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ABSTRACT 
 
Helena Ahlfors 
Interleukin-4 induced leukocyte differentiation 
Turku Centre for Biotechnology, University of Turku and Åbo Akademi University 
Department of Medical Biochemistry and Genetics, University of Turku  
National Graduate School of Informational and Structural Biology, 2009 
 
Monocytes, macrophages and dendritic cells (DCs) are important mediators of innate 
immune system, whereas T lymphocytes are the effector cells of adaptive immune 
responses. DCs play a crucial role in bridging innate and adaptive immunity. Naïve 
CD4+ Th progenitors (Thp) differentiate to functionally distinct effector T cell subsets 
including Th1, Th2 and Th17 cells, which while being responsible for specific immune 
functions have also been implicated in pathological responses, such as autoimmunity, 
asthma and allergy. The main objective of this thesis is to dissect the signaling 
networks involved in the IL-4 induced differentiation of two important leukocyte 
subtypes, Th2 cells and DCs. Gene expression profiling lead to identification of over 
200 genes which are differentially expressed during cytokine induced differentiation of 
human monocytes to DCs or macrophages and which are likely to be essential for the 
proper biological functions of these cell types. Transcriptome analysis demonstrated 
the dynamic regulation of gene expression by IL-12 and IL-4 during the initiation of 
Th cell differentiation, which was partly counteracted by an immunosuppressive 
cytokine, TGFβ, present in the culture media. Results from RNAi mediated gene 
knockdown experiments and global gene expression analysis elucidated that SATB1 
regulates multiple genes important for Th cell polarization or function as well as may 
compete with GATA3 for the reciprocal regulation of IL-5 transcription. In conclusion, 
the results obtained have extended our system-level understanding of the immune cell 
differentiation processes and provide an excellent basis for the further functional 
studies which could lead to development of improved therapeutic approaches for a 
range of immunological conditions. 
 
Keywords: Dendritic cell, T helper cell differentiation, asthma, cytokine, transcription 
factor, gene regulation, RNA interference 
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TIIVISTELMÄ 
 
Helena Ahlfors 
Interleukiini-4:n säätelemä valkosolujen erilaistuminen 
Turun Biotekniikan keskus, Turun Yliopisto ja Åbo Akademi; Lääketieteellisen 
biokemian ja genetiikan laitos, Turun yliopisto 
Kansallinen tutkijakoulu ISB - Bioinformatiikka ja biorakenteet, 2009 
 
Monosyytit, makrofagit ja dendriittisolut ovat tärkeitä synnynnäisessä 
immuunivasteessa, kun taas T-lymfosyyteillä on keskeisiä tehtäviä hankitussa 
immuunivasteessa. Dendriittisolut esittelevät vieraat mikrobiantigeenit lymfosyyteille 
ja näin yhdistävät synnynnäisen ja hankitun immuniteetin. Th-solut kehittyvät 
yhteisestä esiasteesta toiminnallisesti erilaisiksi alatyypeiksi, joista parhaiten tunnetaan 
Th1-, Th2- ja Th17-solut. Näillä Th-soluilla on spesifiset tehtävänsä 
immuunivasteessa, kun taas Th-solujen säätelemän immuunivasteen epätasapaino voi 
johtaa vakavien häiriötilojen syntyyn elimistössä, kuten autoimmuunitauteihin ja 
atooppisiin sairauksiin. Tämän väitöskirjatutkimuksen päätavoitteena on selvittää IL-4-
sytokiinin säätelemät Th2- ja dendriittisolujen erilaistumiseen tarvittavat 
signalointireitit ja säätelyverkostot. Geeniekspression profiloinnilla löydettiin yli 200 
geeniä, jotka ilmenevät eri tavalla sytokiinien avulla monosyyteistä erilaistetuissa 
dendriittisoluissa ja makrofageissa ja joiden voidaan olettaa olevan tärkeitä näiden 
solutyyppien biologisille toiminnoille. Th-solujen varhaisen erilaistumisen aikana IL-
12 ja IL-4 -sytokiinien vaikutus osoitettiin olevan dynaamista, ja tämä pystyttiin 
osittain estämään immunosupressiivisella TGFβ -sytokiinilla. RNA-interferenssillä 
aikaansaatu geenin hiljeneminen yhdistettynä geeniexpressioanalyysiin osoitti, että 
SATB1 säätelee useita Th-solujen erilaistumiselle ja toiminnalle tärkeitä geenejä sekä 
lisäksi saattaa kilpailla GATA3-transkriptiotekijän kanssa IL-5-sytokiinin 
vastavuoroisesta säätelystä. Tässä tutkimuksessa esitetyt tulokset lisäävät 
ymmärrystämme immuunisolujen erilaistumisprosesseista sekä tarjoavat erinomaisen 
perustan toiminnallisiin jatkotutkimuksiin, jotka mahdollisesti johtavat 
immuunivälitteisten sairauksien hoitomenetelmien kehitykseen. 
 
Avainsanat: dendriittisolu, T-auttajasolujen erilaistuminen, astma, välittäjäaine, 
transkriptiotekijä, geeninsäätely, RNA-interferenssi 
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1 INTRODUCTION 

We are daily exposed to various intra and extracellular pathogens, and therefore our 
immune system has evolved to specifically respond to these attacks and to eradicate the 
foreign bodies. The front line of host defense is provided by the nonspecific innate 
immune response that includes monocytes, macrophages, dendritic cells (DCs), NK 
cells, mast cells, eosinophils, basophils and neutrophils. These cells are immediately 
available to combat a wide range of pathogens for not growing freely in the body. 
However, innate immunity does not lead to long-lasting memory of specific pathogen, 
which is the most important feature of the adaptive immunity. DCs are the key players 
bridging the innate and adaptive immune responses as they present captured and 
processed antigens to naïve T and B lymphocytes. The activation and function of all 
these various white blood cells, leukocytes, depends on the nature of the pathogen.  

Many different cell types of the body, including leukocytes, produce cytokines, such as 
interleukins, interferons, tumor necrosis factors, chemokines and colony stimulating 
factors, which mediate the communication between cells and regulate inflammatory 
reactions. Cytokine signaling controls cell fate; i.e. cell differentiation, growth, 
proliferation and survival. Interleukin-4 (IL-4), an important immunomodulatory 
cytokine secreted by a highly restricted repertoire of cell types, plays an essential role 
in the cellular differentiation processes, including polarization of Th2 cells from 
common naïve lymphoid CD4+ Th progenitor (Thp) and in vitro generation of 
immature DCs from monocytes.  

The T cell population is divided into two groups, the CD8+ cytotoxic killer T (Tc) cells 
and the CD4+ T helper (Th) cells. Depending on the antigen, cytokine environment 
and costimulatory signals naïve Th cells differentiate to functionally distinct effector T 
cell subsets including Th1, Th2 and Th17 cells, defined by their characteristic profiles 
of cytokine production. These subsets of Th cells are responsible for specific immune 
functions; Th1 cells contribute to cell mediated immunity, while Th2 cells are 
responsible for humoral responses. Their tasks are complemented by the more recently 
identified Th17 cells, which provide immunity against extracellular bacterial and 
fungal pathogens. Th cells have also been implicated in pathological responses; Th1 
and Th17 cells contribute to the autoimmune diseases and Th2 cells are involved in the 
pathogenesis of asthma and allergy. Disorders of the immune system occur when the 
immune response is inappropriate, excessive or lacking and thus, dissecting the 
pathways and regulatory networks controlling the differentiation of Th subsets or any 
immune cell type is of great importance to be able to develop better ways of 
diagnosing, providing treatment and even preventing many immunological conditions. 

The objective of this thesis is to elucidate the signaling networks regulated by IL-4 
during differentiation of two important leukocyte subtypes, Th2 cells and DCs. The 
aim is to identify novel GM-CSF/IL-4 controlled genes in monocyte-derived 
macrophages and DCs and key regulators of IL-4 induced DC differentiation, to 
capture the early changes in gene expression profiles induced by IL-12 and IL-4 during 
Th cell differentiation, to characterize the functional importance of SATB1 in Th cell 
polarization and to elucidate the regulation of IL-5 by SATB1 and GATA3. 
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2 REVIEW OF THE LITERATURE 

2.1 Interleukin-4 in the immune system 
2.1.1 Hematopoiesis and interleukin-4 

All blood cells derive ultimately from the common pluripotent hematopoietic stem 
cells (HSC) in the bone marrow (Figure 1). The formation of blood cells, termed 
hematopoiesis, involves extensive cell proliferation and differentiation through several 
progenitor cell stages and is regulated by various cytokines secreted by cells of the 
bone marrow stroma and the immune system (Ogawa 1993, Janeway et al. 2001). IL-4 
is an important immunomodulatory cytokine expressed by a highly restricted pattern of 
cells of distinct lineages located in diverse locations in the body (e.g. circulating T cells 
vs. tissue mast cells). IL-4 plays an essential role in protective immunity as well as in 
inflammatory diseases (Weiss & Brown 2001). 

Figure 1. Involvement of IL-4 in hematopoiesis and immune system function. The 
development of different lineages of blood cells schematically illustrated. ÍL-4 below a given 
cell type marked in red refers to cells producing IL-4. IL-4 near arrows and marked in blue is 
involved in the developmental transition indicated by the arrow. B-1, B-1 type B cell; B-2, B-2 
type ‘conventional’ B cell; pre-B, pre–B cell; pro-B, pro–B cell; CLP, common lymphoid 
progenitor; DN, double-negative T cell; DP, double-positive T cell; SP, single-positive T cell; 
NK, natural killer; pDC, plasmacytoid dendritic cell; NKT, natural killer T; Th1, T helper type 
1 cell; Th2, T helper type 2 cell; Th-17, T helper type 17 cell; Treg, regulatory T cell; DC, 
dendritic cell; GMP, granulocyte-macrophage progenitor; CMP, common myeloid progenitor; 
MEP, megakaryocyte-erythrocyte progenitor. Modified from Baltimore et al. 2008. 
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2.1.2 JAK-STAT signaling 

Cytokines mediate their effects on all cell types involved in inflammation via JAK-
STAT signaling (recently reviewed by O'Shea & Murray (2008)). Cytokine binding to 
its cognate receptor activates receptor-associated tyrosine kinases of the Janus kinase 
family (JAKs) that in turn phosphorylate tyrosine residues in the receptor cytoplasmic 
domain. This provides a docking site for signal transducers and activators of 
transcription (STATs). These cytosolic proteins with Src homology 2 (SH2) domains 
are phosphorylated by JAKs and homo- and heterodimerized before being translocated 
to the nucleus where they regulate transcription of various genes (Janeway et al. 2001). 
Four JAKs (JAK1, JAK2, JAK3 and TYK1) and seven STATs (STAT1, STAT2, 
STAT3, STAT4, STAT5A, STAT5B and STAT6) are known and they are variably 
activated by different cytokines (Schindler & Darnell 1995, O'Shea et al. 2002) (Figure 
2). Nuclear proteins that inhibit activated STATs (PIAS) as well as cytokine-inducible 
cytoplasmic tyrosine phosphatases, suppressors of cytokine signaling (SOCS) proteins, 
block the STAT activity and thereby negatively regulate cytokine signaling (Levy & 
Darnell 2002, Alexander & Hilton 2004, Yoshimura et al. 2007).  

Figure 2. Cytokine signaling in DC, macrophage and Th cell differentiation and function. 
STAT1 and STAT4 signaling starting from IFNγR and IL-12R, respectively, are essential for 
Th1 cell development. IL-6, IL-23 or IL-21 induced signaling cascade utilizes STAT3 to 
enhance the differentiation of Th17 cells by increasing directly or indirectly RORγt and RORα 
expression. STAT5 signaling triggered by cytokine binding to IL-2R or GM-CSFR promotes 
cell survival or macrophage/DC differentiation, respectively. Th2 cell differentiation is induced 
by STAT6 that is activated by stimulus through IL-4R or IL-13R. Adapted from Mui et al. 
1995, Lehtonen et al. 2002, O'Shea & Murray 2008. 

 
2.1.3 Monocytes, macrophages and DCs in the immune system 

In mammals invading pathogens induce an immune response that consists of innate and 
adaptive parts. Monocytes and macrophages are important mediators of innate immune 
system, whereas DCs are the major cell type responsible for initiating the adaptive 
phase of the immune response (Janeway et al. 2001). 

Monocytes circulate in the blood ready to phagocytose microbes and secrete cytokines 
when activated. However, upon leaving the blood stream and migrating into the 
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tissues, monocytes differentiate into macrophages and achieve their full functional 
maturation (Valledor et al. 1998). Macrophages are a heterogenous population of 
tissue-specific, functionally specialized cells including splenic macrophages, liver 
Küpffer cells, lung alveolar macrophages, bone osteoclasts and many macrophage 
subsets in the central nervous system (Stout & Suttles 2004, Gordon & Taylor 2005). 
Tissue-residing macrophages play an important role in normal tissue homeostasis by 
phagocytosing senescent cells as well as remodeling and repairing tissues after 
inflammation (Gordon 1998). Various inflammatory signals, including microbial 
products (e.g. LPS) and cytokines (e.g. TNFα and IFNγ), induce activation of 
macrophages and their migration to sites of inflammation (Mosser 2003). Besides 
recognizing, phagocytosing and destroying infectious agents, activated macrophages 
also secrete proinflammatory cytokines, oxygen radicals and lipid mediators to 
maintain the inflammatory responses. Nevertheless, these products can also cause 
extensive tissue damage and therefore activity of macrophages is carefully regulated by 
immunosuppressive cytokines, IL-10 and TGFβ (Mosser 2003). Furthermore, 
macrophages can present microbe-specific peptides to lymphocytes, thus activating 
adaptive immune responses (Mosser 2003). Development of macrophages from 
monocytes is regulated by a wide variety of transcription factors, including PU.1, an 
Ets-family transcription factor, C/EBP proteins and the AML1/CBFβ heterodimer 
(Valledor et al. 1998). The joint expression of PU.1, C/EBPα and AML1/CBFβ 
synergistically enhances the myeloid-specific expression of the receptors for M-CSF 
and GM-CSF, which are important lineage-determining cytokines (Valledor et al. 
1998, Nagamura-Inoue et al. 2001). PU.1 also regulates the expression of other genes 
involved in the acquisition of a functional macrophage phenotype, such as the adhesion 
molecules CD11b and CD18 and the LPS receptor CD14 (Olson et al. 1995, DeKoter 
et al. 1998). In addition, IRF8 is required for the terminal macrophage differentiation 
as IRF8 knockout mice exhibit markedly reduced monocyte/macrophage population 
(Holtschke et al. 1996, Tamura et al. 2000). 

DC population comprises several specialized subtypes that differ in their surface 
marker expression, cytokine production and localization in the body (Ito et al. 2005, 
Villadangos & Schnorrer 2007, Wu & Liu 2007). In humans, there are two main DC 
subtypes, plasmacytoid (pDCs) and conventional (cDCs) DCs (Shortman & Naik 2007, 
Villadangos & Schnorrer 2007, Wu & Liu 2007). pDCs are found in the blood and 
lymphoid organs in a preactivated state (Cella et al. 1999, Siegal et al. 1999). cDCs 
can be divided into subsets according to their tissue localization, including skin DCs 
(Langerhan’s cells and dermal DCs), mucosal tissue-associated DCs, lymphoid tissue-
associated DCs and interstitial tissue DCs (liver DCs and lung DCs) (Banchereau et al. 
2003, Wu & Liu 2007). pDCs are potent producers of type I interferons, especially 
IFNα, and other proinflammatory cytokines in response to viral infections (Cella et al. 
1999, Siegal et al. 1999, Colonna et al. 2004, Asselin-Paturel & Trinchieri 2005, Liu 
2005), whereas cDC subsets recognize bacterial components and produce 
proinflammatory cytokines, such as IL-12, IL-6 and TNFα (Banchereau & Steinman 
1998, Liu et al. 2001, Ito et al. 2005). In addition to these primary DC-committed cells, 
monocytes have been demonstrated to differentiate to immature DCs in the presence of 
granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 (Sallusto & 
Lanzavecchia 1994, Akagawa et al. 1996, Kiertscher & Roth 1996, Pickl et al. 1996, 
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Zhou & Tedder 1996, Chapuis et al. 1997) or GM-CSF and interferon-α (IFNα) 
(Santini et al. 2000) in vitro. However, differentiation of monocytes into functional 
DCs in vivo has remained elusive (Randolph et al. 1999, Wu & Liu 2007). Immature 
DCs reside in peripheral tissues monitoring their surroundings by macropinocytosis, 
receptor-mediated endocytosis and active phagocytosis for possible invading pathogens 
(Banchereau et al. 2000). Encountering a microbe induces maturation of DC, which 
leads to increased expression of cell surface adhesion proteins, T cell costimulatory 
molecules, cytokines and chemokines as well as decreased capacity to endocytose 
foreign particles (Banchereau et al. 2000, Banchereau et al. 2003). Mature DCs leave 
the peripheral tissues and migrate to local lymph nodes to present captured and 
processed antigens to naïve T cells (Banchereau et al. 2000, Villadangos & Schnorrer 
2007). Besides bridging innate and adaptive immunity, DCs also participate in 
maintaining immune tolerance to self-tissues (Banchereau & Steinman 1998, Steinman 
et al. 2003). Several transcriptional regulators and cytokines have been shown to play 
an essential role in DC development. Nevertheless, distinct DC subpopulations may 
require different factors (Wu & Liu 2007). Knockout mice studies have demonstrated a 
defective DC differentiation in the absence of certain transcription factors, including 
Ikaros, RelB, IRF4, IRF8, STAT3 and PU.1 (Georgopoulos et al. 1994, Wu et al. 
1997, Wu et al. 1998, Anderson et al. 2000, Guerriero et al. 2000, Ardavin et al. 2001, 
Schiavoni et al. 2002, Ardavin 2003, Laouar et al. 2003, Tsujimura et al. 2003, 
Schiavoni et al. 2004, Tamura et al. 2005, Zenke & Hieronymus 2006). Furthermore, 
GM-CSF and Flt3L induce growth and development of different DC subsets, as GM-
CSF promotes cDC differentiation and suppresses Flt3L-driven pDC development 
(Maraskovsky et al. 1996, Blom et al. 2000, Pulendran et al. 2001, Gilliet et al. 2002, 
O'Keeffe et al. 2002, D'Amico & Wu 2003, Naik et al. 2005, Wu & Liu 2007). 

 
2.1.4 T helper cells in the immune system 

T lymphocytes are the effector cells of adaptive immune responses. The T cell 
population is divided into two groups, the CD8+ cytotoxic killer T (Tc) cells and the 
CD4+ T helper (Th) cells. While Tc cells directly kill the targeted pathogen-infected 
cells, Th cells regulate the immune defence reactions by secreting cytokines and 
chemokines that activate and/or recruit target cells (Janeway et al. 2001). Th cells can 
differentiate from the common naïve lymphoid CD4+ Th progenitor (Thp) to 
functionally distinct effector T cell subsets including Th1, Th2 and Th17 cells, defined 
by their characteristic profiles of cytokine secretion (Mosmann et al. 1986, Parronchi et 
al. 1991, Bettelli et al. 2007)) (Figure 3). Th1 cells produce pro-inflammatory 
cytokines IFNγ, TNFβ (lymphotoxin) and IL-2, whereas Th2 cells secrete IL-4, IL-5, 
IL-6, IL-13 and IL-25 (Abbas et al. 1996, Fort et al. 2001, Hauber et al. 2004, 
Angkasekwinai et al. 2007). The cytokine repertoire produced by Th17 cells includes 
IL-17 (also known as IL-17A), IL-17F, IL-21, IL-22 and G-CSF (Yao et al. 1995, 
Harrington et al. 2005, Park et al. 2005). These Th subsets are responsible for specific 
immune functions. Th1 cells contribute to cell mediated immunity against intracellular 
pathogens, such as Mycobacterium tuberculosis, Leishmania major and Listeria 
monocytogenes (Kaufmann 1993). Cytokines secreted by Th1 cells activate 
macrophages and Tc cells to kill harmful microbes as well as recruit other Th1 cells to 
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the site of inflammation to enhance the immune response (Abbas et al. 1996). By 
contrast, Th2 cells are responsible for humoral responses that eventually lead to 
eradication of extracellular pathogens, such as the parasitic helminths Nippostrongylus 
brasiliensis, Trichinella spiralis and Schistosoma mansoni (Scott et al. 1989, Sher & 
Coffman 1992, Maizels & Yazdanbakhsh 2003). Th2 cytokines, IL-4 and IL-13 
enhance MHCII expression on B cells, stimulate B cell proliferation and promote the 
antigen-specific antibody production of B cells (IgE and IgG1) (Finkelman et al. 1988, 
Snapper et al. 1988, Defrance et al. 1994, Romagnani 1994, Emson et al. 1998, Nelms 
et al. 1999). IL-5 mainly controls the growth, differentiation and activation of 
eosinophils (Campbell et al. 1987, Sanderson 1988, Yamaguchi et al. 1988), but also 
stimulates basophils to release histamines and leukotrienes and promotes proliferation 
and differentiation of murine B lymphocytes (Sanderson et al. 1988, Coffman et al. 
1989, Hirai et al. 1990). The task of Th1 and Th2 cells is complemented by the more 
recently identified Th17 cells that provide immunity against extracellular bacterial and 
fungal pathogens (Ye et al. 2001, Ouyang et al. 2008). The Th17 secreted IL-17 family 
member cytokines play an essential role in host defence by recruiting neutrophils and 
macrophages to infected tissues (Ye et al. 2001, Kolls & Linden 2004, Park et al. 
2005). 

 
Figure 3. Overview of the differentiation of Th cells and their implications in immune 
functions and diseases. Naïve CD4+ T precursor cells can differentiate towards the Th1, Th2 
or Th17 lineages in presence of polarizing cytokines. Subtype specific transcription factors 
orchestrates the proper development and maintenance of different Th cell types. Cytokines 
produced by effector Th cells regulate specific immune responses as well as play a role in 
immunopathogenesis. Modified from Bettelli et al. 2008, Dong 2008. 

 

Failures of host defense mechanisms can lead to disorders of the immune system. The 
balance between Th1/Th2 subsets is crucial, and dysregulated expansion of Th effector 
cells has been implicated in immunological pathologies (Romagnani 1996, Romagnani 
2008). Enhanced Th1 and Th17 responses contribute to various organ-specific 
autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis, Crohn’s disease 
and type 1 diabetes while excessive Th2 responses are associated with the pathogenesis 
of asthma and allergy (Romagnani 1994, Charlton & Lafferty 1995, Romagnani 2000, 
Larche et al. 2003, Bettelli et al. 2007). Thus, dissecting the pathways and regulatory 
networks controlling the differentiation of Th subsets is of great importance to be able 
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to develop better ways of diagnosing, providing treatment and even preventing many 
immunological conditions. 

 

2.1.5 T helper cell differentiation 

T helper cell differentiation takes place in the peripheral or secondary lymphoid 
organs, including the lymph nodes, the spleen and lymphoid tissues associated with 
mucosa, where naïve CD4+ T lymphocytes migrate after their generation in the bone 
marrow and maturation in the thymus, which are central or primary lymphoid organs 
(Janeway et al. 2001). Many factors influence the Th cell fate, the most potent 
determinant being the cytokine milieu itself. Furthermore, the differentiation process is 
affected by type of antigen presenting cell (APC), nature of the antigen (structure and 
dose), avidity of the T cell receptor (TCR) to the antigen/MHC (strength and duration 
of TCR signaling), presence of co-stimulatory molecules and number of cell divisions 
(Abbas et al. 1996, Constant & Bottomly 1997, Bird et al. 1998, Glimcher & Murphy 
2000, Lane 2000, Sperling & Bluestone 2001, Ho & Glimcher 2002, Murphy & Reiner 
2002, Szabo et al. 2003, Mowen & Glimcher 2004). 

 
2.1.5.1 Th1 cell differentiation 
The main cytokine driving Th1 cell differentiation is IL-12 (Hsieh et al. 1993, Manetti 
et al. 1993, Seder et al. 1993, Manetti et al. 1994), which is primarily secreted by 
activated APCs, including macrophages, DCs and monocytes, but also by neutrophils 
and B cells in response to various pathogens (D'Andrea et al. 1992, Macatonia et al. 
1993, Flesch et al. 1995, Macatonia et al. 1995, Ma et al. 1996). IL-12 signals through 
the IL-12 receptor complex composed of two subunits, IL-12Rβ1 and IL-12Rβ2 (Chua 
et al. 1994, Presky et al. 1996), which are not expressed by naïve CD4+ T cells but 
induced by activation through the TCR (Presky et al. 1996). Upon IL-12R signaling 
STAT4 gets phosphorylated and translocated to the nucleus (Manetti et al. 1994, 
Bacon et al. 1995, Jacobson et al. 1995, Cho et al. 1996), where it initiates the 
transcription of IFNγ (Barbulescu et al. 1998, Zhang et al. 1998, Nakahira et al. 2002, 
Nguyen et al. 2002, Park et al. 2004). IFNγ promotes Th1 cell differentiation by 
inducing phosphorylation of STAT1 (Briscoe et al. 1996, Leonard & O’Shea 1998) 
which triggers the transcription of Th1 specific genes, such as IL12Rβ2 and T-bet 
(Bradley et al. 1996, Wenner et al. 1996, Szabo et al. 1997, Lighvani et al. 2001, 
Zhang et al. 2001). The transcription factor T-bet (T-box expressed in T cells), is a 
master regulator of Th1 development (Szabo et al. 2000, Szabo et al. 2002) as it 
creates a positive feedback loop by transactivating the expression of IFNγ (Lee et al. 
2004a) and enhances IL-12 signaling capacity by inducing IL12Rβ2 chain expression 
(Afkarian et al. 2002, Tong et al. 2005). However, a recent study demonstrated STAT4 
is required for T-bet to complete IL-12-dependent Th1 cell-fate determination (Thieu 
et al. 2008). The importance of IL-12/STAT4 signaling for the Th1 cell polarization 
has been demonstrated by knockout (KO) mouse studies. Mice lacking IL-12, IL-
12Rβ1, IL-12Rβ2 or STAT4 have profoundly impaired Th1 responses (Kaplan et al. 
1996b, Magram et al. 1996, Thierfelder et al. 1996, Cooper et al. 1997, Wu et al. 1997, 
Wu et al. 2000). Furthermore, T-bet deficiency has been shown to impair Th1 
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differentiation and be protective of Th1 cell-mediated diseases as well as to increase 
production of Th2 cytokines and display multiple features of asthma (Finotto et al. 
2002, Szabo et al. 2002, Szabo et al. 2003). By contrast, retroviral expression of T-bet 
promotes Th1-type cytokine profiles in Th2 cells (Szabo et al. 2000). Th1 specific 
transcription factors also play a role in inhibiting Th2 development as STAT4 
negatively regulates Th2 cell differentiation (Ouyang et al. 1998, Murphy & Reiner 
2002) while T-bet represses Th2 development and Th2 cytokine gene expression 
presumably by interacting with GATA3 (Glimcher & Murphy 2000, Szabo et al. 2000, 
Hwang et al. 2005). 

 
2.1.5.2 Th2 cell differentiation 
The polarization of Th2 cells is primarily directed by IL-4 (Swain et al. 1990, Kuhn et 
al. 1991, Seder et al. 1992, Kopf et al. 1993, Noben-Trauth et al. 2002), which is 
produced by a number of cell types in the immune system, including Th2 cells, Tc2 
cells, basophils, eosinophils, neutrophils, mast cells and natural killer T (NKT) cells 
(Brown et al. 1987, Moqbel et al. 1995, Yoshimoto et al. 1995, Nelms et al. 1999, 
Weiss & Brown 2001). IL-4 receptor (IL-4R) is composed of IL4Rα chain and the 
common cytokine receptor γ (γc) chain that is also shared with IL-2, IL-7, IL-9, IL-15 
and IL-21 receptors (Nelms et al. 1999). In contrast to IL-12 receptor, IL-4R is 
expressed on naïve CD4+ T cells and further induced by IL-4 making the cells 
responsive to IL-4 during antigen recognition by TCR (Nelms et al. 1999). 
Nevertheless, the early source of IL-4 in vivo as well as its importance as a Th2-
initiating factor has remained elusive (von der Weid et al. 1996, Noben-Trauth et al. 
1997, Noben-Trauth et al. 2000, Noben-Trauth et al. 2002, Mowen & Glimcher 2004, 
Ansel et al. 2006, Sun & Pearce 2007, van Panhuys et al. 2008). IL-4 signaling induces 
phosphorylation of STAT6 (Swain et al. 1990, Kaplan et al. 1996a, Shimoda et al. 
1996, Takeda et al. 1996, Zhu et al. 2001b) which starts the transcription of Th2 
promoting genes, including IL-4, IL-4Rα and GATA3 (Zheng & Flavell 1997, Ouyang 
et al. 1998, Nelms et al. 1999, Zhu et al. 2001b). The zinc-finger transcription factor 
GATA3 further enhances its own expression in a STAT6-independent manner (Ouyang 
et al. 1998). GATA3 plays a key role in the initiation and maintenance of Th2 cell 
differentiation, especially by orchestrating the remodeling of the Th2 cytokine gene 
loci (Zhang et al. 1997, Zheng & Flavell 1997, Lee et al. 1998, Ouyang et al. 1998, 
Ferber et al. 1999, Ouyang et al. 2000, Avni et al. 2002, Yamashita et al. 2002, Baguet 
& Bix 2004, Yamashita et al. 2004, Nakayama & Yamashita 2008)). The importance 
of the IL-4/STAT6 signaling pathway for Th2 cell differentiation and function has 
been demonstrated by using KO mice. Mice deficient for IL-4, IL-4R or STAT6 have 
markedly impaired Th2 responses (Kuhn et al. 1991, Kopf et al. 1993, Noben-Trauth 
et al. 1997, Zhu et al. 2001b). GATA3 deficiency is lethal (Pandolfi et al. 1995), but 
using conditional deletion or site-specific recombination the critical role of GATA3 in 
both Th1 and Th2 responses has been demonstrated (Pai et al. 2004, Yamashita et al. 
2004, Zhu et al. 2004). Ectopic expression of STAT6 or GATA3 induces production of 
Th2 cytokines and decreases IFNγ production in Th1 cells (Zheng & Flavell 1997, 
Ouyang et al. 1998, Kurata et al. 1999, Lee & Young 2000). However, the STAT6-
independent generation of IL-4 secreting Th2 cells has been suggested by several 
studies (Kaplan et al. 1999, Jankovic et al. 2000, van Panhuys et al. 2008). Introducing 
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GATA3 into STAT6 depleted T cells not only restores Th2 transcription factor 
expression and cytokine production but also completely reconstitutes Th2 cell 
development (Ouyang et al. 2000). Furthermore, Notch signaling was shown to 
directly transactivate GATA3 expression and drive Th2 cell differentiation possibly by 
substituting STAT6 (Amsen et al. 2007, Fang et al. 2007, Nakayama & Yamashita 
2008). Very recently, WNT signaling was also linked to Th2 differentiation as T cell 
factor 1 (TCF1) and β-catenin were demonstrated to induce GATA3 expression upon 
TCR stimulation, independent of IL-4R signaling (Yu et al. 2009). IL-4/STAT6 
signaling also plays a role in inhibiting Th1 development and Th1 cytokine production 
(Kurata et al. 1999, Nelms et al. 1999, Szabo et al. 2003). 

  
2.1.5.3 Th17 cell differentiation 
In mouse, the differentiation of Th17 lineage is induced by TGFβ and IL-6 (Bettelli et 
al. 2006, Mangan et al. 2006, Veldhoen et al. 2006) and, in the absence of IL-6, by 
TGFβ in combination with IL-21 (Korn et al. 2007, Nurieva et al. 2007, Zhou et al. 
2007). However, early Th17 cell differentiation also requires IL-1 signaling (Chung et 
al. 2009). The cytokines initiating human Th17 cell development are less clear as 
several groups have reported that TGFβ plus IL-6 do not drive the polarization at least 
in vitro (Acosta-Rodriguez et al. 2007, Chen et al. 2007, van Beelen et al. 2007, 
Wilson et al. 2007). Initially, TGFβ was observed to inhibit differentiation of human 
Th17 cells (Acosta-Rodriguez et al. 2007, Chen et al. 2007) but recent studies have 
shown that this cytokine is required for this differentiation process in human (Manel et 
al. 2008, Volpe et al. 2008, Yang et al. 2008a). However, Th17 polarization can be 
induced with IL-1β alone or in combination with IL-6 (Acosta-Rodriguez et al. 2007) 
or IL-23 (Wilson et al. 2007). IL-6, IL-1β and TGFβ are secreted by the cells of the 
innate immune system (Diehl & Rincon 2002, Li et al. 2006a, Acosta-Rodriguez et al. 
2007) while TGFβ is also produced by regulatory T cells (Treg) (Faria & Weiner 2006, 
Li et al. 2007). IL-21 is expressed mainly by CD4+ T cells and NKT cells (Parrish-
Novak et al. 2000, Wurster et al. 2002, Coquet et al. 2007). IL-6 and IL-21 mediated 
signaling activates STAT3 which induces the expression of Th17 promoting lineage 
specific transcription factors, RORγt and RORα (Laurence et al. 2007, Yang et al. 
2007, Yang et al. 2008b). These two members of the retinoic-acid-receptor-related 
orphan nuclear hormone receptor family (Jetten 2004) trigger the production of key 
Th17 cytokines, IL-17, IL-17F and IL-22 (Ivanov et al. 2006, Yang et al. 2008b). IL-6 
also induces STAT3-dependent production of IL-21 that reinforces the Th17 fate in an 
autocrine manner (Korn et al. 2007, Nurieva et al. 2007, Zhou et al. 2007). IL-23, 
secreted by APCs, was the first cytokine suggested to selectively regulate IL-17 
expression (Cua et al. 2003, Murphy et al. 2003). However, IL-23 receptor (IL-23R) is 
not expressed by the naïve CD4+ T cells but induced by IL-6 in developing Th17 cells 
(Yang et al. 2007, Zhou et al. 2007). In fact, instead of initiating Th17 differentiation, 
IL-23 has been demonstrated to sustain the expression of Th17 selective transcription 
factors and promote Th17 cell survival and cytokine secretion (Ivanov et al. 2006, 
Veldhoen et al. 2006, Dong 2008, McGeachy & Cua 2008). The essential role of Th17 
specific transcription factors in Th17 cell function has been demonstrated by using 
mice deficient for STAT3, RORγt or RORα. Deletion of STAT3 results in defective 
Th17 cell differentiation concordant with decreased expression of IL-17, IL-17F, IL-
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22, IL-23R, RORγt and RORα and protection against experimental autoimmune 
encephalomyelitis (EAE) (Harris et al. 2007, Mathur et al. 2007, Yang et al. 2007, 
Yang et al. 2008b). Similarly, Th17 development is impaired in mice lacking both 
RORγt and RORα (Yang et al. 2007). Interestingly, IL-2, an important growth factor 
for most T cell subsets, has inhibitory effects on the expansion of Th17 cells by 
suppressing the expression of RORγt (Laurence et al. 2007). ETS1 transcription factor 
was recently shown to inhibit polarization of Th17 cells in a IL-2-dependent manner as 
ETS1-/- T cells exhibited increased Th17 development in response to TGFβ and IL-6 
only in the presence of IL-2 (Moisan et al. 2007). However, differentiating ETS-1 
deficient Th cells were also resistant to the suppressive effect of IL-2 (Moisan et al. 
2007). IRF4 transcription factor, essential for Th2 differentiation (Hu et al. 2002, 
Rengarajan et al. 2002a), was also demonstrated to be important for Th17 
differentiation as T cells from IRF4-deficient mice failed to differentiate to Th17 cells 
(Brustle et al. 2007). In addition, IRF4 was suggested to function upstream of the 
nuclear receptors RORγt and RORα and play a key role in IL-21-mediated steps of 
Th17 development (Huber et al. 2008). Furthermore, generation of Th17 cells is 
antagonized by Th1-type cytokines IFNγ and IL-27 as well as cytokines produced by 
Th2 cells, IL-4 and IL-25 (Harrington et al. 2005, Park et al. 2005, Batten et al. 2006, 
Stumhofer et al. 2006, Kleinschek et al. 2007). 

 

2.2 Regulation of gene expression 
2.2.1 Cis-regulatory elements 

Eukaryotic promoter, located directly upstream of the transcribed region, provides a 
site for assembly of the basal transcription machinery, including general transcription 
factors and RNA polymerase II, and is sufficient for subsequent initiation of 
transcription of any given gene. However, the promoter-driven transcription produces 
only minimal amounts of transcripts and thus, cis-regulatory elements, located on the 
same chromosome, are required to modify transcriptional rates (Lee & Young 2000). 
Developmental and cell lineage-specific regulation of gene expression is largely 
affected by both gene-proximal elements as well as long-range interactions of various 
cis-regulatory elements. Gene expression modulating cis-regulatory sequences include: 
(1) enhancers, (2) silencers, (3) insulator/boundary elements, (4) locus control regions 
(LCRs) and (5) matrix attachment regions (MARs) which are found even hundreds of 
kilobytes upstream or downstream of the transcription start site (Ogbourne & Antalis 
1998, Rowell et al. 2008) (Figure 4). Furthermore, co-regulated genes are frequently 
located in linear proximity on the same chromosome indicating that gene organization 
in the genome is non-random and evolutionarily conserved gene clusters are likely to 
be advantageous (Singer et al. 2005, Sproul et al. 2005, Kosak et al. 2007). 

Enhancer is a regulatory sequence that greatly increases expression of a neighboring 
gene regardless of its orientation and location (upstream, downstream or even within 
introns) by providing a site for assembling enhancer complexes or enhanceosomes 
which induce chromatin remodeling and recruit the RNA polymerase II machinery to 
the promoter (Szutorisz et al. 2005, Li et al. 2006b). In contrast, transcriptional 
repression is achieved either through an active mechanism by position-independent 
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silencer elements or a passive mechanism by position-dependent negative regulatory 
elements (NREs) (Ogbourne & Antalis 1998). Insulators or boundary DNA sequence 
elements demarcate different chromatin environments (euchromatin and 
heterochromatin) as well as genomic loci, and prevent inappropriate interactions 
between adjacent chromatin domains (Kellum & Schedl 1991, Gaszner & Felsenfeld 
2006). There are two types of insulators: an enhancer-blocking insulator that prevents 
genes from inappropriate activation by neighboring enhancers by blocking the 
interaction between enhancers and promoters when placed between these two 
elements, and a barrier insulator that protects against silencing by surrounding 
heterochromatin when placed at the junction between the two chromatin environments 
(Sun & Elgin 1999). Interestingly, a ubiquitously expressed vertebrate zincfinger 
protein, CCCTCbinding factor (CTCF) plays a crucial role especially in the enhancer-
blocking type insulation (Chung et al. 1997, Bell et al. 1999). Insulating elements can 
interact with each other through CTCF molecules to form clusters or tether the 
chromatin fiber to structural elements within the nucleus and thereby establish 
chromatin loop domains which separate enhancers and promoters  (Corces 1995, 
Yusufzai et al. 2004, Gaszner & Felsenfeld 2006, Wallace & Felsenfeld 2007). 
Furthermore, recent studies have shown that CTCF recruits cohesin and together 
insulate promoters from distant enhancers and create chromatin domain boundaries 
between accessible and repressive chromatin (Parelho et al. 2008, Wendt et al. 2008). 
In addition, high-throughput studies using ChIP-Chip and ChIP-Seq have shown that 
CTCF often binds between genes that are in close genomic proximity, but have distinct 
expression patterns and opposing chromatin modifications (Barski et al. 2007, Kim et 
al. 2007b, Xie et al. 2007). CTCF may also contribute to tissue-specific promoter 
usage as CTCF binding sites are found between alternative promoters of a single gene 
(Kim et al. 2007b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic presentation of a typical gene regulatory region. A core promoter and 
proximal promoter elements form the promoter that typically span less than 1 kb pairs. Distal 
cis regulatory elements, including enhancers, silencers, insulators, locus control regions and 
MARs, can be located up to 1 Mb pairs, depending on the type, up or downstream of the 
promoter. These distal elements may contact the promoter elements by looping out the 
intervening DNA. Modified from Maston et al. 2006. 
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Coordinated and synchronized gene expression is required especially in complex loci 
that contain multiple genes. The LCR is an important player in this type of regulation. 
The best-studied LCR, found in the human β-globin locus, is involved in the regulation 
of the five globin genes that are activated at different stages of development (Choi & 
Engel 1988, Engel & Tanimoto 2000, Li et al. 2002). LCRs are defined as cis-acting 
regulatory elements exhibiting both enhancer and insulator activity that confer 
physiological, tissue-specific and copy number-dependent expression of linked genes 
regardless of any flanking suppressive sequences (Grosveld et al. 1987, Milot et al. 
1996, Kioussis & Festenstein 1997, Festenstein & Kioussis 2000, Li et al. 2002). LCRs 
mediate gene regulation through the recruitment of coactivators, the formation of intra- 
and inter-chromosomal loops and the positioning of the genes to nuclear regions that 
favor transcription (Dean 2006). Interestingly, MARs also play important role in 
organizing chromatin loop domains and thereby regulating gene expression by 
providing sequences through which chromatin loops are anchored to the nuclear matrix 
(Galande et al. 2007). MAR-binding proteins, such as SATB1, recognize and bind AT-
rich sequences possessing strong nucleotide-unpairing properties and subsequently 
may function as critical transcriptional control proteins (Bode et al. 1992, Dickinson et 
al. 1992). 

 
2.2.2 Chromatin accessibility 

The regulatory elements described above orchestrate gene expression through the 
binding of tissue-specific transcription factors and other regulatory proteins. However, 
the binding is largely determined by factor abundance and ability to recognize target 
regulatory sequences in chromatin (Lee et al. 2006, Rowell et al. 2008). The chromatin 
structure is generally considered to be an impediment to transcriptional activity and 
needs to be remodeled via epigenetic mechanisms without altering the base sequence 
of DNA in order to allow local access to transcriptional machinery (Kornberg & Lorch 
1999a). The critical epigenetic changes are: (1) post-translational histone 
modifications, (2) nucleosome composition, position and interactions with DNA, and 
(3) methylation of cytosines within CpG dinucleotides (Bird & Wolffe 1999, Kornberg 
& Lorch 1999a, Lee et al. 2006, Rowell et al. 2008). 

 
2.2.2.1 Histone modifications 
Two basic chromatin states based on cytological staining are decondensed 
transcriptionally permissive euchromatin and condensed transcriptionally repressive 
heterochromatin. Heterochromatin can be further divided into two subtypes; 
constitutive heterochromatin, which is obligately silenced, and constitutive 
heterochromatin, which is silenced only in certain contexts (Trojer & Reinberg 2007). 
The basic unit of chromatin is the nucleosome that is composed of 146 base pairs of 
DNA wrapped nearly twice around an octamer of core histones (two copies of histones 
H2A, H2B, H3 and H4) (Kornberg & Lorch 1992, Kornberg & Lorch 1999b). The core 
histones are globular except for their N-terminal tails that protrude from the core 
(Luger et al. 1997). Nucleosomes are dynamic structures: both histone tails and 
globular domains are subject to a number of posttranslational modifications (Strahl & 
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Allis 2000, Zhang et al. 2003, Xu et al. 2005) whereas the histone-DNA contacts are 
altered by the protein complexes that utilize ATP hydrolysis (Flaus & Owen-Hughes 
2004, Smith & Peterson 2005). The post-translational modifications of histones 
influence gene expression either by facilitating or impeding transcription factor binding 
and transit of RNA polymerases. Modification of over 60 different histone residues has 
been detected using mass spectrometry or specific antibodies and there are at least 
eight distinct types of histone modifications (reviewed in Kouzarides 2007). These 
modifications include methylation and deimination of arginines (R); methylation, 
acetylation, ubiquitylation, ADP-ribosylation and sumoylation of lysines (K); 
phosphorylation of serines (S) and threonines (T); ADP-ribosylation of glutamic acids 
(E); and isomerization of proline (P) residues. Furthermore, extra complexity is 
provided by the fact that lysine side chains can be mono-, di- or tri-methylated, while 
arginine side chain can be mono-methylated or (symmetrically or asymmetrically) di-
methylated (Bannister et al. 2002) (Table I). Most histone modifications have been 
found to be dynamic and rapidly changing and enzymes adding and removing different 
types of modifications have been identified. Furthermore, histone modifications can 
also be evicted by histone replacement that is involved in nucleosome positioning 
(Berger 2007). 

 
Table I Chromatin modifications involved in transcription. PTM: post translational 
modification. Adapted from Cuthbert et al. 2004, Hassa et al. 2006, Berger 2007, Kouzarides 
2007, Li et al. 2007. 

