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Ágrip 

CD4+ T stýrifrumur (Tst) gegna mikilvægu hlutverki í viðhaldi á eðlilegu ónæmissvari og koma 

í veg fyrir virkjun ónæmiskerfisins gegn eigin vef. Tst er skipt í náttúrulegar (nTst) og afleiddar 

(aTst) og eru flokkarnir óaðgreinanlegir út frá svipgerð en sérhæfing og virkni þeirra er 

mismunandi. nTst þroskast í hóstakirtli en aTst þrostkast út frá óreyndum T frumum í nærveru 

TGF-β1 og IL-2. Þær eru taldar gegna hlutverki við bælingu á ónæmissvari, en ekki er vitað á 

hvaða hátt þær miðla bælingunni. Ljóst er að hlutur ósértæka ónæmiskerfisins í meingerð 

sjálfsofnæmissjúkdóma er meiri en menn töldu, en þáttur þess í sérhæfingu og virkni CD4+ 

Tst er óljós. 

Markmið okkar var að meta áhrif bólgumiðlandi boðefna frá ósértæka ónæmiskerfinu á 

sérhæfingu og virkni CD4+ aTst úr mönnum. 

Tilraunirnar voru framkvæmdar á T frumum úr mönnum. Óreyndar T frumur (CD4+CD25-) 

voru einangraðar og virkjaðar með anti-CD3 og ræktaðar með IL-2 og TGF-β með eða án 

bólgumiðlandi boðefnanna IL-1β og TNFα í fimm daga. Svipgerð aTst var skilgreind sem 

CD4+CD127-CD25highFoxP3hight og metin með flæðifrumusjá. Til að meta getu aTst til að bæla 

fjölgun heilkjarna blóðfrumna voru aTst ræktaðar með CFSE lituðum heilkjarna blóðfrumum 

og Epstein-Barr sýktum B frumum húðuðum með súperantigenum. 

Flestar CD4+ aTst sérhæfðust í nærveru IL-2 og TGF-β1. Bólgumiðlandi boðefnin IL-1β og 

TNFα höfðu marktækt bælandi áhrif á sérhæfingu aTst in vitro. Sýnt var fram á að aTst höfðu 

bælivirkni ex vivo og hafði bælivirkni þeirra jákvæða fylgni við fjölda aTst. Bælivirkni aTst var 

hömluð í nærveru IL-1β og TNFα. Niðurstöður okkar sýndu einnig að aTst miðla ekki 

bælilvirkni sinni í gegnum losun á IL-10 eða IL-35 en hugsanlega gegnum seytun á IL-2. 
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Abstract 

Regulatory CD4+ T cells (TRegs) are one of the key elements of peripheral tolerance and 

suppression of autoimmune diseases. They are divided into two classes; central natural TRegs 

(nTRegs) and peripherally induced TRegs (iTRegs) which are phenotypically indistinguishable but 

differ regarding their differentiation and function. nTRegs develop in the thymus but iTRegs 

require the presence of IL-2 and TGF-β to be induced. They are thought to have a 

suppressive function but their mechanism of suppression is unknown. It has been revealed 

that the innate immune system plays a significant role in the immunopathology of 

autoimmunity. However, its part in differentiation and function of human CD4+ iTRegs is still 

unclear. 

The aim of this study was to evaluate the role of pro-inflammatory cytokines of the innate 

immune response on the differentiation and function of human induced TRegs. 

All experiments were conducted on human T cells isolated from adult peripheral blood. 

Naïve T cells (CD4+CD25-) were isolated and stimulated with anti-CD3 and cultured in the 

presence of IL-2 and TGF-β with or without the pro-inflammatory cytokines IL-1β and TNFα 

for five days. The phenotype of iTRegs was defined as CD4+CD127-CD25highFoxP3high and they 

were analysed with flow cytometry. To detect their capacity to suppress PBMC’s proliferation, 

iTRegs were co-cultured with CFSE labelled PBMC’s and Epstein-Barr infected B cells pulsed 

with superantigens. 

We found that the highest fraction of ex vivo differentiated CD4+ iTRegs was dependent on 

the presence of both IL-2 and TGF-β1. The pro-inflammatory cytokines IL-1β and TNFα were 

also demonstrated to significantly inhibit TGF-β1 induced TReg differentiation in vitro. The 

TGF-β induced TRegs showed strong suppressive function ex vivo and their suppressive 

function correlated positively with their numbers in culture. This suppressive capacity of the 

iTRegs was contained in the presence of IL-1β and TNFα. Our results showed that the iTRegs 

did not mediate their suppression through secretion of IL-10 or IL-36 but possibly through IL-

2 secretion. 
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1 Background 

 The immune system 1.1

The human body faces many dangers. Among those are pathogens; bacteria, fungi, 

protozoa, helminths and viruses, who invade and attack. As a protection against those 

trespassers, the body has developed a complex defence mechanism, our immune system.  

The immune system is made up of a variety of cells and molecules. In vertebrates, it is 

divided in two; the innate and adaptive immune system. The innate immune system is 

activated when the pathogen enters the body and is the first line of defence. It provides an 

immediate, nonspecific response against the invader. Cells of the innate system recognise 

conserved molecular structures, called pathogen-associated molecular patterns (PAMPs) 

through corresponding patter recognition receptors (PRRs) (reviewed in 1). The PAMPs are 

present on many infectious microorganisms, but not on the body’s own cells. This enables 

the innate system to successfully distinguish between the pathogen (non-self) from the 

body’s cells and molecules (self). If the innate system fails to eliminate the infection, the 

adaptive immune system is called into action. 

 Adaptive immune system 1.2

The adaptive immune system is activated when the innate system fails to eliminate a 

pathogen and provides a specific response. The response takes days to develop and 

provides a lifetime of defence against the pathogens that trigger its activation. This is made 

possible with immunological memory, the most prominent attribute of the adaptive immune 

system. The adaptive system is constantly developing and depends mostly on highly specific 

pathogen recognition, provided by lymphocytes. 

Lymphocytes are divided into B cells, T cells and natural killer (NK) cells, all developed 

from the common lymphoid precursor (CLP). However, only T cells (thymus cells) and B cells 

(bursa-derived cells) are considered to be the main cellular components of the adaptive 

immune system. They both identify and react to an antigen in a specific manner but differ in 

their manner of recognition and response. The B cells recognise the antigen through binding 

of an epitope to the B cell receptor (BCR), an immunoglobulin (Ig) structure bound to the B 

cell surface. The B cell response is through the secretion of the BCR and is dependent upon 

help from T cells. When a B cell binds and identifies an antigen, it goes through a process 

called clonal expansion and develops into a plasma cell. The plasma cell is an activated B 

cell and divides rapidly and secretes its BCRs. In the soluble form the BCRs are known as 

antibodies. They are secreted in large quantities and strike the pathogen in an antigen-

specific manner. 
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What distinguishes the adaptive immune response from the innate is the specific 

recognition and response to a pathogen. This is made possible by the highly variable 

lymphocyte receptor expression. Each lymphocyte carries antigen receptors which recognise 

a specific chemical structure. Because of the genetic procedure conducted during 

lymphocyte development, there are millions of different lymphocytes circulating through the 

body and are able to recognise and respond to different antigens. 

 Human T cells 1.3

As all blood cells, the human T cell originates in the bone marrow from a pluripotent 

hematopoietic stem cell (HSC). The HSC differentiates into myeloid and lymphocyte 

precursors (reviewed in 2). The lymphocyte precursor is directed to become a T cell through 

Notch signalling. It has been speculated that the T and B cell precursors can be identified as 

a CD34+ cells expressing terminal deoxynucleotidyl transferase (TdT) and CD10 (reviewed in 

2). The CD34 expression decreases upon further differentiation (3, 4). 

The T cell precursor CD34+CD1a- travels to the thymus (5) where T cell development 

takes place, however it has been indicated that the T cell precursor is not committed to the T 

cell lineage before the cell migrates into the thymus (6). Thymus homing is thought to be 

regulated by CCR7, CCR9 and P selectin glycoprotein ligand 1 (PSGL-1) in mice (7-10). It 

has been suggested that CD10 plays a role in thymic homing in humans (11). In thymus, the 

cells undergo a process of gene rearrangement, proliferation and differentiation affected by 

various factors, including IL-7 (12). The different stages of T cell development can be tracked 

by CD3, CD4 and CD8 expression. First, the triple negative CD4-CD8-CD3- cells up-regulate 

CD4 on the cell surface and become CD4+ immature single positive cells. At this timepoint 

the cells can still develop into two lineages of T cells, α:β and the γ:δ. The α:β lineage 

undergoes further development into CD4+CD8+ double-positive T cells. These thymocytes 

express low levels of the T cell receptor (TCR) CD3. They live for 3-4 days and are sent to 

programmed cell death unless rescued by engagement of the TCR in a process called 

positive selection through binding to self:MHC molecules where self-peptides are presented 

via protein complex called major histocompatibility complex (MHC). Most of the double 

positive T cells show no recognition with self-peptide:self-MHC complexes and undergo 

apoptosis or ‘death by neglect’ because their TCR could not recognize the self MHC 

molecules. If the TCR engages self MHC molecules the cells receives a survival signal and 

differentiate into functionally mature class II vs class I recognising CD4+ or CD8+ single 

positive T cells which express TCRs in high levels. The single-positive T cells undergo 

further development in the negative selection stage where the cells that recognize self-

peptides too strongly undergo apoptosis to eliminate possible self-reactive cells. 98% of 

lymphocytes entering the thymus are eliminated through apoptosis in the developmental 
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stages. The remaining 2% leave the thymus and enter the blood stream as naïve T cells 

(reviewed in 13-15). 

 Differentiation of T effector cells 1.3.1

Naïve human T cells are primarily located in secondary lymphoid organs (Peyer’s patches, 

lymph nodes and spleen). They are activated when presented with a specific antigen that 

they recognise by their TCR and a second signal provided by appropriate co-stimulatory 

molecules. The co-stimulatory signals are delivered by the CD28:B7 family of co-stimulatory 

molecules. The B7-1 and B7-2 ligands (also called CD80 and CD86) are expressed on 

antigen presenting cells (APCs) and bind to the CD28 co-stimulatory receptors on the T cell 

(16, 17). The binding promotes T cell proliferation and differentiation through enhanced IL-2 

production and introduce survival signals for the T cells. The antigen is presented to the T 

cell via MHC on the APC. The CD8+ T cells are presented with antigen through MHC class I. 

When activated, they differentiate into CD8 cytotoxic T cells and target virus infected cells 

and tumour cells. The CD4+ T cells recognise MHC class II loaded with the specific antigenic 

peptides and when activated differentiate into a number of different effector cells. 

 Regulatory T cells 1.4

 From the beginning 1.4.1

In 1976-77 the hypothesis of a suppressor T cell was published in two papers (18, 19). 

However, it wasn’t until 1995 that the phenotype of the T cell subset was presented by 

Sakaguchi et al. (20). They described the suppressive T cells to be CD4+ and to express 

CD25+, IL-2 receptor alpha chain, and the depletion of this population led to autoimmune 

disease development in mice. In addition, the deleterious effects could be prevented by 

administration of CD4+CD25+ T cells. Six years later, human CD4+CD25+ TRegs were 

described (21). 

 Differentiation of CD4+ regulatory T cells 1.4.2

CD4+CD25+ TRegs constitute 5-10% of peripheral CD4+ cells in both mice and humans. A part 

of the population originates in the thymus. This population is currently known as natural 

regulatory T cells (nTRegs). 

The nTRegs arise in the thymus in early stages of human fetal development and mature 

during the negative selection phase (22). In contrast to other self-reactive T cells which are 

eliminated at this stage, the nTRegs survive despite their TCRs recognition of self-

peptide:MHC complexes. This difference in survival might be explained by the stronger 

binding of the self-ligands to the TCRs derived from nTRegs than the CD25- T cells (23). The 

self-reactive nTRegs express the transcription factor FoxP3 and acquire a selective survival 
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advantage. The TCR signalling also requires co-stimulation through CD28 receptor for the 

FoxP3 induction and nTReg cell lineage commitment. This is supported by the noticeable 

decrease seen in nTReg frequencies in CD28-deficient and CD80-86 deficient mice (24, 25). 

In addition to TCR stimulation, the FoxP3 induction requires numerous additional signalling, 

including NF-кB (26) and PI3K signalling (27). Upon thymic maturation, the nTRegs are 

exported to the periphery where they prevent autoimmune responses in collaboration with a 

TReg population known as induced regulatory T cells (iTRegs). 

iTRegs are developed in the periphery from mature conventional CD4+ T cells. Whereas the 

nTReg differentiation involves interactions with self-peptide:MHC complexes, the differentiation 

of the iTRegs in the periphery likely occurs in response to non-self-antigens (28). These iTRegs 

have passed the negative selection phase and are therefore not responsive towards self-

antigens expressed in the thymus. Besides TCR signalling, other factors appear to effect the 

iTReg differentiation. CD28 and cytotoxic T lymphocyte-associated protein-4 (CTLA-4) are 

homologs and both bind B7. CTLA-4 has been shown to play a role in TGF-β1 mediated 

FoxP3 induction (29). The role of CD28 in this regard is controversial. Studies have revealed 

a positive (30) and negative (31) effect of CD28 upon FoxP3 expression. However, the 

presence of TGF-β1 and IL-2 has numerous times been shown to be essential for the FoxP3 

induction by murine iTRegs (32, 33) in the periphery and by human iTRegs in vitro (34, 35). In 

spite of this, it is uncertain how iTRegs are induced and maintained in the periphery in vivo. 

Although there is a clear distinction between nTRegs and iTRegs differentiation, their 

phenotype is similar. Both are characterised by low CD127 (IL-7 receptor α chain) surface 

expression, high CD25 (IL-2 receptor α chain) expression and stable expression of FoxP3. 

CD127 is down-regulated after human T cell activation. However, unlike memory and effector 

T cells, its re-expression does not occur in FoxP3+ T cells and they remain CD127- (36). 

Although CD25 is considered to be a marker for TRegs, it is also expressed on recently 

activated non-regulatory T cells. Therefore it is impossible to use as a specific marker. In 

addition, it has been suggested that, unlike in the mouse, only human T cell subsets 

expressing the highest levels of CD25 (CD25hi) have in vitro suppressive activity (21). Stable 

expression of the transcription factor FoxP3 in mice is found in CD4+CD25+ TRegs but not in 

naïve CD25- or activated CD4+ T cells. Also, FoxP3 expression is known to be vital for the 

development and function of TRegs in mice and is the most reliable marker known for TRegs. 

Retroviral transfer of the FoxP3 gene into CD4+CD25- T cells from the periphery bestows 

regulatory surface phenotype and suppressive function (37, 38). However, FoxP3 can be up-

regulated by conventional T (Tconv) cells in humans upon TCR stimulation, without conferring 

regulatory activity (39, 40). Nevertheless, its expression is vital and mutation of the FoxP3 

gene in humans causes deficiency or dysfunction of CD4+CD25+ TRegs resulting in an 
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autoimmune disease named immune dysregulation, polyendocrinopathy, enteropathy, X-

linked (IPEX) syndrome (41). To this date, no marker has been found to be TReg specific and 

therefore, the combination of these markers (CD25, CD127 and FoxP3) is often used to 

distinguish TRegs from other effector T cells. 

Other markers expressed by TRegs are CD28, adhesion molecules CD62L, CTLA-4 and 

chemokine receptors CCR7, CXCR4 and CCR9 (42). In addition CD103 has been shown to 

be expressed by FoxP3+ TRegs in humans (43). CD103 is the alpha chain of the adhesion 

molecule αEβ7 integrin and binds E cadherin on epithelial cells. Its expression by T cells can 

be induced by TGF-β1 (44) and has been associated with regulatory function (43, 45). 

 TReg function 1.4.3

Information regarding the role of TRegs in immune regulation is steadily piling up. However, 

much remains to be seen regarding their mechanisms of suppression. In vitro model systems 

have pinpointed numerous molecules and processes that participate in the TReg suppression. 

Nevertheless, it remains unclear whether any of these studies shed light on how TReg function 

in vivo. 

It has been suggested that human TReg suppress responder T cells through cytolysis. 

Human CD4+CD25+FoxP3+ TRegs have been shown to express granzyme B as a result of 

CD3 and CD46 stimulation and terminate target cells through a cell-contact dependent 

mechanism (46). This has been confirmed in murine studies, where TRegs destroy target cells 

with granzyme B-dependent mechanisms and those TRegs that are granzyme B deficient 

show decreased suppressive activity in vitro (47). These studies have been confirmed by in 

vivo studies where granzyme B was essential for TRegs-dependent long-lived skin graft 

tolerance and in TReg mediated suppression of tumour clearance (48, 49). 

Another mechanism that has been proposed is a cytokine-mediated suppression. Several 

cytokines have been implicated including IL-10 and IL-35. IL-10 is often referred to as an 

anti-inflammatory cytokine. It is primarily produced and secreted by monocytes, TH2 cells and 

TRegs. Even though IL-10 has been found to have no role in human CD4+CD25+ TReg function 

in vitro (50, 51), it has been implicated to induce suppression through conversion of 

conventional T cells to T regulatory cells in humans (51). Also, it has been shown to be 

essential to keep immune responses in check at environmental interfaces, for example in 

colon and lungs (52). IL-35 is another candidate for TReg mediated suppression. IL-35 is a 

member of the IL-12 heterodimeric cytokine family and is composed of IL-12α (also known as 

p35) and Epstein-Barr virus-induced gene 3 (Ebi3 or IL-27β) which are encoded by two 

genes, IL12A and EBI3 (53). FoxP3 depletion has been shown to result in down-regulation of 

EBI3 which suggests that EBI3 is a target gene for FoxP3. Also IL-35 has been shown to be 

constitutively expressed by mouse CD4+CD25+FoxP3+ TRegs and IL12A and EBI3 mRNA 
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have been observed to be up-regulated in mouse TRegs (54). Also TRegs from EBI3-/- and 

IL12A-/- mice have decreased capacity to suppress in vitro and were less effective than wild 

type TRegs to cure inflammatory bowel disease (IBD) in mice (54). Despite the convincing 

evidence for the role of IL-35 in TRegs in mice, its relevance in human TRegs is controversial. 

Bardel et al. demonstrated that human T cells, including CD4+CD25+FoxP3+ TRegs do not 

express EBI3 and are therefore unable to express IL-35 (55). Although IL12A mRNA was 

detected in T effector cells and TRegs, EBI3 mRNA was detected only in T effector cells but 

not in resting or activated TRegs. A more recent study has revealed a significant up-regulation 

of IL12A and EBI3 in human TRegs compared with conventional T cells. They also showed that 

human TRegs not only express IL-35 but also require it for their suppressive function (56). 

Finally, they presented that the suppression of TRegs led to the conversion of suppressed Tconv 

cells into iTr35 cells, a population of IL-35 induced TRegs. 

A limited part of the knowledge of the TReg function comes from the study of human TRegs. 

In addition to the mechanisms mentioned above, the study of TReg function in mice is more 

comprehensive and can be used to broaden our understanding of the suppressive function of 

TRegs. CTLA-4 is a well-known molecule expressed on the surface of T cells and restrains 

their response through binding of B7-1 and B7-2. In mouse models with a selective deletion 

of CTLA-4, it has been shown to be essential for the suppressive function of TRegs in vitro and 

in vivo (57, 58). The basis for this suppressive function has been suggested to be the 

prevention of B7-1 and B7-2 expression by TRegs which prevents dendritic cells to activate 

naïve T cells through CD28 and results in inhibition of the immune response (reviewed in 

59). Other surface molecules that have been implicated in the TReg mediated suppression in 

mice are CD39 and CD73. Both ectoenzymes are highly expressed by TRegs. CD39 

hydrolyses extracellular ATP/ADP to AMP. Since extracellular ATP is an indicator of tissue 

destruction, this process may contribute to the anti-inflammatory mechanism used by TRegs. 

Also, CD73 dephosphorylates AMP to adenosine which inhibits effector T cell proliferation 

(60). Another cell surface molecule that plays a potential role in TReg mediated suppression is 

LAG-3. It is a CD4 homolog, which binds to MHC class II molecules with high affinity. This 

binding of a MHC molecule on immature dendritic cells through LAG-3 suppresses dendritic 

cell maturation and co-stimulatory capacity (61). Finally the secretion of Galectin-1, a β-

galactoside binding protein, has been shown to play a role in cell cycle arrest and apoptosis 

of Tconv in mice. It is unclear whether Galectin-1 mediates its effects via contact-dependent 

mechanisms or as a soluble cytokine. Its blocking has been reported to substantially reduce 

the inhibitory effects of CD4+CD25+ T cells in human and mice (62). 

It should be noted that none of the aforementioned mechanisms can singly account for 

TReg mediated control of immunity. TRegs mediated suppression can involve various 
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mechanisms and its function depends partly on the nature of their environment and the 

molecules involved. A few molecules play a key role in the induction and the suppressive 

function of TRegs and for that reason; their part will be specifically discussed in the following 

sections. 

