Charles University in Prague

Faculty of Science

The role of cytokines in development and differentiation of

regulatory T cells

Role cytokinil ve vyvoji a diferenciaci regulacnich T bunék

Jana Prochazkova

PhD Thesis
2011

Supervisor: Assoc. Prof. Vladimir Holai, PhD



Prohlaseni

Prohlasuji, ze jsem zavérecnou praci zpracovala samostatné a ze jsem uvedla vSechny pouzité
informacni zdroje a literaturu. Tato prace ani jeji podstatna ¢ast nebyla piedlozena k ziskani

jiného nebo stejného akademického titulu.

V Praze, 24.8.2011

Podpis



Acknowledgements

Here, | would like to acknowledge the people who helped me to finish this thesis and my PhD
studies.

I thank my supervisor Assoc. Prof. Vladimir Holai, PhD. for his support and advice. My
thanks belong also to the whole team of the Laboratory of Transplantation Immunology at the
Institute of Molecular Genetics.

Finally, I would like to thank my family for their endless support and encouragement which

enabled me to make all this come true.



Table of contents:

LiSt OF @DDIEVIALIONS ..o nre s 6
N o1 = Tod SRS OPR S 7
AADSTFAKL. ...ttt bbbttt 8
1. INEFOAUCTION ... bbb bbb 9
1.1, Typesof regulatory T CellS ... 9
0 O O I o =] | ST 9
1120 TR CEIIS oot 10
O I (=T o PO PP PP 12
1.2.1. Discovery and fUNCLION ..........cooiiiii e 12
1.2.2.  Tregs in transplantation tOIEranCe...........covveiiiiiiiinicce e 13
1.2.3. Molecular Markers Of TTEOS. .......eiiieeere st 14
1.2.3.1. CD25 QN0 L 2 .ottt 14
1.2.3.2. FOXP3 oottt bbbttt bttt n e ens 16
I T T O I I L TSR SUSRURRPR 17
O B I I RS USRSUPRURRPR 18
1.2.4. Mechanisms of Treg fFUNCLION ... 20
1.2.4.1. Production of inhibitory CYtOKINES ..........ccccceiieiiiieiiece e 21
1.2.4.2. Cell contact with DCs and modulation of DC function.............c.cccccoevrvrnennen. 22
1.2.4.3. Metabolic disruption of effector Cells.........ccoiiiiiiiii e, 23
1.2.4.4. Direct cytolysis of target CellS ..., 24

1.3, DeVvelopmeNnt OF TIEOS ...vciicieiiece ettt ere s 25
1.3.1. NTTEQS ABVEIOPMENT. ....oiiiiiiii e 25
1.3.2. ITregs deVeIOPMENT........ooiiiiiiei s 27
1.4.  The role of cytokines in development of Tregs and Th cells..........cccccveveiveiiiienen, 29
141, Generation Of ITIEUS .ocveiveeie ettt 29
1.4.2.  The role of mesenchymal stem cells in the generation of Tregs ..........ccccee.... 30
1.4.3.  Other important factors in iTreg development ............ccocvieiiieninininicenn 31
1.5. Developmental plasticity of Th Cells .........ccoviiiiiiiiii 35
151, Th1and Th2 CelIS ... 35
1.5.2.  Transcription factors in the development of Thl and Th2 cells............c........... 36
1.5.3. TRLT CEIIS ..o e nrne s 37



o B~ N

1.5.4. TGF-B in the development of Th cell subsets...........c.coviiiiiiiiiiiic, 39

1.5.5. Flexible Treg PReNOtYPE ....cc.ooviiiiiicce e 42
ATMS OF TN TNESHS .. 45
PUBIICALIONS. ... bbb 47
[ 1oL U 5] o] o USRS 48
RETEIBINCES ... ettt ettt sr et na e re e ae e 52



List of abbreviations

APCs
CD40L
CTLA-4
DCs
EAE
Foxp3
GITR
IFNy
Ig

IL
IL-2R
iTregs
KO
mADb
MHC
MSCs
NFAT
NK
nTregs
ROR
RUNX
STAT
TCR
TGF-p
Th
TLR
TNFa
TNFR
Tregs

Antigen presenting cells

CDA40 ligand

Cytotoxic T lymphocyte antigen 4

Dendritic cells

Experimental autoimmune encephalomyelitis
Forkhead box p3

Glucocorticoid-induced TNFR-related protein
Interferon vy

Immunoglobulin

Interleukin

IL-2 receptor

Induced Tregs

Knock out

Monoclonal antibody

Major histocompatibility complex
Mesenchymal stem cells

Nuclear factor of activated T cells

Natural killer

Naturally occuring Tregs

Retinoic acid receptor-related orphan receptor
Runt-related transcription factor

Signal transducer and activator of transcription
T cell receptor

Transforming growth factor 3

T helper

Toll-like receptor

Tumor necrosis factor o

Tumor necrosis factor receptor

Regulatory T cells



Abstract

The development and function of T helper (Th) cells and regulatory T cells (Tregs) are plastic
processes that are regulated by cytokines. In our project we first analyzed the effect of
different cytokines on the development of induced (i) Tregs. It has been demonstrated that
iTregs arise from CD4"CD25 T cells upon stimulation with alloantigen in the presence of
transforming growth factor g (TGF-B). The development of these Tregs and their proliferation
were inhibited by interleukin (IL)-4 and IL-12. The aquired results also demonstrated distinct
responses of naturally occuring (n) Tregs and iTregs to the regulatory action of IL-4 and an
opposite role of IL-4 in maintenance of nTregs and iTregs phenotype.

An important role in the induction of T cell subsets may play also mesenchymal stem cells
(MSCs) which can, under specific conditions, produce TGF-B and IL-6. Depending on the
current production of TGF-f or IL-6, MSCs can qualitatively regulate the ration between
Tregs and Th17 cells. Anti-inflammatory Tregs and pro-inflammatory Th17 cells are induced
upon stimulation in the presence of TGF- and TGF-p and IL-6, respectively. In addition to
our previous work we studied the role of IL-12 in the development of Tregs and Th17 cells. It
was shown that Treg and also Th17 cell differentiation was prevented by IL-12 as was the
induction of Foxp3 transcription factor expression by TGF-p or RORyt transcription factor
expression by TGF-p and IL-6. Moreover, IL-12 was able to alter the development of iTregs
and Th17 cells even when added to the differentiating cells after 48 h of the culture. The cells
activated in the presence of TGF-f and IL-12 had an increased expression of the Thl
transcription factor T-bet, produced Thl cytokines interferon y and IL-2 and expressed the
phenotypic markers IL-18 receptor and C-C chemokine receptor type 5 which are
characteristic for Thl cells.

In conclusion, our findings contributed to the field of developmental plasticity of Tregs and
Th cells and demonstrated the significant role of cytokines in this process. The results can
also contribute to the improvement of therapeutic procedures where Tregs are used to treat

severe autoimmune diseases or transplantation.



Abstrakt

Vyvoj a funkce pomocnych T (Th) lymfocytt a regula¢nich T bunék (Treg) je plasticky
proces regulovany pomoci cytokinl. Proto jsme se v tomto projektu nejprve zaméfili na
sledovani vlivu riznych cytokinti na vyvoj indukovanych (i) Tregs. Bylo prokazano, ze iTregs
se vyvyjejl z CD4'CD25 T bunék po stimulaci alloantigenem a v piitomnosti
transformujiciho rastového faktoru f (TGF-B). Vyvoj a proliferaci takto indukovanych Tregs
je mozno potlacit pomoci interleukinu (IL)-4 and 1L-12. Vysledky také ukazaly, ze 1L-4 ma
zcela rozdilny vliv na udrzeni fenotypu pfirozené se vyskytujicich (n)Treg a iTreg.

Dalsi populaci s imunoregula¢nimi vlastnostmi jsou mezenchymalni kmenové buiky (MSC),
které mohou za uré¢itych podminek produkovat TGF-f a IL-6 a tak se vyrazné podilet na
indukci Treg a Th subpopulaci. Podle aktualni produkce TGF-B ¢i IL-6 tak MSC mohou
Th17 buniky se vyvyjeji po stimulaci za piitomnosti TGF-p, resp. v ptitomnosti TGF-f a IL-6.
V dalsi casti této studie jsme se zamefili na studovani role IL-12 pfi vyvoji Treg a Thl7
bunék. Bylo ukazano, ze diferenciace Treg a Th17 bunék byla v piitomnosti IL-12 potlacena,
stejné¢ jako TGF-B-indukovand exprese transkripéniho faktoru Foxp3 a TGF-B/IL-6-
indukovana exprese transkripéniho faktoru RORyt. IL-12 potlacil vyvoj Treg a Th17 bunék i
po pfidani do kultur, ve kterych byla indukovéna diferenciace, po 48 hodinach. Buiky
indukované pomoci TGF-p a IL-12 vykazovaly zvySenou expresi transkripéniho faktoru Thl
bunék T-bet, produkovaly Thl-specifické cytokiny IL-2 a interferon y a na svém povrchu
exprimovaly dalsi fenotypové znaky Thl bun¢k IL-18 receptor a C-C chemokinovy receptor
typu 5.

Ziskané vysledky ptinesly nové poznatky o vyvojové plasticité Treg a Th bunék a ukazaly na
dilezitou roli nékterych cytokinii v tomto procesu. Tyto vysledky mohou také ptispét ke
zdokonaleni terapeutického vyuziti Treg pii 1écbé zavaznych imunopatologickych

onemocnéni a pii transplantacich.



1. Introduction

Regulatory T cells (Tregs) are one of the key components of the immune system. They
maintain homeostasis of an organism and regulate many processes of the immune system
securing, in ideal case, its proper function. Therefore, Tregs have a vast clinical potential.
Although they are already used in treatment of certain diseases, mechanisms of their
development and function have not been fully recognized yet which disables their wider use

in clinics.

1.1. Types of regulatory T cells

To date, several types of regulatory cells have been described, each one of them with
different characteristics and also different developmental criteria. Cells with regulatory
properties were found within CD4" and CD8" T cells, however, even CD4CD8" cells and
NKT cells were described.

CD4" regulatory cells can be further divided into the following subpopulations: Trl
cells, T helper (Th) 3 cells and Tregs (Figure 1). Tregs as a main topic of this thesis will be
described in detailed in next chapters. The phenotypical and mainly functional differences
between particular types of CD4" regulatory cells are not precisely defined and might overlap.
Therefore, a short overview of these cells and their role in the immune system is provided

here.

1.1.1. Trlcells

Trl cells are generated in the periphery by antigen stimulation in the presence of
interleukin (IL)-10 which is also a vital growth factor for these cells (Groux et al., 1997).
These cells can be either produced in vitro or in vivo in appropriate conditions. This

tolerogenic environment is in vivo provided mainly by IL-10-producing dendritic cells (DCs)



which are immature or made tolerogenic (Jonuleit et al., 2000; Levings et al., 2005). One of
the in vitro protocols for Trl induction employs immunosuppressive drugs, vitamin D3 and
dexamethasone (Barrat et al., 2002). Cells stimulated in such conditions produce high
amounts of IL-10 and exert potent suppressive activity. In addition, cytokines determining the
development of Thl and Th2 cells impair the development of these cells (Barrat et al., 2002).
Trl cells are characterized by a high production of IL-10 and transforming growth factor 3
(TGF-B), a low production of IL-2, no secretion of IL-4 and by the ability to suppress effector
T cells by a cytokine-dependent mechanism (Groux et al., 1997; Papiernik et al., 1998). Trl
cells, although capable of a similar range of suppression as Tregs, do not express forkhead
box p3 (Foxp3), a marker of Tregs (Vieira et al., 2004). IL-10 was found crucial as an effector
mechanism used mainly by Trl cells in the gut where it mediated suppression in an antigen-
specific, cytokine-mediated fashion. Besides inhibiting cell-mediated immune reactions, Trl
cells were also shown to specifically downregulate immunoglobulin (Ig)E production in an
antigen-dependent manner, thus suggesting a role of these regulatory cells in preventing
allergy (Cottrez et al., 2000). IL-10 is capable of abrogating experimentally induced colitis
and other forms of inflammatory responses to intestinal antigens (Groux et al., 1997;
Asseman et al., 1999).

1.1.2. Th3cells

Th3 cells are present in the gut and on other mucosal surfaces. They are generated in
the presence of TGF-B which is also later produced by these cells and regulates local immune
reactions. These cells were shown to express an autoreactive T cell receptor (TCR) and
produce both, TGF-p and IL-10. The in vitro suppression assays revealed that only the
neutralization of TGF-p abolished the inhibitory effects of these cells (Kitani et al., 2000).

Th3 are connected with the phenomenon of oral tolerance, an antigen specific
induction of peripheral immune tolerance, which was demonstrated to contribute to the
tolerance of ingested antigen but can be also used to suppress autoimmune diseases. In a
model of exprerimental autoimmune encephalomyelitis (EAE) it was shown that oral
administration of myelin basic protein, one of the major antigens in EAE, suppressed this
disease by induction of tolerance to this antigen. The tolerance was mediated by T cells
producing TGF-, IL-4 and 1L-10 which were later confirmed as regulatory cells (Chen et al.,

1994). The mechanism of oral tolerance is, however, not only induction of Th3 cells. Chen et
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al. (1995) concluded that the dose of the administered antigen is of high importance. This
group showed that lower doses of antigen indeed support the induction of regulatory cells
which act mainly by suppressive cytokines such as TGF-p and IL-10. High antigen doses, on
the other hand, lead to the clonal deletion of antigen-specific Thl and Th2 cells by apoptosis
in Peyers patches. The TGF-B producing Th3 cells were described in different models where
they had the ability to suppress unwanted inflammatory or autoimmune diseases (Bridoux et
al., 1997, Maloy et al., 2003).

Thymus
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Figure 1. Developmental pathways of natural and induced Tregs. (pDC - plasmacytoid
dendritic cell) Adapted from Kang et al., 2007.
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1.2. Tregs

1.2.1. Discovery and function

Tregs play a crucial role in the regulation of the entire immune system. They provide
immune surveillance and control harmful autoimmune cell clones. Moreover, Tregs
efficiently suppress inflammatory immune responses and actively regulate various cells and
components of the immune system.

Tregs possess classical apTCR and CD4 antigen. They constitutively express on the
cell surface high quantities of CD25 molecule which is an a subunit of I1L-2 receptor (IL-2R).
Tregs are vitally dependent on IL-2, they require this cytokine for their development and
proper function (Malek, 2003). Indeed, in 1995 Sakaguchi et al. (1995) proved that self-
tolerance is maintained by a population of CD4" T cells that express high levels of IL-2R o
subunit CD25. This group found that when CD4'CD25 T cells are transferred into
immunized athymic nu/nu mice, the mice spontaneously develop sever autoimmune diseases.
However, when CD4°CD25" T cell are transferred together or shortly after the inoculation of
CD25" cells, the development of autoimmune diseases was prevented. Similarly, CD25" T
cells were also able to suppress rejection of allogeneic skin grafts transplanted together with
CD25 cells onto nu/nu mice. Together, these results showed that CD4"CD25" T cells
contribute to maintaining self-tolerance by inhibiting immune responses to self-antigens and
also suppress reactions to non-self antigens in an antigen-nonspecific manner (Sakaguchi et
al., 1995). Moreover, removal of this suppressive population or performing of neonatal
thymectomy at day three after birth caused the onset of various organ-specific autoimmune
diseases. This suggested that CD4"CD25" T cells population occurs in mouse thymus as soon
as three days after birth and depleting this population causes uncontrolled action of previously
produced autoimmune T cell clones (Asano et al., 1996). This thymectomy-induced
autoimmunity can be prevented by reconstitution of the animals with lymphocytes from
normal adult animals. The cells responsible for the suppression are CD4'CD25" T cells (Suri-
Payer et al., 1998). Similar results were later achieved also in other models of autoimmune
diseases where Tregs were shown to protect from these pathological states such as EAE

(Olivares-Villagomez et al., 1998; Van der Keere and Tonegawa, 1998).
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It is clear that Tregs play an essential role in the regulation of autoimmune responses.
Moreover, it was described that they also regulate immune responses to pathological
conditions such as cancer. It has been demonstrated that Tregs may be responsible for the
supression of immunity in cancer (Wang and Wang, 2007). It was shown that removal of
CD4'CD25" T cell population elicited potent immune responses to syngeneic tumors in vivo.
The depletion of these cells resulted in eradication of the tumor by CD8" T cells and NK cells
which were activated by secretion of large amounts of I1L-2 by CD4"CD25 T cells and thus
called lymphokine activated killers (Shimizu et al., 1999). It was confirmed that an
accumulation of Tregs at the tumor site is often connected with bad prognosis, however, it has
been proven only for certain types of tumors (Curiel et al., 2004, Dannull et al., 2005).

1.2.2. Tregs in transplantation tolerance

Another important field of immunology where Tregs have indispensable function is
transplantation tolerance. It was demonstrated long ago that the anti-CD4 monoclonal
antibody (mAb) could induce tolerance and even permanent acceptance of allografts (Qin et
al., 1993). It was shown that this tolerance is mediated by CD4'CD45RC" T cells, is
transferable or so called infectious, is partly mediated by soluble TGF-B and is not permanent
because it can be abrogated by high doses of IL-2 (Josien et al., 1998; Zhai et al., 2001,
Jonuleit et al., 2002). Later it was shown that anti-CD4-induced tolerance is dependent on
Foxp3* Tregs which accumulate in the graft (Cobbold et al., 2004). Moreover, a successful
protocol for a long-term engraftment implicated the use of anti-CD4 antibody together with
donor-specific transfusion before transplantation. This procedure generated CD4'CD25"
Tregs which mediated suppression of allograft rejection by a cytokine-dependent mechanism
since the administration of anti-IL-10 or anti-cytotoxic T lymphocyte antigen-4 (CTLA-4)
antibody abrogated the suppressive effect (Kingsley et al., 2002). In addition, it was
demonstrated that the mere donor-blood transfusion before transplantation induced tolerance
and it was suggested that alloantigens alone are sufficient to induce Tregs (Bushell et al.,
2003). A similar approach was adopted in generating tolerance to Y chromosome-encoded
transplantation antigens (Verginis et al., 2008). The persistence of donor alloantigens is
essential for induction and maintenance of tolerance in anti-CD4-treated allografted mice
(Hamano et al., 1996). Similarly, the blockade of costimmulatory molecules CD28 and CD40

effectively prevented T cell expansion in a model of heart allotransplantation, lead to long-
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term graft survival and inhibited chronic rejection (Larsen et al., 1996). Anti-CD40 ligand
(CD40L) antibody was used to prevent acute rejection and to induce prolonged graft survival
which was strengthened by anti-CD8 antibody (Honey et al., 1999; Kirk et al., 1999).
Transplantation tolerance induced by blockade of CD40 — CD40L interaction was partly
mediated by enhanced apoptosis of antigen-specific aggressive T cells (Graca et al., 2000).
Blockade of costimulatory molecules such as CD40/CD40L or inducible costimulator
(ICOS)/ICOSL has been used in different settings to prevent or inhibit rejection of allografts
or graft versus host disease (GVHD) (Taylor et al., 2005). Moreover, this blockade was
shown to induce regulatory CD4°CD25" T cells, the depletion of which abrogated the
tolerance (Taylor et al., 2002; van Maurik et al., 2002). In addition, it was shown that anti-
CD3/blood transfusion-induced Tregs arise predominantly in the lymph nodes and that the
homing T cell receptor CTLA-4 played a non-redundant role in this process (Ochando et al.,
2005). Tregs were, however, found also directly at the site of a tolerated allograft. These cells
were alloantigen-specific and able to prevent host T cells from rejecting the transplant (Graca
et al., 2002). Direct and indirect alloantigen presentation also play a role in tolerance
induction. It was demonstrated that when the antigen is presented by host antigen presenting
cells (APCs), e. g. indirectly, the CD4"CD25" mediated immunoregulation is significantly
more pronounced (Sanchez-Fueyo et al., 2007).