 

Acetylation is one of the most studied histone modification (Grunstein 1997). Histone 
acetyltransferases (HATs) transfer an acetyl group from acetyl-coenzyme A (acetyl-
CoA) to the ε-amino group of certain lysine side chains within a histone whereas 
histone deacetylases (HDACs) rapidly remove these acetyl groups (Loidl 1994, 
Brownell et al. 1996, Hassig & Schreiber 1997, Pazin & Kadonaga 1997, Sterner & 
Berger 2000). Acetylation has strong potential to unfold chromatin and activate 
transcription as acetyl groups neutralize the basic charge of histones, thereby reducing 
strength of binding to negatively charged DNA (Taverna et al. 2007). In contrast, 
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methylation of histones does not reduce their charge, but can create binding sites for 
regulatory proteins that influence chromatin accessibility (Bannister & Kouzarides 
2005). Moreover, in combination with other modifications methylation may induce 
alterations in chromatin architecture. Interestingly, histone methylation was believed to 
be irreversible until the recent discovery of enzymes that demethylate lysine (LSD1) 
(Shi et al. 2004) and arginine (PADI4) (Cuthbert et al. 2004, Wang et al. 2004). LSD1 
(lysine-specific demethylase 1) uses an amine oxidase reaction to demethylate a 
specific lysine (K4) within histone H3 (Shi et al. 2004) whereas PADI4 (peptidyl 
arginine deiminase) converts methyl-arginine to citrulline in a process termed 
deimination to antagonize methylation on the arginine residues (Cuthbert et al. 2004, 
Wang et al. 2004). Furthermore, enzymes involved in phosphorylation (Nowak & 
Corces 2004), ubiquitylation (Shilatifard 2006), sumoylation (Nathan et al. 2006), 
ADP-ribosylation (Hassa et al. 2006) and proline isomerization (Nelson et al. 2006) 
have also been identified. 

The histone modifications have been shown to functionally impact transcription, 
replication and repair (Groth et al. 2007, Li et al. 2007). In case of transcription, 
modifications including acetylation and phosphorylation correlate with transcriptional 
activation whereas sumoylation, deimination and proline isomerization correlate with 
repression (Kouzarides 2007). Furthermore, methylation and ubiquitylation are 
correlated with both activation and repression of transcription. Important regulatory 
elements such as promoters and enhancers are enriched with specific histone 
modifications correlating with transcriptional activity (Roh et al. 2005, Barski et al. 
2007, Heintzman et al. 2007, Roh et al. 2007). Promoter regions of active genes have 
usually high levels of histone acetylation (H3K9Ac and H3K14Ac) and methylation 
(H3K4me3, H3K36me3 and H3K79me1) (Bernstein et al. 2005, Kim et al. 2005, Roh 
et al. 2005, Roh et al. 2006, Li et al. 2007) while repressed genes have elevated levels 
of methylation on different lysine residues (H3K9me3, H3K27me3, H3K79me3 and 
H4K20me) (Bannister & Kouzarides 2005, Boyer et al. 2006, Lee et al. 2006, Roh et 
al. 2006). Furthermore, some of these modifications, including the H3 acetylation and 
mono- and di-methylated H3K4, are also detected in intergenic regions and correlate 
with functional enhancers (Roh et al. 2005, Heintzman et al. 2007, Roh et al. 2007). 
Interestingly, promoters and other regulatory regions may also posses both permissive 
H3K4me3 and repressive H3K27me3 modifications (Azuara et al. 2006, Bernstein et 
al. 2006, Lee et al. 2006, Roh et al. 2006, Barski et al. 2007, Chang & Aune 2007, 
Mikkelsen et al. 2007, Taverna et al. 2007). Originally, this type of bivalent mark was 
found in embryonic stem cells (Azuara et al. 2006, Bernstein et al. 2006) but recently 
similar modification pattern was observed also in resting T cells (Barski et al. 2007). 
CpG rich promoters of developmentally regulated genes that are inactive but poised for 
induction or silencing depending on differentiation-driving signals are generally 
enriched with bivalent histone modifications, suggesting that in this context an active 
regulation is needed for silencing gene expression (Rowell et al. 2008). Thus, plasticity 
needed for precursor cells to respond to their environment and adopt new fates is 
provided by the dynamic nature of the chromatin landscape. Moreover, according to 
the histone code hypothesis, each individual histone modification acts in a 
combinatorial manner and thereby each pattern of modifications leads to a biological 
consequence (Strahl & Allis 2000, Jenuwein & Allis 2001, Margueron et al. 2005). 
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This hypothesis predicts that a pre-existing modification affects subsequent 
modifications on the same or different histones in the same or adjacent nucleosomes, 
and that these modifications serve as marks for the recruitment of different proteins or 
protein complexes which function to ensure the acquisition and maintenance of 
developmental and cell type–specific expression and silencing of genes (Kouzarides 
2007, Li et al. 2007). 

 
2.2.2.2 Nucleosome positioning  
The positioning of nucleosomes relative to the underlying DNA plays a critical role in 
regulating transcription as it determines the accessibility of regulatory elements to 
transcription factors (Henikoff et al. 2004, Li et al. 2007, Henikoff 2008). Micrococcal 
nuclease (MNase) digestion followed either by ligation-mediated PCR combined with 
DNA microarrays containing tiling oligonucleotide probes or massively parallel 
sequencing by Solexa high-throughput sequencing technique have been used to study 
the nucleosome positioning on whole genome level (Yuan et al. 2005, Schones et al. 
2008). Interestingly, majority of nucleosomal DNA appears as ~140 bp peaks in a 
microarray survey (Yuan et al. 2005) and the same phasing is displayed in the 
H3K4me3 profiles of promoter regions suggested to mark nucleosome positions 
(Barski et al. 2007, Schones et al. 2008), indicating that nucleosomes are relatively 
well-positioned. In vitro transcription experiments have shown that the nucleosome 
forms a strong barrier to RNA polymerase II (Kireeva et al. 2005, Bondarenko et al. 
2006). Interestingly, active genes have reduced nucleosome occupancy in their 
promoter regions (Bernstein et al. 2004, Lee et al. 2004, Sekinger et al. 2005, Yuan et 
al. 2005, Ozsolak et al. 2007), which is not observed in enhancer elements (Yuan et al. 
2005)). In addition, active and silent genes exhibit differential positioning of the first 
nucleosome downstream of the transcription start site (Schones et al. 2008). Moreover, 
RNA polymerase II binding directly correlates with nucleosome phasing relative to the 
start site in active genes (Schones et al. 2008). Chromatin-remodeling complexes, of 
which the two best-studied families are SWI/SNF and ISWI, utilize ATP hydrolysis to 
alter the histone-DNA contacts (Saha et al. 2006). Several strategies are used for 
accessing the nucleosomal DNA: (1) DNA can be transiently unwrapped from the 
histone octamer surface (Langst & Becker 2001, Li & Widom 2004), (2) 
conformational change in the octamer can lift the DNA off the internal surface of the 
nucleosome (Narlikar et al. 2001), (3) the entire nucleosome can be exchanged in and 
out of chromatin (replacement) (Lorch et al. 1999, Phelan et al. 2000, Reinke & Horz 
2003, Boeger et al. 2004) or (4) the histone octamer can move translationally along the 
DNA (sliding) (Hamiche et al. 1999, Langst et al. 1999, Whitehouse et al. 1999, Flaus 
& Owen-Hughes 2003). In order to move a nucleosome, DNA-bound histones must be 
transferred to another acidic component, such as neighboring DNA (sliding) or a 
histone chaperone (replacement) (Rando & Ahmad 2007). 

 
2.2.2.3 DNA methylation 
Cytosine methylation of CpG dinucleotides is a crucial mechanism through which 
transcriptional activity is controlled (Jones & Takai 2001, Bird 2002, Jaenisch & Bird 
2003). Increased DNA methylation strongly correlates with gene silencing whereas 
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transcriptionally active regions are relatively demethylated. DNA methylation 
represses gene expression by recruiting methyl-CpG binding proteins, such us MeCP2, 
MBD1 and MBD2, corepressors and histone deacetylases, which can block the binding 
of transcription factors and generate inaccessible chromatin structure (Bird & Wolffe 
1999). CpG methylation is mediated by DNA methyltransferases (Dnmts), including 
Dnmt1, which maintain patterns of DNA methylation from one generation to the next 
by copying CpG methylation patterns from the parental DNA strand to the daughter 
strand during S phase (Jones & Takai 2001). DNA can be demethylated through a 
passive or an active mechanism (Bird 2002). In the passive model of demethylation, 
the DNA methylation is gradually lost upon consecutive DNA replications by 
inhibiting the recruitment of Dnmt1 that normally targets hemimethylated sites and 
thereby preserves the pattern of methylation. In contrast, in the active model of 
demethylation the methyl groups are catalytically removed by demethylating enzymes. 
This latter mechanism of demethylation is yet not fully established in mammalian cells. 

 
2.2.3 Regulation of cytokine expression in CD4+ T cells 

The key effector function of activated CD4+ T helper cells is to produce cytokines 
which direct the recruitment, proliferation and function of many cell types involved in 
immune and inflammatory responses (Abbas et al. 1996). A number of different types 
of cis-regulatory elements, including enhancers, silencers and LCRs, have been 
identified in the Ifng and Th2 cytokine loci using (1) bioinformatics to identify 
evolutionarily conserved non-coding sequences (CNSs) between species, (2) 
biochemical methods to identify sites susceptible to digestion by DNase I and (3) 
functional analysis using reporter assays, transgenic mice and knockout mice to 
characterize in vivo role of identified regulatory elements (Stalder et al. 1980, Keene et 
al. 1981, Gross & Garrard 1988, Nardone et al. 2004). In parallel, the distribution of 
epigenetic marks on the histones has been unraveled using modification-specific 
antibodies in chromatin immunoprecipitations (ChIP) (Kouzarides 2007). More 
recently, DNase I hypersensitivity assay and ChIP have been coupled to high-
throughput methods including genome tiling arrays (DNase-chip and ChIP-chip) and 
sequencing (DNase-seq and ChIP-seq) to detect modifications on whole genome level 
(Barski et al. 2007, Boyle et al. 2008, Schones et al. 2008). Furthermore, correlating 
these high-resolution genome wide modification maps to gene expression profiles in a 
particular cell type provides important insights to the function of specific elements 
(Rowell et al. 2008). 

 
2.2.3.1 Regulation of Ifng expression 
cis-regulatory elements in Ifng locus 
IFN-γ is the hallmark cytokine of Th1 effector cells produced in response to viral or 
intracellular bacterial infection (Szabo et al. 2003). The Ifng proximal promoter 
contains binding sites for an array of transcription factors including ATF-2, c-Jun and 
other Jun proteins, CREB, ATF-1, Oct-1, YY1, NFAT and T-bet (Penix et al. 1996, 
Agarwal & Rao 1998, Sweetser et al. 1998, Soutto et al. 2002a). Recently, Djuretic et 
al. showed that Runx3 and T-bet, both of which are upregulated during Th1 
polarization, bind to the Ifng promoter interdependently and cooperate to ensure the 
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maximal IFN-γ production (Djuretic et al. 2007). However, the proximal regulatory 
elements are not sufficient to confer lineage-specific expression of Ifng indicating the 
crucial role for distal regions in the regulation of Ifng locus (Young et al. 1989, Zhu et 
al. 2001a, Soutto et al. 2002b). Multiple cis-regulatory elements have been identified 
within ~110 kb surrounding Ifng including enhancers and insulators (Young et al. 
1989, Agarwal & Rao 1998, Lee et al. 2004a, Shnyreva et al. 2004, Hatton et al. 2006, 
Schoenborn et al. 2007). IFNgCNS1 located 5 kb upstream and IFNgCNS2 located 18 
kb downstream of the transcription start site of the murine Ifng gene demonstrated 
enhancer activity in transient transactivation assays and Th1-specific DNase I 
hypersensitivity (Lee et al. 2004a, Shnyreva et al. 2004). Furthermore, binding of T-
bet to CNS-2 induces transcriptionally favorable chromatin structure (Shnyreva et al. 
2004) while binding of both T-bet and NFAT to CNS-1 in stimulated Th1 cell lines 
augments enhancer activity (Lee et al. 2004a) indicating that these sites play a crucial 
role in promoting Ifng expression. Recently, Schoenborn et al. performed 
comprehensive high-resolution mapping of Ifng locus and identified several novel 
distal regulatory elements and characterized their role in Th cell lineage-specific 
regulation of Ifng expression (Schoenborn et al. 2007). They mapped eight CNSs 
surrounding Ifng of which the most distal ones were observed to function as boundary 
elements. The more proximal CNSs were shown to exhibit enhancer activity. IfngCNS-
22 is an enhancer possessing permissive histone marks in Th1 and Th2 cells as well as 
in naïve CD4+ cells poising the Ifng gene for induction during the initiation of Th1 
differentiation (Hatton et al. 2006, Schoenborn et al. 2007) whereas IfngCNS-46 is an 
insulator which may orchestrate spreading of repressive histone modifications in Th2 
cells and block silencing effects from downstream regions in Th1 cells (Schoenborn et 
al. 2007, Rowell et al. 2008). Interestingly, all strong DNase I hypersensitivity sites 
detected in Th1 cells locate in a CNS whilst Th2 cell or naïve CD4+ cell specific 
hypersensitivity sites are adjacent to but not in a CNS suggesting a Th cell lineage 
specific role of the multiple distal regulatory elements in the Ifng locus (Schoenborn et 
al. 2007). 

Epigenetic regulation of Ifng 
Dynamic regulation of histone modifications across Ifng locus reflecting its 
transcriptional activity has been observed both in Th1 and Th2 polarized cells. 
Interestingly, TCR stimulation induces initial histone hyperacetylation as well as 
histone methylation of Ifng locus irrespective of polarizing cytokines (Avni et al. 2002, 
Fields et al. 2002, Chang & Aune 2005, Chang & Aune 2007, Schoenborn et al. 2007). 
However, during the differentiation “bivalent” histone marks disappear and the histone 
modifications are regulated in a lineage- and transcription factor-dependent fashion. In 
Th1 cells Ifng transcription is upregulated and sustained by increased histone 
hyperacetylation mediated by T-bet and STAT4 (Avni et al. 2002, Fields et al. 2002, 
Chang & Aune 2005). Nevertheless, a very recent study showed that in the absence of 
Jak3-dependent signals, binding of T-bet to the Ifng promoter is impaired possibly due 
to reduced accessibility of the Ifng locus caused by decreased histone acetylation 
indicating that Jak3 plays a crucial role in regulation of epigenetic modification of the 
Ifng locus during Th1 cell differentiation (Shi et al. 2008). Furthermore, permissive 
H3K4 methylation is acquired and repressive H3K27 methylation is nearly completely 
removed in the Ifng locus in Th1 differentiated cells (Schoenborn et al. 2007). In 
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contrast, during Th2 differentiation methylation of H3K27 is increased in a GATA3- 
and STAT6-dependent mechanism accompanied by recruitment of the Polycomb 
family histone methyltransferase EZH2 to the Ifng locus (Chang & Aune 2007, 
Schoenborn et al. 2007). Moreover, progressive demethylation of DNA in the proximal 
and distal regulatory elements of the Ifng gene has been observed during Th1 
differentiation (Young et al. 1994, Mullen et al. 2002, Schoenborn et al. 2007) while in 
Th2 cells and other cells that do not express IFN-γ the CpG nucleotides are 
increasingly methylated reducing transcription factor binding  (Penix et al. 1996, 
Winders et al. 2004, Schoenborn et al. 2007). The essential role of DNA methylation 
in Ifng regulation is further confirmed by following knockout mice studies. Dnmt1 
deficient T cells have markedly reduced levels of DNA methylation and in vitro 
activated naïve Dnmt1-/- CD4+ T cells produce ~5-10-fold more IFN-γ. However, in 
response to polarizing culture conditions the IFN-γ production is appropriately induced 
or silenced in Th1 and Th2 cells, respectively (Makar & Wilson 2004). Methyl CpG-
binding domain protein-2 (MBD2) recruits the multiprotein nucleosome remodeling 
and deacetylase (NuRD) repressive complex, together comprising the methyl CpG 
binding protein 1 (MeCP1) complex, to methylated DNA thereby linking CpG 
methylation to repressive chromatin structure (Ng et al. 1999, Feng & Zhang 2001, 
Hendrich et al. 2001). IFN-γ production of MBD2-deficient T helper cells is increased 
under all polarizing conditions indicating that DNA methylation and MBD2 are 
required for repressing Ifng in vivo (Hutchins et al. 2005).  

 
2.2.3.2 Regulation of Th2 cytokine locus in CD4+ T cells 
Th2 cells produce cytokines IL-4, IL-5 and IL-13 to protect against extracellular 
pathogens (Murphy & Reiner 2002). The Th2 cytokine gene cluster provides an 
important model system in which to study transcriptional regulation and lineage-
dependent chromatin changes. The evolutionarily conserved locus comprises three 
cytokine genes IL-4, IL-5 and IL-13 as well as two housekeeping genes Rad50 and 
Kif3a (Frazer et al. 1997, Loots et al. 2000). As Rad50 is constitutively expressed 
whereas expression of the adjacent cytokine genes needs to be highly regulated in both 
lineage-restricted and temporal fashion, coordinated long-range regulatory mechanisms 
are required (Smale & Fisher 2002). 

cis-regulatory elements in Th2 cytokine locus 
Several DNase I-hypersensitivity sites, including HSS1, HSS2, HSII, HSV, HSVa, 
RHS4 and RHS7/RAD50-C, spread across the IL4-IL13-Rad50-IL5 locus are Th2 
specific (Agarwal & Rao 1998, Takemoto et al. 1998, Agarwal et al. 2000, Fields et al. 
2004, Lee & Rao 2004b). HSS1 and HSS2, located in the intergenic region between 
IL-13 and IL-4 genes, are included in CNS-1 (Loots et al. 2000), which is an important 
coordinate regulator of Th2 cytokine genes. CNS-1 exhibits strong enhancer activity 
shown by studies in transgenic reporter mice (Lee et al. 2001) and furthermore, 
deletion of CNS-1 results in a clear reduction of cells producing IL-4, IL-5 and IL-13 
(Loots et al. 2000, Mohrs et al. 2001). IL-4 promoter activity is also enhanced by HSII 
(also termed as the intronic enhancer (IE)) in the second intron of the IL-4 gene and 
this enhancement is GATA3-dependent when HSII acts in combination with CNS-1 
(Lee et al. 2001). HSV that overlaps CNS-2, and HSVa are located 3’ of IL-4 in close 
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proximity to each other (Agarwal & Rao 1998, Agarwal et al. 2000). HSVa is an 
activation-dependent HS that binds GATA3 and NFAT1 (Agarwal et al. 2000) and 
functions as an enhancer (Agarwal et al. 2000, Lee et al. 2001). Interestingly, HSVa is 
specifically induced in IL-4-producing Th2 cells compared to IL-4-nonproducers 
suggesting that HSVa controls probabilistic expression of IL-4 (Guo et al. 2004). 
Moreover, the expression of IL-4, IL-5 and IL-13 is clearly reduced in HSV+HSVa 
knockout mice Th2 cells (Solymar et al. 2002). RHS4 and RHS7 are located in 3’ 
region of the rad50, and RHS7 has been shown to exhibit enhancer activity, but more 
importantly, they are part of the Th2 cytokine LCR which includes two additional HS 
sites: RHS5/RAD50-O and RHS6/RAD50-(A+B) (Lee et al. 2003, Fields et al. 2004, 
Lee & Rao 2004b, Lee et al. 2005). The presence of an LCR within the Th2 cytokine 
locus was indicated using bacterial artificial chromosome (BAC) transgenic mice 
which showed strong, position independent, Th2 specific and copy number dependent 
luciferase reporter activity in effector CD4+ T cells (Lee et al. 2003). Using the 
chromosome conformation capture assay (3C) the Th2 LCR was shown to participate 
in a chromatin core configuration where the promoters for the genes encoding Th2 
cytokines are brought in close spatial proximity in CD4+ T cells (Spilianakis & Flavell 
2004). GATA3 and STAT6 are essential factors for the establishment and/or 
maintenance of these intrachromosomal interactions (Spilianakis & Flavell 2004). 
Furthermore, GATA3 binds RHS7 in vivo and deletion of RHS7 clearly reduce 
formation of these long-range interactions of various cis-regulatory elements in Th2 
cytokine locus, suggesting a central role of RHS7 in the proper regulation of Th2 
cytokine expression (Lee et al. 2005). 

An exception to the HS sites described above is provided by HSIV, the IL-4 silencer, 
located in a conserved noncoding sequence toward the 3’ end of the IL-4 locus (Ansel 
et al. 2004). HSIV is constitutively hypersensitive in naïve CD4+ T cells, Th1 and Th2 
cells (Agarwal & Rao 1998, Ansel et al. 2004). Deletion of HSIV by gene targeting led 
to increased IL-4 and IL-13 transcription by naïve T cells. Notably, the IFN-γ 
expression of HSIV-deficient Th1 cells was normal, but part of the cells also produced 
aberrantly large amounts of IL-4, indicating that the HSIV site is a crucial cis-
regulatory region responsible for IL-4 silencing during differentiation of Th1 cells 
(Ansel et al. 2004). Recently, the transcription factor Runx3 was shown to mediate 
HSIV-dependent IL-4 silencing (Djuretic et al. 2007, Naoe et al. 2007). The Runx 
complexes are composed of two subunits, including Cbfβ protein and one of the Runx 
family proteins possessing a conserved DNA-binding Runt domain (Speck 2001). The 
repression of IL-4 in Th1 cells is impaired in Cbfβ - or Runx3-deficient T cells 
(Djuretic et al. 2007, Naoe et al. 2007). Furthermore, asthma-related symptoms 
develop in these mice, including infiltration of eosinophils into the lung in Runx3-
deficient mice (Fainaru et al. 2004, Fainaru et al. 2005) and elevated serum IgE and 
airway infiltration in mice lacking Cbfβ in their T cells (Naoe et al. 2007). Runx3 is 
induced in Th1 cells in a T-bet-dependent manner and cooperates with T-bet to silence 
IL-4 in Th1 cells (Djuretic et al. 2007). Runx3 and T-bet bind to the IL-4 silencer, and 
binding of Runx complexes is inhibited by GATA3, indicating that lineage-restricted 
transcription factors are involved in Runx mediated Th subtype-specific regulation of 
IL-4 expression (Djuretic et al. 2007, Naoe et al. 2007). 
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Epigenetic regulation of Th2 cytokines 
Besides cis-regulatory elements, the epigenetic changes play an important role in the 
regulation of the Th2 cytokines. Similarly to Ifng locus, also IL-4 locus acquires initial 
histone hyperacetylation as well as histone methylation modifications upon TCR 
stimulation in a lineage-independent fashion (Avni et al. 2002, Fields et al. 2002). 
Nevertheless, later during Th2 differentiation, selective histone hyperacetylation occurs 
at regulatory regions of IL-4, IL-5 and IL-13 and this process is strongly dependent on 
the continued presence of IL-4, STAT6 and GATA3 (Avni et al. 2002, Fields et al. 
2002, Yamashita et al. 2002, Baguet & Bix 2004). GATA3-mediated targeting and 
downstream spreading of histone hyperacetylation within IL-4 and IL-13 loci may be 
orchestrated by a conserved GATA3 response element (CGRE), located upstream of 
the IL-13 gene, which binds GATA3, histone acetyltransferase complexes including 
CBP/p300 and RNA polymerase II (Yamashita et al. 2002). Furthermore, in Th1 cells 
permissive histone modifications, H3K9/K14ac, H3K4me2 and H3S10ph, are almost 
completely removed from the IL4-IL13 locus whereas H3K27 methylation, a 
repressive histone modification, is acquired correlating with silenced Th2 cytokine 
expression (Grogan et al. 2003, Baguet & Bix 2004, Koyanagi et al. 2005). 
Interestingly, methylated H3K27 occurs selectively at HSIV and HSS3, the only two 
lineage-nonspecific hypersensitivity sites at the IL4-IL13 locus in naïve CD4+ cells 
and Th1-polarized but not Th2-polarized cells (Takemoto et al. 1998, Ansel et al. 
2004), and the enzyme responsible for the methylation is EZH2 which associates with 
HSIV and HSS3 (Koyanagi et al. 2005). Moreover, the IL-4 silencer, HSIV, exhibits 
an unusual pattern of both activating and silencing histone modifications of which the 
repressive marks are selectively lost under Th2 culture conditions suggesting a critical 
role for this element in silencing the inappropriate expression of IL-4 and IL-13 in 
naïve and Th1 T cells (Baguet & Bix 2004, Koyanagi et al. 2005). 

In naïve cells, the IL4-IL13 locus is predominantly methylated (Lee et al. 2002, 
Santangelo et al. 2002). Dnmt1, a DNA methyltransferase, maintains DNA 
methylation from one generation to the next by copying patterns of CpG methylation 
from the parental DNA strand to the daughter strand during S phase (Bird & Wolffe 
1999). During development of Th2 cells recruitment of Dnmt1 is prevented, 
accompanied by CpG demethylation of the Th2 cytokine locus (Agarwal & Rao 1998, 
Bird et al. 1998, Guo et al. 2002) strikingly correlating with the degree of expression 
of IL-4 (Guo et al. 2002, Lee et al. 2002). Using transgenic mice, it was shown that the 
loss of GATA3 expression results in decreased Th2 cytokine production and increased 
DNA methylation at the IL-4 gene locus (Yamashita et al. 2004). Interestingly, even if 
activated Dnmt1-deficient CD4+ T cells produce substantially more IL-4 without 
affecting GATA3 expression, the Th2 cytokine expression is appropriately up- and 
downregulated in the presence of polarizing cytokines suggesting that DNA 
methylation and lineage-specific transcription factors account for complementary and 
nonredundant mechanisms by which the Th2 effector program is regulated (Makar et 
al. 2003, Makar & Wilson 2004). Moreover, helper T cells lacking MBD2, a methyl 
CpG binding domain protein, (Hendrich et al. 2001) express IL-4 ectopically (Hutchins 
et al. 2002). According to the quantitative competition model, Mbd2 gene dosage is 
inversely correlated to the increasing efficiency of GATA3 to promote IL-4 
production. High levels of GATA3 can displace MBD2 from the IL-4 locus prior to the 
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onset of CpG demethylation and thereby overcome the effects of MBD2-mediated 
silencing (Hutchins et al. 2002). Furthermore, DNA can be demethylated via either a 
passive mechanism, where methylation is depleted upon replication of DNA and cell 
division, or an active process that involves catalytic removal of the methyl groups by 
enzymatic activity. Interestingly, a slow DNA demethylation process is observed upon 
exclusion of Dnmt1 from the IL-4 locus and this may play an important role in 
stabilizing high-level Th2 cytokine expression (Wilson & Merkenschlager 2006). 
Nevertheless, upon initiation of Th2 cell differentiation, the RHS7 located to Th2 LCR 
undergoes the most efficient demethylation in the entire IL-4 locus in an active, 
STAT6-dependent manner, and may thereby facilitate early Th2 cytokine production 
(Fields et al. 2004, Kim et al. 2007a). 

 

2.2.3.3 Regulation of IL-5 expression 
IL-5 predominantly produced by activated Th2 cells but also by mast cells and 
eosinophils (Mosmann & Coffman 1989, Plaut et al. 1989, Dubucquoi et al. 1994), is 
involved uniquely in control of the growth, differentiation and activation of eosinophils 
(Campbell et al. 1987, Sanderson 1988, Yamaguchi et al. 1988). Dysregulated 
expression of IL-5 causing an abnormally large number of eosinophils (eosinophilia) 
accumulating in blood and tissues has been strongly linked with the pathogenesis of a 
number of allergic and inflammatory diseases, most notably asthma, rhinitis and 
dermatitis (De Monchy et al. 1985, Leung 1998). Besides its role in eosinophil 
function, IL-5 activates basophils and promotes proliferation and differentiation of 
murine B lymphocytes (Sanderson et al. 1988, Hirai et al. 1990). 

Even if Th2 cytokines are generally considered to be co-regulated, several observations 
indicate that the expression of IL-5 is regulated independently of other Th2 cytokines, 
in particular IL-4. Using murine T helper type 2 cell clones, it was shown that T-cell 
receptor-mediated and cytokine receptor-mediated signals induce different pattern of 
cytokine gene expression suggesting a differential regulation especially for the IL-4 
and IL-5 genes (Bohjanen et al. 1990). Furthermore, Jung et al. observed that human 
T-cells rarely co-express IL-4 and IL-5 (Jung et al. 1995). Interestingly, histone 
hyperacetylation of the IL-5 gene during differentiation of Th2 cells displays a 
significantly delayed kinetics compared with that of the IL-4 and IL-13 genes 
suggesting a distinct remodeling mechanism for the IL-5 gene locus (Yamashita et al. 
2002). Finally, the biological specificity of eosinophilia and its control by IL-5 implies 
a unique and independent regulation of IL-5 expression (Sanderson 1992). 

Efficient production of IL-5 requires activation of both TCR and a second signaling 
pathway (Tominaga et al. 1988). In vitro this can be achieved by using PMA in 
combination with anti-CD28, cyclic adenosine 3’,5’-monophosphate (cAMP) or the 
lectin concanavalin A (ConA) (Lee et al. 1993, Schandene et al. 1994, Van Straaten et 
al. 1994, Karlen et al. 1996). Interestingly, IL-5 expression induced with PMA and 
cAMP is inhibited by the immunosuppressant drug cyclosporine A (CsA) whereas it 
cannot block the production stimulated by PMA and anti-CD28 (Karlen et al. 1996, 
Umland et al. 1999) or PMA and Con A (Van Straaten et al. 1994, Naora & Young 
1995), suggesting that the induction of IL-5 expression can occur via at least two 
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distinct pathways. The production of IL-5 is regulated mainly at the level of 
transcription as protein synthesis inhibitors cyclohexamide (CHX) and anisomycin 
completely inhibit IL-5 mRNA synthesis (Van Straaten et al. 1994, Naora & Young 
1995, Stranick et al. 1995). In addition, Umland et al. showed that regulation of 
mRNA stability also plays a role in the control of IL-5 production as IL-5 mRNA is 
significantly more stable than other cytokine transcripts (Umland et al. 1998). 
However, de novo protein synthesis is an absolute requirement for the initiation of IL-5 
transcription (Umland et al. 1998). 

In the IL-5 promoter, the conserved lymphokine element 0 (CLE0; -42 bp to -56 bp) 
acts as an on/off switch for IL-5 transcription (Yamagata et al. 1995). This crucial 
element binds the transcription factor activator protein-1 (AP-1) members JunD and 
Fra-2 as well as Oct-1 and Oct-2 factors (Mori et al. 1997, Thomas et al. 1999). 
Schwenger et al. (2002) observed that the amount of IL-5 produced correlates with the 
formation of the AP-1 complex and that the de novo synthesis of JunD and Fra-2 
induced by PMA-stimulation is the rate-limiting step of the production of the AP-1 
complex. Furthermore, at least 3 positive (-80 bp to -45 bp (also known as IL-5-REI), -
123 bp to -92 bp (IL-5-REII), -312 bp to -227 bp) and 4 negative (-90 bp to -79 bp, -
170 bp to -130 bp (IL-5-REIII), -312 bp to -404 bp and -448 bp to -460 bp) regulatory 
elements of the human IL-5 promoter have been identified (Gruart-Gouilleux et al. 
1995, Stranick et al. 1997, Mordvinov et al. 1999, Schwenger et al. 1999). 

The 5’ flanking region of the human IL-5 gene has been reported to interact with a 
variety of transcription factors that play important roles on IL-5 expression. GATA3 
binds to at least three sites in the IL-5 promoter. Positive regulation is mediated by -70 
and -152 sites whereas binding to -400 site results in strong inhibition of IL-5 
expression (Yamagata et al. 1995, Blumenthal et al. 1999, Schwenger et al. 2001). In 
addition, NFAT, ETS1, ETS2, YY1, C/EBPβ and glucocorticoid receptor (GR) are 
involved in the complex regulation of IL-5 transcription (Prieschl et al. 1995, 
Blumenthal et al. 1999, De Boer et al. 1999, Mordvinov et al. 1999, Schwenger et al. 
1999, Cousins et al. 2000, Li-Weber et al. 2001, Wang et al. 2006). Some of these 
factors have been shown to cooperate on IL-5 promoter and synergistically regulate IL-
5 expression (Blumenthal et al. 1999, Mordvinov et al. 1999, Schwenger et al. 1999, 
Liu et al. 2004). Interestingly, a recent study reported that GR represses IL-5 
expression by binding to an NFAT-AP-1 site in the IL-5 proximal promoter. This 
repression is mediated by recruiting histone deacetylases as the HDAC inhibitor 
Trichostatin A (TSA) caused a partial relief of repression whereas co-transfection of 
cells with HDAC1 augmented the repression. Furthermore, the NFAT-AP-1 site 
juxtaposes a crucial GATA3 site in the proximal promoter of IL-5 and the recruitment 
of GR strongly inhibits the GATA3-dependent transcriptional activation of IL-5 whilst 
NFAT/AP-1 protein complex can compete with GR for DNA binding and impair this 
repression (Jee et al. 2005). Recent studies have further elucidated the role of histone 
modifications in the dynamic regulation of IL-5 expression. Histone hyperacetylation 
of the IL-5 gene in CD4+ cells is Th2-specific and occurs in a STAT6- and GATA3-
dependent manner (Yamashita et al. 2002). The acetylation status of histones at the IL-
5 promoter and thereby the activity of the IL-5 promoter is reciprocally controlled by 
HDAC4 and p300, a HAT. HDAC4 forms protein complexes with GATA3 and YY1 
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and this mediates the recruitment of HDAC4 to the IL-5 promoter with concurrent 
change in the expression of IL-5 (Han et al. 2006b). CBP/p300 activate the IL-5 
promoter synergistically with the transcription factors C/EBP, NFAT and c-Fos, and 
the HAT activity of CBP/p300 is required to activate IL-5 expression (Liu et al. 2004). 

 
2.2.3.4 Interchromosomal regulation of Ifng and Th2 cytokine loci in CD4+ T cells 
Currently it is well accepted that coordinate regulation of gene expression involves 
higher-order organization of chromatin where large intervening chromosomal regions 
between two regulatory sites are looped out bringing crucial distant regulatory 
elements in a close spatial proximity through intrachromosomal interactions (de Laat 
2007, Dekker 2008). Th2 cytokine locus undergoes excessive folding in Th2 cells as 
well as in Th1 and naïve CD4+ T cells forming an initial chromatin core configuration 
containing the promoters for the genes encoding IL-4, IL-5 and IL-13, which may 
facilitate their coordinate expression (Spilianakis & Flavell 2004). In activated Th2 
cells the looping is orchestrated by SATB1 which binds to several sites within Th2 
cytokine locus extending from IL-5 past Kif3a driving the formation of additional, 
smaller loops (Cai et al. 2006). 

Intriguingly, a new dimension to our understanding of the higher-order regulation of 
gene expression was provided by genome-wide 4C analyses (3C-on chip or circular 
3C) showing that chromosomal interactions also occur between regions on different 
chromosomes (Simonis et al. 2006, Zhao et al. 2006, Simonis et al. 2007). In theory, 
interaction of separate chromosomes in the nucleus could permit regulatory elements 
from one chromosome to control the transcription of a gene located on another 
chromosome (Rowell et al. 2008). Using 3C technique and 2D-FISH, Spilianakis et al. 
(2005) demonstrated that in mouse the Ifng promoter on chromosome 10 physically 
interacts with the regulatory regions in the Th2 cytokine locus, including the IL-5 
promoter, Rad50 promoter and RHS6 DNase I hypersensitive site of the Th2 LCR, on 
chromosome 11 (Spilianakis et al. 2005). During the differentiation of naïve T cells to 
effector Th1 or Th2 cells interchromosomal interactions between these mutually 
exclusive loci are abrogated and intrachromosomal contacts within the Ifng and Th2 
cytokine loci increase upon gene activation. The Th2 LCR is required for the T-cell-
specific dynamic hub formation as mutation of RHS7 within the LCR not only 
abolished these long-range interchromosomal associations but also impaired 
transcription on both chromosomes: Ifng expression was delayed and IL-5 expression 
was decreased when naïve T cells were differentiated under Th1 and Th2 conditions, 
respectively. Proximity of these cytokine loci in naïve T cells may help initiating or 
enforcing opposite epigenetic states while the switch from inter- to intrachromosomal 
interactions may contribute to lineage-specific transcriptional initiation or silencing of 
these loci (Spilianakis et al. 2005). 

 
2.2.3.5 miRNA regulated cytokine expression in CD4+ T cells 
The microRNAs (miRNAs) have distinct temporal and spatial expression patterns and 
play critical regulatory roles in various physiological processes, including 
hematopoiesis, cell differentiation, proliferation and survival, as well as organ 
development (Chen et al. 2004, Mendell 2005). Furthermore, besides affecting the 
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outcome of immune responses to infection and development of diseases of 
immunological origin (reviewed in Garzon & Croce 2008), miRNA expression can 
distinguish normal cells from cancer cells (Lu et al. 2005). Using microarray 
technology and high-throughput sequencing the miRNA expression profiles in the 
hematopoietic system have been investigated globally (Monticelli et al. 2005, Landgraf 
et al. 2007). Interestingly, several studies using hematopoietic stem cells, progenitor 
cells and/or fully differentiated cells have shown that miRNA expression pattern and 
abundance, yet partially overlapping, varies strikingly according to the developmental 
stage, cell lineage and activation (Monticelli et al. 2005, Cobb et al. 2006, Garzon et 
al. 2006, Taganov et al. 2006, Georgantas et al. 2007, Neilson et al. 2007, O'Connell et 
al. 2007, Wu & Liu 2007, Zhan et al. 2007). Moreover, the diversity of affected 
protein-coding transcripts is combinatorially increased by the fact that each mRNA can 
be targeted by a number of miRNAs and each miRNA can target several transcripts 
(Lewis et al. 2003, Krek et al. 2005, Lewis et al. 2005, Lim et al. 2005). 

miRNAs are endogenous ~22 nt non-coding RNAs transcribed mainly by RNA 
polymerase II from a specialized set of miRNA genes (Bartel 2004, Lee et al. 2004). 
The primary transcripts (pri-miRNAs) are 5’ 7-methyl guanosine capped and 3’ 
poly(A) tailed sequences (Cai et al. 2004) of even several kilobases (Lee et al. 2002) 
and contain a mature miRNA sequence and a varying amount of flanking region (Cai et 
al. 2004). Pri-miRNA transcript forms a stem loop structure (hairpin) due to sequence 
complementarity and is cleaved by the nuclear RNase III enzyme Drosha into a 
precursor ~70 nt miRNA (pre-miRNA) (Lee et al. 2002, Lee et al. 2003) which is 
exported from the nucleus to the cytoplasm by nuclear export factor Exportin 5 (Exp5) 
and its RAS-related nuclear protein-guanosine triphosphate (RAN-GTP) cofactor (Yi 
et al. 2003, Bohnsack et al. 2004, Lund et al. 2004, Han et al. 2006a). In the 
cytoplasm, the pre-miRNA is further processed by the cytoplasmic RNase III enzyme 
Dicer to generate ~22 nt miRNA duplexes (Grishok et al. 2001, Hutvagner et al. 2001, 
Ketting et al. 2001, Lee et al. 2003). One strand of the Dicer product forms the mature 
miRNA, which is finally incorporated into a large protein complex, termed the RNA-
induced silencing complex (RISC), containing Argonaute and other proteins 
(Khvorova et al. 2003, Schwarz et al. 2003, Liu et al. 2004, Chendrimada et al. 2005, 
Chendrimada et al. 2007). miRNA guides RISC to complementary mRNA targets 
where it binds to sequences in the 3’ untranslated regions (UTRs) of target and act 
predominantly by regulating mRNA stability or inhibiting the initiation of translation 
(Jing et al. 2005, Kiriakidou et al. 2007, Mathonnet et al. 2007). 

The significance of miRNAs and RNAi pathway during hematopoiesis has been 
examinated by disrupting miRNA biogenesis at specific steps using genetic deletion 
and transgenic approaches. As loss of Dicer is lethal early in development (Bernstein et 
al. 2003), the functional role of Dicer in T lymphocytes has been studied using 
conditional deletion (Cobb et al. 2005, Muljo et al. 2005). Dicer deficiency in T 
lymphocytes blocks peripheral CD8+ T cell development whereas Dicer-deficient 
CD4+ T cells, although reduced in numbers in thymus and periphery, are viable and 
express appropriate lineage-specific markers (Cobb et al. 2005, Muljo et al. 2005). 
Interestingly, Dicer-null helper T cells proliferate poorly and undergo increased 
apoptosis upon TCR stimulation. Furthermore, under Th2 culture conditions these cells 
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fail to repress Ifng, which may be due to reduced GATA3 expression in Dicer-deficient 
Th2 cells (Muljo et al 2005). Further insights in the role of miRNAs in T helper cell 
differentiation have been provided by targeted disruption or ectopic expression of 
specific miRNAs. Probably the best-studied miRNA in this context is miR-155. The 
evolutionarily conserved miR-155 is produced from the non-protein-coding transcript 
of the bic gene that was discovered as a common retroviral integration site in avian 
leukosis virus-induced lymphomas (Tam et al. 1997). In T lymphocytes the expression 
of the bic transcript and of mature miR-155 is absent in naïve CD4+ T cells but is 
rapidly induced after cross-linking of the antigen receptor (Tam 2001, Haasch et al. 
2002, Thai et al. 2007). Mice lacking miR-155 are immunodeficient and display 
increased lung airway remodeling (Rodriguez et al. 2007). Using transcriptome 
analysis on miRNA-155-null CD4+ T cells, a wide spectrum of genes, including 
cytokines, chemokines, and transcription factors was shown to be regulated by 
miRNA-155 (Rodriguez et al. 2007).  Furthermore, when miR-155 deficient CD4+ T 
cells were activated without any polarizing cytokines or they were cultured in 
suboptimal Th2 conditions, the cells produced more IL-4 and less IFN-γ than control 
cells (Rodriguez et al. 2007, Thai et al. 2007). These results strongly suggest that 
miRNA-155 plays a key role in the function of the immune system (Rodriguez et al. 
2007, Thai et al. 2007). The miRNA miR-146a is suggested to play a role in the 
immune system as it is induced in response to different microbial components and 
proinflammatory cytokines in an NF-κB-dependent manner (Taganov et al. 2006). 
miR-146a is substantially increased in T helper 1 cells whereas its expression is 
decreased in T helper 2 cells compared to naïve CD4+ T cells (Monticelli et al. 2005). 
Interestingly, induction of miR-146a in Th1 cells may be explained by the action of 
cytokine IL-18 that synergistically with IL-12 controls Th1 differentiation and 
secretion of IFN-γ (Murphy & Reiner 2002). IL-18 receptor signaling triggers NF-κB 
signaling among other pathways and employs TRAF6 and IRAK1 to upregulate miR-
146a (Taganov et al. 2006). Mice ectopically expressing miR-17-92 in lymphocytes 
develop lymphoproliferative disease and autoimmunity and die prematurely (Xiao et 
al. 2008). In addition, CD4+ T cells from these mice show substantial increase in 
proliferation in parallel with decreased activation-induced cell death. Moreover, miR-
17-92 transgenic mice CD4+ T cells produce increased amounts of IFN-γ and IL-10 
under Th1 condition whereas expression of IL-4 is not altered in Th2 condition (Xiao 
et al. 2008). 
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3 AIMS OF THE STUDY 

The main goal of this PhD thesis was to investigate the pathways involved in the IL-4 
signaling induced differentiation of two important cell types of the immune system, 
Th2 cells and DCs. 

 

The specific aims of this thesis study were to: 

(1) identify novel GM-CSF/IL-4 regulated genes in human monocyte-derived 
macrophages and DCs and find out key regulators of IL-4 induced DC 
differentiation, 

(2) elucidate the early target genes of IL-12 or IL-4 in polarizing human Th1 and 
Th2 cells,  

(3) define the functional role of SATB1 in Th cell commitment, 

(4) study the regulation of IL-5 by SATB1 and GATA3. 
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4 MATERIALS AND METHODS 

4.1 Plasmids and oligonucleotides 
4.1.1 Plasmid constructs and siRNA oligonucleotides (III, unpublished) 

The SATB1-shRNA and STAT6-shRNA plasmid constructs were generated by cloning 
the SATB1 shRNA oligonucleotides (DNA Technology, Aarhus, Denmark) into the 
EcoRI (or BglII in case of STAT6-shRNA) and XhoI sites of the previously modified 
pSUPER-H-2Kk plasmid, which contains a truncated H-2Kk cell surface selection 
marker (Tahvanainen et al. 2006). Scramble control plasmids, pSUPER-H-2Kk-
Scramble-shRNA and pSUPER-H-2Kk-Scramble2-shRNA, were cloned similarly. 
Furthermore, synthetic small interfering RNA (siRNA) oligonucleotides were used to 
knockdown SATB1, STAT6 or GATA3 (Sigma/Proligo, Evry Cedex, France). In 
parallel experiments, two different shRNA/siRNA sequences targeting a different part 
of the gene to be knocked down were used to minimize the amount of unspecific 
targets (Jackson et al. 2003). See Table S6 (Report III) for sequences. 

The IL-5 promoter sequence (-581 bp to +34 bp) was amplified from gDNA isolated 
from human umbilical cord blood CD4+ T cells with PCR using IL5p-F and IL-5p-R 
primers (Report III, Table S6) and cloned into KpnI and HindIII sites of pGL3-basic 
vector (Promega, Madison, WI, USA) to create pGL3-IL-5 vector. Predicted SBSs 
were removed from the IL-5 promoter sequence using various combinations of primers 
(Report III, Table S7).  

