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Abstract: A healthy immune system is maintained in a state of balance 

between pro-inflammatory and anti-inflammatory cells. The paradigm for 

T-cell activation requires CD80/86:CD28 engagement resulting in 

differentiation of CD4+ T-helper cells. However, alternative costimulatory 

molecules may favour the induction of alternate T cell phenotypes such 

as Type 1 Regulatory (Tr1) T-cells. One such receptor-ligand pair is 

CD55-CD97. We have previously demonstrated that co-stimulation by 

CD3/CD55 results in the differentiation of naive CD4+ T-cells into Tr1 

phenotype, defined as IL-10+, IFN-- and IL-4-. IL-10 is the predominant 

immune-suppressive cytokine produced by adaptive immune system and 

it is required for immune resolution, promoting tolerance and controlling 

autoimmunity. Considering the importance of IL-10 production in auto-

immune diseases, we aimed to study the CD3/CD55 mediated IL-10 

production in Multiple sclerosis (MS) patients. In our pilot study, 

CD3/CD55 stimulation of naïve CD4+ T-cells resulted in significantly lower 

level IL-10 production as well as lower number of IL-10+ Tr1 cells in MS 

patients compared to heathy donors. We further investigated the effect of 

MS associated immune-modulators on the CD3/CD55 mediated IL-10 

production. Vitamin-D3 and Dexamethasone preferentially enhanced IL-

10 secretion and increased the number of Tr1 cells following CD3/CD55 

stimulation whereas IFN- demonstrated similar effect with both CD55 

and CD28 costimulation.  

 

To validate the phenotype of these Tr1 cells, we characterised the 

CD3/CD55 induced Tr1 cells in terms of cell surface molecules and 
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transcription factors. CD3/CD55 induced IL-10+IFN--  Tr1 cells were 

LAG-3High, TIM-3High, CTLA-4High and PD-1High. These cells also expressed T-

bet and c-MAF but did not express FoxP3, GATA-3 and HELIOS. The 

presence of immune-modulators that are used in MS treatment did not 

alter the transcription factor profile of the Tr1 cells. Importantly, c-MAF 

was only induced in IL-10+ Tr1 cells in response to CD3/CD55 but not to 

CD3/CD28 stimulation. c-MAF expression was persistent upon 

restimulation with CD3/CD55 and it was not induced by non-specific 

stimulation with PMA/Ionomycin, indicating that c-MAF induction could be 

an integral part of signalling for CD3/CD55 mediated IL-10 production.  

 

Thus, our study demonstrates for the first time that CD3/CD55 induced 

Tr1 cells are best defined as IL-10+IFN--LAG-3HighPD-1Highc-MAFHigh. 

These cells express c-MAF which is induced by CD55 costimulation. 

Furthermore, the presence of immune-modulators has a significant effect 

on the induction of Tr1 cells and may provide another mechanism to 

modulate Tr1 cells in MS  patients. 
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1 Chapter 1: Introduction 

1.1 Immune system  

 
The immune system is defined as the complex and organized network 

consisting of cells, molecules, organs and processes – each attributed 

with specialized function, which ensures host defence against pathogens 

and controls development of any diseases [1, 2]. The immune system is 

comprised of two branches -I) Innate and II) Adaptive immunity, which 

responds in fundamentally different way to pathogens but cooperate with 

each other to mediate efficient elimination of the infection. 

 

Innate immunity is the first line of defence against infection and cellular 

damage. This provides non-specific responses against pathogens and it 

does not alter or amplify over time upon repeated exposure to the same 

infection. Innate cellular responses are mediated by phagocytic cells 

(macrophage, monocyte, neutrophils), inflammation mediators 

(eosinophils, mast cells, basophils) and natural killer cells. Innate 

molecular mediators include the complement system, acute phase 

proteins and cytokines [2]. This immune response does not require prior 

encounter to particular pathogen and its components are consistently 

present facilitating disease-resistance mechanisms even before the onset 

of disease. This immune response is considered “Inbred” and has been 

coined “innate” [1, 3]. 

 

Adaptive immunity is the acquired ability to eliminate infection by 

proliferation, differentiation and coordinated function of antigen-specific 
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B-cells and T-cells that demonstrate unique specificity and memory in 

order to generate faster response upon reencounter to the same 

pathogen [1, 3]. This process entails recognition of antigen following 

processing and presentation by specialized antigen presenting cells. B-

cells produce antibody and regulate the humoral response against the 

antigen. T-cells mediate cytotoxicity to eliminate virus infected cells, 

assist B-cell differentiation and maturation and support the activity of 

macrophages in eliminating intracellular pathogens [2].  

 

 

 

 

1.2 Immune homeostasis and immune tolerance 

 
Homeostasis was defined by Walter B. Cannon [4] as the maintenance of 

the steady state of physiological variables within a pre-defined range by 

established regulatory feedback mechanism in biological organism. In line 

with this definition, immunological homeostasis is described as the 

maintenance of the immune system in stable state where appropriate 

immune response is permitted while controlling both pro-inflammatory 

and anti-inflammatory to certain extent in order to prevent disruption of 

immune balance. Immune homeostasis is required to selectively 

eliminate immune responses against self-antigen while supporting 

sensitive mechanisms to detect and generate effective immune response 

to non-self pathogens. The tightly regulated and acquired 

unresponsiveness against self is denoted as immune tolerance. Tolerance 
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to self and reactivity against pathogens are situated on the opposite sides 

of the spectrum in the range of immune response. Compromised immune 

tolerance results in a chronic inflammatory response and auto-immune 

diseases. However, tolerance to self may also facilitate escape of 

anomalous self, such as mutated cancer antigens. On the other hand, 

reduced reactivity leads to persistent infection and immune-deficiency. 

 

 

 

 

 

Figure 1.1: Model of immunological homeostasis. Dysregulated and 

excessive proinflammatory and anti-inflammatory immune response 

could lead to chronic inflammation and tolerance respectively. 

Autoimmunity and chronic inflammation prevail in absence of regulatory 

mechanisms whereas immunodeficiency and persistent infection manifest 

in absence of proinflammatory immune response. (Adapted from 

Povoleri, Frontiers in immunology,2013 [5] ) 
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Regulation of immune responses are salient for maintaining immune 

homeostasis. Immuno-suppressive regulatory T-cells such as Type 1 

regulatory T-cells (Tr1) are important mediator of immune homeostasis 

as these cells regulate the pro-inflammatory immune responses and 

promote resolution at the end of immune response. Development and 

persistence of auto-immune disease has been attributed to impaired 

regulatory T-cell function [6] whereas prevalence of regulatory T-cells 

hinders anti-tumour immunity and promote progression of the disease 

[7]. 
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1.3 T-cell  

 
Thymus-derived lymphocytes (T-cells) were discovered in 1960s by 

Jacques Miller and Graham Mitchell as the cell population which could 

proliferate in response to antigen and even though they did not produce 

antibody, they enabled bone-marrow derived B-cells to develop into 

antibody forming cells [8, 9]. T-cells have been studied extensively in the 

last few decades leading to identification of multiple T-cell subsets with 

distinct functions. 

 

1.3.1 Ontogeny of T-cells 

T-cells originate from bone-marrow derived multipotent Haemopoietic 

Stem Cells (HSC) through a stringently regulated process [10]. The 

earliest T-cell specific precursor derived from HSC is known as the Early 

Thymic Progenitor or Early T-cell Precursor (ETP). This represents a small 

cell population in the thymus where the TCR genes were maintained in 

the germline state but differed in HSC as they expressed low level of CD-

4 which was down-regulated in subsequent developmental stages [11]. 

Recent fate-mapping studies indicate that potentially there could be 

intermediate state between HSC and ETP, termed Thymic Seeding 

Progenitor (TSP) which migrate from bone marrow to thymus and serve 

as a precursor for ETP. Interestingly, ETP has the potential to 

differentiate into only T-cells in thymus but could give rise to both B-cells 

and T-cells if transferred intravenously into recipient mice [12]. However, 

further studies supported the observation that ETPs do not retain the 

potential to develop into myeloid lymphocytes under physiological 

condition [13-17]. With each gradual step in the generation of functional 
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T-cells from HSC, the precursor potential to develop into multiple 

progenitor becomes restricted. This is due to intra-thymic environment 

and establishes ETP as the earliest precursor committed to both  and  

T-cell generation [12, 15, 18].  

 

ETP progresses to Double Negative cells (DN, CD4- CD8-) which can be 

further divided into multiple subgroups of progenitor cells. The DN 

subsets are determined on the basis of sequential expression CD44 and 

CD25 where CD44+CD25-, CD44+CD25+, CD44-CD25+ and CD44-CD25- 

are termed as DN1, DN2, DN3 and DN4 respectively (Table 1). At the 

DN1 stage, Notch1 signalling ensures the lineage commitment to T-cell 

generation by preventing conversion to dendritic cells [19, 20]. The 

interaction between Notch1 receptor on DN1 with its ligand Delta-like 4 

(DLL4) on Thymic Epithelial Cells (TEC) in the corticomedullary junction 

of the thymus [21, 22] serves as one of the checkpoints in T-cell 

development from ETP.  

 

DN1 cells differentiate to DN2 cells following migration deeper into the 

cortex, where the cells prepare for the TCR gene rearrangement, 

mediated by RAG1 and RAG2 in DN3 cells [23, 24]. The extensive gene 

rearrangement in the ,  and  loci to determines the fate of the 

progenitor cells, emerging as either , following -selection or  T-cells 

occur in the DN3 stage [25]. Signalling through the pre-TCR and Notch1 

pathways are essential to progress from DN3 and DN4 to the Double 

Positive state (DP) [26]. Here the gene rearrangement in the -loci leads 

to production of correctly assembled  TCR [27]. 
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Table 1.1: Cell surface markers during T-cell development. Stages 

of T cell development correlate with specific locations in the thymus, 

distinct cell-surface phenotypes, requirements for Notch signals, and TCR 

rearrangement. (Adapted from Koch, Annual Review of Cell and 

Developmental Biology, 2011 [16]) 

 

The binding of both CD4 and CD8 on cells that bind to the invariant 

region of MHC class-II and MHC class-I respectively, ensures that useful 

MHC-restricted TCR expressing cells are rescued from death. This occurs 

as the co-receptors bring Lck into physical proximity with cytosolic 

domains of the engaged TCR to initiate signalling that  potentially assists 

with RAG gene repression, long-term survival, migration into the 

medulla, and differentiation into mature T cells in a process called 

positive selection [28-30]. Cortical Thymic Epithelial Cells (cTECs) play 

critical role at the stage of positive selection as they express 

thymoproteasomes which are involved in generating unique peptide 

sequences for CD8 T-cell selection. cTECs also contribute to shaping the 

T-cell repertoire by expressing lysosomal proteases, cathepsin L and 

Prss16 (also known as ‘thymus-specific serine protease’; Tssp) which are 
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essential for producing self-peptide required for the positive selection of 

CD4 T-cells. In the last stage- the negative selection process , the 

positively selected CCR7 receptor expressing CD4+ or CD8+ T-cells 

migrate to medulla in a CCR7 ligand - CCL19 and CCL21, dependent 

manner. The chemokines are highly expressed by Medullary Thymic 

Epithelial cells (mTECs) which are further divided into mTEChi and 

mTEClow on the basis of MHC class- II and CD83 expression [31]. mTECs 

express various Tissue Restricted Antigen (TRA) which facilitates the 

elimination of T-cells specific for antigens usually expressed in the 

peripheral tissue. The medullary dendritic cells also contribute to the 

negative selection process as some of the mTEC derived TRAs are 

transferred to these cells. The expression of various TRA by mTEC is 

modulated by transcriptional regulator AIRE which is expressed by 30% 

mTECHi cells and a subset of thymic B-cells. Patients with mutation in 

AIRE develop disease called  autoimmune polyendocrinopathy-

candidiasis- ectodermal dystrophy (APECED) and demonstrates that lack 

of appropriate AIRE function could lead to abnormal T-cell selection of 

thymus which results in escape of self-antigen specific T-cells and 

disruption of T-cell mediated B-cell tolerance. However, TRA expression 

for the negative selection also depends on other transcription factor as it 

has been estimated that only 40% of TRA expression is regulated by 

AIRE. Another key transcription factor Fezf2 (Fez family zinc finger 2, 

also called forebrain embryonic zinc finger-like protein 2) plays a critical 

role in TRA expression by mTEC in a manner independent of AIRE as it 

was reported that the deficiency of Fezf2 leads to manifestation of auto-

immune disease with characteristics different from those noted in AIRE-
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deficient mice [32]. These observations implicate that AIRE and Fezf2 

regulate distinct sets of TRA expression in mTECs and co-ordinate to 

provide coverage for a wide range of TRA to eliminate self-reactive T-

cells during negative selection process. 

 

 

 

 

Figure 1.2: Schematic Diagram of T Cell Selection and TRA 

Expression in the Thymus. Bone marrow derived early thymic 

progenitor (ETP) cells differentiate into  TCR expressing CD4+CD8+ T-

cells and interact with cortical thymic epithelial cells (cTEC) in context of 

peptide-MHC complex for positive selection. In the following stage, T-

cells migrate to the medulla where medullary thymic epithelial cells 

(mTEC) present a wide range of tissue restricted antigen (TRA) to the T-
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cells to eliminate the self-antigen specific T-cells by apoptosis in a 

process termed negative selection. mTEC derived TRAs could be 

transferred to thymic dendritic cells which further contribute to negative 

selection process. Different transcription regulators such as AIRE and 

Fezf2 mediate TRA expression by mTEC which determines the T-cells 

repertoire. (Adapted from Takaba, Trends in immunology, 2017 [33] ) 

 

 

 

The binding of both CD4 and CD8 on cells that bind to the invariant 

region of MHC class-II and MHC class-I respectively, ensures that useful 

MHC-restricted TCR expressing cells are rescued from death. This occurs 

as the co-receptors bring Lck into physical proximity with cytosolic 

domains of the engaged TCR to initiate signalling that  potentially assists 

with RAG gene repression, long-term survival, migration into the 

medulla, and differentiation into mature T cells in a process called 

positive selection [28-30]. In the last stage, cells go through negative 

selection process which results in the deletion of self-reactive T-cells 

before the single positive CD4+ and CD8+ T-cells emerge from the 

thymus and circulate in the periphery. 
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Figure 1.3: Development of  T-cells in thymus. In the bone marrow, haematopoietic stem cells develop into early 

thymic progenitor (ETP) with some potential to   differentiate to not only T-cell but also B-cell and dendritic cells.  ETP 

cells migrate to thymus and lose their potential to alternate fates by giving rise to double negative cells DN2 which do 

not express either T-cell receptor (TCR) or CD4 and CD8. In the following stages, crucial TCR gene rearrangement 

occurs which results in Double Positive (DP) cells. Then cells are selected on the basis of their ability to bind to the 

MHC molecules in a process term Positive selection and inability to contact MHC leads to death by neglect. If the 

avidity of the single positive (SP) cells for binding to MHC-peptide complex is higher than certain threshold, the cells 

are deleted in Negative selection process.  However, a small fraction of high affinity TCR-bearing self-reactive cells 

develop into natural regulatory T-cells.  The remaining cells egress as conventional T-cells in their naïve state. 

(Adapted from Miller, Nature Reviews Immunology, 2011 [10]
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1.3.2 Different T-cells subsets depending on the 

activation state 

 
Quiescent naïve T-cells migrate to the periphery and continuously 

recirculate between secondary lymphoid organs and blood via the 

lymphatic system until they encounter cognate antigen. Under the 

appropriate circumstances, with the help of costimulatory signals and 

supporting cytokine milieu, naïve T-cell become activated which results in 

proliferation and differentiation into various kind of effector and memory 

cells. T-cells, historically, were believed to terminally differentiate into 

different effector T-cell subsets. It is useful to maintain this idea of 

differentiated lineages as a starting point, although our ideas of the fixed 

nature of these has changed significantly in the past 10 years. 

 

1.3.2.1 Naïve T-cells 

 
Thymus derived antigen-inexperienced and inactive cells are usually 

considered naïve T-cells. Until recently, these were perceived to be part 

of a developmentally synchronized and homogeneous T-cell population. 

However, several studied have demonstrated heterogeneity, as they 

differ on the basis of phenotype, dynamics, location and function [34]. 

Human naïve T-cells have a considerably longer lifespan of 6-9 years 

compared to  (6-11 weeks) in mice, where thymic output exclusively 

sustains the naïve T-cell pool throughout their life without any peripheral 

proliferation [35]. The human naïve T-cell pool is maintained by 

homeostatic peripheral proliferation of thymic emigrant T cells. This 
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maintains naïve T cell numbers later in life due to reduced thymic output 

and atrophy of thymus with age [35, 36]. Naïve Human T-cells can be 

defined by combinations of different markers. However, this usually 

includes; CD45RA+CD45RO-CD62L+CCR7+. Expression of homing receptor 

such CD62L and CCR7 assist the trafficking of naïve T-cells to secondary 

lymphoid organs after exiting the thymus. They also express 

intermediate level of CD28 and CD27 costimulatory markers [37, 38]. 

Human CD4 and CD8 naïve T-cells can also be divided into distinct 

subpopulations based on expression of CD31 and CD103 respectively 

[34]. 

 

1.3.2.2 Effector T-cells 

 
Naïve cells can differentiate to effector cells, following antigen recognition 

and obtain the effector phenotype defined as CD45RA+/-CD45RO+CCR7–

CD62L–. These effector T-cells upregulate several activation marker such 

as CD69, CD71, CD25 and HLA-DR. Effector cells might also dynamically 

express proliferation markers, such as Ki67 [39]. Effector cells expand 

rapidly during immune response and at the end of the immune response, 

90% of effectors die during the contraction phase [40].  

 

1.3.2.3 Central Memory T-cells (TCM cells) 

 
After activation, some effector T-cells develop into Effector memory or 

Central memory T-cells which are capable to responding to secondary 

antigenic challenge. Central memory (TCM) are identified by expression of 

CD45RA- CD45RO+CCR7+CD62L+CD27+ CD28+CD127+. The re-expression 

of homing receptor provides them with potential to relocate to secondary 
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lymphoid organs. It has been suggested that TCM might serve as a 

precursor for effector memory T-cells (TEM) as TCM have longer telomere 

and TCM are able to generate TEM in vitro [41, 42]. 

 

 

1.3.2.4 Effector memory T-cells 

 
Effector T cells can also develop into effector memory (TEM) T-cells which 

are defined as CD45RA-CD45RO+CCR7-CD62L-CD27+/-CD28+/- CD127+. 

The lack of homing receptor CCR7 and CD62L restricts these cells to the 

peripheral non-lymphoid tissue [43].  TEM cells also express chemokine 

receptors such as CXCR3, CCR4 which allows them to be retained in the 

inflamed tissue [41, 44, 45] and have a more rapid response following 

antigenic restimulation [46]. 

Table 1.2: The differential cell surface markers expression associated 

with the sub-population of T-cells. (Adapted from Larbi, Cytometry,2013 

[47] 

 

 

[N: naïve; M: memory; ‐: no/very low expression; +: unit of expression. 

Expression levels of the markers have been compared between sub‐

populations; EM: effector memory, CM: Central memory, TEMRA: 

Terminal Effector Memory RA+] 
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1.3.2.5 Terminally differentiated effector memory 

cells re‐expressing CD45RA (TEMRA) T-cells 

In the recent years, another subset of activated T-cells has been 

identified which is characterised by the apparent re expression of the 

naïve marker CD45RA+. They are CD45RA+CD45RO+/-CCR7-CD27-

CD28−PD-1+KLRG1+. TEMRA cells demonstrate relatively lower effector 

function and it has been suggested that TEMRA cells might derive from 

TCM cells in absence of antigen and in the presence of low Interleukin-2 

and high interferon gamma secretion [48]. Although CD8+ TEMRA cells 

have been studied more, CD4+ TEMRA cells have also been identified in 

peripheral blood. These cells have been associated with protective 

immunity against Dengue virus and Cytomegalovirus (CMV) infection 

[49-52]. TEMRA cells can be further divided into two subset depending on 

the expression of CD57 along with GPR56+ [53].  
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1.4 Different subsets of T-cells 

1.4.1 CD4+ T-cells 

 
T-cells were initially identified as supporting cells which were necessary 

to develop antibody responses by B-cells [54-58]. Later the it was 

discovered that a specific subset of T-cells, termed CD4 T-cells, produced 

soluble factor such as IL-4 and provide costimulation by CD40-CD40L 

which promoted antibody production against foreign antigens by B-cells 

[59-63]. These CD4 helper T-cells bind to the antigen in context of MHC 

class-II on antigen presenting cells [64, 65]. B cells, when acting as 

antigen presenting cells promote the activation of helper cells that in 

response produce cytokines that support B cell development. During 

activation of CD8 T cells by Dendritic cells the CD4 cells promote the 

licencing of DCs and support the development of memory CD8 responses 

[66-70]. In some animal studies, even in the absence of CD4 T-cells, 

primary CD8 T-cell responses were observed against viruses, but they 

failed to mount effective response upon secondary challenge [70-73]. 

CD4 T-cells constitutes a major part of PBMCs (25-30%) [74] and CD4 T-

cell population consists of several distinct subpopulations. The 

characteristics and the role of various CD4 T-cell subsets are further 

discussed in 1.5. 

 

 

1.4.2 CD8+ T-cells 

 
The cytotoxic activity of thymus derived lymphocytes was noted in 

several early studies focusing on allogeneic, MHC-mismatched tissue, 
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tumour transplantation models and allogeneic mixed lymphocyte cultures 

[75-77]. However, it was the depletion of Ly-2 (CD8a) and Ly-3 (CD8b) 

bearing lymphocytes [78-80] as well as the studies with virus infected 

animal models which confirmed that specific T-cell receptor bearing CD8 

T-cells recognize fragments of antigen in context of MHC class-I and 

mediated the killing of the target cells [76, 81-83]. Naïve CD8 T-cells (or 

CTLs) interact with antigen presenting DCs in the lymph node [84-86] 

and differentiate into short-lived effector cells (SLEC), which die after the 

infection is eliminated. Some become memory precursor effector cells 

(MPEC) which contribute to secondary immune response upon encounter 

with the same antigen [87-89]. CD8 T-cells not only develop robust 

immune response against intracellular pathogens [90, 91] but they are 

also capable of responding to exogenous antigenic targets by cross-

presentation [92-95].  

 

CD8 T-cells confer their cytotoxicity by two direct cell-cell contact 

dependent mechanism – i) interaction between Fas-Fas ligand , ii) 

granzyme and perforin mediated cytolysis; and indirectly affect target 

cells by producing pro-inflammatory cytokines including IFN-, TNF- 

[96]. Fas-Fas ligand interaction between target cell and CD8 T-cells 

results in classical apoptosis of the target cell [97]. Granzyme and 

perforin mediated cytotoxicity to eliminate target cell without killing the 

bystander cells by caspase-dependent and -independent manner [98, 

99]. It has also been reported that CD8 T-cells can kill 2-16 virus infected 

cells per day [100] and cooperate to increase this rate, while 
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demonstrating dual polarity in their ability to kill multiple targets 

simultaneously [100-102].  

 

CD8 T-cells play important role in cancer and auto-immune diseases 

[103-106]. CD8 T-cells specific for neo-antigens expressed by tumour 

cells are critical for anti-tumour immunity. However, chronic antigenic 

exposure might impair activity rendering them ineffective in providing 

anti-tumour immunity [107-111]. On the other hand, self-antigen specific 

CD8 T-cells are also associated with the auto-immune disease initiation in 

diabetes [112, 113] and early-stage Multiple sclerosis (MS) [114, 115]. It 

was demonstrated that Myelin basic protein specific auto-reactive CD8 

induce MS [116]. Depleting CD8 T-cells ameliorated the severity of 

disease by reducing the number of lesions and relapses [115, 117]. An 

altered gene prolife of CD8 T-cells were also found to correlate with poor 

prognosis in systemic lupus erythematosus (SLE) patients [118]. These 

findings suggest a multifaceted role of CD8 T-cells in immune system.  

 

 

 

1.4.3  T-cells 

 
 T-cells represent an unconventional T-cells subset which constitute 1-

5% of total population [119]. TCR of  T-cells are composed of  and  

TCR chain instead of  and  TCR chain like most of the CD3+ T-cells.  

T-cells emerge earlier than  T-cells in the thymus during T-cell 

development [120, 121].  T-cells distributed throughout the lymphoid 
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system and they are enriched as part of  interepithelial lymphocytes (IEL) 

which are located within the epithelial layer of mucosal and barrier 

tissues [122-124].  

 T-cells recognizing antigens such as phosphoantigens, i.e., 

phosphorylated microbial non-peptide molecules that are metabolic 

intermediates of the isoprenoid biosynthesis [125-128]. V1+  T-cells 

also recognize glycolipid antigens as well as sulfatides in complex with 

CD1d [129, 130] that accumulate in lesions in MS patients [130]. 

Interestingly,  T-cells were also termed the “innate adapter of immune 

system” [131] as they coordinate with neutrophil by releasing 

chemokines such as CXCL8 [132, 133], MCP-2 [134] and promote the 

differentiation into antigen presenting cells which in turn activate 

conventional CD4 and CD8 T-cells [133, 135]. They also secrete |IFN-g 

and IL-17 to provide a powerful proinflammatory environment thought to 

be important in the development of autoimmune disease [139-142] 

 

 

 

1.4.4 Natural Killer T-cells (NKT cells) 

 
Natural Killer T-cells (NKT) cells (only 0.5% of total T-cell population) 

were first identified in 1987 as a distinct CD4-CD8- (Double negative, DN) 

T-cell population which expressed intermediate level of  TCR as well as 

NK cell marker NK1.1 [136-142]. NKT cells are defined by expression of 

CD1d-restricted αβ TCR, NK1.1 and recognition of hydrophobic ligand 

including various lipids and glycolipids (e.g. α-Galactosylceramide, 

glycosylphosphatidylinositol etc.) [143-147]. The TCR of NKT cells 
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predominantly express an invariant -chain consisting of V14 J281 

(now known as J18) [148, 149] required for the development of NKT 

cells [149].  

NKT cells population consists of a heterogeneous population of cells with 

varied functions. CD4+ NKT cells produce both Th1 (IFN-, TNF- , IL-17) 

and Th2 (IL-4, IL-13) cytokines while the CD4-, NKG2D+ NKT cells 

secrete only Th1 cytokines upon activation [150-152]. It was also 

reported that CD8+ NKT cells produce higher amount of IFN- and have 

more cytotoxic potential in comparison to CD4+ or CD4−CD8− subsets. 

Moreover, all NKT subsets upregulate CD40L upon activation with antigen 

and promote IL-12 as well as IL-10 production by dendritic cells [152].  

 

 

 

1.4.5 Mucosal associated invariant T-cells 

(MAIT) 

Mucosal associated invariant T-cells (MAIT) are non-classical innate-like 

T-cell population which are restricted by highly conserved MHC class-I 

related molecule MR1 and is abundant in intestinal lamina propria (LP) of 

humans and mice [153, 154]. They are CD4-CD8- (double negative, DN) 

T-cells with invariant -chain - V7.2-J33/20/12 in humans and  V19-

J33 in mice, in conjunction with oligoclonal TCRβ chain [153, 155-157]. 

Further research revealed the existence of CD4+ and CD8+ MAIT cells 

[154, 158]. The selection and development of MAIT cells require B-cells 

as B-cells deficiency results in absence of MAIT [156, 159]. In human, 
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most of the MAIT cells are dependent on the transcription factor 

Promyelocytic Leukaemia Zinc Finger (PLZF) for development [154].  

 

MAIT cells recognize various microbial Vitamin B2 metabolites 

(Riboflavin) and Vitamin B9 (folic acid) [160-166]. However, MAIT can 

also be activated in TCR-independent way by IL-18 in synergy with IL-12, 

IL-15 and/or interferon-/β [164, 167]. Following activation, MAIT cells 

produce high level of IL-17 [168-170] and IFN-, IL-4, IL-10, GM-CSF etc 

[164]. MAIT produce granzyme-B (GzB) and perforin upon bacterial 

antigen recognition and mediate the cytotoxic killing of the infected cells 

[171] and have been associated with brain lesions in MS patients [172, 

173]. 

 

 

 

 

1.4.6 Natural regulatory T-cells (nTreg) 

 
Thymus derived natural regulatory T-cells (nTreg), defined as 

CD4+CD25HighCD127LowFoxP3+, are important regulator of immune 

responses and they are essential to maintain tolerance and prevent 

autoimmunity [174-176]. CD4 nTregs have been studied extensively in 

the last few decades and only recently several studies have also reported 

the important role CD8+CD25+FoxP3+ nTreg in immune-regulation [177-

183]. The development and function of nTreg is further discussed in 

1.5.8.1. 



   42 

 

 

1.5 Different CD4+ T-cell subsets 

CD4 T-cells play central role in adaptive immune system by supporting 

the development of humoral responses, maintaining CD8 T-cell memory 

responses and importantly, by influencing immune-regulation in order to 

maintain immune homeostasis. Although CD4 T-cells were originally 

divided into only two subsets ( Th1 and Th2) by Mossman and Coffman 

[184], extensive research has revealed that CD4 T-cell population is 

more diverse and naïve T-cells can evolve into distinct phenotypes other 

than conventional Th1 and Th2 cells. Naïve T-cells recognize cognate 

antigens presented by APC in context of MHC class-II and depending on 

the costimulatory signal and cytokine milieu become activated, proliferate 

and differentiate down an effector pathway towards one of the following 

lineages.  

 

 

1.5.1 T Helper 1 (Th1) cells 

Th1 were originally identified as cells required for the cell-mediated 

immunity that help to control intracellular infections via the CD8 T-cell 

responses. They are defined by IFN-, TNF-/, IL-2 secretion and 

expression of the transcription factor T-bet [185-190]. Activation of naïve 

T-cells in the presence of IL-12 induces differentiation to Th1 cells [191-

194]. Moreover, differentiation of naïve cells into Th1 cells is negatively 

regulated by IL-4 , IL-10 [195], IL-6 [196, 197], IL-23 and IL-17 [187].  
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 Table 1.3: Different subsets of CD4 T-cells based on their ontogenic and 

functional requirements. The characteristic cytokine produced by each 

subset and their role in diseases are also summarized below. (Adapted 

from Tangye, Nature reviews immunology, 2013 [198]) 
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1.5.2 T Helper 2 (Th2) cells 

 
Th2 cells were identified as important mediators of humoral responses 

and are characterised by production of IL-4, IL-5, IL-6,IL-9, IL-10, and 

IL-13 [199-202]. These promotes B-cell proliferation and immunoglobulin 

class-switching [202]. IL-25, IL-33 and thymic stromal lymphopoietin 

(TSLP) derived from epithelial cells as well as IL-4 derived from innate 

lymphoid cells and basophils potentiates the differentiation to Th2 cells. 

The linage commitment to Th2 is determined by master regulator GATA-3 

in both STAT6 dependent and independent manner [190, 203-205].  

 

 

1.5.3 Th3 cells 

Th3 are one of the regulatory T-cells which helps to maintain peripheral 

immune tolerance by secreting immunosuppressive cytokine TGF-. The 

induction and the function of Th3 cells is described further in 1.2.4. 

 

 

1.5.4  Th9 cells 

Th9 cells are critical part of immunity against intestinal pathogens (e.g. 

helminth infection) but they are also mediator of respiratory allergic 

pathogenesis. Th9 cells produce high levels of IL-9 which contributes to – 

i) development of Th2 responses [206], ii) enhanced immunoglobulin 

production by B-cells, iii) differentiation and proliferation of mast cells; 

and iv) recruitment of  eosinophils and lymphocytes at the site of 
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inflammation [207-209]. Th9 cells develop from naïve CD4 T-cells in the 

presence of TGF-β and IL-4, that prevents the generation of FoxP3+ 

regulatory cells [206, 210, 211]. This is reportedly enhanced by IL-1 and 

IL-25  [212] while it is suppressed by IFN- and IL-23 [211]. Th9 cell 

differentiation is regulated by transcription factors- PU.1, STAT6, GATA3 

and IRF-4 [213-215]. Their role in auto-immunity is not completely 

understood and conflicting reports indicate that Th9 cells promote tissue 

inflammation while others demonstrate a protective role [216, 217].   

 

 

1.5.5 Th17 cells 

In the recent years, Th17 cell has emerged as one of the main CD4+ T-

cell subsets which influences various immune responses by producing 

high mount of pro-inflammatory cytokine IL-17. They also produce IL-21, 

IL‐22, IFN- and granulocyte macrophage colony‐stimulating factor (GM‐

CSF) [218] and their differentiation is mediated by IL-23 and the 

transcription factor RORt. The Th1 and Th2 cytokines- IFN- and IL-4 

respectively, negatively regulate the generation of Th17 cells.  The 

function of Th17 are specially noted in auto-immune diseases including 

multiple sclerosis (MS), psoriasis, rheumatoid arthritis (RA), 

inflammatory bowel disease (IBD) where they mediate the chronic 

inflammation [219, 220].  
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1.5.6  Th22 cells 

 
Th22 cells play an important role in epidermal immunity and remodelling 

by producing proinflammatory cytokine IL-22, TNF- and IL-13 [221-

224]. Th22 cells were identified as a distinct memory T-cell population in 

skin which is regulated by transcription factor Aryl Hydrocarbon Receptor 

(AHR) and they also express chemokine receptor CCR6, skin-homing 

receptors CCR4 and CCR10 [222, 223]. It has also been demonstrated 

that the differentiation of Th22 is further promoted by T-bet but inhibited 

by TGF- [225, 226]. The expression of homing receptors by Th22 cells 

allows them to be retained in the skin [249]. 

 

 

1.5.7 Follicular helper T-cells (TFH) 

 
Follicular helper T-cells (TFH) represents a distinct T-cell subset localized 

within the germinal centre (GC) which helps to regulate B-cell fate and 

development of plasma cells [227]. TFH express CXCR5 which allows them 

to migrate in response to CXCL13 and relocate to follicles where they 

interact with follicular DC and B-cells [228, 229].  TFH differentiation is 

mediated by the master regulator transcription factor B-cell lymphoma 6 

protein (Bcl6) and IL-6 as well IL-21 enhance the expression of Bcl6 but 

they are not limiting factor for TFH differentiation [230, 231]. TFH is a 

specialized T-cell subset as is specifically promotes development of 

humoral responses by producing cytokines- IL-21 and IL-4, chemokine 

CXCL13 and CD40-CD40L signalling. B-cells express Signalling 

lymphocytic activation molecule (SLAM) whereas TFH also expresses 
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Signalling lymphocytic activation molecule (SLAM)-associated protein 

(SAP). The interaction between T-cell : B-cell via SAP-SLAM is crucial for 

development of B-cell responses as it is required for IL-4 production by 

TFH  and to promote formation of germinal centres [232, 233].  

 

1.5.8 Regulatory T-cells 

 
The regulation and resolution of immune response is mediated by 

regulatory T-cells which confer immune-suppression through various 

contact-dependent / -independent mechanisms. In the adaptive immune 

system, regulatory T-cells are indispensable to prevent inappropriate 

immune response against self-antigen and maintain tolerance. 

Regulatory subsets, other than of CD4 origin, of different lymphocyte 

population has also been identified including CD8+ Treg, regulatory B-

cells [234, 235], regulatory  T-cells [236, 237], regulatory NK cells 

[238-240], regulatory dendritic cells [241-243], regulatory macrophages 

[244]. Whether these cells are true regulatory cells or represent a 

regulatory phase in the life cycle of these cells is still to be clarified. The 

concerted regulatory activity of these cells ensures that the manifestation 

of autoimmune disease is averted, the proinflammatory responses are 

restrained after clearance of the pathogen and tissue damage is 

minimised in cases of chronic infection [245-247]. CD4 regulatory T-cells 

can be broadly divided into two groups depending on their ontogeny. One 

group of Treg consists of only natural regulatory T-cells (nTreg) which 

are selected and develop in the thymus. The other group, known as the 

inducible or peripheral regulatory T-cells (iTreg or pTreg), consists of 
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several distinct subset of T-cells with regulatory activity that develop in 

the periphery.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Thymic and peripheral generation of FoxP3+ Treg 

Cells. CD4 regulatory T-cell compartment is comprised of thymus 

derived natural Treg and inducible Treg (iTreg) developed in the 

peripheral immune system which develops from naïve CD4 T-cells. 

Depending on the differentiation stimuli, antigen repertoire and 

immunological cues, naïve T-cells could convert to Th3, Type 1 regulatory 

T-cells or FoxP3+ non-thymic iTreg. nTreg and iTreg might differ in their 

TCR repertoire and could potentially contribute to immune-suppression 

under variable immunological settings (e.g., mediation of autoimmunity, 

infection etc.). (Adapted from Lafaille, Immunity, 2009 [248] ) 
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1.5.8.1 Natural regulatory T-cells 

The concept of regulatory cells, earlier known as “Suppressor cells”, was 

introduced based on the observations from several studies conducted by 

Gershon and Kondo in early 1970’s [249-251]. However, due to limitation 

of understanding and inability to identify these cells, the existence of 

these cells could not be validated for more than a decade. In 1995, the 

breakthrough study by Sakaguchi demonstrated a distinct CD25+ T-cell 

population which contributed to maintain immunological self-tolerance 

[252] which confirmed the role of suppressor cells and these cells are 

now known as natural regulatory T-cells (nTreg).  nTreg constitutes upto 

10% of peripheral CD4 T-cells [253, 254]. The seminal observations from 

the adoptive thymocyte transfer studies conducted by Gershon and 

Kondo paved the way for the discovery of nTreg [255, 256]. These 

studies demonstrated for the first time that T-cells not only elicited 

immune response to antigen challenge but a separate subset within the 

T-cell population also existed which suppressed the immune response. 

Extensive studies on these T-cells, initially known as suppressor cells, 

revealed the development of nTreg alongside conventional T-cells in the 

thymus as well as their characteristic phenotype and mechanisms of 

immune-suppression. Neonatal thymectomy experiments demonstrated 

that removal of thymus resulted in development of spontaneous 

autoimmune pathologies only if the thymus was removed on day 3 but 

not on day 7 [257]. Further studies reported that self-antigen specific 

TCR was required for the development of nTreg in thymus as selection of 

these cells were dependent on the expression of cognate antigen 

expression in the thymus. Moreover, it was also reported that higher 
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affinity for TCR is crucial for nTreg differentiation as cells with lower 

affinity for self-antigen fail to develop into nTreg [258]. Other 

determinants of nTreg development include intraclonal competition for 

antigen, interaction with intrathymic antigen presenting cells and overall 

strength of TCR signalling or avidity [259]. Several models of thymic 

development of nTreg have been proposed in the last few years. The 

instructive model suggests that the T-cells bearing TCR with intermediate 

self-reactivity would be selected for nTreg development. If the TCR self-

reactivity was very high, the self-antigen specific T-cell would be deleted 

by negative selection whereas low self-reactivity would lead to the 

development of conventional T-cells [259-261].  

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Models for thymic Treg cell development. The 

instructive model and stochastic model proposed that nTreg selection in 

thymus is dependent on intermediate self-reactivity and TCR-

independent signal at double negative stage of thymocyte development 

respectively. Adapted from Hsieh, Nature review immunology, 2012 

[259].  
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Figure 1.6: Models of self-reactivity and Treg cell generation. The 

Gaussian distribution model and Poisson distribution model suggest that 

nTreg selection in the thymus depends on higher self-reactivity than the 

level of self-reactivity permitted for conventional T-cell selection. These 

models also propose that the range of self-reactivity required for the 

development of nTreg resides closer to the threshold of high self-

reactivity which leads to clonal deletion of cells by negative selection. 

Poisson distribution model differs from the Gaussian model in the larger 

predictive difference between the low self-reactivity necessary for 

positive selection of conventional T-cell and higher self-reactivity of 

nTreg. Adapted from Hsieh, Nature review immunology, 2012 [259].  

 

 

In line with the instructive model, both Gaussian and Poisson distribution 

models predict that relatively higher TCR avidity results in nTreg 

selection and the range of TCR avidity required for nTreg selection lies 

closer to the threshold for negative selection than positive selection [259, 
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262].  However, Poisson distribution model proposed that the difference 

between the level of self-reactivity required for nTreg selection and 

positive selection is larger than speculated by the Gaussian distribution 

model. Contrary to the nTreg development models discussed above, the 

stochastic or selective model suggests that TCR-independent signals at 

the CD4-CD8- stage of thymic development determines FoxP3 nTreg 

selection [263, 264]. Despite the conflicting theories about the nTreg 

selection model, it has been established that nTreg emanate from a 

distinct population of immune suppressive T-cells in thymus. 

 

 
nTreg cells are currently defined as CD4+FoxP3+CD25HighCD127Low  [252, 

265-267]. nTreg cells also express LAG-3, 4-1BB, GITR, CTLA-4,OX-40, 

CD73, CD39 and neuropilin-1 [175, 268-273]. However, none of these 

markers are exclusively expressed by nTreg and a combination of 

markers are still required to identify these cells. Interestingly, nTreg cells 

could also be divided into two groups based on CD45RA  and CD45RO 

expression [274-278]. The CD45RA+ nTreg and CD45RO+ nTreg cells are 

termed naïve and memory nTreg respectively. CD45RA+ nTreg differ from 

CD45RO+ nTreg in their reduced potential for proliferation and migration 

[274]. It was also reported that CD45RA+ nTreg were preferentially 

located in the bone marrow and cord blood whereas CD45RO+ nTreg 

were predominant in the skin and peripheral blood. Moreover, it was also 

demonstrated that naïve nTreg cells are less susceptible to CD95-CD95L 

(FAS-FASL) mediated apoptosis compared to memory nTreg [276]. 

Interestingly, FoxP3+CD25+ regulatory cells with similar suppressive 

potential as nTreg can also develop from naïve CD4+CD25- T-cells in the 
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peripheral immune system. These non-thymic FoxP3+CD25+ cells are 

known as peripheral Treg (pTreg) and the induction of pTreg is 

dependent IL-2 as well as TGF- [248, 279-281]. Comparative studies to 

determine their functional potential also demonstrated that pTreg cells 

were more immune-suppressive compared to nTreg with the same TCR 

specificity [282]. However, in that study, the suppressive activity of 

pTreg was attributed to IL-10 production and neutralizing antibody 

abrogated the effect of pTreg but not nTreg which indicates that these 

cells appear to have different or overlapping mechanism of action. These 

observations were further supported by another study which 

demonstrated that nTreg were essential to prevent auto-immune disease 

mediated lethality whereas pTreg cells were important for prevention of 

chronic inflammation [283]. It has also been suggested that neuropilin-1 

(Nrp-1) could be used as a surrogate marker to distinguish nTreg, which 

express Nrp-1, from pTreg in order to further investigate the role of 

these immune cells in mediating tolerance [268, 284, 285].  

 

 

nTreg cells exert their regulatory function cell-cell contact dependent 

suppression by reducing proliferation of the effector cells, modulation of 

maturation and function of dendritic cells, modulation of cytokine 

microenvironment, cytolysis and metabolic disruption of target cells 

[286-288]. nTreg mediated immune-suppression is of particular 

importance to impede the development of auto-immune diseases such as 

Rheumatoid arthritis (RA) and multiple sclerosis (MS). It has been 

reported that nTreg intercept the development of organ-specific auto-
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immune pathogenesis by inhibiting the differentiation of auto-reactive 

effector cells [289]. It has also been reported that nTreg suppress Th1, 

Th17 mediated inflammation and their function is impaired in MS, RA as 

well other auto-immune diseases [272, 290-292]. While it has been 

reported that the frequency of nTreg might decrease in auto-immune 

diseases, elevated tumour infiltrating nTreg has been reported in several 

cancers including gastric and ovarian cancer [292-295].  The 

recruitment, accumulation and expansion of nTreg in tumour could 

potentially hamper the effector cell mediated anti-tumour immunity and 

targeting of nTreg is required to potentiate anti-tumour immune 

responses [286, 296]. Importantly, although controversial, plasticity of 

nTreg has also been noted in recent years and its implication on the 

nTreg mediated immune-suppression is yet to be deciphered [297-299]. 
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1.5.8.2 Inducible regulatory T-cells 

A) Th3 cells 

Th3 cells were initially observed to be critical regulator of peripheral 

tolerance following oral administration of self-peptide myelin basic 

protein (MBP) and proteolipid protein (PLP) in Multiple Sclerosis patients 

[300]. Administration of the MBP and PLP resulted in induction of antigen 

specific TGF- secreting Th3 cells and it was suggested that mucosal DC 

might promote the differentiation of naïve cells to Th3. Indeed, it was 

later determined that mucosal DC recognize commensal bacteria, present 

antigens and produce IL-10, TGF-β, and IL-6 which promotes 

differentiation of Th3 cell. The induction of Th3 cell in turn promotes IgA 

production by B-cells which is important to maintain tolerance against 

commensal bacteria [301-303]. Interestingly, Th3 cells can also express 

FoxP3 but they are distinct from the FoxP3+ nTreg. Moreover, It was 

demonstrated that upon repeated antigenic administration, Th3 cells 

induce FoxP3+ nTreg and suppress Experimental Autoimmune 

Encephalomyelitis (EAE) in mice [304]. Although Th3 cells express FoxP3, 

unlike nTreg which was affected in IL-2-/- mice, the development of Th3 is 

not dependent on IL-2 [305]. Th3 exert their immune-suppressive 

activity by producing TGF-β which negatively regulates both Th1 and Th2 

cells. Th3 cells also play crucial role in immune tolerance to non-self 

antigens as it was reported that Th3 mediate the antigen specific hypo-

responsiveness in chronic human helminth infection and suppress T-cell 

proliferation by enhanced  TGF-β  and IL-10 production [306]. Th3 cells, 

like other Treg populations lack a single specific marker. 
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B) Type 1 regulatory (Tr1) T-cells  

 
Type 1 regulatory T-cells  (Tr1) were first identified in patients with 

severe combined immunodeficiency (SCID) transplanted with HLA 

mismatched haematopoietic stem cells. The Tr1 cells were characterised 

as immune-suppressive cells which conferred tolerance for a graft by 

producing high-level of IL-10 [307]. Further studies reported that IL-10+ 

Tr1 cells are of a different origin than nTreg and they develop from 

conventional T-cells in the peripheral immune system. It was 

demonstrated that Tr1 cell development is not impaired by FoxP3 

mutation or deletion. The induction of these cells was observed in 

Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-Linked 

(IPEX) Syndrome which is manifested due to mutation in FoxP3 gene 

[308]. Importantly, immune-suppression mediated by Tr1 cells was 

determined to be comparable to that of nTreg cells in vivo and in vitro 

[309, 310]. In addition, it was reported that enforced expression of IL-10 

confers Tr1 phenotype and function in human CD4 T-cells [311]. Several 

studies have explored the induction and function of Tr1 cells both in vivo 

and in vitro. However, due to differences in the experimental settings and 

method of generation in these studies, it still remains unclear if these 

cells constituted the same inducible immune-suppressive cell population 

or not. Several cell surface markers has also been associated with Tr1 

cells but none of them are exclusively expressed by Tr1 cells [312]. 

 

I. Induction of Tr1 cells 

There are several pathways which have been described for the generation 

of Tr1 cells in vitro and in vivo. These include: the differentiation of Tr1 
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cells from naïve CD4 T-cells by signalling via alternate costimulatory 

molecules (CD46, CD55, CD2) [313-315]; differentiation via CD28 

costimulation in the presence of  a range of cytokines (IL-27, IL-10, IFN-

, TGF-, IL-6) [316-320]; immune-modulators (Dexamethasone, 

Rapamycin etc.) [321, 322]; differentiation mediated by regulatory 

dendritic cells [323] and switching to Tr1 cells from Th1 cells via CD46 

signalling [324].  

 

Dendritic cells play a critical role in the induction of all cells, including Tr1 

cells. It has been reported that tolerogenic DC, known as DC-10, induces 

differentiation of Tr1 cells via IL-10 dependent ILT4/HLA-G pathway 

[323]. DC-10 have been characterised as CD14+CD16+CD11c+CD11b+ 

HLA-DR+CD83+CD1a−CD1c− and ILT4 expressed on DC-10 interacts with 

HLA-G on T-cells to induce Tr1 cells. Importantly, HLA-G expression on T-

cells is dependent on IL-10 produced by DC-10 and blocking the IL-10 

signalling by using anti-IL10 receptor antibody reduced HLA-G expression 

by CD4 T-cells which in turn controlled induction of Tr1 [323]. The role of 

IL-10 receptor signalling in Tr1 was further supported in another study 

which demonstrated that  IL-10 receptor (IL-10R) signalling was critical 

for Tr1 function in vivo as it helped to maintain sustained production of 

IL-10 via activating STAT3 and p38 MAP kinase [325]. Although IL-10R 

signalling was dispensable for the differentiation and function of Tr1 cells 

in the presence of IL-27, impaired IL-10R signalling resulted in lack of 

sustained immuno-suppressive function in the long term and failed to 

provide protection against colitis [325]. In addition, protein kinase  was 

determined to be essential for the efficient induction of antigen specific 
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IL-10+ CD4 T-cells regulated tolerance following antigen dose escalation 

studies [326]. Activation of naïve CD4 T-cells in the presence of immune-

modulators such as Dexamethasone, Vitamin-D3, Rapamycin etc. have 

also been reported to induce IL-10+ Tr1 cells [321, 322]. However, the 

characterisation of these induced cells was often limited to the induction 

of IL-10. Whereas the presence of other cytokines such as IFN-g could 

also be used to determine if the treatments resulted in induction of IL-10 

in Th1 cells. 

 

It has also been reported that repeated antigen stimulation with higher 

affinity peptide induced tolerance by development of antigen-specific IL-

10+ CD4 T-cells and provided protection against EAE whereas lower 

affinity peptides failed to do so to the same extent [327, 328]. Also, 

several studies reported that the dose of antigen and route of 

administration could potentially influence the induction of IL-10+ cells in 

vivo and high antigen dose was required to induce tolerance by 

sequential transcriptional modification which suppressed the 

proinflammatory effector function and enhanced regulatory T-cell 

associated markers including c-MAF, NFIL3, LAG-3, TIM-3, PD-1 [329]. 

 

II. Function of Tr1 cells 

Extensive studies revealed that Tr1 cells exert their regulatory effect not 

only by IL-10 production but these cells also utilize contact dependent 

mechanisms via CTLA-4/CD80 and PD-1/PDL-1 interactions [330], 

metabolic disruption of target cells by CD39,CD73 [331] and granzyme-B 
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mediated cytolysis [332-334]. However, IL-10 production is still 

considered as the defining characteristic of Tr1 cells. 

 

Figure 1.7: Function of Tr1 cells. Type 1 regulatory T-cells regulate 

immune responses by multiple mechanism which could be divided into 

four categories. A) Tr1 cells directly suppress target cells by secreting 

immune-suppressive cytokine such as IL-10 and TGF-. B) Tr1 cells also 

suppress target cells by contact dependent mechanism CTLA-4 and PD-1 

interaction. C) Tr1 cells instigates metabolic disruption of target cells by 

catalytic inactivation of extracellular ATP by using ectoenzyme CD39 and 

CD73. D) Tr1 cells disrupt priming of effector cells targeting and killing 

myeloid antigen presenting cell by granzyme-B and perforin mediated 

cytolysis which requires the interaction between CD226-CD1555/CD112. 

(Adapted from Gregori, Frontiers in immunology, 2012 [335]) 

 

 

IL-10 is one of the key immuno-suppressive cytokines which was initially 

identified as a Th2 clone factor which suppressed the cytokine production 

by Th1 cells and it was known as cytokine synthesis inhibitory factor 

(CSIF) [336, 337]. Later it was discovered that many cells from both the 
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innate and adaptive immune system can produce inhibitory cytokine 

including; eosinophils, neutrophils, B cells, CD8+ T cells, and Th1, Th2, 

and Th17 CD4+ T cells. IL-10 exerts immune-suppression by negatively 

regulating maturation and function of dendritic cells and macrophages 

[338]. It also downregulated the MHC class-II and costimulatory 

molecule expression on APCs. Moreover, IL-10 modulates the production 

of IL-12 by APC which in turn affects the induction and function of Th1 

cells [339, 340]. IL-10 also directly reduces IFN- production and 

proliferation of Th1 cells[341]. Importantly, the role of IL-10 in 

maintaining immune tolerance was noted in IL-10 deficient mice which 

demonstrated prolonged and exaggerated immune responses toward 

antigen, excessive inflammation, tissue damage and auto-immunity 

[342-345]. Interestingly, it was determined that IL-10 is a key mediator 

of homeostatic interactions with commensal microorganism as lack of IL-

10 led to progression to pathological condition in response to gut 

microbiota [344, 346]. Tr1 cells also prevented the induction of 

inflammatory Bowel disease (IBD) in an IL-10 dependent manner when 

adoptively transferred into mice [4]. Moreover, it was also demonstrated 

that glycoantigen derived commensal bacteria induce potent Tr1 cell 

which express gut homing receptors [347]. IL-10 is important to control 

inflammation in autoimmune diseases such as multiple sclerosis, 

rheumatoid arthritis  etc. [348, 349] and the level of IL-10 was 

determined to be inversely correlated with EDSS (define) score in 

progressive MS patients [350].  
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1.6 Differentiation of CD4 T-cells 

 
1.6.1 The “Three Signal Model” of T-cell 

differentiation 

 
Thymic development of T-cells from the haematopoietic stem cells results 

in quiescent but immune-competent naïve T-cells. Following the egress 

from the thymus, antigen-inexperienced naïve T-cells remain in the 

peripheral immune system until they recognize cognate antigen and 

differentiates into effector cells. However, the differentiation of naïve 

cells is a complex process that requires coordinated participation of 

multiple signals to ensure the initiation of immune response rather than 

T-cell unresponsiveness or anergy. The “Three signal model” of T-cell 

differentiation postulates that CD4 naïve T-cell could differentiate into 

effector cells when a TCR signal is triggered by recognition of antigen 

(signal 1)  in conjunction with appropriate costimulatory signal provided 

by antigen presenting cells (signal 2) and in the presence of supporting 

cytokine milieu which supports the T-cell linage selection (signal 3) [351-

354]. The recognition of antigen in absence of a costimulatory signal 

leads to the induction of anergy [355] or deletion of cells by apoptosis,  

which may play an important role in the maintenance of immune 

tolerance [356]. In contrast, the recognition of cognate antigen 

accompanied by costimulatory signal and cytokines results in cell 

differentiation which is characterised by IL-2 production, cell 

proliferation, upregulation of activation markers (e.g. CD69, CD25 etc.), 

acquisition of a specific phenotype and attaining the ability to respond to 

the same antigen upon restimulation [185, 357-360]. 



   62 

 

 

 

Figure 1.8: The three signal model of T-cell activation.  The “three 

signal model” depicts the prerequisite signals essential for the 

differentiation of naïve T-cells. Signal 1 is provided by TCR signalling 

upon antigen recognition while signal 2 derives from the interaction of 

costimulatory moles on T-cells with their ligands on APC. Both signal 1 

and signal 2 are absolute requirement for differentiation and cell survival 

whereas the signal 3 provided by the cytokine milieu is important for 

determining the phenotype and function of the cells. (Adapted from 

Kambayashi 2014 [361]). 

 

Depending on the type of costimulatory signal (Signal 2) obtained from 

APC at the time of T-cell priming, naïve cells can differentiate into either 

proinflammatory or anti-inflammatory T-cells. The requisition of 

costimulatory signal to elicit T-cell responses derived from the seminal 

observations made in the organ transplantation studies by Lafferty and 
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Woolnough [355, 362]. Subsequent discovery of CD28 [363] and its 

ligand CD80 [364, 365] established the obligatory requirement of 

costimulation for the differentiation of naïve T-cells as the signal 2 [366].  

 

The recognition of peptide-MHC complex initiates a signalling cascade 

where TCR complex is phosphorylated by the kinase Lck and 

phosphorylation of the signalling motif leads to recruitment of Zap70 

which in turn phosphorylates adapter protein LAT and results in 

downstream signalling via different pathways [367]. Early studies 

differentiated CD28 costimulatory signal from CD3-TCR signalling based 

on the calcium dependency and sensitivity to cyclosporine A (CsA) of the 

signal 1. Later it was determined that intracellular signalling could be 

initiated by CD28 via direct phosphorylation of CD28 and binding to lipid 

kinase PIK3. In addition, ITK, and the signalling complex GRB-2–SOS can 

also bind to CD28. The Src homology domain 2 (SH2) of PI3K binds to 

the conserved pYMNM motif on CD28 and the kinase has been reported 

to be associated with various cellular function including growth factor– 

induced mitogenesis and apoptosis which have been attributed to CD28 

signalling [368]. While CD28 still remains as one of  classical 

costimulatory molecules, a myriad of costimulatory molecules has been 

discovered in the last few years along with the coinhibitory molecules 

which negatively modulate T-cell function. While the synergistic effect of 

various costimulatory signals promotes the differentiation and activation 

of T-cells, coinhibitory molecules modulate T-cell function at later stage 

and serve as response modifiers [369, 370]. Importantly, the cytokines 

produced by dendritic and innate immune cells act as signal 3 in 
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polarization of different phenotypes of T-cells. For instance, activation of 

naïve T-cells with antigen and costimulatory signal in the presence of 

sustained IL-12 produced by APC promotes differentiation of naïve cells 

into Th1 effector cells while presence of IL-4 leads to the development of 

Th2 effector cells [371-374]. 

 

 
 
 

 

1.6.2 Antigen presentation by Dendritic cells  

The interaction between dendritic cells and T-cells is of utmost 

importance as all three components or signal required for T-cell 

differentiation and activation are controlled by dendritic cells. The 

phagocyte system is represented by a complex heterogeneous population 

encompassing Dendritic cells, macrophage and monocytes. After being 

discovered in 1973 [375], dendritic cells were referred as the “Sentinels 

of the Immune system” or “Immunogenic” due to their critical role in the 

induction of adaptive immunity against pathogens but it soon became 

evident that DCs are also the mediators of homeostasis and help to 

maintain tolerance. In the homeostatic immunological state, immature 

DCs circulate in blood or remain in the peripheral tissues and express 

lower amount of co-stimulatory molecules but demonstrate high 

endocytic activity. DCs can become activated upon encounter with 

common motifs expressed by pathogens that are recognised by a system 

of Pattern Recognition Receptors (PRRs) such as Toll-like receptors 

(TLRs), C-type lectin receptors (CLRs), Nucleotide Oligomerization 

Domain-like receptors (NOD-like receptors or NLRs), Retinoic acid–
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Inducible Gene (RIG)-I-like receptors (RLRs) and Scavenger receptors 

[376-378]. After the capture of potential antigen by phagocytosis, 

endocytosis or micropinocytosis, the antigen is processed by degradation 

and presented to T-cells in context of Major Histocompatibility Complex 

(MHC) molecules. PRR activation leads to upregulation of those ‘signal 2’ 

costimulatory receptors and induction of cytokines ‘signal 3’ that can 

coordinate to prime the successful activation and differentiation of naïve 

T cells. 

 

Different subpopulations of DC express specific chemokine receptors in 

their immature state and respond to local inflammatory stimuli induced 

CC and CXC chemokines (RANTES, MIP-1 alpha, MIP-1 beta, MIP-3 alpha, 

MIP-5 etc.) [379]. However, mature DCs lose the ability to respond to 

the above mentioned chemokines by down-regulation of the receptor or 

desensitization and instead upregulate trafficking receptor CCR7 to 

facilitate response to ELC/MIP-3 beta and SLC/6Ckine which allows 

mature DCs to migrate to T-cell rich areas of the lymphoid organs [379]. 

Thus, dendritic cells go through a complex maturation process which 

enables them to become interdigitating DC and modulate immune 

response to self and non-self antigens.  

 

Cytokine secretion by dendritic cells is intricately associated with T-cell 

immunity. DCs produce both pro-inflammatory cytokine such as IL-12 

which induces the differentiation of naive CD4
+ 

T-cells in IFN-γ
+ 

effector 
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T-cells and the production of IFN-γ
+ 

further elevates the IL-12 by DCs 

through a positive feedback loop [380]. However, IL-12 is not 

constitutively transcribed by DCs in the immature state and is 

upregulated upon activation through CD40 signalling in conjunction with 

IFN-α or TLR agonists [381]. On the other hand, DCs secret IL-10 in the 

immature state in order to prevent spontaneous maturation [382]. The 

production of IL-10 is further enhanced upon maturation of the DC and 

might have an impact on IL-12 production in an autocrine manner as 

blocking the IL-10 with neutralizing antibody resulted in augmented 

release of IL-12 that enhanced naïve T cell activation and augmented the 

activation off allogeneic T cell [382]. Thus, the balance between IL-10 

and IL-12 is key to determine the direction and magnitude of immune 

responses.  

 

 

1.6.3 The role of alternate costimulatory 

molecules in the induction of Tr1 cells 

 
TCR signalling provides the primary signal required for T-cell activation 

but it is not sufficient to induce T-cell differentiation. Immune synapse 

formation, of the central, peripheral and distal supra-molecular activation 

complexes (cSMAC, pSMAC and dSMAC, respectively), is the primary 

reorganizing event which enables coordinated signalling through TCR and 

costimulatory molecules to initiate T-cell activation. The classical Th1 

inducing costimulatory molecule CD28 has been studied extensively and 
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it has been demonstrated that CD28 is localized in the cSMAC along with 

TCR where it forms micro clusters in order to initiate downstream 

signalling via protein kinase  [383]. However, there are other 

costimulatory molecules which have been reported to induce 

differentiation of not only pro-inflammatory but also anti-inflammatory T-

helper cells. There are three costimulatory molecules which are 

associated with the induction of Tr1 cells from either naïve CD4 T-cell or 

effector CD4 T-cells. 