1.2.3. Molecular markers of Tregs

1.2.3.1. CD25 and IL-2

CD25, IL-2R a subunit, has long been known as an activation marker of T cells
(Ortega et al., 1984). However, it was proven that its expression on a population of
suppressive cells is much higher and persistent in time. CD4'CD25 T cells gain CD25
expression after activation but this expression is only transient and lower than in case of
suppressive CD4"CD25" T cell population (Kuniyasu et al., 2000). It has been demonstrated
that IL-2 and CD25 are critically required for Treg dvelopment and function (Fontenot et al.,
2005a). Tregs express also CD122 which is a  subunit of IL-2R and its deficiency results in
lethal autoimmunity soon after birth (Suzuki et al., 1995; Stephens et al., 2001; Malek et al.,
2002). Another activation-induced marker was suggested by the use of global gene expression
studies. A molecule called neuropilin-1 was identified as a potential surface marker of Tregs
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(Bruder et al., 2004). It is a receptor which is involved in angiogenesis and T cell activation
but its role in Tregs is still unclear.

IL-2 is an important growth factor for T cells. Surprisingly, the experiments with IL-2
knock out (KO) mice showed that this cytokine is not vital for all T cells but mainly for
Tregs. (Kramer et al., 1995; Malek and Bayer, 2004) Mice lacking IL-2, CD25 or CD122
develop fatal lymfoproliferative diseases soon after birth (Papiernik et al., 1998; Malek and
Bayer, 2004). However, it was demonstrated that I1L-2 deficient mice bear CD4" T cells
capable of protection against EAE whereas CD25 deficient mice do not display this ability
(Furtado et al., 2002). This finding suggests that it is IL-2 signaling that is crucial for Tregs
function. It was also demonstrated that IL-2R antagonist KO mice with lymphoproliferative
syndrome can be rescued by administration of CD4"CD25" T cells and mice lacking IL-2
with a similar disease can be cured by IL-2 producing cells (Almeida et al., 2002). This
finding suggests that whereas CD25 is required for the development of Tregs, IL-2 is essential
for their peripheral maintenance. Apart from its role in Treg development, IL-2 is a key factor
for Tregs homeostasis in the periphery. Neutralization of IL-2 triggers development of various
autoimmune diseases in different mouse strains. This treatment directly reduces the number of
Tregs and inhibits their proliferation (D’Cruz and Klein, 2005; Setoguchi et al., 2005).
Isolated Tregs cultured without IL-2 are susceptible to apoptosis and the administration of IL-
2 averts this state and restores their suppressive capacity (Levings et al., 2001; Taams et al.,
2001). IL-2 also mediates the ability of Tregs to suppress memory CD8 T cell proliferation as
shown by Murakami et al. (2002). On the contrary, other experiments with IL-2 and CD25
deficient mice showed that the development of functional Tregs is possible in these mice
(Fontenot et al., 2005a). Instead, IL-2 seemed to be important for maintaining homeostasis
and fitness of Tregs in the periphery. These studies also revealed that the y subunit of IL-2R is
absolutely essential for Treg development.

CD4'CD25" T cells do not respond to TCR stimulation in vitro and remain in an
anergic state. For activation they require much lower concentration of antigen than
CD4'CD25" require for stimulation of proliferation (Ronchese et al., 1994; Takahashi et al.,
1998). In vitro stimulation of CD4'CD25" T cells with high doses of IL-2 or anti-CD28
antibody breaks the anergic state of these cells and also abrogates their suppressive activity
(Takahashi et al., 1998; Stephens et al., 2001).
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1.2.3.2. Foxp3

Mouse Tregs were so far characterized by one reliable cell marker, Foxp3 which is a
key regulatory gene for the development and function of Tregs (Fontenot et al., 2003; Hori et
al., 2003; Khattri et al., 2003). In comparison, human Tregs also bear Foxp3 but its expression
is not exclusive for this cell type. Non-regulatory human CD4" and CD8" T cells also
upregulate Foxp3 expression after stimulation in vitro. These Foxp3™ cells, however, do not
alter their surface markers nor do they suppress the cytokine production of activated Th1l cells
(Gavin et al., 2006). The absence of Foxp3 was shown to cause a severe lymphoproliferative
disease (Khattri et al., 2003). This phenotype has long been known in both, in mice as scurfy
and in humans as the immune dysregulation, polyendokrinopathy, enteropathy, X-linked
syndrom (IPEX) and it has been proven that both syndromes are caused by deficiency in or
mutation of Foxp3 gene (Bennett et al., 2001; Brunkow et al., 2001; Wildin et al., 2001). The
Foxp3 deficient mice can be rescued by timely administration of CD4"CD25" Tregs (Fontenot
et al., 2003).

Foxp3 is a zinc-finger transcription factor which is localized in cell nucleus (Brunkow
et al., 2001). Tregs develop primarily in the thymus and the expression of Foxp3 is first
apparent in the CD4 single positive phase. Foxp3 is required for Tregs development and
function (Fontenot et al., 2003). As a transcription factor, Foxp3 can bind to the promotor and
regulatory regions of various genes and thus regulate their expression. Its target genes are e.g.
genes for proinflammatory cytokines IL-2 and interferon-y (IFN-y) or genes for CD25 or a
regulatory molecule CTLA-4. By binding to the promotors of these genes, Foxp3 can
effectively inhibit or enhance the expression of these molecules. Overexpression of Foxp3 in
CD4 T cells attenuates activation-induced cytokine production and proliferation (Schubert et
al., 2001). Using genom-wide chromatin immunoprecipitation assay it has been shown that
Foxp3 regulates the expression of plenty different genes, many of them the key components
of T cell activation and function (Marson et al., 2007). Moreover, regulatory components of
gene expression such as microRNA and genes for chromatin remodeling machinery were also
identified as Foxp3 targets (Zheng et al., 2007a).

Foxp3 can also directly interact with other transcription factors such as nuclear factor
of activated T cells (NFAT) and by blocking their function regulate different cells processes
and responses. NFAT is a key regulator of T cell activation and anergy. Together with another
transcription factor activator protei 1 (AP-1), NFAT activates the transcription of IL-2 gene

and other T cell activation-associated genes (Jain et al., 1993). By binding to NFAT, Foxp3
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represses the IL-2 transcription and drives the expression of Treg-specific molecules such as
CTLA-4 and CD25. Thus, Foxp3 converts the T cell activation program into the Treg
suppressive program (Wu et al., 2006). Similarly Foxp3 interacts with another transcription
factor AML1 (acute myeloid leukemia 1) and prevents gene expression of IL-2 and IFN-y
(Ono et al., 2007).

Retroviral transfection of peripheral CD4" T cells with Foxp3 construct converted
these into Tregs which were unable to produce IL-2 upon stimulation, upregulated CD25 and
CTLA-4 and suppressed in vitro proliferation of effector cells (Fontenot et al., 2003; Hori et
al., 2003; Yagi et al., 2004). The ectopic expression of Foxp3 in T cells leads to dramatically
decreased proliferative responses of T cells and to a halt in IL-2 expression. Moreover, it was
shown that CD4" T cells with ectopic expression of Foxp3 were able to suppress proliferation
of CD4"Foxp3™ T cells in vitro and in vivo. Thus, Foxp3 expression causes generalized
inability in cellular activation and renders conventional T cells suppressive and is sufficient to
induce Treg phenotype in conventional CD4"CD25 T cells (Fontenot et al., 2003; Hori et al.,
2003; Khattri et al., 2001; Khattri et al., 2003). In contrast, lack of functional Foxp3 gene or
its mutation results in lymphoproliferative diseases cause by complete lack of Treg function
(Fontenot et al., 2003; Khattri et al., 2003; Fontenot et al., 2005b). In conclusion, Foxp3 is
necessary for the development and proper function of Tregs.

1.2.3.3. CTLA-4

Tregs express other molecules that are characteristic for these cells or are important
for their function. One of those molecules is CTLA-4 which belongs to the CD28 family of
surface molecules and is considered as negative regulator of costimulation which is normally
expressed on T cells 2-3 days after activation (Walunas et al., 1994). It was stated that CTLA-
4 binds to CD80/86 with higher affinity than CD28 and blocks T cell activation in vitro. As
shown by Manzotti et al. (2002), CD80 is a preferential ligand for CTLA-4 compared to
CD86 and the results of such interactions might be qualitatively different.

It has been demonstrated that CTLA-4 is constitutively expressed on suppressive
CD4"CD25" T cells and that the blockade of CTLA-4 abrogates their suppressive function.
Moreover, in vivo blockade of CTLA-4 in normal mice leads to spontaneous development of
autoimmune diseases which indicates that CTLA-4" CD4 T cells control self-reactive T cell

clones (Takahashi et al., 2000). Similarly, selective engagement of CTLA-4 on T cells by
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antigen-presenting DCs renders the T cells suppressive and capable to control and suppress
autoimmune thyroiditis (Li et al., 2007a). Moreover, it was demonstrated that anti-CTLA-4
antibody prevented allogeneic rejection in mice by blocking the interaction of T cells with
APCs. In addition, this antibody induced a donor-specific, long-term tolerance of the graft
(Lenschow et al., 1992; Hwang et al., 2002). CTLA-4 might also be responsible for induction
of peripheral T cell tolerance in vivo (Perez et al., 1997). Further studies revealed that
suppressive function of Tregs in the gut is dependent on signaling through CTLA-4 (Read et
al., 2000). CTLA-4 thus seems to play an important role in effector mechanisms of Tregs.
CD28, another costimulatory T cell molecule, however, is not required for the suppressive
function of Tregs which was shown in experiments with CD28 deficient mice. The
CD4'CD25" T cells from these animals were still able to mediate suppression and only the
blockade of CTLA-4 disabled the suppression (Takahashi et al., 2000). How the suppressive
action of CTLA-4 is mediated still remains a question. One possible mechanism is that
CTLA-4 restricts the clonal expansion of proliferating CD4" T cells. It was shown that after
approximately 3 cell divisions the Th1l and Th2 precursors start to express CTLA-4 which
leads to proliferative arrest or even death of these cells. The precursors of Thl and Th2
effector cells may be rescued from proliferative arrest by IL-12 and IL-4 signaling which is a
stronger stimulus in case of infection (Doyle et al., 2001; Wells et al., 2001). In experiments
with mutated extra- and intra-cellular part of CTLA-4 it was demonstrated that the
cytoplazmic domain of this costimulatory molecule is required for regulation of Th cell
differentiation in vivo whereas the extracellular part of the molecule can compete for ligands
and thus mediate the inhibitory effect of CTLA-4 (Masteller et al., 2000).

1.2.34.GITR

Another molecule which is present on Tregs, belongs to the tumor necrosis factor
receptor (TNFR) superfamily and is called glucocorticoid-induced TNFR-related protein
(GITR). Since it can be expressed by other cell types it is not an exclusive marker of Tregs,
however, it was found to be constitutively expressed on the surface of CD4°CD25" T cells
(McHugh et al., 2002, Shimizu et al., 2002). It was shown that stimulation of cells through
GITR abrogated the suppression mediated by Tregs which indicates that it might have a
negative role in the regulation of Tregs activity (McHugh et al., 2002). On the other hand,

removal of GITR-expressing cells or administration of anti-GITR antibody led to the
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induction of autoimmune diseases in mice which is consistent with the fact that T cells from
GITR-deficient mice proliferate more and produce more IL-2 after activation (Ronchetti et al.,
2002; Shimizu et al., 2002).
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1.2.4. Mechanisms of Treg function

Although many mechanisms of Treg function have been suggested, it is not clear
which can be considered as general. To date, the data acquired from functional studies of
suppressive mechanisms of Tregs remain controversial with major differences between in
vivo and in vitro studies. It was demonstrated that the prevailing mechanism of action of
Tregs in vitro is contact dependent (Thorton and Shevach, 2000; Taams et al., 2001). On the
other hand, in vivo mechanisms range from suppressive cytokines to cytokine starvation and
even cytotoxicity.

In general, there are four major types of suppression which will be discussed in the
next chapters and those are: production of soluble factors such as cytokines, targeting DCs
and modulating their function, direct cytolysis of target cells or their metabolic disruption
(Figure 2).
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Figure 2: Basic mechanisms of Treg function. (a) Inhibitory cytokines including IL-10, TGF-
B and IL-35. (b) Cytolysis dependent on granzyme A, B and perforin. (c) Metabolic disruption
of target cells. (d) Modulation od DC function. Adapted from Vignali et al., 2008.
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1.2.4.1. Production of inhibitory cytokines

Tregs can secrete several cytokines that have immunosuppressive functions. It has
been demonstrated that 1L-10 plays an important role in Tregs suppression, especially in vivo
where it inhibits the expansion of effector T cells (Annacker et al., 2001). TGF-B is another
cytokine that is produced by Tregs and that regulates the immune system. Its
immunosuppressive function has been demonstrated on many models. Induction of
autoimmune disease or inflammation such as colitis in adult mice can be prevented by
administration of Tregs. This protective effect, however, can be abrogated by injection of
anti-TGF-p mAb (Seddon and Mason, 1999; Nakamura et al., 2004). Powrie and Mason
(1990) also suggested a role for CD45RBlow CD4" T cells that are able to suppress
autoagressive T cell clones. It was shown that a Th1-mediated colitis was successfully treated
by a transfer of these CD45RBlow T cells. Later it was demonstrated that this protecting
effect was reversed by an anti-TGF-p antibody which suggested a key role of TGF-f in the
mechanism of suppression of inflammation in the gut (Powrie et al., 1996; Fuss et al., 2002).
Some groups also pointed out that TGF-f which is bound to the surface of Tregs might play
an important role in suppression. TGF-B neutralization by mAb abolished the Treg-mediated
suppression of CD4"CD25 T cells stimulated by plate-bound antibody (Nakamura et al.,
2001). Others showed, however, using TGF-BR or TGF-f deficient mice, that Treg-mediated
suppression in these animals was not abrogated (Piccirillo et al., 2002).

In addition to IL-10 and TGF-p there has been another cytokine proposed to play an
important role in Tregs function (Collison et al., 2007). IL-35 is secreted exclusively by Tregs
and consists of two different subunits p35 and Epstein-Barr virus induced gene 3 (Ebi3). p35
is an alpha subunit of IL-12 and thus IL-35 is another member of heterodimeric I1L-12 family.
These cytokines are, however, mostly considered as proinflammatory. IL-35, in contrast, was
shown to have inhibitory properties. Deficiency of its subunits leads to autoimmune diseases
in vivo and reduced suppressive activity in vitro. On the other hand, its ectopic expression
renders naive T cells suppressive and recombinant 1L-35 suppresses T cell proliferation
(Collison et al., 2007). This novel inhibitory cytokine might play an important role in Treg-

mediated suppression.
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1.2.4.2. Cell contact with DCs and modulation of DC function

There is multiple evidence of direct interaction of Tregs with DCs. Tang et al. (2006)
used a two photon microscopy technique to demonstrate that Tregs form stable contacts with
DCs in lymph nodes. In a model of non-obese diabetic mice, the auto-reactive CD4'CD25 T
cells could not be activated by DCs bearing the autoantigen because of stable associations of
Tregs with DCs. Thus, Tregs prevent the priming of diabetogenic effector T cells and it was
also shown that they decrease the duration of the contacts between T cells and antigen-loaded
DCs (Tadokoro et al., 2006). In vitro studies demonstrated that nTregs downregulate the
expression of costimulatory molecules CD80 and CD86 on APCs. Their expression was
inhibited even when APCs were stimulated to express higher levels of costimulatory
molecules (Cederbom et al., 2000). Another group showed that also in vivo antigen-induced
iTregs use downregulation of costimulation as an effector mechanism of suppression
(Grundstrom et al., 2003). Later it was demonstrated that this ability of Tregs was dependent
on their expression of CTLA-4 because a specific blockade of this molecule disabled Tregs to
downmodulate the CD80/86 molecules (Oderup et al., 2006). Thus, CTLA-4 seems to play a
non-redundant role in this mechanism of Tregs suppression since anti-CTLA-4 antibody
completely abrogated their suppressive function (Tang et al., 2004). Moreover, another effect
of Tregs on APCs might occur. Downregulation of costimulatory molecules occurs when
immature APCs are stimulated, however, the stimulation of mature APCs leads to their
apoptotic cell death mediated by Tregs (Frasca et al., 2002).

Tregs can suppress APCs by modulation of the capacity of APCs to activate other T
cells. Coculture of APCs with Tregs rendered APCs unable to activate naive T cells and the
APCs retained these suppressive features permanently also after removal of Tregs from the
culture (Taams et al., 2000). This study thus indicated a possible mechanism by which Tregs
maintain the pool of suppressor T cells. APCs stimulated by lipopolysaccharide (LPS) after
such culture inhibited the proinflammatory cytokine production and T cell activation (Taams
et al., 2005).

Another type of APCs are monocytes and their tissue form macrophages. These cells
can be also affected by coculture with Tregs to become alternatively activated macrophages.
Such cells lose the ability to become good APCs but gain rather anti-inflammatory and
regulatory functions (Tiemessen et al., 2007).

The suppressive function of Tregs can be attenuated in certain conditions. A strong

microbial stimulation which triggers toll-like receptors (TLRs) on DCs leads to the production
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of IL-6 which acts in favour of proinflammatory response rather then responses dependent on
Tregs (Pasare and Medzhitov, 2003). In contrast, it was shown that LPS-stimulated Tregs

have higher suppressor activity (Caramalho et al., 2003).

1.2.4.3. Metabolic disruption of effector cells

It has been shown that Tregs might interact with their target cells and modulate their
metabolic activity in order to suppress their function. Several studies revealed that Tregs
might stimulate the ability of DCs to catabolize tryptophan. The expression of CD80/86
molecules on DCs and CTLA-4 on Tregs was required for this type of interaction (Fallarino et
al., 2003). Tryptophan can be degraded by the enzyme indoleamine 2,3-dioxygenase (IDO)
and subsequent tryptophan starvation can inhibit proliferation of T cells in vivo (Munn et al.,
2004).

It is known that IL-2 is an activator of Tregs suppressive function and expansion in
vitro and in vivo (Thorton et al., 2004; Brandenburg et al., 2008). Tregs are anergic in vitro
even after TCR stimulation or the addition of IL-2 alone. Coculture of these cells with
activated CD4"CD25 cells inhibits the production of IL-2 by the effector cells and thus leads
to suppression of proliferation of the responder cells. In this system the Treg-mediated
suppression is cytokine independent, cell-contact dependent and requires activation of Tregs
through TCR. Moreover, this inhibition could be overcome by addition of IL-2 or anti-CD28
to the cocultures (Thorton and Shevach, 1998). Experiments with mice transgenic for a
certain antigen showed that when Tregs are activated through their TCR they are able to
inhibit immune responses to a different antigen and thus their effector mechanism is antigen-
nonspecific (Thorton and Shevach, 2000). Competition for IL-2 was shown to be one of the
effector mechanisms of Tregs (Pandiyan et al., 2007). It was shown that Tregs are able to bind
and intake great amounts of IL-2 due to the high expression of CD25 on their surface. Thus,
Tregs cause IL-2 starvation of effector T cells which can lead even to apoptotic death. It was
also suggested that the uptake of IL-2 might be a flexible mechanism by which Tregs adapt
their activity to the strength of the responder T cell reaction (de la Rosa et al., 2004).
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1.2.4.4. Direct cytolysis of target cells

Cytotoxic killing of various cell types is one of the effector mechanisms of Tregs. It
was demonstrated that activated Tregs express granzyme A and are able to kill effector T cells
and DCs (Grossman et al., 2004). Similarly, the expression of granzyme B by Tregs which
caused the lysis of activated lymphocytes was shown (Gondek et al., 2005). Granzyme B
deficient mice were able to reject tumor cells more efficiently than wild type mice (Cao et al.,
2007).