Cloning of GST:CD+HD has been described elsewhere (Purbey et al. 2006). GATA3 
was cloned into pBluescript II SK (+/-) phagemid vector (Stratagene, La Jolla, CA, 
USA) using PCR primers GATA3- BglII-F and GATA3-EcoRI-R. GATA3 was 
subcloned into pIRES2-H-2Kk vector (Tahvanainen et al. 2006) using PCR primers 
pIRES2-GATA3-F and pIRES2-GATA3-R and further subcloned into EcoRI and XhoI 
sites of pC6-2 vector (Purbey et al. 2006) using PCR primers GATA3-F and GATA3-
R (Report III, Table S6). 

 
4.1.2 Preparation of probes for EMSA (III) 

For EMSA probe preparation, the ~600 bp IL-5 promoter and its truncations were 
amplified with PCR (Report III, Table S6) using wt or mutated pGL3-IL-5 reporter 
constructs in presence of α-32P dATP and α-32P dCTP (both from Perkin Elmer, 
Boston, MA) as well as unlabeled dATP, dCTP, dGTP and dTTP to efficiently label 
the probes.  

 

4.2 Cell culture 
4.2.1 Differentiation of monocytes to DCs and macrophages (I) 

Monocytes were purified from freshly collected, leukocyte-rich buffy coats obtained 
from healthy blood donors (Finnish Red Cross Blood Transfusion Service, Helsinki, 
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Finland). Human PBMC were isolated by a density gradient centrifugation over a 
Ficoll-Paque gradient (Amersham-Pharmacia Biotech, Uppsala, Sweden), as described 
previously. Mononuclear cells were collected, and monocytes were purified further as 
described previously (Veckman et al. 2004). Briefly, mononuclear cells were 
centrifuged over a Percoll gradient (Amersham-Pharmacia Biotech). Next, T and B 
cells were depleted by using anti-CD3 and anti-CD19 magnetic beads (Dynal, Oslo, 
Norway). Monocytes were adhered onto plastic six-well plates (Falcon, Becton 
Dickinson, Franklin Lakes, NJ, USA) for 1 h at 37°C in RPMI-1640 medium without 
FCS (2.5×106 cells/well). After incubation, nonadherent cells were removed, and the 
wells were washed with PBS. Monocytes were allowed to differentiate into 
macrophages in macrophage serum-free medium supplemented with antibiotics and 
recombinant human (rh) GM-CSF (10 ng/ml, Nordic Biosite, Täby, Sweden). 
Immature, monocyte-derived DC were generated using RPMI-1640 medium plus 10% 
FCS, rhGM-CSF (10 ng/ml), and rhIL-4 (20 ng/ml, R&D Biosystems, Minneapolis, 
MN, USA). In vitro-differentiated cell populations were devoid of CD3+ and CD19+ 
cells. pDC were isolated from PBMC by positive selection using blood DC antigen-4 
(BDCA-4)-conjugated, paramagnetic beads (Miltenyi Biotec, Gladbach, Germany). To 
enhance cell purity, the labeled pDC were separated twice through MACS LS columns. 
Otherwise, the protocol recommended by the manufacturer was followed. The purity of 
isolated CD123/BDCA-2, doublepositive cells was over 95% constantly, and no 
CD11c expression was detected. mDC were isolated from PBMC by using the BDCA-
1 DC isolation kit, according to the manufacturer’s instructions (Miltenyi Biotec). 
Briefly, CD19+ cells were removed, first by positive selection, after which BDCA-1+ 
DC were positively selected. Again, the BDCA-1+ cells were run twice through an LS 
column to enhance purity. Isolated BDCA-1+ cells were over 95% CD11c+. 

 
4.2.2 Polarization of primary human T helper cells (II, III, unpublished) 

CD4+ T cells were purified from umbilical cord blood of healthy neonates (Turku 
University Central Hospital, Turku, Finland) or peripheral blood (buffy coats) from 
healthy blood donors (Finnish Red Cross) using Ficoll-Paque gradient centrifugation 
(Amersham-Pharmacia Biotech) and anti-CD4 conjugated magnetic beads (Dynal). 
Cells were cultured in Yssel’s medium (Yssel et al. 1984) supplemented with 1% 
human AB-serum (Finnish Red Cross) in the density of 1.5 – 4 × 106 cells/ml. Cells 
were activated with plate-bound anti-CD3 (2.5 μg/ml for coating) and 0.5 μg/ml 
soluble anti-CD28 (Immunotech, Marseille, France). Alternatively, (Report II; 
validation of oligonucleotide array results with quantitative RT-PCR) cord blood 
CD4+ T cells were activated with irradiated (6000 rad) CD32-B7 transfected mouse L 
fibroblasts and 100 ng/ml phytohemagglutinin (PHA; Murex Diagnostics, Chatillon, 
France) (Yang et al. 1995). Th1 polarization was induced with IL-12 (2.5 ng/ml) and 
Th2 differentiation with IL-4 (10 ng/ml; both from R&D Systems). Alternatively 
activated cells cultured in Th2 conditions were supplemented with 10 µg/ml anti-IL-12 
(R&D Systems). Part of the cells was cultured without any polarizing cytokines, in 
“Th0” conditions. Where indicated, the cells were also supplemented with 3 ng/ml 
TGFβ or 17 ng/ml IL-10 (both from R&D Systems) (Report II). Amount of IL-10 used 
in the experiments was selected based on the efficiency to suppress IFNγ production 
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(~50 % decrease) in PBMCs cultured in Th1 conditions for 18 hours (data not shown). 
TGFβ-mediated suppression of IFNγ production by Th1 cells in these conditions has 
been previously described (Lund et al. 2003). After 48h of priming, IL-2 (17 ng/ml; 
R&D Systems) was added into the cultures. If cultured more than one week, the cells 
were reactivated every 7 days with plate-bound anti-CD3 and soluble anti-CD28 as on 
day 0 and cultured in the presence of concordant cytokines. The cord blood cell 
cultures were generated from four to nine individuals and buffy coat cell cultures from 
one to four individuals. Cells were harvested at indicated time points. In case of 
nucleofected cells, the cultures were started 24 hours post-nucleofection for siRNA 
oligonucleotide transfected cells or 48 hours post-nucleofection for plasmid transfected 
cells to ensure the efficient gene overexpression or knockdown at the priming of the 
cells.  

 

4.3 Transfections 
4.3.1 Human primary T cell nucleofection (III, unpublished) 

Human cord blood or buffy coat primary CD4+ T cells were transfected as described 
elsewhere (Tahvanainen et al. 2006). Briefly, 4×106 cord blood cells were nucleofected 
with 1.5 μg siRNA oligonucleotides targeting STAT6, GATA3 or SATB1 or with 
scramble control siRNAs. Alternatively, 5×106 buffy coat cells were nucleofected with 
10 μg of shRNA plasmid DNA or, for transactivation assay, with 2 μg reporter vector 
and 8 μg shRNA plasmid DNA. In the experiment measuring the effect of silencing the 
expression of two genes simultaneously, the total amount of oligonucleotides used per 
transfection was 3 μg (1.5 μg of both siRNAs) to ensure the efficient knockdown of the 
target genes. Nucleofections were carried out in 100 µl Opti-MEM I (Invitrogen, 
Carlsbad, CA, USA) using Nucleofector™ device (program U-14) (Amaxa, Cologne, 
Germany). Several parallel nucleofections were performed. After the pulse, the cells 
were kept in RPMI-1640 medium containing 10 % FBS, L-glutamine and antibiotics 
(pen/strep) in the density of ~2-2.5×106 cells/ml at 37 °C, in 5 % CO2 until activated or 
proceeded for enrichment. 

 
4.3.2 Enrichment of transfected cells (III, unpublished) 

Cells nucleofected with shRNA plasmids used for Illumina beadarray gene expression 
analysis were enriched for transfected cells. Removal of dead and apoptotic cells as 
well as enrichment of H-2Kk positive cells was carried out as described elsewhere 
(Tahvanainen et al. 2006). Dead Cell Removal Kit and MACSelect Kk MicroBeads 
coated with the H-2Kk antibody for positive selection were used according to 
manufacturer’s instructions (Miltenyi Biotech). Buffy coat CD4+ T cells nucleofected 
with vectors containing H-2Kk marker gene were harvested 16 h after transfection and 
dead cells were magnetically labeled. Viable cells were separated from labeled cells 
using MACS LS columns (Miltenyi, Biotech), after which transfected cells were 
labeled with MACSelect Kk MicroBeads and magnetically purified. The purified H-
2Kk positive cells were cultured in Th0, Th1 or Th2 conditions as described above. 
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After enrichment of cells and before starting the culture, the cells were kept in Yssel’s 
medium at 37 °C, in 5 % CO2. 

 
4.3.3 Transactivation assay (III) 

For transactivation assay, buffy coat CD4+ T cells were cotransfected with wt or 
mutated pGL3-IL-5 luciferase reporter constructs and SATB1-shRNA or scramble 
control plasmids. Cells were harvested and analyzed for the luciferase activity using 
BriteLite reagent and VictorTM plate reader (both from Perkin Elmer). Relative 
luciferase activity was calculated by normalizing the measurements of wt or mutated 
IL-5 reporter to the empty pGL3-basic control measurement.  

 

4.4 Gene expression analyses 
4.4.1 Oligonucleotide array studies 

4.4.1.1 Affymetrix gene expression analyses (I, II) 
For the Affymetrix sample preparations (Affymetrix, Santa Clara, CA, USA), 20 μg 
(Report I) or 5 μg (Report II) total cellular RNA, pooled from several individuals, was 
used as starting material. The sample preparation was performed according to the 
instructions and recommendations provided by the manufacturer. The samples were 
hybridized by the Finnish DNA Microarray Centre to human genome (HG) U133A 
containing approximately 22 000 probes covering approximately 13 000 human genes 
(Report I) or HG-U95Av2 arrays containing probes for approximately 9 300 genes 
(Report II). Two biological repeats for each microarray experiment were performed 
except that kinetic data for 3, 6 and 24 h differentiated DCs and macrophages was 
studied from one culture (a pool of four individuals). The data were analyzed and 
filtered with GeneChip Microarray Suite software version 5 (MAS5, Affymetrix) 
according to recommendations of the manufacturer. Briefly, the probe set was 
excluded if the detection call for both target and reference was “absent”, if the change 
call gave “no change” in comparison analysis or if the signal log ratio between target 
and reference was between -1 and 1. Gene expression was considered upregulated if 
the signal log ratio between the reference and the target samples was higher than one 
(greater than two-fold increase) and the target sample was “present”. Similarly, a gene 
was defined as downregulated if the signal log ratio was less than minus one (two-fold 
decrease) and the reference sample was “present”. Genes were considered as 
differentially expressed when they exhibited a consistent change in two separate 
biological repeats (Report I and II) or in the case of the immediate differentiation 
response of early DCs and macrophages, consistent regulation at all the three time 
points (Report I). All the genes fulfilling these criteria in at least one of the 
comparisons and one of the time points were selected for further analysis, where the 
expression of the genes was explored in parallel in different conditions without fold-
change threshold. Microsoft Access and Excel for Windows softwares (Report I and II) 
and GeneSpring 6.0 software (Silicon Genetics, Redwood, CA, USA) (Report II) were 
used for data analysis and processing. Visualization was performed using Eisen’s 
Treeview (Eisen et al. 1998). The gene annotations were obtained from the NetAffx 
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database (Liu et al. 2003). The DC and macrophage differentiation data (Report I) was 
also analyzed using Ingenuity Pathways Analysis (Ingenuity Systems, Redwood City, 
CA, USA). The significance is expressed as a P value, which is calculated by 
comparing the number of user-specified genes of interest participating in a given 
pathway, relative to the total number of occurrences of these genes in all pathway 
annotations stored in the Ingenuity Pathways Knowledge Base (right-tailed Fisher’s 
Exact test). The early Th differentiation data (Report II) has been deposited in NCBIs 
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are 
accessible through GEO Series accession number GSE2770. 

 
4.4.1.2 Illumina gene expression analysis (III, unpublished) 
The starting material used for the Illumina sample preparations (Illumina, San Diego, 
CA) was 50-200 ng total RNA, pooled from several individuals. The sample 
preparation was performed according to the instructions and recommendations 
provided by the manufacturer. The samples were hybridized by the Finnish DNA 
Microarray Centre to Illumina Sentrix® Human-6 Expression BeadChip arrays 
containing over 46 000 probes covering approximately 20 000 human genes. Total of 
five biological repeats for each microarray experiment were performed including two 
cultures of buffy coat cells nucleofected with SATB1-shRNA or scramble control 
plasmids and three cultures of cord blood cells nucleofected with SATB1 targeting or 
control oligonucleotides (Report III, Table S8). The data were quantile normalized 
(Bolstad et al. 2003) and log-transformed using the R package limma (Wettenhall & 
Smyth 2004) that is a part of the Bioconductor project (http://www.bioconductor.org). 
The different versions (V1 and V2) of Illumina BeadChIP array were combined using 
annotations (Ensembl BioMart database; hsapiens dataset) from the R package 
biomaRt (Durinck et al. 2005). The R package RankProd (Hong et al. 2006) was used 
to identify SATB1 regulated genes across the five biological repeats. For each 
biological replicate, the maximum or the minimum signal log ratios (SLR) over all 
time points were used as an input for the RP function. Genes having the estimated 
percentage of false positive predictions pfp<0.05 were considered to be differentially 
expressed. Fold changes were calculated as 2|SLR| if SLR>0 and -2|SLR| if SLR<0, where 
SLR is the average maximum (for upregulated genes) or minimum (for downregulated 
genes) signal log ratio over the biological replicates. The gene annotations were 
obtained from Illumina. The microarray data were also analyzed using Ingenuity 
Pathways Analysis (Ingenuity® Systems, www.ingenuity.com). The SATB1 RNAi 
gene expression data can be found at the NCBI Gene Expression Omnibus with 
accession number GSE17241. 

 
4.4.2 Quantitative RT-PCR analyses (I-III) 

For macrophage and DC study qRT-PCR analyses (Report I), total RNA was isolated 
from macrophages or DCs derived from two to four donors using RNeasy Midi Kit 
(Qiagen, Valencia, CA, USA). RNA from different donors was pooled before 
purification. The primers used in TaqMan analyses, corresponding to C3 
(Hs00163811_m1), TCF7L2 (Hs00181036_m1), FcγR1A (Hs02340030_m1), FcεR1A 
(Hs00758599_m1), TGFα (Hs00177401_m1), SOCS1 (Hs00705164_s1), FZD2 
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(Hs00361432_s1), and WNT5A (Hs0018013_m1) genes, were obtained from Applied 
Biosystems (Foster City, CA, USA). 

For Th differentiation studies (Report II, III), total RNA was isolated using RNeasy 
Mini Kit (Qiagen) according to the manufacturer’s instructions. DNase I (Qiagen) 
treatment was included in the RNA isolation procedure to eliminate genomic DNA 
from the samples. cDNA was prepared using either Superscript II Kit (Gibco BRL, 
Life Technologies, Paisley, Scotland) or Transcriptor First Strand cDNA Synthesis Kit 
(Roche Applied Science, Penzberg, Germany) and subsequently used as a template for 
gene expression analyses. qRT-PCR was performed using TaqMan ABI Prism 7700 
and 7900HT (Applied Biosystems, Foster City, CA, USA) as described elsewhere 
(Hamalainen et al. 2000, Lund et al. 2003). The housekeeping gene EF1α (Elongation 
factor 1 alpha) was used as a reference transcript (Hamalainen et al. 2001b). Primers 
and probes (Report II, Table 4; Report III, Table S9) (MedProbe, Oslo, Norway; 
Oligomer Oy, Helsinki, Finland or Roche Applied Science) used for the quantification 
of gene expression were designed using Primer Express (Applied Biosystems) and 
Universal ProbeLibrary Assay Design Center (Roche Applied Science) softwares. The 
quantitative value obtained from TaqMan real-time RT-PCR is a threshold cycle (Ct). 
The fold differences between different conditions can be calculated from the 
normalized Ct values (ΔCt = CtgeneX  - Cthousekeeping gene) with the formula: fold difference 
= 2|ΔCt1-ΔCt2)| (Hamalainen et al. 2001a, Lund et al. 2003). Quantitative ChIP-PCRs were 
performed using iCycler (BioRad) and iQ SYBR Green mix (BioRad). Change in 
threshold (ΔCt) values were calculated using the formula: ΔCt = (CtTarget - CtInput) and 
Δ(ΔCt) = (ΔCtTarget - ΔCtIgG). Fold differences in occupancy were calculated as follows: 
Fold difference = 2-Δ(ΔCt).  

 

4.5 Protein expression analysis 
4.5.1 Western blotting (I-III) 

Monocyte-derived macrophages and DCs (Report I) were harvested and samples 
treated as previously described (Veckman et al. 2004). For direct Western blot 
analyses, cells were lysed and 30 μg protein aliquots were separated on 10 % SDS-
PAGE (8 % for detection of FN) using Laemmli buffer system. Proteins separated on 
gels were transferred onto Immobilon-P membranes (Millipore, Bedford, MA, USA). 
Binding of primary and secondary antibodies was performed in PBS (pH 7.4) 
containing 5 % nonfat milk for 1 h at room temperature. Primary antibodies used in 
immunoblotting were anti-WNT5A (sc-23698), anti-FN (sc-9068) and anti-NFATc1 
(sc-7294; all from Santa Cruz Biotechnology, Santa Cruz, CA, USA). HRP-
conjugated, anti-guinea pig (P0141, Dako A/S, Glostrup, Denmark), anti-goat (P0449, 
Dako A/S) and anti-rabbit (P0448; Dako A/S) Igs were used as secondary antibodies. 
The protein bands were visualized on Hyper-Max film using the ECL system 
(Amersham Biosciences, Piscataway, NJ, USA). 

Expression of T-bet (TBX21), GATA3, SATB1, BCL6, TCF7, SOCS1 and ID3 was 
studied in the intact cord blood CD4+ T cells (Report II) and expression of STAT6, 
GATA3 and SATB1 in the nucleofected cord blood CD4+ cells (Report III) cultured in 
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Th0, Th1 or Th2 conditions. The cells were lysed in SDS buffer (62.5 mM Tris-HCl 
pH 6.8, 2 % SDS, 10 % glycerol, 50 mM DTT) and equal protein amounts of each 
whole cell lysate sample were loaded on 5-15 % SDS-PAGE gels after having added 
bromophenol blue (0.1 %). Proteins were transferred into either nitrocellulose 
membranes (Hybond™-ECL™, Amersham Biosciences) or polyvinylidene fluoride 
(PVDF) membranes (Immobilon-P, Millipore, Bedford, MA, USA). The membranes 
were blocked in 0.01 % TBS-T or 0.03 % PBS-T containing 5 % nonfat milk either 
overnight at +4 °C or 30 min at room temperature. For detection of the proteins, the 
membranes were incubated with the primary antibodies including mouse anti-BCL6 
(M7211, Dako A/S), mouse anti-TBX21 (sc-21749), mouse anti-GATA3 (sc-268), 
goat anti-SATB1 (sc-5989), goat anti-TCF7 (sc-8589), rabbit anti-SOCS1 (sc-9021), 
rabbit anti-ID3 (sc-490) or mouse anti-STAT6 (sc-981) (all from Santa Cruz 
Biotechnology) in 0.01 % TBS-T (or 0.03 % PBS-T) with 5 % milk for either 1 h at 
room temperature or overnight at +4°C. Subsequently, membrane was probed with 
HRP-conjugated anti-mouse (M15345, BD Transduction Laboratories or sc-2005, 
Santa Cruz Biotechnology Inc), anti-goat (705–035–003, Jackson ImmunoResearch 
Laboratories) or anti-rabbit (554021, BD Pharmingen) secondary antibody was 
performed at 1:10 000 dilution in 0.01 % TBS-T (or 0.03 % PBS-T) with 5% milk for 
30-60 min at room temperature. The bound antibodies were visualized with ECL 
reaction (Amersham Biosciences). 

 
4.5.2 Flow cytometry 

4.5.2.1 Cell surface proteins (I-III) 
The expression of DC and macrophage specific cell surface proteins was analyzed by 
flow cytometry (Report I). One-, 3- and 7-day cells were collected and washed with 
PBS and unspecific binding of antibodies was blocked by incubating cells in PBS 
containing 10 % FCS. Cells were stained with fluorescence label-conjugated anti-
CD1b (BD Biosciences), anti-CD14 (Dako A/S) or anti-DC-SIGN (specific ICAM-
grabbing nonintegrin; BD Biosciences) antibodies and their respective isotype control 
antibodies (Caltag Laboratories, San Francisco, CA, USA). The expression of cell 
surface proteins was analyzed with FACScan flow cytometer and CellQuest software 
(BD Biosciences). 

Cord blood CD4+ T cells cultured in Th0, Th1 or Th2 conditions for 0, 2, 6, 24 or 48 h 
were studied for IL-10R expression (Report II). After harvesting the cells were washed 
with PBS containing 2 % FCS and 0.01 % azide and subsequently stained with anti-
human IL-10R-PE (BD Pharmingen) for 15 min. The cells were washed with PBS 
containing 2 % FCS and 0.01 % azide and then with PBS containing 0.01 % azide. The 
IL-10R expression on the fixed cells (1% formalin in PBS) was studied with FACScan 
and CellQuest Software (BD Biosciences). 

The cells nucleofected with plasmids containing H-2Kk marker were stained with H-
2Kk-FITC (Miltenyi Biotec) antibody approximately 20 hours after nucleofection to 
measure the transfection efficiency (Report III). MACSelect Control-FITC (Miltenyi 
Biotec) antibody staining was used to assess the positivity of the purified cells after 
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enrichment of nucleofected cells. Samples were analyzed with FACScan and CellQuest 
Software (BD Biosciences). 

 

4.5.2.2 Intracellular cytokine staining (unpublished) 
After 7-8 days of polarization, the intracellular cytokine production (IFNγ and IL-4 
cytokines) of SATB1-siRNA or scramble control oligonucleotide nucleofected cells or 
non-nucleofected cells was measured. Cells were activated with PMA (5 ng/ml; 
Calbiochem) and ionomycin (500 mg/ml; Sigma-Aldrich) in the density of 1×106 
cells/ml for 5 h. Half of the cells were left as untreated control cells. Brefeldin A (10 
μg/ml; Alexis Biochemicals, Lausen, Switzerland) was added to all samples 2 h after 
activation. The cells were harvested and washed with ICS buffer (PBS containing 0.5 
% BSA and 0.01 % azide). Cells were fixed with 4 % paraformaldehyde for 15 min 
and permeabilized with 0.5 % saponin for 10 min after which they were stained with 
anti-IFNγ-FITC (Caltag Laboratories, Burlingame, CA, USA) and anti-IL-4-PE (BD 
Pharmingen) antibodies for 20 min. The cytokine expression profiles were measured 
with FACScan and CellQuest Software (BD Biosciences). 

 
4.5.3 Cytokine secretion assay (III) 

Secreted cytokines were measured from the culture supernatants of siRNA or 
scrambled control transfected cells using Luminex assay and multiplex bead kits from 
Bio-Rad Laboratories, Inc. (Hercules, CA). The assays were conducted in duplicate 
according to the manufacturer’s instructions. Measurements and data analysis were 
performed with the Bio-Plex system in combination with the Bio-Plex Manager 
software (Bio-Rad Laboratories). Fold induction was calculated by dividing the 
measurement of siRNA treated sample to corresponding scrambled control sample.  

 

4.6 DNA binding assays 
4.6.1 DNA affinity binding assay (I) 

Monocyte-derived macrophages and DCs (Report I) were harvested at 3 and 7 days 
and samples were treated as previously described (Veckman et al. 2004). Both strands 
of the DNA elements containing a NFAT/AP-1-binding site of the human IL-2 gene 
promoter (proximal -135 and distal -280 (Rooney et al. 1995, Serfling et al. 1995)) 
were synthesized with BamHI overhangs as spacers, with 5’-biotinylation of the upper 
strand oligonucleotide (DNA Technology). The oligonucleotides were annealed in 0.5 
M NaCl and kept with streptavidin-agarose beads (Neutravidin, Pierce, Rockford, IL, 
USA) at +4 °C for 2 h, in a ratio to yield maximum saturation of the beads with the 
biotinylated oligonucleotide. Samples were incubated with agarose beads, which were 
saturated with the oligonucleotide, at +4 °C for 2 h. After washing, the bound proteins 
were released in SDS sample buffer and equal aliquots were subjected to SDS-PAGE 
and Western blotting. 
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4.6.2 Electrophoretic mobility shift assay (III) 

For EMSA (electrophoretic mobility shift assay) reactions (Report III), recombinant 
proteins, GST:CD+HD (the Cut and homeo domains) containing the DNA binding 
domain of SATB1 (Purbey et al. 2008) and GST:GATA3, were expressed in DH5α 
strain of Escherichia coli and purified according to standard procedures. Nuclear 
extracts from Th1 or Th2 cells were prepared essentially as described (Kumar et al. 
2007). Briefly, newly harvested cells were washed with phosphate buffer and the pellet 
was frozen at -80 °C for 30 min. The cell pellet was thawed rapidly, 5 volumes of rapid 
extraction buffer (20 mM HEPES pH 7.9, 25% glycerol, 450 mM NaCl, 1.5 mM 
MgCl2, 0.2 mM EDTA, 0.5 mM DTT and 1 × protease inhibitor cocktail) were added 
and the cells were resuspended by pipetting. Cells were kept on ice for 10 min 
followed by three cycles of freeze/thawing. The lysate was centrifuged and the 
supernatant was collected. The protein content of the lysate was estimated using Bio-
Rad DC Protein Assay. Binding reactions were performed in a 10 μl total volume 
containing 10 mM HEPES pH 7.9, 1 mM DTT, 50 mM KCl, 2.5 mM MgCl2, 10 % 
glycerol, 0.5-1 μg of double-stranded poly (dI-dC), 10 μg BSA and the recombinant 
protein or nuclear lysate. Samples were incubated at room temperature for 5 min before 
adding 32P-labeled IL-5p probe. After 10 min incubation at room temperature, the 
reactions were loaded on 6 % native polyacrylamide gels to resolve the binding 
products. For antibody-mediated supershifts, reaction mixtures were supplemented 
with anti-SATB1 (Kumar et al. 2006) or normal rabbit IgG (Santa Cruz 
Biotechnology) 5 min after adding the probe. Incubation was continued for 10 min at 
room temperature followed by electrophoresis. The gels were dried under vacuum and 
exposed to X-ray film. The purified GST proteins were used for the EMSA with 
various probes to determine the dissociation constants (Kd), which is the concentration 
(Molar) of protein required to bind 50 % of the substrate DNA. 

 
4.6.3 Chromatin immunoprecipitation and ChIP-on-chip (III) 

Chromatin immunoprecipitations were performed as previously described (Kumar et 
al. 2005). Briefly, cord blood CD4+ T cells were crosslinked for 10 min at room 
temperature by adding formaldehyde to a final concentration of 1% directly to the 
culture medium. Cells were washed with wash buffer 1 (0.25 % Triton-X-100, 10 mM 
EDTA pH 8.0, 0.5 mM EGTA, 10 mM HEPES pH 7.5, 10 mM sodium butyrate and 1 
× protease inhibitor cocktail) and wash buffer 2 (0.2 M NaCl, 1 mM EDTA pH 8.0, 0.5 
mM EGTA, 10 mM HEPES pH 7.5, 10 mM sodium butyrate and 1 × protease inhibitor 
cocktail) followed by lysing the cells by resuspending the cell pellet in lysis buffer 
(150 mM NaCl, 25 mM Tris-HCl pH 7.5, 5 mM EDTA pH 8.0, 1 % Triton-X-100, 0.1 
% SDS, 0.5 % sodium deoxycholate, 10 mM sodium butyrate and 1 × protease 
inhibitor cocktail). After cell lysis, chromatin was sonicated such that genomic DNA 
was sheared into 300–1000 bp fragments using Bioruptor XL (Diagenode, Belgium). 
Sheared chromatin was immunoprecipitated with anti-SATB1 (Kumar et al. 2006), 
GATA3 or HDAC1 antibodies (Santa Cruz Biotechnology) or control normal rabbit 
IgG (Upstate Biotechnology) and processed further as described (Kumar et al. 2005). 
Part of the sheared chromatin was saved as Input/Whole Cell Extract (WCE) sample 
that was treated similarly excluding the immunoprecipitation step. DNA was PCR 
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amplified using primers IL5p-F1 and IL5p-R (Report III, Table S7). PCR products 
were resolved by agarose gel electrophoresis, stained with EtBr and visualized under 
UV light.  

For the ChIP-on-chip sample preparations, two hundred nanograms of WCE and anti-
SATB1 immunoprecipitated DNA pooled from several individuals were used as the 
starting material. The sample preparation was performed according to the instructions 
and recommendations provided by the manufacturer. The samples were processed and 
hybridized by Genotypic Technology Ltd (Bangalore, India) with Human genome 
promoter microarrays (Agilent Technologies Inc). The arrays were custom designed at 
Genotypic Technologies to contain over 244 000 probes covering -5.5kb upstream to 
+2.5kb downstream of approximately 15 000 known transcripts start site and known 
ENCODE regions. The text output file generated from the images using Agilent feature 
extraction software was used for the analysis. The normalization including Median 
Blanks substraction, Inter-array median normalization and Dye-bias median 
normalization was done using Agilent DNA Analytics software. Genes having the 
normalized log ratio >2 and enriched with at least 3 probes were considered as 
specifically enriched. Visualization was performed using Eisen’s Treeview (Eisen et al. 
1998). The SATB1 ChIP-on-chip data can be found at the NCBI Gene Expression 
Omnibus with accession number GSE17380. 

 
4.6.4 Matrix-loop partitioning assay (unpublished) 

Nuclear matrix and loop-associated fractions of genomic DNA were prepared as 
previously described (Kumar et al. 2007). Briefly, cord blood isolated CD4+ T cells 
were washed with phosphate buffer followed by sequential lysis with CSK-1 (100 mM 
NaCl, 300 mM sucrose, 3 mM MgCl2, 0.5% Triton X-100 and 1 × protease inhibitor 
cocktail) and CSK-2 buffers (10 mM EDTA pH 8.0, 2 M NaCl, 1 mM DTT and 1 × 
protease inhibitor cocktail). Genomic DNA was digested with restriction enzymes 
(EcoRI, EcoRV, BamHI, BglII, and NotI or SalI) for 16 h, at 37 °C. Isolated fractions 
of matrix and loop-associated DNAs were prepared by separating digested loop DNA 
from undigested material (nuclear matrix and MARs) by centrifugation. The restriction 
enzymes were heat inactivated at 85 °C for 10 min. Proteinase K digestion followed by 
phenol–chloroform extraction and ethanol precipitation was used to purify DNA from 
both fractions, which were subsequently used as templates for qRT-PCR amplification 
with different sets of primers designed for IL-2 and IL-5 promoters using Universal 
ProbeLibrary Assay Design Center (Roche Applied Science, Germany) software. 
Primer and probe sequences used in analysis were as follows: IL-5p proximal-fwd: 5’-
tgagacctcaatgggaaagg-3’, IL-5p-proximal-rev: 5’-gatggcttcagtgactcttcct-3’, IL-5p 
proximal-probe: Universal Probe Library #58, IL-5p distal-fwd: 5’-
aaaggcaaacgcagaacg-3’, IL-5p distal-rev: 5’-cagctccaagagctagcaaac-3’, IL-5p distal-
probe: Universal Probe Library #21, IL-2p-fwd: 5’-ggtttaaagaaattccaaagagtca-3’, IL-
2p-rev: 5’-ttcaaagactttacctgtctgaaaaa-3’ and IL-2p-probe: Universal Probe Library #35. 
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4.7 Statistical methods 
4.7.1 Statistical analysis (III, unpublished)  

The statistical significance between means in the quantification of mRNA and secreted 
cytokines was calculated with paired two-tailed Student’s t test. p < 0.05 was 
considered statistically significant. 

4.7.2 Linear modeling (III)  

The association between the SBSs and the luciferase activity was investigated in terms 
of a multivariable linear model, assuming that the SBSs have an additive effect on the 
activity. More specifically, we considered the linear regression model 

εββ ++= ∑ =

4

10 j jj xy , where y is the relative activity of a reporter construct, jx  is 

the binary indicator for the presence of the individual SBS j in the construct, and ε  is 
an error term. The model was fitted with the least squares method using the function lm 
in the statistical software R. For each coefficient 4,...,0, =jjβ , the null hypothesis 

0,0 =jH β  was tested under the assumption of normally distributed errors. 
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5 RESULTS AND DISCUSSION 

5.1 Identification of genes involved in cytokine-driven macrophage and DC 
differentiation (I) 
5.1.1 Differentially regulated genes in macrophages and DCs 

Affymetrix HG-U133A oligonucleotide arrays were used to obtain genome-wide view 
of the early and late stages of the differentiation of macrophages and DCs from human 
monocytes. Previously, the differences in gene expression profiles of these cells have 
been studied mainly using various infection models in mouse and human (Granucci et 
al. 2001, Ahn et al. 2002, Richards et al. 2002, Chaussabel et al. 2003, Grolleau et al. 
2003, Hacker et al. 2003, Wells et al. 2003, Jenner & Young 2005, Martinez et al. 
2006). These studies have shown macrophages and DCs to respond in cell type-
specific manner to different pathogens or their components, reflecting their roles as 
primary instigators of immune responses and effectors in local infections and 
inflammation. However, our study provided the first direct comparison of 
transcriptomes of differentiating human macrophages and DCs on whole genome level. 
In humans, peripheral blood monocytes treated with GM-CSF or GM-CSF+IL-4 
generate macrophages and DCs in vitro, respectively. We studied the differentiation of 
macrophages and DCs at two stages: the early stage samples revealed immediate 
response genes which were regulated by differentiating cytokines after 3, 6 or 24 hours 
of treatment whereas the late stage samples displayed stable cell-type specific genes 
which showed differential expression after 3 or 7 days of treatment with cytokines. 
Interestingly, a large number of genes was up- or downregulated only after 3 hours of 
differentiation in both cell types, indicating that monocytes responded rapidly and 
robustly to differentiation-driving cytokines. In macrophages 526 and 972 genes were 
upregulated and 380 and 453 genes were downregulated at the 3+6h and 6+24h time 
points, respectively (Report I, Table 1). In DCs the number of regulated genes was 
even higher as 529 and 1051 genes were upregulated and 489 and 441 genes were 
downregulated at these time points, respectively. Comparison of the expression profiles 
of genes which were constantly regulated in all three time points between macrophages 
and DCs showed that 17 genes, including FGFR1, TKTL1 and ADFP, were expressed 
at a higher level in cells differentiating to macrophages whereas 22 genes, including 
FN1, WNT5A, MAOA, TGM2, KIAA0992, CTNS and CCL22, were expressed at a 
higher level in cells differentiating to DCs (Report I, Table 1 and Figure 1). 
Intriguingly, the monocyte/macrophage marker CD14 was downregulated both in GM-
CSF- and GM-CSF+IL-4-stimulated cells as compared with untreated monocytes 
(Report I, Figure 1). 

Even though hundreds of genes responded to the differentiation promoting cytokines in 
monocytes, cell-type specific gene expression patterns of macrophages and DCs only 
started to emerge during the first day of differentiation. The complete differentiation of 
macrophages and DCs in vitro takes roughly 6-7 days and therefore we also carried out 
gene expression profiling of these cells after 3 and 7 days of differentiation. In contrast 
to the experiment described above exploring the short kinetics of macrophage and DC 
differentiation, we observed differential expression of fewer genes at 3 and 7 days but 
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the cell-type specific differences were evident and the gene expression patterns stable 
(Report I, Figure 2). Altogether, 342 and 354 genes were upregulated and 194 and 236 
genes were downregulated both at 3 and 7 day-time points in macrophages and DCs, 
respectively (Report I, Figure 2). The majority of these genes was regulated similarly 
in both of these cell types, which is not surprising as GM-CSF is involved in the 
differentiation process of macrophages as well as DCs. In total, 76 genes were 
expressed at a higher level in macrophages whilst 120 genes were more expressed in 
DCs (Report I, Figure 2). These differentially regulated genes included several known 
cell-surface molecules, such as CD14, FcγR1A and CD163 in macrophages and CD1a, 
CD1e, FcεR1A/R2, CD1c, CD1b, LY75 (DEC-205) and CD209 (DC-SIGN) in DCs 
(Report I, Figure 3). Moreover, the genes of HLA Class II were also expressed more in 
DCs than in macrophages, reflecting the high antigen-presenting capacity of DCs. 
Similarly, a DC-specific expression was exhibited by TNFRSF11A (receptor activator 
of NF-κB) that encodes for an important costimulatory molecule regulating DC-T cell 
interactions. Furthermore, differentially expressed receptors for cytokines and other 
ligands included CSF3R in macrophages and FZD2, IL21R, and IL10RA in DCs 
(Report I, Figure 3). Cell-type specific expression profile was detected also for several 
cytokines, chemokines and extracellular ligands: GDF15/MIC-1 was upregulated 
almost exclusively in macrophages whereas WNT5A, CCL17, CCL22 and TGFA were 
greatly induced during DC differentiation. Most importantly, genes involved in 
transcription, such as BHLHB3, MCM2, MCM6 and NR1H3 in macrophages and IRF4, 
R4A3, NFIL3, SMAD1, EHF and ETV5 in DCs, also showed preferential expression 
pattern in these cell types (Report I, Figure 3). 

The proportion of differentially expressed transcriptional regulators was relatively high 
as 13 % of the cell type specific genes encoded members of various transcription factor 
families, like Ets, leucine zipper, forkhead and bHLH families. However, this is in 
agreement with the fact that differentiation of hematopoietic cells, including that of 
macrophages and DCs, is known to be regulated by transcription factors directing the 
sequential expression of more cell type specific genes (Valledor et al. 1998, 
Nagamura-Inoue et al. 2001). Furthermore, some of the differentially expressed 
transcription factors identified in our study have previously shown to be linked to 
macrophage or DC differentiation and function. IRF4 is specifically induced during 
DC differentiation in humans (Lehtonen et al. 2005) and IRF4 knockout mice show 
impaired DC differentiation and functional deficiencies (Suzuki et al. 2004, Honma et 
al. 2005, Tamura et al. 2005), possibly due to the importance of IRF4 in TLR 
signaling. C/EBPβ was expressed less in DCs than in macrophages, which is in 
concordance with its well-established role in macrophage biology. Surprisingly, MafB, 
which is considered as a macrophage-specific transcription factor, exhibited higher 
expression in DCs (Report I, Figure 3). It has been suggested that MafB and PU.1 
reciprocally regulate macrophage and DC differentiation, respectively (Bakri et al. 
2005). However, PU.1 expression does not vary significantly between macrophages 
and DCs (Lehtonen et al. 2005) that would be needed to inhibit MafB expression and 
activity, suggesting that other mechanisms, apart from the mere expression of these 
transcription factors, may be involved. In addition, the function of some of the 
differentially regulated transcription factors is established in other hematopoietic 
lineages, including BCL6 and ABF-1 in B cells (Massari et al. 1998, Niu 2002) and 
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SOX-4 in T cells (Schilham & Clevers 1998), but there are no previous reports of their 
role in macrophages or DCs. This suggests that depending on the cell type and other 
proteins available many transcription factors may have broader functions than 
anticipated previously. 

Several transcription factors identified in this study have been reported to function as 
repressors of gene expression, indicating that in parallel with positive regulation of cell 
type specific factors, fine-tuning of gene expression during terminal differentiation and 
selective downregulation of factors of other lineages play important roles. Cytokines 
IL-4 and GM-CSF activate Jak-STAT signaling pathway that is negatively regulated 
by specific cytoplasmic tyrosine phosphatases of the SOCS family. In our study, 
expression of SOCS-1 was detected almost exclusively in DCs but not in macrophages. 
In mouse, the SOCS-1 expression in DCs has been reported to be regulated by IL-4 
(Jackson et al. 2004) and SOCS-1-deficient DCs are hyperactivated in response to 
cytokines and show enhanced antigen presentation (Hanada et al. 2003, Shen et al. 
2004). Furthermore, SOCS-1 knockout mice develop systemic autoimmune diseases 
(Hanada et al. 2003). 

To get a better insight of our oligonucleotide array results, we processed the data with 
Ingenuity Pathway Analysis software, which can be used to build networks and detect 
pathways from a set of regulated genes. Macrophage and DC specific genes from 24h 
and 7d timepoints were analyzed for the presence of genes belonging to canonical 
signaling pathways (Report I, Figure 4). Genes linked to antigen presentation, NF-κB 
signaling and IL-4 signaling were specifically regulated in DCs whereas genes related 
to death receptor signaling pathway were regulated in macrophages and not in DCs. 
Furthermore, genes involved in chemokine, p38 MAPK and VEGF signaling showed 
regulation in both cell types especially at 24h timepoint, and IL-6 signaling and 
apoptosis related genes exhibited regulation after 7 days of differentiation. Thus, 
differentiation of macrophages and DCs results in the acquisition of cell type specific 
signaling capacities reflected by the transcriptomes of these cells. 

 
5.1.2 Validation of the oligonucleotide array results by flow cytometry and qRT-
PCR 

To confirm the phenotype of the differentiated cells and the gene expression profiles 
detected with oligonucleotide arrays, a panel of genes was analyzed using flow 
cytometry and qRT-PCR. The expression of the cell lineage specific marker molecules 
CD14, CD1b and DC-SIGN was studied by staining nonfixed monocytes and 3- and 7-
day macrophages and DCs with specific antibodies and detecting the cell surface 
expression by flow cytometry (Report I, Figure 5A). CD14 expression was high in 
monocytes and 3- and 7-day macrophages while 3-day DCs showed weak and 7-day 
DCs negligible CD14 expression. CD1b was expressed in all cell types but 3- and 7-
day DCs displayed higher expression levels. Similarly, DC specific induction was also 
observed for DC-SIGN that was absent in monocytes and 7-day macrophages. 
Moreover, qRT-PCR analysis confirmed the preferential expression of FcγR1A, C3 and 
TCF7L2 in macrophages and DC specific expression of WNT5A, FZD2, SOCS-1, 
TGFA and FcεR1A (Report I, Figure 5B). These data show that the gene expression 
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patterns detected with microarray were in full concordance with the qRT-PCR results 
and the protein level expression of CD14, CD1b and DC-SIGN. 

 
5.1.3 WNT5A, FN and FZD2 in DCs  

As described above, WNT5A was found to be greatly induced in DCs differentiated 
from monocytes. Besides monocyte-derived DCs, in humans there are at least two 
other DC subtypes, namely plasmacytoid (pDCs) and myeloid (mDCs) dendritic cells, 
which are found in blood in a differentiated but immature form (Ito et al. 2005). We 
studied the basal expression and the effects of DC-differentiation driving cytokines 
GM-CSF and IL-4 on the expression of WNT5A in pDCs and mDCs. Freshly isolated 
pDCs and mDCs were stimulated with GM-CSF or IL-4 or with their combination for 
4 hours and the WNT5A mRNA expression was analyzed by qRT-PCR. Part of the 
cells was left unstimulated. WNT5A expression was low in unstimulated pDCs whereas 
it was readily detectable in unstimulated mDCs and 7-day-differentiated, monocyte-
derived DCs obtained from the same blood donors (Report I, Figure 6). IL-4 
stimulation induced a four-fold increase in WNT5A expression in pDCs and mDCs, 
resulting in greatly higher expression levels than in monocyte-derived DCs, indicating 
that WNT5A is a target of IL-4/STAT6 signaling. The cell type specific expression 
pattern of WNT5A in DC subtypes suggests that WNT proteins in general and WNT5A 
in particular may play an important role in DC development and function. WNT5A has 
been shown to inhibit macrophage colony formation and the differentiation of 
monocytes to macrophages (Brandon et al. 2000). Mice infected with Mycobacterium 
tuberculosis develop a transient protective Th1 response (Orme 1987, Orme et al. 
1993, Rhodes & Graham 2002) and recently it has been shown that WNT5A 
expression is induced via TLR2 in Mycobacterium tuberculosis-infected human 
macrophages and other professional antigen-presenting cells (Blumenthal et al. 2006). 
This enhanced WNT5A expression was shown to be required for IL-12 production in 
macrophages, which subsequently induces Th1 differentiation, and IFN-γ production in 
T cells, which plays an essential role in resistance to this infection (Flynn et al. 1993). 
WNT5A is an important mediator in the control of T helper cell differentiation during 
Mycobacterium tuberculosis infection and furthermore, this protein provides the first 
implication of the involvement of WNT signaling in bridging innate and adaptive 
immunity to infections (George 2008). 