1.4.3.1 TGF-β1 

TGF-β is a pluripotent cytokine and exists in three homologous isoforms, TGF-β1, TGF-β2 

and TGF-β3 encoded by different genes with TGF-β1 being the most dominant isoform (63). 

TGF-β is synthesized as an inactive prepro-TGF-β precursor with a propeptide region and a 

TGF-β homodimer. The mature TGF-β homodimer is synthesized through proteolytic 

processes and is non-covalently associated with Latency Associated Protein (LAP) to form a 

small complex called Small Latent Complex (SLC). The SLC cannot be secreted unless 

bound to a protein called Latent TGF-β Binding Protein (LTBP) and together they form the 

Large Latent Complex (LLC) which is important for targeting TGF-β to the extracellular matrix 

(64). However, TGF-β is inactive in this latent form and needs additional stimuli to be 

liberated from LAP and LTBP in order to become activated and bind to its receptors. The 

mechanisms of activation are unclear in vivo but can be attained with extreme pH, heat or 

proteases in vitro (64). Activated TGF-β can mediate its biological function as a soluble 

cytokine or in a cell-cell contact dependent mechanism as a surface-bound molecule. 

Signalling is mediated through transmembrane serine/threonine kinase receptors, mostly 

ALK5 (TGFβRI) and TGF-β receptor II (TGFβRII). Active TGF-β1 binds to TGFβRII with high 

affinity and activates a tetramer complex, consisting of TGFβRII and ALK5 (reviewed in 65). 

This initiates downstream signalling, where ALK5 phosphorylates Smad proteins 2 and 3 

which travel into the nucleus and regulate transcription of target genes (65, 66). Studies have 

also demonstrated TGF-β signalling through Smad-independent pathways, involving Ras, 

Rho, MAPK and PI3K (67). 
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Figure 1: TGF-β induction, activation and signalling pathway. 

 

TGF-β1 plays a significant role in the regulation of the immune system. It keeps in check 

unnecessary activation of the immune system while encouraging a vigorous response when 

needed. Among many roles of TGF-β1, it plays a part in the generation of TRegs. Nakamura et 

al. detected in 2001 the presence of TGF-β1 on the surface of CD25+ T cells and showed 

that neutralizing TGF-β1 antibodies blocked the suppression by TRegs (68). However, this was 

questioned by a study performed by Piccirillo et al. in 2002, where they failed to show a role 

for TGF-β1 in TReg suppressive function. Soluble TGFβRII and anti-TGF-β1 were also unable 

to inhibit suppression (69). More recent studies have shown that TGF-β is essential for the 

induction of FoxP3+ TRegs in vitro and in vivo and therefore the induction of peripherally 

induced TRegs (28, 34). The role of TGF-β1 in this process has been investigated in vitro and 

was shown to reduce the sensitivity to strong stimulation through the TCR (70). This widens 

the range of TCR stimulation over which conversion to FoxP3+ TRegs can occur and allows for 

FoxP3 induction at higher concentrations of peptides. TGF-β has also been proposed to 

regulate iTReg differentiation through repression of Gfi-1, a transcriptional repressor that 

inhibits the differentiation of iTRegs and TH17 cells (71). The transcription factors Smad3 and 

NFAT have also been proposed to be a part of the mechanism behind TGF-β induction of 

FoxP3 (reviewed in 72). One study suggests that TGF-β together with TCR signals induces 

FoxP3 in part by opposing cell cycle-dependent Dnmt1 recruitment to the FoxP3 locus and 
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thus opposing its inactivation (73). Consistent with the in vitro findings, neutralizing TGF-β 

was shown to inhibit the differentiation of FoxP3+ iTRegs (74). Despite recent observations, 

much remains unknown concerning the role of TGF-β in TReg differentiation and function. 

Nevertheless, most studies agree that IL-2 is essential for the TGF-β1 induced FoxP3 

expression and iTReg induction (33, 34). 

1.4.3.2 IL-2 

IL-2 is a pleiotropic cytokine that plays a pivotal role in the immune response. It is best 

known as a T cell growth factor, inducer of T cell proliferation and modulator of effector cell 

differentiation. It is known to drive TReg development but the requirement for IL-2 is different 

between thymus-derived nTRegs and peripherally induced iTRegs. 

CD4+CD25+ thymocytes from IL-2 deficient mice were found to express normal amounts 

of FoxP3 mRNA (75). Also, neutralization of IL-2 results in a substantial reduction of FoxP3 

expression in the mouse spleen but not in the thymus (76). Therefore, it can be assumed that 

IL-2 is not necessary for the induction of FoxP3+ nTRegs. In spite of this, IL-2 appears to be 

vital for iTReg cell generation and homeostasis. IL-2 neutralization and deletion of IL-2 in T 

cells has shown it to be required for in vitro FoxP3 induction and suppressive function of 

iTRegs (32). IL-2 mediates its signalling through the transcription factor STAT5 which binds to 

the FoxP3 gene and induces FoxP3 expression (reviewed in 77). 

Many potential mechanisms behind the suppressive function of TRegs have been 

previously identified. Additionally, IL-2 has been suggested to affect the suppressive capacity 

of TRegs. Studies have demonstrated that TRegs inhibit the induction of IL-2 mRNA in 

responder T cells and thereby mediate suppression (78, 79). What is more, in mice, IL-2 has 

been shown to be vital for the homeostasis of iTRegs in vivo (80) and suppressive function in 

vitro (81). It has been proposed that TRegs mediate their suppressive activity by competing 

with FoxP3- T cells for IL-2 and thus inhibiting their proliferation (82). On the other hand, the 

blocking of IL-2 binding has been shown to have no effect on the function of human TRegs 

(83). 

1.4.3.3 FoxP3 

The transcription factor FoxP3 is the most stable marker of TRegs to date. Moreover, it is a 

significant regulator of their proliferation, differentiation, suppressive function and the 

repression of alternative T cell differentiation pathways. About 20-30% of FoxP3 dependent-

genes are controlled directly by FoxP3. Those include transcription factors and microRNA 

(miRNAs) and FoxP3 is known to both  up-regulate and repress gene expression (84). 

NFAT is a transcription factor that regulates T cell activation and anergy by forming a 

complex with AP-1. In mice, FoxP3 has been shown to mediate TReg function through NFAT 

inhibition and is suggested to compete with AP-1 to form NFAT:FoxP3 complexes. This 
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recruitment of FoxP3 instead of AP-1 results in induction of T cell tolerance instead of T cell 

activation (85). 

MicroRNAs (miRNAs) are newly discovered, small (19~25 nt), noncoding ribonucleic acids 

(RNAs). They regulate genome expression and are key regulators of various biological 

processes (86, 87). Changes in the expression of specific miRNAs have been associated 

with T cell mediated immune responses and CD4+ T cells have been found to express 

different miRNAs subsets that are linked to cell differentiation, maturation, activation and 

function (88). The biogenesis of miRNAs is catalysed by the RNases Drosha and Dicer (89). 

Conditional deletion of Drosha or Dicer has been observed in FoxP3+ regulatory T cell 

lineages in mice. The knockout mice developed a similar wasting disease to that observed in 

FoxP3-knockout mice which implicates miRNAs as being essential for TReg function (90, 91). 

miR-155 is highly expressed in TRegs and has been identified as a direct target of Foxp3 (89). 

It has also been observed that fewer TRegs are present in the thymus and the peripheral 

lymphoid tissues in miR-155 knockout mice (89). The up-regulation of miR-155 through 

FoxP3 is essential for heightened responsiveness of TRegs to IL-2 (92). miR-146a has recently 

been shown to be prevalently expressed in TRegs in mice and to be crucial for their 

suppressor function in vivo. It keeps in check undue activation of STAT1 in TRegs and 

therefore regulates TH1-mediated pathology and prevents TRegs from changing into IFN-γ-

producing TH1 cells (93). 

In addition to the mechanisms mentioned above, FoxP3 prevents differentiation of TReg 

precursors into Teff cells. FoxP3 regulates expression of numerous genes in non-regulatory T 

cells resulting in production of proteins that hinder the cells activation. Simultaneously FoxP3 

has been suggested to repress genes that generally promote immune responses in naïve 

and effector T cells (reviewed in 94). As an example, FoxP3 mediates suppression of IL-17, 

a cytokine produced by TH17 cells. The repression results from alteration in the 

transcriptional regulation of RORγ, a transcription factor that is currently used as a marker for 

TH17 cells (95). 

Taken together, these studies demonstrate how FoxP3 can affect TReg differentiation and 

function in various ways. Recent evidence suggests that the FoxP3 mode of regulation can 

be tailored to shape a particular immune response, and is not a universal program. The 

interaction between FoxP3 and the transcription factors IRF4, T-bet and STAT3 is a good 

example. IRF4 is necessary for differentiation of TH2 effector cells. If it forms a complex with 

FoxP3, the involved TRegs are granted an ability to suppress TH2 responses (96). Likewise, T-

bet is essential for TH1 differentiation. When expressed in TRegs, it enables them to express 

CXCR3, a regulator of trafficking that is preferentially expressed on TH1 cells. This enables 

the TRegs to migrate and accumulate at sites of TH1 responses (97). STAT3 is required for 
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stimulation of TH17 cells. Selective deletion of STAT3 in TRegs has been shown to result in 

unrestrained TH17 immune response (98). These studies clearly demonstrate that not only 

FoxP3, but also the transcription factors involved in TH cell development are imperative for 

TReg function and encourage a tissue-specific response. 

 Regulating the regulators – the effects of pro-inflammatory 1.5
cytokines on TRegs  

Cytokines are small soluble molecules that mediate interactions between cells. They are 

secreted by numerous cells and bind to specific receptors on target cells. Cytokines partake 

in the innate and adaptive immune response and participate in most immune cell processes 

including activation, differentiation, migration, development and survival. They are an 

important factor in the inflammatory response and its resolution and can be grouped into pro-

inflammatory (IL-1, IL-6, TNFα) and anti-inflammatory (IL-2, IL-10, TGF-β) cytokines 

depending on their function (99). 

Pro-inflammatory cytokines are not generated constitutively. Their secretion is tightly 

regulated by the transcription factor NFкB (100) and provoked in the presence of harmful 

agents or tissue damage. 

 Regulatory T cells and TNFα 1.5.1

Tumor necrosis factor α or TNFα is a key cytokine in the initiation and coordination of the 

events involved in inflammation (reviewed in 101). TNFα is generated chiefly by 

macrophages and monocytes but can be produced by other cell types including T cells, 

dendritic cells, B cells and NK cells. It is produced as a transmembrane protein (mTNFα) that 

can be cleaved by TNFα converting enzyme (TACE) to release a soluble form (sTNFα) (102). 

Both forms of TNFα are biologically active. TNFα binds to two receptors, TNFRI and TNFRII. 

Both receptors can also be secreted and neutralize the action of TNFα. sTNFα binds 

preferentially to TNFRI and mTNFα to TNRII. TNFRI is the primary receptor and is 

constitutively expressed by almost all cell types. It contains an intracellular death domain and 

generally induces apoptosis through a caspase-3 dependent pathway (reviewed in 101, 103, 

104). TNFRII is inducible and its expression is more limited. In contrast to TNFRI binding, 

TNFRII activation promotes cell survival and proliferation through a NFкB pathway (reviewed 

in 105). 

The success of TNFα antagonist therapy in treatment of rheumatoid arthritis (RA) in 

humans is evident in a large number of patients (106, 107). TNFα has also been shown to 

exert its effects in other diseases, including psoriasis, Crohn’s disease and multiple sclerosis 

(108-111). Recent evidence suggests that TNFα is also capable of anti-inflammatory effects. 

In murine models, exogenous injections of TNFα have been reported to decrease severity of 
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lupus and type 1 diabetes (112, 113). In humans, a few cases have been reported where 

anti-TNFα therapy for RA resulted in the induction of lupus-like syndrome. Also, anti-TNFα 

for treatment of psoriasis caused an exacerbation of the disease in a few cases (114). 

The efficacy of anti-TNFα treatment in RA has been associated with restored numbers 

and function of TRegs (107, 115). Peripheral blood TRegs from RA patients have been reported 

to have decreased suppressive activity compared to controls (116). This deficiency of TReg 

function in RA patients has been associated with diminished FoxP3 expression and 

increased TNFRII expression (117). Therefore it has been concluded that binding of TNFα to 

TNFRII on TReg surface results in decreased FoxP3 expression in RA patients (117). This is 

supported by a study demonstrating that mTNFα on TRegs  is linked to severe RA disease 

activity (118). 

A significant number of RA patients do not respond to anti-TNFα treatment, indicating that 

TNFα is not consistently associated with reduced TRegs numbers and function (114). Kleijwegt 

et al. have demonstrated positive effects of TNFα on the induction of human TRegs in vitro 

(119). It has also been reported that TNFα expanded and enhanced the suppressive function 

of murine TRegs (120). In contrast, it has been reported that TNFα negatively regulated the 

induction of TRegs in vitro (107, 121) and Valencia et al. demonstrated that TNFα negatively 

affected the FoxP3 expression and suppressive function of human TRegs in vitro (117). In light 

of these findings, there seems to be some controversy regarding the effects of TNFα upon 

TRegs. We have previously speculated that these contradictory effects are dose and time 

dependent (manuscript submitted). 

 Regulatory T cells and IL-1β 1.5.2

Interleukin (IL)-1β is one of three ligands that make up the IL-1 family. It is produced by a 

number of cells including monocytes, macrophages, neutrophils and hepatocytes. It is 

synthesized in the cytoplasm and processed and secreted by a mechanism that involves IL-

1β-converting enzyme or ICE, otherwise known as caspase-1 (reviewed in 122). Two signals 

seem to be necessary for IL-1β to be released from human monocytes. The first is a Toll-like 

receptor (TLR) mediated induction of transcription and the second signal is an induction of 

IL-1β processing and secretion which is induced through Nod-like receptors (NLR) (reviewed 

in 122). IL-1β mediates pro-inflammatory responses through NFкB pathway (123) and 

initiates the generation of pro-inflammatory mediators such as IL-6 and granulocyte 

macrophage-colony stimulating factor (GM-CSF) (reviewed in 124). Besides its role in 

inflammation, IL-1β is involved in cell proliferation, differentiation and apoptosis. It 

participates in the pathogenesis of inflammatory diseases and a number of autoimmune 

diseases are associated with high levels of IL-1β (125, 126). In mice, IL-1β is known to 

enhance proliferation of conventional T cells (127), and enhance expansion of FoxP3+ TRegs 
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(128). In contrast, IL-1β has been shown to negatively regulate or switch the phenotype of 

TRegs (129) and IRAK-/- mice (lacking functional IL-1 signalling) have higher numbers of TRegs 

compared to wild type mice (130). Thus, the role of IL-1β signalling in mice is debatable and 

few studies have reported its effects in human iTReg differentiation. 

 Other regulators of immune responses 1.6

Although CD4+CD127-CD25+FoxP3+ TRegs play a substantial role in the control of immune 

responses, they are not the only regulators in the immune system. Numerous factors 

contribute to the regulation of the immune response and it is necessary consider all of them if 

you want to get a full picture of the process. 

Other T cell populations have displayed regulatory function. Among those are inducible 

CD8+ T cells which do not arise naturally in the thymus but are induced under diverse 

conditions. They have been shown to play a role in multiple sclerosis (MS) (131) where they 

eliminate CD4+ pathogenic cells and have been implicated in a therapeutic immune 

regulation (132). In addition, CD8+ regulatory T cells participate in the anti-tumour response 

in mouse lungs where their depletion in vivo resulted in a decrease in lung tumours but 

increased subcutaneous tumour growth (reviewed in 133). γδ T cells are a subset of T cells 

that express a TCR composed of a γ chain and a δ chain. They do not recognize antigens 

that are associated with MHC molecules like the αβ TCR. Instead they recognise their target 

antigens directly. These cells reside within the epithelia and contribute to the mucosal 

tolerance (134). They have also been found to be suppressive and to regulate autoimmunity 

(reviewed in 135). 

T cells are not the only lymphocytes to regulate immune responses. A subset of B cells 

exhibits regulatory activity in mouse and humans and is referred to as regulatory B cells 

(BRegs). Their regulatory capacity has been established in a number of mouse models of 

autoimmune diseases. Those include collagen-induced arthritis, experimental autoimmune 

encephalitis, diabetes and inflammatory bowel disease (IBD) (reviewed in 136, 137). BRegs 

act primarily on T-cells, B-cells and NK cells. They regulate through secretion of IL-10, TGF-

β and anti-inflammatory antibodies (138-140) and through cell-cell interactions (141). A 

specific subtype of BRegs, named B10 cells have been characterised in mice as CD1dhiCD5+ 

B cells that are responsible for most, if not all, IL-10 production by B cells. B10 cells are 

present in spleen and are able to suppress the proliferation of T cells and T-cell dependent 

inflammatory responses in vivo (141). Another mechanism suggested for BReg regulation is 

the generation of regulatory T cells or NK cells. They have been shown to inhibit the 

progression of colitis in an IBD mouse model through the expansion of NK T cells and T cells 

(142). 
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Besides functioning as APC’s, the dendritic cells serve other roles, including regulation. 

They express high levels of CD80 and CD86 and stimulate the differentiation of CD4+ T cells 

through IL-10 production. IL-10 suppresses the IL-12 production by the dendritic cells and 

increases the production of IL-4 by T cells or increases the expansion of TRegs (143). 

In addition to the regulatory immune cells mentioned above, other factors partake in the 

regulation of the immune system. These include cytokines, signalling pathways, previously 

discussed miRNAs, co-stimulation, neutrophils and numerous others that have not been 

mentioned. Each of these factors contributes to the regulation of the immune system and 

together with TRegs they coordinate the immune response. 

 TRegs in health and diseases 1.7

Regulatory T cells have a unique ability to regulate immune responses. This provides them 

with means to prevent autoimmune diseases, immunopathology and allergy. In addition, they 

allow protective anti-tumour and anti-pathogen immune responses but inhibit damaging 

responses to self-antigens. However, TRegs have also been known to suppress antitumor 

immune responses and favour tumour progression. 

Autoimmune diseases are initiated when tolerance breaks down. The importance of TRegs 

in preventing this breakdown is clear as both human and murine knock-outs of TRegs develop 

severe autoimmune diseases. This is clearly displayed in the patients with IPEX syndrome, 

suffering from a genetic deficiency of FoxP3 (41) and the scurfy mouse (144). Defects in 

regulatory T cells have also been described in patients with MS, psoriasis, type 1 diabetes 

and rheumatoid arthritis (reviewed in 145). 

TRegs regulate allergen-specific responses in numerous ways. They regulate the allergen-

induced proliferation and cytokine production of TH1 and TH2 cells (reviewed in 146) and 

suppress the antigen-presenting cells that support the generation of effector TH2 and TH1 

cells. This is mediated through IL-10 secretion which down-regulates the expression of MHC 

and co-stimulatory molecules (147). Furthermore, TRegs indirectly suppress the inflammatory 

functions of mast cells, basophils and eosinophils which are dependent on TH2 cells for 

priming and activity (148). 

TRegs are present in many solid tumours in humans and have been linked with both a 

positive and negative outcome in patients (reviewed in 149). Inflammation often develops 

alongside tumours. TRegs benefit the host by containing the suppression, nevertheless TReg 

can also benefit the tumour by suppressing the functions of immune effector cells (reviewed 

in 150). The accumulation of TRegs in cancer is often associated with poor prognosis (151). 

This is not surprising as they have been shown to reduce the cytotoxic immune response by 

suppressing the activity of CD8+ T cells and the NK cells (reviewed in 149, 150). On the other 
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hand, this is not always the case. The density and infiltration of FoxP3+ TRegs have been 

positively correlated with improved prognosis and survival (152, 153). 

Immunological tolerance is when the immune system does not take a course of action 

against an antigen. Tolerance exists in three forms, namely central tolerance, peripheral 

tolerance and acquired tolerance. Here, the focus will be on peripheral and acquired 

tolerance. Regulatory T cells have a fundamental role in controlling tolerance to self- or 

foreign antigens. The importance of tolerance is clearly displayed in transplantation. TRegs 

have been shown to be vital for grafts acceptance. This is confirmed in patients transplanted 

with lung, liver or kidney grafts (reviewed in 137). TRegs are also responsible for suppression 

at mucosal sites. In oral tolerance, this is mainly mediated by TGF-β production which 

regulates immune responses on T cells, B cells, NK cells, macrophages and dendritic cells in 

an antigen independent manner (reviewed in 154). However, TRegs can have negative effects 

on the mucosal immunity as TGF-β can lead to differentiation to TH17 cells and thus 

suppress the differentiation of TRegs (reviewed in 155). It is clear that TRegs play an essential 

regulatory role in homeostasis control. They can act in a protective or a harmful manner or 

both. 

 Regulatory T cells – clinical applications 1.7.1

After regulatory T cells were established as key molecules in immune homeostasis, they 

became the focus of intense research for adoptive immunotherapy. TRegs have been tested in 

mouse models where TReg transfer were effective in prevention and treatment of 

inflammatory and autoimmune diseases (20, reviewed in 156). They have also been shown 

to deliver functional and specific regulation in preclinical animal models in vivo (reviewed in 

157). Some difficulties must be overcome before TRegs can be used in immunotherapy. TReg 

count in circulation is rather low as they represent 5-10% of peripheral blood CD4+ T cells. 

