292). Moreover, self-tolerance 

can also be impaired by deficiency or altered functions of co-stimulatory or accessory molecules 

(as CTLA-4 and GITR) and of cytokines (such as IL-2) due to detrimental effects on the T-reg 

compartment (23). In fact, genetic polymorphisms of the loci encoding certain of these 

molecules have been associated with risk of autoimmunity both in humans and rodents (171, 

293-298). In addition, impaired expression of IL-2 and its receptors have also been identified as 

a cause for defective T-reg function in patients with autoimmune diseases such as systemic lupus 

erythematosus (SLE), T1D and rheumatoid arthritis (RA) (299-303). In patients with RA and 

multiple sclerosis (MS), even though T-reg numbers have been found to be normal, the 

suppressive functions of these cells were shown to be significantly impaired (304-307). 

The evident association between T-reg dysregulation and the development of autoimmune 

diseases led to an interest in developing therapies for autoimmunity which specifically target 

the ablation of the detrimental effector T-cells while not affecting or even inducing T-reg 

populations. Initially, such therapies were developed in the form of polyclonal antibody 

preparations which, when administered, showed efficacy in preventing or ameliorating disease 

in multiple cases of autoimmunity (308-310). Despite their potential, there were unwanted side 

effects associated with these preparations highlighting the need for therapies which more 

selectively target pathogenic T-cell subsets. For example, treatment with humanized anti-CD3 

monoclonal antibody (mAb) has been shown to selectively abrogate the effector populations 

while sparing nT-reg and inducing iT-reg development (311-313). Moreover, treatment of 

human T1D patients with anti-CD3 mAb led to a slowing of disease progression (314). Another 

strategy that has been extensively investigated is the administration of a soluble form of CTLA-4 

joined to an Ig Fc tail (CTLA-4Ig). This recombinant fusion protein has been shown to act by 

inhibiting T-cell activation and by promoting T-cell apoptosis and anergy and has been approved 

for the treatment of RA (315, 316). However, most cell surface molecules are shared by T-reg 

and effector cells at some point of their development or activation and this greatly increases the 

potential for adverse effects of such agents (17). A similar problem is faced when considering 
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modulation of the cytokine milieu since many cytokines (e.g. IL-2, IL-10, IL-6 and TGF-β) have 

pleiotropic effects that influence multiple cell types (17). Nevertheless, a successful example is 

neutralization of TNF-α which has shown efficacy for the treatment of RA and Crohn’s disease 

and has been found to promote T-reg generation in some in vivo settings (317-319). However, 

the effects of TNF-α blockade can vary. For example, anti-TNF mAbs have been shown to 

enhance the disease severity in MS patients (320). The potential use of ex vivo differentiated 

tolerogenic DCs for iTreg induction in vivo has also been tested. Clinical trial reports to date 

support the safety of this strategy in humans but have, thus far, not provided evidence of 

clinically-relevant T-reg immunomodulation (321). 

The critical limitation of strategies which aim to promote the expansion and function of T-reg in 

vivo is that most co-stimulatory and cytokine signalling pathways are shared by both the 

regulatory and effector T-cell subsets. This represents an inherent risk of inadvertently boosting 

the immune response one was trying to control in the first place (17, 322). 

As mentioned above, the most appealing therapeutic strategy would be the adoptive transfer 

of ex vivo expanded nT-reg or antigen-specific iT-reg. The latter have been shown to prevent the 

development of autoimmune diseases in mouse models of asthma (125), lupus (323), T1D (324, 

325), gastritis (326), colitis (327) and EAE (328). Beyond their preventive role, iT-reg have been 

demonstrated to have beneficial effects for the treatment of on-going pathologies such as lupus 

(323, 329), EAE (328), T1D (324, 330, 331) and gastritis (332). Nonetheless, there is still the need 

for extensive testing of the potential of T-reg adoptive transfer for the treatment of human 

autoimmune disease. Some promising results have been reported for T1D treatment by 

Marek-Trzonkowska et al. in human studies that observed increased T-reg frequencies and 

preservation of pancreatic β-cell function upon administration of donor-derived ex vivo 

expanded CD4+CD25highCD127low T-reg to recently-diagnosed children (333, 334). Another phase 

I clinical trial in T1D adult patients also supported the safety of infusion of ex vivo-expanded 

autologous T-reg (335). Additionally, ex vivo-induced antigen-specific iT-reg administration to 

refractory Crohn’s disease patients was shown to be well tolerated and to have a 

dose-dependent efficacy with 40% of the enrolled individuals showing clinical responses (336). 
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1.1.6.1.3. TRANSPLANTATION TOLERANCE  

The immunomodulatory functions of T-reg can also be exploited for the control of immune 

responses to foreign antigens (allo-antigens) which are introduced when transplantation of 

allogeneic organs, tissues or cells is performed (18). The main challenge in organ transplantation 

is the development of strategies to achieve graft tolerance that resembles that of natural 

self-tolerance without the requirement for immunosuppressive drugs. Thus, T-reg represent a 

highly promising candidate to be used in therapeutic protocols which aim at achieving long-term 

graft survival while abolishing the toxicity associated with life-long immunosuppression (54). In 

fact, adoptive transfer of ex vivo-expanded human nT-reg has been shown to prevent transplant 

rejection in humanized mouse models (337-340). In humans, several clinical trials are currently 

underway to evaluate the value and safety of T-reg adoptive transfer in kidney and liver 

transplant recipients (54, 277). Observations from one clinical trial in which liver transplant 

recipients were infused with allo-antigen-specific iT-reg demonstrated not only the safety of the 

therapeutic strategy but also that it resulted in independence from immunosuppressive drugs 

in 6 of the 10 patients (54). 

 

1.1.6.1.4. GRAFT-VS-HOST DISEASE  

A different issue arises in the case of bone marrow and hematopoietic disorders, for which some 

patients may require allogeneic hematopoietic stem cell transplantation (HSCT). In this case, the 

allogeneic donor T-cells have the ability not only to target the malignant cells of the recipient as 

desired but also to attack the healthy recipient tissues, leading to the development of GVHD 

(277). Given their diverse immunoregulatory properties, T-reg adoptive transfer has been 

considered as a potential therapeutic strategy for the prevention and/or modulation of GVHD 

(341-343). Pre-clinical experimentation in mice has provided evidence that adoptive transfer of 

ex vivo-expanded T-reg, particularly recipient-specific T-reg, effectively prevents GVHD (344-

347). In humans, phase I clinical trials have provided encouraging results regarding the safety of 

T-reg therapy and have also reported observations of beneficial effects in ameliorating the 

symptoms and incidence of GVHD (278, 279, 288, 342, 348-350). Although some complications 

(increased incidence of infection and tumour development) were observed in two of these 

studies this was not definitively attributed to the T-reg therapy itself since immunosuppressive 

drugs were also administered (350, 351).  
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1.1.6.2. OTHER AREAS OF BIOLOGICAL AND CLINICAL INTEREST 

1.1.6.2.1. ALLERGY 

The failure of T-reg to inhibit aberrant immune responses to otherwise innocuous 

environmental antigens (allergens) is thought to be one of the causes of allergic disorders. These 

inflammatory disorders are characterized by a Th2-mediated T-cell response which promotes 

the production of allergen-specific IgE antibodies that activate mast cells and basophils leading 

to their degranulation and secretion of inflammatory mediators (271). Studies in animal models 

have provided evidence that, while T-reg may prevent the induction of Th2-type immune 

responses, they are ineffective in the clearance of inflammation once allergen-specific effectors 

have been activated (271). Similar conclusions have been drawn from human studies in which 

T-reg from allergic individuals exhibited weak inhibition of allergen responses in vitro (271). 

Cytokine expression is believed to play an important role in T-reg protection against allergy. 

Adoptive transfer of IL-10-producing iT-reg or of CD4+ T-cells engineered to overexpress IL-10 or 

TGF-β has been shown to control Th2-mediated inflammatory responses in mice (352-354). In 

humans, the presence of IL-10 in the lung was shown to inversely correlate with the 

development and progression of asthma as well as with the reactivity to allergen in the skin prick 

test (355-357). Moreover, when compared to healthy individuals, peripheral blood cells from 

allergic patients displayed lower levels of IL-10 secretion upon in vitro allergen stimulation (358). 

Therapies involving repeated exposure of mice to allergens have provided evidence of induced 

tolerance by promotion of the differentiation of IL-10- and TGF-β-producing T-reg (359-362). In 

humans, allergen immunotherapy was reported to induce IL-10 production by T-cells. When 

placed in culture, the inhibitory properties of immunotherapy-induced T-cells were prevented 

by addition of anti-IL-10 blocking antibodies (363, 364). Therefore, there is an interest in the 

development of combinatorial immunotherapies with the ability to induce tolerance by 

promotion of the development of antigen-specific T-reg subsets that express IL-10 and/or TGF-β 

and control excessive immune responses to allergens (271). A possibility could be the use of 

allergens combined with glucocorticoids and the active form of vitamin D3, which would result 

in the induction of tolerogenic DC phenotypes that in turn would promote the generation of 

IL-10 producing T-reg (365-367). As referred to previously for autoimmunity treatment, adoptive 

transfer of ex vivo expanded allergen-specific iT-reg also represents a potentially beneficial 

therapy for allergic inflammatory disorders (368). 
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1.1.6.2.2. STERILE INFLAMMATION 

Sterile inflammation is locally triggered by innate immune cells (in particular macrophages) in 

response to tissue injury in the absence of infectious pathogens (369). The inflammatory 

response that arises under sterile conditions is important for the induction of tissue repair but 

also serves to prevent the occurrence of infection in the susceptible damaged tissue (369). A 

role has been identified for T-reg in tissue repair under sterile inflammation conditions. In 

particular, experiments in mouse models of IRI to the kidney suggest that T-reg promote repair. 

However, there is some controversy as regards the precise mechanisms involved with some 

researchers maintaining that the protection is due to modulation of the activities of the innate 

immunity whereas others contend that it represents the inhibition of effector T-cell populations 

(370, 371). Nevertheless, although different mechanisms have been identified, the studies 

reported to date consistently demonstrate that T-reg ablation following kidney injury results in 

enhanced kidney damage and compromised survival of the mice (370, 371). In contrast, adoptive 

transfer of T-reg either before or after renal IRI was shown to have protective effects with 

preservation of kidney function and/or improved recovery of the mice (371, 372). Moreover, 

while it remains somewhat controversial, T-reg have also been found to have an important 

protective role in preventing brain damage following ischemic brain injury (stroke) by 

modulating the inflammatory responses (373, 374). These studies suggest that T-reg-based cell 

therapy could be potentially beneficial in disease characterised by excessive or harmful sterile 

inflammation. 

 

1.1.6.2.3. CANCER 

Regulatory T-cells have been implicated in the development and progression of cancer. As 

neoplastic tumours originate from previously normal tissues, many cancer-associated 

(“tumour-specific”) antigens are recognized by T-reg as being self-antigens against which no 

immune response should be mounted (375, 376). In fact, T-reg frequencies have been shown to 

be increased in multiple cancers such as gastric, pancreatic, breast, colorectal and lung 

carcinomas among others (377-383). Moreover, T-reg abundance has been described to directly 

correlate with breast cancer severity, recurrence and progression as well as with survival rates 

in glioblastoma (384, 385). Furthermore, T-reg depletion prior to tumour challenge in mice 

results in the development of effective anti-tumour immune responses which do not occur when 
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T-reg are present (386-389). For example, Pastille et al. have reported elevated numbers of 

activated suppressive T-reg both in the peripheral blood of colon cancer patients and in the 

mouse model of colitis-associated colon cancer (390). In the mouse model, transient depletion 

of T-reg during tumour development resulted in enhanced numbers of effector CD8+ T-cells and 

inhibition of tumour progression (390). Tumours have been reported to evade immune 

surveillance by recruiting nT-reg with specificity for the tissue of origin.  This recruitment of 

nT-reg has been suggested to be mediated through the production of multiple chemokines by 

tumour cells and other cells resident in the tumour microenvironment (276, 391, 392). 

Moreover, generation of iT-reg from the infiltrating T-cell populations may be promoted in the 

tumour microenvironment by the secretion of particular cytokines such as TGF-β and other 

soluble factors (like IDO) as well as by infectious tolerance (276).  

Enhanced anti-tumour immunity has been observed when tumour-mediated activation of T-reg 

was prevented by blocking amphiregulin signalling with Gefitinib (393). Treatment of 

tumour-infiltrating T-reg with agonists for GITR and/or blocking antibodies to CTLA-4 has also 

been shown to reduce T-reg numbers and inhibitory properties and to promote effector T-cell 

function ex vivo and in vivo (394-399). In humans, treatment of some cancers with daclizumab 

(anti-CD25) and denileukin diftitox (ONTAK, a fusion protein of diphtheria toxin and recombinant 

human IL-2) have shown some efficacy through the reduction of T-reg numbers (400, 401). 

Cyclophosphamide, a drug used in many cancer chemotherapeutic regimens, is also known to 

cause decreased T-reg numbers and function (402-405). Treatment of renal cell cancer patients 

with a vaccination regimen that combined multiple tumour-associated peptides and 

cyclophosphamide resulted in enhanced anti-tumour immune responses accompanied by loss 

of T-reg numbers and overall improved survival (406). Another long-established and broadly 

effective modality of cancer treatment is irradiation. However, radiation therapy has been found 

to enhance T-reg abundance which may lead to tumour resistance to the treatment (407-409). 

Treatment of metastatic melanoma patients with CTLA-4 blocking agents (such as the mAb 

ipilimumab) in combination with conventional treatment approaches has been shown to have 

promising beneficial effects (410, 411). Nevertheless, it may be crucial to develop locally-acting 

T-reg targeting therapies in order to avoid systemic impairment of T-reg function due to their 

pivotal role in preventing autoimmunity and allergy. 
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1.1.6.2.4. INFECTION  

A recognized role of T-reg is the control of active immune responses mounted against infectious 

agents. In this case, immune regulation is paramount for the prevention of host tissue injury and 

consumption of metabolic energy due to uncontrolled, excessive immunity (272-274). However, 

in the context of infection, T-reg can also have deleterious effects by preventing the complete 

clearance of some pathogens ultimately leading to the development of persistent, chronic 

infections (272-274). In fact, many pathogens including Leishmania, mycobacteria, human 

immunodeficiency virus (HIV) and influenza virus have been described to modulate the host 

immune response by promoting TGF-β-mediated iT-reg generation (273, 274). In contrast, other 

infectious agents, such as Toxoplasma gondii, can inflict severe damage by ablating T-reg (273). 

Therefore, T-reg manipulation could be of benefit in the context of infection not only when T-reg 

inhibitory activities are in deficit and unable to prevent collateral damage of healthy tissues but 

also, when the regulatory activity is excessive and prevents immunological clearance of the 

pathogen (273, 274). 
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1.2. GLYCOIMMUNOLOGY 

For some time, molecular biology research has focused strongly on the study of the flow of 

biological information from DNA to ribonucleic acid (RNA) and from the RNA to proteins. This 

central paradigm enables researchers to manipulate one class of molecules based on the 

knowledge of others due to the template-based precision of this information flow. It also allows 

for the prediction of function and evolutionary relationships based on the patterns of sequence 

homology and relatedness (412). However, life as we know it would not exist in the presence of 

nucleic acids, proteins and lipids alone as another major class of molecule is also required for 

the viability of living organisms (412). These molecules, the carbohydrates, serve multiple 

purposes such as being intermediates for generating energy and acting as signalling effectors, 

recognition markers, and cellular structural components. Moreover, carbohydrates are essential 

to generate the enormous biological complexity necessary for the development, growth and 

function of organisms that would not be possible with nucleic acids and proteins alone (412, 

413). Glycosylation is defined as the covalent attachment of carbohydrate structures to a 

protein, lipid, carbohydrate or other organic compound, catalyzed by glycosyltransferases, using 

specific sugar donor substrates (414). However, as glycosylation is not template-driven, glycan 

biosynthesis cannot be predicted based on gene expression levels of the molecules involved in 

the glycosylation pathways, giving rise to an enormous structural diversity (412). In addition, 

glycosylation characteristics vary among species, among members of the same species and also 

among tissues, cell types and molecules within the same organism (415). Glycosylation is widely 

present in every organism. Cell surfaces, secreted molecules and extracellular matrices tend to 

be particularly rich in glycans and glycoconjugates. The carbohydrate moieties found on cell 

surfaces are typically attached to the proteins, lipids, proteoglycans and GPI-anchored proteins 

which compose or are associated with the membrane. Together, these glycans constitute a 

negatively charged and dynamic physical barrier known as glycocalyx (416). Therefore, due 

to the diversity found in glycosylation, analysis of the composition of the glycocalyx can be used 

to identify and distinguish between different cell types (417). Moreover, the glycan composition 

of mammalian cell glycocalyx is known to be dynamic, being subject to alterations at various 

developmental and differentiation stages as well as during physiological events such as cellular 

activation, migration and apoptosis (418-429). Furthermore, changes in glycosylation have been 

identified to occur in cancer and inflammation and to be associated with pathological cell 

phenotypes (415, 430, 431). These concepts of diversity in glycosylation represent the rationale 
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behind several of the experimental strategies employed in this thesis for which results are 

described in Chapters Three, Four and Five. 

This introductory section of the thesis will focus on the importance of carbohydrates as building 

blocks of life and on the glycosylation pathways that are responsible for their synthesis. It will 

also address some of the multiple roles that carbohydrates play in regulating immune responses 

and will summarise how abnormal T-cell glycan expression is implicated in disease. Finally, it will 

introduce the current knowledge on T-reg glycosylation. 
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1.2.1. CARBOHYDRATES – THE SWEET SIDE OF LIFE 

Carbohydrates are very abundant biomolecules comprising most of the organic matter on Earth 

and playing a range of essential roles in all forms of life. In particular, carbohydrates mediate 

interactions among cells and between cells and other elements in the microenvironment 

through being attached to many proteins and lipids (432). There are three major classes of 

carbohydrates according to their size: monosaccharides (which consist of a single polyhydroxy 

aldehyde or ketone unit containing from three to nine carbon atoms and varying in size and 

stereo-chemical configuration at one or more carbon centers), oligosaccharides (which consist 

of short chains of 2 to 20 monosaccharide units linked through glycosidic bonds), and 

polysaccharides (which are sugar polymers containing more than twenty or so monosaccharide 

units and can have up to hundreds or thousands of units) (432, 433). 

Although the chemistry and metabolism of carbohydrates were prominent matters of interest 

in the first part of the 20th century, these molecules were thought to lack any biological function 

other than being energy sources and structural components. This belief was due to the lack of 

appropriate tools for studying carbohydrates which is difficult given their inherent structural 

complexity and non-DNA template-based biosynthesis (412). With the development of many 

new technologies, glycobiology has finally emerged as a distinct field in health and life sciences 

research. Glycobiology is defined as the study of the structure, biosynthesis, biology, and 

evolution of saccharides (sugar chains or glycans) that are widely distributed in nature and of 

the proteins that recognize them (412).  

As we now know, carbohydrates have important biological roles that are essential for the 

assembly of complex multicellular organs and organisms. The localization of many glycans to the 

outer surface of cellular and secreted macromolecules confers upon them a privileged position 

to modulate or mediate a wide variety of events in cell–cell, cell–matrix, and cell–molecule 

interactions that are critical to the development and function of multicellular organisms (412). 

The unraveling of these saccharide structures, the discovery of their placement at specific sites 

within proteins and the determination of their function remain the fundamental challenges in 

the field of glycobiology (432). 
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1.2.2. MAMMALIAN GLYCOSYLATION PATHWAYS 

Glycans exist either in the free form or in covalent complexes with proteins (glycoproteins and 

proteoglycans) or lipids (glycolipids), known as glycoconjugates (Figure 1.3). The various types 

of glycoconjugates are determined by the identity of the carrier molecule and by the type of 

glycosidic linkage (430, 434). 

The biosynthesis of glycoproteins occurs in the endoplasmic reticulum (ER) and/or Golgi 

apparatus and encompasses the production of N-glycans, in which oligosaccharides are attached 

to asparagine (Asn) residues of nascent proteins; O-glycans in which oligosaccharides are 

attached to serine (Ser) or threonine (Thr) residues on many glycoproteins (but predominantly 

on secreted and membrane bound mucins); and glycosaminoglycans (or proteoglycans) in which 

the glycan structure is also attached to Ser or Thr but differs from O-glycans by consisting of 

linear molecules which are often sulfated (435-437). Lipid glycosylation is also common and 

results in the production of glycolipids, represented by glycoglycerolipids and glycosphingolipids 

(438). Other subtypes of glycoconjugates include glycosylphosphatidylinositol (GPI)-linked 

proteins, which are proteins that bear a glycan linked to phosphatidylinositol (439). An 

additional form of protein glycosylation (O-GlcNacylation) occurs in the cytoplasm and consists 

on the modification of Ser and Thr residues on cytoplasmic and nuclear proteins with 

N-acetylglucosamine (GlcNAc) (440). Protein O-GlcNAcylation is a short-lived highly regulated 

post-translational modification with multiple functions that has been shown to be necessary for 

the viability of mammalian cells (441-443). 
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Figure 1.3 – Glycosylation generates diverse structures which exist in covalent complexes with proteins 
or lipids, known as glycoconjugates. As depicted in the figure, these can be found intracellularly in 
cytoplasmic and nuclear proteins as well as extracellularly in membrane bound molecules or as 
constituents of extracellular matrixes. Reproduced with copyright clearance from (434). 

 

  



Chapter One 

 

 

38 

 

1.2.2.1. N-GLYCOSYLATION 

Among the various mechanisms of protein post-translational modification, glycosylation is 

considered to be one of the most prevalent. It has been predicted that more than half of all 

eukaryotic proteins are glycoproteins and that about 90% of these carry N-linked glycans (444). 

This high frequency of N-glycans in glycoproteins (that often cover a large fraction of the cell 

surface) makes N-glycosylation an extremely important post-translational modification in 

eukaryotic cells (445). 

N-glycosylation is a complex biosynthetic process that is shared by the ER and the Golgi 

apparatus. It consists of the attachment of oligosaccharides to Asn residues within the 

consensus sequence Asn-X-Ser/Thr where X stands for any amino acid other than proline (445-

448). The first stage of the N-glycosylation biosynthetic pathway in mammalian cells involves 

the assembly of a 14-oligosaccharide “core” unit (Figure 1.4). This core oligosaccharide has a 

clearly defined structure and is composed of a branched oligosaccharide unit made of three 

glucoses (Glc), nine mannoses (Man) and two GlcNAc (445, 446, 449, 450).  

 

 

Figure 1.4 – Structure and composition of the N-linked core oligosaccharide. As depicted in the figure, 
the core oligosaccharide has a common structure in all eukaryotes and is composed of a branched 
oligosaccharide unit made of three Glc, nine Man and two GlcNAc.  
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This core oligosaccharide structure is assembled in a membrane-bound dolichylpyrophosphate 

lipid precursor and results from the activity of monosaccharyltransferase enzymes that are 

located on both sides of the ER membrane (445, 449, 450). The synthesis of this core structure 

begins on the cytosolic surface of the ER membrane with the addition of two GlcNAc and five 

Man to the lipid carrier. The oligosaccharide is subsequently flipped to the luminal side of the 

membrane where the addition of the additional four Man and three Glc takes place (Figure 1.5) 

(445, 446, 451). 

When the nascent growing polypeptide chain arises from the translocon into the lumen of the 

ER, the oligosaccharyltransferase (OST) complex enzyme that is in association with the 

translocon complex catalyses the transfer of the core oligosaccharide to the side chain nitrogen 

of the Asn residues of a protein through an N-glycosidic bond (Figure 1.5) (445, 451, 452). The 

OST scans the emerging polypeptide for the consensus N-glycosylation sequence 

(Asn-X-Ser/Thr) and recognizes it in a specific conformation that is transiently achieved when 

the protein is emerging from the translocon (447, 448). The required conformation is 

characterized by the formation of a loop in the polypeptide chain so that the hydroxyl groups of 

Ser or Thr can interact with the Asn amide and render it more nucleophilic. The required 

formation of a loop stands as the reason why X (Asn-X-Ser/Thr) can be any amino acid other that 

proline as the presence of this amino acid prevents the formation of such loop (445, 446). 

 



Chapter One 

 

 

40 

 

 

 

Figure 1.5 – Assembly of the dolichylpyrophosphate lipid precursor for the initiation of N-glycan 
biosynthesis in the ER. The core oligosaccharide structure is assembled in a membrane-bound 
dolichylpyrophosphate (Dol-P) lipid precursor and results from the activity of monosaccharyltransferase 
enzymes that are located on both sides of the ER membrane, using nucleotide sugars (UDP-GlcNAc or 
GDP-Man) (upper part). Once on the ER lumen, elongation of the oligosaccharide involves lipids (Dol-P-
Man or Dol-P-Glc) instead of nucleotide sugars as donor substrates (lower part). When the nascent 
growing polypeptide chain arises from the translocon into the lumen of the ER, the 
oligosaccharyltransferase (OST) complex enzyme that is in association with the translocon complex 
catalyses the transfer of the core oligosaccharide to the side chain nitrogen of the Asn residues of a protein 
through an N-glycosidic bond.  Adapted from (453). 
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After the translocation to the lumen and the co-translocational modification with core 

oligosaccharide structures (Figure 1.6a), proteins initiate the process of co-translational folding 

with the assistance of ER glycan-binding proteins (446, 453). This process begins with the 

removal of the two outermost Glc residues from the core oligosaccharide structure by the 

activities of α-glucosidase I and II (Figure 1.4). The resulting monoglucosylated oligosaccharide 

is then recognized by the chaperones calnexin and/or calreticulin that compose the ER protein 

quality control system (Figure 1.6b) (445, 451, 454-456). These homologous ER lectins sequester 

the newly synthesized glycoprotein and, together with the oxidoreductase ERp57, act as 

molecular chaperones promoting correct folding, preventing aggregation of folding 

intermediates, blocking premature oligomerization, regulating ER degradation and providing 

quality control by preventing exit to the Golgi apparatus of incompletely folded glycoproteins 

(445, 451, 454-457). The calnexin/calreticulin chaperones dissociate from the properly folded 

glycoproteins when the remaining Glc at the core oligosaccharide is removed by α-glucosidase II. 

In contrast, if a protein is not folded correctly, it is recognized by the glucosyltransferase uridine 

diphosphate glucose: glycoprotein transferase (UGGT) which re-glucosylates the unfolded 

proteins, functioning as a folding sensor in the cycle (Figure 1.6c). The re-glucosylation of the 

glycoproteins leads to re-association with the lectins and the cycle is repeated until the protein 

achieves its proper folding (454, 458-460). If glycoproteins fail to fold or to oligomerize, they are 

retained in the ER and targeted for degradation by ERAD (ER-associated degradation) (Figure 

1.6d). This process encompasses three functionally distinct steps: the recognition of a 

glycoprotein as being misfolded, its retro-translocation to the cytoplasm, and the subsequent 

ubiquitin-dependent degradation by the proteasome (461-466). This is crucial for preventing the 

accumulation of unsalvageable, misfolded proteins that could be toxic to the cell (445, 457, 467). 
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Figure 1.6 – Glycoprotein biosynthesis and quality control in the ER. This figure depicts (a) the 
co-translational glycosylation of proteins as they emerge from the translocon into the ER lumen by 
oligosaccharyltransferase (OST); (b) the quality control for correct protein folding that is initialized by 
glycan trimming through Glc removal by the activities of α-glucosidase I (GIsI) and the α-glucosidase II α-β 
heterodimer (GIsIIα/β). The newly formed folding intermediates enter the ER quality control system by 
being recognized by the lectins calnexin or calreticulin which act in complex with ERp57 and assist the 
proteins to properly fold. Dissociation from the lectins occurs by removal of the last Glc residue from the 
core oligosaccharide. Additional folding assistance is mediated by the ATP-driven chaperone BiP. When 
correctly folded, glycoproteins are transported to the Golgi; (c) the re-entry of incompletely folded 
glycoproteins into the quality control cycle through re-glucosylation by the folding sensor 
UDP-Glc:glycoprotein glucosyltransferase (UGGT1); (d) the disposal of glycoproteins that fail to fold or to 
oligomerize, which are targeted for proteosomal degradation through consecutive mannose trimming by 
multiple enzymes [ER α-mannosidase I (ERManI), ER degradation enhancing α-mannosidase-like 1 
(EDEM1), EDEM2 and EDEM3]. Reproduced with copyright clearance from (457). 
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When correctly folded, a glycoprotein is no longer recognized by the UGGT and is allowed to 

leave the ER and move to the Golgi apparatus (445, 446, 453, 459). The transport of folded 

proteins to the Golgi is further promoted by removal of Man by the ER α-(1,2)-mannosidase I. 

The altered glycan structure in the protein results in binding by the cargo receptor ER-Golgi 

intermediate compartment 53 kDa protein or lectin mannose-binding 1 (ERGIC-53) which 

facilitates the transport of proteins from the ER to the ER-Golgi intermediate compartment 

(ERGIC)  (468-473). 

Once in the Golgi apparatus, the glycans undergo further trimming, processing and elongation 

by numerous glycosidases and glycosyltransferases such as N-acetylglucosaminyltransferases 

(GnTs), galactosyltransferases, sialyltransferases and fucosyltransferases. These enzymes act in 

a stepwise manner, adding specific monosaccharides to specific sites in a very well-orchestrated 

fashion (445, 446, 474, 475). The resulting glycoproteins are then directed to their destination 

which may involve integration into the cell membrane, incorporation into lysosomes or 

secretion (449, 474). Glycoproteins have multiple biological roles which are modulated by the 

nature of their glycan modifications. For instance, T-cell biology is profoundly influenced by the 

Mgat5 gene product, GnT-V, which catalyses the formation of tetra-antennary complex N-glycan 

structures (Figure 1.7) and will be further discussed in the subsequent sections of this thesis 

(476, 477). When mature, all N-glycans have in common the same core oligosaccharide 

sequence, Man-α-(1,6)-[Man-α-(1,3)-]Man-β-(1,4)-GlcNAc-β-(1,4)-GlcNAc-β-Asn-X-Ser/Thr, and 

can be classified into three main groups: oligomannose or high-mannose which display only Man 

residues attached to the core; complex type, in which branched structures initiated by GnTs are 

attached to the core; and hybrid type, in which only Man residues are attached to the 

Man-α-(1,6) arm of the core and one or two branches are on the Man-α-(1,3) arm (Figure 1.7) 

(475). 
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Figure 1.7 – N-glycan structural diversity. As depicted in the left panel, the N-glycosylation pathway begins in the ER with the addition of the core oligosaccharide structure to the 
protein backbone catalyzed by the oligosaccharyltransferase (OST). Further elongation and branching of the glycan takes place in the Golgi apparatus through the activities of 
numerous enzymes, namely the N-acetylglucosaminyltransferases I, II, III, IV and V (GnTs), giving rise to a diverse array of structurally diverse glycans. Glycan epitopes with relevant 
biological implications are depicted in the purple boxes. Adapted from (478).
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Each potential N-glycosylation site of a protein may carry diverse types of oligomannose, hybrid, 

and complex N-glycans, resulting in the phenomenon of “microheterogeneity” which refers to 

the high number of different possible structures that may be displayed by the same position of 

a given protein. The composition and structure of the glycans carried by a protein at a given time 

is highly influenced by multiple factors including environmental conditions, infection and the cell 

and tissue by which it is being expressed. Moreover, N-glycosylation in the Golgi apparatus is 

controlled by several factors. These include the availability of the nucleotide-sugar donors; the 

expression of the enzymes involved in the biosynthetic process; the competition between the 

enzymes for common substrates and the catalytic requirements (474). 
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1.2.2.2. CHARACTERISTICS OF O-GalNAc GLYCOSYLATION 

Protein O-glycosylation consists of the post-translational attachment of monosaccharides or 

glycan structures to Ser or Thr residues of the protein backbone (479, 480). There are multiple 

types of O-linked glycans (e.g. O-GalNAc, O-GlcNAc, O-α-Fuc, O-β-Glc, O-β-Gal). Of these, 

O-GalNAc is one of the most common. This type of glycosylation has been reported to be 

particularly frequent on secreted and membrane-bound mucins that are rich in Ser and Thr 

residues (414, 479, 480). The biosynthesis of O-GalNAc glycan structures is initiated with the 

transfer of N-acetylgalactosamine (GalNAc) from uridine diphosphate (UDP)-GalNAc to the 

protein backbone by one of several polypeptide-N-acetylgalactosaminyltransferases 

(ppGalNAcT). The glycan structure can then be extended by addition of galactose (Gal), GlcNAc 

or GalNAc to the initial GalNAc residue leading to the production of eight core structures (Figure 

1.8) (479, 480). The different core structures have been found to be differentially synthetized by 

different tissues with core 1 and 2 being the most common, core 3 and 4 being mostly found in 

mucins and core 5-8 being very rare (479, 480). The addition of the first GalNAc to the protein 

results in the formation of the Tn antigen which can be directly sialylated to originate the 

sialyl-Tn (STn) antigen. In normal glycoproteins the frequency of these antigens (Tn and STn) is 

very low and increased expression of these structures is associated with cancer (414, 479, 480). 

Synthesis of the core 1 O-glycans (also known as Thomsen–Friedenreich, T antigen) is catalysed 

by core 1 β-(1,3)-galactosyltransferase (C1GalT) and is dependent on the expression of the 

C1GalT specific molecular chaperone Cosmc (481-483). The T antigen is not very frequent in 

normal cells because, once it is formed, it is either sialylated by sialyltransferases or converted 

into core 2 structures through substitution with GlcNAc by the core 2 

β- (1,6)-N-acetylglucosaminyltransferase (C2GnT). The core 1 and core 2 O-glycan structures can 

be further processed by multiple enzymes through the addition of different sugar residues 

including fucose (Fuc), GlcNAc and sialic acids (479, 480). As for the N-glycosylation pathway, 

the O-glycan structure to be displayed by a certain molecule at a certain time is variable and 

dependent on multiple factors, in particular the availability of the sugar donor substrates and 

the expression, activity and location of the enzymes in the Golgi (479, 480, 484, 485). 

Protein glycosylation is ubiquitous in mammalian cells displaying tissue and cell-specific 

features. One of the goals of this thesis was to identify particular glycan expression 

characteristics that could represent a distinct feature of T-reg when compared to their 

conventional counterparts.
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Figure 1.8 – Structural diversity of O-GalNAc glycan structures. As depicted, the biosynthesis of O-GalNAc glycan structures is initiated with the transfer of GalNAc to the protein 
backbone by one of several ppGalNAcT. The glycan structure can then be extended by addition of Gal, GlcNAc or GalNAc to the initial GalNAc residue leading to the production of 
eight core structures. The core structures can be further modified giving rise to diverse structures. Glycan epitopes of biological relevance are depicted in the purple boxes. Adapted 
from (478).
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1.2.3. GLYCAN FUNCTIONS 

Glycosylation generates an enormous repertoire of glycan structures whose variety derives from 

the non-template based biosynthesis described above, the availability of sugar substrates and 

the cell-specific variable expression levels and intracellular location of the enzymes involved. 

Glycans are involved in a great many different biological functions with each glycan playing 

different roles according to the molecule to which it is attached, the tissue where it is located, 

the developmental stage and the biological context. The extracellular location of many glycans 

reflects their significance for diverse cellular interactions (430, 486, 487).  

The biological functions of glycans include the maintenance of cellular structural integrity; 

glycoprotein folding and quality control; modulation of protein solubility, stability and 

susceptibility to enzymatic degradation; intracellular and intercellular communication; 

regulation of receptor activation and signal transduction; and non-self recognition. In the latter 

role, glycans and glycoproteins frequently act as ligands for viruses (e.g. herpes simplex virus), 

bacteria (such as Helicobacter pylori in gastric mucosa colonization) and toxins (430, 431, 478, 

486-491). Having so many important functions, structural changes to oligosaccharides may 

interfere with key aspects of cell biology including proliferation, migration, differentiation and 

tumour invasion, as well as host–pathogen interactions, cell trafficking, and trans-membrane 

signalling (492). Therefore, glycan alterations that take place in response to environmental and 

genetic stimuli have been described to often correlate with the acquisition of altered cellular 

phenotypes (430, 431). 
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1.2.4. LECTINS 

For over 100 years, specialised proteins have been identified in virtually all living organisms 

(including fungi, viruses, bacteria, plants and animals) as having specific and reversible binding 

affinities for glycan structures. Such proteins are referred to as lectins and differ from antibodies 

and enzymes in their structural and functional features (493-495). The classification of lectins, 

due to their enormous diversity of structural, functional and binding specificities, has yet to 

come to a consensus (494). The different classifications proposed so far include systems which 

are based on lectin carbohydrate binding and specificity, on primary sequence homology, on 

topological similarities and on structural features (494). However, none of these systems 

accommodates all known lectins (494).  

The molecular recognition and binding of glycans by lectins provides a mechanism for an 

organism to identify and decode the biological information encrypted in its cellular glycome and 

to distinguish it from that of other organisms (431). Moreover, lectin-glycan interactions are 

implicated in the regulation of many physiological and pathological processes including 

fertilization, immune responses, viral replication, parasitic infection, cell–matrix interaction, 

cell–cell adhesion and enzymatic activity (494, 496-501). 

Elucidating glycan recognition is a challenging task given that the different building blocks are 

not as distinct from each other as amino acids, that they contain a limited number of functional 

groups to modulate recognition and also that they display branched structures with inherent 

flexibility (502). The specificity and affinity of lectin interactions with their glycan ligands are 

determined by the structural and chemical features of their glycan-binding domains (503-505).  

Most lectins possess multiple binding sites (multivalence) with distinct spatial distributions in 

the protein which, together with steric exclusions, confer its carbohydrate-binding specificity 

(494, 502). Lectin-glycan interactions can occur through hydrogen bonds, metal coordination 

bonds, van der Waal’s and hydrophobic interactions. The hydroxyl groups from the 

carbohydrate play a fundamental role in the specificity of the interaction by acting as acceptors 

and donors of hydrogen bonds. The interactions established may be further enhanced by 

stabilization of the lectin conformation by water molecules and Ca2+, Mn2+ and Mg2+ cations (494, 

506). The affinity of lectin-glycan interactions is usually low with dissociation constants (Kd) in 

the millimolar range (502). In some cases, the affinity of lectin-glycan interactions can be 

increased when, in addition to the primary binding site recognition of a specific monosaccharide, 

sub-site binding to other sugar residues of the glycan occurs (494, 502). The multivalent nature 
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of many lectin-glycan interactions can be particularly relevant in the biological context by 

promoting the clustering of the glycan-carrying molecules at the surface of the cell and, thus, 

mediating a modulatory effect on the signalling events triggered (507-509). 