Similarly to WNT5A, also fibronectin (FN) was found to be preferentially expressed in 
monocyte-derived DCs. FN is an important component of extracellular matrix (ECM) 
whilst WNT proteins are known to associate with proteins of the ECM. We studied the 
expression of FN and WNT5A on protein level using western blotting and observed 
that both of these proteins were expressed in monocytes (Report I, Figure 7). FN 
expression was greatly upregulated during DC differentiation whereas macrophages 
were completely devoid of FN. WNT5A expression was induced in 3-day-
differentiated macrophages and DCs. However, at 7-day-timepoint, WNT5A was 
barely detectable in macrophages but in DCs the expression was maintained at a higher 
level. Even though the expression of ECM linked proteins WNT5A and FN was high 
in 7-day DCs, attempts to detect a direct association of these proteins by 
coimmunoprecipitation were not successful. Furthermore, FN has been shown to be 
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expressed by IL-4 activated macrophages (Gratchev et al. 2001), suggesting that 
macrophages may induce FN in inflammatory conditions. 

In the canonical WNT signaling pathway, WNT5A binds to FZD4 or FZD5 and 
stabilizes β-catenin to induce the expression of TCF/LEF-regulated target genes 
(Clevers 2006, Staal et al. 2008) whereas in the non-canonical WNT signaling 
WNT5A can use the FZD2 receptor which activates the intracellular Ca2+ pathway 
(Slusarski et al. 1997, Kuhl et al. 2000). As shown above, FZD2 expression exhibited a 
similar DC-specificity than WNT5A, and thus, a functional ligand-receptor pair is 
expressed during DC differentiation and may exert a direct functional activity in an 
autocrine or paracrine manner. Intracellular Ca2+ influx results in the activation and 
DNA binding of NFAT and therefore, we studied whether the basal activation of 
NFAT was different in 7-day-differentiated macrophages and DCs. We carried out 
oligonucleotide-binding experiments using proximal (-135) and distal (-280) NFAT-
binding sites of the human IL-2 gene promoter (Rooney et al. 1995, Serfling et al. 
1995). The constitutive binding of NFATc1 to the IL-2 promoter NFAT sites was high 
in DC extracts, and the corresponding binding of NFATc1 in macrophage cell extracts 
was clearly weaker (Report I, Figure 8A). To study whether the constitutively high 
NFAT DNA-binding activity in DCs was mediated by G protein-coupled receptors, 
such as FZD2, we used pertussis toxin (PT) to block the activity of such receptors. PT 
treatment reduced the basal NFAT DNA-binding activity in DCs but not in 
macrophages (Report I, Figure 8B), suggesting that FZD2, which is a PT-sensitive 
receptor, may be involved in constitutive NFAT activation in human monocyte-derived 
DCs. Similarly, CsA treatment also reduced the constitutive NFAT-binding activity in 
DCs but not in macrophages, suggesting that the calcineurin-dependent signaling is 
involved in NFAT activation in monocyte-derived DCs. Hence, constitutive activation 
of the NFAT was observed specifically in DCs and this may be induced by an 
autocrine/paracrine loop of WNT5A/FZD2 signaling. Interestingly, Streptococcus 
pyogenes-stimulated monocyte-derived DCs are capable of producing IL-2 (Veckman 
et al. 2004), a cytokine considered as T cell-specific whereas NFAT activity is required 
for the expression of IL-2. Thus, the constitutively active WNT signaling pathway 
could provide sufficient NFAT activity for IL-2 production in microbe-stimulated DC. 

In conclusion, we observed that cytokine induced differentiation of human monocytes 
to macrophages or DCs is associated with a number of changes in their gene 
expression. We found that over 200 genes were differentially expressed in monocyte- 
derived macrophages and DCs. Many of these genes encode for cell surface molecules 
and receptors regulating DC or macrophage interactions with other cells, microbes or 
their components, as well as soluble mediators such as cytokines and 
immunoglobulins. Furthermore, an essential group of differentially expressed genes 
was transcription factors which may regulate crucial cell type-specific gene expression 
patterns in macrophages and DCs. Our global gene expression profiling of human 
monocyte-derived macrophages and DCs forms a solid basis for further functional 
analyses, which ultimately will give us a complete picture of the molecular 
determinants regulating the functional differences of these important cell types and 
provide practical tools for modulating macrophage activity in chronic inflammatory 
conditions and in vitro production of DC for immunotherapeutic purposes. 
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5.2 Early target genes of IL-12 and IL-4 during T helper cell polarization 
(II) 
5.2.1 Differentially expressed genes during the early polarization of Th1 and Th2 
cells 

Large scale gene expression analysis was performed using Affymetrix U95Av2 arrays 
to identify the early targets of IL-12 and IL-4 during Th cell differentiation. Previously, 
similar transcriptome profiling has been utilized to discover genes involved in the 
differentiation process of human Th cells after 2 days or later (Rogge et al. 2000, 
Hamalainen et al. 2001a, Lund et al. 2003). However, the initiation of the polarization 
process has remained poorly characterized even though defining the upstream factors 
involved in the very earliest phase of Th cell differentiation is essential for 
understanding the molecular mechanisms leading to the commitment of Th1 and Th2 
subsets. We compared the gene expression profiles of cells induced to polarize to Th1 
and Th2 directions after 2 and 6 h of differentiation. Totally, 63 genes were 
differentially expressed by Th1 and Th2 polarizing cells. To identify genes regulated 
by IL-12 or IL-4, the expression profiles of Th1 or Th2 polarizing cells were compared 
to the profiles of the cells cultured without any polarizing cytokines (Th0 cells). This 
comparison demonstrated that the effects of IL-4 induced gene regulation emerged 
earlier than those of IL-12 signaling. In addition, at 2 h timepoint most of the IL-4 
regulated genes were induced whereas at 6 h timepoint several genes were repressed by 
IL-4. The delay in IL-12 signaling is in concordance with the previous reports showing 
that IL-12R is not expressed by the naïve Thp cells but is induced in response to TCR 
activation (Rogge et al. 1997, Szabo et al. 1997, Rogge et al. 1999, Hibbert et al. 
2003). The only IL-12 regulated genes were IFNG (1.87-fold) and the interferon 
regulated GBP1 (1.62-fold) at the 6-h time point, indicating that minute amounts of IL-
12R is, however, present in the Thp cells. Our previous study with cells cultured in Th1 
or Th2 conditions for 2 days demonstrated that the effects of IL-12 are clearly seen 
after 2 days of differentiation (Lund et al. 2003). These observations are further 
supported by the results of our study on mouse Th1 cell differentiation showing that 
IFNG is the earliest gene regulated in an IL-12- and STAT4-dependent manner 
whereas other genes are regulated by STAT4 predominantly after 48 h of Th1 
polarization (Lund et al. 2004). Interestingly, 26 genes of the 63 genes differentially 
expressed in Th1 and Th2 conditions were constantly regulated by IL-4 or/and 
exhibited Th1 vs. Th2 difference both at 2 and 6-h timepoints (Report II, Table 1). In 
addition, a subset of genes was differentially regulated in Th1 and Th2 conditions after 
either 2 h (17 genes) or 6 h (20 genes) of polarization (Report II, Table 2). 
Furthermore, the newly identified genes showing differential regulation in Th1 and 
Th2 culture conditions were grouped into the functional categories based on Gene 
Ontology annotations (Ashburner et al. 2000) to demonstrate their putative functional 
roles in T helper cell differentiation. The dominating functional groups consisted of 
transcription factors, cell adhesion molecules and receptors and enzymes and other 
intracellular signaling molecules (Report II, Tables 1, 2), indicating that the majority of 
the genes regulated during the early stage of Th1 and Th2 cell differentiation code for 
factors involved in signaling events from the cell surface to nucleus. Most of the genes 
in these groups were induced by IL-4 already after 2 hours of differentiation. 
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Nevertheless, a large number of the genes coding for extracellular molecules and 
ligands were regulated only after 6 hours of polarization. Interestingly, several 
members of the group of enzymes and other intracellular signaling molecules 
participate in RAS and MAPK signaling. Such genes included NFIL3 (Report II, Table 
1A); DUSP6 and MAP3K14/NIK (Report II, Table 1C); RASGRP1, RASA2, SOS1 and 
PPM1A/ PP2Calpha, (Report II, Table 2C); LRRN3 (Report II, Table 2F) and 
previously identified ERK3 (Corbalan-Garcia et al. 1996, Li et al. 1996, Malinin et al. 
1997, Camps et al. 1998, Ebinu et al. 1998, Hanada et al. 1998, Kawasaki et al. 1998, 
Takekawa et al. 1998, Kuribara et al. 1999, Fukamachi et al. 2002). This is consistent 
with the earlier reports that RAS/MAPK pathway favors Th2 polarization by 
enhancing the IL-4R signaling (Yamashita et al. 1999). 

As described above, only a few genes were differentially regulated across the studied 
time scale. Among the genes displaying constant changes throughout the early 
polarization were the well-known mediators of Th1 and Th2 differentiation, including 
GATA3, MAF (Report II, Tables 1, 2A) and IFNG (Glimcher & Murphy 2000). In 
addition, several novel genes with similar kinetics were differentially regulated by IL-4 
and/or IL-12. Such genes included the transcriptional regulators NFIL3, SATB1, 
STK17B and BCL6 (Report II, Tables 1A, 2A); cell adhesion molecules and receptors 
IL-10RA, CXCR4 and EDG1 (Report II, Table 1B); enzymes and intracellular signaling 
molecules DUSP6, SPINT2, SOCS1, EBI2, GNAI1 and GBP1 (Report II, Tables 1C, 
2C); transporters ABCD3 and SLC39A8 (Report II, Table 1D); chemokine CCL20 
(Report II, Table 2D) and other genes with miscellaneous functions XCL1, LRRN3, 
NKG7 and HPCAL1 (Report II, Tables 1E, 2G). As differential regulation of these 
genes was maintained throughout the early polarization of human Th1 and Th2 cells 
(Rogge et al. 2000, Nagai et al. 2001, Lund et al. 2003, Lund et al. 2003), these genes 
are likely to play an essential role in the regulation of Th cell differentiation. 

 
5.2.2 Confirming the gene expression profiles by TaqMan and western blotting  

To validate the gene expression profiles detected with oligonucleotide arrays, a subset 
of genes was analyzed using TaqMan (qRT-PCR) and western blotting. The expression 
kinetics of CHST10, NKG7, TCF7 and ID3 was analyzed on mRNA level during the 
first week of Th1 and Th2 differentiation (Report II, Figure 1). NKG7 and CSTH10 
were induced by IL-4 and preferentially expressed in the cells polarizing to Th2 
direction during the early stage of differentiation as observed with oligonucleotide 
arrays (Report II, Tables 2B, 2F and Figure 1). However, after 2 days NKG7 was also 
induced by IL-12 (4-fold, p=0.017) and became preferentially expressed by the 
polarizing Th1 cells (at 7 days), as described previously (Nagai et al. 2001) whereas 
CHST10 maintained Th2 specific during the first week of differentiation. Similarly, 
oligonucleotide array results for ID3 and TCF7 were confirmed, as both these genes 
were downregulated by IL-4 and preferentially expressed in the Th1 conditions at 6 h 
(Report II, Tables 1A, 2A and Figure 1). Thus, the TaqMan results were in 
concordance with the oligonucleotide array results. 

As shown above, oligonucleotide array and TaqMan results clearly demonstrated that 
ID3, SATB1, TCF7, BCL6 and SOCS1 were differentially regulated already at the 
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initiation of Th1 and Th2 differentiation. Interestingly, similar expression kinetics has 
been previously shown for the known key regulators of Th1 and Th2 differentiation, 
TBX21 and GATA3, respectively, in mouse (Zhang et al. 1997, Szabo et al. 2000) and 
human (Ylikoski et al. 2005). To validate the expression pattern of these factors on 
protein level, western blot analysis was carried out using cells cultured in Th1 or Th2 
conditions for 0, 2, 6, 24 and 48 h. TBX21 and GATA3 were used as control proteins 
to monitor the differentiation of the cells, and as expected, TBX21 was preferentially 
expressed in Th1 and GATA3 in Th2 polarized cells (Report II, Figure 2). The 
expression of BCL6 was barely detectable in Thp cells on protein level (Report II, 
Figure 2). As anticipated based on the results on mRNA level, BCL6 showed Th1-
specific expression after 6 h and the difference was maintained at least until 48 h. A 
low level of BCL6 expression was observed also in the cells cultured in Th2 
conditions. The importance of BCL6 in suppression of Th2 differentiation has been 
previously demonstrated with BCL6 knockout mice that display lethal Th2 
hyperresponse (Dent et al. 1997, Ye et al. 1997). BCL6 is suggested to promote Th1 
differentiation by inhibiting expression of GATA3 protein and IL-5 gene (Arima et al. 
2002, Kusam et al. 2003). In contrast to BCL6, SATB1 was already expressed in the 
Thp cells and its expression was enhanced at 6 h in Th2 conditions reflecting the 
oligonucleotide array results (Report II, Figure 2). SATB1 was also expressed by Th1 
polarizing cells but the preferential expression was seen, however, in Th2 conditions at 
24 and 48 h. Similarly to SATB1, also TCF7 was already expressed in the naïve Thp 
cells. Interestingly, at the 24-h time point the Th1/Th2 difference in the expression of 
TCF7 vanished temporarily (Report II, Figure 2), in agreement with the changes 
observed in the expression profile on mRNA level (Report II, Figure 1). After 48 h of 
culturing in Th2 conditions, TCF7 was downregulated by IL-4 and exhibited 
preferential expression in Th1 polarizing cells, which is in accordance with the 
oligonucleotide array and TaqMan results. Intriguingly, the role of SATB1 and TCF7 
in the regulation of Th cell differentiation has not yet been fully determined, although 
they have functional characteristics similar to GATA3. All these three proteins play 
important roles in early thymocyte development (Ting et al. 1996, Alvarez et al. 2000). 
SATB1 regulates gene expression over long distances and, as GATA3, is involved in 
chromatin remodeling (Farrar et al. 2002, Yasui et al. 2002, Cai et al. 2003). 
Furthermore, SATB1 and GATA3 have been suggested to mutually control the 
transcription of the CD8B gene (Kieffer et al. 2002). Hence, it would be interesting to 
determine whether these factors together regulate the expression of genes involved in 
Th cell differentiation. TCF7 is localized in the Th2 cytokine cluster in chromosomal 
region 5q31 in human and, similarly to GATA3, it can bind to the enhancer element of 
the TCRα gene (Kuo & Leiden 1999). Most importantly, both SATB1 and TCF7 have 
been associated with the diseases or phenotypes mediated by Th1 or Th2 responses. 
SATB1 was demonstrated to be preferentially expressed on both mRNA and protein 
level in the peripheral blood T cells of patients with atopic dermatitis (Matsumoto et al. 
2002) whereas a recent study reported a polymorphism in the TCF7 gene to be 
associated with type-1 diabetes, which is a disease with dominating Th1 phenotype 
(Noble et al. 2003). As the transcription factors GATA3, SATB1 and TCF7 have 
similarly important roles in the regulation of thymocyte maturation, it is possible that 
they also regulate later differentiation of Th cells. Contrary to the results on mRNA 
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level, the SOCS1 protein did not show any preferential expression in Th1 or Th2 cells 
during their early polarization (Report II, Figure 2). In addition, we were not 
successful in detecting the ID3 protein in Th cells. Based on these observations, we 
concluded that the transcriptional regulators BCL6, TCF7 and SATB1 are 
differentially regulated during the early Th1 and Th2 cell polarization both on mRNA 
and protein level. 

 
5.2.3 Effects of immunosuppressive cytokines TGFβ and IL-10 on human Th 
differentiation  

TGFβ is an immunosuppressive mediator that is able to inhibit the differentiation of 
Th1 and Th2 cells (Gorelik & Flavell 2002). Previously, we demonstrated that after 48 
h of polarization, TGFβ antagonizes effects of IL-12 or IL-4 on certain genes including 
NFIL3 and SATB1 (Lund et al. 2003). To study the effects of TGFβ on the initiation 
of Th1 and Th2 polarization, we compared the gene expression profiles of cells 
induced to polarize to Th1 or Th2 directions in presence and absence of TGFβ after 2 
and 6 h of polarization. Totally, 20 genes were regulated by TGFβ in Th1 and/or Th2 
conditions (Report II, Table 3). However, the effects of TGFβ on the genes regulated 
by IL-4 were modest, as only five of the TGFβ regulated genes, including ID3, 
LAMA3, CCL20, DDIT4 and C19orf6, were also clearly regulated by IL-4 (over 2-fold 
change). Genes CCL20, ID3 and LAMA3 were repressed by IL-4 in the absence of 
TGFβ while their expression, especially that of CCL20, was induced in the presence of 
TGFβ in both Th1 and Th2 conditions. The positive regulation of ID3 and LAMA3 by 
TGFβ has been previously described in fibroblasts and epidermal keratinocytes, 
respectively (Korang et al. 1995, Chambers et al. 2003). The chemokine CCL20 is a 
ligand for CCR6 and is involved in enhancing chemotaxis of T helper cells. Its 
production by rheumatoid arthritis-derived activated synoviocytes has been shown to 
be inhibited by Th2 cytokines IL-4 and IL-13 (Chabaud et al. 2001, Ambrosini et al. 
2003, Veckman et al. 2004). Moreover, preferential expression of CCL20 by Th1 cells, 
which are activated and polarized for 12–14 days, has also been previously reported 
(Nagai et al. 2001). The DDIT4 gene, which also was repressed by IL-4, showed 
similar induction than CCL20, however, only in cells cultured in Th1 conditions. The 
C19orf6 gene was upregulated by IL-4 and this induction was strongly antagonized by 
TGFβ. This gene codes for membralin protein that is highly expressed in central 
nervous system (Andersson & vol Euler 2002). However, the function of the C19orf6 
protein is poorly characterized. In conclusion, although TGFβ regulated several genes 
during the initiation of both Th1 and Th2 differentiation processes, few genes were 
clearly also regulated by IL-4. Opposite regulation of the genes ID3, LAMA3, CCL20, 
DDIT4 and C19orf6 by IL-4 and TGFβ may play a role in the TGFβ mediated 
suppression of Th1 and Th2 differentiation. 

Besides TGFβ, the cytokine IL-10 is involved in the suppression of Th1 or Th2 
differentiation. IL-10 is produced by a subset of immunosuppressive CD4+ T cells, 
Treg cells, which have been shown to inhibit the function of Th cells (Levings et al. 
2002). Interestingly, the receptor for IL-10 (IL-10RA) was induced by IL-4 on mRNA 
level after both 2 and 6 h (Report II, Table 1B). IL-10R has previously been reported to 
be preferentially expressed in Th2 conditions also after 2 and 3 days of polarization 
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(Rogge et al. 2000, Lund et al. 2003). The expression of IL-10R in cells cultured in 
Th1 or Th2 conditions or without any polarizing cytokines for 0, 2, 6, 24 and 48 h was 
studied on protein level using flow cytometry. Surprisingly, 40-60% of the naïve Thp 
cells expressed the receptor (Report I, Figure 3). The expression was further increased 
in response to CD3+CD28 activation alone and after 24 h of activation nearly all of the 
cells (73–95%) expressed the IL-10R. Even though the expression of IL-10R was 
preferentially induced by Th2 conditions on mRNA level, on protein level there was no 
apparent reproducible difference between the cells polarized to Th1 and Th2 directions. 
Thus, our study demonstrated that the expression of the IL-10R protein is highly and 
rapidly induced by TCR activation alone and is expressed at similar levels by the 
differentiating Th1 and Th2 cells, indicating the responsiveness of all these cell types 
(Th0, Th1, Th2) to IL-10 cytokine. 

To examine whether the IL-10 signaling was functional in these developing Th1 and 
Th2 subtypes, we studied the effects of IL-10 on the expression of GATA3 and TBX21. 
In addition, we analyzed the expression of SATB1 and DUSP6, two genes differentially 
regulated by Th1- and Th2-inducing cytokines, in response to IL-10. Concordant with 
our previous studies on human cells, three out of five individuals showed increased 
expression (3.2-fold, p=0.05) of TBX21 at 6 h in the cells polarizing to Th1 direction 
compared to the cells in Th2 conditions (Report II, Figure 4) (Ylikoski et al. 2005). 
Interestingly, TBX21 expression was reduced in the presence of IL-10 in all of these 
individuals. At 48 h, TBX21 was preferentially expressed (14.9-fold, p=0.005) in the 
cells polarizing to the Th1 direction in each of the five individuals studied whereas IL-
10 decreased the TBX21 expression (2.0-fold, p=0.05) in four of five individuals. The 
IL-10 caused suppression in TBX21 expression is consistent with previous reports 
describing inhibition of IFN-γ production and STAT1 signaling by IL-10 (Ito et al. 
1999, Conti et al. 2003). Similarly in agreement with our previous observations in 
human cells, GATA3 was preferentially expressed (-14.3-fold, p=0.01) at 6 h in the Th2 
polarizing cells when compared to the cells cultured in Th1 conditions (Report II, 
Figure 4) (Ylikoski et al. 2005). Differences in GATA3 expression between Th1 and 
Th2 polarizing cells were measured at 24 h (-17.9-fold, p=0.0005) and 48 h (-9.8-fold, 
p=0.05). A suppressive effect of IL-10 on GATA3 expression (1.65-4.79-fold change) 
was observed in two of five individuals at all the timepoints studied (6, 24 and 48 h). 
However, in three other individuals GATA3 expression was not suppressed by IL-10 
during Th2 differentiation. Moreover, the expression of SATB1 and DUSP6 was not 
altered upon IL-10 treatment (Report II, Figure 4). Our results demonstrated that the 
IL-10 signaling was functional during development of both Th1 and Th2 cells, as in 
four of five individuals IL-10 rapidly decreased the expression of the two key 
regulators of Th1 and Th2 differentiation TBX21 and/or GATA3, respectively. 
Nevertheless, IL-10 did not inhibit the expression of SATB1 and DUSP6, which are 
similarly to GATA3 immediately induced by IL-4 in the Th2 polarizing conditions. 
Intriguingly, the immunosuppressive effects of IL-10 were not observed in all 
individuals. Furthermore, in some of the individuals IL-10 changed gene expression in 
either Th1 or Th2 conditions by affecting TBX21 or GATA3 expression, respectively. 
This intrinsic variation in the responsiveness of different individuals to the 
immunosuppressive cytokine IL-10 may be critical and merits further investigation. 
Moreover, the early sensitivity of developing Th cell subtypes to the 
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immunomodulatory effects of IL-10 is likely to be a crucial mechanism to control the 
magnitude of the Th1- and Th2-mediated responses in different individuals by the IL-
10 producing cells. 

Taken together, the early differentiation of human Th1 and Th2 cells is first 
orchestrated by IL-4. The regulation of gene expression is dynamic at the initiation of 
Th development and only a subset of genes is differentially expressed by the polarizing 
Th1 and Th2 cells throughout the early differentiation. The immediate response to IL-4 
induces expression of genes that code mainly for mediators and components of the 
intracellular signaling pathways, such as receptors, cell adhesion molecules, signal 
transducers, enzymes and their inhibitors and transcription factors. Later, additional 
factors in these groups as well as extracellular molecules and ligands become 
regulated. The presence of TGFβ in Th1- and Th2-inducing conditions results in 
changes in the expression pattern of several genes, few of which are regulated also by 
IL-4, which may play a role in the TGFβ mediated inhibition of Th cell differentiation. 
In addition to TGFβ, these early developing Th cells are responsive to the 
immunosuppressive cytokine IL-10, which in most of the individuals studied 
downregulated the expression of the key regulators of Th1 and Th2 differentiation. 

 

5.3 Regulation of Th cell differentiation by SATB1 (III, unpublished)  
Transcription factors play a key role in driving cell differentiation, whereas the 
regulation of chromatin structure is required to maintain these changes. SATB1 
encompasses both these functions: SATB1 is a T-cell-enriched transcription factor and 
chromatin organizer essential for controlling a large number of genes participating in T 
cell development and activation (Alvarez et al. 2000). SATB1 regulates gene 
expression by periodically anchoring matrix attachment regions (MARs) to the nuclear 
matrix (Cai et al. 2003) and by directly recruiting chromatin modifying factors (Yasui 
et al. 2002, Kumar et al. 2006). Depending on its post-translational modifications, 
SATB1 activates or represses multiple genes (Kumar et al. 2006). Upon activation of 
mouse Th2 cells, SATB1 has been shown to orchestrate the expression of Th2 cytokine 
genes (Cai et al. 2006). In our investigations we have studied the role of SATB1 in T 
helper cell differentiation. 

 
5.3.1 STAT6-dependent SATB1 expression in Th2 cells 

Our laboratory has previously shown that SATB1 expression is induced by TCR 
stimulation in human CD4+ T cells cultured in Th1 (anti-CD3 + anti-CD28 + IL-12), 
Th2 (anti-CD3 + anti-CD28 + IL-4) and Th0 (anti-CD3 + anti-CD28) conditions, as 
compared to naïve Thp cells and further increased by IL-4 in cells polarizing to Th2 
direction (Lund et al. 2003, Lund et al. 2005). We investigated whether STAT6, which 
is activated by stimulation through IL-4R and is crucial for a number of IL-4-mediated 
effects, including Th2 cell differentiation and IgE response (Swain et al. 1990, Kaplan 
et al. 1996a, Shimoda et al. 1996, Takeda et al. 1996), regulates SATB1 expression in 
polarizing Th2 cells. Interestingly, the inhibition of the expression of STAT6 using 
RNAi in CD4+ T cells isolated from cord blood or buffy coat and cultured in Th2 
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conditions led to a markedly diminished inductions of SATB1 at mRNA and protein 
level analyzed by quantitative RT-PCR and western blotting, respectively (Report III, 
Figures 1A and 1B). The regulation of SATB1 expression by STAT6 is not mediated 
via GATA3, a key transcription factor of Th2 cells regulated by STAT6, as knockdown 
of GATA3 using specific siRNA oligonucleotides in differentiating cord blood CD4+ 
T cells did not affect SATB1 expression (Report III, Figures 1B and 1C). Thus, 
STAT6, activated by IL-4 signaling positively regulates SATB1 expression during Th2 
differentiation. 

 
5.3.2 Over three hundred genes are regulated by SATB1 in polarizing T helper 
cells 

To investigate the role of SATB1 in T helper cell polarization, SATB1 target genes 
were studied using Illumina beadarray analysis of gene expression on total RNA from 
differentiating CD4+ T cells in which SATB1 had been downregulated using RNAi. 
SATB1 regulated genes have previously been identified using SATB1 null mouse, 
human cancer cell lines as well as normal and immortalized human mammary 
epithelial cells (Alvarez et al. 2000, Kumar et al. 2006, Han et al. 2008). Our study is 
the first genome wide screen of SATB1 target genes in primary human CD4+ T cells. 
To identify the SATB1 regulated genes in cells polarizing to Th1 or Th2 direction, the 
gene expression profiles of SATB1-siRNA or SATB1-shRNA treated cells were 
compared with corresponding scrambled siRNA/shRNA nucleofected control cells. We 
found that a total of 319 genes were directly or indirectly regulated by SATB1 in 
CD4+ T cells (Report III, Tables S1 and S2). In Th1 differentiating cells, SATB1 
knockdown selectively affected 43 genes, whereas the expression of 70 genes was 
altered specifically in Th2 polarizing cells (Report III, Figure 2A). Furthermore, 14 
genes were regulated by SATB1 in both Th1 and Th2 driving conditions but not in Th0 
conditions, and thus altogether the expression of 40 % (43+70+14=127 genes) of the 
SATB1 regulated genes was altered only in the presence of a polarizing cytokine (IL-
12 or IL-4). Moreover, approximately 30 % (99 genes) of SATB1 regulated genes were 
dependent on SATB1 expression only in Th0 subtype, i.e. cells cultured without any 
polarizing cytokines. These results indicate that SATB1 target genes are partly Th 
subtype specific. Intriguingly, in naïve CD4+ Thp cells and in cells cultured in Th0 and 
Th2 conditions, the majority of target genes were upregulated by SATB1 knockdown, 
indicating that SATB1 is a repressor of gene expression in these cells (Figure 5A). In 
contrast, 60 % of SATB1 target genes in Th1 polarizing cells were downregulated 
upon SATB1 knockdown, suggesting that SATB1 is mainly an activator of gene 
expression in these cells.  The differential impact of SATB1 on gene expression in 
various Th cell subtypes may be due to post-translational modifications of SATB1, 
which are probably induced by T cell activation and cytokine signaling, that affect the 
transcriptional role of SATB1 (Kumar et al. 2006). In addition, the post-translational 
status of SATB1 may change in the different Th subtypes according to the differential 
availability of various kinases, phosphatases, HATs and HDACs. This may explain our 
data showing that IL-2, a key cytokine involved in T cell activation was downregulated 
in Th0 cells where SATB1 expression had been knocked down (Report III, Table S2), 
which is contrary to earlier reports demonstrating that SATB1 represses IL-2 and its 
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receptor, IL-2R (Alvarez et al. 2000, Kumar et al. 2005) depending on the 
phosphorylation status of SATB1 (Kumar et al. 2006). Nevertheless, our findings are 
in agreement with the observations of Kumar et al. (2006) elucidating that SATB1 can 
both activate and repress gene expression. The regulation of SATB1 by TCR and 
Th1/Th2 polarizing cytokines requires further investigation. 

 

 
 
Figure 5. Genes regulated by SATB1 during Th1 and Th2 cell differentiation. Expression 
profiles of SATB1-siRNA/shRNA and scramble control siRNA/shRNA treated cells were 
studied using Illumina beadarrays. (A) Black and grey parts of the bar indicate the number of 
genes downregulated and upregulated, respectively, upon SATB1 knockdown in different Th 
subtypes. (B) SATB1 target genes were grouped according to their GO annotations. 
 

To interpret the putative functional roles of SATB1 in CD4+ T cells, SATB1 target 
genes were categorized according to their Gene Ontology annotations (Ashburner et al. 
2000). The grouping of these genes revealed that one third of the SATB1 target genes 
coded for factors participating in signal transduction, including receptors and other cell 
surface molecules, intracellular signaling enzymes as well as transcriptional regulators 
and chromatin modifying factors (Figure 5B). Intriguingly, several cytokines and 
chemokines, such as IL-1B, IL-2, IL-3, IL-6, CCL3, CCL5, CSF2 and EBI3 (Report III, 
Table S1: IL-4 target genes); CCL4L2 and CXCL10 (Report III, Table S1: IL-12 and 
IL-4 target genes); IL-5, IL-18 and CCL3L1 (Report III, Table S2), and their receptors, 
including IL7R and CXCR4 (Report III, Table S1: IL-4 target genes); IL12Rβ2, IL18R1 
and IL18RAP (Report III, Table S1: IL-12 and IL-4 target genes) were regulated by 
SATB1 in differentiating Th cells. Moreover, a substantial group of SATB1 regulated 
genes coded for enzymes related to metabolism and biosynthesis (Figure 5B). 

SATB1 knockdown upregulated the expression of an IL-4 induced chemokine receptor 
CXCR4 (Report III, Table S1: IL-4 target genes) (Jourdan et al. 1998). Interestingly, 
CXCR4, besides other cell surface molecules CD4 and CCR5, has been shown to be 
used by HIV-1 as a coreceptor to enter into CD4+ T cells, which is associated with 
clinical progression to AIDS (Connor et al. 1997, Copeland 2006). Furthermore, HIV-
1 infection involves upregulation of CXCR4 (Wang et al. 1998) and a shift from Th1- 
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to Th2-type cytokine production by CD4+ T cells (Meyaard et al. 1996, Klein et al. 
1997), which favors replication of HIV-1 (Maggi et al. 1994). Moreover, HIV-1 Tat 
protein is able to displace HDAC1 that is bound to SATB1, resulting in derepression of 
SATB1-regulated gene expression in T cells (Kumar et al. 2005). These findings 
suggest that SATB1 interferes with HIV infection and thus, downregulation of SATB1 
might play a role in the course of infection. 

 
5.3.3 SATB1 target genes include several factors involved in Th2 differentiation  

Following our observation of the impact of SATB1 on the regulation of a large set of 
genes in CD4+ T cells, we next studied whether SATB1 regulated genes are involved 
in T helper cell differentiation. The gene expression profiles of scramble treated Thp, 
Th0, Th1 and Th2 cells were compared with each other to determine genes regulated 
by T cell activation (Th0 vs. Thp), IL-12 (Th1 vs. Th0) or IL-4 (Th2 vs. Th0). In 
addition, IL-12, IL-4 or TCR regulated genes were determined by detailed gene 
expression kinetics study carried out in our laboratory on differentiating human cord 
blood Th1 and Th2 cells at the whole genome level (Elo, L.L., Järvenpää, H., Tuomela, 
S. et al., manuscript in preparation). This information of cytokine or TCR specific 
regulation of SATB1 target genes was added to their annotation. Notably, 35 % (111 
genes) of the SATB1 target genes were regulated by IL-4 and additional 13 % (41 
genes) were regulated by both IL-12 and IL-4, revealing that altogether 48 % (152 of 
319 genes) of SATB1 targets are IL-12 and/or IL-4 regulated genes (Report III, Figure 
2B). Furthermore, TCR stimulation alone regulated one third (108 genes) of SATB1 
target genes and only 18 % (=100-35-13-34 %) of SATB1 regulated genes were not 
regulated by TCR or Th1/Th2 polarizing cytokines. 

SATB1 knockdown affected the expression profiles of a number of Th1/Th2 
differentiation involving transcription factors (IRF8, STAT1 and SMAD3), receptors 
(IL12Rβ2, CXCR4, IL18R1 and IL18RAP) and cytokines (IFNγ, IL-6 and IL-18). 
SATB1 regulated two members of IRF family of transcription factors, namely IRF7 
and IRF8. When SATB1 expression was knocked down, IRF8 was 1.6-fold decreased 
in Th0 cells and 6.5-fold decreased in cells cultured in Th1 or Th2 conditions (Report 
III, Table S1: IL-4 regulated genes). In contrast, SATB1 knockdown induced the 
expression of IRF7 2.7-fold in Th0 and Th1 differentiating cells (Report III, Table S1: 
IL-4 regulated genes). Intriguingly, IRF family members are involved in Th cell 
differentiation, as IRF1- or IRF8-deficient mice show defective Th1 responses due to 
impaired production of IL-12 (Giese et al. 1997, Lohoff et al. 1997, Scharton-Kersten 
et al. 1997, Taki et al. 1997, Salkowski et al. 1999, Masumi et al. 2002), whereas IRF4 
is required for Th2 differentiation and plays a role in inhibiting aberrant Th1 
development (Lohoff et al. 2002, Tominaga et al. 2003). Furthermore, STAT1 was 1.6-
fold downregulated in Th1 polarizing cells and SMAD3 was 1.5-fold induced in Th0 
cells upon SATB1 silencing (Report III, Table S1: IL-4 regulated genes). SMAD3, a 
key signal transducer in TGFβ signaling (Attisano & Wrana2002), has been shown to 
promote Th2 differentiation, as SMAD3 knockout mice exhibit increased GATA3 and 
IL-4 levels (Anthoni et al. 2007). In addition, mice lacking STAT1 are unresponsive to 
IFNγ and have defective Th1 responses (Meraz et al. 1996). As SATB1 knockdown 
upregulated the expression of SMAD3 and downregulated IRF8 and STAT1, our 
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findings indicate a shift in the gene expression profile of SATB1 silenced polarizing 
CD4+ T cells towards Th2 subtype.  

Using the ChIP-on-chip approach, we investigated whether the promoters of SATB1 
regulated genes are bound in vivo by SATB1 in CD4+ T cells. SATB1 enriched 
chromatin from cord blood CD4+ T cells cultured in Th1 and Th2 polarizing 
conditions for 24 h was hybridized on Agilent Human Promoter CoC 244k arrays 
together with corresponding input controls. SATB1 was bound to promoters of 3279 
and 2729 genes in Th1 and Th2 cells, respectively (data not shown). Twenty-seven % 
(86 genes) of SATB1 target genes identified using RNAi approach were also bound in 
vivo by SATB1 (Report III, Figure 2C). In addition, direct SATB1 target genes were 
further enriched with IL-4 regulated genes as 60 % (40+12=52 genes) of SATB1 CoC 
and siRNA targets were regulated by IL-4. These results, together with the finding that 
IL-4 activated transcription factor STAT6 positively regulates SATB1 expression, 
suggest that SATB1 might have a role in IL-4 mediated signaling and thereby in 
control of Th2 differentiation or function. 

 
5.3.4 SATB1 regulates cytokine expression 

5.3.4.1 IFNγ centered signaling network is affected by SATB1 knockdown 
To investigate the protein and biomolecule interaction networks associated with 
SATB1 target genes, analysis was made with the Ingenuity Pathways Analysis (IPA) 
software. These results indicated that an interferon-gamma centered gene regulatory 
network was greatly affected by SATB1 knockdown across the different Th subtypes 
suggesting that SATB1 plays a role in the regulation of IFNγ expression which 
mediates Th1 cell differentiation (Figure 6). Even if IFNγ transcription was not 
affected by SATB1 knockdown during the early differentiation of Th1 cells, IFNγ 
target genes, including IL12Rβ2, IFI44, IFI44L, IFI6, IFIT3 and MX1 (Report III, 
Table S1: IL-12 and IL-4 regulated genes) as well as IFIT2 and STAT2 (Report III, 
Table S1: IL-4 target genes) were induced in Th subtypes.  
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Figure 6. IFNγ centered pathway in greatly regulated by SATB1 knockdown. The SATB1 
target genes identified using microarray were analyzed and the IFNγ network was generated 
through the use of Ingenuity Pathways Analysis (Ingenuity® Systems, www.ingenuity.com). In 
the network the molecular relationships between genes/gene products are represented as nodes 
and their biological relationship is represented as an edge. The intensity of the node color 
indicates the degree of up- (red) or down- (green) regulation. Nodes are displayed using various 
shapes that represent the functional class of the gene product. Several SATB1 target genes are 
either directly or indirectly connected to IFNγ.  
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We studied the effect of SATB1 knockdown on the IFNγ production of Th1 polarized 
cells (7-8 days). Intracellular cytokine staining analyzed with flow cytometry showed 
that the downregulation of SATB1 led to an increased IFNγ production by Th1 cells 
(Figure 7), but not by Th2 cells (data not shown). These results were in agreement with 
the Illumina beadarray analysis results obtained from the early differentiating Th cells, 
showing that IFNγ regulated genes are upregulated by SATB1 knockdown. Thus, our 
results suggest that SATB1 is involved in the regulation of genes of IFNγ centered 
signalling network during Th cell differentiation. 
 

 
 
Figure 7. IFNγ production is increased in SATB1 silenced Th1 polarized cells at day 8. 
Naïve CD4+ T cells isolated from cord blood were nucleofected with SATB1 siRNA or 
scramble control oligonucleotide. 24 hours post transfection, the cells were activated with plate-
bound anti-CD3 and soluble anti-CD28 and Th1 polarization was induced with IL-12. After 7 
days of polarization, the cells were restimulated using PMA and IM as described in 
experimental procedures, cells were stained for intracellular cytokines and the IFNγ cytokine 
production was measured with flow cytometry. The figure shows average percentage and 
standard deviation from four independent experiments. The statistical difference in the IFNγ 
production was determined using paired t test. *p<0.05. 
 

Intriguingly, downregulation of SATB1 changed the expression profiles of several 
factors that regulate IFNγ expression. SATB1 knockdown induced the expression of 
the cytokine IL-18 (3.3-fold across the Th subtypes; Report III, Table S2) and both 
chains of its receptor: a ligand binding chain IL18R1 (1.7-fold in Th0 cells; Report III, 
Table S1: IL-12 and IL-4 regulated genes) and a signal transducing chain IL18RAP (on 
average 1.8-fold in Th0, Th1 and Th2 polarizing cells; Report III, Table S1: IL-12 and 
IL-4 regulated genes). These results are in agreement with the observations by Han et 
al. (2008) showing that IL-18 and IL18R1 are repressed by SATB1. IL-18 is a 
proinflammatory cytokine produced by a wide variety of immune cells, including 
monocytes, macrophages and DCs (Okamura et al. 1995, Ushio et al. 1996, Stoll et al. 
1998). However, IL-18 has not been reported to be expressed by CD4+ cells. 
Interestingly, IL-18 alone cannot promote Th1 differentiation but in combination with 
IL-12 or IFNα it has been shown to induce IFNγ production and Th1 cell proliferation 
(Okamura et al. 1995, Micallef et al. 1996, Robinson et al. 1997, Sareneva et al. 1998, 
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Takeda et al. 1998). However, in combination with IL-2, IL-18 promotes Th2 
polarization and the expression of Th2 cytokines (Hoshino et al. 2000, Xu et al. 2000, 
Yoshimoto et al. 2000), indicating that the role of IL-18 in T helper cell differentiation 
is dependent on the cytokine milieu. Moreover, IL18R1 gene encoding IL-18Rα is 
induced via the IL-12/STAT4 pathway in Th1 cells (Kunikata et al. 1998, Xu et al. 
1998, Yoshimoto et al. 1998, Lawless et al. 2000, Sareneva et al. 2000, Nakahira et al. 
2001, Yu et al. 2007) and inhibited via the IL-4/STAT6 pathway in Th2 cells (Smeltz 
et al. 2001). Recently, GATA3 was shown to bind IL18R1 locus and mediate 
repression of IL18R1 expression (Yu et al. 2008). SATB1 knockdown induced 
expression of IL-18 and both chains of its receptor could lead to an aberrant autocrine 
IL-18 signaling in Th1 polarizing cells, which, in the presence of IL-12 in the culture 
conditions, might explain the increased IFNγ production by the Th1 cells. 
Alternatively, the source of IL-18 could be any other immune cell types likely to be 
present in trace amounts in the culture conditions. Collectively, these findings suggest 
that SATB1 regulates IFNγ network, but do not necessarily control IFNγ transcription 
directly by itself. However, SATB1 might also regulate the IFNγ transcription in Th1 
polarizing cells by affecting the loopscape of the IFNγ locus, as IFNγ treatment was 
shown to alter the SATB1 and PML governed chromatin structure and expression of a 
subset of MHC class I genes (Kumar et al. 2007). 

 
5.3.4.2 IL-5 expression is greatly induced by SATB1 knockdown during Th2 
differentiation 
As described above, SATB1 regulates a large variety of cytokines, chemokines and 
their receptors in differentiating T helper cells. One of the most highly upregulated 
genes in Th2 differentiating cells upon SATB1 knockdown is the Th2 hallmark 
cytokine, IL-5 (Report III, Table S2). Quantitative RT-PCR was performed to further 
analyze the SATB1 knockdown induced transcription of IL-5. Additional cultures were 
generated from cord blood isolated CD4+ T cells that were nucleofected with SATB1-
siRNA or scrambled control oligonucleotides. SATB1 expression was markedly 
downregulated by SATB1-siRNA at mRNA and protein level (Report III, Figures 3A 
and 3B). Suppression of SATB1 expression greatly induced IL-5 expression at 48 
hours of culture in Th2-driving conditions when SATB1-siRNA cells were compared 
to scrambled control treated cells (Report III, Figure 3C). Induction of IL-5 expression 
was not detected in Th1 polarizing cells where SATB1 was knocked down (data not 
shown). Furthermore, Bio-Plex assay was applied to measure secreted IL-5 from the 
culture media of SATB1-siRNA or control siRNA treated cells. At 24 and 48 h time 
points the production of IL-5 was significantly increased upon SATB1 knockdown 
(Report III, Figure 3D). Collectively, these results indicate that SATB1 participates in 
a negative feedback loop in which it is induced during Th2 differentiation and 
represses IL-5 expression in polarizing Th2 cells.  

The control of IL-5 by SATB1 has been reported previously, as Cai et al. (2006) 
demonstrated the positive regulation of IL-5 by SATB1 upon activation in the mouse 
D10 Th2 cell clone. The contrasting results might be explained by the difference in the 
polarization status of the cells (naïve/early differentiating vs. effector/memory CD4+ 
cells) and by the origin of the cells (human vs. mouse). Notably, similar dual function 
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in cytokine gene control has recently been shown for IRF4, which differentially 
regulated Th2 cytokine production, especially IL-4, in naïve CD4+ T cells compared to 
effector/memory CD4+ T cells (Honma et al. 2008). Even if Th2 cytokines are 
generally considered to be co-regulated as they are located in a close proximity in 
human chromosome 5 and mouse chromosome 11, several observations indicate that 
the expression of IL-5 is regulated independently of other Th2 cytokines, in particular 
IL-4 (Bohjanen et al. 1990, Sanderson 1992, Jung et al. 1995, Yamashita et al. 2002). 
This is also supported by our results showing that downregulation of SATB1 
dramatically upregulated the expression of IL-5, but not IL-4 or IL-13 (data not 
shown). Thus, these results indicate that SATB1 specifically represses IL-5 expression 
during early polarization of Th2 cells. 