This entails that after isolation, the population needs to be expanded without losing its 

regulatory capacities. As the phenotype of TRegs is not clearly distinguished, their isolation 

can become problematic. Additionally, the optimal culture condition for TRegs with high-dose 

IL-2 can also give rise to effector T cell populations that produce pro-inflammatory cytokines 

(reviewed in 157, 158). A possible solution is the addition of rapamycin to the cell culture 

media which allows the proliferation of TRegs but inhibits the effector T cell proliferation (159). 

If these hurdles were to be conquered, the first clinical settings would most likely be graft-

versus-host disease (GVHD) and systemic autoimmunity. Among the perks of using TRegs in 

GVHD is that as they originate in the donor, they have not been subjected to 

immunosuppressive therapy and therefore show normal replicative potential. GVHD also has 

a foreseeable timepoint and therapy could thus be specifically timed (reviewed in 157). A 

published clinical trial expanded CD4+CD25+ TRegs from third party umbilical cord blood in 
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vitro. The cells were infused at various doses and increased frequencies of CD127-FoxP3+ 

TRegs were detected in peripheral blood within one week (160).  

Regulatory T cell therapy for autoimmunity would have to involve antigen-specific T cells 

generated for the treatment. Target antigens would thus have to be identified beforehand. 

That would include myelin protein in MS and insulin for type 1 diabetes. Many current 

treatments are thought to involve TRegs in some way. For example, the anti-TNFα therapy in 

RA patients neutralizes TNFα and has been associated with restored TReg numbers and 

function (114). 
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2 Aims of the study 

 

The aim of this study was to evaluate the role of the pro-inflammatory cytokines of the innate 

immune response on the differentiation and function of human induced TRegs.  

It has been revealed that the innate immune system plays a significant role in the 

immunopathology of autoimmunity. However, its part in differentiation and function of human 

CD4+ iTRegs is currently unclear.  

 

 Specific aims: 2.1.1

 

1. Evaluate the role of IL-2 and TGF-β1 in CD4+ iTRegs differentiation and function 

in vitro. 

2. Evaluate the role of the pro-inflammatory cytokines IL-1β and TNFα upon 

induced CD4+ TRegs differentiation and function. 

3. Evaluate the possible mechanisms involved in the above regulatory pathways. 

 



  

32 

3 Materials and methods 

All procedures were authorized by the ethical committee of Landspítali University Hospital 

and The Data Protection Authority. 

 Study subjects 3.1

The study population consisted of healthy volunteers from the Blood Bank. Volunteers need 

to fit the Blood Bank criteria; age 18-60 years, weigh more than 50 kg and not receiving any 

drugs. Adult venous peripheral blood was collected in sodium heparin tubes from healthy 

volunteers and donated to the study in the form of Buffy Coat. Informed consent was signed 

by all participants. 

 Study design 3.2

Peripheral blood mononuclear cells (PBMC’s) were isolated from buffy coat using density 

centrifugation. Naïve CD4+CD25- T cells were isolated and subsequently stimulated in vitro 

and phenotyped by flow cytometry. The naïve T cells were stimulated with anti-CD3 and 

cultured with IL-2 and with or without TGF-β1 and the pro-inflammatory cytokines TNFα and 

IL-1β for 120 hrs to investigate the iTReg differentiation. Next, the culture supernatants were 

harvested and frozen. The T cells were put in a co-culture with CFSE labelled PBMC’s and 

Epstein-Barr infected B cells (EB-Bs) to evaluate the iTReg suppressive function. After 72 hrs 

of co-culture, the cells were harvested and analysed using FACS and Modfit LT. The 

mechanism behind the iTRegs suppressive function was estimated based on cytokine levels in 

the supernatant. This was performed with enzyme-linked immunosorbent assays (ELISAs) 

for IL-2, IL-10 and IL-35. 

 Isolation of peripheral blood mononuclear cells 3.3

One batch of Buffy coat containing 450 ml blood was obtained from the blood bank. The 

buffy coat is diluted 1:3 in sterile Phosphate Buffer Saline (PBS). Samples were loaded on to 

10 mL of Ficoll (Histopaque®-1077) in sterile tubes and centrifuged for 30 min at 1600 

rotations per minute (rpm) without brakes at room temperature (RT). PBMC’s were collected 

from the interphase with a Pasteur pipette and transferred to sterile tubes. They were 

washed with 30 mL sterile PBS for 10 min at 1400 rpm at RT. Supernatant was discarded 

and cells re-suspended in 30 mL PBS. Cells were counted and their viability obtained using 

Trypan Blue staining and Countess® Automated Cell Counter (Invitrogen) and calculated as 

follows: 

                       
  ⁄         (  )                                  
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After counting, the cells were centrifuged for 5 min at 1300 rpm at RT and supernatant was 

discarded. 

 Isolation of CD4+ T cells 3.4

5x107 cells were re-suspended in 500 µL Isolation Buffer. 25 µL of Flowcomp Human CD4 

Antibody (Dynabeads® FlowCompTM Human CD4, Invitrogen) were added, mixed and 

incubated for 10 min at 2-8°C. Cells were washed with 2 mL Isolation Buffer and centrifuged 

for 8 min at 350 x g. The supernatant was discarded and 1 mL Isolation Buffer added to the 

cell pellet and re-suspended. 75 µL FlowComp Dynabeads was added and mixed and 

incubated for 15 min at RT under rolling. The tube was placed in a magnet (DynaMagTM-15 

Magnet, Invitrogen) for minimum 1 minute. The supernatant was carefully removed and 

discarded. Tube was removed from the magnet and at least 1 mL Isolation Buffer added. 

Bead-bound cells were re-suspended by gentle pipetting 5 times. The tube was placed in the 

magnet for minimum 1 minute. The supernatant was carefully removed and discarded. Tube 

was removed from the magnet and the bead-bound cells were carefully re-suspended in 1 

mL FlowComp Release Buffer and incubated for 10 min at RT under rolling. The cells were 

mixed by pipetting 10 times and the tube placed in the magnet for 1 min. The supernatant 

containing the bead-free cells was transferred to a new tube and again placed in the magnet 

for 1 min to remove any residual beads. Supernatant was transferred to a new tube and 2 mL 

Isolation Buffer added, cells counted, followed by centrifugation for 8 min at 350 x g. 

Supernatant was discarded. 

 Depletion of CD25+ cells 3.5

Dynabeads (Dynabeads® CD25, Invitrogen) were washed before use. 2.5x107 CD4+ T cells 

were re-suspended in 1 mL Isolation Buffer. 50 µL of washed Dynabeads CD25 were added 

and incubated for 30 min at 2-8°C with gentle rotation. The tube was placed in a magnet for 2 

min and the supernatant transferred to a new tube. The isolation process resulted in a 

population of CD4+CD25- T cells (Figure 2). 
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Figure 2: Isolation of naïve CD4
+
CD25

-
 T cells. CD4

+
 positive T cells were isolated and CD25

+
 cells 

depleted using Dynabeads (Invitrogen). Results obtained from 2 experiments. 

 In vitro stimulation of CD4+CD25- T cells 3.6

CD4+CD25- T cells were stimulated with 1 µg/mL plate-bound anti-CD3ε monoclonal 

antibody (R&D Systems). CD3 was suspended in sterile PBS Buffer (1 µg/mL) and 100 µL 

placed in each well in a 96 well U-bottomed cell culture plates (Nunc, Invitrogen). The plate 

was incubated for 90 min at 37°C. The wells were aspirated and washed with 100 µL PBS. 

Cells were added and cultured for 120 hrs in the presence of Recombinant Human IL-2 (100 

IU, R&D Systems) and/or TGF-β1 (10 ng/mL, R&D Systems). TNFα (50 ng/mL, R&D 

Systems), IL-1β (10 ng/mL, R&D Systems) were added into selected cultures. After 120 hrs 

incubation the cells were either harvested and stained for flow cytometer analysis, or washed 

and used in a suppression assay. 

 Cell cultures 3.7

CD4+CD25- T cells were placed in incubators at 37°C in 95% air atmosphere with 5% (v/v 

CO2). They were cultured in 96 well U-bottomed cell culture plates (Nunc, Invitrogen). 

 Cellular staining 3.8

Cells were harvested and stained at different timepoints after stimulation. 100 µL of cell 

culture was placed in FACS tubes. Gammagard (0.4 mg/mL) was added for 5 min at RT. 

Cells were stained on the outer surface and intracellular. 

 Surface staining 3.8.1

FACS tubes were centrifuged for 5 min in 1200 rpm and 4°C and supernatant discarded. 50 

µL staining buffer was added to each tube and relevant fluorochrome labelled antibodies 

added (2 µL of APC-labelled antibodies and 3 µL of FITS-, PE-, and PerCP-labelled 

antibodies). The tubes were incubated on ice for 20 min. 2 mL of staining buffer was added 
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to each tube and the tubes were centrifuged for 5 min in 1200 rpm and 4°C and supernatant 

discarded. Relevant tubes were fixed with 0.5% paraformaldehyde and collected with 

FACSCalibur flow cytometer (BD Biosciences) within a week. Other tubes were further 

processed with intracellular staining. 

 Intracellular staining 3.8.2

Intracellular staining was performed using Foxp3/Transcription Factor Staining Buffer Set 

(ebioscience). 1 mL Fixation/Permeabilization Concentrate was added to each tube mixed 

and incubated at 4°C for 40 min in total darkness. Cells were then washed with 2 mL 

Permeabilization buffer and centrifuged for 10 min at 300 x g and supernatant discarded. 50 

µL of Permeabilization buffer was added and 5 µL of intracellular fluorochrome labelled 

antibodies and isotype controls. The tubes were incubated for 30 min in 4°C. Cells were 

finally washed two times with 2 mL Permeabilization buffer and collected in flow cytometer 

staining buffer. Cells were collected with the FACSCalibur within one day. 

 Suppression assay 3.9

A suppression assay was performed to evaluate the iTReg suppressive function (Figure 3). 

 

Figure 3: Flow chart of the study design. 

 B cells pulsed with superantigens 3.9.1

Epstein-Barr infected B cells were cultured in RPMI+10% FCS. B cells were extracted and 

washed 3 times with sterile PBS and counted. The pellet was re-suspended in AimV+1% 

FCS in the ratio 10x106/mL and 1 mL placed in tubes. Superantigens (Staphylococcal 

enterotoxins, SEA, SEB and SEE, 1 µg/mL of each, Toxin Technologies) were added to the 

192 hrs 

120 hrs 

0 hrs Isolation of 
CD4+CD25- cells 

iTregs, B-cells and 
CFSE PBMC's 
cocultured 

Cultures 
harvested and 

stained 

iTregs staining 
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tubes and incubated for 2 hrs at 37°C and mixed every 30 min. Finally, the cells were 

washed with Aim-V. 

 CFSE staining 3.9.2

After the PBMCs had been isolated, they were re-suspended in Aim-V in the concentration 

10x106/mL. To monitor their proliferation, they were labelled with CFSE (carboxyfluorescein 

diacetate succinimidyl ester). CFSE is a membrane-permeable fluorescent dye and diffuses 

into the cell and becomes highly fluorescent. On each cell division cycle, the CFSE is divided 

in two daughter cells. This enables detection of the cells proliferation and counting of 

divisions. 5 mM CFSE solution was prepared using CellTrace™ CFSE Cell Proliferation Kit 

(Invitrogen). 1 µL of the 5 mM solution was added to 1 mL cell culture and mixed rapidly. The 

tubes were incubated for 5 min in RT and washed 3x with PBS and Aim-V for the final wash. 

The cells were then re-suspended in AimV in the concentration of 1x106/mL. 

 iTreg culture with CFSE stained PBMC’s and B cells 3.9.3

After 120 hrs culture, the iTregs were collected, counted and washed with PBS. They were 

then re-suspended in fresh Aim-V and IL-2 (100 IU) in the concentration 1x106/mL. 

The B cells (pulsed with superantigens), CFSE stained PBMC’s and iTregs were placed in a 

co-culture. The ratio between PBMC: B cells and between iTRegs and EB-B cells was constant 

at 10:1 whereas the ratio of iTRegs: PBMCs varied from 1:1 to 1:32 (Figure 4). 

 

Figure 4: Cell culture plate for the suppression assay.  

 

http://products.invitrogen.com/ivgn/product/C34554?ICID=search-product
http://products.invitrogen.com/ivgn/product/C34554?ICID=search-product
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After 72 hrs culture the cells were harvested and stained with surface staining. The cells 

were collected with the FACSCalibur. 

 Cytokines in iTreg culture supernatant 3.10

iTregs were isolated and cultured in Aim-V and various cytokines as described above. After 

120 hrs of culture, the cells were centrifuged and the supernatant collected and stored at -

80°C. The samples were thawed at RT and Enzyme-linked immunosorbent assays (ELISAs) 

were performed to detect cytokines in the culture supernatant. 

 Human IL-35 ELISA Ready-Set-Go! 3.10.1

The ELISA was performed with Human IL-35 ELISA Ready-Set-Go! (ebioscience). Capture 

antibody was diluted 250x in Coating Buffer. Corning Costar 9018 ELISA plate was coated 

with the antibody 100 µL/well, the plate sealed and incubated overnight at 4°C. The morning 

after, wells were aspirated and washed 5 times with >250 µL/well Wash Buffer. 5x Assay 

Diluent was diluted with deionised water and wells blocked with 200 µL/well and incubated at 

RT for 1 hr. Wells were aspirated and washed 5 times with Wash Buffer. Standards were 

diluted to 100 IU with 1x Assay Diluent, added to wells and 2-fold serial dilutions performed 

to make the standard curve. Samples were added 100 µL/wells undiluted and 1:10 dilution in 

Assay Diluent. The plate was sealed and incubated at RT for 2 hrs. The plate was then 

aspirated and washed as before. Detection antibody was diluted in 1x Assay diluent and 100 

µL/well added to the plate and incubated sealed at RT for 1 hr. The plate was aspirated and 

washed as before and 100 µL/well of Avidin-HRP diluted in 1x Assay Diluent added. The 

plate was sealed and incubated at RT for 30 min. The plate was next aspirated and washed 

7 times with 1-2 min soaking between washes. 100 µL/well Substrate Solution was added to 

each well and incubated at RT for 15 min. 50µL of Stop Solution was then added to each 

well. The plate was read at 450 nm using Finstruments ® Microplate reader. A standard was 

used to calculate IL-35 levels and the results presented in pg/mL. 

 Human IL-10 ELISA 3.10.2

Total IL-10 was measured in the supernatant using DuoSet ELISA kit (DY217, R&D 

systems). Capture anti-IL-10 antibodies were diluted 1:180 in PBS and 100 µL added into 

wells and incubated overnight at RT. The wells were aspirated and 300 µL/wells of Blocking 

solution added and incubated for 1 hr at RT. The wells were washed 4 times with Wash 

Buffer. Standards were diluted to 4 ng/mL with Elisabuffer, added to plate and then diluted by 

twofold serial dilutions. Samples were diluted 1:50 and 1:100 and added 100 µL/well and 

incubated for 2 hr at RT. The plate was washed as before. IL-10 Detection antibody was 

diluted 1:180 in Elisabuffer and 100 µL added into all wells and incubated for 2 hrs at RT. 

Washed as before. The Streptavidin-HRP was diluted 1:200 in Elisabuffer and 100 µL added 
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into the wells and incubated for 20 min in the dark at RT. The plate was then washed as 

before. 100 µL Substrate Solution was added and incubated in the dark at RT until the colour 

had developed clearly in the highest standard and finally 50 µL of Stop Solution was then 

added and the plate read immediately at 450 nm. A standard was used to calculate IL-10 

levels and the results presented in pg/mL. 

 Human IL-2 ELISA Set 3.10.3

IL-2 cytokine presence was determined using the Human IL-2 ELISA Set (BD Biosciences). 

Plate was coated with 100 µL of Capture Antibody diluted in Coating Buffer. The plate was 

sealed and incubated overnight at 4°C. Wells were aspirated and washed 3 times with ≥300 

µL/ well Wash Buffer. Next, the plate was blocked with ≥200 µL/well Assay Diluent and 

incubated at RT for 1 hr. The plate was washed as before. 500 ng/mL Standards were 

prepared by dilution in deionised water, added to plate and twofold serial dilution performed. 

Samples were diluted 1:50 and 1:100 and 100 µL added to all wells. The plate was then 

incubated for 2 hrs at RT and aspirated and washed 5 times. 100 µL of Working Detector 

antibody was added and incubated for 1 hr at RT. The plate was next washed 7 times and 

100 µL of Substrate Solution added to each well and incubated for 30 min in the dark at RT. 

Finally 50 µL of Stop Solution was added and the absorbance read at 450 nm within 30 min 

of stopping reaction. A standard was used to calculate IL-2 levels and the results presented 

in pg/mL. 

 Analysis 3.11

The results from the iTReg differentiation were analysed with FlowJo. 

Results from the suppression assay were analysed with Modfit LT software, which 

determined the proliferation index as the sum of the cells in all generations divided by the 

computed number of original parent cells theoretically present at the start of the experiment. 

Results from the ELISAs were analysed with Titri 5.03 and Microsoft Office Excel. 

Statistical analyses were performed using GraphPad Prism 5.0 for windows. Results 

expressed as mean values ± standard error of the mean (SEM). Differences were 

determined to be significant when p<0.05. 
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4 Results 

 Differentiation of iTRegs  4.1

 T cell phenotype after CD4+CD25- isolation 4.1.1

To understand the phenotypical change that the iTRegs undergo during in vitro differentiation, 

we measured the expression of various molecules at the beginning of the culture. In 

particular the expression of the well-known TReg markers CD4, CD25, CD127 and FoxP3 was 

evaluated. After isolation the purity of the CD4+CD25- T cells was on the average 94.3%. At 

the start of culture, 85.8% of the isolated cells displayed CD127+ surface expression and 

1.79% were FoxP3+. In addition, 60.5% of the population expressed the naïve T cell marker 

CD45RA but 35.9% expressed the memory marker CD45RO. Almost all isolated cells 

expressed the co-stimulatory molecule CD28, 98.2%, and 89.2% expressed the adhesion 

molecule CD62L. TGF-βRII was expressed on 77.0% of the cells (Figure 5). 

 

Figure 5: Expression of various molecules at Day 0. Isolated CD4
+
CD25

-
 were isolated from 

healthy human adult peripheral blood. The phenotype was assessed using FACS. Results 
are shown as mean ± standard error of the mean (SEM), n=4. 

 IL-1β and TNFα prevent iTReg differentiation 4.1.2

To examine the success of iTRegs differentiation, the expression of CD4, CD25, CD127 and 

FoxP3 was investigated after 120 hrs of culture in the presence of IL-2, TGF-β1 and 

with/without the pro-inflammatory cytokines IL-1β and TNFα. The CD4+CD127-

CD25highFoxP3high iTRegs population was gated as shown in Figure 6. A well-defined 

population of CD25highFoxP3high cells emerges in the presence of TGF-β1 but is not present 

in the culture containing medium only and IL-2 (Figure 6). 
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Figure 6: Gating strategy for iTReg phenotyping. (a) Lymphocytes were gated using forward and 
side scatter measurements. (b) iTReg phenotype was further established with CD127

-
CD4

+
 

gating and finally (c-d) CD25
high

FoxP3
high 

 cells were selected as depicted. 

 

The highest fraction of ex vivo differentiated CD4+CD127-CD25highFoxP3high iTRegs from naïve 

human T cells was found to be dependent upon the presence of both IL-2 and TGF-β1 

(p<0.05) as can be seen in Figure 7. The presence of the pro-inflammatory cytokines IL-1β 

and TNFα significantly inhibited the differentiation of iTRegs. The presence of TNFα resulted in 

68.3% inhibition, whereas IL-1β inhibited the differentiation of 73.5% of the population 

(p<0.05). 

FoxP3 

C
D
2
5

 

Medium+IL-2 Medium+IL-2+TGF-β1 

a b 

c d 
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Figure 7: IL-1β and TNFα prevent iTReg differentiation. Adult human peripheral blood CD4
+
CD25

-
 T 

cells were isolated and activated with anti-CD3 (1 µg/mL) for 120 hrs in the presence of IL-2 
(100 IU), medium and TGF-β1 (10 ng/mL) with and without TNFα (50 ng/mL) and IL-1β (10 
ng/mL). Mean ± SEM, n=5, Mann Whitney U test. 

 TGF-β1 induced the expression of CD103 in iTRegs 4.1.3

Next we evaluated the expression of the integrin CD103 on CD4+ iTRegs. As shown in Figure 

8, the expression of CD103 increased tenfold in the presence of IL-2 and TGF-β1, compared 

to IL-2 alone (Figure 8). 