Another cell population which can be lysed by Tregs is B cells. Tregs were shown to
be potent suppressors of B cell proliferation induced by B cell mitogens. The inhibition was in
this case cell contact-dependent and caused by an increased death rate of B cells. Surprisingly,
the cell-mediated apoptosis was caused by production of perforin and granzyme by Tregs
rather than dependent on a more common T cell killing mechanism that is FasL (Zhao et al.,
2006).
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1.3. Development of Tregs

According to the developmental criteria we can divide Tregs into two distinct
subpopulations, naturally occuring (n) and induced (i) Tregs. nTregs are a constitutive part of
a healthy immune system. iTregs, on the other hand, develop under specific conditions and
might be a useful tool for manipulating the immune system. The possibility of iTregs

induction is thus an important goal of clinical immunology.

1.3.1. nTregs development

nTregs develop in the thymus like conventional T cells. Their development is
dependent on major histocompatibility antigen (MHC) class 11" thymic cortical epithelium
(Bensinger et al., 2001). It is also likely to be directed by medullary thymic epithelial cells
which express a transcription factor autoimmune regulator (AIRE) (Zuklys et al., 2000).
These thymic cells have a wide range of self-antigens on their surface and together with MHC
class 1l they control the development of Tregs (Aschenbrenner et al., 2007). It was indicated
that AIRE regulates the processing and presentation of self-proteins so that the thymocytes
recognize the self-antigen and are able to develop into autoreactive Tregs (Kuroda et al.,
2005). Indeed it was previously shown that CD25" thymocytes have self-antigen specificity
and the affinity of their TCR to the antigen must be relatively high (Jordan et al., 2001). In
experiments with transgenic mice that expressed ovalbumin (OVA) antigen it was shown that
the T cells with TCR specific for OVA developed as CD25" Tregs (Kawahata et al., 2002).
TCR on Tregs is therefore self-specific but they are not eliminated by negative selection
because they probably posses mechanisms by which they avoid this process (Jordan et al.,
2001). One of the possible mechanisms is the presence of the molecule GITR on their surface.
GITR can mediate anti-apoptotic signals to the cell which render the cell resistant to apoptosis
(McHugh et al., 2002). Tregs are released from thymus into circulation and can later settle in
lymphoid tissue.

The induction of Foxp3 in thymus and the conditions in which it occurs are still

unclear. Recently it has been shown that myeloid DCs present in thymic stroma express
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receptors for thymic stromal lymphopoietin (Hanabuchi et al., 2010). In response to this factor
myeloid DCs produce chemokines that attract T cells but they don’t produce Thl or Th2
polarizing cytokines. It was shown that such myeloid DCs induce the differentiation of
thymocytes into Tregs and probably also induce the expression of Foxp3 in these cells
(Hanabuchi et al., 2010). Moreover, Tregs development is dependent on the presence of
recombination activating gene (RAG)-2 rekombinase and Tregs exhibit a classical B TCR on
their surface (Itoh et al., 1999). It has also become apparent that the costimulatory molecule
CD28 is indispensable for the thymic development of T cells. By the use of molecular
mapping of CD28 costimulation it was demonstrated that CD28 signaling induces expression
of Foxp3 and thus directly initiates Tregs differentiation program (Tai et al., 2005). Moreover,
CD28 maintains peripheral homeostasis of Tregs probably by regulating IL-2 production by
other cells and thus supporting Tregs survival and self-renewal (Salomon et al., 2000; Tang et
al., 2003). Recently, the crucial role for TGF-B in thymic development was clarified. The
conditional deletion of TGF-B gene expression in T cells at postnatal days 3-5 lead to a
complete blockade of appearance of nTregs. Interestingly, when the TGF-B expression was
abrogated one week after birth, nTregs developed normally but the presence of IL-2 in this
situation was essential for nTregs development. Thus, TGF-pB signaling was shown to be of
utmost importance even in the development of nTregs (Liu et al., 2008). Similar results were
achieved by Marie et al. (2005) who showed that TGF-B deficiency at days 8-10 after birth
does not abrogate thymic development of Tregs but rather decrease the numbers of Tregs in
the periphery. They concluded that TGF- signaling is important for maintenance of Foxp3
expression and suppressive function of peripheral Tregs.

Although it was hypothesized that the antigen specificity of nTreg is mostly restricted
to self-antigens, their repertoire seems to be wider. nTregs have been shown to recognize
foreign antigens too. It was demonstrated that the nTregs that accumulate at the site of chronic
infection with Leishmania major in mice are able to respond specifically to the Leishmania
antigen. Such Tregs strongly proliferate in response to Leishmania-infected DCs, they
maintain Foxp3 expression, and Leishmania-specific Treg cell lines can be generated from
infected mice (Suffia et al., 2006). Moreover, the persistence of Leishmania in the skin is
controlled by Tregs that suppress the ability of CD4"CD25 effector T cells to eliminate the
parasite (Belkaid et al., 2002).

Until recently, no specific marker which would distinguish nTreg from other Tregs
was known. However, a transcription factor Helios, a member of the Ikaros transcription

factor family, has recently been assigned a distinct role in nTreg development. It was shown
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that Helios is expressed by 100% of CD4"CD8 Foxp3* thymocytes and 70% of peripheral
Foxp3™ T cells. On the other hand, this transcription factor was neither found in any kind of
iTregs that were prepared in vitro by stimulation with TGF-p nor was it found in iTregs
induced in vivo by antigen feeding under specific conditions (Thorton et al., 2010). Thus,
Helios seems to be a unique marker of nTreg that develop in thymus. This observation also
indicates that thymus might not be the only site of nTregs generation. There is some evidence
that CD4*CD25'CD45RB"" cells that possess suppressive activity are generated in the
periphery. These cells were described to have a broad TCR repertoire and memory phenotype
with short telomeres which indicates that they were repeatedly stimulated by a specific
antigen to proliferate in vivo. These Tregs might thus induce tolerance to antigens that are not

encountered in thymus (Taams et al., 2002).

1.3.2. iTregs development

iTregs, compared to nTregs, can develop at any time during the whole life but only
under specific conditions in the periphery. There have been reported many ways of iTreg
induction in vivo in the periphery or in vitro. The conditions, in which iTregs arise, however,
seem to be very distinctive. It was demonstrated that the conversion can be achieved in vivo
by small antigen doses with suboptimal DC activation. In such conditions naive CD4" T cells
are converted into Foxp3® Tregs which possess regulatory activity. Their induction can be
further enhanced by the addition of TGF-B (Kretschmer et al., 2005). Another important
player in the generation of iTregs, especially in the gut, is DCs-derived retinoic acid which
probably acts together with TGF-p and helps the conversion process by counteracting the
negative impact of costimulation (Apostolou et al., 2008).

In conclusion, iTregs develop from naive CD4'Foxp3™ T cells upon stimulation
through the TCR and in the appropriate cytokine environment. The essential cytokine for their
development is TGF-B (Chen et al., 2003a). It is a pleiotropic cytokine which has an impact
on many different cell types, not only of immune character. TGF-p has long been known as
negative regulator of immune cells, regulator of cell phenotype and cell adhesion. It regulates
proliferation and differentiation of a wide spectrum of cell types and thus has an important
role in homeostasis (Massague et al., 1992). TGF-p signaling is also essential for the

maintenance of peripheral tolerance. With the use of TGF-RII deficient mice, it was
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demonstrated that these mice develop fatal autoimmunity mainly due to the activation and
expansion of Thl cells, cytotoxic T cells and NK cells (Marie et al., 2006).

Development of iTregs thus encompasses many different mechanisms which depend
on the chosen model and conditions. Detailed description of in vitro mechanisms of iTregs

generation will follow in the next chapters.
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1.4.  The role of cytokines in development of Tregs and Th cells

The developmental pathways of Tregs and Th cells are diverse and their determination
depends on many factors. The quality and quantity of TCR stimulation and cytokine
environment at the site of T cell priming are the most important aspects. In this chapter the

role of cytokines in the development of Tregs will be described.

1.4.1. Generation of iTregs

The development of iTregs has always been an intriguing question. The conditions and
the original T cell populations from which they arise seem to be diverse. However, the
possibility of in vitro manipulating Tregs population is tempting and provides many
opportunities for clinical usage.

The expansion of a certain Treg population might be a difficult task. Instead, a great
effort was put into finding ways of Treg induction from non-Treg precursors. Several groups
demonstrated that TGF-B can trigger Foxp3 expression in CD4"CD25" T cells (Fu et al., 2004;
Park et al., 2004). The conditions for this induction have, however, not been well described. It
was suggested that stimulation of precursor cell is required for the induction of Foxp3 but the
costimulation of CD28 did, in contrast, prevent this induction (Fu et al., 2004). Similarly, the
necessity to stimulate TCR in the presence of TGF-B was shown in order to induce
suppressive cells which produce TGF-f and inhibit cell proliferation (Chen et al., 2003a).
TCR engagement can be performed with the use of antigen presented by APCs but also by
general stimulation of TCR through anti-CD3 mAb (Rao et al., 2005). Fantini et al. (2004)
also showed that TGF-B induces Foxp3 expression in CD4"CD25 T cells. Moreover, they
pointed out that Smad7 which plays a negative regulatory role in TGF-B signaling is
downregulated by Foxp3 and thus revealed a positive regulatory loop in TGF-B-triggered
induction of iTregs. TGF-B signaling is probably not sufficient to induce Foxp3 expression in
naive T cells. Studies with IL-2 conditional KO mice revealed that IL-2 is necessary to
convert CD25™ cells into CD25"Foxp3™ Tregs and also to sustain Foxp3 expression and

suppressive function of these cells (Davidson et al., 2007; Zheng et al., 2007D).
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In vitro TGF-B-induced iTregs significantly suppressed colitis when administered to diseased
animals (Fantini et al., 2006). Moreover, IL-2 that is secreted by effector T cells at the site of
inflammation was confirmed to be crucial for survival and expansion of iTregs. TGF-p was
convincingly proven to induce Foxp3 expression in naive cells in certain conditions, however,
the exact mechanism of this induction remains elusive. Recently it was shown that TGF-f
signaling triggers expression of two members of the Runt-related transcription factor family,
RUNX1 and RUNX3. These factors bind to three distinct regions on Foxp3 promotor and
probably initiate the expression of this Tregs master gene (Klunker et al., 2009).

It was observed in vivo that antigen-specific Th3 regulatory cells which produce TGF-
B can induce the differentiation of Tregs and thus maintain peripheral tolerance to various
antigens (Oida et al., 2006; Carrier et al., 2007a,b). Another possible source of TGF- in vivo
for the induction of iTregs might be Tregs that are already present in the system and become
activated. It was shown that such cell express on their surface TGF-f that is bound to latency-
associated peptide. These cells can induce the TGF-B-dependent differentiation of iTregs in a
contact-dependent manner and thus spread and strengthen suppression (Andersson et al.,
2008). TGF-p can be secreted also by a distinct type of stem cells with immunoregulatory

properties which are described in the next chapter.

1.4.2. The role of mesenchymal stem cells in the generation of Tregs

Another type of immunomodulatory cells which can profoundly affect immune
reactions are mesenchymal stem cells (MSCs). These cells are a subtype of adult stemm cells
and can be found and isolated from bone marrow, adipose tissue and other organs and tissues
in the body. After appropriate stimulation these cell are capable of differentiation into several
cell types and importantly, they can produce soluble immunomodulatory factors. MSC affect
functions of a spectrum of immune cells of both, innate (DCs, NK cells, neutrophils) and
adaptive (T and B cells) immune system. Thus, MSCs were shown to inhibit maturation of
DCs and their antigen presenting propertis which hinders inflammatory potential of DCs. In
addition, it was demonstrated that MSCs inhibit mitogen- and alloantigen-induced T cell
proliferation and cytokine production (Uccelli et al., 2008).

MSC behaviour and effects on other cells vary in different conditions. Cytokine
environment is the decisive factor which influences the outcome of MSC responses. It has

been demonstrated that MSCs can upregulate their surface expression of MHC class Il and
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thus can interact with CD4+ T cells. MHC class Il expression can be elevated by IFN-y.
However, only low levels of IFN-y favour MHC class Il expression which decreases again
with higher IFN-y levels in the culture (Chan et al., 2006). As indicated, the cytokine
environment is crucial for MSC features and function but the data in this field are scarce and
controversial.

Immunomodulation mediated by MSCs is dependent on cell-to-cell contact and
soluble factors such as cytokines. In a quiescent state, MSCs produce TGF-p and it was
demonstrated that such production can induce differentiation of Tregs (Di Nicola et al., 2002).
Moreover, in a pro-inflammatory environment MSCs can produce simultaneously TGF-$ and
IL-6. This cytokine environment creates ideal conditions for the preferential induction of
inflammatory Th17 cells (Di Nicola et al., 2002).

1.4.3. Other important factors in iTreg development

Another candidate molecule necessary for the induction of iTregs is CTLA-4.
Experiments of CTLA-4 deficient mice revealed that although the development of nTregs in
these mice is normal, the differentiation of iTregs is impaired. CTLA-4 signaling might
therefore be crucial for the induction of Foxp3 and suppressive activity in CD4°'CD25 T cells
(Zheng et al., 2006a).

An experimental model of allogeneic transplantation showed that ex vivo TGF-B-
induced Tregs injected together with alloantigen evoke transplantation tolerance (Zheng et al.,
2006b). The mechanism by which the suppressor ability is spread through generation of
suppressor cells was indicated previously by the same group and encompasses cell contact as
well as the effect of TGF-p and IL-10 (Zheng et al., 2004). Similarly, it was shown that the
addition of IL-10 and TGF-p to an allogeneic mixed lymphocyte culture resulted in antigen-
specific hyporesponsiveness to alloantigens (Chen et al., 2003a). CD4" T cells recovered from
such cultures were capable of protecting from GVHD. The role of CD28 in the induction of
iTregs is still controversial. 1t was shown, in CD28 deficient mouse, that it is possible to
convert CD25™ T cells into Foxp3™ iTregs using TGF-B and antigen stimulation. The resulting
populations displayed comparable qualities to nTregs, however, the survival of these cells was
decreased. CD28 signaling might thus contribute to maintenance of survival of iTregs (Liu et
al., 2006).
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It is well known that the mucose-associated immune system in the gut exerts specific
features and has evolved multiple strategies to maintain homeostasis and to favor induction of
tolerance. The mechanisms of such tolerance are probably diverse but it was shown that cells
with regulatory characteristics can be induced in the gut from non-regulatory precursors. A
specialized population of DCs which are CD103" and present in lamina propria selectively
drive the development of Foxp3™ Tregs via a production of vitamin A metabolite, retinoic acid
in a process dependent on TGF-f which is abundant at this site (Coombes et al., 2007; Sun et
al., 2007). A protocol employing TGF-B and retinoic acid promises an efficient way for ex
vivo production of large numbers of Tregs with good suppressive function (Wang et al.,
2009). In vivo it was demonstrated that Tregs can be induced also by contact with a special
type of DCs that matured in the presence of IL-10 and that were suggested to induce oral
tolerance and to prevent allergy (Huang et al., 2010). In vitro it was shown that such induction
can be performed with allogeneic DCs and thus alloantigen-specific Tregs can be produced
(Moore et al., 2010). DCs in the periphery play an important role in clearance of apoptotic
cells. It was shown that the uptake of apoptotic thymocytes renders the DCs tolerogenic. In
addition, DCs pulsed with allogeneic apoptotic cells have an increased capacity to induce the
development of fully functional iTregs in a cell contact-dependent manner (da Costa et al.,
2011). Another agent affecting the induction of iTregs is the costimulatory molecule OX40. It
was shown that OX40 signaling inhibits the TGF-p mediated development of iTregs and
rather supports the development of effector T cells (So and Croft, 2007).

A distinct type of suppressive iTregs was shown to develop from CD4'CD25 T cells
in coculture of these cells with nTregs. The newly generated iTregs were anergic to
stimulation with anti-CD3, responded to IL-2 and were capable of suppressing the
proliferation of CD4"'CD25 T cells (Qiao et al., 2007). It was thus shown that converting
CD25 T cells into suppressive iTregs might also be another mechanism of suppression
employed by nTregs.

The regulation of iTregs induction is a very complex process and many new players
affecting it still emerge. Transcription factor interferon regulatory factor 1 was indicated as
just another transcription factor which binds to the Foxp3 promotor and represses
transcription of this gene. Mice deficient for this transcription factor exhibited a strong
tendency of CD4"CD25" T cells to convert into Tregs and all Tregs had enhanced suppressive
activity (Fragale et al., 2008). Another important transcription factor that is essential for the
induction of Foxp3 expression is signal transducer and activator of transcription (STAT)3.

Ablation of this molecule leads to abrogation of suppressive activity of Tregs and restores IL-
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2 and IFN-y production by these cells. STAT3 inhibits Foxp3 expression in nTregs and
induction of Foxp3 in the absence of STAT3 is also prevented (Pallandre et al., 2007).
Transcription factors acting upstream of Foxp3 may thus be a potential target for
manipulation of the immune system.

It is well known that during chronic inflammatory diseases Tregs fail to maintain
homeostasis probably because activated effector cells prevent the induction or proper function
of Tregs. It was demonstrated that IL-6 signaling into T cells completely abrogates induction
of iTregs by increasing the expression of TGF-f signaling inhibitor SMAD-7 which renders
the cells resistant to Foxp3 induction. Moreover, IL-6 signaling inhibited Tregs-mediated
suppression of autoimmune colitis in vivo (Dominitzki et al., 2007). In vivo it was
demonstrated that IL-6 produced after allogeneic renal transplantation gradually decreases the
number of Tregs in the graft and its blockade prolongs graft survival (Wang et al., 2008).

The origin of iTregs is still not clearly defined also due to their diversity and number
of experimental settings. It was speculated that nTregs are the parent population from which
iTregs develop (Yamagiva et al., 2001). Induction of transplantation tolerance which is
triggered by anti-CD4 generates iTregs. It was shown recently that these iTregs arise in vivo
from both, CD4"Foxp3™ T cells and also from nTregs (Francis et al., 2011).

Epigenetic control of gene expression is one of key aspects of cell differentiation.
Foxp3 as a master switch of Tregs and its regulatory sequences were analyzed by bisulphite
sequencing and a Treg-specific demethylation region was discovered within Foxp3 locus
(Floess et al., 2007). It was shown that DNA was completely demethylated in this region in
nTregs but not in conventional T cells. Moreover, DNA in TGF-B-induced iTregs was only
incompletely demethylated despite high Foxp3 expression (Floess et al., 2007). This finding
suggests that epigenetic modification of Foxp3 plays an important role in Treg differentiation
and maintenance. Later, it was showed that mere inhibition of DNA methylation by
demethylating agent azacytidine promoted de novo induction of Foxp3 expression in T cells
and stabilized expression of this transcription factor after restimulation (Polansky et al.,
2008). Both these findings demonstrate that epigenetic imprinting in Foxp3 locus is critical
for establishment of a stable Treg lineage. Similarly, it has been shown that a histone-
deacetylase inhibitor increased expression of Foxp3 and production of Tregs in vivo.
Moreover, this inhibitor, together with rapamycin, induced permanent and Treg-dependent
allograft survival and donor-specific allograft tolerance (Tao et al., 2007).