Therefore, the carbohydrate-binding properties and specificities of lectins can be extremely 

valuable for glycoanalysis and have been extensively utilised in the field of glycobiology. Over 

the years, a wide variety of plant lectins have been identified and introduced into various 

analytical and diagnostic approaches (498, 499, 510-513). Lectins can be used for the purification 

of bio-molecules using methods such as affinity chromatography on immobilized lectin columns 

for the fractionation of glycoproteins or oligosaccharides (511, 514, 515). Their carbohydrate-

binding properties represent valuable tools in cancer diagnostics having been employed for the 

identification of glycosylation changes that occur in malignant transformations (516). One of the 

best established applications of lectins in clinical medicine is their use for blood group typing. 

The antigenic determinants of ABO(H) blood groups are specified by the identity of the terminal 

monosaccharides that compose a common oligosaccharide. The H antigen is represented by the 

disaccharide L-Fuc-α-(1,2)-D-Gal-β1 which has been found to be recognized by the lectins 

Sambucus nigra, Ulex europeus and Anguilla anguilla. The A antigen is formed with the addition 

of D-GalNAc in α-(1,3)-linkage to the Gal of the H antigen structure and is a ligand for the lectins 

Phaseolus limensis, Otola lacteal and Crotolaria striata. Modification of the H antigen 

oligosaccharide with D-Gal in α-(1,3)-linkage to the Gal of the H antigen structure originates the 

B antigen which is recognized by Griffonia simplicifolia, Ptilota plumose and Salmo salar lectins 

(510). The glycoprofiling applications of lectins also include tissue identification by lectin 

histochemistry and categorization of cell stages by flow cytometry that have been employed in 

the study of diverse biological samples (512, 513, 517-522). Of particular interest to this study, 

such methods have been used by other research groups to identify glycosylation changes that 

accompany thymic differentiation and also those associated with T-cell apoptosis (424, 520, 523-

526). Recently, large panels of lectins have been incorporated into microarray platforms which 

can be applied for the high-throughput profiling of diverse biological samples such as intact 

microorganisms and eukaryotic cells as well as extracellular vesicles (527-529). In this thesis, the 

characterisation of T-reg and T-conv cell surface glycosylation profiles was performed by flow 

cytometric evaluation of lectin binding to the populations of interest. 
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1.2.5. GLYCOSYLATION AND IMMUNITY 

Cell fate and function are dictated by changes in gene expression, protein production, 

metabolism and post-translational modifications, with the latter being increasingly recognized 

as a key determinant of cellular function (476). The post-translational modification of proteins 

with carbohydrates by the glycosylation pathways can have profound influence on their 

structure and function due to the modulation of inter- and intra-molecular steric effects and 

also on the production of ligands for glycan-binding proteins (431). In fact, glycan function not 

only relies on the specific molecule to which it is attached but also on the interactions that are 

established between the glycan motif and glycan-binding proteins such as galectins, sialic acid 

binding immunoglobulin-like proteins (siglecs) and C-type lectin receptors (CLRs). 

The proper development and function of the mammalian immune system depends both on the 

dynamic regulation of the expression of glycan structures and glycan-binding proteins as well as 

on the interactions that arise between them (431, 478). Changes in the glycosylation patterns 

on the cell surface as well as of secreted molecules have been shown to positively and negatively 

modulate the immune response by interfering with several fundamental processes. These 

include the discrimination of self from non-self; leukocyte migration, homing and apoptosis; 

B-cell receptor (BCR) and TCR activation; IgG Fc function and humoral immunity; MHC-mediated 

antigen presentation; B- and T-cell development through Notch signalling; T-cell differentiation 

into different subsets; immune signalling pathway activation (431, 478, 490). 

Glycan motifs play a crucial role in the recognition of non-self (“foreign”) antigens. In particular, 

certain glycan structures expressed by microbial pathogens are commonly responsible for 

primary activation of the innate immune system. This property derives from phylogenetic 

divergence in the glycosylation machinery resulting in the absence of certain glycan epitopes in 

different species. For instance, because humans, apes and Old World monkeys lack the 

expression of Gal-α-(1,3)-Gal disaccharide while other mammals express it abundantly, this 

epitope has been identified as being responsible for antibody-mediated rejection of 

pig-to-primate xenotransplants (530). Humans are also distinct from other species in their 

inability to convert N-acetylneuraminic acid (NeuAc) to N-glycolylneuraminic acid (NeuGc). 

However, this sialic acid variant can be ingested in the diet and be incorporated into endogenous 

proteins, eliciting the production of NeuGc-specific humoral responses (531). Therefore, 

abnormal production of glycans has been implicated in the development of autoimmune 

pathologies due to the recognition by the immune system of aberrant endogenous glycan 
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structures as foreign antigens. In particular, the prevention of N-glycan maturation by absence 

of α-mannosidase-II leads to accumulation of high-mannose N-glycan structures. These 

structures are phylogenetically primitive and are recognized by mannose-binding lectin 

receptors expressed by cells from the innate immune system resulting in a chronic 

pro-inflammatory response that in mice causes an autoimmune syndrome that closely 

resembles SLE (532). Another example is the human Tn syndrome, an haematological stem-cell 

disorder in which mutation of the chaperone COSMC leads to the synthesis of truncated 

O-glycan structures (Tn antigen) which act as an epitope for the production of antibodies and 

induction of cell lysis. Similar mechanisms of aberrant glycosylation are thought to play an 

important role in the aetiology of the autoimmune kidney diseases IgA nephropathy and 

Henoch-Schönlein purpura (482). Infectious agents have been reported to avoid detection by 

the immune system through the expression of glycans that resemble those expressed by the 

host. Moreover, some pathogens are also able to interfere with the host glycosylation pathways 

as a strategy to evade immune responses (533). 

Leukocyte trafficking both to the lymphoid organs during development and to peripheral 

inflamed sites during immune responses is highly dependent on the establishment of 

interactions with endothelial cells. These are required for the tethering and rolling of circulating 

leukocytes on the blood vessel walls and for the subsequent transmigration into underlying 

tissues. The surface-expressed selectins are members of the CLR family and represent, along 

with their glycan ligands, major players in mediating these interactions between the leukocytes 

and the endothelium. Therefore, the regulation of selectin expression as well as of their glycan 

ligands on endothelial and immune cell surfaces is crucial for leukocyte migration and homing 

to different anatomical sites (431, 478). The glycan structures recognized by the selectins are 

sialylated fucosylated lactosamine core structures, the sialyl-Lewis-X (sLex), which is a ligand for 

E- and P-selectin and the 6-sulpho-sLex recognized by L-selectin (431). These glycan motifs are 

commonly found on O-glycans and their biosynthesis requires the concerted activities of 

multiple glycosyltransferases, in particular of the fucosyltransferases FucT-VII and FucT-IV. 

Therefore, individual or combined deficiency of the fucosyltransferases has been reported to 

negatively impact immune cell homing and trafficking (534-536). In addition, 

inflammation-driven leukocyte trafficking has also been shown to be impaired in mice that lack 

the expression of the α-(2,3)-sialyltransferase ST3Gal4 due to defective production of selectin 

ligands (537-539). Moreover, the expression of the carbohydrate motifs that act as ligands for 
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the selectins by T-cells is differentially regulated during T-cell differentiation (discussed in 

further detail in Chapter Three, section 3.6). 

An important mechanism for the maintenance of immune homeostasis is the induction of cell 

death by apoptosis both during immune cell development and also during resolution of immune 

responses (540). Apoptosis induction in human T-cells has been shown to result in decreased 

surface expression of sialic acids which correlates with increased uptake of the apoptotic cells 

by monocyte-derived phagocytes (424). In addition, activated human CD4+ T-cells have been 

reported to display increased amounts of Tn antigen at their surface. This moiety acts as a ligand 

for the binding of immunosuppressive C-type lectin macrophage galactose-type lectin (MGL) 

which, in turn, inhibits T-cell effector function and promotes T-cell death (425). Moreover, 

galectins (galectin-1 in particular) play a fundamental role in inducing T-cell programmed cell 

death as described in further detail in Chapter Five (section 5.6). 

During lymphocyte development, the maturation of both the BCR and the TCR involves the 

post-translational modification of the receptors with N- and O-glycans. The carbohydrate 

structures added during TCR and BCR glycosylation have been suggested to modulate their 

cellular localization and trafficking, their intermolecular interactions and stability at the cell 

surface and their activation and endocytosis (431). 

During thymocyte development, the threshold for TCR activation is regulated by endogenous 

galectin-1 which modulates TCR signalling strength and positive and negative selection events 

(541). After T-cell maturation, the modification of the TCR with tetra-antennary complex 

N-glycan structures (catalysed by GnT-V) promotes its association with galectin-3 at the cell 

surface which in turn regulates the threshold for activation of the receptor (542). Abnormal TCR 

glycosylation or disruption of its interaction with galectin-3 results in increased TCR clustering 

and decreased threshold for TCR activation which culminates in increased T-cell immune 

responses and enhanced susceptibility to the development of autoimmune disease (542). The 

importance of GnT-V dependent complex N-glycan synthesis in modulating T-cell activation, 

differentiation and function is further discussed in Chapter Four (section 4.6) and is summarized 

in Figure 1.9. Moreover, the modulation of T-cell activation is not only mediated by TCR glycan-

modification as MHC-II N-glycosylation is required for binding and presentation of glycoantigens 

(543). 
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Figure 1.9 – GnT-V mediated glycosylation negatively regulates T-cell growth firstly by raising T-cell 
activation thresholds and later by enhancing CTLA-4-mediated growth arrest. In naïve resting T-cells, 
galectin-3 is chemically cross-linked to the TCR in a GnT-V-dependent fashion resulting in an increased 
threshold for TCR activation that results from the prevention of spontaneous clustering of the receptor at 
the immunological synapse. When MHC/peptide complexes overcome galectin-3 competition for TCR 
binding, T-cells are activated and TCR signalling enhances the synthesis of tetra-antennary complex 
N-glycans (through up-regulation of Mgat5 gene and GnT-V expression). This leads to growth arrest 
through increased surface retention of CTLA-4. GlcNAc supplementation leads to increased activity of the 
hexosamine pathway which mimics the outcome of TCR activation. Adapted with copyright clearance 
from (544). 
 

Similarly, galectin-3 can also control the effector activity of activated cytotoxic CD8+ T-cells by 

precluding the co-localization of the TCR and CD8 and thus decreasing the binding of the 

receptor to MHC/peptide complexes. The reduced effector activity that results from this has 

been shown to be reversed when interactions with the galectin were disrupted in the presence 

of galectin 3-specific glycan-ligand mimetics (545).  

On B-cells, the threshold for BCR activation is modulated by the interactions established 

between the receptor chains and other glycoproteins at the surface - in particular the lectin 

CD22 (siglec-2). This member of the siglec family is exclusively expressed on B-cells and has an 

inhibitory effect on BCR activation (546, 547). The glycan ligands for CD22 are synthetized by 

α-(2,6)-sialyltransferase ST6Gal1 which catalyses the addition of sialic acids in α-(2,6)-linkage to 

Gal residues. This glycan configuration can be found on several glycoproteins including CD22 

(548). It has been reported that CD22 preferentially recognizes the expression of the glycan 
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motif on neighbouring CD22 molecules to form homotypic CD22 complexes (549). While 

absence of CD22 expression results in dysregulation of BCR signalling and increased B-cell 

responses, loss of CD22 glycan ligands due to ST6Gal1 deficiency results in reduced BCR 

activation and humoral immunity (548, 550-552). The decrease in antibody-mediated immunity 

was found to result from increased association between the BCR and CD22 in the absence of the 

glycan motif which leads to localization of the receptor at clathrin-enriched micro domains and 

increased BCR endocytosis (548, 551, 552).  

After activation, B-cells produce and secrete immunoglobulins (Ig) which are glycoproteins 

(553). The glycan linkages present in IgG have been described to influence its effector functions 

by modulating the binding to Fc receptors and to complement component 1q (C1q) as well as 

complement activation (554, 555). The identity of the glycans present at the Fc domain of the 

antibody play a crucial role in determining the type of immune response to be elicited since the 

glycan motifs dictate the binding affinity for different Fc receptor proteins. For instance, IgG 

displaying glycan structures devoid of core Fuc show increased affinity for Fc gamma receptor 

FcγRIIIa which triggers antibody-dependent cell-mediated cytotoxicity (ADCC) (556, 557). 

Modification with bisecting GlcNAc structures results in enhanced affinity to FcγRIII which elicits 

ADCC but also neutrophil recruitment and is involved in the development of collagen-induced 

arthritis (558-560). In contrast, terminal sialylation in α-(2,6)-linkage has been associated with 

anti-inflammatory immunoglobulin properties which are believed to be mediated through 

engagement by the CLR dendritic cell-specific intercellular adhesion molecule-3 grabbing 

non-integrin (DC-SIGN) expressed by macrophages and DCs, which in turn promote the 

anti-inflammatory response (561-563). Inhibition of complement protein C5a-driven 

inflammation has been shown to be mediated by IgG1 complexes which must be highly 

galactosylated to have this suppressive effect (564). The importance of this complex 

glycan-dependent regulation of humoral immunity is further evident by the multiple 

observations of abnormal immunoglobulin glycosylation in autoimmune and inflammatory 

diseases (553). 

Lymphocyte development and lineage commitment are regulated by Notch signalling which in 

turn is regulated by glycosylation (565). Notch receptors are post-translationally modified with 

O-Fuc by a protein O-fucosyltransferase Pofut1 with this glycan modification being essential for 

their signalling in mammalian cells (422, 566, 567). The activation of the Notch receptors is 

further regulated by extension of the O-Fuc residue by GnTs belonging to the Fringe family which 

add GlcNAc residues to the Fuc. The resultant O-Fuc-GlcNAc moiety can be further modified by 
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addition of Gal and subsequently sialic acids (568). Even though it is yet not fully understood, 

the differential regulation of Notch receptor signalling by various glycosyltransferases has been 

shown to interfere with thymic T-cell development as well as with the formation of 

marginal-zone B-cells in the spleen (565). The influence of glycosylation in T-cell development is 

not restricted to modulation of Notch signalling as changes in glycosylation have also been 

detected in the different stages of T-cell life which are described in Chapter Three (section 3.1).  

On DC, modification of cell surface molecules with sialic acids has been reported to change with 

their differentiation and activation state (569-571). High expression levels of sialic acids have 

been associated with a tolerogenic phenotype and are decreased upon DC activation (571). 

Indeed, removal of cell surface sialic acids by neuraminidase treatment triggers DC activation, 

leading to transcriptional changes that promote pro-inflammatory and Th1-type immune 

responses (375, 569). 

The relevance of glycosylation for immune cell signalling is further evidenced by the 

development of an emphysema-like disease in mice which lack the expression of the 

fucosyltransferase FucT-VIII. This deficiency results in loss of α-(1,6)-linked core Fuc synthesis 

which leads to impaired activation and signalling through TGF-β1 receptor (572, 573). Moreover, 

not only loss of glycan modification but also gain of new glycosylation sites (by genetic mutations 

which generate new consensus sequences) may have an impact in regulating receptor activation 

and signalling transduction. For instance, novel glycan modification of the interferon-gamma 

receptor 2 (IFN-γR2) as a result of genetic mutation leads to disruption of IFN- binding (574). 

Taken together, these multiple examples highlight the importance of glycosylation in the 

development, maintenance and regulation of the immune system. Therefore, pathways 

involved in shaping glycan structures and activities as well as those that influence the expression 

of glycan-binding proteins can have a major impact on immune cell function. Despite the 

knowledge acquired so far, there is still much to be understood about the mechanisms by which 

glycan structures dictate the nature of immune responses and how the overall system is 

regulated. In particular, little is known regarding T-reg glycosylation and how glycan 

modification may represent yet another phenotypic characteristic for the distinction of this 

T-cell subset with regulatory activities. In this thesis, a comparative study was performed to 

assess the potential differences in the surface glycosylation characteristics of T-reg and T-conv, 

using lymphocyte isolates from multiple anatomical sites in mice and human peripheral blood 

cells. In addition, activation-induced changes in the surface glycome were also evaluated.  
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1.2.6. T-CELL GLYCOSYLATION IN DISEASE 

The effects of glycosylation changes on individual physiological processes is unpredictable being 

dependent on the biological context and tissue environment in which they occur (486). Loss of 

genes related to glycosylation pathways leads to congenital disorders of glycosylation in humans 

and mice and frequently results in severe pathology when not embryonically lethal (490, 533, 

575). Glycosylation changes have also been associated with increased susceptibility to cancer 

development (434), allograft rejection (576), autoimmunity (431, 577, 578), infection and 

inflammation (533). Multiple studies have reported a role for the effects of abnormal 

glycosylation in the T-cell compartment which are involved in the susceptibility to and 

development of different pathologies. 

Defective N-glycosylation has been associated with the development of autoimmune diseases.  

Mouse strains susceptible to EAE development display reduced N-glycan branching of T-cell 

surface molecules that are associated with TCR hyperactivity which ultimately accounts for the 

observed inflammatory demyelination and neurodegeneration (577). The promotion of 

N-glycan processing by GlcNAc administration has been shown to suppress T-cell priming, to 

enhance CTLA-4 surface expression, to inhibit Th1 and Th17 immune responses and most 

importantly, to inhibit EAE and autoimmune diabetes (578, 579).  In addition, a large body of 

evidence has accumulated to demonstrate that a range of environmental and genetic factors 

contribute to MS pathogenesis by dysregulating the N-glycosylation pathway (580). Moreover, 

the same risk factors (IL2RA*T, IL7RA*C, CTLA-4 Ala17, and vitamin D3 deficiency) have also been 

associated with T1D susceptibility, suggesting a role of defective N-glycosylation in this 

autoimmune disease (580). In fact, T-cells from non-obese diabetic mice display deficient 

N-glycan branching and the development of autoimmune diabetes has been shown to be 

prevented by GlcNAc supplementation (578). A role for defective GnT-V expression and 

synthesis of complex branched N-glycans has also been found to correlate with ulcerative colitis 

(UC) severity. People with active UC display lower complexity of TCR N-glycan modification in 

lamina propria T-cells compared to individuals with inactive disease or healthy controls (544).   

Aberrant expression of core 2 O-glycans on T-cells has also been reported in human disease. For 

example, T-cells of people suffering from acute T-cell leukaemia (ATL) or chronic T-lymphocytic 

leukaemia (CTL) display increased amounts of these glycan structures when compared to resting 

mature T-cells from healthy individuals. Similarly, people with Wiskott-Aldrich syndrome (WAS) 

show aberrant T-cell O-glycosylation that correlates with immune defects that may result from 
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enhanced T-cell apoptosis due to the increased expression of core 2 branched O-glycans (581). 

Moreover, HIV-1 infection has been reported to promote decreased sialylation of T-cells 

resulting in increased display of core 2 O-glycan structures on the cell surface rendering them 

more prone to galectin-1-mediated cell death (582). Virus infection has been reported to 

correlate with increased exposure of core 1 O-glycan structures by CD8+ T-cells which is 

associated with increased endogenous neuraminidase expression. This glycome characteristic is 

maintained upon clearance of infection enabling the discrimination between CD8+ memory 

T-cells from the naïve CD8+ T-cells which do no exhibit this phenotype (418).  

Mice transgenic for human α-(1,2)-fucosyltransferase (hFucT-I) develop spontaneous colitis 

showing altered glycosylation of the mucosal barrier while maintaining normal intestinal 

permeability. However, colitis development in these animals was due to effects on their 

lymphocyte compartment (abnormal thymus and low lymphocyte numbers with aberrant 

phenotype) and was prevented by reconstitution with wild type bone marrow (583). In IBD, a 

colitis-associated glycome (core 1 O-glycans) has been identified on colonic memory CD4+ T-cells 

that leads to the expansion of these cells and exacerbation of intestinal inflammation (584). 

It is evident, therefore, that changes in T-cell glycosylation represent an important factor for the 

pathogenesis of immune-mediated diseases due to the crucial roles that glycans play in 

regulating T-cell development, activation, differentiation and effector function. However, the 

effects of such glycosylation defects on T-reg have yet to be investigated. In this thesis, the 

effects of manipulation of T-reg surface glycosylation on the suppressive functions of this T-cell 

subset were evaluated in the healthy state. 
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1.2.7. T-REG GLYCOSYLATION – CURRENT KNOWLEDGE 

Even though several studies have described some characterisations of T-cell glycosylation during 

their development and activation, all but a few have failed to evaluate T-reg as a distinct T-cell 

subset. However, a considerable limitation arises from the absence of consensus in the strategy 

used for the identification and purification of T-reg. For example, many studies have defined 

CD4+CD25+ T-cells as T-reg when, as previously discussed (section 1.1.2), the conventional CD4+ 

T-cells can share that same phenotype. 

Regardless of this caveat, MACS-purified human PBMC-derived CD4+CD25+ T-reg have been 

described to express high surface levels of α-(2,6)-linked sialic acids which are further 

up-regulated after polyclonal stimulation in vitro (571). In this study, the authors suggest the use 

of α-(2,6)-linked sialic acid as a potentially valuable marker for T-reg identification. In a different 

report, Jiménez-Martínez et al. proposed the use of the lectin Amaranthus leucocarpus 

lectin (ALL) which recognizes Gal-GalNAc or GalNAc on O-glycan structures as a strategy to 

identify human CD4+ T-reg (585, 586). However, the results described do not support the value 

of such strategy for T-reg identification since the observed levels of lectin binding to the relevant 

cells were very low - approximately 50% of the CD4+CD25+FoxP3+ T-reg were ALL- and more than 

30% of the CD4+ALL+ T-cells were not T-reg (586). Recently, the sialic acid terminal modification 

of CD69 N-glycans has been described to be essential for its association with the S100A8/S100A9 

complex, which is necessary for T-reg differentiation from human PBMCs (587).  

In mice, it has been described that allo-antigen activation of T-reg results in upregulation of 

α-(1,2)-mannosidase expression at the transcriptional level.  In addition, naïve CD4+CD25+ T-reg 

displayed higher cell surface N-glycan expression when compared to the CD4+CD25- T-conv and 

N-glycans expression was further upregulated upon in vitro activation. Moreover, in vitro 

inhibition of α-(1,2)-mannosidase activity with kifunensine (KIF) treatment led to decreased 

expression levels of T-reg surface N-glycan structures. Even though blocking of the 

N-glycosylation pathway with KIF was shown to have no impact in the ability of the T-reg to 

suppress CD4+CD25- T-conv proliferation, it had a negative impact in T-reg ability to adhere to 

intercellular adhesion molecule (ICAM) and mucosal vascular addressin cell adhesion molecule 

(MADCAM) in vitro. The impaired ability of KIF-treated T-reg to adhere to physiologically 

relevant ligands was further corroborated by the in vivo observation that T-reg homing to the 

lymph nodes and ability to prevent skin graft rejection was compromised when 

α-(1,2)-mannosidase was inhibited. Taken together, these results support that allo-antigen 
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activation of T-reg leads to upregulation of α-(1,2)-mannosidase expression with increased 

modification of surface molecules with N-glycans that are required for T-reg migration to the 

site of inflammation and prevention of allograft rejection in mice (576).  

Glycosylation can also play an indirect role in T-reg biology by influencing DCs to be tolerogenic 

and to promote T-reg differentiation. Recently, Perdicchio et al. have shown that exposure of 

DCs to sialylated antigens (sia-antigens) prior to co-culture with naïve T-cells leads to reduced 

differentiation of IFN-γ+ and TNF+ effector T-cells and significantly increased induction of iT-reg. 

Moreover, an in vivo tolerogenic effect with reduced effector T-cell numbers and enhanced 

T-reg frequencies was also achieved in mice, both by adoptive transfer of the sia-antigen-pulsed 

DCs or by administration of sia-antigen alone. Of note, the induction of tolerance could be 

achieved both under homeostatic and inflammatory conditions (588). Another indirect 

glycan-mediated mechanism for T-reg induction has been reported whereby galectin-1 

contributes for the expansion of IL-10–producing T-reg in mouse models of autoimmunity, foetal 

loss and cancer (589-591). 

Given the crucial role of T-reg for immune homeostasis and the increasing evidence of the 

relevance of glycosylation in modulating immune responses, it should be of interest and value 

to better unravel the role of glycosylation on T-reg biology. In this thesis, the surface 

glycosylation of T-reg was investigated using widely-accepted strategies for identification of 

both murine and human T-reg with the intention of investigating the roles of glycan expression 

in T-reg phenotype and function.  
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1.3. AIMS 

1.3.1. RATIONALE AND NOVELTY 

The relevance of T-reg suppressive function for the control of immune homeostasis and 

maintenance of tolerance is indisputable. Despite having been ignored for some time, the 

importance of glycosylation for cellular biology is becoming increasingly evident. A large body 

of evidence shows that there are multiple roles for glycan modification in the development, 

trafficking and function of T-cells. However, the differences in the surface glycosylation between 

T-reg and the other CD4+ T-cell populations that may underlie their different biological roles 

remain poorly explored. 

 

1.3.2. MAIN GOAL 

The main goal of this study was to characterize the surface glycosylation characteristics of T-reg 

and to determine how the surface glycan expression profile of T-reg correlates with their 

suppressive functions.   

 

1.3.3. HYPOTHESES 

I. Surface T-reg glycosylation is distinct from that of T-conv and is altered upon activation. 

II. Differential expression of surface glycan epitopes on T-reg is associated with distinct 

T-reg marker expression and suppressive abilities. 

III. Manipulation of the T-reg surface glycome has a negative impact on T-reg suppressive 

functions. 

 

1.3.4. SPECIFIC AIMS 

I. Identify glycosylation characteristics that distinguish T-reg from T-conv in mouse and 

human and evaluate changes in glycan expression that occur in response to T-cell 

activation. 

II. Determine the relationships between T-reg surface glycosylation profile and their 

phenotypic and functional characteristics. 

III. Evaluate the effects of altered T-reg surface glycosylation on their phenotype and 

function.
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Detailed information on the reagents, materials, antibodies, lectins and media/buffer 

formulations, used in this project, can be found in Appendices II to VI. 

 

2.1. C57BL/6 FOXP3.eGFP MICE AND ETHICAL APPROVAL 

C57BL/6 FoxP3.eGFP transgenic mice were generated by Bernard Maliseen’s laboratory in 

Marseille (592), and kindly provided by Dr. Karen English, Institute of Immunology, Maynooth 

University, Ireland. These animals are genetically modified so that their cells express enhanced 

green fluorescent protein (eGFP) whenever FoxP3 expression is triggered, with eGFP expression 

being under the control of the same promoter as the FoxP3 gene. Hence, the identification of 

T-reg from these animals is achieved by eGFP expression evaluation within the CD4+ T-cell 

population (Figure 2.1) (24). Experimental animals were housed and bred in a specific 

pathogen-free facility in the biomedical research unit (BRU) at National University of Ireland, 

Galway (NUIG) and were euthanized for lymphoid organ collection at 5-12 weeks of age. 

Humane killing was performed by the chemical method of CO2 asphyxiation for which the 

animals were placed in a CO2 chamber and subjected to a CO2 flow rate of 20% chamber 

volume/minute until unresponsive. All animal procedures were carried out under individual 

authorization from the Health Products Regulatory Authority of Ireland and were approved by 

the NUI Galway Animal Care Research Ethics Committee as well as the Environmental Protection 

Agency of Ireland (GMO Register Number 532). 

 

  

Figure 2.1 – Gating strategy for flow cytometric analysis of eGFP expression and T-reg identification in 
samples isolated from C57BL/6 FoxP3.eGFP mice. Cells were gated on the lymphocyte population 
according to cell size (FSC-A) and complexity (SSC-A), followed by cell aggregate exclusion by gating on 
the single cell population [linear correlation between area (FSC-A) and height (FCS-H)]. The CD4+ T-cells 
were selected based on anti-CD4-APC binding and were further subdivided according to FoxP3 (eGFP) 
expression into T-conv (eGFP-) and T-reg (eGFP+). 
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2.2. HUMAN BLOOD SAMPLES AND ETHICAL APPROVAL 

Peripheral blood samples were collected from a total of 13 adult volunteers with no current 

symptoms of illness or prescription medication use and no chronic medical conditions. 

Volunteers were aged between 24 and 64 years. The cohort consisted of 8 females and 5 males. 

Blood samples were drawn into K2EDTA BD Vacutainer® tubes by medically qualified personnel 

using standard venepuncture technique. Collection of blood samples was carried out following 

informed consent at NUI Galway under a protocol entitled “Immunological research using 

healthy human blood cells” that was approved, along with associated documents and 

procedures by the NUIG Research Ethics Committee on 30/4/14 (Protocol No. 14/MAR/01). 

Samples were processed within 1 hour of collection. 

 

2.3. MURINE LEUKOCYTE ISOLATION  

Lymphocytes from primary and secondary lymphoid organs were isolated from 5 to 12 week old 

mice. Single cell suspensions from spleen and thymus were obtained by mechanically disrupting 

the organ between two pieces of 150 μm Sefar nitex mesh in a petri dish using a sterile 10 ml 

syringe plunger. Lymph nodes (subcutaneous and mesenteric) were dissociated between the 

frosted edges of two glass microscope slides. Bone marrow cells were obtained by flushing the 

femurs and tibiae using a 27 gauge (G) needle filled with complete culture medium. The resulting 

cell suspensions were individually filtered through a 40 µm Sefar petex mesh to remove any 

debris and cellular aggregates. Erythrocytes were depleted from the cell suspensions by 

incubation with red blood cell (RBC) lysis buffer for 4 minutes at room temperature. Peripheral 

blood leukocytes (PBLs) were obtained from mouse blood collected post-mortem from the right 

ventricle, to which the red blood cell lysis buffer was applied twice. 
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2.4. HUMAN PERIPHERAL BLOOD MONONUCLEAR CELL ISOLATION 

Human PBMCs were isolated from blood samples by density gradient separation (Figure 2.2). 

Briefly, the blood samples were gently placed on top of 4 ml of Ficoll-Paque Plus® in a 15 ml tube 

and were centrifuged for 20 minutes at 1250 RCF, 20 °C, without acceleration or brake.  

Post-centrifugation, the various cellular constituents of the blood were separated in individual 

layers, with the PBMCs (monocytes, lymphocytes and thrombocytes) lying in the interface 

between the plasma and the Ficoll. The PBMCs were carefully collected from the interface using 

a 5 ml pipette and were washed with FACS buffer then pelleted by centrifugation for 10 minutes 

at 512 RCF, 20°C. 

 

 

Figure 2.2 – Method of isolation of human PBMCs by density gradient separation. The blood is layered 
on Ficoll (left panel) and centrifuged. Post-centrifugation (right panel), the PBMCs are enriched in the 
interphase between the plasma and Ficoll layers, while the granulocytes and red blood cells (RBCs) are 
pelleted under the Ficoll layer. Reproduced with copyright clearance from (593). 
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2.5. FLOW CYTOMETRIC ANALYSIS OF BIOLOGICAL SAMPLES 

Flow cytometry is a technology that allows quantitative and qualitative analysis of cell 

populations at a single cell level, providing multi-parametric data based on measurements of 

scattered light and fluorescent signals produced by cells as they pass through a laser light source. 

A cytometer is composed of different components: the fluidics system that transports particles 

in a stream to the laser beam for interrogation; the optical system which is composed of lasers 

that illuminate the particles in the sample stream and the optical filters that direct the resulting 

light signal to the appropriate detectors; the electronic system responsible for the conversion of 

the detected light signals into electronic signals that can be further processed by the computer 

and correlated to structural and/or functional parameters of the cells. 

In the flow cytometric analyses for this project, viability dyes were used, whenever possible, to 

exclude dead cells from the analysis, to reduce auto fluorescence phenomena, to limit 

background signal from the non-specific binding of antibodies to dead cells and, for sorting 

experiments, to ensure that only viable cells were purified. Viability dyes are high-affinity nucleic 

acid stains that readily penetrate dead cells whose membrane integrity has been damaged, but 

not viable cells, allowing the accurate identification of non-viable cells (Figure 2.3A).  

In order to ensure accurate data acquisition, appropriate controls were used in all experiments. 

Single stain controls for each fluorochrome, using compensation beads or cells, were used to 

attain accurate median fluorescence intensities by subtracting the spectral spill over of each 

fluorochrome (Figure 2.3B) from the detectors of the other fluorochromes. This process is called 

compensation and is performed to correct for the overlap of a fluorochrome into a second 

channel due to its fluorescence spectrum (emission spectral overlap). 

When performing intracellular stains, the specificity of antibody binding was confirmed by using 

isotype controls (Figure 2.3C). The isotype control is composed of the same constant region as 

the test antibody, conjugated to the same fluorochrome, but lacking the variable region that 

confers the antigen binding site. Therefore, any binding detected with the isotype control should 

be low, conferring a quality control for the specificity of the antibody used, being important to 

rule out constant region-mediated binding and other non-specific interactions. 

To properly establish the gates for data analysis, FMO (fluorescence minus one) controls were 

prepared (Figure 2.3D). These controls consist of cells labelled with all the fluorochromes but 

one, from which can be inferred the contribution of the different stains to background signal 

into the channel for which the fluorochrome is missing. These are helpful to ascertain if the 
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compensation was adequate and to enable the proper identification of negative and positive 

populations for each fluorochrome. 

In the NUI Galway Flow Cytometry Core facility, where all cytometry and sorting experiments 

described in the thesis were performed, quality control checks are performed weekly on the BD 

FACSAriaII® cell sorter (Becton Dickinson (BD) Biosciences, San Jose, CA, US) using BD FACSDiva™ 

Cytometer Setup & Tracking Research Beads (CS&T beads). CS&T bead performance checks are 

performed before every sort. Laser delays, area scaling factors and photomultiplier tube (PMT) 

voltages are adjusted to ensure that the performance of the cytometer characterised during the 

baseline remains the same. These performance checks ensure correct functioning of the 

cytometer and consistency in the cytometer performance.  

 

 

Figure 2.3 – Overview of the flow cytometric analysis of biological samples showing examples of the use 
of a viability dye for dead cell exclusion (A), single stain control for compensation (B), isotype control (C), 
and FMO controls (D) required for proper data acquisition. 
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2.6. IDENTIFICATION OF THE POPULATIONS OF INTEREST FROM MOUSE AND HUMAN 

ORIGIN BY FLOW CYTOMETRY 

Cell suspensions obtained from the different mouse organs, or human PBMCs, were 

re-suspended in FACS buffer at a final concentration of 10 X 106 cells/ml and individual samples 

for flow cytometric analysis were composed of 1 X 106 cells. Identification of the populations of 

interest was achieved by incubating the samples for 30 minutes, at 4°C, with 

fluorochrome-conjugated antibodies to label surface markers. Murine cells from spleen, lymph 

node and peripheral blood origin were labelled with anti-mouse CD4 antibody whereas thymic 

T-cells were additionally labelled with anti-mouse CD8 and bone marrow T-cells were 

identified by the concomitant expression of CD4 and TCR-β (Table 2.1). Intracellular expression 

of the transcription factor FoxP3, indicated by eGFP expression, was used to identify the T-reg 

populations (Figure 2.4, A-F). Human circulating T-cells were identified by labelling the isolated 

PBMCs with antibodies against CD4, CD25 and CD127 (Table 2.1) so that the 

CD4+CD127lowCD25high subset corresponded to the T-reg population and the remainder of the 

CD4+ cells were considered to be the T-conv population (Figure 2.4G). 

After the labelling process, cells were washed with FACS buffer and analysed using a BD 

FACSCanto™ or BD FACSCanto™ II cytometer, BD FACSDiva™ v6 software (Becton Dickinson 

(BD) Biosciences, San Jose, CA, US) and FlowJo® v7 or v10 software (Tree Star Inc., Olten, 

Switzerland).  
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Table 2.1 – Staining strategies for flow cytometric analysis of CD4+ T-cells isolated from C57BL/6 
FoxP3.eGFP mouse spleen, subcutaneous lymph nodes, mesenteric lymph nodes, thymus, bone marrow 
and PBLs, and for human PBMCs. 
 

Sample 

origin 
Organ/Tissue Fluorochrome-conjugated antibodies 

C57BL/6 

FoxP3.eGFP 

mice 

Spleen CD4-APC 

Subcutaneous lymph nodes CD4-APC 

Mesenteric lymph nodes CD4-APC 

Thymus CD4-APC + CD8-APCeF780 

Bone marrow CD4-APC + TCRβ-APCeF780 

PBLs CD4-APC 

Human PBMCs CD4-FITC + CD127-PE + CD25-PE.Cy7 
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Figure 2.4 – Gating strategies for flow cytometric analysis of CD4+ T-cells from C57BL/6 FoxP3.eGFP 
mouse (A) spleen, (B) subcutaneous lymph nodes, (C) mesenteric lymph nodes, (D) thymus, (E) bone 
marrow and (F) PBLs, and from (G) human PBMCs.  
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2.7. REGULATORY T-CELL EXPRESSION OF MOLECULES ASSOCIATED WITH T-REG IDENTITY 

AND FUNCTION BY FLOW CYTOMETRY 

Regulatory T-cells are known to express a range of surface and intracellular molecules which are 

important for T-reg identity and also to mediate their suppressive functions (17, 140-142, 594). 

Expression of a number of these molecules (Table 2.2) by freshly-isolated lymphocytes or 

FACS-purified T-cell populations was evaluated by labelling the cells with antibodies against the 

markers of interest. Cells were incubated with appropriate fluorochrome-coupled antibodies for 

30 minutes, at 4°C. For CTLA-4 and Helios expression, the initial surface marker labelling was 

followed by intracellular staining with relevant antibodies using IntraPrep™ Permeabilization 

Reagent. Briefly, surface-stained cells were fixed by incubation with reagent 1 for 10 minutes at 

room temperature followed by a washing step. Permeabilization and intracellular labelling were 

performed simultaneously by incubating the samples with reagent 2 and the desired antibody 

for 10 minutes at room temperature. After washing with phosphate-buffered saline (PBS), the 

samples were transferred to FACS tubes and analysed using a BD FACSCanto™ II cytometer, BD 

FACSDiva™ v6 software and FlowJo® software. 
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Table 2.2 – List of molecules important for T-reg identity or known to mediate T-reg suppressive 
function for which expression by mouse lymphocytes was evaluated by flow cytometry. 
  