 
5.3.5 Regulation of IL-5 expression by SATB1  

5.3.5.1 SATB1 binds to the IL-5 promoter in vitro at multiple sites 
To understand the molecular mechanism of how SATB1 inhibits IL-5 transcription and 
to test whether SATB1 acts by directly binding to the IL-5 promoter as in case of other 
SATB1 regulated genes (Kumar et al. 2005), we performed electrophoretic mobility 
shift assay (EMSA) to monitor SATB1 binding. Using a 615 bp fragment (-581 bp to 
+34 bp) of the IL-5 proximal promoter as a probe (Report III, Figure 4A) in EMSA, 
SATB1 formed a characteristic complex of increasing size in a dose-dependent manner 
(Report III, Figure 4B, upper left panel). Such binding pattern suggested the presence 
of several binding sites for SATB1, and therefore the nucleotide sequence was 
screened for consensus SATB1 binding sites (SBSs) based on the findings by Purbey 
and coworkers (Purbey et al. 2008). We identified four putative SBSs and prepared 
suitable deletions and truncations of the IL-5 proximal promoter (Report III, Figure 4A 
and Table S3). Binding of SATB1 to the probe A (-190 bp to +34 bp) but not to the 
probe B (-151 bp to +34 bp) confirmed the presence of an SBS in the 5’ end of the 
probe A (Report III, Figure 4B, lower panels). However, the high affinity and 
progressively bigger dose-dependent complex formed by SATB1 with probe C (-581 
bp to -172 bp) suggested presence of multiple SBSs in this region of the promoter 
(Report III, Figure 4B, upper right panel). Serial truncations of the probe C showed 
that the ultimate 5’ end of the promoter region used in this study is devoid of any SBSs 
as SATB1 failed to bind with the probe D (-581 bp to -426 bp; Report III, Figure 4C). 
In contrast, SATB1 formed specific complexes with probe E (-444 bp to -301 bp) and 
probe F (-318 bp to -172 bp), suggesting that they harbor strong SBSs (Report III, 
Figure 4C). Probe F contains two putative SBSs and deleting both of them in the probe 
F substantially decreased the affinity of SATB1 (Report III, Figure 4C). SATB1 also 
formed specific complexes with probes G (-556 bp to -301 bp), H (-444 bp to -172 bp) 
and I (-318 bp to +34 bp; Report III, Figure 4C). Probe G has only one SBS and 
binding of SATB1 with this probe was decreased upon removal of the SBS. The 
binding of SATB1 with the probes H, I and C was severely affected by deleting the 
newly identified SBSs (Report III, Figures 4C and 4D), confirming the absence of any 
further SBSs in the IL-5 promoter used in this study. Similarly, removing all the four 
SBSs from the full-length IL-5 probe resulted in a substantially weaker binding of 
SATB1 (Report III, Figure 4D). We also determined the relative binding affinities of 
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SATB1 to the wt and mutated full-length and truncated IL-5 probes (summarized in 
Report III, Table S4). Binding of SATB1 was strongest with wt IL-5 probe and probe I, 
whereas deleting the putative SBSs abrogated the binding activity drastically. Thus, 
using in vitro binding analysis four novel SBSs in the IL-5 promoter were identified. 

To investigate whether these SBSs are occupied by SATB1 from cell extracts of CD4+ 
T cells, we performed EMSA using nuclear extracts from polarizing Th1 and Th2 cells. 
Such analysis showed that the proteins of Th2 cells gave rise to a substantially stronger 
complex with probe A than that of Th1 cells (Report III, Figure 4E), corroborating the 
earlier finding that the Th2 cells express more SATB1 than Th1 during their early 
differentiation (Lund et al. 2005). In addition, both complexes were supershifted in 
presence of anti-SATB1 confirming the presence of SATB1 both in Th1 and Th2 
nuclear extracts (Report III, Figure 4F). The complex is SATB1-dependent as nuclear 
extracts from SATB1-siRNA nucleofected cells cultured in Th2 conditions for 24 h 
failed to form complex in EMSA whereas control siRNA treated cells formed a 
complex (Report III, Figure 4G). 

To elucidate the functional role of the identified SBSs on the expression of IL-5, we 
performed luciferase assay using the pGL3 reporter construct containing the 615 bp 
fragment (-581 bp to +34 bp) of the IL-5 proximal promoter. Mutant reporter 
constructs were created from the wt IL-5 reporter construct by deleting all individual 
SBSs, deleting SBSs one by one or deleting three SBSs at a time leaving one SBS 
intact (Report III, Figure 5A). Buffy coat CD4+ T cells were nucleofected with either 
wt or mutated reporter construct and pSUPER-scramble-H-2Kk vector that enabled 
measuring the transfection efficiency (27-45 %). Cells were cultured under Th2 
polarizing conditions for 24 h and harvested for the transactivation assay. The 
luciferase activity was increased compared to wt IL-5 promoter construct when SBSs 
S1 or S2 were deleted separately (del1, del2) or they were both deleted together with 
S4 (del1+del2+del4; Report III, Figure 5B). In contrast, the luciferase activity was 
markedly decreased when SBS S3 was deleted alone (del3) or in combination with 
SBSs S2 and S4 (del2+del3+del4), S1 and S4 (del1+del3+del4) or S1 and S2 
(del1+del2+del3). Furthermore, the reporter activity was also decreased compared to 
wt construct by deleting all the SBSs. These results indicate that SBSs S1 and S2 are 
repressive sites whereas S3 is a strongly activating site. This was further supported by 
the estimated coefficients of the individual SBSs in the linear model: S1 -3.165 
(p=0.068), S2 -4.232 (p=0.017), S3 13.374 (p=0.000) and S4 2.512 (p=0.142).  

The 5’ flanking region of the human IL-5 gene has been reported to interact with a 
variety of transcription factors that play important roles on IL-5 expression. The 
conserved lymphokine element 0 (CLE0; -42 bp to -56 bp) acts as an on/off switch for 
IL-5 transcription. This crucial element binds the transcription factor AP-1 members 
JunD and Fra-2 as well as Oct-1 and Oct-2 factors (Mori et al. 1997, Thomas et al. 
1999). GATA3 binds to at least three sites in the IL-5 promoter. Positive regulation is 
mediated by -70 and -152 sites whereas binding of GATA3 to -400 site results in 
strong inhibition of IL-5 expression (Yamagata et al. 1995, Blumenthal et al. 1999, 
Schwenger et al. 2001). In addition, NFAT, ETS1, ETS2, YY1, C/EBPβ and 
glucocorticoid receptor are involved in the complex regulation of IL-5 transcription 
(Prieschl et al. 1995, Blumenthal et al. 1999, De Boer et al. 1999, Mordvinov et al. 
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1999, Schwenger et al. 1999, Cousins et al. 2000, Li-Weber et al. 2001, Wang et al. 
2006). Our in vitro binding assay demonstrated that SATB1 binds several sites on the 
human IL-5 promoter. The SATB1 binding sites S1 (-162 bp to -152 bp) and S2 (-333 
bp to -322 bp) map to previously identified negative regulatory elements (Gruart-
Gouilleux et al. 1995, Stranick et al. 1997) while S4 (-254 bp to -243 bp) is located in 
a region shown to function as a positive element (Gruart-Gouilleux et al. 1995). The 
SATB1 binding site S3 does not have any previous annotation. Our data indicates that 
S1 and S2 are repressive sites, which is concurrent with the previous observations. Our 
finding that S3 is a strongly activating site provides new information on the regulatory 
elements in IL-5 promoter. However, the specific use of different SBSs at different 
developmental or functional cell states needs further investigation. In addition, the IL-5 
promoter might harbor few other SBSs upstream of the region we have studied, as 
SATB1-siRNA increases IL-5 mRNA expression by 6000 % whereas deletion of all 
four SBSs did not increase IL-5 reporter activity by the same amount. Nevertheless, 
this study demonstrates direct role of SATB1 in IL-5 expression. 

 
5.3.5.2 Occupancy of IL-5 promoter by SATB1 is required for suppression of IL-5 
expression during Th2 cell differentiation 
We next studied the in vivo binding of SATB1, GATA3 and HDAC1 to the IL-5 
promoter during early Th cell differentiation. GATA3 mediates positive regulation of 
IL-5 transcription via -70 and  -152 sites (Yamagata et al. 1995, Schwenger et al. 
2001), while overexpression of HDAC1 has been shown to augment the repression of 
IL-5 (Jee et al. 2005). Furthermore, phosphorylated SATB1 has previously been 
demonstrated to recruit HDAC1 to its targets, and such recruitment leads to 
downregulation of gene expression (Kumar et al. 2006). Cord blood CD4+ T cells 
were cultured in Th1 and Th2 conditions for 24 h and subjected to ChIP assay to 
monitor the occupancy of SATB1, HDAC1 and GATA3 at the proximal IL-5 promoter. 
ChIP-PCR analysis revealed that SATB1 and HDAC1 were bound to IL-5 proximal 
promoter both in Th1 and Th2 conditions whereas GATA3 bound the IL-5 promoter 
specifically in Th2 polarizing cells (Report III, Figures 6A and 6B). Quantitative PCR 
revealed more than 2-fold increase in the occupancy of SATB1 in Th2 cells (Report 
III, Figure 6A) corroborating with its higher expression in Th2 cells (Lund et al. 2005). 
Interestingly, the occupancy of HDAC1 was also increased by ~2-fold in Th2 cells 
suggesting a possible role of SATB1 in its recruitment. GATA3 occupancy was highest 
in Th2 cells, about 7-fold higher than the minimal occupancy observed in Th1 cells, 
which is in concordance with its preferential expression in Th2 cells. Similar 
occupancy profile was observed at the distal region of the IL-5 promoter corresponding 
to probe C that also contains SBSs and GATA3 binding site (data not shown). In 
conclusion, our ChIP data suggests that SATB1 could repress IL-5 expression by 
recruiting the HDAC1 corepressor to IL-5 promoter both in Th1 and Th2 cells during 
their early differentiation. In addition, binding of GATA3 to IL-5 promoter in cells 
cultured in Th2 conditions presumably poises the IL-5 gene for transcription later upon 
activation of Th2 cells. 

SATB1 has previously been shown to coordinate the expression of Th2 cytokines by 
organizing the folding of chromatin (Cai et al. 2006). We performed matrix loop 
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partitioning assay using cord blood CD4+ T cells that were nucleofected with SATB1-
siRNAs or scramble control siRNA oligonucleotides and cultured in Th2 conditions for 
0, 24 and 48 h. The presence of IL-2 and IL-5 promoters in matrix-bound and loop-
associated DNA was quantified by RT-PCR. The promoter of IL-2 gene was used as a 
positive control as SATB1 binds to it in vivo (Kumar et al. 2005) and regulates its 
chromatin ‘loopscape’ (Purbey and Galande, manuscript in preparation). Our results 
show that downregulation of SATB1 expression increased the relative amount of IL-2 
promoter in loop fractions compared to matrix fractions whereas the looping of IL-5 
promoter region was not affected (Figure 8A). To study whether the looping of IL-5 
promoter changes during the Th2 differentiation, cord blood CD4+ T cells were 
cultured in Th2 polarizing conditions for 0, 24 and 48h to analyze the looping at the 
early differentiation and for 14 d to analyze the looping at the late differentiation. 
Interestingly, in the course of Th2 differentiation the occurrence of IL-5 gene in matrix 
fraction increases as the relative amount of IL-5 promoter in matrix fraction of 14 d 
Th2 cells was in average 2.7-fold increased compared to that of early Th2 cells (0-48 h; 
Figure 8B). Thus, looping of IL-5 gene changes during Th2 differentiation but it is not 
SATB1 dependent during the early differentiation of Th2 cells and therefore cannot 
explain the induction of IL-5 expression upon SATB1 knockdown.  

 
Figure 8. Loopscape of IL-5 promoter during early and late differentiation of Th2 cells. 
(A) Loopscape of IL-5 promoter is not SATB1 dependent during the early differentiation of Th2 
cells. Matrix-loop partitioning assay was performed with cord blood CD4+ T cells which were 
nucleofected with SATB1-siRNA oligonucleotides (black bars) or scramble control siRNAs 
(grey bars) and cultured in Th2 polarizing conditions for 0, 24 and 48 h (time points pooled for 
the analysis). Matrix-bound and loop-associated DNA was quantified for the presence of IL-5 
and IL-2 promoter sequences using qRT-PCR. The mean (± s.d.) difference of Ct values of 
matrix and loop fractions of three independent experiments is presented in the figure. *p<0.05. 
(B) IL-5 promoter is enriched to matrix during the differentiation of Th2 cells. Matrix-loop 
partitioning assay was performed with cord blood CD4+ T cells cultured in Th2 polarizing 
conditions for 0, 24 and 48 h (black bars; time points pooled) and 14 d (grey bars). Matrix-
bound and loop-associated DNA was quantified for the presence of IL-5 and IL-2 promoter 
sequences using qRT-PCR. The mean (± s.d.) difference of Ct values of matrix and loop 
fractions of three independent experiments is presented in the figure. **p<0.01, ***p<0.005. 
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GATA3 has previously been shown to bind at least three sites (-70, -152 and -400 bp) 
in the IL-5 promoter and regulate IL-5 transcription (Yamagata et al. 1995, Blumenthal 
et al. 1999, Schwenger et al. 2001). Interestingly, one of the repressive SATB1 binding 
sites (S1) juxtaposes an activating GATA3 site (-152 bp) in the IL-5 promoter, which 
led us to study the reciprocal role of SATB1 and GATA3 in the regulation of IL-5. IL-
5 is not expressed during the differentiation of Th2 cells but induced in fully 
differentiated effector Th2 cells by restimulation (Cousins et al. 2002). Notably, in vivo 
upregulation of IL-5 during the priming of the CD4+ T cells in lymph nodes or soon 
after that could lead to aberrant recruitment and activation of eosinophils and 
development of allergic disease or asthma (De Monchy et al. 1985, Leung 1998, 
Kurowska-Stolarska et al. 2008). We hypothesized that in normal Th2 polarizing cells, 
binding of SATB1 and corepressors recruited by SATB1 to the IL-5 promoter would 
block binding or function of GATA3 and result in repression of IL-5 transcription 
whereas in SATB1 knockdown cells, GATA3 would freely act on SATB1-devoid 
promoter and induce aberrant IL-5 expression. Interestingly, SATB1 and GATA3 
binding sites are colocalized at the 3´ end of the human CD8B gene, a region suggested 
to function as a regulator of CD8 expression (Kieffer et al. 2002). Furthermore, 
SATB1 and GATA3 proteins were demonstrated to colocalize in activated mouse Th2 
clone cells (Cai et al. 2006). However, any competition between SATB1 and GATA3 
has not been previously observed.  

We studied the binding of GATA3 with the probes described above to elucidate 
whether any of the identified SBSs affects the binding of GATA3. GATA3 formed 
complex with the full-length IL-5 promoter and probes A, B, C (Report III, Figure SA), 
D, E, G, H and I, but not with probe F (Report III, Figure SB). Furthermore, EMSA 
showed that GATA3 has two binding sites in the promoter regions represented by 
probes B, D and E, resulting in at least six binding sites in the 615 bp fragment of the 
IL-5 promoter used. Interestingly, deletion of any or all of the newly identified SBSs 
did not change GATA3 binding, indicating that SBSs do not affect the affinity of 
GATA3 for the IL-5 promoter (Report III, Figure SC). This was also confirmed by 
calculating the relative binding affinities of GATA3 to the wt and mutated full-length 
and truncated IL-5 probes (summarized in Report III, Table S4), which showed that 
binding of GATA3 to all probes used in this study was relatively constant. 

As knockdown of SATB1 did not induce GATA3 expression in developing Th2 cells, 
which could explain the increased expression of IL-5 (Report III, Figure 7A), we 
studied whether in case of SATB1 downregulation, GATA3 is the protein responsible 
for the aberrant induction of IL-5 expression. Cord blood isolated CD4+ T cells were 
nucleofected with siRNA oligonucleotides targeting SATB1, GATA3 or both these 
gens and cells were induced to polarize to Th2 direction. Each specific siRNA 
inhibited substantially their target gene expression in each sample (Report III, Figure 
7A and 7B). SATB1 knockdown strongly induced IL-5 (over 4000 %) whereas 
downregulation of GATA3 did not decrease IL-5 expression presumably as the basal 
expression of IL-5 is negligible during early Th2 differentiation (Report III, Figure 
7C). Intriguingly, the induction of IL-5 expression in cells where both SATB1 and 
GATA3 had been knocked down was only roughly ¼ of the induction resulting from 
knocking down SATB1 alone. We also measured using Bio-Plex assay the secreted IL-
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5 from the culture media of SATB1-siRNA and/or GATA3-siRNA or scrambled 
control siRNA treated cells. In concordance with the results on mRNA level, the 
production of IL-5 was significantly more increased upon SATB1 knockdown 
compared to cells where both SATB1 and GATA3 were simultaneously downregulated 
using siRNA oligonucleotides (Report III, Figure 7D and Table S5). Collectively, 
these results indicate that GATA3 plays a role in the upregulation of IL-5 in the 
absence of SATB1 and thereby suggest that SATB1 is presumably required to block 
GATA3 mediated induction of IL-5 expression during early Th2 cell differentiation.  

The mechanism how SATB1 regulates IL-5 expression probably includes (1) 
repression or prohibiting binding of IL-5 expression activating transcription factors, 
such as GATA3 or NFATs (Yoshida et al. 1998, Blumenthal et al. 1999, Schwenger et 
al. 2001, Rengarajan et al. 2002b); (2) regulation of the chromatin loopscape of IL-5 
locus and/or (3) recruitment of histone modifying factors and changes in the histone 
modification status. These hypotheses are supported by several findings, as follow. 
Even if our results indicated that the expression of GATA3, NFATs or any other 
known IL-5 regulating transcription factor was not affected by SATB1 knockdown on 
mRNA level, alterations in their stability, localization or interaction partners might 
favor increased IL-5 expression (Yoshida et al. 1998, Blumenthal et al. 1999, 
Schwenger et al. 2001, Rengarajan et al. 2002b). Moreover, SATB1 has been shown to 
play an essential role in packing the mouse Th2 cytokine locus (Cai et al. 2006). Even 
if our results indicated that the looping of IL-5 promoter changes in course of Th2 
differentiation, the loop arrangement was not SATB1-dependent during early 
differentiation of Th2 cells. However, SATB1 might be required for the formation of 
three-dimensional chromatin configuration of the whole Th2 cytokine locus as 
observed in a mouse Th2 cell clone (Cai et al. 2006). Further studies are required to 
define the specific role of SATB1 in the loopscape of Th2 cytokine locus during Th2 
cell polarization. Furthermore, histone hyperacetylation of the IL-5 gene in CD4+ T 
cells has been shown to be Th2-specific and to occur in a STAT6- and GATA3-
dependent manner (Yamashita et al. 2002). The overexpression of HDAC1 has been 
demonstrated to repress IL-5 (Jee et al. 2005). SATB1 can recruit corepressors 
(HDACs) and coactivators (HATs) directly to promoters (Kumar et al. 2005, Kumar et 
al. 2006). In the case of human IL-2 and IL-2Rα genes, SATB1 has been shown to 
directly bind to their promoters and recruit HDAC1 in vivo causing a suppression of 
gene expression (Kumar et al. 2005). Since SATB1 has been shown to recruit HDAC1 
to the regulatory sites (Kumar et al. 2005, Kumar et al. 2006, Purbey et al. 2009), it is 
plausible that a similar mechanism may operate during repression of IL-5 by SATB1 
during early Th2 differentiation, as supported by the occupancy of IL-5 promoter by 
both SATB1 and HDAC1. 

To conclude, in light of our findings, we propose that the transcriptional regulator and 
chromatin organizer SATB1 plays an important role in T helper cell lineage decision 
since it coordinately regulates a large number of IL-4 target genes involved in Th2 cell 
differentiation and function. Our results suggest that a competitive mechanism 
involving SATB1 and GATA3 regulates IL-5 transcription, and provide new 
mechanistic insights into the stringent regulation of IL-5 expression during human Th2 
cell differentiation. 
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6 CONCLUSIONS 

The immune system, composed of innate and adaptive parts, protects the host from 
microbial attacks and malignant transformation. APCs, of which the most important 
subtype is DCs, present captured and processed antigens to lymphocytes and thereby 
start the specific immune response. Naïve CD4+ T cells differentiate to functionally 
distinct effector T cell subsets including Th1, Th2 and Th17 cells, which while being 
responsible for specific immune functions have also been implicated in pathological 
responses, such as autoimmunity, asthma and allergy. Detailed characterization of the 
signaling pathways and regulatory networks leading to the development of Th cell 
subsets is essential for understanding the pathogenesis of immune-mediated diseases. 
This thesis focuses on dissecting the IL-4 induced gene regulatory circuits leading to 
differentiation of DCs and Th2 cells. The main results of the thesis are as follows: 

Gene expression profiling lead to identification of over 200 genes that are differentially 
expressed during cytokine induced differentiation of human monocytes to DCs or 
macrophages. These genes include several transcription factors that are likely to 
orchestrate crucial cell type specific gene expression patterns in DCs and macrophages. 
Furthermore, differentially expressed genes include receptors and other cell surface 
molecules, which regulate interactions of DCs or macrophages with other cells, 
microbes or their components, as well as extracellular soluble mediators, such as 
cytokines and immunoglobins, which transmit intercellular communication. These 
genes most probably play a key role in establishing the proper biological functions of 
DCs and macrophages.  

Transcriptome analysis demonstrated the dynamic regulation of gene expression by IL-
12 and IL-4 during the initiation of Th cell differentiation as only a subset of genes was 
preferentially expressed by the polarizing Th1 or Th2 cells throughout the early 
differentiation. Moreover, the gene expression pattern of several genes was changed by 
adding TGFβ, an immunosuppressive cytokine, to the cells cultured in Th1 or Th2 
conditions, indicating the putative role of these factors in Th cell differentiation 
process. Similarly, IL-10 was potent in downregulating the expression of the key 
regulators of Th1 and Th2 cell differentiation, including T-bet and GATA3. Thus, the 
immediate target genes of IL-12 and IL-4 are likely play an important role in forming 
the gene regulatory networks needed for development of Th1 and Th2 cells.   

RNAi mediated gene knockdown experiments and global gene expression analysis 
indicated that SATB1, a T cell enriched transcriptional regulator and chromatin 
organizer, coordinately regulates a large number of genes important for Th cell 
polarization or function. In Th2 lineage IL-4 induces SATB1 expression via STAT6. 
Furthermore, SATB1 directly binds the promoter of IL-5, recruits HDAC1 corepressor 
and may compete with GATA3 for the reciprocal regulation of IL-5 transcription. 
These findings suggest that SATB1 plays an important role in Th1 and Th2 cell 
differentiation. Understanding the molecular basis of the putative SATB1 and GATA3 
competition will provide important insights into global gene regulation by these crucial 
Th2 enriched factors. 



Acknowledgements 

 

74

ACKNOWLEDGEMENTS 

 
This work was carried out at the Turku Centre for Biotechnology (CBT), University of 
Turku and Åbo Akademi University, during the years 2004-2009. I wish to express my 
gratitude to my supervisor, Director of the Centre, Professor Riitta Lahesmaa, for 
giving me the opportunity to accomplish my PhD thesis in her Molecular Immunology 
research group. In particular, for providing well-equipped facilities, highly motivating 
scientific questions and the creative freedom to pursue research.  
 
I am very grateful to the National Graduate School of Informational and Structural 
Biology (ISB) and its Director, Professor Mark Johnson for giving me the position at 
the school and financial support. I wish to acknowledge Professor Jukka Finne for 
hosting me as a graduate student at the Department of Medical Biochemistry and 
Molecular Biology of University of Turku. I express my sincere gratitude to the 
members of my PhD thesis supervisory committee, Professor Kanury Rao and Dr. 
Sanjeev Galande, for their constructive criticism, guidance and advice.  
 
Professor Risto Renkonen and Docent Panu Kovanen are acknowledged for carefully 
reviewing my thesis and providing valuable comments. I also wish to thank Dr. Robert 
Moulder for thorough revision of the language of this thesis as well as his patience 
with my endless linguistic queries.  
 
I owe my deepest gratitude to my co-authors, Professor Ilkka Julkunen, Dr. Anne 
Lehtonen, Dr. Ville Veckman, Dr. Minja Miettinen, Dr. Riikka Lund, Essi Kainonen, 
Anna-Maria Lahesmaa, Dr. Craig Dixon, Dr. Sanjeev Galande, Dr. Amita Limaye, Dr. 
Laura Elo-Uhlgrén, Soile Tuomela, Mithila Burute, Kamal Gottimukkala, Dr. Dimple 
Notani and Adjunct Professor Omid Rasool for fruitful collaboration. I am extremely 
thankful to Dr. Sanjeev Galande for taking me to his inspiring laboratory in India and 
revealing me the secrets of SATB1. His enthusiastic, passionate and fearless touch on 
research as well as the philosophical viewpoints in science and life have made a deep 
impression on me. I also wish to thank Docent Päivi Koskinen for introducing me to 
the fascinating world of signal transduction. 
 
All the current and past members of the ATLAS group are warmly acknowledged for 
creating such a cheerful and motivating working environment. Your support was vital 
especially at times when I found it hard to believe that this would end at all. I have 
been privileged to get to know all of you and share the lab with you! Especially, I wish 
to thank Sanna Filén, Mirkka Heinonen, Henna Järvenpää, Minna Kyläniemi, Tapio 
Lönnberg, Elisa Närvä, Johanna Tahvanainen, Subhash Tripathi, Soile Tuomela, Dr. 
Riikka Lund, Dr. Maritta Löytömäki, Dr. Juha Mykkänen, Dr. Eeva Rainio, Dr. Robert 
Moulder, Docent Tiina Henttinen and Adjunct Professor Omid Rasool. I would like to 
express my special gratitude to Soile Tuomela for her friendship, support, help with 
experiments and time shared with endless scientific and non-scientific discussions. 
 



Acknowledgements 

 

75

I am thankful to the members of Dr. Sanjeev Galande’s laboratory and people at 
National Centre for Cell Science, Dr. Amita Limaye, Dr. Dimple Notani, Dr. Shiny 
Titus, Dr. Madhujit Damle, Dr. Suman Prasad, Dr. Sameet Mehta, Dr. Prabhat Kumar, 
Ranveer Jayani, Sunita Singh, Kamal Gottimukkala, Rafeek Ahmed Mir, R.L. 
Praveena, Shashikant Gawai, Trupti Bhankhede and Kaustubh Gokhale. Thanks to all 
of you I had such a wonderful time in India. I will never forget your hospitality! 
 
Marjo Hakkarainen and Sarita Heinonen are sincerely acknowledged for excellent 
technical assistance. I highly appreciate their skilful work and never-ending 
willingness to help me with various tasks. 
 
I express my gratitude to all supporting staff at CBT including administration, 
instrument maintenance, technical staff, computer section, the Finnish DNA 
Microarray Centre and Cell Imaging Core for their coordinated help towards the 
accomplishment of my goals.  
 
I take this opportunity to thank Akademiska Orkestern vid Åbo Akademi and its 
conductor Sauli Huhtala for giving me the opportunity to play such great music in such 
great places with such great people! During these years I have made friends with 
several fantastic musicians of the orchestra of which I wish to highlight the role of 
Sauli, Markku, Sami, Timo, Katariina, Kirsi, Marjo and Sanna in delighting my life! 
My friends Eeva, Hanna, Marle, Johanna, Katariina, Kirsi and Sanna R. deserve a 
special mention for their tremendous support. I wish to thank you, all my dear friends, 
for always being there for me, believing in me, being such great company, having the 
fascinating discussions about music, life and beyond as well as sharing so many 
beautiful, cheerful and memorable moments in life!  
 
My sincerest thanks go to my Mum for her unconditional love, support and 
encouragement.  
 
This work was financially supported by Academy of Finland, National Technology 
Agency (TEKES), Turku University Hospital Fund, National Graduate School in 
Informational and Structural Biology, Turku University Foundation, University of 
Turku/Faculty of Medicine – Postgraduate School of Health Sciences, The Sigrid 
Jusélius Foundation, The Finnish Cultural Foundation, Systems Biology Research 
Program, The Ida Montin Foundation, Väinö and Laina Kivi Foundation, Finnish 
Concordia Fund, Turun Mikrobiologien Tiedesäätiö, Scandinavian Society for 
Immunology and Oskar Öflund Foundation. 
 
 
Turku, December 2009 

 



References 

 

76

REFERENCES
Abbas AK, Murphy KM & Sher A (1996) Functional 
diversity of helper T lymphocytes. Nature 383: 787-
793. 
Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A 
& Sallusto F (2007) Interleukins 1beta and 6 but not 
transforming growth factor-beta are essential for the 
differentiation of interleukin 17-producing human T 
helper cells. Nat. Immunol. 8: 942-949. 
Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, 
Yang SY, Murphy TL & Murphy KM (2002) T-bet is 
a STAT1-induced regulator of IL-12R expression in 
naive CD4+ T cells. Nat. Immunol. 3: 549-557. 
Agarwal S, Avni O & Rao A (2000) Cell-type-
restricted binding of the transcription factor NFAT to 
a distal IL-4 enhancer in vivo. Immunity 12: 643-652. 
Agarwal S & Rao A (1998) Modulation of chromatin 
structure regulates cytokine gene expression during T 
cell differentiation. Immunity 9: 765-775. 
Ahn JH, Lee Y, Jeon C, Lee SJ, Lee BH, Choi KD & 
Bae YS (2002) Identification of the genes 
differentially expressed in human dendritic cell 
subsets by cDNA subtraction and microarray analysis. 
Blood 100: 1742-1754. 
Akagawa KS, Takasuka N, Nozaki Y, Komuro I, 
Azuma M, Ueda M, Naito M & Takahashi K (1996) 
Generation of CD1+RelB+ dendritic cells and tartrate-
resistant acid phosphatase-positive osteoclast-like 
multinucleated giant cells from human monocytes. 
Blood 88: 4029-4039. 
Alexander WS & Hilton DJ (2004) The role of 
suppressors of cytokine signaling (SOCS) proteins in 
regulation of the immune response. Annu. Rev. 
Immunol. 22: 503-529. 
Alvarez JD, Yasui DH, Niida H, Joh T, Loh DY & 
Kohwi-Shigematsu T (2000) The MAR-binding 
protein SATB1 orchestrates temporal and spatial 
expression of multiple genes during T-cell 
development. Genes Dev. 14: 521-535. 
Ambrosini E, Columba-Cabezas S, Serafini B, 
Muscella A & Aloisi F (2003) Astrocytes are the 
major intracerebral source of macrophage 
inflammatory protein-3alpha/CCL20 in relapsing 
experimental autoimmune encephalomyelitis and in 
vitro. Glia 41: 290-300. 
Amsen D, Antov A, Jankovic D, Sher A, Radtke F, 
Souabni A, Busslinger M, McCright B, Gridley T & 
Flavell RA (2007) Direct regulation of Gata3 
expression determines the T helper differentiation 
potential of Notch. Immunity 27: 89-99. 
Anderson KL, Perkin H, Surh CD, Venturini S, Maki 
RA & Torbett BE (2000) Transcription factor PU.1 is 
necessary for development of thymic and myeloid 
progenitor-derived dendritic cells. J. Immunol. 164: 
1855-1861. 
Andersson O & von Euler G (2002) Characterization 
and expression of the gene encoding membralin, an 
evolutionary conserved protein expressed in the 

central nervous system. Brain Res. Gene Expr. 
Patterns 1: 205-212. 
Angkasekwinai P, Park H, Wang YH, Wang YH, 
Chang SH, Corry DB, Liu YJ, Zhu Z & Dong C 
(2007) Interleukin 25 promotes the initiation of 
proallergic type 2 responses. J. Exp. Med. 204: 1509-
1517. 
Ansel KM, Djuretic I, Tanasa B & Rao A (2006) 
Regulation of Th2 differentiation and Il4 locus 
accessibility. Annu. Rev. Immunol. 24: 607-656. 
Ansel KM, Greenwald RJ, Agarwal S, Bassing CH, 
Monticelli S, Interlandi J, Djuretic IM, Lee DU, 
Sharpe AH, Alt FW & Rao A (2004) Deletion of a 
conserved Il4 silencer impairs T helper type 1-
mediated immunity. Nat. Immunol. 5: 1251-1259. 
Anthoni M, Wang G, Leino MS, Lauerma AI, Alenius 
HT & Wolff HJ (2007) Smad3 -signalling and Th2 
cytokines in normal mouse airways and in a mouse 
model of asthma. Int. J. Biol. Sci. 3: 477-485. 
Ardavin C (2003) Origin, precursors and 
differentiation of mouse dendritic cells. Nat. Rev. 
Immunol. 3: 582-590. 
Ardavin C, Martinez del Hoyo G, Martin P, Anjuere 
F, Arias CF, Marin AR, Ruiz S, Parrillas V & 
Hernandez H (2001) Origin and differentiation of 
dendritic cells. Trends Immunol. 22: 691-700. 
Arima M, Toyama H, Ichii H, Kojima S, Okada S, 
Hatano M, Cheng G, Kubo M, Fukuda T & Tokuhisa 
T (2002) A putative silencer element in the IL-5 gene 
recognized by Bcl6. J. Immunol. 169: 829-836. 
Ashburner M, Ball CA, Blake JA, Botstein D, Butler 
H, Cherry JM, Davis AP, Dolinski K, Dwight SS, 
Eppig JT, Harris MA, Hill DP, Issel-Tarver L, 
Kasarskis A, Lewis S, Matese JC, Richardson JE, 
Ringwald M, Rubin GM & Sherlock G (2000) Gene 
ontology: tool for the unification of biology. The 
Gene Ontology Consortium. Nat. Genet. 25: 25-29. 
Asselin-Paturel C & Trinchieri G (2005) Production 
of type I interferons: plasmacytoid dendritic cells and 
beyond. J. Exp. Med. 202: 461-465. 
Attisano L & Wrana JL (2002) Signal transduction by 
the TGF-beta superfamily. Science 296: 1646-1647. 
Avni O, Lee D, Macian F, Szabo SJ, Glimcher LH & 
Rao A (2002) T(H) cell differentiation is 
accompanied by dynamic changes in histone 
acetylation of cytokine genes. Nat. Immunol. 3: 643-
651. 
Azuara V, Perry P, Sauer S, Spivakov M, Jorgensen 
HF, John RM, Gouti M, Casanova M, Warnes G, 
Merkenschlager M & Fisher AG (2006) Chromatin 
signatures of pluripotent cell lines. Nat. Cell Biol. 8: 
532-538. 
Bacon CM, Petricoin EF,3rd, Ortaldo JR, Rees RC, 
Larner AC, Johnston JA & O'Shea JJ (1995) 
Interleukin 12 induces tyrosine phosphorylation and 
activation of STAT4 in human lymphocytes. Proc. 
Natl. Acad. Sci. U. S. A. 92: 7307-7311. 



References 

 

77
Baguet A & Bix M (2004) Chromatin landscape 
dynamics of the Il4-Il13 locus during T helper 1 and 2 
development. Proc. Natl. Acad. Sci. U. S. A. 101: 
11410-11415. 
Bakri Y, Sarrazin S, Mayer UP, Tillmanns S, Nerlov 
C, Boned A & Sieweke MH (2005) Balance of MafB 
and PU.1 specifies alternative macrophage or 
dendritic cell fate. Blood 105: 2707-2716. 
Baltimore D, Boldin MP, O'Connell RM, Rao DS & 
Taganov KD (2008) MicroRNAs: new regulators of 
immune cell development and function. Nat. 
Immunol. 9: 839-845. 
Banchereau J, Briere F, Caux C, Davoust J, Lebecque 
S, Liu YJ, Pulendran B & Palucka K (2000) 
Immunobiology of dendritic cells. Annu. Rev. 
Immunol. 18: 767-811. 
Banchereau J, Paczesny S, Blanco P, Bennett L, 
Pascual V, Fay J & Palucka AK (2003) Dendritic 
cells: controllers of the immune system and a new 
promise for immunotherapy. Ann. N. Y. Acad. Sci. 
987: 180-187. 
Banchereau J & Steinman RM (1998) Dendritic cells 
and the control of immunity. Nature 392: 245-252. 
Bannister AJ & Kouzarides T (2005) Reversing 
histone methylation. Nature 436: 1103-1106. 
Bannister AJ, Schneider R & Kouzarides T (2002) 
Histone methylation: dynamic or static? Cell 109: 
801-806. 
Barbulescu K, Becker C, Schlaak JF, Schmitt E, 
Meyer zum Buschenfelde KH & Neurath MF (1998) 
IL-12 and IL-18 differentially regulate the 
transcriptional activity of the human IFN-gamma 
promoter in primary CD4+ T lymphocytes. J. 
Immunol. 160: 3642-3647. 
Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, 
Wang Z, Wei G, Chepelev I & Zhao K (2007) High-
resolution profiling of histone methylations in the 
human genome. Cell 129: 823-837. 
Bartel DP (2004) MicroRNAs: genomics, biogenesis, 
mechanism, and function. Cell 116: 281-297. 
Batten M, Li J, Yi S, Kljavin NM, Danilenko DM, 
Lucas S, Lee J, de Sauvage FJ & Ghilardi N (2006) 
Interleukin 27 limits autoimmune encephalomyelitis 
by suppressing the development of interleukin 17-
producing T cells. Nat. Immunol. 7: 929-936. 
Bell AC, West AG & Felsenfeld G (1999) The protein 
CTCF is required for the enhancer blocking activity of 
vertebrate insulators. Cell 98: 387-396. 
Berger SL (2007) The complex language of chromatin 
regulation during transcription. Nature 447: 407-412. 
Bernstein BE, Kamal M, Lindblad-Toh K, Bekiranov 
S, Bailey DK, Huebert DJ, McMahon S, Karlsson EK, 
Kulbokas EJ,3rd, Gingeras TR, Schreiber SL & 
Lander ES (2005) Genomic maps and comparative 
analysis of histone modifications in human and 
mouse. Cell 120: 169-181. 
Bernstein BE, Liu CL, Humphrey EL, Perlstein EO & 
Schreiber SL (2004) Global nucleosome occupancy in 
yeast. Genome Biol. 5: R62. 

Bernstein BE, Mikkelsen TS, Xie X, Kamal M, 
Huebert DJ, Cuff J, Fry B, Meissner A, Wernig M, 
Plath K, Jaenisch R, Wagschal A, Feil R, Schreiber 
SL & Lander ES (2006) A bivalent chromatin 
structure marks key developmental genes in 
embryonic stem cells. Cell 125: 315-326. 
Bernstein E, Kim SY, Carmell MA, Murchison EP, 
Alcorn H, Li MZ, Mills AA, Elledge SJ, Anderson 
KV & Hannon GJ (2003) Dicer is essential for mouse 
development. Nat. Genet. 35: 215-217. 
Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, 
Oukka M, Weiner HL & Kuchroo VK (2006) 
Reciprocal developmental pathways for the 
generation of pathogenic effector TH17 and 
regulatory T cells. Nature 441: 235-238. 
Bettelli E, Korn T, Oukka M & Kuchroo VK (2008) 
Induction and effector functions of T(H)17 cells. 
Nature 453: 1051-1057. 
Bettelli E, Oukka M & Kuchroo VK (2007) T(H)-17 
cells in the circle of immunity and autoimmunity. Nat. 
Immunol. 8: 345-350. 
Bird A (2002) DNA methylation patterns and 
epigenetic memory. Genes Dev. 16: 6-21. 
Bird AP & Wolffe AP (1999) Methylation-induced 
repression--belts, braces, and chromatin. Cell 99: 451-
454. 
Bird JJ, Brown DR, Mullen AC, Moskowitz NH, 
Mahowald MA, Sider JR, Gajewski TF, Wang CR & 
Reiner SL (1998) Helper T cell differentiation is 
controlled by the cell cycle. Immunity 9: 229-237. 
Blom B, Ho S, Antonenko S & Liu YJ (2000) 
Generation of interferon alpha-producing predendritic 
cell (Pre-DC)2 from human CD34(+) hematopoietic 
stem cells. J. Exp. Med. 192: 1785-1796. 
Blumenthal A, Ehlers S, Lauber J, Buer J, Lange C, 
Goldmann T, Heine H, Brandt E & Reiling N (2006) 
The Wingless homolog WNT5A and its receptor 
Frizzled-5 regulate inflammatory responses of human 
mononuclear cells induced by microbial stimulation. 
Blood 108: 965-973. 
Blumenthal SG, Aichele G, Wirth T, Czernilofsky 
AP, Nordheim A & Dittmer J (1999) Regulation of 
the human interleukin-5 promoter by Ets transcription 
factors. Ets1 and Ets2, but not Elf-1, cooperate with 
GATA3 and HTLV-I Tax1. J. Biol. Chem. 274: 
12910-12916. 
Bode J, Kohwi Y, Dickinson L, Joh T, Klehr D, 
Mielke C & Kohwi-Shigematsu T (1992) Biological 
significance of unwinding capability of nuclear 
matrix-associating DNAs. Science 255: 195-197. 
Boeger H, Griesenbeck J, Strattan JS & Kornberg RD 
(2004) Removal of promoter nucleosomes by 
disassembly rather than sliding in vivo. Mol. Cell 14: 
667-673. 
Bohjanen PR, Okajima M & Hodes RJ (1990) 
Differential regulation of interleukin 4 and interleukin 
5 gene expression: a comparison of T-cell gene 
induction by anti-CD3 antibody or by exogenous 
lymphokines. Proc. Natl. Acad. Sci. U. S. A. 87: 5283-
5287. 