 

Figure 8: TGF-β1 induced up-regulation of CD103 on iTRegs. Adult human peripheral blood 
CD4

+
CD25

-
 T cells were isolated and activated with anti-CD3 (1 µg/mL) for 120 hrs in the 

presence of medium, IL-2 (100 IU), and with/without TGF-β1 (10 ng/mL). Mean ± SEM, n=4, 
*p<0.05, Mann Whitney U test. 
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 The suppressive function of ex vivo iTRegs 4.2

 TGF-β1 induced iTRegs contain suppressive function ex vivo 4.2.1

In our studies iTRegs definition was based on the current available phenotypic characterization 

of such cells. However, we could not firmly do so without establishing their suppressive 

function. Thus, we CFSE labelled PBMC’s and co-cultured them for 72 hrs with iTRegs in the 

ratio 1:1 versus control (-iTRegs). As shown in Figure 9, the iTRegs had a significant 

suppressive effect in our system resulting in a sixfold reduction in PBMC’s proliferation in the 

presence of iTRegs (1:1 ratio, p<0.05). 

 

Figure 9: TGF-β1 induced iTRegs contain suppressive function. (a-b) Proliferative response of a 
PBMC’s co-cultured for 72 hrs with iTRegs in the ratio 1:1 versus control (-iTRegs) was 
assessed by CFSE assay. iTRegs were stimulated with anti-CD3 (1 µg/mL) in the presence of 
IL-2 (100 IU) and TGF-β1 (10 ng/mL) for 120 hrs. EB-B cells pulsed with superantigens were 
cultured with the PBMC’s (1:10) and TRegs. CFSE labelled cells were acquired by BD 
FACSCalibur, cells were gated on CD25

+
 lymphocytes and percentages of cells in each 

generation were calculated by Modfit LT software. Parent population is located furthest to the 
right and the population farthest on the left has undergone most proliferations.  

 

For comparison, unpulsed (UP) Epstein-Barr infected B cells were cultured with CFSE 

labelled PBMC’s for 72 hours. As shown in Figure 10, the unpulsed B cells failed to induce a 

proper proliferation of the PBMC’s (35.9%) compared to the pulsed B cells (58.2%). 

a b 
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Figure 10: Unpulsed EB-Bs could not induce PBMC’s proliferation. Proliferative response of 
PBMC’s co-cultured with EB-B cells for 72 hrs. Unpulsed EB-B cells were cultured with the 
PBMC’s in the ratio 1:10. 

 The suppressive function of iTRegs correlated positively with their 4.2.2
numbers 

We further evaluated the suppressive function of the iTRegs and co-cultured them for 72 hrs 

with CFSE labelled PBMC‘s as before except that we cultured them in the ratios iTReg:PBMC, 

1:1, 1:4, 1:8, 1:16, 1:32. The suppressive function of ex vivo induced CD4+ iTRegs correlated 

positively with their numbers (Figures 11 and 12). 

58.2% 

35.9% 
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Figure 11: TGF-β1 induced iTReg and TResponder ratio.  Proliferative response of PBMC’s co-cultured 
for 72 hrs with iTRegs in the following ratios; iTReg:PBMC, 1:1, 1:4, 1:8, 1:16, 1:32. iTRegs were 
stimulated with anti-CD3 (1 µg/mL) in the presence of IL-2 (100 IU) and TGF-β1 (10 ng/mL) 
for 120 hrs. EB-B cells pulsed with superantigens were cultured with the PBMC’s (1:10) and 
TRegs. CFSE labelled cells were acquired by BD FACSCalibur, cells were gated on CD25

+
 

lymphocytes.  

 

This correlation between the suppressive function of iTRegs and their numbers in the culture is 

further summarized in Figure 12. Results are displayed as a Proliferation Index (PI) for the 

CFSE labelled PBMC‘s. As shown, a significant difference (p=0.0193) was found between a 

culture of 1 TReg:1 PBMC and control. 

 

CFSE- 
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Figure 12: iTReg suppressive function correlates with iTReg numbers. Proliferation Index (PI) for 
PBMC‘s co-cultured with iTRegs in the following ratios; iTReg:PBMC, 1:1, 1:4, 1:8, 1:16, 1:32. 
Results were calculated by Modfit LT, which determined the proliferation index as the sum of 
the cells in all generation divided by the computed number of original parent cells 
theoretically present at the start of the experiment. Mean ± SEM, n=3, One-way anova. 

 IL-1β and TNFα prevent human iTReg function in vitro 4.2.3

As shown above, IL-1β and TNFα significantly inhibited the differentiation of iTReg in vitro. 

Thus, we also investigated their possible effects upon the iTReg suppressive function in our 

model. We observed that both IL-1β and TNFα prevent the suppressive function of the iTRegs. 

As shown in Figure 12, a significant difference was seen in the PI of the CFSE labelled T 

cells cultured with the TGF-β1 induced iTRegs cultured in the ratio 1:1. This significance was 

lost when IL-1β or TNFα were added to the iTReg culture (Figure 13). 
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Figure 13: IL-1β and TNFα prevent iTReg function. PI for adult PBMC’s co-cultured with iTRegs in the 
ratio; iTReg:PBMC, 1:1. The iTRegs had previously been stimulated with anti-CD3 (1 µg/mL) 
and cultured in the presence of IL-2 (100 IU), TGF-β1 (10 ng/mL) and with/without IL-1β (10 
ng/mL) and TNFα (50 ng/mL) for 120 hrs. Mean ± SEM, n=4, student’s T test. 

 CD4+ iTRegs suppressed the proliferation of both CD4+ and CD8+ human T 4.2.4
cells 

We next wanted to assess if the iTRegs suppressive function was directed at a certain T cell 

population. During these studies, the potential responder population was additionally labelled 

with CD4 and CD8 directed antibodies. As shown in Figure 15, the iTRegs suppressed the 

proliferation of both CD4+ and CD8+ human T cells in our system (Figures 14 and 15). 
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Figure 14: iTRegs suppressed the proliferation of CD4
+ 

and CD8
+
 T cells. Adult PBMC’s were co-

cultured with iTRegs in the ratio; iTReg:PBMC, 1:1. iTRegs had previously been stimulated with 
anti-CD3 (1 µg/mL) and cultured in the presence of IL-2 (100 IU) and TGF-β1 (10 ng/mL) for 
120 hrs. Percentages are shown for the population that has undergone most proliferations 
(left) and for the parent population (right). (a) shows the suppression of proliferation for CD8

+
 

T cells and (b) shows the control (without TRegs). (c) shows the suppression of proliferation 
for CD4

+
 T cells and (d) the control (without TRegs). 

a b 

c d 
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Figure 15: iTRegs suppressed the proliferation of CD4
+
 and CD8

+
 T cells. PI for adult PBMC’s co-

cultured with iTRegs in the ratio; iTReg:PBMC, 1:1. The iTRegs had previously been stimulated 
with anti-CD3 (1 µg/mL) and cultured in the presence of IL-2 (100 IU) and TGF-β1 (10 
ng/mL) for 120 hrs, n=2. 
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 Cytokine secretion by iTRegs 4.3

 

Figure 16: Cytokine secretion by iTRegs. CD4
+
CD25

- 
T cells were isolated from adult human 

peripheral blood and activated with anti-CD3 (1 µg/mL) in the presence of IL-2 (100 IU) and 
TGF-β1 (10 ng/mL). Supernatant was harvested after 120 hrs and cytokine secretion was 
estimated using ELISA. Mean ± SEM, n=3. *p<0.05, **p<0.001, student’s T test. 

 

T regulatory cells have been shown to mediate their suppressive function through IL-10 

secretion. Therefore, we hypothesised that this would also be the case for our iTRegs. We 

collected supernatant after 120 hrs culture of iTRegs for determining their cytokine secretion. 

Our results demonstrated that the IL-10 secretion was not increased, but diminished in the 

presence of TGF-β1 in the culture (Figure 16 (a)). 

In addition, differentiated CD4+ iTRegs secreted significantly higher amounts of IL-2 in the 

presence of TGF-β1 compared to controls. The presence of IL-1β also had a significant 

negative effect upon IL-2 secretion compared to TGF-β1 alone. However, we found no 

difference in the IL-2 secretion when TNFα was present in the culture. 
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Secretion of IL-35 has been suggested as a possible mediator for iTReg suppression. 

Although human TRegs do not expressed IL-35, conventional T cells are induced to express 

IL-35 which enhances suppression. Therefore we measured the presence of IL-35 in the 

collected supernatant. We found, that negligible amounts of IL-35 were detected in the 

culture (Figure 16 (c)). 
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5 Discussion 

The aim of this study was to investigate the role of pro-inflammatory cytokines on the 

differentiation and function of human iTRegs. We have demonstrated that IL-1β and TNFα 

inhibit TGF-β induced TRegs differentiation in vitro. The TGF-β induced TRegs showed strong 

suppressive function ex vivo that had a positive correlation with their numbers in culture. This 

suppressive capacity of the iTRegs was contained in the presence of IL-1β and TNFα. It was 

also shown that the iTRegs did not mediate their suppression through secretion of IL-10 or IL-

35 but possibly through IL-2 secretion. 

 Differentiation of iTRegs 5.1

 T cell phenotype after CD4+CD25- isolation 5.1.1

After the isolation of naïve CD4+CD25- T cell population their phenotype was determined. 

The reason was to gain a better understanding of the phenotypical change that the cells 

undergo in their differentiation towards becoming iTRegs. The isolation process was 

successful, resulting in average 94.3% purity of CD4+CD25- T cells. Almost 86% of the 

isolated cells also expressed CD127. This is not surprising as CD127 is commonly 

expressed by naïve T cells and is down-regulated during activation. CD45RA is a naïve T 

cell marker and is down-regulated by iTRegs. It was expressed by 60.5% of the cells. This 

confirms that the majority of the population consists of naïve T cells. FoxP3 expression was 

found to be 1.79%. This is considerably less than what has been reported, which is 5-10% of 

CD4+ T cells. However, this is more likely due to the depletion of CD25+ T cells during the 

isolation process. Finally, it was established that 77% of the isolated cells expressed the 

TGF-βRII, rendering them responsive towards TGF-β during their differentiation. 

 IL-1β and TNFα prevent iTReg differentiation 5.1.2

The aim was to determine the role of IL-2 and TGF-β1 in CD4+ iTRegs differentiation and 

function in vitro. We obtained the highest fraction of ex vivo differentiated CD4+CD127-

CD25highFoxP3high iTRegs in the presence of both IL-2 and TGF-β1 as can be seen in Figure 7. 

As shown in Figure 6, a well-defined population of CD4+CD127-CD25highFoxP3high iTRegs 

arises in the presence of TGF-β. The iTReg stimulation triggered the expression of CD25 in 

more than 80% of cells. This confirms the activation of the iTRegs when compared to the 

expression of CD25 at the start of culture. In addition, TGF-β was shown to be essential for 

the induction and its presence resulted in threefold expansion of the iTRegs compared to IL-2 

alone and tenfold increase of FoxP3 expression compared to the FoxP3 expression at the 

start of the culture (Figure 5 and 7). This is in accordance with results previously obtained by 

Gunnlaugsdottir et al. (161) where TGF-β1 induced the differentiation of CD4+CD25+ T cells 



  

52 

in human umbilical cord blood. This was further established in a more recent study for 

CD4+CD25hiFoxP3+T cells from cord blood (162) and has also been confirmed in peripheral 

blood (32). The presence of IL-2 and TGF-β1 is thus crucial for differentiation of iTRegs in 

vitro. 

 The pro-inflammatory cytokines IL-1β or TNFα were added to the culture to evaluate 

their role upon iTReg differentiation. Both were found to significantly inhibit the differentiation 

of about 70% of the population. This is in contrast to recent observations where membrane 

bound TNFα expressed by dendritic cells was crucial for the in vitro induction of human TRegs 

(119). In contrast, others have shown that high dose TNFα (50 ng/mL) significantly inhibits 

the differentiation of CD4+FoxP3+ cells after 48 hrs of culture. This effect was dose-

dependent as smaller doses of TNFα did not have a significant effect (163, 164). This is in 

accordance with our results presented here where high dose TNFα (50 ng/mL) and long term 

cultures inhibited iTRegs differentiation. Valencia et al. has also reported that TNFα down-

regulates the expression of FoxP3 in human CD4+CD25hi TRegs (117). In contrast to our 

results, Geirsdottir revealed that the inhibitory effects of TNFα were lost over time and were 

not significant after 120 hr culture. However, this study was performed on T cells isolated 

from cord blood and are not performed using the same cell population. The role of IL-1β 

signalling during iTRegs differentiation is unclear, and has to our knowledge not been 

comprehensively studied in humans. Studies in mice have shown that IL-1β enhances 

expansion of FoxP3+ T cells (128). On the other hand, in humans, IL-1β has been shown to 

negatively regulate or switch the phenotype of TRegs. IL-1β and IL-2 successfully converted 

natural human TRegs into TH17 cells by down-regulating FoxP3 (129). We have not excluded 

this mechanism in our model and thus it is possible that the inhibitory effects we observe of 

IL-1β on the iTReg differentiation are mediated through their conversion to TH17 cells. 

However, TGF-β1 is present in our culture and is driving the differentiation of the naïve T 

cells towards iTReg phenotype. 

 TGF-β1 induced the expression of CD103 in iTRegs 5.1.3

Our results regarding the effects of TGF-β1 induction on the expression of CD103 showed 

tenfold increase in CD103 expression in the presence of IL-2 and TGF-β1 compared to IL-2 

alone (Figure 8). Similar observations have been found in human cord blood (162). However, 

TGF-β1 was not as effective inducer of CD103 in cord blood as in peripheral blood and only 

approximately 6% expressed CD103 in the presence of TGF-β1 in human umbilical cord 

blood. The reason behind this difference is unknown considering that both cells were 

cultured under same stimulatory conditions. The reason could be different methods for gating 

or more likely, the different cell populations in adult and cord blood. 
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CD103 is known to be important for T cell trafficking and tissue retention (162). We have 

demonstrated the up-regulation of CD103 expression in iTRegs, however the role of CD103 in 

TRegs is still unclear. It is possible that the expression of CD103 on iTRegs contributes to their 

suppressive function since CD103 expression has been linked to CD4+ TReg subpopulations. 

This question can easily be answered by isolating CD103 positive cells before testing the 

suppressive capacity of the TRegs. In this way, the suppressive function of CD103+ and 

CD103- TRegs can be compared and the effects of CD103 expression evaluated. 

 The suppressive function of ex vivo iTRegs 5.2

 TGF-β1 induced iTRegs contain suppressive function ex vivo 5.2.1

To ensure that our iTReg population possessed suppressor capacity, we performed an in vitro 

suppression assay. As shown in Figure 9, the iTRegs had a significant suppressive effect in 

our system resulting in a sixfold reduction in PBMC’s proliferation in the presence of iTRegs. A 

control PBMC’s cultured without the presence of iTRegs showed a substantial proliferative 

response. 

The ratio of TReg:TResponder;1:1 cells is high and is unlikely to occur in vivo. Therefore, we 

measured the suppression assay in lower ratios (1:4, 1:8, 1:16 and 1:32). This was also done 

to confirm that the iTReg mediated suppression is dose dependent. We observed that the 

suppressive function of iTRegs correlated positively with their increasing numbers (Figures 11 

and 12). We selected the ratios based on previous studies on TReg suppressive function (56). 

Next, we evaluated if the iTRegs preferentially suppressed either CD4+ or CD8+ T cells. As 

shown in Figures 14 and 15, the iTRegs suppressed the proliferation of both CD4+ and CD8+ 

human T cells in our system. The ability of TRegs to suppress TCR-induced proliferation of 

CD4+ and CD8+ T cells in vitro has previously been shown in mice (81). 

Human CD4+CD25- T cells stimulated in the presence of IL-2 and TGF-β1 have been 

shown before to be capable of inhibiting proliferation of stimulated naïve T cells in vitro (165). 

In this study, the responder cells were CFSE labelled and stimulated with plate-bound anti-

CD3 and anti-CD28. This method has been previously used in other models for evaluating 

TReg suppressive function. This methodology provides means to focus specifically on the 

proliferation of the responder population and exclude the potential noise from other 

responding cells in the culture (reviewed in 158). One limitation is that CFSE at high 

concentrations can be toxic for cells. However when CFSE labelling is executed optimally 

this problem is not likely to occur. The first and most basic versions of the suppression assay 

involved adding 3H-thymidine to a co-culture of TRegs and TResponder cells. In these experiments 

the 3H-thymidine is incorporated into new strands of chromosomal DNA and the degree of 

DNA synthesis measured (78, 166). Negative results have been obtained using this model, 
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where FoxP3+ iTRegs were shown to be unable to confer a suppressor function (40). However, 

a system of 3H-thymidine incorporation is dependent on the TRegs to be hypo-responsive as 

has been shown consistently for mouse TRegs (78) in vitro and thus the TRegs do not 

incorporate the 3H-thymidine into their genome. However, in humans, naïve TRegs actively 

proliferate in vitro and differentiate into effector TRegs. Thus negative results obtained from 

this model should be considered with caution since TRegs are not necessarily hypo-responsive 

in vitro or in vivo. 

Despite our best efforts, our suppression assay model has a troublesome limitation. This 

is the failure to isolate the differentiated iTRegs before their co-culture. As seen in Figure 7, no 

more than 20% of the activated cells confer the TReg phenotype. Therefore the ideal method 

would be to isolate these regulatory cells before evaluating their suppression function and 

discard the remaining cells. However, FoxP3, the only reliable marker for TRegs is expressed 

intracellular and therefore it is impossible to use as an isolation marker. The most common 

method is to isolate CD4+CD25+ cells and apply them to the functional studies. However, as 

seen in Figure 6, this would be futile in our case as the majority of the differentiated T cells 

expressed CD25 without acquiring the regulatory phenotype. 

Our model for the suppression assay is different from the typical models regarding 

activation of the responder cells. Instead of the more common in vitro activation with anti-

CD3 and ant-CD28, we opted for a simulation of the in vivo process using live APC’s to 

induce the proliferation of the responder cells. The Epstein-Barr transformed B cells have 

been shown to serve as efficient APC’s in vitro (167, 168). Strong MHC class II-dependent, 

but not MHC-restricted T cell proliferation has been observed in response to EB-B cells in 

vitro (169). We coated the EB-B cells with superantigens before they were co-cultured with 

responder cells. Superantigens circumvent the normal mechanism for T cell activation by 

specific peptide:MHC complexes (reviewed in 170). The superantigens act as a wedge 

between the TCR β chain and the MHC class II α chain resulting in a polyclonal activation of 

T cell populations in the absence of direct contacts between peptide and TCRs. They are 

thought to mimic the interaction of peptide:MHC complexes with the TCR in terms of affinity 

and kinetics and achieve similar end results of highly efficient T cell activation as the TCR-

peptide:MHC complex (reviewed in 170). To confirm their role in the activation of the 

responder population, unpulsed (UP) EB-B cells were cultured with CFSE labelled PBMC’s 

(Figure 10). The unpulsed B cells did not induce a proper proliferation of the responder cells 

compared to pulsed B cells. Therefore, we conclude that our suppression assay model 

conveyed a significant suppressive function for iTRegs in vitro. There is no direct evidence that 

the in vitro functional studies of human TReg mediated suppression reflect correctly on their 

function in vivo. However, at this time human TRegs suppression assays are limited to the in 
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vitro co-culture system. Therefore, imitating the processes taking place in vivo as faithfully as 

possible provides us with better understanding of the process. 

 IL-1β and TNFα prevent human iTReg function in vitro 5.2.2

Seeing that IL-1β and TNFα significantly inhibited the differentiation of iTReg we set out to 

evaluate their effect on the iTReg suppressive function as well. Both IL-1β and TNFα were 

found to prevent the suppressive function of the iTRegs (Figure 13). 

The first indication of a role for TNFα and IL-1β in TReg function is the high expression of 

their receptors, IL-1RI and TNFRII, on human TRegs compared to naïve or memory T cells 

(171) and their up-regulation during activation. This is not the first study to analyse the 

effects of TNFα on the suppressive capabilities of TRegs. TNFα in the same dose (50 ng/mL) 

has previously been shown to eradicate the ability of human TRegs to suppress the 

proliferation of Teff cells (117). Exogenous TNFα was shown to inhibit the suppressive 

capacity of TRegs by signalling through TNFRII and adding of anti-TNFRII also blocked the 

TReg suppressive effects. The effects of TNFα on TRegs seem to be somewhat dose-

dependent. This is supported by a study where small amounts of TNFα (0 and 5 ng/mL) did 

not affect TRegs ability to inhibit proliferation of Teff cells (116). However, studies in mice have 

revealed that TNFα in smaller doses (10 ng/mL) diminishes TReg ability to inhibit Teff cell 

proliferation (120). Studies of IL-1β effects on TRegs are harder to come by. IL-1β has been 

shown to convert human TRegs into TH17 cells by down-regulating FoxP3 and their suppressor 

functions (129, 172). In addition, IL-1β is highly unlikely to positively affect TReg function as 

human TRegs expressing the IL-1RI did not have higher suppressive capacity compared to IL-

1RI- TRegs. Also activated human TRegs show the capacity to neutralize IL-1β which suggests it 

plays a physiological role in TReg function (171). 