Th2 cells were originally regarded as a potential regulatory population mainly owing

to the production of IL-10 (Mosmann and Coffman, 1989). These cells also produce
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substantial amounts of 1L-4 and IL-13 and these cytokines were then suggested as inducers of
iTregs from conventional peripheral CD4°CD25 T cells. This Treg generation was dependent
on antigen stimulation and costimulation of T cells but independent of IL-10 or TGF-B. The
importance of this process was demonstrated in a model of oral tolerance where the blockade
of IL-4 and IL-13 prevented the induction of iTregs (Skapenko et al., 2005). Another cytokine
that has been regarded as proinflammatory was shown to induce functional Tregs. Ex vivo T
cells stimulated by allogeneic APCs and in the presence of IFN-y differentiated into
suppressive Foxp3"* Tregs. The authors speculate that in this case IFN-y inhibits production of
IL-4 which is detrimental for allograft survival which also indicates some controversy with
the results of Skapenko’s group (Feng et al., 2008). In contrast it was shown that IL-4
supports proliferation and suppressive competence of nTregs (Pace et al., 2006). It was
demonstrated in vitro that isolated nTregs gradually lose Foxp3 expression and often undergo
apoptosis. However, Tregs exposed to IL-4 maintain the level of CD25 and had better
suppressive functions (Maerten et al., 2005). In addition to this controversial role of IL-4 in
iTreg generation, it might also have distinct effect on suppressive function of Tregs which are
able to inhibit proliferation of effector CD4'CD25 T cells. It was demonstrated that
engagement of IL-4 receptor on target effector cells renders these cells resistant to
suppression (Pace et al., 2006). Indeed, it was shown that Tregs are able to completely
suppress Thl cell proliferation but only partly proliferation of Th2 clones (Cosmi et al.,
2004). This might be caused be a higher expression of I1L-4 receptor and IL-9 receptor on Th2
cells. Moreover, the addition of IL-4 to the culture significantly reduced the Treg-mediated
suppression (Cosmi et al., 2004).

The development of iTregs is currently an intensively studied field. However, the
findings are frequently different in various models and often even contradictory. Further

research is needed to clarify all the aspects of this important issue in Treg biology.
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1.5. Developmental plasticity of Th cells

In this chapter the main Th cell subsets will be introduced together with cytokines that
drive their differentiation. In addition, the complex relationships between the Th lineages will
be discussed. Th cell types are represented by proinflammatory Thl and Th17 cells and by

Th2 cells. Their regulatory counterparts are different types of Tregs.

1.5.1. Thl and Th2 cells

Th1 cells which play an essential role in defence against intracellular pathogens, are
characterized by production of IL-2 and IFN-y upon activation. Their development is driven
by IL-12, a proinflammatory cytokine produced mainly by cells of the innate immune system
such as DCs (Mannetti et al., 1993; Macatonia et al., 1995). Th2 cells are crucial in defence
against extracellular pathogens and their main effector cytokines are IL-4, IL-5, IL-10 and IL-
13. Development of Th2 cells from uncommitted precursors is dependent on IL-4 (Swain et
al., 1990).

Cytokines produced by Thl and Th2 cells reciprocally regulate the development of
these cell populations (Figure 3). IL-4 inhibits IL-12RB2 expression and thus represses the IL-
12-mediated signaling and development of Thl cells. Furthermore, IL-10 affects DCs and
inhibits their ability to activate proliferation of Thl cells and also reduces the production of
Th1 cytokines in vitro (Kadowaki, 2007). Moreover, in vivo studies revealed that 1L-10
synergizes with IL-4 to inhibit the proinflammatory activity of Thl cells in delayed type of
hypersensitivity (DTH) setting (Powrie et al., 1993). In addition, IL-4 was also able to inhibit
IFN-y production after antigen challenge comparably to IL-10 (Powrie et al., 1993). In
contrast, IFN-y promotes IL-12Rp2 expression and enhances IL-12 responsiveness (Murphy
et al., 1999). IL-12 induces IFN-y production in naive T cells and inhibits the development of
IL-4 producing cells (Manetti et al., 1993). Moreover, IL-12 was also able to induce a

transient IFN-y production in Th2 cell clones (Manetti et al., 1994).
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Figure 3: Th cell commitment towards specific lineages in mice. Th cell precursor (Thp) can
be skewed towards mutually exclusive Thl, Th2, Th17 and Treg phenotypes on the basis of
the cytokine environment. Adapted from Afzali et al., 2007.

1.5.2. Transcription factors in the development of Thl and Th2 cells

Cell development is also regulated on the level of transcription factors. Each cell
lineage expresses its unique transcription factor which is a master regulator of cell-specific
transcription. Thl cells are characterized by the presence of a specific transcription factor T-
bet. This factor transactivates expression of IFN-y, the main cytokine produced by Th1l cells
(Szabo et al., 2000). Similarly to reciprocal regulation of Th cell subsets by cytokines,
transcription factors regulate cell fates in a complex way. Forced expression of T-bet in
highly differentiated Th2 cells decreases expression of IL-4 and induces production of IFN-y
providing a possibility to change cell fate and treat Th2-mediated diseases
(Lametschwandtner et al., 2004). Another transcription factor RUNX3 is expressed in Thl
cells in a T-bet-dependent manner. It was shown that RUNX3 is, together with T-bet required

for IFN-y expression and for silencing the IL-4 gene. Both transcription factors bind to IFN-y
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and IL-4 promotor. It was demonstrated in RUNX3 KO mice that RUNX3 is essential for
transcriptional repression of IL-4 and thus Th2 development (Djuretic et al., 2007). A
conserved silencer of the IL-4 gene which is critical for the development of Thl cells was
identified. Its deletion causes IL-4 production in IFN-y-differentiated Thl cells and thus
impaires function of these cells (Ansel et al., 2004).

Th2 cells selectively express transcription factor GATAS3. It was shown that antisense
GATAS inhibited the expression of Th2 cytokine genes and that GATAS directly activated
IL-4 gene promoter (Zheng and Flavell, 1997). GATAS3 was confirmed as a master switch for
Th2 cells in an experiment where it was able to reconstitute Th2 cytokine expression and
other markers of Th2 cells which were deficient for STAT®6, a transcription factor activated by
IL-4 signaling (Ouyang et al., 2000). GATA3 conditional KO mice were unable to
differentiate T cells in Th2 direction. Instead, Th1 differentiation occurred even in the absence
of IL-12 and IFN-y. Moreover, GATA3 represses 1L-12 signaling and production of Thl
cytokines (Ouyang et al., 1998). Therefore, GATAS is not only a master transcription factor
of Th2 cells but it also seems to be a principal switch determining Th1/Th2 responses (Zhu et
al., 2004). Recent developments also revealed that specifically phosphorylated T-bet can
interact with GATA3 and prevent its binding to DNA and thus repress Th2 lineage
commitment (Hwang et al., 2005). Moreover, the ectopic expression of GATAS3 in fully
differentiated Th1 cells induced expression of Th2 cytokines IL-4 and IL-5 in these cells and
at the same time downregulates their IFN-y production (Ferber et al., 1999; Lee et al., 2000).
The phenotype of committed Thl cells was previously considered as irreversible, however,
these experiments proved that GATAS3 expression can change the phenotype of differentiated
cells. Similarly, the ectopic expression of STAT6 which is also critical for Th2 differentiation,
induced GATA3 and Th2 phenotype in developing Thl cells (Kurata et al., 1999). It was
shown that T-bet- and GATA3-dependent differentiation programs are cell cycle-dependent
and thus proliferation is necessary for terminal differentiation of Thl and Th2 cells (Mullen et
al., 2001).

1.5.3. Th17 cells

Th17 cells are another type of proinflammatory Th cells. They are characterized by the
production of IL-17 which drives inflammatory responses. Th17 cells develop from naive
CDA4 T cells in the presence of TGF-B and IL-6 and this process is further amplified by IL-1B
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and tumor necrosis factor-a (TNF-a) and other inflammatory stimuli such as TLR stimulation
(Veldhoen et al., 2006). TGF-p-dependent Tregs development is in this case subverted by IL-
6 which therefore decides about the pro- or anti-inflammatory cell fate (Bettelli et al., 2006).
Another important cytokine for Th17 cells is IL-23 which is not a differentiation factor for
Th17 cells but is required for their proliferation (Betelli et al., 2006). TGF-p and IL-6 were
shown to induce the expression of IL-23 receptor rendering the developing Thl7 cells
sensitive to its effects — induction of retinoic acid receptor-related orphan receptor (ROR)-yt
and IL-17 expression (Mangan et al., 2006; Zhou et al., 2007). Recent findings suggested,
however, that Th17 might develop even in the absence of TGF-B. The combination of IL-6,
IL-23 and IL-1p effectively induced the differentiation of Th17 cells (Ghoreschi et al., 2010).

A unique transcription factor of Th17 cells is ROR-yt. It was described that ROR-yt
deficient mice lack tissue-infiltrating Th17 cells and that ROR-yt induces the expression of
the gene for IL-17 (lvanov et al., 2006). Furthermore, another transcription factor ROR-a was
shown to induce IL-17 expression and development of Th17 cells. Only double KO of ROR-
vt and Ror-o completely prevents generation of Th17 cells (Yang et al., 2008a).

Many factors can affect the balance between the TGF-B-dependent development of
Tregs or Th17 cells. It was indicated that the development of IL-17-producing cells from
naive T cells is inhibited by IFN-y and IL-4 although mature Th17 cells were no longer
sensitive to inhibition by these cytokines (Harrington et al., 2005). The IL-6-driven induction
of proinflammatory Th17 development can be inhibited by retinoic acid, preferentially in the
gut (Mucida et al., 2007). It was shown that retinoic acid and other agonists of retinoic acid
receptor a promote Foxp3 expression in the cells and shift the balance in Tregs favor.
Conversely, inhibition of retinoic acid signaling prevents TGF-p-mediated Foxp3 induction
(Elias et al., 2008).

As mentioned before, IL-6 is an important regulator of Th17 cell development which
also negatively regulates the development of Tregs. On the other hand, IL-2 is a vital cytokine
for Tregs survival and function (Malek et al., 2002). Interestingly, IL-2 blocade or disruption
of its signaling resulted in a promoted Th1l7 cell development (Laurence et al., 2007).
Therefore, IL-2 was identified to play a negative role in Thl7 differentiation which further

confirmed the opposing roles of Tregs and Th17 development.
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1.5.4. TGF-B in the development of Th cell subsets

TGF-B has many pleiotropic functions within and also outside of the immune system.
In chronic inflammatory diseases TGF-B mediates the repair of damaged tissues and triggers
the induction of Tregs which suppress the effector T cells responsible for the original damage
of the tissue. TGF- directly inhibits T cell proliferation by abrogating the production of IL-2
and prevents apoptosis of T cells (Tiemessen et al., 2003). Furthermore, TGF-f enhances
antigen presentation by B cells and induces the switch from IgM to IgA (Arai et al., 2003).
The suppressive function of TGF-f on the immune system is one of the mechanisms of
maintaining peripheral tolerance. It has been shown that TGF- KO and TGF- receptor KO
mice develop severe autoimmune disease (Diebold et al., 1995; Gorelik and Flavell, 2000a).
The role of TGF-B in Treg and Th17 development was decribed in previous chapters. Here |
will focus on the effect of TGF-f on diffrentiation of Thl and Th2 cells.

It is well know that TGF-B controls differentiation of Thl and Th2 cells (Figure 4). It
has been described that TGF-p interferes with GATA-3 at transcriptional level and thus it
blocks differentiation of Th2 cells (Gorelik et al., 2000b; Heath et al., 2000a). TGF-3 seems
not to directly interact with IL-4 signaling pathway which is responsible for the development
of Th2 cells. However, it has been shown that TGF-p can promote the production of 1L-10
which is one of the effector cytokines of Th2 cells (Kitani et al., 2003). In addition, TGF-p
was shown to inhibit the differentiation of Thl and Th2 cells by interfering with the common
pathway of T cell activation and thus it abrogates the possibility of differentiation of both,
Th1 and Th2 cells (Chen et al., 2003b). Moreover, it was demonstrated that TGF-p in general
inhibits T cell proliferation by reducing the cell cycle rate and by decreasing the expression of
CD25, thus changing the activation status of T cells (Tiemessen et al., 2003). It was
demonstrated that the differentiation of Thl cells is abrogated in the presence of TGF-p
(Gorelik et al., 2002). Here, TGF-p inhibits the expression of T-bet, the master regulator of
Th1-specific transcription. Furthermore, TGF-f inhibits IL-12-induced IFN-y secretion in Thl
cells (van Weyenbergh et al., 2001). Moreover, it has been suggested that the effect of TGF-3
on Thl development might be cause by TGF-B-mediated suppression of CD122 upregulation
(Li et al., 2006). CD122 expression is enhanced in Thl cells and promotes their development.
On the other hand, it was shown that blockade of TGF-B signaling in NK cells caused
accumulation of these cells and production of large amounts of IFN-y which drives the
differentiation of Thl cells (Laouar et al., 2005). Moreover, in another experiment T cells
primed with TGF-f secreted IFN-y and expressed T-bet and that this Th1 induction was

39



independent of IL-12 and STAT4 and was mediated by the inhibition of IL-4 production
(Smeltz et al., 2005).

Reciprocal regulation between Th1 and Th2 cells has been well described. However,
recent results indicate that even terminally differentiated cells might flexibly adapt their
phenotype. Hegazy et al. (2010) demonstrated that the infection of Th2 cells with a
lymphocytic choriomeningitis virus that promotes Thl cell development induced the
expression of T-bet and IFN-y in these cells while the expression of GATAS3 and IL-4 was
preserved. This Th1/2 phenotype persisted in vivo for several months. Moreover, similar
reciprocal inhibition of Tregs and Th17 cells was recently implicated. TGF- is necessary for
induction of both these cell types and drives the expression of Foxp3 and ROR-yt. At low
concentrations TGF-f synergizes with IL-6 and IL-21 to promote 1L-23 receptor expression
which further supports the development of Thl7 cells. On the other hand, high TGF-$
concentrations suppress 1L-23 receptor expression and promote Tregs development (Zhou et
al., 2008). Foxp3 is able to inhibit Th17 differentiation by antagonizing the function of ROR-
yt. This suppressive effect of Foxp3 is overcome by IL-6 signaling which steers the
development in Th17 direction (Yang et al., 2008b).

Interestingly, it was also shown that Tregs with decreased Foxp3 expression are prone
to become Th2 cells rather than Thl cells upon stimulation in vivo even in Thl-polarizing
conditions (Wan and Flavell, 2007). Later it was demonstrated that this conversion is
dependent on induction of STAT6-independent IL-4 production by Tregs which suppressed
the competitive IFN-y and thus favored Th2 conversion (Wang et al., 2010). In vivo it was
found that highly Th1l polarized environment during infection might induce the expression of
T-bet and production of IFN-y in Tregs (Oldenhove et al., 2009). Moreover, Foxp3" Tregs
that simultaneously produce IFN-y were identified in peripheral blood of diabetes patients
(McClymont et al., 2011).

Moreover, it was shown that purified Th17 cell were able to induce diabetes in non-
obese diabetic (NOD) immunodeficient mice (Bending et al., 2009). These cells begun to
produce IFN-y and express T-bet and their activity was not hindered by anti-1L-17 antibody.
They also responded to IL-12 by increasing the production of IFN-y. These results indicated

that Th17 cells are prone to functional conversion in Thl direction (Bending et al., 2009)
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Figure 4: Influence of TGF-p on T cell differentiation. TGF-B inhibits the production of IL-4
and I1L-12 and the expression of transcription factors GATA-3 and T-bet and thus inhibits Th1l
and Th2 differentiation. TGF- also induces Foxp3. Adapted from Schmidt-Weber and
Blaser, 2004.

41



1.5.5. Flexible Treg phenotype

The subsets of Th cells seem no longer to be lineages but rather networks of different
cell types. IL-17 has always been considered as proinflammatory cytokine produced mainly
by Th17 cell. However, recent study introduced a novel cell subset of Foxp3™ Tregs which
can under certain conditions produce IL-17 and retain their suppressive potential at the same
time (Voo et al., 2009). Recent studies suggested that some Treg populations might loose
their suppressive phenotype and convert into inflammatory cell types which was shown in
different settings. Upon activation, Tregs differentiate into IL-17-producing cells in the
presence of IL-6 and in the absence of TGF-B (Xu et al., 2007; Figure 5). However, not all
types of Foxp3® Tregs are sensitive to such conversion. iTregs that are induced in an
appropriate environment using IL-2 and TGF-B seem to be refractory to this conversion and
retain their suppressive phenotype in such conditions. It was found that IL-2 and TGF-p
reduce the expression of IL-6 receptor and IL-6 signaling in the cells (Zheng et al., 2008).
Thus, this group pointed out a major difference between nTregs and iTregs that may be
important not only for immune homeostasis but also in clinical protocols.

TGF-p dependent differentiation of Tregs can be prevented by many factors. Besides
IL-6 which, together with TGF-f3, promotes the development of Th17 cells there is another
cytokine that abolishes Tregs development. IL-4 was shown to block generation of Tregs and
instead to induce a population of T cells which produced IL-9 and IL-10 (Dardalhon et al.,
2008). Although IL-10 is considered rather anti-inflammatory and it mediates suppression of
e.g. Trl cells, in this case the novel subtype of T cells seems to promote inflammation. This
was shown in a model of RAGL1 deficient mice which, after adoptive transfer of IL-9/IL-10
producing cells, developed colitis and neuritis and thus promoting induction of autoimmune
diseases in mice (Dardalhon et al., 2008).

Another cytokine involved in the regulation of Th cell differentiation is an IL-12
family member, IL-27 which is often present at sites of inflammation. This cytokine was
shown to prevent the development of anti-inflammatory iTregs and even more surprisingly
prevent the development of pro-inflammatory Th17 cells, the latter by modulating expression
of transcription factor STAT1 (Neufert et al., 2007).

Recently, it was shown that nTregs might convert into pro-inflammatory T cells under

certain conditions. It has beed demonstrated that under inflammatory conditions Tregs can be
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reprogramed into IL-17- or IFN-y-producing cells (Duarte et al., 2009; Komatsu et al., 2009).
Wang et al. (2010) demonstrated that Tregs expressing reduced levels of Foxp3 produced IL-
4. In naive CD4" T cells the IL-4 production is dependent on transcription factor STATS,
however, in the case of nTregs STAT6 was not necessary for IL-4 production. Instead, Foxp3
seemed to elevate the levels of another transcription factor GATA3 (Wang et al., 2010).
Previous studies using transgenic mice with attenuated Foxp3 expression showed that Tregs
from such mice have decreased suppressive function and can become Th2 effector cells (Wan
and Flavell, 2007). One of the molecules expressed by Tregs, CTLA-4, inhibits expression of
GATAS in stimulated naive mouse CD4+ T cells and thus prevents Th2 cells differentiation
(Nasta et al., 2006). CTLA-4 engagement appears to inhibit STAT6 signaling pathway which
prevent induction of Th2 differentiation program. Moreover, CTLA-4 also inhibits the
expression of IL-4 receptor which further disables Th2 development. On the other hand, the
expression of T-bet was not affected in these cells (Nasta et al., 2006). The development of
Tregs might be prevented also by a Thl cytokine, IFN-y. It was documented that TGF-p-
induced differentiation of Tregs was abrogated in the presence of IFN-y (Wei et al., 2007).