References 

 

78
Bohnsack MT, Czaplinski K & Gorlich D (2004) 
Exportin 5 is a RanGTP-dependent dsRNA-binding 
protein that mediates nuclear export of pre-miRNAs. 
RNA 10: 185-191. 
Bolstad BM, Irizarry RA, Astrand M & Speed TP 
(2003) A comparison of normalization methods for 
high density oligonucleotide array data based on 
variance and bias. Bioinformatics 19: 185-193. 
Bondarenko VA, Steele LM, Ujvari A, Gaykalova 
DA, Kulaeva OI, Polikanov YS, Luse DS & Studitsky 
VM (2006) Nucleosomes can form a polar barrier to 
transcript elongation by RNA polymerase II. Mol. 
Cell 24: 469-479. 
Boyer LA, Plath K, Zeitlinger J, Brambrink T, 
Medeiros LA, Lee TI, Levine SS, Wernig M, Tajonar 
A, Ray MK, Bell GW, Otte AP, Vidal M, Gifford DK, 
Young RA & Jaenisch R (2006) Polycomb complexes 
repress developmental regulators in murine 
embryonic stem cells. Nature 441: 349-353. 
Boyle AP, Davis S, Shulha HP, Meltzer P, Margulies 
EH, Weng Z, Furey TS & Crawford GE (2008) High-
resolution mapping and characterization of open 
chromatin across the genome. Cell 132: 311-322. 
Bradley LM, Dalton DK & Croft M (1996) A direct 
role for IFN-gamma in regulation of Th1 cell 
development. J. Immunol. 157: 1350-1358. 
Brandon C, Eisenberg LM & Eisenberg CA (2000) 
WNT signaling modulates the diversification of 
hematopoietic cells. Blood 96: 4132-4141. 
Briscoe J, Rogers NC, Witthuhn BA, Watling D, 
Harpur AG, Wilks AF, Stark GR, Ihle JN & Kerr IM 
(1996) Kinase-negative mutants of JAK1 can sustain 
interferon-gamma-inducible gene expression but not 
an antiviral state. EMBO J. 15: 799-809. 
Brown MA, Pierce JH, Watson CJ, Falco J, Ihle JN & 
Paul WE (1987) B cell stimulatory factor-
1/interleukin-4 mRNA is expressed by normal and 
transformed mast cells. Cell 50: 809-818. 
Brownell JE, Zhou J, Ranalli T, Kobayashi R, 
Edmondson DG, Roth SY & Allis CD (1996) 
Tetrahymena histone acetyltransferase A: a homolog 
to yeast Gcn5p linking histone acetylation to gene 
activation. Cell 84: 843-851. 
Brustle A, Heink S, Huber M, Rosenplanter C, 
Stadelmann C, Yu P, Arpaia E, Mak TW, Kamradt T 
& Lohoff M (2007) The development of 
inflammatory T(H)-17 cells requires interferon-
regulatory factor 4. Nat. Immunol. 8: 958-966. 
Cai S, Han HJ & Kohwi-Shigematsu T (2003) Tissue-
specific nuclear architecture and gene expression 
regulated by SATB1. Nat. Genet. 34: 42-51. 
Cai S, Lee CC & Kohwi-Shigematsu T (2006) 
SATB1 packages densely looped, transcriptionally 
active chromatin for coordinated expression of 
cytokine genes. Nat. Genet. 38: 1278-1288. 
Cai X, Hagedorn CH & Cullen BR (2004) Human 
microRNAs are processed from capped, 
polyadenylated transcripts that can also function as 
mRNAs. RNA 10: 1957-1966. 
Campbell HD, Tucker WQ, Hort Y, Martinson ME, 
Mayo G, Clutterbuck EJ, Sanderson CJ & Young IG 

(1987) Molecular cloning, nucleotide sequence, and 
expression of the gene encoding human eosinophil 
differentiation factor (interleukin 5). Proc. Natl. Acad. 
Sci. U. S. A. 84: 6629-6633. 
Camps M, Nichols A, Gillieron C, Antonsson B, 
Muda M, Chabert C, Boschert U & Arkinstall S 
(1998) Catalytic activation of the phosphatase MKP-3 
by ERK2 mitogen-activated protein kinase. Science 
280: 1262-1265. 
Cella M, Jarrossay D, Facchetti F, Alebardi O, 
Nakajima H, Lanzavecchia A & Colonna M (1999) 
Plasmacytoid monocytes migrate to inflamed lymph 
nodes and produce large amounts of type I interferon. 
Nat. Med. 5: 919-923. 
Chabaud M, Page G & Miossec P (2001) Enhancing 
effect of IL-1, IL-17, and TNF-alpha on macrophage 
inflammatory protein-3alpha production in 
rheumatoid arthritis: regulation by soluble receptors 
and Th2 cytokines. J. Immunol. 167: 6015-6020. 
Chambers RC, Leoni P, Kaminski N, Laurent GJ & 
Heller RA (2003) Global expression profiling of 
fibroblast responses to transforming growth factor-
beta1 reveals the induction of inhibitor of 
differentiation-1 and provides evidence of smooth 
muscle cell phenotypic switching. Am. J. Pathol. 162: 
533-546. 
Chang S & Aune TM (2007) Dynamic changes in 
histone-methylation 'marks' across the locus encoding 
interferon-gamma during the differentiation of T 
helper type 2 cells. Nat. Immunol. 8: 723-731. 
Chang S & Aune TM (2005) Histone hyperacetylated 
domains across the Ifng gene region in natural killer 
cells and T cells. Proc. Natl. Acad. Sci. U. S. A. 102: 
17095-17100. 
Chapuis F, Rosenzwajg M, Yagello M, Ekman M, 
Biberfeld P & Gluckman JC (1997) Differentiation of 
human dendritic cells from monocytes in vitro. Eur. J. 
Immunol. 27: 431-441. 
Charlton B & Lafferty KJ (1995) The Th1/Th2 
balance in autoimmunity. Curr. Opin. Immunol. 7: 
793-798. 
Chaussabel D, Semnani RT, McDowell MA, Sacks D, 
Sher A & Nutman TB (2003) Unique gene expression 
profiles of human macrophages and dendritic cells to 
phylogenetically distinct parasites. Blood 102: 672-
681. 
Chen CZ, Li L, Lodish HF & Bartel DP (2004) 
MicroRNAs modulate hematopoietic lineage 
differentiation. Science 303: 83-86. 
Chen Z, Tato CM, Muul L, Laurence A & O'Shea JJ 
(2007) Distinct regulation of interleukin-17 in human 
T helper lymphocytes. Arthritis Rheum. 56: 2936-
2946. 
Chendrimada TP, Finn KJ, Ji X, Baillat D, Gregory 
RI, Liebhaber SA, Pasquinelli AE & Shiekhattar R 
(2007) MicroRNA silencing through RISC 
recruitment of eIF6. Nature 447: 823-828. 
Chendrimada TP, Gregory RI, Kumaraswamy E, 
Norman J, Cooch N, Nishikura K & Shiekhattar R 
(2005) TRBP recruits the Dicer complex to Ago2 for 



References 

 

79
microRNA processing and gene silencing. Nature 
436: 740-744. 
Cho SS, Bacon CM, Sudarshan C, Rees RC, 
Finbloom D, Pine R & O'Shea JJ (1996) Activation of 
STAT4 by IL-12 and IFN-alpha: evidence for the 
involvement of ligand-induced tyrosine and serine 
phosphorylation. J. Immunol. 157: 4781-4789. 
Choi OR & Engel JD (1988) Developmental 
regulation of beta-globin gene switching. Cell 55: 17-
26. 
Chua AO, Chizzonite R, Desai BB, Truitt TP, Nunes 
P, Minetti LJ, Warrier RR, Presky DH, Levine JF & 
Gately MK (1994) Expression cloning of a human IL-
12 receptor component. A new member of the 
cytokine receptor superfamily with strong homology 
to gp130. J. Immunol. 153: 128-136. 
Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva 
R, Kang HS, Ma L, Watowich SS, Jetten AM, Tian Q 
& Dong C (2009) Critical regulation of early Th17 
cell differentiation by interleukin-1 signaling. 
Immunity 30: 576-587. 
Chung JH, Bell AC & Felsenfeld G (1997) 
Characterization of the chicken beta-globin insulator. 
Proc. Natl. Acad. Sci. U. S. A. 94: 575-580. 
Clevers H (2006) Wnt/beta-catenin signaling in 
development and disease. Cell 127: 469-480. 
Cobb BS, Hertweck A, Smith J, O'Connor E, Graf D, 
Cook T, Smale ST, Sakaguchi S, Livesey FJ, Fisher 
AG & Merkenschlager M (2006) A role for Dicer in 
immune regulation. J. Exp. Med. 203: 2519-2527. 
Cobb BS, Nesterova TB, Thompson E, Hertweck A, 
O'Connor E, Godwin J, Wilson CB, Brockdorff N, 
Fisher AG, Smale ST & Merkenschlager M (2005) T 
cell lineage choice and differentiation in the absence 
of the RNase III enzyme Dicer. J. Exp. Med. 201: 
1367-1373. 
Coffman RL, Seymour BW, Hudak S, Jackson J & 
Rennick D (1989) Antibody to interleukin-5 inhibits 
helminth-induced eosinophilia in mice. Science 245: 
308-310. 
Colonna M, Trinchieri G & Liu YJ (2004) 
Plasmacytoid dendritic cells in immunity. Nat. 
Immunol. 5: 1219-1226. 
Connor RI, Sheridan KE, Ceradini D, Choe S & 
Landau NR (1997) Change in coreceptor use 
coreceptor use correlates with disease progression in 
HIV-1--infected individuals. J. Exp. Med. 185: 621-
628. 
Constant SL & Bottomly K (1997) Induction of Th1 
and Th2 CD4+ T cell responses: the alternative 
approaches. Annu. Rev. Immunol. 15: 297-322. 
Conti P, Kempuraj D, Kandere K, Di Gioacchino M, 
Barbacane RC, Castellani ML, Felaco M, Boucher W, 
Letourneau R & Theoharides TC (2003) IL-10, an 
inflammatory/inhibitory cytokine, but not always. 
Immunol. Lett. 86: 123-129. 
Cooper AM, Magram J, Ferrante J & Orme IM (1997) 
Interleukin 12 (IL-12) is crucial to the development of 
protective immunity in mice intravenously infected 
with mycobacterium tuberculosis. J. Exp. Med. 186: 
39-45. 

Copeland KF (2006) Inhibition of HIV-1 entry into 
cells. Recent. Patents Anti-Infect Drug Disc 1: 107-
112. 
Coquet JM, Kyparissoudis K, Pellicci DG, Besra G, 
Berzins SP, Smyth MJ & Godfrey DI (2007) IL-21 is 
produced by NKT cells and modulates NKT cell 
activation and cytokine production. J. Immunol. 178: 
2827-2834. 
Corbalan-Garcia S, Yang SS, Degenhardt KR & Bar-
Sagi D (1996) Identification of the mitogen-activated 
protein kinase phosphorylation sites on human Sos1 
that regulate interaction with Grb2. Mol. Cell. Biol. 
16: 5674-5682. 
Corces VG (1995) Chromatin insulators. Keeping 
enhancers under control. Nature 376: 462-463. 
Cousins DJ, Lee TH & Staynov DZ (2002) Cytokine 
coexpression during human Th1/Th2 cell 
differentiation: direct evidence for coordinated 
expression of Th2 cytokines. J. Immunol. 169: 2498-
2506. 
Cousins DJ, Richards D, Kemeny DM, Romagnani S, 
Lee TH & Staynov DZ (2000) DNase I footprinting of 
the human interleukin-5 gene promoter. Immunology 
99: 101-108. 
Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, 
Seymour B, Lucian L, To W, Kwan S, Churakova T, 
Zurawski S, Wiekowski M, Lira SA, Gorman D, 
Kastelein RA & Sedgwick JD (2003) Interleukin-23 
rather than interleukin-12 is the critical cytokine for 
autoimmune inflammation of the brain. Nature 421: 
744-748. 
Cuthbert GL, Daujat S, Snowden AW, Erdjument-
Bromage H, Hagiwara T, Yamada M, Schneider R, 
Gregory PD, Tempst P, Bannister AJ & Kouzarides T 
(2004) Histone deimination antagonizes arginine 
methylation. Cell 118: 545-553. 
D'Amico A & Wu L (2003) The early progenitors of 
mouse dendritic cells and plasmacytoid predendritic 
cells are within the bone marrow hemopoietic 
precursors expressing Flt3. J. Exp. Med. 198: 293-
303. 
D'Andrea A, Rengaraju M, Valiante NM, Chehimi J, 
Kubin M, Aste M, Chan SH, Kobayashi M, Young D 
& Nickbarg E (1992) Production of natural killer cell 
stimulatory factor (interleukin 12) by peripheral blood 
mononuclear cells. J. Exp. Med. 176: 1387-1398. 
De Boer ML, Mordvinov VA, Thomas MA & 
Sanderson CJ (1999) Role of nuclear factor of 
activated T cells (NFAT) in the expression of 
interleukin-5 and other cytokines involved in the 
regulation of hemopoetic cells. Int. J. Biochem. Cell 
Biol. 31: 1221-1236. 
de Laat W (2007) Long-range DNA contacts: 
romance in the nucleus? Curr. Opin. Cell Biol. 19: 
317-320. 
De Monchy JG, Kauffman HF, Venge P, Koeter GH, 
Jansen HM, Sluiter HJ & De Vries K (1985) 
Bronchoalveolar eosinophilia during allergen-induced 
late asthmatic reactions. Am. Rev. Respir. Dis. 131: 
373-376. 



References 

 

80
Dean A (2006) On a chromosome far, far away: LCRs 
and gene expression. Trends Genet. 22: 38-45. 
Defrance T, Carayon P, Billian G, Guillemot JC, 
Minty A, Caput D & Ferrara P (1994) Interleukin 13 
is a B cell stimulating factor. J. Exp. Med. 179: 135-
143. 
Dekker J (2008) Gene regulation in the third 
dimension. Science 319: 1793-1794. 
DeKoter RP, Walsh JC & Singh H (1998) PU.1 
regulates both cytokine-dependent proliferation and 
differentiation of granulocyte/macrophage 
progenitors. EMBO J. 17: 4456-4468. 
Dent AL, Shaffer AL, Yu X, Allman D & Staudt LM 
(1997) Control of inflammation, cytokine expression, 
and germinal center formation by BCL-6. Science 
276: 589-592. 
Dickinson LA, Joh T, Kohwi Y & Kohwi-Shigematsu 
T (1992) A tissue-specific MAR/SAR DNA-binding 
protein with unusual binding site recognition. Cell 70: 
631-645. 
Diehl S & Rincon M (2002) The two faces of IL-6 on 
Th1/Th2 differentiation. Mol. Immunol. 39: 531-536. 
Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao 
A & Ansel KM (2007) Transcription factors T-bet and 
Runx3 cooperate to activate Ifng and silence Il4 in T 
helper type 1 cells. Nat. Immunol. 8: 145-153. 
Dong C (2008) TH17 cells in development: an 
updated view of their molecular identity and genetic 
programming. Nat. Rev. Immunol. 8: 337-348. 
Dubucquoi S, Desreumaux P, Janin A, Klein O, 
Goldman M, Tavernier J, Capron A & Capron M 
(1994) Interleukin 5 synthesis by eosinophils: 
association with granules and immunoglobulin-
dependent secretion. J. Exp. Med. 179: 703-708. 
Durinck S, Moreau Y, Kasprzyk A, Davis S, De Moor 
B, Brazma A & Huber W (2005) BioMart and 
Bioconductor: a powerful link between biological 
databases and microarray data analysis. 
Bioinformatics 21: 3439-3440. 
Ebinu JO, Bottorff DA, Chan EY, Stang SL, Dunn RJ 
& Stone JC (1998) RasGRP, a Ras guanyl nucleotide- 
releasing protein with calcium- and diacylglycerol-
binding motifs. Science 280: 1082-1086. 
Eisen MB, Spellman PT, Brown PO & Botstein D 
(1998) Cluster analysis and display of genome-wide 
expression patterns. Proc. Natl. Acad. Sci. U. S. A. 95: 
14863-14868. 
Emson CL, Bell SE, Jones A, Wisden W & McKenzie 
AN (1998) Interleukin (IL)-4-independent induction 
of immunoglobulin (Ig)E, and perturbation of T cell 
development in transgenic mice expressing IL-13. J. 
Exp. Med. 188: 399-404. 
Engel JD & Tanimoto K (2000) Looping, linking, and 
chromatin activity: new insights into beta-globin locus 
regulation. Cell 100: 499-502. 
Fainaru O, Shseyov D, Hantisteanu S & Groner Y 
(2005) Accelerated chemokine receptor 7-mediated 
dendritic cell migration in Runx3 knockout mice and 
the spontaneous development of asthma-like disease. 
Proc. Natl. Acad. Sci. U. S. A. 102: 10598-10603. 

Fainaru O, Woolf E, Lotem J, Yarmus M, Brenner O, 
Goldenberg D, Negreanu V, Bernstein Y, Levanon D, 
Jung S & Groner Y (2004) Runx3 regulates mouse 
TGF-beta-mediated dendritic cell function and its 
absence results in airway inflammation. EMBO J. 23: 
969-979. 
Fang TC, Yashiro-Ohtani Y, Del Bianco C, Knoblock 
DM, Blacklow SC & Pear WS (2007) Notch directly 
regulates Gata3 expression during T helper 2 cell 
differentiation. Immunity 27: 100-110. 
Faria AM & Weiner HL (2006) Oral tolerance and 
TGF-beta-producing cells. Inflamm. Allergy Drug 
Targets 5: 179-190. 
Farrar JD, Asnagli H & Murphy KM (2002) T helper 
subset development: roles of instruction, selection, 
and transcription. J. Clin. Invest. 109: 431-435. 
Feng Q & Zhang Y (2001) The MeCP1 complex 
represses transcription through preferential binding, 
remodeling, and deacetylating methylated 
nucleosomes. Genes Dev. 15: 827-832. 
Ferber IA, Lee HJ, Zonin F, Heath V, Mui A, Arai N 
& O'Garra A (1999) GATA-3 significantly 
downregulates IFN-gamma production from 
developing Th1 cells in addition to inducing IL-4 and 
IL-5 levels. Clin. Immunol. 91: 134-144. 
Festenstein R & Kioussis D (2000) Locus control 
regions and epigenetic chromatin modifiers. Curr. 
Opin. Genet. Dev. 10: 199-203. 
Fields PE, Kim ST & Flavell RA (2002) Cutting edge: 
changes in histone acetylation at the IL-4 and IFN-
gamma loci accompany Th1/Th2 differentiation. J. 
Immunol. 169: 647-650. 
Fields PE, Lee GR, Kim ST, Bartsevich VV & Flavell 
RA (2004) Th2-specific chromatin remodeling and 
enhancer activity in the Th2 cytokine locus control 
region. Immunity 21: 865-876. 
Finkelman FD, Katona IM, Urban JF,Jr, Holmes J, 
Ohara J, Tung AS, Sample JV & Paul WE (1988) IL-
4 is required to generate and sustain in vivo IgE 
responses. J. Immunol. 141: 2335-2341. 
Finotto S, Neurath MF, Glickman JN, Qin S, Lehr 
HA, Green FH, Ackerman K, Haley K, Galle PR, 
Szabo SJ, Drazen JM, De Sanctis GT & Glimcher LH 
(2002) Development of spontaneous airway changes 
consistent with human asthma in mice lacking T-bet. 
Science 295: 336-338. 
Flaus A & Owen-Hughes T (2004) Mechanisms for 
ATP-dependent chromatin remodelling: farewell to 
the tuna-can octamer? Curr. Opin. Genet. Dev. 14: 
165-173. 
Flaus A & Owen-Hughes T (2003) Dynamic 
properties of nucleosomes during thermal and ATP-
driven mobilization. Mol. Cell. Biol. 23: 7767-7779. 
Flesch IE, Hess JH, Huang S, Aguet M, Rothe J, 
Bluethmann H & Kaufmann SH (1995) Early 
interleukin 12 production by macrophages in response 
to mycobacterial infection depends on interferon 
gamma and tumor necrosis factor alpha. J. Exp. Med. 
181: 1615-1621. 
Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart 
TA & Bloom BR (1993) An essential role for 



References 

 

81
interferon gamma in resistance to Mycobacterium 
tuberculosis infection. J. Exp. Med. 178: 2249-2254. 
Fort MM, Cheung J, Yen D, Li J, Zurawski SM, Lo S, 
Menon S, Clifford T, Hunte B, Lesley R, Muchamuel 
T, Hurst SD, Zurawski G, Leach MW, Gorman DM & 
Rennick DM (2001) IL-25 induces IL-4, IL-5, and IL-
13 and Th2-associated pathologies in vivo. Immunity 
15: 985-995. 
Frazer KA, Ueda Y, Zhu Y, Gifford VR, Garofalo 
MR, Mohandas N, Martin CH, Palazzolo MJ, Cheng 
JF & Rubin EM (1997) Computational and biological 
analysis of 680 kb of DNA sequence from the human 
5q31 cytokine gene cluster region. Genome Res. 7: 
495-512. 
Fukamachi K, Matsuoka Y, Ohno H, Hamaguchi T & 
Tsuda H (2002) Neuronal leucine-rich repeat protein-
3 amplifies MAPK activation by epidermal growth 
factor through a carboxyl-terminal region containing 
endocytosis motifs. J. Biol. Chem. 277: 43549-43552. 
Galande S, Purbey PK, Notani D & Kumar PP (2007) 
The third dimension of gene regulation: organization 
of dynamic chromatin loopscape by SATB1. Curr. 
Opin. Genet. Dev. 17: 408-414. 
Garzon R & Croce CM (2008) MicroRNAs in normal 
and malignant hematopoiesis. Curr. Opin. Hematol. 
15: 352-358. 
Garzon R, Pichiorri F, Palumbo T, Iuliano R, 
Cimmino A, Aqeilan R, Volinia S, Bhatt D, Alder H, 
Marcucci G, Calin GA, Liu CG, Bloomfield CD, 
Andreeff M & Croce CM (2006) MicroRNA 
fingerprints during human megakaryocytopoiesis. 
Proc. Natl. Acad. Sci. U. S. A. 103: 5078-5083. 
Gaszner M & Felsenfeld G (2006) Insulators: 
exploiting transcriptional and epigenetic mechanisms. 
Nat. Rev. Genet. 7: 703-713. 
Georgantas RW,3rd, Hildreth R, Morisot S, Alder J, 
Liu CG, Heimfeld S, Calin GA, Croce CM & Civin 
CI (2007) CD34+ hematopoietic stem-progenitor cell 
microRNA expression and function: a circuit diagram 
of differentiation control. Proc. Natl. Acad. Sci. U. S. 
A. 104: 2750-2755. 
George SJ (2008) Wnt pathway: a new role in 
regulation of inflammation. Arterioscler. Thromb. 
Vasc. Biol. 28: 400-402. 
Georgopoulos K, Bigby M, Wang JH, Molnar A, Wu 
P, Winandy S & Sharpe A (1994) The Ikaros gene is 
required for the development of all lymphoid lineages. 
Cell 79: 143-156. 
Giese NA, Gabriele L, Doherty TM, Klinman DM, 
Tadesse-Heath L, Contursi C, Epstein SL & Morse 
HC,3rd (1997) Interferon (IFN) consensus sequence-
binding protein, a transcription factor of the IFN 
regulatory factor family, regulates immune responses 
in vivo through control of interleukin 12 expression. 
J. Exp. Med. 186: 1535-1546. 
Gilliet M, Boonstra A, Paturel C, Antonenko S, Xu 
XL, Trinchieri G, O'Garra A & Liu YJ (2002) The 
development of murine plasmacytoid dendritic cell 
precursors is differentially regulated by FLT3-ligand 
and granulocyte/macrophage colony-stimulating 
factor. J. Exp. Med. 195: 953-958. 

Glimcher LH & Murphy KM (2000) Lineage 
commitment in the immune system: the T helper 
lymphocyte grows up. Genes Dev. 14: 1693-1711. 
Gordon S (1998) The role of the macrophage in 
immune regulation. Res. Immunol. 149: 685-688. 
Gordon S & Taylor PR (2005) Monocyte and 
macrophage heterogeneity. Nat. Rev. Immunol. 5: 
953-964. 
Gorelik L & Flavell RA (2002) Transforming growth 
factor-beta in T-cell biology. Nat. Rev. Immunol. 2: 
46-53. 
Granucci F, Vizzardelli C, Pavelka N, Feau S, Persico 
M, Virzi E, Rescigno M, Moro G & Ricciardi-
Castagnoli P (2001) Inducible IL-2 production by 
dendritic cells revealed by global gene expression 
analysis. Nat. Immunol. 2: 882-888. 
Gratchev A, Guillot P, Hakiy N, Politz O, Orfanos 
CE, Schledzewski K & Goerdt S (2001) Alternatively 
activated macrophages differentially express 
fibronectin and its splice variants and the extracellular 
matrix protein betaIG-H3. Scand. J. Immunol. 53: 
386-392. 
Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, 
Ha I, Baillie DL, Fire A, Ruvkun G & Mello CC 
(2001) Genes and mechanisms related to RNA 
interference regulate expression of the small temporal 
RNAs that control C. elegans developmental timing. 
Cell 106: 23-34. 
Grogan JL, Wang ZE, Stanley S, Harmon B, Loots 
GG, Rubin EM & Locksley RM (2003) Basal 
chromatin modification at the IL-4 gene in helper T 
cells. J. Immunol. 171: 6672-6679. 
Grolleau A, Misek DE, Kuick R, Hanash S & Mule JJ 
(2003) Inducible expression of macrophage receptor 
Marco by dendritic cells following phagocytic uptake 
of dead cells uncovered by oligonucleotide arrays. J. 
Immunol. 171: 2879-2888. 
Gross DS & Garrard WT (1988) Nuclease 
hypersensitive sites in chromatin. Annu. Rev. 
Biochem. 57: 159-197. 
Grosveld F, van Assendelft GB, Greaves DR & 
Kollias G (1987) Position-independent, high-level 
expression of the human beta-globin gene in 
transgenic mice. Cell 51: 975-985. 
Groth A, Rocha W, Verreault A & Almouzni G 
(2007) Chromatin challenges during DNA replication 
and repair. Cell 128: 721-733. 
Gruart-Gouilleux V, Engels P & Sullivan M (1995) 
Characterization of the human interleukin-5 gene 
promoter: involvement of octamer binding sites in the 
gene promoter activity. Eur. J. Immunol. 25: 1431-
1435. 
Grunstein M (1997) Histone acetylation in chromatin 
structure and transcription. Nature 389: 349-352. 
Guerriero A, Langmuir PB, Spain LM & Scott EW 
(2000) PU.1 is required for myeloid-derived but not 
lymphoid-derived dendritic cells. Blood 95: 879-885. 
Guo L, Hu-Li J & Paul WE (2004) Probabilistic 
regulation of IL-4 production in Th2 cells: 
accessibility at the Il4 locus. Immunity 20: 193-203. 



References 

 

82
Guo L, Hu-Li J, Zhu J, Watson CJ, Difilippantonio 
MJ, Pannetier C & Paul WE (2002) In TH2 cells the 
Il4 gene has a series of accessibility states associated 
with distinctive probabilities of IL-4 production. Proc. 
Natl. Acad. Sci. U. S. A. 99: 10623-10628. 
Haasch D, Chen YW, Reilly RM, Chiou XG, Koterski 
S, Smith ML, Kroeger P, McWeeny K, Halbert DN, 
Mollison KW, Djuric SW & Trevillyan JM (2002) T 
cell activation induces a noncoding RNA transcript 
sensitive to inhibition by immunosuppressant drugs 
and encoded by the proto-oncogene, BIC. Cell. 
Immunol. 217: 78-86. 
Hacker C, Kirsch RD, Ju XS, Hieronymus T, Gust 
TC, Kuhl C, Jorgas T, Kurz SM, Rose-John S, Yokota 
Y & Zenke M (2003) Transcriptional profiling 
identifies Id2 function in dendritic cell development. 
Nat. Immunol. 4: 380-386. 
Hamalainen H, Meissner S & Lahesmaa R (2000) 
Signaling lymphocytic activation molecule (SLAM) is 
differentially expressed in human Th1 and Th2 cells. 
J. Immunol. Methods 242: 9-19. 
Hamalainen H, Zhou H, Chou W, Hashizume H, 
Heller R & Lahesmaa R (2001a) Distinct gene 
expression profiles of human type 1 and type 2 T 
helper cells. Genome Biol. 2: RESEARCH0022. 
Hamalainen HK, Tubman JC, Vikman S, Kyrola T, 
Ylikoski E, Warrington JA & Lahesmaa R (2001b) 
Identification and validation of endogenous reference 
genes for expression profiling of T helper cell 
differentiation by quantitative real-time RT-PCR. 
Anal. Biochem. 299: 63-70. 
Hamiche A, Sandaltzopoulos R, Gdula DA & Wu C 
(1999) ATP-dependent histone octamer sliding 
mediated by the chromatin remodeling complex 
NURF. Cell 97: 833-842. 
Han HJ, Russo J, Kohwi Y & Kohwi-Shigematsu T 
(2008) SATB1 reprogrammes gene expression to 
promote breast tumour growth and metastasis. Nature 
452: 187-193. 
Han J, Lee Y, Yeom KH, Nam JW, Heo I, Rhee JK, 
Sohn SY, Cho Y, Zhang BT & Kim VN (2006a) 
Molecular basis for the recognition of primary 
microRNAs by the Drosha-DGCR8 complex. Cell 
125: 887-901. 
Han S, Lu J, Zhang Y, Cheng C, Han L, Wang X, Li 
L, Liu C & Huang B (2006b) Recruitment of histone 
deacetylase 4 by transcription factors represses 
interleukin-5 transcription. Biochem. J. 400: 439-448. 
Hanada M, Kobayashi T, Ohnishi M, Ikeda S, Wang 
H, Katsura K, Yanagawa Y, Hiraga A, Kanamaru R & 
Tamura S (1998) Selective suppression of stress-
activated protein kinase pathway by protein 
phosphatase 2C in mammalian cells. FEBS Lett. 437: 
172-176. 
Hanada T, Yoshida H, Kato S, Tanaka K, Masutani K, 
Tsukada J, Nomura Y, Mimata H, Kubo M & 
Yoshimura A (2003) Suppressor of cytokine 
signaling-1 is essential for suppressing dendritic cell 
activation and systemic autoimmunity. Immunity 19: 
437-450. 

Harrington LE, Hatton RD, Mangan PR, Turner H, 
Murphy TL, Murphy KM & Weaver CT (2005) 
Interleukin 17-producing CD4+ effector T cells 
develop via a lineage distinct from the T helper type 1 
and 2 lineages. Nat. Immunol. 6: 1123-1132. 
Harris TJ, Grosso JF, Yen HR, Xin H, Kortylewski 
M, Albesiano E, Hipkiss EL, Getnet D, Goldberg 
MV, Maris CH, Housseau F, Yu H, Pardoll DM & 
Drake CG (2007) Cutting edge: An in vivo 
requirement for STAT3 signaling in TH17 
development and TH17-dependent autoimmunity. J. 
Immunol. 179: 4313-4317. 
Hassa PO, Haenni SS, Elser M & Hottiger MO (2006) 
Nuclear ADP-ribosylation reactions in mammalian 
cells: where are we today and where are we going? 
Microbiol. Mol. Biol. Rev. 70: 789-829. 
Hassig CA & Schreiber SL (1997) Nuclear histone 
acetylases and deacetylases and transcriptional 
regulation: HATs off to HDACs. Curr. Opin. Chem. 
Biol. 1: 300-308. 
Hatton RD, Harrington LE, Luther RJ, Wakefield T, 
Janowski KM, Oliver JR, Lallone RL, Murphy KM & 
Weaver CT (2006) A distal conserved sequence 
element controls Ifng gene expression by T cells and 
NK cells. Immunity 25: 717-729. 
Hauber HP, Bergeron C & Hamid Q (2004) IL-9 in 
allergic inflammation. Int. Arch. Allergy Immunol. 
134: 79-87. 
Heintzman ND, Stuart RK, Hon G, Fu Y, Ching CW, 
Hawkins RD, Barrera LO, Van Calcar S, Qu C, Ching 
KA, Wang W, Weng Z, Green RD, Crawford GE & 
Ren B (2007) Distinct and predictive chromatin 
signatures of transcriptional promoters and enhancers 
in the human genome. Nat. Genet. 39: 311-318. 
Hendrich B, Guy J, Ramsahoye B, Wilson VA & Bird 
A (2001) Closely related proteins MBD2 and MBD3 
play distinctive but interacting roles in mouse 
development. Genes Dev. 15: 710-723. 
Henikoff S (2008) Nucleosome destabilization in the 
epigenetic regulation of gene expression. Nat. Rev. 
Genet. 9: 15-26. 
Henikoff S, Furuyama T & Ahmad K (2004) Histone 
variants, nucleosome assembly and epigenetic 
inheritance. Trends Genet. 20: 320-326. 
Hibbert L, Pflanz S, De Waal Malefyt R & Kastelein 
RA (2003) IL-27 and IFN-alpha signal via Stat1 and 
Stat3 and induce T-Bet and IL-12Rbeta2 in naive T 
cells. J. Interferon Cytokine Res. 23: 513-522. 
Hirai K, Yamaguchi M, Misaki Y, Takaishi T, Ohta 
K, Morita Y, Ito K & Miyamoto T (1990) 
Enhancement of human basophil histamine release by 
interleukin 5. J. Exp. Med. 172: 1525-1528. 
Ho IC & Glimcher LH (2002) Transcription: 
tantalizing times for T cells. Cell 109 Suppl: S109-20. 
Holtschke T, Lohler J, Kanno Y, Fehr T, Giese N, 
Rosenbauer F, Lou J, Knobeloch KP, Gabriele L, 
Waring JF, Bachmann MF, Zinkernagel RM, Morse 
HC,3rd, Ozato K & Horak I (1996) 
Immunodeficiency and chronic myelogenous 
leukemia-like syndrome in mice with a targeted 
mutation of the ICSBP gene. Cell 87: 307-317. 



References 

 

83
Hong F, Breitling R, McEntee CW, Wittner BS, 
Nemhauser JL & Chory J (2006) RankProd: a 
bioconductor package for detecting differentially 
expressed genes in meta-analysis. Bioinformatics 22: 
2825-2827. 
Honma K, Kimura D, Tominaga N, Miyakoda M, 
Matsuyama T & Yui K (2008) Interferon regulatory 
factor 4 differentially regulates the production of Th2 
cytokines in naive vs. effector/memory CD4+ T cells. 
Proc. Natl. Acad. Sci. U. S. A. 105: 15890-15895. 
Honma K, Udono H, Kohno T, Yamamoto K, Ogawa 
A, Takemori T, Kumatori A, Suzuki S, Matsuyama T 
& Yui K (2005) Interferon regulatory factor 4 
negatively regulates the production of 
proinflammatory cytokines by macrophages in 
response to LPS. Proc. Natl. Acad. Sci. U. S. A. 102: 
16001-16006. 
Hoshino T, Yagita H, Ortaldo JR, Wiltrout RH & 
Young HA (2000) In vivo administration of IL-18 can 
induce IgE production through Th2 cytokine 
induction and up-regulation of CD40 ligand (CD154) 
expression on CD4+ T cells. Eur. J. Immunol. 30: 
1998-2006. 
Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O'Garra 
A & Murphy KM (1993) Development of TH1 CD4+ 
T cells through IL-12 produced by Listeria-induced 
macrophages. Science 260: 547-549. 
Hu CM, Jang SY, Fanzo JC & Pernis AB (2002) 
Modulation of T cell cytokine production by 
interferon regulatory factor-4. J. Biol. Chem. 277: 
49238-49246. 
Huber M, Brustle A, Reinhard K, Guralnik A, Walter 
G, Mahiny A, von Low E & Lohoff M (2008) IRF4 is 
essential for IL-21-mediated induction, amplification, 
and stabilization of the Th17 phenotype. Proc. Natl. 
Acad. Sci. U. S. A. 105: 20846-20851. 
Hutchins AS, Artis D, Hendrich BD, Bird AP, Scott P 
& Reiner SL (2005) Cutting edge: a critical role for 
gene silencing in preventing excessive type 1 
immunity. J. Immunol. 175: 5606-5610. 
Hutchins AS, Mullen AC, Lee HW, Sykes KJ, High 
FA, Hendrich BD, Bird AP & Reiner SL (2002) Gene 
silencing quantitatively controls the function of a 
developmental trans-activator. Mol. Cell 10: 81-91. 
Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, 
Tuschl T & Zamore PD (2001) A cellular function for 
the RNA-interference enzyme Dicer in the maturation 
of the let-7 small temporal RNA. Science 293: 834-
838. 
Hwang ES, Szabo SJ, Schwartzberg PL & Glimcher 
LH (2005) T helper cell fate specified by kinase-
mediated interaction of T-bet with GATA-3. Science 
307: 430-433. 
Ito S, Ansari P, Sakatsume M, Dickensheets H, 
Vazquez N, Donnelly RP, Larner AC & Finbloom DS 
(1999) Interleukin-10 inhibits expression of both 
interferon alpha- and interferon gamma- induced 
genes by suppressing tyrosine phosphorylation of 
STAT1. Blood 93: 1456-1463. 

Ito T, Liu YJ & Kadowaki N (2005) Functional 
diversity and plasticity of human dendritic cell 
subsets. Int. J. Hematol. 81: 188-196. 
Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, 
Lepelley A, Lafaille JJ, Cua DJ & Littman DR (2006) 
The orphan nuclear receptor RORgammat directs the 
differentiation program of proinflammatory IL-17+ T 
helper cells. Cell 126: 1121-1133. 
Jackson AL, Bartz SR, Schelter J, Kobayashi SV, 
Burchard J, Mao M, Li B, Cavet G & Linsley PS 
(2003) Expression profiling reveals off-target gene 
regulation by RNAi. Nat. Biotechnol. 21: 635-637. 
Jackson SH, Yu CR, Mahdi RM, Ebong S & 
Egwuagu CE (2004) Dendritic cell maturation 
requires STAT1 and is under feedback regulation by 
suppressors of cytokine signaling. J. Immunol. 172: 
2307-2315. 
Jacobson NG, Szabo SJ, Weber-Nordt RM, Zhong Z, 
Schreiber RD, Darnell JE,Jr & Murphy KM (1995) 
Interleukin 12 signaling in T helper type 1 (Th1) cells 
involves tyrosine phosphorylation of signal transducer 
and activator of transcription (Stat)3 and Stat4. J. Exp. 
Med. 181: 1755-1762. 
Jaenisch R & Bird A (2003) Epigenetic regulation of 
gene expression: how the genome integrates intrinsic 
and environmental signals. Nat. Genet. 33 Suppl: 245-
254. 
Janeway CA, Travers P, Walport M & Shlomchik MJ. 
Immunobiology: the Immune System in Health and 
Disease. 2001. Garland Publishing. New York, USA. 
Jankovic D, Kullberg MC, Noben-Trauth N, Caspar 
P, Paul WE & Sher A (2000) Single cell analysis 
reveals that IL-4 receptor/Stat6 signaling is not 
required for the in vivo or in vitro development of 
CD4+ lymphocytes with a Th2 cytokine profile. J. 
Immunol. 164: 3047-3055. 
Jee YK, Gilmour J, Kelly A, Bowen H, Richards D, 
Soh C, Smith P, Hawrylowicz C, Cousins D, Lee T & 
Lavender P (2005) Repression of interleukin-5 
transcription by the glucocorticoid receptor targets 
GATA3 signaling and involves histone deacetylase 
recruitment. J. Biol. Chem. 280: 23243-23250. 
Jenner RG & Young RA (2005) Insights into host 
responses against pathogens from transcriptional 
profiling. Nat. Rev. Microbiol. 3: 281-294. 
Jenuwein T & Allis CD (2001) Translating the histone 
code. Science 293: 1074-1080. 
Jetten AM (2004) Recent advances in the mechanisms 
of action and physiological functions of the retinoid-
related orphan receptors (RORs). Curr. Drug Targets 
Inflamm. Allergy 3: 395-412. 
Jing Q, Huang S, Guth S, Zarubin T, Motoyama A, 
Chen J, Di Padova F, Lin SC, Gram H & Han J 
(2005) Involvement of microRNA in AU-rich 
element-mediated mRNA instability. Cell 120: 623-
634. 
Jones PA & Takai D (2001) The role of DNA 
methylation in mammalian epigenetics. Science 293: 
1068-1070. 
Jourdan P, Abbal C, Noraz N, Hori T, Uchiyama T, 
Vendrell JP, Bousquet J, Taylor N, Pene J & Yssel H 



References 

 

84
(1998) IL-4 induces functional cell-surface expression 
of CXCR4 on human T cells. J. Immunol. 160: 4153-
4157. 
Jung T, Schauer U, Rieger C, Wagner K, Einsle K, 
Neumann C & Heusser C (1995) Interleukin-4 and 
interleukin-5 are rarely co-expressed by human T 
cells. Eur. J. Immunol. 25: 2413-2416. 
Kaplan MH, Schindler U, Smiley ST & Grusby MJ 
(1996a) Stat6 is required for mediating responses to 
IL-4 and for development of Th2 cells. Immunity 4: 
313-319. 
Kaplan MH, Sun YL, Hoey T & Grusby MJ (1996b) 
Impaired IL-12 responses and enhanced development 
of Th2 cells in Stat4-deficient mice. Nature 382: 174-
177. 
Kaplan MH, Wurster AL, Smiley ST & Grusby MJ 
(1999) Stat6-dependent and -independent pathways 
for IL-4 production. J. Immunol. 163: 6536-6540. 
Karlen S, D'Ercole M & Sanderson CJ (1996) Two 
pathways can activate the interleukin-5 gene and 
induce binding to the conserved lymphokine element 
0. Blood 88: 211-221. 
Kaufmann SH (1993) Immunity to intracellular 
bacteria. Annu. Rev. Immunol. 11: 129-163. 
Kawasaki H, Springett GM, Toki S, Canales JJ, 
Harlan P, Blumenstiel JP, Chen EJ, Bany IA, 
Mochizuki N, Ashbacher A, Matsuda M, Housman 
DE & Graybiel AM (1998) A Rap guanine nucleotide 
exchange factor enriched highly in the basal ganglia. 
Proc. Natl. Acad. Sci. U. S. A. 95: 13278-13283. 
Keene MA, Corces V, Lowenhaupt K & Elgin SC 
(1981) DNase I hypersensitive sites in Drosophila 
chromatin occur at the 5' ends of regions of 
transcription. Proc. Natl. Acad. Sci. U. S. A. 78: 143-
146. 
Kellum R & Schedl P (1991) A position-effect assay 
for boundaries of higher order chromosomal domains. 
Cell 64: 941-950. 
Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon 
GJ & Plasterk RH (2001) Dicer functions in RNA 
interference and in synthesis of small RNA involved 
in developmental timing in C. elegans. Genes Dev. 
15: 2654-2659. 
Khvorova A, Reynolds A & Jayasena SD (2003) 
Functional siRNAs and miRNAs exhibit strand bias. 
Cell 115: 209-216. 
Kieffer LJ, Greally JM, Landres I, Nag S, Nakajima 
Y, Kohwi-Shigematsu T & Kavathas PB (2002) 
Identification of a candidate regulatory region in the 
human CD8 gene complex by colocalization of 
DNase I hypersensitive sites and matrix attachment 
regions which bind SATB1 and GATA-3. J. Immunol. 
168: 3915-3922. 
Kiertscher SM & Roth MD (1996) Human CD14+ 
leukocytes acquire the phenotype and function of 
antigen-presenting dendritic cells when cultured in 
GM-CSF and IL-4. J. Leukoc. Biol. 59: 208-218. 
Kim ST, Fields PE & Flavell RA (2007a) 
Demethylation of a specific hypersensitive site in the 
Th2 locus control region. Proc. Natl. Acad. Sci. U. S. 
A. 104: 17052-17057. 

Kim TH, Abdullaev ZK, Smith AD, Ching KA, 
Loukinov DI, Green RD, Zhang MQ, Lobanenkov 
VV & Ren B (2007b) Analysis of the vertebrate 
insulator protein CTCF-binding sites in the human 
genome. Cell 128: 1231-1245. 
Kim TH, Barrera LO, Zheng M, Qu C, Singer MA, 
Richmond TA, Wu Y, Green RD & Ren B (2005) A 
high-resolution map of active promoters in the human 
genome. Nature 436: 876-880. 
Kioussis D & Festenstein R (1997) Locus control 
regions: overcoming heterochromatin-induced gene 
inactivation in mammals. Curr. Opin. Genet. Dev. 7: 
614-619. 
Kireeva ML, Hancock B, Cremona GH, Walter W, 
Studitsky VM & Kashlev M (2005) Nature of the 
nucleosomal barrier to RNA polymerase II. Mol. Cell 
18: 97-108. 
Kiriakidou M, Tan GS, Lamprinaki S, De Planell-
Saguer M, Nelson PT & Mourelatos Z (2007) An 
mRNA m7G cap binding-like motif within human 
Ago2 represses translation. Cell 129: 1141-1151. 
Klein SA, Dobmeyer JM, Dobmeyer TS, Pape M, 
Ottmann OG, Helm EB, Hoelzer D & Rossol R 
(1997) Demonstration of the Th1 to Th2 cytokine 
shift during the course of HIV-1 infection using 
cytoplasmic cytokine detection on single cell level by 
flow cytometry. AIDS 11: 1111-1118. 
Kleinschek MA, Owyang AM, Joyce-Shaikh B, 
Langrish CL, Chen Y, Gorman DM, Blumenschein 
WM, McClanahan T, Brombacher F, Hurst SD, 
Kastelein RA & Cua DJ (2007) IL-25 regulates Th17 
function in autoimmune inflammation. J. Exp. Med. 
204: 161-170. 
Kolls JK & Linden A (2004) Interleukin-17 family 
members and inflammation. Immunity 21: 467-476. 
Kopf M, Le Gros G, Bachmann M, Lamers MC, 
Bluethmann H & Kohler G (1993) Disruption of the 
murine IL-4 gene blocks Th2 cytokine responses. 
Nature 362: 245-248. 
Korang K, Christiano AM, Uitto J & Mauviel A 
(1995) Differential cytokine modulation of the genes 
LAMA3, LAMB3, and LAMC2, encoding the 
constitutive polypeptides, alpha 3, beta 3, and gamma 
2, of human laminin 5 in epidermal keratinocytes. 
FEBS Lett. 368: 556-558. 
Korn T, Bettelli E, Gao W, Awasthi A, Jager A, 
Strom TB, Oukka M & Kuchroo VK (2007) IL-21 
initiates an alternative pathway to induce 
proinflammatory T(H)17 cells. Nature 448: 484-487. 
Kornberg RD & Lorch Y (1999a) Chromatin-
modifying and -remodeling complexes. Curr. Opin. 
Genet. Dev. 9: 148-151. 
Kornberg RD & Lorch Y (1999b) Twenty-five years 
of the nucleosome, fundamental particle of the 
eukaryote chromosome. Cell 98: 285-294. 
Kornberg RD & Lorch Y (1992) Chromatin structure 
and transcription. Annu. Rev. Cell Biol. 8: 563-587. 
Kosak ST, Scalzo D, Alworth SV, Li F, Palmer S, 
Enver T, Lee JS & Groudine M (2007) Coordinate 
gene regulation during hematopoiesis is related to 
genomic organization. PLoS Biol. 5: e309. 