 

CD2-CD58 was the first costimulatory receptor-ligand pair reported to 

induce differentiation of naïve T-cells into Tr1 cells [313]. The CD2 

induced IL-2, no IL-4, some IFN-γ, and high levels of IL-10 production 

from T-cells. However, CD2 costimulation also induced anergy of the CD4 

T-cell which was not dependent on IL-10. Later CD46 and CD55- two 

compliment regulatory proteins with costimulatory potential, were also 

reported to induce Tr1 cells [314, 315, 384-386]. Initially only 
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Figure 1.9: Co-stimulatory and co-inhibitory molecules and their 

cognate ligands. Depending on the maturation state, dendritic cells 

express many costimulatory and co-inhibitory molecules. The 

costimulatory molecules are required for naïve CD4 T-cell differentiation 

and activation of effector cell whereas co-inhibitory molecules attenuate 

T-cell responses at later stage by either competing with costimulatory 

signal or activating negative regulatory pathways. (Adapted from 

Bakdash, Frontiers in immunology, 2013 [369])  

 

 

complement protein C3b was identified as the ligand for CD46 but later 

Notch signalling protein Jagged1 was also determined to be a ligand for 

CD46 which helped to elucidate underlying mechanism of CD46 mediated 

IL-10 production. It has been proposed that CD46 sequesters Jagged1 on 

the resting CD4 T-cells and prevents its interaction with the Notch1 which 

promotes Notch1-DLL1 signalling and serves as a break for T-cell 
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activation. Upon TCR signalling, C3b is generated locally which binds to 

CD46 and enables Jagged1-Notch1 signalling which results in IL-10 

production. It has also been reported that -E-catenin mediates the 

down-regulation of CD46 in activated T-cells which further promotes 

Jagged1-Notch1 interaction and the absence of -E-catenin leads to 

impaired CD46 down-regulation which resulted in reduced IL-10 

production [387]. Interestingly, CD46 regulated signalling cascade, 

leading to induction of Tr1, has been suggested as  a mechanism for 

“switching” from Th1 phenotype to Tr1 phenotype [388]. According to 

this model of Tr1 induction, IFN- + Th1 cells transition to IL-10+ cells at 

the end of an immune response via CD46 signalling and it challenges the 

notion that Tr1 cells represent a specific lineage of regulatory T-cells. In 

contrast, it was demonstrated that CD55 on T-cells interacts with its 

ligand CD97 and induced differentiation of naïve CD4 T-cells into a 

discrete IL-10+ Tr1 population [315]. Similarly, it was demonstrated that 

both IL-27 and IL-6 induce differentiation of Tr1 cells from naïve T-cells 

when stimulated with CD3/CD28 [316, 317]. A key issue in the field of 

Tr1 cells is in providing a consensus in terms of a definition. The 

differentiation of Tr1 cells from naïve CD4 T-cells posits that these cells 

belong to a specific lineage. However, many of the studies mentioned 

here use IL-10 as a definition of Tr1, when IL-10 can be induced in a 

large range of cell lineages under different conditions. Whether these 

costimulatory molecules and cytokine-regulated induction of Tr1 cells 

share any common molecular pathway is yet to be determined.  

 

 
 



   70 

1.6.4 T-cell plasticity 

 
The discovery of Th1 and Th2 cells provided us a dualistic perception 

about the T-cell differentiation and commitment to specific lineage. 

However, this notion has been challenged in the recent years by the ever 

expanding classification of T-cell subsets which now also accommodates 

Th3, Th9, Th17, TFH, Th22, nTreg, pTreg and Tr1 cells. To further 

complicate our understanding of T-cell lineage as a differentiated 

phenotype, many studies have reported the emerging functional 

flexibility or plasticity of T-cells under health and disease conditions [389-

393]. Plasticity has been defined as the ability of T-cells of a specific 

origin/lineage to attain the characteristics of one or more different 

lineages.  This has been defined in terms of cytokines production and 

expression of master regulator transcription factors [393, 394]. For 

instance, it has been demonstrated that FoxP3 regulatory T-cells could be 

reprogrammed, under the appropriate environmental conditions, to 

produce IL-17 and express RORt which is signature prolife of Th17 cells 

and vice versa [390, 395, 396]. In addition, induction of Th1/Treg cells 

was also reported where the Th1 cells attained FoxP3 expression while 

concomitantly expressing T-bet as well as IFN- and mediated immune-

suppression by producing IL-10 in order to impede airway hyper-

reactivity development [397].  
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Figure 1.10: Cytokine-driven T cell plasticity. Inductive cytokine 

mediated plasticity of T-cells is depicted as transition of naïve T-cells to 

polarized and terminally differentiated T-cells via intermediate ephemeral 

state which is demonstrates the characteristics of more than one T-cell 

subset. Concerted effect of multiple cytokines or single cytokine might 

initiate reprogramming of a T-cell primed under different conditions. 

Repeated stimulation of T-cells under similar condition eventually leads to 

polarization which restricts the cellular function to specific subset and 

decreases susceptibility to plasticity. (Adapted from DuPage, Nature 

reviews immunology, 2016 [394] ) 
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The evolving paradigm shift in the concept of “plasticity” and “lineage 

stability” has been attributed to previously unfathomed influence of 

determinants such as cytokines, strength of TCR as well as costimulatory 

signal, microRNA, non-coding RNA, notch signalling and epigenetic 

modification on the polarization of differentiated effector cells [297, 393, 

394, 398, 399]. It has now been demonstrated that the cytokines which 

influence the priming of T-cells during differentiation process could also 

serve as an inductive factor for plasticity of established T-cell subsets. 

For example, it was demonstrated that the concerted effect of type I and 

type II interferons along with interleukin-12 direct the reprogramming of 

LCMV-specific Th1 cells into T-bet+GATA-3+ Th1/Th2 cells which persisted 

for a long time in vivo [400]. Similarly, rapid in vivo conversion of IFN- 

producing Th1 into IL-4+ Th2 cells was observed during helminth 

infection in a mouse model [401]. In addition, epigenetic modification 

has also been identified as one of the crucial factors which controls T-cell 

plasticity. Naïve T-cell differentiation represents the culmination of 

multiple integrated signals that determine T-cell fate. However, 

differentiation also facilitates the establishment of an epigenetically 

modified pattern of chromatin so that characteristic gene expression can 

be recapitulated in a heritable way by the progenitor cells upon 

restimulation. This process not only requires progressive changes in 

genes associated with specific lineage, but it also needs regulation of 

other genes which might suppress development of the selected lineage 

[402, 403]. However, differentiation does not completely abrogate the 

potential for flexibility, and it allows critical genes to remain in a  

“bivalent state” in order to respond to modified signals. It has been 
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confirmed by several studies that master regulator genes such as Tbx21, 

Gata3, Rorc etc. can remain in a bivalent state following differentiation 

which indicates a potential for obtaining characteristics of multiple 

subsets [297, 404]. Global Mapping of trimethylated lysine 4 on histone 3 

(H3K4me3) and trimethylated lysine 27 on histone 3 (H3K27me3) 

associated with permissive and repressive chromatin modification 

respectively. This revealed that distinct epigenetic patterns are exhibited 

by different subsets of cells [297]. For example, repressive H3K27me3 

modification of Foxp3 gene was noted in Th1 and Th2 cell but not in Th17 

cells which could potentially explain the existence of ROR+FoxP3+ Th17 

cells reported by several studies [297, 396, 405]. Similarly, Tbx21, 

Runx3, RORc genes were determined to be in bivalent state in iTreg cells 

which indicated that under appropriate stimuli, iTreg cells could obtain 

the expression pattern of multiple master regulator transcription factors. 

Moreover, it was also reported that Th2 cells retained H3K27me3 

modification on GATA-3 gene following differentiation from naive CD4 T-

cells upon primary stimulation. Subsequent stimulation was required for 

polarization which was accompanied by removal of the H3K27me3 

signature from GATA-3 gene [297]. In line with these observations, the 

“Progressive T-helper cell differentiation” model suggests that naïve cells 

contain genes in a “poised” form which convert to a bivalent state in 

effector cells and permits flexibility of cellular function. Sustained 

polarizing stimulation would lead to either permissive (H3K4me3) or 

repressive (H3K27me3) chromatin modification which results in 

generation of terminally differentiated effector cells with restricted 

potential for plasticity [406]. This model was supported by study which 
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demonstrated that polarized long term Th1 cells acquired from repeated 

restimulation with IL-12 could not convert to Th2 cell whereas short term 

Th1 cells (1 week) obtained Th2 phenotype in the presence of IL-12 and 

IL-4 [407].  

 

 

 

 

 

Figure 1.11: Epigenetic modifications accompany progressive T 

helper cell differentiation. (A) Naive T cells have master regulators 

(top) in receptive “poised” states (yellow balls) and effector cytokines 

(bottom) in epigenetically silenced chromatin (red balls), although some 

cytokine genes are poised for rapid expression after TCR stimulation. (B) 

After one or two stimulations under polarizing conditions, daughter cells 

express similar cytokines from activated loci (green), whereas other 

cytokines become silenced (red) or maintain a poised state awaiting 

stimulation. Some master regulators, however, remain bivalent (red and 

green), sustaining flexibility in the cells that allows redirection of cytokine 
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expression if the inflammatory milieu changes. (C) With continued 

polarizing stimulations, master regulators become silenced (red) or 

activated (green), leaving cells with an essentially fixed repertoire of 

cytokine effectors (bottom) caused by the “loss” of genetic space. 

Memory cells, which arise early after initial antigen stimulation, would be 

predicted to maintain more bivalent states at master regulators, thus 

leaving a more flexible cytokine repertoire in memory cells as compared 

with terminal effector cells. (Adapted from Locksley, Journal of 

Experimental Medicine, 2009 [406]) 

 

 

 

The observations related to T-cell plasticity are of particular importance 

in elucidating T-cell immune responses contributing to the disease 

pathogenesis and its implications raise concern for immunotherapy based 

on adoptive transfer of T-cells such as nTreg and CAR-T cell therapy for 

the treatment of autoimmune disease and cancer respectively [408]. This 

is also particularly relevant in the field of Tr1 cells, where multiple routes 

and vague criteria are used to define the Tr1 cells. Given the above 

points it is possible that many of the definitions of Tr1 cells are actually 

Th1 or other lineages that have been induced to express IL-10. 

Nonetheless, it has also been acknowledged that the plasticity of T-cells 

is required in order to adapt to the immunological cues and the 

reprogramming of established T-cell responses could also provide us with 

opportunity for therapeutic intervention where pro-inflammatory Th1 or 

Th17 cells driving auto-immune responses could be targeted to produce 

anti-inflammatory IL-10 instead. 
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1.7 The role of CD55 and CD97 in T-cell immunity  

CD55, originally defined as Complement Decay Accelerating Factor 

(CDAF), is a glycoprotein encoded by a gene on Chromosome 1. It is a 70 

kDa glycosylphosphatidylinositol (GPI)-anchored protein which disrupts 

the C3 convertases (C4b2b / C3bBb) and prevents C3b deposition on the 

cell surface and the subsequent formation of the membrane attack 

complex in both Classical and Alternative pathways of Complement 

system [409]. Initially only two isoforms of CD55 were identified- 1. GPI-

anchored membrane bound protein (gCD55wt), 2. A soluble form of CD55 

(sCD55). While the gCD55 is expressed by all tissues, the soluble CD55 

has also been detected in plasma, tears, saliva, urine, faeces, synovial 

and cerebrospinal fluids [410]. More recently, five more isoforms of CD55 

were isolated from human lungs tumours, including three alternate 

soluble forms and two membrane bound forms containing intronic 

sequences. [411].  

 

CD55 is expressed by all cells including erythrocytes, lymphocytes, 

dendritic cells, epithelial and endothelial cells etc. [412]. In normal 

epithelial and endothelial cells, CD55 expressed at low level. However, its 

expression is increased up to 40 times in tumours [413]. The 

dysregulation of CD55 expression in various cancers has also been 

reported by many studies [413-418]. Interestingly, it was reported by 

several studies that certain isoforms of CD55 were upregulated in 

neoplastic tissue. It has been suggested that the isoform gCD55int7+, 

containing complete sequence of intron7, might serve as a marker for 

cancer diagnosis and could be a suitable targeted for immunotherapy as 
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gCD55int7+ [419]. CD55 has already been used a target molecule for the 

treatment of Non-metastatic Gastric cancer [420] and Anti-CD55 IgM 

antibody (PAT-SC1, Patrys limited) has demonstrated promising results 

by increasing the survival rate of the patients in clinical trials. It was also 

reported that neutralizing antibody against CD55 increase the efficiency 

of anti-cancer drug Rituximab [421].  

Although CD55 has been known as a complement regulatory protein, only 

recently its role as a mediator of T-cell immunity has emerged [422, 

423]. To modulate the function of T-cells, CD55 interacts with its ligand 

CD97, which is an Epidermal Growth Factor seven-span Trans-membrane 

(EGF-TM7) receptor and known as an early leukocyte activation marker 

[424]. There are several isoforms of CD97, which arise due to alternate 

RNA splicing, and the smallest isoform (EGF1,2,5) binds to CD55 with 

highest affinity.  

 

In MS, CD55 and CD97 were noted to be expressed by the infiltrating 

pre-active and active lesions. Also, the level of soluble CD97 in the serum 

of MS patients was significantly higher compared to the heathy 

individuals and it might influence the interaction of cellular CD97 

interaction with membrane bound CD55 on T-cells [425]. Interestingly, 

biochemical and  structural analysis revealed that the binding site for 

CD97 on CD55 is located in domains 1 and 2 and on the opposite face to 

the site that is involved in the complement regulation [426]. It has also 

been demonstrated that CD55-CD97 interaction does not impair its ability 

to inhibit complement. So, CD55 can simultaneously regulate T-cell 

function and the complement system. 
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Figure 1.12: Intermolecular interaction between CD55 and CD97.   

CD55 has  the ability to interacts with its cellular ligand CD97 which 

expressed by antigen presenting cells and C3 as well as C5 convertases 

of the complement system. The N-terminal SCR1 domain of CD55 

interacts with the N- terminal EGF1 and EGF2 domains of CD97, while a 

hydrophobic patch cantered on the linker between the SCR2 and SCR3 

domains of CD55 binds to the convertases. (Adapted from Abbott et al., J 

Biol Chem., 2007 [426]) 

 

 

CD55 co-stimulation, via CD97 or by crosslinking Antibody (Ab) in 

conjunction with CD3 (CD55/CD3) co-engagement on CD4+ T-cells leads 

to enhanced proliferation, expression of activation markers such as 

CD69, CD25 as well as cytokine production [386]. The CD55 co-

stimulation of CD4+ T-cell is independent of its role in complement 

inhibition and comparable to CD28 and CD3 (CD28/CD3) co-engagement.  
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IL-10 is produced upon CD55 costimulation in the presence or absence of 

IL-2. The addition of IL-2 increases proliferation, activation, IL-10 and 

IFN- in a mixed population [386]. As elevated IL-10 production by 

CD4+CD25+ T-cells is one of characteristics of Regulatory T-cells, further 

investigation revealed that CD55 indeed is associated with induction of 

discrete Type1 Regulatory T-cell (Tr1) which represent only  0.5-4.5% 

of the cell population [315]. 

 

The potential of CD55 costimulation to induce activation, IL-2 production 

and proliferation of naïve CD4+ T-cells is comparable to CD28 

costimulation even though they lead cells to differentiate into Tr1 (IL-

10High, IFN-Low, IL-4-) and Th1 (IL-10-,IFN-High,IL-4-) phenotype, 

respectively. CD55 induced CD4+ T-cells maintain their IL-10+ phenotype 

over multiple rounds of restimulation by CD55. Although no specific 

unique surface marker has been established to define the Tr1 phenotype, 

many studies reported similar cytokine profile to identify these regulatory 

T-cells [427-430] and the cell population obtained after CD55 induction 

demonstrated similar properties (IL-10High IFN-Low IL-4-). CD55 co-

stimulation also induces the expression of some of the markers that have 

been associated regulatory phenotype of T-cells such as CD49b, LAG-3 

and CD226 [431]. 

 

The primary stimulation of T-cells with CD55 gives rise to two distinct 

populations - a small IL-10+ population which produces high level of the 

suppressive cytokine and a larger IFN-+ population. The restimulation of 

these cells with CD55 results in expansion of both populations. Notably 
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CD55 was capable of maintaining IL-10 production in the Tr1 cells and 

also restimulated the Th1 cells. However, CD28 was only capable of 

restimulating the Th1 cells and the Tr1 cells failed to produce IL-10, 

suggesting that CD55 is the driving force of IL-10 production by Tr1 and 

once committed the Tr1 cells are unresponsive to CD28.  

 

The CD55 induced Tr1 cells also demonstrated the ability suppress 

proliferation of CD28 co-stimulated cells via IL-10, as neutralizing the 

cytokine abrogated the inhibitory effect  [315]. The differentiation of 

naïve CD4 T-cells into Tr1 by CD55 demonstrated a novel receptor 

mediated route to Tr1 induction. 

 
 

1.8 Role of regulatory T-cells in Multiple Sclerosis 

(MS) 

Multiple sclerosis (MS) is an autoimmune, chronic inflammatory disease 

of the central nervous system characterised by demyelination and axonal 

loss. The aetiology of MS is still unknown but several genetic factors 

(both MHC and non-MHC genes) as well as environmental factors 

(vitamin D, lowered UV radiation exposure, cigarette smoking, obesity, 

and EBV exposure) have been associated with the development of MS. 

The clinical prognosis of MS can be divided into three stages: 1) a pre-

clinical stage when both genetic and environmental factors initiate the 

disease and it is detectable only by MRI; 2) a relapsing-remitting (RRMS) 

stage characterized by episodes of neurologic dysfunction followed by 

resolution; and 3) a progressive stage, which usually evolves from the 

relapsing stage [432, 433]. The neurodegeneration leads to irreversible 
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disabilities in MS patients and it was reported that decreased IL-10 

associated with higher disability in secondary progressive MS patients 

[434].  Immune cells, including lymphocytes and monocytes contribute 

to the inflammation which results in compromised blood-brain barrier and 

lesion areas become oedematous [433]. There are ten FDA approved 

immunotherapeutic or disease modifying treatments (DMT) for MS which 

target T cells, regulatory cells, B cells, and cell trafficking into the 

nervous system. Interestingly, emerging data suggests that there is not 

only predominance of T-cell mediated inflammation, the regulatory T-

cells function is also impaired in MS patients which might contribute to 

the disease pathogenesis [435-442]. Importantly, high frequency of 

FoxP3+ nTreg cells obtained Th1-type characteristics with secretion of 

high IFN- was determined in MS patients and these cells demonstrated 

reduced suppressive activity in vitro [443, 444]. In addition, it was also 

reported that CD46 mediated differentiation of Tr1 cell was altered in MS 

and IL-10 production in response to CD46 costimulation was significantly 

reduced in the MS patients in comparison to heathy individuals [6]. 

Interestingly, Vitamin-D3, which has immuno-modulatory potential, was 

able to rescue the IL-10 production by CD46 induced Tr1 cells in MS 

patients [445, 446]. IL-10 serves a protective role in MS as it has been 

demonstrated that decreased IL-10 is associated with the disease 

progression and dysregulation of both IFN- as well as IL-10 has been 

implicated to contribute to immunopathogenesis in MS patients [442, 

447-449]. 
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1.9 The effect of immune-modulators  on pro-

inflammatory and anti-inflammatory cytokine    

production by T-cells  

 

Immune-modulators are therapeutic agents which have the potential 

to reinstate the immune balance by enhancing or curtailing pro-

inflammatory and anti-inflammatory immune responses. In the 

recent years, immune-modulator or disease modifying treatments 

(DMTs) have been used for the treatment of many auto-immune 

diseases including MS. Reports from several studies indicate that the 

frequency of self-reactive effector cells might be higher in auto-

immune disease patients while the immunosuppressive function of 

regulatory T-cells  is compromised [450, 451]. These immune-

modulators affect the T-cells immunity- particularly regulatory T-cell 

responses via direct and indirect mechanisms. Immune-modulators 

suppress the pro-inflammatory auto-reactive immune responses by 

promoting the anti-inflammatory function of regulatory T-cells. For 

example, it was demonstrated that dexamethasone treatment 

resulted in expansion of nTreg in vivo which led to prolonged survival 

of the transplanted graft in the GVHD mouse model [452]. It was 

also demonstrated that CD4+CD25+ cells expressed higher levels of 

glucocorticoid receptors and those cells more resistant to 

dexamethasone mediated apoptosis compared to CD4+CD25- cells 

[453]. Similarly, it was reported that IFN- treatment significantly 

enhance IL-10 production in relapsing-remitting multiple sclerosis 
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(RRMS) patients compared to healthy donors while no sustained 

effect was observed in the level of IFN- [454, 455]. Although the 

level of IL-10 secreting cells were lower in untreated patients, 

longitudinal studies demonstrated that the IL-10 producing cells 

increased over the period of treatment whereas the IFN- secreting 

cells did not alter significantly [348, 456]. It was also reported that 

blocking IL-10 by using antibody abrogates the IFN- mediated 

suppressor cell function [457].  

 

Vitamin D3 is considered as a candidate for immunotherapy because 

of its immuno-modulatory potential, its deficiency being associated 

with development of MS as well as its protective role in the 

established disease by reducing clinical activity [458-461]. 

Interestingly, CD97 is an early responding Vitamin-D3 target gene 

which contains one prominent Vitamin D3 receptor (VDR) binding 

site (P1CD97) 56 kb upstream and a minor VDR-binding site (P2CD97) 

250 kb upstream of its transcription start site (TSS) and in monocytic 

cells, the gene was determined to be in accessible chromatin 

structure [462]. As the both Vitamin D3 and Tr1 cells have been 

implicated to be involved in the dysregulated immune responses in 

MS, it would be interesting to study if vitamin D3 affects the 

induction of CD3/CD55 induced Tr1 cells in MS patients. 
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1.10 Hypothesis and aim 

 
The emerging role of alternative costimulatory molecules, such as CD46, 

CD55 etc. on the induction of Tr1 cells demonstrated the differential 

effect of costimulatory signal on the initiation of diverse T-helper cell 

responses [6, 315]. It also emphasizes the role of Tr1 cells in the 

dysregulated immune responses in autoimmune diseases including 

Multiple sclerosis [6]. Moreover, the effect of immune-modulators on 

altering the cytokine profile to promote immuno-suppressive IL-10 

production by both CD28 induced Th1 cells and CD46 induced Tr1 cells 

have been reported [321, 445]. In the light of these observations and 

following on from our previous work on the induction of Tr1 cells by 

CD3/CD55 costimulation, we hypothesized that: 

1) CD55 induced Tr1 cells in MS patients would be altered compared 

to normal donors.  

2)  Immune-modulators such as Vitamin D3, Dexamethasone and 

IFN- would alter the regulatory function of CD55 induced Tr1 cells 

by affecting IL-10 and IFN-  production 

3) Competition between CD55 and CD28 would alter the induction of 

Tr1 cells. 

4) Dendritic cells expressing CD97 could induce Tr1 differentiation in 

vitro. 
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2 Chapter 2: Materials and Methods 

 

 

2.1 Ethics and Donors 

Blood was collected from each donor after all donors provided written 

consent according to the Ethical rules of Nottingham City Hospital and 

University of Nottingham. Blood taken from healthy donors was covered 

by Nottingham Research ethics approval: 161-1711. Blood obtained from 

MS patients was covered by Nottingham Research Ethics approval to Dr. 

Bruno Gran (Project: Role of immune system in Multiple sclerosis). 

 

 

2.2 Isolation of T-cells  

2.2.1 Isolation of Peripheral Blood Mononuclear 

Cells (PBMCs) 

 
Blood was collected in heparin coated tubes (for volumes upto 40 mL) or 

syringes (for volume over 40 mL) from the peripheral circulation of 

healthy donors and Multiple Sclerosis (MS) patients on the day of the 

experiment. Peripheral Blood Mononuclear Cells (PBMC) were isolated 

from blood by using density gradient centrifugation following an 

optimised protocol. Briefly, blood was diluted with sterile Dulbecco’s 

Phosphate Buffer Saline (DPBS; Product code: D8537- Sigma Aldrich) in 

1:1 ratio and 35mL of the diluted blood was layer over 15mL of 

Histopaque®-1077 (Product code: 10771, Sigma Aldrich) in a 50mL 

conical tube. This was immediately centrifuged at 800g for 25 minutes 
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with deceleration set to one to ensure clear separation of PBMC layer. 

After centrifugation, the PBMC layer (the distinct white interface between 

Histopaque® and plasma was harvested, and cells were washed twice 

with additional amount of DPBS (1:1 dilution) at 300g for 10 minutes. 

After the second wash, the supernatant was discarded and the cell pellet 

was disrupted. Cells were resuspended in DPBS and counted using a 

haemocytometer. Dead cells were excluded from the count by inclusion 

of trypan blue prior to counting (2.2.2). PBMCs were either used for 

isolation of Naïve CD4+T-cells (described in 2.2.3) / 2.2.4(what about 

total CD4s) or labelled with cell proliferation dyes (described in 2.6) for 

various experiments. 

 

2.2.2 Determining the number of isolated cells 

 
The number of cells were determined using a Haemocytometer using 

Trypan Blue dye exclusion to exclude any dead cells from the cell count. 

10L of cell suspension was sampled and mixed with 10L of Trypan blue 

and transferred onto the Haemocytometer chamber for counting on a 

light microscope. Four quadrants were counted, dead cells excluded, and 

total cell count determined according to the equation below. 

 

 

Total Cells= 𝐓𝐨𝐭𝐚𝐥 𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐜𝐞𝐥𝐥𝐬 𝐜𝐨𝐮𝐧𝐭𝐞𝐝

𝟒
 X Dilution factor for Trypan Blue X 

104  X Volume of cell suspension 
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2.2.3 Isolation of Naïve CD4+ T-cells 

 
Naïve Human CD4+ T-cells were isolated from PBMCs using Naive CD4+ T 

Cell Isolation Kit II (Product code: 130-094-131, Miltenyi Biotec, 

Germany) using a negative selection process. After isolating the PBMCs 

and washing them with DPBS, the supernatant was discarded, and cell 

pellet was disrupted before resuspending in 40L of MACS buffer per 107 

cells. Then 10L of biotin-conjugated monoclonal antibody cocktail, 

constituted of antibodies against CD8, CD14, CD15, CD16, CD19, CD25, 

CD34, CD36, CD45RO, CD56, CD123, TCRγ/δ, HLA-DR, and CD235a 

(Glycophorin A) which would bind to the non-target cells, were added to 

the cell suspension and cells were incubated at 4C for 5 minutes. 

Following the incubation period, 30L of buffer was added per 107 cells 

and 20L of microbead-conjugated antibody cocktail containing Anti-

CD61 and Anti-biotin antibody were added to the cells for 10 minutes at 

4C before the cell suspension was put through a column attached to a 

magnetic field. The flow through from the column was collected and it 

contained the unlabelled, enriched Naïve CD4+ T-cells (CD45RA+, 

CD45RO-). The cells were washed with DPBS at 300g for 10 minutes and 

resuspended in T-cell culture media before they were used for other 

experiments. The purity of the isolated cells was assessed by Flow 

Cytometry (cells were only used for experiment if the purity was more 

than 97%), based on the expression of CD45 RA and CD45RO. 
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2.2.4 Isolation of total CD4+ T-cells 

 
Human CD4+ T-cells were isolated from PMBCs by positive selection using 

microbead-conjugated Anti-CD4 antibody (CD4 Microbeads, Human; 

Product code- Order no. 130-045-101; Miltenyi Biotec, Germany). PBMCs 

were counted and washed with DPBS at 300g for 10 minutes. Then the 

supernatant was discarded, and cell pellet was disrupted before 

resuspending cells in 80L of buffer per 107 cells. After preparing the cell 

suspension, 20L of CD4 microbeads were added per 107 cells and mixed 

gently. Then the cells were incubated at 4C for 15 minutes and 20 mL of 

buffer was added before the cells were centrifuged at 300g for 10 

minutes. Following the centrifugation, the supernatant was discarded, 

and cells were resuspended in 500L of buffer. Cell isolation column (MS 

or LS column depending on the number of expected yields of isolated 

cells) was placed into a magnetic field and was prepared by flushing with 

buffer before the cell suspension was applied onto the column. The 

microbead-conjugated antibody bound CD4+ cells would remain inside 

the column and the unbound cells would flow though the column 

representing the non-target cells. Once the column was empty, it was 

washed with appropriate amount of buffer three times and the column 

was removed from the magnetic field in order to recover the positively 

selected CD4+ T-cells. These were washed with DPBS for 10 minutes at 

300g and were resuspended in T-cell media. The purity of the isolated 

cells were evaluated by Flow cytometry (based on CD3 and CD4 

expression) and cells were only used for the experiments if the purity of 

the enriched cells were more that 97%. 
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2.3 In vitro culture of isolated Naïve CD4+ T-cells 

2.3.1 Cell culture media 

In all experiments (except antigen specific stimulation experiments), cells 

were cultured in T-cell Medium which consisted of RPMI-1640 

supplemented with 10% Heat inactivated Foetal Bovine Serum (FBS), 1% 

Non-essential Amino acid, 1% 2nM L- Glutamine, 1% Penicillin-

Streptomycin, 1% Sodium pyruvate and 2% HEPES buffer (all the 

components were purchased from Sigma-Aldrich). For the experiments 

where T-cell responses to antigen was studied, autologous plasma 

derived from donor’s blood was used in T-cell media instead of FBS. 

 

2.3.2 Preparing antibody coated plate for cell     

stimulation 

High binding 96-well plate (Product code:3361, Corning® Costart®) and 

48-well plate (Product code:3548, Corning® Costart®) were pre-coated 

with antibodies overnight at 4°C. Antibody solution was removed by 

aspiration prior to addition of cells for culture.  Anti-CD55 antibody 

(Clone:791T/36, Mouse IgG2b, in-house) and Anti-CD28 antibody (either 

Clone: CD28.2, Mouse IgG1, BD Biosciences or Clone: YTH913.2, Rat 

IgG2b, in-house) along Anti-CD3 antibody (Clone–OKT3, Mouse IgG2a,in-

house) were diluted in sterile PBS to prepare the antibody solution. All 

antibodies were titrated to determine optimal concentrations. Both Anti-

CD55 and Anti-CD28 antibody was used at 5g/mL whereas Anti-CD3 

antibody was used at the sup-optimal concentration of 1g/mL. Once 

Anti-CD3/Anti-CD55 and Anti-CD3/Anti-CD28 antibody solutions were 
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prepared, 200L and 1mL was added per well of 96-well and 48-well 

plate respectively.  

2.3.3 Cell culture conditions 

 
Isolated Naïve CD4+ T-cells were suspended at 0.5X106 cells/ mL in T-cell 

media (TCM) which was supplemented with rhIL-2 (50IU/mL).  For all the 

experiments, 0.1X106 cells (200L of cell suspension) were used for 

culture per well of 96-well plate whereas 0.5X106 cells (1000L of cell 

suspension) were used per well of 48-well plate. 

 

2.3.4 Primary and secondary cell stimulation  

 
Purified Cells were stimulated with combinations of antibodies (anti-CD3, 

anti-CD55, anti CD28). Primary stimulation was for three days under 

standard culture conditions. Secondary stimulation of naïve cells took 

place after 7 days rest, usually day 10. The restimulation conditions were 

the same as for primary stimulation and analysis was carried out 

between 24 and 72 hours, depending on the assay. 

Naïve CD4+ T-cells were stimulated with plate bound antibodies for the 

primary stimulation or secondary stimulation (preparation of plates 

described in 2.3.2). Usually for primary stimulation, Anti-CD3 along with 

either Anti-CD55 or Anti-CD28 was used to stimulate the isolated naïve 

CD4+ T-cells in presence or absence of immune-modulators (described in 

the section 2.4) on Day 0 (the day cells were isolated) and the activated 

cells were cultured for 72 hours (till Day3) at 37C, 5% CO2 in the 



   91 

incubator. On Day 3, cells were used to evaluate their cytokine 

production and to identify their characteristic phenotype. If the 

experiment required secondary stimulation to study the cells upon 

restimulation, they were harvested on Day 3 following primary 

stimulation and transferred to either 48-well plate or 24-well plate 

depending on the number of the cells. Then the cells were rested for 

another 7 days. During the resting period, cells were monitored every 

day and the half of the cell culture media was replaced if needed. On Day 

10, the resting cells were harvested and washed with warm TCM at 300g 

for 10 minutes and resuspended in fresh TCM supplemented with rhIL-2 

(50IU/mL) before they were restimulated under various conditions. 

2.4 Immune-modulators 

Cells were treated with various immune-modulators including; 

Dexamethasone (Aspen, 3.8 mg per vial) 10-3 M stock in DMSO, Vitamin-

D3 (Product code: D1530-1mg) 10-2 M stock in ethanol and IFN- 

(Betaferon, 250 microgram/mL equivalent to 8X106 IU/mL, Bayer Global 

Pharma). Dilutions of these stocks of immune-modulators were prepared 

on the day of experiment to study their effect on cytokine production by 

the cells following Anti-CD3/CD55 and Anti-CD3/CD28 stimulation. All 

stocks were stored at -20°C and diluted in TCM prior to use.  
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2.5 Cell proliferation assays and Cell cycle analysis 

2.5.1 Cell labelling with CellTrace™ Violet (CTV) 

 
CellTrace™ Violet (CTV) is a cell proliferation dye which was used to 

monitor the proliferative responses of CD4+ T-cells to various stimuli such 

as co-stimulatory signal and antigen-specific stimulation. Briefly, stock 

solution of Cell Trace Violet (Product code- C34557, Invitrogen, 

ThermoFisher Scientific) was prepared by adding 20L of sterile Dimethyl 

Sulfoxide (DMSO; Product code- ,Sigma Aldrich) per vial of CTV and 

gently mixing it by using a vortex to obtain a 5mM stock. A working 

concentration of 5uM, 1L of stock solution per 999L PBS, was used to 

label cells. CTV solutions were protected from exposure to light by 

covering it with foil. Isolated Naïve CD4+ T-cells or PBMCs were washed 

at 300g for 10 minutes with excess (>2ml) amount of sterile DPBS per 

1X106 of cells to remove any FBS / autologous plasma present in cell 

isolation buffer. After centrifugation, the supernatant was discarded and 

the cell pellet was disrupted. Cells were resuspended with 1mL CTV per 

1X106 cells, mixed immediately and incubated at room temperature in 

the dark for 10 minutes (determined based on optimisation experiment). 

FBS or autologous plasma containing TCM was added to quench the 

remaining unbound dye and incubated for another 5 minutes. Cells were 

then washed at 300g for 10 minutes and resuspended in appropriate TCM 

for other experiments. 
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2.5.2 Thymidine incorporation assay 

The effect of various stimuli on the proliferation of CD4+ T-cells was 

determined by thymidine incorporation assay. Naïve CD4+ T-cells 

(1×105/well) were stimulated with various combination of plate bound 

antibodies in 96-well plate for 72 hours and later pulsed with 0.5μCi [3H] 

Thymidine (Amersham Bioscience) for 16 Hours at 37C, 5% CO2 in the 

incubator. After the incubation period following addition of thymidine, 

cells were harvested on a 96-well harvester filter (Filtermate196, 

Packard/PerkinElmer) and incorporated radioactivity was measured using 

a TopCount Scintillation Counter (Packard/PerkinElmer) to determine T-

cell proliferation. 

 

2.5.3 Cell cycle analysis by Propidium staining 

 
The cell cycle analysis was performed by Propidium Iodide (PI) DNA 

staining. Cells were harvested after 72 hours of cell stimulation and 

washed with PBS. Then supernatant was discarded and single cell 

suspension was prepared before cells were fixed with cold 70% ethanol 

for 45 minutes at 4C. Then cells were washed with PBS at 500g for 10 

minutes before cells were treated with ribonuclease by adding 50 µl of a 

100 µg/ml sock of RNase (Sigma Aldrich). Finally, 10µL of PI (stock 

solution 1mg/mL, Sigma Aldrich) was added to the cells and these 

samples were used to obtain data by flow cytometry to determine the cell 

cycle. 
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2.6 Isolation of Dendritic cell (DC) and DC : T-cell 

co-culture experiment 

2.6.1 Isolation of CD14+ monocytes and 

generation of Monocyte Derived Dendritic Cells 

(moDC)  

The monocyte derived Dendritic cells were generated from the either 

fresh blood collected from healthy donors. The CD14+ monocytes were 

labelled with Anti-CD14 antibody conjugated with microbeads (Human, 

Product code: 130-050-201, Miltenyi Biotec) and separated using 

magnetic columns following the manufacturer’s protocol. The isolated 

CD14+ monocyte cells were checked for viability and purity (more than 

97% CD14+ pure cells were used for experiments) using flow cytometry. 

Purified cells were cultured for 5 days with Dendritic cell media (DCM; 

RPMI-1640 media with 10% FBS or autologous plasma and 1% sodium 

pyruvate) which was supplemented with GM-CSF (1000U/mL) and IL-4 

(1000U/mL) to differentiate the CD14+ monocytes into moDCs. On Day 

3, half the amount of cell culture media was added along with GM-CSF 

and IL-4 (1000IU/mL each) to the cells. Immature Monocyte derived 

Dendritic Cells (moDC) were harvested on Day 5 for further experiments. 

 

2.6.2 Isolation of CD1c+ Dendritic cells 

 
PBMC were isolated from healthy donors. Peripheral blood lymphocytes 

(PBL) were obtained by depleting PBMC of CD14+ cells. PBL were used for 

isolation of CD1c (BDCA-1)+ Dendritic Cells (Product no: 130-090-506, 

Miltenyi Biotec). PBLs were first depleted of CD19+ cells to remove any 
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CD1c+ B-cells.  The CD19 depleted PBLs were used to positively isolate 

CD1c+ cells, using CD1c microbeads following the manufacturers 

recommendation. The isolated CD1c+ cells were washed with PBS at 300g 

for 10 minutes and resuspended in DC culture media supplemented with 

GM-CSF and rested for an hour at 37°C and 5% CO2 in the incubator 

before they were used for other experiments. Also, the CD1c- cells were 

collected, washed and resuspended in T-cell media supplemented with IL-

2 before they were rested overnight. The CD1c- PBLs were later used for 

MLR experiments. 

 

2.6.3 DC : T-cell co-culture experiments  

DC: T-cell co-culture experiments were performed to study the effect of 

blocking CD97-CD55 interaction between DC and CD4+ T-cells by using 

Anti-CD55 antibody (Clone: 791T/36, Type- Mouse IgG2b).  moDC and 

CD1c+ DCs as well as PBLs from the same healthy donor was used to set 

up the co-culture experiments. The CD1c+ DCs were used for these 

experiments on the day of isolation whereas the moDCs were harvested 

and used for co-culture with T-cells on Day 5 following the initial CD14+ 

Monocyte isolation (on Day 0). Briefly, 1X104 CD1c+ DCs or moDCs were 

used with 50X104 PBLs (1:50 of DC: PBL) for each condition. In all 

conditions except the immature DCs (iDC), CD1c+ DCs or moDCs were 

stimulated with PolyI:C (TLR3 agonist,  Invitrogen) and R848 (TLR7 and 

TLR8 agonist, Invitrogen) and incubated for 24 hours to generate mature 

DCs. After the maturation of DCs, PBLs were added and incubated for 

another 24 hours before Cytokine Secretion Assay was performed to 
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evaluate the induction of a T-cell response. In experimental conditions 

where the effect of blocking of CD97-CD55 interaction between DC: T-

cells were observed, the PBLs were pre-coated with either Anti-CD55 

antibody (1g/mL for 100X104 PBL/mL) or Isotype Mouse IgG2B antibody 

(1g/mL for 100X104 PBL/mL) for 10 minutes at room temperature 

before they were added to the DCs. 

 

2.7 Evaluation of cytokine production 

2.7.1 Cytokine Secretion Assay (CSA) 

Cytokine production by activated cells were evaluated by flow cytometry 

using Cytokine Secretion Assay (CSA). For the Dual CSA to determine IL-

10 and IFN- production, IL-10 Secretion Assay – Detection Kit (APC), 

(Human, Product code: 130-090-761, Miltenyi Biotec) and IFN- 

Secretion Assay – Detection Kit (FITC) (Human, Product code: 130-090-

433, Miltenyi Biotec) were combined. CSA was performed after 72 hours 

of the primary stimulation and 36 hours after secondary stimulation 

according to the optimised protocol.  

 

To perform CSA, cells were harvested after the incubation period in a 

15mL tube and washed with 5mL cold buffer (4C) at 1500 rpm for 7 

minutes. Then the supernatant was discarded to remove as much buffer 

as possible without disturbing the cell pellet. Then single-cell suspension 

was prepared and 40L of cold T-cell media (containing 5% FBS) was 

added to the cells. The “Catch Reagent” (primary antibody) for IL-10 
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(10L/test) and IFN- (7L/test) were pre-mixed and total 17L of catch 

reagent mix was added to each sample. The catch reagent (primary 

antibody) is a bi-specific antibody which recognizes CD45 as well as the 

cytokine (IL-10 for IL-10 CSA and IFN-  for IFN- CSA). The samples 

were gently mixed before they were immediately transferred to ice, in 

order to prevent cytokine secretion, for 10 minutes. Following the 

incubation period, 5mL of warm TCM was added to each sample and 

placed in a rotating platform at 37C for 45 minutes so that the cytokines 

could be secreted from the cells and bind to the catch antibody. Then 

12mL of cold buffer was added to each tube and cells were washed at 

300g for 10 minutes. After the wash, the supernatant was discarded and 

cell pellet was disrupted before the fluorochrome-conjugated Detection 

antibody (secondary ab) was added (7L of IL-10 detection ab and 6L of 

IFN- detection ab were pre-mixed for each sample). The cells were 

mixed gently with the detection ab and incubated at 4C for another 15 

minutes. Lastly, cells were washed with buffer before the supernatant 

was discarded and cells were resuspended in fixing solution (PBS with 

4% formaldehyde) for data acquisition using a flow cytometer.  

Also, matched cells from the same experiment were used to prepare 

negative controls for the CSA experiment and they were processed in a 

similar way as describes in the previous section. However, the control 

samples were not labelled with the catch reagent and were only stained 

with the detection ab (instead of using isotype control) so that 

background level of non-specific binding by the fluorescent detection 

antibody could be determined. 
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2.7.2 Enzyme-linked Immunosorbent Assay 

(ELISA) 

Culture supernatants were harvested after 72 hours of cells stimulation 

and they were used to determine IL-10 and IFN- production by cells 

using the Human IL-10 DuoSet ELISA (Product code: DY217B, R&D 

Systems) and Human IFN-γ ELISA Set (Product code: 555142, BD 

Biosciences) respectively, according the manufacturer’s recommended 

protocol.  Briefly, for IL-10 ELISA, high binding flat-bottom 96-well plates 

were coated with Anti-IL-10 (Human) capture antibody overnight at 4°C. 

Then the plate was washed three times with washing buffer (PBS with 

0.05% Tween®20, pH 7.2-7.4) and blocked with the reagent diluent (1% 

BSA containing DPBS) for 1 hour at room temperature. Then plate was 

washed three times with the washing buffer and samples (cell culture 

supernatant) were diluted with reagent diluent prior to adding them to 

the plate. After incubating for another two hours, the unbound 

components were removed by washing with wash buffer before adding 

the detection antibody (dilution) and incubating for a minimum of two 

hours. Later, Streptavidin-HRP (dilution) was added for 1 hour, washed 

three times and substrate was added before reading the plates with a 

Microplate Reader at 450nm. The data collected from ELISA were 

analysed to determine the amount of IL-10 produced by the cells. This 

was achieved by reading off the sample data against a duplicate set of 

standards and using the equation of the line to determine sample 

concentrations. Similarly, the supernatants were also assessed for IFN- 

secretion by ELISA following the manufacturer’s protocol. 
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2.8 Flow cytometry to study the expression of 

various markers 

 

2.8.1 Extra-cellular staining for cell surface 

markers 

Flow cytometry was used to determine the expression of various cell 

surface markers. In order to determine the level of expression of any 

marker by IL-10+ Tr1 cells, extracellular staining was combined with CSA. 

The cells were harvested after 72 hours of cell stimulation (described in 

2.3.4) and CSA was performed following the standard protocol (described 

in 2.9.1) until the step where the detection antibody is added to cells to 

determine cytokine production. At this stage, the antibodies specific for 

various cell surface markers (listed in Table 2.2) were added along with 

the detection antibodies for CSA. Then the cells are incubated at 4°C for 

15 minutes and washed before the cells were resuspended in fixing 

solution (PBS with 4% formaldehyde) to obtain the data using a flow 

cytometer. 
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 Table 2.1: Antibodies for cell surface markers 

 

 

 

 

Marker Clone Fluorochrome Manufacturer Volume/ 
test 
(dilution) 

LAG-3 17B4 FITC Miltenyi Biotec 1:50 

CD226 DX11 PE Miltenyi Biotec 1:50  

CD49b AK7 FITC Miltenyi Biotec 1:50  

LAP CH6-17E5.1 Vio-Bright FITC  Miltenyi Biotec 1:50  

TIM-3 REA384 Vio-Bright FITC Miltenyi Biotec 1:50  

CTLA-4 BN13 PE Biolegend 1:50  

PD-1 PD1.3.1.3 PECy-7.0 Miltenyi Biotec 1:50  

Isotype 
Control 

REA 
Control(I) 

Vio-Bright FITC Miltenyi Biotec 1:50 

Isotype 
Control 

Mouse IgG1 
(IS5-21F5) 

PE Miltenyi Biotec 1:50 

Isotype 
Control 

S43.10 Vio-Bright FITC Miltenyi Biotec 1:50 
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2.8.2 Intra-cellular staining for Transcription 

factors 

Cytokine Secretion Assay (CSA) was combined with Intracellular staining 

for Transcription Factor (TF) to determine the characteristics phenotype 

of the IL-10+ Tr1-like cells. CSA was performed following the standard 

protocol (described in 2.9.1). After the final wash following CSA, a single-

cell suspension was prepared by discarding the supernatant and 

disrupting the cell pellet. Usually cells were suspended in ~ 100μL of 

residual buffer and an Intracellular Staining kit (FoxP3 Staining Buffer 

Set, P130-093-142, Miltenyi Biotec) was used to proceed with the rest of 

the experiment. Then 1 mL of Foxp3 Fixation/Permeabilization buffer was 

slowly added to each tube while gently mixing buffer with the cell 

suspension by using the pulse vortex. After adding the buffer, the cells 

were incubated for 60 minutes at 4°C in the fridge and protected from 

light. Following the incubation period, 2 mL of 1X Permeabilization buffer 

was added to each tube and the samples were centrifuged at 500g for 10 

minutes at room temperature. The supernatant was discarded, and the 

cell pellet was disrupted to make cell-suspension which was stained for 

various TF with fluorochrome-conjugated antibodies (listed in the Table 

2.3) and incubated 45 minutes at room temperature in the dark. Then 2 

mL of 1X Permeabilization buffer was added to each tube and the 

samples were centrifuged at 500g for 10 minutes. After the final wash, 

the supernatant was discarded, and the cells were fixed with the fixing 

solution (PBS with 4% Formaldehyde) and the samples were used for 

data acquisition on a flow cytometer. 
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Table 2.2:  Antibodies for Transcription Factors 

 

 

Marker Clone Fluoro-

chrome 

Manufacturer Volume/ 

test 
(dilution) 

FoxP3 3G3 PE Miltenyi  
Biotec 

1:50 

T-bet REA102 PE Miltenyi  

Biotec 

1:50  

GATA-3 REA174 

 

FITC Miltenyi  
Biotec 

1:50  

ROR-c REA278 PE Miltenyi  
Biotec 

1:50  

Helios REA829 PE Miltenyi  
Biotec 

1:50  

c-MAF sym0F1 PE eBioscience™ 1:25  

c-MAF sym0F1 PerCp-

eFluoro71
0 

eBioscience™ 1:25  

Isotype 
Control 

REA Control(I) PE Miltenyi  
Biotec 

1:50 

Isotype 
Control 

Mouse IgG1 
(IS5-21F5) 

PE Miltenyi  
Biotec 

1:50 

Isotype 

Control 

REA Control(I) FITC Miltenyi  

Biotec 

1:50 

Isotype 

Control 

Mouse IgG2b 

(eBMG2b) 

PerCp-

eFluoro7
10 

eBioscience™ 1:50 
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2.9 Data analysis 

2.9.1 ELISA data analysis 

 
The data obtained from the ELISA experiments were analysed with 

Microsoft Excel. Then the results were transferred to GraphPad Prism 

(Version 6.0) to prepare graphs and do statistical analysis. 

 

2.9.2 Statistical Analysis 

 
All statistical analysis for the data collected from various experiments 

were analysed using GraphPad Prism software (version 6). We thank Dr. 

Andrea Venn (School of medicine, University of Nottingham) for her kind 

assistance to review all the statistical analysis. 

 

2.9.3 Flow cytometry data analysis 

 
All the Flow cytometry data was acquired with MACSQuant® Analyzer 10 

(Miltenyi Biotec) flow cytometer and the collected data was analysed 

using MACSQuantify® Software. The data for the cell cycle analysis (PI 

staining) was also analysed with FlowJo (Version X). 

2.10 Gating strategy for analysing Flow Cytometry 

data 

2.10.1 Analysis of Cytokine Secretion Assay 

Flow cytometry data analysis was required to interpret the data acquired 

from CSA assays which evaluate the cytokine production by cells. 
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Standard gating strategy was prepared at the beginning of the study and 

it was followed rigorously to analyse all the CSA data. To analyse the 

data, the dead cells and debris were excluded at the first step by looking 

at the Side Scatter (SSC-A) vs. Forward Scatter (FSC-A) and only the live 

cells were selected (called the Live cells population or gate). Then the 

doublets were excluded from the “Live cells” in order to avoid false 

positive signal by looking at Forward Scatter Height  (FSC-H) vs. Forward 

Scatter Area (FSC-A). The cells selected (by placing a gate) at this stage 

is termed “Single cells”. In the following steps, only the gated single cells 

will be included in the analysis. Then the background fluorescence level 

was determined by selecting appropriate gate on the “Detection Antibody 

Only” sample which is the negative control for CSA experiments. The 

gate from the negative control was applied to the test samples to 

evaluate the percentage of cells which produced the cytokine of interest. 
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Figure 2.1: Gating strategy for IL-10 and IFN- CSA.  Determination 

of IL-10 and IFN- secreting cells by Flow cytometry was performed after 

exclusion of dead cells (A) and doublets (B). Then gating of IL-10- IFN--, 

IL-10+ IFN--, IL-10+ IFN-+ and IL-10- IFN-+ cells on the basis of 

negative control (C). The gate selected on the negative control was 

applied on the test sample (D) to determine the cells which were positive 

for certain cytokines. 

 

 

 

2.10.2 Analysis of Extracellular and Intracellular 

staining of cells 

The data of extracellular and intracellular marker staining were analysed 

in a similar way as described in the previous section (in section 2.12.1). 

However, after excluding dead cell and doublets, the background 

fluorescence level was determined by selecting gates on isotype control 

which served as the negative control. Then the gate which had been set 

on the isotype control was applied to the test samples to determine the 

level of expression of marker of interest. 
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A) 

 

 

 

 

B) 

 

 

 

Figure 2.2: Gating strategy for IL-10 CSA and intracellular 

staining. A) Expression of both extracellular and intracellular markers 

were determined by selecting gates based on the background 

fluorescence detected in the negative control (cells stained with isotype 

antibody). B) The gates from the isotype control were applied on the test 

sample to identify the cells which expressed the molecule of interest. 
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2.10.3 Analysis of Cell proliferation assay 

Fluorescent cell proliferation dye CellTraceTM Violet was used to determine 

the effect of various experimental conditions on the proliferative response 

of the cells by Flow cytometry. Cells were assessed for proliferation after 

72 hours of stimulation with either CD3/CD55 or CD3/CD28 in presence 

or absence of immune-modulators. Unlabelled cells as well as 

unstimulated CellTraceTM Violet labelled cells were used a negative control 

to determine the extent of proliferation of the test samples. The 

unstained cells as a control to estimate the highest number of cell cycle 

that could be accurately determined with the optimised experimental 

design whereas the unstimulated labelled cells were used to identify the 

cells which did not go through any cell division in response to different 

stimuli.  

Figure 2.3:  Determining cell proliferation by using cell 

proliferation dye. The proliferative response of cells in response various 

stimuli was monitored by using CellTraceTM Violet   dye.  Unstained cells 

along with unstimulated labelled cells were used to evaluate the 

proliferation of the test sample
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3 Chapter 3: The comparative effect of CD55 

and CD28 co-stimulation on the 

differentiation of Naïve CD4+ T-cells and 

IL-10 production 

 

3.1 Introduction:  

The necessity of a “Second signal” accompanying the primary T-cell 

receptor signal, later termed co-stimulatory signal, to initiate a T-cell 

response was first proposed in the “Two-signal model” by Bretscher & 

Cohn [463] in order to explain a mechanism underlying immune response 

to self and non-self antigen as well as T-cell anergy. In the following 

years, Lafferty and colleagues [464-466] demonstrated that 

costimulatory signal between T-cell and Antigen Presenting Cells (APC) 

determined T-cell activation, cytokine production and proliferation upon 

encounter with cognate antigen and failure to provide appropriate 

costimulatory signal by chemically modified APC led to T-cell 

unresponsiveness [467, 468]. It has also been demonstrated that naïve 

T-cells not only require higher TCR signal compared to effector cells 

[366], they also differ in their absolute requirement for costimulatory 

signal. As signalling via only TCR results in apoptosis and Activation 

Induced Cell Death (AICD) [469, 470].  

 

Costimulatory potential of specific signalling receptors has been defined 

by their ability to induce differentiation of naïve cell to effector cells, 

induce IL-2 production, prevent AICD and promote proliferation [358, 
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359, 471, 472]. Many costimulatory molecules have been discovered in 

the last few decades [370] and CD28 has emerged as the classical 

costimulatory molecule which interacts with CD80 (B7-1) and CD86 (B7-

2) expressed on the APC [359, 472-478]. The CD28:CD80/CD86 

signalling is considered canonical for differentiation and function of CD4+ 

T-cells as it induces cytokine production including IL-2, IL-4, IL-5, GM-

CSF and IFN- [479, 480]; upregulates activation markers such as CD25 

and CD69; promotes cell proliferation and primes cells for subsequent 

exposure to antigen [481-484]. Moreover, CD28 signalling is also 

required for a sustained immune response. CD28 deficiency led to 

impaired T-cell responses characterised by lack of IL-2 production, 

markedly reduced proliferation and inability to respond to lower dose of 

antigen [485-487]. Interestingly, it has been demonstrated that CD28 

modulates not only Th1 cells, but also Th2 cells [488, 489] and nTreg 

[490, 491] while It was  suppresses differentiation of naïve T-cells into 

Th17 cells [492-494]. 

 

Costimulatory molecules other than CD28 also mediate T-cell function 

and the role of these alternative costimulatory molecules has been 

studied in the recent years. It has been reported that Ox-40, a member 

of the tumour necrosis factor receptor (TNF-R) family, interacts with its 

ligand (Ox-40L) on dendritic cell and facilitates the differentiation of 

Naïve CD4+ T-cells into Th2 cells by enhancing IL-4, IL-5 and IL-13 

production [495, 496]. It was also reported that Ox-40 prolongs clonal 

expansion following primary response and increases the cytokine 

production by both Th1 and Th2 effector cells [497, 498]. Another 
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member of TNF-R family, 4-1BB has also been reported to have 

costimulatory potential. Although it has been suggested that 4-1BB is 

more important for CD8 T-cell survival [499] and cytolytic ability [500], it 

has been demonstrated that 4-1BB induces cell proliferation, cytokine 

production and prevents cell death in CD4+ cells [501-504] and both Ox-

40 and 4-1BB might work in a synergistic manner with CD28 in T-cells to 

attain optimal effector function [497, 505]. These observations highlight 

the importance of interplay of multiple costimulatory signals and how the 

dominant effect of certain costimulation could potentially override the 

influence of other signals. 

 

Alternate costimulatory molecules are also important for the function of 

regulatory T-cells. It has been reported that some costimulatory 

receptors can drive the differentiation of inducible Treg cells. CD2 was 

the first costimulatory receptor that had been reported to induce 

differentiation of antigen specific Tr1 cells via interaction with its ligand 

CD58 on APC [428]. Later it was reported that CD2 costimulation is also 

important for the survival of nTreg as it prevented apoptosis by down-

regulating pro-apoptotic factor Bim [506]. Several studies reported that 

signalling via another alternate costimulatory receptor CD46, in 

conjunction with CD3 leads to induction of IL-10 production by Type 1 

regulatory cells (Tr1) [446, 507-509]. Moreover, our previous work 

demonstrated that CD55 costimulation induces differentiation of naïve 

CD4+ T-cells into IL-10+ Tr1 cells [315, 386]. 
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The identification of alternate costimulatory receptors connotes that 

these molecules might act as response modifiers to the prepotent CD28, 

41BB, Ox 40 and other co-stimulation. Given the abundance of 

costimulatory receptors, it is possible that competition between different 

stimulation determines the outcome of a T-cell response. We 

hypothesised that CD28 costimulation would subdue the response of 

CD55 costimulation, preventing Tr1 development in favour of a Th1 

response. In this study, we determined the differential effect of CD55 and 

CD28 costimulation in the presence of suboptimal CD3 signal and 

demonstrated that the strength of competing costimulatory signal 

determines the fate of naïve T-cells. 
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3.2 Results: 

3.2.1 Isolation of Naïve CD4+ T-cells from 

PBMCs and evaluation of the enriched cells 

Naïve CD4+ T-cells, defined as CD4+CD45RA+CD45RO-, were isolated 

from the blood of healthy individuals as well as MS patients (following the 

standard protocol described in 2.2). After the isolation of the cells, the 

purity of the cell population was assessed prior to setting up the 

experiments. Cells were only used for further experiments if the purity 

was >97%. 

Figure 3.1: Assessment of the purity of isolated naive CD4+T-cells 

by Flow Cytometry. Dead cells and doublets were excluded before 

isolated cells were evaluated for the expression of CD4, CD45RA and 

CD45RO. Isotype control antibodies were used as negative control to 

determine the expression of the cell surface markers. 
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3.2.2 The comparative effect of CD3/CD55 and 

CD3/CD28 co-stimulation on IL-10 production 

 

Costimulatory signals promote differentiation of naïve CD4+ T-cells and 

results in various cytokine production as well as proliferation [358, 359, 

471, 472]. Stimulating naïve CD4+ T-cell with CD55 in the presence of 

suboptimal TCR signal (by using Anti-CD3 antibody) led to induction of a 

discrete IL-10+ Tr1 population whereas stimulating cells CD28 resulted in 

more IFN-+ than IL-10+ cells (Figure 3.2). It was also noted that 

CD3/CD55 costimulation induced significantly higher amount of IL-10 

production compared to CD28 costimulation (Figure-3.3). 

 

 

 

Figure 3.2: Detection of IL-10+ and IFN-+ cells following 

CD3/CD55 and CD3/CD28 costimulation. Naïve CD4+ T-cells were 

isolated from PBMCs and stimulated with either CD3/CD55 or CD3/CD28 

(1g/mL of CD3 with 5. g/mL CD55 or CD28). After 72 hours of cell  
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stimulation, dual cytokine secretion assay was performed to determine 

the IL-10 and IFN- secreting cells. Data is representative of four 

independent experiments. 

 

 

 

 

 

Figure 3.3: Comparison of IL-10 production by CD4 T-cells in 

response to CD3/CD55 and CD3/CD28 stimulation. Naïve CD4 T-

cells were isolated from PBMCs and cells were stimulated with either 

CD3/CD55 or CD3/CD28 for 72 hours. Then the amount of IL-10 

produced was evaluated by measuring the secreted IL-10 in the culture 

supernatant by ELISA. It was determined that CD3/CD55 costimulation 

induced significantly higher (P=0.0094) amounts of IL-10 production 

compared to CD3/CD28. The data represents cumulative results from 

seven independent experiments and triplicate for each condition was set 

up for all the donors. Triplicate wells were also used for IL-10 ELISA and 

average was used for statistical test (paired t-test). 
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In order to further investigate the differential effect of  CD55 and CD28 

costimulation on the cytokine production and cell proliferation, naive 

CD4+  T-cells were stimulated with different combination of CD55 and 

CD28 in conjunction with constant dose of CD3 (1ug/mL). To determine 

the effect of CD28 costimulatory signal on the CD55, cells were 

stimulated with specific concentration of CD3 and CD55 and different 

concentrations of CD28 were titrated into the selected CD3/CD55 dose 

combination. Similarly, different concentration of CD55 was added to 

specific CD3/CD28 dose combination to study the effect of CD55 

costimulatory signal on CD28 mediated cytokine production. IL-10 was 

detected after 72 hours of cell activation with CD3/CD55 and CD3/CD28 

and both costimulatory signal induced secretion of IL-10 (Figure 3.4 and 

3.5). However, significantly more IL-10 was produced following 

stimulation with CD3/CD55 compared to CD3/CD28 at higher 

concentrations (eg.1.00 g/mL). 
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Figure 3.4: Dose dependent effect of CD55 (A) and CD28 (B) 

costimulation on IL-10 production. In the presence of constant dose 

of CD3 (1.00 g/mL), naïve CD4+ T-cells were stimulated with various 

concentrations of CD55 and CD28, ranging from 0.03 -3.00 g/mL. After 

72 hours of cell stimulation, the IL-10 production was evaluated by 

ELISA. Data represents cumulative results from three independent 

experiments. 
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3.2.3 Inhibition of CD55 costimulation mediated 

IL-10 production by CD28 costimulatory signal 

 
The transformation of naïve CD4+ T-cell to effector cell requires antigen 

recognition by TCR as well as costimulatory signal which ensure T-cell 

survival and differentiation. However, naïve T-cells express multiple 

costimulatory receptors [370, 510] and synergy in costimulatory signals 

is important to attain optimum T-cell response [511]. Conversely, 

competition between costimulatory molecules which facilitate different 

phenotypes could potentially alter the T-cell response where the 

dominant costimulatory signal would suppress the effect of another 

costimulatory signal. CD55 costimulation leads to Tr1 phenotype by 

inducing IL-10 production and CD28 costimulation predominantly results 

in IFN- producing Th1 cells. In this study, we investigated the effect of 

CD28 costimulation on CD55 induced IL-10 production by titrating in 

increasing amount of CD28 to constant concentration CD3 and CD55 in 

order to determine if these costimulatory molecules work in synergy or if 

one costimulatory signal is dominant over the other one.  