In conclusion, Tregs as well as Th cells are phenotypically stable and fully functional
in certain conditions but it was shown that they retain some degree of plasticity (Figure 6).
This fact allows them to flexibly react to changing conditions in the body but it may as well

constitute a major obstacle in their clinical usage.
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Figure 5: nTregs but not iTregs can be converted into Th17 cells by IL-6. iTregs induced by
IL-2 and TGF-p are resistant to the effect of IL-6. nTregs can be protected from the effects of
IL-6 by IL-2 and TGF-f. Adapted from Horwitz et al., 2008.
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2.  Aims of the thesis

Regulatory T cells are one of the key components of the immune system. Their
potential in clinical applications is vast, merging from therapy of autoimmune disease and
alergy to treatment of transplantation reactions. These cells are, however, scarce in an
organism and their routine usage is largely dependent on in vitro preparation. The induction
of Tregs from conventional T cells is still a poorly understood process which can be affected
by many different factors.

The aim of this thesis was to characterize the in vitro conditions necessary for
induction of Tregs and mainly to describe the role of cytokines in this process. It has been
known that TGF-p is a key cytokine responsible for the induction of Tregs but the role of
other cytokines was not well specified. Therefore, we intended to test a panel of cytokines and
to define their role in the de novo induction of Tregs. Both, iTregs and nTregs require certain
specific conditions to maintain their viability and function. Thus we intended to describe the
effect of tested cytokines not only on the induction of iTregs but also on the maintenance of
nTregs and iTregs. Moreover, the suppression capacity of Tregs induced in various cytokine
conditions was an important indicator in evaluation of iTreg and nTreg stability and function.

The developmnetal and functional plasticity of Th subtypes has been intensively
studied in the recent years. The conventional helepr cells Thl and Th2 were considered as
terminaly differentiated. However, it has been lately hypothesized that a certain degree of
plasticity prevails in these cells, both, in vitro and in vivo. It has been also demonstrated that
Tregs are a highly plastic population which can be converted into other, proinflammatory
cells types. The conditions responsible for the conversion are mostly activation of Th and
Treg cells in a specific, local cytokine environment.

Another type of Th cells, Th17, was described several years ago. These cells are
characterized by production of proinflammatory cytokine IL-17 and they develop from
uncommited T cells in the presence of TGF-B and IL-6. Since Tregs develop also in the
presence of TGF-p, there is a certain developmental link between these two cell types.

The regulation of Treg induction is another important issue. Another cell type with
regulatory properties which has a vast immunomodulatory potential are MSCs. These cell are

known for their secretion of TGF-f and, under certain conditions, also IL-6. Therefore we
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wanted to evaluate the role of this cell population in the regulation of Treg and Th17

induction.

In addition, in course of our research we described another cytokine, 1L-12, that plays
an important role in the regulation of iTreg development where it inhibits the induction of
these cells. Thus, the specification of the effect of IL-12 on the development of Tregs was
another task of this thesis. Since Th17 cell development is also dependent on TGF-p, our goal
was to characterize the role of IL-12 also in the developmnet of Th17 cells. Moreover, we
intended to characterize the Th cell subpopulations which develop in the studied cytokine
environment. We believed that redirecting Treg development in e.g. inflammatory conditions,

has an important impact in possible clinical application of Treg.
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3. Publications

The thesis was elaborated on the basis of the following publications:
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CD4+CD25+Foxp3+ regulatory T cells. Immunology. 2009 128:e670-8.

Holan V, Pokorna K, Prochazkova J, Krulova M, Zajicova A. Immunoregulatory properties of
mouse limbal stem cells. J Immunol. 2010 184:2124-9.

Svobodova E, Krulova M, Zajicova A, Pokorna K, Prochazkova J, Trosan P, Holan V. The
Role of Mouse Mesenchymal Stem Cells in Differentiation of Naive T-Cells into Anti-
Inflammatory Regulatory T-Cell or Proinflammatory Helper T-Cell 17 Population. Stem Cells
Dev. 2011 [Epub ahead of print].

Prochazkova J, Pokorna K, Holan V. IL-12 inhibits the TGF-B-dependent T cell

developmental programs and skews the TGF-B-induced differentiation into a Thl-like
direction. Immunobiology. 2011 in press.
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4, Discussion

The development and differentiation of Th cell subsets is a highly plastic process
which is regulated by cytokines. Local cytokine environment at the time of naive T cell
stimulation is determining for lineage-specific decisions. TGF-B has long been considered
only as a differentiation factor for iTregs. Its high concentration in the absence of other
cytokines is indeed decisive for induction of various cell types with regulatory properties.
However, in the recent years it was shown that its effects are hindered in the presence of other
cytokines. Simultaneous presence of TGF-f and IL-6 was demonstrated to induce
development of highly inflammatory Th17 cells which play a physiological role in defense
against extracellular parasites and are also important players in pathological autoimmune
diseases.

Our study was based on the fact that TGF-p induces Tregs and with regard of the
previous experience we wanted to determine the role of other cytokines in this process. It was
also established that Tregs play an important role in pathogenesis of different diseases like
autoimmunity, allergy, cancer and transplantation. All these immunologically relevant
conditions are characterized by an increased cytokine secretion and typical cytokine profile at
the site of question. It was therefore possible that different cytokines form specific conditions
for the development of iTregs and other Th cells. To examine this hypothesis we used an in
vitro model of allogeneic transplantation reaction and stimulated BALB/c splenocytes with
irradiated B6 cells in the presence of various cytokines and we aimed to show their distinctive
effects on the development of Tregs. The differentiation of iTregs was tracked by the
expression of Foxp3 and their proliferation by carboxyfluorescein succinimidyl ester (CFSE).
The results have surprisingly shown that except IL-6 two other cytokines affect iTregs
development. Both, IL-4 and IL-12 significantly reduced the proportion and absolute numbers
of Tregs when they were in the culture together with TGF-B. This was an interesting finding
because IL-4 and IL-12 are the principal differentiation factors which drive the development
of Th2 and Thl cells, respectively. Similar results were reached by Mantel et al. (2007) who
concluded that Th2 differentiation program which is induced in T cells by IL-4 or by GATA3
knock in prevented the TGF-B-driven differentiation of iTregs. Moreover, it was shown that
GATA3 binds to the Foxp3 promotor and thus represses transcription of Tregs master gene
(Mantel et al., 2007). Another group has demonstrated that Th2 and also Thl differentiation
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cytokine-mediated induction of transcription factors inhibits the development of iTregs (Wei
et al., 2007). However, IFN-y was used as a Thl-differentiation cytokine and its effects were
responsible for blockade of iTregs development in this case (Wei et al., 2007). Moreover, we
have demonstrated that anti-1L-4 mAb further supported the differentiation of iTregs.

We also intended to determine the cellular origin of iTregs. The primary studies were
performed with bulk spleen cells and it was not possible to distinguish between the nTregs
and newly arising iTregs. Therefore, we separated the population of naive CD4"CD25 T cells
and CD4"CD25" nTregs and performed the experiments with the separate populations. We
found that TGF-B-induced iTregs arise exclusively from naive T cells where the de novo
expression of Foxp3 occurs. Thus the iTregs which develop in allogeneic setting in the
presence of TGF-f originate from conventional T cells. Other groups also showed that TGF-j
generates Tregs from CD25™ precursors (Chen et al., 2003c). On the other hand, other authors
pointed out that iTregs might be derived from nTregs (Huber et al., 2004). Apart from the
effect of IL-4 on the development of iTregs we have observed its distinctive effects on nTregs
and already existing iTregs. Culture of nTregs with IL-4 alone or IL-4 together with TGF-$
had a beneficial impact on this population. nTreg viability and maintenance was increased as
was the expression of Foxp3 in these cells. In contrast, the effect of IL-4 on iTregs was
basically opposite since the Foxp3 expression was dramatically decreased after the addition of
IL-4. This was an interesting finding because we have also evaluated the functional properties
of iTregs and found that iTregs were comparably suppressive as nTregs. The stability of
iTregs has been discussed in a study by Floess et al. (2007) and it was speculated that the
TGF-B-induced Foxp3 expression is only transient and unstable without further TGF-$
treatment. The suppressive characteristics of iTregs were of great importance. Since we
induced iTregs upon stimulation with alloantigen we evaluated their suppressive capacity in a
mixed lymphocyte culture. TGF-B-induced iTregs suppressed proliferation of effector T cells
in mixed lymphocyte reaction (MLR) in a dose-dependent manner.

In the recent years the state of terminal differentiation of Th cells was often
questioned. Not only Tregs but also “classical” Th subsets were subjected to detailed analysis
of their phenotypes. It has been shown that TGF-f inhibits Thl and Th2 differentiation (Li et
al., 2007b). Based on our previous results, we have studied the role of IL-12 in the TGF-f-
dependent developmental programs, i.e. Tregs and Th17. We have demonstrated that 1L-12
not only inhibits differentiation of Tregs but also of Th17 cells. It was recently shown that
naive T cells cultured with TGF-p and IL-4 differentiate into proinflammatory cells which

produce IL-9 and were thus named Th9 cells (Dardalhon et al., 2008). Therefore, we intended
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to characterize the cells that arise in the cultures with IL-12 instead of Tregs and Th17 cells. It
was shown that Tregs are able to convert into non-regulatory cell types. Zheng et al. (2008)
have shown that nTregs begin to express Thl7 cytokines when cultured with IL-6.
Interestingly, they demonstarated that this conversion was possible only within a population
of nTregs which were considered as phenotypically more stable. This group demonstrated,
however, that IL-2 and TGF-B which are used to induce iTregs decrease the expression of
IL-6 receptor on iTregs which makes these cells refractory to IL-6-mediated conversion
(Zheng et al., 2008). We have demonstrated that TGF-B-dependent Treg development was
skewed in the presence of IL-12, the resulting cells lost Foxp3 expression and other Treg
markers and acquired markers of a proinflammatory cells type. We have detected increased
expression of T-bet in the newly arising cells which pointed at Thl cell differentiation.
Transcription factors typical for other T cell lineages were not expressed in these cells. The
cytokine profile proved elevated production of IL-2 and IFN-y and expression analysis
revealed mRNA for IL-18 receptor and C-C chemokine receptor type 5 (CCR5) which are cell
surface molecules characteristic for Thl cells (Sebastiani et al., 2001).

It was previously demonstrated that Tregs might convert into a different cell type
when cultured in specific cytokine conditions (Xu et al., 2007; Zheng et al., 2008; Zhou et al.,
2009). It was reported for example that iTregs can secrete proinflammatory cytokines such as
IL-17 and IFN-y under certain conditions (Xu et al., 2007; Yang et al., 2008b; Wei et al.,
2009). However, the role of IL-12 in this process was not studied yet. It was only shown that
an ectopic expression of 1L-12 receptor and stimulation with this cytokine does not change the
phenotype of either developing or committed Th2 cells (Heath et al., 2000b).

The development of Th17 cells in the presence of IL-12 was converted similarly to
development of iTregs. We have detected an enhanced expression of T-bet in these cells
which is in concordance with the results of Bending et al. (2011). This group used a different
model and stimulated already committed Th17 cells with IFN-y which promoted T-bet
expression. It was also shown that Th17 cells stimulated in the presence of TGF-§ induced a
subset of Th cells which produced IL-17 and IFN-y (Lee et al., 2009). In our study, we have
tested other markers of TGF-B/IL-12-activated T cells and detected also IL-2 and IFN-y
production by these cells but very low production of IL-17. Moreover, like in the case of
converted iTregs, these cells expressed elevated levels of IL-18 receptor and CCR5. It was
shown that the differentiation of Th17 cells is prevented by IFN-y and IL-4, the product of
Thl and Th2 cells (Lexberg et al., 2008). We have shown that another Th1l cytokine, IL-12,

prevents the development of Th17 cells. Similarly, it was shown that developing Th17 cells
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expressed IL-12 receptor which enabled them to respond to IL-12 and thus retain some level
of plasticity (Lee et al., 2009).

In our study it was possible to skew the phenotype of developing Treg and Th17 cells
by IL-12. Importantly, IL-12 was able to do so even when it was added with 48-hour delay, at
the time when the cells expressed markers of Tregs and Th17 cells. We have not studied a
conversion of fully differentiated effector cells but the impact of cytokines in the process of
development. The in vivo induction of Tregs is considerable as a tool for inducing tolerance
in several pathological processes such as allergy or in transplantation. Therefore, it is
important to make sure that cytokines already present in the system will not prevent Treg
development and function. Besides our study there are other results that are often

contradictory. Thus, the research in this field remains very important.

o1



5. References

Afzali B, Lombardi G, Lechler RI, Lord GM. The role of T helper 17 (Th17) and regulatory T cells
(Treg) in human organ transplantation and autoimmune disease. Clin Exp Immunol. 2007 148(1):32-
46.

Almeida AR, Legrand N, Papiernik M, Freitas AA. Homeostasis of peripheral CD4+ T cells: IL-2R
alpha and IL-2 shape a population of regulatory cells that controls CD4+ T cell numbers. J Immunol.
2002 169(9):4850-60.

Andersson J, Tran DQ, Pesu M, Davidson TS, Ramsey H, O'Shea JJ, Shevach EM. CD4+ FoxP3+
regulatory T cells confer infectious tolerance in a TGF-beta-dependent manner. J Exp Med. 2008
205(9):1975-81.

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. J
Immunol. 2001 166(5):3008-18.

Ansel KM, Greenwald RJ, Agarwal S, Bassing CH, Monticelli S, Interlandi J, Djuretic IM, Lee DU,
Sharpe AH, Alt FW, Rao A. Deletion of a conserved 114 silencer impairs T helper type 1-mediated
immunity. Nat Immunol. 2004 5(12):1251-9.

Apostolou I, Verginis P, Kretschmer K, Polansky J, Hiithn J, von Boehmer H. Peripherally induced
Treg: mode, stability, and role in specific tolerance. J Clin Immunol. 2008 28(6):619-24.

Arai C, Ichijo T, Tanaka Y, Okada Y, Umeda M, Uchida T, Kiniwa M, Kakiuchi T. Selective
enhancement of B cell antigen receptor-mediated antigen presentation by treatment with transforming
growth factor-beta. Eur J Immunol. 2003 33(7):1806-15.

Asano M, Toda M, Sakaguchi N, Sakaguchi S. Autoimmune disease as a consequence of
developmental abnormality of a T cell subpopulation. J Exp Med. 1996 184(2):387-96.

Aschenbrenner K, D'Cruz LM, Vollmann EH, Hinterberger M, Emmerich J, Swee LK, Rolink A,
Klein L. Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by
Aire+ medullary thymic epithelial cells. Nat Immunol. 2007 8(4):351-8.

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. J Exp Med. 1999 190(7):995-1004.

Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, de Waal-Malefyt R, Coffman
RL, Hawrylowicz CM, O'Garra A. In vitro generation of interleukin 10-producing regulatory CD4(+)
T cells is induced by immunosuppressive drugs and inhibited by T helper type 1 (Thl)- and Th2-
inducing cytokines. J Exp Med. 2002 195(5):603-16.

Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL. CD4+CD25+ regulatory T cells control
Leishmania major persistence and immunity. Nature. 2002 420(6915):502-7.

Bending D, De La Pefia H, Veldhoen M, Phillips JM, Uyttenhove C, Stockinger B, Cooke A. Highly
purified Th17 cells from BDC2.5NOD mice convert into Thl-like cells in NOD/SCID recipient mice.
J Clin Invest. 2009 119(3):565-72.

Bending D, Newland S, Krejci A, Phillips JM, Bray S, Cooke A. Epigenetic changes at il12rb2 and
tbx21 in relation to plasticity behavior of th17 cells. J Immunol. 2011 186(6):3373-82.

52



Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, Kelly TE, Saulsbury FT,
Chance PF, Ochs HD. The immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet. 2001 27(1):20-1.

Bensinger SJ, Bandeira A, Jordan MS, Caton AJ, Laufer TM. Major histocompatibility complex class
I1-positive cortical epithelium mediates the selection of CD4(+)25(+) immunoregulatory T cells. J Exp
Med. 2001 194(4):427-38.

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells.
Nature. 2006 441(7090):235-8.

Brandenburg S, Takahashi T, de la Rosa M, Janke M, Karsten G, Muzzulini T, Orinska Z, Bulfone-
Paus S, Scheffold A. IL-2 induces in vivo suppression by CD4(+)CD25(+)Foxp3(+) regulatory T
cells. Eur J Immunol. 2008 38(6):1643-53.

Bridoux F, Badou A, Saoudi A, Bernard I, Druet E, Pasquier R, Druet P, Pelletier L. Transforming
growth factor beta (TGF-beta)-dependent inhibition of T helper cell 2 (Th2)-induced autoimmunity by
self-major histocompatibility complex (MHC) class I1-specific, regulatory CD4(+) T cell lines. J Exp
Med. 1997 185(10):1769-75.

Bruder D, Probst-Kepper M, Westendorf AM, Geffers R, Beissert S, Loser K, von Boehmer H, Buer J,
Hansen W. Neuropilin-1: a surface marker of regulatory T cells. Eur J Immunol. 2004 34(3):623-30.

Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko SA, Wilkinson JE, Galas D,
Ziegler SF, Ramsdell F. Disruption of a new forkhead/winged-helix protein, scurfin, results in the fatal
lymphoproliferative disorder of the scurfy mouse. Nat Genet. 2001 27(1):68-73.

Bushell A, Karim M, Kingsley CI, Wood KJ. Pretransplant blood transfusion without additional
immunotherapy generates CD25+CD4+ regulatory T cells: a potential explanation for the blood-
transfusion effect. Transplantation. 2003 76(3):449-55.

Cao X, Cai SF, Fehniger TA, Song J, Collins LI, Piwnica-Worms DR, Ley TJ. Granzyme B and
perforin are important for regulatory T cell-mediated suppression of tumor clearance. Immunity. 2007
27(4):635-46.

Caramalho |, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M, Demengeot J. Regulatory T cells
selectively express toll-like receptors and are activated by lipopolysaccharide. J Exp Med. 2003 Feb
17;197(4):403-11.

Carrier Y, Yuan J, Kuchroo VK, Weiner HL. Th3 cells in peripheral tolerance. I. Induction of Foxp3-
positive regulatory T cells by Th3 cells derived from TGF-beta T cell-transgenic mice. J Immunol.
2007a 178(1):179-85.

Carrier Y, Yuan J, Kuchroo VK, Weiner HL. Th3 cells in peripheral tolerance. Il. TGF-beta-
transgenic Th3 cells rescue IL-2-deficient mice from autoimmunity. J Immunol. 2007b 178(1):172-8.

Cederbom L, Hall H, Ivars F. CD4+CD25+ regulatory T cells down-regulate co-stimulatory molecules
on antigen-presenting cells. Eur J Immunol. 2000 30(6):1538-43.

Chan JL, Tang KC, Patel AP, Bonilla LM, Pierobon N, Ponzio NM, Rameshwar P. Antigen-

presenting property of mesenchymal stem cells occurs during a narrow window at low levels of
interferon-gamma. Blood. 2006 107(12):4817-24.