References 

 

85
Kouzarides T (2007) Chromatin modifications and 
their function. Cell 128: 693-705. 
Koyanagi M, Baguet A, Martens J, Margueron R, 
Jenuwein T & Bix M (2005) EZH2 and histone 3 
trimethyl lysine 27 associated with Il4 and Il13 gene 
silencing in Th1 cells. J. Biol. Chem. 280: 31470-
31477. 
Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, 
Epstein EJ, MacMenamin P, da Piedade I, Gunsalus 
KC, Stoffel M & Rajewsky N (2005) Combinatorial 
microRNA target predictions. Nat. Genet. 37: 495-
500. 
Kuhl M, Sheldahl LC, Park M, Miller JR & Moon RT 
(2000) The Wnt/Ca2+ pathway: a new vertebrate Wnt 
signaling pathway takes shape. Trends Genet. 16: 
279-283. 
Kuhn R, Rajewsky K & Muller W (1991) Generation 
and analysis of interleukin-4 deficient mice. Science 
254: 707-710. 
Kumar PP, Bischof O, Purbey PK, Notani D, Urlaub 
H, Dejean A & Galande S (2007) Functional 
interaction between PML and SATB1 regulates 
chromatin-loop architecture and transcription of the 
MHC class I locus. Nat. Cell Biol. 9: 45-56. 
Kumar PP, Purbey PK, Ravi DS, Mitra D & Galande 
S (2005) Displacement of SATB1-bound histone 
deacetylase 1 corepressor by the human 
immunodeficiency virus type 1 transactivator induces 
expression of interleukin-2 and its receptor in T cells. 
Mol. Cell. Biol. 25: 1620-1633. 
Kumar P, Purbey PK, Sinha CK, Notani D, Limaye A, 
Jayani RS & Galande S (2006) Phosphorylation of 
SATB1, a global gene regulator, acts as a molecular 
switch regulating its transcriptional activity in vivo. 
Mol. Cell 22: 231-243. 
Kunikata T, Torigoe K, Ushio S, Okura T, Ushio C, 
Yamauchi H, Ikeda M, Ikegami H & Kurimoto M 
(1998) Constitutive and induced IL-18 receptor 
expression by various peripheral blood cell subsets as 
determined by anti-hIL-18R monoclonal antibody. 
Cell. Immunol. 189: 135-143. 
Kuo CT & Leiden JM (1999) Transcriptional 
regulation of T lymphocyte development and 
function. Annu. Rev. Immunol. 17: 149-187. 
Kurata H, Lee HJ, O'Garra A & Arai N (1999) 
Ectopic expression of activated Stat6 induces the 
expression of Th2-specific cytokines and transcription 
factors in developing Th1 cells. Immunity 11: 677-
688. 
Kuribara R, Kinoshita T, Miyajima A, Shinjyo T, 
Yoshihara T, Inukai T, Ozawa K, Look AT & Inaba T 
(1999) Two distinct interleukin-3-mediated signal 
pathways, Ras-NFIL3 (E4BP4) and Bcl-xL, regulate 
the survival of murine pro-B lymphocytes. Mol. Cell. 
Biol. 19: 2754-2762. 
Kurowska-Stolarska M, Kewin P, Murphy G, Russo 
RC, Stolarski B, Garcia CC, Komai-Koma M, Pitman 
N, Li Y, McKenzie AN, Teixeira MM, Liew FY & 
Xu D (2008) IL-33 induces antigen-specific IL-5+ T 
cells and promotes allergic-induced airway 

inflammation independent of IL-4. J. Immunol. 181: 
4780-4790. 
Kusam S, Toney LM, Sato H & Dent AL (2003) 
Inhibition of Th2 differentiation and GATA-3 
expression by BCL-6. J. Immunol. 170: 2435-2441. 
Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino N, 
Aravin A, Pfeffer S, Rice A, Kamphorst AO, 
Landthaler M, Lin C, Socci ND, Hermida L, Fulci V, 
Chiaretti S, Foa R, Schliwka J, Fuchs U, Novosel A, 
Muller RU, Schermer B, Bissels U, Inman J, Phan Q, 
Chien M, Weir DB, Choksi R, De Vita G, Frezzetti D, 
Trompeter HI, Hornung V, Teng G, Hartmann G, 
Palkovits M, Di Lauro R, Wernet P, Macino G, 
Rogler CE, Nagle JW, Ju J, Papavasiliou FN, Benzing 
T, Lichter P, Tam W, Brownstein MJ, Bosio A, 
Borkhardt A, Russo JJ, Sander C, Zavolan M & 
Tuschl T (2007) A mammalian microRNA expression 
atlas based on small RNA library sequencing. Cell 
129: 1401-1414. 
Lane P (2000) Role of OX40 signals in coordinating 
CD4 T cell selection, migration, and cytokine 
differentiation in T helper (Th)1 and Th2 cells. J. Exp. 
Med. 191: 201-206. 
Langst G & Becker PB (2001) ISWI induces 
nucleosome sliding on nicked DNA. Mol. Cell 8: 
1085-1092. 
Langst G, Bonte EJ, Corona DF & Becker PB (1999) 
Nucleosome movement by CHRAC and ISWI without 
disruption or trans-displacement of the histone 
octamer. Cell 97: 843-852. 
Laouar Y, Welte T, Fu XY & Flavell RA (2003) 
STAT3 is required for Flt3L-dependent dendritic cell 
differentiation. Immunity 19: 903-912. 
Larche M, Robinson DS & Kay AB (2003) The role 
of T lymphocytes in the pathogenesis of asthma. J. 
Allergy Clin. Immunol. 111: 450-63; quiz 464. 
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 (2007) 
Interleukin-2 signaling via STAT5 constrains T helper 
17 cell generation. Immunity 26: 371-381. 
Lawless VA, Zhang S, Ozes ON, Bruns HA, Oldham 
I, Hoey T, Grusby MJ & Kaplan MH (2000) Stat4 
regulates multiple components of IFN-gamma-
inducing signaling pathways. J. Immunol. 165: 6803-
6808. 
Lee CK, Shibata Y, Rao B, Strahl BD & Lieb JD 
(2004) Evidence for nucleosome depletion at active 
regulatory regions genome-wide. Nat. Genet. 36: 900-
905. 
Lee DU, Agarwal S & Rao A (2002) Th2 lineage 
commitment and efficient IL-4 production involves 
extended demethylation of the IL-4 gene. Immunity 
16: 649-660. 
Lee DU, Avni O, Chen L & Rao A (2004a) A distal 
enhancer in the interferon-gamma (IFN-gamma) locus 
revealed by genome sequence comparison. J. Biol. 
Chem. 279: 4802-4810. 
Lee DU & Rao A (2004b) Molecular analysis of a 
locus control region in the T helper 2 cytokine gene 



References 

 

86
cluster: a target for STAT6 but not GATA3. Proc. 
Natl. Acad. Sci. U. S. A. 101: 16010-16015. 
Lee GR, Fields PE & Flavell RA (2001) Regulation of 
IL-4 gene expression by distal regulatory elements 
and GATA-3 at the chromatin level. Immunity 14: 
447-459. 
Lee GR, Fields PE, Griffin TJ & Flavell RA (2003) 
Regulation of the Th2 cytokine locus by a locus 
control region. Immunity 19: 145-153. 
Lee GR, Kim ST, Spilianakis CG, Fields PE & Flavell 
RA (2006) T helper cell differentiation: regulation by 
cis elements and epigenetics. Immunity 24: 369-379. 
Lee GR, Spilianakis CG & Flavell RA (2005) 
Hypersensitive site 7 of the TH2 locus control region 
is essential for expressing TH2 cytokine genes and for 
long-range intrachromosomal interactions. Nat. 
Immunol. 6: 42-48. 
Lee HJ, Koyano-Nakagawa N, Naito Y, Nishida J, 
Arai N, Arai K & Yokota T (1993) cAMP activates 
the IL-5 promoter synergistically with phorbol ester 
through the signaling pathway involving protein 
kinase A in mouse thymoma line EL-4. J. Immunol. 
151: 6135-6142. 
Lee HJ, O'Garra A, Arai K & Arai N (1998) 
Characterization of cis-regulatory elements and 
nuclear factors conferring Th2-specific expression of 
the IL-5 gene: a role for a GATA-binding protein. J. 
Immunol. 160: 2343-2352. 
Lee HJ, Takemoto N, Kurata H, Kamogawa Y, 
Miyatake S, O'Garra A & Arai N (2000) GATA-3 
induces T helper cell type 2 (Th2) cytokine expression 
and chromatin remodeling in committed Th1 cells. J. 
Exp. Med. 192: 105-115. 
Lee TI, Jenner RG, Boyer LA, Guenther MG, Levine 
SS, Kumar RM, Chevalier B, Johnstone SE, Cole MF, 
Isono K, Koseki H, Fuchikami T, Abe K, Murray HL, 
Zucker JP, Yuan B, Bell GW, Herbolsheimer E, 
Hannett NM, Sun K, Odom DT, Otte AP, Volkert TL, 
Bartel DP, Melton DA, Gifford DK, Jaenisch R & 
Young RA (2006) Control of developmental 
regulators by Polycomb in human embryonic stem 
cells. Cell 125: 301-313. 
Lee TI & Young RA (2000) Transcription of 
eukaryotic protein-coding genes. Annu. Rev. Genet. 
34: 77-137. 
Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, 
Provost P, Radmark O, Kim S & Kim VN (2003) The 
nuclear RNase III Drosha initiates microRNA 
processing. Nature 425: 415-419. 
Lee Y, Jeon K, Lee JT, Kim S & Kim VN (2002) 
MicroRNA maturation: stepwise processing and 
subcellular localization. EMBO J. 21: 4663-4670. 
Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH & 
Kim VN (2004) MicroRNA genes are transcribed by 
RNA polymerase II. EMBO J. 23: 4051-4060. 
Lehtonen A, Matikainen S, Miettinen M & Julkunen I 
(2002) Granulocyte-macrophage colony-stimulating 
factor (GM-CSF)-induced STAT5 activation and 
target-gene expression during human 
monocyte/macrophage differentiation. J. Leukoc. Biol. 
71: 511-519. 

Lehtonen A, Veckman V, Nikula T, Lahesmaa R, 
Kinnunen L, Matikainen S & Julkunen I (2005) 
Differential expression of IFN regulatory factor 4 
gene in human monocyte-derived dendritic cells and 
macrophages. J. Immunol. 175: 6570-6579. 
Leonard WJ & O'Shea JJ (1998) Jaks and STATs: 
biological implications. Annu. Rev. Immunol. 16: 293-
322. 
Leung DY (1998) Molecular basis of allergic 
diseases. Mol. Genet. Metab. 63: 157-167. 
Levings MK, Bacchetta R, Schulz U & Roncarolo 
MG (2002) The role of IL-10 and TGF-beta in the 
differentiation and effector function of T regulatory 
cells. Int. Arch. Allergy Immunol. 129: 263-276. 
Levy DE & Darnell JE,Jr (2002) Stats: transcriptional 
control and biological impact. Nat. Rev. Mol. Cell 
Biol. 3: 651-662. 
Lewis BP, Burge CB & Bartel DP (2005) Conserved 
seed pairing, often flanked by adenosines, indicates 
that thousands of human genes are microRNA targets. 
Cell 120: 15-20. 
Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP & 
Burge CB (2003) Prediction of mammalian 
microRNA targets. Cell 115: 787-798. 
Li B, Carey M & Workman JL (2007) The role of 
chromatin during transcription. Cell 128: 707-719. 
Li G & Widom J (2004) Nucleosomes facilitate their 
own invasion. Nat. Struct. Mol. Biol. 11: 763-769. 
Li MO, Wan YY & Flavell RA (2007) T cell-
produced transforming growth factor-beta1 controls T 
cell tolerance and regulates Th1- and Th17-cell 
differentiation. Immunity 26: 579-591. 
Li MO, Wan YY, Sanjabi S, Robertson AK & Flavell 
RA (2006a) Transforming growth factor-beta 
regulation of immune responses. Annu. Rev. Immunol. 
24: 99-146. 
Li Q, Barkess G & Qian H (2006b) Chromatin 
looping and the probability of transcription. Trends 
Genet. 22: 197-202. 
Li Q, Peterson KR, Fang X & Stamatoyannopoulos G 
(2002) Locus control regions. Blood 100: 3077-3086. 
Li S, Satoh H, Watanabe T, Nakamura S & Hattori S 
(1996) cDNA cloning and chromosomal mapping of a 
novel human GAP (GAP1M), a GTPase-activating 
protein of Ras. Genomics 35: 625-627. 
Lighvani AA, Frucht DM, Jankovic D, Yamane H, 
Aliberti J, Hissong BD, Nguyen BV, Gadina M, Sher 
A, Paul WE & O'Shea JJ (2001) T-bet is rapidly 
induced by interferon-gamma in lymphoid and 
myeloid cells. Proc. Natl. Acad. Sci. U. S. A. 98: 
15137-15142. 
Lim LP, Lau NC, Garrett-Engele P, Grimson A, 
Schelter JM, Castle J, Bartel DP, Linsley PS & 
Johnson JM (2005) Microarray analysis shows that 
some microRNAs downregulate large numbers of 
target mRNAs. Nature 433: 769-773. 
Liu C, Lu J, Tan J, Li L & Huang B (2004) Human 
interleukin-5 expression is synergistically regulated 
by histone acetyltransferase CBP/p300 and 



References 

 

87
transcription factors C/EBP, NF-AT and AP-1. 
Cytokine 27: 93-100. 
Liu G, Loraine AE, Shigeta R, Cline M, Cheng J, 
Valmeekam V, Sun S, Kulp D & Siani-Rose MA 
(2003) NetAffx: Affymetrix probesets and 
annotations. Nucleic Acids Res. 31: 82-86. 
Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson 
JM, Song JJ, Hammond SM, Joshua-Tor L & Hannon 
GJ (2004) Argonaute2 is the catalytic engine of 
mammalian RNAi. Science 305: 1437-1441. 
Liu YJ (2005) IPC: professional type 1 interferon-
producing cells and plasmacytoid dendritic cell 
precursors. Annu. Rev. Immunol. 23: 275-306. 
Liu YJ, Kanzler H, Soumelis V & Gilliet M (2001) 
Dendritic cell lineage, plasticity and cross-regulation. 
Nat. Immunol. 2: 585-589. 
Li-Weber M, Giaisi M & Krammer PH (2001) Roles 
of CCAAT/enhancer-binding protein in 
transcriptional regulation of the human IL-5 gene. 
Eur. J. Immunol. 31: 3694-3703. 
Lohoff M, Ferrick D, Mittrucker HW, Duncan GS, 
Bischof S, Rollinghoff M & Mak TW (1997) 
Interferon regulatory factor-1 is required for a T 
helper 1 immune response in vivo. Immunity 6: 681-
689. 
Lohoff M, Mittrucker HW, Prechtl S, Bischof S, 
Sommer F, Kock S, Ferrick DA, Duncan GS, Gessner 
A & Mak TW (2002) Dysregulated T helper cell 
differentiation in the absence of interferon regulatory 
factor 4. Proc. Natl. Acad. Sci. U. S. A. 99: 11808-
11812. 
Loidl P (1994) Histone acetylation: facts and 
questions. Chromosoma 103: 441-449. 
Loots GG, Locksley RM, Blankespoor CM, Wang 
ZE, Miller W, Rubin EM & Frazer KA (2000) 
Identification of a coordinate regulator of interleukins 
4, 13, and 5 by cross-species sequence comparisons. 
Science 288: 136-140. 
Lorch Y, Zhang M & Kornberg RD (1999) Histone 
octamer transfer by a chromatin-remodeling complex. 
Cell 96: 389-392. 
Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb 
J, Peck D, Sweet-Cordero A, Ebert BL, Mak RH, 
Ferrando AA, Downing JR, Jacks T, Horvitz HR & 
Golub TR (2005) MicroRNA expression profiles 
classify human cancers. Nature 435: 834-838. 
Luger K, Mader AW, Richmond RK, Sargent DF & 
Richmond TJ (1997) Crystal structure of the 
nucleosome core particle at 2.8 A resolution. Nature 
389: 251-260. 
Lund E, Guttinger S, Calado A, Dahlberg JE & Kutay 
U (2004) Nuclear export of microRNA precursors. 
Science 303: 95-98. 
Lund R, Ahlfors H, Kainonen E, Lahesmaa AM, 
Dixon C & Lahesmaa R (2005) Identification of genes 
involved in the initiation of human Th1 or Th2 cell 
commitment. Eur. J. Immunol. 35: 3307-3319. 
Lund R, Aittokallio T, Nevalainen O & Lahesmaa R 
(2003) Identification of novel genes regulated by IL-
12, IL-4, or TGF-beta during the early polarization of 
CD4+ lymphocytes. J. Immunol. 171: 5328-5336. 

Lund RJ, Chen Z, Scheinin J & Lahesmaa R (2004) 
Early target genes of IL-12 and STAT4 signaling in th 
cells. J. Immunol. 172: 6775-6782. 
Lund RJ, Ylikoski EK, Aittokallio T, Nevalainen O & 
Lahesmaa R (2003) Kinetics and STAT4- or STAT6-
mediated regulation of genes involved in lymphocyte 
polarization to Th1 and Th2 cells. Eur. J. Immunol. 
33: 1105-1116. 
Ma X, Chow JM, Gri G, Carra G, Gerosa F, Wolf SF, 
Dzialo R & Trinchieri G (1996) The interleukin 12 
p40 gene promoter is primed by interferon gamma in 
monocytic cells. J. Exp. Med. 183: 147-157. 
Macatonia SE, Hosken NA, Litton M, Vieira P, Hsieh 
CS, Culpepper JA, Wysocka M, Trinchieri G, Murphy 
KM & O'Garra A (1995) Dendritic cells produce IL-
12 and direct the development of Th1 cells from naive 
CD4+ T cells. J. Immunol. 154: 5071-5079. 
Macatonia SE, Hsieh CS, Murphy KM & O'Garra A 
(1993) Dendritic cells and macrophages are required 
for Th1 development of CD4+ T cells from alpha beta 
TCR transgenic mice: IL-12 substitution for 
macrophages to stimulate IFN-gamma production is 
IFN-gamma-dependent. Int. Immunol. 5: 1119-1128. 
Maggi E, Mazzetti M, Ravina A, Annunziato F, de 
Carli M, Piccinni MP, Manetti R, Carbonari M, Pesce 
AM & del Prete G (1994) Ability of HIV to promote a 
TH1 to TH0 shift and to replicate preferentially in 
TH2 and TH0 cells. Science 265: 244-248. 
Magram J, Connaughton SE, Warrier RR, Carvajal 
DM, Wu CY, Ferrante J, Stewart C, Sarmiento U, 
Faherty DA & Gately MK (1996) IL-12-deficient 
mice are defective in IFN gamma production and type 
1 cytokine responses. Immunity 4: 471-481. 
Maizels RM & Yazdanbakhsh M (2003) Immune 
regulation by helminth parasites: cellular and 
molecular mechanisms. Nat. Rev. Immunol. 3: 733-
744. 
Makar KW, Perez-Melgosa M, Shnyreva M, Weaver 
WM, Fitzpatrick DR & Wilson CB (2003) Active 
recruitment of DNA methyltransferases regulates 
interleukin 4 in thymocytes and T cells. Nat. 
Immunol. 4: 1183-1190. 
Makar KW & Wilson CB (2004) DNA methylation is 
a nonredundant repressor of the Th2 effector program. 
J. Immunol. 173: 4402-4406. 
Malinin NL, Boldin MP, Kovalenko AV & Wallach D 
(1997) MAP3K-related kinase involved in NF-
kappaB induction by TNF, CD95 and IL-1. Nature 
385: 540-544. 
Manel N, Unutmaz D & Littman DR (2008) The 
differentiation of human T(H)-17 cells requires 
transforming growth factor-beta and induction of the 
nuclear receptor RORgammat. Nat. Immunol. 9: 641-
649. 
Manetti R, Gerosa F, Giudizi MG, Biagiotti R, 
Parronchi P, Piccinni MP, Sampognaro S, Maggi E, 
Romagnani S & Trinchieri G (1994) Interleukin 12 
induces stable priming for interferon gamma (IFN-
gamma) production during differentiation of human T 
helper (Th) cells and transient IFN-gamma production 



References 

 

88
in established Th2 cell clones. J. Exp. Med. 179: 
1273-1283. 
Manetti R, Parronchi P, Giudizi MG, Piccinni MP, 
Maggi E, Trinchieri G & Romagnani S (1993) 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. 177: 1199-1204. 
Mangan PR, Harrington LE, O'Quinn DB, Helms WS, 
Bullard DC, Elson CO, Hatton RD, Wahl SM, Schoeb 
TR & Weaver CT (2006) Transforming growth 
factor-beta induces development of the T(H)17 
lineage. Nature 441: 231-234. 
Maraskovsky E, Brasel K, Teepe M, Roux ER, 
Lyman SD, Shortman K & McKenna HJ (1996) 
Dramatic increase in the numbers of functionally 
mature dendritic cells in Flt3 ligand-treated mice: 
multiple dendritic cell subpopulations identified. J. 
Exp. Med. 184: 1953-1962. 
Margueron R, Trojer P & Reinberg D (2005) The key 
to development: interpreting the histone code? Curr. 
Opin. Genet. Dev. 15: 163-176. 
Martinez FO, Gordon S, Locati M & Mantovani A 
(2006) Transcriptional profiling of the human 
monocyte-to-macrophage differentiation and 
polarization: new molecules and patterns of gene 
expression. J. Immunol. 177: 7303-7311. 
Massari ME, Rivera RR, Voland JR, Quong MW, 
Breit TM, van Dongen JJ, de Smit O & Murre C 
(1998) Characterization of ABF-1, a novel basic 
helix-loop-helix transcription factor expressed in 
activated B lymphocytes. Mol. Cell. Biol. 18: 3130-
3139. 
Maston GA, Evans SK & Green MR (2006) 
Transcriptional regulatory elements in the human 
genome. Annu. Rev. Genomics Hum. Genet. 7: 29-59. 
Masumi A, Tamaoki S, Wang IM, Ozato K & 
Komuro K (2002) IRF-8/ICSBP and IRF-1 
cooperatively stimulate mouse IL-12 promoter 
activity in macrophages. FEBS Lett. 531: 348-353. 
Mathonnet G, Fabian MR, Svitkin YV, Parsyan A, 
Huck L, Murata T, Biffo S, Merrick WC, 
Darzynkiewicz E, Pillai RS, Filipowicz W, Duchaine 
TF & Sonenberg N (2007) MicroRNA inhibition of 
translation initiation in vitro by targeting the cap-
binding complex eIF4F. Science 317: 1764-1767. 
Mathur AN, Chang HC, Zisoulis DG, Stritesky GL, 
Yu Q, O'Malley JT, Kapur R, Levy DE, Kansas GS & 
Kaplan MH (2007) Stat3 and Stat4 direct 
development of IL-17-secreting Th cells. J. Immunol. 
178: 4901-4907. 
Matsumoto Y, Oshida T, Obayashi I, Imai Y, Matsui 
K, Yoshida NL, Nagata N, Ogawa K, Obayashi M, 
Kashiwabara T, Gunji S, Nagasu T, Sugita Y, Tanaka 
T, Tsujimoto G, Katsunuma T, Akasawa A & Saito H 
(2002) Identification of highly expressed genes in 
peripheral blood T cells from patients with atopic 
dermatitis. Int. Arch. Allergy Immunol. 129: 327-340. 
McGeachy MJ & Cua DJ (2008) Th17 cell 
differentiation: the long and winding road. Immunity 
28: 445-453. 

Mendell JT (2005) MicroRNAs: critical regulators of 
development, cellular physiology and malignancy. 
Cell. Cycle 4: 1179-1184. 
Meraz MA, White JM, Sheehan KC, Bach EA, Rodig 
SJ, Dighe AS, Kaplan DH, Riley JK, Greenlund AC, 
Campbell D, Carver-Moore K, DuBois RN, Clark R, 
Aguet M & Schreiber RD (1996) Targeted disruption 
of the Stat1 gene in mice reveals unexpected 
physiologic specificity in the JAK-STAT signaling 
pathway. Cell 84: 431-442. 
Meyaard L, Hovenkamp E, Keet IP, Hooibrink B, de 
Jong IH, Otto SA & Miedema F (1996) Single cell 
analysis of IL-4 and IFN-gamma production by T 
cells from HIV-infected individuals: decreased IFN-
gamma in the presence of preserved IL-4 production. 
J. Immunol. 157: 2712-2718. 
Micallef MJ, Ohtsuki T, Kohno K, Tanabe F, Ushio S, 
Namba M, Tanimoto T, Torigoe K, Fujii M, Ikeda M, 
Fukuda S & Kurimoto M (1996) Interferon-gamma-
inducing factor enhances T helper 1 cytokine 
production by stimulated human T cells: synergism 
with interleukin-12 for interferon-gamma production. 
Eur. J. Immunol. 26: 1647-1651. 
Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman 
E, Giannoukos G, Alvarez P, Brockman W, Kim TK, 
Koche RP, Lee W, Mendenhall E, O'Donovan A, 
Presser A, Russ C, Xie X, Meissner A, Wernig M, 
Jaenisch R, Nusbaum C, Lander ES & Bernstein BE 
(2007) Genome-wide maps of chromatin state in 
pluripotent and lineage-committed cells. Nature 448: 
553-560. 
Milot E, Strouboulis J, Trimborn T, Wijgerde M, de 
Boer E, Langeveld A, Tan-Un K, Vergeer W, 
Yannoutsos N, Grosveld F & Fraser P (1996) 
Heterochromatin effects on the frequency and 
duration of LCR-mediated gene transcription. Cell 87: 
105-114. 
Mohrs M, Blankespoor CM, Wang ZE, Loots GG, 
Afzal V, Hadeiba H, Shinkai K, Rubin EM & 
Locksley RM (2001) Deletion of a coordinate 
regulator of type 2 cytokine expression in mice. Nat. 
Immunol. 2: 842-847. 
Moisan J, Grenningloh R, Bettelli E, Oukka M & Ho 
IC (2007) Ets-1 is a negative regulator of Th17 
differentiation. J. Exp. Med. 204: 2825-2835. 
Monticelli S, Ansel KM, Lee DU & Rao A (2005) 
Regulation of gene expression in mast cells: micro-
rNA expression and chromatin structural analysis of 
cytokine genes. Novartis Found. Symp. 271: 179-87; 
discussion 187-90, 198-9. 
Moqbel R, Ying S, Barkans J, Newman TM, Kimmitt 
P, Wakelin M, Taborda-Barata L, Meng Q, Corrigan 
CJ, Durham SR & Kay AB (1995) Identification of 
messenger RNA for IL-4 in human eosinophils with 
granule localization and release of the translated 
product. J. Immunol. 155: 4939-4947. 
Mordvinov VA, Schwenger GT, Fournier R, De Boer 
ML, Peroni SE, Singh AD, Karlen S, Holland JW & 
Sanderson CJ (1999) Binding of YY1 and Oct1 to a 
novel element that downregulates expression of IL-5 
in human T cells. J. Allergy Clin. Immunol. 103: 
1125-1135. 



References 

 

89
Mori A, Kaminuma O, Mikami T, Hoshino A, 
Ohmura T, Miyazawa K, Suko M & Okudaira H 
(1997) Dissection of human IL-5 promoter--essential 
role of CLEO element in human IL-5 gene 
transcription. Int. Arch. Allergy Immunol. 113: 272-
274. 
Mosmann TR, Cherwinski H, Bond MW, Giedlin MA 
& Coffman RL (1986) Two types of murine helper T 
cell clone. I. Definition according to profiles of 
lymphokine activities and secreted proteins. J. 
Immunol. 136: 2348-2357. 
Mosmann TR & Coffman RL (1989) TH1 and TH2 
cells: different patterns of lymphokine secretion lead 
to different functional properties. Annu. Rev. 
Immunol. 7: 145-173. 
Mosser DM (2003) The many faces of macrophage 
activation. J. Leukoc. Biol. 73: 209-212. 
Mowen KA & Glimcher LH (2004) Signaling 
pathways in Th2 development. Immunol. Rev. 202: 
203-222. 
Mui AL, Wakao H, O'Farrell AM, Harada N & 
Miyajima A (1995) Interleukin-3, granulocyte-
macrophage colony stimulating factor and interleukin-
5 transduce signals through two STAT5 homologs. 
EMBO J. 14: 1166-1175. 
Muljo SA, Ansel KM, Kanellopoulou C, Livingston 
DM, Rao A & Rajewsky K (2005) Aberrant T cell 
differentiation in the absence of Dicer. J. Exp. Med. 
202: 261-269. 
Mullen AC, Hutchins AS, High FA, Lee HW, Sykes 
KJ, Chodosh LA & Reiner SL (2002) Hlx is induced 
by and genetically interacts with T-bet to promote 
heritable T(H)1 gene induction. Nat. Immunol. 3: 652-
658. 
Murphy CA, Langrish CL, Chen Y, Blumenschein W, 
McClanahan T, Kastelein RA, Sedgwick JD & Cua 
DJ (2003) Divergent pro- and antiinflammatory roles 
for IL-23 and IL-12 in joint autoimmune 
inflammation. J. Exp. Med. 198: 1951-1957. 
Murphy KM & Reiner SL (2002) The lineage 
decisions of helper T cells. Nat. Rev. Immunol. 2: 
933-944. 
Nagai S, Hashimoto S, Yamashita T, Toyoda N, Satoh 
T, Suzuki T & Matsushima K (2001) Comprehensive 
gene expression profile of human activated T(h)1- and 
T(h)2-polarized cells. Int. Immunol. 13: 367-376. 
Nagamura-Inoue T, Tamura T & Ozato K (2001) 
Transcription factors that regulate growth and 
differentiation of myeloid cells. Int. Rev. Immunol. 
20: 83-105. 
Naik SH, Corcoran LM & Wu L (2005) Development 
of murine plasmacytoid dendritic cell subsets. 
Immunol. Cell Biol. 83: 563-570. 
Nakahira M, Ahn HJ, Park WR, Gao P, Tomura M, 
Park CS, Hamaoka T, Ohta T, Kurimoto M & 
Fujiwara H (2002) Synergy of IL-12 and IL-18 for 
IFN-gamma gene expression: IL-12-induced STAT4 
contributes to IFN-gamma promoter activation by up-
regulating the binding activity of IL-18-induced 
activator protein 1. J. Immunol. 168: 1146-1153. 

Nakahira M, Tomura M, Iwasaki M, Ahn HJ, Bian Y, 
Hamaoka T, Ohta T, Kurimoto M & Fujiwara H 
(2001) An absolute requirement for STAT4 and a role 
for IFN-gamma as an amplifying factor in IL-12 
induction of the functional IL-18 receptor complex. J. 
Immunol. 167: 1306-1312. 
Nakayama T & Yamashita M (2008) Initiation and 
maintenance of Th2 cell identity. Curr. Opin. 
Immunol. 20: 265-271. 
Naoe Y, Setoguchi R, Akiyama K, Muroi S, Kuroda 
M, Hatam F, Littman DR & Taniuchi I (2007) 
Repression of interleukin-4 in T helper type 1 cells by 
Runx/Cbf beta binding to the Il4 silencer. J. Exp. 
Med. 204: 1749-1755. 
Naora H & Young IG (1995) Comparison of the 
mechanisms regulating IL-5, IL-4, and three other 
lymphokine genes in the Th2 clone D10.G4.1. Exp. 
Hematol. 23: 597-602. 
Nardone J, Lee DU, Ansel KM & Rao A (2004) 
Bioinformatics for the 'bench biologist': how to find 
regulatory regions in genomic DNA. Nat. Immunol. 5: 
768-774. 
Narlikar GJ, Phelan ML & Kingston RE (2001) 
Generation and interconversion of multiple distinct 
nucleosomal states as a mechanism for catalyzing 
chromatin fluidity. Mol. Cell 8: 1219-1230. 
Nathan D, Ingvarsdottir K, Sterner DE, Bylebyl GR, 
Dokmanovic M, Dorsey JA, Whelan KA, Krsmanovic 
M, Lane WS, Meluh PB, Johnson ES & Berger SL 
(2006) Histone sumoylation is a negative regulator in 
Saccharomyces cerevisiae and shows dynamic 
interplay with positive-acting histone modifications. 
Genes Dev. 20: 966-976. 
Neilson JR, Zheng GX, Burge CB & Sharp PA (2007) 
Dynamic regulation of miRNA expression in ordered 
stages of cellular development. Genes Dev. 21: 578-
589. 
Nelms K, Keegan AD, Zamorano J, Ryan JJ & Paul 
WE (1999) The IL-4 receptor: signaling mechanisms 
and biologic functions. Annu. Rev. Immunol. 17: 701-
738. 
Nelson CJ, Santos-Rosa H & Kouzarides T (2006) 
Proline isomerization of histone H3 regulates lysine 
methylation and gene expression. Cell 126: 905-916. 
Ng HH, Zhang Y, Hendrich B, Johnson CA, Turner 
BM, Erdjument-Bromage H, Tempst P, Reinberg D & 
Bird A (1999) MBD2 is a transcriptional repressor 
belonging to the MeCP1 histone deacetylase complex. 
Nat. Genet. 23: 58-61. 
Nguyen KB, Watford WT, Salomon R, Hofmann SR, 
Pien GC, Morinobu A, Gadina M, O'Shea JJ & Biron 
CA (2002) Critical role for STAT4 activation by type 
1 interferons in the interferon-gamma response to 
viral infection. Science 297: 2063-2066. 
Niu H (2002) The proto-oncogene BCL-6 in normal 
and malignant B cell development. Hematol. Oncol. 
20: 155-166. 
Noben-Trauth N, Hu-Li J & Paul WE (2002) IL-4 
secreted from individual naive CD4+ T cells acts in 
an autocrine manner to induce Th2 differentiation. 
Eur. J. Immunol. 32: 1428-1433. 



References 

 

90
Noben-Trauth N, Hu-Li J & Paul WE (2000) 
Conventional, naive CD4+ T cells provide an initial 
source of IL-4 during Th2 differentiation. J. Immunol. 
165: 3620-3625. 
Noben-Trauth N, Shultz LD, Brombacher F, Urban 
JF,Jr, Gu H & Paul WE (1997) An interleukin 4 (IL-
4)-independent pathway for CD4+ T cell IL-4 
production is revealed in IL-4 receptor-deficient mice. 
Proc. Natl. Acad. Sci. U. S. A. 94: 10838-10843. 
Noble JA, White AM, Lazzeroni LC, Valdes AM, 
Mirel DB, Reynolds R, Grupe A, Aud D, Peltz G & 
Erlich HA (2003) A polymorphism in the TCF7 gene, 
C883A, is associated with type 1 diabetes. Diabetes 
52: 1579-1582. 
Nowak SJ & Corces VG (2004) Phosphorylation of 
histone H3: a balancing act between chromosome 
condensation and transcriptional activation. Trends 
Genet. 20: 214-220. 
Nurieva R, Yang XO, Martinez G, Zhang Y, 
Panopoulos AD, Ma L, Schluns K, Tian Q, Watowich 
SS, Jetten AM & Dong C (2007) Essential autocrine 
regulation by IL-21 in the generation of inflammatory 
T cells. Nature 448: 480-483. 
O'Connell RM, Taganov KD, Boldin MP, Cheng G & 
Baltimore D (2007) MicroRNA-155 is induced during 
the macrophage inflammatory response. Proc. Natl. 
Acad. Sci. U. S. A. 104: 1604-1609. 
Ogawa M (1993) Differentiation and proliferation of 
hematopoietic stem cells. Blood 81: 2844-2853. 
Ogbourne S & Antalis TM (1998) Transcriptional 
control and the role of silencers in transcriptional 
regulation in eukaryotes. Biochem. J. 331 ( Pt 1): 1-
14. 
Okamura H, Tsutsi H, Komatsu T, Yutsudo M, 
Hakura A, Tanimoto T, Torigoe K, Okura T, Nukada 
Y & Hattori K (1995) Cloning of a new cytokine that 
induces IFN-gamma production by T cells. Nature 
378: 88-91. 
O'Keeffe M, Hochrein H, Vremec D, Pooley J, Evans 
R, Woulfe S & Shortman K (2002) Effects of 
administration of progenipoietin 1, Flt-3 ligand, 
granulocyte colony-stimulating factor, and pegylated 
granulocyte-macrophage colony-stimulating factor on 
dendritic cell subsets in mice. Blood 99: 2122-2130. 
Olson MC, Scott EW, Hack AA, Su GH, Tenen DG, 
Singh H & Simon MC (1995) PU. 1 is not essential 
for early myeloid gene expression but is required for 
terminal myeloid differentiation. Immunity 3: 703-
714. 
Orme IM (1987) The kinetics of emergence and loss 
of mediator T lymphocytes acquired in response to 
infection with Mycobacterium tuberculosis. J. 
Immunol. 138: 293-298. 
Orme IM, Roberts AD, Griffin JP & Abrams JS 
(1993) Cytokine secretion by CD4 T lymphocytes 
acquired in response to Mycobacterium tuberculosis 
infection. J. Immunol. 151: 518-525. 
O'Shea JJ, Gadina M & Schreiber RD (2002) 
Cytokine signaling in 2002: new surprises in the 
Jak/Stat pathway. Cell 109 Suppl: S121-31. 

O'Shea JJ & Murray PJ (2008) Cytokine signaling 
modules in inflammatory responses. Immunity 28: 
477-487. 
Ouyang W, Kolls JK & Zheng Y (2008) The 
biological functions of T helper 17 cell effector 
cytokines in inflammation. Immunity 28: 454-467. 
Ouyang W, Lohning M, Gao Z, Assenmacher M, 
Ranganath S, Radbruch A & Murphy KM (2000) 
Stat6-independent GATA-3 autoactivation directs IL-
4-independent Th2 development and commitment. 
Immunity 12: 27-37. 
Ouyang W, Ranganath SH, Weindel K, Bhattacharya 
D, Murphy TL, Sha WC & Murphy KM (1998) 
Inhibition of Th1 development mediated by GATA-3 
through an IL-4-independent mechanism. Immunity 9: 
745-755. 
Ozsolak F, Song JS, Liu XS & Fisher DE (2007) 
High-throughput mapping of the chromatin structure 
of human promoters. Nat. Biotechnol. 25: 244-248. 
Pai SY, Truitt ML & Ho IC (2004) GATA-3 
deficiency abrogates the development and 
maintenance of T helper type 2 cells. Proc. Natl. 
Acad. Sci. U. S. A. 101: 1993-1998. 
Pandolfi PP, Roth ME, Karis A, Leonard MW, 
Dzierzak E, Grosveld FG, Engel JD & Lindenbaum 
MH (1995) Targeted disruption of the GATA3 gene 
causes severe abnormalities in the nervous system and 
in fetal liver haematopoiesis. Nat. Genet. 11: 40-44. 
Parelho V, Hadjur S, Spivakov M, Leleu M, Sauer S, 
Gregson HC, Jarmuz A, Canzonetta C, Webster Z, 
Nesterova T, Cobb BS, Yokomori K, Dillon N, 
Aragon L, Fisher AG & Merkenschlager M (2008) 
Cohesins functionally associate with CTCF on 
mammalian chromosome arms. Cell 132: 422-433. 
Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang 
YH, Wang Y, Hood L, Zhu Z, Tian Q & Dong C 
(2005) A distinct lineage of CD4 T cells regulates 
tissue inflammation by producing interleukin 17. Nat. 
Immunol. 6: 1133-1141. 
Park WR, Nakahira M, Sugimoto N, Bian Y, Yashiro-
Ohtani Y, Zhou XY, Yang YF, Hamaoka T & 
Fujiwara H (2004) A mechanism underlying STAT4-
mediated up-regulation of IFN-gamma induction 
inTCR-triggered T cells. Int. Immunol. 16: 295-302. 
Parrish-Novak J, Dillon SR, Nelson A, Hammond A, 
Sprecher C, Gross JA, Johnston J, Madden K, Xu W, 
West J, Schrader S, Burkhead S, Heipel M, Brandt C, 
Kuijper JL, Kramer J, Conklin D, Presnell SR, Berry 
J, Shiota F, Bort S, Hambly K, Mudri S, Clegg C, 
Moore M, Grant FJ, Lofton-Day C, Gilbert T, Rayond 
F, Ching A, Yao L, Smith D, Webster P, Whitmore T, 
Maurer M, Kaushansky K, Holly RD & Foster D 
(2000) Interleukin 21 and its receptor are involved in 
NK cell expansion and regulation of lymphocyte 
function. Nature 408: 57-63. 
Parronchi P, Macchia D, Piccinni MP, Biswas P, 
Simonelli C, Maggi E, Ricci M, Ansari AA & 
Romagnani S (1991) Allergen- and bacterial antigen-
specific T-cell clones established from atopic donors 
show a different profile of cytokine production. Proc. 
Natl. Acad. Sci. U. S. A. 88: 4538-4542. 



References 

 

91
Pazin MJ & Kadonaga JT (1997) What's up and down 
with histone deacetylation and transcription? Cell 89: 
325-328. 
Penix LA, Sweetser MT, Weaver WM, Hoeffler JP, 
Kerppola TK & Wilson CB (1996) The proximal 
regulatory element of the interferon-gamma promoter 
mediates selective expression in T cells. J. Biol. 
Chem. 271: 31964-31972. 
Phelan ML, Schnitzler GR & Kingston RE (2000) 
Octamer transfer and creation of stably remodeled 
nucleosomes by human SWI-SNF and its isolated 
ATPases. Mol. Cell. Biol. 20: 6380-6389. 
Pickl WF, Majdic O, Kohl P, Stockl J, Riedl E, 
Scheinecker C, Bello-Fernandez C & Knapp W 
(1996) Molecular and functional characteristics of 
dendritic cells generated from highly purified CD14+ 
peripheral blood monocytes. J. Immunol. 157: 3850-
3859. 
Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J, 
Nordan RP & Paul WE (1989) Mast cell lines produce 
lymphokines in response to cross-linkage of Fc 
epsilon RI or to calcium ionophores. Nature 339: 64-
67. 
Presky DH, Yang H, Minetti LJ, Chua AO, Nabavi N, 
Wu CY, Gately MK & Gubler U (1996) A functional 
interleukin 12 receptor complex is composed of two 
beta-type cytokine receptor subunits. Proc. Natl. 
Acad. Sci. U. S. A. 93: 14002-14007. 
Prieschl EE, Gouilleux-Gruart V, Walker C, Harrer 
NE & Baumruker T (1995) A nuclear factor of 
activated T cell-like transcription factor in mast cells 
is involved in IL-5 gene regulation after IgE plus 
antigen stimulation. J. Immunol. 154: 6112-6119. 
Pulendran B, Banchereau J, Maraskovsky E & 
Maliszewski C (2001) Modulating the immune 
response with dendritic cells and their growth factors. 
Trends Immunol. 22: 41-47. 
Purbey PK, Jayakumar PC, Patole MS & Galande S 
(2006) pC6-2/caspase-6 system to purify glutathione-
S-transferase-free recombinant fusion proteins 
expressed in Escherichia coli. Nat. Protoc. 1: 1820-
1827. 
Purbey PK, Singh S, Notani D, Kumar PP, Limaye 
AS & Galande S (2009) Acetylation-dependent 
interaction of SATB1 and CtBP1 mediates 
transcriptional repression by SATB1. Mol. Cell Biol. 
29, 1321-1337. 
Purbey PK, Singh S, Kumar PP, Mehta S, Ganesh 
KN, Mitra D & Galande S (2008) PDZ domain-
mediated dimerization and homeodomain-directed 
specificity are required for high-affinity DNA binding 
by SATB1. Nucleic Acids Res. 36: 2107-2122. 
Rando OJ & Ahmad K (2007) Rules and regulation in 
the primary structure of chromatin. Curr. Opin. Cell 
Biol. 19: 250-256. 
Randolph GJ, Inaba K, Robbiani DF, Steinman RM & 
Muller WA (1999) Differentiation of phagocytic 
monocytes into lymph node dendritic cells in vivo. 
Immunity 11: 753-761. 

Reinke H & Horz W (2003) Histones are first 
hyperacetylated and then lose contact with the 
activated PHO5 promoter. Mol. Cell 11: 1599-1607. 
Rengarajan J, Mowen KA, McBride KD, Smith ED, 
Singh H & Glimcher LH (2002a) Interferon 
regulatory factor 4 (IRF4) interacts with NFATc2 to 
modulate interleukin 4 gene expression. J. Exp. Med. 
195: 1003-1012. 
Rengarajan J, Tang B & Glimcher LH (2002b) 
NFATc2 and NFATc3 regulate T(H)2 differentiation 
and modulate TCR-responsiveness of naive T(H)cells. 
Nat. Immunol. 3: 48-54. 
Rhodes SG & Graham SP (2002) Is 'timing' important 
for cytokine polarization? Trends Immunol. 23: 246-
249. 
Richards J, Le Naour F, Hanash S & Beretta L (2002) 
Integrated genomic and proteomic analysis of 
signaling pathways in dendritic cell differentiation 
and maturation. Ann. N. Y. Acad. Sci. 975: 91-100. 
Robinson D, Shibuya K, Mui A, Zonin F, Murphy E, 
Sana T, Hartley SB, Menon S, Kastelein R, Bazan F 
& O'Garra A (1997) IGIF does not drive Th1 
development but synergizes with IL-12 for interferon-
gamma production and activates IRAK and 
NFkappaB. Immunity 7: 571-581. 
Rodriguez A, Vigorito E, Clare S, Warren MV, 
Couttet P, Soond DR, van Dongen S, Grocock RJ, 
Das PP, Miska EA, Vetrie D, Okkenhaug K, Enright 
AJ, Dougan G, Turner M & Bradley A (2007) 
Requirement of bic/microRNA-155 for normal 
immune function. Science 316: 608-611. 
Rogge L, Barberis-Maino L, Biffi M, Passini N, 
Presky DH, Gubler U & Sinigaglia F (1997) Selective 
expression of an interleukin-12 receptor component 
by human T helper 1 cells. J. Exp. Med. 185: 825-831. 
Rogge L, Bianchi E, Biffi M, Bono E, Chang SY, 
Alexander H, Santini C, Ferrari G, Sinigaglia L, Seiler 
M, Neeb M, Mous J, Sinigaglia F & Certa U (2000) 
Transcript imaging of the development of human T 
helper cells using oligonucleotide arrays. Nat. Genet. 
25: 96-101. 
Rogge L, Papi A, Presky DH, Biffi M, Minetti LJ, 
Miotto D, Agostini C, Semenzato G, Fabbri LM & 
Sinigaglia F (1999) Antibodies to the IL-12 receptor 
beta 2 chain mark human Th1 but not Th2 cells in 
vitro and in vivo. J. Immunol. 162: 3926-3932. 
Roh TY, Cuddapah S, Cui K & Zhao K (2006) The 
genomic landscape of histone modifications in human 
T cells. Proc. Natl. Acad. Sci. U. S. A. 103: 15782-
15787. 
Roh TY, Cuddapah S & Zhao K (2005) Active 
chromatin domains are defined by acetylation islands 
revealed by genome-wide mapping. Genes Dev. 19: 
542-552. 
Roh TY, Wei G, Farrell CM & Zhao K (2007) 
Genome-wide prediction of conserved and 
nonconserved enhancers by histone acetylation 
patterns. Genome Res. 17: 74-81. 
Romagnani S (2008) Human Th17 cells. Arthritis Res. 
Ther. 10: 206. 



References 

 

92
Romagnani S (2000) The role of lymphocytes in 
allergic disease. J. Allergy Clin. Immunol. 105: 399-
408. 
Romagnani S (1996) Th1 and Th2 in human diseases. 
Clin. Immunol. Immunopathol. 80: 225-235. 
Romagnani S (1994) Lymphokine production by 
human T cells in disease states. Annu. Rev. Immunol. 
12: 227-257. 
Rooney JW, Sun YL, Glimcher LH & Hoey T (1995) 
Novel NFAT sites that mediate activation of the 
interleukin-2 promoter in response to T-cell receptor 
stimulation. Mol. Cell. Biol. 15: 6299-6310. 
Rowell E, Merkenschlager M & Wilson CB (2008) 
Long-range regulation of cytokine gene expression. 
Curr. Opin. Immunol. 20: 272-280. 
Saha A, Wittmeyer J & Cairns BR (2006) Chromatin 
remodelling: the industrial revolution of DNA around 
histones. Nat. Rev. Mol. Cell Biol. 7: 437-447. 
Salkowski CA, Kopydlowski K, Blanco J, Cody MJ, 
McNally R & Vogel SN (1999) IL-12 is dysregulated 
in macrophages from IRF-1 and IRF-2 knockout 
mice. J. Immunol. 163: 1529-1536. 
Sallusto F & Lanzavecchia A (1994) Efficient 
presentation of soluble antigen by cultured human 
dendritic cells is maintained by 
granulocyte/macrophage colony-stimulating factor 
plus interleukin 4 and downregulated by tumor 
necrosis factor alpha. J. Exp. Med. 179: 1109-1118. 
Sanderson CJ (1992) Interleukin-5, eosinophils, and 
disease. Blood 79: 3101-3109. 
Sanderson CJ (1988) Interleukin-5: an eosinophil 
growth and activation factor. Dev. Biol. Stand. 69: 23-
29. 
Sanderson CJ, Campbell HD & Young IG (1988) 
Molecular and cellular biology of eosinophil 
differentiation factor (interleukin-5) and its effects on 
human and mouse B cells. Immunol. Rev. 102: 29-50. 
Santangelo S, Cousins DJ, Winkelmann NE & 
Staynov DZ (2002) DNA methylation changes at 
human Th2 cytokine genes coincide with DNase I 
hypersensitive site formation during CD4(+) T cell 
differentiation. J. Immunol. 169: 1893-1903. 
Santini SM, Lapenta C, Logozzi M, Parlato S, Spada 
M, Di Pucchio T & Belardelli F (2000) Type I 
interferon as a powerful adjuvant for monocyte-
derived dendritic cell development and activity in 
vitro and in Hu-PBL-SCID mice. J. Exp. Med. 191: 
1777-1788. 
Sareneva T, Julkunen I & Matikainen S (2000) IFN-
alpha and IL-12 induce IL-18 receptor gene 
expression in human NK and T cells. J. Immunol. 
165: 1933-1938. 
Sareneva T, Matikainen S, Kurimoto M & Julkunen I 
(1998) Influenza A virus-induced IFN-alpha/beta and 
IL-18 synergistically enhance IFN-gamma gene 
expression in human T cells. J. Immunol. 160: 6032-
6038. 
Schandene L, Alonso-Vega C, Willems F, Gerard C, 
Delvaux A, Velu T, Devos R, de Boer M & Goldman 
M (1994) B7/CD28-dependent IL-5 production by 

human resting T cells is inhibited by IL-10. J. 
Immunol. 152: 4368-4374. 
Scharton-Kersten T, Contursi C, Masumi A, Sher A & 
Ozato K (1997) Interferon consensus sequence 
binding protein-deficient mice display impaired 
resistance to intracellular infection due to a primary 
defect in interleukin 12 p40 induction. J. Exp. Med. 
186: 1523-1534. 
Schiavoni G, Mattei F, Borghi P, Sestili P, Venditti 
M, Morse HC,3rd, Belardelli F & Gabriele L (2004) 
ICSBP is critically involved in the normal 
development and trafficking of Langerhans cells and 
dermal dendritic cells. Blood 103: 2221-2228. 
Schiavoni G, Mattei F, Sestili P, Borghi P, Venditti 
M, Morse HC,3rd, Belardelli F & Gabriele L (2002) 
ICSBP is essential for the development of mouse type 
I interferon-producing cells and for the generation and 
activation of CD8alpha(+) dendritic cells. J. Exp. 
Med. 196: 1415-1425. 
Schilham MW & Clevers H (1998) HMG box 
containing transcription factors in lymphocyte 
differentiation. Semin. Immunol. 10: 127-132. 
Schindler C & Darnell JE,Jr (1995) Transcriptional 
responses to polypeptide ligands: the JAK-STAT 
pathway. Annu. Rev. Biochem. 64: 621-651. 
Schoenborn JR, Dorschner MO, Sekimata M, Santer 
DM, Shnyreva M, Fitzpatrick DR, 
Stamatoyannopoulos JA & Wilson CB (2007) 
Comprehensive epigenetic profiling identifies 
multiple distal regulatory elements directing 
transcription of the gene encoding interferon-gamma. 
Nat. Immunol. 8: 732-742. 
Schones DE, Cui K, Cuddapah S, Roh TY, Barski A, 
Wang Z, Wei G & Zhao K (2008) Dynamic regulation 
of nucleosome positioning in the human genome. Cell 
132: 887-898. 
Schwarz DS, Hutvagner G, Du T, Xu Z, Aronin N & 
Zamore PD (2003) Asymmetry in the assembly of the 
RNAi enzyme complex. Cell 115: 199-208. 
Schwenger GT, Fournier R, Hall LM, Sanderson CJ 
& Mordvinov VA (1999) Nuclear factor of activated 
T cells and YY1 combine to repress IL-5 expression 
in a human T-cell line. J. Allergy Clin. Immunol. 104: 
820-827. 
Schwenger GT, Fournier R, Kok CC, Mordvinov VA, 
Yeoman D & Sanderson CJ (2001) GATA-3 has dual 
regulatory functions in human interleukin-5 
transcription. J. Biol. Chem. 276: 48502-48509. 
Scott P, Pearce E, Cheever AW, Coffman RL & Sher 
A (1989) Role of cytokines and CD4+ T-cell subsets 
in the regulation of parasite immunity and disease. 
Immunol. Rev. 112: 161-182. 
Seder RA, Gazzinelli R, Sher A & Paul WE (1993) 
Interleukin 12 acts directly on CD4+ T cells to 
enhance priming for interferon gamma production and 
diminishes interleukin 4 inhibition of such priming. 
Proc. Natl. Acad. Sci. U. S. A. 90: 10188-10192. 
Seder RA, Paul WE, Davis MM & Fazekas de St 
Groth B (1992) The presence of interleukin 4 during 
in vitro priming determines the lymphokine-
producing potential of CD4+ T cells from T cell 



References 

 

93
receptor transgenic mice. J. Exp. Med. 176: 1091-
1098. 
Sekinger EA, Moqtaderi Z & Struhl K (2005) 
Intrinsic histone-DNA interactions and low 
nucleosome density are important for preferential 
accessibility of promoter regions in yeast. Mol. Cell 
18: 735-748. 
Serfling E, Avots A & Neumann M (1995) The 
architecture of the interleukin-2 promoter: a reflection 
of T lymphocyte activation. Biochim. Biophys. Acta 
1263: 181-200. 
Shen L, Evel-Kabler K, Strube R & Chen SY (2004) 
Silencing of SOCS1 enhances antigen presentation by 
dendritic cells and antigen-specific anti-tumor 
immunity. Nat. Biotechnol. 22: 1546-1553. 
Sher A & Coffman RL (1992) Regulation of 
immunity to parasites by T cells and T cell-derived 
cytokines. Annu. Rev. Immunol. 10: 385-409. 
Shi M, Lin TH, Appell KC & Berg LJ (2008) Janus-
kinase-3-dependent signals induce chromatin 
remodeling at the Ifng locus during T helper 1 cell 
differentiation. Immunity 28: 763-773. 
Shi Y, Lan F, Matson C, Mulligan P, Whetstine JR, 
Cole PA, Casero RA & Shi Y (2004) Histone 
demethylation mediated by the nuclear amine oxidase 
homolog LSD1. Cell 119: 941-953. 
Shilatifard A (2006) Chromatin modifications by 
methylation and ubiquitination: implications in the 
regulation of gene expression. Annu. Rev. Biochem. 
75: 243-269. 
Shimoda K, van Deursen J, Sangster MY, Sarawar 
SR, Carson RT, Tripp RA, Chu C, Quelle FW, 
Nosaka T, Vignali DA, Doherty PC, Grosveld G, Paul 
WE & Ihle JN (1996) Lack of IL-4-induced Th2 
response and IgE class switching in mice with 
disrupted Stat6 gene. Nature 380: 630-633. 
Shnyreva M, Weaver WM, Blanchette M, Taylor SL, 
Tompa M, Fitzpatrick DR & Wilson CB (2004) 
Evolutionarily conserved sequence elements that 
positively regulate IFN-gamma expression in T cells. 
Proc. Natl. Acad. Sci. U. S. A. 101: 12622-12627. 
Shortman K & Naik SH (2007) Steady-state and 
inflammatory dendritic-cell development. Nat. Rev. 
Immunol. 7: 19-30. 
Siegal FP, Kadowaki N, Shodell M, Fitzgerald-
Bocarsly PA, Shah K, Ho S, Antonenko S & Liu YJ 
(1999) The nature of the principal type 1 interferon-
producing cells in human blood. Science 284: 1835-
1837. 
Simonis M, Klous P, Splinter E, Moshkin Y, 
Willemsen R, de Wit E, van Steensel B & de Laat W 
(2006) Nuclear organization of active and inactive 
chromatin domains uncovered by chromosome 
conformation capture-on-chip (4C). Nat. Genet. 38: 
1348-1354. 
Simonis M, Kooren J & de Laat W (2007) An 
evaluation of 3C-based methods to capture DNA 
interactions. Nat. Methods 4: 895-901. 
Singer GA, Lloyd AT, Huminiecki LB & Wolfe KH 
(2005) Clusters of co-expressed genes in mammalian 

genomes are conserved by natural selection. Mol. 
Biol. Evol. 22: 767-775. 
Slusarski DC, Corces VG & Moon RT (1997) 
Interaction of Wnt and a Frizzled homologue triggers 
G-protein-linked phosphatidylinositol signalling. 
Nature 390: 410-413. 
Smale ST & Fisher AG (2002) Chromatin structure 
and gene regulation in the immune system. Annu. Rev. 
Immunol. 20: 427-462. 
Smeltz RB, Chen J, Hu-Li J & Shevach EM (2001) 
Regulation of interleukin (IL)-18 receptor alpha chain 
expression on CD4(+) T cells during T helper 
(Th)1/Th2 differentiation. Critical downregulatory 
role of IL-4. J. Exp. Med. 194: 143-153. 
Smith CL & Peterson CL (2005) ATP-dependent 
chromatin remodeling. Curr. Top. Dev. Biol. 65: 115-
148. 
Snapper CM, Finkelman FD & Paul WE (1988) 
Regulation of IgG1 and IgE production by interleukin 
4. Immunol. Rev. 102: 51-75. 
Solymar DC, Agarwal S, Bassing CH, Alt FW & Rao 
A (2002) A 3' enhancer in the IL-4 gene regulates 
cytokine production by Th2 cells and mast cells. 
Immunity 17: 41-50. 
Soutto M, Zhang F, Enerson B, Tong Y, Boothby M 
& Aune TM (2002a) A minimal IFN-gamma 
promoter confers Th1 selective expression. J. 
Immunol. 169: 4205-4212. 
Soutto M, Zhou W & Aune TM (2002b) Cutting edge: 
distal regulatory elements are required to achieve 
selective expression of IFN-gamma in Th1/Tc1 
effector cells. J. Immunol. 169: 6664-6667. 
Speck NA (2001) Core binding factor and its role in 
normal hematopoietic development. Curr. Opin. 
Hematol. 8: 192-196. 
Sperling AI & Bluestone JA (2001) ICOS 
costimulation: It's not just for TH2 cells anymore. 
Nat. Immunol. 2: 573-574. 
Spilianakis CG & Flavell RA (2004) Long-range 
intrachromosomal interactions in the T helper type 2 
cytokine locus. Nat. Immunol. 5: 1017-1027. 
Spilianakis CG, Lalioti MD, Town T, Lee GR & 
Flavell RA (2005) Interchromosomal associations 
between alternatively expressed loci. Nature 435: 
637-645. 
Sproul D, Gilbert N & Bickmore WA (2005) The role 
of chromatin structure in regulating the expression of 
clustered genes. Nat. Rev. Genet. 6: 775-781. 
Staal FJ, Luis TC & Tiemessen MM (2008) WNT 
signalling in the immune system: WNT is spreading 
its wings. Nat. Rev. Immunol. 8: 581-593. 
Stalder J, Larsen A, Engel JD, Dolan M, Groudine M 
& Weintraub H (1980) Tissue-specific DNA 
cleavages in the globin chromatin domain introduced 
by DNAase I. Cell 20: 451-460. 
Steinman RM, Hawiger D & Nussenzweig MC (2003) 
Tolerogenic dendritic cells. Annu. Rev. Immunol. 21: 
685-711. 



References 

 

94
Sterner DE & Berger SL (2000) Acetylation of 
histones and transcription-related factors. Microbiol. 
Mol. Biol. Rev. 64: 435-459. 
Stoll S, Jonuleit H, Schmitt E, Muller G, Yamauchi H, 
Kurimoto M, Knop J & Enk AH (1998) Production of 
functional IL-18 by different subtypes of murine and 
human dendritic cells (DC): DC-derived IL-18 
enhances IL-12-dependent Th1 development. Eur. J. 
Immunol. 28: 3231-3239. 
Stout RD & Suttles J (2004) Functional plasticity of 
macrophages: reversible adaptation to changing 
microenvironments. J. Leukoc. Biol. 76: 509-513. 
Strahl BD & Allis CD (2000) The language of 
covalent histone modifications. Nature 403: 41-45. 
Stranick KS, Payvandi F, Zambas DN, Umland SP, 
Egan RW & Billah MM (1995) Transcription of the 
murine interleukin 5 gene is regulated by multiple 
promoter elements. J. Biol. Chem. 270: 20575-20582. 
Stranick KS, Zambas DN, Uss AS, Egan RW, Billah 
MM & Umland SP (1997) Identification of 
transcription factor binding sites important in the 
regulation of the human interleukin-5 gene. J. Biol. 
Chem. 272: 16453-16465. 
Stumhofer JS, Laurence A, Wilson EH, Huang E, 
Tato CM, Johnson LM, Villarino AV, Huang Q, 
Yoshimura A, Sehy D, Saris CJ, O'Shea JJ, 
Hennighausen L, Ernst M & Hunter CA (2006) 
Interleukin 27 negatively regulates the development 
of interleukin 17-producing T helper cells during 
chronic inflammation of the central nervous system. 
Nat. Immunol. 7: 937-945. 
Sun FL & Elgin SC (1999) Putting boundaries on 
silence. Cell 99: 459-462. 
Sun J & Pearce EJ (2007) Suppression of early IL-4 
production underlies the failure of CD4 T cells 
activated by TLR-stimulated dendritic cells to 
differentiate into Th2 cells. J. Immunol. 178: 1635-
1644. 
Suzuki S, Honma K, Matsuyama T, Suzuki K, 
Toriyama K, Akitoyo I, Yamamoto K, Suematsu T, 
Nakamura M, Yui K & Kumatori A (2004) Critical 
roles of interferon regulatory factor 4 in 
CD11bhighCD8alpha- dendritic cell development. 
Proc. Natl. Acad. Sci. U. S. A. 101: 8981-8986. 
Swain SL, Weinberg AD, English M & Huston G 
(1990) IL-4 directs the development of Th2-like 
helper effectors. J. Immunol. 145: 3796-3806. 
Sweetser MT, Hoey T, Sun YL, Weaver WM, Price 
GA & Wilson CB (1998) The roles of nuclear factor 
of activated T cells and ying-yang 1 in activation-
induced expression of the interferon-gamma promoter 
in T cells. J. Biol. Chem. 273: 34775-34783. 
Szabo SJ, Dighe AS, Gubler U & Murphy KM (1997) 
Regulation of the interleukin (IL)-12R beta 2 subunit 
expression in developing T helper 1 (Th1) and Th2 
cells. J. Exp. Med. 185: 817-824. 
Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG 
& Glimcher LH (2000) A novel transcription factor, 
T-bet, directs Th1 lineage commitment. Cell 100: 
655-669. 

Szabo SJ, Sullivan BM, Peng SL & Glimcher LH 
(2003) Molecular mechanisms regulating Th1 
immune responses. Annu. Rev. Immunol. 21: 713-758. 
Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, 
Sleckman BP & Glimcher LH (2002) Distinct effects 
of T-bet in TH1 lineage commitment and IFN-gamma 
production in CD4 and CD8 T cells. Science 295: 
338-342. 
Szutorisz H, Dillon N & Tora L (2005) The role of 
enhancers as centres for general transcription factor 
recruitment. Trends Biochem. Sci. 30: 593-599. 
Taganov KD, Boldin MP, Chang KJ & Baltimore D 
(2006) NF-kappaB-dependent induction of microRNA 
miR-146, an inhibitor targeted to signaling proteins of 
innate immune responses. Proc. Natl. Acad. Sci. U. S. 
A. 103: 12481-12486. 
Tahvanainen J, Pykalainen M, Kallonen T, 
Lahteenmaki H, Rasool O & Lahesmaa R (2006) 
Enrichment of nucleofected primary human CD4+ T 
cells: a novel and efficient method for studying gene 
function and role in human primary T helper cell 
differentiation. J. Immunol. Methods 310: 30-39. 
Takeda K, Tanaka T, Shi W, Matsumoto M, Minami 
M, Kashiwamura S, Nakanishi K, Yoshida N, 
Kishimoto T & Akira S (1996) Essential role of Stat6 
in IL-4 signalling. Nature 380: 627-630. 
Takeda K, Tsutsui H, Yoshimoto T, Adachi O, 
Yoshida N, Kishimoto T, Okamura H, Nakanishi K & 
Akira S (1998) Defective NK cell activity and Th1 
response in IL-18-deficient mice. Immunity 8: 383-
390. 
Takekawa M, Maeda T & Saito H (1998) Protein 
phosphatase 2Calpha inhibits the human stress-
responsive p38 and JNK MAPK pathways. EMBO J. 
17: 4744-4752. 
Takemoto N, Koyano-Nakagawa N, Yokota T, Arai 
N, Miyatake S & Arai K (1998) Th2-specific DNase 
I-hypersensitive sites in the murine IL-13 and IL-4 
intergenic region. Int. Immunol. 10: 1981-1985. 
Taki S, Sato T, Ogasawara K, Fukuda T, Sato M, 
Hida S, Suzuki G, Mitsuyama M, Shin EH, Kojima S, 
Taniguchi T & Asano Y (1997) Multistage regulation 
of Th1-type immune responses by the transcription 
factor IRF-1. Immunity 6: 673-679. 
Tam W (2001) Identification and characterization of 
human BIC, a gene on chromosome 21 that encodes a 
noncoding RNA. Gene 274: 157-167. 
Tam W, Ben-Yehuda D & Hayward WS (1997) bic, a 
novel gene activated by proviral insertions in avian 
leukosis virus-induced lymphomas, is likely to 
function through its noncoding RNA. Mol. Cell. Biol. 
17: 1490-1502. 
Tamura T, Nagamura-Inoue T, Shmeltzer Z, Kuwata 
T & Ozato K (2000) ICSBP directs bipotential 
myeloid progenitor cells to differentiate into mature 
macrophages. Immunity 13: 155-165. 
Tamura T, Tailor P, Yamaoka K, Kong HJ, Tsujimura 
H, O'Shea JJ, Singh H & Ozato K (2005) IFN 
regulatory factor-4 and -8 govern dendritic cell subset 
development and their functional diversity. J. 
Immunol. 174: 2573-2581. 



References 

 

95
Taverna SD, Li H, Ruthenburg AJ, Allis CD & Patel 
DJ (2007) How chromatin-binding modules interpret 
histone modifications: lessons from professional 
pocket pickers. Nat. Struct. Mol. Biol. 14: 1025-1040. 
Thai TH, Calado DP, Casola S, Ansel KM, Xiao C, 
Xue Y, Murphy A, Frendewey D, Valenzuela D, 
Kutok JL, Schmidt-Supprian M, Rajewsky N, 
Yancopoulos G, Rao A & Rajewsky K (2007) 
Regulation of the germinal center response by 
microRNA-155. Science 316: 604-608. 
Thierfelder WE, van Deursen JM, Yamamoto K, 
Tripp RA, Sarawar SR, Carson RT, Sangster MY, 
Vignali DA, Doherty PC, Grosveld GC & Ihle JN 
(1996) Requirement for Stat4 in interleukin-12-
mediated responses of natural killer and T cells. 
Nature 382: 171-174. 
Thieu VT, Yu Q, Chang HC, Yeh N, Nguyen ET, 
Sehra S & Kaplan MH (2008) Signal transducer and 
activator of transcription 4 is required for the 
transcription factor T-bet to promote T helper 1 cell-
fate determination. Immunity 29: 679-690. 
Thomas MA, Mordvinov VA & Sanderson CJ (1999) 
The activity of the human interleukin-5 conserved 
lymphokine element 0 is regulated by octamer factors 
in human cells. Eur. J. Biochem. 265: 300-307. 
Ting CN, Olson MC, Barton KP & Leiden JM (1996) 
Transcription factor GATA-3 is required for 
development of the T-cell lineage. Nature 384: 474-
478. 
Tominaga A, Matsumoto M, Harada N, Takahashi T, 
Kikuchi Y & Takatsu K (1988) Molecular properties 
and regulation of mRNA expression for murine T 
cell-replacing factor/IL-5. J. Immunol. 140: 1175-
1181. 
Tominaga N, Ohkusu-Tsukada K, Udono H, Abe R, 
Matsuyama T & Yui K (2003) Development of Th1 
and not Th2 immune responses in mice lacking IFN-
regulatory factor-4. Int. Immunol. 15: 1-10. 
Tong Y, Aune T & Boothby M (2005) T-bet 
antagonizes mSin3a recruitment and transactivates a 
fully methylated IFN-gamma promoter via a 
conserved T-box half-site. Proc. Natl. Acad. Sci. U. S. 
A. 102: 2034-2039. 
Trojer P & Reinberg D (2007) Facultative 
heterochromatin: is there a distinctive molecular 
signature? Mol. Cell 28: 1-13. 
Tsujimura H, Tamura T & Ozato K (2003) Cutting 
edge: IFN consensus sequence binding protein/IFN 
regulatory factor 8 drives the development of type I 
IFN-producing plasmacytoid dendritic cells. J. 
Immunol. 170: 1131-1135. 
Umland SP, Razac S, Shah H, Nahrebne DK, Egan 
RW & Billah MM (1998) Interleukin-5 mRNA 
stability in human T cells is regulated differently than 
interleukin-2, interleukin-3, interleukin-4, 
granulocyte/macrophage colony-stimulating factor, 
and interferon-gamma. Am. J. Respir. Cell Mol. Biol. 
18: 631-642. 
Umland SP, Shah H, Jakway JP, Shortall J, Razac S, 
Garlisi CG, Falcone A, Kung TT, Stelts D, Hegde V, 
Patel M, Motasim Billah M & Egan RW (1999) 

Effects of cyclosporin A and dinactin on T-cell 
proliferation, interleukin-5 production, and murine 
pulmonary inflammation. Am. J. Respir. Cell Mol. 
Biol. 20: 481-492. 
Ushio S, Namba M, Okura T, Hattori K, Nukada Y, 
Akita K, Tanabe F, Konishi K, Micallef M, Fujii M, 
Torigoe K, Tanimoto T, Fukuda S, Ikeda M, Okamura 
H & Kurimoto M (1996) Cloning of the cDNA for 
human IFN-gamma-inducing factor, expression in 
Escherichia coli, and studies on the biologic activities 
of the protein. J. Immunol. 156: 4274-4279. 
Valledor AF, Borras FE, Cullell-Young M & Celada 
A (1998) Transcription factors that regulate 
monocyte/macrophage differentiation. J. Leukoc. Biol. 
63: 405-417. 
van Beelen AJ, Zelinkova Z, Taanman-Kueter EW, 
Muller FJ, Hommes DW, Zaat SA, Kapsenberg ML & 
de Jong EC (2007) Stimulation of the intracellular 
bacterial sensor NOD2 programs dendritic cells to 
promote interleukin-17 production in human memory 
T cells. Immunity 27: 660-669. 
van Panhuys N, Tang SC, Prout M, Camberis M, 
Scarlett D, Roberts J, Hu-Li J, Paul WE & Le Gros G 
(2008) In vivo studies fail to reveal a role for IL-4 or 
STAT6 signaling in Th2 lymphocyte differentiation. 
Proc. Natl. Acad. Sci. U. S. A. 105: 12423-12428. 
Van Straaten JF, Dokter WH, Stulp BK & Vellenga E 
(1994) The regulation of interleukin 5 and interleukin 
3 gene expression in human T cells. Cytokine 6: 229-
234. 
Veckman V, Miettinen M, Pirhonen J, Siren J, 
Matikainen S & Julkunen I (2004) Streptococcus 
pyogenes and Lactobacillus rhamnosus differentially 
induce maturation and production of Th1-type 
cytokines and chemokines in human monocyte-
derived dendritic cells. J. Leukoc. Biol. 75: 764-771. 
Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM & 
Stockinger B (2006) TGFbeta in the context of an 
inflammatory cytokine milieu supports de novo 
differentiation of IL-17-producing T cells. Immunity 
24: 179-189. 
Villadangos JA & Schnorrer P (2007) Intrinsic and 
cooperative antigen-presenting functions of dendritic-
cell subsets in vivo. Nat. Rev. Immunol. 7: 543-555. 
von der Weid T, Beebe AM, Roopenian DC & 
Coffman RL (1996) Early production of IL-4 and 
induction of Th2 responses in the lymph node 
originate from an MHC class I-independent 
CD4+NK1.1- T cell population. J. Immunol. 157: 
4421-4427. 
Volpe E, Servant N, Zollinger R, Bogiatzi SI, Hupe P, 
Barillot E & Soumelis V (2008) A critical function for 
transforming growth factor-beta, interleukin 23 and 
proinflammatory cytokines in driving and modulating 
human T(H)-17 responses. Nat. Immunol. 9: 650-657. 
Wallace JA & Felsenfeld G (2007) We gather 
together: insulators and genome organization. Curr. 
Opin. Genet. Dev. 17: 400-407. 
Wang J, Harada A, Matsushita S, Matsumi S, Zhang 
Y, Shioda T, Nagai Y & Matsushima K (1998) IL-4 
and a glucocorticoid up-regulate CXCR4 expression 



References 

 

96
on human CD4+ T lymphocytes and enhance HIV-1 
replication. J. Leukoc. Biol. 64: 642-649. 
Wang J, Shannon MF & Young IG (2006) A role for 
Ets1, synergizing with AP-1 and GATA-3 in the 
regulation of IL-5 transcription in mouse Th2 
lymphocytes. Int. Immunol. 18: 313-323. 
Wang Y, Wysocka J, Sayegh J, Lee YH, Perlin JR, 
Leonelli L, Sonbuchner LS, McDonald CH, Cook 
RG, Dou Y, Roeder RG, Clarke S, Stallcup MR, Allis 
CD & Coonrod SA (2004) Human PAD4 regulates 
histone arginine methylation levels via 
demethylimination. Science 306: 279-283. 
Weiss DL & Brown MA (2001) Regulation of IL-4 
production in mast cells: a paradigm for cell-type-
specific gene expression. Immunol. Rev. 179: 35-47. 
Wells CA, Ravasi T, Sultana R, Yagi K, Carninci P, 
Bono H, Faulkner G, Okazaki Y, Quackenbush J, 
Hume DA, Lyons PA, RIKEN GER Group. & GSL 
Members. (2003) Continued discovery of 
transcriptional units expressed in cells of the mouse 
mononuclear phagocyte lineage. Genome Res. 13: 
1360-1365. 
Wendt KS, Yoshida K, Itoh T, Bando M, Koch B, 
Schirghuber E, Tsutsumi S, Nagae G, Ishihara K, 
Mishiro T, Yahata K, Imamoto F, Aburatani H, Nakao 
M, Imamoto N, Maeshima K, Shirahige K & Peters 
JM (2008) Cohesin mediates transcriptional insulation 
by CCCTC-binding factor. Nature 451: 796-801. 
Wenner CA, Guler ML, Macatonia SE, O'Garra A & 
Murphy KM (1996) Roles of IFN-gamma and IFN-
alpha in IL-12-induced T helper cell-1 development. 
J. Immunol. 156: 1442-1447. 
Wettenhall JM & Smyth GK (2004) limmaGUI: a 
graphical user interface for linear modeling of 
microarray data. Bioinformatics 20: 3705-3706. 
Whitehouse I, Flaus A, Cairns BR, White MF, 
Workman JL & Owen-Hughes T (1999) Nucleosome 
mobilization catalysed by the yeast SWI/SNF 
complex. Nature 400: 784-787. 
Wilson CB & Merkenschlager M (2006) Chromatin 
structure and gene regulation in T cell development 
and function. Curr. Opin. Immunol. 18: 143-151. 
Wilson NJ, Boniface K, Chan JR, McKenzie BS, 
Blumenschein WM, Mattson JD, Basham B, Smith K, 
Chen T, Morel F, Lecron JC, Kastelein RA, Cua DJ, 
McClanahan TK, Bowman EP & de Waal Malefyt R 
(2007) Development, cytokine profile and function of 
human interleukin 17-producing helper T cells. Nat. 
Immunol. 8: 950-957. 
Winders BR, Schwartz RH & Bruniquel D (2004) A 
distinct region of the murine IFN-gamma promoter is 
hypomethylated from early T cell development 
through mature naive and Th1 cell differentiation, but 
is hypermethylated in Th2 cells. J. Immunol. 173: 
7377-7384. 
Wu C, Ferrante J, Gately MK & Magram J (1997) 
Characterization of IL-12 receptor beta1 chain (IL-
12Rbeta1)-deficient mice: IL-12Rbeta1 is an essential 
component of the functional mouse IL-12 receptor. J. 
Immunol. 159: 1658-1665. 

Wu C, Wang X, Gadina M, O'Shea JJ, Presky DH & 
Magram J (2000) IL-12 receptor beta 2 (IL-12R beta 
2)-deficient mice are defective in IL-12-mediated 
signaling despite the presence of high affinity IL-12 
binding sites. J. Immunol. 165: 6221-6228. 
Wu H, Neilson JR, Kumar P, Manocha M, Shankar P, 
Sharp PA & Manjunath N (2007) miRNA profiling of 
naive, effector and memory CD8 T cells. PLoS ONE 
2: e1020. 
Wu L, D'Amico A, Winkel KD, Suter M, Lo D & 
Shortman K (1998) RelB is essential for the 
development of myeloid-related CD8alpha- dendritic 
cells but not of lymphoid-related CD8alpha+ dendritic 
cells. Immunity 9: 839-847. 
Wu L & Liu YJ (2007) Development of dendritic-cell 
lineages. Immunity 26: 741-750. 
Wu L, Nichogiannopoulou A, Shortman K & 
Georgopoulos K (1997) Cell-autonomous defects in 
dendritic cell populations of Ikaros mutant mice point 
to a developmental relationship with the lymphoid 
lineage. Immunity 7: 483-492. 
Wurster AL, Rodgers VL, Satoskar AR, Whitters MJ, 
Young DA, Collins M & Grusby MJ (2002) 
Interleukin 21 is a T helper (Th) cell 2 cytokine that 
specifically inhibits the differentiation of naive Th 
cells into interferon gamma-producing Th1 cells. J. 
Exp. Med. 196: 969-977. 
Xiao C, Srinivasan L, Calado DP, Patterson HC, 
Zhang B, Wang J, Henderson JM, Kutok JL & 
Rajewsky K (2008) Lymphoproliferative disease and 
autoimmunity in mice with increased miR-17-92 
expression in lymphocytes. Nat. Immunol. 9: 405-414. 
Xie X, Mikkelsen TS, Gnirke A, Lindblad-Toh K, 
Kellis M & Lander ES (2007) Systematic discovery of 
regulatory motifs in conserved regions of the human 
genome, including thousands of CTCF insulator sites. 
Proc. Natl. Acad. Sci. U. S. A. 104: 7145-7150. 
Xu D, Chan WL, Leung BP, Hunter D, Schulz K, 
Carter RW, McInnes IB, Robinson JH & Liew FY 
(1998) Selective expression and functions of 
interleukin 18 receptor on T helper (Th) type 1 but not 
Th2 cells. J. Exp. Med. 188: 1485-1492. 
Xu D, Trajkovic V, Hunter D, Leung BP, Schulz K, 
Gracie JA, McInnes IB & Liew FY (2000) IL-18 
induces the differentiation of Th1 or Th2 cells 
depending upon cytokine milieu and genetic 
background. Eur. J. Immunol. 30: 3147-3156. 
Xu F, Zhang K & Grunstein M (2005) Acetylation in 
histone H3 globular domain regulates gene expression 
in yeast. Cell 121: 375-385. 
Yamagata T, Nishida J, Sakai R, Tanaka T, Honda H, 
Hirano N, Mano H, Yazaki Y & Hirai H (1995) Of 
the GATA-binding proteins, only GATA-4 selectively 
regulates the human interleukin-5 gene promoter in 
interleukin-5-producing cells which express multiple 
GATA-binding proteins. Mol. Cell. Biol. 15: 3830-
3839. 
Yamaguchi Y, Hayashi Y, Sugama Y, Miura Y, 
Kasahara T, Kitamura S, Torisu M, Mita S, Tominaga 
A & Takatsu K (1988) Highly purified murine 
interleukin 5 (IL-5) stimulates eosinophil function and 



References 

 

97
prolongs in vitro survival. IL-5 as an eosinophil 
chemotactic factor. J. Exp. Med. 167: 1737-1742. 
Yamashita M, Kimura M, Kubo M, Shimizu C, Tada 
T, Perlmutter RM & Nakayama T (1999) T cell 
antigen receptor-mediated activation of the 
Ras/mitogen-activated protein kinase pathway 
controls interleukin 4 receptor function and type-2 
helper T cell differentiation. Proc. Natl. Acad. Sci. U. 
S. A. 96: 1024-1029. 
Yamashita M, Ukai-Tadenuma M, Kimura M, Omori 
M, Inami M, Taniguchi M & Nakayama T (2002) 
Identification of a conserved GATA3 response 
element upstream proximal from the interleukin-13 
gene locus. J. Biol. Chem. 277: 42399-42408. 
Yamashita M, Ukai-Tadenuma M, Miyamoto T, 
Sugaya K, Hosokawa H, Hasegawa A, Kimura M, 
Taniguchi M, DeGregori J & Nakayama T (2004) 
Essential role of GATA3 for the maintenance of type 
2 helper T (Th2) cytokine production and chromatin 
remodeling at the Th2 cytokine gene loci. J. Biol. 
Chem. 279: 26983-26990. 
Yang L, Anderson DE, Baecher-Allan C, Hastings 
WD, Bettelli E, Oukka M, Kuchroo VK & Hafler DA 
(2008a) IL-21 and TGF-beta are required for 
differentiation of human T(H)17 cells. Nature 454: 
350-352. 
Yang LP, Byun DG, Demeure CE, Vezzio N & 
Delespesse G (1995) Default development of cloned 
human naive CD4 T cells into interleukin-4- and 
interleukin-5- producing effector cells. Eur. J. 
Immunol. 25: 3517-3520. 
Yang XO, Panopoulos AD, Nurieva R, Chang SH, 
Wang D, Watowich SS & Dong C (2007) STAT3 
regulates cytokine-mediated generation of 
inflammatory helper T cells. J. Biol. Chem. 282: 
9358-9363. 
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 (2008b) T helper 17 lineage differentiation is 
programmed by orphan nuclear receptors ROR alpha 
and ROR gamma. Immunity 28: 29-39. 
Yao Z, Fanslow WC, Seldin MF, Rousseau AM, 
Painter SL, Comeau MR, Cohen JI & Spriggs MK 
(1995) Herpesvirus Saimiri encodes a new cytokine, 
IL-17, which binds to a novel cytokine receptor. 
Immunity 3: 811-821. 
Yasui D, Miyano M, Cai S, Varga-Weisz P & Kohwi-
Shigematsu T (2002) SATB1 targets chromatin 
remodelling to regulate genes over long distances. 
Nature 419: 641-645. 
Ye BH, Cattoretti G, Shen Q, Zhang J, Hawe N, de 
Waard R, Leung C, Nouri-Shirazi M, Orazi A, 
Chaganti RS, Rothman P, Stall AM, Pandolfi PP & 
Dalla-Favera R (1997) The BCL-6 proto-oncogene 
controls germinal-centre formation and Th2-type 
inflammation. Nat. Genet. 16: 161-170. 
Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr 
J, Schwarzenberger P, Oliver P, Huang W, Zhang P, 
Zhang J, Shellito JE, Bagby GJ, Nelson S, Charrier K, 
Peschon JJ & Kolls JK (2001) Requirement of 
interleukin 17 receptor signaling for lung CXC 

chemokine and granulocyte colony-stimulating factor 
expression, neutrophil recruitment, and host defense. 
J. Exp. Med. 194: 519-527. 
Yi R, Qin Y, Macara IG & Cullen BR (2003) 
Exportin-5 mediates the nuclear export of pre-
microRNAs and short hairpin RNAs. Genes Dev. 17: 
3011-3016. 
Ylikoski E, Lund R, Kylaniemi M, Filen S, 
Kilpelainen M, Savolainen J & Lahesmaa R (2005) 
IL-12 up-regulates T-bet independently of IFN-
gamma in human CD4+ T cells. Eur. J. Immunol. 35: 
3297-3306. 
Yoshida H, Nishina H, Takimoto H, Marengere LE, 
Wakeham AC, Bouchard D, Kong YY, Ohteki T, 
Shahinian A, Bachmann M, Ohashi PS, Penninger 
JM, Crabtree GR & Mak TW (1998) The transcription 
factor NF-ATc1 regulates lymphocyte proliferation 
and Th2 cytokine production. Immunity 8: 115-124. 
Yoshimoto T, Bendelac A, Watson C, Hu-Li J & Paul 
WE (1995) Role of NK1.1+ T cells in a TH2 response 
and in immunoglobulin E production. Science 270: 
1845-1847. 
Yoshimoto T, Mizutani H, Tsutsui H, Noben-Trauth 
N, Yamanaka K, Tanaka M, Izumi S, Okamura H, 
Paul WE & Nakanishi K (2000) IL-18 induction of 
IgE: dependence on CD4+ T cells, IL-4 and STAT6. 
Nat. Immunol. 1: 132-137. 
Yoshimoto T, Takeda K, Tanaka T, Ohkusu K, 
Kashiwamura S, Okamura H, Akira S & Nakanishi K 
(1998) IL-12 up-regulates IL-18 receptor expression 
on T cells, Th1 cells, and B cells: synergism with IL-
18 for IFN-gamma production. J. Immunol. 161: 
3400-3407. 
Yoshimura A, Naka T & Kubo M (2007) SOCS 
proteins, cytokine signalling and immune regulation. 
Nat. Rev. Immunol. 7: 454-465. 
Young HA, Ghosh P, Ye J, Lederer J, Lichtman A, 
Gerard JR, Penix L, Wilson CB, Melvin AJ & 
McGurn ME (1994) Differentiation of the T helper 
phenotypes by analysis of the methylation state of the 
IFN-gamma gene. J. Immunol. 153: 3603-3610. 
Young HA, Komschlies KL, Ciccarone V, Beckwith 
M, Rosenberg M, Jenkins NA, Copeland NG & 
Durum SK (1989) Expression of human IFN-gamma 
genomic DNA in transgenic mice. J. Immunol. 143: 
2389-2394. 
Yssel H, De Vries JE, Koken M, Van Blitterswijk W 
& Spits H (1984) Serum-free medium for generation 
and propagation of functional human cytotoxic and 
helper T cell clones. J. Immunol. Methods 72: 219-
227. 
Yu Q, Chang HC, Ahyi AN & Kaplan MH (2008) 
Transcription factor-dependent chromatin remodeling 
of Il18r1 during Th1 and Th2 differentiation. J. 
Immunol. 181: 3346-3352. 
Yu Q, Sharma A, Oh SY, Moon HG, Hossain MZ, 
Salay TM, Leeds KE, Du H, Wu B, Waterman ML, 
Zhu Z & Sen JM (2009) T cell factor 1 initiates the T 
helper type 2 fate by inducing the transcription factor 
GATA-3 and repressing interferon-gamma. Nat. 
Immunol. 10: 992-999. 



References 

 

98
Yu Q, Thieu VT & Kaplan MH (2007) Stat4 limits 
DNA methyltransferase recruitment and DNA 
methylation of the IL-18Ralpha gene during Th1 
differentiation. EMBO J. 26: 2052-2060. 
Yuan GC, Liu YJ, Dion MF, Slack MD, Wu LF, 
Altschuler SJ & Rando OJ (2005) Genome-scale 
identification of nucleosome positions in S. 
cerevisiae. Science 309: 626-630. 
Yusufzai TM, Tagami H, Nakatani Y & Felsenfeld G 
(2004) CTCF tethers an insulator to subnuclear sites, 
suggesting shared insulator mechanisms across 
species. Mol. Cell 13: 291-298. 
Zenke M & Hieronymus T (2006) Towards an 
understanding of the transcription factor network of 
dendritic cell development. Trends Immunol. 27: 140-
145. 
Zhan M, Miller CP, Papayannopoulou T, 
Stamatoyannopoulos G & Song CZ (2007) 
MicroRNA expression dynamics during murine and 
human erythroid differentiation. Exp. Hematol. 35: 
1015-1025. 
Zhang DH, Cohn L, Ray P, Bottomly K & Ray A 
(1997) Transcription factor GATA-3 is differentially 
expressed in murine Th1 and Th2 cells and controls 
Th2-specific expression of the interleukin-5 gene. J. 
Biol. Chem. 272: 21597-21603. 
Zhang F, Wang DZ, Boothby M, Penix L, Flavell RA 
& Aune TM (1998) Regulation of the activity of IFN-
gamma promoter elements during Th cell 
differentiation. J. Immunol. 161: 6105-6112. 
Zhang L, Eugeni EE, Parthun MR & Freitas MA 
(2003) Identification of novel histone post-
translational modifications by peptide mass 
fingerprinting. Chromosoma 112: 77-86. 
Zhang Y, Apilado R, Coleman J, Ben-Sasson S, 
Tsang S, Hu-Li J, Paul WE & Huang H (2001) 

Interferon gamma stabilizes the T helper cell type 1 
phenotype. J. Exp. Med. 194: 165-172. 
Zhao Z, Tavoosidana G, Sjolinder M, Gondor A, 
Mariano P, Wang S, Kanduri C, Lezcano M, Sandhu 
KS, Singh U, Pant V, Tiwari V, Kurukuti S & 
Ohlsson R (2006) Circular chromosome conformation 
capture (4C) uncovers extensive networks of 
epigenetically regulated intra- and interchromosomal 
interactions. Nat. Genet. 38: 1341-1347. 
Zheng W & Flavell RA (1997) The transcription 
factor GATA-3 is necessary and sufficient for Th2 
cytokine gene expression in CD4 T cells. Cell 89: 
587-596. 
Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, 
Egawa T, Levy DE, Leonard WJ & Littman DR 
(2007) IL-6 programs T(H)-17 cell differentiation by 
promoting sequential engagement of the IL-21 and 
IL-23 pathways. Nat. Immunol. 8: 967-974. 
Zhou LJ & Tedder TF (1996) CD14+ blood 
monocytes can differentiate into functionally mature 
CD83+ dendritic cells. Proc. Natl. Acad. Sci. U. S. A. 
93: 2588-2592. 
Zhu H, Yang J, Murphy TL, Ouyang W, Wagner F, 
Saparov A, Weaver CT & Murphy KM (2001a) 
Unexpected characteristics of the IFN-gamma 
reporters in nontransformed T cells. J. Immunol. 167: 
855-865. 
Zhu J, Guo L, Watson CJ, Hu-Li J & Paul WE 
(2001b) Stat6 is necessary and sufficient for IL-4's 
role in Th2 differentiation and cell expansion. J. 
Immunol. 166: 7276-7281. 
Zhu J, Min B, Hu-Li J, Watson CJ, Grinberg A, Wang 
Q, Killeen N, Urban JF,Jr, Guo L & Paul WE (2004) 
Conditional deletion of Gata3 shows its essential 
function in T(H)1-T(H)2 responses. Nat. Immunol. 5: 
1157-1165. 
 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Subsample
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Subsample
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [841.890 1190.551]
>> setpagedevice