 

Naïve CD4+ T-cells were stimulated with CD3/CD55/CD28 antibody of 

varying concentration combination for 72 hours and IL-10 secretion by 

cells activated under different conditions were assessed to evaluate the 

effect of CD28 on CD55 costimulation (Figure 3.5). It was determined 

that CD28 suppresses CD55 mediated IL-10 production even at lower 

concentrations and the highest dose of CD28 (3.00 g/mL) markedly 

inhibited the IL-10 production. In our experimental setting, the IL-10 

secretion induced by highest concentration of CD55 (3.00 g/mL) in 
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conjunction with CD3 was reduced more than 50% by ten-times lower 

concentration of CD28 (0.03 g/mL) (Figure 3.6). CD28 costimulation 

demonstrated dominant effect over CD55 costimulation as it significantly 

decreased (****P<0.0001, paired t-test, n=3) CD3/CD55 mediated IL-

10 production even at 10-times lower concentration (0.03 g/mL) to that 

of CD55 (3.00 g/mL) (Figure 3.6). 
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Figure 3.5: Dose dependent effect of CD28 on CD3/CD55 

mediated IL-10 secretion. Specific concentration of CD55 (0.03 

g/mL, 0.10 g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 g/mL shown in 

A-E respectively) was kept constant along with CD3 (1 g/mL ) and 

increasingly higher amount of CD28 was added to different combination 

CD3/CD55 and naïve CD4+ T-cells were activated with various 

CD3/CD55/CD28 stimulation. After 72 hours of cell stimulation, IL-10 

production was determined by ELISA. CD28 decreased the IL-10 

production by C3/CD55 costimulation in a dose dependent manner. Data 

shown are representative of three independent experiments and the 

cytokine production was determined by calculating the average of 

duplicate wells stimulated under same condition. 

 

 

Figure 3.6: Suppression of CD3/CD55 induced IL-10 production 

by CD28 costimulation. Naive CD4+ T-cells were stimulated with either 

CD3/CD55 (1g/mL; 3g/mL) or CD3/CD55/CD28 (1 g/mL; 3g/mL; 

0.3g/mL) for 72 hours and IL-10 production by the activated cells were 

determined by ELISA. CD3/CD55 stimulate IL-10 production by cells and 

the presence of CD28 significantly reduced the CD3/CD55 mediated IL-10 

production (****P<0.0001, paired t-test). Data demonstrated here is 

cumulative results obtained from three independent experiments. 
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In the next stage, we determined if CD55 had the ability to induce IL-10 

in the CD3/CD28 stimulated cells. So CD55 was added at increasingly 

higher concentration to constant concentration of CD3/CD28. CD55 

elevated IL-10 in a dose dependent manner only if the CD28 

concentration was low (0.03 and 0.10 g/mL) (Figure 3.7 and Figure 

3.8). However, even the highest concentration of CD55 did not to 

enhance IL-10 production in the presence of higher doses of CD28 (0.3 , 

1.0 and 3.0 g/mL). These observations became more evident when 

CD28 was titrated in to constant CD3/CD55 (1 g/mL, 1g/mL) and CD28 

reduced IL-10 production in dose dependent manner whereas titrating in 

CD55 to constant CD3/CD28 (1 g/mL, 1g/mL) did not modulate IL-10 

secretion. At the highest concentration, CD28 reduced IL-10 production 

by more than 70% in the CD3/CD55 stimulated cells (Figure 3.8). These 

findings suggest that CD28 costimulatory signal has a dominant effect 

over CD55 costimulatory signal and cells might not respond to CD55 

costimulation by differentiating to Tr1 cells in the presence of CD28 

costimulation, even though the CD28 signalling might be lower than 

CD55. This study has demonstrated that competition between CD28 and 

CD55 could potentially determine the fate of the cell phenotype. 

Depending on the strength of CD55 at the time of TCR engagement, 

naïve CD4+cells might differentiate to IL-10 producing Tr1 cells but it 

would diverge to Th1 cells if CD28 signalling overrides the effect CD55 

costimulatory signal. 
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Figure 3.7: Dose dependent effect of CD55 on IL-10 production by 

cells following CD3/CD28 costimulation. Specific concentration of 

CD28 (0.03 g/mL, 0.10 g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 g/mL 

shown in A-E respectively) was kept constant along with CD3 (1 g/mL ) 

and increasingly higher amount of CD55 was added to different 

combination CD3/CD28 and naïve CD4+ T-cells were activated with 

various CD3/CD55/CD28 combination. After 72 hours of cell stimulation, 

cell culture supernatant was collected and assessed for IL-10 secretion by 

ELISA. It was determined that CD55 could enhance IL-10 production only 

at the presence of low dose of CD28 signalling but did not enhance IL-10 

in the presence of higher dose of CD28. Data demonstrated here are 

representative of three independent experiments and duplicate wells 

were set up for each condition for all three donors. 
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Figure 3.8: Comparative effect of one costimulatory signal on the 

IL-10 production induced by another. Naïve CD4+ T-cell were 

stimulated with anti-CD3/CD55 (1 g/mL, 1g/mL) and different doses of 

anti-CD28 (0.03 g/mL, 0.10 g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 

g/mL) was titrated into the constant CD3/CD55 combination. Similarly, 

anti-CD55 was titrated into the constant combination of anti-CD3/CD28 

(1 g/mL, 1g/mL) combination. Naïve CD4 T-cells were stimulated with 

Anti-CD3/CD55/CD28 combination and the IL-10 production was 

determined after 72 hours of cell activation by ELISA. ). Data 

demonstrated here is cumulative results obtained from three independent 

experiments. 

 

 

 

 

 

 

 

 

 

 

 



 127 

3.2.4 The comparative effect of CD3/CD55 and 

CD3/CD28 co-stimulation on IFN- production 

 
CD28 demonstrated the ability of inhibit CD3/CD55 mediated IL-10 

production and CD28 could potentially prevent the CD3/CD55 induced 

differentiation of naïve CD4+ T-cell into Tr1 cells. So, we investigated if 

CD28 alters the differentiation of CD3/CD55 stimulated naïve CD4+ T-

cells to Th1 cells instead of Tr1 cells by promoting IFN- secretion. Naïve 

CD4 T-cells were stimulated with different combination of CD55 and 

CD28 in conjunction with sub-optimal TCR signalling (1g/mL of anti-

CD3) and IFN- secretion was determined after 72 hours of cell 

activation.  Indeed, it was determined that CD28 costimulation enhanced 

IFN- production in the CD3/CD55 stimulated cells.  

 

 

Both CD3/CD55 and CD3/CD28 costimulation resulted in IFN- secretion 

by activated cells after 72 hours of cell stimulation and both of the 

costimulatory signal induced IFN- in a dose dependent manner (Figure 

3.9 A). However, at the higher concentrations, CD3/CD28 costimulation 

induced more IFN- production compared to CD3/CD55 (Figure 3.9 B). 

The addition of CD28 to CD3/CD55 stimulated cells, with lower 

concentrations of CD3/CD55 (0.03 and 0.10 g/mL), increased the IFN- 

production compared to only CD3/CD55 stimulated cells (Figure 3.10 A-

C). However, at highest dose of CD55 costimulation (3.00g/mL), lower 

doses of CD28 did not enhance IFN- and only the higher concentrations 

of CD28 demonstrated the ability to enhance IFN- secretion (Figure 3.10 

E).  
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In order to determine if CD55 suppresses the IFN- production following 

CD3/CD28 stimulation, CD55 was added at various doses to constant 

CD3/CD28 costimulation (Figure 3.11). Highest dose of CD55 decreased 

IFN-  production only in the presence of lower doses of CD28. However, 

CD55 did not reduce IFN- secretion when cells were stimulated with 

higher concentration of CD28. IFN- production remained consistent 

when cells were stimulated with highest concentration of CD28 and even 

the highest amount of CD55 costimulation did not alter IFN- production. 

 

 

These findings corroborate that CD28 costimulation could interfere with 

CD3/CD55 induced differentiation of naïve CD4+ T-cells into Tr1 cells by 

not only inhibiting IL-10 production but also enhancing IFN- production 

and the dominant effect of CD28 costimulation could potentially promote 

the differentiation of cells into Th1 cells even in the presence of 

CD3/CD55 stimulation depending on the strength of CD28 signalling. 
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Figure 3.9: IFN- production in response to CD3/CD55 and 

CD3/CD28 costimulation. A) Naïve CD4+ T-cells were stimulated with 

0.03 g/mL, 0.10 g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 g/mL of 

either CD55 or CD28 in the presence of 1 g/mL of anti-CD3. After 72 

hours of cell stimulation, culture supernatant was assessed for IFN- 

production by ELISA. B) In the presence of 1.00 g/mL of anti-CD3, naïve 

CD4 T-cells stimulated with 3 g/mL of anti-CD28 produced significantly 

higher (P=0.0005, paired t-test) amount of IFN-  compared to cells 

stimulated with similar concentration of anti-CD55. Data shown in  (A) is 

representative of three independent experiments whereas data 

demonstrated in (B) is cumulative summary of specific condition from 

those three experiments.   
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Figure 3.10: Dose dependent effect of CD28 on CD3/CD55 

mediated IFN- secretion. Specific concentration of CD55 (0.03 g/mL, 

0.10 g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 g/mL shown in A-E 

respectively) was kept constant along with CD3 (1 g/mL ) and 

increasingly higher amount of CD28 was added to different combination 

of CD3/CD55 and naïve CD4+ T-cells were activated with various 

CD3/CD55/CD28 stimulation. After 72 hours of cell stimulation, IFN-  

production was determined by ELISA. CD28 enhanced IFN- production 

by C3/CD55 costimulation in a dose dependent manner. Data are 

representative of three independent experiments. 
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Figure 3.11: Dose dependent effect of CD55 on IFN-  production 

by CD3/CD28 stimulated Naïve CD4+ T-cells. Specific concentration 

of CD28 (0.03 g/mL, 0.10 g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 

g/mL shown in A-E respectively) was kept constant along with CD3 (1 

g/mL ) and increasingly higher amount of CD55 was added to different 

combination CD3/CD28 and naïve CD4+ T-cells were activated with 

various CD3/CD55/CD28 stimulation. After 72 hours of cell stimulation, 

IFN- production was determined by ELISA. CD55 did not significantly 

alter IFN-  production by cells stimulated with higher dose of CD3/CD28. 

Data are representative of three independent experiments. 
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3.2.5 Dose dependent effect of CD55 and CD28 

costimulation on CD4+ T-cell proliferation  

 
The ability to induce proliferation is one of the compulsory requirements 

for a signalling receptor to be considered as a costimulatory molecule 

[358, 359, 370, 468]. Naïve CD4+ T-cells were stimulated with various 

combination of CD3, CD55 and CD28 for 72 hours and thymidine 

incorporation assay was performed to evaluate the costimulation induced 

cell proliferation. Both CD55 and CD28 costimulatory signal, in 

conjunction with CD3, demonstrated the ability to induce robust cell 

proliferation in a dose dependent manner compared to cells stimulated 

with only CD3 (Figure 3.12). We also determined if CD28 costimulation 

could alter CD3/CD55 induced cell proliferation (Figure 3.13). CD28 

enhanced the cell proliferation in a dose dependent manner only in 

presence of lowest concentration of CD55 (0.03 g/mL). However, CD28 

did not significantly alter cell proliferation following CD3/CD55 stimulation 

at higher doses even though the presence of highest concentration of 

both CD28 and CD55 reduced the proliferation in comparison to cells 

stimulated with only the highest dose of CD55. However, the decrease in 

proliferation was not statistically significant (data not shown). Thus, both 

CD55 and CD28 costimulation, in conjunction with CD3 signalling, 

demonstrated comparatively similar ability to induce proliferation in naïve 

CD4+ T-cells. 
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Figure 3.12: Evaluation of CD55 and CD28 costimulatory signal 

induced cell proliferation. Naïve CD4+ T-cells were stimulated with 

CD3 (1.00 g/mL) in conjunction with various doses of either CD55 or 

CD28 (0.03 g/mL, 0.10 g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 

g/mL). After 72 hours cell activation, thymidine was added to cells for 

another 16 hours of cell culture and the amount of incorporated 

thymidine was determined to evaluate cell proliferation. Only CD3 

stimulated cells were used as negative control to determine basal cell 

proliferation. Data shown here was obtained from three independent 

experiments. (CPM, counts per minute) 

 

 

 

 

 

 

 

 

 

 



 138 

A)         B) 

 

 

C)        D) 

 

                     E) 

 

 

 

 

 

  

 



 139 

Figure 3.13: Dose dependent effect of CD28 on CD3/CD55 induced 

cell proliferation. Specific concentration of CD55 (0.03 g/mL, 0.10 

g/mL, 0.30 g/mL, 1.00 g/mL and 3.00 g/mL shown in A-E 

respectively) was kept constant along with CD3 (1 g/mL ) and 

increasingly higher amount of CD28 was added to different combination 

CD3/CD55 and  naïve CD4+ T-cells were activated with various 

CD3/CD55/CD28 stimulation. After 72 hours of cell stimulation, 

thymidine was added to the cells for the last 16 hours of cell culture to 

determine cell proliferation. Data demonstrated here are representative 

of three independent experiments. (CPM, counts per minute) 
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3.3 Discussion: 

Costimulatory signal emerged as a mechanism that ensured appropriate 

T-cell response to self and non-self antigen and supported cell survival 

and expansion of activated cells by evading apoptosis [358, 463, 464, 

469]. Further research revealed the prominent role of costimulatory 

signal in cellular function and phenotype [370, 510]. The discovery of 

many costimulatory molecules expressed by the T-cells raised the 

question about how multiple costimulatory signal orchestrate the 

development of specific T-cell response. Also, identification of alternate 

costimulatory molecules, which mediate differentiation of naïve CD4+ T-

cells to regulatory cells instead of conventional Th1 and Th2 effector 

cells, emphasizes that interplay of costimulatory signals during antigen 

recognition could potentially determine the fate of activated cells. In the 

previous studies on costimulatory signal, it has been demonstrated that 

signalling via several molecules such as CD5, CD9, CD2, CD44 or CD11a 

in conjunction with sub-mitogenic dose of CD3 was able to activate naïve 

cells and induce low amount of proliferation. However, as opposed to 

CD28 costimulation, signalling through these molecules did not result in 

sustained cell function and survival. In fact, signalling via CD9 and CD11a 

led to increased apoptosis. The lack of ability to promote cell function and 

survival by these costimulatory molecules was attributed to their inability 

to induce IL-2 [512-514]. These observations indicate that costimulatory 

molecules differ in their potential to induce differentiation of naïve T-cells 

and further supported the notion that competition between different 

costimulatory signal could influence the function and phenotype of the 

cells depending on strength of each signal. In our previous study, it was 
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determined that  CD55 costimulatory signal induced IL-2 production to 

the same extent as CD28 signalling and the level of cell proliferation in 

response to these costimulatory signals were similar. The potential of 

CD55 and CD28 costimulatory molecules to influence the cellular function 

in presence of each other has not been studied before. In this study, we 

have investigated the comparative effect of two costimulatory signal 

CD28 and CD55, which have previously been demonstrated to promote 

differentiation of naïve CD4+ T-cells into Th1 and Tr1 cells respectively. 

We have demonstrated that CD28 and CD55 have varied potency as 

costimulatory signal and induction of IL-10 production. CD28 

costimulation modulates response to CD55 costimulation and markedly 

reduces CD3/CD55 induced IL-10 production which could potentially alter 

the phenotype of the activated cells.  

 

 

CD3/CD55 stimulation promotes differentiation of naïve CD4+ T-cells to 

IL-10+ Tr1 cells. The effect of CD55 costimulation is dose dependent 

where higher doses of CD55 resulted in enhanced anti-inflammatory IL-

10 production. While CD28 also induced IL-10 secretion, it was 

significantly lower than the CD55 mediated IL-10 production. However, 

the presence of CD28 reduced IL-10 production following CD3/CD55 

costimulation. Interestingly, CD28 was able to exert inhibitory effect on 

the highest dose of CD55 even at a concentration ten-times lower than 

that of CD55 (3 g/mL of CD55 ; 0.30 g/mL of CD28). Conversely, CD55 

also elevated IL-10 production in CD3/CD28 stimulated cell but only at 
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the presence of lower doses of CD28. CD55 did not enhance IL-10 

production in cells which were stimulated with higher doses of CD28.  

 

IFN- is a proinflammatory cytokine which is induced by costimulatory 

signal and it is key factor in Th1 immune response. Co-stimulating naïve 

CD4+ T-cells with CD28 in conjunction with CD3 resulted in IFN-  

production in a dose dependent manner. Similarly, CD55 costimulation 

also induced IFN-. But at the highest dose, CD55 costimulation led to 

significantly lower amount of IFN-  compared to CD28. When the effect 

of CD28 signalling on CD3/CD55 costimulation was investigated, It was 

noted that CD28 had the ability to increase IFN- secretion even by cells 

stimulated with higher dose of CD55. So CD28 conferred a significant 

impact on IFN-  production by CD3/CD55 stimulated cells while CD55 did 

not alter IFN- secretion by CD3/CD28 stimulated cells except in cells 

which received higher CD55 stimulation in presence of low CD28 

costimulation. 

 

Another hallmark of costimulatory signal is the potential to induce 

proliferation by activated cells. Both CD55 and CD28 costimulatory signal 

resulted in robust cell proliferation in a dose dependent manner. While 

CD28 alter the cytokine profile of CD3/CD55 stimulated cells, it did not 

alter the CD55 mediated cell proliferation. These observations indicate 

that cumulative costimulatory signal from CD28 and CD55 supports the 

activated cells to sustain proliferation but depending on the strength of 

specific costimulatory signals at the time of TCR signalling, the cellular 
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function might vary with its associated  phenotype following 

differentiation.  

 

The impact of simultaneous costimulatory signals accompanying TCR 

signalling and the underlying mechanism of coordination of molecular 

signalling mediated by various costimulatory receptor which configure the 

cellular phenotype is yet to be elucidated. The underlying molecular 

signalling resulting in CD55 induced differentiation of Tr1 cells has not 

been determined yet. However, previous studies reported that CD55 

signalling is associated with p56lck -a protein tyrosine kinase related to 

Src, as determined by immunoprecipitation. CD55 is a GPI-anchored 

protein which contributes to its function as a signalling molecule because 

removal of the GPI-anchor abolished the protein kinase activity [515-

517]. It was also observed that cross linking of CD55 by monoclonal 

antibody led to induction of several other protein tyrosine kinases such as 

fyn, in T-cells. In addition, it was demonstrated that despite not being 

sufficient to elevate intracellular calcium level and tyrosine 

phosphorylation of PLC-gamma in CD3+ Jurkat cells, cross-linking of only 

CD55 was capable of inducing phosphorylation of tyrosine residues on 

p56lck, the TCR-zeta chain as well as ZAP-70. The addition of 

cytoplasmic domain of  TCR- chain to CD55 signalling resulted in T-cell 

activation which indicates that CD55 signalling is dependent on CD3-TCR 

complex [518]. In contrast, signalling via CD28 leads to binding of 

phosphatidylinositide 3-kinase (PI3K) to the pYMNM on the cytoplasmic 

domain of CD28. The activation of PI3K pathway induces phosphorylation 

of the kinases glycogen synthase kinase 3α (GSK3α) and GSK3β which 
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requires PtdIns (3,4,5)P3-activated AKT kinase. The involvement of AKT 

kinase in downstream signalling cascade of CD28 associates it with 

several other molecular pathway including NF-κB pathway and 

GSK3α/GSK3β and some of these pathways have been reported to be 

required for IL-2 production, expression anti-apoptotic protein BCL-X and 

induction of antigen specific response [519]. The difference in the 

molecular pathways activated by CD55 and CD28 could potentially 

contribute to development of alternate cellular phenotype and also 

influence their potency as costimulatory molecules. 

 

Our data has provided an insight about how certain costimulatory signal 

could have dominant potency which might suppress or negate the effect 

of other costimulatory signals. We have demonstrated for the first time 

that the dominant effect of CD28 over alternate costimulatory signal via 

CD55 alter the IL-10 production which is a crucial immuno-suppressive 

cytokine for the function of Tr1 cells. CD55 costimulation demonstrated 

the ability to promote differentiation of naïve CD4+ T-cells to Tr1 cells 

despite its ineptitude to confer prepotent effect in the presence of higher 

strength of CD28 costimulation. These findings denote that the potency 

of CD28 signalling could be one of the limiting factors in the way of 

differentiation of Tr1 cells in response to CD55 costimulatory signal and 

the interplay between costimulatory signals could potentially impact the 

development of naïve CD4+ T-cells to either Th1 or Tr1 cells. 
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4 Chapter 4: The effect of CD55-CD97 

interaction between Dendritic Cells and T-

cells on the induction of IL-10+ Tr1 cells 

4.1 Introduction: 

The interaction between dendritic cells (DC) and T-cells is crucial for the 

initiation of T-cell responses [520]. It has been suggested that dendritic 

cells act as specialized antigen presenting cells which assist the priming 

T-cell responses as the T-cell response to antigen was not hampered in 

absence of other antigen presenting cells such as B-cells [521].  DCs also 

demonstrated superior efficacy in priming T-cells, via intercellular 

interaction, in comparison to B-cells [522]. After encountering the 

antigen and maturation, dendritic cells upregulate cell surface markers 

including MHC Class-II (HLA-DR), CD80 and CD86. Some of the 

upregulated markers such as CD80 and CD86 are ligands for 

costimulatory receptors expressed by T-cells [523, 524]. These are 

required to successfully conduct cognate interaction between DC and 

naïve T-cells as they have impact on synapse formation as well as 

stability and duration of the interaction between DC:T-cell [522, 525-

530]. Interestingly, it has also been demonstrated that DC:T-cell 

interaction precedes induction of both tolerance and immunity and the 

nature of the interaction determines commitment to either tolerance or 

immunity [525, 526, 531-533].  

 

The three signal model of T-cell activation and differentiation emphasizes 

the significant role of Signal 1-TCR signal, Signal 2-Costimulatory signal 
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and Signal 3-cytokine signal on the induction of T-cell responses [351]. 

The importance of costimulation, particularly in CD4+ T-cells became 

evident through early studies which demonstrated that impaired CD28 

signal hampers T-cell proliferation, reduces IL-2 receptor (CD25) 

expression and fails to induce IL-2 production in response to antigen 

[534]. The paradigm for T cell activation requires CD80/86:CD28 

costimulation resulting in pro-inflammatory Th1 responses. While CD28 

have been known for decades along with other molecules such as CD40L 

(CD154) [535] , OX40 [535, 536] and 4-1BB (CD134) [537, 538], only in 

recent years attention has been drawn to costimulatory signals necessary 

for the induction of regulatory cells. Alternate costimulatory molecules 

may favour the induction of anti-inflammatory phenotypes such as Type 

1 regulatory T-cells (Tr1) [315, 429]. One such receptor-ligand pair is 

CD55-CD97. CD55 is expressed by T-cells whereas its ligand CD97 is 

expressed by dendritic cells. We have previously demonstrated that 

costimulation through CD3/CD55 differentiates naïve CD4+ T cells into a 

Tr1 phenotype (defined as IL-10+, IFN-- and IL-4-) [315, 386]. 

Among the receptor mediated costimulatory signal  for IL-10+ Tr1 cells , 

CD46, a compliment regulatory protein, was identified as one of the first 

molecules which leads to generation of IL-10+ CD4+ T-cells [384, 429, 

539]. Since the discovery of the role of CD46 in T-cells, the dysregulation 

and defect in CD46 mediated IL-10 production has also been reported in 

auto-immune diseases such as Rheumatoid Arthritis (RA) [540, 541], 

Multiple Sclerosis (MS) [385, 441, 508, 542] and systemic lupus 

erythematosus [543]. 
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Another costimulatory molecule CD26, a cell surface glycoprotein with 

dipeptidyl peptidase IV activity, interacts with its ligand Caveolin-1 on 

dendritic cells to induces activation and IL-10 production by CD4+T-cells 

[544-546]. The CD26 signalling in conjunction to CD3 signalling leads to 

enhanced IL-10 production following upregulation of transcription factor 

Early Growth Response 2 (EGR2) through NFAT and AP-1 activation 

[544]. It has also been demonstrated that CD26: Caveolin-1 signalling 

axis is altered in various diseases such as rheumatoid synovium [547], 

multiple sclerosis [548] and Graves’ disease [549]. 

 

Interestingly, ICOS, a member of immunoglobulin supergene family 

along with other costimulatory molecule CD28 and coinhibitory molecule 

CTLA-4 and share a common immunoglobulin like domain [550], has also 

demonstrated the ability to activate T-cells, induce their proliferation and 

upregulate IL-10 production without affecting IL-2 secretion by 

interacting with its ligand ICOS-L expressed by dendritic cells [551-553]. 

CD4+ICOS+ cells were able to efficiently suppress IFN- producing 

effector cells in vitro and in vivo in experimental allergic 

encephalomyelitis (EAE) mouse models [554]. The receptor mediated 

induction of regulatory T-cells by various alternate costimulatory 

molecules emphasizes that signalling between costimulatory receptors on 

T-cells and their ligands on dendritic cells is one of the important 

mechanisms which maintain tolerance and control immune responses.  
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In the previous chapter we demonstrated that while there was 

cooperativity between CD55 and CD28 in the induction of proliferation of 

naïve T cells the presence of CD28 had a negative effect on the secretion 

of IL-10. Considering the important role of DC:T-cell interaction in 

immune responses as well as the role of IL-10 in immune-regulation, we 

hypothesized that interaction between CD97 on DCs and CD55 on T-cells 

mediates the induction Tr1 cells and disruption of CD97-CD55 interaction 

would impact IL-10 production by T-cells.  
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4.2 Results: 

4.2.1 Generation of Monocyte Derived Dendritic 

Cells from CD14+ monocytes and 

characterising the phenotype: 

 
The monocyte derived dendritic cells (moDC) were generated from 

isolated CD14+ monocyte cells and they were assessed for the expression 

of several dendritic cell markers to ensure that CD14+ monocytes 

differentiated into moDCs prior to further experiments. A panel of cell 

surface molecules including CD14, HLA-DR, CD80 and CD86, was 

selected to characterise monocyte derived dendritic cells. On day 5, after 

differentiation from CD14+ monocytes to immature moDCs (iDC) in the 

presence of IL-4 and GM-CSF, the antigen presenting cells downregulate 

CD14 expression (Figure 4.1). iDCs also express low levels of HLA-DR, 

CD80 and CD86. The level of expression of cell surface markers change 

in mature moDC (mDC) following activation through Toll-like receptor 4 

(TLR4) signalling by lipopolysaccharides (LPS) treatment. MHC Class-II 

molecule HLA-DR, which is essential for antigen presentation, is 

upregulated significantly upon maturation along with the expression of 

CD80, CD86 (Figure 4.2). 
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Figure 4.1: Expression of CD14 by monocytes and monocytes 

derived dendritic cells (moDC). CD14+ expression was determined 

after isolation of monocytes from PBMCs on Day 0. The highly pure 

(<95%) cells were cultured with IL-4 and GM-CSF which resulted in the 

differentiation of CD14+ monocytes into CD14- immature dendritic cells by 

Day 5. Data representative of three independent experiments. (In the 

histograms, red line = isotype control, blue= anti CD14 ). The level of 

marker expression was determined of the basis of isotype control on the 

day 0 and day 5. 
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Figure 4.2: Expression of CD80, CD86 and HLA-DR by immature 

and mature moDC. Monocyte derived dendritic cells change their 

phenotype following cell activation by LPS treatment. iDCs were 

harvested on Day 5 and some cells were stimulated with LPS to obtain 

mature moDCs (mDC) and later expression of various cell surface 

markers were determined by using flow cytometry. After 24 hours of LPS 

treatment, in comparison to immature DCs, mature moDCs have 

significantly higher level of CD80 (A), CD86 (B) and HLA-DR (C) which 

are upregulated during the maturation. A, B, C represent the Mean 

Fluorescence Intensity (MFI) for expression of CD80, CD86 and HLA-DR 

in individual donor along with the summarized data from four 

independent experiments. Isotype controls were used as negative control 

to determine the expression level of each cell surface molecule. (The 

dendritic cell experiments were conducted with the help of Dr. Anna 

Malecka and Q.F.B. Rubí Misol-Há Velasco Cárdenas, Host Tumour 

Interface group) 

 

4.2.2 Determination of CD97 expression by 

Monocyte Derived dendritic cells (moDCs)  

It has been previously reported that CD55 and its ligand CD97 are 

expressed by leukocytes. However, the level of expression of these 

molecules by different DC subset has not been previously studied 

extensively. We investigated the expression of CD97 by immature and 

mature moDC and also developed a whole blood assay (WBA) in order to 

determine the level of CD97 expression by circulating primary dendritic 
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cells in blood. Both immature and mature moDCs express CD97 (Figure 

4.3). Interestingly, contrary to the expression of other costimulatory 

ligand such as CD80 and CD86, the expression of CD97 is significantly 

higher (P=0.0247) in immature moDCs compared to mature moDCs. The 

difference in the CD97 expression might contribute to the biological 

function of DC and influence its signalling pathways during interaction 

with CD55 expressed by CD4 T-cells.  
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Figure 4.3:  The level of CD97 expression by immature and 

mature moDCs determined by flow cytometry. iDCs were harvested 

on Day 5. Cells were stimulated with LPS to obtain mature moDCs (mDC) 

for 24 hours. After 24 hours the expression of CD97 was evaluated, using 

isotype antibodies as a negative control. The MFI for CD97 expression 

was compared in both iDC and mDC. iDCs expressed significantly higher 

CD97 than mDC (P=0.0247; determined by paired T-test). Here, CD97 

expression by iDC and mDC for individual healthy donor is shown in (A) 

and the cumulative data from eight independent experiments is 

represented in (B). 

 

 

 

4.2.3 The effect of CD97-CD55 interaction 

between Dendritic cell and CD4 T-cells on the 

induction of IL-10+ Tr1 cells 

 
CD3/CD55 costimulation induces differentiation of naïve CD4 T-cells into 

IL-10+ Tr1 cells when driven by recombinant receptor (CD97-Fc) or 

antibody (anti-CD55). CD55 is expressed on the cell surface of CD4 T-

cells while CD97 is expressed by the dendritic cells. The changes in 

expression of CD97 upon activation of monocyte derived DCs might 

suggest that CD97 has a role in engaging with CD55 on T cells and 

modulating their activity. The interaction between DC:T-cells via CD97-

CD55 could potentially initiate the IL-10 production by Tr1 cells. We 

investigated role of  CD97-CD55 interaction by blocking receptor-ligand 

binding using a soluble antibody specific to CD55.  
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We studied both monocyte derived DCs and primary circulating CD1c+ 

dendritic cells isolated from blood to determine if the effect of CD97-

CD55 interaction is important for T cell stimulation and induction of IL-

10+ Tr1 cells. Immature and mature monocyte derived dendritic (moDC) 

cells were generated and co-culture experiments were conducted by 

adding peripheral blood lymphocytes (CD14+ monocyte depleted PBL 

from the same donor) at 1:50 ratio (DC:PBL) in the presence or absence 

of Anti-CD55 antibody (Clone-791T/36). After 24 hours of DC:PBL co-

culture, the activation of T cells was determined by evaluating both 

Interferon gamma and IL-10 production by cytokine secretion assay 

(CSA) (Figure 4.4).  

 

Notable in both co-culture systems was that IFN-g was not induced in the 

T cells. However, IL-10 responses were observed. While iDC induced low 

numbers (less than 1%) of IL-10 producing cells it was significantly 

greater than the background responses. It was also lower than the 

response observed with mature DCs (more than 2%). This was consistent 

across the 4 donors tested.  Anti CD55 blocking antibody reduced the 

number of IL-10+ cells to background levels compared to untreated or 

isotype control antibody. This supports the idea that CD55:CD97 are 

involved in the induction of the Tr1 phenotype in moDC : T cell co-

cultures.  
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We also investigated this in CD1c+ dendritic cells and T-cells (Figure 4.5). 

Both CD1c+ and monocyte derived DCs co-cultured with PBL resulted in 

induction of IL-10 in the CD4+ T cell population. Blocking the interaction 

between CD97 and CD55 on DC:T-cells abated the induction of IL-10+ 

Tr1 cells from an average of 3% down to background levels of 1% of IL-

10+ CD4 T cells (Figure 4.6). Like moDC, mature CD1c+ DCs induced 

significantly higher (P=0.0110) numbers of IL-10+ cells in comparison to 

immature DC (Figure 4.5 and 4.6). When CD97-CD55 interaction was 

disrupted by using blocking antibody, mature moDCs did not induce IL-10 

production by T-cells to the extent as was observed with mature CD1c+ 

cells. The presence of anti-CD55 antibody significantly reduced the 

number of IL-10+ cells (P=0.0165) by mature CD1c+ cells. In 

comparison, isotype control antibody did not similarly affect the induction 

of IL-10+ cells by mature CD1c+ cells (Figure 4.6). Collectively these data 

suggest that interaction via CD97-CD55 between DC:T-cell contributes 

IL-10 production by T-cells and disruption of this alternate costimulatory 

pair might affect induction of IL-10+ Tr1 cells. 
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Figure 4.4: Evaluation of induction of IL-10+ Tr1 cells by CD55-CD97 interaction between moDC and T-

cells. Monocyte derived dendritic cells were generated and on Day 5. Cells were stimulated with LPS to obtain mature 

moDC (mDC). After 24 hours, CD14+ cells depleted PBL was added to the iDC and mDC (1:50 of DC:T-cells). Anti-

CD55 blocking antibody (791T/36, 1ug/ml) was pre-incubated with the PBL before adding them to DCs. Cultures were 

incubated for 24 hours before dual cytokine secretion assay for IFN- and IL-10 was performed. PBL alone were used 

as negative control and cytokine production was determined for CD4+ gated population by flow cytometry. Data are 

representative of four independent experiments. 
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Figure 4.5: Evaluation of induction of IL-10+ Tr1 cells by CD55-

CD97 interaction between CD1c+ dendritic cells and T-cells.  CD1c+ 

dendritic cells were isolated from PBMCs and stimulated with Poly I:C and 

R848 to obtain mature DC (mDC). After 24 hours, CD14+ cells depleted 

PBL were added to the iDC and mDC (1:50 of DC:T-cells). For CD55-

CD97 interaction blocking conditions, Anti-CD55 blocking antibody 

(791T/36, 1ug/ml) or isotype control antibody was pre-incubated with 

the PBL before adding them to DCs. Cultures were incubated for 24 hours 

before dual cytokine secretion assay for IFN- and IL-10 was performed 

to determine IL-10+ Tr1 cells. PBL alone were used as negative control 

and cytokine production was determined for CD4+ gated population by 

flow cytometry. Data shown is representative of four independent 

experiments. 
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Figure 4.6: Blocking CD55-CD97 interaction suppresses induction 

of IL-10+Tr1 cells. The effect of CD97-CD55 interaction between CD1c+ 

dendritic cells and T-cells were determined by evaluating IL-10 secretion 

by CD4 T-cells following co-culture with DC in presence or absence of 

anti-CD55 blocking antibody. Mature CD1c+ dendritic cells induced 

significantly higher amount of IL-10+ Tr1 cells whereas blocking the 

CD97-CD55 interaction significantly reduced the induction of IL-10+ cells 

by mature DCs. Data represents the summarized results from four 

independent experiments. 
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4.3 Discussion: 

 
Dendritic cells represent a crucial link between innate and adaptive 

immune system. Dendritic cells orchestrate the host response against 

immunogens through their unique ability to initiation primary immunity 

by priming naive CD4 T-cells [377, 555-558] and facilitating the 

immunological memory. Along with antigen presentation, DC provides 

costimulatory signals and produce immunomodulatory cytokines to 

support T-cell function. Interestingly, the DC:T-cell interaction has also 

been implicated in not only engendering immune response but also in 

immune-tolerance. It has been demonstrated that stable DC:T-cell 

interaction is required for the development of immune tolerance in vivo 

[525, 526, 531]. Moreover, it was reported that nTreg interacted with 

self-antigen presenting dendritic cells prior to exerting suppressive effect 

on islet antigen–specific CD4+CD25− T helper cells in diabetogenic mouse 

model [532]. These observations suggest that the induction and function 

of inducible regulatory T-cells such as Tr1 cells could also be influenced 

by DC:T-cell interaction. 

 

In our study, we investigated the role of CD55-CD97 interaction between 

DC:T-cell on the induction of IL-10+ CD4+ Tr1 cells and demonstrated 

that blocking CD55-CD97 interaction leads to significantly reduced 

induction of Tr1 cells. While immature DC (iDC) expressed higher level of 

CD97, they induced lower number of Tr1 cells compared to mature DC 

(mDC). The maturation status of dendritic cells could have potentially 

influenced the CD55-CD97 interaction which in turn affected the induction 

of Tr1 cells. It has been previously demonstrated that mature DCs 
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establish stable, organized and prolonged immune synapses with T-cells 

while immature DC have short intermittent contacts with T-cells without 

forming organized immune synapses [559]. So stable immune synapse 

formation could be one of the prerequisites for the CD55-CD97 

interaction between DC:T-cell leading to induction of Tr1 cells.  

 

 

Figure 4.8: Schematic illustration of proposed CD55-CD97 

interaction mediated induction of IL-10+ Tr1 cells. CD97, expressed 

on the surface of mature DC could interact with CD55 expressed by CD4 

T-cell and lead to the induction of Tr1 cells which contributes to maintain 

tolerance. Blocking the CD55-CD97 interaction would impede the 

induction of Tr1 cells and IL-10 secretion. 

 

 

Immune-homeostasis requires immune-tolerance to self-antigens. The 

elimination of self-reactive T-cells during T-cells development as well as 

development of self-antigen nTreg contributes to maintenance of 
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tolerance. Moreover, recently a tolerogenic subset of primary circulating 

dendritic cell, termed DC-10, has been identified based on CD141 and 

CD163 expression and it has been demonstrated that DC-10 cells induce 

the differentiation of allogenic naïve T-cells into CD49b+LAG-3+ Tr1 cells 

[560]. The presence of such tolerogenic DCs in vivo indicates that 

alloantigen-specific Tr1 cells induced in the peripheral immune system 

following recognition of self-antigen (signal-1) also contributes to 

immune-tolerance. While induction of Tr1 cells by dendritic cells has been 

attributed to high level of IL-10 production by these tolerogenic DCs 

which provides the signal-3 for cell activation, the costimulatory signal 

(signal -2) has not been determined. In our study, the induction of Tr1 

cells by both CD1c+ and moDC without the presence of any foreign 

antigen (such as viral or bacterial antigen) further supports the notion of 

development of alloantigen-specific Tr1 cells by a subset of DCs.  The 

decreased induction of Tr1 following the blocking of CD55-CD97 

interaction suggests that this co-stimulatory signal promotes the 

inducible tolerogenic T-cells in the periphery. 

 

In the recent years, several studies demonstrated that tolerogenic 

dendritic cells- including moDCs differentiated in the presence of IL-10 

[561, 562], rapamycin [563], dexamethasone [564], vitamin D3 [565, 

566]  as well as IL-10 producing primary circulating dendritic cells known 

as DC-10 [323, 567], can induce regulatory T-cells. Tolerogenic DCs are 

currently being explored for clinical application such as immune-

suppression following organ transplantation and immunotherapy for auto-

immune diseases. However, the expression of CD97 by these tolerogenic 
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DCs has not been studied yet and it would be intriguing to determine if 

CD55-CD97 interaction is one of the mechanisms by which tolerogenic 

DC induce Tr1 cells and confer immune-suppression.  
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5 Chapter 5: Effect of different immune-

modulators on CD3/CD55 mediated IL-10 

production 

5.1 Introduction 

The role of IL-10+CD4+ Tr1 cells has been explored in various diseases 

since the existence of these cells in vivo were noted in Severe Combined 

Immuno Deficiency (SCID) patients transplanted with HLA-mismatched 

hematopoietic stem cells and did not develop Graft vs. Host Disease 

(GvHD) [568]. The function of Tr1 cells is of particular interest due to its 

ability to maintain immune homeostasis which is disrupted under disease 

condition. The prevalence of Tr1 in cancer could potentially suppress anti-

tumour immunity whereas the paucity of Tr1 in auto-immune diseases 

would facilitate the aggravated activity of pro-inflammatory self-reactive 

immune responses. Indeed, it was reported that highly potent 

immunosuppressive IL-10+LAP+FoxP3- CD4+ T-cells were prevalent in 

tumour infiltrating lymphocytes in Colorectal Cancer (CRC) patients [569, 

570]. Moreover, enhanced level of Tr1 were observed in Hodgkin 

lymphoma patients with Epstein–Barr virus infection along with the 

upregulation of certain chemokines, including CCL17, CCL4, CCL5, 

CCL22, CCL20 and CXCL9, which might contribute to the recruitment of 

the Tr1 cells [571]. It was also determined that tumour infiltrating 

Plasmacytoid Dendritic cells (pDCs) promote Tr1 in hepatocellular 

carcinoma and liver metastases from colorectal cancer by upregulating 

ICOS-L which induce IL-10 production by Tr1 cells [552]. In addition, it 

was determined that chemotherapeutic agent used for the treatment 

cancer, such as Cisplatin, induce tolerogenic DCs which in turn enhance 
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Tr1 cells [572]. 

In contrast to the augmentation of Tr1 cells in cancer, a lack of Tr1 cells 

has been observed in several auto-immune diseases. Studies on Multiple 

Sclerosis (MS) patients identified abnormality in the CD46 mediated Tr1 

differentiation and detected lower level of IL-10 production in patients 

compared to healthy controls [385, 441, 508]. The lower level of IL-10 in 

secondary progressive MS patients were also found to be associated with 

higher disability and MRI lesion load which contributed to both 

pathological process and disease outcome [434]. Similarly, in 

Rheumatoid Arthritis (RA) patients, the frequency of IL-10+LAG-3+CD4+ 

were lower compared to healthy individuals and the lower number of 

regulatory cells were associate with higher Clinical Disease Activity Index 

scores [573]. It was also reported that allergen specific Tr1 cells, but not 

thymus derived nTreg defined as CD4+CD25+CD127Low cells, were 

decreased in persistent allergic rhinitis and there was an inverse 

correlation between the frequency of Tr1 cells and the clinical symptom 

scores [574]. Interestingly, in patients with immune dysregulation, 

polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome, which is 

caused by mutation in FoxP3 gene [575], IL-10+CD4+ Tr1 cells could be 

isolated from patients and expanded in vitro in presence of IL-10 and 

IFN- [308]. Tr1 cells are also important for patients with organ 

transplantation where enrichment of Tr1 cells could potentially prolong 

the survival of graft by suppressing host responses and preventing GvHD 

[576, 577]. These observations led to studies which investigated the 

effect of immune-modulators (e.g. immune-suppressive agents, drugs 

used for treatment for diseases etc.) on Tr1 cells. 
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Previous studies demonstrated that immuno-modulatory glucocorticoids 

(GC) such as Dexamethasone, prednisone etc. increased the frequency of 

FoxP3+ nTreg with the ability to suppress effector cells in auto-immune 

diseases  [578-581]. It was also reported that Dexamethasone confer 

immunosuppressive effect on PBMCs by reducing Th1 type pro-

inflammatory cytokine IFN- and promoting Th2 cytokine IL-4 along with 

IL-10 [580]. The effect of Dexamethasone on the differentiation of 

CD4+T-cells has also been revealed in studies which demonstrated that 

exposing naïve CD4+ T-cells to Dexamethasone and activating them with 

CD3/CD28 results in higher IL-10+ cells instead of IFN-+ which provides 

these cells the ability to modulated immune response [582]. A 

combination of Vitamin D3 and Dex had even more pronounce effect on 

the reduced IFN- production and enhanced IL-10 production following 

CD3/CD28 stimulation confirming that immune-modulators mediate 

suppression by controlling Th1 response and promoting regulatory 

responses [583, 584]. In a separate study in glucocorticoid-resistant 

asthma patients, it was demonstrated that Vitamin D3 could reinstate of 

effect of Dex treatment and restore enhanced IL-10 production in the 

GC-resistant patient to the levels of GC-sensitive patients [585]. Vitamin 

D3 also modulated IL-10 production via CD3/CD46 pathway in CD4+ T-

cells and efficiently changed the IL-10+: IFN-+ to reinstate the 

immunological balance from pro-inflammatory responses in patients 

diagnosed with MS  [509]. Moreover, it was reported that Dex and IL-10 

had synergistic inhibitory effect on CD4+ cell proliferation [586]. 

However, it was later demonstrated that Dex had differential effect on 

CD4+CD25+ nTreg and CD4+CD25- where regulatory cells were more 
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resistant to Dex mediated cell death indicating Dex treatment confers 

immune suppression by not only affecting effector cells but also by 

favouring regulatory cells [587]. Finally, first line treatments of MS such 

as Interferon- also demonstrated the ability to elevate IL-10 production 

in MS patients through which it conferred immune suppression [348, 454, 

455]. Currently a wide range of Disease Modifying Treatments (DMTs) 

are available and these are routinely used in the clinic based on the 

diagnosis of the disease condition of the patients. Some of these DMTs 

exert their effect by targeting T cells, regulatory cells, B cells, and cell 

trafficking into the nervous system. Some of the DMTs include- 

i. Alemtuzumab (Anti-CD52 monoclonal Antibody) 

ii. Interferon- (cytokine) 

iii. Fingolimod 

iv. Cladribine (purine analogue) 

v. Daclizumab (Anti-CD25 monoclonal Antibody) 

vi. Dimethyl fumarate (methyl ester of fumaric acid) 

vii. Glatiramer acetate (4 amino acid polymer) 

viii. Natalizumab (Anti-4 integrin antibody)   

ix. Ocrelizumab (Anti-CD20 antibody) 

        

Considering the critical role of immune-modulators on IL-10 production in 

autoimmune diseases and previously reported dysregulation of the CD46 

induced Tr1 cells in MS, we aimed to study the CD55 mediated IL-10 

production in MS patients. We hypothesized that induction of CD55 

mediated Tr1 cells is defective in MS patients and immune-modulators 

would enhance CD55 mediated IL-10 production. 
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5.2 Results: 

5.2.1 MS patients produce lower level of IL-10 

in response to CD3/CD55 stimulation:  

The immune-balance in auto-immune disease patients is considered to be 

altered due to exaggerated inflammation and inefficacious immune 

regulatory responses. Previous studies have demonstrated that MS 

patients responded to antigenic stimulation as well as CD46 

costimulatory signal by producing lower level of immune-suppressive 

cytokine IL-10 compared to healthy individuals [6, 348]. So, in this 

study, we investigated CD3/CD55 induced IL-10 production in MS 

patients and compared it with age-and-gender matched heathy 

individuals.  

 

Naïve CD4+ T-cells were isolated from MS patients as well as healthy 

donors and stimulated with either CD3/CD55 or CD3/CD28. After 72 

hours of cell activation, the IL-10 production in response to costimulatory 

signals was determined by measuring IL-10 in culture supernatant and 

performing dual cytokine secretion assay (CSA) for IL-10 and IFN-. It 

was determined that MS patients produced significantly lower (P=0.0124, 

paired t-test, n=11) amount of IL-10 (on average 841 pg/mL) in 

response to CD3/CD55 stimulation compared to heathy controls (mean 

2140 pg/mL) (Figure-5.1). In contrast, no significant difference was 

noted in IL-10 production following CD3/CD28 stimulation (Figure-5.1C). 

In line with these observations, reduced number of IL-10+ cells were 

detected by CSA in MS patients following CD3/CD55 stimulation. In some 
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MS patients, no or less than 0.1% IL-10+ Tr1 cells was observed along 

with higher number of IFN-+ cells (more than 90% noted in case of MS 

patient 1 and 2 as shown in Figure 5.2). However, in other patients, 

including those on various disease modifying treatments, the number of 

IL-10+ Tr1 cells induced by CD3/CD55 was similar to the number 

determined in healthy donors (data not shown here). These observations 

led us investigate the effect of immune-modulators on IL-10 production 

by CD3/CD55 induced Tr1 cells. 

 

 

 

 

 

 

 

 



 172 

A)  

 

 

 

 

 

B)   

 

 

 

 

 

C) 

 

 

 

 

0

2000

4000

6000

p
g

/m
L

IL-10 production after 72 hours of cell stimulation 

Healthy Donors 

MS Patients 

* (P = 0.0124)

CD3                 +                       +             

CD55               +                       +          

0

2000

4000

6000

p
g

/m
L

IL-10 production after 72 hours of cell stimulation 

Healthy Donors 

MS Patients 

CD3                 +                       +             

CD28               +                       +          

NS

0

500

1000

1500

2000

2500

p
g

/m
L

Healthy Donors CD3/CD55

MS Patients CD3/CD55

Healthy Donors CD3/CD28

MS Patients CD3/CD28

**** (P<0.0001)

***  (P = 0.0002)

NS

CD3            +              +              +             +

CD55          +              +              -              -

CD28          -                -              +             +

IL-10 production after 72 hours of cell stimulation 

**** (P<0.0001)



 173 

Figure 5.1: Comparison of IL-10 production by CD4 T-cells in 

response to CD3/CD55 and CD3/CD28 stimulation between MS 

patients and heathy control.  Naïve CD4 T-cells were isolated from 

blood of both MS patients and healthy donors were stimulated with either 

CD3/CD55 or CD3/CD28 for 72 hours. Then the amount of IL-10 

produced in response to the CD3/CD55 and CD3/CD28 was determined 

by evaluating by ELISA. IL-10 responses to costimulatory signal in 

individual MS patient along with the age-and-gender matched heathy 

donor control is demonstrated in (A). The cumulative data obtained from 

11 independent experiments are shown in (B) and (C). In each 

experiment, triplicate of each condition was measured to determine the 

IL-10 secretion. Statistical significance was determined by two-way 

ANOVA for (A) and paired t-test for (B) and (C). [ For (B), P=0.0124, 

95% confidence interval 347.9 t0 2250, mean difference 1299 pg/mL] 
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Figure 5.2:  Detection CD3/CD55 induced IL-10+ Tr1 cells and 

IFN-+cells in MS patients and healthy controls. Naïve CD4 T-cells 

were isolated from blood of both MS patients and healthy donors were 

stimulated with either CD3/CD55 or CD3/CD28. After 72 hours of cell 

stimulation, IL-10+ Tr1 cells were determined by performing dual CSA for 

IL-10 and IFN-. Data shown here was obtained from three independent 

experiments and negative control for specific experiment was used to 

determine the IL-10+ and IFN-+ cells (not shown here). (Data kindly 

shared by Dr. Ruhcha Sutavani) 
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5.2.2 Dose dependent effect of immune-

modulators on CD3/CD55 mediated IL-10 

production 

 
Naïve CD4+ T-cells were stimulated with CD3/CD55 in presence or 

absence of different immune-modulators including Dexamethasone 

(Dex), Vitamin D3 and Interferon- (IFN-) (Figure-5.3 to 5.5). All of the 

immune-modulators significantly enhanced IL-10 production in a dose 

dependent manner except IFN- which increased IL-10 production with 

all the dose tested in our experimental settings (dose ranging from 25 

IU/mL to 100IU/mL). Vitamin D3 modulated IL-10 production at a low 

dose 10-8 M/mL and addition of higher dose of Vitamin D3 amplified the 

effect. In case of Dexamethasone, the effect was more prominent at 

lower dose compared to higher doses. It has been previously reported 

that Dexamethasone causes cell cycle arrest and apoptosis at higher 

doses [588] which could influence the effect on IL-10 production at 

higher doses of Dex. The effect of immune-modulators was consistent in 

all the healthy donors. Also, the cytokine production was determined 

after only 72 hours of CD3/CD55 stimulation in naïve CD4+ cells which 

represent the early response by these T-cells. These observations denote 

the prominent modulatory potential of Dex, IFN- and Vitamin D3 on 

early responses of cells to CD3/CD55 costimulation and their preferential 

effect on regulatory T-cells. 
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Figure 5.3: Dose dependent effect of Vitamin-D3 on CD3/CD55 

induced IL-10 production. Naive CD4+ T-cells were stimulated with 

CD3/CD55 in presence or absence of different doses of Vitamin D3 for 72 

hours and the amount of IL-10 production by cells was determined by 

ELISA. Vitamin D3 enhanced IL-10 production in a dose dependent 

manner in healthy donors following CD3/CD55 activation. The cumulative 

data from experiments conducted with samples obtained from a cohort of 

healthy donors (n=6) is demonstrated here. Statistical significance was 

determined by two-way ANOVA and data shown here is cumulative 

results obtained from six independent experiments. 
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Figure 5.4: Dose dependent effect of dexamethasone on 

CD3/CD55 induced IL-10 production. Naive CD4+ T-cells isolated 

from healthy individuals were stimulated with CD3/CD55 in presence or 

absence of different doses of Dexamethasone and culture supernatant 

was collected after for 72 hours to determine the amount of IL-10 

production by cells. The dose dependent effect of dexamethasone on 

CD3/CD55 mediated IL-10 production from seven independent 

experiments is demonstrated here. Dexamethasone significantly 

enhanced CD3/CD55 induced IL-10 production at the lowest dose (10-8M) 

( P=0.0178, statistical significance was determined by two-way ANOVA, 

n=7). 
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Figure 5.5: Dose dependent effect of IFN- on CD3/CD55 induced 

IL-10 production. Naive CD4+ T-cells, isolated from healthy individuals, 

were stimulated with CD3/CD55 in presence or absence of different doses 

of IFN- and culture supernatant was collected after for 72 hours to 

determine the amount of IL-10 production by cells. The dose dependent 

effect of IFN- on CD3/CD55 mediated IL-10 production is demonstrated 

from three independent experiments conducted with healthy donors is 

demonstrated here. IFN- significantly enhanced CD3/CD55 induced IL-

10 production with all the tested concentration. In each experiment, 

triplicate of each condition was measured to determine the IL-10 

secretion. Statistical significance was determined by two-way ANOVA. 
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5.2.3 Immune-modulators suppress IFN- 

production in CD3/CD55 activated cells: 

Previous studies reported that immune-modulators confer immune-

suppression by decreasing pro-inflammatory cytokines such as IFN- 

[589-592]. So, in our study, we investigated the effect of immune-

modulators on IFN- production by CD3/CD55 stimulated cells. Naïve CD4 

T-cells were stimulated with CD3/CD55 in presence or absence of 

different doses of dexamethasone and Vitamin D3 for 72 hours and 

culture supernatant was evaluated for determine IFN- production. The 

immune-modulator treated cells produce less amount of IFN- following 

stimulation with CD3/CD55 (Figure-5.6). The decrease of IFN- secretion 

was dose dependent where the highest dose of Vitamin D3 (10-6M) 

demonstrated the most prominent effect and significantly (P=0.0073, 

n=5) reduced IFN- production compared to the cells which were not 

treated with immune-modulators. No significant change was observed in 

IFN- production in CD3/CD55 stimulated cells in the presence of lower 

doses of Vitamin D3 (10-8M) or vehicle only control without any immune-

modulators (ethanol + DMSO). Similarly, Dexamethasone also reduced 

IFN- production compared to only CD3/CD55 treated cells although the 

decrease in IFN- secretion was not statistically significant (n=5). The 

suppressive effect of these immune-modulators on CD3/CD28 activated 

Th1 cells has been previously demonstrated by several studies [582, 593, 

594] but their effect on other alternative costimulatory signals has not 

been studied extensively. The immune-modulators abrogate IFN- 

production which could limit the self-reactive immune responses in MS 
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patients and alleviate the disease condition. Considering the enhanced 

IL-10 production and suppressed IFN- secretion after treatment with 

immune-modulators upon CD3/CD55 stimulation, it could potentially 

modify IL-10:IFN- which in turn would re-establish immune balance in 

the auto-immune disease patients.  
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Figure 5.6: Dose dependent effect of vitamin-D3 and 

dexamethasone on IFN- production in response to CD3/CD55 

costimulation. Naïve CD4 T-cells were stimulated with CD3/CD55 in 

presence or absence of different doses of Vitamin-D3 (A) and 

Dexamethasone (B) after 72 hours of cell activation and culture 

supernatant was used for ELISA to determine IFN- production. 

Statistical significance was determined by two-way ANOVA and the 

data shown here is the cumulative results obtained from five 

independent experiments. In each experiment, triplicate of each 

condition was measured to determine the IFN- secretion. 

0

50

100

150

n
g

/m
L

CD3/CD55

CD3/CD55 10-6 D3

CD3/CD55 10-7 D3

CD3/CD55 10-8 D3

CD3                           +           +           +          +           +

CD55                         +           +           +          +           +

10-6 M VIT D3            -            +           -           -            -

10-7 M VIT D3            -            -           +           -            -

10-8 M VIT D3            -            -            -           +           -     

Ethanol+DMSO        -            -            -           -            +

IFN-g secretion after 72 Hours of cell stimulation

**

Ethanol+DMSO

(P=0.0073)

** (P=0.0295)

0

50

100

150

n
g

/m
L

CD3/CD55

CD3/CD55 10-6 DEX

CD3/CD55 10-7 DEX

CD3/CD55 10-8 DEX

CD3                           +             +              +              +         

CD55                         +             +              +              +           

10-6 M  DEX               -              +              -               -          

10-7 M  DEX               -              -              +               -           

10-8 M  DEX               -              -               -               +        

IFN-g secretion after 72 Hours of cell stimulation

NS

NS

NS



 183 

5.2.4 Immune-modulators preferentially elevate 

IL-10 production following CD3/CD55 

stimulation: 

Different costimulatory signals to Naïve CD4+ T-cells leads to activation, 

differentiation and proliferation of cells. While classical costimulatory 

signal such as CD3/CD28 results in pro-inflammatory Th1 response, 

alternative costimulatory CD3/CD55 signal induces anti-inflammatory Tr1 

response. In the next stage of our study, we compared the effect of 

immune-modulators on IL-10 production by cells in response to CD55 

and CD28 costimulation. Naïve CD4 T-cells were stimulated with either 

CD3/CD55 or CD3/CD28 in presence or absence of optimal dose of 

dexamethasone (5X10-8 M) and IFN- (50 IU/mL) (optimal dose was 

selected on the basis of the results of the dose titration experiments 

described in 5.2.2). The presence of IFN- altered the response in both 

CD3/CD28 and CD3/CD55 stimulated cells and significantly enhanced IL-

10 production (Figure 5.8) whereas Dexamethasone preferentially 

elevated IL-10 production following only CD3/CD55 but not CD3/CD28 

stimulation (Figure-5.7) during the early response (On Day 3). The 

difference in the ability of the immune-modulators to enhance IL-10 

production following CD/CD28 costimulation might indicate that they 

have varying potential to influence Th1 population. Interestingly, both of 

the immune-modulator increased the IL-10 production in the CD3/CD55 

stimulated cells which raises the possibility that they could be exerting 

the effect on Tr1 cells via same molecular pathway.  
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Figure 5.7: Dexamethasone preferentially increases IL-10 

production when Naïve CD4+ T-cells are stimulated with 

CD3/CD55 but not CD3/CD28. Dexamethasone preferentially 

increases IL-10 production when Naïve CD4+ T-cells are stimulated with 

CD3/CD55 but not CD3/CD28. Naïve CD4+ T-cells were stimulated with 

either CD3/CD55 or CD3/CD28 in presence or absence of Dexamethasone 

(5X10-8 M) and the culture supernatant was collected after 72 hours to 

evaluate IL-10 production by cells in response to different stimuli. 

CD3/CD55 stimulated cells secreted significantly higher amount of IL-10 

(P<0.0001) in comparison to CD3/CD28 stimulated cells and the IL-10 

production was further enhanced in CD3/CD55 stimulated cells with 

Dexamethasone treatment compared to the untreated cells (P<0.0001). 

Similar IL-10 enhancing effect was not observed in CD3/CD28 stimulated 

cells in the presence of dexamethasone. Statistical analysis was done by 

performing two-way ANOVA and data is representative of cumulative 

results from seven independent experiments (n=7). In each experiment, 

triplicate of each condition was measured to determine the IL-10 

secretion and mean of the triplicate values was used for statistical 

analysis. 
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Figure 5.8: Comparison of modulation of IL-10 production in 

CD3/CD55 and CD3/CD28 stimulated cells by IFN-. Naïve CD4+ T-

cells were stimulated with either CD3/CD55 or CD3/CD28 in presence or 

absence of IFN- and the culture supernatant was collected after 72 

hours to evaluate IL-10 production by cells in response to different 

stimuli by ELISA. IL-10 production was enhanced in CD3/CD55 

stimulated cells in the presence of IFN- compared to the untreated cells 

(P<0.0001). Similarly, IFN- also significantly enhanced IL-10 production 

in CD3/CD28 stimulated cells compared to untreated CD3/CD28 

stimulated cells. No significant difference was noted in IL-10 production 

between CD3/CD55+IFN- and CD3/CD28+IFN- stimulated cells. 