53


http://d360prx.biomed.cas.cz:2259/pubmed/12591899
http://d360prx.biomed.cas.cz:2259/pubmed/12591899

Chen Y, Kuchroo VK, Inobe J, Hafler DA, Weiner HL. Regulatory T cell clones induced by oral
tolerance: suppression of autoimmune encephalomyelitis. Science. 1994 265(5176):1237-40.

Chen Y, Inobe J, Marks R, Gonnella P, Kuchroo VK, Weiner HL. Peripheral deletion of antigen-
reactive T cells in oral tolerance. Nature. 1995 376(6536):177-80.

Chen ZM, O'Shaughnessy MJ, Gramaglia I, Panoskaltsis-Mortari A, Murphy WJ, Narula S, Roncarolo
MG, Blazar BR. IL-10 and TGF-beta induce alloreactive CD4+CD25- T cells to acquire regulatory
cell function. Blood. 2003a 101(12):5076-83.

Chen CH, Seguin-Devaux C, Burke NA, Oriss TB, Watkins SC, Clipstone N, Ray A. Transforming
growth factor beta blocks Tec kinase phosphorylation, Ca2+ influx, and NFATCc translocation causing
inhibition of T cell differentiation. J Exp Med. 2003b 197(12):1689-99.

Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, McGrady G, Wahl SM. Conversion of
peripheral CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by TGF-beta induction of
transcription factor Foxp3. J Exp Med. 2003c 198(12):1875-86.

Cobbold SP, Castejon R, Adams E, Zelenika D, Graca L, Humm S, Waldmann H. Induction of foxP3+
regulatory T cells in the periphery of T cell receptor transgenic mice tolerized to transplants. J
Immunol. 2004 172(10):6003-10.

Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali KM, Cross R, Sehy D, Blumberg RS,
Vignali DA. The inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature. 2007
450(7169):566-9.

Coombes JL, Siddigqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid Y, Powrie F. A
functionally specialized population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a
TGF-beta and retinoic acid-dependent mechanism. J Exp Med. 2007 204(8):1757-64.

Cosmi L, Liotta F, Angeli R, Mazzinghi B, Santarlasci V, Manetti R, Lasagni L, Vanini V, Romagnani
P, Maggi E, Annunziato F, Romagnani S. Th2 cells are less susceptible than Thl cells to the
suppressive activity of CD25+ regulatory thymocytes because of their responsiveness to different
cytokines. Blood. 2004 103(8):3117-21.

Cottrez F, Hurst SD, Coffman RL, Groux H. T regulatory cells 1 inhibit a Th2-specific response in
vivo. J Immunol. 2000 165(9):4848-53.

Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, Evdemon-Hogan M, Conejo-Garcia JR,
Zhang L, Burow M, Zhu Y, Wei S, Kryczek I, Daniel B, Gordon A, Myers L, Lackner A, Disis ML,
Knutson KL, Chen L, Zou W. Specific recruitment of regulatory T cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival. Nat Med. 2004 10(9):942-9.

D'Cruz LM and Klein L. Development and function of agonist-induced CD25+Foxp3+ regulatory T
cells in the absence of interleukin 2 signaling. Nat Immunol. 2005 6(11):1152-9.

da Costa TB, Sardinha LR, Larocca R, Peron JP, Rizzo LV. Allogeneic apoptotic thymocyte-
stimulated dendritic cells expand functional regulatory T cells. Immunology. 2011 133(1):123-32.

Dannull J, Su Z, Rizzieri D, Yang BK, Coleman D, Yancey D, Zhang A, Dahm P, Chao N, Gilboa E,
Vieweg J. Enhancement of vaccine-mediated antitumor immunity in cancer patients after depletion of
regulatory T cells. J Clin Invest. 2005 115(12):3623-33.

Dardalhon V, Awasthi A, Kwon H, Galileos G, Gao W, Sobel RA, Mitsdoerffer M, Strom TB,
Elyaman W, Ho IC, Khoury S, Oukka M, Kuchroo VK. IL-4 inhibits TGF-beta-induced Foxp3+ T

54



cells and, together with TGF-beta, generates IL-9+ IL-10+ Foxp3(-) effector T cells. Nat Immunol.
2008 9(12):1347-55.

Davidson TS, DiPaolo RJ, Andersson J, Shevach EM. Cutting Edge: IL-2 is essential for TGF-beta-
mediated induction of Foxp3+ T regulatory cells. J Immunol. 2007 178(7):4022-6.

de la Rosa M, Rutz S, Dorninger H, Scheffold A. Interleukin-2 is essential for CD4+CD25+ regulatory
T cell function. Eur J Immunol. 2004 34(9):2480-8.

Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P, Grisanti S, Gianni
AM. Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or
nonspecific mitogenic stimuli. Blood. 2002 99(10):3838-43.

Diebold RJ, Eis MJ, Yin M, Ormsby I, Boivin GP, Darrow BJ, Saffitz JE, Doetschman T. Early-onset
multifocal inflammation in the transforming growth factor beta 1-null mouse is lymphocyte mediated.
Proc Natl Acad Sci U S A. 1995 92(26):12215-9.

Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao A, Ansel KM. Transcription factors T-bet and
Runx3 cooperate to activate I1fng and silence 114 in T helper type 1 cells. Nat Immunol. 2007 8(2):145-
53.

Dominitzki S, Fantini MC, Neufert C, Nikolaev A, Galle PR, Scheller J, Monteleone G, Rose-John S,
Neurath MF, Becker C. Cutting edge: trans-signaling via the soluble IL-6R abrogates the induction of
FoxP3 in naive CD4+CD25 T cells. J Immunol. 2007 179(4):2041-5.

Doyle AM, Mullen AC, Villarino AV, Hutchins AS, High FA, Lee HW, Thompson CB, Reiner SL.
Induction of cytotoxic T lymphocyte antigen 4 (CTLA-4) restricts clonal expansion of helper T cells. J
Exp Med. 2001 194(7):893-902.

Duarte JH, Zelenay S, Bergman ML, Martins AC, Demengeot J. Natural Treg cells spontaneously
differentiate into pathogenic helper cells in lymphopenic conditions. Eur J Immunol. 2009 39(4):948-
55.

Elias KM, Laurence A, Davidson TS, Stephens G, Kanno Y, Shevach EM, O'Shea JJ. Retinoic acid
inhibits Th17 polarization and enhances FoxP3 expression through a Stat-3/Stat-5 independent
signaling pathway. Blood. 2008 111(3):1013-20.

Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R, Belladonna ML, Fioretti MC,
Alegre ML, Puccetti P. Modulation of tryptophan catabolism by regulatory T cells. Nat Immunol.
2003 4(12):1206-12.

Fantini MC, Becker C, Monteleone G, Pallone F, Galle PR, Neurath MF. Cutting edge: TGF-beta
induces a regulatory phenotype in CD4+CD25- T cells through Foxp3 induction and down-regulation
of Smad7. J Immunol. 2004 172(9):5149-53.

Fantini MC, Becker C, Tubbe I, Nikolaev A, Lehr HA, Galle P, Neurath MF. Transforming growth
factor beta induced FoxP3+ regulatory T cells suppress Thl mediated experimental colitis. Gut. 2006
55(5):671-80.

Feng G, Wood KJ, Bushell A. Interferon-gamma conditioning ex Vvivo generates
CD25+CD62L+Foxp3+ regulatory T cells that prevent allograft rejection: potential avenues for
cellular therapy. Transplantation. 2008 86(4):578-809.

Ferber 1A, Lee HJ, Zonin F, Heath V, Mui A, Arai N, O'Garra A. GATA-3 significantly

downregulates IFN-gamma production from developing Th1 cells in addition to inducing IL-4 and IL-
5 levels. Clin Immunol. 1999 91(2):134-44.

55



Floess S, Freyer J, Siewert C, Baron U, Olek S, Polansky J, Schlawe K, Chang HD, Bopp T, Schmitt
E, Klein-Hessling S, Serfling E, Hamann A, Huehn J. Epigenetic control of the foxp3 locus in
regulatory T cells. PLoS Biol. 2007 5(2):e38.

Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and function of
CD4+CD25+ regulatory T cells. Nat Immunol. 2003 4(4):330-6.

Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for interleukin 2 in Foxp3-
expressing regulatory T cells. Nat Immunol. 2005a 6(11):1142-51.

Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG, Rudensky AY. Regulatory T cell
lineage specification by the forkhead transcription factor foxp3. Immunity. 2005b 22(3):329-41.

Fragale A, Gabriele L, Stellacci E, Borghi P, Perrotti E, llari R, Lanciotti A, Remoli AL, Venditti M,
Belardelli F, Battistini A. IFN regulatory factor-1 negatively regulates CD4+ CD25+ regulatory T cell
differentiation by repressing Foxp3 expression. J Immunol. 2008 181(3):1673-82.

Francis RS, Feng G, Tha-In T, Lyons IS, Wood KJ, Bushell A. Induction of transplantation tolerance
converts potential effector T cells into graft-protective regulatory T cells. Eur J Immunol. 2011
41(3):726-38.

Frasca L, Scotta C, Lombardi G, Piccolella E. Human anergic CD4+ T cells can act as suppressor
cells by affecting autologous dendritic cell conditioning and survival. J Immunol. 2002 168(3):1060-8.

Fu S, Zhang N, Yopp AC, Chen D, Mao M, Chen D, Zhang H, Ding Y, Bromberg JS. TGF-beta
induces Foxp3 + T-regulatory cells from CD4 + CD25 - precursors. Am J Transplant. 2004
4(10):1614-27.

Furtado GC, Curotto de Lafaille MA, Kutchukhidze N, Lafaille JJ. Interleukin 2 signaling is required
for CD4(+) regulatory T cell function. J Exp Med. 2002 196(6):851-7.

Fuss 1J, Boirivant M, Lacy B, Strober W. The interrelated roles of TGF-beta and IL-10 in the
regulation of experimental colitis. J Immunol. 2002 168(2):900-8.

Gavin MA, Torgerson TR, Houston E, DeRoos P, Ho WY, Stray-Pedersen A, Ocheltree EL,
Greenberg PD, Ochs HD, Rudensky AY. Single-cell analysis of normal and FOXP3-mutant human T
cells: FOXP3 expression without regulatory T cell development. Proc Natl Acad Sci U S A. 2006
103(17):6659-64.

Ghoreschi K, Laurence A, Yang XP, Tato CM, McGeachy MJ, Konkel JE, Ramos HL, Wei L,
Davidson TS, Bouladoux N, Grainger JR, Chen Q, Kanno Y, Watford WT, Sun HW, Eberl G,
Shevach EM, Belkaid Y, Cua DJ, Chen W, O'Shea JJ. Generation of pathogenic T(H)17 cells in the
absence of TGF-? signalling. Nature. 2010 467(7318):967-71.

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. J Immunol. 2005 174(4):1783-6.

Gorelik L and Flavell RA. Abrogation of TGFbeta signaling in T cells leads to spontaneous T cell
differentiation and autoimmune disease. Immunity. 2000a 12(2):171-81.

Gorelik L, Fields PE, Flavell RA. Cutting edge: TGF-beta inhibits Th type 2 development through
inhibition of GATA-3 expression. J Immunol. 2000b 165(9):4773-7.

Gorelik L, Constant S, Flavell RA. Mechanism of transforming growth factor beta-induced inhibition
of T helper type 1 differentiation. J Exp Med. 2002 195(11):1499-505.

56



Graca L, Honey K, Adams E, Cobbold SP, Waldmann H. Cutting edge: anti-CD154 therapeutic
antibodies induce infectious transplantation tolerance. J Immunol. 2000 165(9):4783-6.

Graca L, Thompson S, Lin CY, Adams E, Cobbold SP, Waldmann H. Both CD4(+)CD25(+) and
CD4(+)CD25(-) regulatory cells mediate dominant transplantation tolerance. J Immunol. 2002
168(11):5558-65.

Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ. Human T regulatory cells
can use the perforin pathway to cause autologous target cell death. Immunity. 2004 21(4):589-601.

Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, Roncarolo MG. A CD4+ T-
cell subset inhibits antigen-specific T-cell responses and prevents colitis. Nature. 1997 389(6652):737-
42,

Grundstrom S, Cederbom L, Sundstedt A, Scheipers P, Ivars F. Superantigen-induced regulatory T
cells display different suppressive functions in the presence or absence of natural CD4+CD25+
regulatory T cells in vivo. J Immunol. 2003 170(10):5008-17.

Hamano K, Rawsthorne MA, Bushell AR, Morris PJ, Wood KJ. Evidence that the continued presence
of the organ graft and not peripheral donor microchimerism is essential for maintenance of tolerance
to alloantigen in vivo in anti-CD4 treated recipients. Transplantation. 1996 62(6):856-60.

Hanabuchi S, Ito T, Park WR, Watanabe N, Shaw JL, Roman E, Arima K, Wang YH, Voo KS, Cao
W, Liu YJ. Thymic stromal lymphopoietin-activated plasmacytoid dendritic cells induce the
generation of FOXP3+ regulatory T cells in human thymus. J Immunol. 2010 184(6):2999-3007.

Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, Weaver CT. Interleukin
17-producing CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2
lineages. Nat Immunol. 2005 6(11):1123-32.

Heath VL, Murphy EE, Crain C, Tomlinson MG, O'Garra A. TGF-betal down-regulates Th2
development and results in decreased IL-4-induced STAT6 activation and GATA-3 expression. Eur J
Immunol. 2000a 30(9):2639-49.

Heath VL, Showe L, Crain C, Barrat FJ, Trinchieri G, O'Garra A. Cutting edge: ectopic expression of
the IL-12 receptor-beta 2 in developing and committed Th2 cells does not affect the production of I1L-4
or induce the production of IFN-gamma. J Immunol. 2000b 164(6):2861-5.

Hegazy AN, Peine M, Helmstetter C, Panse I, Frohlich A, Bergthaler A, Flatz L, Pinschewer DD,
Radbruch A, Lohning M. Interferons direct Th2 cell reprogramming to generate a stable GATA-
3(+)T-bet(+) cell subset with combined Th2 and Th1 cell functions. Immunity. 2010 32(1):116-28.

Honey K, Cobbold SP, Waldmann H. CD40 ligand blockade induces CD4+ T cell tolerance and linked
suppression. J Immunol. 1999 163(9):4805-10.

Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription factor
Foxp3. Science. 2003 299(5609):1057-61.

Horwitz DA, Zheng SG, Wang J, Gray JD. Critical role of IL-2 and TGF-beta in generation, function
and stabilization of Foxp3+CD4+ Treg. Eur J Immunol. 2008 38(4):912-5.

Huang H, Dawicki W, Zhang X, Town J, Gordon JR. Tolerogenic dendritic cells induce

CD4+CD25hiFoxp3+ regulatory T cell differentiation from CD4+CD25-/loFoxp3- effector T cells. J
Immunol. 2010 185(9):5003-10.

57



Huber S, Schramm C, Lehr HA, Mann A, Schmitt S, Becker C, Protschka M, Galle PR, Neurath MF,
Blessing M. Cutting edge: TGF-beta signaling is required for the in vivo expansion and
immunosuppressive capacity of regulatory CD4+CD25+ T cells. J Immunol. 2004 173(11):6526-31.

Hwang KW, Sweatt WB, Brown IE, Blank C, Gajewski TF, Bluestone JA, Alegre ML. Cutting edge:
targeted ligation of CTLA-4 in vivo by membrane-bound anti-CTLA-4 antibody prevents rejection of
allogeneic cells. J Immunol. 2002 169(2):633-7.

Hwang ES, Szabo SJ, Schwartzberg PL, Glimcher LH. T helper cell fate specified by kinase-mediated
interaction of T-bet with GATA-3. Science. 2005 307(5708):430-3.

Itoh M, Takahashi T, Sakaguchi N, Kuniyasu Y, Shimizu J, Otsuka F, Sakaguchi S. Thymus and
autoimmunity: production of CD25+CD4+ naturally anergic and suppressive T cells as a key function
of the thymus in maintaining immunologic self-tolerance. J Immunol. 1999 162(9):5317-26.

Ivanov I, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, Cua DJ, Littman DR. The
orphan nuclear receptor RORgammat directs the differentiation program of proinflammatory IL-17+ T
helper cells. Cell. 2006 126(6):1121-33.

Jain J, McCaffrey PG, Miner Z, Kerppola TK, Lambert JN, Verdine GL, Curran T, Rao A. The T-cell
transcription factor NFATDp is a substrate for calcineurin and interacts with Fos and Jun. Nature. 1993
365(6444):352-5.

Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH. Induction of interleukin 10-producing,
nonproliferating CD4(+) T cells with regulatory properties by repetitive stimulation with allogeneic
immature human dendritic cells. J Exp Med. 2000 192(9):1213-22.

Jonuleit H, Schmitt E, Kakirman H, Stassen M, Knop J, Enk AH. Infectious tolerance: human
CD25(+) regulatory T cells convey suppressor activity to conventional CD4(+) T helper cells. J Exp
Med. 2002 196(2):255-60.

Jordan MS, Boesteanu A, Reed AJ, Petrone AL, Holenbeck AE, Lerman MA, Naji A, Caton AJ.
Thymic selection of CD4+CD25+ regulatory T cells induced by an agonist self-peptide. Nat Immunol.
2001 2(4):301-6.

Josien R, Douillard P, Guillot C, Miischen M, Anegon I, Chetritt J, Menoret S, Vignes C, Soulillou JP,
Cuturi MC. A critical role for transforming growth factor-beta in donor transfusion-induced allograft
tolerance. J Clin Invest. 1998 102(11):1920-6.

Kadowaki N. Dendritic cells: a conductor of T cell differentiation. Allergol Int. 2007 56(3):193-9.

Kang SM, Tang Q, Bluestone JA. CD4+CD25+ regulatory T cells in transplantation: progress,
challenges and prospects. Am J Transplant. 2007 7(6):1457-63.

Kawahata K, Misaki Y, Yamauchi M, Tsunekawa S, Setoguchi K, Miyazaki J, Yamamoto K.
Generation of CD4(+)CD25(+) regulatory T cells from autoreactive T cells simultaneously with their
negative selection in the thymus and from nonautoreactive T cells by endogenous TCR expression. J
Immunol. 2002 168(9):4399-405.

Khattri R, Kasprowicz D, Cox T, Mortrud M, Appleby MW, Brunkow ME, Ziegler SF, Ramsdell F.
The amount of scurfin protein determines peripheral T cell number and responsiveness. J Immunol.
2001 167(11):6312-20.

Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential role for Scurfin in CD4+CD25+ T regulatory
cells. Nat Immunol. 2003 4(4):337-42.

58



Kingsley CI, Karim M, Bushell AR, Wood KJ. CD25+CDA4+ regulatory T cells prevent graft rejection:
CTLA-4- and 1L-10-dependent immunoregulation of alloresponses. J Immunol. 2002 168(3):1080-6.

Kirk AD, Burkly LC, Batty DS, Baumgartner RE, Berning JD, Buchanan K, Fechner JH Jr, Germond
RL, Kampen RL, Patterson NB, Swanson SJ, Tadaki DK, TenHoor CN, White L, Knechtle SJ, Harlan
DM. Treatment with humanized monoclonal antibody against CD154 prevents acute renal allograft
rejection in nonhuman primates. Nat Med. 1999 5(6):686-93.

Kitani A, Chua K, Nakamura K, Strober W. Activated self-MHC-reactive T cells have the cytokine
phenotype of Th3/T regulatory cell 1 T cells. J Immunol. 2000 165(2):691-702.