TRegs from RA patients have been shown to be present in joints but possess abnormal 

suppressive activity (116, 173, 174). Seeing that pro-inflammatory cytokines are also present 

in high amounts in the synovial joints, the TRegs are exposed to these cytokines in the 

synovial fluid. A recent study has shown that the decreased suppressor capacity of TRegs in 

RA patients was indeed caused by high amounts of TNFα in the joint fluid (173). Nie et al. 

show that the transcriptional activity of FoxP3 and the TReg suppressor function are regulated 

by TNFα-dependent dephosphorylation of the FoxP3 DNA-binding domain (173). However, 

as many studies, Nie et al. isolate TRegs from the synovial fluid without distinguishing between 

thymus-derived natural TRegs and peripheral-induced TRegs (117, 173). Therefore it has not 

been established whether TNFα affects both populations. As a result, the findings we present 

here take the next step in determining specifically the effects of pro-inflammatory cytokines 

on the function of induced TRegs. 
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 Mechanisms involved in iTRegs regulatory pathways 5.3

To determine the iTReg cytokine secretion, we collected supernatant after 120 hrs culture of 

iTRegs. Our results demonstrated that IL-10 secretion was not increased, but diminished in the 

presence of TGF-β1 in the culture (Figure 16). IL-10 has long been considered to contribute 

to immunosuppression. CD4+CD25+ T cells from mice have been shown to produce IL-10 in 

vivo (175, 176). Considering that most CD4+CD25+ T cells in mice are functional TRegs with a 

suppressive function, it is not surprising that IL-10 secretion has been associated with their 

suppressor function. Furthermore, CD4+CD25+ T cells and their secretion of IL-10 can 

suppress autoimmune disorders that affect the mouse gut (177, 178). However, the role of 

IL-10 in TReg regulation has yet to be proven in humans. On the contrary, it has been shown 

that their inhibition of T cell proliferation in vitro could not be abolished by anti-IL-10 (51). We 

saw a reduction of IL-10 in the presence of TGF-β1 in our iTReg culture system. This was not 

consistent for CD8+ iTRegs cultured under the same conditions (unpublished results from Una 

Bjarnadottir et al.). On the contrary, CD8+ iTRegs up-regulated IL-10 secretion in the presence 

of IL-2 and TGF-β1 compared to IL-2 alone. 

Our results show that differentiated CD4+ iTRegs secreted significantly higher amounts 

of IL-2 in the presence of TGF-β1 (Figure 16). Studies have demonstrated that TRegs mediate 

suppression by suppressing the induction of IL-2 mRNA in the responder T cell population in 

mice (78, 166). Likewise, IL-2 has been shown to be essential for TRef efficient suppressor 

function in vitro (81). The IL-2 production by the responder T cells is crucial for the initiation 

of the expansion and function of suppressive TRegs (179). The possibility has been raised that 

TRegs compete with their responder cells for IL-2 consumption, and as a result, inhibit their 

proliferation. This speculation is valid, seeing that FoxP3+ TRegs express high numbers of the 

IL-2 receptors and favourably compete for IL-2 which is a vital growth factor for freshly 

stimulated T cells in vitro. On the other hand, the addition of anti-human CD25 that blocks IL-

2 binding has no effect on the function of human TRegs (83). This study performed in vitro by 

Tran et al was executed in a hybrid system using TRegs from human and responder cells 

isolated from mice. Thus its reflection on the suppressor function happening in humans in 

vivo is uncertain. Thus we conclude that our results of high IL-2 production in iTReg culture 

are supported by other studies. However, we also saw that the presence of IL-1β had a 

significant negative effect upon IL-2 secretion compared to TGF-β1 alone (Figure 16). In 

regard to our previous results of IL-1β negative effects on the iTReg differentiation and 

function; this presents to us a potential connection between IL-1β effects and IL-2 reduction 

and the possibility that IL-1β mediated its negative effects through IL-2 inhibition. However, 

TNFα did not have significant effects upon the IL-2 secretion and it is possible that the pro-

inflammatory cytokines do not mediate their negative effects on iTRegs through the same 
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mechanisms. The same results could not be obtained in CD8+ iTReg culture, where the 

presence TGF-β1, TNFα or IL-1β showed no significant effect upon IL-2 secretion 

(unpublished results from Una Bjarnadottir et al.) presenting us with another reason for 

believing that CD4+ and CD8+ iTRegs do not mediate their effects in a similar manner. 

Finally, seeing that convincing evidence exists for the role of IL-35 in TRegs in mice, we 

evaluated its secretion in the iTReg culture. We detected negligible amounts of IL-35 in the 

culture (Figure 16). This is consistent with results obtained by Bardel et al. that demonstrated 

that human CD4+CD25+FoxP3+ TRegs are unable to express IL-35 (55). On the other hand, a 

more recent study revealed a significant up-regulation of IL12A and EBI3 in human TRegs 

compared with conventional T cells. They also showed that human TRegs not only express IL-

35 but also require it for their suppressive function (56). However, their suppression assay is 

based on the previously criticised method of 3H-thymidine incorporation. Also, even though 

their results can be regarded as noteworthy, their cell population is attained from cord blood 

cells and so is not comparable to our iTRegs. 

Our findings suggest that iTReg suppressor function is mediated through IL-2 secretion. 

Previous results, obtained by Geirsdottir et al. have also implied that the negative effects of 

IL-1β on FoxP3 expression may partially be caused by the reduced expression of TGFβRII 

and reduced TGF-β signalling. This suggests that the suppressive function of iTRegs is 

mediated through IL-2 secretion and TGFβRII expression dependent mechanism (163). 

Furthermore, deficiency in IL-2 related molecules, CD25 and CD122 results in fatal 

autoimmune or inflammatory disease in mice (180, 181). Although, these results suggest a 

possible mechanism for suppression, we have yet to verify how our iTRegs suppress their 

responder population. Further studies would involve collecting and analysing the supernatant 

of the suppression assay co-culture for cytokine secretion. However, in the co-culture it 

would be impossible to identify the cell population responsible for the secretion. Another 

method would be to place the co-culture in a transwell plate where TRegs and Tresponder cells 

are separated by a membrane and thus determining if their suppressive function is 

dependent upon cytokine secretion or is primarily mediated through cell-contact dependent 

mechanism. 
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6 Conclusion 

Our study of human induced TRegs demonstrates that naïve (CD4+CD25-) T cells differentiate 

into CD4+CD127-CD25highFoxP3high iTRegs in the presence of IL-2 and TGF-β1 in vitro. TGF-β1 

was shown to be essential for the induction and its presence resulted in threefold expansion 

of the iTRegs compared to IL-2 alone. We wanted to detect the role of the innate immune 

system in the differentiation of TRegs. We discovered that the pro-inflammatory cytokines 

TNFα and IL-1β suppressed the differentiation of iTRegs. TNFα suppressed 68.3% whereas 

IL-1β inhibited the differentiation of 73.5% of the population. 

CD103 is the alpha chain of the adhesion molecule αEβ7 integrin and is important in 

TReg trafficking. TGF-β1 and IL-2 induced the expression of CD103 tenfold compared to IL-2 

alone. However the role of CD103 in TRegs function is still unclear. 

To confirm the iTReg identity as regulatory cells we performed a co-culture 

suppression assay. The iTRegs showed strong suppressive effects on the proliferation of 

PBMC’s. This suppression was dose-dependent as shown by positive correlation of the 

suppressive function and the CD4+ iTRegs increasing numbers. Seeing that the pro-

inflammatory IL-1β and TNFα suppressed iTReg differentiation, we investigated their possible 

effects on the iTReg suppressive function in our model. IL-1β and TNFα were shown to 

significantly inhibit the iTReg suppressive function. 

Finally, we set out to evaluate possible mechanism for the iTReg mediated suppressor 

function. Our results demonstrated that the IL-10 secretion in the iTRegs culture was not 

increased, but diminished in the presence of TGF-β1 in the culture. In addition, differentiated 

CD4+ iTRegs secreted significantly higher amounts of IL-2 in the presence of TGF-β1 

compared to controls. The presence of IL-1β also had a significant negative effect upon IL-2 

secretion compared to TGF-β1 alone. However, we found no difference in the IL-2 secretion 

when TNFα was present in the culture. Secretion of IL-35 has been suggested as a possible 

mediator for iTReg suppression. However, we found negligible amounts of IL-35 in the culture. 

Thus we suggest that IL-2 secretion is a potential mechanism through which iTReg mediated 

their suppressive function in vitro. 

TReg have an essential role in regulating immune tolerance and their reduced numbers and 

function have been implicated in autoimmune diseases. Then again, they also provide 

unwanted immune suppression in tumours. For that reason, it is necessary to understand the 

mechanism behind their differentiation and function. We have demonstrated for the first time 

the effects of IL-1β on TReg differentiation and function and further established the negative 

effects of TNFα. As well as increasing our knowledge of the factors involved in regulating 
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TRegs, these results provide means for developing new treatment options for down-regulating 

unwanted TReg differentiation and function. 



  

60 

References 

1. Hansen JD, Vojtech LN, Laing KJ. Sensing disease and danger: A survey of vertebrate PRRs 
and their origins. Developmental and Comparative Immunology. 2011;35(9):886-97. 
2. Blom B, Spits H. Development of human lymphoid cells. Annual Review of Immunology. 24. 
Palo Alto: Annual Reviews; 2006. p. 287-320. 
3. Spits H, Blom B, Jaleco AC, Weijer K, Verschuren MCM, van Dongen JJM, et al. Early stages 
in the development of human T, natural killer and thymic dendritic cells. Immunological Reviews. 
1998;165:75-86. 
4. Terstappen L, Huang S, Safford M, Lansdorp PM, Loken MR. SEQUENTIAL GENERATIONS 
OF HEMATOPOIETIC COLONIES DERIVED FROM SINGLE NONLINEAGE-COMMITTED 
CD34+CD38- PROGENITOR CELLS. Blood. 1991;77(6):1218-27. 
5. Galy A, Verma S, Barcena A, Spits H. PRECURSORS OF CD3+CD4+CD8+ CELLS IN THE 
HUMAN THYMUS ARE DEFINED BY EXPRESSION OF CD34 - DELINEATION OF EARLY EVENTS 
IN HUMAN THYMIC DEVELOPMENT. Journal of Experimental Medicine. 1993;178(2):391-401. 
6. Blom B, Res P, Noteboom E, Weijer K, Spits H. Prethymic CD34(+) progenitors capable of 
developing into T cells are not committed to the T cell lineage. Journal of Immunology. 
1997;158(8):3571-7. 
7. Schwarz BA, Sambandam A, Maillard I, Harman BC, Love PE, Bhandoola A. Selective thymus 
settling regulated by cytokine and chemokine receptors. Journal of Immunology. 2007;178(4):2008-17. 
8. Zlotoff DA, Sambandam A, Logan TD, Bell JJ, Schwarz BA, Bhandoola A. CCR7 and CCR9 
together recruit hematopoietic progenitors to the adult thymus. Blood. 2010;115(10):1897-905. 
9. Calderon L, Boehm T. Three chemokine receptors cooperatively regulate homing of 
hematopoietic progenitors to the embryonic mouse thymus. Proceedings of the National Academy of 
Sciences of the United States of America. 2011;108(18):7517-22. 
10. Rossi FMV, Corbel SY, Merzaban JS, Carlow DA, Gossens K, Duenas J, et al. Recruitment of 
adult thymic progenitors is regulated by P-selectin and its ligand PSGL-1. Nature Immunology. 
2005;6(6):626-34. 
11. Kohn LA, Hao QL, Sasidharan R, Parekh C, Ge SD, Zhu YH, et al. Lymphoid priming in 
human bone marrow begins before expression of CD10 with upregulation of L-selectin. Nature 
Immunology. 2012;13(10):963-71. 
12. Plum J, Desmedt M, Leclercq G. EXOGENOUS IL-7 PROMOTES THE GROWTH OF CD3-
CD4-CD8-CD44+CD25+/- PRECURSOR CELLS AND BLOCKS THE DIFFERENTIATION PATHWAY 
OF TCR-ALPHA-BETA CELLS IN FETAL THYMUS ORGAN-CULTURE. Journal of Immunology. 
1993;150(7):2706-16. 
13. Legrand N, Dontje W, van Lent AU, Spits H, Blom B. Human thymus regeneration and T cell 
reconstitution. Seminars in Immunology. 2007;19(5):280-8. 
14. Nunes-Cabaco H, Caramalho I, Sepulveda N, Sousa AE. Differentiation of human thymic 
regulatory T cells at the double positive stage. European Journal of Immunology. 2011;41(12):3604-
14. 
15. Murphy K, Travers P, Walport M. Janeway's Immunobiology. 7th edition ed2007. 928 p. 
16. Inaba K, Witmerpack M, Inaba M, Hathcock KS, Sakuta H, Azuma M, et al. THE TISSUE 
DISTRIBUTION OF THE B7-2 COSTIMULATOR IN MICE - ABUNDANT EXPRESSION ON 
DENDRITIC CELLS IN-SITU AND DURING MATURATION IN-VITRO. Journal of Experimental 
Medicine. 1994;180(5):1849-60. 
17. Gross JA, Stjohn T, Allison JP. THE MURINE HOMOLOG OF THE LYMPHOCYTE-T 
ANTIGEN-CD28 - MOLECULAR-CLONING AND CELL-SURFACE EXPRESSION. Journal of 
Immunology. 1990;144(8):3201-10. 
18. Vadas MA, Miller J, McKenzie IFC, Chism SE, Shen FW, Boyse EA, et al. LY AND IA 
ANTIGEN PHENOTYPES OF T CELLS INVOLVED IN DELAYED-TYPE HYPERSENSITIVITY AND 
IN SUPPRESSION. Journal of Experimental Medicine. 1976;144(1):10-9. 
19. Okumura K, Takemori T, Tokuhisa T, Tada T. SPECIFIC ENRICHMENT OF SUPPRESSOR 
T-CELL BEARING I-J DETERMINANTS - PARALLEL FUNCTIONAL AND SEROLOGICAL 
CHARACTERIZATIONS. Journal of Experimental Medicine. 1977;146(5):1234-45. 
20. SAKAGUCHI S, SAKAGUCHI N, ASANO M, ITOH M, TODA M. IMMUNOLOGICAL 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. Journal of Immunology. 1995;155(3):1151-64. 



  

61 

21. Baecher-Allan C, Brown JA, Freeman GJ, Hafler DA. CD4+CD25(high) regulatory cells in 
human peripheral blood. Journal of Immunology. 2001;167(3):1245-53. 
22. Cupedo T, Nagasawa M, Weijer K, Blom B, Spits H. Development and activation of regulatory 
T cells in the human fetus. European Journal of Immunology. 2005;35(2):383-90. 
23. Hsieh CS, Liang YQ, 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):267-77. 
24. Tai XG, Cowan M, Feigenbaum L, Singer A. CD28 costimulation of developing thymocytes 
induces Foxp3 expression and regulatory T cell differentiation independently of interleukin 2. Nature 
Immunology. 2005;6(2):152-62. 
25. Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, et al. B7/CD28 
costimulation is essential for the homeostasis of the CD4(+)CD25(+) immunoregulatory T cells that 
control autoimmune diabetes. Immunity. 2000;12(4):431-40. 
26. Long MX, Park SG, Strickland I, Hayden MS, Ghosh S. Nuclear Factor-kappa B Modulates 
Regulatory T Cell Development by Directly Regulating Expression of Foxp3 Transcription Factor. 
Immunity. 2009;31(6):921-31. 
27. Patton DT, Garden OA, Pearce WP, Clough LE, Monk CR, Leung E, et al. Cutting edge: The 
phosphoinositide 3-kinase p110 delta is critical for the function of CD4(+)CD25(+)Foxp3(+) regulatory 
T cells. Journal of Immunology. 2006;177(10):6598-602. 
28. Kretschmer K, Apostolou I, Hawiger D, Khazaie K, Nussenzweig MC, von Boehmer H. 
Inducing and expanding regulatory T cell populations by foreign antigen. Nature Immunology. 
2005;6(12):1219-27. 
29. Zheng SG, Wang JH, Stohl W, Kim KS, Gray JD, Horwitz DA. TGF-beta requires CTLA-4 
early after T cell activation to induce FoxP3 and generate adaptive CD4(+) CD25(+) regulatory cells. 
Journal of Immunology. 2006;176(6):3321-9. 
30. Soligo M, Camperio C, Caristi S, Scotta C, Del Porto P, Costanzo A, et al. CD28 costimulation 
regulates FOXP3 in a RelA/NF-kappa B-dependent mechanism. European Journal of Immunology. 
2011;41(2):503-13. 
31. Semple K, Nguyen A, Yu Y, Wang HL, Anasetti C, Yu XZ. Strong CD28 costimulation 
suppresses induction of regulatory T cells from naive precursors through Lck signaling. Blood. 
2011;117(11):3096-103. 
32. Zheng SG, Wang JH, Wang P, Gray JD, Horwitz DA. IL-2 is essential for TGF-beta to convert 
naive CD4(+)CD25(-) cells to CD25(+)Foxp3(+) regulatory T cells and for expansion of these cells. 
Journal of Immunology. 2007;178(4):2018-27. 
33. Davidson TS, DiPaolo RJ, Andersson J, Shevach EM. Cutting edge: IL-2 is essential for TGF-
beta-mediated induction of Foxp(3+) T regulatory cells. Journal of Immunology. 2007;178(7):4022-6. 
34. Chen W, Jin W, Hardegen N, Lei K, Li L, Marinos N, et al. Conversion of peripheral 
CD4(+)CD25(-) naive T cells to CD4(+)CD25(+) regulatory T cells by TGF-beta induction of 
transcription factor Foxp3. Journal of Experimental Medicine. 2003;198(12):1875-86. 
35. Shanmugasundaram R, Selvaraj RK. In vitro human TGF-beta treatment converts 
CD4(+)CD25(-) T cells into induced T regulatory like cells. Veterinary Immunology and 
Immunopathology. 2010;137(1-2):161-5. 
36. Liu WH, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression inversely 
correlates with FoxP3 and suppressive function of human CD4(+) T reg cells. Journal of Experimental 
Medicine. 2006;203(7):1701-11. 
37. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and function of 
CD4(+)CD25(+) regulatory T cells. Nature Immunology. 2003;4(4):330-6. 
38. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription 
factor Foxp3. Science. 2003;299(5609):1057-61. 
39. Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R, et al. Activation-
induced FOXP3 in human T effector cells does not suppress proliferation or cytokine production. 
International Immunology. 2007;19(4):345-54. 
40. Tran D, Ramsey H, Shevach E. Induction of FOXP3 expression in naive human 
CD4(+)FOXP3(-) T cells by T-cell receptor stimulation is transforming growth factor-beta-dependent 
but does not confer a regulatory phenotype. Blood. 2007;110(8):2983-90. 
41. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, et al. The 
immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by 
mutations of FOXP3. Nature Genetics. 2001;27(1):20-1. 
42. Lim HW, Broxmeyer HE, Kim CH. Regulation of trafficking receptor expression in human 
forkhead box-P3(+) regulatory T cells. Journal of Immunology. 2006;177(2):840-51. 