Statistical analysis was done by performing two-way ANOVA and data is 

representative of cumulative results from six independent experiments 

(n=6). In each experiment, triplicate of each condition was measured to 

determine the IL-10 secretion and mean of the triplicate values was used 

for statistical analysis. 
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5.2.5 Immune-modulators exert their effect by 

inducing IL-10+ Tr1 cells and suppressing IFN-

+ cells 

CD3/CD55 induces the differentiation of Naïve CD4+ T-cells into a 

discrete regulatory IL-10+ Tr1 cell population. The addition of immune-

modulators resulted in 2-3 fold increase in IL-10 secretion which was 

determined by ELISA. However, it was unclear whether the immune-

modulators enhanced the cytokine production by each cytokine producing 

cell or they increased the number of cells that produced cytokine. In 

order to address this question, naïve CD4+ T-cells were stimulated with 

either CD3/CD55 or CD3/CD28 in presence or absence of immune-

modulators and after 72 hours of cell activation, they were assessed for 

cytokine production by using CSA. It was determined that the immune-

modulator treatment led to increased IL-10+ Tr1 cells while it suppressed 

IFN-+ cells (Figure 5.9). Dexamethasone preferentially modulated and 

significantly increased (P=0.0021, n=5) the percentage of IL-10 

producing cells following CD3/CD55 costimulation. In contrast, IFN- 

modified responses to both CD3/CD55 and CD3/CD28 stimulation and 

amplified the number of IL-10+ cells (Figure-5.10). Both Dexamethasone 

and IFN- demonstrated immune-suppressive potential which was 

partially exerted by reducing IFN-+ cells. The ability to regulate both IL-

10 and IFN- production renders immune-modulators the efficacy to shift 

immune response from pro-inflammatory to anti-inflammatory.  
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Figure 5.9: The effect of immune-modulators on induction of IL-

10+ and IFN-+ cells in response to costimulatory signals. Naïve 

CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28 in the 

presence or absence of dexamethasone (5X10-8 M) and IFN- for 72 

hours and dual CSA was performed to determine IL-10+ as well as IFN-+ 

cells. Data is representative of five independent experiments. 
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Figure 5.10:  The percentage of IL-10+ cells under the influence of 

immune-modulators following CD3/CD55 and CD3/CD28 

stimulation. Naïve CD4 T-cells were stimulated with either CD3/CD55 or 

CD3/CD28 in the presence or absence of (A) dexamethasone (5X10-8 M) 

and (B) IFN-  for 72 hours and dual CSA was performed to determine 

IL-10+ as well as IFN-+ cells. Statistical significance was determined by 

two-way ANOVA and data shown here is cumulative results obtained from 

five independent experiments. 
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Fold change in percentage of IL-10+ Tr1 cells and IFN-+ in 

the presence of Dexamethasone  

 

 

 

Figure 5.11: Fold change in percentage of IL-10+ Tr1 cells and 

IFN-+ in the presence of Dexamethasone. Naïve CD4 T-cells were 

stimulated with CD3/CD55 in the presence or absence of dexamethasone 

(5X10-8 M) for 72 hours and dual CSA was performed to determine IL-10+ 

as well as IFN-+ cells. The fold change in IL-10+ and IFN-+ were 

determined by comparing the dexamethasone treated cells with the 

untreated cells. The presence of Dex resulted in augmentation of 2-6 fold 

(mean 2.85 fold, n=10) higher Tr1 cells compared to CD3/CD55 control. 

Also, Dex suppresses the IFN- upto 2-5 fold (mean 2.20 fold, n=10). 
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5.2.6 The effect of immune-modulators on the 

cell cycle of the CD3/CD55 stimulated cells: 

 

Immune-modulators (e.g. Glucocorticoids) have been reported to be anti-

proliferative as they cause cell cycle arrest and apoptosis [595, 596]. In 

order to determine if the exposure of CD3/CD55 stimulated cells to 

various immune-modulators affect their cell division, cell cycle and cell 

proliferation were evaluated by Propidium Iodide (PI) staining for DNA 

content, thymidine incorporation assay as well as cell proliferation dye 

CellTraceTM Violet. In the first stage, naïve CD4 T-cells were stimulated 

with CD3/CD55 in the presence of various doses of immune-modulators 

and cell cycle status was determined by PI staining after 72 hours of cell 

activation. CD3/CD55 stimulated cells without any immune-modulator 

was used as control and only CD3 stimulated cells were used as negative 

control to determine cell cycle arrest (data shown in Figure-5.12 and 

table-5.1, n=3). Only at the highest dose of dexamethasone (10-6M and 

10-7M) and vitamin-D3 (10-6M), cell cycle arrest (sub-G1 and G0/G1) was 

noted and it was similar to that observed in cells stimulated with only 

CD3 and without any costimulatory signal (Figure-5.12 A and C). Higher 

percentages of cells were also observed in sub-G1 and G0/G1 phase when 

cells were stimulated in the presence of highest dose of IFN- (100 

IU/mL). Similar percentages of cells were observed in S phase and G2/M 

phase when cells were stimulated with only CD3/CD55 control and 

CD3/CD55 stimulated cells in the presence of selected optimal doses in 

this study- dexamethasone Vitamin D3 (10-7M) and IFN- (optimal dose 

50 IU/mL). 
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Figure 5.12: Cell cycle analysis of CD3/CD55 stimulated cells in presence or absence of dexamethasone. 

Naive CD4 T-cells were stimulated with CD3/CD55 in the presence or absence of various doses of dexamethasone 

ranging from 10-6 to 10-9M. Only CD3 stimulated cells were used as negative control. After 72 hours of cell 

stimulation, PI staining for DNA was performed to determine the cell cycle by flow cytometry and the data was 

analysed by FlowJo (version X). Data is representative of three independent experiments. [ Blue: Cells arrested in 

G0/G1 phase; Green: Cells in S phase and Orange: Cell in G2/M phase]. 
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Table 5.1: Cell cycle analysis with PI staining following CD3/CD55 

stimulation in presence or absence of different doses of 

dexamethasone, vitamin-D3 and IFN- (data representative of 

three independent experiments). 

 

 

 

 

Experimental  
Condition 

 Sub-G1    G0/G1       S   G2/M 

CD3 only    13.40%    43.80%     5.80% 37.00 % 

CD3/CD55     0.00%    23.30%     2.37% 74.40% 

+10-6M Dex     8.64%    56.90%   15.10% 19.39% 

+10-7M Dex   10.90%    41.50%   13.50% 34.17% 

+10-8M Dex     0.00%    26.00%     7.25% 66.80% 

+10-9M Dex     0.00%    21.50%     0.00%  78.50% 

+10-6M VitD3    29.10% 

 

   51.50%    0.00%   25.68% 

+10-7M VitD3     0.00%    29.70%    0.00%   75.80% 

+10-8M VitD3    13.20%     1.76%    21.90%   63.20% 

+10-9M VitD3    0.00%    21.00%     6.42%   72.60% 

+100IU/ml 
IFN 

   17.60%      2.10%   15.20%   69.20% 

+50IU/ml 
IFN 

   0.00%    26.10%     8.89%   65.10% 

+25IU/ml 
IFN 

   0.00%    17.40%     9.10%   73.60% 
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5.2.7 Evaluation of the effect of immune-

modulators on the proliferation of CD3/CD55 

stimulated cells using Thymidine Incorporation 

Assay 

 

The overall cell proliferation following CD3/CD55 stimulation of Naïve CD+ 

T-cells in presence or absence of different doses of immune-modulators 

was determined by thymidine incorporation assay which was performed 

after 72 hours of cell activation. Radioactive thymidine [3H] was 

incorporated in the DNA of the cells that went through cell division and it 

was determined that cell proliferation of the CD3/CD55 stimulated cells 

were significantly higher (P=0.0317, n=5) than the cells which were 

stimulated with only CD3 (with the sub-optimal concentration of 1L/mL 

to measure the basal level of cell proliferation). Interestingly, there was 

no significant difference in cell proliferation with immune-modulator 

treatment (both Vit-D3 and Dexamethasone), even at the highest 

concentration (Figure 5.13). These findings contradicted the observations 

of the cell cycle analysis with PI which demonstrated that higher dose of 

Dex and VitD3 (10-6M and 10-7M) resulted in accumulation of cells in Sub-

G1 and G0/G1 phase (table 5.1 and 5.2) which would have led to lower 

thymidine uptake by cells activated under those conditions. However, the 

discrepancy in the measurement of cell proliferation between two 

different assays could be explained by the limitation of thymidine 

incorporation assay where the [3H] uptake by certain proliferating cell 

population of the immune-modulator treated cells might result in 

comparable overall [3H] uptake to the immune-modulator untreated cells. 
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Also, it could not be determined if the CD3/CD55 induced IL-10+ Tr1 cells 

proliferated in presence of the immune-modulators by either PI staining 

for DNA content or [3H] incorporation assay as both of the assays 

evaluated the cell proliferation of the total cell population and were not 

appropriate to measure the proliferation of the cytokine producing cells. 

In order to address these questions, we further investigated the cell 

proliferation of CD3/CD55 induced Tr1 cells with Flow cytometry by using 

cell proliferation dye (section 5.2.8) 
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A) The effect of Vitamin D3 on CD3/CD55 induced cell 

proliferation   

 

 

 

 

 

 

 

 

B) The effect of Dexamethasone on CD3/CD55 induced cell 

proliferation                                                

 

 

 

 

 

 

 

Figure 5.13: Evaluation of dose dependent effect of vitamin-D3 

and dexamethasone on CD3/CD55 costimulation induced cell 

proliferation Naïve CD4 T-cells were stimulated with CD3/CD55 in the 

presence and absence of different doses of (A) vitamin-D3 and (B) 

dexamethasone for 72 hours. Then thymidine was added for the last 16 

hours of cell culture before the cell proliferation was evaluated by 

measuring the amount of incorporated thymidine. The graphs represent 

combined results obtained from five individual experiments and statistical 

significance was determined by two-way ANOVA. 
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5.2.8 Determining the proliferative response of 

CD3/CD55 induced IL-10+ Tr1 cells in presence 

of immune-modulators 

The early studies on Tr1 cells reported that these cells were anergic 

[597-599]. So, in this study, we investigated the proliferative capacity of 

CD3/CD55 induced Tr1 cells in presence or absence of immune-

modulators by using cell proliferation dye. Naïve CD4 T-cells were stained 

with Cell Trace Violate prior to stimulation with CD3/CD55 and 

proliferation of Tr1 cells were determined following detection of IL-10+ by 

performing CSA after 72 hours. Some cells were stimulated with 

CD3/CD28 to compare two costimulatory signal induced cell proliferation 

and only CD3 stimulated cells were used as negative control to determine 

basal level of proliferation in absence of costimulation. It was determined 

that both CD3/CD55 and CD3/CD28 stimulation resulted in 3-4 round of 

cell division (Figure-5.15, 5.16 A and C). Importantly, IL-10+ Tr1 cells 

demonstrated proliferative capacity similar to that of IL-10- cells. The 

presence of dexamethasone and vitamin D3 enhanced the IL-10+ Tr1 

cells in CD3/CD55 stimulated cells but not with CD3/CD28 cells and did 

not alter the cell proliferation. The Tr1 cells differentiated with CD3/CD55 

and dexamethasone or vitamins D3 also proliferated in a similar way to 

those differentiated with only CD3/CD55 costimulation (Figure-5.15; 5.16 

A and B) and these cells divided 3-4 times within a period of  72 hours 

which demonstrated that CD3/CD55 induced Tr1 cells are not anergic. 
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Figure 5.14: The schematic representation of evaluating cell 

proliferation by the cell proliferation dye CellTraceTM Violet (CTV). 

The cells of interest are labelled with fluorescent CTV which diffuses into 

the cells and covalently binds to the intracellular amines. When CTV 

stained cells are stimulated under various condition, they proliferate in 

response to the stimuli and starts to lose the fluorescence by half with 

each round of cell division they go through as the amount of CTV dye is 

distributed between the daughter cells 
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Figure 5.15: Determination of cell proliferation of CD3/CD55 induced IL-10+ tr1 cells in presence 

or absence of Vitamin-D3. Naïve CD4 T-cell were stained with cell trace violate and stimulated with only 

CD3, CD3/CD55 and CD3/CD55 + Vitamin D3 (10-7M/mL) for 72 hours. Then IL-10 cytokine secretion assay 

was performed to detect Tr1 cells before cell proliferation was determined by flow cytometry. Data is 

representative of three independent experiments.
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Figure 5.16: Determination of cell proliferation of CD3/CD55 and CD3/CD28 induced IL-10+ and IFN-+ 

cells in presence or absence of dexamethasone. Naïve CD4 T-cell were stained with cell trace violate and 

stimulated with (A) CD3/CD55, (B) CD3/CD55 + dexamethasone (5X10-8M), (C) CD3/CD28 and (D) CD3/CD28 

+dexamethasone (5X10-8M) for 72 hours. Then IL-10 cytokine secretion assay was performed to detect Tr1 cells 

before cell proliferation was determined by flow cytometry. Data is representative of three independent experiments. 

The data is representative of three individual experiments 
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5.2.9 Immune modulators have a lasting effect 

on Tr1 differentiation, through multiple rounds 

of stimulation 

The CD3/CD55 costimulation induces differentiation of Naïve CD4+ T-cells 

into IL-10+ Tr1 cells and the presence of immune-modulator such as 

dexamethasone led to augmentation of IL-10+ Tr1 cells. However, it was 

unclear if the enhanced production of IL-10 was restricted to the 

presence of immune-modulator and if the characteristics observed during 

the primary stimulation would be recapitulated upon restimulation of the 

cells. To address these questions, naive CD4 T-cells were primed with 

CD3/CD55 in presence or absence of dexamethasone and rested before 

they were restimulated with either CD3/CD55 or CD3/CD28 (figure-

5.19). The Tr1 cells differentiated with CD3/CD55 + dexamethasone 

remained functional upon secondary stimulation with CD3/CD55 even in 

the absence of further dexamethasone treatment. The retention of 

function as well as the lack of requirement of further immune-modulator 

indicated that Dex modulated cell differentiation towards regulatory Tr1 

phenotype. Interestingly, in a manner similar to CD3/CD55 differntiated 

cells, Dex treated CD3/CD55 primed cells did not completely respond to 

CD3/CD28 costimulation during secondary activation which further 

confirms their differentiated state. It could be stipulated from this 

observation that Dex modulated IL-10+ Tr1 cells could confer immune-

suppression to maintain tolerance in long term which is required to 

achieve clinically-quiescent state in auto-immune disease patients. 
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Figure 5.17: Evaluation of cell function of CD3/CD55 induced IL-10+ Tr1 cells primed in presence of 

immune-modulators upon secondary restimulation. Naïve CD4 T-cells were stimulated with CD3/CD55 and 

CD3/CD55 +dexamethasone (5X10-8M)   for 72 hours and dual CSA for IL-10 as well as IFN- was performed to 

determine the Tr1 cells following primary stimulation. Then, cells were rested for 7 days. On day10, cells were 

restimulated with either CD3/CD55 or CD3/CD28 for 36 hours before dual CSA was performed to determine the 

induction of Tr1 cells upon restimulation. Data is representative of three independent experiments
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5.3 Discussion: 

Immune homeostasis requires an intricate balance between pro-

inflammatory and anti-inflammatory response modulated by various 

immune cells. Although regulatory cells constitute a small fraction of the 

total cell population, they efficiently restrain proinflammatory Th1 cells to 

prevent immunopathology. By-stander suppression via IL-10 production 

is one of the significant mechanisms of action of regulatory T-cells [600-

602]. In fact, enforced expression of IL-10 in CD4+ T-cells confers 

regulatory function to them and they retain their function in vivo to 

provide protection against GvHD in xeno-graft transplanted  mouse 

models [603]. Moreover, IL-10 plays a critical role in maintaining self-

tolerance as lower level of IL-10 has been reported in several auto-

immune diseases which might contribute to the severity of disease [348, 

455, 604-608]. Various immuno-modulatory agents including IFN- and 

Dimethyl fumarate seem to impart their effect by rescuing IL-10 

production as augmentation of IL-10 was noted following treatment [348, 

609, 610]. Interestingly, the level of IL-10 producing cells was deficient 

during relapse phase but increased during stable disease condition in 

clinically-quiescent MS patients to a comparable level to the healthy 

subjects [608]. These observations suggest that IL-10 production by 

regulatory T-cells might be defective during active disease phase in auto-

immune disease patients. Therapeutic intervention could re-establish IL-

10 production to reinstate the immunological balance and ameliorate 

pathological consequences of the disease.           

                                              

Defects in costimulatory signals that govern the generation of Tr1 
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responses may also account for the pro-inflammatory bias observed in 

MS patients [508].  The CD3/CD55 costimulatory pathway regulates IL-

10 production by Tr1 cells and in this study was defective in relapsing MS 

patients. While stimulation of naïve CD4+ T-cells resulted in induction of a 

small population of IL-10+ Tr1 cells, the cells from untreated MS patients 

failed to respond in a similar manner. The overall IL-10 production was 

also significantly lower in MS patient compared to age-and–gender 

matched heathy controls, confirming previous observations of lower 

levels of IL-10 in MS patients [508]. The treatment with various immune-

modulators enhances the IL-10 production in a dose dependent manner 

in healthy subject and could potentially redress the deficiency of IL-10 

production by Tr1 cells in MS patients. Also, at the optimal dose 

concentration, these immune-modulators do not affect the proliferation 

but only affect the conversion of cells to IL-10+
 Tr1 cells while 

suppressing IFN- production. More importantly, these immune-

modulators affect differentiation stage of Tr1 cells and these retain their 

‘altered/enhanced Tr1’ function upon secondary restimulation. This 

occurs even in the absence of the drugs which indicates the stable 

modification of IL-10+ cells with the ability to provide long term 

tolerance. Both Dexamethasone and IFN- are already used in the clinics 

to treat MS patients and have demonstrated the ability to alleviate the 

severity of the disease. This study has shown for the first time that these 

immune modulators not only diminish the Th1 response but importantly 

enhance the number and potency of the regulatory Tr1 response in 

conjunction with CD3/CD55 signaling. These observations would suggest 

that modulation of CD3/CD55 induced Tr1 is a potential mechanism of 
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action of these immune-modulators. Our identification of the defective 

CD55 mediated induction of Tr1 cells MS patients as well as the immune-

suppression potential enhancing effect of immune-modulators on CD55 

induced Tr1 cells provides us with an immuno-therapeutic intervention to 

restore the immune-balance in MS patients by adoptive cell transfer 

therapy.  
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6 Chapter 6: The effect of immune 

modulators on the phenotype of 

CD3/CD55 induced IL-10+ Tr1 cells  

6.1 Introduction: 

Type 1 Regulatory T-cells (Tr1) were initially defined by their functional 

characteristics of imparting immune suppression in an IL-10 dependent 

manner [427]. In the recent years, many studies have focused on 

identifying a Tr1 phenotype on the basis of cell surface molecule 

expression in order to monitor the generation of cells in the peripheral 

immune system as well as to isolate them for clinical application. Gagliani 

et al. [431] reported the first Tr1-associated markers and demonstrated 

that Lymphocyte-activation protein 3 (LAG-3) and CD49b along with 

CD226 were expressed by IL-10+ cells in both human and mice. Several 

other Inhibitory Receptors (IR) including ICOS, TIM-3, TIGIT and PD-1 

[329, 611-613] as well as IL-10R [614] have been reported as makers 

of Tr1 cells. However, as with other leukocyte subsets, none of the 

reported markers are exclusively expressed by Tr1 cells. Discrepancies in 

the level of expression of these markers in different studies could be 

attributed to different methods of generating Tr1 cells which includes 

differentiating Tr1 cells from Naïve CD4 T-cells under the influence of co-

stimulatory signal including CD46, CD55; or cytokines such as IL-27 and 

co-culture of CD4 T-cells with dendritic cells in the presence of IL-10. 

Similarly, differences in the time at which surface markers were analysed 

and also the kinetics of cytokine production may account for the 

differences reported in levels of markers and production of cytokines. 

Moreover, unlike nTreg cells, which are determined by expression of 
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transcription factor Foxp3 [615, 616], no transcription factor has been 

identified that acts as a master regulator for inducible regulatory T-cells.  

 

As a result, multiple markers have been used to identify Treg 

populations. This can cause confusion and mislabelling of cells as some of 

these have been shown to be transiently expressed on other populations, 

upon activation [617-625]. We therefore investigated the expression of 

various surface markers and transcription factors on the IL-10 single 

positive and negative populations of CD3/CD55 induced Tr1 cells. 

 

Considering our observations in Chapter 5 which demonstrated that 

various immune-modulators enhance the number of CD3/CD55 induced 

Tr1 cells, we hypothesized that the characteristics of CD3/CD55 induced 

Tr1 cells would have a similar phenotype both in presence or absence of 

immune-modulators. 
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6.2 Results: 

6.2.1 Expression of Tr1-associated markers by 

CD3/CD55 induced IL-10+cells 

6.2.1.1 CD226 

CD226 or DNAX accessory molecule-1 (DNAM-1) was identified as an 

accessory adhesion molecule required for the cytotoxic T lymphocyte 

(CTL)–mediated cytotoxicity [626].  It has been reported to be highly 

expressed by Tr1 cells [431, 612] and involved in Tr1 mediated killing of 

myeloid APCs [332].  

 

CD226 is expressed by T-cells (both  and  T-cells), NK cell, subset of 

B-cells and monocytes [626]. It interacts with CD155 (Polio Virus 

Receptor, PVR) and CD112 (Nectin-2 δ/α) [627] which are expressed by 

dendritic cells [628]. It is known to compete with two co-inhibitory 

receptors, i) T-cell immunoglobulin and ITIM domain protein (TIGIT) for 

its ligand CD122, ii) CD96 for its ligand CD155 [629-631]. Interestingly, 

it has been reported that a nonsynonymous single nucleotide 

polymorphism (nsSNP) rs763361/Gly307Ser in CD226 gene is associated 

with predisposition to several auto-immune diseases including Multiple 

Sclerosis (MS), Type 1 Diabetes (T1D) and Rheumatoid Arthritis [632-

634]. Moreover, CD226 gene may be regulated by Vitamin-D3 [635, 636] 

as Vitamin-D Receptor (VDR) binding sites are present in its loci [637]. 

We therefore investigated the expression of CD226 in the CD3/CD55 

induced Tr1 cells in presence or absence of Vitamin-D3. 
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Naive CD-4+ T-cells were stimulated with CD3/CD55 in presence or 

absence of Vitamin-D3 (10-7M) for 72 hours and the expression of CD226 

was determined by extracellular staining whereas IL-10 was determined 

by cytokine secretion assay (CSA). Following CD3/CD55 costimulation 

CD226 was seen to be present in both the IL-10 positive Tr1 population 

and the IL-10 negative cells, with 70% (on average, n=4) of the IL-10 

positive cells also co-expressed CD226 (Figure 6.1A). Vitamin-D3 

significantly increased the expression of CD226 on both IL-10+ Tr1 and 

IL-10- cells compared to cells which were stimulated with only CD3/CD55 

(Figure 6.1A and Figure 6.2). However, no difference was observed on 

the level of CD226 expression on IL-10+ Tr1 and IL-10- stimulated with 

only CD3/CD55 (Figure-6.3A). In a similar way, even though Vitamin-D3 

enhanced the overall expression of CD226 following CD3/CD55 

stimulation, there was not any significant difference in CD226 expression 

between IL-10+ Tr1 and IL-10- cells (Figure- 6.3 B). This supports the 

role of Vit-D3 in upregulating CD226 and shows that CD3/CD55 per-se 

has little effect on its expression 
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Figure 6.1: Evaluation of CD226 expression by CD3/CD55 induced 

IL-10+ Tr1 cells and IL-10- cells in presence of Vitamin-D3. Naïve 

CD4+ T-cells were stimulated with CD3/CD55 in absence (A) and 

presence of Vit-D3 (B) for 72 hours and IL-10 CSA was performed to 

determine the Tr1 cells while extracellular staining was performed to 

determine the expression of CD226. The histograms represent the 

expression CD226 by IL-10+ (green) and IL-10- (red) in CD3/CD55 (A) 

and CD3/CD55+Vitamin-D3 stimulated cells. The data demonstrated here 

are representative of four individual experiments conducted with samples 

collected from healthy donors.  
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Figure 6.2: Comparison of the level of CD226 expression between 

IL-10+ and IL-10-cells induced by CD3/CD55 costimulation in 

presence or absence of vitamin-D3. Naïve CD4+ T-cells were 

stimulated with CD3/CD55 in presence or absence of Vit-D3 for 72 hours 

and IL-10 Cytokine Secretion Assay along with extracellular staining for 

CD226 was performed to determine the expression of the Tr1-associated 

marker (n=4). The Mean Fluorescence Intensity (MFI) of CD226 

expression was determined and compared between (A) IL-10+ Tr1 cell 

and (B) IL-10- cell population in CD3/CD55 and CD3/CD55+Vit-D3 

stimulated cell. For both (A) and (B), statistical significance was 

determined by paired t-test and n=4. 
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 A)  

 

 

 

 

 

 

B)  

 

 

 

 

 

 

Figure 6.3: Comparison of the level of CD226 expression between 

IL-10+ and IL-10-cells in CD3/CD55 and CD3/CD55+vitamin-D3 

stimulated cells.  The expression of CD226 by IL-10+ Tr1 cells and IL-

10- cells were determined in CD3/CD55 (A) and CD3/CD55+Vitamin D3 

(B) stimulated cells. The difference in the CD226 expression between IL-

10+ Tr1 cells and IL-10- cells in either CD3/CD55 or CD3/CD55+Vitamin 

D3 stimulated cells was evaluated. Paired t-test was performed to 

determine the statistical significance. Data shown here is cumulative 

results obtained from four independent experiments (n=4). 
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6.2.1.2 LAG-3  

Lymphocyte activation gene (LAG)-3, also known as CD223, was 

identified as homolog of CD4 [638]. LAG-3 is expressed by NK cells as 

well as T-cells and binds to MHC Class II molecules [639-641]. Recently 

LAG-3 has emerged as a co-inhibitory checkpoint molecule that 

suppresses CD4+ T-cells [370, 642-644] but is required for survival of 

activated T-cells following antigenic stimulation [645]. It has been 

reported that LAG-3 expression is higher in nTreg compared to effector 

cells where LAG-3 is ectopically upregulated following activation [646]. It 

was also demonstrated that LAG-3 is needed for the suppressive function 

of CD4+CD25+ nTreg [646] and has been noted as a marker of 

immunosuppressive IL-10+ Tr1 cells [431, 612, 647].  

 

The expression of LAG-3 was assessed in Tr1 cells induced from purified 

naïve cells with CD3/CD55 costimulation, in presence or absence of 

Vitamin-D3. IL-10 Cytokine secretion assay was performed along with 

extra-cellular staining for LAG-3 in order to evaluate the expression of 

this Tr1-associated marker. LAG-3 was expressed by 90- 95% (in all 

donors) of the IL-10+ cells after 72 hours of stimulation with CD3/CD55 

(n=4, representative data shown in Figure 6.4B). The presence of 

immune-modulators did not alter the level of expression of LAG-3 even 

though the number of IL-10+ Tr1 cells were elevated (Figure 6.4C). 

Interestingly, the CD3/CD55 induced IL-10+ cells had significantly higher 

expression of LAG-3 compared to IL-10- cells both absence (P=0.0097, 

n=4) and presence (P=0.0401, n=4) of Vitamin-D3. However, Vit-D3 did 

not have a significant effect on the expression of LAG3 (Figure 6.5). 
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Figure 6.4: Evaluation of LAG-3 expression by CD3/CD55 induced 

IL-10+ Tr1 cells and IL-10- cells in presence of Vitamin-D3. Naïve 

CD4+ T-cells were stimulated with CD3/CD55 in presence or absence of 

Vitamin-D3 (10-7M) and after 72 Hours of cell activation, IL-10 CSA was 

preformed to detect the Tr1 cells along with extracellular staining for 

LAG-3. Sample stained with only detection antibody and isotype control 

was used as a negative control to determine the expression of IL-10 and 

LAG-3. Data shown here are representative of four independent 

experiments (n=4). 
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Figure 6.5: Comparison of the level of LAG-3 expression between 

IL-10+ and IL-10-cells in CD3/CD55 and CD3/CD55+vitamin-D3 

stimulated cells.  Naïve CD4 T-cells were stimulated with CD3/CD55 in 

presence or absence of Vit-D3 for 72 hours and IL-10 Cytokine Secretion 

Assay along with extracellular staining for LAG-3 was performed to 

determine the expression of the Tr1-associated marker. The Mean 

Fluorescence Intensity (MFI) of LAG-3 was determined for IL-10+ and IL-

10- populations in (A) CD3/CD55 and (B) CD3/CD55+Vit-D3 stimulated 

cell. The MFI of LAG-3 expression by CD3/CD55 induced IL-10+ Tr1 cells 

in presence or absence of Vitamin-D3 was compared in (C). Statistical 

significance was determined by paired t-test and data shown here is 

cumulative results obtained from four independent experiments. 
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6.2.1.3 CD49b 

α2β1 integrin or CD49b is one of the Tr1-associated markers which 

serves as a receptor for many matrix and non-matrix molecules [648]. It 

was reported that co-expression of CD49b and LAG-3 could be used to 

identify and isolate Tr1 cells in both human and mice [312]. However, 

similar to other cells surface molecules, the expression of CD49b is not 

restricted to only Tr1 cells. It has also been reported that co-engagement 

of IL-17 receptor and CD49b promotes IL-17 production by Th17 cells 

and enhance their osteoclastogenic function [649]. In another study, it 

was reported that there was no significant difference in the expression of 

CD49b by IL-10+ and IL-10- cells even though CD49b expression was 

slightly higher in IL-10+ cells on Day 3 following IL-27 mediated 

differentiation of Tr1 cells [613]. Our previous studies demonstrated that 

CD3/CD55 induced Tr1 cells also express CD49b. However, the 

expression of CD49b by IL-10+ Tr1 cells induced by stimulation with 

CD3/CD55 in the presence of Vitamin D3 has not been determined yet. 

So, in this study, we evaluated the expression of CD49b expression by 

Tr1 cells following CD3/CD55 and CD3/CD55+VitaminD3 stimulation. The 

expression of CD49b was determined after 72 hours of cell activation. It 

was determined that more than 70% IL-10+ cells expressed CD49b 

whereas 20-40% IL-10- cells expressed CD49b in both CD3/CD55 and 

CD3/CD55+VitaminD3 stimulated cells (Figure-6.6). Although the 

presence of vitamin D3 enhanced the proportion of IL-10+Tr1 cells 

following CD3/CD55 stimulation, it did not alter the expression of CD49b. 

Importantly, when the level of CD49b expression was compared between 

IL-10+ and IL-10- cells resulting from CD3/CD55 stimulation, CD49b 
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expression was significantly higher on the IL-10+ cells in comparison to 

IL-10- cells (Figure-6.7A). Similarly, CD49b expression was higher in IL-

10+ cells than IL-10- cells upon stimulation with CD3/CD55+VitaminD3 

(Figure-6.7B). There was no significant difference between the level of 

CD49b expression of IL-10+ cells derived from CD3/CD55 and 

CD3/CD55+VitaminD3 stimulated cells (Figure-6.7C). 
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Figure 6.6: Evaluation of CD49b expression by CD3/CD55 induced 

IL-10+ Tr1 cells and IL-10- cells in presence of Vitamin-D3. Naïve 

CD4+ T-cells were stimulated with CD3/CD55 in presence or absence of 

Vitamin-D3 (10-7M) and after 72 Hours of cell activation, IL-10 CSA was 

preformed to detect the IL-10+ Tr1 cell along with extracellular staining 

for CD49b. The data is representative of five individual experiments. 
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Figure 6.7: Comparison of the level of CD49b expression between 

IL-10+ and IL-10-cells in CD3/CD55 and CD3/CD55+vitamin-D3 

stimulated cells. Naïve CD4+ T-cells were stimulated with CD3/CD55 in 

presence or absence of Vit-D3 for 72 hours and IL-10 Cytokine Secretion 

Assay along with extracellular staining for CD49b was performed to 

determine the expression of the Tr1-associated marker. The Mean 

Fluorescence Intensity (MFI) of CD49b (B1-FITC) expression was 

determined for IL-10+ and IL-10- population and compared in (A) 

CD3/CD55 and (B) CD3/CD55+Vit-D3 stimulated cells. The IL-10+cells 

expressed significantly higher CD49b compared to IL-10- regardless of 

the absence or presence of Vitamin-D3 upon CD3/CD55 stimulation 

(**P=0.0147 and ** P=0.0131 for A and B respectively). The expression 

of CD49b by IL-10+ Tr1 cells induced following CD3/CD55 and 

CD3/CD55+VitD3 was also compared (C). Statistical significance was 

determined by paired t-test. Data shown here is cumulative results 

obtained from five independent experiments (n=5). 
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6.2.1.4 LAP 

Latency Associated Peptide (LAP) is the N-terminal pro-peptide precursor 

of TGF-β which non-covalently binds to TGF-β, forming a latent TGF-β 

complex and facilitates release of TGF-β1 into the extracellular matrix. It 

has been reported that LAP is expressed by both FoxP3+ nTreg and IL-

10+ inducible regulatory T-cells [650-654]. It was also reported that 

tumour infiltrating CD4+LAP+ cells were 50% more potent than nTreg to 

confer immune-suppression [7]. Considering the important role of LAP in 

immune regulation, we studied the expression of LAP in CD3/CD55 

induced IL-10+ Tr1 cells in presence and absence of VitaminD3. Naïve 

CD4 T-cell were stimulated with CD3/CD55 and CD3/CD55+VitaminD3 

for 72 hours before IL-10 secretion assay was performed along with 

extracellular staining for LAP. It was determined that ~60% IL-10+ cells 

did not express LAP while more than 80% IL-10+ did not express LAP 

following stimulation with CD3/CD55 and CD3/CD55+vitaminD3 

respectively (Figure 6.8, n=4). The was no significant difference in the 

level of LAP expression between IL-10+ and IL-10- cells in either 

CD3/CD55 or CD3/CD55+vitaminD3 stimulated cells (data not shown). 
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Figure 6.8: Evaluation of LAP expression by CD3/CD55 induced 

IL-10+ Tr1 cells and IL-10- cells in presence of Vitamin-D3. Naïve 

CD4+ T-cells were stimulated with CD3/CD55 in presence or absence of 

Vitamin-D3 (10-7M). The expression of LAP by IL-10+Tr1 cells was 

determined by performing IL-10 CSA along with extracellular staining for 

LAP after 72 Hours of cell activation  The data is representative of four 

independent experiments. 
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6.2.1.5 TIM-3 

T cell immunoglobulin and mucin-domain containing-3 (Tim-3) is a type I 

trans-membrane protein which was initially identified as a marker 

expressed IFN-+ Th1 cells [655] and led to the discovery of the gene 

family of T-cell immunoglobulin mucin (TIM) proteins [656, 657]. TIM-3 

is also expressed by CD8+ T cytotoxic 1 (Tc1), nTreg [658-660] , IL-10+ 

Tr1 cells [613], Dendritic cells [661, 662] and NK cells . 

 

TIM-3 has been described as a co-inhibitory receptor as blocking TIM-3 

can enhance IFN- production and restored Th1 CD4 and Cytotoxic CD8 

T-cell function [663, 664]. It has been also demonstrated that TIM-3 is 

upregulated by tumour infiltrating cells (TILs) in Colorectal cancer [665] 

as well as Head and Neck cancer [666]. TIM-3 has also been associated 

with exhausted and dysfunctional phenotype of CD4 T-cells in chronic 

infection such as HIV [667, 668], Hepatitis-C [669]. Interestingly, it has 

been reported that TIM-3 is a key inhibitory molecule expressed by IL-27 

mediated IL-10 producing cells. IL-27 induces nuclear factor NFIL3 which 

in turn enhances TIM-3 expression by chromatin remodelling and 

promotes IL-10 production, leading to T-cell dysfunction [670]. However, 

the expression of TIM-3 upon CD3/CD55 co-stimulation has not been 

previously studied and we determined TIM-3 expression in CD3/CD55 

induced Tr1 cells in presence or absence of Vitamin-D3. 

 

Naïve CD4 T-cells were stimulated with CD3/CD55 in presence or 

absence of Vitamin-D3 for 72 hours before IL-10 CSA along with 

extracellular staining TIM-3 was performed to determine the expression 
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of this co-inhibitory receptor by Tr1 cells.  50%-60% IL-10+ cells 

expressed TIM-3 whereas only 30% IL-10- cells expressed TIM-3 when 

cells were stimulated with only CD3/CD55 (n=4, representative data in 

Figure 6.9A). In CD3/CD55+ Vitamin-D3 stimulated cells, TIM-3 

expression was downregulated in both IL-10+ and IL-10- Cells (Figure 

6.9B). Moreover, IL-10+ Tr1 cells expressed significantly higher 

(P=0.0206) amount of TIM-3 compared to IL-10- cells (Figure 6.10A) in 

CD3/CD55 stimulated cells. Although the overall expression of TIM-3 was 

reduced following CD3/CD55 stimulation in presence of Vitamin-D3, the 

mean fluorescence intensity for TIM-3 expression was still significantly 

higher (P=0.0367) in IL-10+ Tr1 cells compared to IL-10- cells (Figure 

6.10B). The expression of Tim-3 was significantly reduced in both IL-10+ 

Tr1 cells (Figure 6.11A) and IL-10- cells (Figure 6.11B) in the Vitamin-D3 

treated CD3/CD55 stimulated cells in comparison only CD3/CD55 

stimulated cells. 

 

 

 

 



 231 

A) 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: Evaluation of TIM-3 expression by CD3/CD55 induced 

IL-10+ Tr1 cells and IL-10- cells in presence of Vitamin-D3.  Naïve 

CD4+ T-cells were stimulated with CD3/CD55 in presence or absence of 

Vitamin-D3 (10-7M) and after 72 Hours of cell activation, IL-10 CSA was 

preformed to detect the Tr1 cell along with extracellular staining for TIM-

3. The data is representative of four individual experiments. 
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Figure 6.10: Comparison of the level of TIM-3 expression between 

IL-10+ and IL-10-cells in CD3/CD55 and CD3/CD55+vitamin-D3 

stimulated cells. Naïve CD4+ T-cells were stimulated with CD3/CD55 in 

presence or absence of Vit-D3 for 72 hours and IL-10 Cytokine Secretion 

Assay along with extracellular staining for TIM-3 was performed to 

determine the expression of the Tr1-associated marker. The Mean 

Fluorescence Intensity (MFI) of TIM-3 (B1-FITC) expression was 

determined for IL-10+ and IL-10- population in (A) CD3/CD55 and (B) 

CD3/CD55+Vit-D3 stimulated cell. Statistical significance was determined 

by paired t-test (P= 0.0206 and P=0.0367 for A and B respectively; 

n=4). 
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Figure 6.11: Comparison of the level of TIM-3 expression between 

IL-10+ and IL-10-cells induced by CD3/CD55 costimulation in 

presence or absence of vitamin-D3. Naïve CD4+ T-cells were 

stimulated with CD3/CD55 in presence or absence of Vit-D3 for 72 hours 

and IL-10 Cytokine Secretion Assay along with extracellular staining for 

TIM-3 was performed to determine the expression of the Tr1-associated 

marker. The Mean Fluorescence Intensity (MFI) of TIM-3 expression was 

determined for (A) IL-10+ and (B) IL-10- population in CD3/CD55 and 

CD3/CD55+Vit-D3 stimulated cell. Data shown here are cumulative 

summary from four independent experiment and statistical significance 

was determined by paired t test. 
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6.2.1.6 CTLA-4 

Cytotoxic T lymphocyte antigen-4 (CTLA-4), a CD28 homologue, is widely 

recognized coinhibitory check point molecule which negatively regulates 

the function of conventional effector T-cells [671-673]. However, the 

ability of CTLA-4 to impart its immunosuppressive effect has been 

partially attributed to its function via regulatory T-cells. It has been 

demonstrated that CD4+CD25+ regulatory T-cells constitutively express 

CTLA-4 [673-675]. nTreg specific deficiency of CTLA-4 results in 

spontaneous development of systemic lymphoproliferation, fatal T cell–

mediated autoimmune disease, and hyperproduction of immunoglobulin E 

in mice while simultaneously promoting T-cell immunity [676]. Moreover, 

it was also demonstrated that CTLA-4 expression by nTreg controls the 

inappropriate activation and expansion of naïve T-cells in order to 

maintain tolerance [677]. The regulatory role of CTLA-4 is not only 

restricted to nTreg and it has been reported that CTLA-4 is also 

expressed by Type 1 regulatory T-cells [678, 679]. It was demonstrated 

that blocking CTLA-4 reduces the suppressive ability of Tr1 cells [330]. It 

was also demonstrated that immature dendritic cell driven conversion of 

Tr1 cells from antigen specific anergic T-cells were dependent on CTLA-4 

[679]. Considering the important role of CTLA-4 in immune tolerance, we 

studied the expression of CTLA-4 in CD3/CD55 induced Tr1 cells. We also 

evaluated the expression of CTLA-4 in the Tr1 cells resulting from the 

activation of naïve CD4 T-cells with CD3/CD55 in the presence of Vitamin 

D3. 
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CTLA-4 expression was determined after 72 hours of naïve cell 

stimulation with CD3/CD55 in presence or absence of vitamin-D3 and IL-

10 CSA was performed in order to evaluate CTLA-4 expression by Tr1 

cells (n=5). Both CD3/CD55 and CD3/CD55+Vitamin-D3   stimulation 

resulted in IL-10+ Tr1 cells and 60-75% IL-10+ cells expressed CTLA-4 

under both experimental conditions (Figure- 6.12). Interestingly, CTLA-4 

was also expressed by 30-50% of IL-10- cells. The level of CTLA-4 

expression by IL-10+ and IL-10- cells was determined by evaluating mean 

fluorescence intensity (MFI). The level of CTLA-4 expression was 

significantly higher (*P=0.0127 and *P=0.186 for CD3/CD55 and 

CD3/CD55+Vitamin-D3 stimulated cells respectively) in IL-10+ Tr1 cells 

compared to IL-10- cells (Figure 6.13 and 6.14 A, B). However, no 

significant difference was noted between the level of expression of CTLA-

4 by IL-10+ Tr1 resulting from CD3/CD55 and CD3/CD55+Vitamin-D3 

stimulation (Figure-6.14 C). 
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Figure 6.12: Evaluation of CTLA-4 expression by CD3/CD55 

induced IL-10+ Tr1 cells and IL-10- cells in presence of Vitamin-

D3. Naïve CD4+ T-cells were stimulated with CD3/CD55 in presence or 

absence of Vitamin-D3 (10-7M) and after 72 Hours of cell activation, IL-

10 CSA was preformed to detect the Tr1 cell along with extracellular 

staining for CTLA-4. The expression of IL-10 and CTLA-4 was determined 

on the basis of negative control (only detection antibody + isotype 

control, data not shown). Data demonstrated here are representative of 

five independent experiments. 
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Figure 6.13: Comparison of the level of CTLA-4 expression 

between IL-10+ and IL-10-cells in CD3/CD55 and CD3/CD55 + 

vitamin-D3 stimulated cells. Naïve CD4+ T-cells were stimulated with 

CD3/CD55 in presence or absence of Vit-D3 for 72 hours and IL-10 

Cytokine Secretion Assay along with extracellular staining for CTLA-4 was 

performed to determine the expression of CTLA-4 by IL-10+ and IL-10- 

cells. The histograms represent the expression CTLA-4 by IL-10+ (blue) 

and IL-10- (red) in CD3/CD55 (A) and CD3/CD55+Vitamin-D3 stimulated 

cells. Data shown here are representative of five independent 

experiments. 
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Figure 6.14: Comparison of the level of CTLA-4 expression 

between IL-10+ and IL-10-cells induced by CD3/CD55 

costimulation in presence or absence of vitamin-D3. Naïve CD4+ T-

cells were stimulated with CD3/CD55 in presence or absence of Vit-D3 for 

72 hours and IL-10 Cytokine Secretion Assay along with extracellular 

staining for CTLA-4 was performed to determine the expression of the 

Tr1-associated marker. The Mean Fluorescence Intensity (MFI) of CTLA-4 

expression was determined and compared for IL-10+ and IL-10- 

population in (A) CD3/CD55 and (B) CD3/CD55+Vit-D3 stimulated cell. 

(C) The level of CTLA-4 expression by IL-10+ Tr1 cells obtained from 

stimulating cells with CD3/CD55 and CD3/CD55+Vitamin-D3 were also 

compared. Data shown here are cumulative summary from five 

independent experiment and statistical significance was determined by 

paired T-test. 
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6.2.1.7 PD-1  

Programme cell death-1 (PD-1) is member of CD28 superfamily and PD-1 

is one of the coinhibitory molecules which plays critical role in induction 

and maintenance of immune tolerance by regulating autoreactive T-cells 

[680]. It has been demonstrated that lack of PD-1 leads to development 

of autoimmune disease and augmented function of T-cells in mice [681]. 

PD-1 expression is also associated with impaired the function of tumour 

infiltrating T-cells [682-684]. Importantly, it has been demonstrated that 

PD-1 is a mediator of nTreg as it negatively regulates the activation and 

expansion of nTreg, impairs the suppressive function but prevents 

apoptosis via Fas and Bcl-2 [685-687]. It was reported that PD-1 

expression by nTreg was higher in MS patients compared to healthy 

donors [687]. Moreover, it was determined that PD-1 expression was 

significantly higher in IL-10+ Tr1 cells compared to IL-10- cells when it 

was determined after short period of cell stimulation (16 hours) but no 

notable difference was noted at later time points [688]. It was also 

reported that allergen-specific IL-10+ Tr1 cells expressed high level of 

PD-1 [330]. As the expression of PD-1 by CD3/CD55 induced IL-10+ Tr1 

cells has not been studied previously, we determined the expression of 

PD-1 in Tr1 cells following CD3/CD55 stimulation in presence and 

absence of Vitamin-D3. 

 

Naïve CD4 T-cells were stimulated with CD3/CD55 and 

CD3/CD55+Vitamin-D3 for 72 hours before IL-10 cytokine secretion 

assay was performed along with extracellular staining for PD-1. The level 

of PD-1 expression was determined by evaluating MFI. More than 95% 
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IL-10+ Tr1 cells expressed PD-1 and the presence of vitamin D3 

enhanced the induction of Tr1 cells without altering the expression of PD-

1 (more than 95% IL-10+ cells expressed PD-1 following CD3/CD55+Vit 

D3 stimulation) (Figure-6.15). However, PD-1 was also expressed by 

more than 90% and 80% IL-10- cells upon stimulation with CD3/CD55 

and CD3/CD55+VitaminD3 respectively. When the level of PD-1 

expression by IL-10+ and IL-10- cells were compared, the expression of 

significantly higher in IL-10+ cells than negative cells in both CD3/CD55 

and CD3/CD55+VitaminD3 activated cells (Figure- 6.16; 6.17 A,B). In 

fact, on average, the PD-1 was two-fold higher in IL-10+ Tr1 cells than 

IL-10- cells (Figure- 6.16; 6.17). Also, both IL-10+ and IL-10- cells 

stimulated with CD3/CD55 in the presence of vitamin-D3 had reduced 

PD-1 compared to cells stimulated with only CD3/CD55. However, the 

reduction in the PD-1 expression in the presence of vitamin D3 was not 

statistically significant (Figure-6.17 C). 
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Figure 6.15: Evaluation of PD-1 expression by CD3/CD55 induced 

IL-10+ Tr1 cells and IL-10- cells in presence of Vitamin-D3. Naïve 

CD4+ T-cells were stimulated with CD3/CD55 in presence or absence of 

Vitamin-D3 (10-7M) and after 72 Hours of cell activation, IL-10 CSA was 

preformed to detect the Tr1 cell along with extracellular staining for PD-

1. The expression of IL-10 and CTLA-4 was determined on the basis of 

negative control (only detection antibody + isotype control, data not 

shown). Data demonstrated here are representative of five independent 

experiments. 
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Figure 6.16: Comparison of the level of PD-1 expression between 

IL-10+ and IL-10-cells in CD3/CD55 and CD3/CD55+vitamin-D3 

stimulated cells. Naïve CD4+ T-cells were stimulated with CD3/CD55 in 

presence or absence of Vit-D3 for 72 hours and IL-10 Cytokine Secretion 

Assay along with extracellular staining for PD-1 was performed to 

determine the expression of PD-1 by IL-10+ and IL-10- cells. The 

histograms represent the expression CTLA-4 by IL-10+ (blue) and IL-10- 

(red) in CD3/CD55 (A) and CD3/CD55+Vitamin-D3 stimulated cells. Data 

shown here are representative of five independent experiments. 
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Figure 6.17: Comparison of the level of PD-1 expression between 

IL-10+ and IL-10-cells induced by CD3/CD55 costimulation in 

presence or absence of vitamin-D3. Naïve CD4+ T-cells were 

stimulated with CD3/CD55 in presence or absence of Vit-D3 for 72 hours 

and IL-10 Cytokine Secretion Assay along with extracellular staining for 

PD-1 was performed. The Mean Fluorescence Intensity (MFI) of PD-1 

expression was determined for IL-10+ and IL-10- population in (A) 

CD3/CD55 and (B) CD3/CD55+Vit-D3 stimulated cell. (C) The level of 

PD-1 expression by IL-10+ Tr1 obtained from stimulating cells with 

CD3/CD55 and CD3/CD55+Vitamin-D3 were also compared. Data shown 

here are cumulative summary from five independent experiment and 

statistical significance was determined by paired T-test. 
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6.2.2 Transcription Factor expression by 

CD3/CD55 induced IL-10+-like cells 

Transcription factors profile is not only essential to characterise the cells, 

they are also important to determine the functional stability of the cell in 

long term. The master-regulator of IL-10 producing CD3/CD55 induced 

Tr1 cells is yet to be determined. So, in this study, we have investigated 

the expression of six transcription factors in CD3/CD55 Tr1 cells in 

presence or absence of immune-modulator Dexamethasone and 

compared with CD3/CD28 stimulated cells. 

 

6.2.2.1 FoxP3 

The transcription factor FoxP3 plays a critical role in the development of 

thymus-derived natural regulatory T-cells (nTreg) [689, 690] and 

maintaining immune-homeostasis. Mutation in FOXP3 gene is associated 

with immune dysregulation, polyendocrinopathy, enteropathy, X-linked 

syndrome (IPEX) in human while mutation in the ortholog gene in mice 

causes scurfy syndrome in mice [691]. FoxP3 can be transiently 

expressed by activated nonregulatory T-cells following TCR ligation 

[692]. It has also been demonstrated that naïve T-cells are stimulated in 

presence of TGF- and IL-2 express FoxP3 and the additional signal via 

CD28 contributes to the induction of FoxP3 only by enhancing 

endogenous IL-2 production [693]. However, the transiently FoxP3 

expressing cells do not retain the immune-suppressive function, produce 

inflammatory cytokine and accumulate in inflamed tissue in auto-immune 

condition [694]. Stable FoxP3 expression is one of the factors that 
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differentiates nTreg from inducible Treg generated in the periphery and it 

indicates different mechanism of action by which they impart they 

immuno-suppressive function. So, we determined the expression of 

FoxP3 in the CD3/CD55 induced Tr1 cells in presence or absence of 

immune-modulator Dexamethasone and compared it to the CD3/CD28 

stimulated cells. 

 

Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28 in 

presence or absence of Dexamethasone (5X10-8 M) for 72 hours. Then IL-

10+ Tr1 cells were detected by performing IL-10 CSA and the expression 

of FoxP3 was determined intracellular staining (Figure 6.18). Upon 

stimulation with CD3/CD55, higher amount of IL-10+ Tr1-cells cells were 

detected compared to cells which were stimulated with CD3/CD28 (Figure 

6.17, n=3). Moreover, CD3/CD55 induced IL-10+ were further enhanced 

in the presence of Dex whereas it did not increase in the CD3/CD28 

stimulated cells. More than 95% IL-10+ Tr1 cells did not express FoxP3 

when cells were stimulated with only CD3/CD55 (Figure 6.18). While the 

presence of Dexamethasone (Dex) induced more IL-10+ Tr1 cells 

following CD3/CD55, it did not induce FoxP3 expression in those cells. 

Similarly, IL-10+ cells stimulated with CD3/CD28 did not express FoxP3 

regardless of the presence or absence of Dex. 
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Figure 6.18: Evaluation of FoxP3 expression by CD3/CD55 and CD3/CD28 stimulated cells in presence or 

absence of dexamethasone. Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28, in presence or 

absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was performed along with 

intracellular staining for FoxP3 to determine the expression of the transcription factor by the IL-10+ Tr1 cells. Data 

shown here are representative of three independent experiments.
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6.2.2.2 T-bet 

T-bet, a member of the T-box transcription factor family, is pivotal for 

the development of Th1 cells from Naïve CD4 T-cells and has been 

described as the linage defining transcription factor of Th1 cells [695-

699]. It has been reported that T-bet is rapidly induced by IFN- which 

works as a positive feedback loop [695, 697]. The expression of T-bet 

was assessed in the CD3/CD55 induced Tr1 cells in presence or absence 

of Dex. The expression of T-bet was also determined in cells stimulated 

with CD3/CD28 for comparison as it has been reported to induce T-bet 

expression in Th1 cells [700]. Naïve cells were stimulated with CD3/CD55 

and T-bet expression was detected in more than 75% of cells after 72 

hours of cell activation. The presence of Dex enhanced the number of IL-

10+ Tr1 cells but it did not alter the percentage of T-bet+ following the 

CD3/CD55 stimulation (Figure 6.19, n=3). 85% of the CD3/CD55 

induced IL-10+ Tr1 cells co-expressed T-bet whereas more than 70% of 

CD3/CD55+Dex stimulated cells expressed T-bet. CD3/CD28 stimulation 

also induced the expression of T-bet in more than 55% of the cells but 

gave rise to a smaller fraction of IL-10+T-bet+ (0.27%) cells compared to 

CD3/CD55 stimulated cells (4.17%). The presence of Dex did not 

increase the IL-10+T-bet+ cells when cells were stimulated with 

CD3/CD28. 
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Figure 6.19: Determining the expression of T-bet by CD3/CD55 and CD3/CD28 stimulated in presence or 

absence of dexamethasone. Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28, in presence or 

absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was performed along with 

intracellular staining for T-bet (PE) to determine the expression of the transcription factor by the IL-10+ Tr1 cells. The 

T-bet expression was determined on the basis of negative isotype control in each experiment (not shown here). Data 

is representative of the three independent experiments.
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6.2.2.3 GATA-3 

GATA3, a zinc-finger transcription factor, belong to GATA (GATA-binding 

protein) family and it is essential for the development of Th2 cells [701]. 

Conditional deletion of GATA3 abrogates the differentiation to Th2 cells 

and maintenance of its function [702, 703]. GATA3 is not only important 

at the stage of Th2 development, it also plays a critical role in thymocyte 

development and CD4 commitment [704-707]. GATA3 is upregulated 

when naïve CD4 T-cells are stimulated in the presence of IL-4 and it 

binds to regulatory element associated with Th2 cytokine gene locus 

leading to production of various Th2 specific cytokines including IL-

5[708] and IL-13 [709]. As IL-10 was initially identified as a cytokine 

inhibitory factor produced by Th2 clones [336], we investigated the 

expression of GATA3 by CD3/CD55 induced IL-10+ Tr1 cells and 

compared it to the CD3/CD28 stimulated cells in presence or absence of 

immune-modulator Dex. 

 

Naïve CD4 T-cell were stimulated with either CD3/CD55 or CD28 in 

presence or absence of Dex for 72 hour and then the expression of 

GATA3 was determined by intracellular staining along with cytokine 

secretion assay for IL-10. Almost all of the IL-10+ Tr1 cells (99%) did 

not express any GATA3 following CD3/CD55 stimulation both in presence 

and absence of Dex (Figure-6.20, data representative of three 

independent experiments). Moreover, none of the IL-10- cells expressed 

GATA3 either. Similarly, no GATA3 expression was detected in cells 

stimulated with CD3/CD28 in presence and absence of Dex.
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Figure 6.20: Evaluation of GATA-3 expression by cells stimulated with CD3/CD55 and CD3/CD28 in 

presence or absence of dexamethasone. Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28, 

in presence or absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was performed 

along with intracellular staining for GATA3 to determine the expression of the transcription factor by the IL-10+ Tr1 

cells. Data is representative of three independent experiments performed with the blood sample collected from 

heathy individuals. 
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6.2.2.4 RORt 

The transcription factor RORt belongs to the  RAR-related orphan nuclear 

receptor (ROR) family. It is required for the differentiation pro-

inflammatory IL-17 producing Th17 cell from naïve CD4+T-cells under the 

influence of IL-1 and IL-6 [710, 711]. However, it has been reported 

that Th17 cells can co-express RORt and T-bet along with IFN- in 

inflammatory environment [712, 713]. Also, it has also been reported 

that FoxP3+ regulatory T-cells express RORt during intestinal 

inflammation [714]. We have determined the expression of RORt in 

CD3/CD55 induced Tr1 cells in presence and absence of Dex as well as in 

CD3/CD28 stimulated cells in this study. When naïve cells were 

stimulated with CD3/CD55, more than 90% cells IL-10+ Tr1 cells 

expressed RORt which remained consistent even in the presence of Dex 

(Figure 6.21, n=3). The addition of Dex to CD3/CD55 stimulation 

increased the IL-10+ Tr1 cells (7.35% vs  4.86% in only CD3/CD55) and 

more than 85% of IL-10+ Tr1 cells co-expressed RORt. In the IL-10- 

population, more than 80% cells expressed RORt following CD3/CD55 

whereas 75% cells expressed RORt following CD3/CD28 stimulation. The 

presence of Dex did not induce IL-10+ Tr1 cells in the CD3/CD28 

stimulated cells and it also did not alter the expression of RORt. 
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Figure 6.21: Evaluation of RORt expression by CD3/CD55 and CD3/CD28 stimulated  cells in presence or 

absence of dexamethasone. Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28, in presence or 

absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was performed along with 

intracellular staining for RORt to determine the expression of the transcription factor by the IL-10+ Tr1 cells. The 

expression of RORt was determined on the basis of isotype control in each experiment (not shown here). Data is 

representative of three independent experiments. 
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6.2.2.5 HELIOS 

HELIOS, a member of the Ikaros transcription factor family, has been 

reported to be expressed by a subset of FoxP3+ nTreg in both human and 

mice [715, 716]. Recently it has been demonstrated that HELIOS 

deficiency partially impairs the suppressive function of effector nTreg in 

vivo [717]. However, it has also been reported that HELIOS is 

upregulated during cell activation and proliferation in CD4+ and CD8+ T-

cells. Thus, it could not be considered as transcription factor associated 

with only regulatory T-cells [718]. We have investigated the expression 

of HELIOS  by CD3/CD55 induced IL-10+ Tr1 cells and CD3/CD28 

stimulated cells in presence and absence of Dexamethasone (Dex) 

(Figure 6.22, n=3). More than 98% CD3/CD55 induced IL-10+ Tr1 cells 

did not express HELIOS and the presence of Dex did not induce the 

expression of HELIOS in these cells. Similarly, the IL-10+ cells in 

CD3/CD28 stimulated cells did not express HELIOS and its expression 

remain consistent even with the addition of Dex to the CD3/CD28 

stimulated cells. Moreover,  the expression of HELIOS was low in the IL-

10- population in both CD3/CD55 and CD3/CD28 stimulated cells (1-

2%) regardless of treatment with Dex. 
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Figure 6.22: Evaluation of HELIOS expression by CD3/CD55 and CD3/CD28 stimulated cells in presence or 

absence of dexamethasone. Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28, in presence or 

absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was performed along with 

intracellular staining for HELIOS to determine the expression of the transcription factor by the IL-10+ Tr1 cells. Most 

of CD3/CD55 induced IL-10+ cells did not express HELIOS and the presence of Dex increased the IL-10+ Tr1 cells 

without altering the expression of HELIOS. The cells stimulated with CD3/CD28 did not express HELIOS both in 

presence and absence of Dex but demonstrated markedly reduced amount of IL-10+ cells compared to CD/CD55 

stimulated cells. Data is representative of three independent experiments. 
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6.2.2.6 c-MAF 

The transcription factor c-MAF, a member of the AP-1 family of basic 

region/leucine zipper factor, emerged as a Th2 specific transcription 

factor as it was reported to bind to the c-MAF Response Element (MARE) 

on the proximal promoter of IL-4 and promoted cells differentiating to 

Th2 phenotype [719-721]. It was also demonstrated that c-MAF impaired 

the production of IFN-g by Th1 cells in IL-4 independent manner [720]. 

However, the role of c-MAF is not restricted to only Th2 cells and it was 

later described to be essential for the development and cytokine 

production of Follicular helper T cells (Tfh) [722-724] and Tr1 cells [725].  