Kitani A, Fuss I, Nakamura K, Kumaki F, Usui T, Strober W. Transforming growth factor (TGF)-
betal-producing regulatory T cells induce Smad-mediated interleukin 10 secretion that facilitates
coordinated immunoregulatory activity and amelioration of TGF-betal-mediated fibrosis. J Exp Med.
2003 198(8):1179-88.

Klunker S, Chong MM, Mantel PY, Palomares O, Bassin C, Ziegler M, Riickert B, Meiler F, Akdis M,
Littman DR, Akdis CA. Transcription factors RUNX1 and RUNX3 in the induction and suppressive
function of Foxp3+ inducible regulatory T cells. J Exp Med. 2009 206(12):2701-15.

Komatsu N, Mariotti-Ferrandiz ME, Wang Y, Malissen B, Waldmann H, Hori S. Heterogeneity of
natural Foxp3+ T cells: a committed regulatory T-cell lineage and an uncommitted minor population
retaining plasticity. Proc Natl Acad Sci U S A. 2009 106(6):1903-8.

Kramer S, Schimpl A, Hiinig T. Immunopathology of interleukin (IL) 2-deficient mice: thymus
dependence and suppression by thymus-dependent cells with an intact IL-2 gene. J Exp Med. 1995
182(6):1769-76.

Kretschmer K, Apostolou |, Hawiger D, Khazaie K, Nussenzweig MC, von Boehmer H. Inducing and
expanding regulatory T cell populations by foreign antigen. Nat Immunol. 2005 6(12):1219-27.

Kuniyasu Y, Takahashi T, Itoh M, Shimizu J, Toda G, Sakaguchi S. Naturally anergic and suppressive
CD25(+)CD4(+) T cells as a functionally and phenotypically distinct immunoregulatory T cell
subpopulation. Int Immunol. 2000 12(8):1145-55.

Kurata H, Lee HJ, O'Garra A, Arai N. Ectopic expression of activated Stat6 induces the expression of
Th2-specific cytokines and transcription factors in developing Thl cells. Immunity. 1999 11(6):677-
88.

Kuroda N, Mitani T, Takeda N, Ishimaru N, Arakaki R, Hayashi Y, Bando Y, Izumi K, Takahashi T,
Nomura T, Sakaguchi S, Ueno T, Takahama Y, Uchida D, Sun S, Kajiura F, Mouri Y, Han H,
Matsushima A, Yamada G, Matsumoto M. Development of autoimmunity against transcriptionally
unrepressed target antigen in the thymus of Aire-deficient mice. J Immunol. 2005 174(4):1862-70.

Lametschwandtner G, Biedermann T, Schwirzler C, Giinther C, Kund J, Fassl S, Hinteregger S,
Carballido-Perrig N, Szabo SJ, Glimcher LH, Carballido JM. Sustained T-bet expression confers
polarized human TH2 cells with TH1-like cytokine production and migratory capacities. J Allergy
Clin Immunol. 2004 113(5):987-94.

Laouar Y, Sutterwala FS, Gorelik L, Flavell RA. Transforming growth factor-beta controls T helper
type 1 cell development through regulation of natural killer cell interferon-gamma. Nat Immunol.
2005 6(6):600-7.

Larsen CP, Elwood ET, Alexander DZ, Ritchie SC, Hendrix R, Tucker-Burden C, Cho HR, Aruffo A,

Hollenbaugh D, Linsley PS, Winn KJ, Pearson TC. Long-term acceptance of skin and cardiac
allografts after blocking CD40 and CD28 pathways. Nature. 1996 381(6581):434-8.

59



Laurence A, Tato CM, Davidson TS, Kanno Y, Chen Z, Yao Z, Blank RB, Meylan F, Siegel R,
Hennighausen L, Shevach EM, O'shea JJ. Interleukin-2 signaling via STAT5 constrains T helper 17
cell generation. Immunity. 2007 26(3):371-81.

Lee HJ, Takemoto N, Kurata H, Kamogawa Y, Miyatake S, O'Garra A, Arai N.GATA-3 induces T
helper cell type 2 (Th2) cytokine expression and chromatin remodeling in committed Th1 cells. J Exp
Med. 2000 192(1):105-15.

Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO, Weaver CT. Late developmental
plasticity in the T helper 17 lineage. Immunity. 2009 30(1):92-107.

Lenschow DJ, Zeng Y, Thistlethwaite JR, Montag A, Brady W, Gibson MG, Linsley PS, Bluestone
JA. Long-term survival of xenogeneic pancreatic islet grafts induced by CTLAA4lg. Science. 1992
257(5071):789-92.

Levings MK, Sangregorio R, Roncarolo MG. Human cd25(+)cd4(+) t regulatory cells suppress naive
and memory T cell proliferation and can be expanded in vitro without loss of function. J Exp Med.
2001 193(11):1295-302.

Levings MK, Gregori S, Tresoldi E, Cazzaniga S, Bonini C, Roncarolo MG. Differentiation of Trl
cells by immature dendritic cells requires IL-10 but not CD25+CD4+ Tr cells. Blood. 2005
105(3):1162-9.

Lexberg MH, Taubner A, Forster A, Albrecht I, Richter A, Kamradt T, Radbruch A, Chang HD. Th
memory for interleukin-17 expression is stable in vivo. Eur J Immunol. 2008 38(10):2654-64.

Li MO, Sanjabi S, Flavell RA. Transforming growth factor-beta controls development, homeostasis,
and tolerance of T cells by regulatory T cell-dependent and -independent mechanisms. Immunity.
2006 25(3):455-71.

Li R, Perez N, Karumuthil-Melethil S, Prabhakar BS, Holterman MJ, Vasu C. Enhanced engagement
of CTLA-4 induces antigen-specific CD4+CD25+Foxp3+ and CD4+CD25- TGF-beta 1+ adaptive
regulatory T cells. J Immunol. 2007a 179(8):5191-203.

Li MO, Wan YY, Flavell RA. T cell-produced transforming growth factor-betal controls T cell
tolerance and regulates Thl- and Th17-cell differentiation. Immunity. 2007b 26(5):579-91.

Liu Y, Amarnath S, Chen W. Requirement of CD28 signaling in homeostasis/survival of TGF-beta
converted CD4+CD25+ Tregs from thymic CD4+CD25- single positive T cells. Transplantation. 2006
82(7):953-64.

Liu Y, Zhang P, Li J, Kulkarni AB, Perruche S, Chen W. A critical function for TGF-beta signaling in
the development of natural CD4+CD25+Foxp3+ regulatory T cells. Nat Immunol. 2008 9(6):632-40.

Macatonia SE, Hosken NA, Litton M, Vieira P, Hsieh CS, Culpepper JA, Wysocka M, Trinchieri G,
Murphy KM, O'Garra A. Dendritic cells produce IL-12 and direct the development of Th1l cells from
naive CD4+ T cells. J Immunol. 1995 154(10):5071-9.

Maerten P, Shen C, Bullens DM, Van Assche G, Van Gool S, Geboes K, Rutgeerts P, Ceuppens JL.
Effects of interleukin 4 on CD25+CD4+ regulatory T cell function. J Autoimmun. 2005 25(2):112-20.

Malek TR. The main function of IL-2 is to promote the development of T regulatory cells. J Leukoc
Biol. 2003 74(6):961-5.

Malek TR and Bayer AL. Tolerance, not immunity, crucially depends on IL-2. Nat Rev Immunol.
2004 4(9):665-74.

60



Malek TR, Yu A, Vincek V, Scibelli P, Kong L. CD4 regulatory T cells prevent lethal autoimmunity
in IL-2Rbeta-deficient mice. Implications for the nonredundant function of IL-2. Immunity. 2002
17(2):167-78.

Maloy KJ, Salaun L, Cahill R, Dougan G, Saunders NJ, Powrie F. CD4+CD25+ T(R) cells suppress
innate immune pathology through cytokine-dependent mechanisms. J Exp Med. 2003 197(1):111-9.

Manetti R, Parronchi P, Giudizi MG, Piccinni MP, Maggi E, Trinchieri G, Romagnani S. Natural
killer cell stimulatory factor (interleukin 12 [IL-12]) induces T helper type 1 (Th1)-specific immune
responses and inhibits the development of IL-4-producing Th cells. J Exp Med. 1993 177(4):1199-
204.

Manetti R, Gerosa F, Giudizi MG, Biagiotti R, Parronchi P, Piccinni MP, Sampognaro S, Maggi E,
Romagnani S, Trinchieri G, et al. Interleukin 12 induces stable priming for interferon gamma (IFN-
gamma) production during differentiation of human T helper (Th) cells and transient IFN-gamma
production in established Th2 cell clones. J Exp Med. 1994 179(4):1273-83.

Mangan PR, Harrington LE, O'Quinn DB, Helms WS, Bullard DC, Elson CO, Hatton RD, Wahl SM,
Schoeb TR, Weaver CT. Transforming growth factor-beta induces development of the T(H)17 lineage.
Nature. 2006 441(7090):231-4.

Mantel PY, Kuipers H, Boyman O, Rhyner C, Ouaked N, Riickert B, Karagiannidis C, Lambrecht BN,
Hendriks RW, Crameri R, Akdis CA, Blaser K, Schmidt-Weber CB. GATA3-driven Th2 responses
inhibit TGF-betal-induced FOXP3 expression and the formation of regulatory T cells. PLoS Biol.
2007 5(12):e329.

Manzotti CN, Tipping H, Perry LC, Mead KI, Blair PJ, Zheng Y, Sansom DM. Inhibition of human T
cell proliferation by CTLA-4 utilizes CD80 and requires CD25+ regulatory T cells. Eur J Immunol.
2002 32(10):2888-96.

Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF-betal maintains suppressor function and Foxp3
expression in CD4+CD25+ regulatory T cells. J Exp Med. 2005 201(7):1061-7.

Marie JC, Liggitt D, Rudensky AY. Cellular mechanisms of fatal early-onset autoimmunity in mice
with the T cell-specific targeting of transforming growth factor-beta receptor. Immunity. 2006
25(3):441-54.

Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky JK, Maclsaac KD, Levine SS,
Fraenkel E, von Boehmer H, Young RA. Foxp3 occupancy and regulation of key target genes during
T-cell stimulation. Nature. 2007 445(7130):931-5.

Massagué J, Cheifetz S, Laiho M, Ralph DA, Weis FM, Zentella A. Transforming growth factor-beta.
Cancer Surv. 1992 12:81-103.

Masteller EL, Chuang E, Mullen AC, Reiner SL, Thompson CB. Structural analysis of CTLA-4
function in vivo. J Immunol. 2000 164(10):5319-27.

McClymont SA, Putnam AL, Lee MR, Esensten JH, Liu W, Hulme MA, Hoffmiiller U, Baron U, Olek
S, Bluestone JA, Brusko TM. Plasticity of Human Regulatory T Cells in Healthy Subjects and Patients
with Type 1 Diabetes. J Immunol. 2011 186(7):3918-26.

McHugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach EM, Collins M, Byrne MC.

CDA4(+)CD25(+) immunoregulatory T cells: gene expression analysis reveals a functional role for the
glucocorticoid-induced TNF receptor. Immunity. 2002 16(2):311-23.

61



Moore C, Sauma D, Reyes PA, Morales J, Rosemblatt M, Bono MR, Fierro JA. Dendritic cells and B
cells cooperate in the generation of CD4(+)CD25(+)FOXP3(+) allogeneic T cells. Transplant Proc.
2010 42(1):371-5.

Mosmann TR and Coffman RL. TH1 and TH2 cells: different patterns of lymphokine secretion lead to
different functional properties. Annu Rev Immunol. 1989 7:145-73.

Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, Cheroutre H. Reciprocal TH17 and
regulatory T cell differentiation mediated by retinoic acid. Science. 2007 317(5835):256-60.

Mullen AC, Hutchins AS, Villarino AV, Lee HW, High FA, Cereb N, Yang SY, Hua X, Reiner SL.
Cell cycle controlling the silencing and functioning of mammalian activators. Curr Biol. 2001
11(21):1695-9.

Munn DH, Sharma MD, Mellor AL. Ligation of B7-1/B7-2 by human CD4+ T cells triggers
indoleamine 2,3-dioxygenase activity in dendritic cells. J Immunol. 2004 172(7):4100-10.

Murakami M, Sakamoto A, Bender J, Kappler J, Marrack P. CD25+CD4+ T cells contribute to the
control of memory CD8+ T cells. Proc Natl Acad Sci U S A. 2002 99(13):8832-7.

Murphy KM, Ouyang W, Szabo SJ, Jacobson NG, Guler ML, Gorham JD, Gubler U, Murphy TL. T
helper differentiation proceeds through Statl-dependent, Stat4-dependent and Stat4-independent
phases. Curr Top Microbiol Immunol. 1999 238:13-26.

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. J Exp Med. 2001
194(5):629-44.

Nakamura K, Kitani A, Fuss I, Pedersen A, Harada N, Nawata H, Strober W. TGF-beta 1 plays an
important role in the mechanism of CD4+CD25+ regulatory T cell activity in both humans and mice. J
Immunol. 2004 172(2):834-42.

Nasta F, Ubaldi V, Pace L, Doria G, Pioli C. Cytotoxic T-lymphocyte antigen-4 inhibits GATA-3 but
not T-bet mMRNA expression during T helper cell differentiation. Immunology. 2006 117(3):358-67.

Neufert C, Becker C, Wirtz S, Fantini MC, Weigmann B, Galle PR, Neurath MF. IL-27 controls the
development of inducible regulatory T cells and Th17 cells via differential effects on STAT1. Eur J
Immunol. 2007 37(7):1809-16.

O'Shea JJ and Paul WE. Mechanisms underlying lineage commitment and plasticity of helper CD4+ T
cells. Science. 2010 327(5969):1098-102.

Ochando JC, Yopp AC, Yang Y, Garin A, Li Y, Boros P, Llodra J, Ding Y, Lira SA, Krieger NR,
Bromberg JS.Lymph node occupancy is required for the peripheral development of alloantigen-
specific Foxp3+ regulatory T cells. J Immunol. 2005 174(11):6993-7005.

Oderup C, Cederbom L, Makowska A, Cilio CM, Ivars F. Cytotoxic T lymphocyte antigen-4-
dependent down-modulation of costimulatory molecules on dendritic cells in CD4+ CD25+ regulatory
T-cell-mediated suppression. Immunology. 2006 118(2):240-9.

Oida T, Xu L, Weiner HL, Kitani A, Strober W. TGF-beta-mediated suppression by CD4+CD25+ T
cells is facilitated by CTLA-4 signaling. J Immunol. 2006 177(4):2331-9.

Oldenhove G, Bouladoux N, Wohlfert EA, Hall JA, Chou D, Dos Santos L, O'Brien S, Blank R, Lamb
E, Natarajan S, Kastenmayer R, Hunter C, Grigg ME, Belkaid Y. Decrease of Foxp3+ Treg cell

62



number and acquisition of effector cell phenotype during lethal infection. Immunity. 2009 31(5):772-
86.

Olivares-Villagomez D, Wang Y, Lafaille JJ. Regulatory CD4(+) T cells expressing endogenous T cell
receptor chains protect myelin basic protein-specific transgenic mice from spontaneous autoimmune
encephalomyelitis. J Exp Med. 1998 188(10):1883-94.

Ono M, Yaguchi H, Ohkura N, Kitabayashi I, Nagamura Y, Nomura T, Miyachi Y, Tsukada T,
Sakaguchi S. Foxp3 controls regulatory T-cell function by interacting with AML1/Runx1. Nature.
2007 446(7136):685-9.

Ortega G, Robb RJ, Shevach EM, Malek TR. The murine IL 2 receptor. I. Monoclonal antibodies that
define distinct functional epitopes on activated T cells and react with activated B cells. J Immunol.
1984 133(4):1970-5.

Ouyang W, Ranganath SH, Weindel K, Bhattacharya D, Murphy TL, Sha WC, Murphy KM.
Inhibition of Thl development mediated by GATA-3 through an IL-4-independent mechanism.
Immunity. 1998 9(5):745-55.

Ouyang W, Lohning M, Gao Z, Assenmacher M, Ranganath S, Radbruch A, Murphy KM. Stat6-
independent GATA-3 autoactivation directs IL-4-independent Th2 development and commitment.
Immunity. 2000 12(1):27-37.

Pace L, Rizzo S, Palombi C, Brombacher F, Doria G. Cutting edge: IL-4-induced protection of
CD4+CD25- Th cells from CD4+CD25+ regulatory T cell-mediated suppression. J Immunol. 2006
176(7):3900-4.

Pallandre JR, Brillard E, Créhange G, Radlovic A, Remy-Martin JP, Saas P, Rohrlich PS, Pivot X,
Ling X, Tiberghien P, Borg C. Role of STAT3 in CD4+CD25+FOXP3+ regulatory lymphocyte
generation: implications in graft-versus-host disease and antitumor immunity. J Immunol. 2007
179(11):7593-604.

Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ. CD4+CD25+Foxp3+ regulatory T cells induce
cytokine deprivation-mediated apoptosis of effector CD4+ T cells. Nat Immunol. 2007 8(12):1353-62.

Papiernik M, de Moraes ML, Pontoux C, Vasseur F, Pénit C. Regulatory CD4 T cells: expression of
IL-2R alpha chain, resistance to clonal deletion and IL-2 dependency. Int Immunol. 1998 10(4):371-8.

Park HB, Paik DJ, Jang E, Hong S, Youn J. Acquisition of anergic and suppressive activities in
transforming growth factor-beta-costimulated CD4+CD25- T cells. Int Immunol. 2004 16(8):1203-13.

Pasare C and Medzhitov R. Toll pathway-dependent blockade of CD4+CD25+ T cell-mediated
suppression by dendritic cells. Science. 2003 Feb 14;299(5609):1033-6. Epub 2003 Jan 16.

Perez VL, Van Parijs L, Biuckians A, Zheng XX, Strom TB, Abbas AK. Induction of peripheral T cell
tolerance in vivo requires CTLA-4 engagement. Immunity. 1997 6(4):411-7.

Piccirillo CA, Letterio JJ, Thornton AM, McHugh RS, Mamura M, Mizuhara H, Shevach EM.
CD4(+)CD25(+) regulatory T cells can mediate suppressor function in the absence of transforming
growth factor betal production and responsiveness. J Exp Med. 2002 196(2):237-46.

Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, Baron U, Olek S, Hamann A, von Boehmer
H, Huehn J. DNA methylation controls Foxp3 gene expression. Eur J Immunol. 2008 38(6):1654-63.

63


http://d360prx.biomed.cas.cz:2259/pubmed/12532024
http://d360prx.biomed.cas.cz:2259/pubmed/12532024

Powrie F and Mason D. OX-22high CD4+ T cells induce wasting disease with multiple organ
pathology: prevention by the OX-22low subset. J Exp Med. 1990 172(6):1701-8.

Powrie F, Menon S, Coffman RL. Interleukin-4 and interleukin-10 synergize to inhibit cell-mediated
immunity in vivo. Eur J Immunol. 1993 23(9):2223-9.

Powrie F, Carlino J, Leach MW, Mauze S, Coffman RL. A critical role for transforming growth
factor-beta but not interleukin 4 in the suppression of T helper type 1-mediated colitis by
CD45RB(low) CD4+ T cells. J Exp Med. 1996 183(6):2669-74.

Qiao M, Thornton AM, Shevach EM. CD4+ CD25+ [corrected] regulatory T cells render naive CD4+
CD25- T cells anergic and suppressive. Immunology. 2007 120(4):447-55.