  

62 

43. Allakhverdi Z, Fitzpatrick D, Boisvert A, Baba N, Bouguermouh S, Sarfati M, et al. Expression 
of CD103 identifies human regulatory T-cell subsets. Journal of Allergy and Clinical Immunology. 
2006;118(6):1342-9. 
44. Robinson PW, Green SJ, Carter C, Coadwell J, Kilshaw PJ. Studies on transcriptional 
regulation of the mucosal T-cell integrin alpha E beta 7 (CD103). Immunology. 2001;103(2):146-54. 
45. Lehmann J, Huehn J, de la Rosa M, Maszyna F, Kretschmer U, Krenn V, et al. Expression of 
the integrin alpha(E)beta(7) identifies unique subsets of CD25(+) as well as CD25(-) regulatory T cells. 
Proceedings of the National Academy of Sciences of the United States of America. 
2002;99(20):13031-6. 
46. 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):2840-8. 
47. Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle RJ. Cutting edge: Contact-mediated 
suppression by CD4(+)-CD25(+) regulatory cells involves a granzyme B-dependent, perforin-
independent mechanism. Journal of Immunology. 2005;174(4):1783-6. 
48. Gondek DC, DeVries V, Nowak EC, Lu LF, Bennett KA, Scott ZA, et al. Transplantation 
survival is maintained by granzyme B+ regulatory cells and adaptive regulatory T cells. Journal of 
Immunology. 2008;181(7):4752-60. 
49. Cao XF, Cai SF, Fehniger TA, Song JL, Collins LI, Piwnica-Worms DR, et al. Granzyme B and 
perforin are important for regulatory T cell-mediated suppression of tumor clearance. Immunity. 
2007;27(4):635-46. 
50. Jonuleit H, Schmitt E, Stassen M, Tuettenberg A, Knop J, Enk AH. Identification and functional 
characterization of human CD4(+)CD25(+) T cells with regulatory properties isolated from peripheral 
blood. Journal of Experimental Medicine. 2001;193(11):1285-94. 
51. Dieckmann. Human CD4(+)CD25(+) regulatory, contact-dependent T cells induce interleukin 
10-producing, contact-independent type 1-like regulatory T cells (vol 196, pg 247, 2002). Journal of 
Experimental Medicine. 2002;196(6):867-. 
52. Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, Ye X, et al. Regulatory T cell-
derived interleukin-10 limits inflammation at environmental interfaces. Immunity. 2008;28(4):546-58. 
53. Bessis N, Thiolat A, Boissier MC, Petit M, Lemeiter D, Lutomski D, et al. IL-35 gene therapy in 
a model of rheumatoid arthritis. Cytokine. 2012;59(3):576-. 
54. Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali KM, et al. The inhibitory cytokine 
IL-35 contributes to regulatory T-cell function. Nature. 2007;450(7169):566-U19. 
55. Bardel E, Larousserie F, Charlot-Rabiega P, Coulomb-L'Hermine A, Devergne O. Human 
CD4(+)CD25(+)Foxp3(+) Regulatory T Cells Do Not Constitutively Express IL-35. Journal of 
Immunology. 2008;181(10):6898-905. 
56. Chaturvedi V, Collison LW, Guy CS, Workman CJ, Vignali DAA. Cutting Edge: Human 
Regulatory T Cells Require IL-35 To Mediate Suppression and Infectious Tolerance. Journal of 
Immunology. 2011;186(12):6661-6. 
57. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, et al. CTLA-4 control 
over Foxp3(+) regulatory T cell function. Science. 2008;322(5899):271-5. 
58. Friedline RH, Brown DS, Nguyen H, Kornfeld H, Lee J, Zhang Y, et al. CD4(+) regulatory T 
cells require CTLA-4 for the maintenance of systemic tolerance. Journal of Experimental Medicine. 
2009;206(2):421-34. 
59. Shevach EM. Mechanisms of Foxp3(+) T Regulatory Cell-Mediated Suppression. Immunity. 
2009;30(5):636-45. 
60. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine generation 
catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. Journal 
of Experimental Medicine. 2007;204(6):1257-65. 
61. Liang BT, Workman C, Lee J, Chew C, Dale BM, Colonna L, et al. Regulatory T cells inhibit 
dendritic cells by lymphocyte activation gene-3 engagement of MHC class II. Journal of Immunology. 
2008;180(9):5916-26. 
62. Garin MI, Chu CC, Golshayan D, Cernuda-Morollon E, Wait R, Lechler RI. Galectin-1: a key 
effector of regulation mediated by CD4(+)CD25(+) T cells. Blood. 2007;109(5):2058-65. 
63. Govinden R, Bhoola KD. Genealogy, expression, and cellular function of transforming growth 
factor-beta. Pharmacology & Therapeutics. 2003;98(2):257-65. 
64. Annes JP, Munger JS, Rifkin DB. Making sense of latent TGF beta activation. Journal of Cell 
Science. 2003;116(2):217-24. 
65. Massague J. TGF-beta signal transduction. Annual Review of Biochemistry. 1998;67:753-91. 



  

63 

66. Huse M, Muir TW, Xu L, Chen YG, Kuriyan J, Massague J. The TGF beta receptor activation 
process: An inhibitor- to substrate-binding switch. Molecular Cell. 2001;8(3):671-82. 
67. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in TGF-beta family 
signalling. Nature. 2003;425(6958):577-84. 
68. Nakamura K, Kitani A, Strober W. Cell contact-dependent immunosuppression by 
CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming growth factor beta. 
Journal of Experimental Medicine. 2001;194(5):629-44. 
69. Piccirillo CA, Letterio JJ, Thornton AM, McHugh RS, Mamura M, Mizuhara H, et al. 
CD4(+)CD25(+) regulatory T cells can mediate suppressor function in the absence of transforming 
growth factor beta 1 production and responsiveness. Journal of Experimental Medicine. 
2002;196(2):237-45. 
70. Gottschalk RA, Corse E, Allison JP. TCR ligand density and affinity determine peripheral 
induction of Foxp3 in vivo. Journal of Experimental Medicine. 2010;207(8):1701-11. 
71. Zhu JF, Davidson TS, Wei G, Jankovic D, Cui KR, Schones DE, et al. Down-regulation of Gfi-
1 expression by TGF-beta is important for differentiation of Th17 and CD103(+) inducible regulatory T 
cells. Journal of Experimental Medicine. 2009;206(2):329-41. 
72. Josefowicz SZ, Rudensky A. Control of Regulatory T Cell Lineage Commitment and 
Maintenance. Immunity. 2009;30(5):616-25. 
73. Josefowicz SZ, Wilson CB, Rudensky AY. Cutting Edge: TCR Stimulation Is Sufficient for 
Induction of Foxp3 Expression in the Absence of DNA Methyltransferase 1. Journal of Immunology. 
2009;182(11):6648-52. 
74. Mucida D, Kutchukhidze N, Erazo A, Russo M, Lafaille JJ, de Lafaille MAC. Oral tolerance in 
the absence of naturally occurring Tregs. Journal of Clinical Investigation. 2005;115(7):1923-33. 
75. de Lafaille MAC, Lino AC, Kutchukhidze N, Lafaille JJ. CD25(-) T cells generate 
CD25(+)Foxp3(+) regulatory T cells by peripheral expansion. Journal of Immunology. 
2004;173(12):7259-68. 
76. Setoguchi R, Hori S, Takahashi T, Sakaguchi S. Homeostatic maintenance of natural 
Foxp3(+) CD25(+) CD4(+) regulatory T cells by interleukin (IL)-2 and induction of autoimmune disease 
by IL-2 neutralization. Journal of Experimental Medicine. 2005;201(5):723-35. 
77. Burchill M, Yang J, Vang K, Farrar M. Interleukin-2 receptor signaling in regulatory T cell 
development and homeostasis. Immunology Letters. 2007;114(1):1-8. 
78. Thornton AM, Shevach EM. CD4(+)CD25(+) immunoregulatory T cells suppress polyclonal T 
cell activation in vitro by inhibiting interleukin 2 production. Journal of Experimental Medicine. 
1998;188(2):287-96. 
79. Oberle N, Eberhardt N, Falk CS, Krammer PH, Suri-Payer E. Rapid suppression of cytokine 
transcription in human CD4(+)CD25(-) T cells by CD4(+)Foxp3(+) regulatory T cells: Independence of 
IL-2 consumption, TGF-beta, and various inhibitors of TCR signaling. Journal of Immunology. 
2007;179(6):3578-87. 
80. Yu AX, Zhu LJ, Altman NH, Malek TR. A Low Interleukin-2 Receptor Signaling Threshold 
Supports the Development and Homeostasis of T Regulatory Cells. Immunity. 2009;30(2):204-17. 
81. Thornton AM, Donovan EE, Piccirillo CA, Shevach EM. Cutting edge: IL-2 is critically required 
for the in vitro activation of CD4(+)CD25(+) T cell suppressor function. Journal of Immunology. 
2004;172(11):6519-23. 
82. Pandiyan P, Zheng LX, Ishihara S, Reed J, Lenardo MJ. CD4(+) CD25(+) Foxp3(+) regulatory 
T cells induce cytokine deprivation -mediated apoptosis of effector CD4(+) T cells. Nature 
Immunology. 2007;8(12):1353-62. 
83. Tran DQ, Class DD, Uzel G, Darnell DA, Spalding C, Holland SM, et al. Analysis of Adhesion 
Molecules, Target Cells, and Role of IL-2 in Human FOXP3(+) Regulatory T Cell Suppressor Function. 
Journal of Immunology. 2009;182(5):2929-38. 
84. Zheng Y, Josefowicz SZ, Kas A, Chu TT, Gavin MA, Rudensky AY. Genome-wide analysis of 
Foxp3 target genes in developing and mature regulatory T cells. Nature. 2007;445(7130):936-40. 
85. Wu YQ, Borde M, Heissmeyer V, Feuerer M, Lapan AD, Stroud JC, et al. FOXP3 controls 
regulatory T cell function through cooperation with NFAT. Cell. 2006;126(2):375-87. 
86. Dai R, Ahmed SA. MicroRNA, a new paradigm for understanding immunoregulation, 
inflammation, and autoimmune diseases. Transl Res. 2011;157(4):163-79. 
87. Ha TY. The Role of MicroRNAs in Regulatory T Cells and in the Immune Response. Immune 
Netw. 2011;11(1):11-41. 
88. Li J, Wan Y, Guo Q, Zou L, Zhang J, Fang Y, et al. Altered microRNA expression profile with 
miR-146a upregulation in CD4+ T cells from patients with rheumatoid arthritis. Arthritis Res Ther. 
2010;12(3):R81. 



  

64 

89. Kohlhaas S, Garden OA, Scudamore C, Turner M, Okkenhaug K, Vigorito E. Cutting edge: the 
Foxp3 target miR-155 contributes to the development of regulatory T cells. J Immunol. 
2009;182(5):2578-82. 
90. Zhou X, Jeker LT, Fife BT, Zhu S, Anderson MS, McManus MT, et al. Selective miRNA 
disruption in T reg cells leads to uncontrolled autoimmunity. J Exp Med. 2008;205(9):1983-91. 
91. Chong MM, Rasmussen JP, Rudensky AY, Rundensky AY, Littman DR. The RNAseIII 
enzyme Drosha is critical in T cells for preventing lethal inflammatory disease. J Exp Med. 
2008;205(9):2005-17. 
92. Lu LF, Thai TH, Calado DP, Chaudhry A, Kubo M, Tanaka K, et al. Foxp3-Dependent 
MicroRNA155 Confers Competitive Fitness to Regulatory T Cells by Targeting SOCS1 Protein. 
Immunity. 2009;30(1):80-91. 
93. Lu LF, Boldin MP, Chaudhry A, Lin LL, Taganov KD, Hanada T, et al. Function of miR-146a in 
Controlling Treg Cell-Mediated Regulation of Th1 Responses. Cell. 2010;142(6):914-29. 
94. Josefowicz SZ, Lu LF, Rudensky AY. Regulatory T Cells: Mechanisms of Differentiation and 
Function. Annual Review of Immunology, Vol 30. 2012;30:531-64. 
95. Zhou L, Lopes JE, Chong MMW, Ivanov, II, Min R, Victora GD, et al. TGF-beta-induced Foxp3 
inhibits T(H)17 cell differentiation by antagonizing ROR gamma t function. Nature. 
2008;453(7192):236-U14. 
96. Zheng Y, Chaudhry A, Kas A, deRoos P, Kim JM, Chu TT, et al. Regulatory T-cell suppressor 
program co-opts transcription factor IRF4 to control T(H)2 responses. Nature. 2009;458(7236):351-
U116. 
97. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell DJ. The 
transcription factor T-bet controls regulatory T cell homeostasis and function during type 1 
inflammation. Nature Immunology. 2009;10(6):595-U57. 
98. Chaudhry A, Rudra D, Treuting P, Samstein RM, Liang YQ, Kas A, et al. CD4(+) Regulatory T 
Cells Control T(H)17 Responses in a Stat3-Dependent Manner. Science. 2009;326(5955):986-91. 
99. Lubberts E, van den Berg WB. Cytokines in the pathogenesis of rheumatoid arthritis and 
collagen-induced arthritis. Adv Exp Med Biol. 2003;520:194-202. 
100. Baeuerle PA, Baltimore D. ACTIVATION OF DNA-BINDING ACTIVITY IN AN APPARENTLY 
CYTOPLASMIC PRECURSOR OF THE NF-KAPPA-B TRANSCRIPTION FACTOR. Cell. 
1988;53(2):211-7. 
101. Biton J, Boissier MC, Bessis N. TNF alpha: Activator or inhibitor of regulatory T cells? Joint 
Bone Spine. 2012;79(2):119-23. 
102. Black RA, Rauch CT, Kozlosky CJ, Peschon JJ, Slack JL, Wolfson MF, et al. A 
metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from cells. Nature. 
1997;385(6618):729-33. 
103. MacEwan DJ. TNF receptor subtype signalling: Differences and cellular consequences. 
Cellular Signalling. 2002;14(6):477-92. 
104. Colmegna I, Ohata BR, Menard HA. Current Understanding of Rheumatoid Arthritis Therapy. 
Clinical Pharmacology & Therapeutics. 2012;91(4):607-20. 
105. Faustman D, Davis M. TNF receptor 2 pathway: drug target for autoimmune diseases. Nature 
Reviews Drug Discovery. 2010;9(6):482-93. 
106. Feldmann M, Maini SR. Role of cytokines in rheumatoid arthritis: an education in 
pathophysiology and therapeutics. Immunol Rev. 2008;223:7-19. 
107. Nadkarni S, Mauri C, Ehrenstein M. Anti-TNF-alpha therapy induces a distinct regulatory T cell 
population in patients with rheumatoid arthritis via TGF-beta. Journal of Experimental Medicine. 
2007;204(1):33-9. 
108. Mussi A, Bonifati C, Carducci M, D'Agosto G, Pimpinelli F, D'Urso D, et al. Serum TNF-alpha 
levels correlate with disease severity and are reduced by effective therapy in plaque-type psoriasis. 
Journal of Biological Regulators and Homeostatic Agents. 1997;11(3):115-8. 
109. Santana G, Bendicho MT, Santana TC, dos Reis LB, Lemaire D, Lyra AC. The TNF-alpha-308 
polymorphism may affect the severity of Crohn's disease. Clinics. 2011;66(8):1373-7. 
110. Reimund JM, Wittersheim C, Dumont S, Muller CD, Kenney JS, Baumann R, et al. Increased 
production of tumour necrosis factor-alpha, interleukin-1 beta, and interleukin-6 by morphologically 
normal intestinal biopsies from patients with Crohn's disease. Gut. 1996;39(5):684-9. 
111. Ozenci V, Kouwenhoven M, Huang YM, Kivisakk P, Link H. Multiple sclerosis is associated 
with an imbalance between tumour necrosis factor-alpha (TNF-alpha)- and IL-10-secreting blood cells 
that is corrected by interferon-beta (IFN-beta) treatment. Clinical and Experimental Immunology. 
2000;120(1):147-53. 



  

65 

112. Yang XD, Tisch R, Singer SM, Cao ZA, Liblau RS, Schreiber RD, et al. EFFECT OF TUMOR-
NECROSIS-FACTOR-ALPHA ON INSULIN-DEPENDENT DIABETES-MELLITUS IN NOD MICE .1. 
THE EARLY DEVELOPMENT OF AUTOIMMUNITY AND THE DIABETOGENIC PROCESS. Journal 
of Experimental Medicine. 1994;180(3):995-1004. 
113. Jacob CO, McDevitt HO. TUMOR NECROSIS FACTOR-ALPHA IN MURINE AUTOIMMUNE 
LUPUS NEPHRITIS. Nature. 1988;331(6154):356-8. 
114. Sfikakis PP. The first decade of biologic TNF antagonists in clinical practice: lessons learned, 
unresolved issues and future directions. Curr Dir Autoimmun. 2010;11:180-210. 
115. Valencia X, Simone J, Goldbach-Mansky R, Wilson M, Lipsky P. Successful anti-TNF therapy 
improves the suppressor function of CD4+ CD25hi T regulatory cells in RA. Arthritis and Rheumatism. 
2006;54(9):S300-S. 
116. Ehrenstein MR, Evans JG, Singh A, Moore S, Warnes G, Isenberg DA, et al. Compromised 
function of regulatory T cells in rheumatoid arthritis and reversal by anti-TNFalpha therapy. J Exp Med. 
2004;200(3):277-85. 
117. Valencia X, Stephens G, Goldbach-Mansky R, Wilson M, Shevach EM, Lipsky PE. TNF 
downmodulates the function of human CD4+CD25hi T-regulatory cells. Blood. 2006;108(1):253-61. 
118. Wang J, van Dongen H, Scherer H, Huizinga T, Toes R. Suppressor activity among 
CD4+,CD25++ T cells is discriminated by membrane-bound tumor necrosis factor alpha. Arthritis and 
Rheumatism. 2008;58(6):1609-18. 
119. Kleijwegt FS, Laban S, Duinkerken G, Joosten AM, Zaldumbide A, Nikolic T, et al. Critical role 
for TNF in the induction of human antigen-specific regulatory T cells by tolerogenic dendritic cells. J 
Immunol. 2010;185(3):1412-8. 
120. Chen X, Baumel M, Mannel D, Howard O, Oppenheim J. Interaction of TNF with TNF receptor 
type 2 promotes expansion and function of mouse CD4(+)CD25(+) T regulatory cells. Journal of 
Immunology. 2007;179(1):154-61. 
121. Nagar M, Jacob-Hirsch J, Vernitsky H, Berkun Y, Ben-Horin S, Amariglio N, et al. TNF 
activates a NF-kappaB-regulated cellular program in human CD45RA- regulatory T cells that 
modulates their suppressive function. J Immunol. 2010;184(7):3570-81. 
122. Arend WP, Palmer G, Gabay C. IL-1, IL-18, and IL-33 families of cytokines. Immunological 
Reviews. 2008;223:20-38. 
123. Stylianou E, Oneill LAJ, Rawlinson L, Edbrooke MR, Woo P, Saklatvala J. INTERLEUKIN-1 
INDUCES NF-KAPPA-B THROUGH ITS TYPE-I BUT NOT ITS TYPE-II RECEPTOR IN 
LYMPHOCYTES. Journal of Biological Chemistry. 1992;267(22):15836-41. 
124. Dinarello CA. A clinical perspective of IL-1 beta as the gatekeeper of inflammation. European 
Journal of Immunology. 2011;41(5):1203-17. 
125. Pascual V, Allantaz F, Arce E, Punaro M, Banchereau J. Role of interleukin-1 (IL-1) in the 
pathogenesis of systemic onset juvenile idiopathic arthritis and clinical response to IL-1 blockade. 
Journal of Experimental Medicine. 2005;201(9):1479-86. 
126. Maeda S, Hsu L, Liu H, Bankston L, Iimura M, Kagnoff M, et al. Nod2 mutation in Crohn's 
disease potentiates NF-kappa B activity and IL-10 processing. Science. 2005;307(5710):734-8. 
127. Ben-Sasson SZ, Hu-Li J, Quiel J, Cauchetaux S, Ratner M, Shapira I, et al. IL-1 acts directly 
on CD4 T cells to enhance their antigen-driven expansion and differentiation. Proceedings of the 
National Academy of Sciences of the United States of America. 2009;106(17):7119-24. 
128. Ganesh BB, Bhattacharya P, Gopisetty A, Sheng J, Vasu C, Prabhakar BS. IL-1β promotes 
TGF-β1 and IL-2 dependent Foxp3 expression in regulatory T cells. PLoS One. 2011;6(7):e21949. 
129. Deknuydt F, Bioley G, Valmori D, Ayyoub M. IL-1beta and IL-2 convert human Treg into 
T(H)17 cells. Clin Immunol. 2009;131(2):298-307. 
130. Maitra U, Davis S, Reilly CM, Li L. Differential regulation of Foxp3 and IL-17 expression in 
CD4 T helper cells by IRAK-1. J Immunol. 2009;182(9):5763-9. 
131. Correale J, Villa AM. Isolation and characterization of CD8+ regulatory T cells in multiple 
sclerosis. Neurology. 2007;68(12):A19-A. 
132. Tennakoon DK, Mehta RS, Ortega SB, Bhoj V, Racke MK, Karandikar NJ. Therapeutic 
induction of regulatory, cytotoxic CD8(+) T cells in multiple sclerosis. Journal of Immunology. 
2006;176(11):7119-29. 
133. Niederkorn JY. Emerging concepts in CD8(+) T regulatory cells. Current Opinion in 
Immunology. 2008;20(3):327-31. 
134. Kapp JA, Ke Y. The role of gamma delta TCR-bearing T cells in oral tolerance. Research in 
Immunology. 1997;148(8-9):561-7. 
135. Weiner HL, Friedman A, Miller A, Khoury SJ, Alsabbagh A, Santos L, et al. ORAL 
TOLERANCE - IMMUNOLOGICAL MECHANISMS AND TREATMENT OF ANIMAL AND HUMAN 



  