Importantly, c-MAF has also been associated with IL-10 production by 

Th17 [726-729], Th1 [730], Tr1 [725, 731, 732] and macrophages 

[733]. It has been reported that c-MAF binds to the proximal promoter as 

well as around a 6-kb site in il-10 locus in T-cells [729]. Moreover, it was 

determined that IL-10, IL-4 and ROR were direct targets of c-MAF 

whereas FoxP3 and Tbx21 were indirect targets. Interestingly, c-MAF 

plays a crucial role in the IL-27 mediated differentiation Tr1 cells by 

transactivating IL-21 which acts as an autocrine factor and promotes 

further expansion of IL-10+ Tr1 cells [725]. Thus, c-MAF positively 

regulates IL-10 production via direct and indirect manner depending on 

the cell type. Considering the role of c-MAF on IL-10 regulation, we 

studied the expression of c-MAF in CD3/CD55 induced Tr1 cells and 

CD3/CD28 stimulated Th1 cells in presence or absence of Dex. 

Naïve CD4+T-cells were stimulated with either CD3/CD55 or CD3/CD28 in 

presence or absence of immune-modulator Dexamethasone for 72 hours 

before the expression of c-MAF by IL-10+ Tr1 cells was determined by 
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performing IL-10 cytokine secretion assay and intracellular staining for c-

MAF. CD3/CD55 stimulation induced IL-10+ Tr1 cells and more than 70% 

of the IL-10+ cells expressed c-MAF (n=5). The expression of c-MAF 

remained consistent when the cells were stimulated with CD3/CD55 in 

presence of Dex ( Figure 6.23 A ). CD3/CD28 stimulation resulted in 

lower percentage of IL-10+ cells and most of those cells did not express 

c-MAF. The presence of Dex did not alter the expression of either IL-10 

or c-MAF in CD3/CD28 stimulated cells. Interestingly, CD3/CD55 

stimulation resulted in significantly higher (**P=0.0035, n=4) overall 

expression (combined expression in total IL-10+ and IL-10- cells) of c-

MAF compared to CD3/CD28 stimulation ( Figure 6.23 B ). The presence 

of Dex did not modulate the overall expression of c-MAF in CD3/CD55 

stimulated cells and percentage of c-MAF expressing cells were still 

significantly higher (***P=0.0007,n=4) following CD3/CD55+Dex 

stimulation in comparison to CD3/CD28 stimulated cells. But no 

significant difference was observed between c-MAF expression in 

CD3/CD55 and CD3/CD55+Dex stimulated cells. Moreover, the 

expression of c-MAF, determined by Mean Fluorescence Intensity (MFI), 

was higher in IL-10+ cells than IL-10-cells following cell stimulation with 

both CD3/CD55 and CD3/CD55+Dex (Figure 6.24).
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Figure 6.23: Determining the expression of c-MAF by CD3/CD55 and CD3/CD28 stimulated cells in 

presence or absence of dexamethasone. A) Naïve CD4 T-cells were stimulated with either CD3/CD55 or 

CD3/CD28, in presence or absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was 

performed along with intracellular staining for c-MAF to determine the expression of the transcription factor by the IL-

10+ Tr1 cells. Data is representative of four independent experiment. B) The overall expression of c-MAF in 

CD3/CD55 stimulated cells was compared to CD3/CD28 stimulated cells both in presence and absence of Dex. 

Statistical significance was determined by two-way ANOVA with data collected from four independent experiments 

(n=4).  
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A)         B) 

 

 

 

 

 
 

Figure 6.24: Comparison of the level of c-MAF expression between IL-10+ and IL-10-cells in CD3/CD55 

and CD3/CD55+Dexamethasone stimulated cells. Naïve CD4 T-cells were stimulated with CD3/CD55 (A) and 

CD3/CD55+Dex (B) for 72 hours and the expression of c-MAF by IL-10+ and IL-10- cells was determined by 

performing IL-10 CSA and intracellular staining for c-MAF.  The cells were gated for IL-10 expression before the MFI 

for c-MAF (B2- PE) was determined for IL-10+ and IL-10- cells. IL-10+ cells resulting from CD3/CD55 stimulation 

expressed significantly higher amount (P=0.0172) of c-MAF compared to IL-10- cells. The data is representative of 

five independent experiments.
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6.2.2.7 c-MAF expression on primary and 

secondary restimulation with CD3/CD55 and 

during cell divisions 

c-MAF expression by CD3/CD55 induced Tr1 cells following the primary 

stimulation indicated that it plays an important role in CD3/CD55 

mediated IL-10 production. In the next stage, we investigated whether 

the expression of c-MAF is consistent in all IL-10+ (Figure 6.25) cells and 

if its expression is retained upon restimulation. Also, we investigated if c-

MAF is only induced by CD3/CD55 but not CD3/CD28 by performing 

cross-restimulation experiment (Figure 6.26). Proliferation dye Cell Trace 

Violet labelled Naïve CD4+ T-cells were stimulated with CD3/CD55 in 

presence or absence of Dex in order to determine if the c-MAF expression 

is restricted only to the cells which recently proliferated as it has been 

reported that c-MAF required for IL-10 production by Th1 during 

resolution phase [734]. It was determined that c-MAF expression is 

consistent in cells which went through multiple rounds of cells division (3-

4 cells division in 72 hours) and c-MAF was also detected in cells which 

stopped proliferating after one or two rounds of  cell division (Figure 

6.24). Both IL-10+ and IL-10- cells demonstrated similar proliferation (3-

4 cell divisions) but c-MAF expression was higher in the IL-10+ cells (MFI 

6.77) compared to IL-10- cells (MFI 1.86). The c-MAF expression was 

similar in CD3/CD55+dex stimulated cells where c-MAF expression was 

consistent in most of the IL-10+ cells regardless of how many times they 

divided and c-MAF expression was not restricted to only the most 

recently proliferated active cells. 
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Figure 6.25: Determination of c-MAF expression by the proliferating IL-10+ Tr1 cells and IL-10- cells 

activated by CD3/CD55 in presence or absence of dexamethasone. Naïve CD4 T-cells were labelled with cell 

proliferation dye Cell trace violet and stimulated with either CD3/CD55 or CD3/CD55+Dex for 72 Hours. Then the 

expression of c-MAF was evaluated by intracellular staining along with IL-10 production by performing IL-10 CSA. The 

overall expression of c-MAF was determined in IL-10+ and IL-10- cells by evaluating MFI in both CD3/CD33 and 

CD3/CD55+ Dex stimulated cells. Data is representative of three independent experiments. 
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We studied the expression of c-MAF upon restimulation in order to 

determine if c-MAF expression is retained after reactivation and if c-MAF 

was only induced by CD3/CD55 signalling. Naïve cells were stimulated 

with CD3/CD55 for 3 days for primary stimulation and then cells were 

rested for another 7 days before they were restimulated with CD3/CD55, 

CD3/CD28 and non-specific stimuli PMA/Ionomycin. For both Primary and 

secondary stimulation of cells, expression of both T-bet and c-MAF was 

determined by intracellular staining (Figure 6.26). In the primary 

stimulation of cells, CD3/CD55 stimulation induced expression of T-bet in 

most of the cells (90%) whereas a smaller fraction of cells expressed 

both T-bet and c-MAF (15%). When CD3/CD55 primed cells were 

restimulated, c-MAF expression was retained upon restimulation with 

CD3/CD56. Less T-bet+ c-MAF+ cells were detected when cells were 

restimulated with CD3/CD28 (9.32%) compared to CD3/CD55 (21.03%) 

restimulated cells. Interestingly, PMA/Ionomycin failed to induce c-MAF 

expression in CD3/CD55 primed cells upon restimulation even though the 

non-specific stimuli induced expression of T-bet. These findings indicate 

that c-MAF expression is retained upon restimulation and its expression 

restricted to CD3/CD55 stimulation in CD3/CD55 primed cells.
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Figure 6.26: Evaluation of c-MAF and T-bet expression by CD3/CD55 primed cells upon secondary 

restimulation with various stimuli. Naïve CD4 T-cells were stimulated with CD3/CD55 and the expression of T-bet 

and c-MAF was determined by intracellular staining after 72 hours of cell stimulation. Then cells were rested for 7 

days before they were restimulated with CD3/CD55, CD3/CD28 and PMA/Ionomycin for 36 hours before the 

expression of T-bet and c-MAF were evaluated. Data is representative of three independent experiments.
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6.2.3 The evaluation of cytotoxicity potential of 

CD3/CD55 induced IL-10+ Tr1 cells 

6.2.3.1 Granzyme-B  

IL-10+ Tr1 cells have been reported to have cytotoxic properties and it 

has been demonstrated that they confer immune-suppression by killing 

myeloid cells in a Granzyme-B and perforin dependent manner  [332, 

735]. IL-10+ Tr1 cells generated by using different methods 

demonstrated upregulation of granzyme-B. For instance, IL-10+ cells 

resulting from stimulating naïve CD4+ T-cells with CD3/CD46 had higher 

expression of granzyme-B compared to the cells stimulated with 

CD3/CD28 and the CD3/CD46 stimulated CD4 T-cells demonstrated 

higher killing potential [333, 736]. Engineered IL-10+ Tr1 cells generated 

by lentiviral vector (LV)-mediated human IL-10 gene transfer were 

capable of lysing myeloid target cells by granzyme-B in a HLA-class I-

dependent but antigen-independent manner [735]. It was also reported 

that primary Tr1 cells from metastatic melanoma patients demonstrated 

anti-tumour effect by eliminating tumour promoting macrophages [334]. 

In contrast, Tr1 cells from gastric cancer patients, with Helicobacter 

pylori (H. pylori) infection, were impaired compared to heathy individual 

as they produced less IL-10 and secreted lower amount of granzyme-B 

and perforin [737]. In this study, we investigated the cytotoxic potential 

of CD3/CD55 induced IL-10+ Tr1 cells in presence or absence of 

dexamethasone and compared to the CD3/CD28 stimulated Th1 cells. 

CD3/CD55 stimulated IL-10+ Tr1 cells were evaluated for granzyme-B 

expression after 72 hours of cell stimulation. More than 90% of 

CD3/CD55 induced IL-10+ Tr1 cells expressed granzyme-B whereas more 
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than 80% cells expressed granzyme-B when cells were stimulated with 

CD3/CD55 in presence of Dex (figure 6.26). No significant difference in 

the granzyme-b expression by IL-10+ Tr1 cells was observed between 

CD3/CD55 and CD3/CD55+dex stimulated cells (data not shown here). 

Cells stimulated with CD3/CD28 expressed significantly lower amount of 

IL-10+ cells and only 60% of those cells expressed granzyme-B. 

Treatment with Dexamethasone along with CD3/CD28 stimulation did not 

alter the expression of granzyme-B in IL-10+ cells. Both CD3/CD55 

(77.80%) and CD3/CD28 (64.49%) stimulation induced granzyme-B 

even in the IL-10- cells population (figure 6.27). The presence of Dex 

reduced the expression of granzyme-B in the IL-10- cells following both 

CD3/CD55 (77.80% vs 56.92%) and CD3/CD28 s (64.49% vs 36.46%) 

stimulation but it was nor significantly different compared to the cells 

which were not treated with Dex (n=4, data not shown). 
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Figure 6.27: Evaluation of granzyme-B expression by CD3/CD55 and CD3/CD28 stimulated cells in 

presence or absence of dexamethasone.  Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28, 

in presence or absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was performed 

along with intracellular staining for Granzyme-B (FITC) by the IL-10+ Tr1 cells. Data is representative of three 

independent experiment. 
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6.2.3.2 Perforin  

The cytotoxic activity of Tr1 cells, mediated by secretion of granzyme-B 

and perforin, has been described in several studies (mentioned in 

6.2.3.1). As the CD3/CD55 induced IL-10+ cells expressed granzyme-B, 

we investigated the expression of perforin by these cells. After 72 hours 

of cell stimulation with CD3/CD55 and CD3/CD55+ Dex, the expression 

of perforin was determined by intracellular staining. More than 90% of 

the IL-10+ Tr1 cells did not express perforin following CD3/CD55 

stimulation (Figure 6.28). The presence of Dex did not change the 

expression of perforin in CD3/CD55+ Dex activated cells. Similarly, the 

most of the IL-10+ cells did not express perforin in response to 

CD3/CD28 and CD3/CD28+Dex stimulation. CD3/CD55 stimulation 

resulted in lower expression of perforin even in the IL-10- cells than 

CD3/CD28 stimulated cells (6.95% and 25.01% respectively). Treatment 

with Dex reduced the expression of perforin in IL-10- cells following 

CD3/CD28 stimulation but is did not alter percentage of IL-10+ cells and 

the expression of perforin by these cells. 
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Figure 6.28: Evaluation of perforin expression by CD3/CD55 and CD3/CD28 stimulated cells in presence 

or absence of dexamethasone. Naïve CD4 T-cells were stimulated with either CD3/CD55 or CD3/CD28, in presence 

or absence of Dexamethasone (5X10-8 M). After 72 hours of cell stimulation, IL-10 CSA was performed along with 

intracellular staining for perforin by the IL-10+ Tr1 cells. Data is representative of three independent experiment.
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6.3 Discussion: 

The expression of various cell surface molecules and transcription factors 

by distinct immune cell populations help to elucidate their activation state 

as well as their potential role in immune system. The ambiguity regarding 

the phenotypic profile of Tr1 cells reflects the complexity of identifying 

this rare cell population. It also highlights the context dependent role of 

these cells, reported in different studies, which varies  depending on the 

selected experimental settings from a wide range of methods for 

generating Tr1 cells [729]. In this study, we assessed the phenotype of 

IL-10+ Tr1 cells differentiated from naïve CD4 T-cells in response to 

CD3/CD55 costimulation in vitro. The CD3/CD55 induced Tr1 cells 

expressed multiple Tr1-associated markers including LAG-3, CD49b, 

CD226, TIM-3, CTLA-4 and PD-1 in different proportion. While none of 

these markers were exclusive expressed by IL-10+ Tr1 cells and were 

also detected in the IL-10- cells, the level of certain markers (LAG-3, 

TIM-3, CTLA-4 and PD-1) were significantly higher in IL-10+ cells 

compared to IL-10- cells. However, it still remains unclear how these 

molecules modulate the function of Tr1 cells and contribute to the 

regulation of immune homeostasis. Studies on nTreg cells indicate that 

expression of these inhibitory receptors (IRs) can contribute to the 

immunosuppressive function and mediate the expansion of the regulatory 

T-cells [685]. It would be intriguing to determine if the phenomenon of 

“regulating the regulators” is true for Tr1 cells and Tr1-associated 

markers where the expression of IRs modulate the induction and function 

of CD3/CD55 induced IL-10+ Tr1 cells. Nonetheless, it should be noted 

that the expression of the Tr1-markers was evaluated at only one time 
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point (after 72 hours of cells stimulation) and the expression of these 

molecules could change over time. In a recent study, it was 

demonstrated that the expression of PD-1 was significantly higher in IL-

10+ Tr1 cells following a short stimulation but no significant difference in 

PD-1 expression between IL-10+ and IL-10- cells was determined 

following a secondary restimulation [613]. So further research is required 

to determine if the expression as well as the level of expression of Tr1-

associated markers on CD3/CD55 induced Tr1 cells are consistent over a 

long period of time and upon restimulation. It should also be investigated 

if expression of important check point molecule such as PD-1 facilitates 

immune-suppression by promoting the function of Tr1 cells or if it 

negatively the regulates Tr1 cells to restrict the uncontrolled expansion of 

these cells in order to maintain immune homeostasis. The potential role 

of PD1 and other IRs on the function of Tr1 cells could have critical 

implication for immunotherapies targeting these molecules. Moreover, in 

our study, it was determined that the presence of immune-modulators 

did not significantly alter the expression of Tr1-associated markers by 

CD3/CD55 induced Tr1 cells except for CD226 and TIM-3. The expression 

of CD226 was upregulated in both IL-10+ and IL-10- cells in the presence 

of VitaminD3. The higher expression of CD226 following 

CD3/CD55+VitaminD3 stimulation could potentially be attributed to the 

VDR binding site in the CD226 gene loci which could have promoted the 

CD226 expression [637].  
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Table 6.1: The expression of various Tr1-associated cell surface markers 

by CD3/CD55 induced IL-10+ Tr1 cells and IL-10- cells (Summarized data 

from section 6.2.1). [ + , ++ and – denote moderate expression, higher 

expression and no expression respectively]  

 

 

 

 

 

 

 

 

 

 

 

 

 

The transcription factor expression by different T-helper cell populations 

following differentiation from naïve CD4+ T-cells by co-stimulatory signal 

and various cytokine has been studied extensively and provided us with 

an insight about the key transcription factors, termed as “master 

regulator”, which determine the functional characteristics of the cells. In 

our study, it was determined that CD3/CD55 induced IL-10+ cells were as 

well as CD3/CD28 stimulated cells express multiple transcription factors 

(Table 6.2). 
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Table 6.2: The expression of the transcription factor by cells after 72 

hours of stimulation with CD3/CD55 and CD3/CD28 (Summarized data 

from section 6.2.2). [ + and – denote moderate expression, and no 

expression respectively] 

 

 

 

 

 

 

 

The fate of Naïve CD4 T-cells had been restricted to the symmetric model 

of differentiation to either Th1 or Th2 T-cells until last decade. With the 

discovery of Th17 [738-741], Th9 [216, 742] and inducible Treg (iTreg) 

as well as the reported plasticity of nTreg resulting in IL-17 [740, 743] , 

IFN- [297] production and T-bet expression [744], the adaptive nature 

or plasticity of T-cells has been brought to attention. Global mapping of 

epigenetic modification revealed co-localization of H3K4me3 and 

H3K27me3 on lineage specific “master regulator” transcription factors 

such as Tbx21(T-bet) and Gata3 genes in Naïve, Th1, Th2,Th17, iTreg 

and nTreg [297]. It indicated bivalent domains which has been 

associated with transcription factors poised for expression while keeping 

their expression restrained in pluripotent embryonic stem cells [745, 
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746]. The bivalent domain indicates the dynamic co-expression of 

multiple master-regulator transcription factor and the potential alternate 

fate of linage specific T-helper cells. It also emphasises on the potential 

impact of transcription factors on T-cell heterogeneity under the influence 

of different immunological cues [747]. Indeed, it has been demonstrated 

that in Th1 environment induced by the T. gondii infection resulted in T-

bet expression and IFN- production by nTreg in mice [748]. Similarly, it 

has also been demonstrated that IFN- producing cells with Th1-like 

phenotype cells derived from cells with Th17 origin under the influence 

auto-immune disease condition EAE in mice [749] and IL-17+IFN-+ cells 

were found to be elevated in the blood of patients with chronic 

inflammatory disorders [750]. Whether these observations indicate only 

cellular plasticity or also represent population plasticity is not well 

understood yet [751]. In line with these observations, it was also 

reported that the cellular phenotype regulated by a specific transcription 

factor can be further enhance or suppressed by the expression of other 

transcription factors. For instance, follicular helper T-cell differentiation is 

dependent on the expression Bcl6 but the interplay among other 

transcription factor such as c-MAF, BATF, IRF-4 positively or negatively 

influence this process [752]. Similarly, it could be possible that interplay 

of c-MAF, T-bet and ROR-t determines the function of CD3/CD55 induced 

IL-10+ Tr1 cells. Considering the role of c-MAF in the regulation of IL-10 

in various T-cell subsets (Th1, TH2, Th17 etc.), it could also be possible 

that c-MAF drives the differentiation of Tr1 cells upon CD3/CD55 

stimulation, but its function is modulated by other transcription factors. 

The higher expression of c-MAF by IL-10+ cells helped us to establish a 
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link between CD3/CD55 signaling and the transcriptional control of IL-10 

production by the Tr1 cells for the first time. However, the underlying 

molecular pathway which induces c-MAF expression following CD3/CD55 

costimulation still requires to be elucidated. Also, further studies are 

needed to determine the level of plasticity in CD3/CD55 induced Tr1 

cells.  

 

The low frequency of Tr1 cells has been a major limitation for its clinical 

application for the treatment of auto-immune diseases. As the presence 

of immune-modulators enhance the induction of CD3/CD55 mediated IL-

10+ Tr1 cells without altering most of the phenotypic characteristics, its 

potential to be utilized for immunotherapy by adaptive Tr1 cell transfer 

should be explored in future. 
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7 Chapter 7: Discussion and future work 

 

The fate of naïve T-cell differentiation is partially affected by the 

costimulatory signal influencing TCR signaling and the effector function is 

reflective of all the signaling cascades incited by specific costimulatory 

signal at the time of T-cell priming. In this study, we have demonstrated 

that costimulatory receptor (CD55) mediates induction of IL-10+ Tr1 cells 

which depends on the competitive signaling strength of CD55 and CD28. 

We have also demonstrated that signaling via CD55 results in specific 

phenotypic characteristics which are retained upon restimulation. 

Importantly, we are reporting for the first time that immune-modulators 

dexamethasone and Vitamin D3 have differential effect on CD3/CD55 

induced Tr1 cells in comparison to CD28 stimulated cells, specifically in 

their ability to secret IL-10 and IFN-. The identification of enhanced IL-

10 production by CD3/CD55 induced Tr1 cells could be one of the 

potential mechanisms of action of these immuno-suppressive therapies 

used for the treatment of several auto-immune diseases including MS. 

 

The differential effect of costimulation on naïve cells, in terms of 

generating different ratio of IFN- and IL-10 producing cells and notable 

predominance of IL-10+ cell and IFN-+ cells in response to CD55 and 

CD28 respectively, raises the question about how these signals result in 

different phenotypes. Assessment of our data in context of the findings 

and observations reported by others provide us with several potential 

explanations which could help us to understand the underlying 

mechanisms leading to alternate fate. 
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The heterogeneity of the naïve T-cell population could contribute to the 

differential response to CD55 and CD28 costimulation. Recent studies 

suggest that naïve CD4 T-cells population is not as developmentally 

synchronized as it was previously assumed to be and it consists of 

multiple populations which could be identified depending on expression of 

cell surface molecules such as CD31, PTK7 etc. [34]. The Recent Thymic 

Emigrant (RTE) naïve CD4+ T-cells, representing cells recently egressed 

from thymus, differ in function from the older non-RTE naïve cells 

(mature naïve cells) which have matured in secondary lymphoid organs 

[753]. While RTE naïve cells are more responsive to IL-7 and contain 

more TCR excision circles (TREC), they are produce less IL-2, IFN- and 

proliferate less in response to CD3/CD28 stimulation compared to mature 

naïve cells [754, 755]. Though the effect of CD3/CD55 stimulation on 

RTE and mature naïve T-cells are still unknown, variation in response to 

CD3/CD28 stimulation within the naïve T-cells compartment indicates 

that the diversity in naïve T-cell population could also contribute to 

differential response to costimulation. 

 

It has been reported that CD28 and CD55 are localized in two different 

kind of microdomains that can result in different functional outcomes 

[756]. CD28 is located in ganglioside GM1 enriched microdomain and 

several other studies confirmed it accumulates with TCR in the central 

supramolecular activation complex (cSMAC) where it initiates and 

stabilizes the immune synapse formation [472, 756, 757]. Interestingly, 

recruitment of other molecules in the microdomain such as Fas led to 

alternative outcome – recruitment of Fas with CD28 led to apoptosis but 
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recruitment with CD55 inhibited cell death [756]. As membrane 

compartmentation is required for efficient T-cell activity [758], these 

observations indicate that different pathways could be activated by CD55 

and CD28 depending on the type of domain they are localized in.  Also, 

CD28 -mediated redistribution of microdomains at the TCR site has been 

linked to amplified / sustained TCR signaling and exclusion of other 

regulatory components of the synapse, such as CD45 [759, 760]. This 

might provide an explanation to the dominance of CD28 signaling over 

that of CD55 . It is still not known if, like CD45, CD55 is excluded from 

the cSMAC during activation or where it localizes in the synapse over the 

time course of T-cell activation. Similarly, it is not clear if the synapse 

makeup of Tr1 cells and Th1 cells are comparable.  

 

Another salient potential explanation for the differential induction of Th1 

and Tr1 cells is based on the observations reported on the thymic 

selection and development of nTreg which indicates the possible role of 

TCR specificity in the induction of Tr1 cells. It has been suggested that 

the development of nTreg in the thymus depends on the TCR self-

reactivity which requires to be below the threshold for negative selection 

to prevent deletion but above the threshold for positive selection to 

ensure cell survival. It has also been demonstrated that the low affinity 

of TCR for its cognate antigen did not support the differentiation of nTreg 

in the thymus and it has been suggested that TCR avidity might not 

always compensate for TCR affinity in order to generate appropriate TCR 

interaction for the induction of nTreg in the thymus. Importantly, studies 

with TCR transgenic mice has demonstrated that intraclonal competition 
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between nTreg and conventional T-cells for the limited resources (such as 

thymic APC, antigen) affect the development these cells [259]. Unlike 

conventional T-cells, maintenance of nTreg in the periphery depends on 

the presence of self-antigen and interaction with the cognate antigen 

resulted in activation as well as prolonged persistence in the tissue even 

when the antigen expression became undetectable [761, 762]. 

Interestingly, it is not only nTreg which has been reported to be self-

reactive but both naïve and memory responses to self-antigen (e.g. 

citrunillated peptide, myelin basic protein) has also been observed in 

both heathy donors and autoimmune disease patients [763, 764]. The 

existence of self-reactive nTreg as well other conventional T-cells which 

react to self-peptides in heathy individuals raises the possibility that 

some self-reactive conventional T-cells might escape negative selection in 

thymus and serve as precursor for generation of Tr1 cells via alternative 

costimulatory pathways in the peripheral immune system to control 

immune response to self-peptide while cells specific for foreign antigens 

respond to costimulation by obtaining pro-inflammatory Th1 phenotype. 

In our study, the induction of Tr1 cells following co-culture of CD4 T-cells 

with dendritic cells without any exogenous foreign peptide indicates that 

Tr1 cells could be generated even when only self-peptide is presented by 

antigen presenting cells. Further study is required to determine the TCR 

specificity of Tr1 cells induced by CD55-CD97 interaction. 

 

For natural Treg only basal CD28 is required for Treg generation in 

thymus and higher CD28 signalling, via its ligand (CD86), restricts 

induction of Treg in peripheral immune system. This CD28 mediated Lck-
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signaling suppresses induction of inducible Treg (CD4+CD25+FoxP3+) 

from naïve T-cells (CD4+CD25-) following TCR activation in an IL-2 

independent manner [765]. In a similar way CD28 signaling may prevent 

induction Tr1 cells in favor of the Th1 phenotype. In contrast, no limiting 

effect of CD55 signaling has been reported on the induction of either Th1 

or Tr1 cells. It has been demonstrated that cross-linking of CD55 and 

TCR leads to TCR-zeta and ZAP-70 tyrosine phosphorylation and IL-2 

secretion [518]. However, the downstream signaling leading to induction 

of IL-10+ Tr1 by CD55 is not well understood and warrants further 

investigation, as gaining control over Tr1 cells would be beneficial in both 

autoimmunity and cancer. 

 

Lastly, TCR ligand density, affinity and duration of TCR signaling also 

have been reported to be involved in the induction of regulatory T-cells 

[766]. It has been demonstrated that disruption of TCR : pMHC complex 

or short interaction between T-cells and dendritic cells favors induction of 

regulatory function while stable interaction between T-cell : DC promote 

effector function [525]. The impact of CD28 costimulation on stabilizing 

and prolonging TCR signaling could help to promote Th1 induction and if 

the impact of CD55 costimulation is not similar to CD28, it could 

potentially assist in the induction of regulatory Tr1 phenotype.  

 

Tr1 cells were initially discovered in Human SCID patients and they were 

defined as the induced immunosuppressive cells that maintain peripheral 

tolerance by producing IL-10. However, unlike nTreg cells which can be 

identified by FoxP3 and CD25 expression, Tr1 could not be determined 
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any specific transcription factor or markers which has been consistently 

expressed by these cells. The definition of Tr1 cells has evolved in the 

last decade with more studies focusing on generation and 

characterization of these cells. Many Tr1-associated markers were 

combined with the functionality to determine these cells in mouse models 

as well as human. Nevertheless, due to the disparities among the 

methods of generating IL-10+ Tr1 cells, it has been difficult to deduce if 

the same cell population has been studied or if multiple different 

populations were described which were similar in function. While some 

studies reported the differentiation of Tr1 from naïve cells by co-

stimulatory signals (CD55, CD2 etc.), others reported the differentiation 

under the influence of cytokine (IL-10, IL-27, combination of IL-10 and 

IL-4) and recurrent exposure to antigens. Moreover, IL-10 production by 

Th1 cells raises the question if Tr1 cells represent the state of Th1 cells 

during immune-resolution [339]. CD46 and IL-2 mediated “Switch from 

IFN-+ Th1 to IL-10+ Tr1” has also been proposed as a way of induction 

for Tr1 cells [324, 767]. This hypothesis supports the definition of Tr1 as 

a phenotype and does not recognize these cells to be bona fide 

regulatory cells with specific lineage. However, in our current work as 

well as previous studies [315, 386], we have demonstrated the 

differentiation of naïve T-cells into IL-10+ cells in response to CD55 

costimulation by meeting differentiation criteria such as proliferation, IL-2 

production etc., which contradicts the notion that Tr1 cells derive from 

Th1 cells and it supports the possibility that costimulatory signal induced 

IL-10+ represent a novel subset of inducible regulatory T-cells. To further 

complicate the quest for the definition of Tr1 cells, our findings 
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demonstrated that the presence of immunomodulators enhance the 

induction of IL-10+ cells following CD3/CD55 which raised the question 

including- i) if immune-modulators amplify CD55 mediated signals to 

promote Tr1 cells, ii) if they regulate other IL-10 modulating pathways 

which synergizes with CD55 signaling. As the answer to these questions 

are still unknown, we addressed the CD55 induced IL-10+ cells as “Tr1” 

cells in this study. 

 

The expression of multiple transcription factors by CD3/CD55 induced IL-

10+ Tr1 cells which have been previously ascribed to determine different 

phenotypes as “master regulators” contest the idea of Tr1 cells belonging 

to a specific lineage rather than being a manifested phenotype of 

exhausted, immune-resolution phase Th1 cells. However, there are 

examples of multiple transcription factor expression by cells with specific 

lineage. For example, follicular helper T-cell differentiation is dependent 

on the expression Bcl6 but the interplay among other transcription factor 

such as c-MAF, BATF, IRF-4 positively or negatively influence this process 

[752]. Similarly, it has also been demonstrated that Aryl hydro carbon 

receptor (AhR) mediates the differentiation of Th22 cells which further 

promoted by the expression of T-bet. Interestingly, the expression of 

transcription factors with opposing role is also well established as a way 

of regulating generation of cells with specific lineage and to prevent the 

exacerbated function of one subset of cells during immune response. For 

instance, it has been reported that T-bet expression is not required for 

induction and differentiation of IL-23 driven Th17 cells but it was 

necessary to restrain the function of Th17 in intestinal inflammation and 
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modify the colitogenic response [768]. Considering the role of c-MAF is 

the induction of IL-10+ cells and reported plasticity in lineage fate of 

different subsets of CD4 T-cells population [297], it could be possible that 

the expression of T-bet and ROR-t modifies the responses of these 

regulatory cells. Indeed, it was determined that T-bet was involved in the 

induction of tolerance upon repeated antigen stimulation where it was not 

associated with Th1 differentiation, rather promoted transcription 

program of regulatory cell in collaboration Erg-2 and reduced IL-2 

production [769]. In line with these observations, the proposed “tide 

model” of cell surface signaling molecules suggests that diverse 

expression of co-signaling molecules- both costimulatory and 

coinhibitory, allows differential and dynamic control of T-cell responses in 

accordance to immunological cues [770]. This revised T-cell signaling and 

activation model suggests the primary signal through the TCR recognition 

and costimulation serves as the “initiator” but the other cell surface 

molecules, which are upregulated in response to the initiator and might 

be expressed in time-dependent manner, determine the direction and 

magnitude of the cell responses by acting as “modifier” and preferentially 

participating in one or more functional aspects of immune cell function. 

Although no exclusive cell surface molecule has been identified which 

could potentially govern the function of Tr1 cell, the expression of a 

myriad of cell surface molecules by IL-10+ Tr1 cells (such as LAG-3, 

CD226, CTLA-4, PD-1 etc.) might contribute to modifying and regulating 

the function of these cells. Following our work in CD3/CD55 induced IL-

10+ Tr1 cells, we propose several suggestions for future studies which 

might help to reduce the ambiguity regarding this regulatory cell 
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population. Careful contemplation of experimental data from our studies 

as well as reports from other studies, it could be extrapolated that Tr1 

cells should be defined based on both functional aspects as well as 

phenotype. We suggest that Tr1 cells are not only defined by combined 

expression of various marker, they should also be described in terms of 

the level of expression. For example, nTreg cells are defined as 

FoxP3+CD25HighCD127Low. In a similar way, based on the data from this 

study, Tr1 cells could be defined as IL-10+IFN--LAG-3HighPD-1Highc-

MAFHigh. However, further investigations are required to discern which 

markers will be appropriate to define Tr1 cells generated by various 

methods. 

 

In our study, significant difference was noted in the CD3/CD55 induced 

IL-10+ cells between Multiple sclerosis patients and healthy individual. It 

is still unclear if the reduced induction of Tr1 cells stems from any defect 

in the CD55 mediated IL-10 pathway including genetic mutation and 

alteration of molecular signaling. As the CD55 regulated IL-10 pathway is 

still not well characterized, it is difficult to understand the underlying 

mechanisms which suppress the induction Tr1 cells in MS.  Moreover, it 

has also been reported that the expression of CD55 is diminished in 

autoimmune disease patients (e.g. Systemic Lupus Erythematosus, SLE) 

compared to heathy individuals [771]. The expression of CD55 by naïve 

CD4 T-cells was not assessed in this study and it would be interesting to 

determine if there is any variation in expression of CD55 between MS 

patients and healthy donors.  
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One of the obstacles in the way of studying the role of CD3/CD55 induced 

Tr1 cells in vivo is that mouse models could not be used as CD55 

costimulation does not result in Tr1 induction in mice (unpublished data). 

It could probably reflect evolutionary difference between human and 

mice. Several other studies with CD55-/- knock-out mice demonstrated 

that CD55 might suppress T-cell immunity and play in a critical role in 

regulation of autoimmune responses [771-774]. However, most of these 

studies attributed the effect of CD55 deletion on immune response to its 

complement regulatory function and did not investigate the role of CD55 

as a costimulatory molecule in those experimental settings. For instance, 

it was reported that the deletion of DAF (CD55) in resulted in 

exacerbated auto-immune disease development in MRL/lpr mice - a 

model for human systemic lupus erythematosus [775]. It was also 

demonstrated in the EAE model of  CD55-/- knock-out mice , the absence 

of CD55 (DAF) leads to enhanced IFN- production which is accompanied 

with reduced IL-10 secretion compared to the CD55+/+ wildtype mice 

[772]. In the same study, it was also determined that the effect of CD55 

deletion could be reversed in double knock-out CD55-/- C3-/-  mice with 

the exception of IL-10 production which remained low in the absence of 

CD55 and despite the absence of C3, which would suggest that effect of 

CD55 in immune response is not restricted to only its function as a 

complement regulator protein. Considering the information provided by 

previous studies and difficulties associated with studying the role of CD55 

in animal model, in order to further explore the role of CD55 

costimulation, we would recommend studying CD3/CD55 mediated 

induction of Tr1 cells in Clinically isolated syndrome (CIS) patients and 
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early stage Multiple sclerosis patients who have not received any disease 

modifying treatment (DMTs). As it has been noted that CIS patients often 

develop MS, it would be intriguing to investigate CD3/CD55 induced Tr1 

cells through different stages of disease progression. Also, the role of 

CD55 mediated IL-10 production should be studied in cancer patients in 

future as it has been reported that Tr1 cells are more prevalent in the 

tumour infiltrating lymphocytes [569, 776]. It would be interesting to 

determine if CD55 contributes to Tr1 induction in cancer patients and if it 

could be targeted for immunotherapy in order to control immune-

suppression in the tumour microenvironment to enhance the efficacy of 

the other treatments. 

 

 

 

 

 

 

 

 

 

 

 



 290 

8 References: 

1. Murphy K, Travers P, Walport M, Janeway C: Janeway's immunobiology. 
New York: Garland Science; 2012. 

2. Delves PJ, Roitt IM: The immune system. First of two parts. N Engl J Med 
2000, 343(1):37-49. 

3. Owen JA, Punt J, Stranford SA, Jones PP, Kuby J: Kuby immunology. New 
York: W.H. Freeman; 2013. 

4. Foussat A, Cottrez F, Brun V, Fournier N, Breittmayer J-P, Groux H: A 
Comparative Study between T Regulatory Type 1 and 
CD4&lt;sup&gt;+&lt;/sup&gt;CD25&lt;sup&gt;+&lt;/sup&gt; T Cells in the 
Control of Inflammation. The Journal of Immunology 2003, 171(10):5018. 

5. Povoleri G, Scotta C, Nova-Lamperti E, John S, Lombardi G, Afzali B: Thymic 
Versus Induced Regulatory T Cells – Who Regulates the Regulators? 2013, 
4(169). 

6. Astier AL, Meiffren G, Freeman S, Hafler DA: Alterations in CD46-mediated 
Tr1 regulatory T cells in patients with multiple sclerosis. The Journal of 
clinical investigation 2006, 116(12):3252-3257. 

7. Scurr M, Ladell K, Besneux M, Christian A, Hockey T, Smart K, Bridgeman H, 
Hargest R, Phillips S, Davies M et al: Highly prevalent colorectal cancer-
infiltrating LAP+ Foxp3− T cells exhibit more potent immunosuppressive 
activity than Foxp3+ regulatory T cells. Mucosal Immunology 2013, 7:428. 

8. Miller JFAP: The discovery of thymus function and of thymus-derived 
lymphocytes. Immunological Reviews 2002, 185(1):7-14. 

9. Miller JFAP: Events that led to the discovery of T-cell development and 
function – a personal recollection. Tissue Antigens 2004, 63(6):509-517. 

10. Miller JFAP: The golden anniversary of the thymus. Nature Reviews 
Immunology 2011, 11:489. 

11. Wu L, Scollay R, Egerton M, Pearse M, Spangrude GJ, Shortman K: CD4 
expressed on earliest T-lineage precursor cells in the adult murine thymus. 
Nature 1991, 349:71. 

12. Developmental potential of the earliest precursor cells from the adult 
mouse thymus. The Journal of Experimental Medicine 1991, 174(6):1617-
1627. 

13. Benz C, Bleul CC: A multipotent precursor in the thymus maps to the 
branching point of the T versus B lineage decision. J Exp Med 2005, 
202(1):21-31. 

14. Igarashi H, Gregory SC, Yokota T, Sakaguchi N, Kincade PW: Transcription 
from the RAG1 locus marks the earliest lymphocyte progenitors in bone 
marrow. Immunity 2002, 17(2):117-130. 

15. Schlenner SM, Madan V, Busch K, Tietz A, Laufle C, Costa C, Blum C, Fehling 
HJ, Rodewald HR: Fate mapping reveals separate origins of T cells and 
myeloid lineages in the thymus. Immunity 2010, 32(3):426-436. 

16. Koch U, Radtke F: Mechanisms of T Cell Development and Transformation. 
Annual Review of Cell and Developmental Biology 2011, 27(1):539-562. 



 291 

17. Petrie HT, Zuniga-Pflucker JC: Zoned out: functional mapping of stromal 
signaling microenvironments in the thymus. Annual review of immunology 
2007, 25:649-679. 

18. Shortman K, Egerton M, Spangrude GJ, Scollay R: The generation and fate of 
thymocytes. Semin Immunol 1990, 2(1):3-12. 

19. Feyerabend TB, Terszowski G, Tietz A, Blum C, Luche H, Gossler A, Gale NW, 
Radtke F, Fehling HJ, Rodewald HR: Deletion of Notch1 converts pro-T cells 
to dendritic cells and promotes thymic B cells by cell-extrinsic and cell-
intrinsic mechanisms. Immunity 2009, 30(1):67-79. 

20. Han H, Tanigaki K, Yamamoto N, Kuroda K, Yoshimoto M, Nakahata T, Ikuta 
K, Honjo T: Inducible gene knockout of transcription factor recombination 
signal binding protein-J reveals its essential role in T versus B lineage 
decision. Int Immunol 2002, 14(6):637-645. 

21. Hozumi K, Mailhos C, Negishi N, Hirano K-i, Yahata T, Ando K, Zuklys S, 
Holländer GA, Shima DT, Habu S: Delta-like 4 is indispensable in thymic 
environment specific for T cell development. The Journal of Experimental 
Medicine 2008, 205(11):2507. 

22. Koch U, Fiorini E, Benedito R, Besseyrias V, Schuster-Gossler K, Pierres M, 
Manley NR, Duarte A, Macdonald HR, Radtke F: Delta-like 4 is the essential, 
nonredundant ligand for Notch1 during thymic T cell lineage commitment. 
J Exp Med 2008, 205(11):2515-2523. 

23. Capone M, Hockett RD, Zlotnik A: Kinetics of T cell receptor β, γ, and δ 
rearrangements during adult thymic development: T cell receptor 
rearrangements are present in CD44(+)CD25(+) Pro-T thymocytes. Proc Natl 
Acad Sci U S A 1998, 95(21):12522-12527. 

24. Livak F, Tourigny M, Schatz DG, Petrie HT: Characterization of TCR gene 
rearrangements during adult murine T cell development. J Immunol 1999, 
162(5):2575-2580. 

25. Burtrum DB, Kim S, Dudley EC, Hayday AC, Petrie HT: TCR gene 
recombination and alpha beta-gamma delta lineage divergence: 
productive TCR-beta rearrangement is neither exclusive nor preclusive of 
gamma delta cell development. J Immunol 1996, 157(10):4293-4296. 

26. Porritt HE, Gordon K, Petrie HT: Kinetics of steady-state differentiation and 
mapping of intrathymic-signaling environments by stem cell 
transplantation in nonirradiated mice. J Exp Med 2003, 198(6):957-962. 

27. Borgulya P, Kishi H, Uematsu Y, von Boehmer H: Exclusion and inclusion of α 
and β T cell receptor alleles. Cell 1992, 69(3):529-537. 

28. Singer A, Adoro S, Park J-H: Lineage fate and intense debate: myths, models 
and mechanisms of CD4- versus CD8-lineage choice. Nature reviews 
Immunology 2008, 8(10):788-801. 

29. Veillette A, Zúñiga-Pflücker JC, Bolen JB, Kruisbeek AM: Engagement of CD4 
and CD8 expressed on immature thymocytes induces activation of 
intracellular tyrosine phosphorylation pathways. The Journal of 
experimental medicine 1989, 170(5):1671-1680. 

30. Starr TK, Jameson SC, Hogquist KA: Positive and Negative Selection of T 
Cells. Annual review of immunology 2003, 21(1):139-176. 



 292 

31. Takaba H, Takayanagi H: The Mechanisms of T Cell Selection in the Thymus. 
Trends Immunol 2017, 38(11):805-816. 

32. Takaba H, Morishita Y, Tomofuji Y, Danks L, Nitta T, Komatsu N, Kodama T, 
Takayanagi H: Fezf2 Orchestrates a Thymic Program of Self-Antigen 
Expression for Immune Tolerance. Cell 2015, 163(4):975-987. 

33. Takaba H, Takayanagi H: The Mechanisms of T Cell Selection in the Thymus. 
Trends in Immunology 2017, 38(11):805-816. 

34. van den Broek T, Borghans JAM, van Wijk F: The full spectrum of human 
naive T cells. Nature Reviews Immunology 2018, 18(6):363-373. 

35. den Braber I, Mugwagwa T, Vrisekoop N, Westera L, Mögling R, 
Bregje de Boer A, Willems N, Schrijver Elise HR, Spierenburg G, Gaiser K et al: 
Maintenance of Peripheral Naive T Cells Is Sustained by Thymus Output in 
Mice but Not Humans. Immunity 2012, 36(2):288-297. 

36. Mestas J, Hughes CC: Of mice and not men: differences between mouse 
and human immunology. J Immunol 2004, 172(5):2731-2738. 

37. Larbi A, Fulop T: From “truly naïve” to “exhausted senescent” T cells: When 
markers predict functionality. Cytometry Part A 2013, 85(1):25-35. 

38. Mahnke YD, Brodie TM, Sallusto F, Roederer M, Lugli E: The who's who of T-
cell differentiation: Human memory T-cell subsets. European Journal of 
Immunology 2013, 43(11):2797-2809. 

39. Motamedi M, Xu L, Elahi S: Correlation of transferrin receptor (CD71) with 
Ki67 expression on stimulated human and mouse T cells: The kinetics of 
expression of T cell activation markers. Journal of Immunological Methods 
2016, 437:43-52. 

40. Pepper M, Jenkins MK: Origins of CD4+ effector and central memory T cells. 
Nature Immunology 2011, 12:467. 

41. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A: Two subsets of 
memory T lymphocytes with distinct homing potentials and effector 
functions. Nature 1999, 401(6754):708-712. 

42. Appay V, van Lier RAW, Sallusto F, Roederer M: Phenotype and function of 
human T lymphocyte subsets: Consensus and issues. Cytometry Part A 
2008, 73A(11):975-983. 

43. Masopust D, Vezys V, Marzo AL, Lefrançois L: Preferential Localization of 
Effector Memory Cells in Nonlymphoid Tissue. Science 2001, 
291(5512):2413. 

44. Sallusto F, Geginat J, Lanzavecchia A: Central Memory and Effector Memory 
T Cell Subsets: Function, Generation, and Maintenance. Annual review of 
immunology 2004, 22(1):745-763. 

45. Song K, Rabin RL, Hill BJ, De Rosa SC, Perfetto SP, Zhang HH, Foley JF, Reiner 
JS, Liu J, Mattapallil JJ et al: Characterization of subsets of CD4+ memory T 
cells reveals early branched pathways of T cell differentiation in humans. 
Proc Natl Acad Sci U S A 2005, 102(22):7916-7921. 

46. Pepper M, Jenkins MK: Origins of CD4(+) effector and central memory T 
cells. Nat Immunol 2011, 12(6):467-471. 

47. Larbi A, Fulop T: From “truly naïve” to “exhausted senescent” T cells: When 
markers predict functionality. Cytometry Part A 2014, 85(1):25-35. 



 293 

48. Geginat J, Lanzavecchia A, Sallusto F: Proliferation and differentiation 
potential of human CD8+ memory T-cell subsets in response to antigen or 
homeostatic cytokines. Blood 2003, 101(11):4260-4266. 

49. Weiskopf D, Bangs DJ, Sidney J, Kolla RV, De Silva AD, de Silva AM, Crotty S, 
Peters B, Sette A: Dengue virus infection elicits highly polarized CX3CR1+ 
cytotoxic CD4+ T cells associated with protective immunity. Proc Natl Acad 
Sci U S A 2015, 112(31):E4256-4263. 

50. Gordon CL, Miron M, Thome JJ, Matsuoka N, Weiner J, Rak MA, Igarashi S, 
Granot T, Lerner H, Goodrum F et al: Tissue reservoirs of antiviral T cell 
immunity in persistent human CMV infection. J Exp Med 2017, 214(3):651-
667. 

51. Libri V, Azevedo RI, Jackson SE, Di Mitri D, Lachmann R, Fuhrmann S, 
Vukmanovic-Stejic M, Yong K, Battistini L, Kern F et al: Cytomegalovirus 
infection induces the accumulation of short-lived, multifunctional 
CD4+CD45RA+CD27+ T cells: the potential involvement of interleukin-7 in 
this process. Immunology 2011, 132(3):326-339. 

52. Tian Y, Babor M, Lane J, Schulten V, Patil VS, Seumois G, Rosales SL, Fu Z, 
Picarda G, Burel J et al: Unique phenotypes and clonal expansions of 
human CD4 effector memory T cells re-expressing CD45RA. Nature 
Communications 2017, 8(1):1473. 

53. Verma K, Ogonek J, Varanasi PR, Luther S, Bunting I, Thomay K, Behrens YL, 
Mischak-Weissinger E, Hambach L: Human CD8+ CD57- TEMRA cells: Too 
young to be called "old". PLoS One 2017, 12(5):e0177405. 

54. Claman HN, Chaperon EA, Triplett RF: Thymus-marrow cell combinations. 
Synergism in antibody production. Proceedings of the Society for 
Experimental Biology and Medicine Society for Experimental Biology and 
Medicine (New York, NY) 1966, 122(4):1167-1171. 

55. Miller JF, Mitchell GF: Cell to cell interaction in the immune response. I. 
Hemolysin-forming cells in neonatally thymectomized mice reconstituted 
with thymus or thoracic duct lymphocytes. J Exp Med 1968, 128(4):801-
820. 

56. Mitchell GF, Miller JF: Cell to cell interaction in the immune response. II. 
The source of hemolysin-forming cells in irradiated mice given bone 
marrow and thymus or thoracic duct lymphocytes. J Exp Med 1968, 
128(4):821-837. 

57. Nossal GJ, Cunningham A, Mitchell GF, Miller JF: Cell to cell interaction in 
the immune response. 3. Chromosomal marker analysis of single antibody-
forming cells in reconstituted, irradiated, or thymectomized mice. J Exp 
Med 1968, 128(4):839-853. 

58. Raff MC: Role of thymus-derived lymphocytes in the secondary humoral 
immune response in mice. Nature 1970, 226(5252):1257-1258. 

59. Howard M, Farrar J, Hilfiker M, Johnson B, Takatsu K, Hamaoka T, Paul WE: 
Identification of a T cell-derived b cell growth factor distinct from 
interleukin 2. The Journal of experimental medicine 1982, 155(3):914-923. 

60. Paul WE, Ohara J: B-cell stimulatory factor-1/interleukin 4. Annual review of 
immunology 1987, 5:429-459. 



 294 

61. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL: Two types 
of murine helper T cell clone. I. Definition according to profiles of 
lymphokine activities and secreted proteins. J Immunol 1986, 136(7):2348-
2357. 

62. Cantor H, Boyse EA: Regulation of Cellular and Humoral Immune Responses 
by T-cell Subclasses. Cold Spring Harbor Symposia on Quantitative Biology 
1977, 41:23-32. 

63. Elgueta R, Benson MJ, de Vries VC, Wasiuk A, Guo Y, Noelle RJ: Molecular 
mechanism and function of CD40/CD40L engagement in the immune 
system. Immunological reviews 2009, 229(1):152-172. 

64. Gay D, Maddon P, Sekaly R, Talle MA, Godfrey M, Long E, Goldstein G, Chess 
L, Axel R, Kappler J et al: Functional interaction between human T-cell 
protein CD4 and the major histocompatibility complex HLA-DR antigen. 
Nature 1987, 328:626. 

65. Doyle C, Strominger JL: Interaction between CD4 and class II MHC 
molecules mediates cell adhesion. Nature 1987, 330:256. 

66. Laidlaw BJ, Craft JE, Kaech SM: The multifaceted role of CD4(+) T cells in 
CD8(+) T cell memory. Nature reviews Immunology 2016, 16(2):102-111. 

67. Rajasagi NK, Kassim SH, Kollias CM, Zhao X, Chervenak R, Jennings SR: CD4+ 
T cells are required for the priming of CD8+ T cells following infection with 
herpes simplex virus type 1. Journal of virology 2009, 83(10):5256-5268. 

68. Smith CM, Wilson NS, Waithman J, Villadangos JA, Carbone FR, Heath WR, 
Belz GT: Cognate CD4(+) T cell licensing of dendritic cells in CD8(+) T cell 
immunity. Nature Immunology 2004, 5(11):1143-1148. 

69. Janssen EM, Lemmens EE, Wolfe T, Christen U, von Herrath MG, 
Schoenberger SP: CD4+ T cells are required for secondary expansion and 
memory in CD8+ T lymphocytes. Nature 2003, 421(6925):852-856. 

70. Phares TW, Stohlman SA, Hwang M, Min B, Hinton DR, Bergmann CC: CD4 T 
Cells Promote CD8 T Cell Immunity at the Priming and Effector Site during 
Viral Encephalitis. Journal of virology 2012, 86(5):2416. 

71. Janssen EM, Lemmens EE, Wolfe T, Christen U, von Herrath MG, 
Schoenberger SP: CD4+ T cells are required for secondary expansion and 
memory in CD8+ T lymphocytes. Nature 2003, 421:852. 

72. Shedlock DJ, Shen H: Requirement for CD4 T Cell Help in Generating 
Functional CD8 T Cell Memory. Science 2003, 300(5617):337. 

73. Sun JC, Bevan MJ: Defective CD8 T Cell Memory Following Acute Infection 
Without CD4 T Cell Help. Science 2003, 300(5617):339. 

74. JANEWAY CA, JR., TRAVERS, P., WALPORT, M. & SHLOMCHIK, M. J. . : 
Immunobiology: The Immune System in Health and Disease. New York: 
Garland Science; 2001. 

75. Cerottini JC, Nordin AA, Brunner KT: Specific in vitro cytotoxicity of thymus-
derived lymphocytes sensitized to alloantigens. Nature 1970, 
228(5278):1308-1309. 

76. Zinkernagel RM, Doherty PC: Immunological surveillance against altered 
self components by sensitised T lymphocytes in lymphocytic 
choriomeningitis. Nature 1974, 251(5475):547-548. 



 295 

77. Golstein P, Wigzell H, Blomgren H, Svedmyr EA: Cells mediating specific in 
vitro cytotoxicity. II. Probable autonomy of thymus-processed lymphocytes 
(T cells) for the killing of allogeneic target cells. J Exp Med 1972, 135(4):890-
906. 

78. Cantor H, Boyse EA: Functional subclasses of T-lymphocytes bearing 
different Ly antigens. I. The generation of functionally distinct T-cell 
subclasses is a differentiative process independent of antigen. J Exp Med 
1975, 141(6):1376-1389. 

79. Kisielow P, Hirst JA, Shiku H, Beverley PC, Hoffman MK, Boyse EA, Oettgen 
HF: Ly antigens as markers for functionally distinct subpopulations of 
thymus-derived lymphocytes of the mouse. Nature 1975, 253(5488):219-
220. 

80. Shiku H, Kisielow P, Bean MA, Takahashi T, Boyse EA, Oettgen HF, Old LJ: 
Expression of T-cell differentiation antigens on effector cells in cell-
mediated cytotoxicity in vitro. Evidence for functional heterogeneity 
related to the surface phenotype of T cells. J Exp Med 1975, 141(1):227-
241. 

81. Shimonkevitz R, Kappler J, Marrack P, Grey H: Antigen recognition by H-2-
restricted T cells. I. Cell-free antigen processing. J Exp Med 1983, 
158(2):303-316. 

82. Townsend AR, Gotch FM, Davey J: Cytotoxic T cells recognize fragments of 
the influenza nucleoprotein. Cell 1985, 42(2):457-467. 

83. Yewdell JW, Bennink JR, Smith GL, Moss B: Influenza A virus nucleoprotein 
is a major target antigen for cross-reactive anti-influenza A virus cytotoxic 
T lymphocytes. Proc Natl Acad Sci U S A 1985, 82(6):1785-1789. 

84. Hickman HD, Takeda K, Skon CN, Murray FR, Hensley SE, Loomis J, Barber 
GN, Bennink JR, Yewdell JW: Direct priming of antiviral CD8+ T cells in the 
peripheral interfollicular region of lymph nodes. Nat Immunol 2008, 
9(2):155-165. 

85. Chtanova T, Han SJ, Schaeffer M, van Dooren GG, Herzmark P, Striepen B, 
Robey EA: Dynamics of T cell, antigen-presenting cell, and pathogen 
interactions during recall responses in the lymph node. Immunity 2009, 
31(2):342-355. 

86. John B, Harris TH, Tait ED, Wilson EH, Gregg B, Ng LG, Mrass P, Roos DS, 
Dzierszinski F, Weninger W et al: Dynamic Imaging of CD8(+) T cells and 
dendritic cells during infection with Toxoplasma gondii. PLoS Pathog 2009, 
5(7):e1000505. 

87. Parish IA, Kaech SM: Diversity in CD8(+) T cell differentiation. Curr Opin 
Immunol 2009, 21(3):291-297. 

88. Mescher MF, Curtsinger JM, Agarwal P, Casey KA, Gerner M, Hammerbeck 
CD, Popescu F, Xiao Z: Signals required for programming effector and 
memory development by CD8+ T cells. Immunol Rev 2006, 211:81-92. 

89. Zhang N, Bevan MJ: CD8(+) T cells: foot soldiers of the immune system. 
Immunity 2011, 35(2):161-168. 

90. Pamer E, Cresswell P: MECHANISMS OF MHC CLASS I–RESTRICTED ANTIGEN 
PROCESSING. Annual review of immunology 1998, 16(1):323-358. 



 296 

91. Wong P, Pamer EG: CD8 T Cell Responses to Infectious Pathogens. Annual 
review of immunology 2003, 21(1):29-70. 

92. Srivastava P: Interaction of Heat Shock Proteins with Peptides and Antigen 
Presenting Cells: Chaperoning of the Innate and Adaptive Immune 
Responses. Annual review of immunology 2002, 20(1):395-425. 

93. Lefrançois L, Altman JD, Williams K, Olson S: Soluble Antigen and CD40 
Triggering Are Sufficient to Induce Primary and Memory Cytotoxic T Cells. 
The Journal of Immunology 2000, 164(2):725. 

94. Kurts C: Cross-presentation: inducing CD8 T cell immunity and tolerance. 
Journal of molecular medicine (Berlin, Germany) 2000, 78(6):326-332. 

95. Fehres CM, Unger WWJ, Garcia-Vallejo JJ, van Kooyk Y: Understanding the 
biology of antigen cross-presentation for the design of vaccines against 
cancer. Frontiers in immunology 2014, 5:149-149. 

96. Andersen MH, Schrama D, thor Straten P, Becker JC: Cytotoxic T Cells. 
Journal of Investigative Dermatology 2006, 126(1):32-41. 

97. Nagata S: Fas-mediated apoptosis. Adv Exp Med Biol 1996, 406:119-124. 
98. Trapani JA, Smyth MJ: Functional significance of the perforin/granzyme cell 

death pathway. Nat Rev Immunol 2002, 2(10):735-747. 
99. Osińska I, Popko K, Demkow U: Perforin: an important player in immune 

response. Central-European journal of immunology 2014, 39(1):109-115. 
100. Halle S, Keyser KA, Stahl FR, Busche A, Marquardt A, Zheng X, Galla M, 

Heissmeyer V, Heller K, Boelter J et al: In Vivo Killing Capacity of Cytotoxic T 
Cells Is Limited and Involves Dynamic Interactions and T Cell Cooperativity. 
Immunity 2016, 44(2):233-245. 

101. Wiedemann A, Depoil D, Faroudi M, Valitutti S: Cytotoxic T lymphocytes kill 
multiple targets simultaneously via spatiotemporal uncoupling of lytic and 
stimulatory synapses. Proceedings of the National Academy of Sciences 
2006, 103(29):10985. 

102. Kuhn JR, Poenie M: Dynamic polarization of the microtubule cytoskeleton 
during CTL-mediated killing. Immunity 2002, 16(1):111-121. 

103. Klebanoff CA, Gattinoni L, Restifo NP: CD8+ T-cell memory in tumor 
immunology and immunotherapy. Immunological reviews 2006, 211:214-
224. 

104. Durgeau A, Virk Y, Corgnac S, Mami-Chouaib F: Recent Advances in 
Targeting CD8 T-Cell Immunity for More Effective Cancer Immunotherapy. 
Frontiers in immunology 2018, 9:14-14. 

105. Reading JL, Gálvez-Cancino F, Swanton C, Lladser A, Peggs KS, Quezada SA: 
The function and dysfunction of memory CD8+ T cells in tumor immunity. 
Immunological Reviews 2018, 283(1):194-212. 

106. Gravano DM, Hoyer KK: Promotion and prevention of autoimmune disease 
by CD8+ T cells. Journal of Autoimmunity 2013, 45:68-79. 

107. Overwijk WW, Theoret MR, Finkelstein SE, Surman DR, de Jong LA, Vyth-
Dreese FA, Dellemijn TA, Antony PA, Spiess PJ, Palmer DC et al: Tumor 
regression and autoimmunity after reversal of a functionally tolerant state 
of self-reactive CD8+ T cells. J Exp Med 2003, 198(4):569-580. 

108. Gattinoni L, Klebanoff CA, Palmer DC, Wrzesinski C, Kerstann K, Yu Z, 
Finkelstein SE, Theoret MR, Rosenberg SA, Restifo NP: Acquisition of full 



 297 

effector function in vitro paradoxically impairs the in vivo antitumor 
efficacy of adoptively transferred CD8+ T cells. J Clin Invest 2005, 
115(6):1616-1626. 

109. den Boer AT, van Mierlo GJ, Fransen MF, Melief CJ, Offringa R, Toes RE: The 
tumoricidal activity of memory CD8+ T cells is hampered by persistent 
systemic antigen, but full functional capacity is regained in an antigen-free 
environment. J Immunol 2004, 172(10):6074-6079. 

110. Sussman JJ, Parihar R, Winstead K, Finkelman FD: Prolonged culture of 
vaccine-primed lymphocytes results in decreased antitumor killing and 
change in cytokine secretion. Cancer Res 2004, 64(24):9124-9130. 

111. Yee C, Thompson JA, Byrd D, Riddell SR, Roche P, Celis E, Greenberg PD: 
Adoptive T cell therapy using antigen-specific CD8+ T cell clones for the 
treatment of patients with metastatic melanoma: in vivo persistence, 
migration, and antitumor effect of transferred T cells. Proc Natl Acad Sci U 
S A 2002, 99(25):16168-16173. 

112. Willcox A, Richardson SJ, Bone AJ, Foulis AK, Morgan NG: Analysis of islet 
inflammation in human type 1 diabetes. Clinical & Experimental 
Immunology 2009, 155(2):173-181. 