Qin S, Cobbold SP, Pope H, Elliott J, Kioussis D, Davies J, Waldmann H. "Infectious" transplantation
tolerance. Science. 1993 259(5097):974-7.

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.

Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4 plays an essential role
in the function of CD25(+)CD4(+) regulatory cells that control intestinal inflammation. J Exp Med.
2000 192(2):295-302.

Ronchese F, Hausmann B, Hubele S, Lane P. Mice transgenic for a soluble form of murine CTLA-4
show enhanced expansion of antigen-specific CD4+ T cells and defective antibody production in vivo.
J Exp Med. 1994 179(3):809-17.

Ronchetti S, Nocentini G, Riccardi C, Pandolfi PP. Role of GITR in activation response of T
lymphocytes. Blood. 2002 100(1):350-2.

Sanchez-Fueyo A, Domenig CM, Mariat C, Alexopoulos S, Zheng XX, Strom TB. Influence of direct
and indirect allorecognition pathways on CD4+CD25+ regulatory T-cell function in transplantation.
Transpl Int. 2007 20(6):534-41.

Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance maintained by
activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of
self-tolerance causes various autoimmune diseases. J Immunol. 1995 155(3):1151-64.

Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, Bluestone JA. B7/CD28
costimulation is essential for the homeostasis of the CD4+CD25+ immunoregulatory T cells that
control autoimmune diabetes. Immunity. 2000 12(4):431-40.

Schmidt-Weber CB and Blaser K. Regulation and role of transforming growth factor-beta in immune
tolerance induction and inflammation. Curr Opin Immunol. 2004 16(6):709-16.

Schubert LA, Jeffery E, Zhang Y, Ramsdell F, Ziegler SF. Scurfin (FOXP3) acts as a repressor of
transcription and regulates T cell activation. J Biol Chem. 2001 276(40):37672-9.

Sebastiani S, Allavena P, Albanesi C, Nasorri F, Bianchi G, Traidl C, Sozzani S, Girolomoni G,
Cavani A. Chemokine receptor expression and function in CD4+ T lymphocytes with regulatory
activity. J Immunol. 2001 166(2):996-1002.

Seddon B and Mason D. Regulatory T cells in the control of autoimmunity: the essential role of
transforming growth factor beta and interleukin 4 in the prevention of autoimmune thyroiditis in rats

64



by peripheral CD4(+)CD45RC- cells and CD4(+)CD8(-) thymocytes. J Exp Med. 1999 189(2):279-
88.

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. J Exp Med. 2005 201(5):723-35.

Shimizu J, Yamazaki S, Sakaguchi S. Induction of tumor immunity by removing CD25+CD4+ T cells:
a common basis between tumor immunity and autoimmunity. J Immunol. 1999 163(10):5211-8.

Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimulation of CD25(+)CDA4(+)
regulatory T cells through GITR breaks immunological self-tolerance. Nat Immunol. 2002 3(2):135-
42,

Skapenko A, Kalden JR, Lipsky PE, Schulze-Koops H. The IL-4 receptor alpha-chain-binding
cytokines, IL-4 and IL-13, induce forkhead box P3-expressing CD25+CD4+ regulatory T cells from
CD25-CD4+ precursors. J Immunol. 2005 175(9):6107-16.

Smeltz RB, Chen J, Shevach EM. Transforming growth factor-betal enhances the interferon-gamma-
dependent, interleukin-12-independent pathway of T helper 1 cell differentiation. Immunology. 2005
114(4):484-92.

So T and Croft M. Cutting edge: OX40 inhibits TGF-beta- and antigen-driven conversion of naive
CDA4 T cells into CD25+Foxp3+ T cells. J Immunol. 2007 179(3):1427-30.

Stephens LA, Mottet C, Mason D, Powrie F. Human CD4(+)CD25(+) thymocytes and peripheral T
cells have immune suppressive activity in vitro. Eur J Immunol. 2001 31(4):1247-54.

Suffia 1J, Reckling SK, Piccirillo CA, Goldszmid RS, Belkaid Y. Infected site-restricted Foxp3+
natural regulatory T cells are specific for microbial antigens. J Exp Med. 2006 203(3):777-88.

Sun CM, Hall JA, Blank RB, Bouladoux N, Oukka M, Mora JR, Belkaid Y. Small intestine lamina
propria dendritic cells promote de novo generation of Foxp3 T reg cells via retinoic acid. J Exp Med.
2007 204(8):1775-85.

Suri-Payer E, Amar AZ, Thornton AM, Shevach EM. CD4+CD25+ T cells inhibit both the induction
and effector function of autoreactive T cells and represent a unique lineage of immunoregulatory cells.
J Immunol. 1998 160(3):1212-8.

Suzuki H, Kiindig TM, Furlonger C, Wakeham A, Timms E, Matsuyama T, Schmits R, Simard JJ,
Ohashi PS, Griesser H, Taniguchi T, Paige CJ, Mak TW. Deregulated T cell activation and
autoimmunity in mice lacking interleukin-2 receptor beta. Science. 1995 268(5216):1472-6.

Swain SL, Weinberg AD, English M, Huston G. IL-4 directs the development of Th2-like helper
effectors. J Immunol. 1990 145(11):3796-806.

Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A novel transcription factor, T-
bet, directs Th1l lineage commitment. Cell. 2000 100(6):655-69.

Taams LS, Boot EP, van Eden W, Wauben MH. 'Anergic' T cells modulate the T-cell activating
capacity of antigen-presenting cells. J Autoimmun. 2000 14(4):335-41.

Taams LS, Smith J, Rustin MH, Salmon M, Poulter LW, Akbar AN. Human anergic/suppressive

CDA4(+)CD25(+) T cells: a highly differentiated and apoptosis-prone population. Eur J Immunol. 2001
31(4):1122-31.

65



Taams LS, Vukmanovic-Stejic M, Smith J, Dunne PJ, Fletcher JM, Plunkett FJ, Ebeling SB,
Lombardi G, Rustin MH, Bijlsma JW, Lafeber FP, Salmon M, Akbar AN. Antigen-specific T cell
suppression by human CD4+CD25+ regulatory T cells. Eur J Immunol. 2002 32(6):1621-30.

Taams LS, van Amelsfort JM, Tiemessen MM, Jacobs KM, de Jong EC, Akbar AN, Bijlsma JW,
Lafeber FP. Modulation of monocyte/macrophage function by human CD4+CD25+ regulatory T cells.
Hum Immunol. 2005 66(3):222-30.

Tadokoro CE, Shakhar G, Shen S, Ding Y, Lino AC, Maraver A, Lafaille JJ, Dustin ML. Regulatory T
cells inhibit stable contacts between CD4+ T cells and dendritic cells in vivo. J Exp Med. 2006
203(3):505-11.

Tai X, Cowan M, Feigenbaum L, Singer A. CD28 costimulation of developing thymocytes induces
Foxp3 expression and regulatory T cell differentiation independently of interleukin 2. Nat Immunol.
2005 6(2):152-62.

Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, Iwata M, Shimizu J, Sakaguchi S.
Immunologic self-tolerance maintained by CD25+CD4+ naturally anergic and suppressive T cells:
induction of autoimmune disease by breaking their anergic/suppressive state. Int Immunol. 1998
10(12):1969-80.

Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, Mak TW, Sakaguchi S.
Immunologic self-tolerance maintained by CD25(+)CD4(+) regulatory T cells constitutively
expressing cytotoxic T lymphocyte-associated antigen 4. J Exp Med. 2000 192(2):303-10.

Tang Q, Henriksen KJ, Boden EK, Tooley AJ, Ye J, Subudhi SK, Zheng XX, Strom TB, Bluestone
JA. Cutting edge: CD28 controls peripheral homeostasis of CD4+CD25+ regulatory T cells. J
Immunol. 2003 171(7):3348-52.

Tang Q, Boden EK, Henriksen KJ, Bour-Jordan H, Bi M, Bluestone JA. Distinct roles of CTLA-4 and
TGF-beta in CD4+CD25+ regulatory T cell function. Eur J Immunol. 2004 34(11):2996-3005.

Tang Q, Adams JY, Tooley AJ, Bi M, Fife BT, Serra P, Santamaria P, Locksley RM, Krummel MF,
Bluestone JA. Visualizing regulatory T cell control of autoimmune responses in nonobese diabetic
mice. Nat Immunol. 2006 7(1):83-92.

Tao R, de Zoeten EF, Ozkaynak E, Chen C, Wang L, Porrett PM, Li B, Turka LA, Olson EN, Greene
MI, Wells AD, Hancock WW. Deacetylase inhibition promotes the generation and function of
regulatory T cells. Nat Med. 2007 13(11):1299-307.

Taylor PA, Friedman TM, Korngold R, Noelle RJ, Blazar BR. Tolerance induction of alloreactive T
cells via ex vivo blockade of the CD40:CD40L costimulatory pathway results in the generation of a
potent immune regulatory cell. Blood. 2002 99(12):4601-9.

Taylor PA, Panoskaltsis-Mortari A, Freeman GJ, Sharpe AH, Noelle RJ, Rudensky AY, Mak TW,
Serody JS, Blazar BR. Targeting of inducible costimulator (ICOS) expressed on alloreactive T cells
down-regulates graft-versus-host disease (GVHD) and facilitates engraftment of allogeneic bone
marrow (BM). Blood. 2005 105(8):3372-80.

Thornton AM and Shevach EM. CD4+CD25+ immunoregulatory T cells suppress polyclonal T cell
activation in vitro by inhibiting interleukin 2 production. J Exp Med. 1998 188(2):287-96.

Thornton AM and Shevach EM. Suppressor effector function of CD4+CD25+ immunoregulatory T
cells is antigen nonspecific. J Immunol. 2000 164(1):183-90.

66



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. J Immunol. 2004 172(11):6519-23.

Thornton AM, Korty PE, Tran DQ, Wohlfert EA, Murray PE, Belkaid Y, Shevach EM. Expression of
Helios, an Ikaros transcription factor family member, differentiates thymic-derived from peripherally
induced Foxp3+ T regulatory cells. J Immunol. 2010 184(7):3433-41.

Tiemessen MM, Kunzmann S, Schmidt-Weber CB, Garssen J, Bruijnzeel-Koomen CA, Knol EF, van
Hoffen E. Transforming growth factor-beta inhibits human antigen-specific CD4+ T cell proliferation
without modulating the cytokine response. Int Immunol. 2003 15(12):1495-504.

Tiemessen MM, Jagger AL, Evans HG, van Herwijnen MJ, John S, Taams LS. CD4+CD25+Foxp3+
regulatory T cells induce alternative activation of human monocytes/macrophages. Proc Natl Acad Sci
U S A. 2007 104(49):19446-51.

Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. Nat Rev Immunol.
2008 8(9):726-36.

Van de Keere F and Tonegawa S. CD4(+) T cells prevent spontaneous experimental autoimmune
encephalomyelitis in anti-myelin basic protein T cell receptor transgenic mice. J Exp Med. 1998
188(10):1875-82.

van Maurik A, Herber M, Wood KJ, Jones ND. Cutting edge: CD4+CD25+ alloantigen-specific
immunoregulatory cells that can prevent CD8+ T cell-mediated graft rejection: implications for anti-
CD154 immunotherapy. J Immunol. 2002 169(10):5401-4.

Van Weyenbergh J, P Silva MP, Bafica A, Cardoso S, Wietzerbin J, Barral-Netto M. IFN-beta and
TGF-beta differentially regulate 1L-12 activity in human peripheral blood mononuclear cells. Immunol
Lett. 2001 75(2):117-22.

Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. TGFbeta in the context of an
inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T cells. Immunity.
2006 24(2):179-89.

Verginis P, McLaughlin KA, Wucherpfennig KW, von Boehmer H, Apostolou I. Induction of antigen-
specific regulatory T cells in wild-type mice: visualization and targets of suppression. Proc Natl Acad
Sci U S A. 2008 105(9):3479-84.

Vieira PL, Christensen JR, Minaee S, O'Neill EJ, Barrat FJ, Boonstra A, Barthlott T, Stockinger B,
Wraith DC, O'Garra A. IL-10-secreting regulatory T cells do not express Foxp3 but have comparable
regulatory function to naturally occurring CD4+CD25+ regulatory T cells. J Immunol. 2004
172(10):5986-93.

Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev Immunol. 2008
8(7):523-32.

Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K, Bover L, Hanabuchi S, Khalili J,
Marinova E, Zheng B, Littman DR, Liu YJ. Identification of IL-17-producing FOXP3+ regulatory T
cells in humans. Proc Natl Acad Sci U S A. 2009 106(12):4793-8.

Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ, Green JM, Thompson CB,
Bluestone JA. CTLA-4 can function as a negative regulator of T cell activation. Immunity. 1994
1(5):405-13.

Wan YY and Flavell RA. Regulatory T-cell functions are subverted and converted owing to attenuated
Foxp3 expression. Nature. 2007 445(7129):766-70.

67



Wang HY and Wang RF. Regulatory T cells and cancer. Curr Opin Immunol. 2007 19(2):217-23.

Wang S, Jiang J, Guan Q, Lan Z, Wang H, Nguan CY, Jevnikar AM, Du C. Reduction of Foxp3-
expressing regulatory T cell infiltrates during the progression of renal allograft rejection in a mouse
model. Transpl Immunol. 2008 19(2):93-102.

Wang J, Huizinga TW, Toes RE. De novo generation and enhanced suppression of human
CD4+CD25+ regulatory T cells by retinoic acid. J Immunol. 2009 183(6):4119-26.

Wang Y, Souabni A, Flavell RA, Wan YY. An intrinsic mechanism predisposes Foxp3-expressing
regulatory T cells to Th2 conversion in vivo. J Immunol. 2010 185(10):5983-92.

Wei J, Duramad O, Perng OA, Reiner SL, Liu YJ, Qin FX. Antagonistic nature of T helper 1/2
developmental programs in opposing peripheral induction of Foxp3+ regulatory T cells. Proc Natl
Acad Sci U S A. 2007 104(46):18169-74.

Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, Cui K, Kanno Y, Roh TY, Watford WT, Schones DE,
Peng W, Sun HW, Paul WE, O'Shea JJ, Zhao K. Global mapping of H3K4me3 and H3K27me3
reveals specificity and plasticity in lineage fate determination of differentiating CD4+ T cells.
Immunity. 2009 30(1):155-67.

Wells AD, Walsh MC, Bluestone JA, Turka LA. Signaling through CD28 and CTLA-4 controls two
distinct forms of T cell anergy. J Clin Invest. 2001 108(6):895-903.

Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, Levy-Lahad E, Mazzella M,
Goulet O, Perroni L, Bricarelli FD, Byrne G, McEuen M, Proll S, Appleby M, Brunkow ME. X-linked
neonatal diabetes mellitus, enteropathy and endocrinopathy syndrome is the human equivalent of
mouse scurfy. Nat Genet. 2001 27(1):18-20.

Wu Y, Borde M, Heissmeyer V, Feuerer M, Lapan AD, Stroud JC, Bates DL, Guo L, Han A, Ziegler
SF, Mathis D, Benoist C, Chen L, Rao A. FOXP3 controls regulatory T cell function through
cooperation with NFAT. Cell. 2006 126(2):375-87.

Xu L, Kitani A, Fuss I, Strober W. Cutting edge: regulatory T cells induce CD4+CD25-Foxp3- T cells
or are self-induced to become Th17 cells in the absence of exogenous TGF-beta. J Immunol. 2007
178(11):6725-9.

Yagi H, Nomura T, Nakamura K, Yamazaki S, Kitawaki T, Hori S, Maeda M, Onodera M, Uchiyama
T, Fujii S, Sakaguchi S. Crucial role of FOXP3 in the development and function of human
CD25+CD4+ regulatory T cells. Int Immunol. 2004 16(11):1643-56.

Yamagiwa S, Gray JD, Hashimoto S, Horwitz DA. A role for TGF-beta in the generation and
expansion of CD4+CD25+ regulatory T cells from human peripheral blood. J Immunol. 2001
166(12):7282-9.

Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, Chung Y, Ma L, Shah B, Panopoulos AD,
Schluns KS, Watowich SS, Tian Q, Jetten AM, Dong C. T helper 17 lineage differentiation is
programmed by orphan nuclear receptors ROR alpha and ROR gamma. Immunity. 2008a 28(1):29-39.

Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y, Pappu BP, Shah B, Chang SH, Schluns KS,
Watowich SS, Feng XH, Jetten AM, Dong C. Molecular antagonism and plasticity of regulatory and
inflammatory T cell programs. Immunity. 2008b 29(1):44-56.

Zhai Y, Shen XD, Lehmann M, Busuttil R, Volk HD, Kupiec-Weglinski JW. T cell subsets and in
vitro immune regulation in “infectious" transplantation tolerance. J Immunol. 2001 167(9):4814-20.

68



Zhao DM, Thornton AM, DiPaolo RJ, Shevach EM. Activated CD4+CD25+ T cells selectively kill B
lymphocytes. Blood. 2006 107(10):3925-32.

Zheng W and Flavell RA. The transcription factor GATA-3 is necessary and sufficient for Th2
cytokine gene expression in CD4 T cells. Cell. 1997 89(4):587-96.

Zheng SG, Wang JH, Gray JD, Soucier H, Horwitz DA. Natural and induced CD4+CD25+ cells
educate CD4+CD25- cells to develop suppressive activity: the role of IL-2, TGF-beta, and 1L-10. J
Immunol. 2004 172(9):5213-21.

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. J Immunol.
2006a 176(6):3321-9.

Zheng SG, Meng L, Wang JH, Watanabe M, Barr ML, Cramer DV, Gray JD, Horwitz DA. Transfer of
regulatory T cells generated ex vivo modifies graft rejection through induction of tolerogenic
CD4+CD25+ cells in the recipient. Int Immunol. 2006b 18(2):279-89.

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. 2007a 445(7130):936-40.

Zheng SG, Wang J, 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. J Immunol.
2007b 178(4):2018-27.

Zheng SG, Wang J, Horwitz DA. Cutting edge: Foxp3+CD4+CD25+ regulatory T cells induced by
IL-2 and TGF-beta are resistant to Th17 conversion by IL-6. J Immunol. 2008 180(11):7112-6.

Zhou L, Ivanov I, Spolski R, Min R, Shenderov K, Egawa T, Levy DE, Leonard WJ, Littman DR. IL-
6 programs T(H)-17 cell differentiation by promoting sequential engagement of the IL-21 and IL-23
pathways. Nat Immunol. 2007 8(9):967-74.

Zhou L, Lopes JE, Chong MM, Ivanov Il, Min R, Victora GD, Shen Y, Du J, Rubtsov YP, Rudensky
AY, Ziegler SF, Littman DR. TGF-beta-induced Foxp3 inhibits T(H)17 cell differentiation by
antagonizing RORgammat function. Nature. 2008 453(7192):236-40.

Zhou X, Bailey-Bucktrout S, Jeker LT, Bluestone JA. Plasticity of CD4(+) FoxP3(+) T cells. Curr
Opin Immunol. 2009 21(3):281-5.

Zhu J, Min B, Hu-Li J, Watson CJ, Grinberg A, Wang Q, Killeen N, Urban JF Jr, Guo L, Paul WE.
Conditional deletion of Gata3 shows its essential function in T(H)1-T(H)2 responses. Nat Immunol.
2004 5(11):1157-65.

Zuklys S, Balciunaite G, Agarwal A, Fasler-Kan E, Palmer E, Holldnder GA. Normal thymic
architecture and negative selection are associated with Aire expression, the gene defective in the
autoimmune-polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED). J Immunol. 2000
165(4):1976-83.

69