66 

ORGAN-SPECIFIC AUTOIMMUNE-DISEASES BY ORAL-ADMINISTRATION OF AUTOANTIGENS. 
Annual Review of Immunology. 1994;12:809-37. 
136. Li XX, Braun J, Wei B. Regulatory B cells in autoimmune diseases and mucosal immune 
homeostasis. Autoimmunity. 2011;44(1):58-68. 
137. Peterson RA. Regulatory T-Cells: Diverse Phenotypes Integral to Immune Homeostasis and 
Suppression. Toxicologic Pathology. 2012;40(2):186-204. 
138. Diamond MS, Shrestha B, Marri A, Mahan D, Engle M. B cells and antibody play critical roles 
in the immediate defense of disseminated infection by West Nile encephalitis virus. Journal of 
Virology. 2003;77(4):2578-86. 
139. Rieger A, Bar-Or A. B-cell-derived interleukin-10 in autoimmune disease: regulating the 
regulators. Nature Reviews Immunology. 2008;8(6):486-U16. 
140. Tian J, Zekzer D, Hanssen L, Lu YX, Olcott A, Kaufman DL. Lipopolysaccharide-activated B 
cells down-regulate Th1 immunity and prevent autoimmune diabetes in nonobese diabetic mice. 
Journal of Immunology. 2001;167(2):1081-9. 
141. Yanaba K, Bouaziz JD, Haas KM, Poe JC, Fujimoto M, Tedder TF. A regulatory B cell subset 
with a unique CD1d(hi)CD5(+) phenotype controls T cell-dependent inflammatory responses. 
Immunity. 2008;28(5):639-50. 
142. Wei B, Velazquez P, Turovskaya O, Spricher K, Aranda R, Kronenberg M, et al. Mesenteric B 
cells centrally inhibit CD4(+) T cell colitis through interaction with regulatory T cell subsets. 
Proceedings of the National Academy of Sciences of the United States of America. 2005;102(6):2010-
5. 
143. Shurin GV, Ouellette CE, Shurin MR. Regulatory dendritic cells in the tumor 
immunoenvironment. Cancer Immunology Immunotherapy. 2012;61(2):223-30. 
144. Godfrey VL, Wilkinson JE, Russell LB. X-LINKED LYMPHORETICULAR DISEASE IN THE 
SCURFY (SF) MUTANT MOUSE. American Journal of Pathology. 1991;138(6):1379-87. 
145. Baecher-Allan C, Hafler DA. Human regulatory T cells and their role in autoimmune disease. 
Immunological Reviews. 2006;212:203-16. 
146. Larche M. Regulatory T cells in allergy and asthma. Chest. 2007;132(3):1007-14. 
147. Buelens C, Willems F, Delvaux A, Pierard G, Delville JP, Velu T, et al. INTERLEUKIN-10 
DIFFERENTIALLY REGULATES B7-1 (CD80) AND B7-2 (CD86) EXPRESSION ON HUMAN 
PERIPHERAL-BLOOD DENDRITIC CELLS. European Journal of Immunology. 1995;25(9):2668-72. 
148. Walker C, Virchow JC, Bruijnzeel PLB, Blaser K. T-CELL SUBSETS AND THEIR SOLUBLE 
PRODUCTS REGULATE EOSINOPHILIA IN ALLERGIC AND NONALLERGIC ASTHMA. Journal of 
Immunology. 1991;146(6):1829-35. 
149. Menetrier-Caux C, Gobert M, Caux C. Differences in Tumor Regulatory T-Cell Localization 
and Activation Status Impact Patient Outcome. Cancer Research. 2009;69(20):7895-8. 
150. Whiteside TL. What are regulatory T cells (Treg) regulating in cancer and why? Seminars in 
Cancer Biology. 2012;22(4):327-34. 
151. Curiel TJ, Coukos G, Zou LH, Alvarez X, Cheng P, Mottram P, et al. Specific recruitment of 
regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced survival. Nature 
Medicine. 2004;10(9):942-9. 
152. Ladoire S, Martin F, Ghiringhelli F. Prognostic role of FOXP3+ regulatory T cells infiltrating 
human carcinomas: the paradox of colorectal cancer. Cancer Immunology Immunotherapy. 
2011;60(7):909-18. 
153. Salama P, Phillips M, Grieu F, Morris M, Zeps N, Joseph D, et al. Tumor-Infiltrating FOXP3(+) 
T Regulatory Cells Show Strong Prognostic Significance in Colorectal Cancer. Journal of Clinical 
Oncology. 2009;27(2):186-+. 
154. Weiner HL. Oral tolerance: Immune mechanisms and treatment of autoimmune diseases. 
Immunology Today. 1997;18(7):335-43. 
155. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annual Review of 
Immunology. 27. Palo Alto: Annual Reviews; 2009. p. 485-517. 
156. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. 
Cell. 2008;133(5):775-87. 
157. Roncarolo MG, Battaglia M. Regulatory T-cell immunotherapy for tolerance to self antigens 
and alloantigens in humans. Nature Reviews Immunology. 2007;7(8):585-98. 
158. Sakaguchi S, Miyara M, Costantino CM, Hafler DA. FOXP3(+) regulatory T cells in the human 
immune system. Nature Reviews Immunology. 2010;10(7):490-500. 
159. Battaglia M, Stabilini A, Migliavacca B, Horejs-Hoeck J, Kaupper T, Roncarolo MG. 
Rapamycin promotes expansion of functional CD4(+)CD25(+)FOXP3(+) regulatory T cells of both 
healthy subjects and type 1 diabetic patients. Journal of Immunology. 2006;177(12):8338-47. 



  

67 

160. Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL, Curtsinger J, et al. Infusion of ex 
vivo expanded T regulatory cells in adults transplanted with umbilical cord blood: safety profile and 
detection kinetics. Blood. 2011;117(3):1061-70. 
161. Gunnlaugsdottir B, Maggadottir S, Ludviksson B. Anti-CD28-induced co-stimulation and TCR 
avidity regulates the differential effect of TGF-beta 1 on CD4+ and CD8+ naive human T-cells. 
International Immunology. 2005;17(1):35-44. 
162. Gunnlaugsdottir B, Maggadottir SM, Skaftadottir I, Ludviksson BR. The ex vivo induction of 
human CD103(+) CD25hi Foxp3(+) CD4(+) and CD8(+) Tregs is IL-2 and TGF-beta1 dependent. 
Scand J Immunol. 2013;77(2):125-34. 
163. Geirsdottir L. Dynamic analysis of FoxP3 induced in human umbilical cord-blood derived T 
cells by TGFβ1 and IL-2. Reykjavik, Iceland: University of Iceland; 2011. 
164. Geirsdottir L, Gunnlaugsdottir B, Skaftadottir I, Ludviksson B. The pro-inflammatory cytokines 
TNFα, IL-1β prevent the differentiation of induced T regulatory cells. Scandinavian Journal of 
Immunology. 2010;71(6):517. 
165. Rao PE, Petrone AL, Ponath PD. Differentiation and expansion of T cells with regulatory 
function from human peripheral lymphocytes by stimulation in the presence of TGF-{beta}. J Immunol. 
2005;174(3):1446-55. 
166. Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, Iwata M, et al. Immunologic self-
tolerance maintained by CD25(+)CD4(+) naturally anergic and suppressive T cells: induction of 
autoimmune disease by breaking their anergic/suppressive state. International Immunology. 
1998;10(12):1969-80. 
167. Zhu F, Ramadan G, Davies B, Margolis DA, Keever-Taylor CA. Stimulation by means of 
dendritic cells followed by Epstein-Barr virus-transformed B cells as antigen-presenting cells is more 
efficient than dendritic cells alone in inducing Aspergillus f16-specific cytotoxic T cell responses. 
Clinical and Experimental Immunology. 2008;151(2):284-96. 
168. Purner MB, Berens RL, Krug EC, Curiel TJ. EPSTEIN-BARR VIRUS-TRANSFORMED B-
CELLS, A POTENTIALLY CONVENIENT SOURCE OF AUTOLOGOUS ANTIGEN-PRESENTING 
CELLS FOR THE PROPAGATION OF CERTAIN HUMAN CYTOTOXIC T-LYMPHOCYTES. Clinical 
and Diagnostic Laboratory Immunology. 1994;1(6):696-700. 
169. Sutkowski N, Palkama T, Ciurli C, Sekaly RP, ThorleyLawson DA, Huber BT. An Epstein-Barr 
virus-associated superantigen. Journal of Experimental Medicine. 1996;184(3):971-80. 
170. Li HM, Llera A, Malchiodi EL, Mariuzza RA. The structural basis of T cell activation by 
superantigens. Annual Review of Immunology. 1999;17:435-66. 
171. Mercer F, Kozhaya L, Unutmaz D. Expression and function of TNF and IL-1 receptors on 
human regulatory T cells. PLoS One. 2010;5(1):e8639. 
172. Li L, Kim J, Boussiotis V. IL-1 beta-Mediated Signals Preferentially Drive Conversion of 
Regulatory T Cells but Not Conventional T Cells into IL-17-Producing Cells. Journal of Immunology. 
2010;185(7):4148-53. 
173. Nie H, Zheng Y, Li R, Guo TB, He D, Fang L, et al. Phosphorylation of FOXP3 controls 
regulatory T cell function and is inhibited by TNF-[alpha] in rheumatoid arthritis. Nat Med. 
2013;19(3):322-8. 
174. Buckner JH. Mechanisms of impaired regulation by CD4+CD25+FOXP3+ regulatory T cells in 
human autoimmune diseases. Nat Rev Immunol. 2010;10(12):849-59. 
175. Klein L, Khazaie K, von Boehmer H. In vivo dynamics of antigen-specific regulatory T cells not 
predicted from behavior in vitro. Proceedings of the National Academy of Sciences of the United 
States of America. 2003;100(15):8886-91. 
176. Annacker O, Pimenta-Araujo R, Burlen-Defranoux O, Barbosa TC, Cumano A, Bandeira A. 
CD25(+) CD4(+) T cells regulate the expansion of peripheral CD4 T cells through the production of IL-
10. Journal of Immunology. 2001;166(5):3008-18. 
177. Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F. An essential role for interleukin 10 
in the function of regulatory T cells that inhibit intestinal inflammation. Journal of Experimental 
Medicine. 1999;190(7):995-1003. 
178. Suri-Payer E, Cantor H. Differential cytokine requirements for regulation of autoimmune 
gastritis and colitis by CD4(+)CD25(+) T cells. Journal of Autoimmunity. 2001;16(2):115-23. 
179. Thornton AM, Piccirillo CA, Shevach EM. Activation requirements for the induction of 
CD4(+)CD25(+) T cell suppressor function. European Journal of Immunology. 2004;34(2):366-76. 
180. Willerford DM, Chen JZ, Ferry JA, Davidson L, Ma A, Alt FW. INTERLEUKIN-2 RECEPTOR-
ALPHA CHAIN REGULATES THE SIZE AND CONTENT OF THE PERIPHERAL LYMPHOID 
COMPARTMENT. Immunity. 1995;3(4):521-30. 



  

68 

181. Suzuki H, Kundig TM, Furlonger C, Wakeham A, Timms E, Matsuyama T, et al. 
DEREGULATED T-CELL ACTIVATION AND AUTOIMMUNITY IN MICE LACKING INTERLEUKIN-2 
RECEPTOR-BETA. Science. 1995;268(5216):1472-6. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

69 

Appendix 
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Summary sentence: TNFα and IL-1β regulate the IL-2 and TGF-β1 mediated differentiation and 

suppressive function of human CD4
+
 iTRegs in a dose and time dependent manner. 

Running title: Proinflammatory cytokines, TGFβ1 and T cell differentiation 

Key words: TRegs, TGFβ1, IL-2, IL-10 

 

Peripherally induced CD4
+
CD25

high
CD127

-
FoxP3

high
 regulatory T cells (iTRegs) are critical for 

the maintenance of balanced human immune responses. The innate immune system plays a 

significant role in the pathogenesis of autoimmune diseases. However, its role in the 

differentiation and function of human CD4
+
 iTRegs is currently unclear.  

In this study we investigated the effect of the proinflammatory cytokines TNFα and IL-1β 

upon the differentiation and function of human CD4
+
 iTRegs. 

Naïve human CD4
+
CD25

-
 T cells, isolated from neonatal cord blood and healthy adults, were 

cultured under various stimulatory conditions with/without IL-1β and TNFα. The iTRegs were 

characterised as CD4
+
/CD25

high
/CD127

-
/FoxP3

high
 and their suppressive function evaluated. 

TNFα and IL-1β significantly affected the differentiation of human CD4
+
 iTRegs in a dose 

and time dependent manner. Low dose and short term conditions promoted their 

differentiation while high dose and long term conditions were inhibitory. In addition, 

suppressive function of the CD4
+
 iTRegs was inhibited by TNFα and IL-1β. This inhibitory 

effect of TNFα and IL-1β was associated with a significant reduction of the TβRII expression 

and IL-2 secretion. However, their IL-10 secretion was not affected and IL-35 secretion was 

not observed in any of the culture conditions tested. 

We conclude that the ex vivo induction of human CD4
+
 iTRegs is mediated through TβRII 

and IL-2 dependent mechanism. The regulatory effect of IL-1β and TNFα on iTReg 
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differentiation is dynamic and may to some extent reflect the magnitude and persistence of the 

initial proinflammatory response.  
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Introduction 

Regulatory T cells (TRegs) are vital for immune suppression and crucial for controlling 

inflammatory responses, establishing self-tolerance and maintaining immune homeostasis 

(183).  

CD4
+
 TRegs are divided into two major classes; naturally occurring TRegs (nTRegs) and induced 

TRegs (iTRegs) that are phenotypically indistinguishable but may differ in functionality and 

differentiation (184, 185).  

Inducible TRegs develop in the periphery from CD4
+
CD25

-
 T cells in the presence of TGF-

β1 (34, 186) and IL-2 (77). They are essential for maintaining an effective peripheral immune 

tolerance and are characterized by high surface expression of the interleukin (IL)-2 α receptor 

chain (CD25), low expression of interleukin (IL)-7 receptor α (CD127) and stable expression 

of the transcription factor, forkhead-box protein P3 (FoxP3) (187, 188). FoxP3 has been used 

as the most specific TRegs marker and is required for normal TRegs function and differentiation 

(189). Thus, prolonged FoxP3 expression is known to be required to define TRegs indisputably 

(190). It is well documented that TGF-β1 is essential for T cell homeostasis. This has been 

established in TGF-β1 knockout mice, which develop multifocal inflammatory autoimmune 

diseases (191). Furthermore, TGF-β (38, 192), prostaglandin E2 (193) and retinoic acid (194, 

195) are the only recognized inducers of FoxP3. Thus, TGF-β1 has a great therapeutic 

potential, both as the generator of TRegs (196) and possibly also as the main mediator of their 

immunosuppressive activity (68). Our results have shown that T cells are more responsive 

towards TGF-β1 mediated suppression during suboptimal stimulatory conditions (161). 

Accordingly, autoreactive T cells that drive chronic inflammatory responses in autoimmune 

diseases are probably highly stimulated and therefore unresponsive towards the immune-

modifying effects of TGF-β1. 

Tumor necrosis factor alpha (TNFα) is a proinflammatory cytokine with a capacity to 

induce apoptosis. Furthermore, it plays an important role in different biological processes 

including the induction of other cytokines. TNFα is a key factor in numerous inflammatory 

diseases. The success of anti-TNF biologicals for the treatment of rheumatoid arthritis (RA) 

(197), Crohn´s disease and other chronic inflammatory (reviewed in (198)) conditions 

highlights TNFα as a key mediator of inflammation (199). Membrane bound-TNFα on TRegs 

has been linked to severe RA disease activity (118) and it has been reported that neutralization 

of TNFα restored TReg function and numbers (200). Paradoxically, some researchers have also 
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shown that TNFα regulates the function and numbers of TRegs (120). Recent study has 

additionally shown that TReg in mice and humans are able to shed massive amounts of the 

TNF receptor type II after few days of activation (199). This can possibly explain the 

contradictory findings regarding the effect of TNFα on TRegs as described above. However, 

most studies agree that TNFα plays an important role in TReg activity, although the exact 

mechanism is currently unclear. 

IL-1β is a proinflammatory cytokine, synthesised as a precursor molecule (pro-IL-1β) by 

many different cell types (reviewed in ref. (201)). It is involved in the pathogenesis of 

inflammatory diseases and a number of autoimmune diseases are associated with high levels 

of IL-1β (125, 126). Additionally, it is an important contributor to the polarization of Th17 

cells (129, 173). Despite its possible role in TReg differentiation in mice (202), the effect of IL-

1β on human TRegs remains to be explored. Given the protective role of the proinflammatory 

cytokines TNFα and IL-1β during infection, and the fact that both cytokines have been 

reported to antagonise TGF-β1, we hypothesised that these cytokines affect the IL-2 and 

TGF-β1 mediated induction of iTRegs. Therefore, the aim of the study was to evaluate how 

stimulatory conditions and proinflammatory cytokines influence the ability of naive human 

CD4
+
CD25

-
 T cells to differentiate into functional iTRegs (CD4

+
CD25

high
CD127

-
FoxP3

high
) 

from naive T cells. 

Materials and Methods 

Study Material 

Cord blood was obtained after normal deliveries at the Department of Obstetrics & 

Genecology at Landspitali, University Hospital of Iceland. Mothers with autoimmune 

disorders were excluded from the study. Adult venous peripheral blood was collected from 

healthy volunteers. The study was approved by The Ethics Committee of Landspitali 

University Hospital and The Data Protection Authority. 

Isolation of mononuclear cells from blood 

Mononuclear cells (obtained from healthy blood donors or from cord blood) were isolated 

from heparinised blood by density gradient centrifugation over Ficoll-Hypaque (Sigma-

Aldrich) at room temperature for 30 minutes. Cord blood was centrifuged at 1200 g and 

peripheral blood at 450 g. 
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Isolation of CD4
+
CD25

-
 T cells 

CD4
+
 T cells were isolated with Dynabeads CD4 (Dynal, Invitrogen) according to the 

manufactures instructions. CD25
+
 T cells were depleted from the CD4

+
 T cell population 

using Dynabeads CD25 (Dynal, Invitrogen). The purity of the isolated CD4
+
CD25

-
 T cells 

was consistently >95% and their phenotypes, determined by flow cytometry after staining for 

the surface markers, are listed in table 1. 

 

Table 1: Phenotypic characterisation of CD4
+
CD25

-
 T cells after isolation. 

 
CD103 CD25 CD28 FoxP3 TβRII CD127 CD45RA CD45RO 

N (number of 

analysis) 
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

Mean (% of 

positive cells) 
4.22 0.05 85.88 1.89 12.10 0.06 81.60 8.60 

Std. 

Deviation 
5.01 0.05 12.49 1.59 4.62 0.06 5.45 15.09 

Std. Error 2.24 0.02 6.25 0.71 2.07 0.03 2.34 7.00 

 

T cell cultures 

The CD4
+
CD25

-
 T cells were cultured in a serum free medium (AimV, Nunc, Invitrogen) in 

96 well U-bottomed cell culture plates (Nunc, Invitrogen) and incubated at 37°C under a 5% 

CO2-95% air atmosphere.  

Induction of TRegs 

T cells (CD4
+
CD25

-
) were stimulated with 1 µg/mL plate-bound anti-CD3ε monoclonal 

antibody (UCHT) with or without 2 µg/mL soluble anti-CD28 for 24 - 144 hrs in the presence 

of IL-2 (100 IU) and TGF-β1 (10 ng/mL). TNFα (0.5-50 ng/mL), anti-TNFα (Infliximab, 

10µg/mL) and IL-1β (0.1-10 μg/mL) were added into selected cultures (antibodies and 
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cytokines used are from R&D Systems Inc). Anti-TNFα (Infliximab) was provided by the 

Department of Rheumatology at Landspitali, University Hospital of Iceland. 

 

Suppression assay 

The CD4
+
CD25

-
 T cells were stimulated under iTReg inducing conditions (anti-CD3 (1 

µg/mL), IL-2 (100 IU), TGF-β1 (10 ng/mL)) for 5 days. The cells (termed iTRegs for 

simplicity) were harvested and co-cultured with CFSE labelled allogeneic PBMC‘s and 

Epstein-Barr transformed B cells (EB-B cells) in AimV. The EB-B cells had previously been 

exposed to superantigens (Staphylococcal enterotoxins, SEA, SEB and SEE, Toxin 

Technologies, 1 µg/mL of each) for 2 hrs and washed 3 times in PBS. The ratio between 

PBMC: EB-B cells and between iTRegs and EB-B cells was constant at 10:1 whereas the ratio 

of iTRegs: PBMCs varied from 1:1 to 1:32. The results were analysed with Modfit LT, which 

determined the proliferation index as the sum of the cells in all generations divided by the 

computed number of original parent cells theoretically present at the start of the experiment. 

Definition of iTRegs 

CD4
+
CD25

high
CD127

-
FoxP3

high
 T cells were defined as iTRegs. The gating strategy is shown in 

figure 1. 
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Figure 1: Gating strategy for iTReg phenotyping. Lymphocytes were gated using forward 

and side scatter measurements. iTReg phenotype was further established with CD127
-
CD25

+
 

gating and finally FoxP3
high

 cells were selected as depicted. 

Surface markers 

The cells were washed with staining buffer (PBS with 2 mM EDTA, 0.5% BSA and 0.1% 

sodium azide) and incubated for 20 min at 4°C with fluorescent antibodies. After staining the 

samples were washed and re-suspended in staining buffer. The cells were either fixed in PBS 

containing 0.5% formalin and stored for up to a week at 4°C or subjected immediately to 

FACS. A total of 100,000 events were collected in the lymphocyte gate and the data analyzed 

using either CellQuest (BD Biosciences) or FlowJo (Tree Star Software). 

Antibodies and reagents 

The following FITC, PE, PerCP, PerCP-Cy5.5 and APC conjugated human antibodies were 

used for flow cytometric analysis; CD4 (RPA-T4), CD25 (BC96), CD103 (Ber-ACT8), 

CD45RA (HI100), CD45RO (UCHL1), TβRII (polyclonal goat anti-human), TNFRI (16803), 

TNFRII (25508), CD127 (eBioRDR5) and FoxP3 (236A/E7). Appropriate isotype controls 
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were used to set the quadrants and to evaluate background staining. The antibodies were 

purchased from BD Biosciences, R&D Systems, eBiosciences and Biolegend. Antibodies 

used for stimulation; anti-CD3 (UCHT1) and anti-CD28 (37407) were purchased from R&D 

Systems. Recombinant human TGF-β1, IL-2, IL-1β and TNFα were purchased from R&D 

Systems. SEA, SEB and SEE were purchased from Toxin Technology (Sarasota, FL). 

Intracellular straining 

The cells were stained for FoxP3 expression as described above. They were fixed and 

permeabilized with FoxP3 staining set (eBiosciences) and stained with a FoxP3 specific 

antibody (clone 236A/E7, eBiosciences) or matched isotype control according to the 

manufacturer’s instructions. The cells were analyzed immediately after staining. 

Proliferation assay 

To assess T cell proliferation, CD4
+
 T cells were labelled with carboxyfluorescein diacetate 

succinimidyl ester (CFSE, Invitrogen) prior to stimulation. After washing the cells twice in 10 

mL PBS, they were incubated with 0.5 mM CFSE in 1 ml PBS per 10
7
 cells at RT for 8 min. 

To stop the staining reaction, 8 mL FCS were added. The cells were then washed twice in 10 

mL AimV medium containing 5% FCS and resuspended in the appropriate volume of 

medium. The CD4
+
 T cell proliferation was assessed by flow cytometric analysis of the CFSE 

dilution. 

ELISA 

After incubation the cell cultures were centrifuged and cell culture supernatants collected and 

stored at -80°C. Total TNFα, sTNFRII and IL-10 were measured in the supernatants using 

Duo Set ELISA kits (DY 210 and DY 726, R&D Systems). IL-2 and IL-35 were measured 

using Human IL-2 ELISA Set (BD Biosciences) and ELISA Ready-Set-Go! (eBioscience). 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5.0 for windows. Paired student’s 

t-test was used and results expressed as mean values ± standard error of the mean (SEM). For 

non-parametric t-test the results are expressed as medians and error bars as 25% percentile 

and 75% percentile. Differences were determined to be significant when p<0.05 (two-tailed). 
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Results 

I. FoxP3 expression is increased in response to T cell activation 

It is well documented that more naïve T cells are found in cord blood than adult blood due to 

the limited exposure of cord blood T cells to exogenous antigens. Therefore, the induction of 

FoxP3 expression was initially evaluated in CD4
+
CD25

-
 T cells isolated from umbilical cord 

blood. The highest yield of differentiated CD4
+
CD25

high
CD127

-
FoxP3

+
 T cells was obtained 

when the cells were stimulated with high dose anti-CD3 (10 µg/mL) and anti-CD28 in the 

presence of TGF-β1 and IL-2 for 72 hrs (84%±4.3, figure 2a). In contrast, low intensity TCR 

stimulation (anti-CD3=1 µg/mL) with CD28 co-stimulation was not as strong inducer of 

CD4
+
 iTRegs differentiation (29.5% reduction, p<0.001; Figure 2a). Thus, during our next set 

of experiments the low dose stimulation model was used to further evaluate possible 

additional effect of proinflammatory cytokines upon the differentiation of iTRegs. Comparison 

of CD4
+
CD25

high
FoxP3

low
 (nonTRegs) versus the CD4

+
CD25

high
FoxP3

high
 (iTRegs) T cells 

showed that only the iTRegs population that expanded in the presence of TGF-β1 (% iTRegs: 

4.6%±2.7 iTRegs without TGF-β1 vs. 26%±6.8 with TGF-β1; p<0.001: Figure 2b). Therefore, 

the main focus was on the CD4
+
CD25

high
CD127

-
FoxP3

high 
population in our remaining 

studies and they will be defined as CD4
+
FoxP3

+
 cells from now on.

 

Figure 2: FoxP3 expression in human umbilical cord blood. (a) Isolated CD4
+
CD25

- 

(1×10
6 

cells/mL) from healthy human cord blood were stimulated with or without anti-CD3 (1 

and 10 µg/mL), anti-CD28 (1 µg/mL) for 72 hrs. The cells were cultured with IL-2 (100 IU) 

and either with or without TGF-β1 (10 ng/mL). Mean ± SEM, n=4. *p<0.05, paired t test. (b) 

Purified CD4
+
CD25

-
 T cells from cord blood were stimulated for 72 hrs and the expression of 

FoxP3 was evaluated with flow cytometry and gated into CD4
+
CD25

hi
CD127

-
FoxP3

hi
 vs. 

CD4
+
CD25

hi
CD127

-
FoxP3

low/med
 according to their fluorescent staining intensity. Mean ± 

SEM, n=4. *p<0.001, paired t test. 
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II. The dual effect of TNFα upon FoxP3 expression 

TGF-β1 has preferentially a positive effect upon the differentiation of iTRegs and TNFRII 

expression has been associated with nTRegs. Therefore, we examined the effect of TNFα upon 

iTReg differentiation. As shown in figure 3, low dose TNFα had a significant positive effect 

upon iTRegs differentiation of CD4
+
CD25

-
 T cells compared with TGF-β1 alone after 72 hrs of 

ex vivo stimulation (54% increase; p<0.05). Furthermore, TNFα could not be detected in the 

culture supernatants in the absence of exogenously added TNFα (up to 72 hrs of culture, data 

not shown). To evaluate if the magnitude of proinflammatory responses would influence 

 iTReg differentiation, CD4
+
CD25

-
 T cells were cultured with higher TNFα concentration. In 

contrast to short term (72 hrs) and low dose TNFα (0.5 ng/ml), short term (48 hrs) stimulation 

and high TNFα dose (50 ng/mL) had a negative effect on iTRegs differentiation (data not 

shown). Since CB T cells are immature and known to differ in several ways from their adult 

counterparts, we also evaluated the effect of long term (120 hrs) high (50 ng/mL) and low (0.5 

ng/ml) dose TNFα on adult PB CD4
+
CD25

-
 T cells. Interestingly, the prolonged exposure to a 

high dose of TNFα significantly inhibited the differentiation of adult PB CD4
+
iTRegs (p<0.05, 

figure 3b). However, low dose TNFα did not have negative effects on the differentiation of 

iTReg in adult PB (data not shown). 

 

Figure 3: The effect of TNFα on FoxP3 expression. (a) Neonatal CB CD4
+
CD25

- 
T cells 

were isolated and activated with anti-CD3 (1 µg/mL) and anti-CD28 (1 µg/mL) for up to 72 

hrs in the presence of IL-2 (medium) with or without TGF-β1 (10 ng/mL) and TNFα (0.5 

ng/mL) as shown. Mean ± SEM, n=6. TGF-β1 vs. TGF-β1 + TNFα, *p<0.05, paired t test. (b) 

Adult PB CD4
+
CD25

-
 T cells were isolated and activated with anti-CD3 (10 µg/mL) for 120 

hrs in the presence of IL-2 (100 IU), medium and TGF-β1 (10 ng/mL) with and without TNFα 

(50 ng/mL). Mean ± SEM, n=5. *p<0.05, Mann Whitney U test.  
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III.  High consumption of TNFα correlated with upregulation of TNFRII bound 

receptor 

Naive CB CD4
+
CD25

-
 T cells do not express TNFRII. However, when stimulated with anti-

CD3/anti-CD28 and IL-2, TNFRII receptor expression is up-regulated after 48 hrs of culture 

(data not shown). In order to estimate the consumption of TNFα by the T cells, the TNFα in 

the culture supernatant was measured. High consumption of TNFα was detected in the 

cultures that reached its maximum effect at 72 hrs. Thus, high dose of exogenously added 

TNFα (50 ng/mL) had mostly been consumed from the culture medium within 72 hrs (figure 

4). The rate of disappearance of TNFα in culture medium correlated negatively with high 

TNFRII expression per cell (r=-0.759; p=0.002; figure 4). Furthermore, during ex vivo 

induction of iTRegs from CD4
+
CD25

-
 T cells TNFα was negatively correlated with the 

expression of cell bound TNFRII. 

 

Figure 4: High consumption of TNFα correlated with TNFII expression. Isolated 

CD4
+
CD25

-
 T cells were stimulated with anti-CD3 (1 µg/mL)/anti-CD28 (1 µg/mL) in the 

presence of TGF-β1 (10 ng/mL) and TNFα (50 ng/mL). Right y-axis shows total TNFα 

(ng/mL) measured in culture medium at given time points. Left y-axis shows the intensity of 

the expressed TNFRII geometrical mean fluorescence intensity) evaluated by flow cytometry. 

Mean ± SEM. 
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IV.  The effects of IL-1β upon FoxP3 expression 

The effect of IL-1β on the differentiation of CB CD4
+
CD25

- 
T cells into CD4

+
FoxP3

+ 
T cells 

was also evaluated. Short term exposure to low dose of IL-1β (0.1 ng/mL) induced a twofold 

increase of differentiated iTRegs compared to TGF-β1 alone (figure 5, p<0.05). In contrast, 

long term (120 hrs) and high dose of IL-1β (10 ng/mL), significantly decreased the 

differentiation of iTRegs (73.5% reduction, p<0.05; figure 5b). Adult PB CD4+CD25
-
 T cells 

responded similarly to prolonged exposure to high dose of IL-1β. As shown in figure 5c, IL-

1β significantly reduced the proportion of iTRegs induced from adult T cells. In addition, low 

dose of IL-1β had similarly positive effects upon iTReg differentiation in adult PB (data not 

shown).  

 

Figure 5: The effect of IL-1β on FoxP3 expression. (a) Neonatal CB CD4
+
CD25

-
 T cells 

were isolated and activated with anti-CD3 (1 µg/mL) and anti-CD28 (1 µg/mL) for up to 72 

hrs in the presence of IL-2 (100 IU, medium) with or without TGF-β1 (10 ng/mL) and IL-1β 

(0.1 µg/mL) as indicated. Mean ± SEM, n=3. TGF-β1 vs. TGF-β1 + IL-1β. *p<0.05 (b) CB 

CD4
+
CD25

- 
T cells were isolated and activated with anti-CD3 (1 µg/mL) and anti-CD28 (1 

µg/mL) for 120 hrs in the presence of IL-2 (100 IU, medium), with or without TGF-β1 (10 

ng/mL) and increasing doses of IL-1β as shown. Mean ± SEM, n=3. TGF-β1 vs. TGF-β1 + 

IL-1β. *p<0.05. (c) Adult PB CD4
+
CD25

-
 T cells were isolated and activated with anti-CD3(1 

µg/mL) for 120 hrs in the presence of IL-2 (100 IU, medium), with or without TGF-β1 (10 

ng/mL), with or without IL-1β (10 ng/mL). Mean ± SEM, n=5. *p<0.05. 



  

81 

V. IL-1β inhibits TβRII expression 

We next evaluated the effect of IL-1β upon TβRII expression. As shown in figure 6, high dose 

of IL-1β significantly inhibited the expression of TβRII on CD4
+
FoxP3

+
 T cells following 

long term (120 hrs) stimulation (46 ± 3.6% reduction, p<0.05) compared with cells cultured 

with TGF-β1 alone.  

 

Figure 6: The effect of high dose of IL-1β upon TβRII expression on CD4
+
FoxP3

+ 
T cells. 

CB CD4
+
CD25

-
 T cells were isolated and activated with anti-CD3 (1 µg/mL) and anti-CD28 

(1 µg/mL) for up to 120 hrs in the presence of IL-2 (100 IU, medium). TGF-β1 and IL-1β (10 

ng/mL) were added into selected cultures as shown. Mean ± SEM, n=3. TGF-β1 vs. TGF-β1 

+ IL-1β. *p<0.05. 

VI.  Both IL-1β and TNFα  inhibited the suppressive function of iTRegs 

The functionality of the iTRegs was evaluated using a previously established superantigen 

driven culture system (185). As shown in figure 7, the iTRegs had a significant suppressive 

effect resulting in a six fold reduction in PBMC’s proliferation in the presence of iTRegs (1:1 

ratio, p<0.05). Furthermore, both IL-1β and TNFα were found to reduce suppressive function 

after long term and high dose induction (figure 7d). 
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Figure 7: TGF-β1 induced TRegs show suppressive function. (a-b) Proliferative response of 

PBMC’s cocultured with TRegs, in the ratio 1:1 versus control (-TRegs), was assessed by CFSE 

assay. EB-B cells pulsed with superantigens were cultured with the PBMC‘s (1:10) and TRegs. 

CFSE labelled cells were acquired by BD FACSCalibur, cells were gated on CD25
+
 

lymphocytes and percentages of cells in each generation were calculated by Modfit LT 

software. Parent population is located furthest to the right and the population farthest on the 

left has undergone most proliferations. (c) Proliferation index (PI) for the PBMC‘s co-culture 

with TRegs in the following ratios; TReg:PBMC, 1:1, 1:4, 1:8, 1:16, 1:32, calculated by Modfit. 

Mean ± SEM, n=3. *p<0.05, One way Anova. (d) PI for adult PBMC‘s cocultured with TRegs 

in the ratio; TReg:PBMC, 1:1. The TRegs had previously been cultured in the presence of IL-2 

(100 IU), IL-2 and TGF-β1 (10 ng/mL), IL-2, TGF-β1 and IL-1β (10 ng/mL) or IL-2, TGF-β1 

and TNFα (50 ng/mL) for 120 hrs. Mean ± SEM, n=4. *p<0.05, Mann Whitney U test. 

VII. Cytokine secretion by iTRegs 

The cytokine secretion of iTRegs was evaluated after five days culture. As shown in figure 8, 

differentiated CD4
+ 

iTRegs secreted significantly lower amounts of IL-10 compared to controls 

(figure 8). However, they secreted significantly more IL-2 in the presence of TGF-β. IL-1β 

but not TNFα had significant effects upon IL-2 secretion compared to TGF-β alone. 

Negligible amounts of IL-35 were detected at all culture conditions tested. 
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Figure 8: IL-2 and IL-10 secretion by iTRegs. (a-b) PB CD4
+
CD25

-
 T cells were isolated 

and activated with anti-CD3 (1 µg/mL) in the presence of IL-2 (100 IU), medium and TGF-β1 

(10 ng/ml) and with/without IL-1β and TNFα. Supernatant was harvested after 120 hrs and 

cytokine secretion was estimated with ELISA. Mean ± SEM, n=3. *p<0.05, **p<0.001, 

paired t test. 
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Discussion 

In this study we have shown that the proinflammatory cytokines TNFα and IL-1β regulate the 

IL-2 and TGF-β1 mediated differentiation of human CD4
+
 iTRegs. The regulatory effects were 

found to be time and dose dependent. We also demonstrate that adult human CD4
+
CD25

-
 T 

cells stimulated in the presence of IL-2 and TGF-β1 acquired a regulatory function that was 

lost if high doses of either TNFα or IL-1β were present during the induction phase. Finally, 

our results suggest that this could be driven through TβRII expression via IL-2 dependent, but 

IL-10 and IL-35 independent mechanism. 

TNFα has been recognized as a key inducer of pathological immune responses in RA 

and several other autoimmune disorders. The efficacy of anti-TNFα treatment in RA has been 

associated with restored numbers and function of TRegs (107, 115). In addition, we have 

previously demonstrated that the anti-inflammatory effect of anti-TNFα antibody (Infliximab) 

is in part mediated through TGF-β1 dependent mechanism that is antagonised through TNFα. 

However, a significant proportion of RA patients do not respond to this treatment and the 

cases of adverse reaction to this treatment indicate that TNFα is not consistently associated 

with a reduced numbers or function of TRegs (114). Moreover, the induction of a lupus like 

syndrome in a few cases suggests that TNFα may promote self tolerance in selected 

individuals (114). These findings are supported by recent human and murine studies showing 

that TNFα can either positively or negatively affect TReg induction and function. Kleijwigt et 

al. demonstrated positive effects of TNFα on the induction of human TRegs in vitro (119). 

They observed that a membrane bound TNFα expressed by dendritic cells (DC’s) was critical 

for the in vitro induction of human TRegs. In contrast, Nadkarni et al. and Nagar et al. have 

reported that TNFα negatively affects the induction of TRegs in vitro (107, 121). Similarly, 

results regarding the effect of TNFα on TRegs have varied. For example, Valencia et al. 

demonstrated that TNFα negatively affected FoxP3 expression and suppressive function of 

human TRegs in vitro (200). In contrast, several studies suggest that TNFα promotes the 

function of TRegs. For instance, Chen et al. reported that TNFα expanded and enhanced the 

suppressive function of murine TRegs (120), a process dependent on TNFRII. Furthermore, 

Grindberg-Bleyer et al. demonstrated that TNFα secreted by pathogenic T effector cells 

enhanced the tolerogenic potential of TRegs that were co-transferred into mice, suffering from 

autoimmune diabetes (203). 

In light of these findings our results are of particular interest as they underline the 

importance of the dose of the exogenously added TNFα. Thus, in our study, a low dose of 
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TNFα (0.5 ng/mL) promoted the induction of CD4
+
CD25

high
CD127

-
FoxP3

high
, whereas, a 

high dose (50 ng/mL) reduced their induction. Furthermore, we observed that its positive 

effect was time-dependent and only present early in the induction phase (figure 4).  

Negative effect of high dose TNFα (50 ng/mL) on the differentiation of CD4
+
 iTRegs has been 

reported by others (121, 200). In addition, studies using lower dose of TNFα (5-20 ng/mL) 

did not observe any negative effects upon TReg differentiation (117, 204). Moreover, it has 

been demonstrated that high dose of TNFα has antagonistic effect upon the anti-inflammatory 

role of TGF-β1 on human CD4
+
 T cells. (205). 

The role of IL-1β signalling during iTReg differentiation is not clear. IL-1β is known to 

increase proliferation of conventional T cells and studies in mice have also shown that IL-1β 

enhances expansion of FoxP3
+
 T cells (202). Conversely, IL-1β has been shown to negatively 

regulate or switch the phenotype of TRegs (129, 206). In support of this finding, IRAK
-/-

 mice 

(lacking functional IL-1 signalling) have been reported to have higher TReg proportions 

compared with wild type mice (130). This finding suggests that IL-1 signalling negatively 

regulates TReg development or maintenance. Similarly, IL-1β, in combination with IL-2 was 

recently shown to convert natural human TRegs into Th17 lineage cells (129). The effect of IL-

1β on differentiating human iTRegs, has however to our knowledge, not been reported 

previously. 

Our findings suggest that exogenously added IL-1β can either enhance or reduce the 

induction of FoxP3
high

 TRegs, depending on the dose applied. Thus, a low dose of IL-1β (0.1 

ng/mL) induced significant differentiation of CD4
+
CD25

high
CD127

-
FoxP3

high
 iTRegs, whereas, 

a high dose of IL-1β (5-10 ng/mL) had a reverse effect. Therefore, our results suggest that 

both TNFα and IL-1β have a time and dose dependent effect on the IL-2 and TGF-β1 

mediated induction of human CD4
+
CD25

high
CD127

-
FoxP3

high 
TRegs. Interestingly, the 

suppressive effects IL-1β on FoxP3 induction were associated with a significant reduction in 

TβRII expression. These results, therefore, suggest that the negative effects of IL-1β upon 

FoxP3 expression may partially be caused by the reduced expression of TRII and 

consequently reduced TGF-β signalling. These findings indicate that innate immunity may 

play a major role in defining its final outcome into either a tolerogenic or prolonged 

inflammatory response. 

FoxP3 is the most consistent marker for human as well as murine TRegs. However, the 

expression of FoxP3 by human T cells is not consistently associated with a suppressive 

function (190). Furthermore, human CD4
+
CD25

-
 T cells stimulated in the presence of IL-2 
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and TGF-β1 have either been shown to be suppressive (165) or not, despite expressing high 

levels of FoxP3 (40). However, our findings clearly demonstrate that CD4
+
CD25

high
CD127

-

FoxP3
high

 human TRegs can be suppressive but this function was lost if high dose TNFα or IL-

1β was present during their induction phase. 

It has been suggested that TRegs compete with responder cells for IL-2 in mice and thus 

inhibit their proliferation (82). However, in our model we detected enhanced IL-2 secretion in 

the presence of TGF-β. Several studies have suggested that iTRegs mediate their suppressive 

function through the secretion of IL-10 and/or IL-35. However, differentiation of human 

CD4
+
 iTRegs was associated with a significant reduction of IL-10 production and negligible, 

amounts of IL-35 were present in all conditions tested. This suggests that the suppressive 

function is mediated through IL-2 secretion and TβRII expression dependent mechanism. 

Cytokine dependent mechanisms have been strongly associated with the suppressive function 

of iTRegs (207). Additionally, our findings suggest that such cytokine dependent mechanisms 

are the driving force of their suppressive function. 

Our study indicates that low levels of TNFα and IL-1β promote the induction of TRegs  

similar to the low intensity and tolerogenic immune response at mucosal sites. However, 

during high intensity and prolonged T-cell activation involving the danger signals of the 

innate immunity, TRegs induction and their function would be suppressed, a condition which 

would be expected during persistent infection or chronic autoimmune disorders. 
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