113. Wong CP, Stevens R, Long B, Li L, Wang Y, Wallet MA, Goudy KS, Frelinger JA, 
Tisch R: Identical β Cell-Specific CD8&lt;sup&gt;+&lt;/sup&gt; T Cell 
Clonotypes Typically Reside in Both Peripheral Blood Lymphocyte and 
Pancreatic Islets. The Journal of Immunology 2007, 178(3):1388. 

114. Lucchinetti CF, Popescu BFG, Bunyan RF, Moll NM, Roemer SF, Lassmann H, 
Brück W, Parisi JE, Scheithauer BW, Giannini C et al: Inflammatory Cortical 
Demyelination in Early Multiple Sclerosis. New England Journal of Medicine 
2011, 365(23):2188-2197. 

115. Coles AJ, Compston DA, Selmaj KW, Lake SL, Moran S, Margolin DH, Norris K, 
Tandon PK: Alemtuzumab vs. interferon beta-1a in early multiple sclerosis. 
N Engl J Med 2008, 359(17):1786-1801. 

116. Huseby ES, Liggitt D, Brabb T, Schnabel B, Öhlén C, Goverman J: A 
Pathogenic Role for Myelin-Specific Cd8&lt;sup&gt;+&lt;/sup&gt; T Cells in 
a Model for Multiple Sclerosis. The Journal of Experimental Medicine 2001, 
194(5):669. 

117. Rep MH, van Oosten BW, Roos MT, Adèr HJ, Polman CH, van Lier RA: 
Treatment with depleting CD4 monoclonal antibody results in a 
preferential loss of circulating naive T cells but does not affect IFN-gamma 
secreting TH1 cells in humans. The Journal of Clinical Investigation 1997, 
99(9):2225-2231. 

118. McKinney EF, Lyons PA, Carr EJ, Hollis JL, Jayne DRW, Willcocks LC, 
Koukoulaki M, Brazma A, Jovanovic V, Kemeny DM et al: A CD8+ T cell 
transcription signature predicts prognosis in autoimmune disease. Nature 
Medicine 2010, 16:586. 

119. Caccamo N, Dieli F, Wesch D, Jomaa H, Eberl M: Sex-specific phenotypical 
and functional differences in peripheral human Vγ9/Vδ2 T cells. Journal of 
Leukocyte Biology 2006, 79(4):663-666. 



 298 

120. Chien Y-h, Iwashima M, Kaplan KB, Elliott JF, Davis MM: A new T-cell 
receptor gene located within the alpha locus and expressed early in T-cell 
differentiation. Nature 1987, 327:677. 

121. Hayday AC, Saito H, Gillies SD, Kranz DM, Tanigawa G, Eisen HN, Tonegawa 
S: Structure, organization, and somatic rearrangement of T cell gamma 
genes. Cell 1985, 40(2):259-269. 

122. Hoytema van Konijnenburg DP, Mucida D: Intraepithelial lymphocytes. Curr 
Biol 2017, 27(15):R737-R739. 

123. Groh V, Porcelli S, Fabbi M, Lanier LL, Picker LJ, Anderson T, Warnke RA, 
Bhan AK, Strominger JL, Brenner MB: Human lymphocytes bearing T cell 
receptor gamma/delta are phenotypically diverse and evenly distributed 
throughout the lymphoid system. The Journal of Experimental Medicine 
1989, 169(4):1277. 

124. Parker CM, Groh V, Band H, Porcelli SA, Morita C, Fabbi M, Glass D, 
Strominger JL, Brenner MB: Evidence for extrathymic changes in the T cell 
receptor gamma/delta repertoire. The Journal of Experimental Medicine 
1990, 171(5):1597. 

125. Constant P, Davodeau F, Peyrat MA, Poquet Y, Puzo G, Bonneville M, 
Fournie JJ: Stimulation of human gamma delta T cells by nonpeptidic 
mycobacterial ligands. Science 1994, 264(5156):267-270. 

126. Tanaka Y, Sano S, Nieves E, De Libero G, Rosa D, Modlin RL, Brenner MB, 
Bloom BR, Morita CT: Nonpeptide ligands for human gamma delta T cells. 
Proc Natl Acad Sci U S A 1994, 91(17):8175-8179. 

127. Morita CT, Jin C, Sarikonda G, Wang H: Nonpeptide antigens, presentation 
mechanisms, and immunological memory of human Vγ2Vδ2 T cells: 
discriminating friend from foe through the recognition of prenyl 
pyrophosphate antigens. Immunological Reviews 2007, 215(1):59-76. 

128. Idrees ASM, Sugie T, Inoue C, Murata-Hirai K, Okamura H, Morita CT, Minato 
N, Toi M, Tanaka Y: Comparison of γδ T cell responses and farnesyl 
diphosphate synthase inhibition in tumor cells pretreated with zoledronic 
acid. Cancer Science 2013, 104(5):536-542. 

129. Uldrich AP, Le Nours J, Pellicci DG, Gherardin NA, McPherson KG, Lim RT, 
Patel O, Beddoe T, Gras S, Rossjohn J et al: CD1d-lipid antigen recognition 
by the γδ TCR. Nature Immunology 2013, 14:1137. 

130. Bai L, Picard D, Anderson B, Chaudhary V, Luoma A, Jabri B, Adams EJ, 
Savage PB, Bendelac A: The majority of CD1d-sulfatide-specific T cells in 
human blood use a semiinvariant Vδ1 TCR. European Journal of 
Immunology 2012, 42(9):2505-2510. 

131. Tyler CJ, Doherty DG, Moser B, Eberl M: Human Vγ9/Vδ2 T cells: Innate 
adaptors of the immune system. Cellular Immunology 2015, 296(1):10-21. 

132. Caccamo N, La Mendola C, Orlando V, Meraviglia S, Todaro M, Stassi G, 
Sireci G, Fournié JJ, Dieli F: Differentiation, phenotype, and function of 
interleukin-17–producing human Vγ9Vδ2 T cells. Blood 2011, 118(1):129. 

133. Davey MS, Lin C-Y, Roberts GW, Heuston S, Brown AC, Chess JA, Toleman 
MA, Gahan CGM, Hill C, Parish T et al: Human Neutrophil Clearance of 
Bacterial Pathogens Triggers Anti-Microbial γδ T Cell Responses in Early 
Infection. PLOS Pathogens 2011, 7(5):e1002040. 



 299 

134. Agrati C, Cimini E, Sacchi A, Bordoni V, Gioia C, Casetti R, Turchi F, Tripodi M, 
Martini F: Activated Vγ9Vδ2 T Cells Trigger Granulocyte Functions via MCP-
2 Release. The Journal of Immunology 2009, 182(1):522. 

135. Davey MS, Morgan MP, Liuzzi AR, Tyler CJ, Khan MWA, Szakmany T, Hall JE, 
Moser B, Eberl M: Microbe-Specific Unconventional T Cells Induce Human 
Neutrophil Differentiation into Antigen Cross-Presenting Cells. The Journal 
of Immunology 2014, 193(7):3704. 

136. Budd RC, Miescher GC, Howe RC, Lees RK, Bron C, MacDonald HR: 
Developmentally regulated expression of T cell receptor beta chain 
variable domains in immature thymocytes. J Exp Med 1987, 166(2):577-
582. 

137. Fowlkes BJ, Kruisbeek AM, Ton-That H, Weston MA, Coligan JE, Schwartz RH, 
Pardoll DM: A novel population of T-cell receptor alpha beta-bearing 
thymocytes which predominantly expresses a single V beta gene family. 
Nature 1987, 329(6136):251-254. 

138. Ceredig R, Lynch F, Newman P: Phenotypic properties, interleukin 2 
production, and developmental origin of a "mature" subpopulation of Lyt-
2- L3T4- mouse thymocytes. Proc Natl Acad Sci U S A 1987, 84(23):8578-
8582. 

139. Arase H, Arase N, Nakagawa K, Good RA, Onoe K: NK1.1+ CD4+ CD8- 
thymocytes with specific lymphokine secretion. Eur J Immunol 1993, 
23(1):307-310. 

140. Yoshimoto T, Paul WE: CD4pos, NK1.1pos T cells promptly produce 
interleukin 4 in response to in vivo challenge with anti-CD3. J Exp Med 
1994, 179(4):1285-1295. 

141. Takahashi T, Chiba S, Nieda M, Azuma T, Ishihara S, Shibata Y, Juji T, Hirai H: 
Cutting edge: analysis of human V alpha 24+CD8+ NK T cells activated by 
alpha-galactosylceramide-pulsed monocyte-derived dendritic cells. J 
Immunol 2002, 168(7):3140-3144. 

142. Legendre V, Boyer C, Guerder S, Arnold B, Hämmerling G, Schmitt-Verhulst 
A-M: Selection of phenotypically distinct NK1.1+ T cells upon antigen 
expression in the thymus or in the liver. European Journal of Immunology 
2006, 29(7):2330-2343. 

143. Burdin N, Brossay L, Koezuka Y, Smiley ST, Grusby MJ, Gui M, Taniguchi M, 
Hayakawa K, Kronenberg M: Selective ability of mouse CD1 to present 
glycolipids: alpha-galactosylceramide specifically stimulates V alpha 14+ 
NK T lymphocytes. J Immunol 1998, 161(7):3271-3281. 

144. Schofield L, McConville MJ, Hansen D, Campbell AS, Fraser-Reid B, Grusby 
MJ, Tachado SD: CD1d-Restricted Immunoglobulin G Formation to GPI-
Anchored Antigens Mediated by NKT Cells. Science 1999, 283(5399):225. 

145. Joyce S, Woods AS, Yewdell JW, Bennink JR, De Silva AD, Boesteanu A, Balk 
SP, Cotter RJ, Brutkiewicz RR: Natural Ligand of Mouse CD1d1: Cellular 
Glycosylphosphatidylinositol. Science 1998, 279(5356):1541. 

146. Gumperz JE, Roy C, Makowska A, Lum D, Sugita M, Podrebarac T, Koezuka Y, 
Porcelli SA, Cardell S, Brenner MB et al: Murine CD1d-Restricted T Cell 
Recognition of Cellular Lipids. Immunity 2000, 12(2):211-221. 



 300 

147. Bendelac A, Savage PB, Teyton L: The Biology of NKT Cells. Annual review of 
immunology 2007, 25(1):297-336. 

148. Makino Y, Kanno R, Ito T, Higashino K, Taniguchi M: Predominant expression 
of invariant V alpha 14+ TCR alpha chain in NK1.1+ T cell populations. Int 
Immunol 1995, 7(7):1157-1161. 

149. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Kaer LV: NKT cells: 
what&#39;s in a name? Nature Reviews Immunology 2004, 4:231. 

150. Gumperz JE, Miyake S, Yamamura T, Brenner MB: Functionally distinct 
subsets of CD1d-restricted natural killer T cells revealed by CD1d tetramer 
staining. J Exp Med 2002, 195(5):625-636. 

151. Lee PT, Benlagha K, Teyton L, Bendelac A: Distinct functional lineages of 
human V(alpha)24 natural killer T cells. J Exp Med 2002, 195(5):637-641. 

152. O'Reilly V, Zeng SG, Bricard G, Atzberger A, Hogan AE, Jackson J, Feighery C, 
Porcelli SA, Doherty DG: Distinct and overlapping effector functions of 
expanded human CD4+, CD8alpha+ and CD4-CD8alpha- invariant natural 
killer T cells. PLoS One 2011, 6(12):e28648. 

153. Treiner E, Duban L, Bahram S, Radosavljevic M, Wanner V, Tilloy F, Affaticati 
P, Gilfillan S, Lantz O: Selection of evolutionarily conserved mucosal-
associated invariant T cells by MR1. Nature 2003, 422(6928):164-169. 

154. Rahimpour A, Koay HF, Enders A, Clanchy R, Eckle SB, Meehan B, Chen Z, 
Whittle B, Liu L, Fairlie DP et al: Identification of phenotypically and 
functionally heterogeneous mouse mucosal-associated invariant T cells 
using MR1 tetramers. J Exp Med 2015, 212(7):1095-1108. 

155. Tilloy F, Treiner E, Park SH, Garcia C, Lemonnier F, de la Salle H, Bendelac A, 
Bonneville M, Lantz O: An invariant T cell receptor alpha chain defines a 
novel TAP-independent major histocompatibility complex class Ib-
restricted alpha/beta T cell subpopulation in mammals. J Exp Med 1999, 
189(12):1907-1921. 

156. Treiner E, Duban L, Moura IC, Hansen T, Gilfillan S, Lantz O: Mucosal-
associated invariant T (MAIT) cells: an evolutionarily conserved T cell 
subset. Microbes and infection 2005, 7(3):552-559. 

157. Porcelli S, Yockey CE, Brenner MB, Balk SP: Analysis of T cell antigen 
receptor (TCR) expression by human peripheral blood CD4-8- alpha/beta T 
cells demonstrates preferential use of several V beta genes and an 
invariant TCR alpha chain. J Exp Med 1993, 178(1):1-16. 

158. Reantragoon R, Corbett AJ, Sakala IG, Gherardin NA, Furness JB, Chen Z, 
Eckle SB, Uldrich AP, Birkinshaw RW, Patel O et al: Antigen-loaded MR1 
tetramers define T cell receptor heterogeneity in mucosal-associated 
invariant T cells. J Exp Med 2013, 210(11):2305-2320. 

159. Treiner E, Duban L, Bahram S, Radosavljevic M, Wanner V, Tilloy F, Affaticati 
P, Gilfillan S, Lantz O: Selection of evolutionarily conserved mucosal-
associated invariant T cells by MR1. Nature 2003, 422:164. 

160. Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L, Bhati M, 
Chen Z, Kostenko L, Reantragoon R et al: MR1 presents microbial vitamin B 
metabolites to MAIT cells. Nature 2012, 491(7426):717-723. 

161. Soudais C, Samassa F, Sarkis M, Le Bourhis L, Bessoles S, Blanot D, Herve M, 
Schmidt F, Mengin-Lecreulx D, Lantz O: In Vitro and In Vivo Analysis of the 



 301 

Gram-Negative Bacteria-Derived Riboflavin Precursor Derivatives 
Activating Mouse MAIT Cells. J Immunol 2015, 194(10):4641-4649. 

162. Xiao X, Cai J: Mucosal-Associated Invariant T Cells: New Insights into 
Antigen Recognition and Activation. 2017, 8(1540). 

163. Howson LJ, Napolitani G, Shepherd D, Ghadbane H, Kurupati P, Preciado-
Llanes L, Rei M, Dobinson HC, Gibani MM, Teng KWW et al: MAIT cell clonal 
expansion and TCR repertoire shaping in human volunteers challenged 
with Salmonella Paratyphi A. Nature Communications 2018, 9(1):253. 

164. van Wilgenburg B, Scherwitzl I, Hutchinson EC, Leng T, Kurioka A, Kulicke C, 
de Lara C, Cole S, Vasanawathana S, Limpitikul W et al: MAIT cells are 
activated during human viral infections. Nat Commun 2016, 7:11653. 

165. Huang S, Sharma M, Zhang S, Niu L, Zhang X: Innate-like activation of 
mucosal-associated invariant T cells in mycobacterial infection. The Journal 
of Immunology 2018, 200(1 Supplement):114.112. 

166. Gold MC, Cerri S, Smyk-Pearson S, Cansler ME, Vogt TM, Delepine J, Winata 
E, Swarbrick GM, Chua WJ, Yu YY et al: Human mucosal associated invariant 
T cells detect bacterially infected cells. PLoS Biol 2010, 8(6):e1000407. 

167. Ussher JE, Bilton M, Attwod E, Shadwell J, Richardson R, de Lara C, Mettke E, 
Kurioka A, Hansen TH, Klenerman P et al: CD161++ CD8+ T cells, including 
the MAIT cell subset, are specifically activated by IL-12+IL-18 in a TCR-
independent manner. Eur J Immunol 2014, 44(1):195-203. 

168. Dusseaux M, Martin E, Serriari N, Peguillet I, Premel V, Louis D, Milder M, Le 
Bourhis L, Soudais C, Treiner E et al: Human MAIT cells are xenobiotic-
resistant, tissue-targeted, CD161hi IL-17-secreting T cells. Blood 2011, 
117(4):1250-1259. 

169. Tang XZ, Jo J, Tan AT, Sandalova E, Chia A, Tan KC, Lee KH, Gehring AJ, De 
Libero G, Bertoletti A: IL-7 licenses activation of human liver intrasinusoidal 
mucosal-associated invariant T cells. J Immunol 2013, 190(7):3142-3152. 

170. Billerbeck E, Kang YH, Walker L, Lockstone H, Grafmueller S, Fleming V, Flint 
J, Willberg CB, Bengsch B, Seigel B et al: Analysis of CD161 expression on 
human CD8+ T cells defines a distinct functional subset with tissue-homing 
properties. Proc Natl Acad Sci U S A 2010, 107(7):3006-3011. 

171. Kurioka A, Ussher JE, Cosgrove C, Clough C, Fergusson JR, Smith K, Kang YH, 
Walker LJ, Hansen TH, Willberg CB et al: MAIT cells are licensed through 
granzyme exchange to kill bacterially sensitized targets. Mucosal 
immunology 2015, 8(2):429-440. 

172. Willing A, Jäger J, Reinhardt S, Kursawe N, Friese MA: Production of IL-17 by 
MAIT Cells Is Increased in Multiple Sclerosis and Is Associated with IL-7 
Receptor Expression. The Journal of Immunology 2018. 

173. Held K, Bhonsle-Deeng L, Siewert K, Sato W, Beltran E, Schmidt S, Ruhl G, Ng 
JK, Engerer P, Moser M et al: alphabeta T-cell receptors from multiple 
sclerosis brain lesions show MAIT cell-related features. Neurol 
Neuroimmunol Neuroinflamm 2015, 2(4):e107. 

174. Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, Fehervari Z, Shimizu J, 
Takahashi T, Nomura T: Foxp3+CD25+CD4+ natural regulatory T cells in 
dominant self-tolerance and autoimmune disease. Immunological Reviews 
2006, 212(1):8-27. 



 302 

175. Workman CJ, Szymczak-Workman AL, Collison LW, Pillai MR, Vignali DAA: 
The development and function of regulatory T cells. Cellular and molecular 
life sciences : CMLS 2009, 66(16):2603-2622. 

176. Buckner JH: Mechanisms of impaired regulation by CD4(+)CD25(+)FOXP3(+) 
regulatory T cells in human autoimmune diseases. Nature reviews 
Immunology 2010, 10(12):849-859. 

177. Churlaud G, Pitoiset F, Jebbawi F, Lorenzon R, Bellier B, Rosenzwajg M, 
Klatzmann D: Human and Mouse CD8+CD25+FOXP3+ Regulatory T Cells at 
Steady State and during Interleukin-2 Therapy. 2015, 6(171). 

178. Vuddamalay Y, Attia M, Vicente R, Pomie C, Enault G, Leobon B, Joffre O, 
Romagnoli P, van Meerwijk JP: Mouse and human CD8(+) CD28(low) 
regulatory T lymphocytes differentiate in the thymus. Immunology 2016, 
148(2):187-196. 

179. Vuddamalay Y, van Meerwijk JP: CD28(-) and CD28(low)CD8(+) Regulatory T 
Cells: Of Mice and Men. Front Immunol 2017, 8:31. 

180. Vieyra-Lobato MR, Vela-Ojeda J, Montiel-Cervantes L, López-Santiago R, 
Moreno-Lafont MC: Description of CD8(+) Regulatory T Lymphocytes and 
Their Specific Intervention in Graft-versus-Host and Infectious Diseases, 
Autoimmunity, and Cancer. Journal of immunology research 2018, 
2018:3758713-3758713. 

181. Yu J, Qian L, Wu F, Li M, Chen W, Wang H: Decreased frequency of 
peripheral blood CD8+CD25+FoxP3+regulatory T cells correlates with IL-33 
levels in pre-eclampsia. Hypertension in Pregnancy 2017, 36(2):217-225. 

182. Lee J, Park N, Park JY, Kaplan BLF, Pruett SB, Park JW, Park YH, Seo KS: 
Induction of Immunosuppressive CD8(+)CD25(+)FOXP3(+) Regulatory T 
Cells by Suboptimal Stimulation with Staphylococcal Enterotoxin C1. J 
Immunol 2018, 200(2):669-680. 

183. Lee J, Park N, Park JY, Kaplan BLF, Pruett SB, Park JW, Park YH, Seo KS: 
Induction of Immunosuppressive CD8(+)CD25(+)FOXP3(+) Regulatory T 
Cells by Suboptimal Stimulation with Staphylococcal Enterotoxin C1. 
Journal of immunology (Baltimore, Md : 1950) 2018, 200(2):669-680. 

184. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL: Two types 
of murine helper T cell clone. I. Definition according to profiles of 
lymphokine activities and secreted proteins. The Journal of Immunology 
1986, 136(7):2348. 

185. Zhu J, Yamane H, Paul WE: Differentiation of Effector CD4 T Cell 
Populations. Annual review of immunology 2010, 28(1):445-489. 

186. Stout RD, Bottomly K: Antigen-specific activation of effector macrophages 
by IFN-gamma producing (TH1) T cell clones. Failure of IL-4-producing 
(TH2) T cell clones to activate effector function in macrophages. The 
Journal of Immunology 1989, 142(3):760. 

187. Nakae S, Iwakura Y, Suto H, Galli SJ: Phenotypic differences between Th1 
and Th17 cells and negative regulation of Th1 cell differentiation by IL-17. 
Journal of Leukocyte Biology 2007, 81(5):1258-1268. 

188. Cher DJ, Mosmann TR: Two types of murine helper T cell clone. II. Delayed-
type hypersensitivity is mediated by TH1 clones. The Journal of 
Immunology 1987, 138(11):3688. 



 303 

189. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH: A novel 
transcription factor, T-bet, directs Th1 lineage commitment. Cell 2000, 
100(6):655-669. 

190. Kanhere A, Hertweck A, Bhatia U, Gökmen MR, Perucha E, Jackson I, Lord 
GM, Jenner RG: T-bet and GATA3 orchestrate Th1 and Th2 differentiation 
through lineage-specific targeting of distal regulatory elements. Nature 
Communications 2012, 3:1268. 

191. Mullen AC, High FA, Hutchins AS, Lee HW, Villarino AV, Livingston DM, Kung 
AL, Cereb N, Yao T-P, Yang SY et al: Role of T-bet in Commitment of 
T&lt;sub&gt;H&lt;/sub&gt;1 Cells Before IL-12-Dependent Selection. 
Science 2001, 292(5523):1907. 

192. Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, Garra A, Murphy KM: 
Development of TH1 CD4+ T cells through IL-12 produced by Listeria-
induced macrophages. Science 1993, 260(5107):547. 

193. Grogan JL, Mohrs M, Harmon B, Lacy DA, Sedat JW, Locksley RM: Early 
Transcription and Silencing of Cytokine Genes Underlie Polarization of T 
Helper Cell Subsets. Immunity 2001, 14(3):205-215. 

194. Zhou W, Zhang F, Aune TM: Either IL-2 or IL-12 Is Sufficient to Direct Th1 
Differentiation by Nonobese Diabetic T Cells. The Journal of Immunology 
2003, 170(2):735. 

195. Hsieh CS, Heimberger AB, Gold JS, O'Garra A, Murphy KM: Differential 
regulation of T helper phenotype development by interleukins 4 and 10 in 
an alpha beta T-cell-receptor transgenic system. Proc Natl Acad Sci U S A 
1992, 89(13):6065-6069. 

196. Diehl S, Anguita J, Hoffmeyer A, Zapton T, Ihle JN, Fikrig E, Rincón M: 
Inhibition of Th1 Differentiation by IL-6 Is Mediated by SOCS1. Immunity 
2000, 13(6):805-815. 

197. Diehl S, Rincón M: The two faces of IL-6 on Th1/Th2 differentiation. 
Molecular Immunology 2002, 39(9):531-536. 

198. Tangye SG, Ma CS, Brink R, Deenick EK: The good, the bad and the ugly — 
TFH cells in human health and disease. Nature Reviews Immunology 2013, 
13:412. 

199. Coffman RL, Seymour BWP, Lebman DA, Hiraki DD, Christiansen JA, Shrader 
B, Cherwinski HM, Savelkoul HFJ, Finkelman FD, Bond MW et al: The Role of 
Helper T Cell Products in Mouse B Cell Differentiation and Isotype 
Regulation. Immunological Reviews 1988, 102(1):5-28. 

200. Killar L, MacDonald G, West J, Woods A, Bottomly K: Cloned, Ia-restricted T 
cells that do not produce interleukin 4(IL 4)/B cell stimulatory factor 1(BSF-
1) fail to help antigen-specific B cells. The Journal of Immunology 1987, 
138(6):1674. 

201. Locksley RM, Heinzel FP, Holaday BJ, Mutha SS, Reiner SL, Sadick MD: 
Induction of Th1 and Th2 CD4+ subsets during murine Leishmania major 
infection. Research in Immunology 1991, 142(1):28-32. 

202. Walker JA, McKenzie ANJ: TH2 cell development and function. Nature 
Reviews Immunology 2017, 18:121. 



 304 

203. Usui T, Nishikomori R, Kitani A, Strober W: GATA-3 Suppresses Th1 
Development by Downregulation of Stat4 and Not through Effects on IL-
12R&#x3b2;2 Chain or T-bet. Immunity 2003, 18(3):415-428. 

204. Ouyang W, Lohning M, Gao Z, Assenmacher M, Ranganath S, Radbruch A, 
Murphy KM: Stat6-independent GATA-3 autoactivation directs IL-4-
independent Th2 development and commitment. Immunity 2000, 12(1):27-
37. 

205. Maier E, Duschl A, Horejs-Hoeck J: STAT6-dependent and -independent 
mechanisms in Th2 polarization. European journal of immunology 2012, 
42(11):2827-2833. 

206. Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, Buer J, 
Martin B, Wilhelm C, Stockinger B: Transforming growth factor-β 
&#39;reprograms&#39; the differentiation of T helper 2 cells and 
promotes an interleukin 9–producing subset. Nature Immunology 2008, 
9:1341. 

207. Temann UA, Geba GP, Rankin JA, Flavell RA: Expression of interleukin 9 in 
the lungs of transgenic mice causes airway inflammation, mast cell 
hyperplasia, and bronchial hyperresponsiveness. J Exp Med 1998, 
188(7):1307-1320. 

208. McLane MP, Haczku A, van de Rijn M, Weiss C, Ferrante V, MacDonald D, 
Renauld JC, Nicolaides NC, Holroyd KJ, Levitt RC: Interleukin-9 promotes 
allergen-induced eosinophilic inflammation and airway 
hyperresponsiveness in transgenic mice. American journal of respiratory cell 
and molecular biology 1998, 19(5):713-720. 

209. Soroosh P, Doherty TA: Th9 and allergic disease. Immunology 2009, 
127(4):450-458. 

210. Dardalhon V, Awasthi A, Kwon H, Galileos G, Gao W, Sobel RA, Mitsdoerffer 
M, Strom TB, Elyaman W, Ho IC et al: IL-4 inhibits TGF-β-induced Foxp3+ T 
cells and, together with TGF-β, generates IL-9+ IL-10+ Foxp3− effector T 
cells. Nature Immunology 2008, 9:1347. 

211. Schmitt E, Germann T, Goedert S, Hoehn P, Huels C, Koelsch S, Kühn R, 
Müller W, Palm N, Rüde E: IL-9 production of naive CD4+ T cells depends on 
IL-2, is synergistically enhanced by a combination of TGF-beta and IL-4, and 
is inhibited by IFN-gamma. The Journal of Immunology 1994, 153(9):3989. 

212. Uyttenhove C, Brombacher F, Van Snick J: TGF-β interactions with IL-1 
family members trigger IL-4-independent IL-9 production by mouse CD4+ T 
cells. European Journal of Immunology 2010, 40(8):2230-2235. 

213. Chang H-C, Sehra S, Goswami R, Yao W, Yu Q, Stritesky GL, Jabeen R, 
McKinley C, Ahyi A-N, Han L et al: The transcription factor PU.1 is required 
for the development of IL-9-producing T cells and allergic inflammation. 
Nature immunology 2010, 11(6):527-534. 

214. Perumal NB, Kaplan MH: Regulating Il9 transcription in T helper cells. 
Trends in immunology 2011, 32(4):146-150. 

215. Staudt V, Bothur E, Klein M, Lingnau K, Reuter S, Grebe N, Gerlitzki B, 
Hoffmann M, Ulges A, Taube C et al: Interferon-Regulatory Factor 4 Is 
Essential for the Developmental Program of T Helper 9 Cells. Immunity 
2010, 33(2):192-202. 



 305 

216. Kaplan MH: Th9 cells: differentiation and disease. Immunological reviews 
2013, 252(1):104-115. 

217. Tanaka M: Mechanism of action of interferon-β in relapsing–remitting 
multiple sclerosis: Effects on Th17 and Th9 cells. Clinical and Experimental 
Neuroimmunology 2014, 5(3):283-285. 

218. Pelletier M, Girard D: Biological functions of interleukin-21 and its role in 
inflammation. TheScientificWorldJournal 2007, 7:1715-1735. 

219. Yang J, Sundrud MS, Skepner J, Yamagata T: Targeting Th17 cells in 
autoimmune diseases. Trends in Pharmacological Sciences 2014, 
35(10):493-500. 

220. Tabarkiewicz J, Pogoda K, Karczmarczyk A, Pozarowski P, Giannopoulos K: 
The Role of IL-17 and Th17 Lymphocytes in Autoimmune Diseases. 
Archivum immunologiae et therapiae experimentalis 2015, 63(6):435-449. 

221. Duhen T, Geiger R, Jarrossay D, Lanzavecchia A, Sallusto F: Production of 
interleukin 22 but not interleukin 17 by a subset of human skin-homing 
memory T cells. Nature Immunology 2009, 10:857. 

222. Trifari S, Kaplan CD, Tran EH, Crellin NK, Spits H: Identification of a human 
helper T cell population that has abundant production of interleukin 22 
and is distinct from TH-17, TH1 and TH2 cells. Nature Immunology 2009, 
10:864. 

223. Ramirez J-M, Brembilla NC, Sorg O, Chicheportiche R, Matthes T, Dayer J-M, 
Saurat J-H, Roosnek E, Chizzolini C: Activation of the aryl hydrocarbon 
receptor reveals distinct requirements for IL-22 and IL-17 production by 
human T helper cells. European Journal of Immunology 2010, 40(9):2450-
2459. 

224. Witte E, Witte K, Warszawska K, Sabat R, Wolk K: Interleukin-22: A cytokine 
produced by T, NK and NKT cell subsets, with importance in the innate 
immune defense and tissue protection. Cytokine & Growth Factor Reviews 
2010, 21(5):365-379. 

225. Plank MW, Kaiko GE, Maltby S, Weaver J, Tay HL, Shen W, Wilson MS, 
Durum SK, Foster PS: Th22 Cells Form a Distinct Th Lineage from Th17 Cells 
In Vitro with Unique Transcriptional Properties and Tbet-Dependent Th1 
Plasticity. J Immunol 2017, 198(5):2182-2190. 

226. Zhang L, Li Y-g, Li Y-h, Qi L, Liu X-g, Yuan C-z, Hu N-w, Ma D-x, Li Z-f, Yang Q 
et al: Increased Frequencies of Th22 Cells as well as Th17 Cells in the 
Peripheral Blood of Patients with Ankylosing Spondylitis and Rheumatoid 
Arthritis. PLoS One 2012, 7(4):e31000. 

227. Crotty S: Follicular Helper CD4 T Cells (TFH). Annual review of immunology 
2011, 29(1):621-663. 

228. Schaerli P, Willimann K, Lang AB, Lipp M, Loetscher P, Moser B: Cxc 
Chemokine Receptor 5 Expression Defines Follicular Homing T Cells with B 
Cell Helper Function. The Journal of Experimental Medicine 2000, 
192(11):1553. 

229. Kim CH, Rott LS, Clark-Lewis I, Campbell DJ, Wu L, Butcher EC: 
Subspecialization of Cxcr5&lt;sup&gt;+&lt;/sup&gt; T Cells. The Journal of 
Experimental Medicine 2001, 193(12):1373. 



 306 

230. Poholek AC, Hansen K, Hernandez SG, Eto D, Chandele A, Weinstein JS, Dong 
X, Odegard JM, Kaech SM, Dent AL et al: In Vivo Regulation of Bcl6 and T 
Follicular Helper Cell Development. The Journal of Immunology 2010. 

231. Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD, Wang 
Y-H, Dong C: Bcl6 Mediates the Development of T Follicular Helper Cells. 
Science 2009, 325(5943):1001. 

232. Qi H, Cannons JL, Klauschen F, Schwartzberg PL, Germain RN: SAP-controlled 
T–B cell interactions underlie germinal centre formation. Nature 2008, 
455:764. 

233. Yusuf I, Kageyama R, Monticelli L, Johnston RJ, DiToro D, Hansen K, Barnett 
B, Crotty S: Germinal Center T Follicular Helper Cell IL-4 Production Is 
Dependent on Signaling Lymphocytic Activation Molecule Receptor 
(CD150). The Journal of Immunology 2010. 

234. Menon M, Blair Paul A, Isenberg David A, Mauri C: A Regulatory Feedback 
between Plasmacytoid Dendritic Cells and Regulatory B Cells Is Aberrant in 
Systemic Lupus Erythematosus. Immunity, 44(3):683-697. 

235. Blair PA, Noreña LY, Flores-Borja F, Rawlings DJ, Isenberg DA, Ehrenstein MR, 
Mauri C: CD19<sup>+</sup>CD24<sup>hi</sup>CD38<sup>hi</sup> B 
Cells Exhibit Regulatory Capacity in Healthy Individuals but Are 
Functionally Impaired in Systemic Lupus Erythematosus Patients. 
Immunity, 32(1):129-140. 

236. Li X, Kang N, Zhang X, Dong X, Wei W, Cui L, Ba D, He W: Generation of 
human regulatory gammadelta T cells by TCRgammadelta stimulation in 
the presence of TGF-beta and their involvement in the pathogenesis of 
systemic lupus erythematosus. J Immunol 2011, 186(12):6693-6700. 

237. Kühl AA, Pawlowski NN, Grollich K, Blessenohl M, Westermann J, Zeitz M, 
Loddenkemper C, Hoffmann JC: Human peripheral gammadelta T cells 
possess regulatory potential. Immunology 2009, 128(4):580-588. 

238. Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA, Ghayur T, Carson 
WE, Caligiuri MA: Human natural killer cells: a unique innate 
immunoregulatory role for the CD56(bright) subset. Blood 2001, 
97(10):3146-3151. 

239. Bielekova B, Catalfamo M, Reichert-Scrivner S, Packer A, Cerna M, 
Waldmann TA, McFarland H, Henkart PA, Martin R: Regulatory CD56(bright) 
natural killer cells mediate immunomodulatory effects of IL-2Ralpha-
targeted therapy (daclizumab) in multiple sclerosis. Proc Natl Acad Sci U S A 
2006, 103(15):5941-5946. 

240. Gross CC, Schulte-Mecklenbeck A, Runzi A, Kuhlmann T, Posevitz-Fejfar A, 
Schwab N, Schneider-Hohendorf T, Herich S, Held K, Konjevic M et al: 
Impaired NK-mediated regulation of T-cell activity in multiple sclerosis is 
reconstituted by IL-2 receptor modulation. Proc Natl Acad Sci U S A 2016, 
113(21):E2973-2982. 

241. Steinman RM, Hawiger D, Nussenzweig MC: Tolerogenic dendritic cells. 
Annual review of immunology 2003, 21:685-711. 

242. Gregori S, Tomasoni D, Pacciani V, Scirpoli M, Battaglia M, Magnani CF, 
Hauben E, Roncarolo MG: Differentiation of type 1 T regulatory cells (Tr1) 



 307 

by tolerogenic DC-10 requires the IL-10-dependent ILT4/HLA-G pathway. 
Blood 2010, 116(6):935-944. 

243. Liu J, Cao X: Regulatory dendritic cells in autoimmunity: A comprehensive 
review. J Autoimmun 2015, 63:1-12. 

244. Zheng G, Zhong S, Geng Y, Munirathinam G, Cha I, Reardon C, Getz GS, van 
Rooijen N, Kang Y, Wang B et al: Dexamethasone promotes tolerance in 
vivo by enriching CD11clo CD40lo tolerogenic macrophages. Eur J Immunol 
2013, 43(1):219-227. 

245. Ayala A, Chung C-S, Grutkoski PS, Song GY: Mechanisms of immune 
resolution. Critical care medicine 2003, 31(8 Suppl):S558-S571. 

246. Richert-Spuhler LE, Lund JM: The Immune Fulcrum: Regulatory T Cells Tip 
the Balance Between Pro- and Anti-inflammatory Outcomes upon 
Infection. Progress in molecular biology and translational science 2015, 
136:217-243. 

247. Alatrakchi N, Koziel M: Regulatory T cells and viral liver disease. Journal of 
Viral Hepatitis 2009, 16(4):223-229. 

248. Curotto de Lafaille MA, Lafaille JJ: Natural and Adaptive Foxp3+ Regulatory 
T Cells: More of the Same or a Division of Labor? Immunity 2009, 30(5):626-
635. 

249. Gershon RK, Kondo K: Cell interactions in the induction of tolerance: the 
role of thymic lymphocytes. Immunology 1970, 18(5):723-737. 

250. Gershon RK, Kondo K: Infectious immunological tolerance. Immunology 
1971, 21(6):903-914. 

251. Gershon RK: A disquisition on suppressor T cells. Transplantation reviews 
1975, 26:170-185. 

252. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M: Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-
chains (CD25). Breakdown of a single mechanism of self-tolerance causes 
various autoimmune diseases. J Immunol 1995, 155(3):1151-1164. 

253. Sakaguchi S, Wing K, Miyara M: Regulatory T cells – a brief history and 
perspective. European Journal of Immunology 2007, 37(S1):S116-S123. 

254. Sakaguchi S: Naturally arising CD4+ regulatory t cells for immunologic self-
tolerance and negative control of immune responses. Annual review of 
immunology 2004, 22:531-562. 

255. Gershon RK, Kondo K: Cell interactions in the induction of tolerance: the 
role of thymic lymphocytes. Immunology 1970, 18(5):723-737. 

256. Gershon RK, Kondo K: Infectious immunological tolerance. Immunology 
1971, 21(6):903-914. 

257. Nishizuka Y, Sakakura T: Thymus and reproduction: sex-linked dysgenesia 
of the gonad after neonatal thymectomy in mice. Science 1969, 
166(3906):753-755. 

258. Jordan MS, Boesteanu A, Reed AJ, Petrone AL, Holenbeck AE, Lerman MA, 
Naji A, Caton AJ: Thymic selection of CD4+CD25+ regulatory T cells induced 
by an agonist self-peptide. Nature Immunology 2001, 2:301. 

259. Hsieh C-S, Lee H-M, Lio C-WJ: Selection of regulatory T cells in the thymus. 
Nature Reviews Immunology 2012, 12:157. 



 308 

260. Hsieh CS, Liang Y, Tyznik AJ, Self SG, Liggitt D, Rudensky AY: Recognition of 
the peripheral self by naturally arising CD25+ CD4+ T cell receptors. 
Immunity 2004, 21(2):267-277. 

261. Wong J, Obst R, Correia-Neves M, Losyev G, Mathis D, Benoist C: Adaptation 
of TCR repertoires to self-peptides in regulatory and nonregulatory CD4+ T 
cells. J Immunol 2007, 178(11):7032-7041. 

262. Maloy KJ, Powrie F: Regulatory T cells in the control of immune pathology. 
Nature Immunology 2001, 2:816. 

263. Pennington DJ, Silva-Santos B, Silberzahn T, Escórcio-Correia M, Woodward 
MJ, Roberts SJ, Smith AL, Dyson PJ, Hayday AC: Early events in the thymus 
affect the balance of effector and regulatory T cells. Nature 2006, 
444:1073. 

264. van Santen HM, Benoist C, Mathis D: Number of T reg cells that 
differentiate does not increase upon encounter of agonist ligand on thymic 
epithelial cells. J Exp Med 2004, 200(10):1221-1230. 

265. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, Gottlieb PA, Kapranov P, 
Gingeras TR, Fazekas de St Groth B et al: CD127 expression inversely 
correlates with FoxP3 and suppressive function of human CD4+ T reg cells. 
J Exp Med 2006, 203(7):1701-1711. 

266. Fontenot JD, Gavin MA, Rudensky AY: Foxp3 programs the development 
and function of CD4+CD25+ regulatory T cells. Nat Immunol 2003, 4(4):330-
336. 

267. Hori S, Nomura T, Sakaguchi S: Control of regulatory T cell development by 
the transcription factor Foxp3. Science 2003, 299(5609):1057-1061. 

268. Bruder D, Probst-Kepper M, Westendorf AM, Geffers R, Beissert S, Loser K, 
von Boehmer H, Buer J, Hansen W: Neuropilin-1: a surface marker of 
regulatory T cells. Eur J Immunol 2004, 34(3):623-630. 

269. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, 
Nomura T, Sakaguchi S: CTLA-4 control over Foxp3+ regulatory T cell 
function. Science 2008, 322(5899):271-275. 

270. Ronchetti S, Ricci E, Petrillo MG, Cari L, Migliorati G, Nocentini G, Riccardi C: 
Glucocorticoid-induced tumour necrosis factor receptor-related protein: a 
key marker of functional regulatory T cells. J Immunol Res 2015, 
2015:171520. 

271. Liang B, Workman C, Lee J, Chew C, Dale BM, Colonna L, Flores M, Li N, 
Schweighoffer E, Greenberg S et al: Regulatory T cells inhibit dendritic cells 
by lymphocyte activation gene-3 engagement of MHC class II. J Immunol 
2008, 180(9):5916-5926. 

272. Fletcher JM, Lonergan R, Costelloe L, Kinsella K, Moran B, O'Farrelly C, 
Tubridy N, Mills KH: CD39+Foxp3+ regulatory T Cells suppress pathogenic 
Th17 cells and are impaired in multiple sclerosis. J Immunol 2009, 
183(11):7602-7610. 

273. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S: Stimulation of 
CD25(+)CD4(+) regulatory T cells through GITR breaks immunological self-
tolerance. Nat Immunol 2002, 3(2):135-142. 

274. Booth NJ, McQuaid AJ, Sobande T, Kissane S, Agius E, Jackson SE, Salmon M, 
Falciani F, Yong K, Rustin MH et al: Different proliferative potential and 



 309 

migratory characteristics of human CD4+ regulatory T cells that express 
either CD45RA or CD45RO. J Immunol 2010, 184(8):4317-4326. 

275. Venken K, Hellings N, Broekmans T, Hensen K, Rummens JL, Stinissen P: 
Natural naive CD4+CD25+CD127low regulatory T cell (Treg) development 
and function are disturbed in multiple sclerosis patients: recovery of 
memory Treg homeostasis during disease progression. J Immunol 2008, 
180(9):6411-6420. 

276. Fritzsching B, Oberle N, Pauly E, Geffers R, Buer J, Poschl J, Krammer P, 
Linderkamp O, Suri-Payer E: Naive regulatory T cells: a novel subpopulation 
defined by resistance toward CD95L-mediated cell death. Blood 2006, 
108(10):3371. 

277. Valmori D, Merlo A, Souleimanian NE, Hesdorffer CS, Ayyoub M: A 
peripheral circulating compartment of natural naive CD4+ Tregs. The 
Journal of Clinical Investigation 2005, 115(7):1953-1962. 

278. Seddiki N, Santner-Nanan B, Tangye SG, Alexander SI, Solomon M, Lee S, 
Nanan R, de Saint Groth BF: Persistence of naive 
CD45RA&lt;sup&gt;+&lt;/sup&gt; regulatory T cells in adult life. Blood 
2006, 107(7):2830. 

279. Cobbold SP, Castejon R, Adams E, Zelenika D, Graca L, Humm S, Waldmann 
H: Induction of &lt;em&gt;foxP3&lt;/em&gt;&lt;sup&gt;+&lt;/sup&gt; 
Regulatory T Cells in the Periphery of T Cell Receptor Transgenic Mice 
Tolerized to Transplants. The Journal of Immunology 2004, 172(10):6003. 

280. Knoechel B, Lohr J, Kahn E, Bluestone JA, Abbas AK: Sequential 
development of interleukin 2–dependent effector and regulatory T cells in 
response to endogenous systemic antigen. The Journal of Experimental 
Medicine 2005, 202(10):1375. 

281. Chen W, Jin W, Hardegen N, Lei K-j, Li L, Marinos N, McGrady G, Wahl SM: 
Conversion of Peripheral 
CD4&lt;sup&gt;+&lt;/sup&gt;CD25&lt;sup&gt;−&lt;/sup&gt; Naive T Cells 
to CD4&lt;sup&gt;+&lt;/sup&gt;CD25&lt;sup&gt;+&lt;/sup&gt; Regulatory 
T Cells by TGF-β Induction of Transcription Factor 
&lt;em&gt;Foxp3&lt;/em&gt. The Journal of Experimental Medicine 2003, 
198(12):1875. 

282. Huang H, Ma Y, Dawicki W, Zhang X, Gordon JR: Comparison of Induced 
versus Natural Regulatory T Cells of the Same TCR Specificity for Induction 
of Tolerance to an Environmental Antigen. The Journal of Immunology 
2013, 191(3):1136. 

283. Haribhai D, Williams Jason B, Jia S, Nickerson D, Schmitt Erica G, Edwards B, 
Ziegelbauer J, Yassai M, Li S-H, Relland Lance M et al: A Requisite Role for 
Induced Regulatory T Cells in Tolerance Based on Expanding Antigen 
Receptor Diversity. Immunity 2011, 35(1):109-122. 

284. Yadav M, Louvet C, Davini D, Gardner JM, Martinez-Llordella M, Bailey-
Bucktrout S, Anthony BA, Sverdrup FM, Head R, Kuster DJ et al: Neuropilin-1 
distinguishes natural and inducible regulatory T cells among regulatory T 
cell subsets in vivo. J Exp Med 2012, 209(10):1713-1722, s1711-1719. 

285. Weiss JM, Bilate AM, Gobert M, Ding Y, Curotto de Lafaille MA, Parkhurst 
CN, Xiong H, Dolpady J, Frey AB, Ruocco MG et al: Neuropilin 1 is expressed 



 310 

on thymus-derived natural regulatory T cells, but not mucosa-generated 
induced Foxp3+ T reg cells. J Exp Med 2012, 209(10):1723-1742, s1721. 

286. Sakaguchi S, Miyara M, Costantino CM, Hafler DA: FOXP3+ regulatory T cells 
in the human immune system. Nature Reviews Immunology 2010, 10:490. 

287. Kleinewietfeld M, Hafler DA: Regulatory T cells in autoimmune 
neuroinflammation. Immunological reviews 2014, 259(1):231-244. 

288. Thornton AM, Shevach EM: CD4+CD25+ immunoregulatory T cells suppress 
polyclonal T cell activation in vitro by inhibiting interleukin 2 production. J 
Exp Med 1998, 188(2):287-296. 

289. DiPaolo RJ, Glass DD, Bijwaard KE, Shevach EM: CD4+CD25+ T cells prevent 
the development of organ-specific autoimmune disease by inhibiting the 
differentiation of autoreactive effector T cells. J Immunol 2005, 
175(11):7135-7142. 

290. Danikowski KM, Jayaraman S, Prabhakar BS: Regulatory T cells in multiple 
sclerosis and myasthenia gravis. Journal of neuroinflammation 2017, 
14(1):117-117. 

291. Thiruppathi M, Rowin J, Ganesh B, Sheng JR, Prabhakar BS, Meriggioli MN: 
Impaired regulatory function in circulating CD4(+)CD25(high)CD127(low/-) 
T cells in patients with myasthenia gravis. Clin Immunol 2012, 145(3):209-
223. 

292. Al-Zifzaf DS, El Bakry SA, Mamdouh R, Shawarby LA, Ghaffar AYA, Amer HA, 
Alim AA, Sakr HM, Rahman RA: FoxP3+T regulatory cells in Rheumatoid 
arthritis and the imbalance of the Treg/TH17 cytokine axis. The Egyptian 
Rheumatologist 2015, 37(1):7-15. 

293. Shen LS, Wang J, Shen DF, Yuan XL, Dong P, Li MX, Xue J, Zhang FM, Ge HL, 
Xu D: CD4(+)CD25(+)CD127(low/-) regulatory T cells express Foxp3 and 
suppress effector T cell proliferation and contribute to gastric cancers 
progression. Clin Immunol 2009, 131(1):109-118. 

294. Yuan XL, Chen L, Li MX, Dong P, Xue J, Wang J, Zhang TT, Wang XA, Zhang 
FM, Ge HL et al: Elevated expression of Foxp3 in tumor-infiltrating Treg 
cells suppresses T-cell proliferation and contributes to gastric cancer 
progression in a COX-2-dependent manner. Clin Immunol 2010, 134(3):277-
288. 

295. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, Evdemon-Hogan 
M, Conejo-Garcia JR, Zhang L, Burow M et al: Specific recruitment of 
regulatory T cells in ovarian carcinoma fosters immune privilege and 
predicts reduced survival. Nature Medicine 2004, 10:942. 

296. Nishikawa H, Sakaguchi S: Regulatory T cells in tumor immunity. Int J Cancer 
2010, 127(4):759-767. 

297. Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, Cui K, Kanno Y, Roh T-Y, Watford 
WT et al: Global Mapping of H3K4me3 and H3K27me3 Reveals Specificity 
and Plasticity in Lineage Fate Determination of Differentiating CD4(+) T 
Cells. Immunity 2009, 30(1):155-167. 

298. Wang T, Sun X, Zhao J, Zhang J, Zhu H, Li C, Gao N, Jia Y, Xu D, Huang FP et al: 
Regulatory T cells in rheumatoid arthritis showed increased plasticity 
toward Th17 but retained suppressive function in peripheral blood. Ann 
Rheum Dis 2015, 74(6):1293-1301. 



 311 

299. Sakaguchi S, Vignali DA, Rudensky AY, Niec RE, Waldmann H: The plasticity 
and stability of regulatory T cells. Nat Rev Immunol 2013, 13(6):461-467. 

300. Fukaura H, Kent SC, Pietrusewicz MJ, Khoury SJ, Weiner HL, Hafler DA: 
Induction of circulating myelin basic protein and proteolipid protein-
specific transforming growth factor-beta1-secreting Th3 T cells by oral 
administration of myelin in multiple sclerosis patients. The Journal of 
clinical investigation 1996, 98(1):70-77. 

301. Coffman RL, Lebman DA, Shrader B: Transforming growth factor beta 
specifically enhances IgA production by lipopolysaccharide-stimulated 
murine B lymphocytes. The Journal of Experimental Medicine 1989, 
170(3):1039. 

302. Iwasaki A: Mucosal Dendritic Cells. Annual review of immunology 2007, 
25(1):381-418. 

303. Kitani A, Chua K, Nakamura K, Strober W: Activated Self-MHC-Reactive T 
Cells Have the Cytokine Phenotype of Th3/T Regulatory Cell 1 T Cells. The 
Journal of Immunology 2000, 165(2):691. 

304. Carrier Y, Yuan J, Kuchroo VK, Weiner HL: Th3 cells in peripheral tolerance. 
I. Induction of Foxp3-positive regulatory T cells by Th3 cells derived from 
TGF-beta T cell-transgenic mice. J Immunol 2007, 178(1):179-185. 

305. Carrier Y, Yuan J, Kuchroo VK, Weiner HL: Th3 cells in peripheral tolerance. 
II. TGF-beta-transgenic Th3 cells rescue IL-2-deficient mice from 
autoimmunity. J Immunol 2007, 178(1):172-178. 

306. Doetze A, Satoguina J, Burchard G, Rau T, Loliger C, Fleischer B, Hoerauf A: 
Antigen-specific cellular hyporesponsiveness in a chronic human helminth 
infection is mediated by T(h)3/T(r)1-type cytokines IL-10 and transforming 
growth factor-beta but not by a T(h)1 to T(h)2 shift. Int Immunol 2000, 
12(5):623-630. 

307. Bacchetta R, Bigler M, Touraine JL, Parkman R, Tovo PA, Abrams J, de Waal 
Malefyt R, de Vries JE, Roncarolo MG: High levels of interleukin 10 
production in vivo are associated with tolerance in SCID patients 
transplanted with HLA mismatched hematopoietic stem cells. J Exp Med 
1994, 179(2):493-502. 

308. Passerini L, Di Nunzio S, Gregori S, Gambineri E, Cecconi M, Seidel MG, 
Cazzola G, Perroni L, Tommasini A, Vignola S et al: Functional type 1 
regulatory T cells develop regardless of FOXP3 mutations in patients with 
IPEX syndrome. European Journal of Immunology 2011, 41(4):1120-1131. 

309. Vieira PL, Christensen JR, Minaee S, O’Neill EJ, Barrat FJ, Boonstra A, 
Barthlott T, Stockinger B, Wraith DC, O’Garra A: IL-10-Secreting Regulatory T 
Cells Do Not Express Foxp3 but Have Comparable Regulatory Function to 
Naturally Occurring 
CD4&lt;sup&gt;+&lt;/sup&gt;CD25&lt;sup&gt;+&lt;/sup&gt; Regulatory T 
Cells. The Journal of Immunology 2004, 172(10):5986. 

310. Nicolson KS, O’Neill EJ, Sundstedt A, Streeter HB, Minaee S, Wraith DC: 
Antigen-Induced IL-10&lt;sup&gt;+&lt;/sup&gt; Regulatory T Cells Are 
Independent of CD25&lt;sup&gt;+&lt;/sup&gt; Regulatory Cells for Their 
Growth, Differentiation, and Function. The Journal of Immunology 2006, 
176(9):5329. 



 312 

311. Andolfi G, Fousteri G, Rossetti M, Magnani CF, Jofra T, Locafaro G, Bondanza 
A, Gregori S, Roncarolo MG: Enforced IL-10 expression confers type 1 
regulatory T cell (Tr1) phenotype and function to human CD4(+) T cells. Mol 
Ther 2012, 20(9):1778-1790. 

312. Gagliani N, Magnani CF, Huber S, Gianolini ME, Pala M, Licona-Limon P, Guo 
B, Herbert DBR, Bulfone A, Trentini F et al: Coexpression of CD49b and LAG-
3 identifies human and mouse T regulatory type 1 cells. Nature Medicine 
2013, 19:739. 

313. Wakkach A, Cottrez F, Groux H: Differentiation of Regulatory T Cells 1 Is 
Induced by CD2 Costimulation. The Journal of Immunology 2001, 
167(6):3107. 

314. Marie JC, Astier AL, Rivailler P, Rabourdin-Combe C, Wild TF, Horvat B: 
Linking innate and acquired immunity: divergent role of CD46 cytoplasmic 
domains in T cell induced inflammation. Nat Immunol 2002, 3(7):659-666. 

315. Sutavani RV, Bradley RG, Ramage JM, Jackson AM, Durrant LG, Spendlove I: 
CD55 costimulation induces differentiation of a discrete T regulatory type 1 
cell population with a stable phenotype. J Immunol 2013, 191(12):5895-
5903. 

316. Wang H, Meng R, Li Z, Yang B, Liu Y, Huang F, Zhang J, Chen H, Wu C: IL-27 
induces the differentiation of Tr1-like cells from human naive CD4+ T cells 
via the phosphorylation of STAT1 and STAT3. Immunol Lett 2011, 136(1):21-
28. 

317. Jin JO, Han X, Yu Q: Interleukin-6 induces the generation of IL-10-producing 
Tr1 cells and suppresses autoimmune tissue inflammation. J Autoimmun 
2013, 40:28-44. 

318. Fitzgerald DC, Zhang GX, El-Behi M, Fonseca-Kelly Z, Li H, Yu S, Saris CJ, Gran 
B, Ciric B, Rostami A: Suppression of autoimmune inflammation of the 
central nervous system by interleukin 10 secreted by interleukin 27-
stimulated T cells. Nat Immunol 2007, 8(12):1372-1379. 

319. Levings MK, Sangregorio R, Galbiati F, Squadrone S, de Waal Malefyt R, 
Roncarolo MG: IFN-alpha and IL-10 induce the differentiation of human 
type 1 T regulatory cells. J Immunol 2001, 166(9):5530-5539. 

320. Pot C, Jin H, Awasthi A, Liu SM, Lai C-Y, Madan R, Sharpe AH, Karp CL, Miaw 
S-C, Ho IC et al: Cutting Edge: IL-27 Induces the Transcription Factor c-Maf, 
Cytokine IL-21, and the Costimulatory Receptor ICOS that Coordinately Act 
Together to Promote Differentiation of IL-10-Producing Tr1 Cells. The 
Journal of Immunology 2009:jimmunol.0901233. 

321. Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, de Waal-
Malefyt R, Coffman RL, Hawrylowicz CM, O'Garra A: In vitro generation of 
interleukin 10-producing regulatory CD4(+) T cells is induced by 
immunosuppressive drugs and inhibited by T helper type 1 (Th1)- and Th2-
inducing cytokines. The Journal of experimental medicine 2002, 195(5):603-
616. 

322. Battaglia M, Stabilini A, Draghici E, Gregori S, Mocchetti C, Bonifacio E, 
Roncarolo M-G: Rapamycin and Interleukin-10 Treatment Induces T 
Regulatory Type 1 Cells That Mediate Antigen-Specific Transplantation 
Tolerance. Diabetes 2006, 55(1):40. 



 313 

323. Gregori S, Tomasoni D, Pacciani V, Scirpoli M, Battaglia M, Magnani CF, 
Hauben E, Roncarolo M-G: Differentiation of type 1 T regulatory cells (Tr1) 
by tolerogenic DC-10 requires the IL-10–dependent ILT4/HLA-G pathway. 
Blood 2010, 116(6):935. 

324. Cope A, Le Friec G, Cardone J, Kemper C: The Th1 life cycle: molecular 
control of IFN-γ to IL-10 switching. Trends in Immunology 2011, 32(6):278-
286. 

325. Brockmann L, Gagliani N, Steglich B, Giannou AD, Kempski J, Pelczar P, 
Geffken M, Mfarrej B, Huber F, Herkel J et al: IL-10 Receptor Signaling Is 
Essential for TR1 Cell Function In Vivo. Journal of immunology (Baltimore, 
Md : 1950) 2017, 198(3):1130-1141. 

326. Britton GJ, Mitchell RE, Burton BR, Wraith DC: Protein kinase C theta is 
required for efficient induction of IL-10-secreting T cells. PLoS One 2017, 
12(2):e0171547. 

327. Gabryšová L, Wraith DC: Antigenic strength controls the generation of 
antigen-specific IL-10-secreting T regulatory cells. European Journal of 
Immunology 2010, 40(5):1386-1395. 

328. Metzler B, Wraith DC: Inhibition of experimental autoimmune 
encephalomyelitis by inhalation but not oral administration of the 
encephalitogenic peptide: influence of MHC binding affinity. International 
Immunology 1993, 5(9):1159-1165. 

329. Burton BR, Britton GJ, Fang H, Verhagen J, Smithers B, Sabatos-Peyton CA, 
Carney LJ, Gough J, Strobel S, Wraith DC: Sequential transcriptional changes 
dictate safe and effective antigen-specific immunotherapy. Nature 
Communications 2014, 5:4741. 

330. Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, Crameri R, 
Thunberg S, Deniz G, Valenta R, Fiebig H et al: Immune Responses in 
Healthy and Allergic Individuals Are Characterized by a Fine Balance 
between Allergen-specific T Regulatory 1 and T Helper 2 Cells. The Journal 
of Experimental Medicine 2004, 199(11):1567. 

331. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, Chen J-F, Enjyoji 
K, Linden J, Oukka M et al: Adenosine generation catalyzed by CD39 and 
CD73 expressed on regulatory T cells mediates immune suppression. The 
Journal of experimental medicine 2007, 204(6):1257-1265. 

332. Magnani CF, Alberigo G, Bacchetta R, Serafini G, Andreani M, Roncarolo MG, 
Gregori S: Killing of myeloid APCs via HLA class I, CD2 and CD226 defines a 
novel mechanism of suppression by human Tr1 cells. European Journal of 
Immunology 2011, 41(6):1652-1662. 

333. Grossman WJ, Verbsky JW, Tollefsen BL, Kemper C, Atkinson JP, Ley TJ: 
Differential expression of granzymes A and B in human cytotoxic 
lymphocyte subsets and T regulatory cells. Blood 2004, 104(9):2840. 

334. Yan H, Zhang P, Kong X, Hou X, Zhao L, Li T, Yuan X, Fu H: Primary Tr1 cells 
from metastatic melanoma eliminate tumor-promoting macrophages 
through granzyme B- and perforin-dependent mechanisms. Tumour biology 
: the journal of the International Society for Oncodevelopmental Biology and 
Medicine 2017, 39(4):1010428317697554. 



 314 

335. Gregori S, Goudy KS, Roncarolo MG: The cellular and molecular 
mechanisms of immuno-suppression by human type 1 regulatory T cells. 
Frontiers in immunology 2012, 3:30-30. 

336. Fiorentino DF, Bond MW, Mosmann TR: Two types of mouse T helper cell. 
IV. Th2 clones secrete a factor that inhibits cytokine production by Th1 
clones. J Exp Med 1989, 170(6):2081-2095. 

337. Mosmann TR, Schumacher JH, Fiorentino DF, Leverah J, Moore KW, Bond 
MW: Isolation of monoclonal antibodies specific for IL-4, IL-5, IL-6, and a 
new Th2-specific cytokine (IL-10), cytokine synthesis inhibitory factor, by 
using a solid phase radioimmunoadsorbent assay. J Immunol 1990, 
145(9):2938-2945. 

338. Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A: Interleukin-10 and 
the Interleukin-10 Receptor. Annual review of immunology 2001, 19(1):683-
765. 

339. O'Garra A, Vieira P: TH1 cells control themselves by producing interleukin-
10. Nature Reviews Immunology 2007, 7:425. 

340. Fiorentino DF, Zlotnik A, Vieira P, Mosmann TR, Howard M, Moore KW, 
Garra A: IL-10 acts on the antigen-presenting cell to inhibit cytokine 
production by Th1 cells. The Journal of Immunology 1991, 146(10):3444. 

341. Macatonia SE, Doherty TM, Knight SC, O'Garra A: Differential effect of IL-10 
on dendritic cell-induced T cell proliferation and IFN-gamma production. J 
Immunol 1993, 150(9):3755-3765. 

342. Bettelli E, Das MP, Howard ED, Weiner HL, Sobel RA, Kuchroo VK: IL-10 is 
critical in the regulation of autoimmune encephalomyelitis as 
demonstrated by studies of IL-10- and IL-4-deficient and transgenic mice. J 
Immunol 1998, 161(7):3299-3306. 

343. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W: Interleukin-10-deficient 
mice develop chronic enterocolitis. Cell 1993, 75(2):263-274. 

344. Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W, Balish E, 
Rennick DM, Sartor RB: Resident enteric bacteria are necessary for 
development of spontaneous colitis and immune system activation in 
interleukin-10-deficient mice. Infection and immunity 1998, 66(11):5224-
5231. 

345. Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A: Interleukin-10 and 
the interleukin-10 receptor. Annual review of immunology 2001, 19:683-
765. 

346. Leon LR, Kozak W, Kluger MJ: Role of IL-10 in inflammation. Studies using 
cytokine knockout mice. Ann N Y Acad Sci 1998, 856:69-75. 

347. Kreisman LSC, Cobb BA: Glycoantigens induce human peripheral Tr1 cell 
differentiation with gut-homing specialization. The Journal of biological 
chemistry 2011, 286(11):8810-8818. 

348. Ozenci V, Kouwenhoven M, Huang YM, Xiao B, Kivisakk P, Fredrikson S, Link 
H: Multiple sclerosis: levels of interleukin-10-secreting blood mononuclear 
cells are low in untreated patients but augmented during interferon-beta-
1b treatment. Scand J Immunol 1999, 49(5):554-561. 

349. Greenhill CJ, Jones GW, Nowell MA, Newton Z, Harvey AK, Moideen AN, 
Collins FL, Bloom AC, Coll RC, Robertson AAB et al: Interleukin-10 regulates 



 315 

the inflammasome-driven augmentation of inflammatory arthritis and 
joint destruction. Arthritis research & therapy 2014, 16(4):419. 

350. Kallaur AP, Oliveira SR, Simao ANC, Alfieri DF, Flauzino T, Lopes J, de 
Carvalho Jennings Pereira WL, de Meleck Proenca C, Borelli SD, Kaimen-
Maciel DR et al: Cytokine Profile in Patients with Progressive Multiple 
Sclerosis and Its Association with Disease Progression and Disability. 
Molecular neurobiology 2017, 54(4):2950-2960. 

351. Corthay A: A three-cell model for activation of naive T helper cells. Scand J 
Immunol 2006, 64(2):93-96. 

352. Curtsinger JM, Schmidt CS, Mondino A, Lins DC, Kedl RM, Jenkins MK, 
Mescher MF: Inflammatory Cytokines Provide a Third Signal for Activation 
of Naive CD4&lt;sup&gt;+ &lt;/sup&gt;and CD8&lt;sup&gt;+ &lt;/sup&gt;T 
Cells. The Journal of Immunology 1999, 162(6):3256. 

353. Curtsinger JM, Lins DC, Mescher MF: Signal 3 Determines Tolerance versus 
Full Activation of Naive CD8 T Cells. The Journal of Experimental Medicine 
2003, 197(9):1141. 

354. Keppler SJ, Rosenits K, Koegl T, Vucikuja S, Aichele P: Signal 3 Cytokines as 
Modulators of Primary Immune Responses during Infections: The Interplay 
of Type I IFN and IL-12 in CD8 T Cell Responses. PLoS One 2012, 
7(7):e40865. 

355. Jenkins MK, Schwartz RH: Antigen presentation by chemically modified 
splenocytes induces antigen-specific T cell unresponsiveness in vitro and in 
vivo. J Exp Med 1987, 165(2):302-319. 

356. Green DR, Droin N, Pinkoski M: Activation-induced cell death in T cells. 
Immunol Rev 2003, 193:70-81. 

357. Kohlmeier JE, Benedict SH: Alternate costimulatory molecules in T cell 
activation: differential mechanisms for directing the immune response. 
Histology and histopathology 2003, 18(4):1195-1204. 

358. Mueller DL, Jenkins MK, Schwartz RH: Clonal expansion versus functional 
clonal inactivation: a costimulatory signalling pathway determines the 
outcome of T cell antigen receptor occupancy. Annual review of 
immunology 1989, 7:445-480. 

359. June CH, Ledbetter JA, Gillespie MM, Lindsten T, Thompson CB: T-cell 
proliferation involving the CD28 pathway is associated with cyclosporine-
resistant interleukin 2 gene expression. Mol Cell Biol 1987, 7(12):4472-
4481. 

360. Yashiro Y, Tai X-G, Toyo-oka K, Park C-S, Abe R, Hamaoka T, Kobayashi M, 
Neben S, Fujiwara H: A fundamental difference in the capacity to induce 
proliferation of naive T cells between CD28 and other co-stimulatory 
molecules. European Journal of Immunology 2006, 28(3):926-935. 

361. Kambayashi T, Laufer TM: Atypical MHC class II-expressing antigen-
presenting cells: can anything replace a dendritic cell? Nat Rev Immunol 
2014, 14(11):719-730. 

362. Lafferty KJ, Woolnough J: The origin and mechanism of the allograft 
reaction. Immunol Rev 1977, 35:231-262. 



 316 

363. Aruffo A, Seed B: Molecular cloning of a CD28 cDNA by a high-efficiency 
COS cell expression system. Proc Natl Acad Sci U S A 1987, 84(23):8573-
8577. 

364. Freeman GJ, Freedman AS, Segil JM, Lee G, Whitman JF, Nadler LM: B7, a 
new member of the Ig superfamily with unique expression on activated 
and neoplastic B cells. J Immunol 1989, 143(8):2714-2722. 

365. Linsley PS, Clark EA, Ledbetter JA: T-cell antigen CD28 mediates adhesion 
with B cells by interacting with activation antigen B7/BB-1. Proc Natl Acad 
Sci U S A 1990, 87(13):5031-5035. 

366. Dubey C, Croft M, Swain SL: Naive and effector CD4 T cells differ in their 
requirements for T cell receptor versus costimulatory signals. The Journal 
of Immunology 1996, 157(8):3280. 

367. Courtney AH, Lo W-L, Weiss A: TCR Signaling: Mechanisms of Initiation and 
Propagation. Trends in Biochemical Sciences 2018, 43(2):108-123. 

368. Rudd CE: Upstream-downstream: CD28 cosignaling pathways and T cell 
function. Immunity 1996, 4(6):527-534. 

369. Bakdash G, Sittig SP, van Dijk T, Figdor CG, de Vries IJM: The nature of 
activatory and tolerogenic dendritic cell-derived signal II. Frontiers in 
immunology 2013, 4:53-53. 

370. Chen L, Flies DB: Molecular mechanisms of T cell co-stimulation and co-
inhibition. Nature reviews Immunology 2013, 13(4):227-242. 

371. Athie-Morales V, Smits HH, Cantrell DA, Hilkens CMU: Sustained IL-12 
Signaling Is Required for Th1 Development. The Journal of Immunology 
2004, 172(1):61. 

372. Hsieh CS, Heimberger AB, Gold JS, Garra A, Murphy KM: Differential 
regulation of T helper phenotype development by interleukins 4 and 10 in 
an alpha beta T-cell-receptor transgenic system. Proceedings of the 
National Academy of Sciences 1992, 89(13):6065. 

373. Swain SL, Weinberg AD, English M, Huston G: IL-4 directs the development 
of Th2-like helper effectors. The Journal of Immunology 1990, 145(11):3796. 

374. Manetti R, Parronchi P, Giudizi MG, Piccinni MP, Maggi E, Trinchieri G, 
Romagnani S: Natural killer cell stimulatory factor (interleukin 12 [IL-12]) 
induces T helper type 1 (Th1)-specific immune responses and inhibits the 
development of IL-4-producing Th cells. The Journal of experimental 
medicine 1993, 177(4):1199-1204. 

375. Steinman RM, Cohn ZA: IDENTIFICATION OF A NOVEL CELL TYPE IN 
PERIPHERAL LYMPHOID ORGANS OF MICE : I. MORPHOLOGY, 
QUANTITATION, TISSUE DISTRIBUTION. The Journal of Experimental 
Medicine 1973, 137(5):1142-1162. 

376. Harshyne LA, Zimmer MI, Watkins SC, Barratt-Boyes SM: A role for class A 
scavenger receptor in dendritic cell nibbling from live cells. J Immunol 
2003, 170(5):2302-2309. 

377. Steinman RM, Inaba K, Turley S, Pierre P, Mellman I: Antigen capture, 
processing, and presentation by dendritic cells: recent cell biological 
studies. Hum Immunol 1999, 60(7):562-567. 



 317 

378. Hammer GE, Ma A: Molecular control of steady-state dendritic cell 
maturation and immune homeostasis. Annual review of immunology 2013, 
31:743-791. 

379. Caux C, Ait-Yahia S, Chemin K, de Bouteiller O, Dieu-Nosjean MC, Homey B, 
Massacrier C, Vanbervliet B, Zlotnik A, Vicari A: Dendritic cell biology and 
regulation of dendritic cell trafficking by chemokines. Springer Semin 
Immunopathol 2000, 22(4):345-369. 

380. Trinchieri G: Interleukin-12: a cytokine produced by antigen-presenting 
cells with immunoregulatory functions in the generation of T-helper cells 
type 1 and cytotoxic lymphocytes. Blood 1994, 84(12):4008-4027. 

381. Luft T, Luetjens P, Hochrein H, Toy T, Masterman KA, Rizkalla M, Maliszewski 
C, Shortman K, Cebon J, Maraskovsky E: IFN-alpha enhances CD40 ligand-
mediated activation of immature monocyte-derived dendritic cells. Int 
Immunol 2002, 14(4):367-380. 

382. Corinti S, Albanesi C, la Sala A, Pastore S, Girolomoni G: Regulatory activity 
of autocrine IL-10 on dendritic cell functions. J Immunol 2001, 166(7):4312-
4318. 

383. Saito T, Yokosuka T, Hashimoto-Tane A: Dynamic regulation of T cell 
activation and co-stimulation through TCR-microclusters. FEBS letters 2010, 
584(24):4865-4871. 

384. Astier A, Trescol-Biémont M-C, Azocar O, Lamouille B, Rabourdin-Combe C: 
Cutting Edge: CD46, a New Costimulatory Molecule for T Cells, That 
Induces p120<sup>CBL</sup> and LAT Phosphorylation. The Journal of 
Immunology 2000, 164(12):6091-6095. 

385. Astier AL, Hafler DA: Abnormal Tr1 differentiation in multiple sclerosis. 
Journal of neuroimmunology 2007, 191(1-2):70-78. 

386. Capasso M, Durrant LG, Stacey M, Gordon S, Ramage J, Spendlove I: 
Costimulation via CD55 on human CD4+ T cells mediated by CD97. J 
Immunol 2006, 177(2):1070-1077. 

387. Le Friec G, Sheppard D, Whiteman P, Karsten CM, Shamoun SA-T, Laing A, 
Bugeon L, Dallman MJ, Melchionna T, Chillakuri C et al: The CD46-Jagged1 
interaction is critical for human TH1 immunity. Nature immunology 2012, 
13(12):1213-1221. 

388. Cope A, Le Friec G, Cardone J, Kemper C: The Th1 life cycle: molecular 
control of IFN-&#x3b3; to IL-10 switching. Trends in Immunology, 32(6):278-
286. 

389. Voo KS, Wang Y-H, Santori FR, Boggiano C, Wang Y-H, Arima K, Bover L, 
Hanabuchi S, Khalili J, Marinova E et al: Identification of IL-17-producing 
FOXP3+ regulatory T cells in humans. Proc Natl Acad Sci U S A 2009, 
106(12):4793-4798. 

390. Bovenschen HJ, van de Kerkhof PC, van Erp PE, Woestenenk R, Joosten I, 
Koenen HJ: Foxp3+ regulatory T cells of psoriasis patients easily 
differentiate into IL-17A-producing cells and are found in lesional skin. The 
Journal of investigative dermatology 2011, 131(9):1853-1860. 

391. Dominguez-Villar M, Baecher-Allan CM, Hafler DA: Identification of T helper 
type 1–like, Foxp3+ regulatory T cells in human autoimmune disease. 
Nature Medicine 2011, 17:673. 



 318 

392. Wang Y-H, Voo KS, Liu B, Chen C-Y, Uygungil B, Spoede W, Bernstein JA, 
Huston DP, Liu Y-J: A novel subset of CD4&lt;sup&gt;+&lt;/sup&gt; 
T&lt;sub&gt;H&lt;/sub&gt;2 memory/effector cells that produce 
inflammatory IL-17 cytokine and promote the exacerbation of chronic 
allergic asthma. The Journal of Experimental Medicine 2010, 207(11):2479. 

393. O'Shea JJ, Paul WE: Mechanisms underlying lineage commitment and 
plasticity of helper CD4+ T cells. Science (New York, NY) 2010, 
327(5969):1098-1102. 

394. DuPage M, Bluestone JA: Harnessing the plasticity of CD4+ T cells to treat 
immune-mediated disease. Nature Reviews Immunology 2016, 16:149. 

395. Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K, Bover L, 
Hanabuchi S, Khalili J, Marinova E et al: Identification of IL-17-producing 
FOXP3+ regulatory T cells in humans. Proc Natl Acad Sci U S A 2009, 
106(12):4793-4798. 

396. Downs-Canner S, Berkey S, Delgoffe GM, Edwards RP, Curiel T, Odunsi K, 
Bartlett DL, Obermajer N: Suppressive IL-17A+Foxp3+ and ex-Th17 IL-
17AnegFoxp3+ Treg cells are a source of tumour-associated Treg cells. 
Nature Communications 2017, 8:14649. 

397. Stock P, Akbari O, Berry G, Freeman GJ, DeKruyff RH, Umetsu DT: Induction 
of T helper type 1–like regulatory cells that express Foxp3 and protect 
against airway hyper-reactivity. Nature Immunology 2004, 5:1149. 

398. Zhou X, Jeker LT, Fife BT, Zhu S, Anderson MS, McManus MT, Bluestone JA: 
Selective miRNA disruption in T reg cells leads to uncontrolled 
autoimmunity. J Exp Med 2008, 205(9):1983-1991. 

399. Bluestone JA, Mackay CR, O'Shea JJ, Stockinger B: The functional plasticity 
of T cell subsets. Nature Reviews Immunology 2009, 9:811. 

400. Hegazy AN, Peine M, Helmstetter C, Panse I, Fröhlich A, Bergthaler A, Flatz L, 
Pinschewer DD, Radbruch A, Löhning M: Interferons Direct Th2 Cell 
Reprogramming to Generate a Stable GATA-3+T-bet+ Cell Subset with 
Combined Th2 and Th1 Cell Functions. Immunity 2010, 32(1):116-128. 

401. Panzer M, Sitte S, Wirth S, Drexler I, Sparwasser T, Voehringer D: Rapid In 
Vivo Conversion of Effector T Cells into Th2 Cells during Helminth Infection. 
The Journal of Immunology 2012, 188(2):615. 

402. Laslo P, Spooner CJ, Warmflash A, Lancki DW, Lee H-J, Sciammas R, Gantner 
BN, Dinner AR, Singh H: Multilineage Transcriptional Priming and 
Determination of Alternate Hematopoietic Cell Fates. Cell 2006, 
126(4):755-766. 

403. Yagi R, Junttila IS, Wei G, Urban JF, Zhao K, Paul WE, Zhu J: The Transcription 
Factor GATA3 Actively Represses RUNX3 Protein-Regulated Production of 
Interferon-γ. Immunity 2010, 32(4):507-517. 

404. Araki Y, Wang Z, Zang C, Wood WH, 3rd, Schones D, Cui K, Roh TY, Lhotsky B, 
Wersto RP, Peng W et al: Genome-wide analysis of histone methylation 
reveals chromatin state-based regulation of gene transcription and 
function of memory CD8+ T cells. Immunity 2009, 30(6):912-925. 

405. Zhou L, Lopes JE, Chong MM, Ivanov, II, Min R, Victora GD, Shen Y, Du J, 
Rubtsov YP, Rudensky AY et al: TGF-beta-induced Foxp3 inhibits T(H)17 cell 



 319 

differentiation by antagonizing RORgammat function. Nature 2008, 
453(7192):236-240. 

406. Locksley RM: Nine lives: plasticity among T helper cell subsets. The Journal 
of experimental medicine 2009, 206(8):1643-1646. 

407. Murphy E, Shibuya K, Hosken N, Openshaw P, Maino V, Davis K, Murphy K, 
O'Garra A: Reversibility of T helper 1 and 2 populations is lost after long-
term stimulation. J Exp Med 1996, 183(3):901-913. 

408. O’Shea JJ, Paul WE: Mechanisms Underlying Lineage Commitment and 
Plasticity of Helper CD4&lt;sup&gt;+&lt;/sup&gt; T Cells. Science 2010, 
327(5969):1098. 

409. Liszewski MK, Farries TC, Lublin DM, Rooney IA, Atkinson JP: Control of the 
complement system. Adv Immunol 1996, 61:201-283. 

410. Medof ME, Walter EI, Rutgers JL, Knowles DM, Nussenzweig V: 
Identification of the complement decay-accelerating factor (DAF) on 
epithelium and glandular cells and in body fluids. The Journal of 
Experimental Medicine 1987, 165(3):848-864. 

411. Osuka F, Endo Y, Higuchi M, Suzuki H, Shio Y, Fujiu K, Kanno R, Oishi A, 
Terashima M, Fujita T et al: Molecular cloning and characterization of novel 
splicing variants of human decay-accelerating factor. Genomics 2006, 
88(3):316-322. 

412. Nicholson-Weller A, Wang CE: Structure and function of decay accelerating 
factor CD55. J Lab Clin Med 1994, 123(4):485-491. 

413. Li L, Spendlove I, Morgan J, Durrant LG: CD55 is over-expressed in the 
tumour environment. Br J Cancer 2001, 84(1):80-86. 

414. Inoue T, Yamakawa M, Takahashi T: Expression of complement regulating 
factors in gastric cancer cells. Mol Pathol 2002, 55(3):193-199. 

415. Spendlove I, Li L, Carmichael J, Durrant LG: Decay accelerating factor 
(CD55): a target for cancer vaccines? Cancer Res 1999, 59(10):2282-2286. 

416. Spendlove I, Ramage JM, Bradley R, Harris C, Durrant LG: Complement 
decay accelerating factor (DAF)/CD55 in cancer. Cancer Immunol 
Immunother 2006, 55(8):987-995. 

417. Williams MR, Perkins AC, Campbell FC, Pimm MV, Hardy JG, Wastie ML, 
Blamey RW, Baldwin RW: The use of monoclonal antibody 791T/36 in the 
immunoscintigraphy of primary and metastatic carcinoma of the breast. 
Clin Oncol 1984, 10(4):375-381. 

418. Koretz K, Brüderlein S, Henne C, Möller P: Decay-accelerating factor (DAF, 
CD55) in normal colorectal mucosa, adenomas and carcinomas. Br J Cancer 
1992, 66(5):810-814. 

419. Vainer ED, Meir K, Furman M, Semenenko I, Konikoff F, Vainer GW: 
Characterization of novel CD55 isoforms expression in normal and 
neoplastic tissues. Tissue Antigens 2013, 82(1):26-34. 

420. Vollmers HP, Zimmermann U, Krenn V, Timmermann W, Illert B, Hensel F, 
Hermann R, Thiede A, Wilhelm M, Rückle-Lanz H: Adjuvant therapy for 
gastric adenocarcinoma with the apoptosis-inducing human monoclonal 
antibody SC-1: first clinical and histopathological results. Oncology reports 
1998, 5:549-552. 



 320 

421. Macor P, Tripodo C, Zorzet S, Piovan E, Bossi F, Marzari R, Amadori A, 
Tedesco F: In vivo Targeting of Human Neutralizing Antibodies against 
CD55 and CD59 to Lymphoma Cells Increases the Antitumor Activity of 
Rituximab. Cancer Research 2007, 67(21):10556-10563. 

422. Heeger PS, Lalli PN, Lin F, Valujskikh A, Liu J, Muqim N, Xu Y, Medof ME: 
Decay-accelerating factor modulates induction of T cell immunity. The 
Journal of Experimental Medicine 2005, 201(10):1523-1530. 

423. Fang C, Miwa T, Song WC: Decay-accelerating factor regulates T-cell 
immunity in the context of inflammation by influencing costimulatory 
molecule expression on antigen-presenting cells. Blood 2011, 118(4):1008-
1014. 

424. Hamann J, Vogel B, van Schijndel GM, van Lier RA: The seven-span 
transmembrane receptor CD97 has a cellular ligand (CD55, DAF). J Exp Med 
1996, 184(3):1185-1189. 

425. Visser L, de Vos AF, Hamann J, Melief M-J, van Meurs M, van Lier RAW, 
Laman JD, Hintzen RQ: Expression of the EGF-TM7 receptor CD97 and its 
ligand CD55 (DAF) in multiple sclerosis. Journal of Neuroimmunology 2002, 
132(1):156-163. 

426. Abbott RJ, Spendlove I, Roversi P, Fitzgibbon H, Knott V, Teriete P, 
McDonnell JM, Handford PA, Lea SM: Structural and functional 
characterization of a novel T cell receptor co-regulatory protein complex, 
CD97-CD55. J Biol Chem 2007, 282(30):22023-22032. 

427. Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, 
Roncarolo MG: A CD4+T-cell subset inhibits antigen-specific T-cell 
responses and prevents colitis. Nature 1997, 389(6652):737-742. 

428. Wakkach A, Cottrez F, Groux H: Differentiation of regulatory T cells 1 is 
induced by CD2 costimulation. J Immunol 2001, 167(6):3107-3113. 

429. Kemper C, Chan AC, Green JM, Brett KA, Murphy KM, Atkinson JP: Activation 
of human CD4+ cells with CD3 and CD46 induces a T-regulatory cell 1 
phenotype. Nature 2003, 421(6921):388-392. 

430. Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, de Waal-
Malefyt R, Coffman RL, Hawrylowicz CM, O'Garra A: In Vitro Generation of 
Interleukin 10–producing Regulatory CD4+ T Cells Is Induced by 
Immunosuppressive Drugs and Inhibited by T Helper Type 1 (Th1)– and 
Th2-inducing Cytokines. The Journal of Experimental Medicine 2002, 
195(5):603-616. 

431. Gagliani N, Magnani CF, Huber S, Gianolini ME, Pala M, Licona-Limon P, Guo 
B, Herbert DBR, Bulfone A, Trentini F et al: Coexpression of CD49b and LAG-
3 identifies human and mouse T regulatory type 1 cells. Nat Med 2013, 
19(6):739-746. 

432. Baecher-Allan C, Kaskow BJ, Weiner HL: Multiple Sclerosis: Mechanisms and 
Immunotherapy. Neuron 2018, 97(4):742-768. 

433. Trapp BD, Nave KA: Multiple sclerosis: an immune or neurodegenerative 
disorder? Annual review of neuroscience 2008, 31:247-269. 

434. Petereit HF, Pukrop R, Fazekas F, Bamborschke SU, Ropele S, Kolmel HW, 
Merkelbach S, Japp G, Jongen PJ, Hartung HP et al: Low interleukin-10 



 321 

production is associated with higher disability and MRI lesion load in 
secondary progressive multiple sclerosis. J Neurol Sci 2003, 206(2):209-214. 

435. Huan J, Culbertson N, Spencer L, Bartholomew R, Burrows GG, Chou YK, 
Bourdette D, Ziegler SF, Offner H, Vandenbark AA: Decreased FOXP3 levels 
in multiple sclerosis patients. Journal of neuroscience research 2005, 
81(1):45-52. 

436. Venken K, Hellings N, Hensen K, Rummens JL, Medaer R, D'Hooghe M B, 
Dubois B, Raus J, Stinissen P: Secondary progressive in contrast to 
relapsing-remitting multiple sclerosis patients show a normal CD4+CD25+ 
regulatory T-cell function and FOXP3 expression. Journal of neuroscience 
research 2006, 83(8):1432-1446. 

437. Schwarz A, Schumacher M, Pfaff D, Schumacher K, Jarius S, Balint B, Wiendl 
H, Haas J, Wildemann B: Fine-tuning of regulatory T cell function: the role 
of calcium signals and naive regulatory T cells for regulatory T cell 
deficiency in multiple sclerosis. J Immunol 2013, 190(10):4965-4970. 

438. Costantino CM, Baecher-Allan C, Hafler DA: Multiple sclerosis and 
regulatory T cells. Journal of clinical immunology 2008, 28(6):697-706. 

439. Haas J, Hug A, Viehover A, Fritzsching B, Falk CS, Filser A, Vetter T, Milkova L, 
Korporal M, Fritz B et al: Reduced suppressive effect of CD4+CD25high 
regulatory T cells on the T cell immune response against myelin 
oligodendrocyte glycoprotein in patients with multiple sclerosis. Eur J 
Immunol 2005, 35(11):3343-3352. 

440. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA: Loss of functional 
suppression by CD4+CD25+ regulatory T cells in patients with multiple 
sclerosis. J Exp Med 2004, 199(7):971-979. 

441. Astier AL: T-cell regulation by CD46 and its relevance in multiple sclerosis. 
Immunology 2008, 124(2):149-154. 

442. Cao Y, Goods BA, Raddassi K, Nepom GT, Kwok WW, Love JC, Hafler DA: 
Functional inflammatory profiles distinguish myelin-reactive T cells from 
patients with multiple sclerosis. Science translational medicine 2015, 
7(287):287ra274-287ra274. 

443. Dominguez-Villar M, Baecher-Allan CM, Hafler DA: Identification of T helper 
type 1-like, Foxp3+ regulatory T cells in human autoimmune disease. Nat 
Med 2011, 17(6):673-675. 

444. Kitz A, de Marcken M, Gautron AS, Mitrovic M, Hafler DA, Dominguez-Villar 
M: AKT isoforms modulate Th1-like Treg generation and function in human 
autoimmune disease. EMBO reports 2016, 17(8):1169-1183. 

445. Kickler K, Ni Choileain S, Williams A, Richards A, Astier AL: Calcitriol 
modulates the CD46 pathway in T cells. PLoS One 2012, 7(10):e48486-
e48486. 

446. Astier A, Kickler K, Ni Choileain S: Vitamin D promotes Tr1 differentiation 
through the CD46 pathway (178.18). The Journal of Immunology 2012, 
188(1 Supplement):178.118. 

447. van Boxel-Dezaire AH, Hoff SC, van Oosten BW, Verweij CL, Drager AM, Ader 
HJ, van Houwelingen JC, Barkhof F, Polman CH, Nagelkerken L: Decreased 
interleukin-10 and increased interleukin-12p40 mRNA are associated with 



 322 

disease activity and characterize different disease stages in multiple 
sclerosis. Annals of neurology 1999, 45(6):695-703. 

448. Soldan SS, Alvarez Retuerto AI, Sicotte NL, Voskuhl RR: Dysregulation of IL-
10 and IL-12p40 in secondary progressive multiple sclerosis. J 
Neuroimmunol 2004, 146(1-2):209-215. 

449. Balashov KE, Comabella M, Ohashi T, Khoury SJ, Weiner HL: Defective 
regulation of IFNgamma and IL-12 by endogenous IL-10 in progressive MS. 
Neurology 2000, 55(2):192-198. 

450. Olsson T, Zhi WW, Höjeberg B, Kostulas V, Jiang YP, Anderson G, Ekre HP, 
Link H: Autoreactive T lymphocytes in multiple sclerosis determined by 
antigen-induced secretion of interferon-gamma. The Journal of Clinical 
Investigation 1990, 86(3):981-985. 

451. Sun J-B, Olsson T, Wang W-Z, Xiao B-G, Kostulas V, Fredrikson S, Ekre H-P, 
Link H: Autoreactive T and B cells responding to myelin proteolipid protein 
in multiple sclerosis and controls. European Journal of Immunology 1991, 
21(6):1461-1468. 

452. Xie Y, Wu M, Song R, Ma J, Shi Y, Qin W, Jin Y: A glucocorticoid amplifies IL-
2-induced selective expansion of CD4+CD25+FOXP3+ regulatory T cells in 
vivo and suppresses graft-versus-host disease after allogeneic lymphocyte 
transplantation. Acta Biochimica et Biophysica Sinica 2009, 41(9):781-791. 

453. Chen X, Murakami T, Oppenheim JJ, Howard OMZ: Differential response of 
murine CD4+CD25+ and CD4+CD25- T cells to dexamethasone-induced cell 
death. Eur J Immunol 2004, 34(3):859-869. 

454. Ersoy E, Kus CN, Sener U, Coker I, Zorlu Y: The effects of interferon-beta on 
interleukin-10 in multiple sclerosis patients. European journal of neurology 
2005, 12(3):208-211. 

455. Kvarnstrom M, Ydrefors J, Ekerfelt C, Vrethem M, Ernerudh J: Longitudinal 
interferon-beta effects in multiple sclerosis: differential regulation of IL-10 
and IL-17A, while no sustained effects on IFN-gamma, IL-4 or IL-13. J Neurol 
Sci 2013, 325(1-2):79-85. 

456. Graber JJ, Ford D, Zhan M, Francis G, Panitch H, Dhib-Jalbut S: Cytokine 
changes during interferon-beta therapy in multiple sclerosis: correlations 
with interferon dose and MRI response. J Neuroimmunol 2007, 185(1-
2):168-174. 

457. Porrini AM, De Luca G, Gambi D, Reder AT: Effects of an anti-IL-10 
monoclonal antibody on rIFNβ-1b-mediated immune modulation. 
Relevance to multiple sclerosis. Journal of Neuroimmunology 1998, 
81(1):109-115. 

458. Sintzel MB, Rametta M, Reder AT: Vitamin D and Multiple Sclerosis: A 
Comprehensive Review. Neurology and therapy 2017, 7(1):59-85. 

459. Munger KL, Levin LI, Hollis BW, Howard NS, Ascherio A: Serum 25-
hydroxyvitamin d levels and risk of multiple sclerosis. JAMA 2006, 
296(23):2832-2838. 

460. Munger KL, Zhang SM, O’Reilly E, Hernán MA, Olek MJ, Willett WC, Ascherio 
A: Vitamin D intake and incidence of multiple sclerosis. Neurology 2004, 
62(1):60. 



 323 

461. Acheson ED, Bachrach CA, Wright FM: SOME COMMENTS ON THE 
RELATIONSHIP OF THE DISTRIBUTION OF MULTIPLE SCLEROSIS TO 
LATITUDE, SOLAR RADIATION, AND OTHER VARIABLES. Acta Psychiatrica 
Scandinavica 1960, 35(S147):132-147. 

462. Wilfinger J, Seuter S, Tuomainen T-P, Virtanen JK, Voutilainen S, Nurmi T, de 
Mello VDF, Uusitupa M, Carlberg C: Primary vitamin D receptor target 
genes as biomarkers for the vitamin D3 status in the hematopoietic 
system. The Journal of Nutritional Biochemistry 2014, 25(8):875-884. 

463. Bretscher P, Cohn M: A theory of self-nonself discrimination. Science 1970, 
169(3950):1042-1049. 

464. Lafferty KJ, Cunningham AJ: A new analysis of allogeneic interactions. The 
Australian journal of experimental biology and medical science 1975, 
53(1):27-42. 

465. Lafferty KJ, Prowse SJ, Simeonovic CJ, Warren HS: Immunobiology of tissue 
transplantation: a return to the passenger leukocyte concept. Annual 
review of immunology 1983, 1:143-173. 

466. Andrus L, Lafferty KJ: Interleukin 2 production by alloantigen (H-2) 
activated T cells. The Australian journal of experimental biology and medical 
science 1981, 59(4):413-426. 

467. Jenkins MK, Ashwell JD, Schwartz RH: Allogeneic non-T spleen cells restore 
the responsiveness of normal T cell clones stimulated with antigen and 
chemically modified antigen-presenting cells. The Journal of Immunology 
1988, 140(10):3324. 

468. Mueller DL, Jenkins MK, Schwartz RH: An accessory cell-derived 
costimulatory signal acts independently of protein kinase C activation to 
allow T cell proliferation and prevent the induction of unresponsiveness. 
The Journal of Immunology 1989, 142(8):2617. 

469. Smith CA, Williams GT, Kingston R, Jenkinson EJ, Owen JJT: Antibodies to 
CD3/T-cell receptor complex induce death by apoptosis in immature T cells 
in thymic cultures. Nature 1989, 337:181. 

470. Shi YF, Bissonnette RP, Parfrey N, Szalay M, Kubo RT, Green DR: In vivo 
administration of monoclonal antibodies to the CD3 T cell receptor 
complex induces cell death (apoptosis) in immature thymocytes. J Immunol 
1991, 146(10):3340-3346. 

471. Liechtenstein T, Dufait I, Lanna A, Breckpot K, Escors D: MODULATING CO-
STIMULATION DURING ANTIGEN PRESENTATION TO ENHANCE CANCER 
IMMUNOTHERAPY. Immunology, endocrine & metabolic agents in medicinal 
chemistry 2012, 12(3):224-235. 

472. Saito T, Yokosuka T, Hashimoto-Tane A: Dynamic regulation of T cell 
activation and co-stimulation through TCR-microclusters. FEBS letters 2010, 
584(24):4865-4871. 

473. McAdam AJ, Schweitzer AN, Sharpe AH: The role of B7 co-stimulation in 
activation and differentiation of CD4+ and CD8+ T cells. Immunol Rev 1998, 
165:231-247. 

474. Daikh D, Wofsy D, Imboden JB: The CD28-B7 costimulatory pathway and its 
role in autoimmune disease. J Leukoc Biol 1997, 62(2):156-162. 



 324 

475. Greenfield EA, Nguyen KA, Kuchroo VK: CD28/B7 costimulation: a review. 
Crit Rev Immunol 1998, 18(5):389-418. 

476. Bugeon L, Dallman MJ: Costimulation of T cells. American journal of 
respiratory and critical care medicine 2000, 162(4 Pt 2):S164-168. 

477. Yu X, Fournier S, Allison JP, Sharpe AH, Hodes RJ: The Role of B7 
Costimulation in CD4/CD8 T Cell Homeostasis. The Journal of Immunology 
2000, 164(7):3543. 

478. Shahinian A, Pfeffer K, Lee KP, Kundig TM, Kishihara K, Wakeham A, Kawai K, 
Ohashi PS, Thompson CB, Mak TW: Differential T cell costimulatory 
requirements in CD28-deficient mice. Science 1993, 261(5121):609. 

479. Thompson CB, Lindsten T, Ledbetter JA, Kunkel SL, Young HA, Emerson SG, 
Leiden JM, June CH: CD28 activation pathway regulates the production of 
multiple T-cell-derived lymphokines/cytokines. Proceedings of the National 
Academy of Sciences 1989, 86(4):1333. 

480. Seder RA, Germain RN, Linsley PS, Paul WE: CD28-mediated costimulation 
of interleukin 2 (IL-2) production plays a critical role in T cell priming for IL-
4 and interferon gamma production. The Journal of Experimental Medicine 
1994, 179(1):299. 

481. Damle NK, Doyle LV, Grosmaire LS, Ledbetter JA: Differential regulatory 
signals delivered by antibody binding to the CD28 (Tp44) molecule during 
the activation of human T lymphocytes. The Journal of Immunology 1988, 
140(6):1753. 

482. Verwilghen J, Vandenberghe P, Wallays G, de Boer M, Anthony N, Panayi GS, 
Ceuppens JL: Simultaneous ligation of CD5 and CD28 on resting T 
lymphocytes induces T cell activation in the absence of T cell receptor/CD3 
occupancy. The Journal of Immunology 1993, 150(3):835. 

483. Baroja ML, Ceuppens JL, Van Damme J, Billiau A: Cooperation between an 
anti-T cell (anti-CD28) monoclonal antibody and monocyte-produced IL-6 
in the induction of T cell responsiveness to IL-2. The Journal of Immunology 
1988, 141(5):1502. 

484. Damle NK, Doyle LV: Stimulation via the CD3 and CD28 molecules induces 
responsiveness to IL-4 in CD4+CD29+CD45R- memory T lymphocytes. The 
Journal of Immunology 1989, 143(6):1761. 

485. Lucas PJ, Negishi I, Nakayama K, Fields LE, Loh DY: Naive CD28-deficient T 
cells can initiate but not sustain an in vitro antigen-specific immune 
response. The Journal of Immunology 1995, 154(11):5757. 

486. Green JM, Noel PJ, Sperling AI, Walunas TL, Gray GS, Bluestone JA, 
Thompson CB: Absence of B7-dependent responses in CD28-deficient mice. 
Immunity 1994, 1(6):501-508. 

487. Lenschow DJ, Walunas TL, Bluestone JA: CD28/B7 SYSTEM OF T CELL 
COSTIMULATION. Annual review of immunology 1996, 14(1):233-258. 

488. Rulifson IC, Sperling AI, Fields PE, Fitch FW, Bluestone JA: CD28 
costimulation promotes the production of Th2 cytokines. J Immunol 1997, 
158(2):658-665. 

489. Lenschow DJ, Herold KC, Rhee L, Patel B, Koons A, Qin HY, Fuchs E, Singh B, 
Thompson CB, Bluestone JA: CD28/B7 regulation of Th1 and Th2 subsets in 
the development of autoimmune diabetes. Immunity 1996, 5(3):285-293. 



 325 

490. Golovina TN, Mikheeva T, Suhoski MM, Aqui NA, Tai VC, Shan X, Liu R, 
Balcarcel RR, Fisher N, Levine BL et al: CD28 Costimulation Is Essential for 
Human T Regulatory Expansion and Function. The Journal of Immunology 
2008, 181(4):2855. 

491. Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, Bluestone 
JA: B7/CD28 costimulation is essential for the homeostasis of the 
CD4+CD25+ immunoregulatory T cells that control autoimmune diabetes. 
Immunity 2000, 12(4):431-440. 

492. Revu S, Wu J, Henkel M, Rittenhouse N, Menk A, Delgoffe GM, Poholek AC, 
McGeachy MJ: IL-23 and IL-1β Drive Human Th17 Cell Differentiation and 
Metabolic Reprogramming in Absence of CD28 Costimulation. Cell reports 
2018, 22(10):2642-2653. 

493. Bouguermouh S, Fortin G, Baba N, Rubio M, Sarfati M: CD28 co-stimulation 
down regulates Th17 development. PLoS One 2009, 4(3):e5087. 

494. Nelson M, Huff L, Rogers C, Kundimi S, Paulos C: Defining the role of ICOS 
and CD28 costimulation in T<sub>H</sub>17 cell activation, differentiation 
and tumor immunity (46.29). The Journal of Immunology 2012, 188(1 
Supplement):46.29. 

495. Ohshima Y, Yang L-P, Uchiyama T, Tanaka Y, Baum P, Sergerie M, Hermann 
P, Delespesse G: OX40 Costimulation Enhances Interleukin-4 (IL-4) 
Expression at Priming and Promotes the Differentiation of Naive Human 
CD4<sup>+</sup> T Cells Into High IL-4–Producing Effectors. Blood 1998, 
92(9):3338. 

496. Rogers PR, Croft M: CD28, Ox-40, LFA-1, and CD4 Modulation of Th1/Th2 
Differentiation Is Directly Dependent on the Dose of Antigen. The Journal 
of Immunology 2000, 164(6):2955. 

497. Gramaglia I, Weinberg AD, Lemon M, Croft M: Ox-40 Ligand: A Potent 
Costimulatory Molecule for Sustaining Primary CD4 T Cell Responses. The 
Journal of Immunology 1998, 161(12):6510. 

498. De Smedt T, Smith J, Baum P, Fanslow W, Butz E, Maliszewski C: Ox40 
Costimulation Enhances the Development of T Cell Responses Induced by 
Dendritic Cells In Vivo. The Journal of Immunology 2002, 168(2):661. 

499. Takahashi C, Mittler RS, Vella AT: Cutting Edge: 4-1BB Is a Bona Fide CD8 T 
Cell Survival Signal. The Journal of Immunology 1999, 162(9):5037. 

500. Melero I, Shuford WW, Newby SA, Aruffo A, Ledbetter JA, Hellström KE, 
Mittler RS, Chen L: Monoclonal antibodies against the 4-1BB T-cell 
activation molecule eradicate established tumors. Nature Medicine 1997, 
3:682. 

501. Hurtado JC, Kim YJ, Kwon BS: Signals through 4-1BB are costimulatory to 
previously activated splenic T cells and inhibit activation-induced cell 
death. The Journal of Immunology 1997, 158(6):2600. 

502. Cannons JL, Lau P, Ghumman B, DeBenedette MA, Yagita H, Okumura K, 
Watts TH: 4-1BB Ligand Induces Cell Division, Sustains Survival, and 
Enhances Effector Function of CD4 and CD8 T Cells with Similar Efficacy. 
The Journal of Immunology 2001, 167(3):1313. 

503. DeBenedette MA, Chu NR, Pollok KE, Hurtado J, Wade WF, Kwon BS, Watts 
TH: Role of 4-1BB ligand in costimulation of T lymphocyte growth and its 



 326 

upregulation on M12 B lymphomas by cAMP. The Journal of Experimental 
Medicine 1995, 181(3):985. 

504. Chu NR, DeBenedette MA, Stiernholm BJ, Barber BH, Watts TH: Role of IL-12 
and 4-1BB ligand in cytokine production by CD28+ and CD28- T cells. The 
Journal of Immunology 1997, 158(7):3081. 

505. Vu MD, Clarkson MR, Yagita H, Turka LA, Sayegh MH, Li XC: Critical, but 
conditional, role of OX40 in memory T cell-mediated rejection. J Immunol 
2006, 176(3):1394-1401. 

506. Kashiwakura Y, Sakurai D, Kanno Y, Hashiguchi M, Kobayashi A, Kurosu A, 
Tokudome S, Kobata T, Kojima H: CD2-mediated regulation of peripheral 
CD4(+) CD25(+) regulatory T-cell apoptosis accompanied by down-
regulation of Bim. Immunology 2013, 139(1):48-60. 

507. Kemper C, Chan AC, Green JM, Brett KA, Murphy KM, Atkinson JP: Activation 
of human CD4+ cells with CD3 and CD46 induces a T-regulatory cell 1 
phenotype. Nature 2003, 421(6921):388-392. 

508. Astier AL, Meiffren G, Freeman S, Hafler DA: Alterations in CD46-mediated 
Tr1 regulatory T cells in patients with multiple sclerosis. J Clin Invest 2006, 
116(12):3252-3257. 

509. Kickler K, Ni Choileain S, Williams A, Richards A, Astier AL: Calcitriol 
Modulates the CD46 Pathway in T Cells. PLoS One 2012, 7(10):e48486. 

510. Sharpe AH: Mechanisms of costimulation. Immunological Reviews 2009, 
229(1):5-11. 

511. Dubey C, Croft M, Swain SL: Costimulatory requirements of naive CD4+ T 
cells. ICAM-1 or B7-1 can costimulate naive CD4 T cell activation but both 
are required for optimum response. The Journal of Immunology 1995, 
155(1):45. 

512. Yashiro Y, Tai X-G, Toyo-oka K, Park C-S, Abe R, Hamaoka T, Kobayashi M, 
Neben S, Fujiwara H: A fundamental difference in the capacity to induce 
proliferation of naive T cells between CD28 and other co-stimulatory 
molecules. European Journal of Immunology 1998, 28(3):926-935. 

513. Zhou X-Y, Yashiro-Ohtani Y, Nakahira M, Park WR, Abe R, Hamaoka T, 
Naramura M, Gu H, Fujiwara H: Molecular Mechanisms Underlying 
Differential Contribution of CD28 Versus Non-CD28 Costimulatory 
Molecules to IL-2 Promoter Activation. The Journal of Immunology 2002, 
168(8):3847. 

514. Yashiro-Ohtani Y, Zhou X-Y, Toyo-oka K, Tai X-G, Park C-S, Hamaoka T, Abe R, 
Miyake K, Fujiwara H: Non-CD28 Costimulatory Molecules Present in T Cell 
Rafts Induce T Cell Costimulation by Enhancing the Association of TCR with 
Rafts. The Journal of Immunology 2000, 164(3):1251. 

515. Stefanova I, Horejsi V, Ansotegui IJ, Knapp W, Stockinger H: GPI-anchored 
cell-surface molecules complexed to protein tyrosine kinases. Science 1991, 
254(5034):1016. 

516. Shenoy-Scaria AM, Kwong J, Fujita T, Olszowy MW, Shaw AS, Lublin DM: 
Signal transduction through decay-accelerating factor. Interaction of 
glycosyl-phosphatidylinositol anchor and protein tyrosine kinases p56lck 
and p59fyn 1. The Journal of Immunology 1992, 149(11):3535. 



 327 

517. Parolini I, Sargiacomo M, Lisanti MP, Peschle C: Signal transduction and 
glycophosphatidylinositol-linked proteins (lyn, lck, CD4, CD45, G proteins, 
and CD55) selectively localize in Triton- insoluble plasma membrane 
domains of human leukemic cell lines and normal granulocytes. Blood 
1996, 87(9):3783. 

518. Tosello AC, Mary F, Amiot M, Bernard A, Mary D: Activation of T cells via 
CD55: recruitment of early components of the CD3-TCR pathway is 
required for IL-2 secretion. Journal of inflammation 1998, 48(1):13-27. 

519. Acuto O, Michel F: CD28-mediated co-stimulation: a quantitative support 
for TCR signalling. Nat Rev Immunol 2003, 3(12):939-951. 

520. Sallusto F, Lanzavecchia A: The instructive role of dendritic cells on T-cell 
responses. Arthritis research 2002, 4 Suppl 3(Suppl 3):S127-S132. 

521. Epstein MM, Di Rosa F, Jankovic D, Sher A, Matzinger P: Successful T cell 
priming in B cell-deficient mice. The Journal of experimental medicine 1995, 
182(4):915-922. 

522. Lim TS, Goh JK, Mortellaro A, Lim CT, Hammerling GJ, Ricciardi-Castagnoli P: 
CD80 and CD86 differentially regulate mechanical interactions of T-cells 
with antigen-presenting dendritic cells and B-cells. PLoS One 2012, 
7(9):e45185. 

523. Linsley PS, Brady W, Grosmaire L, Aruffo A, Damle NK, Ledbetter JA: Binding 
of the B cell activation antigen B7 to CD28 costimulates T cell proliferation 
and interleukin 2 mRNA accumulation. J Exp Med 1991, 173(3):721-730. 

524. Sansom DM: CD28, CTLA-4 and their ligands: who does what and to whom? 
Immunology 2000, 101(2):169-177. 

525. Hugues S, Fetler L, Bonifaz L, Helft J, Amblard F, Amigorena S: Distinct T cell 
dynamics in lymph nodes during the induction of tolerance and immunity. 
Nature Immunology 2004, 5:1235. 

526. Hugues S, Boissonnas A, Amigorena S, Fetler L: The dynamics of dendritic 
cell–T cell interactions in priming and tolerance. Current Opinion in 
Immunology 2006, 18(4):491-495. 

527. Hugues S: Dynamics of dendritic cell–T cell interactions: a role in T cell 
outcome. Seminars in Immunopathology 2010, 32(3):227-238. 

528. Gunzer M, Schäfer A, Borgmann S, Grabbe S, Zänker KS, Bröcker E-B, 
Kämpgen E, Friedl P: Antigen Presentation in Extracellular Matrix: 
Interactions of T Cells with Dendritic Cells Are Dynamic, Short Lived, and 
Sequential. Immunity 2000, 13(3):323-332. 

529. Benvenuti F, Lagaudrière-Gesbert C, Grandjean I, Jancic C, Hivroz C, 
Trautmann A, Lantz O, Amigorena S: Dendritic Cell Maturation Controls 
Adhesion, Synapse Formation, and the Duration of the Interactions with 
Naive T Lymphocytes. Journal of Immunology 2004, 172(1):292-301. 

530. van Panhuys N, Klauschen F, Germain RN: T-cell-receptor-dependent signal 
intensity dominantly controls CD4(+) T cell polarization In Vivo. Immunity 
2014, 41(1):63-74. 

531. Shakhar G, Lindquist RL, Skokos D, Dudziak D, Huang JH, Nussenzweig MC, 
Dustin ML: Stable T cell–dendritic cell interactions precede the 
development of both tolerance and immunity in vivo. Nature Immunology 
2005, 6:707. 



 328 

532. Tang Q, Adams JY, Tooley AJ, Bi M, Fife BT, Serra P, Santamaria P, Locksley 
RM, Krummel MF, Bluestone JA: Visualizing regulatory T cell control of 
autoimmune responses in nonobese diabetic mice. Nature Immunology 
2005, 7:83. 

533. Bakočević N, Worbs T, Davalos-Misslitz A, Förster R: T Cell–Dendritic Cell 
Interaction Dynamics during the Induction of Respiratory Tolerance and 
Immunity. The Journal of Immunology 2010, 184(3):1317. 

534. Shahinian A, Pfeffer K, Lee KP, Kundig TM, Kishihara K, Wakeham A, Kawai K, 
Ohashi PS, Thompson CB, Mak TW: Differential T cell costimulatory 
requirements in CD28-deficient mice. Science 1993, 261(5121):609-612. 

535. Grewal IS, Flavell RA: The role of CD40 ligand in costimulation and T-cell 
activation. Immunol Rev 1996, 153:85-106. 

536. Croft M, So T, Duan W, Soroosh P: The Significance of OX40 and OX40L to T 
cell Biology and Immune Disease. Immunological reviews 2009, 229(1):173-
191. 

537. Wen T, Bukczynski J, Watts TH: 4-1BB Ligand-Mediated Costimulation of 
Human T Cells Induces CD4 and CD8 T Cell Expansion, Cytokine Production, 
and the Development of Cytolytic Effector Function. The Journal of 
Immunology 2002, 168(10):4897-4906. 

538. So T, Lee SW, Croft M: Immune regulation and control of regulatory T cells 
by OX40 and 4-1BB. Cytokine Growth Factor Rev 2008, 19(3-4):253-262. 

539. Zaffran Y, Destaing O, Roux A, Ory S, Nheu T, Jurdic P, Rabourdin-Combe C, 
Astier AL: CD46/CD3 costimulation induces morphological changes of 
human T cells and activation of Vav, Rac, and extracellular signal-regulated 
kinase mitogen-activated protein kinase. J Immunol 2001, 167(12):6780-
6785. 

540. Cardone J, Le Friec G, Vantourout P, Roberts A, Fuchs A, Jackson I, Suddason 
T, Lord G, Atkinson JP, Cope A et al: Complement regulator CD46 
temporally regulates cytokine production by conventional and 
unconventional T cells. Nat Immunol 2010, 11(9):862-871. 

541. Karsten CM, Kohl J: The complement receptor CD46 tips the scales in TH1 
self-control. Nat Immunol 2010, 11(9):775-777. 

542. Kleinewietfeld M, Hafler DA: Regulatory T cells in autoimmune 
neuroinflammation. Immunol Rev 2014, 259(1):231-244. 

543. Ellinghaus U, Cortini A, Pinder CL, Le Friec G, Kemper C, Vyse TJ: 
Dysregulated CD46 shedding interferes with Th1-contraction in systemic 
lupus erythematosus. Eur J Immunol 2017, 47(7):1200-1210. 

544. Hatano R, Ohnuma K, Otsuka H, Komiya E, Taki I, Iwata S, Dang NH, Okumura 
K, Morimoto C: CD26-Mediated Induction of EGR2 and IL-10 as Potential 
Regulatory Mechanism for CD26 Costimulatory Pathway. The Journal of 
Immunology 2015, 194(3):960-972. 

545. Morimoto C, Schlossman SF: The structure and function of CD26 in the T-
cell immune response. Immunol Rev 1998, 161:55-70. 

546. Ohnuma K, Dang NH, Morimoto C: Revisiting an old acquaintance: CD26 
and its molecular mechanisms in T cell function. Trends Immunol 2008, 
29(6):295-301. 



 329 

547. Ohnuma K, Inoue H, Uchiyama M, Yamochi T, Hosono O, Dang NH, 
Morimoto C: T-cell activation via CD26 and caveolin-1 in rheumatoid 
synovium. Modern rheumatology 2006, 16(1):3-13. 

548. Krakauer M, Sorensen PS, Sellebjerg F: CD4(+) memory T cells with high 
CD26 surface expression are enriched for Th1 markers and correlate with 
clinical severity of multiple sclerosis. J Neuroimmunol 2006, 181(1-2):157-
164. 

549. Eguchi K, Ueki Y, Shimomura C, Otsubo T, Nakao H, Migita K, Kawakami A, 
Matsunaga M, Tezuka H, Ishikawa N: Increment in the Ta1+ cells in the 
peripheral blood and thyroid tissue of patients with Graves' disease. The 
Journal of Immunology 1989, 142(12):4233-4240. 

550. Rudd CE, Schneider H: Unifying concepts in CD28, ICOS and CTLA4 co-
receptor signalling. Nat Rev Immunol 2003, 3(7):544-556. 

551. Hutloff A, Dittrich AM, Beier KC, Eljaschewitsch B, Kraft R, Anagnostopoulos 
I, Kroczek RA: ICOS is an inducible T-cell co-stimulator structurally and 
functionally related to CD28. Nature 1999, 397(6716):263-266. 

552. Pedroza-Gonzalez A, Zhou G, Vargas-Mendez E, Boor PP, Mancham S, 
Verhoef C, Polak WG, Grunhagen D, Pan Q, Janssen H et al: Tumor-
infiltrating plasmacytoid dendritic cells promote immunosuppression by 
Tr1 cells in human liver tumors. Oncoimmunology 2015, 4(6):e1008355. 

553. Faget J, Bendriss-Vermare N, Gobert M, Durand I, Olive D, Biota C, Bachelot 
T, Treilleux I, Goddard-Leon S, Lavergne E et al: ICOS-ligand expression on 
plasmacytoid dendritic cells supports breast cancer progression by 
promoting the accumulation of immunosuppressive CD4+ T cells. Cancer 
Res 2012, 72(23):6130-6141. 

554. Rojo JM, Pini E, Ojeda G, Bello R, Dong C, Flavell RA, Dianzani U, Portoles P: 
CD4+ICOS+ T lymphocytes inhibit T cell activation 'in vitro' and attenuate 
autoimmune encephalitis 'in vivo'. Int Immunol 2008, 20(4):577-589. 

555. Steinman RM, Nussenzweig MC: Avoiding horror autotoxicus: the 
importance of dendritic cells in peripheral T cell tolerance. Proc Natl Acad 
Sci U S A 2002, 99(1):351-358. 

556. Inaba K, Steinman RM: Protein-specific helper T-lymphocyte formation 
initiated by dendritic cells. Science 1985, 229(4712):475-479. 

557. Banchereau J, Steinman RM: Dendritic cells and the control of immunity. 
Nature 1998, 392(6673):245-252. 

558. Inaba K, Metlay JP, Crowley MT, Steinman RM: Dendritic cells pulsed with 
protein antigens in vitro can prime antigen-specific, MHC-restricted T cells 
in situ. J Exp Med 1990, 172(2):631-640. 

559. Benvenuti F, Lagaudrière-Gesbert C, Grandjean I, Jancic C, Hivroz C, 
Trautmann A, Lantz O, Amigorena S: Dendritic Cell Maturation Controls 
Adhesion, Synapse Formation, and the Duration of the Interactions with 
Naive T Lymphocytes. The Journal of Immunology 2004, 172(1):292. 

560. Comi M, Avancini D, Santoni de Sio F, Villa M, Uyeda MJ, Floris M, Tomasoni 
D, Bulfone A, Roncarolo MG, Gregori S: Coexpression of CD163 and CD141 
identifies human circulating IL-10-producing dendritic cells (DC-10). Cellular 
& Molecular Immunology 2019. 



 330 

561. Zheng Z, Narita M, Takahashi M, Liu A, Furukawa T, Toba K, Aizawa Y: 
Induction of T cell anergy by the treatment with IL-10-treated dendritic 
cells. Comparative immunology, microbiology and infectious diseases 2004, 
27(2):93-103. 

562. Steinbrink K, Wölfl M, Jonuleit H, Knop J, Enk AH: Induction of tolerance by 
IL-10-treated dendritic cells. The Journal of Immunology 1997, 
159(10):4772. 

563. Turnquist HR, Raimondi G, Zahorchak AF, Fischer RT, Wang Z, Thomson AW: 
Rapamycin-conditioned dendritic cells are poor stimulators of allogeneic 
CD4+ T cells, but enrich for antigen-specific Foxp3+ T regulatory cells and 
promote organ transplant tolerance. J Immunol 2007, 178(11):7018-7031. 

564. Lee J-H, Park C-S, Jang S, Kim J-W, Kim S-H, Song S, Kim K, Lee C-K: 
Tolerogenic dendritic cells are efficiently generated using minocycline and 
dexamethasone. Scientific Reports 2017, 7(1):15087. 

565. Piemonti L, Monti P, Sironi M, Fraticelli P, Leone BE, Dal Cin E, Allavena P, Di 
Carlo V: Vitamin D3 affects differentiation, maturation, and function of 
human monocyte-derived dendritic cells. J Immunol 2000, 164(9):4443-
4451. 

566. Nikolic T, Roep BO: Regulatory multitasking of tolerogenic dendritic cells - 
lessons taken from vitamin d3-treated tolerogenic dendritic cells. Frontiers 
in immunology 2013, 4:113-113. 

567. Comi M, Amodio G, Gregori S: Interleukin-10-Producing DC-10 Is a Unique 
Tool to Promote Tolerance Via Antigen-Specific T Regulatory Type 1 Cells. 
Frontiers in immunology 2018, 9:682-682. 

568. High levels of interleukin 10 production in vivo are associated with 
tolerance in SCID patients transplanted with HLA mismatched 
hematopoietic stem cells. The Journal of Experimental Medicine 1994, 
179(2):493-502. 

569. Scurr M, Ladell K, Besneux M, Christian A, Hockey T, Smart K, Bridgeman H, 
Hargest R, Phillips S, Davies M et al: Highly prevalent colorectal cancer-
infiltrating LAP(+) Foxp3(-) T cells exhibit more potent immunosuppressive 
activity than Foxp3(+) regulatory T cells. Mucosal Immunol 2014, 7(2):428-
439. 

570. Zhong W, Jiang Z-Y, Zhang L, Huang J-H, Wang S-J, Liao C, Cai B, Chen L-S, 
Zhang S, Guo Y et al: Role of LAP(+)CD4(+) T cells in the tumor 
microenvironment of colorectal cancer. World Journal of Gastroenterology 
2017, 23(3):455-463. 

571. Morales O, Mrizak D, François V, Mustapha R, Miroux C, Depil S, 
Decouvelaere A-V, Lionne-Huyghe P, Auriault C, de Launoit Y et al: Epstein–
Barr virus infection induces an increase of T regulatory type 1 cells in 
Hodgkin lymphoma patients. British Journal of Haematology 2014, 
166(6):875-890. 

572. Kim WS, Kim H, Kwon KW, Im SH, Lee BR, Ha SJ, Shin SJ: Cisplatin induces 
tolerogenic dendritic cells in response to TLR agonists via the abundant 
production of IL-10, thereby promoting Th2- and Tr1-biased T-cell 
immunity. Oncotarget 2016, 7(23):33765-33782. 



 331 

573. Nakachi S, Sumitomo S, Tsuchida Y, Tsuchiya H, Kono M, Kato R, Sakurai K, 
Hanata N, Nagafuchi Y, Tateishi S et al: Interleukin-10-producing LAG3+ 
regulatory T cells are associated with disease activity and abatacept 
treatment in rheumatoid arthritis. Arthritis research & therapy 2017, 
19(1):97. 

574. Han D, Wang C, Lou W, Gu Y, Wang Y, Zhang L: Allergen-specific IL-10-
secreting type I T regulatory cells, but not CD4(+)CD25(+)Foxp3(+) T cells, 
are decreased in peripheral blood of patients with persistent allergic 
rhinitis. Clin Immunol 2010, 136(2):292-301. 

575. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, 
Kelly TE, Saulsbury FT, Chance PF, Ochs HD: The immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by 
mutations of FOXP3. Nat Genet 2001, 27(1):20-21. 

576. Battaglia M, Stabilini A, Draghici E, Gregori S, Mocchetti C, Bonifacio E, 
Roncarolo M-G: Rapamycin and Interleukin-10 Treatment Induces T 
Regulatory Type 1 Cells That Mediate Antigen-Specific Transplantation 
Tolerance. Diabetes 2006, 55(1):40-49. 

577. Mfarrej B, Tresoldi E, Stabilini A, Paganelli A, Caldara R, Secchi A, Battaglia 
M: Generation of donor-specific Tr1 cells to be used after kidney 
transplantation and definition of the timing of their in vivo infusion in the 
presence of immunosuppression. Journal of Translational Medicine 2017, 
15(1):40. 