Molecule 

(alternative name) 
Full Name 

CD39 Ectonucleoside triphosphate diphosphohydrolase  

CD73 Ecto-5'-nucleotidase 

PD-1 (CD279) Programmed cell death protein 1 

PD-L1 (CD274/ B7-H1) Programmed death-ligand 1 

ICOS (CD278) Inducible T-cell co-stimulator 

GITR (CD357/ TNFRSF18) Glucocorticoid-induced TNFR-related protein 

CTLA-4 (CD152) Cytotoxic T lymphocyte antigen-4 

Helios (IKZF2) Ikaros family zinc-finger protein 2 

CD103 Integrin, alpha E 

GARP (LRRC32) Glycoprotein A repetitions predominant 

LAP (CD121a/CD121b) Latency-associated peptide 
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2.8. SURFACE GLYCOSYLATION CHARACTERISATION BY FLOW CYTOMETRY 

Surface glycosylation of freshly-isolated CD4+ T lymphocytes from the different mouse 

anatomical sites and of human PBMCs was performed by flow cytometric analysis of lectin 

binding to the populations of interest (Figure 2.5) (571, 576). An HA-tagged, engineered chicken 

single chain fragment, scFv-A4, was also used for surface glycan characterisation. The scFv-A4 

was kindly provided by Stephen Cunningham and Lokesh Joshi (Glycosciences research cluster, 

Biomedical Sciences, NUI Galway) and has been demonstrated to be highly specific for the 

Gal-α-(1,3)-Gal terminal motif (595). After surface labelling with the appropriate markers for 

CD4+ T-cell identification and any other markers of interest for specific experiments (Table 2.2), 

the cells were washed with FACS buffer and incubated individually with a panel of 17 

biotinylated lectins (see appendix V for list of lectin preparations) or with purified scFv-A4 for 15 

minutes, at 4°C. The cells were then washed with FACS buffer and stained for 30 minutes, at 4°C, 

with fluorochrome-coupled streptavidin (SA) in order to detect the lectin binding. For scFv-A4 

labelling, an additional step of 15 minutes incubation with a biotinylated anti-HA antibody was 

required, prior to the SA incubation. After a final washing step, samples were analysed using a 

BD FACSCanto™ or BD FACSCanto™ II cytometer, BD FACSDiva™ v6 software and FlowJo® 

software. 
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Figure 2.5 – Strategy for the flow cytometric analysis of the lectin binding to spleen derived CD4+ T-cells. 
Examples of the results obtained for some of the lectins used are shown. Dot plots and histograms show 
lectin binding by the eGFP+ (T-reg) and eGFP- (T-conv) CD4+ splenic T-cell populations and are 
representative of 1 in 4-8 samples evaluated. The median fluorescence intensities of the lectin binding 
are plotted in the graphs which show results for splenic cells from multiple animals for each lectin (n=4-
8). 
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2.9. CD4+ T-CELL ENRICHMENT BY MAGNETIC CELL SORTING (MACS) 

Purification of CD4+ T lymphocytes by MACS was performed on cell suspensions from both 

mouse spleen and lymph nodes and on human PBMCs based on previously described 

methodology (596). Cells were re-suspended in MACS buffer at a concentration of 1.1 X 108 

cells/ml (mouse lymphocytes) or 1.25 X 108 cells/ml (human PBMCs) and incubated with anti-

mouse or anti-human CD4 microbeads, respectively, for 15 minutes, at 4°C. Microbead-labelled 

cell suspensions were washed with MACS buffer, re-suspended at 2 X 108 cells/ml, filtered 

through a 150 µm Sefar nitex mesh and separated using MS columns and an OctoMACS® 

separator according to manufacturer’s instructions (Miltenyi Biotec). Briefly, the labelled cell 

suspensions were added to a column placed within the magnetic field such that the CD4+ 

cell/microbead complexes were retained. The negative fraction was collected by washing the 

column three times with 500 µl of MACS buffer, followed by removal of the column from the 

magnetic field and elution of the CD4+ T-cells by adding 1 ml MACS buffer and flushing the 

contents of the column into a collection tube using the plunger provided with each column. The 

purified populations (over 97% pure) were re-suspended in FACS buffer for further analysis or 

washed and re-suspended in complete culture medium for culture experiments. 
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2.10. FLUORESCENCE-ACTIVATED CELL SORTING (FACS) 

The different populations required for the functional assays were purified by FACS with various 

sorting strategies being employed in accordance with the specific goal of each experiment (see 

Table 2.3, Figure2.6 and Figure2.7 for details) (24). Cell suspensions from mouse spleen and 

lymph nodes were labelled with the relevant fluorochrome-conjugated antibodies then were 

washed, filtered through a 40 μm Sefar petex mesh and re-suspended in SORT buffer at the 

appropriate concentration for separation using a BD FACSAriaII® and BD FACSDiva™ v6 Software. 

The preparation of human PBMC samples followed the same protocol described above, with an 

additional initial purification step of the CD4+ T-cells by MACS prior to labelling for separation by 

FACS.  

In order to ensure only viable cells were collected during the purification, the appropriate 

viability dye (refer to Appendix II for details of the viability dyes used) was added to the cell 

suspension before the separation process was initiated. At the end of the purification process, 

the purity of the isolated cells was determined by flow cytometric analysis of an aliquot of each 

population. The purity of FACS-isolated cell populations used for the experiments described in 

the thesis was consistently between 92% and 98%. 
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Table 2.3 – Summaries of nine different strategies for fluorescence-activated cells sorting (FACS) of 
murine (I-VII) and human (VIII, IX) immune cell subsets. 

FACS 

Strategy 

# 

Populations purified 
Fluorochrome-conjugated 

antibodies 

Viability 

Dye 

I CD4-CD8- APCs 
CD4-APC 

CD8α-APC 

SYTOX® 

Blue 

II 

CD4+CD62LhighFoxP3+GSL-Ihigh T-reg 

CD4+CD62LhighFoxP3+GSL-Ilow T-reg 

CD4+CD62LhighFoxP3- Responder T-cells 

CD4+CD62LlowFoxP3- Responder T-cells 

CD4-APC 

CD62L-PE.Cy7 

GSL-I-biotin 

Streptavidin-PerCP-eF710 

SYTOX® 

Blue 

III 

CD4+CD62LhighFoxP3+ scFv-A4high T-reg 

CD4+CD62LhighFoxP3+ scFv-A4low T-reg 

CD4+CD62LhighFoxP3-  Responder T-cells 

CD4+CD62LlowFoxP3- Responder T-cells 

CD4-APC 

CD62L-PE 

scFv-A4-HA 

HA-biotin 

Streptavidin-PerCP-eF710 

SYTOX® 

Blue 

IV 

CD4-CD8- APCs 

CD4+FoxP3+  T-reg 

CD4+FoxP3-  Responder T-cells 

CD8+  Responder T-cells 

CD4-APC 

CD8-APC-eF780 

SYTOX® 

Blue 

V 
FoxP3+PHA-Lhigh T-reg 

FoxP3+PHA-Llow T-reg 

PHA-L-biotin 

Streptavidin-PerCP-eF710 

SYTOX® 

Blue 
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Table 2.3 – Summaries of nine different strategies for fluorescence-activated cells sorting (FACS) of 
murine (I-VII) and human (VIII, IX) immune cell subsets (contd.). 

FACS 

Strategy 

# 

Populations purified 
Fluorochrome-conjugated 

antibodies 

Viability 

Dye 

VI 

CD4-CD8- APCs 

CD4+FoxP3+  T-reg 

CD4+CD62LhighFoxP3-  Responder T-cells 

CD4+CD62LlowFoxP3- Responder T-cells 

CD8+CD62LhighFoxP3-  Responder T-cells 

CD8+CD62LlowFoxP3- Responder T-cells 

CD4-APC 

CD8-APC-eF780 

CD62L-PE 

SYTOX® 

Blue 

VII 

CD4+FoxP3+  T-reg 

CD4+FoxP3-  Responder T-cells 

CD11c+ DCs 

CD4-APC 

CD11c-eF450 

SYTOX® 

AADvanced 

VIII 

CD4+CD25highCD127lowPHA-Lhigh T-reg 

CD4+CD25highCD127lowPHA-Llow T-reg 

CD4+CD25lowCD127+ Responder T-cells 

CD4-FITC 

CD127-PE 

CD25-PE.Cy7 

PHA-L-biotin 

Streptavidin-PerCP-eF710 

SYTOX® 

Blue 

IX 

CD4+CD25highCD127lowPHA-Lhigh T-reg 

CD4+CD25highCD127lowPHA-Llow T-reg 

CD4+CD25lowCD127+CD45RA+ Responder T-

cells 

CD4+CD25lowCD127+CD45RA- Responder T-

cells 

CD4-FITC 

CD127-PE 

CD25-PE.Cy7 

CD45RA-APC 

PHA-L-biotin 

Streptavidin-PerCP-eF710 

SYTOX® 

Blue 
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Figure 2.6 – Gating strategies used to FACS purify the different mouse-derived immune cell populations 
needed for the functional assays. Live cells (A) were gated by exclusion of those that bound to the viability 
dye, followed by the single cell (B) and lymphocyte (C) gates. The samples were further subdivided, into 
the different subsets to be purified, based on the binding of a panel of fluorochrome-conjugated 
antibodies. The table describes the immune cell populations isolated and the corresponding gate.  
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Figure 2.7 – Gating strategies used to FACS purify the different human-derived immune cell populations 
needed for the functional assays. Live cells (A) were gated by exclusion of those that bound to the viability 
dye, followed by the single cell (B) and lymphocyte (C) gates. The samples were further subdivided, into 
the different subsets to be purified, based on the binding of a panel of fluorochrome-conjugated 
antibodies. The table describes the immune cell populations isolated and the corresponding gate.  
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2.11. IMMUNE CELL LABELLING WITH FLUORESCENT-CELLTRACE™ DYES 

For some experiments, FACS purified immune cells were labelled with fluorescent CellTrace™ 

dyes (CellTrace™ CFSE, CellTrace™ Violet and CellTrace™ Far Red DDAO-SE) prior to culture, 

either for the purpose of evaluating cell proliferation (CellTrace™ Violet) or for subsequent 

identification of the individual populations, using flow cytometry, microscopy or imaging flow 

cytometry. The CellTrace™ reagents are fixable fluorescent tracers that bind to amine groups 

from proteins and other biomolecules that can be found intracellularly and at the surface of cells 

(597, 598). The labelling protocol results in stable fluorescent staining suitable for long-term cell 

labelling as reported by the manufacturers. 

The protocols for the labelling of the cells with these dyes were similar with few exceptions (see 

Table 2.4 for details). Briefly, cells were re-suspended in the appropriate pre-warmed buffer at 

1 X 106 cells/ml and were incubated with the appropriate amount of DMSO-reconstituted dye 

at 37 °C, protected from light. The labelling reaction was stopped by adding twice the reaction 

volume of complete culture medium and incubating (at the same temperature as the quenching 

solution) for 5 minutes. The labelled cells were washed twice with complete culture medium 

and were centrifuged at 450 RCF for 5 minutes. After counting, the labelled cells were 

re-suspended at the concentration required for the subsequent steps in each experiment. 

 

Table 2.4 – Summary details of FACS purified immune cell labelling with CellTrace™ CFSE, CellTrace™ 
Violet and CellTrace™ Far Red DDAO-SE. 
 

CellTrace™ dye 
Reaction 

Buffer 

Working 

concentration 

Incubation Time 

(minutes) 

Temperature of 

quenching 

solution 

CellTrace™ 

CFSE 

0.1% BSA 

In PBS 
10 µM 10 Ice cold 

CellTrace™ 

Violet 
PBS 0.5 µM 20 

Room 

Temperature 

CellTrace™ 

Far Red DDAO-SE 
PBS 10 µM 30 

Room 

Temperature 
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2.12. IN VITRO ACTIVATION OF T-CELLS FOR FLOW CYTOMETRIC ANALYSIS OF 

CONCANAVALIN A MITOGENIC EFFECTS AND STIMULATION-INDUCED GLYCOSYLATION 

CHANGES 

 

2.12.1. CONCANAVALIN A MITOGENIC STIMULATION 

MACS-purified CD4+ T-cells from C57BL/6 FoxP3.eGFP mice spleen and subcutaneous lymph 

nodes were labelled with CellTrace™ Violet and were cultured in complete culture media in 

96-well round-bottom plates at 1 X 106 cell/ml with a range of Concanavalin A (ConA) 

concentrations (0, 0.25, 0.5, 0.75, 1, 1.5, 2.5, 5 and 7.5 µg/ml). After 5 days in culture, the 

proportions and proliferation of T-reg and T-conv were evaluated by flow cytometry.  

 

2.12.2. STIMULATION-INDUCED GLYCOSYLATION CHANGES 

Naïve (CD62Lhigh) CD4+ T-cells were FACS purified and cultured in 96-well round-bottom plates 

at 0.5 X 106 cell/ml. The cultures were either left in complete culture medium with no further 

stimulation (no activation controls) or were stimulated with 1.5 µg/ml ConA or plate-bound anti-

CD3/anti-CD28 mAb (599). For the CD3/CD28 antibody activation, plates were pre-coated 24 

hour in advance with 1 µg/ml functional grade anti-CD3 mAb and 5 µg/ml functional grade 

anti-CD28 mAb in sterile PBS then incubated at 37oC for two hours and left overnight at 4oC. 

Prior to preparing the cultures, the coated plates were washed with PBS to remove the unbound 

antibodies. In these stimulation cultures, the cells were incubated at 37oC for 5 days followed 

by flow cytometric analysis of lectin binding to T-reg and T-conv. 
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2.13. ENZYMATIC DIGESTION – PNGASE F AND NEURAMINIDASE TREATMENT 

Regulatory T-cell surface glycosylation was manipulated by partial removal of N-glycans or sialic 

acids through treatment with the glycosidases PNGase F and Neuraminidase, respectively 

(Figure 2.8) with reference to previously work (600). PNGase F, also known as Peptide: 

N-Glycosidase F, is an amidase that is purified from Flavobacterium meningosepticum (601). Its 

enzymatic action is to remove whole N-glycan structures from glycoproteins by cleaving 

between the innermost GlcNAc residues and the Asn amino acid to which the high-mannose, 

hybrid, or complex oligosaccharides are attached (602). PNGase F endoglycosidase activity is 

inhibited when a Fuc residue is α-(1,3)-linked to the target GlcNAc residue (603) - a modification 

that is characteristic of some plant and insect glycoproteins. 

Neuraminidase is a sialidase that catalyses the hydrolysis of NeuAc residues from glycoproteins 

and oligosaccharides, when these are in α-(2,3), α-(2,6) and α-(2,8) linkage. This 

acetylneuraminyl hydrolase is cloned from Clostridium perfringens and overexpressed in E. coli 

(604). It shows catalytic preference for α-(2,3) and α-(2,6) over α-(2,8) linked residues. 

FACS purified T-reg were washed with pre-warmed PBS supplemented with 1 mM MgCl2, 1 mM 

CaCl2 and 1% BSA (PBS MCB) and were re-suspended in PBS MCB at a concentration of 2 X 106 

cells/ml. The cells were plated in 96-well flat-bottom plates for enzyme digestion at 0.2 X 106 

cells/well with a final volume of reaction of 200 µl/well, to which 400 units of enzyme (2000 

units/ml PNGase F or Neuraminidase) were added. For the “No Enzyme” controls, cells were 

incubated under the same conditions in the absence of enzyme. Enzyme treatment was carried 

out by incubating the reaction for 1 hour at 37°C, 5% CO2. Treated cells were collected by 

washing the wells multiple times using complete culture medium followed by washing and 

re-suspension at the appropriate concentrations in a buffer suitable for the next experimental 

step. 
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Figure 2.8 – Enzymatic actions of PNGase F and Neuraminidase which were used to manipulate T-reg 
surface glycosylation by partial depletion of surface (A) N-glycans and (B) sialic acids, respectively. (A) 
PNGase F cleaves the linkage between the innermost GlcNaC and the Asn residues on the protein 
backbone. Its catalytic activity is not affected by the presence of core fucose in α-(1,6) linkage but is 
prevented when fucose is added in α-(1,3) linkage and when the innermost GlcNAc has been fucosylated 
both in α-(1,6) and α-(1,3). (B) Neuraminidase catalyses the hydrolysis of sialic acid residues from 
glycoproteins and oligosaccharides, when these are in α-(2,3), α-(2,6) and α-(2,8) linkage. It shows 
catalytic preference for α-(2,3) and α-(2,6) over α-(2,8) linked residues. 
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2.14. FUNCTIONAL ASSAYS  

The suppressive ability and behaviour in culture of T-reg were evaluated by co-culturing FACS 

purified cells, using different FACS (Table 2.3) and co-culture strategies (see Table 2.5 for 

details), according to the aim of each specific experiment. Murine T-reg subsets studied included 

sub-populations that naturally differed in surface glycosylation (showing high and low binding 

to PHA-L and GSL-I lectins and to the scFv-A4) as well as T-reg preparations in which surface 

glycan expression had been modified by enzymatic treatment.  Where relevant, partial 

enzymatic digestion with PNGase F and/or Neuraminidase was performed prior to co-culture as 

described. “No enzyme” as well as untreated T-reg (with no further manipulation after FACS 

purification) were used as controls for the functional assays involving enzymatic treated T-reg.  

For these functional assays, responder T-cells were co-cultured in complete culture medium 

with varying numbers of T-reg (specified in each results section) in the presence or absence of 

CD4-CD8- APCs (at a 4:1, APC: responder T-cell ratio) or of CD11c+ DCs (at a 1:3, DC:T-cell ratio). 

Responder T-cells involved in these assays were either CD4+ or CD8+ T-cells that had been 

purified as whole populations or were further sub-divided, according to CD62L expression, into 

the naïve (CD62Lhigh) and memory (CD62Llow) subsets. The cells were plated in complete culture 

medium at the desired ratios in a 96-well round-bottom plate. T-cell cultures were activated 

using functional grade, purified anti-mouse CD3ε at a final concentration of 0.1 µg/ml and were 

incubated for 24 hours or for 4 days at 37°C, 5% CO2. For experiments in which APCs were 

omitted (co-culture strategy VIII), T-cell activation was achieved by adding Dynabeads® Mouse 

T –Activator CD3/CD28 at a 1:2, bead: responder T-cell ratio. 

Human T-cell co-cultures were also established (co-culture strategy IX and X) and involved CD4+ 

responder T-cells subdivided or not into naïve (CD45RA+) and memory (CD45RA-) subsets and 

T-reg subdivided into high or low N-glycan expressing subsets (purified according to PHA-L 

binding). These co-cultures were established in RPMI culture medium and were activated using 

Dynabeads® Human T –Activator CD3/CD28 at a 1:5, bead: responder T-cell ratio. Following the 

intended culture period, supernatants were collected and stored at -20°C and cells were 

removed from the wells and were washed with FACS Buffer.  

2.14.1. 24 HOUR CO-CULTURE 

Samples incubated for 24 hours were used to determine T-reg ability to suppress responder 

T-cell upregulation of the activation markers CD25 and CD69, as well as T-reg expression of 

specific markers by flow cytometry (Table 2.2). 
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2.14.2. 4-DAY CO-CULTURE 

T-reg suppression of responder T-cell proliferation was evaluated following 4-day culture 

periods. In order to be able to measure responder T-cell proliferation in culture, these cells were 

labelled with CellTrace™ Violet prior to co-culture. Flow cytometric analysis of the samples 

yielded proliferation histograms based on dye dilution that could be quantitatively analysed 

(Figure 2.9A). Using the FlowJo® v7 software proliferation package, three different parameters 

were determined to quantify sample proliferation: (a) Division Index (DI - average number of 

divisions for all the cells in the original starting population); (b) Proliferation Index (average 

number of divisions of just the responding cells that correspond to the cells that underwent at 

least one division); (c) Percent divided (proportion of the total viable cells that had divided at 

least once). T-reg suppressive ability was calculated using the division index method (Figure 

2.9B-D).  

 

2.14.3. CONDITIONED MEDIA TRANSFER EXPERIMENTS 

In order to evaluate the suppressive properties of soluble factors secreted by the cells in our 

co-culture system, conditioned media (CM) were collected from experiments using co-culture 

strategy V (Table 2.5) following 24 and 72 hour incubations. The CM (or control media samples) 

were then added to new co-cultures of CD4-CD8- APCs with CellTrace™ Violet-labeled naïve 

(CD4+CD62LhighFoxP3-) or memory (CD4+CD62LlowFoxP3-) responder T-cells, to constitute 10 or 

50% of the final volume of culture medium. These cultures were then incubated for 4 days prior 

to flow cytometric analysis of responder T-cell proliferation. 

 

2.14.4. PD-1 BLOCKING EXPERIMENTS 

Signalling through PD-1 engagement was blocked by two different strategies. In the first, 

non-cell-specific PD-1 blocking was performed by adding 2 µg/ml of purified anti-PD-1 mAb to 

the co-culture wells (194). In the second, T-reg specific blocking was carried out by pre-coating 

purified T-reg with 1 µg/ml of anti-PD-1 mAb for 30 minutes on ice prior to initiation of the 

co-cultures (192). In both cases, the co-cultures of APCs, T-reg and CellTrace™ Violet-labelled 

responder T-cells were incubated for 4 days and responder T-cell proliferation was evaluated by 

flow cytometry. 
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Table 2.5 – Co-culture strategies for the functional assays. Responder T-cells were co-cultured, in the presence or absence of antigen presenting cells, with or without T-reg (varying 
ratios) for 24 hours or 4 days. For every experiment, 3 replicates of each culture condition were prepared.   
  

 

Ŧ 4:1 APC:Responder T-cell ratio 

 

 

 

 

 

 

 

Co-culture 

Strategy 

# 

FACS 

Strategy 

# 

Co-culture description/well Ŧ Activation 

I I & II 

CD4-CD8- APCs + CD4+CD62LhighFoxP3- Responder T-cells 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells 

CD4-CD8- APCs + CD4+CD62LhighFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+GSL-Ihigh T-reg 

CD4-CD8- APCs + CD4+CD62LhighFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+GSL-Ilow T-reg 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+GSL-Ihigh T-reg 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+GSL-Ilow T-reg 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 
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Table 2.5 – Co-culture strategies for the functional assays (Contd.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ŧ 4:1 APC:Responder T-cell ratio 

Co-culture 

Strategy 

# 

FACS 

Strategy 

# 

Co-culture description/well Ŧ Activation 

II I & III 

CD4-CD8- APCs + CD4+CD62LhighFoxP3- Responder T-cells 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells 

CD4-CD8- APCs + CD4+CD62LhighFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+ scFv-A4high T-reg 

CD4-CD8- APCs + CD4+CD62LhighFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+ scFv-A4low T-reg 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+ scFv-A4high T-reg 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + CD4+CD62LhighFoxP3+ scFv-A4low T-reg 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

III IV & V 

CD4-CD8- APCs + CD4+FoxP3-  Responder T-cells 

CD4-CD8- APCs + CD8+FoxP3-  Responder T-cells 

CD4-CD8- APCs + CD4+FoxP3-  Responder T-cells + CD4+CD62LhighFoxP3+PHA-Lhigh T-reg 

CD4-CD8- APCs + CD4+FoxP3-  Responder T-cells + CD4+CD62LhighFoxP3+PHA-Llow T-reg 

CD4-CD8- APCs + CD8+FoxP3-  Responder T-cells + CD4+CD62LhighFoxP3+PHA-Lhigh T-reg 

CD4-CD8- APCs + CD8+FoxP3-  Responder T-cells + CD4+CD62LhighFoxP3+PHA-Llow T-reg 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 
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Table 2.5 – Co-culture strategies for the functional assays (Contd.) 

Co-culture 

Strategy 

# 

FACS 

Strategy 

# 

Co-culture description/well Ŧ Activation 

IV VI 

CD4-CD8- APCs + CD4+CD62LhighFoxP3-  Responder T-cells 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells 

CD4-CD8- APCs + CD4+CD62LhighFoxP3-  Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD4+CD62LhighFoxP3-  Responder T-cells + PNGase F T-reg ŧ 

CD4-CD8- APCs + CD4+CD62LhighFoxP3-  Responder T-cells + Neuraminidase T-reg Ɂ 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + PNGase F T-reg ŧ 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + Neuraminidase T-reg Ɂ 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

Ŧ 4:1 APC:Responder T-cell ratio; Ɨ No enzyme treated T-reg controls; ŧ PNGase F treated T-reg; Ɂ Neuraminidase T-reg 
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Table 2.5 – Co-culture strategies for the functional assays (Contd.) 

Co-culture 

Strategy 

# 

FACS 

Strategy 

# 

Co-culture description/well Ŧ Activation 

V IV 

CD4-CD8- APCs + CD4+FoxP3-  Responder T-cells 

CD4-CD8- APCs + CD8+FoxP3-  Responder T-cells 

CD4-CD8- APCs + CD4+FoxP3-  Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD4+FoxP3-  Responder T-cells + PNGase F T-reg ŧ 

CD4-CD8- APCs + CD8+FoxP3-  Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD8+FoxP3-  Responder T-cells + PNGase F T-reg ŧ 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

Ŧ 4:1 APC:Responder T-cell ratio; Ɨ No enzyme treated T-reg controls; ŧ PNGase F treated T-reg 
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Table 2.5 – Co-culture strategies for the functional assays (Contd.) 

Co-culture 

Strategy 

# 

FACS 

Strategy 

# 

Co-culture description/well Ŧ Activation 

VI VI 

CD4-CD8- APCs + CD4+CD62LhighFoxP3-  Responder T-cells 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells 

CD4-CD8- APCs + CD8+CD62LhighFoxP3-  Responder T-cells 

CD4-CD8- APCs + CD8+CD62LlowFoxP3- Responder T-cells 

CD4-CD8- APCs + CD4+CD62LhighFoxP3-  Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD4+CD62LhighFoxP3-  Responder T-cells + PNGase F T-reg ŧ 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD4+CD62LlowFoxP3- Responder T-cells + PNGase F T-reg ŧ 

CD4-CD8- APCs + CD8+CD62LhighFoxP3-  Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD8+CD62LhighFoxP3-  Responder T-cells + PNGase F T-reg ŧ 

CD4-CD8- APCs + CD8+CD62LlowFoxP3- Responder T-cells + No enzyme T-reg Ɨ 

CD4-CD8- APCs + CD8+CD62LlowFoxP3- Responder T-cells + PNGase F T-reg ŧ 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+/- Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

Ŧ 4:1 APC:Responder T-cell ratio; Ɨ No enzyme treated T-reg controls; ŧ PNGase F treated T-reg 
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Table 2.5 – Co-culture strategies for the functional assays (Contd.) 

Co-culture 

Strategy 

# 

FACS 

Strategy 

# 

Co-culture description/well  Activation 

VII Ŧ VII 

CD11c+ DCs + CD4+FoxP3-  Responder T-cells 

CD11c+ DCs + CD4+FoxP3-  Responder T-cells + No enzyme T-reg Ɨ 

CD11c+ DCs + CD4+FoxP3-  Responder T-cells + PNGase F T-reg ŧ 

+/- Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/ml 

+ Anti- CD3ε 0.1 µg/m 

VIII VII 

CD4+FoxP3-  Responder T-cells 

CD4+FoxP3-  Responder T-cells + No enzyme T-reg Ɨ 

CD4+FoxP3-  Responder T-cells + PNGase F T-reg ŧ 

+/- Dynabeads® 1:2 ɉ 

+ Dynabeads® 1:2 ɉ 

+ Dynabeads® 1:2 ɉ 

Ŧ 1:3, DC:T-cell ratio; Ɨ No enzyme treated T-reg controls; ŧ PNGase F treated T-reg;ɉ 1:2 bead:Responder T-cell ratio (Dynabeads® Mouse T –Activator CD3/CD28) 

Ɏ 1:5 bead:Responder T-cell ratio (Dynabeads® Human T –Activator CD3/CD28) 
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Table 2.5 – Co-culture strategies for the functional assays (Contd.) 

Co-culture 

Strategy 

# 

FACS 

Strategy 

# 

Co-culture description/well  Activation 

IX VIII 

CD4+CD25-/+CD127+ Responder T-cells  

CD4+CD25-/+CD127+ Responder T-cells + CD4+CD25highCD127lowPHA-Lhigh T-reg 

CD4+CD25-/+CD127+ Responder T-cells + CD4+CD25highCD127lowPHA-Llow T-reg 

CD4+CD25-/+CD127+ Responder T-cells + CD4+CD25highCD127lowPHA-Lhigh T-reg 

CD4+CD25-/+CD127+ Responder T-cells + CD4+CD25highCD127lowPHA-Llow T-reg 

+/- Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

X IX 

CD4+CD25-/+CD127+ D45RAhigh Responder T-cells  

CD4+CD25-/+CD127+CD45RAlow Responder T-cells 

CD4+CD25-/+CD127+CD45RAhigh Responder T-cells + CD4+CD25highCD127lowPHA-Lhigh T-reg 

CD4+CD25-/+CD127+CD45RAhigh Responder T-cells + CD4+CD25highCD127lowPHA-Llow T-reg 

CD4+CD25-/+CD127+CD45RAlow Responder T-cells + CD4+CD25highCD127lowPHA-Lhigh T-reg 

CD4+CD25-/+CD127+CD45RAlow Responder T-cells + CD4+CD25highCD127lowPHA-Llow T-reg 

+/- Dynabeads® 1:5 Ɏ 

+/- Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

+ Dynabeads® 1:5 Ɏ 

Ɏ 1:5 bead:Responder T-cell ratio (Dynabeads® Human T –Activator CD3/CD28)
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Figure 2.9 – Responder T-cell proliferation was evaluated by measuring CellTrace™ Violet dilution by flow 
cytometry, (A) both in the absence and presence of different proportions of T-reg, post 4-day co-culture. 
In the absence of anti-CD3 stimulation, there was no detectable cell division and all cells expressed similar 
levels of the proliferation dye (1st graph to the left). Once proliferation was triggered by the presence of 
anti-CD3 in the culture, Responder T-cells divided giving rise to successive generations with gradual loss 
of CellTrace™ Violet expression (0:1). Cell division is inhibited by the presence of T-reg in the culture, with 
the extent of inhibition being proportional to the number of these cells. (B) Division Index was calculated 
using FlowJo® v7 for experimental replicates of each condition and (C-D) % Suppression was calculated 
based on division index. 
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2.15. IMMUNE CELL INTERACTIONS ANALYSIS BY FLOW CYTOMETRY, IMAGING CYTOMETRY 

AND FLUORESCENCE MICROSCOPY 

Immune cell interactions established between T-reg, CD4+ responder T-cells and DCs were 

evaluated, in our culture systems, by flow cytometry, fluorescence microscopy and imaging flow 

cytometry. The primary goal of these experiments was to investigate the effects of T-reg 

PNGase F treatment on the ability of T-reg to interact with the other immune cells. Co-cultures 

were prepared by plating FACS-purified cells (FACS strategy VII, Table 2.3) in 96-well 

round-bottom plates (see Table 2.6 for details). Based on a protocol published by Mittlebrunn 

et al., the plates were briefly centrifuged at 450 RCF to create tight cell pellets in the bottom of 

the wells and were then incubated for 8 hours at 37°C, 5% CO2 (605). 

 

2.15.1. FLOW CYTOMETRY 

Co-cultures to be analysed by flow cytometry were prepared as described in Table 2.6 using 

CellTrace™ CFSE-labelled T-reg, CellTrace™ Violet-labelled DC and CellTrace™ Far Red 

DDAO-SE-labelled CD4+ responder T-cells. After 8 hours incubation, the culture medium was 

washed off with PBS, the cells were fixed for 5 minutes in 2% paraformaldehyde (PFA) and were 

transferred to FACS tubes using pipette tips with the ends cut off in order to prevent the 

disruption of any cell-aggregates. Flow cytometric analysis of the immune cell interactions was 

performed using BD FACSCanto™ II cytometer and FlowJo® software by evaluating the 

fluorescence of the cell aggregates present in the different samples and by quantifying the 

percentage of each type of interaction among the total interacting cells. 

 

2.15.2. IMAGING FLOW CYTOMETRY 

Immune cell interaction was also evaluated by imaging flow cytometry using the same co-culture 

strategy as for flow cytometric analysis (606). After incubating the cells for 8 hours, the culture 

medium was washed off with PBS and the cells were stained with Alexa Fluor® 568 phalloidin 

for selective F-actin labelling using IntraPrep™ Permeabilization Reagent. Briefly, the cells were 

fixed by incubating with reagent 1 for 10 minutes at room temperature. The fixed cells were 

washed then incubated for 30 minutes with PBS 1% BSA to reduce non-specific background. 

Permeabilization and F-actin labelling were performed by simultaneous incubation with reagent 

2 and 1 unit (0.66 μg/ml) of Alexa Fluor® 568 phalloidin for 20 minutes at room temperature. 
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After washing with PBS, the samples were transferred to 1.5 ml micro-tubes for analysis using a 

FlowSight® Imaging Flow Cytometer and the IDEAS® Software (Merck Millipore, Molsheim, 

France). 

 

2.15.3. FLUORESCENCE MICROSCOPY 

For observation of immune cell interactions by fluorescence microscopy, co-cultures were 

established as described in Table 2.6 using CellTrace™ CFSE-labelled T-reg, CellTrace™ Far Red 

DDAO-SE-labelled DCs and unlabelled Responder T-cells. As for flow cytometric analysis, after 8 

hours incubation, the cells were washed and fixed for 5 minutes in 2% PFA. The fixed cells were 

carefully transferred to microscope slides to which histology mounting medium (Fluoroshield® 

with DAPI) was added and gently mixed with the cells prior to placement of a coverslip. 

Representative photographs of the interactions between the different populations studied were 

acquired by fluorescence microscopy using an Olympus Fluoview 1000® Confocal Microscope 

and the FV1000 viewer software (Olympus, Tokyo, Japan). 

 

Table 2.6 – Summary details of the co-culture strategies used for the evaluation of immune cell 
interactions. FACS purified cells were co-cultured for 2 and 8 hours. For each experiment, 3 replicates of 
each culture condition were prepared.  
 

Co-culture description/wellŦ Activation 

CD4 Responders (100.000) + DC (50.000) + NE T-regƗ (50.000) 
Anti- CD3ε 

0.1 µg/ml 
CD4 Responders (100.000) + DC (50.000) + PNGase F T-regŧ (50.000) 

CD4 Responders (100.000) + NE T-reg Ɨ (50.000) Dynabeads® 

1:2ɉ 
CD4 Responders (100.000) + PNGase F T-regŧ (50.000) 

Ŧ 1:3 DC:T-cell ratio ; 1:2 T-reg:Responder T-cell ratio 
Ɨ No enzyme treated T-reg controls 
ŧ PNGase F treated T-reg 
ɉ 1:2 bead:Responder T-cell ratio of Dynabeads® Mouse T –Activator CD3/CD28 
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2.16. CYTOKINE EXPRESSION ANALYSIS BY PROCARTAPLEX LUMINEX IMMUNOASSAY 

Supernatants from co-culture strategies III and VII (Table 2.5) were collected after 4-day 

incubation and were stored at -20°C. Cytokine concentrations in these supernatants were 

quantified using a mouse Th1/Th2 Extended 11-plex, complemented with a mouse IL-7 Simplex 

and a mouse IL-10 Simplex (Table 2.7), which was analysed using the Bio-Plex® MAGPIX™ 

Multiplex Reader (Bio-Rad, Hercules, CA, US) . The samples were added to the assay plate at a 

1:2 dilution, with each condition being represented by 3 individual replicates. These 

ProcartaPlex Immunoassays consist of a magnetic microsphere technology that enables the 

detection and quantification of multiple proteins present in a single sample. The results were 

analysed using Bio-Plex Manager™ v6.1 Software (Bio-Rad) and the concentrations of the 

different analytes were obtained in pg/ml based on standard curves obtained for that same 

assay.  
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Table 2.7 – List of the analytes quantified by ProcartaPlex Immunoassay using a mouse Th1/Th2 
Extended 11plex, complemented with a mouse IL-7 Simplex and a mouse IL-10 Simplex. 
 

Cytokine Full name 

Upper limit of quantification/ 

Lower limit of quantification 

(pg/ml) 

GM-CSF Granulocyte-macrophage  

colony-stimulating factor 
2625/ 2.56 

IFN-γ Interferon gamma 15500/ 3.78 

IL-1β Interleukin-1 beta 4200/ 1.03 

IL-2 Interleukin-2 5100/ 1.25 

IL-4 Interleukin-4 5500/ 1.34 

IL-5 Interleukin-5 14300/ 3.49 

IL-6 Interleukin-6 18600/ 4.54 

IL-7 Interleukin-7 22800/ 5.57 

IL-10 Interleukin-10 13900/ 3.39 

IL-12p70 Interleukin-12 active heterodimer 1625/ 1.59 

IL-13 Interleukin-13 12100/ 2.95 

IL-18 Interleukin-18 38675/ 38 

TNF-α Tumour necrosis factor alpha 3425/ 3.34 
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2.17. STATISTICAL ANALYSIS 

The experimental work for the project generated data exclusively from primary mouse and 

human cells. Many of the individual experiments involved rare cell populations sorted to a high 

level of purity or required a large number of separate lectin stains per sample. In some 

experiments, this limited the number of replicates for each experimental condition to between 

3 and 6, precluding a meaningful testing of normalcy (Gaussian distribution). In order to ensure 

a robust statistical analysis of the data, a collaboration was established with Dr. Neil O’Leary, 

biostatistician, HRB Clinical Research Facility, Galway. As an alternative to conventional 

parametric and non-parametric statistical tests, Dr. O’Leary applied resampling methods which 

were used to generate null-distributions of test-statistics for inference in accordance with 

published approaches (607, 608). This involved permuting the group labels for a given 

experimental factor and calculating the test statistic under each permutation. In all cases, the 

difference in means was used as the test statistic of interest and the observed difference was 

compared to the null-distribution of differences under permutation. If an experiment involved 

two factors in a factorial design, then resampling for inference on one factor was stratified 

within levels of the other factor and vice-versa. If an experiment involved paired replicates, then 

the resampling was performed adhering to this paired design. The family wise error rate within 

each experiment was controlled by applying the Holm correction to p-values pertaining to a 

single experimental factor (controlling for all pairwise comparisons) (609). All unique 

permutations were used to generate each null-distribution, but if there were more than 10,000 

unique permutations a random sample of 10,000 was taken. These analyses were carried out 

using R (610). For all experiments, the relevant figure legends in Chapters Three, Four and Five 

indicate: (a) the numbers of technical replicates and/or animal and human subjects numbers 

involved; (b) whether a paired or unpaired analysis was performed; (c) how many similar 

experiments were performed; (d) statistical significance by permutation testing, labelled as 

follows: *p value ≤ 0.1; **p value < 0.05; ***p value < 0.01. For experiments involving n=3 or 4 

replicates per experimental condition, results with p ≤ 0.1 by permutation testing were 

interpreted as being significant if the difference observed was also present in one or more 

similar experiments.  
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CHARACTERISATION OF REGULATORY T-CELL 
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3.1. INTRODUCTION 

As described in more detail in Chapter One, glycosylation of mammalian cell surfaces is known 

to be dynamic and to undergo alterations at various developmental and differentiation stages, 

during physiological events such as cellular activation, migration and apoptosis, and also during 

cancer and inflammation (415, 418-431).  T-cell development, differentiation and activation are 

accompanied by changes in gene expression including differential regulation of the enzymes 

involved in the glycosylation pathways which ultimately lead to altered cell glycosylation across 

the various stages of T-cell life (611-613). Studies using plant lectins have revealed increased 

surface sialylation during T-cell differentiation. For example, immature double positive 

CD4+CD8+ thymocytes display core 1 O-glycans at their surface which undergo α-(2,3) sialylation 

as they mature to single positive T-cells. Having reached maturation, T-cell N-glycans show 

modification with α-(2,6)-linked sialic acids and decreased expression of core 2 O-glycans (421, 

520, 614). CD4+ T-cell maturation has also been associated with 9-O-acetylation of sialic acids, 

with this sialic acid esterification being predominant on the CD4 single positive cells both in the 

thymus and in the periphery. In contrast, the CD4+CD8+  and the CD8 single positive subsets 

express low levels of these structures in the thymus (615). Activation through TCR signalling 

promotes N-glycan branching by up-regulation of the necessary enzymes (α-mannosidases and 

Mgat5) at the transcriptional level, while maintaining low levels of Mgat1 and Mgat2, which 

compete for the same sugar substrates (616).  The N-glycan biosynthetic pathway is crucial for 

cytokine receptor stability at the cell surface (617), and its inhibition results in deficient cytokine 

secretion by activated T-cells (618). Small inhibitory RNA-mediated knockdown of O-linked 

β-N-acetylglucosaminyltransferase (OGT) in T-cells results in impaired activation of the 

transcription factors NFAT and NF-κB leading to reduced production of IL-2 consistent with 

prevention of T-cell activation (619). Maturation to memory phenotype is accompanied by 

decreased expression of core 2 O-glycans and increased expression of core 1 O-glycans 

compared to the naïve counterparts (421). 

The diverse repertoire of glycans serve as ligands for lectins, which are microbial-, plant- and 

animal-derived carbohydrate-binding proteins that recognize specific glycan structures and act 

as recognition molecules inside cells, on cell surfaces and in physiological fluids (498, 499). The 

sugar-specificity is determined by the amino-acid composition in the vicinity of the lectin binding 

site and the binding occurs without catalysing a modification of the glycan and with virtually no 

conformational changes on the lectin (501). The binding specificities of individual lectins make 

them useful tools for different research applications that range from cell identification and 
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separation; detection, isolation and structural studies of glycoproteins; investigation of 

carbohydrates on cells and subcellular organelles; evaluation of cell surface phenotypes that are 

characteristic of specific physiological or pathological phenomena and mitogenic stimulation of 

lymphocytes (498, 499). 

Lymphocyte activation in vitro is most often achieved by the combined action of 

anti-CD3/anti-CD28 monoclonal antibodies, which are presented by APCs, added in the soluble 

form or immobilized on a solid plastic surface or beads (620, 621). Some lectins have been shown 

to promote in vitro lymphocyte stimulation. Phytohemagglutinin (PHA) (622) and ConA (623) 

were the first lectins to which this function was attributed in the 1960s. The discovery of the 

mitogenic properties of ConA was of particular interest since its binding to lymphocytes could 

be inhibited by low concentrations of Man (624), providing reliable proof that the observed 

effect was due to the binding of the lectin to the sugars displayed at the surface of the cell. 

Moreover, not all lectins that bind to cells have a stimulatory effect – a fact that supports the 

need for specific sugar-lectin interactions to stimulate mitogenic activity. This constituted one 

of the first revelations of the biological relevance of the cell surface glycome (498, 499). 

Over the years, increasing evidence has been gathered to demonstrate the diversified roles of 

lectins and their binding to cell-surface carbohydrates. Microorganisms rely on lectins to bind to 

host cell targets and cause infection. Plants use lectins as a defence mechanism but also as 

mediators of symbiosis with nitrogen-fixing bacteria. Animals have a more complex system 

displaying a wide range of lectin families that are involved in different cellular biological 

processes. Of particular relevance for T-cell biology are the galectins, which regulate cell growth, 

cell cycle and apoptosis; the siglecs that mediate immune cell interactions; and the selectins 

which are involved in lymphocyte homing to the lymphoid organs and trafficking to inflamed 

tissues (431, 490, 499). 

T-cell activation results in down-regulation of homing receptor expression, loss of ability to bind 

to high endothelial venules (HEV) and changes in cell surface glycosylation (625). The homing 

receptor responsible for these phenomena would be subsequently identified as L-selectin 

(CD62L), as having a crucial role in naïve lymphocyte homing to secondary lymphoid organs and 

as being the primary adhesion receptor required for the tethering and rolling of leukocytes on 

activated endothelium (626). Regulation of CD62L expression has been widely used by 

researchers for identification and study of the naïve (CD62Lhigh) and effector/memory (CD62Llow) 

T-cell subsets. 
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To date, most studies on T-cell glycosylation have not focused on T-reg as a distinct T-cell subset 

and only a handful of such reports have been published. Moreover, the strategies for T-reg 

identification vary greatly, with many research groups assuming CD4+CD25+ T-cells as T-reg 

despite the fact that a considerable proportion of T-conv share that same phenotype, making it 

difficult to draw any conclusions. Nevertheless, as described in detail in section 1.2.7, Jenner et 

al. have reported that human PBMC-derived tolerogenic, immature DCs and CD4+CD25+ T-reg 

express higher amounts of α-(2,6)-linked sialic acids at their surface and proposed a role for that 

glycan epitope in mediating tolerance (571). In 2013, one study was published suggesting that 

ALL could be used along with CD4 for the identification of human peripheral blood T-reg cells. 

However, there was very a low level of lectin binding to the cells and the analysis of the 

CD4+CD25+FoxP3+ T-reg population showed, in fact, that approximately 50% of the T-reg were 

ALL- and over 30% of the CD4+ALL+ T-cells were not T-reg (586). Recently, it has been described 

that sialic acid capping of CD69 N-glycans is essential for its association with the S100A8/S100A9 

complex – an interaction that is required for the induction of T-reg differentiation from human 

PBMCs (587). The influence of surface glycosylation in T-cell biology and the lack of existing 

knowledge led to an interest in identifying surface glycosylation characteristics that distinguish 

T-reg from T-conv in mouse and human, as well as in evaluating glycosylation changes that occur 

on the T-reg surface following activation. 
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3.2. REGULATORY T-CELL SURFACE GLYCOSYLATION IS DISTINCT FROM THAT OF 

CONVENTIONAL T-CELLS IN PRIMARY AND SECONDARY LYMPHOID ORGANS OF HEALTHY 

MICE IN THE RESTING STATE 

In order to broadly compare surface glycosylation characteristics of T-reg and T-conv within the 

major primary and secondary lymphoid organs of mouse, cell suspensions of spleen, 

subcutaneous lymph nodes (SLN), mesenteric lymph nodes (MLN), thymus, bone marrow (BM) 

and PBL from C57BL/6 FoxP3-eGFP mice were analysed by multi-colour flow cytometry using a 

panel of 17 biotinylated lectins (Table 3.1). In order to ensure that combined staining of cells 

with both antibodies and lectins did not result in false positives, three staining strategies were 

initially compared. In all cases the fluorescence intensities obtained with combined staining 

were compared to those obtained with antibody or lectin staining alone. The three strategies 

compared were staining first with the antibodies followed by the lectins, the reverse staining 

order and both antibodies and lectins simultaneously. It was found that staining first with the 

antibodies and then with the lectins was the optimal experimental approach since it resulted in 

staining levels that were most comparable to those obtained for the different molecules when 

stained alone. The full dataset for these analyses expressed in terms of absolute fluorescence 

values is collated in Tables 3.2 and 3.3. A summary of the comparative intensities of lectin 

binding to T-reg and T-conv at the different anatomical sites is shown in Figure 3.1 in which 

results are presented as the average median fluorescence intensity (MFI) differences between 

the eGFP+ and eGFP- CD4+ T-cells. As shown, there were distinct lectin-binding differences 

between T-reg and T-conv within each of five major carbohydrate affinity groupings which, in 

broad terms, were similar for spleen, SLN and MLN but more variable for thymus, BM and PBL 

(Figures 3.1A-E). Variability for the latter three sites resulted from higher binding of several 

lectins to T-conv at these sites compared to spleen, SLN and MLN as well as from higher binding 

of a limited number of lectins (e.g. RCA-I) to T-reg (Table 3.2&3.3).  
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Based on the recognized carbohydrate affinities of the lectins employed (Table 3.1), the lectin 

binding intensities observed indicated that the surface glycosylation profile of T-reg from mouse 

secondary lymphoid organs demonstrated several specific features when compared to T-conv. 

These included:  

a) Higher PSA binding suggestive of higher expression of Fuc-dependent terminal Man 

containing glycan structures (Figure 3.1A). 

b) Higher GSL-I binding and lower Jacalin binding, suggestive of higher expression of 

terminal Gal and GalNAc residues attached in α linkage and lower expression of 

sialylation-tolerant Gal residues, respectively (Figure 3.1B). 

c) Higher SNA-I binding and lower MAL-II binding, suggestive of higher expression of 

α-(2,6)-linked sialic acid and lower expression of α-(2,3)-linked sialic acid, respectively 

(Figure 3.1C). 

d) Higher DSL, PHA-E, PHA-L and RCA-I binding, suggestive of broadly higher expression 

of GlcNAc containing carbohydrate structures, with/without terminal β-Gal (Figure 

3.1D) 

e) Higher AAL binding, suggestive of higher expression of α-(1,6)-linked Fuc residues 

(Figure 3.1E).  

Notably, glycan expression differences between the two populations of interest from mouse PBL 

samples were less evident, with both T-reg and T-conv showing an overall decreased intensity 

of binding to all lectins involved in the study (Figure 3.2). Moreover, glycan expression variability 

across the different anatomical sites was higher for T-conv than T-reg with T-conv displaying 

overall higher glycan expression when isolated from the thymus and bone marrow (Figure 3.2). 

It was concluded that Foxp3+ T-reg present in the major secondary lymphoid reservoirs of mice 

exhibit a surface glycosylation profile that is distinct from that of non-regulatory CD4+ T-cells and 

is primarily characterized by higher expression of several physiologically important 

carbohydrates as indicated by differences in binding intensities of various lectins.  In addition, 

CD4+ T-cells glycosylation was variable across different anatomical sites in healthy animals. 

Based on these observations in mouse, it was hypothesized that human-derived T-reg surface 

glycosylation characteristics are also distinct from those of T-conv.  
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Table 3.1 – Sugar binding specificities of the lectins. 

Abbreviation Carbohydrate specificity Reference 

Jacalin Gal-β-(1,3)-GalNAc-α-Ser/Thr [T], GalNAc-α-Ser/Thr [Tn], GlcNAc-β-(1,3)-GalNAc-α-Ser/Thr [core 3], sialyl-T [ST] (627-629) 

SJA GalNac in terminal linkage to GalNAc and Gal, anti-A and anti-B human blood group (630) 

PNA Gal-β-(1,3)-GalNAc-α-Ser/Thr [T] (631, 632) 

DSL β-D-GlcNAc, (GlcNAc-β-(1,4)n, Gal-β-(1,4)-GlcNAc (633, 634) 

NPL High-Mannose, Man-α-(1,6)- (635) 

GNL High-Mannose, Man-α-(1,3)-  (636) 

ConA High-Mannose, Man-α-(1,6)-(Man-α-(1,3)-Man, terminal GlcNAc (637) 

PSA α-D-Man, Fuc-α-(1,6)-GlcNAc, α-D-Glc (638) 

MAL-II Sialic acid-α-(2,3)-Gal, Sialic acid-α-(2,3)-Gal-β-(1,4)-Glc(NAc)/Glc, Sialic acid-α-(2,3)-, Sialic acid-α-(2,3)-GalNAc (639, 640) 

SNA-I Sialic acid-α-(2,6)-Gal/GalNAc (641) 

PHA-L Tri-/tetra-antennary β-Gal/Gal-β-(1,4)-GlcNAc (642, 643) 

PHA-E Biantennary, bisecting GlcNAc, β-Gal/Gal-β-(1,4)GlcNAc  (642, 643) 

RCA-I Gal-β-(1,4)-GlcNAc (644) 

AAL Fuc-α-(1,6)-GlcNAc [core fucose], Fuc-α-(1,3)-(Gal-β-(1,4)-GlcNAc  (645, 646) 

AAA α-Fuc (647) 

UEA-I Fuc-α-(1,2)-Gal-β-(1,4)-Glc(NAc) (648) 

GSL-I α-Gal/ α-GalNAc anti-A and anti-B human blood group (649, 650) 
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Table 3.2 – Summary of results of flow cytometric screening of lectin binding to T-reg and T-conv from healthy mouse spleen, subcutaneous lymph nodes and 
mesenteric lymph nodes. Surface glycosylation was evaluated using lectin profiling by flow cytometry. Single cell suspensions were obtained from spleen, subcutaneous lymph 

nodes and mesenteric lymph nodes from C57BL/6 FoxP3.eGFP mice. Mean values for MFI ± SD are shown for both populations (n=4-8).  

Lectin Major ligand(s) 
Spleen Subcutaneous lymph nodes Mesenteric lymph nodes 

T-conv T-reg p value† T-conv T-reg p value† T-conv T-reg p value† 

AAA α-Fuc 119.3 ± 37.91 114.7 ± 39.80 0.5 99.56 ± 53.81 95.74 ± 58.55 0.438 80.88 ± 6.243 73.24 ± 15.91 0.375 

AAL Fuc-α-(1,6)- 39240 ± 27420 41880 ± 26280 0.0312 39980 ± 23590 42830 ± 22650 0.0156 30710 ± 9222 31210 ± 9772 0.492 

UEA-I Fuc-α-(1,2)- 118 ± 47.38 112.7 ± 30.79 0.688 95.76 ± 44.17 91.56 ± 38.54 0.5 86.02 ± 6.370 71.18 ± 11.00 0.0625 

MAL-II Sialic acid-α-(2,3)-Gal 24480 ± 7340 23920 ± 5484 0.734 27390 ± 9244 23770 ± 8278 0.00781 24250 ± 9175 22810 ± 8130 0.0234 

SNA-I Sialic acid-α-(2,6)-Gal/GalNAc 8103 ± 2232 11440 ± 3420 0.00781 7035 ± 2140 9587 ± 2960 0.00781 6777 ± 2458 8925 ± 3251 0.00781 

ConA Man 8485 ± 3302 7687 ± 2427 0.117 6890 ± 1985 7113 ± 2128 0.125 6509 ± 3159 6992 ± 3575 0.00781 

GNL Man-α-(1,3)- 10490 ± 5006 9230 ± 4769 0.00781 11100 ± 5237 10790 ± 5105 0.109 9551 ± 2899 9180 ± 2923 0.0234 

NPL Man-α-(1,6)- 5512 ± 3214 5093 ± 3372 0.266 5417 ± 2862 5601 ± 3138 0.234 4104 ± 1115 4176 ± 1145 0.289 

PSA Man (Fuc-dependent) 57580 ± 12140 67230 ± 13450 0.00781 52300 ± 6627 63840 ± 9781 0.00781 57690 ± 14760 67150 ± 15870 0.00781 

GSL-I α-Gal/ α-GalNAc 793.8 ± 553.7 4076 ± 2163 0.00781 315.4 ± 190.9 2777 ± 2089 0.00781 366 ± 128.4 2465 ± 702.8 0.00781 

Jacalin Gal (sialylation tolerant) 1828 ± 795.2 1289 ± 477.4 0.00781 1543 ± 675.0 1077 ± 440.1 0.00781 1568 ± 659.4 1185 ± 489.7 0.00781 

PNA Gal-β-(1,3)-GalNAc 398.3 ± 228.1 456.5 ± 112.4 0.352 278.3 ± 136.3 398.3 ± 136.9 0.00781 258.6 ± 129.6 369.4 ± 143.0 0.00781 

SJA β-GalNAc 124.4 ± 30.35 116.2 ± 31.34 0.125 91.52 ± 17.91 82.62 ± 20.58 0.250 113.5 ± 26.80 97.44 ± 26.24 0.0625 

DSL GlcNAc 1131 ± 837.8 2532 ± 1859 0.00781 859.5 ± 739.4 2556 ± 1877 0.00781 878.8 ± 674.6 2385 ± 1681 0.00781 

PHA-E 
Biantennary, bisecting 
GlcNAc,β-Gal/Gal-(1,4)GlcNAc 

3297 ± 1024 11080 ± 1979 0.00781 2508 ± 1083 8868 ± 2436 0.00781 3281 ± 1437 10220 ± 3486 0.00781 

PHA-L 
Tri-/tetra-antennary 
β-Gal/Gal-β-(1,4)-GlcNAc 

2418 ± 2170 10720 ± 7480 0.00781 1578 ± 1749 8193 ± 6805 0.00781 1238 ± 1076 6268 ± 3932 0.00781 

RCA-I Gal-β-(1,4)-GlcNAc 25470 ± 8410 32190 ± 13250 0.0234 25240 ± 5776 32010 ± 8086 0.00781 1239 ± 1076 34920 ± 11830 0.00781 

† Statistical analysis was performed by permutation test with a paired design. 
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Table 3.3 – Summary of results of flow cytometric screening of lectin binding to T-reg and T-conv from healthy mouse thymus, bone marrow and PBLs. Surface glycosylation was 
evaluated using lectin profiling by flow cytometry. Single cell suspensions were obtained from thymus, bone marrow and PBLs from 4-8 C57BL/6 FoxP3.eGFP mice. Mean values for 
MFI ± SD are shown for both populations (n=4-8). 

Lectin Major ligand(s) 
Thymus Bone marrow PBLs 

T-conv T-reg p value† T-conv T-reg p value† T-conv T-reg p value† 

AAA α-Fuc 67.42 ± 10.54 63.76 ± 31.49 0.812 459.8 ± 302.7 358.0 ± 246.2 0.125 56.02 ± 4.333 37.28 ± 15.88 0.125 

AAL Fuc-α-(1,6)- 44430 ± 7963 45970 ± 8023 0.0781 42340 ± 8793 43500 ± 6293 0.750 19560 ± 5610  16820 ± 5716 0.0625 

UEA-I Fuc-α-(1,2)- 84.46 ± 17.31 96.12 ± 15.69 0.4237 328.5 ± 101.1  261.3 ± 79.19 0.125 55.48 ± 1.827 48.36 ± 5.704 0.125 

MAL-II Sialic acid-α-(2,3)-Gal 14850 ± 3683 28820 ± 8197 0.00781 19920 ± 5395 19990 ± 5675 1.000 17750 ± 8531 14080 ± 7292 0.0625 

SNA-I Sialic acid-α-(2,6)-Gal/GalNAc 9547 ± 3013 11280 ± 3156 0.00781 8779 ± 3462 13570 ± 5217 0.0156 3655 ± 828.7 4643 ± 1298 0.0625 

ConA Man 8750 ± 2534 7033 ± 1950 0.00781 7742 ± 1981 7352 ± 2309 0.266 3353 ± 1530 3344 ± 1644 0.938 

GNL Man-α-(1,3)- 17860 ± 7294 9112 ± 2927 0.0156 12960 ± 5416 8424 ± 1386 0.0938 5657 ± 1391 4840 ± 1480 0.0625 

NPL Man-α-(1,6)- 13130 ± 5851 5900 ± 3861 0.00781 10840 ± 8900 4277 ± 523.0 0.0625 2121 ± 335.5 1854 ± 339.4 0.0625 

PSA Man (Fuc-dependent) 64150 ± 12260 73910 ± 14490 0.00781 80040 ± 12000 98060 ± 12400 0.0156 31940 ± 13340 33820 ± 16870 0.375 

GSL-I α-Gal/ α-GalNAc 2794 ± 1039 6242 ± 4267 0.00781 5223 ± 7569 5132 ± 945.6 1.000 127.2 ± 26.71 472.2 ± 165.7 0.0625 

Jacalin Gal (sialylation tolerant) 2769 ± 1038 1031 ± 415.2 0.00781 1809 ± 1086 1028 ± 455.7 0.0156 929.6 ± 174.9 478.6 ± 78.32 0.0625 

PNA Gal-β-(1,3)-GalNAc 2457 ± 571.8 904.5 ± 243.4 0.00781 1008 ± 663.3 752.7 ± 134.0 0.359 198 ± 25.01 179.2 ± 21.29 0.0625 

SJA β-GalNAc 84.6 ± 28.34 89.74 ± 47.32 0.750 386.3 ± 147.9 269.8 ± 68.72 0.125 60.88 ± 11.48 39.68 ± 8.722 0.0625 

DSL GlcNAc 2740 ± 1747 2628 ± 1684 0.180 1852 ± 2036 1356 ± 541.1 0.703 230 ± 65.30 411.8 ± 194.9 0.0625 

PHA-E 
Biantennary, bisecting 
GlcNAc,β-Gal/Gal-(1,4)GlcNAc 

14290 ± 1714 14390 ± 2378 0.836 9808 ± 6676 10770 ± 2607 0.594 791.6 ± 321.7 2432 ± 1272 0.0625 

PHA-L 
Tri-/tetra-antennary 
β-Gal/Gal-β-(1,4)-GlcNAc 

9928 ± 3047 11090 ± 3697 0.0391 4856 ± 2962 8131 ± 2373 0.0625 421 ± 98.66 1682 ± 816.8 0.0625 

RCA-I Gal-β-(1,4)-GlcNAc 54200 ± 19660 56520 ± 18160 0.578 37740 ± 8898 69390 ± 25060 0.0156 24260 ± 9410 23730 ± 10190 0.500 

†Statistical analysis was performed by permutation test with a paired design. 
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Figure 3.1 – Surface glycosylation of freshly isolated resting CD4+ T-cells from C57BL/6 FoxP3.eGFP 
mouse spleen, subcutaneous lymph nodes, mesenteric lymph nodes, thymus, bone marrow and PBLs 
was evaluated by lectin profiling using flow cytometry. Analysis was performed by excluding the dead cells 
and cell aggregates followed by gating on the lymphocyte population. Cells from spleen, lymph node and 
peripheral blood origin were gated on the CD4+ T-cell population whereas thymic T-cells were gated on 
CD8α-CD4+ and bone marrow T-cells were identified by the concomitant expression of CD4 and TCR-β. 
Discrimination between T-reg and T-conv was based on eGFP expression. Results are shown as the 
difference in MFI of lectin binding between T-reg (eGFP+) and T-conv (eGFP-) (n=4-8 individual animals). 
Statistical analysis was performed by permutation test with a paired design (*p value ≤ 0.1). † identifies 
the lectins with very low binding to the target T-cells. 
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Figure 3.2 – Surface glycosylation of freshly isolated resting CD4+ T-cells from C57BL/6 FoxP3.eGFP mice 
spleen, subcutaneous lymph nodes (SLN), mesenteric lymph nodes (MLN), thymus, bone marrow (BM) 
and PBLs was evaluated by lectin profiling using flow cytometry. Results are shown as the MFI of lectin 
binding to T-reg and T-conv (n=4-8 individual animals). 
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3.3. REGULATORY T-CELL SURFACE GLYCOSYLATION IS DISTINCT FROM THAT OF 

CONVENTIONAL T-CELLS IN HUMAN PERIPHERAL BLOOD IN THE RESTING STATE 

Comparative analysis of the surface glycosylation characteristics of T-reg and T-conv from 

human PBMCs was performed by multi-colour flow cytometry using the same 17 biotinylated 

lectin panel as for the mouse-derived cells. The obtained median fluorescence intensities of 

lectin binding to both populations studied are detailed in Table 3.4. The difference in glycan 

expression between human peripheral blood T-reg and T-conv is shown in Figure 3.3.  

Considering the recognized carbohydrate affinities of the lectins employed (Table 3.1), the lectin 

binding intensities to the populations studied suggested that the surface glycosylation profile of 

T-reg from human PBMCs displayed three distinct characteristics when compared to T-conv 

(Figure 3.3). These included:  

a) Higher PSA binding, suggestive of higher expression of Fuc-dependent terminal Man 

containing glycan structures. 

b) Lower MAL-II binding, suggestive of lower expression of α-(2,3)-linked sialic acid. 

c) Lower DSL binding, suggestive of lower expression of GlcNAc containing structures. 

Human PBMCs showed higher binding by PSA on T-reg and higher intensities of MAL-II binding 

on T-conv which reproduced the results obtained for the mouse blood samples. However, the 

remainder of the lectins either showed no differential binding or the opposite binding trend than 

that of the same lectin on mouse cells (PHA-E, PHA-L, RCA-I, Jacalin, SNA-I, and AAL). Despite 

the discrepancies relative to the results obtained for mouse PBL, human PBMC-derived T-reg 

and T-conv displayed distinct surface glycosylation features, as indicated by differential lectin 

binding, and thus it can be concluded that both mouse and human-derived T-reg and T-conv are 

differentially glycosylated. These findings and the fact that CD4+ T-cell glycosylation was variable 

across different anatomical sites in healthy mice instigated an interest in evaluating the surface 

glycome of T-reg in different functional states.  
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Table 3.4 – Summary of results of flow cytometric screening of lectin binding to T-reg and T-
conv from human PBMCs. Surface glycosylation was evaluated using lectin profiling by flow 
cytometry. Single cell suspensions were obtained from human PBMCs. Mean values for MFI ± 
SD are shown for both populations (n=12 individual subjects). 

Lectin Major Ligand(s) 
PBMCs 

T-conv T-reg p value† 

AAA α-Fuc 52.5 ± 47.10 98.5 ± 55.30 0.032 

AAL Fuc-α-(1,6)- 44650 ± 9838 53750 ± 34163 0.470 

UEA-I Fuc-α-(1,2)- 99.94 ± 93.78 407.99 ± 485.84 0.012 

MAL-II Sialic acid-α-(2,3)-Gal 44991 ± 13023 31350 ± 10964 0.012 

SNA-I Sialic acid-α-(2,6)-Gal/GalNAc 13384 ± 5365 12208 ± 4586 0.559 

ConA Man 11235 ± 5307 12148 ± 4961 0.649 

GNL Man-α-(1,3)- 181.93 ± 86.84 309.83 ± 135.05 0.011 

NPL Man-α-(1,6)- 85.05 ± 66.49 169.76 ± 90.67 0.013 

PSA Man (Fuc-dependent) 11913 ± 8926 33468 ± 24794 0.005 

GSL-I α-Gal/ α-GalNAc 59.59 ± 54.91 103.28 ± 68.57 0.088 

Jacalin Gal (sialylation tolerant) 1989 ± 918.9 2414 ± 793.8 0.277 

PNA Gal-β-(1,3)-GalNAc 61.2 ± 45.12 122.57 ± 48.76 0.006 

SJA β-GalNAc 73.93 ± 73.15 147.53 ± 135.41 0.118 

DSL GlcNAc 4864 ± 1839 3352 ± 1193 0.024 

PHA-E 
Biantennary, bisecting 
GlcNAc,β-Gal/Gal-(1,4)GlcNAc 22983 ± 4212 22291 ± 3428 0.659 

PHA-L 
Tri-/tetra-antennary 
β-Gal/Gal-β-(1,4)-GlcNAc 17717 ± 7849 14296 ± 10198 0.350 

RCA-I Gal-β-(1,4)-GlcNAc 186916 ± 26637 188250 ± 28553 0.913 
† Statistical analysis was performed by permutation test with a paired design. 
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Figure 3.3 – Surface glycosylation of freshly isolated resting CD4+ T-cells from human PBMCs was 
evaluated by lectin profiling using flow cytometry. Analysis was performed by excluding the dead cells and 
cell aggregates followed by gating on the lymphocyte population. Human circulating T-reg were identified 
as the CD4+CD127lowCD25high subset and the remainder of the CD4+ cells were considered to be the T-conv 
population. Results are shown as the difference in MFI of lectin binding between T-reg and T-conv and 
are representative of results from freshly-isolated PBMCs (n=12 individual subjects). Statistical analysis 
was performed by permutation test with a paired design (*p value ≤ 0.1; **p value < 0.05; ***p value < 
0.01).  
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3.4. REGULATORY T-CELL TRANSITION FROM NAÏVE TO NON-NAÏVE STATE RESULTS IN 

ALTERED SURFACE GLYCOSYLATION FEATURES 

The surface binding intensities of lectins that were shown to be differentially bound by 

spleen-derived T-reg (Figure 3.1) were subsequently compared for splenic naïve (CD62Lhigh) and 

non-naïve (CD62Llow) CD4+FoxP3+ cells (Figure 3.4). As shown by the comparative analysis of the 

average MFI of lectin binding to the naïve and non-naïve T-reg subsets, CD62Lhigh T-reg 

demonstrated generally lower amounts of surface glycans compared to CD62Llow T-reg, most 

notably the glycan targets for GSL-I (1245 naïve VS 1845 non-naïve), SNA-I (1775 naïve VS 2116 

non-naïve), PHA-L (4653 naïve VS 6315 non-naïve) and the mannose-binding lectins ConA (2428 

naïve VS 2879 non-naïve), GNL (6997 naïve VS 7593 non-naïve), NPL (3803 naïve VS 4341 non-

naïve)  and PSA (59003 naïve VS 67024 non-naïve). There were also a smaller number of lectins 

for which the MFI of lectin binding to CD62Lhigh T-reg was higher than to CD62Llow T-reg. These 

lectins were AAL (42362 naïve VS 38004 non-naïve), Jacalin (510 naïve VS 461 non-naïve) and 

MAL-II (17083 naïve VS 14110 non-naïve), the latter suggesting lower surface levels of α-(2,3)-

linked sialic acids in non-naïve T-reg. The observation that the naïve and non-naïve states were 

associated with alterations of multiple aspects of the T-reg surface glycome led to an enquiry of 

whether in vitro activation results in similar modulation of T-cell surface glycosylation.  
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Figure 3.4 – Surface glycosylation of freshly isolated naïve and non-naïve T-reg from C57BL/6 
FoxP3.eGFP mice spleen was evaluated by lectin profiling using flow cytometry. Upper: Gating strategy 
for flow cytometric analysis of the naïve CD4+CD62Lhigh (I) and non-naïve CD4+CD62Llow (II) eGFP+ T-reg 
subsets. Flow cytometric analysis was performed by excluding the dead cells and cell aggregates, followed 
by gating on the lymphocyte population and then on the CD4+ T-cells. The identification of the T-reg subset 
was based on eGFP expression, which was further subdivided into naïve and non-naïve subsets according 
to CD62L expression levels. Lower: Graphs representing the MFI of lectin binding for the individual lectins 
(n=6 individual animals). Statistical analysis was performed by permutation test with a paired design (*p 
value ≤ 0.1; **p value < 0.05).   
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3.5. IN VITRO ACTIVATION STIMULI RESULT IN A COMMON PATTERN OF SURFACE GLYCAN 

MODULATION OF NAÏVE T-REG AND T-CONV 

Preliminary experiments in which different concentrations of ConA were used to stimulate 

MACS-purified CD4+ T-cells demonstrated that T-reg and T-conv differ in their susceptibility to 

ConA activation in culture (Figure 3.5). The proportions of T-reg among CD4+ T-cells in the culture 

were enriched after 5 days, going from the original 16.6% to over 30% when cells were 

stimulated with ConA concentrations ranging from 0.5 to 1.5 µg/ml (Figure 3.5A). However, 

there was no detectable proliferation of T-conv or T-reg in cultures stimulated with ConA 

concentrations of less than 0.75 µg/ml (Figure 3.5B). The rate of T-cell proliferation in the 

cultures containing 0.75-2.5 µg/ml ConA was higher for T-reg compared to T-conv. Indeed 

proliferation of T-conv was negligible for all ConA concentrations up to 1.5 µg/ml (Figure 3.5B). 

In contrast, higher ConA concentrations of 5 and 7.5 µg/ml stimulated both populations to 

proliferate to similar extents and resulted in cultures that were mainly composed of T-conv at 

the end time-point (Figure 3.5). The observed differential responsiveness of T-reg and T-conv to 

1.5 µg/ml ConA resulting in preferential induction of T-reg proliferation and enrichment of their 

proportion in culture, led to the selection of this ConA concentration for use in subsequent 

experiments.  

To evaluate changes in surface glycosylation following activation of T-reg and T-conv, 

CD4+CD62L+ splenocytes from C57BL/6 FoxP3.eGFP mice were purified, labelled with a 

fluorescent indicator of proliferation and subjected to weak (ConA 1.5 µg/ml) and strong (plate-

coated anti-CD3/anti-CD28 antibodies) activation stimuli in culture for 5 days followed by 

analysis of surface lectin binding (Figure 3.6). As shown in Figure 3.6B and 3.6C, the weak 

stimulus failed to induce proliferation of either T-reg or T-conv but was associated with selective 

survival of T-reg. The strong stimulus was associated with robust proliferation of both 

populations with preferential expansion of T-conv. The surface glycosylation patterns of 

unstimulated and stimulated T-reg and T-conv, as reflected in staining intensities for the lectins, 

are summarized in Figure 3.6D. Due to the large number of stains and the requirement of 

triplicate measurements for each lectin within the 3 different experimental conditions, it was 

not possible to test for Gaussian distribution of the data. Therefore, statistical probability could 

not be formally determined for this specific experiment. However closely comparable changes 

in the lectin binding profiles under different activation stimuli were observed in two similarly 

designed experiments involving stimulation of MACS purified CD4+ splenic T-cells. For 

unstimulated cells, the differences in lectin binding observed in freshly isolated splenocytes 
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persisted after 5 days of culture with the exception that T-reg binding of Jacalin increased 

beyond that of T-conv suggesting an increase of sialylation-tolerant Gal expression. The weak, 

sub-proliferative stimulus, was associated with a modest increase in AAL and DSL binding by  

both T-reg and T-conv as well as modest increases in the intensities of the binding of multiple 

lectins (SNA-I, PSA, GSL-I, PHA-E and PHA-L) by T-conv only. Overall, however, the surface 

glycosylation profiles of T-reg and T-conv remained distinctly different following sub-

proliferative stimulation. In contrast, strong activation and proliferation, induced via CD3/CD28 

ligation, resulted in broadly increased lectin binding intensities among T-reg and T-conv (which 

the exception of Jacalin binding which was reduced) such that only GSL-I and DSL binding 

remained higher on T-reg (Figure 3.6D). 

It was concluded that T-reg and T-conv display distinct susceptibilities to ConA-induced 

mitogenic stimulation which resulted in preferential induction of T-reg proliferation and 

enrichment in culture at mid-range ConA concentrations. In addition, the surface glycan 

compositions of naïve T-reg and T-conv were found to be broadly enriched (as indicated by lectin 

binding intensities) following activation in a manner that is dependent on strength of stimulus. 

Furthermore, as the surface glycan characteristics of T-conv subject to a strong, proliferative, 

pro-survival stimulus changed to more closely resemble that of freshly isolated T-reg as reflected 

by the similar intensities of lectin binding to both populations, it was concluded that the 

enriched surface glycosylation profile of resting T-reg reflects a state of partial activation and/or 

a lower activation threshold.    
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Figure 3.5 – Concanavalin A stimulation of MACS purified CD4+ T-cell from C57BL/6 FoxP3.eGFP mice 
spleen and subcutaneous lymph nodes was tested by culturing the cells with different amounts of the 
mitogen for 5 days and evaluating the (A) proportion and (B) proliferation of T-reg and T-conv in these 
cultures. Flow cytometric analysis of the co-cultures was performed by excluding the dead cells and cell 
aggregates, followed by gating on the lymphocyte population and then on the CD4+ T-cells. The 
discrimination between T-reg (eGFP+) and T-conv (eGFP-) was based on eGFP expression.  Results shown 
as mean ± SD (n=3 technical replicates). The experiment was performed 3 times with consistent results. 
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Figure 3.6 – Surface glycosylation and proliferation of FACS sorted naïve CD4+ T-cells from C57BL/6 
FoxP3.eGFP mouse spleen was evaluated by lectin profiling using flow cytometry after 5 days in culture 
with different stimuli. (A) Gating strategy for FACS sorting of naïve CD4+CD62Lhigh T-cells. (B) Sorted cells 
were stained with CellTrace™ Violet proliferation dye and cultured for a period of 5 days in the absence 
of stimuli, with 1.5 µg/ml Concanavalin A (sub-proliferative stimulus) or anti-CD3/anti-CD28 mAbs 
(proliferative stimulus).Flow cytometric analysis of the co-cultures was performed by excluding the dead 
cells and cell aggregates, followed by gating on the lymphocyte population and then on the CD4+ T-cells. 
The discrimination between T-reg (eGFP+) and T-conv (eGFP-) was based on eGFP expression. CD4+ T-cell 
proliferation was evaluated by flow cytometry. (C) T-reg and T-conv densities after 5 days in the different 
culture conditions were evaluated in terms of proportion of total CD4+ T-cells in culture. (D) Graphs 
represent the MFI of lectin binding to the eGFP+ (T-reg) and eGFP- (T-conv) cells cultured under the three 
different stimuli (n=3 technical replicates per condition, per lectin). Experimental design did not allow for 
robust statistical analysis. However comparable results were obtained in 2 similar experiments involving 
stimulation of MACS purified CD4+ splenic T-cells. 
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3.6. DISCUSSION 

In this Chapter, the flow cytometric analysis of the surface glycosylation of freshly isolated 

mouse CD4+ T-cells showed that multiple lectins exhibited distinct binding patterns to T-reg 

compared to T-conv. The most striking observation was that the cell surface of mouse T-reg  

contains higher expression levels of several glycan structures including terminal α-Gal residues, 

N-glycan structures, α-(2,6)-linked sialylation and core α-(1,6)-fucosylation as indicated by the 

higher intensity of binding by the lectins with specificity for those structures. To our knowledge, 

this is the first time such a comprehensive glycosylation profiling of T-reg has been performed. 

Some of the lectins evaluated (AAA, SJA and UEA-I) were found to display very low ability to bind 

to the target cells. While all flow cytometry experiments were performed in PBS, others have 

used alternative buffers such as tris-buffered saline (TBS) (651, 652). However, the low binding 

observed with such lectins was not due to lack of function of the referred lectins in PBS since 

they were observed to bind to other populations within the samples analysed but not to the 

CD4+ T-cell compartment. 

In the resting state, T-reg  are phenotypically distinct from T-conv not only by the intracellular 

expression of the transcription factor FoxP3 but also by higher expression levels of a number of 

molecules such as CD25, CD39, CD73, CD103, PD-1, PD-L1, ICOS , GITR, CTLA-4 and Helios (55-

60, 594). The observed distinct T-reg surface glycan repertoire adds a new distinguishing feature 

to the characterisation of T-reg when compared to the T-conv. Moreover, these observations 

are consistent with the diversity in glycosylation among different cell types within a given 

organism described in Chapter One. 

A second notable observation was that CD4+ T-cell glycosylation is variable across different 

anatomical sites in healthy mice, a finding which is in accordance with the concept of tissue-

specific variability of glycosylation. In general, T-reg showed lower variability across different 

anatomical sites when compared to T-conv, with the latter population showing higher lectin 

binding intensities when isolated from the thymus and bone marrow. Importantly, circulating 

CD4+ T-cells (PBLs) displayed an overall decreased expression of glycan structures with lesser 

degrees of lectin binding differences between the two populations. For example, PNA surface 

binding was found to be higher on both T-reg and CD4+ T-conv in thymus and bone marrow. This 

is in accordance with the previous studies that have reported high expression of core 1 

structures by developing T-cells and by T-cells that have acquired a memory phenotype (421, 

653). The evidence of the intra-thymic glycosylation changes during T-cell development suggest 
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that posterior T-cell differentiation and migration to different anatomical sites might also be 

accompanied by changes in their surface glycan repertoire (421, 520, 614, 615). Variability of 

T-cells across different anatomical sites has been reported in particular from the study of the 

expression of lymphoid tissue homing receptors by different regulatory and non-regulatory 

T-cell subsets (654, 655). Moreover, the expression of the same homing receptor has been 

shown to be differentially expressed by T-reg and T-conv isolated from the same anatomical site, 

both in the resting state and after immunization (654, 656). In addition, T-reg from mouse and 

human have been shown to differ from T-conv in their efficiency to up-regulate memory-, 

inflammation-, and non-lymphoid tissue-related trafficking receptors (654, 657). Furthermore, 

trafficking molecules expressed by leukocytes include selectins, which are transmembrane 

glycoproteins that specifically bind to sialylated fucosylated lactosamine core structures. 

Lymphocytes express CD62L (which binds 6-sulpho-sLex structures and are involved in their 

homing) along with carbohydrates (sLex) that act as ligands for E- and P-selectins (involved in 

their trafficking, adhesion and signalling) (421, 431). P-selectin ligands are biosynthesized by the 

activities of α-(1,3)-fucosyltransferase VII (FucT-VII) and α-(2,3)-sialyltransferase IV (ST3GalIV), 

which are not expressed by naïve CD4+ T-cells. Cytokine-mediated T-cell differentiation leads to 

differential up-regulation of these enzymes by Th1 and Th2 cells, rendering Th1 cells capable of 

interacting with P-selectin and migrating to inflamed tissues, while Th2 cells remain unable to 

express the selectin ligands due to lack of FucT-VII expression (612). Moreover, ST3Gal-I 

expression, which inhibits the formation of the selectin ligands, is up-regulated during Th2 but 

not Th1 differentiation, further supporting the higher ability of the Th1 subset to interact with 

endothelial cells (611). Thus, it is reasonable to consider that different T-cell subsets will be 

induced to express a distinct range of molecules and differentiation-associated glycans that will 

equip them with the tools required to properly function and localize at the different anatomical 

sites.  

Circulating human T-cells had distinct glycosylation patterns to those observed on mouse 

PBL-derived lymphocytes. Specifically, the differences in surface binding to human T-reg and 

T-conv showed opposite trends to those of mouse for most of the lectins examined with the 

exception of PSA and MAL-II. Interestingly, the differences in surface glycan expression between 

T-reg and T-conv were highly reproducible in all individuals tested. The negligible inter-individual 

variability was quite surprising to observe considering that each sample was collected from a 

healthy volunteer who originated from a different country to the others. Unlike Jenner et al., 

who reported higher expression of α-(2,6)-linked sialic acids by T-reg (571), the samples tested 
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in this study consistently  showed higher SNA-I binding to T-conv when compared to T-reg. It is 

possible that this discrepancy may be due to contamination of the CD4+CD25+ T-cells with 

activated T-cells in the study of Jenner et al. 

In immunology research, mice are the animal model of choice to study different aspects of the 

immune system. However, being evolutionarily distinct, mice and humans differ significantly in 

multiple immune compartments. Nevertheless, experiments using mice have been of great 

value in generating valuable knowledge about human immune responses (658). The disparity in 

the findings of surface glycan expression by T-reg and T-conv from mouse and human blood 

samples may represent one more aspect in which the mouse and human immune systems differ. 

However, the notable diversity observed in the glycosylation profiles of mouse T-cells from the 

different anatomical sites raises the possibility that such anatomical variability may also be 

present in human. Moreover, mouse-derived circulating lymphocytes displayed significant 

differences in lectin binding profiles to those isolated from other lymphoid organs. Indeed, the 

differences in lectin binding patterns between T-reg and T-conv that were evident in mouse 

primary and secondary lymphoid organs were absent or diminished in the PBL samples from the 

same animals. It will be of interest to determine, therefore, whether T-cell glycosylation profiles 

in human lymphoid organs also differ significantly from those observed in PBMCs. Even though 

glycans are produced by all living organisms, which share essentially the same genetic code, their 

structures and expression patterns vary significantly both within and between evolutionary 

lineages and species. However, knowledge of this glycan diversity is far from detailed. Structures 

found in prokaryotes diverge greatly from those found in eukaryotes, while most of the major 

glycan classes are shared by all eukaryotic organisms (417). Moreover, as previously referred to 

in Chapter One, glycan diversity is found among different species, among members of the same 

species and also among the cell-types of an organism. So far, there are no data available to 

explain the differences found in these observations of mouse and human circulating 

lymphocytes. However, there is evidence of conserved glycosylation between mouse and 

human lymphocytes to the extent that the glycosylation of CD4+ and CD8+ αβTCR.CD3 complex 

has been shown to be phylogenetically conserved. For instance, in the 2008 study of Rossi et al., 

similar antibody-binding differences were observed between the αβTCR.CD3 complex of 

primary CD4+ and CD8+ T-cells in humans, several non-human primates and mouse (659). 

In stimulation culture experiments described in this Chapter, weak ConA stimulation of naïve 

mouse CD4+ T-cells resulted in selective T-reg survival although neither T-reg nor T-conv 

demonstrated a proliferative response. Lymphocyte activation with ConA has been previously 
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reported to be variable and partially dependent on the presence of APCs in the culture (660). 

However, the observations using MACS-purified spleen-derived CD4+ T-cells in cultures to which 

no APCs were added, showed a dose-dependent ability of ConA to trigger T-cell proliferation 

with T-reg being more responsive than T-conv at low concentrations of the mitogen. 

Interestingly, prior to the identification of the T-reg subset, Sakane et al. had reported the ability 

of ConA to induce pre-programmed suppressor T-cells which represented a hypo-proliferative 

T-cell subpopulation that was able to suppress the proliferation of other T-cell subsets (661). 

Concanavalin A administration in vivo has been shown to induce hepatitis in mice resulting in 

dose-dependent liver injury mainly mediated by T-cell activation, in particular by Th1 

differentiation (662-666). In this particular study, even though spleen-derived T-reg did not 

express significantly higher levels of ConA ligands, these cells were more susceptible to ConA 

mitogenic stimulation than T-conv. In addition, both T-cell populations could be stimulated by 

this lectin in the absence of APCs, with the proliferative response being derived from non-naïve 

CD62Llow cell division, since proliferation was absent when the naïve CD62Lhigh T-cells were 

purified. Altogether, these observations suggest that ConA stimulation of T-cell populations can 

have distinct biological effects that depend on the dose of the mitogenic stimulus applied, with 

low doses favouring the preferential survival of regulatory cells. 

Transition from naïve to non-naïve T-reg phenotype resulted in modification of surface glycans 

characterised by increased expression of several structures. Evaluation of those glycan changes 

upon activation of T-cells in culture further confirmed that T-reg surface glycosylation is 

modulated under different activation states of these cells in a manner that is dependent upon 

the strength and nature of the activation stimulus. In fact, activation of human T-cells using 

exogenous IL-2 and IL-7 results in a transcription signature that leads to decreased expression 

of tetra-antennary complex N-glycans, which is the opposite effect of that observed upon TCR 

signalling (667). 

Although naïve T-reg were more prone than T-conv to survive following a sub-proliferative 

stimulus, this was not accompanied by a dramatic remodelling of the surface glycome. The 

strong proliferative stimulus of plate-bound CD3/CD28 triggered proliferation and an extensive 

increase in the intensities of lectin binding by both T-cell populations. Binding by the GSL-I lectin 

was up-regulated on freshly-isolated non-naïve (CD62Llow) T-reg as well as on T-conv and T-reg 

after CD3/CD28 stimulation in vitro. This observation is in accordance with previous studies in 

which in vitro activation led to increased expression of the Gal-α-(1,3)-Gal terminal motif (GSL-I 

ligand) by both CD4+ and CD8+ T-cells (419, 668). The observed activation-induced increase in 
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the binding by PHA-E, PHA-L and PSA is supported by Comelli et al. who observed an overall 

increase in genes involved with N-glycan production upon T-cell activation. These genes ranged 

from those coding for subunits of transferases responsible for the attachment of the glycan to 

the Asn residue (DAD1, ribophorin I and II), those involved in the synthesis of the lipid-linked 

core oligosaccharide structure (mannosyltransferases) and also those that catalyse the 

branching of most complex type N-glycans (419). Moreover, even though, in that same report, 

matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) 

analysis of the samples showed decreased capping of the N-glycan structures with α-(2,6)-linked 

sialic acids, an increased  ST6GalNAc IV expression was observed, at the transcriptional level. 

This is an example of a lack of correlation between expression of glycosylation-related gene 

products and the final carbohydrate structures present – a concept that may also be relevant to 

our own observation of enhanced T-cell expression of terminal α-(2,6)-linked sialic acids (as 

evidenced by increased SNA-I binding) following activation.  Assuming the results by Comelli et 

al. are correct and N-glycan capping with α-(2,6)-linked sialic acids is decreased with TCR 

activation, it could be proposed that the activation-induced increase SNA-I binding which was 

observed is the result of increased sialylation of O-glycan structures.  

It was found that T-reg in the resting state expressed high surface levels of certain glycan 

structures such as tri-/tetra-antennary complex N-glycans which were also consistently 

upregulated by T-conv following a strong proliferative stimulus. This observation, along with the 

finding of enhanced T-reg survival and proliferation in the presence of a weak activation 

stimulus, suggests that T-reg exist in a state of partial activation and have a lower threshold for 

activation when compared to their conventional, non-regulatory T-cell counterparts.  This 

concept of a partially-activated T-reg phenotype is further supported by the higher expression 

by T-reg of several activation-associated markers such as CD25, CD69, CD38, CTLA4, 4-1BB, 

OX40, CD62Llo, CD45RBlo, GITR, and CD103 (14, 55, 263, 669). 

Glycan modification phenomena associated with T-cell activation have not been extensively 

investigated and some of the differences between the results described here and those reported 

by other researchers might be explained by the differences in activation protocols used, in the 

methods by which cells were purified and in the subsets that were evaluated. Overall, several 

novel conclusions can be drawn from the diverse lectin binding profiles described in this 

Chapter. In the resting state, T-reg surface glycosylation is distinct from that of T-conv in primary 

and secondary lymphoid organs of healthy mice as well as in the human peripheral blood. 

Surface glycome remodelling upon T-cell activation is variable with the strength of stimulation 
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and, related to this, T-reg demonstrate higher responsiveness to weak mitogenic stimulation 

than T-conv. Mouse CD4+ T-cell surface glycan expression is heterogeneous across different 

anatomical sites further reflecting the diversity of T-cell subsets and phenotypes that can be 

found in different sites. These results are in keeping with and add to the existing literature which 

documents that T-cell activation results in glycosylation-related transcriptional changes that 

mediate T-cell proliferation, cytokine expression and responsiveness and that ultimately results 

in extensive remodelling of the glycan epitopes displayed on the surface of the cell. The 

observed remodelling of the T-reg surface glycome according to anatomical location and 

activation state of the cells led to an interest, in the next Chapter, to test the hypothesis that 

T-reg glycosylation plays an important role in modulating the suppressive function of these cells.
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4.1. INTRODUCTION 

Regulatory T-cells play a crucial role in regulating immune homeostasis by controlling 

auto-reactive T-cells as well as the functions of immune effector cells in response to infectious 

agents, environmental allergens and food, normal gut flora, tumours and transplanted tissues. 

Beyond the basic function of suppressing inappropriate immune responses, FoxP3+ T-reg display 

substantial developmental, functional and phenotypic heterogeneity (263). 

Regulatory T-cell suppressive functions are diverse, affecting cells both from the adaptive and 

innate branches of the immune system and being mediated by a range of different molecules 

including CTLA-4, CD39, CD73, IL-10, TGF-β and IL-35 among others (140-142). This diversity, and 

the failure to identify one central mechanism, which, when blocked, completely eliminates T-reg 

function, suggests that multiple, distinct mechanisms are required for optimal T-reg function. 

Such functional heterogeneity provides evidence for the existence of T-reg subsets which are 

equipped with different suppressive mechanisms and which may be specialized to suppress 

distinct immune responses in certain anatomical sites (142, 262, 263). 

Recent studies provide excellent examples of T-reg heterogeneity and sub-specialisation of 

function. Tolerance to commensal microbiota and food antigens in the gut mucosa seems to be 

mainly mediated by IL-10-producing T-reg as, for instance, mice lacking IL-10 expression 

specifically in T-reg develop spontaneous IBD (223). A distinct T-reg subset, localized to the 

adipose tissue of healthy but not obese mice, has been characterized to express not only the 

T-reg gene signature but also other gene products that reflect unique trafficking, 

anti-inflammatory and lipid metabolism properties (265). In fat, T-reg depletion resulted in 

enhanced inflammation and the development of insulin resistance whereas T-reg expansion 

correlated with increased IL-10 expression and decreased glucose levels in the blood (265). 

Follicular T-reg ability to control germinal centre responses in B-cell follicles has been reported 

to depend on the expression of the transcription factor Bcl6 and of the chemokine receptor 

CXCR5 and lack of the expression of these molecules by T-reg results in enhanced antibody 

production and accumulation of plasma cells (670-672). 

Additional heterogeneity can be found in T-reg expression of chemokine receptors that regulate 

the trafficking and homing of these cells to the different lymphoid and non-lymphoid tissues. 

Migration from the thymus to the secondary lymphoid organs is promoted by a 

CD62LhighCCR7+CXCR4low phenotype. This phenotype is then completely remodelled once the 

T-reg reach secondary lymphoid tissues to express a combination of several chemokine 
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receptors and integrins in response to the local antigenic stimulation. Some of the molecules 

whose expression is up-regulated are CCR2, CCR5, CCR6, CXCR6, CCR4, CCR8, and α4β7, while 

CD62L and CCR7 are down-regulated, thus promoting trafficking to non-lymphoid tissues in 

order to maintain peripheral immune homeostasis (654). The specific chemokine receptors that 

are induced in T-reg in the periphery are modulated by local environmental signals and this 

imprinting determines the tissues to which the cells will subsequently migrate. For example, 

trafficking to the skin and lung is determined by CCR4 expression in the peripheral lymph nodes 

whereas α4β7 integrin and CCR9 in the mesenteric lymph nodes correlates with homing to the 

small intestine (673-675). In EAE, CCR6 expression was shown to be essential for T-reg migration 

to the sites of Th17-mediated inflammation while CXCR3 expression influenced T-reg localization 

to the central nervous system (676, 677).  In an islet allograft model, T-reg migration to the 

transplant site was mediated by CCR2, CCR5, CCR4 and P- and E-selectin ligands while migration 

from the graft to the draining lymph nodes, which was required for graft acceptance, was 

dependent on CCR2, CCR5 and CCR7 (678). 

Regulatory T-cell subsets that express CD103 have been reported to show preferential homing 

to non-lymphoid tissues such as the skin and gastrointestinal mucosa, to express higher levels 

of suppressive function mediators and to be more suppressive than the CD103- subset, both in 

vitro and in vivo (80, 81, 83, 679, 680). Analysis of the expression level of CTLA-4 has been 

reported as being useful for the identification of T-reg subsets with higher suppressive abilities 

both in mouse and in human (176, 177). Recently, a highly-activated T-reg subset whose 

differentiation depends on the expression of the transcription factors interferon regulatory 

factor 4 (IRF4) and B lymphocyte-induced maturation protein-1 (Blimp-1) has been identified. 

This Blimp 1+ T-reg subset is characterized by high expression levels of CD103, CD44, ICOS and 

GITR. Expression of Blimp-1 by T-reg is up-regulated by IL-2 stimulation and is further increased 

in the presence of inflammatory cytokines such as IL-12, IL-6 and IL-4. The absence of Blimp-1 

does not abrogate the development of such a T-reg subset but results in impaired suppressive 

activity and reduced IL-10 production.  On the other hand, IRF4-deficiency results in substantial 

reduction in the number of this highly-activated T-reg subset (681).  

Regulatory T-cell subsets unable to express the transcription factors T-bet, IRF4, and STAT3 have 

been shown to be selectively incapable of regulating Th1, Th2, and Th17 immune responses, 

respectively (682-684). Expression of these transcription factors is essential to trigger the 

expression of chemokine receptors on the T-reg which are crucial for T-reg localization at the 

appropriate tissues where the immune response is taking place. Furthermore, these 
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transcriptional regulators also regulate T-reg expression of suppressive function mediators 

important for the regulation of the distinct types of immune response associated with Th1, Th2 

and Th17 effectors. For example, during Th1 responses, T-bet expression has been shown to be 

required for optimal expression of CTLA-4, IL-10 and TGF-β (682). In contrast, targeted deletion 

of IRF4 in T-reg results in impaired expression of IL-10 and granzyme B necessary to abrogate 

Th2 autoimmunity (683). Finally, inactivation of STAT3 signalling is accompanied by decreased 

expression of IL-10, granzyme B and perforin, resulting in impaired regulation of Th17 immunity 

(684). These studies demonstrate that T-reg use the canonical transcription factors associated 

with the different Th subsets to regulate the respective polarized immune responses and to 

restore homeostasis. 

As summarised thus far, phenotypic and functional heterogeneity among T-reg is substantial 

and is based on differential expression of various molecules that directly or indirectly dictate 

T-reg migration and distinctive suppressive phenotype at various anatomical sites. Moreover, 

individual T-reg may undergo changes to the repertoire of molecules they express. 

Environmental cues play a pivotal role in inducing the transcriptional changes required for T-reg 

to respond appropriately in specific settings. As was demonstrated in Chapter Three, substantial 

variability is also found in the terminal glycosylation patterns displayed on the surfaces of T-reg 

isolated from the different mouse lymphoid tissues and also in different activation states. 

However, there is no current knowledge regarding whether the T-reg surface glycosylation 

profile has any relationship with T-reg marker expression and suppressive function.  With this 

background, therefore, it was next sought to investigate the possible correlations between the 

surface glycosylation characteristics of spleen and lymph node-derived mouse T-reg and their 

respective suppressive function and to determine their relevance for the identification of T-reg 

sub-populations with different suppressive abilities.  

 

  



Chapter Four 

 

 

130 

 

4.2. HIGHER CARBOHYDRATE EXPRESSION ON T-REG SURFACE CORRELATES WITH HIGHER 

EXPRESSION OF MOLECULES ASSOCIATED WITH T-REG IDENTITY AND FUNCTION 

Freshly-isolated splenocytes from C57BL/6 FoxP3.eGFP mice were stained with combinations of 

9 biotinylated lectins (AAL, SNA-I, MAL-II, DSL, Jacalin, GSL-I, PHA-E, PHA-L and PSA [Table 3.1]) 

and 9 antibodies against specific T-reg markers and were analysed by multi-colour flow 

cytometry as described in Chapter Two. As expected, T-reg displayed higher surface expression 

levels of CD39, CD73, CD103, PD-1, PD-L1, ICOS and GITR as well as higher intracellular 

expression of CTLA-4 and Helios, when compared to T-conv (Figure 4.1).  

In order to evaluate T-reg marker expression according to the levels of surface glycan expression, 

T-reg were subdivided into two or three sub-populations according to their binding intensities 

for each of the individual lectins [negative (-), low/mid (-/+) or high (++)]. The expression of the 

different T-reg markers was then analysed within each T-reg sub-population (Figure 4.2). The 

expression of all the T-reg markers studied, with the exceptions of CD103 and Helios, was found 

to be higher in T-reg with higher surface binding of the lectins SNA-I, AAL, DSL, PHA-E, PHA-L, 

GSL-I and PSA (Figure 4.2A, C-G, I).  Based on the known specificities of these lectins, the result 

was interpreted as indicating that higher levels of α-(2,6)-linked sialic acids, α-(1,6)-linked Fuc 

residues, GlcNAc containing structures, terminal α-Gal/GalNac residues and Fuc-dependent Man 

structures on the surface of mouse T-reg correlate with higher expression of multiple markers 

of suppressive function. In contrast, T-reg populations subdivided according to MAL-II and 

Jacalin binding failed to show any variability in the expression of the T-reg markers (Figure 4.2B, 

H). This suggested that surface expression of (2,3)-linked sialic acids and sialylation-tolerant Gal 

residues do not correlate with T-reg expression of suppressive proteins. From these results, it 

was concluded that T-reg marker expression is variable within the T-reg population of mouse 

spleen and lymph nodes and that T-reg which are enriched for certain glycan structures (such as 

terminal α-Gal/GalNAc residues and complex tri-/tetra-antennary N-glycans) express higher 

levels of important T-reg proteins including CD73, PD-1, PD-L1, ICOS, GITR and CTLA-4. Since 

most of these molecules play very important roles in T-reg development and suppressive 

functions (140-142, 594), these observations led to the hypothesis that T-reg surface glycan 

expression might correlate with T-reg suppressive function. 
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Figure 4.1 – Surface or intracellular expression of proteins associated with T-reg identity and function 
by freshly-isolated T-reg and T-conv from spleens and lymph nodes of C57BL/6 FoxP3.eGFP mice: Flow 
cytometric analysis was performed by excluding the dead cells and cell aggregates, followed by gating on 
the lymphocyte population and then on the CD4+ T-cells. The discrimination between T-reg (eGFP+) and 
T-conv (eGFP-) was based on eGFP expression. Graphs of the mean ± SD of the median fluorescence 
intensities (MFI) of antibody binding to T-conv and T-reg are shown for each of the nine markers (n=9 
technical replicates for each of 3 individual animals). Statistical analysis was performed by permutation 
test with a paired design (*p value ≤ 0.1; **p value < 0.05; ***p value < 0.01).  
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Figure 4.2 – Surface glycosylation and the expression of molecules associated with T-reg identity and 
function of freshly-isolated T-reg from spleen and lymph nodes of C57BL/6 FoxP3.eGFP mice: Flow 
cytometric analysis was performed by excluding the dead cells and cell aggregates, followed by gating on 
the lymphocyte population and then on the CD4+ T-cells. The identification of the T-reg population was 
based on positive eGFP expression. The expression of CD39, CD73, ICOS, GITR, Helios, PD-1, PDL-1, CTLA-4 
and CD103 was evaluated on T-reg subpopulations defined according to their lectin binding intensities 
[negative (-), low/mid (-/+) or high (++)] (n=3 individual animals). Representative examples are shown of the 
gating strategy (upper dot plot and histogram) and individual marker analysis (lower histogram overlays) 
for each of the following lectins: (A) SNA-I, (B) MAL-II, (C) AAL, (D) DSL, (E) PHA-E, (F) PHA-L, (G) GSL-I, (H) 
Jacalin and (I) PSA are shown in the histograms. Dashed tinted histograms represent the median fluoresce 
intensities for the eF710 and PE FMO controls for lectin and antibody labelling, respectively. 

  



Chapter Four 

 

 

136 

 

4.3. REGULATORY T-CELLS WITH ENRICHED SURFACE EXPRESSION OF TERMINAL 

ALPHA-GALACTOSE AND Gal-α-(1,3)-Gal MOTIFS HAVE INCREASED SUPPRESSIVE POTENCY 

Among the lectins evaluated, GSL-I demonstrated one of the most striking differential staining 

patterns for mouse T-reg compared to T-conv. Furthermore, GSL-I was among the lectins for 

which higher T-reg surface binding correlated with higher T-reg expression of putative 

suppressive mediators.  In order to determine whether the higher expression of T-reg markers 

by GSL-I++ T-reg was associated with increased suppressive function of this T-reg subset, a 

functional assay was performed.  

Cells were purified from C57BL/6 FoxP3.eGFP mouse spleen and subcutaneous lymph nodes 

using FACS strategies I and II (Table 2.3) and the assay was prepared according to co-culture 

strategy I (Table 2.5) in which naïve and memory CD4+ Responder T-cells were co-cultured in the 

presence of CD4-CD8- APCs and T-reg in a range of T-reg: responder T-cell ratios (0:1, 1:2, 1:4, 

1:6 and 1:8). The T-reg used for this assay were purified according to high or low expression of 

terminal α-Gal/GalNAc residues, determined by GSL-I binding, into two subsets, GSL-Ihigh and 

GSL-Ilow T-reg. The ability of the two differentially glycosylated T-reg subsets to inhibit CD4+ T-cell 

proliferation was evaluated by flow cytometric analysis of CellTrace™ Violet dilution after 

stimulation for 4 days. For this, and for subsequent similar assays, the quantified measure of 

T-reg function was “% suppression” based on the division index (DI) as described in Chapter Two, 

page 97.  

As shown in (Figure 4.3A), both GSL-Ihigh and GSL-Ilow T-reg subpopulations displayed comparable, 

potent suppression of naïve CD4+ T-cell proliferation.  In contrast, however, GSL-Ihigh T-reg 

demonstrated increased suppressive potency for memory CD4+ responder T-cell proliferation 

when compared to their GSL-Ilow T-reg counterparts (Figure 4.3B).  

GSL-I lectin is a mixture of isolectins that either recognize terminal Gal or GalNAc in α-linkage 

(649, 685). To determine if these observations could be attributed to one of the particular glycan 

motifs, T-reg were next purified according to the expression of terminal Gal in α-(1,3)-linkage to 

another Gal (Gal-α-(1,3)-Gal epitope) using the novel scFv-A4 described in Chapter Two, Section 

2.5). The functional assay was prepared as described above, using cells purified by FACS 

strategies I and III (Table 2.3) and co-culture strategy II (Table 2.5). As shown in Figure 4.3C, D, 

higher scFv-A4 binding correlated with significantly increased ability to suppress both naïve and 

memory CD4+ T-cell proliferation as shown by the higher percentage of suppression by 

scFv-A4high T-reg when compared to the scFv-A4low subset. 
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From these experiments, it was concluded that GSL-I or scFv-A4 binding (indicative of terminal 

α-Gal or Gal-α-(1,3)-Gal expression, respectively) by mouse-derived T-reg not only correlates 

with higher expression of CD73, GITR, ICOS, PD-1, PD-L1 and CTLA-4 but also with significantly 

enhanced T-reg suppressive function as demonstrated by the increased ability of the T-reg which 

showed higher lectin binding to suppress CD4+ T-cell proliferation. These results gave rise to the 

question of whether this was an α-Gal or Gal-α-(1,3)-Gal -restricted effect or if the same 

observations could be obtained based on T-reg surface expression of complex 

tri-/tetra-antennary N-glycans. 

 

 

 

Figure 4.3 – Suppression of naïve and memory responder T-cell proliferation by T-reg subpopulations 
with high and low surface expression of terminal α-Gal/GalNAc. (A-C) Naïve and (B-D) memory CD4+ 
responder T-cells were co-cultured in the presence of CD4-CD8- APCs and different T-reg sub-populations 
at T-reg: responder T-cell ratios of 0:1, 1:2, 1:4, 1:6 and 1:8 for 4 days with anti-CD3 stimulation. After 4 
days co-culture, responder T-cell proliferation was evaluated by flow cytometric analysis of CellTrace™ 
Violet dilution by excluding the dead cells and cell aggregates followed by gating on the lymphocyte and 
then on the CD4+ population. Suppressive function was quantified based on responder T-cell division index 
(DI) and presented as the calculated percent suppression [%Suppression (DI)] for: (A-B) GSL-Ihigh/ low T-reg 
(n=3 technical replicates) and (C-D) scFv-A4 high/ low T-reg (n=3 technical replicates). Data represent mean 
± SD. The experiment represented in A and B was performed only once. The experiment shown in C and 
D is representative of 2 experiments with consistent results. Statistical analysis was performed by 
permutation test with an unpaired design (*p value ≤ 0.1). 
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4.4. MOUSE-DERIVED T-REG WITH ENRICHED SURFACE EXPRESSION OF COMPLEX TRI-

/TETRA-ANTENNARY N-GLYCANS SHOW INCREASED SUPPRESSIVE POTENCY 

The flow cytometric evaluation of T-cell glycosylation by lectin binding described in Chapter 3 

revealed that PHA-L binding was consistently higher on T-reg when compared to T-conv 

independently of the anatomical origin. Moreover, PHA-L binding level correlated with higher 

expression of CD39, CD73, ICOS, GITR, PD-1, PD-L1 and CTLA-4 – each of which is reported to 

play an important role in T-reg development and suppressive functions. In addition, the degree 

of branching of N-glycans, and thus the expression of PHA-L ligands (tri-/tetra-antennary 

N-glycans) have been described to play important roles in modulating glycoprotein activity, 

localization, mobility and clustering (476, 686). To determine whether complex tri-/tetra-

antennary N-glycan expression (evaluated by PHA-L binding) correlates with T-reg suppressive 

potency, cells were purified from spleen and subcutaneous lymph nodes of C57BL/6 FoxP3.eGFP 

mice using FACS strategy IV and V (Table 2.3) and were co-cultured according to strategy III 

(Table 2.5). Purified CD4+ and CD8+ responder T-cells were activated with anti-CD3 in the 

presence of CD4-CD8- APCs and PHA-Lhigh or PHA-Llow T-reg sub-populations at varying 

T-reg: responder T-cell ratios for 4 days.  

When compared to the PHA-Llow T-reg subset, the higher complex tri-/tetra-antennary N-glycan 

expressing PHA-Lhigh T-reg displayed increased suppressive potency for both CD4+ and CD8+ 

responders, as measured by flow cytometric analysis of CellTrace™ Violet dilution (Figure 4.4A, 

C). Moreover, cytokine quantification on the supernatants of the co-cultures by multiplex 

immunoassay revealed a greater ability of PHA-Lhigh T-reg to inhibit CD4+ T-cell production of 

multiple cytokines, including IL-2, IL-6, IL-5 and IL-10 (Figure 4.4B). The observed cytokine 

profiles suggested that there was no deviation of the responder CD4+ T-cells into a particular Th 

phenotype in the presence of either PHA-Lhigh or PHA-Llow T-reg (Figure 4.4B). Similarly, CD8+ T-

cell production of IL-2 and IFN-γ was suppressed to a greater degree by PHA-Lhigh compared to 

PHA-Llow T-reg (Figure 4.4D). It was concluded that PHA-L binding, indicative of higher complex 

tri-/tetra-antennary N-glycan expression, correlates with increased T-reg suppressive potency 

as evidenced by lower proliferation and cytokine secretion by CD4+ and CD8+ responder T-cells 

in the presence of purified PHA-Lhigh T-reg. These observations raised an interest in investigating 

whether the same phenomenon could be observed for human T-cells using a similar 

experimental strategy. 
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Figure 4.4 – Suppression of CD4+ and CD8+ responder T-cell proliferation and cytokine production by 
mouse T-reg sub-populations with higher and lower expression levels of complex tri-/tetra-antennary 
N-glycans. (A-B) CD4+ and (C-D) CD8+ responder T-cells were co-cultured in the presence of CD4-CD8- APCs 
and purified PHA-Lhigh or PHA-Llow T-reg at T-reg: responder T-cell ratios of 0:1, 1:4, 1:6, 1:8 and 1:16 for 4 
days with anti-CD3 stimulation. After 4 days co-culture, responder T-cell proliferation was evaluated by 
flow cytometric analysis of CellTrace™ Violet dilution by excluding the dead cells and cell aggregates 
followed by gating on the lymphocyte and then on the CD4+ or CD8+ population. Suppressive function was 
quantified based on responder T-cell division index (DI) and presented as the calculated percent 
suppression [%Suppression (DI)]for PHA-Lhigh and PHA-Llow T-reg of (A) CD4+ and (C) CD8+ responder T-cell 
proliferation (n=3 technical replicates). Quantification of cytokines present in culture supernatants at the 
end of the 4-day stimulation period was performed for (B) CD4+ and (D) CD8+ T-cell co-cultures (n=3 
technical replicates). Data represent mean ± SD. Results for proliferative assays were confirmed in a 
repeat experiment. Statistical analysis was performed by permutation test with an upaired design (*p 
value ≤ 0.1; **p value < 0.05).  
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4.5. HUMAN PERIPHERAL BLOOD T-REG WITH ENRICHED SURFACE EXPRESSION OF 

COMPLEX TRI-/TETRA-ANTENNARY N-GLYCANS HAVE INCREASED SUPPRESSIVE POTENCY 

AGAINST NAÏVE CD4+ T-CELLS 

In order to investigate if human T-reg also show the observed correlation between complex 

tri-/tetra-antennary N-glycan surface expression (evaluated by PHA-L binding) and suppressive 

potency, cells were purified from PBMCs of a healthy adult male using FACS strategy VIII (Table 

2.3) and co-cultured according to strategy IX (Table 2.5). In this assay, human CD4+ responder 

T-cells were stimulated with Dynabeads® Human T –Activator CD3/CD28 and  incubated with 

FACS-purified PHA-Lhigh or PHA-Llow T-reg (CD4+/CD25+/CD127lo lymphocytes) at 0:1 and 1:2 

T-reg: responder T-cell ratios for 4 days. Evaluation of cell proliferation by CellTrace™ Violet 

dilution revealed a modest but significant degree of suppression by PHA-Lhigh (11.44 ± 1.32%)  

with absence of suppression by PHA-Llow (0.25 ± 2.60%) T-reg (Figure 4.5A,B). The pattern of T-

reg suppression was somewhat atypical since instead of a reduction in the number of cells in the 

latter generations, the suppression effects were observed to be more evident in early 

generations (1, 2 and 3), as shown by the proliferation histograms (Figure 4.5A). These 

observations suggested that there may have been heterogeneity within the CD4+ responder 

T-cell proliferative response and susceptibility to T-reg suppression – possibly due to the 

admixture of naïve and memory T-cells in the blood.  

 

Figure 4.5 – Suppression of human CD4+ T-cell proliferation by T-reg sub-populations with higher and 
lower surface expression levels of complex tri-/tetra-antennary N-glycans.  Human CD4+ responder T-
cells were co-cultured in the presence of purified PHA-Lhigh and PHA-Llow T-reg  at 0:1 and 1:2 T-reg: 
responder T-cell ratios for 4 days with anti-CD3/anti-CD28 Dynabeads® stimulation. After 4 days co-
culture, responder T-cell proliferation was evaluated by flow cytometric analysis by excluding the dead 
cells and cell aggregates followed by gating on the lymphocyte and then on the CD4+ population. (A) 
Histograms showing representative examples of responder T-cell proliferation evaluated by flow 
cytometric analysis of CellTrace™ Violet dilution. (B) Graph of the suppressive potency of PHA-Lhigh and 
PHA-Llow T-reg on CD4+ T-cell responders. Suppressive function was quantified based on responder T-cell 
division index (DI) and presented as the calculated percent suppression [%Suppression (DI)]. Data 
represent mean ± SD (n=3 technical replicates). Statistical analysis was performed by permutation test 
with an upaired design (*p value ≤ 0.1).  
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Thus, a similar functional assay was performed using FACS-purified naïve (CD45RA+) and 

memory (CD45RA-) CD4+ responder T-cells using FACS strategy IX (Table 2.3) and co-culture 

strategy X (Table 2.5).  As anticipated, naïve and memory CD4+ responders showed distinct 

proliferative responses with the memory subset displaying a higher rate of cell division (Figure 

4.5A,C). Moreover, T-reg suppressed the naïve but not the memory CD4+ T-cell subset with the 

PHA-Lhigh T-reg showing higher suppressive potency (11.70 ± 3.90%) than the PHA-Llow 

counterparts (3.02 ± 6.99%)  (Figure 4.5A-D).  

Taken together, the findings for mouse and human T-reg in functional suppression assays 

suggested that the level of surface glycan expression identifies T-reg with differential 

suppressive potency. The next phase of the project (Chapter Five) focussed, therefore, on 

investigating whether or not glycans at the T-reg surface play an active role in mediating T-reg 

suppressive functions. 
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Figure 4.6 – Suppression of human naïve and memory CD4+ T-cell proliferation by T-reg sub-populations 
with higher and lower surface expression levels of complex tri-/tetra-antennary N-glycans. Naïve 
CD45RA+ (A,B) and  memory CD45RA- (C,D) CD4+ responder T-cells were co-cultured in the presence of 
purified PHA-Lhigh and PHA-Llow T-reg  at 0:1 and 1:2 T-reg: responder T-cell ratios for 4 days with anti-
CD3/anti-CD28 Dynabeads® stimulation. After 4 days co-culture, responder T-cell proliferation was 
evaluated by flow cytometric analysis by excluding the dead cells and cell aggregates followed by gating 
on the lymphocyte and then on the CD4+ population. (A,C) Histograms showing representative examples 
of responder T-cell proliferation evaluated by flow cytometric analysis of CellTrace™ Violet dilution. (B,D) 
Graphs of the suppressive potency of PHA-Lhigh and PHA-Llow T-reg on naïve and memory CD4+ T-cell 
responders. Suppressive function was quantified based on responder T-cell division index (DI) and 
presented as the calculated percent suppression [%Suppression (DI)]. Data represent mean ± SD of 3 
technical replicates for each experimental condition (n=3 technical replicates). Results were confirmed in 
a repeat experiment. Statistical analysis was performed by permutation test with an unpaired design and 
no significant differences were identified. 
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4.6. DISCUSSION 

In the resting state, T-reg differ from T-conv by higher expression levels of a number of 

molecules such as CD39, CD73, CD103, PD-1, PD-L1, ICOS, GITR, CTLA-4 and Helios which, in the 

case of the surface receptors, might represent a T-reg advantage over effector T-cells when 

competing for the respective ligands, conferring a mechanism that would favour tolerance over 

autoimmunity (55-60). Evaluation of the expression of these molecules by freshly isolated T-reg 

and T-conv from C57BL/6 FoxP3.eGFP mice spleen further confirmed the previously described 

higher expression of such T-reg markers by T-reg when compared to T-conv. However, as 

described in the introduction to this Chapter, T-reg are a heterogeneous population comprised 

of multiple subsets with varying levels of expression of various functionally important molecules 

(75, 76, 80, 81, 83, 176, 177, 263). Comparisons of the expression of such markers in T-reg 

sub-populations which displayed varying intensities of lectin binding further confirmed the 

association between glycosylation characteristics and T-reg phenotypic heterogeneity. 

Specifically, higher T-reg binding by SNA-I, AAL, DSL, PHA-E, PHA-L, GSL-I and PSA consistently 

correlated with higher expression levels of CD73, ICOS, GITR, PD-1 and CTLA-4. With the 

exception of GSL-I, the levels of binding of these same lectins also correlated with higher levels 

of CD39 and PD-L1. However, such correlation was not present for all lectins evaluated. For 

instance, the levels of MAL-II and Jacalin binding to T-reg failed to show any relationship with 

the expression of the T-reg markers. In addition, no correlation was observed between T-reg 

glycosylation and Helios and CD103 expression. 

N-glycosylation is one of the most prevalent post-translational modification of proteins in 

eukaryotic cells. It plays a crucial role in mediating proper protein folding and quality control in 

the ER and intracellular trafficking to the Golgi apparatus, where carbohydrate structures 

undergo further processing (445, 449, 687). While the putative protein glycosylation sites are 

encoded in the genome, the carbohydrate structures that are produced and attached to such 

sites are dependent on the enzymatic activity of the Golgi enzymes as well as on the metabolic 

availability of their substrates (578, 686, 688). The resulting number and degree of branching of 

N-glycans have been reported to influence protein binding to galectins and, thus, the formation 

of the galectin-glycoprotein lattice at the cell surface. This lattice determines glycoprotein 

activity at the cell surface through the regulation of protein endocytosis as well as membrane 

localization, mobility and clustering (476, 686).  
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The identity and suppressive function of T-reg depend on the expression of a number of surface 

and intracellular molecules, including the ones evaluated in this study of which several are 

known to be glycoproteins (17, 140-142, 594). For example, CD73 has four potential 

N-glycosylation sites (Asn53, Asn311, Asn333 and Asn403) and is linked to the plasma 

membrane by a C-terminal GPI anchor (689, 690). The glycan modifications at the different sites 

can be highly heterogeneous, giving rise to isoforms that differ in substrate specificity and 

catalytic activity (691). Similarly, CD39 has six putative N-glycosylation sites within its sequence 

and glycosylation of this enzyme has been shown to be essential for its apyrase function and to 

its localization at the cell surface (692, 693). Deletions of the glycosylation sites in rat CD39, 

individually or in combination, were found to have various repercussions on CD39 surface 

expression and activity, although individual mutations were of little consequence (694). The 

T-reg marker GITR is also a glycoprotein and mouse GITR is known to  have four N-linked 

glycosylation sites while human GITR has only one (695, 696). The extracellular domain of ICOS 

contains three putative N-glycosylation sites of which two are known to be glycosylated (697). 

However, evidence has been found that the glycan modification of a particular site (Asn89) is 

essential for the proper folding of ICOS as well as for its trafficking to the cell surface and for its 

ligand binding activity (698). Both PD-1 and PD-L1 have N-glycosylation sites, with PD-1 having 

four and PD-L1 having one. Carbohydrate modification of PD-1 is not required for its ligand 

binding but might interfere with PD-1 orientation in vivo, thus potentially affecting the formation 

of the complex with PD-L1 at the immunological synapse (699, 700). The extracellular domain of 

CTLA-4 has two glycosylation sites with low glycan heterogeneity and higher production of 

tetra-antennary N-glycan structures by cells has been associated with increased surface 

retention of this molecule (578, 667, 688). In addition, a common polymorphism has been 

identified in the signal peptide of human CTLA-4 (Thr17Ala) which is associated with reduced 

N-glycosylation that results in decreased CTLA-4 cell surface retention, T cell hyper-activity and 

development of T1D (701-703). 

The observed correlation between surface glycan modification and T-reg marker expression can, 

thus, be potentially explained by higher activity of the glycosylation machinery in the subsets 

which display higher lectin binding (glycan expression), resulting in enhanced post-translational 

glycosylation of the proteins which in turn promotes their proper folding, stability at the cell 

surface and activity. Since expression of such molecules is associated with T-reg suppressive 

phenotype and function, such correlation suggested that T-reg subsets with distinct surface 

expression of certain glycan epitopes would probably display differential suppressive properties. 
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Additional experiments to profile the expression and activity of enzymes involved in 

N-glycosylation in T-reg with different surface glycan characteristics as well as experiments to 

directly analyse the N-glycosylation of individual functionally relevant proteins will be needed 

to further address these possibilities.  

Purification of mouse T-reg subsets according to surface glycan expression levels of terminal 

α-Gal/GalNAc residues, Gal-α-(1,3)-Gal epitope or tri-/tetra-antennary complex N-glycans by 

differential binding of GSL-I, scFv-A4 and PHA-L, respectively, enabled  the confirmation  that 

expression of these glycan structures not only correlates with higher expression of CD73, GITR, 

ICOS, PD-1, PD-L1 and CTLA-4 but also with enhanced T-reg suppressive function.  When 

compared to the GSL-Ilow T-reg subset, GSL-Ihigh T-reg showed increased ability to suppress the 

proliferation of memory but not naïve CD4+ responder T-cells. Interestingly, further 

discrimination of the terminal Gal epitope using the scFv-A4 revealed that higher expression of 

Gal-α-(1,3)-Gal on T-reg surface glycans correlates with greater suppressive potency against 

both naïve and memory CD4+ responder T-cell proliferation. However, the biological relevance 

of the Gal-α-(1,3)-Gal epitope cannot be translated from mouse to human since humans are not 

equipped with the enzyme required for the biosynthesis of this glycan structure (704). 

Moreover, the attempts made at modulating T-reg surface expression levels of α-Gal using 

α-galactosidase (data not shown) to address the potential role of the Gal-α-(1,3)-Gal epitope in 

the modulation of murine T-reg suppressive function proved not to be feasible. This was due to 

lack of function of the α-galactosidase preparation tested at physiological pH (optimal enzymatic 

activity at pH=5.5) which was required to maintain cell viability. Therefore, the biological 

relevance of the Gal-α-(1,3)-Gal epitope was not further pursued in the following results 

Chapter. 

Isolation of T-reg subsets that differ in PHA-L binding and thus in the expression of 

tri-/tetra-antennary complex N-glycans revealed that higher expression of such glycan 

structures on T-reg surface correlate with enhanced ability to suppress CD4+ and CD8+ T-cell 

proliferation and cytokine secretion. These observations showed, for the first time, that glycan 

expression can be potentially applied for the discrimination of mouse T-reg sub-populations with 

differential suppressive potency. They also provide novel evidence for an important role of the 

N-glycosylation pathway in T-reg biology. Interestingly, T-reg FACS purification using membrane 

bound lectins or the scFv-A4 did not apparently compromise T-reg suppressive capacity, as the 

isolated populations were capable of suppressing responder T-cell proliferation at ratios as low 

as 1:16.  
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Several reports have described different roles for glycosylation in T-cell differentiation. 

Transition from cell growth to arrest and differentiation is believed to be partially regulated by 

activity of the glycosylation machinery within each cell (688, 705). When Golgi activity is low, 

cell growth is promoted by the predominant expression of growth-promoting receptors (TCR 

and receptor tyrosine kinases) at the cell surface. These receptors have several sites for 

post-translational modification with glycans which promote their surface retention via 

interaction with galectins. The high N-glycan multiplicity represents significant avidity for 

galectins even at low levels of branching under basal Golgi conditions. In contrast, growth arrest 

proteins, such as TGF-β receptor and CTLA-4, display low N-glycan multiplicity and require high 

level of branching to be incorporated into the galectin lattice. Hence, these are only maintained 

at the cell surface after activation-induced up-regulation of hexosamine flux and N-glycan 

production by the Golgi (688).  Following growth arrest, T-cells differentiate into the various 

effector subsets and TCR signalling strength plays an important role in this process. Interestingly, 

increased TCR signal strength has been reported in Mgat5 deficient mouse T-cells and was 

shown to be associated with the promotion of Th1 over Th2 differentiation (706, 707). Recent 

work by Chien et al. further supports the importance of glycosylation for T-cell differentiation 

(708). These authors observed that substrate availability affects the N-glycosylation pathway of 

T-cells, with glucosamine supplemented cultures demonstrating impaired Th1, Th2 and T-reg 

but enhanced Th17 differentiation. Moreover, glucosamine administration in vivo resulted in 

inhibition of Th1 differentiation, prolonged islet graft survival in diabetic mice and increased 

severity of EAE. These effects were attributed to defective CD25 N-glycosylation leading to 

altered IL-2 signalling - which is known to play important roles in modulating T-cell 

differentiation (708-711). 

During maturation, TCRs are post-translationally modified with N- and O-glycans by various 

glycosyltransferases in the Golgi apparatus. The addition of different N-glycan structures to the 

TCR has a profound influence on its association with other glycoproteins on the cell surface, on 

TCR signal transduction and on receptor internalization by endocytosis (431). The TCR, CD28 and 

CD45 (receptor protein tyrosine phosphatase) each have several N-glycosylation sites and 

display glycan motifs that interact with endogenous galectins (galectin-1 and 3) (476, 542, 712, 

713). The resulting galectin-glycoprotein lattices modulate T-cell proliferation and apoptosis 

(431, 523, 542, 714), preclude spontaneous TCR clustering, enhance the threshold for TCR 

activation by competing with MHC to bind the receptor, prevent lymphocyte-specific protein 

tyrosine kinase (Lck)-mediated initiation of the TCR signalling cascade by retaining CD45 at 
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GM1-enriched microdomains (476) and negatively modulate T-cell adhesion and co-stimulation 

by controlling CD28 clustering and interaction with CD80/CD86 (713). On naïve resting T-cells, 

galectin-3 is cross-linked with the TCR. This cross-linking is dependent on the enzyme GnT-V 

which catalyses the production of the tetra-antennary complex N-glycans. When this interaction 

is compromised, as in the presence of a glycan-ligand mimetic of galectin-3, there is increased 

TCR clustering and the threshold for TCR activation is decreased (542). In mice, deletion of the 

GnT-V-encoding gene Mgat5 results in decreased threshold for T-cell activation with enhanced 

TCR clustering at the cell surface. Furthermore, GnT-V-deficient mice are more prone to develop 

EAE, show enhanced delayed-type hypersensitivity and increased susceptibility to 

immune-complex-mediated glomerulonephritis (542). Consistent with these findings, mouse 

strains which are highly susceptible to EAE (PL/J, SJL and NOD) have been described to display 

intrinsic deficiency in N-glycan branching in T cells when compared with resistant strains 

(129/Sv, BALB/c, and B10.S) (577). Moreover, treatment of cells or mice with high 

concentrations of GlcNAc has been shown to result in increased production of tetra-antennary 

structures and in the inhibition of TCR activation and the prevention of autoimmune diseases 

(431, 578, 579). In a pilot study, oral administration of GlcNAc to treatment-resistant paediatric 

IBD patients resulted in inhibition of clinical disease in 8 out of 12 cases with evidence of 

histological improvement, and a significant increase in epithelial and lamina propria 

glycosaminoglycans and intracellular GlcNAc (715). Consistent with the importance of N-glycans 

in T-cell biology, increased tetra-antennary complex N-glycan expression has been shown to 

inhibit TCR signalling, CD69 activation marker expression, T-cell proliferation and Th1 

differentiation (578). 

Upon activation, TCR signalling promotes the expression of tetra-antennary complex N-glycans 

(through upregulation of Mgat5 gene and protein expression) (476, 542, 707) leading to growth 

arrest through increased surface retention of CTLA-4 via interaction with galectins (688). 

Therefore, GnT-V-mediated glycosylation negatively regulates T-cell growth initially by raising 

T-cell activation thresholds and, later, by enhancing CTLA-4-mediated growth arrest (542, 688).  

The novel observation that mouse T-reg display a higher surface abundance of these 

tetra-antennary complex N-glycan structures (among other glycan structures) strongly suggests 

that the glycosylation machinery is regulated in a distinct manner in this regulatory immune cell 

population compared to its T-conv counterparts. This may reflect a constitutively higher 

expression by T-reg of certain molecules and glycan structures that are only robustly 

up-regulated on T-conv upon activation. Thus, higher surface N-glycosylation may play a 
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significant role in defining the functional characteristics that distinguish the individual T-reg 

subsets. In addition, the expression levels of galectin-1, -3 and -10 have been reported to be 

higher in T-reg (214, 716, 717). This observation may indicate an inherently increased strength 

of the galectin-glycoprotein lattice in T-reg that would contribute to their hypo-proliferative 

phenotype and suppressive function.  

Human PBMC-derived T-cells behaved differently in our functional assays compared to T-reg 

derived from mouse spleen and lymph nodes. Firstly, human PBMC-derived CD4+ responder 

T-cells showed heterogeneity in their proliferation rates as well as in their susceptibility to T-reg 

suppression in vitro. It was observed that CD4+/CD45RA- (memory) responders proliferated more 

rapidly than CD4+/CD45RA+ (naïve) T-cells and were resistant to suppression by either the 

PHA-Lhigh or PHA-Llow T-reg. Nonetheless, consistent with the findings for mouse, higher 

expression of tri-/tetra-antennary complex N-glycans by PHA-Lhigh T-reg was associated with a 

trend toward increased suppressive potency for naïve CD4+ T-cell proliferation in the experiment 

that were conducted. As referred in the introductory Chapter, there is an interest in improving 

the strategies already in place for the isolation and expansion of T-reg for clinical therapeutic 

applications (54, 277). One of the most critical limitations for T-reg-based therapy is the reduced 

numbers of T-reg that can be isolated from patient peripheral blood samples, which, when 

expanded, may lose their suppressive potency. Even though the accessibility to different human 

compartments for T-reg isolation is clearly limited, it might be of interest to investigate the 

potential of T-reg isolated from other sources such as tonsil, lymph node or spleen, for their 

capacity to expand and retain suppressive potency in ex vivo proliferation cultures. Regulatory 

T-cells have been previously reported to display varying phenotypic characteristics according to 

their anatomical location (263, 265, 274, 654). Added to this, our observations that the surface 

glycosylation profiles of mouse-derived circulating lymphocytes were significantly different from 

those of lymphocytes isolated from other lymphoid organs suggests that the surface glycan 

diversity should be factored in when considering T-reg heterogeneity. Given that T-reg 

suppressive functions correlated with the expression of certain glycan structures in our 

experiments, one can hypothesize that T-reg from other human anatomical sites display distinct 

surface glycan profiles and suppressive abilities compared to PBMC-derived T-reg. It would be 

of interest to test this hypothesis with a view to determining whether T-reg surface glycosylation 

characteristics can be exploited for the isolation and expansion of human T-reg for 

immunotherapeutic purposes. 
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Altogether, the findings described in this Chapter support the conclusion that glycosylation, 

particularly the PHA-L binding intensity, which is indicative of tri-/tetra-antennary complex 

N-glycans expression, plays an important role in T-reg biology and can be potentially used as a 

marker for the identification of T-reg with high suppressive potency.
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5.1. INTRODUCTION 

The activation of T-cells is a complex process that is triggered by the combined action of three 

different types of signals. The first signal arises from the interaction of the TCR with a 

MHC/peptide complex presented by an APC. The resulting binding interaction between the TCR 

and the MHC/peptide complex is crucial for the activation of a naïve T-cell but it is not sufficient 

to induce T-cell proliferation and differentiation. For that, T-cells require at least two additional 

signals which are often delivered by the same APC. These comprise the co-stimulatory signals 

(signal two) that promote T-cell survival and expansion and the signals responsible for T-cell 

differentiation into the effector subtypes (signal three) (1, 718, 719). The co-stimulation 

required for successful clonal expansion of naïve T-cells is mediated through ligation of T-cell 

co-stimulatory receptors such as CD28 and ICOS with their respective ligands. The combined 

signalling through the TCR and one or more co-stimulatory receptors induces the T-cell to divide 

through the activation of multiple transcription factors including NFAT, NF-κB and AP-1 (1, 720, 

721). The activation of these different signalling pathways culminates in transcriptional changes 

that lead to the production of proteins which sustain or modify the co-stimulatory signal. An 

important activation-induced effect is the enhanced synthesis of IL-2 and CD25 which are major 

contributors to activated T-cell survival, expansion and differentiation (1, 722, 723). Delivery of 

signal 3 induces the T-cell to differentiate into an effector cell that is equipped to synthesize the 

molecules necessary to mediate its helper or cytotoxic functions. The differentiation of activated 

CD8+ T-cells into cytotoxic T-cells requires strong co-stimulation by APCs which may or may not 

be amplified by effector CD4+ T-cells. In contrast to the unique fate shared by all CD8+ T-cells, 

activated CD4+ T-cells can differentiate into multiple subsets with distinct specialized functions. 

The effector phenotypes acquired by CD4+ T-cell are mainly determined by the cytokines present 

in the local environment during the initial priming events. The main CD4+ T-cell effector subtypes 

are Th1, Th2, Th17, TFH and iT-reg. Other more recently described CD4 T-cell differentiation 

phenotypes include Th22, Th9 and Tr1. Each of these is induced by different cytokines and 

transcription factors and has a distinct repertoire of secreted cytokines and surface markers (1, 

724).   

Regulatory T-cells can modulate the multiple stages of T-cell activation events as well as T-cell 

effector functions once differentiation has occurred (Figure 5.1). As described in detail in 

Chapter One (section 1.1.4), the mechanisms of T-reg suppression are diverse and include those 

that are dependent on cell-cell contact, those mediated by the secretion of inhibitory cytokines 

and those that involve competition for ligands and local growth factors (140-143). 
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Investigation of these regulatory activities often involves in vitro suppression assays in which 

T-reg ability to suppress T-cell proliferation and up-regulation of the early activation markers 

CD69 and CD25 are quantified. Typically, in such in vitro assays, potent suppression is only 

achieved if the T-cell populations are in close proximity. The presence of T-reg has been shown 

to suppress the initial T-cell activation-mediated up-regulation of CD69 and CD25 as well as IL-2 

transcription as early as 6 to 10 hours after co-culture initiation (143, 254, 257, 258, 725). 

Moreover, transcriptomic analysis can be used to evaluate the T-reg-induced transcriptional 

changes in T-cells that result in favoured expression of genes associated with growth arrest and 

inhibition of proliferation (726). In addition, intra-vital two-photon laser scanning microscopy 

experiments have been reported in which T-reg were shown to interfere with T-cell interactions 

with APCs, thus preventing the initial events required for T-cell activation and co-stimulation 

(727, 728). 

The results described in Chapter Four support the conclusion that the surface glycosylation 

profile highly correlates with known markers of T-reg suppressive function. Elucidation of the 

biological relevance of certain carbohydrates may be achieved by manipulation of glycan 

structures using glycosylation inhibitors and decoys, enzymes and monosaccharide analogues, 

genetic mutations and enzymatic or chemical modification or cleavage (412, 729-731).  

Over the years, several natural products have been identified as interfering with glycosylation 

processes. For example, in eukaryotes, the N-glycosylation pathway can be inhibited by the 

nucleoside antibiotic tunicamycin which inhibits the transfer 

of N-acetylglucosamine-1-phosphate (GlcNAc-1-P) from UDP-GlcNAc to the lipid-like precursor 

dolichylpyrophosphate, thus blocking the formation of dolichylpyrophosphate-GlcNAc. Other 

known inhibitors are swainsonine and mannostatin A which cause the accumulation of 

high-mannose oligosaccharides (Man4GlcNAc2 and Man5GlcNAc2) and hybrid type chains by 

preventing the formation of complex oligosaccharides due to blockade of α-mannosidase II 

activities. On the other hand, selective inhibition of α-mannosidase I by deoxymannojirimycin 

and kifunensin results in the accumulation of Man7–9GlcNAc2 carbohydrate structures on 

glycoproteins (729). 

Another approach is to divert the activities of the glycosyltransferases by adding glycoside 

primers (decoys) that mimic their natural substrates (732-735). This results in decreased 

glycosylation of endogenous molecules since the synthetic primers act as acceptors of the glycan 

modification. These include the xylosides and β-N-acetylgalactosaminides which have been 
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shown to inhibit proteoglycan formation and O-glycosylation of glycoproteins, respectively. 

However, such blockade is not complete and the effects are highly heterogeneous among 

different compounds and cell types (729). 

Even though glycosyltransferases operate in a specific manner regarding both the substrate and 

sugar donor, under certain circumstances, they can be induced to catalyse atypical linkages and 

to utilize sugar analogues. This metabolic glycan engineering can be adapted to produce unusual 

modified glycans by the application of mutant enzymes and/or  sugar analogues, which can be 

altered to display characteristic features (biotinylation), ultimately enabling their selection and 

detection (736).  

Finally, enzymes with selective cleavage activity can be used to strip molecules of their glycan 

structures. Endoglycosidases catalyse the cleavage of the whole glycan while exoglycosidases 

remove particular terminal sugar moieties of the oligosaccharide. An example of an 

endoglycosidase is Endo H which selectively releases oligomannose and hybrid N-glycans while 

complex N-glycans remain intact. Removal of complex N-glycans is, in turn, achieved using the 

endoglycosidase, PNGase F. Examples of exoglycosidases are neuraminidases, fucosidases and 

mannosidases which remove non-reducing terminal sialic acids, Fuc and Man residues, 

respectively (737). 

Taking into consideration that the purification process to obtain sufficient numbers of 

mouse-derived primary T-reg is long and that these cells are short-lived in culture, it was of 

interest to use a method that would yield glycosylation changes within a short period of time. 

Therefore, an enzymatic approach was chosen to manipulate T-reg surface glycan expression in 

order to investigate whether or not glycans at the T-reg surface play an active role in mediating 

T-reg suppressive functions.
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Figure 5.1 – Regulatory T-cell inhibition of multiple stages of T-cell activation and effector function. Regulatory T-cells can prevent T-cell activation through different mechanisms: 
down-regulation of APC-mediated T-cell antigen presentation and co-stimulation through expression of LAG3, neuropilin-1, CTLA-4 and extracellular adenosine; direct interaction 
with the T-cell through CTLA-4 and PD-L1. Activated T-cell proliferation, cytokine secretion and differentiation can be modulated through CTLA-4 and PD-L1 mediated T-reg:T-cell 
engagement as well as by the generation of extracellular adenosine and secretion of suppressor cytokines (IL-10, TGF-β and IL-35). Activated and effector T-cell apoptosis can be 
induced by different T-reg mediated mechanisms which include IL-2 consumption or the expression of galectin-1, granzymes and perforin. Differentiated, effector T-cell function can 
be regulated by T-reg production of soluble factors such as adenosine and suppressor cytokines. 
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5.2. PARTIAL REMOVAL OF T-REG SURFACE SIALIC ACIDS OR N-GLYCANS BY 

NEURAMINIDASE OR PNGASE F TREATMENT 

Glycosylation is ubiquitous to all mammalian cells and the composition of the glycocalyx has 

been reported to have several implications at different levels of T-cell biology (421, 476). The 

observations described in Chapter Four suggest that glycans may have a role in modulating T-reg 

suppressive properties.   In order to explore this concept, there was a need to develop a method 

to experimentally manipulate the degree of glycan expression on T-reg surface, thus altering the 

composition of the glycocalyx.  A challenging aspect of developing protocols for partial 

enzymatic digestion of the surface glycans of living cells is the fact that these enzymes show 

optimal activity when applied to protein extracts under denaturing reaction conditions for 

relatively long incubation times. Nevertheless, several research groups have reported the 

application of these enzymes for the treatment of various live cells with the experimental 

procedures employed being highly variable in regards to reaction buffers and incubation times 

(ranging from 30 minutes to 24 hours) (600, 738-740). For this reason, it was required to develop 

a novel enzymatic treatment protocol for live, primary cells that would render loss of surface 

glycan expression without requiring long reaction times or sacrificing cell viability. The 

optimization of the protocol encompassed a series of steps in which a number of different 

approaches were tested (see Table 5.1) using MACS-purified CD4+ T-cells. 

The identification of a suitable reaction buffer was initiated by testing buffer recipes which 

reflected those provided by the manufacturer (sodium citrate and sodium phosphate buffers) 

with or without 50 or 100 mM sodium chloride supplementation (see Appendix II for details on 

the chemical reagents). Enzyme stability and activity are affected by a number of factors of 

which pH is particularly important. For instance, the sodium citrate buffer recommended for 

neuraminidase treatment was of pH 6.0. However, independently of the pH of the solution, 

there was a complete loss of cell viability when lymphocytes were incubated in either of the 6 

buffers (Table 5.1) for 1 hour at 37°C. This finding led to the testing of an alternative buffer that 

would safeguard the viability of the cells while still supporting enzyme activity. With this in mind, 

the enzyme activities were next tested in buffers that were known to be compatible with 

lymphocyte viability [RPMI 1640 medium and PBS MC buffers supplemented or not with bovine 

serum albumin (BSA)]. 

Simultaneously, other aspects of the protocol were varied such as the type of culture plate, the 

cell concentration, the incubation time and the amount of enzyme used. Enzyme activity was 
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measured by evaluating the binding intensities of relevant lectins to the treated and untreated 

cells. Loss of surface N-glycans, due to PNGase F treatment, was assessed by flow cytometry 

using PHA-L and GSL-I lectin staining, whereas binding of SNA-I and MAL-II were used to evaluate 

the neuraminidase-mediated sialic acid cleavage. The optimized strategy was based on variables 

found to yield clearly demonstrable enzymatic activity while maintaining cell viability (Figure 

5.2). Cells were plated in a 96-well flat-bottom plate at 1 X106 cells/ml in PBS MC + 1% BSA (PBS 

MCB) in a 200 μl final reaction volume. PNGase F was tested at 2000 and 4000 units/ml while 

1000 and 2000 units/ml were used of neuraminidase. It was observed that 400 units of both 

PNGase F and neuraminidase yielded the best results in decreasing the amounts of N-glycans 

and sialic acids, respectively, as demonstrated by the decreased MFI of lectin binding to the cells 

after treatment (Figure 5.2). This protocol was chosen as the appropriate experimental strategy 

to evaluate the effects of partial removal of sialic acids and N-glycans for T-reg suppressive 

functions described in the following sections of this results Chapter.  

  



Chapter Five 

 

 

157 

 

Table 5.1 – Summary details of the enzyme treatment protocol aspects that were tested during the 
optimization stage. In bold are depicted those that were chosen as the optimal strategy. 
   

Reaction 

Buffers 

50 mM Na3C6H5O7 +/- 50/100 mM NaCl pH=6 

50 mM NaH2PO4 +/- 50/100 mM NaCl pH=7.5 

RPMI +/- 1%BSA pH=7 

PBS + 1mM MgCl2 + 1 mM CaCl2 (PBS MC) pH=7 

PBS MC + 0.1/0.5/1 %BSA pH=7 

Plates / 

reaction volume 

24-well / 500 μl 

96-well round-bottom / 200 μl 

96-well flat-bottom / 200 μl 

Incubation 

times 
1, 2, 3, 4, 5, 10 and 48 hours 

Cell concentration 
1 X 106 cells/ml 

2 X 106 cells/ml 

PNGase F 

Units/ml 

2000 

4000 

Neuraminidase 

Units/ml 

500 

1000 

2000 
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Figure 5.2  – Surface glycan expression and viability of MACS-purified CD4+ T-cells following PNGase F 
(top panel) or neuraminidase (bottom panel) treatment for 1 hour at 37°C. Cells were plated in a 96-well 
flat-bottom plate at 1 X106 cells/ml in PBS MC + 1% BSA (PBS MCB) in a 200 μl final reaction volume. 
PNGase F was tested at 2000 and 4000 units/ml while 1000 and 2000 units/ml were used of 
neuraminidase. Enzymatic digestion and viability were evaluated by flow cytometry by excluding the dead 
cells and cell aggregates followed by gating on the lymphocytes and CD4+ T-cells. Results are shown as the 
MFI of lectin binding and the percentage of viable cells (n=3 technical replicates).Statistical analysis was 
performed by permutation test with an unpaired design (*p value ≤ 0.1; **p value < 0.05).  
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5.3. PARTIAL REMOVAL OF T-REG SURFACE SIALIC ACIDS BY NEURAMINIDASE TREATMENT 

AFFECTS T-REG SUPPRESSIVE POTENCY AND VIABILITY 

Sialic acids are very abundant sugars, being major contributors to the glycocalyx of most cell 

types, including immune cells. Moreover, these sugars are highly diverse in structure, type of 

glycosidic linkage as well as in the nature of the underlying carbohydrate structure which can be 

either an N-glycan, an O-glycan or a glycosphingolipid. The terminal location of sialic acid 

residues on glycan structures is an indication of their potential for playing diverse roles in the 

immune response (741, 742). As described in Chapter Three, freshly isolated mouse T-reg and 

T-conv both display surface binding by SNA-I and MAL-II which indicates the presence of sialic 

acid capping of glycan structures with T-reg showing higher amounts of these sugars in 

α-(2,6)-linkage than T-conv from all anatomical sites studied. In contrast, α-(2,3)-linked sialic 

acids were more abundant on T-conv than T-reg surface from all anatomical sites except for 

thymus and bone marrow since T-conv displayed higher MAL-II binding intensities. In addition, 

α-(2,6)- but not α-(2,3)-linked sialic acid abundance on T-reg surface glycans correlated with the 

expression of multiple T-reg markers and suppressive function mediators (results shown in 

Chapter Four). In order to explore the significance of sialic acid abundance on T-reg surface in 

regard to suppressive function, T-reg surface expression of sialic acids was reduced prior to 

performing functional assays. 

For these experiments, cells were purified from spleen and subcutaneous lymph nodes of 

C57BL/6 FoxP3.eGFP mice using FACS strategy VI (Table 2.3) and were co-cultured according to 

strategy IV (Table 2.5). Purified naïve and memory CD4+ responder T-cells were activated with 

anti-CD3 in the presence of CD4-CD8- APCs and T-reg at varying T-reg: responder T-cell ratios 

(0:1, 1:2, 1:4 and 1:6) for 4 days.  

After isolation and prior to co-culture, three T-reg experimental variants were generated: (a) 

Left untouched (“untreated”), (b) Incubated in the enzyme treatment conditions but with no 

enzyme added (“no enzyme”), (c) Treated with the exoglycosidase neuraminidase 

(“neuraminidase”). The outcome of the enzymatic treatment was assessed by flow cytometric 

analysis of MAL-II and SNA-I lectin binding to the cells immediately after incubation (Figure 

5.3A-D). The lectin binding was quantified and compared among the three T-reg preparations. 

The neuraminidase-treated T-reg displayed decreased binding by the sialic acid-binding lectins 

SNA-I and MAL-II which is indicative of partial loss of surface expression of α-(2,3)- and 

α-(2,6)-linked sialic acid as shown by the histograms (Figure 5.3A&B) and graphs of median 
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fluorescence intensities (Figure 5.3C&D) of MAL-II and SNA-I lectin binding, respectively. 

Furthermore, neither purification by FACS (untreated) nor the enzyme treatment incubation 

conditions (no enzyme) had an impact on T-reg surface expression of these sugars as evidenced 

by comparison with lectin binding intensities of freshly-isolated T-reg (Figure 5.3A-D). 

Evaluation of T-reg suppressive function, after the 4 days co-culture, by flow cytometric analysis 

of responder T-cell proliferation showed that the enzyme treatment incubation conditions had 

no effect on T-reg suppressive potency compared to that of the untreated T-reg (Figure 5.3E-F). 

In contrast, the partial reduction in surface sialic acid expression by neuraminidase treatment 

resulted in complete abrogation of T-reg ability to suppress both naïve (Figure 5.3E) and memory 

(Figure 5.3F) CD4+ T-cell proliferation. However, the observed loss of suppressive ability was 

found to be associated with a significant loss of viability of neuraminidase-treated T-reg (Figure 

5.3G,H).  Although neuraminidase-treated T-reg retained a high level of viability immediately 

after incubation with the enzyme, cell viability analysis following 24 hours of co-culture with 

APCs alone (Figure 5.3G) or with APCs and CD4+ T-cells (Figure 5.3H) indicated that the large 

majority of neuraminidase-treated T-reg had undergone cell death by this time-point. Therefore, 

the observed loss of T-reg ability to suppress responder T-cell proliferation was most probably 

due to the inability of the neuraminidase-treated T-reg to survive in the initial hours of co-culture 

which culminated in almost complete absence of viable T-reg by 24 hours of co-culture.  

These observations suggest a crucial role for surface sialic acid expression for T-reg viability since 

neuraminidase treatment of T-reg, while resulting in only a partial loss of surface sialic acid 

expression, had a profound effect in T-reg suppressive capacity and survival in co-cultures. Given 

the observed correlation of surface complex tri-/tetra-antennary N-glycan expression and T-reg 

suppressive potency, it was next decided to evaluate the repercussions of enzymatic 

modification of surface N-glycans on T-reg function. 
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Figure 5.3 – Surface sialic acid expression, suppressive ability and viability of neuraminidase-treated 
T-reg. (A-D) Flow cytometric analysis of T-reg surface sialic acid expression by dead cell and cell aggregate 
exclusion and evaluation of lectin binding to the eGFP+ T-reg within the CD4+ T-cell compartment of the 
lymphocyte population. Histograms (A,B) and graphs of MFI (C,D) of MAL-II (A,C) and SNA-I (B,D) binding 
to T-reg, corresponding to α-(2,3)- and α-(2,6)-linked sialic acid expression, respectively. (E) Naïve and (F) 
memory CD4+ responder T-cells were co-cultured in the presence of CD4-CD8- APCs and different T-reg 
populations at T-reg:responder T-cell ratios of 0:1, 1:2, 1:4 and 1:6 for 4 days with anti-CD3 stimulation. 
After 4 days co-culture, responder T-cell proliferation was evaluated by flow cytometric analysis of 
CellTrace™ Violet dilution by excluding the dead cells and cell aggregates followed by gating on the 
lymphocyte and then on the CD4+ T-cells. Suppressive function was quantified based on responder T-cell 
division index (DI) and presented as the calculated percent suppression [%Suppression (DI)] for: 
untreated, no enzyme and neuraminidase-treated T-reg (n=3 technical replicates). (G) Frequency of viable 
T-reg (gated on CD4+eGFP+ lymphocytes within the viable single cell events) after 24 hour co-culture with 
APCs in the presence and absence of anti-CD3 activation. (H) Frequency of viable T-reg after 24 hour co-
culture with APCs and CD4+ T-cells with anti-CD3 activation. (A-D) Data are representative of one (n=1) of 
a total of three individual experiments. (E-H) Data represent mean ± SD (n=3 technical replicates). The 
experiment represented in F was performed three times, E and G were performed twice and H was 
performed only once. Statistical analysis was performed by permutation test with an unpaired design (*p 
value ≤ 0.1; **p value < 0.05; ***p value < 0.01).  
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5.4. ALTERED SURFACE N-GLYCAN EXPRESSION BY PNGASE F TREATMENT LEADS TO 

IMPAIRED T-REG SUPPRESSIVE POTENCY 

The results described thus far suggested that complex N-glycan expression is important for T-reg 

biology and function. These glycan structures are more highly expressed by mouse T-reg than 

T-conv and their abundance, as determined by PHA-L binding, correlates with higher expression 

levels of T-reg suppressive function mediators (results described in Chapter Three and Four). 

Moreover, as described in Chapter Four, both mouse and human T-reg subsets which display 

higher PHA-L binding intensities, indicative of higher expression levels of complex 

tri-/tetra-antennary N-glycans at their surface, were shown to be more potent suppressors than 

the subsets in which these carbohydrate structures were less abundant. In order to investigate 

the biological relevance of N-glycan structures for T-reg suppressive potency, functional assays 

were performed using T-reg whose surface N-glycosylation had been manipulated. 

For this purpose, cells were purified from spleen and subcutaneous lymph nodes of C57BL/6 

FoxP3.eGFP mice using FACS strategy V or VI (Table 2.3) and were co-cultured according to 

strategy IV or VI (Table 2.5). Purified CD4+ and CD8+ responder T-cells were co-cultured as whole 

populations or were sub-divided into the naïve and memory subsets. Cultures of these purified 

T-conv responders were initiated in the presence of CD4-CD8- APCs and T-reg at varying 

T-reg: responder T-cell ratios and were activated with anti-CD3 for 24 hours or 4 days.  

Prior to co-culture, T-reg surface N-glycosylation was modified by treatment with the 

endoglycosidase PNGase F, which catalyses the cleavage of N-glycan structures from the protein 

backbone. Therefore, multiple lectins could have been used to evaluate the outcome of PNGase 

F treatment. Given our observations that GSL-I and PHA-L binding to T-reg correlated with 

suppressive potency of these cells, surface binding intensities for these lectins were selected as 

the readouts for PNGase F enzymatic effect. Flow cytometric analysis after incubation with the 

enzyme showed a reduction in the binding intensities of GSL-I and PHA-L, which recognize 

terminal α-Gal/GalNAc and  complex tri-/tetra-antennary N-glycan, respectively, as shown by 

the histograms (Figure 5.4A,B) and graphs of median fluorescence intensities (Figure 5.4C,D) of 

lectin binding. Consistent with our observations following neuraminidase treatment, the 

untreated and “no enzyme” T-reg populations showed similar GSL-I and PHA-L lectin binding 

profiles to those of the freshly-isolated cells while the PNGase F-treated T-reg demonstrated 

consistent reductions in the binding intensities of the two lectins (Figure 5.4A-D). Interestingly, 

while the proportion of viable T-reg present in unactivated co-cultures with APCs alone was 
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reduced compared to untreated and no enzyme T-reg, this loss of viability was prevented by 

addition of anti-CD3 stimulation (Figure 5.4E). Moreover, when CD4+ T-cells were also present 

in anti-CD3 activated co-cultures, viable PNGase F treated T-reg were readily detectable at the 

24 hour time-point, albeit at approximately 30% lower proportions than the untreated and no 

enzyme T-reg populations (Figure 5.4F). Thus, it was concluded that the PNGase F treatment 

protocol that was devised for modulation of T-reg surface N-glycans was technically effective 

and was associated with a mild loss of viable cell numbers during the first 24 hours of activation 

co-cultures with T-conv.   

In order to determine whether the PNGase F-treated T-reg remained responsive to activation 

stimuli, their up-regulation of  CD25, CD69, PD-1, GARP and latency-associated peptide (LAP) 

following 24 hours of co-culture with APC and anti-CD3 was compared with that of no enzyme 

T-reg. As shown in Figure 5.4G-K,M, PNGase F-treated T-reg demonstrated similar or increased 

surface up-regulation of these activation markers in comparison to the other T-reg population. 

Furthermore, the baseline reduction in complex N-glycan expression (as reflected by PHA-L 

surface binding intensities) was reversed after 24 hours of co-culture, possibly due to the 

activation-induced increase in N-glycan expression (Figure 5.4L). 

Evaluation of naïve and memory CD4+ and CD8+ T-cell proliferation when incubated with T-reg 

at 0:1, 1:2, 1:4, 1:6, 1:8 and 1:16 T-reg: responder T-cell ratios revealed significantly lower 

suppressive potency of PNGase F-treated T-reg compared to the control T-reg for naïve and 

memory CD4+ (Figure 5.5A,B) and CD8+ T-cells (Figure 5.5C,D). Of note, the magnitude of loss of 

suppressive potency was greater for CD8+ compared to CD4+ responders. Importantly, 

evaluation of T-reg after the 4 day suppression assay showed that the PNGase F-treated T-reg 

were present in abundance with comparable or greater frequency to no enzyme T-reg   (Figure 

5.5E,F). Furthermore, PNGase F-treated T-reg showed impaired ability to inhibit responder T-cell 

up-regulation of the early activation markers CD69 and CD25, particularly the acquisition of the 

CD69+CD25+ double positive (DP) phenotype (Figure 5.6). When compared to the approximately 

50% reduction in the frequency of CD69+CD25+ DP CD4+ responder T-cells that occurred in the 

presence of no enzyme T-reg,  PNGase F T-reg exerted a very modest suppressive effect (Figure 

5.6A,B). A similar observation was made for CD8+ responder T-cell. In this case, the frequency of 

CD69+CD25+ DP CD8+ T-cells was higher when co-cultured with PNGase F-treated T-reg than 

when in the presence of no enzyme T-reg (Figure 5.6C,D). 
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From this series of experiments, it was concluded that partial loss of T-reg surface N-glycan 

expression following PNGase F treatment results in a significant loss of T-reg ability to inhibit 

early activation events (upregulation of the activation markers CD69 and CD25) and suppress 

proliferation of naïve and memory CD4+ and CD8+ T-conv. These observations led to an interest 

in identifying the specific suppressive mechanisms that were being affected by modulation of 

surface N-glycans.  
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Figure 5.4 – Surface GSL-I and PHA-L binding, viability and responsiveness to stimulus of PNGase 
F-treated T-reg. (A-D) Flow cytometric analysis of T-reg surface expression of α-Gal/GalNAc and complex 
tetra-antennary N-glycan structures (by dead cell and cell aggregate exclusion and evaluation of lectin 
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binding to the eGFP+ T-reg within the CD4+ T-cell compartment of the lymphocyte population). Histograms 
(A,B) and graphs of MFI (C,D) of GSL-I (A,C) and PHA-L (B,D) binding to T-reg, corresponding to 
α-Gal/GalNAc and complex tetra-antennary N-glycan structures expression, respectively. (E) Frequency of 
viable T-reg (gated on CD4+eGFP+ lymphocytes within the viable single cell events) after 24 hour co-culture 
with APCs in the presence and absence of anti-CD3 activation. (F-M) Regulatory T-cells were co-cultured 
in 0:1, 1:2 and 1:4 T-reg: responder T-cell ratios with CD4+ T-cells in the presence of APCs and anti-CD3 
activation for 24 hours, after which (F) the frequency of viable T-reg and (G-M) expression of several 
molecules were evaluated. Graphs show the MFI of surface expression of (G) CD25, (H) CD69, (I) PD-1, (J) 
GARP, (K) LAP and (L) complex tetra-antennary N-glycans (by PHA-L binding). (M) Frequency of LAP single 
positive (LAP SP) and GARP and LAP double positive (GARP&LAP DP) T-reg after 24 hour co-culture. (A-D) 
Data are representative of one of multiple experiments where PNGase F treatment was performed 
yielding consistent outcomes (n=9 independent experiments). (E-M) Data represent mean ± SD (n=3 
technical replicates for each experimental condition). The experiments represented in E and I were 
performed twice, F-H were performed four times and J-M were performed only once. Statistical analysis 
was performed by permutation test with an unpaired design (*p value ≤ 0.1; **p value < 0.05).   
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Figure 5.5 – Suppression of naïve and memory responder T-cell proliferation and viability of PNGase 
F-treated T-reg after 4 day co-culture. (A) Naïve and (B) memory CD4+ responder T-cells and (C) naïve and 
(D) memory CD8+ responder T-cells were co-cultured in the presence of CD4-CD8- APCs and different T-reg 
populations at T-reg: responder T-cell ratios of 0:1, 1:2, 1:4, 1:6, 1:8 and 1:16 for 4 days with anti-CD3 
stimulation. After 4 days co-culture, responder T-cell proliferation was evaluated by flow cytometric 
analysis of CellTrace™ Violet dilution by excluding the dead cells and cell aggregates followed by gating 
on the lymphocyte and then on the CD4+ or CD8+ population. Suppressive function was quantified based 
on responder T-cell division index (DI) and presented as the calculated percent suppression [%Suppression 
(DI)] for no enzyme and PNGase F treated T-reg. Viability of T-reg (gated on CD4+eGFP+ lymphocytes within 
the viable single cell events) in the end time point when co-cultured with (E) naïve and (F) memory  CD4+ 
responder T-cells. Data represent mean ± SD (n=3 technical replicates for each experimental condition). 
The experiments shown in A and E are representative of 3 experiments with consistent results. The results 
shown in E and F are representative of 4 individual experiments. The experiments shown in C and D were 
performed only once. Statistical analysis was performed by permutation test with an unpaired design (*p 
value ≤ 0.1). 
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Figure 5.6 – Suppression of CD4+ and CD8+ responder T-cell up-regulation of early activation markers by 
PNGase F treated T-reg in the initial 24 hours of co-culture. (A,B) CD4+ and (C,D) CD8+ responder T-cells 
were co-cultured in the presence of CD4-CD8- APCs and different T-reg sub-populations at T-reg: 
responder T-cell ratios of 0:1, 1:2 and 1:4 for 24 hours with anti-CD3 stimulation. After 24 hours, 
co-cultures were analysed by flow cytometry by excluding the dead cells and cell aggregates followed by 
gating on the lymphocyte and then on the CD4+ or CD8+ population. Suppressive function was evaluated 
based on inhibition of responder T-cell up-regulation of CD25 and CD69 and is presented as the frequency 
of CD69 single positive (CD69 SP) or CD69 and CD25 double positive (CD69&CD25 DP) cells for no enzyme 
and PNGase F treated T-reg. (A,C) dot plots and (B,D) graphs showing the relative distribution and 
frequency of cells with differential CD69 and CD25 expression in the different culture conditions. (B,D) 
Data represent mean ± SD (n=3 technical replicates for each experimental condition). The results shown 
are representative of 3 experiments with consistent results. Statistical analysis was performed by 
permutation test with an unpaired design comparing the co-culture with the different T-reg populations 
to the no T-reg condition (*p value ≤ 0.1; **p value < 0.05; ***p value < 0.01) and between the PNGase F 

and the no enzyme T-reg co-cultures (p value ≤ 0.1;   p value < 0.05). 
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5.5. REGULATORY T-CELL SUPPRESSIVE FUNCTION IS NOT SOLELY MEDIATED BY SECRETED 

FACTORS NOR BY PD-1 ENGAGEMENT. 

In order to investigate the role of secreted factors in mediating T-reg suppressive function in our 

assay system, a conditioned media transfer experiment was performed. Conditioned media 

were collected at the 24 and 72 hour time-points of T-reg/T-conv co-cultures in which 

suppression had been observed and were added to separate T-cell proliferation assays carried 

out in the absence of T-reg.  

For this purpose, cells were purified from spleen and subcutaneous lymph nodes of C57BL/6 

FoxP3.eGFP mice using FACS strategy VI (Table 2.3). Naïve (CD4+CD62LhighFoxP3-) or memory 

(CD4+CD62LlowFoxP3-) responder T-cells were co-cultured with CD4-CD8- APCs in the presence of 

anti-CD3 activation. Conditioned media collected from 24 and 72 hour co-cultures of responder 

T-cells in the absence and presence of T-reg were added to the cultures to constitute 10 or 50% 

of the final volume of medium. These cultures were incubated for 4 days prior to flow cytometric 

analysis of responder T-cell proliferation.  

Analysis of the division index of naïve (Figure 5.7A,B) and memory (Figure 5.7C,D) CD4+ 

responder T-cells in the co-cultures to which conditioned media collected at 24 (Figure 5.7A,C) 

or 72 (Figure 5.7C,D) hours were added revealed that the soluble factors present did not exert 

any anti-proliferative effect.  

These observations suggested that the suppression observed in the functional assays was not 

primarily mediated by soluble factors secreted by T-reg and was, thus, the result of one or more 

contact-dependent mechanisms. One such mechanism involves engagement of PD-L1 on the 

T-reg with PD-1 expressed by the responder T-cell. This receptor/ligand interaction has been 

specifically reported to result in impaired T-cell activation, survival, differentiation and effector 

functions (187-189). 

In an attempt to ascertain whether PD-1 co-stimulation was an important mediator of T-reg 

suppressive functions in the context of our experimental system, a functional assay was 

performed in the presence and absence of a PD-1 blocking antibody. Cells were purified from 

C57BL/6 FoxP3.eGFP mice spleen and lymph nodes by FACS using FACS strategy VI (Chapter Two, 

page 79) and co-cultures were prepared of naïve (CD4+CD62LhighFoxP3-) or memory 

(CD4+CD62LlowFoxP3-) responder T-cells with CD4-CD8- APCs and T-reg at 0:1 and 1:4 T-reg: 

responder T-cell ratios, in the presence of anti-CD3 activation. In some wells, purified anti-PD-1 

mAb was added to a final concentration of 2 µg/ml and T-cell proliferation was compared with 
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control wells after 4 days of culture.  As shown in Figure 5.8A&B, the direct addition of anti-PD-1 

blocking antibody did not significantly influence T-reg-associated suppression of the 

proliferation of naïve (Figure 5.8A) or memory (Figure 5.8B) responder T-cells  

Given that PD-1 is expressed by both T-reg and responder T-cells and that PD-1 expression by 

T-reg has also been reported to be important for T-reg inhibitory properties (190-194), it was 

also sought to selectively block T-reg-expressed PD-1. For this purpose, an additional functional 

assay was performed using cells purified by FACS strategy IV (Chapter Two, page 78). CD4+ and 

CD8+ responder T-cells were co-cultured, in the presence of anti-CD3 activation, with CD4-CD8- 

APCs and T-reg at 0:1, 1:2 and 1:4 T-reg: responder T-cell ratios. In this experiment, purified 

T-reg were pre-coated (or not) with 1 µg/ml of purified anti-PD-1 mAb, prior to being added to 

the 4-day co-cultures. As shown in Figure 5.8C&D, pre-coating with anti-PD-1 did not prevent T-

reg-mediated suppression of CD4+ (Figure 5.8C) and CD8+ (Figure 5.8D) responder T-cell 

proliferation. 

From these experiments, it was concluded that the in vitro anti-proliferative function of T-reg 

which was prevented by PNGase F treatment, did not result from secretion of a suppressive 

factor and, equally, was not mediated by one of the best-described contact-dependent 

mechanisms – PDL-1/PD-1 interaction.  Since the mechanisms responsible for T-reg suppressive 

function in the context of our functional assays were contact-dependent, it was next evaluated 

whether the loss of suppressive potency by PNGase F treatment was due to an impaired ability 

of T-reg to interact with the APCs and/or the responder T-cells after being stripped of a portion 

of their surface N-glycans. 
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Figure 5.7 – Effect of T-reg secreted factors on responder T-cell proliferation. (A,B) Naïve and (C,D) 
memory CD4+ responder T-cells were co-cultured in the presence of CD4-CD8- APCs and 10 or 50% 
conditioned media for 4 days with anti-CD3 stimulation. Conditioned media used in this experiment were 
collected at 24 and 72 hours from cultures of CD4+ responder T-cell cultures both in the presence and 
absence of T-reg suppression. Responder T-cell proliferation was evaluated by flow cytometric analysis of 
CellTrace™ Violet dilution (by excluding the dead cells and cell aggregates followed by gating on the 
lymphocyte and then on the CD4+ T-cells)  and is presented in the graphs as the division index of (A,B) 
naïve and (C,D) memory CD4+ T-cells in the presence of 10 or 50% conditioned media that had been 
collected at (A,C) 24 and (B,D) 72 hours. (A-D) Dashed line represents the division index of the responder 
T-cells in the absence of conditioned media. Data represent mean ± SD (n=3 technical replicates). The 
experiment shown was performed once. Statistical analysis was performed by permutation test with an 
unpaired design and no significant differences were identified. 
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Figure 5.8 – Effect of PD-1 signalling blockade in T-reg suppressive function. (A) Naïve and (B) memory 
CD4+ responder T-cells or (C) CD4+ and (D) CD8+ responder T-cells were co-cultured in the presence of 
CD4-CD8- APCs and T-reg at T-reg: responder T-cell ratios of (A,B) 0:1 and 1:2 or (C,D) 0:1, 1:2 and 1:4 for 
4 days with anti-CD3 stimulation. Signalling through PD-1 engagement was blocked by two different 
strategies: (A,B) non-cell-type-specific PD-1 blocking by adding 2 µg/ml of purified anti-PD-1 mAb to the 
co-cultures and  (C,D)  T-reg specific blocking by pre-coating with 1 µg/ml of purified anti-PD-1 mAb prior 
to co-culture. Responder T-cell proliferation was evaluated by flow cytometric analysis of CellTrace™ 
Violet dilution (by excluding the dead cells and cell aggregates followed by gating on the lymphocyte and 
then on the CD4+ T-cells) and is presented in the graphs as the division index of (A) naïve and (B) memory 
CD4+ T-cells and (C) CD4+ and (D) CD8+ responder T-cells in the presence and absence of (A,B) anti-PD-1 
blocking antibody or (C,D) T-reg pre-coated with anti-PD-1. Data represent mean ± SD (n=3 technical 
replicates). The experiments shown were performed once. Statistical analysis was performed by 
permutation test with an unpaired design and no significant differences were identified. 
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5.6. PNGASE F TREATMENT DOES NOT AFFECT T-REG INTERACTIONS WITH DENDRITIC 

CELLS AND CONVENTIONAL T-CELLS 

In order to determine whether PNGase F-mediated loss of T-reg suppressive function was due 

to compromised T-reg ability to interact with the effector or APC populations, a series of 

complementary flow cytometry and microscopy experiments was performed. For these 

experiments, a more defined APC population (purified CD11c+ DCs) was used instead of the CD4-

CD8- cell population that was employed for proliferation cultures.  

Cell populations were purified from spleen and lymph nodes of C57BL/6 FoxP3.eGFP mice using 

FACS strategy VII (Table 2.3) and were co-cultured according to strategy VII (Table 2.6). Purified 

CD4+ responder T-cells were co-cultured in the presence of CD11c+ DCs and T-reg at 0:1 and 1:2 

T-reg: responder T-cell ratios and were activated with anti-CD3. Regulatory T-cells used in these 

assays included the no enzyme controls and the PNGase F-treated T-reg as previously described. 

The co-cultures were incubated for 8 hours for the purpose of evaluating immune-cell 

interactions or for 4 days in order to evaluate T-reg suppressive function. 

It was first confirmed that responder T-cell proliferation and T-reg-mediated suppression 

occurred to similar extents in the DC co-cultures as had been previously observed in the 

presence of CD4-CD8- APCs (Figure 5.9A,B). As expected, PNGase F treated T-reg had decreased 

suppressive potency compared to no enzyme T-reg controls (Figure 5.9A&B). In addition, 

cytokine quantification in the culture supernatants revealed an impaired ability of PNGase 

F-treated T-reg to inhibit CD4+ T-cell production of IFN-γ, IL-4 and IL-13 when compared to the 

no enzyme controls (Figure 5.9C). These experiments involving purified DCs as the primary APC 

provided further confirmation that partial loss of T-reg surface N-glycan expression, as a result 

of PNGase F treatment, substantially impairs the capacity of freshly-isolated mouse T-reg to 

suppress responder T-cell proliferation and cytokine secretion. 
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Figure 5.9 – Suppression of CD4+ responder T-cell proliferation and cytokine production by PNGase F-
treated T-reg in the presence of DCs. (A-C) CD4+ responder T-cells were co-cultured in the presence of 
CD11c+ DCs and purified T-reg (no enzyme or PNGase F treated) at T-reg: responder T-cell ratios of 0:1 
and 1:2 for 4 days with anti-CD3 stimulation. After 4 days co-culture, responder T-cell proliferation was 
evaluated by flow cytometric analysis by excluding the dead cells and cell aggregates followed by gating 
on the lymphocyte and then on the CD4+.  (A) Histograms showing representative examples of responder 
T-cell proliferation evaluated by flow cytometric analysis of CellTrace™ Violet dilution. (B) Graph of the 
suppressive potency of no enzyme and PNGase F treated T-reg on CD4+ T-cell responders (n=3 technical 
replicates). Suppressive function was quantified based on responder T-cell division index (DI) and 
presented as the calculated percent suppression [%Suppression (DI)]. (C) Quantification of cytokines 
present in culture supernatants at the end of the 4-day stimulation period was performed by multiplex 
immunoassay. Data represent mean ± SD (n=3 technical replicates for each experimental condition). The 
experiments shown in A and B are representative of 3 experiments with consistent results. Results for 
cytokine quantification shown in C were confirmed in a repeat experiment. Statistical analysis was 
performed by permutation test with an unpaired design (*p value ≤ 0.1; **p value < 0.05; ***p value < 
0.01).  
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Having confirmed that the new culture system replicated our prior observations, a flow 

cytometry based assay was developed for the purpose of quantifying specific types of multi-cell 

aggregate within the co-cultures. To facilitate this analysis, each individual population was 

fluorescently labelled after FACS purification and before initiation of the co-cultures: T-reg with 

CellTrace™ CFSE (CFSE), DCs with CellTrace™ Violet (CTV) and CD4+ Responder T-cells with 

CellTrace™ Far Red DDAO-SE (Far red). 

After 8 hours of co-culture, cells were fixed, pelleted, removed from culture wells and analysed 

immediately by flow cytometry using a “doublet gate” to identify multi-cell aggregates (as 

detailed Figure 5.10). By defining all fluorescent dye combinations among the aggregates it was 

possible to generate proportionate data for:  

- Interaction among the same cell type: T-reg-T-reg, responder-responder and DC-DC. 

- Interactions between different cell types: T-reg-DC, T-reg-responder and responder-DC. 

- Interactions between the three cell types: T-reg-responder-DC. 

It was initially observed that the overall proportions of multi-cell aggregates were no different 

in co-cultures containing PNGase F-treated and no enzyme T-reg. (Figure 5.11A). In addition, 

quantification of the proportions of the various possible types of multi-cell aggregate revealed 

that PNGase F-treated and no enzyme T-reg were equally capable of forming durable 

interactions with DCs and/or responder T-cells while their capacity to form aggregates with each 

other was reduced (from 20% to 11%) (Figure 5.11B&C). Thus, the results of this flow cytometry 

assay suggested, against our expectations, that enzymatic modification of T-reg surface 

N-glycans, by PNGase F treatment, did not compromise T-reg ability to form stable cell-cell 

interactions during the early stage of a T-cell activation culture. 
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Figure 5.10 – Gating strategy for the flow cytometric analysis of immune cell interactions established 
between FACS-purified, fluorescent-labelled T-reg (CellTrace™ CFSE, CFSE), CD4+ Responder T-cells 
(CellTrace™ Far Red DDAO-SE, Far Red), and DCs (CellTrace™ Violet, CTV) following 2 and 8 hours 
incubation. The percentage of each type of interaction was determined by evaluating the fluorescence 
(cell-type composition) of the cell aggregates and was calculated as described in the table. 
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Figure 5.11 – Flow cytometric analysis of immune cell interactions established by PNGase F-treated 
T-reg in the presence of DCs. (A-C) CD4+ responder T-cells were co-cultured in the presence of CD11c+ 
DCs and purified T-reg (no enzyme or PNGase F treated) at T-reg: responder T-cell ratios of 1:2 for 8 hours 
with anti-CD3 stimulation. Prior to co-culture, each individual population was fluorescently labelled: T-reg 
with CellTrace™ CFSE (CFSE), DCs with CellTrace™ Violet (CTV) and CD4+ Responder T-cells with CellTrace™ 
Far Red DDAO-SE (Far red). Immune cell interactions present in the co-cultures were quantified by flow 
cytometry by gating on the cell aggregates and are presented as the (A) graph of the frequency of cell 
aggregates and (B,C) pie charts showing the proportionate frequencies of the different types of multi-cell 
aggregates present in the co-cultures with (B) no enzyme and (C) PNGase F treated T-reg. Data represent 
overall mean result from 3 identical experiments each with 3 technical replicates per condition (n=9). The 
experiment shown was performed three times. Statistical analysis was performed by permutation test 
with an unpaired design and no significant differences were identified. 
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An additional analysis by imaging flow cytometry further corroborated these findings. This 

technique further enabled the detection of immune synapse formation by including selective 

F-actin staining with Alexa Fluor® 568 phalloidin (Figure 5.12). As shown in the representative 

images of the different interaction types, both the no enzyme and the PNGase F-treated T-reg 

formed multi-cell clusters with the other cell-types under the experimental conditions tested 

(Figure 5.12). Moreover, the integrity of the cell-cell interactions that were quantified by flow 

cytometry was established by the yellow/orange phalloidin staining at the interface between 

the cells which is indicative of F-actin polymerization to the immunological synapse (Figure 

5.12). 
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Figure 5.12 – Imaging flow cytometric analysis of immune cell interactions. (A-C) CD4+ responder T-cells 
were co-cultured in the presence of CD11c+ DCs and purified T-reg (no enzyme or PNGase F treated) at 
T-reg: responder T-cell ratios of 1:2 for 8 hours with anti-CD3 stimulation. Prior to co-culture, each 
individual population was fluorescently labelled: T-reg with CellTrace™ CFSE (CFSE), DCs with CellTrace™ 
Violet (CTV) and CD4+ Responder T-cells with CellTrace™ Far Red DDAO-SE (Far red). Detection of the 
formation of the immunological synapse was performed by selective F-actin staining with Alexa Fluor® 
568 phalloidin. Analysis was carried out by gating on cell aggregates. Representative examples of the 
different types of immune cell aggregates present in the co-cultures are presented for no enzyme and 
PNGase F treated T-reg co-cultures. 
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Additional imaging was performed by confocal microscopy using a different staining strategy. 

The co-cultures were prepared as described for the flow cytometry and imaging flow cytometry 

experiments but, in this case, T reg were labelled with CellTrace™ CFSE (CFSE), DCs with 

CellTrace™ Far Red DDAO-SE (Far red) and CD4+ Responder T-cells were left unlabelled. Nuclear 

staining was performed after the 8 hour incubation period by using mounting medium with 

DAPI. As demonstrated by the representative images shown in Figure 5.13, there were no 

apparent differences in the ability of PNGase F T-reg to interact and establish close contact with 

the other cell-types when compared to the no enzyme T-reg. The combined evidence from flow 

cytometry, imaging flow cytometry and confocal microscopy suggested that the observed loss 

of T-reg suppressive potency following PNGase F treatment was not explained by impaired 

ability of these cells to interact with DCs or with the responder T-cell population. 
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Figure 5.13 – Confocal microscopy imaging of immune cell interactions established. (A-C) CD4+ 
responder T-cells were co-cultured in the presence of CD11c+ DCs and purified T-reg (no enzyme or 
PNGase F treated) at T-reg: responder T-cell ratios of 1:2 for 8 hours with anti-CD3 stimulation. Prior to 
co-culture, T-reg were labelled with CellTrace™ CFSE (CFSE), DCs with CellTrace™ Far Red DDAO-SE (Far 
red) and CD4+ Responder T-cells were left unlabelled. Nuclear staining was achieved by using mounting 
media with DAPI. Representative images of the different types of immune cell interactions present in the 
co-cultures are presented for no enzyme and PNGase F treated T-reg co-cultures. 
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Finally, in order to determine whether the presence of an APC population was crucial for 

successful T-reg suppressive functions in our experimental system, an APC-free functional assay 

was performed using co-culture strategy VIII (Table 2.6). Purified CD4+ responder T-cells were 

co-cultured, in the absence of DCs, with no enzyme or PNGase F treated T-reg at 0:1 and 1:2 T-

reg: responder T-cell ratios and were activated with anti-CD3/anti-CD28 Dynabeads® for 4 days 

(proliferation analysis) or for 8 hours (cell-cell interactions analysis). 

Evaluation of responder T-cell proliferation after 4 days confirmed that a robust proliferative 

response was induced by the anti-CD3/anti-CD28 beads (Figure 5.14A). Moreover, suppression 

of responder T-cell proliferation by no enzyme T-reg was preserved in the APC-free co-culture 

system as was the loss of suppressive potency following PNGase F treatment of T-reg (Figure 

5.14A,B). In addition, flow cytometric analysis of the immune cell interactions in these APC-free 

co-cultures showed that, similar to the findings with DC-stimulated cultures, the overall 

frequency of multi-cell aggregates was similar for both no enzyme and PNGase F treated T-reg 

(Figure 5.14C). Furthermore, the frequency of aggregates containing both T-reg and responder 

T-cells in this experimental setting was slightly, but significantly, higher in the presence of 

PNGase F treated compared to no enzyme control T-reg (23% vs. 18%; Figure 5.14E&D). These 

observations further support the conclusion that decreased amounts of N-glycan structures on 

T-reg surface resultant from PNGase F treatment does not affect the ability of these cells to 

interact with other immune cell types such as DCs and CD4+ responder T-cells. 
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Figure 5.14 – Flow cytometric analysis of the suppression of CD4+ responder T-cell proliferation and 
immune-cell interactions established by PNGase F-treated T-reg in the absence of DCs. (A-E) CD4+ 
responder T-cells were co-cultured in the presence of purified T-reg (no enzyme or PNGase F treated) at 
T-reg: responder T-cell ratios of 0:1 and 1:2 for (A,B) 4 days or (C-E) 8 hours with anti-CD3/anti-CD28 
Dynabeads® stimulation. After 4 days co-culture, responder T-cell proliferation was evaluated by flow 
cytometric analysis by excluding the dead cells and cell aggregates followed by gating on the lymphocyte 
and then on the CD4+ T-cell population. (A) Histograms showing representative examples of responder T-
cell proliferation evaluated by flow cytometric analysis of CellTrace™ Violet dilution. (B) Graph of the 
suppressive potency of no enzyme and PNGase F treated T-reg on CD4+ T-cell responders. Suppressive 
function was quantified based on responder T-cell division index (DI) and presented as the calculated 
percent suppression [%Suppression (DI)]. For the 8 hour co-cultures and evaluation of immune cell 
interactions, each individual population was fluorescently labelled, prior to co-culture: T-reg with 
CellTrace™ CFSE (CFSE) and CD4+ Responder T-cells with CellTrace™ Far Red DDAO-SE (Far red). (C-E) Flow 
cytometric quantification of the interactions present in the co-cultures was performed at 8 hours and is 
presented as the (C) graph of the overall frequency of multi-cell aggregates and (D,E) pie charts showing 
the discriminated frequencies of the different types of multi-cell aggregates present in the co-cultures 
with (D) no enzyme and (E) PNGase F treated T-reg. Data represent mean ± SD (n=3 technical replicates). 
The experiments shown were performed once. Statistical analysis was performed (*p value ≤ 0.1). 
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Overall, it was concluded that partial removal of T-reg surface N-glycan structures, by PNGase F 

treatment, results in impaired suppressive functions which cannot be explained by loss of T-reg 

ability to survive nor to interact with other immune cell types. Moreover, the suppressive 

mechanism affected was found likely to be contact-dependent and not mediated through PD-1 

signalling neither on the responder nor on the regulatory T-cell populations. 

Regulatory T-cells have diverse suppressive mechanism which are mediated by multiple proteins 

whose stability, location, function and integrity can be modulated by the nature of their glycan 

attachments. Moreover, due to their diverse sizes and charges, glycans displayed on the cell 

surface may also interfere with the macromolecular architecture and inter-molecular 

interactions that can occur when cells come into contact. Therefore, the performed enzymatic 

manipulation of T-reg surface glycans may have interfered with T-reg signalling and function at 

multiple levels which ultimately resulted in impaired suppressive abilities. Taken together, the 

experimental findings described in this Chapter support a significant role for surface glycans in 

regulating contact-dependent T-reg suppression of primary T-cell activation events. 
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5.7. DISCUSSION 

In this chapter, protocols for modulation of surface expression of certain glycan epitopes by 

enzymatic treatment of primary mouse lymphocytes are described. Notably, experimental 

conditions that preserved T-reg viability were successfully developed for neuraminidase and 

PNGase F, but not for α-galactosidase. This is an illustration of the critical role of pH for 

enzymatic activity and cell viability since reaction conditions that were optimal for enzymatic 

digestion had potential for detrimental effects on cell viability. The experimental strategies that 

were subsequently adopted for T-reg functional experiments were selected because they 

allowed for a balance between the preservation of acceptable levels of both cell viability and 

enzymatic effect. Although long term T-reg viability was affected by treatment with both 

enzymes, this was not due to the reaction conditions since the no enzyme treated T-reg showed 

similar survival rates as the untreated T‑reg. This reflects the challenges faced when trying to 

modulate surface glycosylation characteristics of live cells by enzymatic treatment. 

Glycosylation of cell surface proteins and lipids is a characteristic of all mammalian cells with 

T-cells being no exception. Many such glycoconjugates have added complexity through further 

modification with sialic acids. These are acidic sugar residues that can be attached in α-(2,3)-, 

α-(2,6)- or α-(2,8)-linkage to the underlying glycans (743-745). As a result of their terminal 

positioning as well as their negative charge, sialic acid residues are frequent targets for 

recognition by other cells and effector molecules. However, they may also serve to mask existing 

recognition sites, reflecting the complex role of sialic acids in a broad range of biological 

processes (743-746). In the case of T-cell biology, recognition of sialic acids by mammalian lectins 

plays multiple roles including selectin-mediated adhesion and migration (747, 748), 

siglec-mediated regulation of signalling pathways (546, 749, 750) and galectin-mediated 

migration and apoptosis (751-756). In this Chapter, experimental evidence is provided that 

neuraminidase treatment of T-reg, while only leading to a partial reduction of surface sialic acid 

expression, resulted in complete loss of in vitro suppressive function. It was initially speculated 

that sialic acid residues on the T-reg surface are required for the function of one or more specific 

suppressive mechanisms. However, our analysis of cell viability within 24 hours of initiating the 

stimulation cultures indicated that the loss of suppression was most probably a consequence of 

a dramatic effect on T-reg survival during the early stages of activation. This is a potential 

important finding. 
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Cell fate decisions can be influenced through carbohydrate recognition by galectins, with 

galectin-1 being the first member of the family to be shown to be involved in triggering T-cell 

death (523). Recognition of N-glycan structures in the target cell by galectin-1 is essential for this 

effect to occur (757, 758). Therefore, the surface glycosylation profiles of individual T-cell 

populations are, in part, responsible for the differential susceptibilities of these cells to 

galectin-1-induced cell death. During T-cell development in the thymus, the relative abundance 

of α-(2,6)-linked sialic acids on thymocytes correlates with susceptibility to galectin-1-mediated 

apoptosis. Lower expression by the CD4+CD8+ double positive thymocytes renders them 

susceptible while the higher amounts of these sugars on single positive T-cells confers them 

resistance (524-526, 614). Similarly, upon activation and differentiation in the periphery, CD8+ 

and CD4+ Th1, but not Th2, T-cells display decreased expression of α-(2,6)-linked sialic acids on 

N-glycans and become susceptible to galectin-1 induced cell death (526). Core 2 branching of 

CD45 is associated with increased susceptibility to galectin-1-mediated T-cell death (524, 759, 

760). However, sialylation of CD45 N-glycans by ST6Gal I, inhibits its recognition by the galectin, 

preventing the clustering of this receptor tyrosine phosphatase at the cell surface, rendering the 

T-cells resistant to galectin-1 mediated cell death  (757). 

Galectin-1 is expressed both by activated T-cells and by T-reg which are included in our 

functional assays (214, 761). Given that α-(2,6)-linked sialic acid capping of N-glycans is 

associated with inhibition of galectin-1-induced T-cell death, the observed compromised 

survival of the neuraminidase-treated T-reg may reflect increased susceptibility to apoptosis due 

to decreased expression of these sugars on the T-reg surface. One implication of this finding is 

that strategies to increase or maintain surface sialic acid expression during culture expansion or 

following in vivo transfer could be of value for improving the survival and suppressive “fitness” 

of therapeutic T-reg. It would be interesting but beyond the scope of this thesis to preform 

additional experiments to test this mechanistic hypothesis and to determine why surface sialic 

acid was not restored in time to prevent cell death. 

On the other hand, inhibition of complex N-glycan formation by swainsonine has been reported 

to confer resistance to galectin-1-mediated apoptosis in human activated T-cells (523). 

However, treatment of mouse T-reg with PNGase F in this study did not render T-reg resistant 

to apoptosis. In fact, even though T-reg survival was not affected to the same extent as by 

neuraminidase treatment, partial reduction of surface N-glycan structures resulted in a modest 

reduction of viable T-reg numbers in the initial 24 hours of co-culture in comparison to “no 

enzyme” control T-reg. Recently, Chien et al. have shown that interference with the 
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N-glycosylation pathway by glucosamine supplementation or tunicamycin treatment leads to 

impaired IL-2 signalling in T-cells through decreased expression of CD25 and reduced activation 

of the transcription factors Stat5 and Akt (708). Signalling through CD25 has been reported to 

be pivotal for T-reg survival and maintenance (762). Thus, PNGase F treatment of T-reg may 

partially compromise subsequent T-reg survival via impaired IL-2 receptor signalling. However, 

this effect was only transiently present in the initial 24 hours of co-culture since a recovery of 

T-reg frequency to levels that were comparable to those of the no enzyme control T-reg was 

consistently observed in the cultures at 72 hours. Furthermore, even though present at reduced 

numbers at 24 hours, PNGase F treated T-reg showed similar responses to an activation stimulus 

as did the control T-reg. For example, the surface expression of CD25, CD69, PD-1, GARP, LAP 

and complex tri-/tetra-antennary N-glycans after 24 hours of co-culture was up-regulated to 

similar or even greater extent on PNGase F treated compared to no enzyme T-reg. The total 

recovery of T-reg surface levels of complex tri-/tetra-antennary N-glycans 24 hours within 

PNGase F treatment (determined by PHA-L binding) should be highlighted as it is in keeping with 

an effect of surface N-glycan expression on the earliest stages of T-reg-mediated suppression of 

the responder T-cell activation. 

Further direct evidence for an early effect of surface N-glycans on T-reg suppressive functions 

comes from the finding that PNGase F-treated T-reg had impaired ability to suppress responder 

T-cell up-regulation of the activation markers CD69 and CD25 during the first 24 hours of culture.  

Predictably, this was associated with reduced proliferation and cytokine secretion by responder 

CD4+ and CD8+ T-cells after 4-days of co-culture. Importantly, these observations could not be 

attributed solely to the partial reduction of PNGase F-treated T-reg frequency at 24 hours as 

comparison of co-cultures in which treated and untreated T-reg numbers were identical 

revealed that PNGase F-treated T-reg had lower suppressive potency. 

Several studies have reported that enzymatic treatment of CD4+ T-cells from older mice restores 

T-cell function (600, 763-767). The age-related decline in T-cell function is believed to be due, at 

least in part, to deficient formation of immunological synapses with APCs. For example, it was 

found that treatment with O-sialoglycoprotein endopeptidase (OSGE, which cleaves the protein 

backbone at O-glycosylated serine and threonine residues) restores synapse formation and 

activation in T-cells from old mice through removal of O-glycosylated CD43 molecules from the 

cell surface (763). Even though OSGE did not have any effect on synapse formation by T-cells 

from young mice, treatment with this enzyme also led to increased calcium influx and cytokine 

production by CD4+ T-cells from both young and old mice (765). Similar effects were also 
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observed for neuraminidase treatment, with CD4+ T-cells from young and old mice showing 

enhanced calcium influx, expression of CD69 and CD25 as well as IL-2 production (764). 

Moreover, removal of N-glycans or α-(2,3)-linked sialic acids by PNGase F or ST-siase(2,3), 

respectively, also resulted in increased up-regulation of early activation markers by CD4+ T-cells 

which was accompanied by increased IL-2 and IFN-γ production (600). In addition, adoptive 

transfer experiments have shown that ex vivo OSGE treatment of CD4+ T-cells repaired the 

age-dependent loss of T-cell expansion and CD69 expression after in vivo activation as well as 

the helper function for IgG production and long-term humoral immunity (766, 767). These 

studies support a conclusion that aging is associated with altered T-cell glycosylation which can 

be overcome by manipulation of T-cell glycan expression. Moreover, the same population from 

mice with different ages show distinct responses to some treatments which might suggest that 

a subset with regulatory activities such as T-reg would have a distinct response to that of 

conventional T-cell populations to such manipulations.  

The above mentioned studies report a correlation between increased expression of certain 

glycan structures and the acquisition of a hypo-responsive phenotype by CD4+ T-cell in aged 

mice. In particular, Berger et al. observed an increased activation-induced expression of the 

early activation markers CD69 and CD25 in response to PNGase F treatment of CD4+ T-cells both 

from young and old mice (600). Accordingly, in this thesis, the removal of surface N-glycans by 

PNGase F treatment rendered T-reg less suppressive but not less responsive to activation 

stimuli.  In fact, PNGase F-treated T-reg responded in a somewhat exaggerated way to 

stimulation showing greater up-regulation of CD69 and CD25 when compared to the control 

T-reg. However, the increased responsiveness to activation stimuli following PNGase F 

treatment was not accompanied by an increase in T-reg suppressive functions. The impaired 

suppressive potency might, therefore, reflect the acquisition of a non-regulatory, activated 

phenotype by the PNGase F-treated T-reg. 

As discussed thus far, PNGase F treatment resulted in impaired T-reg suppressive potency and 

may have specifically interfered with one or more mechanisms of suppression that are directed 

toward the early events of responder T-cell activation. In order to better understand which of 

the many candidate T-reg suppressive mechanisms may have been subverted by partial 

enzymatic digestion of surface N-glycans, a number of experimental strategies were pursued. 

Initially, experiments were performed in which the importance of secreted soluble factors was 

evaluated by conditioned medium transfer and the surface expression of membrane-bound 
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latent TGF-β was quantified. The results of these experiments suggested that neither 

mechanism was crucial for suppression to take place under our experimental conditions.  

Despite the recognized importance of IL-10 and TGF-β for T-reg development and function in 

vivo, the absence of suppression observed in the conditioned medium transfer assay was not 

surprising since many studies have documented that in vitro T-reg suppression is independent 

of the action of secreted soluble factors. For example, T-reg suppression in culture has been 

shown not to be prevented by addition of anti-IL-10 or anti-TGF-β neutralizing antibodies but to 

be abolished by separation of T-reg and responder T-cells in a Transwell® system (48, 50, 90, 

257, 258, 768). However, despite some controversy, a model has been proposed whereby T-reg 

cell-contact dependent suppressive functions are, at least in part, mediated by cell-surface 

bound TGF-β (236, 769). The mammalian TGF-β family members (β1, β2, and β3 isoforms) are 

synthetized as homodimeric pro-proteins consisting of an N-terminal pro-peptide (termed 

latency-associated peptide, LAP) and bioactive TGF-β. These are cleaved in the Golgi apparatus 

by a furin-like convertase to produce the small latent complex where LAP remains 

non-covalently associated with TGF-β, preventing its activity (770). The release of the active 

form from the latent complex is mediated by the activities of different molecules including 

matrix metalloproteinases and certain αV integrins (771). The small latent complex can be 

secreted in the free form or further associated with latent-TGF-β-binding proteins for deposition 

onto the extracellular matrix or expression at the cell membrane of different cell types, including 

activated T-reg (237, 245, 772). Anchoring of the small latent complex on T-reg cell surface has 

been found to be dependent on the expression of GARP, a latent-TGF-β-binding protein which 

is expressed at low levels in resting T-reg and up-regulated upon TCR stimulation (769, 773). It 

was found that, after 24 hour activation in culture, both PNGase F-treated and no enzyme T-reg 

controls expressed similar levels of GARP and LAP thus supporting that the impaired suppressive 

functions resulting from T-reg PNGase F treatment was not associated with deficient ability to 

express membrane-bound latent TGF-β. 

Among the best characterised cell-contact dependent mechanisms of T-reg suppression is the 

PD-L1: PD-1 pathway which negatively impacts responder T-cell activation, survival, 

differentiation and effector functions (187-194). However, even though there are reports of loss 

of T-reg suppressive abilities when these cells lack PD-1 expression or when blocking antibodies 

are used to mask its presence (190-194), in our experiments, disruption of signalling through 

PD-1 did not overtly impact T-reg suppressive potency. As a consequence, it was concluded that, 

while T-reg expression levels of PD-1 and PDL-1 correlated with surface glycosylation (based on 
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lectin staining), neither receptor was responsible for the in vitro T-reg suppression that was 

operational in our assay system. The incredible diversity of T-reg suppressive mechanisms poses 

a great challenge to the identification of specific mediators that may be in play or impaired under 

specific circumstances (140-142, 262, 263). Nonetheless, it would have been of interest to 

investigate a number of other candidate molecules whose functions could have been affected 

by the T-reg enzymatic treatment. In particular, CTLA-4 represents an obvious possibility given 

that the nature of its glycan modifications has been associated with the modulation of T-cell 

activation (476). Other candidates would include CD39 and CD73 whose ability to generate 

extracellular adenosine may have been impaired in PNGase F treated T-reg. Alternatively, it is 

possible that the observed impaired T-reg function following PNGase F treatment may result 

from a combined negative impact on multiple mediators of T-reg suppressive function. 

The activation of T-cells by APCs requires a stable interaction of molecules at the interface 

between the cells - termed the immunological synapse. The immunological synapse plays a 

crucial role in enabling interactions between immune cells by focusing signalling, secretion and 

endocytosis events at the contact interface between the cells (774-777). An important event for 

the formation of the immunological synapse is the interaction-induced reorganization of the 

actin cytoskeleton and resulting F-actin polymerization at the cell-cell contact point (776, 778). 

Regulatory T-cells have been reported to directly modulate APCs, inhibiting their maturation and 

antigen-presenting functions and, thus, preventing effector T-cell priming (159, 161, 728, 779). 

Moreover, recent real-time imaging studies have shown that T-reg engage in interactions with 

the effector T-cell populations in vivo, both with and without DC involvement (780, 781). The 

glycosylation levels of surface proteins have been hypothesized to influence the formation of 

stable immunological synapses by controlling the alignment of opposing cell surfaces and 

regulating the geometry of the interactions between proteins as well as the stability of the 

individual molecules at the synapse (782, 783). For instance, overexpression of C2GnT in T-cells 

results in higher expression of core 2 branched O-glycans and is associated with deficient ability 

to interact with other cells, resulting in impaired activation, proliferation and cytokine 

production and reduced immune responses (784).  Thus, it was of specific interest to investigate 

whether the loss of suppressive potency by PNGase F-treated T-reg was associated with 

impaired ability to interact with APCs and/or with CD4+ responder T-cells.  

In these experiments, replacement of the CD4-CD8- APCs with a more defined population of APC 

(CD11c+ DCs) did not have an impact on responder T-cell proliferative response nor on T-reg 

suppression of the latter. More importantly, the observed loss of suppressive potency by the 
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PNGase F-treated T-reg was consistently observed in this modified culture system. However, 

even though the mechanisms underlying the observed T-reg suppressive effects are most 

probably contact-dependent, the loss of suppression following PNGase F treatment was not 

associated with a reduction in T-reg interactions with either DCs or responder T-cells as 

evidenced by flow cytometric and multi-colour imaging analyses. These conclusions were 

further corroborated by the evaluation of the immune cell interactions by imaging flow 

cytometry, in which F-actin polymerization necessary for the formation of the immunological 

synapse (demonstrated by phalloidin staining) was similarly observed for both the 

PNGase F- treated and no enzyme T-reg controls.  

Given the robust evidence that has been reported for a direct, APC-independent mechanism of 

T-reg suppression of effector T-cells (236, 785-789), the relevance of the presence of APC was 

also evaluated. As expected, the described observations were not only independent of the 

nature of the APCs used in the assays (CD4-CD8- APCs vs CD11c+ DCs) but also independent of 

APC presence altogether. In the absence of an APC population, responder T-cell proliferation 

and the distinct suppressive effects of the differentially treated T-reg were comparable to those 

observed in the presence of APCs. Furthermore, in this experimental setting, when compared to 

the no enzyme T-reg controls, PNGase F-treated T-reg co-cultures showed increased frequency 

of T-reg: responder T-cell interactions. Overall, the observations support a conclusion that the 

partial removal of T-reg surface N-glycan structures by PNGase F leads to impairment of 

suppressive mechanisms that are operational during the early stages of responder T-cell 

activation. The majority of PNGase F-treated T-reg remain viable and demonstrably responsive 

to stimulation through the TCR. The suppressive mechanism(s) that are impaired by PNGase F 

treatment of T-reg are likely to be contact-dependent and not mediated through cell-surface 

bound TGF-β or by PD-1 signalling on the responder or regulatory T-cell populations. Finally, 

PNGase F treated T-reg also demonstrate preserved ability to form durable contact points with 

both DCs and responder T-cells. Thus, the exact mechanism whereby surface N-glycosylation 

contributes to T-reg suppressive potency remains elusive. 

As discussed in Chapter Four, N-glycosylation is one of the most ubiquitous post-translational 

modification of proteins in eukaryotic cells, regulating protein folding, expression at the cell 

surface and signalling. Moreover, complex N-glycan production and expression at the surface of 

T-cells has been described to have profound implications for regulating T-cell activation, 

differentiation and apoptosis.  Abnormal N-glycan processing, particularly Mgat5 deficiency, has 

been associated with the development of immune pathologies such as autoimmunity due to 
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effector T-cell hyper-activity (542, 577). Therefore, it is somewhat perplexing that T-reg numbers 

have been shown to be increased in Mgat5 deficient mice (577). However, it remains to be 

elucidated whether or not the integrity of these cells as mediators of immune homeostasis is 

compromised in these mice. Moreover, there is evidence of distinct requirements for N-glycan 

processing by different cell populations and for different functions. The expression of the 

enzyme α-(1,2)-mannosidase has been identified as a marker for tolerance induction and 

maintenance in vivo, with its up-regulation being associated with allograft acceptance both in 

rat and in mouse (790). In addition, it has been shown that allo-antigen activation of T-reg leads 

to upregulation of α-(1,2)-mannosidase expression with increased modification of surface 

molecules with N-glycans that are required for T-reg migration to the site of inflammation 

ultimately preventing allograft rejection in mice (576). In that same study, blocking of the 

enzyme activity with kifunensine (KIF) treatment resulted in impaired T-reg ability to adhere to 

certain physiologically relevant ligands in vitro. This was associated with disrupted T-reg homing 

in vivo as well as loss of the ability to prevent skin graft rejection in vivo. However, T-reg treated 

with kifunensin remained suppressive in vitro. These observations further corroborate the 

complexity of the subject. The inhibition of α-(1,2)-mannosidase results in prevention of the 

formation of complex N-glycans leading to the accumulation of high-mannose N-glycan 

structures. In contrast, PNGase F treatment leads to the cleavage of whole N-glycan structures, 

with only partial depletion of surface N-glycan expression, but has a profound effect on T-reg 

suppressive functions. Taken together, these observations support a crucial role for whole 

N-glycan structures for T-reg suppressive functions, independent of their degree of complexity 

while the migration and homing of T-reg in vivo depends on the terminal carbohydrate motifs.  

The observed repercussions of PNGase F treatment on T-reg function are most likely related to 

compromised stability and function of surface molecules or even altered signalling events. 

However, since many proteins were likely to have been affected by the enzymatic manipulation 

and as glycosylation can affect proteins in multiple ways, it is challenging to identify the 

particular targets and to determine the specific effects of such enzymatic manipulation. 

Nevertheless, these results indicate that glycosylation plays a crucial role in T-reg biology and 

that further mechanistic investigation of this role may provide novel insights of relevance to 

human immunological disease and immunotherapies. The next and final Chapter reflects upon 

the overall novelty and the biological and clinical implications of the experimental results 

described in the thesis.
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OVERALL DISCUSSION 

The paramount importance of T-reg for immune homeostasis and maintenance of immune 

tolerance is well established. There continues to be a very high level of interest in research 

focussed on better understanding T-reg functions in physiological conditions and on the 

mechanisms by which these functions are impaired in various pathological settings. As was 

emphasised in the Chapter One, despite the increasing body of evidence supporting an essential 

role of glycosylation in the modulation of immune responses, little effort has been made thus 

far to explore the significance of glycan expression in T-reg biology. 

The work described in this thesis is, to a large degree, entirely novel being focused on a broad 

lectin-based characterisation of the T-reg glycome and on determining how the surface glycan 

expression profiles of these essential immune cells correlate with their phenotypic and 

functional characteristics. In this Chapter, I reflect upon what I believe to be the most significant 

individual findings of the thesis with particular emphasis on their novelty and on how they may 

be further pursued.  

 

In the resting state, T-reg surface glycosylation is distinct from that of T-conv in primary and 

secondary lymphoid organs of healthy mice as well as in human peripheral blood. 

The finding that freshly-isolated human and mouse-derived T-reg display different levels of 

expression of multiple glycan epitopes when compared to T-conv has not been previously 

reported and contributes yet another factor to the list of distinguishing features of T-reg. 

However, it is important to note that none of the lectins tested showed exclusive binding to 

either of the two T-cell subtypes studied.  Thus, it can be concluded that both regulatory and 

non-regulatory T-cells express the range of different glycan structures that were identified 

through lectin staining but do so, in many cases, at distinctly different expression levels. 

Provided the tools and expertise, a comparative analysis of T-reg and T-conv surface glycan 

structures by mass spectrometry would enable a more precise dissection of these differences 

by allowing for definitive identification and quantitation of individual carbohydrate moieties. 

Although lectin exclusivity for binding to T-reg would have been desirable for the development 

of lectin-based T-reg purification methods, its absence is not surprising given the known 

complexity and diversity of surface glycosylation in mammalian lymphocytes and other cells 

(412). 
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To our knowledge, our study represents the first time such a broad characterisation of the T-reg 

surface glycome has been performed and, in our opinion, these data represent valuable 

background knowledge upon which a deeper understanding of T-reg glycosylation can be built. 

As mentioned throughout the thesis, the few scientific reports available concerning T-reg 

glycosylation were solely focused on individual glycan structures and have collectively evaluated 

the binding of ALL (586) and sialic acid-specific lectins (571) to human PBMCs and of PHA-L to 

mouse splenocytes (576). Therefore, an extensive knowledge gap regarding T-reg glycosylation 

characteristics exists and has been addressed, at least in part, by the research performed for the 

thesis. Of course, it is still necessary to further dissect the many specific details of the differential 

expression levels of glycan epitopes between T-reg and T-conv. Furthermore, our studies have 

touched upon the surface glycome of human T-reg in less detail than that of mouse. These 

results may stimulate additional interest in gaining deeper insight into human T-reg 

glycosylation - ideally to include not just PBMCs but also samples of human lymphoid and other 

tissues in health and disease. 

 

T-cell glycosylation is variable across different anatomical sites in healthy mice. 

It was also interesting to observe that the expression of different glycan moieties both by T-reg 

and T-conv was variable across the different anatomical sites sampled. This information reveals 

a novel form of T-reg heterogeneity related to their localization in different areas of the body. 

Given that glycan expression is well documented to change during T-cell development, the 

glycosylation differences observed in T-cells from different anatomical locations in mice may 

reflect the presence of T-cell subsets in different developmental stages and activation states at 

the various locations (421). However, when it was attempted to correlate the glycan expression 

profiles of T-reg and T-conv with their activation state by evaluating the relationships between 

lectin binding and expression of CD62L and CD25 within the same biological samples, the results 

were not entirely consistent with this hypothesis (data not shown). Notably, glycosylation is also 

known to mediate T-cell trafficking and homing to the lymphoid organs and to modulate T-cell 

effector function (421, 431, 478). Therefore, the further pursuit of this observation should 

include experiments designed to determine how the observed glycosylation variability across 

the different anatomical sites relates to in vivo T-reg migratory behaviour and location-specific 

functional characteristics. 
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Activation induces the T-cell surface glycome to remodel 

In this thesis, it was also observed that the T-reg surface glycome is remodelled upon activation 

in vivo and in vitro. Although this observation is not surprising given that activation-induced 

T-cell glycosylation changes have been previously reported, to our knowledge it is the first time 

the phenomenon has been explored in T-reg (419, 668). Particularly interesting was the variation 

of the glycan remodelling pattern with the nature of the activation stimulus. The observations 

suggest that different types and strengths of stimuli induce distinct patterns of cell surface 

remodelling and that these changes are reflected in the surface glycome. Given that 

glycosylation has been reported to influence T-cell function and that other observations 

described in this thesis suggest an important role for surface glycosylation in modulating T-reg 

suppressive functions, it would be desirable to further explore the mechanisms underlying 

activation-induced surface glycosylation changes in T-reg. It would also be of interest to develop 

T-reg activation protocols that induce specific glycan expression patterns and to compare the 

functional characteristics associated with them. This could potentially be of value in the 

development of activation strategies for ex vivo T-reg expansion and T-reg-based 

immunotherapies. 

 

Surface glycan expression levels correlate with the expression of markers responsible for T-reg 

identity and suppressive functions 

Another novel observation reported in this thesis is that higher surface expression of several 

glycan epitopes correlate with higher expression levels of various markers that are known to be 

linked with T-reg identity and/or suppressive potency. This correlation was pivotal in 

determining the experimental plan for the second half of the thesis since it suggested a role for 

glycan expression in T-reg suppressive mechanisms. These results also indicate another level of 

complexity when considering T-reg heterogeneity within samples obtained from the same 

anatomical site. Over the years, it has become clear that T-reg are a heterogeneous population 

with different subsets being equipped with different combinations of suppressive mediators 

that, presumably, render them better suited for specific immunoregulatory requirements (142, 

262, 263). Therefore, I believe that further investigation of the structural basis for the 

correlations between glycan expression and the expression of individual proteins might be 

fruitful for better understanding the molecular mechanisms of T-reg-mediated immune 

regulation. In addition, the observed correlation might be an indication of differential glycan 
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modification of said molecules and/or other membrane structures in T-reg with higher 

suppressive potencies. In fact, most of the molecules for which expression was evaluated are 

glycoproteins for which glycan modifications are known to have implications in their proper 

folding, trafficking, cellular localization and functional properties (578, 667, 688-703). 

Furthermore, the glycan modification of each putative glycosylation site on a given protein can 

carry a range of different carbohydrates structures depending on factors such as the activity of 

the glycosylation machinery and the availability of the required substrates at the time of their 

synthesis (474, 480). Although extremely challenging, further investigation into the variability of 

the glycan structures attached to the individual molecules expressed on T-reg and the potential 

associations of certain glycan epitopes with differential suppressive potential would help to 

clarify the relevance of glycosylation in T-reg biology.  

 

Differential glycan expression as a marker for the identification of T-reg with distinct 

suppressive functions 

Another key aspect of this work was the observation that T-reg purification according to 

differential expression of certain glycan epitopes yields T-reg subsets with distinct suppressive 

potencies. The significance of this finding extends beyond its novelty since it supports the use of 

glycan expression patterns for the distinction of T-reg with relevant suppressive functions. 

Currently, there is an enormous interest in and a very large amount of effort dedicated to the 

development of strategies for generating functionally potent T-reg as cell-based therapies in 

multiple clinical settings (54, 277, 368). However, as mentioned in section 1.1.5, currently 

available identification strategies and isolation protocols remain far from ideal and there is an 

increasing interest in the development of FACS-based approaches for T-reg purification (54, 

277). In this thesis, it was demonstrated that the use of certain lectins in FACS-based T-reg 

isolation (from both mouse and human) did not have detrimental effects on the viability and 

subsequent function of the purified cells. Therefore, it would be very interesting to further 

explore staining strategies that take glycan expression into consideration for the isolation of 

T-reg subsets for clinical applications. Future work in this area should not only focus on the 

correlation of glycan expression levels with T-reg suppressive functions but also investigate their 

relevance for the migration and homing of T-reg to the target sites where their functions are 

expected be of therapeutic value. In addition, T-reg dysfunction has been observed in various 

disease states and changes in glycosylation have been associated with disease development and 
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susceptibility (16, 292, 368, 434, 544, 577, 580). Therefore, it would be particularly interesting 

to evaluate whether altered T-reg surface glycosylation co-exists with impaired T-reg function 

in the context of diseases involving autoimmunity and chronic inflammation in animal models 

as well as human subjects. Furthermore, a deeper understanding of the relevance of 

glycosylation in T-reg development, phenotype and functions could be obtained by the 

evaluation of the T-reg compartment in gene knockout mice deficient in enzymes and other 

proteins involved in the glycosylation pathways (791-793).  

 

Manipulation of T-reg surface glycosylation has implications in their functional properties 

In this thesis, partial depletion of T-reg surface sialic acid expression had a profound effect on 

their subsequent viability in culture and, possibly has a consequence of that, led to a complete 

abrogation of T-reg suppressive properties. To our knowledge this represents a new finding and, 

given more time, it would have been of interest to further explore the mechanisms underlying 

the detrimental effects of partial sialic acid removal on T-reg viability. It would also have been 

interesting to determine whether T-reg with lower surface sialic acid expression levels exhibit 

altered susceptibility to activation-induced cell death in conditions other than those tested in 

this thesis, particularly in an in vivo setting. 

On the other hand, partial N-glycan removal from the T-reg surface resulted in viable T-reg that, 

although responsive to activation stimuli, displayed impaired suppressive ability under the 

conditions tested. As far as we know, manipulation of T-reg surface N-glycosylation has only 

been performed by one other group (576). The divergence of the results obtained in that report 

and those described in this thesis provide an illustration of the complexity of this subject. In the 

study of Long et al., inhibition of N-glycan processing (through enzyme inhibition) resulted in 

impaired migration and adhesive properties but did not have an effect on T-reg suppressive 

potency (576). In contrast, in our experiments, partial removal of N-glycan structures (through 

enzymatic digestion) resulted in clear loss of T-reg capacity for in vitro suppression of T-conv. 

Although the experiments described in Chapter Five did not identify a specific molecular 

mechanism for the loss of T-reg suppressive potency following PNGase F treatment, I am 

confident that it is a contact-dependent mechanism that is independent of PD-1 and 

membrane-bound TGF-β. Moreover, it was confirmed that the loss of suppressive capacity was 

not associated with impaired ability of the manipulated T-reg to interact with APCs and with T-

conv. In addition, PNGase F treated T-reg remained capable of up-regulating the expression of 



Chapter Six 

 

 

199 

 

activation-associated molecules such as CD25, CD69 and PD-1. This suggests that the effects of 

partial removal of surface N-glycans on T-reg suppression do not reflect a broad state of 

unresponsiveness. As discussed in Chapter Five, given more time, additional experiments would 

have been performed to further investigate glycan-dependent interactions between T-reg and 

T-conv during the early phases of T-cell activation.  

Once more detailed knowledge is obtained regarding the relevance of discrete glycan epitopes 

for T-reg function, strategies could be developed for tailoring T-reg surface glycosylation and, 

hence, T-reg suppressive function. However, this approach would likely be a challenging one 

both from the point of view of maintaining T-reg viability in culture through the manipulation 

process and of developing a protocol that favours the expression of discrete glycan structures 

over others. Nevertheless, as mentioned in Chapter Five (section 5.1), there are a number of 

tools for the manipulation of glycan structures which include the use of glycosylation inhibitors 

and decoys, enzymes and monosaccharide analogues, genetic mutations and enzymatic or 

chemical modification or cleavage (412, 729-731). Despite the obvious difficulties, protocols 

could potentially be developed whereby combinations of the above mentioned tools provide 

the means to “engineer” an advantageous T-reg glycosylation profile. 

Finally, it would be extremely interesting to evaluate and compare the in vivo migratory, 

adhesive and functional behaviour of differentially-glycosylated T-reg subsets as well as of those 

whose surface glycosylation has been manipulated in relevant in vivo animal models of 

autoimmunity, transplantation and sterile inflammation (mentioned in section 1.1.5.1) using 

adoptive transfer strategies (283, 323-328, 337, 339, 340, 370-372). With this in mind, there are 

multiple experimental approaches that could be used to validate our ex vivo findings and to 

further corroborate the functional significance of T-reg glycosylation. For instance, the observed 

loss of suppressive potency by PNGase F treatment could be assessed in a murine model of IRI 

to the kidney (in which a protective role for adoptively transferred T-reg has been proven (370, 

372) by evaluation of the outcome of adoptive transfer of the enzymatically modified T-reg 

compared to control T-reg. In a different approach, T-reg sorted according to their glycan 

expression into high and low subsets (as was successfully done in this thesis) could be adoptively 

transferred into NOD mice for evaluation of the in vivo potency of the differentially glycosylated 

T-reg in preventing spontaneous development of T1D and Th1-mediated disease onset.  
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To conclude, the novel findings described in this thesis represent a significant contribution to 

the field of glycoimmunology and have the potential to lay the groundwork for exciting new 

research directions concerning the biological importance of T-reg glycosylation and the 

optimisation of T-reg-based immunotherapies in the future.
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APPENDIX I: PRESENTATIONS 

POSTER PRESENTATIONS 

1. “Comparing the Surface Glycosylation Patterns of Regulatory T-cells and Conventional 

CD4+ T-cells” - Irish Cytometry Society Annual Meeting, National University of Ireland 

Galway, Galway, Ireland, November 2012. 

 

2. “Comparing the Surface Glycosylation Patterns of Regulatory T-cells and Conventional 

CD4+ T-cells” - College of Medicine, Nursing and Health Sciences Postgraduate Research Day, 

National University of Ireland Galway, Galway, Ireland, May 2013. 

 

3. “Regulatory T cells of mouse display distinct surface glycosylation patterns and enhanced 

responsiveness to lectin-induced proliferation” - 15th International Congress of 

Immunology, Milano Congressi, Milan, Italy, August 2013. 

 

4. “Regulatory T cells of mouse display distinctive surface glycosylation patters that vary 

across different anatomical sites and activation states” - Irish Cytometry Society Annual 

Meeting, University College of Dublin, Dublin, Ireland, February 2014. 

 

5. “Regulatory T cells of mouse display distinctive surface glycosylation patters that vary 

across different anatomical sites and activation states” - Regulatory T Cells and T Helper 

Cells: Fundamental Biology and Translational Research Symposium, Royal Veterinary College 

London, London, United Kingdom, April 2014. 

 

6. “High glycosylation signature of naïve mouse T-reg correlates with expression of T-reg 

suppression mediators” - Irish Society for Immunology Annual meeting, Crowne Plaza Hotel, 

Dublin, Ireland, September 2014. 
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ORAL PRESENTATIONS 

1. “The role of glycosylation in regulatory T cell biology” - Molecular and cellular mechanisms 

underlying inflammatory processes annual meeting, Trinity College Dublin, Dublin, Ireland, 

January 2013. 

 

2. “Making organ rejection a thing of the past” - Speaking Science Inter-Institutional 

Competition, University College Cork, Cork, Ireland, May 2013. 

 

3. “Regulatory T cells of mouse display distinct surface glycosylation patterns and enhanced 

responsiveness to lectin-induced proliferation” - Irish Society for Immunology Annual 

meeting, Crowne Plaza Hotel, Dublin, Ireland, September 2013. 

 

4. “Regulatory T cells of mouse display distinctive surface glycosylation patters that vary 

across different anatomical sites and activation states” - College of Medicine, Nursing and 

Health Sciences Postgraduate Research Day, National University of Ireland Galway, Galway, 

Ireland, May 2014. 

 

5. “Regulatory T-cells of mouse display distinctive surface glycosylation patterns that 

correlate with their suppressive function” - Molecular and cellular mechanisms underlying 

inflammatory processes annual meeting, University College Cork, Cork, Ireland, August 

2014. 

 

6. “Surface glycosylation signature of Regulatory T-cells correlates with and contributes to 

their suppressive function” - 23rd International Symposium on Glycoconjugates, Glyco23, 

Hotel Le Méridien Lav, Split, Croatia, September 2015 
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APPENDIX II: REAGENTS 

Reagent 
Catalogue 
number 

Supplier 

2-mercaptoethanol M3148 Sigma-Aldrich 

10X RBC Lysis Buffer (Multi-species) 00-4300 eBioscience 

AbC™ Anti-Mouse Bead Kit A10344 Molecular Probes™   

AbC™ Anti-Rat/Hamster Bead Kit A10389 Molecular Probes™   

Alexa Fluor 568 phalloidin A12380 Molecular Probes™   

Anti-human CD4 MicroBeads 130-045-101 Miltenyi Biotec 

Anti-mouse CD4 (L3T4) MicroBeads 130-049-201 Miltenyi Biotec 

Bovine serum albumin A2153 Sigma-Aldrich 

Calcium chloride (CaCl2) C3306 Sigma-Aldrich 

CellTrace™ CFSE Cell Proliferation Kit C34554 Molecular Probes™   

CellTrace™ Far Red DDAO-SE C34553 Molecular Probes™   

CellTrace™ Violet Cell Proliferation Kit C34557 Molecular Probes™ 

Dynabeads® Human T-Activator CD3/CD28 11161D Gibco™ 

Dynabeads® Mouse T –Activator CD3/CD28 11453D Gibco™ 

DMEM, high glucose, GlutaMAX™ Supplement, pyruvate 31966-021 Gibco™ 

DRAQ7™ DR70250 Biostatus 

Dulbecco's phosphate-buffered saline (DPBS)  14190-094 Gibco™ 

Ethylenediaminetetraacetic acid (EDTA) E9884 Sigma-Aldrich 

Fetal Bovine Serum - Brazilian Origin batch 1SB001  DE14-801F Lonza 

Ficoll-Paque Plus 17-1440-03 GE Healthcare 

Fluoroshield with DAPI histology mounting medium F6057 Sigma-Aldrich 

HEPES Solution H0887 Sigma-Aldrich 

IntraPrep™ Permeabilization Reagent A07803 Beckman Coulter 

L-Glutamine 25030-024 Gibco™ 

Magnesium chloride (MgCl2) M9272 Sigma-Aldrich 

MEM Non-essential Amino Acid Solution M7145 Sigma-Aldrich 

Mouse IL-7 Simplex EPX010-26094-901 eBioscience 

Mouse IL-10 Simplex EPX010-20614-901 eBioscience 

Mouse Th1/Th2 Extended 11plex EPX110-20820-901 eBioscience 

Neuraminidase P0720L NEB 

Paraformaldehyde (PFA) 16005 Sigma-Aldrich 

Penicillin-Streptomycin (10,000 U/mL) 15140-122 Gibco™ 

Phosphate-buffered saline (PBS) tablets 1282-1680 Fisher Scientific 

PNGase F (glycerol free) P0705L NEB 

RPMI 1640 Medium, no glutamine 31870-025 Gibco™ 

Sodium azide (NaN3) S8032 Sigma-Aldrich  

Sodium chloride (NaCl) BP 358-1 Fisher Scientific 

Sodium citrate (Na3C6H5O7) S4641 Sigma-Aldrich 
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Sodium phosphate (NaH2PO4) S5011 Sigma-Aldrich 

Streptavidin PerCP-eFluor710-conjugated 46-4317 eBioscience 

SYTOX® AADvanced™ Dead Cell Stain S-10349 Molecular Probes™   

SYTOX® Blue Dead Cell Stain S34857 Molecular Probes™   

SYTOX® Red Dead Cell Stain S34859 Molecular Probes™   
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APPENDIX III: MATERIALS 

Material 
Catalogue 

number 
Supplier 

40 μm Sefar Petex  541502 Sefar 

150 μm Sefar Nitex ribbons  305-1000-655-00 Sefar 

BD Vacutainer K2EDTA tube 367873 BD 

MACS Separation (MS) Columns 130-042-201 Miltenyi Biotec 

Octo MACS Magnet 13894 Miltenyi Biotec 

TC Plate 96 Well,Cell+,Flat 83.3924.300 Sarstedt 

TC Plate 96 Well,Standard,Round 83.3925 Sarstedt 
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APPENDIX IV: ANTIBODIES 

Antibody Species/ Isotype Clone Supplier 

Purified    

Anti-mouse CD3ε Armenian Hamster IgG 145-2C11 eBioscience 

Anti-mouse CD28 Golden Syrian Hamster IgG 37.51 eBioscience 

Anti-mouse CD279 (PD-1) Armenian Hamster IgG2, κ J43 BD Biosciences 

FITC-Conjugated    

Anti-human CD4 Mouse IgG1, κ RPA-T4 eBioscience 

PE-Conjugated    

Anti-mouse CD62L Rat IgG2a, κ MEL-14 eBioscience 

Anti-mouse CD69 Armenian Hamster IgG H1.2F3 eBioscience 

Anti-human CD127 Mouse IgG1, κ eBioRDR5 eBioscience 

Anti-mouse CD73 Rat Wistar IgG2a, κ TY/23 BD Biosciences 

Anti-mouse CD103 Armenian Hamster IgG 2E7 eBioscience 

Anti-mouse CD152 (CTLA-4) Armenian Hamster IgG UC10-4B9 eBioscience 

Anti-mouse CD274 (PD-L1) Rat IgG2a, λ MIH5 eBioscience 

Anti-mouse CD278 (ICOS) Rat IgG2b, κ 7E.17G9 eBioscience 

Anti-mouse CD279 (PD-1) Rat IgG2b, κ RMP1-30 eBioscience 

Anti-mouse CD357 (GITR) Rat IgG2b, κ DTA-1 eBioscience 

Anti-mouse Helios Armenian Hamster IgG 22F6 eBioscience 

PE.Cy7-Conjugated    

Anti-human CD25 Mouse IgG1, κ BC96 eBioscience 

Anti-mouse CD62L Rat IgG2a, κ MEL-14 eBioscience 

PerCP-eFluor710-Conjugated    

Anti-mouse LAP Mouse IgG1, κ TW7-16B4 eBioscience 

APC-Conjugated    

Anti-mouse CD4 Rat IgG2a, κ RM4-5 eBioscience 

Anti-mouse CD8α Rat IgG2a, κ 53-6.7 eBioscience 

Anti-human CD45RA Mouse IgG2b, κ HI100 eBioscience 

APC-eFluor780-Conjugated    

Anti-mouse CD8α Rat IgG2a, κ 53-6.7 eBioscience 

Anti-mouse TCR-β Armenian Hamster IgG H57-597 eBioscience 

eFluor450-Conjugated    

Anti-mouse CD11c Armenian Hamster IgG N418 eBioscience 

Anti-mouse CD25 Rat IgG1, λ PC61.5 eBioscience 

Anti-mouse GARP Rat IgG2a, κ YGIC86 eBioscience 

Biotin-Conjugated    

anti-HA mouse IgG1 GG8-1F3.3.1 Miltenyi Biotec 
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APPENDIX V: LECTINS 

Abbreviation Origin Species Common name Major Ligand(s) Reference 
(µg/ml)

* 
Catalogue 
number 

Supplier 

Jacalin plant Artocarpus integrifolia Jack fruit lectin Gal (sialylation tolerant) (627-629) 0.125 B-1155 Vector Labs 

SJA plant Sophora japonica Pagoda tree lectin β-GalNAc (630) 1 B-1135 Vector Labs 

PNA plant Arachis hypogaea Peanut lectin Gal-β-(1,3)-GalNAc (631, 632) 1 B-1075 Vector Labs 

DSL plant Datura stramonium Jimson weed lectin GlcNAc (633, 634) 0.4 B-1185 Vector Labs 

NPL plant 
Narcissus 
pseudonarcissus 

Daffodil lectin Man-α-(1,6)- (635) 2.5 B-1375 Vector Labs 

GNL plant Galanthus nivalis Snowdrop lectin Man-α-(1,3)- (636) 7.5 B-1245 Vector Labs 

ConA plant Canavalia ensiformis Jack bean lectin Man (637) 1 B-1005 Vector Labs 

PSA plant Pisum sativum Pea lectin Man (Fuc-dependent) (638) 1 B-1055 Vector Labs 

MAL-II plant Maackia amurensis Maackia agglutinin II Sialic acid-α-(2,3)-Gal (639, 640) 0.25 B-1265 Vector Labs 

SNA-I plant Sambucus nigra Sambucus lectin-I Sialic acid-α-(2,6)-Gal/GalNAc (641) 2 BA-6802-1 EY Labs 

PHA-L plant Phaseolus vulgaris 
Kidney bean 
leukoagglutinin 

Tri-/tetra-antennary 
β-Gal/Gal-β-(1,4)-GlcNAc 

(642, 643) 0.5 B-1115 Vector Labs 

PHA-E plant Phaseolus vulgaris 
Kidney bean 
erythroagglutinin 

Biantennary, bisecting 
GlcNAc,β-Gal/Gal-β-(1,4)GlcNAc 

(642, 643) 1 B-1125 Vector Labs 

RCA-I plant Ricinus communis Castor bean lectin I Gal-β-(1,4)-GlcNAc (644) 1 B-1085 Vector Labs 

AAL fungi Aleuria aurantia Orange peel fungus lectin Fuc-α-(1,6)- (645, 646) 1 B-1395 Vector Labs 

AAA animal Anguilla anguilla European Eel lectin α-Fuc (647) 5 BA-4901-1 EY Labs 

UEA-I plant Ulex europaeus Gorse lectin-I Fuc-α-(1,2)- (648) 1 B-1065 Vector Labs 

GSL-I plant 
Griffonia simplicifolia 
(Bandeiraea simplicifolia) 

Griffonia/ Bandeiraea 
Lectin I 

α-Gal/ α-GalNAc (649, 650) 1 B-1105 Vector Labs 

*concentration of lectin used to stain 106 cells. 
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APPENDIX VI: MEDIA/BUFFER FORMULATIONS 

Complete culture media (murine cells) 

DMEM, high glucose medium 

Fetal bovine serum (FBS) (10%) 

Penicillin-streptomycin (1%) 

L-glutamine (1%) 

HEPES solution (1%) 

MEM Non-essential Amino Acid Solution (1%) 

2-mercaptoethanol (50 µM) 

RPMI culture media (human cells) 

RPMI 1640 medium 

FBS (10%) 

Penicillin-streptomycin (1%) 

L-glutamine (1%) 

 

  

FACS buffer 

PBS 

FBS (2%) 

Sodium azide (0.05%) 

MACS buffer 

PBS 

BSA (0.5%) 

EDTA (0.2 mM) 

  

SORT buffer 

DPBS 

FBS (1%) 

HEPES solution (25 mM) 

EDTA (2 mM) 

PBS MCB (Enzyme treatment buffer) 

PBS  

MgCl2 (1 mM) 

CaCl2 (1 mM) 

BSA (1%) 

 

 