578. Molins B, Mesquida M, Lee RWJ, Llorenç V, Pelegrín L, Adán A: Regulatory T 
cell levels and cytokine production in active non-infectious uveitis: in-vitro 
effects of pharmacological treatment. Clinical and Experimental 
Immunology 2015, 179(3):529-538. 

579. Mathian A, Jouenne R, Chader D, Cohen-Aubart F, Haroche J, Fadlallah J, 
Claër L, Musset L, Gorochov G, Amoura Z et al: Regulatory T Cell Responses 
to High-Dose Methylprednisolone in Active Systemic Lupus Erythematosus. 
PLoS One 2015, 10(12):e0143689. 

580. Karagiannidis C, Akdis M, Holopainen P, Woolley NJ, Hense G, Ruckert B, 
Mantel PY, Menz G, Akdis CA, Blaser K et al: Glucocorticoids upregulate 
FOXP3 expression and regulatory T cells in asthma. J Allergy Clin Immunol 
2004, 114(6):1425-1433. 

581. Pandolfi J, Baz P, Fernández P, Discianni Lupi A, Payaslián F, Billordo LA, 
Fainboim L, Arruvito L: Regulatory and effector T-cells are differentially 
modulated by Dexamethasone. Clinical Immunology 2013, 149(3):400-410. 

582. O'Garra A, Barrat FJ: In vitro generation of IL-10-producing regulatory CD4+ 
T cells is induced by immunosuppressive drugs and inhibited by Th1- and 
Th2-inducing cytokines. Immunology Letters 2003, 85(2):135-139. 

583. Boonstra A, Barrat FJ, Crain C, Heath VL, Savelkoul HFJ, O’Garra A: 1α,25-
Dihydroxyvitamin D3 Has a Direct Effect on Naive CD4+ T Cells to Enhance 
the Development of Th2 Cells. The Journal of Immunology 2001, 
167(9):4974-4980. 

584. Ito T, Wang YH, Duramad O, Hanabuchi S, Perng OA, Gilliet M, Qin FX, Liu YJ: 
OX40 ligand shuts down IL-10-producing regulatory T cells. Proc Natl Acad 
Sci U S A 2006, 103(35):13138-13143. 



 332 

585. Xystrakis E, Kusumakar S, Boswell S, Peek E, Urry Z, Richards DF, Adikibi T, 
Pridgeon C, Dallman M, Loke T-K et al: Reversing the defective induction of. 
Journal of Clinical Investigation 2006, 116(1):146-155. 

586. Brunetti M, Colasante A, Mascetra N, Piantelli M, Musiani P, Aiello FB: IL-10 
Synergizes with Dexamethasone in Inhibiting Human T Cell Proliferation. 
Journal of Pharmacology and Experimental Therapeutics 1998, 285(2):915-
919. 

587. Chen X, Murakami T, Oppenheim JJ, Howard OMZ: Differential response of 
murine CD4+CD25+ and CD4+CD25– T cells to dexamethasone-induced cell 
death. European Journal of Immunology 2004, 34(3):859-869. 

588. Mattern J, Büchler MW, Herr I: Cell cycle arrest by glucocorticoids may 
protect normal tissue and solid tumors from cancer therapy. Cancer 
biology & therapy 2007, 6(9):1341-1350. 

589. Verhoef CM, van Roon JA, Vianen ME, Lafeber FP, Bijlsma JW: The immune 
suppressive effect of dexamethasone in rheumatoid arthritis is 
accompanied by upregulation of interleukin 10 and by differential changes 
in interferon gamma and interleukin 4 production. Ann Rheum Dis 1999, 
58(1):49-54. 

590. Agarwal SK, Marshall GD, Jr.: Dexamethasone promotes type 2 cytokine 
production primarily through inhibition of type 1 cytokines. J Interferon 
Cytokine Res 2001, 21(3):147-155. 

591. Ragab D, Soliman D, Samaha D, Yassin A: Vitamin D status and its 
modulatory effect on interferon gamma and interleukin-10 production by 
peripheral blood mononuclear cells in culture. Cytokine 2016, 85:5-10. 

592. Staeva-Vieira TP, Freedman LP: 1,25-Dihydroxyvitamin 
D&lt;sub&gt;3&lt;/sub&gt; Inhibits IFN-γ and IL-4 Levels During In Vitro 
Polarization of Primary Murine CD4&lt;sup&gt;+&lt;/sup&gt; T Cells. The 
Journal of Immunology 2002, 168(3):1181. 

593. Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, de Waal-
Malefyt R, Coffman RL, Hawrylowicz CM, O'Garra A: In Vitro Generation of 
Interleukin 10–producing Regulatory CD4(+) T Cells Is Induced by 
Immunosuppressive Drugs and Inhibited by T Helper Type 1 (Th1)– and 
Th2-inducing Cytokines. The Journal of Experimental Medicine 2002, 
195(5):603-616. 

594. Boonstra A, Barrat FJ, Crain C, Heath VL, Savelkoul HFJ, O’Garra A: 1α,25-
Dihydroxyvitamin D3 Has a Direct Effect on Naive 
CD4&lt;sup&gt;+&lt;/sup&gt; T Cells to Enhance the Development of Th2 
Cells. The Journal of Immunology 2001, 167(9):4974. 

595. Almawi WY, Lipman ML, Stevens AC, Zanker B, Hadro ET, Strom TB: 
Abrogation of glucocorticoid-mediated inhibition of T cell proliferation by 
the synergistic action of IL-1, IL-6, and IFN-gamma. The Journal of 
Immunology 1991, 146(10):3523-3527. 

596. Bernardi RJ, Johnson CS, Modzelewski RA, Trump DL: Antiproliferative 
Effects of 1α,25-Dihydroxyvitamin D3 and Vitamin D Analogs on Tumor-
Derived Endothelial Cells. Endocrinology 2002, 143(7):2508-2514. 



 333 

597. Groux H, Bigler M, de Vries JE, Roncarolo MG: Interleukin-10 induces a long-
term antigen-specific anergic state in human CD4+ T cells. The Journal of 
experimental medicine 1996, 184(1):19-29. 

598. Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, 
Roncarolo MG: A CD4+ T-cell subset inhibits antigen-specific T-cell 
responses and prevents colitis. Nature 1997, 389(6652):737-742. 

599. Andolfi G, Fousteri G, Rossetti M, Magnani CF, Jofra T, Locafaro G, Bondanza 
A, Gregori S, Roncarolo M-G: Enforced IL-10 expression confers type 1 
regulatory T cell (Tr1) phenotype and function to human CD4(+) T cells. 
Molecular therapy : the journal of the American Society of Gene Therapy 
2012, 20(9):1778-1790. 

600. Couper KN, Blount DG, Riley EM: IL-10: The Master Regulator of Immunity 
to Infection. The Journal of Immunology 2008, 180(9):5771-5777. 

601. Hawrylowicz CM, O'Garra A: Potential role of interleukin-10-secreting 
regulatory T cells in allergy and asthma. Nat Rev Immunol 2005, 5(4):271-
283. 

602. Moore KW, Malefyt RdW, Coffman RL, O'Garra A: INTERLEUKIN-10 AND THE 
INTERLEUKIN-10 RECEPTOR. Annual review of immunology 2001, 19(1):683-
765. 

603. Andolfi G, Fousteri G, Rossetti M, Magnani CF, Jofra T, Locafaro G, Bondanza 
A, Gregori S, Roncarolo M-G: Enforced IL-10 Expression Confers Type 1 
Regulatory T Cell (Tr1) Phenotype and Function to Human CD4(+) T Cells. 
Molecular Therapy 2012, 20(9):1778-1790. 

604. Salmaggi A, Dufour A, Eoli M, Corsini E, La Mantia L, Massa G, Nespolo A, 
Milanese C: Low serum interleukin-10 levels in multiple sclerosis: further 
evidence for decreased systemic immunosuppression? Journal of neurology 
1996, 243(1):13-17. 

605. Danikowski KM, Jayaraman S, Prabhakar BS: Regulatory T cells in multiple 
sclerosis and myasthenia gravis. Journal of Neuroinflammation 2017, 
14(1):117. 

606. Isomäki P, Luukkainen R, Saario R, Toivanen P, Punnonen J: Interleukin-10 
functions as an antiinflammatory cytokine in rheumatoid synovium. 
Arthritis & Rheumatism 1996, 39(3):386-395. 

607. Severson C, Hafler DA: T-Cells in Multiple Sclerosis. In. Berlin, Heidelberg: 
Springer Berlin Heidelberg: 1-24. 

608. Mohiuddin IH, Pillai V, Baughman EJ, Greenberg BM, Frohman EM, Crawford 
MP, Sinha S, Karandikar NJ: Induction of Regulatory T-cells from Memory T-
cells Is Perturbed During Acute Exacerbation of Multiple Sclerosis. Clinical 
immunology (Orlando, Fla) 2016, 166-167:12-18. 

609. Zhang X, Tao Y, Chopra M, Ahn M, Marcus KL, Choudhary N, Zhu H, 
Markovic-Plese S: Differential reconstitution of T cell subsets following 
immunodepleting treatment with alemtuzumab (anti-CD52 monoclonal 
antibody) in patients with relapsing-remitting multiple sclerosis. J Immunol 
2013, 191(12):5867-5874. 

610. Oreja-Guevara C, Ramos-Cejudo J, Aroeira LS, Chamorro B, Diez-Tejedor E: 
TH1/TH2 Cytokine profile in relapsing-remitting multiple sclerosis patients 
treated with Glatiramer acetate or Natalizumab. BMC Neurol 2012, 12:95. 



 334 

611. Pot C, Jin H, Awasthi A, Liu SM, Lai C-Y, Madan R, Sharpe AH, Karp CL, Miaw 
S-C, Ho I-C et al: Cutting Edge: IL-27 Induces the Transcription Factor c-Maf, 
Cytokine IL-21, and the Costimulatory Receptor ICOS that Coordinately Act 
Together to Promote Differentiation of IL-10-Producing Tr1 Cells. 2009, 
183(2):797-801. 

612. Kunicki MA, Amaya Hernandez LC, Davis KL, Bacchetta R, Roncarolo M-G: 
Identity and Diversity of Human Peripheral Th and T Regulatory Cells 
Defined by Single-Cell Mass Cytometry. 2017. 

613. White AM, Wraith DC: Tr1-Like T Cells – An Enigmatic Regulatory T Cell 
Lineage. 2016, 7(355). 

614. Brockmann L, Gagliani N, Steglich B, Giannou AD, Kempski J, Pelczar P, 
Geffken M, Mfarrej B, Huber F, Herkel J et al: IL-10 Receptor Signaling Is 
Essential for T<sub>R</sub>1 Cell Function In Vivo. 2017, 198(3):1130-
1141. 

615. Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG, Rudensky AY: 
Regulatory T Cell Lineage Specification by the Forkhead Transcription 
Factor Foxp3. Immunity 2005, 22(3):329-341. 

616. Williams LM, Rudensky AY: Maintenance of the Foxp3-dependent 
developmental program in mature regulatory T cells requires continued 
expression of Foxp3. Nat Immunol 2007, 8(3):277-284. 

617. Walker MR, Kasprowicz DJ, Gersuk VH, Benard A, Van Landeghen M, 
Buckner JH, Ziegler SF: Induction of FoxP3 and acquisition of T regulatory 
activity by stimulated human CD4+CD25- T cells. J Clin Invest 2003, 
112(9):1437-1443. 

618. Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R, 
Roncarolo MG, Levings MK: Activation-induced FOXP3 in human T effector 
cells does not suppress proliferation or cytokine production. International 
Immunology 2007, 19(4):345-354. 

619. Lin X, Chen M, Liu Y, Guo Z, He X, Brand D, Zheng SG: Advances in 
distinguishing natural from induced Foxp3(+) regulatory T cells. 
International Journal of Clinical and Experimental Pathology 2013, 6(2):116-
123. 

620. Roncarolo M-G, Gregori S: Is FOXP3 a bona fide marker for human 
regulatory T cells? 2008, 38(4):925-927. 

621. Rodríguez‐Perea AL, Arcia ED, Rueda CM, Velilla PA: Phenotypical 
characterization of regulatory T cells in humans and rodents. Clinical and 
Experimental Immunology 2016, 185(3):281-291. 

622. Tran DQ, Ramsey H, Shevach EM: Induction of FOXP3 expression in naive 
human CD4(+)FOXP3(−) T cells by T-cell receptor stimulation is 
transforming growth factor-β–dependent but does not confer a regulatory 
phenotype. Blood 2007, 110(8):2983-2990. 

623. Yu N, Li X, Song W, Li D, Yu D, Zeng X, Li M, Leng X, Li X: CD4(+)CD25 
(+)CD127 (low/-) T cells: a more specific Treg population in human 
peripheral blood. Inflammation 2012, 35(6):1773-1780. 

624. Kmieciak M, Gowda M, Graham L, Godder K, Bear HD, Marincola FM, Manjili 
MH: Human T cells express CD25 and Foxp3 upon activation and exhibit 



 335 

effector/memory phenotypes without any regulatory/suppressor function. 
Journal of Translational Medicine 2009, 7:89-89. 

625. Raimondi G, Shufesky WJ, Tokita D, Morelli AE, Thomson AW: Regulated 
Compartmentalization of Programmed Cell Death-1 Discriminates 
CD4<sup>+</sup>CD25<sup>+</sup> Resting Regulatory T Cells from 
Activated T Cells. 2006, 176(5):2808-2816. 

626. Shibuya A, Campbell D, Hannum C, Yssel H, Franz-Bacon K, McClanahan T, 
Kitamura T, Nicholl J, Sutherland GR, Lanier LL et al: DNAM-1, A Novel 
Adhesion Molecule Involved in the Cytolytic Function of T Lymphocytes. 
Immunity 1996, 4(6):573-581. 

627. Bottino C, Castriconi R, Pende D, Rivera P, Nanni M, Carnemolla B, Cantoni C, 
Grassi J, Marcenaro S, Reymond N et al: Identification of PVR (CD155) and 
Nectin-2 (CD112) as Cell Surface Ligands for the Human DNAM-1 (CD226) 
Activating Molecule. The Journal of Experimental Medicine 2003, 
198(4):557-567. 

628. Pende D, Castriconi R, Romagnani P, Spaggiari GM, Marcenaro S, Dondero A, 
Lazzeri E, Lasagni L, Martini S, Rivera P et al: Expression of the DNAM-1 
ligands, Nectin-2 (CD112) and poliovirus receptor (CD155), on dendritic 
cells: relevance for natural killer-dendritic cell interaction. Blood 2006, 
107(5):2030-2036. 

629. Dougall WC, Kurtulus S, Smyth MJ, Anderson AC: TIGIT and CD96: new 
checkpoint receptor targets for cancer immunotherapy. Immunol Rev 2017, 
276(1):112-120. 

630. Lozano E, Dominguez-Villar M, Kuchroo V, Hafler DA: The TIGIT/CD226 axis 
regulates human T cell function. J Immunol 2012, 188(8):3869-3875. 

631. Tauriainen J, Scharf L, Frederiksen J, Naji A, Ljunggren H-G, Sönnerborg A, 
Lund O, Reyes-Terán G, Hecht FM, Deeks SG et al: Perturbed CD8+ T cell 
TIGIT/CD226/PVR axis despite early initiation of antiretroviral treatment in 
HIV infected individuals. Scientific Reports 2017, 7:40354. 

632. Todd JA, Walker NM, Cooper JD, Smyth DJ, Downes K, Plagnol V, Bailey R, 
Nejentsev S, Field SF, Payne F et al: Robust associations of four new 
chromosome regions from genome-wide analyses of type 1 diabetes. 
Nature genetics 2007, 39(7):857-864. 

633. Hafler JP, Maier LM, Cooper JD, Plagnol V, Hinks A, Simmonds MJ, Stevens H, 
Walker N, Healy B, Howson JMM et al: CD226 Gly307Ser association with 
multiple autoimmune diseases. Genes and immunity 2009, 10(1):5-10. 

634. Liu G, Hu Y, Jin S, Jiang Q: Genetic variant rs763361 regulates multiple 
sclerosis <em>CD226</em> gene expression. Proceedings of the National 
Academy of Sciences 2017, 114(6):E906. 

635. Alharbi FM: Update in vitamin D and multiple sclerosis. Neurosciences 
2015, 20(4):329-335. 

636. Dankers W, Colin EM, van Hamburg JP, Lubberts E: Vitamin D in 
Autoimmunity: Molecular Mechanisms and Therapeutic Potential. 
Frontiers in Immunology 2016, 7:697. 

637. Ramagopalan SV, Heger A, Berlanga AJ, Maugeri NJ, Lincoln MR, Burrell A, 
Handunnetthi L, Handel AE, Disanto G, Orton S-M et al: A ChIP-seq defined 



 336 

genome-wide map of vitamin D receptor binding: Associations with 
disease and evolution. Genome Research 2010, 20(10):1352-1360. 

638. Triebel F, Jitsukawa S, Baixeras E, Roman-Roman S, Genevee C, Viegas-
Pequignot E, Hercend T: LAG-3, a novel lymphocyte activation gene closely 
related to CD4. 1990, 171(5):1393-1405. 

639. Baixeras E, Huard B, Miossec C, Jitsukawa S, Martin M, Hercend T, Auffray C, 
Triebel F, Piatier-Tonneau D: Characterization of the lymphocyte activation 
gene 3-encoded protein. A new ligand for human leukocyte antigen class II 
antigens. 1992, 176(2):327-337. 

640. Huard B, Prigent P, Tournier M, Bruniquel D, Triebel F: CD4/major 
histocompatibility complex class II interaction analyzed with CD4- and 
lymphocyte activation gene-3 (LAG-3)-Ig fusion proteins. 1995, 25(9):2718-
2721. 

641. Huard B, Gaulard P, Faure F, Hercend T, Triebel F: Cellular expression and 
tissue distribution of the human LAG-3-encoded protein, an MHC class II 
ligand. Immunogenetics 1994, 39(3):213-217. 

642. Workman CJ, Dugger KJ, Vignali DA: Cutting edge: molecular analysis of the 
negative regulatory function of lymphocyte activation gene-3. J Immunol 
2002, 169(10):5392-5395. 

643. Maçon-Lemaître L, Triebel F: The negative regulatory function of the 
lymphocyte-activation gene-3 co-receptor (CD223) on human T cells. 
Immunology 2005, 115(2):170-178. 

644. Durham NM, Nirschl CJ, Jackson CM, Elias J, Kochel CM, Anders RA, Drake 
CG: Lymphocyte Activation Gene 3 (LAG-3) modulates the ability of CD4 T-
cells to be suppressed in vivo. PLoS One 2014, 9(11):e109080. 

645. Workman CJ, Vignali DA: The CD4-related molecule, LAG-3 (CD223), 
regulates the expansion of activated T cells. Eur J Immunol 2003, 33(4):970-
979. 

646. Huang C-T, Workman CJ, Flies D, Pan X, Marson AL, Zhou G, Hipkiss EL, Ravi 
S, Kowalski J, Levitsky HI et al: Role of LAG-3 in Regulatory T Cells. Immunity 
2004, 21(4):503-513. 

647. Koch K, Koch N, Sandaradura de Silva U, Jung N, Schulze zur Wiesch J, 
Fatkenheuer G, Hartmann P, Romerio F, Lehmann C: Increased Frequency of 
CD49b/LAG-3(+) Type 1 Regulatory T Cells in HIV-Infected Individuals. AIDS 
research and human retroviruses 2015, 31(12):1238-1246. 

648. Madamanchi A, Santoro SA, Zutter MM: alpha2beta1 Integrin. Adv Exp Med 
Biol 2014, 819:41-60. 

649. El Azreq MA, Arseneault C, Boisvert M, Page N, Allaeys I, Poubelle PE, Tessier 
PA, Aoudjit F: Cooperation between IL-7 Receptor and Integrin alpha2beta1 
(CD49b) Drives Th17-Mediated Bone Loss. J Immunol 2015, 195(9):4198-
4209. 

650. Tran DQ, Andersson J, Hardwick D, Bebris L, Illei GG, Shevach EM: Selective 
expression of latency-associated peptide (LAP) and IL-1 receptor type I/II 
(CD121a/CD121b) on activated human FOXP3+ regulatory T cells allows for 
their purification from expansion cultures. Blood 2009, 113(21):5125-5133. 

651. Hippen KL, Merkel SC, Schirm DK, Nelson C, Tennis NC, Riley JL, June CH, 
Miller JS, Wagner JE, Blazar BR: Generation and large-scale expansion of 



 337 

human inducible regulatory T cells that suppress graft-versus-host disease. 
American journal of transplantation : official journal of the American Society 
of Transplantation and the American Society of Transplant Surgeons 2011, 
11(6):1148-1157. 

652. Jie HB, Gildener-Leapman N, Li J, Srivastava RM, Gibson SP, Whiteside TL, 
Ferris RL: Intratumoral regulatory T cells upregulate immunosuppressive 
molecules in head and neck cancer patients. Br J Cancer 2013, 
109(10):2629-2635. 

653. Chen ML, Yan BS, Bando Y, Kuchroo VK, Weiner HL: Latency-associated 
peptide identifies a novel CD4+CD25+ regulatory T cell subset with 
TGFbeta-mediated function and enhanced suppression of experimental 
autoimmune encephalomyelitis. J Immunol 2008, 180(11):7327-7337. 

654. Gandhi R, Farez MF, Wang Y, Kozoriz D, Quintana FJ, Weiner HL: Cutting 
edge: human latency-associated peptide+ T cells: a novel regulatory T cell 
subset. Journal of immunology (Baltimore, Md : 1950) 2010, 184(9):4620-
4624. 

655. Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, Manning S, 
Greenfield EA, Coyle AJ, Sobel RA et al: Th1-specific cell surface protein Tim-
3 regulates macrophage activation and severity of an autoimmune disease. 
Nature 2002, 415:536. 

656. Meyers JH, Sabatos CA, Chakravarti S, Kuchroo VK: The TIM gene family 
regulates autoimmune and allergic diseases. Trends Mol Med 2005, 
11(8):362-369. 

657. Kuchroo VK, Umetsu DT, DeKruyff RH, Freeman GJ: The TIM gene family: 
emerging roles in immunity and disease. Nature Reviews Immunology 2003, 
3:454. 

658. Gautron AS, Dominguez-Villar M, de Marcken M, Hafler DA: Enhanced 
suppressor function of TIM-3+ FoxP3+ regulatory T cells. Eur J Immunol 
2014, 44(9):2703-2711. 

659. Sakuishi K, Ngiow SF, Sullivan JM, Teng MW, Kuchroo VK, Smyth MJ, 
Anderson AC: TIM3(+)FOXP3(+) regulatory T cells are tissue-specific 
promoters of T-cell dysfunction in cancer. Oncoimmunology 2013, 
2(4):e23849. 

660. Liu Z, McMichael EL, Shayan G, Li J, Chen K, Srivastava R, Kane LP, Lu B, Ferris 
RL: Novel Effector Phenotype of Tim-3(+) Regulatory T Cells Leads to 
Enhanced Suppressive Function in Head and Neck Cancer Patients. Clin 
Cancer Res 2018, 24(18):4529-4538. 

661. de Mingo Pulido Á, Gardner A, Hiebler S, Soliman H, Rugo HS, Krummel MF, 
Coussens LM, Ruffell B: TIM-3 Regulates CD103<sup>+</sup> Dendritic Cell 
Function and Response to Chemotherapy in Breast Cancer. Cancer Cell 
2018, 33(1):60-74.e66. 

662. Maurya N, Gujar R, Gupta M, Yadav V, Verma S, Sen P: Immunoregulation of 
Dendritic Cells by the Receptor T cell Ig and Mucin Protein-3 via Bruton’s 
Tyrosine Kinase and c-Src. The Journal of Immunology 2014, 193(7):3417. 

663. Hastings WD, Anderson DE, Kassam N, Koguchi K, Greenfield EA, Kent SC, 
Zheng XX, Strom TB, Hafler DA, Kuchroo VK: TIM-3 is Expressed on 



 338 

Activated Human CD4+ T Cells and Regulates Th1 and Th17 Cytokines. 
European journal of immunology 2009, 39(9):2492-2501. 

664. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC: 
Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and 
restore anti-tumor immunity. The Journal of Experimental Medicine 2010, 
207(10):2187-2194. 

665. Xu B, Yuan L, Gao Q, Yuan P, Zhao P, Yuan H, Fan H, Li T, Qin P, Han L et al: 
Circulating and tumor-infiltrating Tim-3 in patients with colorectal cancer. 
Oncotarget 2015, 6(24):20592-20603. 

666. Jie H-B, Srivastava RM, Argiris A, Bauman JE, Kane LP, Ferris RL: Increased 
PD-1(+) and TIM-3(+) TILs during cetuximab therapy inversely correlates 
with response in head and neck cancer patients. Cancer immunology 
research 2017, 5(5):408-416. 

667. Jones RB, Ndhlovu LC, Barbour JD, Sheth PM, Jha AR, Long BR, Wong JC, 
Satkunarajah M, Schweneker M, Chapman JM et al: Tim-3 expression 
defines a novel population of dysfunctional T cells with highly elevated 
frequencies in progressive HIV-1 infection. The Journal of Experimental 
Medicine 2008, 205(12):2763. 

668. Kassu A, Marcus RA, D'Souza MB, Kelly-McKnight EA, Golden-Mason L, 
Akkina R, Fontenot AP, Wilson CC, Palmer BE: Regulation of virus-specific 
CD4+ T cell function by multiple costimulatory receptors during chronic HIV 
infection. J Immunol 2010, 185(5):3007-3018. 

669. Golden-Mason L, Palmer BE, Kassam N, Townshend-Bulson L, Livingston S, 
McMahon BJ, Castelblanco N, Kuchroo V, Gretch DR, Rosen HR: Negative 
immune regulator Tim-3 is overexpressed on T cells in hepatitis C virus 
infection and its blockade rescues dysfunctional CD4+ and CD8+ T cells. 
Journal of virology 2009, 83(18):9122-9130. 

670. Zhu C, Sakuishi K, Xiao S, Sun Z, Zaghouani S, Gu G, Wang C, Tan DJ, Wu C, 
Rangachari M et al: An IL-27/NFIL3 signalling axis drives Tim-3 and IL-10 
expression and T-cell dysfunction. Nat Commun 2015, 6:6072. 

671. Balzano C, Buonavista N, Rouvier E, Golstein P: CTLA-4 and CD28: similar 
proteins, neighbouring genes. International journal of cancer Supplement = 
Journal international du cancer Supplement 1992, 7:28-32. 

672. Alegre M-L, Frauwirth KA, Thompson CB: T-cell regulation by CD28 and 
CTLA-4. Nature Reviews Immunology 2001, 1:220. 

673. Read S, Malmström V, Powrie F: Cytotoxic T Lymphocyte–Associated 
Antigen 4 Plays an Essential Role in the Function of 
Cd25&lt;sup&gt;+&lt;/sup&gt;Cd4&lt;sup&gt;+&lt;/sup&gt; Regulatory 
Cells That Control Intestinal Inflammation. The Journal of Experimental 
Medicine 2000, 192(2):295. 

674. Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, Mak TW, 
Sakaguchi S: Immunologic Self-Tolerance Maintained by 
Cd25&lt;sup&gt;+&lt;/sup&gt;Cd4&lt;sup&gt;+&lt;/sup&gt;Regulatory T 
Cells Constitutively Expressing Cytotoxic T Lymphocyte–Associated Antigen 
4. The Journal of Experimental Medicine 2000, 192(2):303. 



 339 

675. Jago CB, Yates J, Câmara NOS, Lechler RI, Lombardi G: Differential 
expression of CTLA-4 among T cell subsets. Clinical and experimental 
immunology 2004, 136(3):463-471. 

676. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, 
Nomura T, Sakaguchi S: CTLA-4 Control over 
Foxp3&lt;sup&gt;+&lt;/sup&gt; Regulatory T Cell Function. Science 2008, 
322(5899):271. 

677. Jain N, Nguyen H, Chambers C, Kang J: Dual function of CTLA-4 in regulatory 
T cells and conventional T cells to prevent multiorgan autoimmunity. 
Proceedings of the National Academy of Sciences 2010, 107(4):1524. 

678. Bacchetta R, Sartirana C, Levings MK, Bordignon C, Narula S, Roncarolo M-G: 
Growth and expansion of human T regulatory type 1 cells are independent 
from TCR activation but require exogenous cytokines. European Journal of 
Immunology 2002, 32(8):2237-2245. 

679. Pletinckx K, Vaeth M, Schneider T, Beyersdorf N, Hünig T, Berberich-Siebelt 
F, Lutz MB: Immature dendritic cells convert anergic nonregulatory T cells 
into Foxp3−IL-10+ regulatory T cells by engaging CD28 and CTLA-4. 
European Journal of Immunology 2014, 45(2):480-491. 

680. Okazaki T, Honjo T: The PD-1-PD-L pathway in immunological tolerance. 
Trends Immunol 2006, 27(4):195-201. 

681. Nishimura H, Nose M, Hiai H, Minato N, Honjo T: Development of lupus-like 
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM 
motif-carrying immunoreceptor. Immunity 1999, 11(2):141-151. 

682. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, 
White DE, Rosenberg SA: Tumor antigen-specific CD8 T cells infiltrating the 
tumor express high levels of PD-1 and are functionally impaired. Blood 
2009, 114(8):1537-1544. 

683. Fourcade J, Kudela P, Sun Z, Shen H, Land SR, Lenzner D, Guillaume P, 
Luescher IF, Sander C, Ferrone S et al: PD-1 is a regulator of NY-ESO-1-
specific CD8+ T cell expansion in melanoma patients. J Immunol 2009, 
182(9):5240-5249. 

684. Fourcade J, Sun Z, Benallaoua M, Guillaume P, Luescher IF, Sander C, 
Kirkwood JM, Kuchroo V, Zarour HM: Upregulation of Tim-3 and PD-1 
expression is associated with tumor antigen-specific CD8+ T cell 
dysfunction in melanoma patients. The Journal of experimental medicine 
2010, 207(10):2175-2186. 

685. Asano T, Kishi Y, Meguri Y, Yoshioka T, Iwamoto M, Maeda Y, Yagita H, 
Tanimoto M, Koreth J, Ritz J et al: PD-1 Signaling Has a Critical Role in 
Maintaining Regulatory T Cell Homeostasis; Implication for Treg Depletion 
Therapy By PD-1 Blockade. Blood 2015, 126(23):848. 

686. Asano T, Meguri Y, Yoshioka T, Kishi Y, Iwamoto M, Nakamura M, Sando Y, 
Yagita H, Koreth J, Kim HT et al: PD-1 modulates regulatory T-cell 
homeostasis during low-dose interleukin-2 therapy. Blood 2017, 
129(15):2186-2197. 

687. Sambucci M, Gargano F, De Rosa V, De Bardi M, Picozza M, Placido R, 
Ruggieri S, Capone A, Gasperini C, Matarese G et al: FoxP3 isoforms and PD-



 340 

1 expression by T regulatory cells in multiple sclerosis. Scientific Reports 
2018, 8(1):3674. 

688. White AM, Wraith DC: Tr1-Like T Cells - An Enigmatic Regulatory T Cell 
Lineage. Frontiers in immunology 2016, 7:355-355. 

689. Fontenot JD, Gavin MA, Rudensky AY: Foxp3 programs the development 
and function of CD4+CD25+ regulatory T cells. Nature Immunology 2003, 
4:330. 

690. Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG, Rudensky AY: 
Regulatory T cell lineage specification by the forkhead transcription factor 
foxp3. Immunity 2005, 22(3):329-341. 

691. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, 
Kelly TE, Saulsbury FT, Chance PF, Ochs HD: The immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by 
mutations of FOXP3. Nature Genetics 2001, 27:20. 

692. Wang J, Ioan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE: Transient 
expression of FOXP3 in human activated nonregulatory CD4+ T cells. Eur J 
Immunol 2007, 37(1):129-138. 

693. Davidson TS, DiPaolo RJ, Andersson J, Shevach EM: Cutting Edge: IL-2 Is 
Essential for TGF-β-Mediated Induction of Foxp3<sup>+</sup> T 
Regulatory Cells. The Journal of Immunology 2007, 178(7):4022. 

694. Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martínez-Llordella M, 
Ashby M, Nakayama M, Rosenthal W, Bluestone JA: Instability of the 
transcription factor Foxp3 leads to the generation of pathogenic memory T 
cells in vivo. Nature Immunology 2009, 10:1000. 

695. Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti J, Hissong BD, 
Nguyen BV, Gadina M, Sher A, Paul WE et al: T-bet is rapidly induced by 
interferon-γ in lymphoid and myeloid cells. Proceedings of the National 
Academy of Sciences 2001, 98(26):15137. 

696. Zhu J, Jankovic D, Oler Andrew J, Wei G, Sharma S, Hu G, Guo L, Yagi R, 
Yamane H, Punkosdy G et al: The Transcription Factor T-bet Is Induced by 
Multiple Pathways and Prevents an Endogenous Th2 Cell Program during 
Th1 Cell Responses. Immunity 2012, 37(4):660-673. 

697. Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, Murphy TL, 
Murphy KM: T-bet is a STAT1-induced regulator of IL-12R expression in 
naïve CD4+ T cells. Nature Immunology 2002, 3:549. 

698. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH: A Novel 
Transcription Factor, T-bet, Directs Th1 Lineage Commitment. Cell 2000, 
100(6):655-669. 

699. Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP, Glimcher LH: 
Distinct Effects of T-bet in T<sub>H</sub>1 Lineage Commitment and IFN-γ 
Production in CD4 and CD8 T Cells. Science 2002, 295(5553):338. 

700. Placek K, Gasparian S, Coffre M, Maiella S, Sechet E, Bianchi E, Rogge L: 
Integration of distinct intracellular signaling pathways at distal regulatory 
elements directs T-bet expression in human CD4+ T cells. J Immunol 2009, 
183(12):7743-7751. 



 341 

701. Zheng W, Flavell RA: The transcription factor GATA-3 is necessary and 
sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 1997, 
89(4):587-596. 

702. Pai S-Y, Truitt ML, Ho IC: GATA-3 deficiency abrogates the development and 
maintenance of T helper type 2 cells. Proc Natl Acad Sci U S A 2004, 
101(7):1993-1998. 

703. Zhu J, Min B, Hu-Li J, Watson CJ, Grinberg A, Wang Q, Killeen N, Urban JF, Jr., 
Guo L, Paul WE: Conditional deletion of Gata3 shows its essential function 
in T(H)1-T(H)2 responses. Nat Immunol 2004, 5(11):1157-1165. 

704. Labastie MC, Cortes F, Romeo PH, Dulac C, Peault B: Molecular identity of 
hematopoietic precursor cells emerging in the human embryo. Blood 1998, 
92(10):3624-3635. 

705. Mouthon MA, Bernard O, Mitjavila MT, Romeo PH, Vainchenker W, 
Mathieu-Mahul D: Expression of tal-1 and GATA-binding proteins during 
human hematopoiesis. Blood 1993, 81(3):647-655. 

706. Ho IC, Tai T-S, Pai S-Y: GATA3 and the T-cell lineage: essential functions 
before and after T-helper-2-cell differentiation. Nature reviews 
Immunology 2009, 9(2):125-135. 

707. Ho IC, Vorhees P, Marin N, Oakley BK, Tsai SF, Orkin SH, Leiden JM: Human 
GATA-3: a lineage-restricted transcription factor that regulates the 
expression of the T cell receptor alpha gene. Embo j 1991, 10(5):1187-1192. 

708. Zhang DH, Cohn L, Ray P, Bottomly K, Ray A: Transcription factor GATA-3 is 
differentially expressed in murine Th1 and Th2 cells and controls Th2-
specific expression of the interleukin-5 gene. J Biol Chem 1997, 
272(34):21597-21603. 

709. Kishikawa H, Sun J, Choi A, Miaw SC, Ho IC: The cell type-specific expression 
of the murine IL-13 gene is regulated by GATA-3. J Immunol 2001, 
167(8):4414-4420. 

710. Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F: Interleukins 
1beta and 6 but not transforming growth factor-beta are essential for the 
differentiation of interleukin 17-producing human T helper cells. Nat 
Immunol 2007, 8(9):942-949. 

711. Manel N, Unutmaz D, Littman DR: The differentiation of human T(H)-17 
cells requires transforming growth factor-beta and induction of the nuclear 
receptor RORgammat. Nat Immunol 2008, 9(6):641-649. 

712. Nistala K, Adams S, Cambrook H, Ursu S, Olivito B, de Jager W, Evans JG, 
Cimaz R, Bajaj-Elliott M, Wedderburn LR: Th17 plasticity in human 
autoimmune arthritis is driven by the inflammatory environment. Proc 
Natl Acad Sci U S A 2010, 107(33):14751-14756. 

713. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, Ahlfors H, Wilhelm 
C, Tolaini M, Menzel U et al: Fate mapping of IL-17-producing T cells in 
inflammatory responses. Nat Immunol 2011, 12(3):255-263. 

714. Yang BH, Hagemann S, Mamareli P, Lauer U, Hoffmann U, Beckstette M, 
Fohse L, Prinz I, Pezoldt J, Suerbaum S et al: Foxp3(+) T cells expressing 
RORgammat represent a stable regulatory T-cell effector lineage with 
enhanced suppressive capacity during intestinal inflammation. Mucosal 
Immunol 2016, 9(2):444-457. 



 342 

715. Thornton AM, Korty PE, Tran DQ, Wohlfert EA, Murray PE, Belkaid Y, 
Shevach EM: Expression of Helios, an Ikaros transcription factor family 
member, differentiates thymic-derived from peripherally induced Foxp3+ T 
regulatory cells. Journal of immunology (Baltimore, Md : 1950) 2010, 
184(7):3433-3441. 

716. Himmel ME, MacDonald KG, Garcia RV, Steiner TS, Levings MK: Helios+ and 
Helios- cells coexist within the natural FOXP3+ T regulatory cell subset in 
humans. J Immunol 2013, 190(5):2001-2008. 

717. Sebastian M, Lopez-Ocasio M, Metidji A, Rieder SA, Shevach EM, Thornton 
AM: Helios Controls a Limited Subset of Regulatory T Cell Functions. The 
Journal of Immunology 2016, 196(1):144. 

718. Akimova T, Beier UH, Wang L, Levine MH, Hancock WW: Helios expression is 
a marker of T cell activation and proliferation. PLoS One 2011, 6(8):e24226. 

719. Ho IC, Hodge MR, Rooney JW, Glimcher LH: The proto-oncogene c-maf is 
responsible for tissue-specific expression of interleukin-4. Cell 1996, 
85(7):973-983. 

720. Ho IC, Lo D, Glimcher LH: c-maf Promotes T Helper Cell Type 2 (Th2) and 
Attenuates Th1 Differentiation by Both Interleukin 4–dependent and –
independent Mechanisms. The Journal of Experimental Medicine 1998, 
188(10):1859. 

721. Hwang ES, White IA, Ho IC: An IL-4-independent and CD25-mediated 
function of c-maf in promoting the production of Th2 cytokines. 
Proceedings of the National Academy of Sciences 2002, 99(20):13026. 

722. Kroenke MA, Eto D, Locci M, Cho M, Davidson T, Haddad EK, Crotty S: Bcl6 
and Maf cooperate to instruct human follicular helper CD4 T cell 
differentiation. J Immunol 2012, 188(8):3734-3744. 

723. Andris F, Denanglaire S, Anciaux M, Hercor M, Hussein H, Leo O: The 
Transcription Factor c-Maf Promotes the Differentiation of Follicular 
Helper T Cells. 2017, 8(480). 

724. Bauquet AT, Jin H, Paterson AM, Mitsdoerffer M, Ho IC, Sharpe AH, Kuchroo 
VK: The costimulatory molecule ICOS regulates the expression of c-Maf and 
IL-21 in the development of follicular T helper cells and TH-17 cells. Nature 
Immunology 2008, 10:167. 

725. Pot C, Jin H, Awasthi A, Liu SM, Lai C-Y, Madan R, Sharpe AH, Karp CL, Miaw 
S-C, Ho IC et al: Cutting edge: IL-27 induces the transcription factor c-Maf, 
cytokine IL-21, and the costimulatory receptor ICOS that coordinately act 
together to promote differentiation of IL-10-producing Tr1 cells. Journal of 
immunology (Baltimore, Md : 1950) 2009, 183(2):797-801. 

726. Xu J, Yang Y, Qiu G, Lal G, Wu Z, Levy DE, Ochando JC, Bromberg JS, Ding Y: c-
Maf Regulates IL-10 Expression during Th17 Polarization. The Journal of 
Immunology 2009, 182(10):6226. 

727. Chang K-K, Liu L-B, Jin L-P, Zhang B, Mei J, Li H, Wei C-Y, Zhou W-J, Zhu X-Y, 
Shao J et al: IL-27 triggers IL-10 production in Th17 cells via a c-
Maf/RORγt/Blimp-1 signal to promote the progression of endometriosis. 
Cell Death &Amp; Disease 2017, 8:e2666. 

728. Aschenbrenner D, Foglierini M, Jarrossay D, Hu D, Weiner HL, Kuchroo VK, 
Lanzavecchia A, Notarbartolo S, Sallusto F: An immunoregulatory and 



 343 

tissue-residency program modulated by c-MAF in human TH17 cells. 
Nature Immunology 2018, 19(10):1126-1136. 

729. Gabryšová L, Alvarez-Martinez M, Luisier R, Cox LS, Sodenkamp J, Hosking C, 
Pérez-Mazliah D, Whicher C, Kannan Y, Potempa K et al: c-Maf controls 
immune responses by regulating disease-specific gene networks and 
repressing IL-2 in CD4+ T cells. Nature Immunology 2018, 19(5):497-507. 

730. Neumann C, Heinrich F, Neumann K, Junghans V, Mashreghi M-F, Ahlers J, 
Janke M, Rudolph C, Mockel-Tenbrinck N, Kühl AA et al: Role of Blimp-1 in 
programing Th effector cells into IL-10 producers. The Journal of 
Experimental Medicine 2014, 211(9):1807. 

731. Apetoh L, Quintana FJ, Pot C, Joller N, Xiao S, Kumar D, Burns EJ, Sherr DH, 
Weiner HL, Kuchroo VK: The aryl hydrocarbon receptor interacts with c-Maf 
to promote the differentiation of type 1 regulatory T cells induced by IL-27. 
Nature Immunology 2010, 11:854. 

732. Pot C, Apetoh L, Awasthi A, Kuchroo VK: Molecular pathways in the 
induction of interleukin-27-driven regulatory type 1 cells. Journal of 
interferon & cytokine research : the official journal of the International 
Society for Interferon and Cytokine Research 2010, 30(6):381-388. 

733. Cao S, Liu J, Song L, Ma X: The protooncogene c-Maf is an essential 
transcription factor for IL-10 gene expression in macrophages. J Immunol 
2005, 174(6):3484-3492. 

734. Saraiva M, Christensen JR, Veldhoen M, Murphy TL, Murphy KM, O'Garra A: 
Interleukin-10 production by Th1 cells requires interleukin-12-induced 
STAT4 transcription factor and ERK MAP kinase activation by high antigen 
dose. Immunity 2009, 31(2):209-219. 

735. Locafaro G, Andolfi G, Russo F, Cesana L, Spinelli A, Camisa B, Ciceri F, 
Lombardo A, Bondanza A, Roncarolo MG et al: IL-10-Engineered Human 
CD4(+) Tr1 Cells Eliminate Myeloid Leukemia in an HLA Class I-Dependent 
Mechanism. Molecular therapy : the journal of the American Society of Gene 
Therapy 2017, 25(10):2254-2269. 

736. Price JD, Schaumburg J, Sandin C, Atkinson JP, Lindahl G, Kemper C: 
Induction of a regulatory phenotype in human CD4+ T cells by 
streptococcal M protein. J Immunol 2005, 175(2):677-684. 

737. Song Z, Zhang T, Li G, Tang Y, Luo Y, Yu G: Tr1 responses are elevated in 
asymptomatic H. pylori-infected individuals and are functionally impaired 
in H. pylori-gastric cancer patients. Experimental Cell Research 2018, 
367(2):251-256. 

738. Aggarwal S, Ghilardi N, Xie M-H, de Sauvage FJ, Gurney AL: Interleukin-23 
Promotes a Distinct CD4 T Cell Activation State Characterized by the 
Production of Interleukin-17. Journal of Biological Chemistry 2003, 
278(3):1910-1914. 

739. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, 
Weaver CT: Interleukin 17–producing CD4+ effector T cells develop via a 
lineage distinct from the T helper type 1 and 2 lineages. Nature 
Immunology 2005, 6:1123. 

740. Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y, Pappu BP, Shah B, 
Chang SH, Schluns KS, Watowich SS et al: Molecular antagonism and 



 344 

plasticity of regulatory and inflammatory T cell programs. Immunity 2008, 
29(1):44-56. 

741. Ivanov, II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, Cua DJ, 
Littman DR: The orphan nuclear receptor RORgammat directs the 
differentiation program of proinflammatory IL-17+ T helper cells. Cell 2006, 
126(6):1121-1133. 

742. Schmitt E, Klein M, Bopp T: Th9 cells, new players in adaptive immunity. 
Trends in Immunology 2014, 35(2):61-68. 

743. Xu L, Kitani A, Fuss I, Strober W: Cutting edge: regulatory T cells induce 
CD4+CD25-Foxp3- T cells or are self-induced to become Th17 cells in the 
absence of exogenous TGF-beta. J Immunol 2007, 178(11):6725-6729. 

744. Hall Aisling OH, Beiting Daniel P, Tato C, John B, Oldenhove G, Lombana 
Claudia G, Pritchard Gretchen H, Silver Jonathan S, Bouladoux N, Stumhofer 
Jason S et al: The Cytokines Interleukin 27 and Interferon-γ Promote 
Distinct Treg Cell Populations Required to Limit Infection-Induced 
Pathology. Immunity 2012, 37(3):511-523. 

745. Azuara V, Perry P, Sauer S, Spivakov M, Jorgensen HF, John RM, Gouti M, 
Casanova M, Warnes G, Merkenschlager M et al: Chromatin signatures of 
pluripotent cell lines. Nature cell biology 2006, 8(5):532-538. 

746. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, Fry B, 
Meissner A, Wernig M, Plath K et al: A bivalent chromatin structure marks 
key developmental genes in embryonic stem cells. Cell 2006, 125(2):315-
326. 

747. Fang D, Zhu J: Dynamic balance between master transcription factors 
determines the fates and functions of CD4 T cell and innate lymphoid cell 
subsets. The Journal of Experimental Medicine 2017. 

748. Oldenhove G, Bouladoux N, Wohlfert EA, Hall JA, Chou D, Dos santos L, 
O'Brien S, Blank R, Lamb E, Natarajan S et al: Decrease of 
Foxp3<sup>+</sup> Treg Cell Number and Acquisition of Effector Cell 
Phenotype during Lethal Infection. Immunity 2009, 31(5):772-786. 

749. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, Ahlfors H, Wilhelm 
C, Tolaini M, Menzel U et al: Fate mapping of IL-17-producing T cells in 
inflammatory responses. Nature immunology 2011, 12(3):255-263. 

750. Boniface K, Blumenschein WM, Brovont-Porth K, McGeachy MJ, Basham B, 
Desai B, Pierce R, McClanahan TK, Sadekova S, de Waal Malefyt R: Human 
Th17 cells comprise heterogeneous subsets including IFN-gamma-
producing cells with distinct properties from the Th1 lineage. J Immunol 
2010, 185(1):679-687. 

751. Magombedze G, Reddy PBJ, Eda S, Ganusov VV: Cellular and population 
plasticity of helper CD4(+) T cell responses. Frontiers in physiology 2013, 
4:206-206. 

752. Vinuesa CG, Linterman MA, Yu D, MacLennan ICM: Follicular Helper T Cells. 
Annual review of immunology 2016, 34(1):335-368. 

753. Fink PJ: The biology of recent thymic emigrants. Annual review of 
immunology 2013, 31:31-50. 

754. Haines CJ, Giffon TD, Lu L-S, Lu X, Tessier-Lavigne M, Ross DT, Lewis DB: 
Human CD4+ T cell recent thymic emigrants are identified by protein 



 345 

tyrosine kinase 7 and have reduced immune function. The Journal of 
experimental medicine 2009, 206(2):275-285. 

755. Kimmig S, Przybylski GK, Schmidt CA, Laurisch K, Möwes B, Radbruch A, Thiel 
A: Two Subsets of Naive T Helper Cells with Distinct T Cell Receptor 
Excision Circle Content in Human Adult Peripheral Blood. The Journal of 
Experimental Medicine 2002, 195(6):789. 

756. Legembre P, Daburon S, Moreau P, Moreau J-F, Taupin J-L: Cutting Edge: 
Modulation of Fas-Mediated Apoptosis by Lipid Rafts in T Lymphocytes. 
The Journal of Immunology 2006, 176(2):716. 

757. Andres PG, Howland KC, Dresnek D, Edmondson S, Abbas AK, Krummel MF: 
CD28 Signals in the Immature Immunological Synapse. The Journal of 
Immunology 2004, 172(10):5880. 

758. Xavier R, Brennan T, Li Q, McCormack C, Seed B: Membrane 
Compartmentation Is Required for Efficient T Cell Activation. Immunity 
1998, 8(6):723-732. 

759. Viola A, Schroeder S, Sakakibara Y, Lanzavecchia A: T Lymphocyte 
Costimulation Mediated by Reorganization of Membrane Microdomains. 
Science 1999, 283(5402):680. 

760. Kupfer A, Singer SJ: Cell biology of cytotoxic and helper T cell functions: 
immunofluorescence microscopic studies of single cells and cell couples. 
Annual review of immunology 1989, 7:309-337. 

761. Rosenblum MD, Gratz IK, Paw JS, Lee K, Marshak-Rothstein A, Abbas AK: 
Response to self antigen imprints regulatory memory in tissues. Nature 
2011, 480(7378):538-542. 

762. Lathrop SK, Santacruz NA, Pham D, Luo J, Hsieh CS: Antigen-specific 
peripheral shaping of the natural regulatory T cell population. J Exp Med 
2008, 205(13):3105-3117. 

763. Luban S, Li ZG: Citrullinated peptide and its relevance to rheumatoid 
arthritis: an update. International journal of rheumatic diseases 2010, 
13(4):284-287. 

764. Ponsford M, Mazza G, Coad J, Campbell MJ, Zajicek J, Wraith DC: Differential 
responses of CD45+ve T-cell subsets to MBP in multiple sclerosis. Clin Exp 
Immunol 2001, 124(2):315-322. 

765. Semple K, Nguyen A, Yu Y, Wang H, Anasetti C, Yu X-Z: Strong CD28 
costimulation suppresses induction of regulatory T cells from naive 
precursors through Lck signaling. Blood 2011, 117(11):3096-3103. 

766. Gottschalk RA, Corse E, Allison JP: TCR ligand density and affinity determine 
peripheral induction of Foxp3 in vivo. The Journal of experimental medicine 
2010, 207(8):1701-1711. 

767. Sadreev II, Chen MZQ, Umezawa Y, Biktashev VN, Kemper C, Salakhieva DV, 
Welsh GI, Kotov NV: The competitive nature of signal transducer and 
activator of transcription complex formation drives phenotype switching 
of T cells. Immunology 2017, 153(4):488-501. 

768. Krausgruber T, Schiering C, Adelmann K, Harrison OJ, Chomka A, Pearson C, 
Ahern PP, Shale M, Oukka M, Powrie F: T-bet is a key modulator of IL-23-
driven pathogenic CD4+ T cell responses in the intestine. Nature 
Communications 2016, 7:11627. 



 346 

769. Anderson PO, Manzo BA, Sundstedt A, Minaee S, Symonds A, Khalid S, 
Rodriguez-Cabezas ME, Nicolson K, Li S, Wraith DC et al: Persistent antigenic 
stimulation alters the transcription program in T cells, resulting in antigen-
specific tolerance. European Journal of Immunology 2006, 36(6):1374-1385. 

770. Zhu Y, Yao S, Chen L: Cell Surface Signaling Molecules in the Control of 
Immune Responses: A Tide Model. Immunity 2011, 34(4):466-478. 

771. García-Valladares I, Atisha-Fregoso Y, Richaud-Patin Y, Jakez-Ocampo J, Soto-
Vega E, Elías-López D, Carrillo-Maravilla E, Cabiedes J, Ruiz-Argüelles A, 
Llorente L: Diminished expression of complement regulatory proteins 
(CD55 and CD59) in lymphocytes from systemic lupus erythematosus 
patients with lymphopenia. Lupus 2006, 15(9):600-605. 

772. Liu J, Miwa T, Hilliard B, Chen Y, Lambris JD, Wells AD, Song W-C: The 
complement inhibitory protein DAF (CD55) suppresses T cell immunity in 
vivo. The Journal of experimental medicine 2005, 201(4):567-577. 

773. Li Q, Huang D, Nacion K, Bu H, Lin F: Augmenting DAF levels in vivo 
ameliorates experimental autoimmune encephalomyelitis. Mol Immunol 
2009, 46(15):2885-2891. 

774. An F, Li Q, Tu Z, Bu H, Chan C-C, Caspi RR, Lin F: Role of DAF in protecting 
against T-cell autoreactivity that leads to experimental autoimmune 
uveitis. Investigative ophthalmology & visual science 2009, 50(8):3778-3782. 

775. Miwa T, Maldonado MA, Zhou L, Sun X, Luo HY, Cai D, Werth VP, Madaio 
MP, Eisenberg RA, Song WC: Deletion of decay-accelerating factor (CD55) 
exacerbates autoimmune disease development in MRL/lpr mice. Am J 
Pathol 2002, 161(3):1077-1086. 

776. Bergmann C, Strauss L, Wang Y, Szczepanski MJ, Lang S, Johnson JT, 
Whiteside TL: T regulatory type 1 cells in squamous cell carcinoma of the 
head and neck: mechanisms of suppression and expansion in advanced 
disease. Clin Cancer Res 2008, 14(12):3706-3715. 

 


	1 Chapter 1: Introduction
	1.1 Immune system
	1.2 Immune homeostasis and immune tolerance
	1.3 T-cell
	1.3.1 Ontogeny of T-cells
	1.3.2 Different T-cells subsets depending on the activation state
	1.3.2.1 Naïve T-cells
	1.3.2.2 Effector T-cells
	1.3.2.3 Central Memory T-cells (TCM cells)
	1.3.2.4 Effector memory T-cells
	1.3.2.5 Terminally differentiated effector memory cells re‐expressing CD45RA (TEMRA) T-cells


	1.4 Different subsets of T-cells
	1.4.1 CD4+ T-cells
	1.4.2 CD8+ T-cells
	1.4.3 (( T-cells
	1.4.4 Natural Killer T-cells (NKT cells)
	1.4.5 Mucosal associated invariant T-cells (MAIT)
	1.4.6 Natural regulatory T-cells (nTreg)

	1.5 Different CD4+ T-cell subsets
	1.5.1 T Helper 1 (Th1) cells
	1.5.2 T Helper 2 (Th2) cells
	1.5.3 Th3 cells
	1.5.4  Th9 cells
	1.5.5 Th17 cells
	1.5.6  Th22 cells
	1.5.7 Follicular helper T-cells (TFH)
	1.5.8 Regulatory T-cells
	1.5.8.1 Natural regulatory T-cells
	1.5.8.2 Inducible regulatory T-cells


	1.6 Differentiation of CD4 T-cells
	1.6.1 The “Three Signal Model” of T-cell differentiation
	1.6.2 Antigen presentation by Dendritic cells
	1.6.3 The role of alternate costimulatory molecules in the induction of Tr1 cells
	1.6.4 T-cell plasticity

	1.7 The role of CD55 and CD97 in T-cell immunity
	1.8 Role of regulatory T-cells in Multiple Sclerosis (MS)
	1.9 The effect of immune-modulators  on pro-inflammatory and anti-inflammatory cytokine    production by T-cells
	1.10 Hypothesis and aim

	2 Chapter 2: Materials and Methods
	2.1 Ethics and Donors
	2.2 Isolation of T-cells
	2.2.1 Isolation of Peripheral Blood Mononuclear Cells (PBMCs)
	2.2.2 Determining the number of isolated cells
	2.2.3 Isolation of Naïve CD4+ T-cells
	2.2.4 Isolation of total CD4+ T-cells

	2.3 In vitro culture of isolated Naïve CD4+ T-cells
	2.3.1 Cell culture media
	2.3.2 Preparing antibody coated plate for cell     stimulation
	2.3.3 Cell culture conditions
	2.3.4 Primary and secondary cell stimulation

	2.4 Immune-modulators
	2.5 Cell proliferation assays and Cell cycle analysis
	2.5.1 Cell labelling with CellTrace™ Violet (CTV)
	2.5.2 Thymidine incorporation assay
	2.5.3 Cell cycle analysis by Propidium staining

	2.6 Isolation of Dendritic cell (DC) and DC : T-cell co-culture experiment
	2.6.1 Isolation of CD14+ monocytes and generation of Monocyte Derived Dendritic Cells (moDC)
	2.6.2 Isolation of CD1c+ Dendritic cells
	2.6.3 DC : T-cell co-culture experiments

	2.7 Evaluation of cytokine production
	2.7.1 Cytokine Secretion Assay (CSA)
	2.7.2 Enzyme-linked Immunosorbent Assay (ELISA)

	2.8 Flow cytometry to study the expression of various markers
	2.8.1 Extra-cellular staining for cell surface markers
	2.8.2 Intra-cellular staining for Transcription factors

	2.9 Data analysis
	2.9.1 ELISA data analysis
	2.9.2 Statistical Analysis
	2.9.3 Flow cytometry data analysis

	2.10 Gating strategy for analysing Flow Cytometry data
	2.10.1 Analysis of Cytokine Secretion Assay
	2.10.2 Analysis of Extracellular and Intracellular staining of cells
	2.10.3 Analysis of Cell proliferation assay


	3 Chapter 3: The comparative effect of CD55 and CD28 co-stimulation on the differentiation of Naïve CD4+ T-cells and IL-10 production
	3.1 Introduction:
	3.2 Results:
	3.2.1 Isolation of Naïve CD4+ T-cells from PBMCs and evaluation of the enriched cells
	3.2.2 The comparative effect of CD3/CD55 and CD3/CD28 co-stimulation on IL-10 production
	3.2.3 Inhibition of CD55 costimulation mediated IL-10 production by CD28 costimulatory signal
	3.2.4 The comparative effect of CD3/CD55 and CD3/CD28 co-stimulation on IFN-( production
	3.2.5 Dose dependent effect of CD55 and CD28 costimulation on CD4+ T-cell proliferation

	3.3 Discussion:

	4 Chapter 4: The effect of CD55-CD97 interaction between Dendritic Cells and T-cells on the induction of IL-10+ Tr1 cells
	4.1 Introduction:
	4.2 Results:
	4.2.1 Generation of Monocyte Derived Dendritic Cells from CD14+ monocytes and characterising the phenotype:
	4.2.2 Determination of CD97 expression by Monocyte Derived dendritic cells (moDCs)
	4.2.3 The effect of CD97-CD55 interaction between Dendritic cell and CD4 T-cells on the induction of IL-10+ Tr1 cells

	4.3 Discussion:

	5 Chapter 5: Effect of different immune-modulators on CD3/CD55 mediated IL-10 production
	5.1 Introduction
	5.2 Results:
	5.2.1 MS patients produce lower level of IL-10 in response to CD3/CD55 stimulation:
	5.2.2 Dose dependent effect of immune-modulators on CD3/CD55 mediated IL-10 production
	5.2.3 Immune-modulators suppress IFN-( production in CD3/CD55 activated cells:
	5.2.4 Immune-modulators preferentially elevate IL-10 production following CD3/CD55 stimulation:
	5.2.5 Immune-modulators exert their effect by inducing IL-10+ Tr1 cells and suppressing IFN-(+ cells
	5.2.6 The effect of immune-modulators on the cell cycle of the CD3/CD55 stimulated cells:
	5.2.7 Evaluation of the effect of immune-modulators on the proliferation of CD3/CD55 stimulated cells using Thymidine Incorporation Assay
	5.2.8 Determining the proliferative response of CD3/CD55 induced IL-10+ Tr1 cells in presence of immune-modulators
	5.2.9 Immune modulators have a lasting effect on Tr1 differentiation, through multiple rounds of stimulation

	5.3 Discussion:

	6 Chapter 6: The effect of immune modulators on the phenotype of CD3/CD55 induced IL-10+ Tr1 cells
	6.1 Introduction:
	6.2 Results:
	6.2.1 Expression of Tr1-associated markers by CD3/CD55 induced IL-10+cells
	6.2.1.1 CD226
	6.2.1.2 LAG-3
	6.2.1.3 CD49b
	6.2.1.4 LAP
	6.2.1.5 TIM-3
	6.2.1.6 CTLA-4
	6.2.1.7 PD-1

	6.2.2 Transcription Factor expression by CD3/CD55 induced IL-10+-like cells
	6.2.2.1 FoxP3
	6.2.2.2 T-bet
	6.2.2.3 GATA-3
	6.2.2.4 ROR(t
	6.2.2.5 HELIOS
	6.2.2.6 c-MAF
	6.2.2.7 c-MAF expression on primary and secondary restimulation with CD3/CD55 and during cell divisions

	6.2.3 The evaluation of cytotoxicity potential of CD3/CD55 induced IL-10+ Tr1 cells
	6.2.3.1 Granzyme-B
	6.2.3.2 Perforin


	6.3 Discussion:

	7 Chapter 7: Discussion and future work
	8 References:

