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STELLINGEN N 

Behorendee bij het proefschrift: 
"Transcriptionall  regulation of the human Interleukin-12 receptor fi2 gene" 

1.. De genomische organisatie van het hIL-12Rfi2 gen vertoont aanzienlijke 
homologiee met andere Klasse I cytokine receptoren, maar alleen met betrekking tot 
dee exonen en de ligging van de intronen. (dit proefschrift) 

2.. 'Nuclear factor of activated T-cells' (NFAT) heeft een remmende werking op de 
transcriptiee van het hIL-12Rfi2 gen. (dit proefschrift) 

3.. Het fenotype van humane Th2 cellen is met betrekking tot IL-12-gevoeligheid 
flexibelerr dan dat van de muis. (dit proefschrift) 

4.. Indien GATA3 als directe transcriptie factor een rol vervult in het remmen van 
transcriptiee van het hIL-12Rfi2 gen, dan vindt die interactie waarschijnlijk plaats 
buitenn het 1.2 kb proximale promoter gebied, (dit proefschrift) 

5.. Het IL-12RÖ2 gen polymorfisme op positie -465 heeft directe invloed op de 
transcriptiee regulatie van het humane IL-12RÊ2 gen. (dit proefschrift) 

6.. Promoter of Promotor: een polymorfisme kan heel wat verschil maken. 

7.. Toen ik begon, werkte ik aan één honderdduizendste deel van het genoom, maar 
naa het publiceren van het Humane Genoom Project werd duidelijk dat mijn 
aandeell  drie keer zo groot was. (Lander et al., 2001, Nature 409:860) 

8.. Science is what happens to you while you're planning other things, 
(vrijj  max John L ennon) 

9.. Een dubbel contract is geen dubbele zekerheid. 

10.. Alhoewel een linksdraaiend DNA molecuul in vivo niet voorkomt, wordt de 
'doublee helix' vaak zo -en dus foutief- afgebeeld. 
(www.lecb.ncifcrf.gov// ^orns/LeftHandedX)NAhtmI) 

11.. Na je pensioen heeft de week weer zeven dagen. 

Annaa van Rietschoten, 
meii  2002 

http://www.lecb.ncifcrf.gov/
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GeneralGeneral Introduction 

SPECIFICC IMMUN E RESPONSE 

Survivall  of infections with different types of pathogens may depend on specific immunity, 

mediatedd by the activation of either type 1 or type 2 CD4* T helper (Th) cells ( T h l / T h2 cells) 

specificc for these pathogens '2. T hl cells predominandy develop in response to intracellular 

pathogenss including viruses. Thl cells produce high levels of IFNy and no IL-4, IL- 5 and IL-13 

andd in this way promote cell-mediated immune responses, in which IFNy is instrumental in the 

inductionn of intracellular killin g of the pathogens. In contrast, Th2 cells predominandy develop in 

responsee to helmiths. These cells produce IL-4, IL-5 and IL-13 and no IFNy and support 

humorall  immunity by providing help for B cell responses. T hl and Th2 cells reflect the extreme 

phenotypess of the spectrum, as the vast majority of Th cells show an intermediate cytokine 

profilee (ThO cells). 

Exaggeratedd T hl or Th2 responses may lead to disease. Indeed, chronic immune reactions 

dominatedd by Thl cells, have been associated with the development of autoimmune diseases 

suchh as multiple sclerosis 3;4. On the other hand, repeated or chronic responses to normally 

harmlesss environmental antigens result in allergic and atopic manifestations if dominated by Th2 

cellss 3. Therefore, both for protection against infections and to prevent immunopathology, the 

developmentt of Thl and Th2 cells needs to be tightly controlled. 

Differentiationn of naive CD4+ Th cells towards the Thl or Th2 phenotype has been shown to be 

largelyy directed by exogenous cytokines present in the micro-environment of the naive CD4+ Th 

celll  at the time of priming by antigen presentation to the T cell receptor (TCR). Although the 

mostt pronounced Th2 cell polarizing molecule is the cyiokine IL- 4 3;6, it is still a matter of debate 

whichh cells are the initial source of IL-4. The dominant factor important for Thl differentiation is 

thee cytokine IL-12, which selectively upregulates IFNy production and prevents IL- 4 production 

inn activated naive Th cells ;K. IL-12 is produced by various types of antigen presenting cells 

(APC),, including monocytes and, especially, dendritic cells (DCs) . 

D E N D R I T I CC C E L L S : S O U R CE O F i L - 1 2 

Naivee Th cells wil l develop into effector T cells upon activation by pathogen-derived antigens 

presentedd by APC, in particular, DC. Immature DC (iDC) reside at the potential sites of 

pathogenn entry, e.g. in the skin, the gut or in the lung epithelium. Upon activation by pathogens, 

D CC undergo a programme of maturation into effector DC during which they migrate to the 
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ChapterChapter 1 

drainingg lymphoid organs where they effectively activate pathogen-specific naive T cells which 

residee there ''". 

Dur ingg maturation, the DC undergo several changes like the loss of their endoevtic capacity, the 

appearancee of intracellular M H C molecules on their cell surface, loaded with pathogen-derived 

peptides,, and the increased expression of costimulatory molecules required to activate naive T 

cells.. Recently, it has been realized that the condition under which the iDC are induced to mature 

inn the infected peripheral tissue, strongly determines the outcome of Th cell polarization in the 

drainingg lymph nodes. It is now clear that when mature effector DC engage T cells, they do not 

onlyy present pathogen-derived antigens in the context of MH C (signal 1) and co-stimulatory 

moleculess (signal 2), but they wil l also express molecules that determine adequate Th cell 

polarizationn (signal 3, Fig. 1) " . Of the molecules implicated in signal 3, 1L-12 is most prominent 

ass it induces IFNy production and prevents 1L-4 production in naive Th cells, as mentioned 

above.. The IL-12-producing capacity- of mature DC upon arrival in the lymph nodes is pre-

establishedd in their tissue of origin and is strongly influenced by environmental factors, present 

duringg their iniual activation as immature DC. These factors include both pathogen- and tissue-

derivedd molecules. Upon maturation, the capacity- to produce IL-12 is imprinted and is not 

susceptiblee to modulation anymore '2. 

Thee crucial role of I ] . 1 2 is implicated by experiments with IL-12-deficient mice that show an 

impairedd ability- to produce IFNy ' and by various other experiments with animal models. A well 

documentedd example is a model in which inbred mouse strains are infected with the intracellular 

pro tozoann l.eishmania major . Efficient intracellular killin g of the parasite is accomplished bv 

resistantt strains like C57BL/6 that are able to mount an appropriate Thl response that bv IFNy 

product ionn results in activating macrophages to clear the infection. In contrast, BALB/ c mice are 

nott able to control the infection. These mice develop a Th2 response instead, which does not 

mediatee sufficient activation of macrophages, and succumb. BALB/ c mice could be converted to 

aa healer phenotype by the administration of rlL-12 at the onset of infection '"vl . Thus, 

differentiationn of polarized subsets of Th cells can determine specific resistance or susceptibility, 

andd underlies development of protective cellular or humoral immune responses ' \ 

Becausee the level of II . 12 secretion by mature DC is of key importance for the outcome of Th 

celll  polarization, it is not only important to understand how IL-12 production by DC is 

determined,, but also how IL-12 responsiveness by Th cells is regulated. 

12 2 
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humorall immunity 

Fig.. 1 Functional polarization of T helper  cells. Polarization of naive Th cells (Tn) toward the 

Thll  or Th2 phenotype has been shown to be instructed by dendritic cells (DC) via at least three 

signals.. Antigen is presented in the context of MHCII to the T cell receptor (TCR) on the naive T 

helperr cell (Tn) (signal 1). At the same time, various costimulatory molecules will exchange 

additionall  signals between DC and Tn (signal 2). Polarization of naive Th cells is largely directed by 

exogenouss cvtokines present at the time of antigen presentation (signal 3). IL-12, produced by the 

DC,, is crucial for Thl development and IFNy production, whereas IL-4 will result in the 

developmentt of Th2 cells that secrete IL-4. The vast majority of Th cells, ThO cells, produce an 

intermediatee cytokine profile. Thl cells express the high-affinity ILT2R, consisting of a 151 and 152 

chain,, whereas Th2 cells are unable to respond to IL-12, because they lack expression of the 

signalingg IL-12RB2 chain. 

l N T E R L E U K I N - 1 22 R E C E P T O R 

IL-122 is a heterodimeric protein composed of two subunits designated p35 and p40. IL-12 

responsivenesss of Th cells depends on expression of the high-affinity IL-12 receptor (IL-12R), 

whichh is composed of two subunits as well, referred to as Bl chain 'l and B2 chain 2". The IL-12 

p35p400 heterodimer binds to the 131/B2 complex with high-affinity " . Both receptor subunits 

belongg to the class I family of cytokine receptors, characterized by conserved features, including 

thee WSxWS motif and four conserved cysteine residues in the extracellular part, believed to 
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A.. Th1/ThOcell B.. Th2cell 

IL-12 2 ..-- IL-12 

IL-12R&1EntllL-12R!J22 IL-12RR1 

Tyk2 2 

STAT4 4 Jakk 2 

X X 
STAT41" " 

Fig.. 2 Structur e and signaling of the human IL-12R on Th l and Th2 cells. A functional high-

affinitvv IL-12R consists of two receptor subunits, a Bl and a B2 chain. Both subunits are members of 

thee class I receptor superfamily, which has several conserved domains: four conserved cysteine 

residuess (four thin lines), and a WSxWS motif (thick black line) in the extracellular part and several 

boxx motifs (not indicated) in the cvtoplasmic domain. The IL-12RB2 subunit contains three tyrosine 

(Y)) residues in its cytoplasmic domain, necessary for signaling. Upon ligation of IL-12, Tyk2 andjak2 

aree recruited to the Bl and 62 chain respectively and phosphorvlated. Subsequendy STAT4 is 

phosphorylatedd and will go to the nucleus and act on IL-12 sensitive genes. A) The high-affinity IL -

12RR is expressed on Thl cells and to a lesser extent on ThO cells. B) Th2 cells only express the non-

signalingg Bl chain, which can only bind IL-12 with low-affinity, but can not mediate STAT4 

activation. . 

contr ibutee to ligand recognition, and the box 1, 2 and 3 motifs in the intracellular part of which 

thee first is highly conserved. These regions have a potential role in signal transduction. Both 

receptorr subunits are important for high-affinity IL-12 binding . When expressed in transfected 

C OSS cells, each individual subunit binds IL-12 with low-affinity, but only co-expression of Bl 

andd 152 results in high-affinity binding sites 22. 
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Indeed,, both high and low-affinity IL-12 binding sites have been detected on PHA-activated 

lymphoblastss " , of which only the first reflect the functional, heterodimeric receptors. Although 

bothh subunits are required for high-affinity' binding, signal transduction relies mainly on the IL-

12RB22 chain and acts by virtue of its conserved cytoplasmic domains that contain three tyrosine 

residues.. Cytokines like IL-12 that bind class I cytokine receptors activate Janus Kinases (Jaks) 

andd signal transducers and activators of transcription (STAT) factors to mediate signal 

transduction.. In response to IL-12, Jak2 and Tyk2 are phorphorylated 2j. Jak2 binds to the box 1 

regionn in the cytoplasmic domain of IL-12RB2 "4 and Tyk2 is thought to bind to the Bl chain. 

Activationn of Jak kinases leads to STAT4 tyrosine phosphorylation, which is required for DNA 

bindingg ~\ Subsequendy STAT4 will dimerize, migrate to the nucleus and induce transcription of 

IL-122 responsive genes, like IFNy 26a' (Fig. 2A). 

L A C KK O F I N T E R L E U K I N 12 S I G N A L I N G I N A L L E R G E N - S P E C I F IC TH2 C E L L S 

Previouslyy we have shown that human allergen-specific Th cell clones, with strongly polarized 

Th22 cytokine profiles, cannot be induced by IL-12 to phosphorylate STAT4 or to display 

STAT4-DNAA binding activity. In addition, these cells did not produce IFNy mRNA or protein 28. 

Soonn after, it was shown that the lack of IL-12 signaling in Th2 cells derived from cord blood, 

wass due to the lack of expression of the 152 subunit of the IL-12 receptor, as was shown before in 

mousee Th2 cells "" (Fig. 2B). Th2 cells express normal levels of the Bl chain " . Our observation 

thatt the majority of allergen-specific Th2 cell clones from atopic patients are IL-12-unresponsive 

iss in line with previous studies in the murine model indicating the inability of IL-12 to reverse 

chronicc Th2 responses in vitro 1S:3u. As IL-12 is a key factor in Th cell polarization and IL-12 

responsivenesss depends largely on the expression level of the IL-12RB2 chain, it is important to 

unravell  the regulatory mechanisms underlying its expression. 

R E G U L A T I O NN O F H U M A N IL-12RB2 E X P R E S S I ON 

Neitherr the IL-12R131 nor the IL-12RB2 chain are expressed on resting naive Th cells. Both are 

transientlyy induced to low levels after triggering of the T cell receptor (TCR). IL-12RB1 and IL-

12RB22 mRNA can be detected 24 h after TCR stimulation and decline within a few davs 22. The 

initiall  expression of IL-12RB2 mRNA is strongly enhanced under Thl polarizing conditions i.e. in 

thee presence of exogenous IL-12. Under these conditions, the IL-12RB2 protein can be detected 

onn the cell surface, 24h after stimulation, reaching maximum levels at day 5, and declining 
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thereafter.. In humans, also type I interferons (IFNCX and IFNB) can induce STAT4 activation, IL -

12RB22 expression ' and Thl differentiation. This feature represents a species difference, as 

murinee Th cells do not phosphorvlate STAT4 in response to type I interferons . In contrast, in 

mousee T cells expression of the IL-12RB2 chain can be induced by IFNy ~ , and thus, may 

dependd on activation of STAT1 ' . In human T cells IFNy induces onlv marginal IL-12RB2 

expressionn . 

IL-12 2 

XX \ \ / 
directt or indirect effect 

onn IL-12RB2 gene ? 

protein n 

mRNA A 

Q^m m I2RG2 2 

Fig.. 3 Regulation of IL-12RJ12 gene transcription. A schematic representation of signaling 

eventss either inducing (APC, IL-12, IFNct/B) or inhibiting (IL-4) IL-12R/2 gene transcription. 

TCRR triggering of naive T cells results in low expression of the gene. IL-12, at least in part by 

activatingg STAT4, can strongly upregulate IL-12RB2 expression, whereas IL-4 through activation of 

STAT66 is thought to downregulate the gene. It is not known whether STAT4 and STAT6 affect IL-

12RB22 transcription directlv or whether other downstream molecules are involved in the 

transcriptionall  regulation of the gene. 
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Underr Th2 polarizing conditions, IL-12RB2 expression is quickly lost29;31, yielding polarized Th2 

cellss that are unable to transduce a signal in response to IL-12. Although the responsiveness to 

I F N a /BB is not lost during Th2 differentiation, these cytokines can not prevent IL-12 

unresponsivenesss in Th2 cells 34, suggesting that STAT4 activation alone is not sufficient to allow 

forr IL-12RB2 expression. The most important mechanism by which Th2 cells become IL-12-

unresponsivee involves IL-4. Most likely this pathway involves IL-4-induced STAT6 activation, in 

turnn inducing expression of the Th2-specific transcription factor GATA 3 35. It was shown that 

overexpressionn of GATA 3 in CD4-GATA3 transgenic mice increased Th2 cytokine production 

andd that antisense-GATA3 blockade in Th2 clones, reduced Th2 cytokines 35. Indeed, GATA 3 

wass shown to be direcdy involved in the regulation of transcription of Th2 cytokine genes like 

IL- 55 ' and GATA 3 dependent enhancer activity has been found within several regions 

surroundingg the IL- 4 gene y7;3B. Furthermore, ectopical expression of GATA 3 in IL-12 induced 

Thll  cells, inhibited IL-12RB2 mRNA expression y>, suggesting an important role of GATA 3 in 

thee IL-4-induced extinction of IL-12RB2 mRNA expression during Th2 development. 

I nn conclusion, several pathways regulating the expression of the human IL-12RB2 chain are 

knownn (Fig. 3). Triggering of the TCR is sufficient for the initial expression of functional IL-12 

receptorss on naive Th cells and depending on the cytokines present during priming, the IL-12R132 

chainn is up-regulated or quickly downregulated and T cells wil l then develop into IL-12 

responsivee Thl cells or IL-12 non-responsive Th2 cells 22. 

However,, the precise mechanisms underlying the regulation of IL-12RB2 chain expression, 

remainn to be elucidated. Therefore, analysis of the IL-12RB2 promoter and regulator)- regions is 

requiredd to provide insights into the molecular mechanisms by which TCR triggering and signals 

mediatedd by IL-12, IL- 4 and other cytokines are integrated to regulate IL-12RB2 chain 

expression.. This information may be useful to study whether the mechanisms of expression of 

thee IL-12RB2 chain are affected in T hl and /or Th2 associated diseases, which could eventually 

helpp to develop therapeutic interventions to correct such aberrations. 

SCOPEE OF THIS THESIS 

I nn this chapter (Chapter  1), a general introduction has been provided on the specific immune 

responsee with the important role for IL-12 in Thl development and IFNy production. I t is clear 

thatt IL-12 responsiveness depends on the expression of the high-affinity IL-12R, and that the 

responsivenesss depends on the expression of the 82 subunit. It is well documented that IL-12 
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andd IL- 4 act in opposite directions on Th cell differentiation and both cytokines are involved in 

thee regulation of IL-12RB2 expression in a positive or negative fashion, respectively. Thus IL -

12RB22 chain expression on Th cells is subject to extensive regulation. Littl e is known, however, 

aboutt the molecular mechanisms regulating the expression of this gene. In this thesis various 

studiess are described to gain more insight into the structure and regulation, the molecular 

mechanismss in particular, of the IL-12Rfi2 gene in human Th cells. 

I nn Chapter  2, the structure of the IL-12R/Ï2 gene is analyzed in detail with respect to intron 

localizationn and size. A comparison between the structure of this gene and the structure of other 

memberss of the class I family of cytokine receptors, suggests an evolutionary link. In addition, we 

describee an alternatively spliced mRNA, encoding a putative, truncated protein, lacking all 

signalingg potential. 

I nn Chapter  3 we start unraveling the molecular mechanisms underlying regulation of 

transcriptionn of the human IL- 12R/2 gene. A 0.6 kb proximal promoter fragment is analyzed by 

transfectionn of serial deletion-reporter constructs in Jurkat cells. It is shown that transcription of 

thee IL-12Rfi2 gene is regulated bv a non-typical promoter, lacking the classical TATA-box and 

dependingg on SP1-factors instead. Furthermore we identified a silencer element within the 

proximall  promoter region, involving Nuclear Factor of Activated T cells (NFAT), in a negative 

regulatorvv role. Next we investigated w7hether this complex was involved in regulation of the 

differentiall  expression of the IL-12Rfi2 gene in Thl and Th2 cells. 

Chapterr  4 deals with the question to what extent the loss of the 1L-12RB2 chain in Th2 cells has 

bearingg on the stability of the human Th2 phenotype, both in healthy and in atopic individuals. 

T oo answ-er the question wThether Th2 cell polarization is transient and repolarization is possible, 

full yy polarized Th2 cells were restimulated in the presence of IL-12. These cells were analyzed for 

expressionn of the IL-12RB2 chain, expression of the Thl and Th2 specific transcription factors 

T-bett and G AT A3, and cytokine profiles. 

I nn the absence of IL-12 and in the presence IL-4, T cells wil l polarize into Th2 cells involving 

activationn of STAT6 and induction of transcription factor GATA3. GATA 3 has been shown to 

bee Th2 specific and crucial for differentiation of Th2 cells. The 1.2 kb IL-12RB2 proximal 

p romoterr contains several GATA consensus sites and in Chapter  5 we set out to determine if 

G A T A 33 is involved in silencing the IL-12R./2 gene by acting as a negative regulatory' 

transcriptionn factor on gene transcription. 

Polymorphicc changes within the 5' and 3' regulator}- sequences and introns of genes may have a 

significantt effect on transcription since they may alter the structure of transcription factor binding 

sitess within gene promoters or the structure of enhancer and silencers at more remote regulatory 
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sites.. Therefore, we analyzed the 1.2 kb promoter region of the IL-12RB2 for the presence of 

polymorphicc sites as described in Chapter  6. One polymorphic site affected transcription activity 

andd the prevalence of this single nucleotide polymorphism (SNP) was compared between small 

cohortss of healthy and allergic asthmatic individuals. In Chapter  7, the results obtained in this 

projectt are discussed. 
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ABSTRACT T 

Thee interleukin-12 receptor (IL-12R) is composed of two subunits, referred to as Bl and fJ2. Both 

chainss are necessary for high affinity IL-12 binding and signaling, although only the IL-12RJ32 

chainn contains the intracellular tyrosine residues responsible for STAT4 activation. This study 

presentss the intron-exon organizadon of the human IL-12RB2 gene. PCR primers designed 

acrosss the cDNA (U46198) were used to trace introns, by comparing PCR product sizes obtained 

usingg cDNA and genomic D NA as templates. PCR products spanning introns were sequenced to 

determinee the exact splice sites and flanking regions. The coding region of the gene was found to 

consistt of 15 exons and 14 introns. Al l intron-exon boundaries are consistent with the consensus 

sequencee for splice junctions (5' G T / A G ¥). Comparison of the intron-exon organization with 

thee human G-CSFR gene, indicated a remarkably well conserved genomic organization between 

thesee two class I cytokine receptors. Interestingly, we identified an alternatively spliced mRNA, 

encodingg a putative, truncated protein, lacking all signaling potential. 

INTRODUCTION N 

Specificc immune responses are highly regulated by cytokines secreted by activated T helper (Th) 

lymphocytes.. Th cell subsets, polarized with respect to their cytokine profile, determine the 

coursee of the immune response. Type 1 Th cells, secrete high quantities of IFNy and favor 

cellularr immunity, whereas Th2 cells secrete high quantities of IL- 4 and IL- 5 and favor humoral 

immunityy 12. The balance between T hl and Th2 cell development depends on factors present in 

thee microenvironment of activated naive Th cells. IL-12, in particular, is a potent skewer of Th 

celll  responses towards the T hl phenotype by strongly enhancing IFNy production 3;4. Therefore, 

IL-122 and responsiveness to this cytokine are of major importance for the outcome of specific 

immunee responses. A functional high affinity IL-12 receptor (IL-12R) consists of two receptor 

subunits,, the IL-12RB1 chain and the IL-12132 chain 5'6. When expressed in COS-7 cells, it was 

shownn that each subunit independently exhibits a low affinity for IL-12, but only the IL -

12RB1/B22 heterodimer allows for high affinity binding and IL-12 responsiveness 6. We have 

previouslyy shown that allergen-specific CD4+ T cell clones from atopic patients, which showed a 

fullyy polarized Th2 cytokine profile, could not be induced by exogenous IL-12 to phosphorylate 

STAT44 or to produce IFNy , despite normal expression of the IL-12RB1 chain, as shown 

previouslyy in the mouse 8. Rogge et al. showed suppressed IL-12RB2 mRNA  9 and protein 

expressionn '° in Th2 cells suggesting the absence of a functional B2 chain on human Th2 cells. 
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Thee IL-12R152 protein has a single transmembrane domain. The extracellular part contains a 

domainn conserved among all members of the class I cytokine receptor " ;12, including the 

receptorss for IL-3 , IL-4, 1L-5, IL- 6 and IL-7, GM-CSF, G-CSF, erythropoietin, growth hormone 

andd prolactin, as well as the IL-12RB1 chain and gp l30. Class I cytokine receptors are 

characterizedd by four conserved cysteine residues in the amino-terminal part of their extracellular 

domainn and the presence of a conserved WSxW'S (Trvp-Ser-Xaa-Trvp-Ser) motif in the C-

terminall  part, which is suggested to contribute to ligand interaction and to the protein 

architecturee ' . Comparing the extracellular domains, IL-12RB2 is most closely related to the 

memberss of the gp-130-type subgroup of cytokine receptors, including gp-130, G-CSFR, LIFR 

andd IL-12RB1. The intracellular part of the IL-12RB2 protein contains three tyrosine residues 

which,, upon triggering of the IL-12RB1/B2 heterodimer, become phosphorvlated and induce 

activationn of latent cytoplasmic transcription factors, including STAT4. In addition, the 

intracellularr region contains at least two regions of amino acids, which are conserved in the class 1 

receptorr family, called box 1 and box 2, Box 1 comprises a Pro-Xaa-Pro sequence and a 

precedingg cluster of hydrophobic amino acids. The second motif, box 2, is not conserved in all 

memberss of the class 1 receptor family M but is present in the IL-12RB2 ''. These box motifs are 

importantt for signal transduction lxU. 

Thee human IL-12R132 c D NA encodes an 862-amino acid protein with a predicted molecular 

weightt of 97 kDa ('. The human gene is localized on chromosome 1 at region p31.2 u'. 

Heree wc report the genomic organization of the human IL-12R/J2 gene. By comparative PCR 

analysiss on genomic D NA and cDNA we have identified the intron-exon borders and 

determinedd the number, positions and sizes of the exons and introns. Interestingly, the genomic 

organizationn of the IL-J2R/<2 gene shows strong homology to other class I family members, 

especiallyy to the G-CS1R gene. We further discuss an alternatively spliced transcript encoding a 

putative,, intracellularly truncated protein lacking all tyrosine residues and box-motifs, thus 

probablyy lacking all signaling potential. 

MATERIAL SS AND M E T H O DS 

DNADNA and RNA preparation 

Humann genomic D N A was isolated from whole peripheral blood of healthy donors using a 

Genomicc D NA isolation kit (Qiagen, Hilden, Germany) using Proteinase K (Merck, Darmstadt, 

Germany)) at a final concentration of 1 JLlg/(il for 10 min at 70°C Total RNA was isolated using 

thee Rneasy Total RNA Ki t (Qiagen). First strand cDNA was synthesized from 400 ng of total 
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RNA,, using 0.5 Hg oligo (dT)18 primer, 400 [iM  dNTP mix, 20 U RNAse inhibitor and 40 U M-

ML VV reverse transcriptase in a mastermix and 1 x first strand buffer (MBI Fermentas, St Leon-

Rot,, Germany) incubating the reaction for 1 h at 37°C. The concentration of genomic and cDNA 

wass determined by measuring the A260 nm in the Gene Quant (Amersham Pharmacia Biotech, 

Uppsala,, Sweden). 

PolymerasePolymerase Chain Reaction (PCK) 

Standardd PCR was performed containing genomic D N A (150 ng) or cDNA (synthesized from 

4000 ng RNA) as a template, 0.3 | lM of sense and antisense primers, 250 flM of each dNTP, 0.6 U 

Taqq D NA polymerase and 1 x standard PCR buffer (Roche, Almere, The Netherlands) in a total 

volumee of 50 l̂l (genomic DNA ) or 25 (ll (cDNA). The reactions were carried out in a thermal 

cyclerr (Peltier Terminal Cycler-200, BlOzym, Landgraaf, The Netherlands) using 35 cycles of 

denaturationn at 95°C for 1 min, annealing for 1 min at 55-68°C (primer dependent) and extension 

att 72°C for 2 min. Expand Long Template (ELT) PCR (Roche) was performed essentially as 

describedd for the standard PCR. The same amount of template and primer was used in a reaction 

volumee of 50 |il with 350 |LlM of each dNTP, 3.5 U ELT polymerase enzyme mixture and 1 x 

ELT-PCRR buffer (Roche System 1). The 3-step PCR-reaction consisted of 30 cycles of 

denaturationn for 10 s at 93°C, annealing for 30 s at 64°C and extension for 8 min at 68°C. Al l 

PCR-productss were analyzed by electrophoresis on a 0.8 % (standard PCR) or 0.5 % (ELT-PCR) 

agarosee gel and visualized by ethidium bromide staining under UV light. A GeneRuler 100 bp 

markerr (MBI Fermentas) and BstEII digested k D NA (New England Biolabs, Leusden, The 

Netherlands),, were used as molecular weight standards. 

IntronIntron mapping 

Intronss were mapped by (ELT) PCR using genomic D NA as a template and cDNA as a control. 

Thee set of synthetic oligonucleotides used as primers to obtain the data presented in this report is 

summarizedd in Table 1. The design of all primers was based on the cDNA sequence reported by 

Preskyy (GenBank database accession no U64198) and synthesized by Biosource (Etten-Leur, The 

Netherlands).. If no product was amplified from genomic D N A , other primer combinations were 

tested,, because one or both primers could have been designed exacdy over an intron-exon 

boundary.. Discarded primers are not taken up in Table I. Introns 2, 4, 5, 6 and 11 were identified 

byy standard PCR, whereas the other introns were found using Long Template PCR, more specific 

too amplify long templates. The genomic D N A PCR-products containing an intron were identified 
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Tabl ee 1 Exon primers for intron mapping 

ExonExon Description LocationLocation (bp) Primer sequences 

10 0 

12 2 

13 3 

14 4 

15 5 

16 6 

170,sens ee stran d 

108,antisens ee stran d 

172,sens ee stran d 

171,antisens ee stran d 

346,sens ee stran d 

347,antisens ee stran d 

174,sens ee stran d 

173,antisens ee stran d 

324,sens ee stran d 

325,antisens ee stran d 

332,sens ee stran d 

175,antisens ee stran d 

359,sens ee stran d 

351,antisens ee stran d 

178,sens ee stran d 

177,antisens ee stran d 

180,sens ee stran d 

398,antisens ee stran d 

387,sens ee stran d 

181,antisens ee stran d 

397,sens ee stran d 

375,antisens ee stran d 

33 3  7,sens e stran d 

364,antisens ee stran d 

184,sens ee stran d 

279,antisens ee stran d 

185,antisens ee stran d 

(67 00 -

(64 55 -

(94 00 -

(99 11 -

(103 22 -

(109 66 -

(114 66 -

(121 55 -

(138 55 -

(139 44 -

(146 22 -

(148 77 -

(160 77 -

(165 11 -

(172 11 -

(178 99 -

(202 33 -

(207 22 -

(230 00 -

(235 55 -

(246 11 -

(246 22 -

(251 99 -

(255 77 -

(261 55 -

(265 66 -

(294 11 -

690 ) ) 

622 ) ) 

960 ) ) 

969 ) ) 

1053 ) ) 

1077 ) ) 

1166 ) ) 

1196 ) ) 

1405 ) ) 

1374 ) ) 

1482 ) ) 

1466 ) ) 

1628 ) ) 

1631 ) ) 

1740 ) ) 

1769 ) ) 

2043 ) ) 

2053 ) ) 

2322 ) ) 

2336 ) ) 

2480 ) ) 

2443 ) ) 

2539 ) ) 

2537 ) ) 

2634 ) ) 

2635 ) ) 

2921 ) ) 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

5' ' 

-GGCATTTATGTTATAATCAC-3' ' 

-GCCATCAACAATCAACTCTGGTAT-3 3 

-CTGCAAACTGGCCTGTATCAA-3' ' 

-CTCTGCTCCACATATTTGAATTT-3' ' 

-CCTGCATACAGAAGGGAGAACA-3' ' 

-GTGGGTGTCTCGTCCTCTTT-3' ' 

-GGCAGAAGCAATGTAAAGACA-3' ' 

-GGTGATTCAGGGGTGAGGTT-3' ' 

-GAGGGACTGGTACTGCTTAAT-3' ' 

-CCAGTCCCTCATCTCTCCAAT-3' ' 

-GGCCAAAGGAAGACATGATTT-3' ' 

-CCAGCAAATCATGTCTTCCTTT-3' ' 

-GGGATGTTAGATGTCTGGTACA-3' ' 

-ACTGTAGTCAATGTGCCGTTT-3' ' 

-CAGGTGACCTTGCAGGAGCT-3' ' 

-CCAGGAGGTGTGTCCTGTGAT-3' ' 

-CCATCCAGGGGGTGACACACA-3' ' 

-GTCGACTCCGTAGCCAGTTT-3' ' 

-CTCCATTATAGGATATACTGGAA-3' ' 

-CAGAGCTGAGGCTGGGAGTT-3' ' 

-CCCTCTCATTTCCGTGGGAA-3' ' 

-GACAGCTGCTGGTGAAAGTT-3' ' 

-GTGGCACCAAGCATTTGCATT--  3 ' 

-GCCCACCATGATGATAGCAAT-3' ' 

-CCTCAGTGGTGTAGCAGAGA-3' ' 

-GCTATTTGCTGGATCTGGAATT-3' ' 

-GTACAGATCCACCAGTTGTCT-3' ' 

Xotes:Xotes: The identity numbers of the oligonucleotides as given under 'description' are arbitrary and 

havee no further meaning. The 'location ' of the oligonucleotides is noted as '-', which means 'through' 

andd is based upon the IL-12RI32 cDNA sequence reported by Presky and coworkers b (GenBank 

accessionn no U46198). The intron and splice junctions of exon 11 were identified with sense strand 

oligonucleotidee 180 and antisense strand oligonucleotide 181. 
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byy having a larger size than the corresponding cDNA PCR-product. These PCR products were 

isolatedd from an agarose gel (QIAquick gel extraction kit; Qiagen) and sequenced to determine 

thee exact intron-exon junctions. The exact lengths of introns 2, 4, 5, 6 and 11 were determined bv 

completee sequencing of the gel-isolated PCR product. The approximate sizes of the other, much 

longerr introns, were estimated by digestion with BamH\, Hindlll and Pstl restriction enzymes 

(Promega,, Leiden, The Netherlands) and adding up the sizes of the resulting fragments. 

Di\ADi\A sequencing 

Intron-exonn junctions were sequenced using a Thermo Sequenase kit (Amersham Pharmacia 

Biotech),, [a-"P] labeled dideoxynucleotides, 150 ng of the isolated PCR product as a template, 

andd 3 pmol of primer all according to the manufacturer's manual. The sequencing reaction was 

cycledd 35 times at 95°C for 30 s, 55°C for 30 s, and 72°C for 60 s. Primers used in this procedure 

aree the same as for the intron mapping procedure described above. 

IsolationIsolation of CD4* T cells 

Highlyy purified CD4+ Th cells (> 98% as assessed by flow cytometry, data not shown) were 

obtainedd from PBMC with anti-CD4 coated Dynabeads (Dynal AS, Oslo, Norway) as described 

beforee v. 

TT cell stimulation 

Isolatedd Th cells (1 x 106/ml) were stimulated with mouse mAb to CD3 (CLB-T3/3) and CD28 

(CLB-CD28/1)) both obtained from the Central Laboratory of The Netherlands Red Blood 

Transfusionn Service (Amsterdam, The Netherlands) as described before w. After 24 h total RNA 

wass isolated from these cells and PCR analyses were performed as described above. 

RESULTS S 

IdentificationIdentification of the intron-exon boundaries of the IL-12Rf2 gene 

Inn order to identify the intron-exon organization of the human IL-12R/2 gene, we compared 

genomicc D NA and cDNA of two unrelated healthy donors by a series of PCR reactions, 

spanningg the whole cDNA sequence. Both templates were analyzed using primers designed from 

thee cDNA sequence r'. The PCR products derived from genomic D NA and cDNA with the same 

primer-sett were either of identical size, indicating that no intron is present between the positions 

off  these particular pr imer sequences, or the genomic PCR products were larger, indicating the 
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Fig.. 1 Example of a PCR analysis to  «$> 0 V G> « ^ 
kbpp _ j kbp 

identif yy intron(s). PCR-reactions were 

performedd with primer set 170/171 as 

describedd in Materials and Methods. Ten 
[il[il  of each PCR-reacrion mix were loaded 

onn a 0.8% agarose gel. The negative 

controll  experiment without template is 1.0 

shownn in lane 2, cDNA as a template in 

lanee 3 and genomic DNA as a template in 

lanee 4. The sizes of the 100-bp marker 

fragmentss (Ml , lanel) and the BstEIl 

digestedd A. DNA (M2, lane 5) are o.l 

presentedd as kbp. 

23 3 
1.9 9 

1.3 3 
1.2 2 

0.88 « _ 

0.66 « — 0.7 

0.4 4 

0.2 2 

presencee of one or more intron(s). Fig. 1 shows an example of a PCR experiment with primers 

1700 and 171. As depicted in Fig. 2, this analysis revealed the presence of 16 exons. The coding 

regionn consists of 15 exons and 14 introns. Subsequently, the gel-isolated PCR products were 

sequencedd using the same primers used and the intron-exon boundaries were determined. As 

shownn in Table 2, all intron-exon junctions were in agreement with the splice site consensus 

( 5 ' G T / AGG 3') rule . Furthermore, flanking intron sequences fit donor and acceptor splice 

consensuss sequences . We determined the exact lengths of the relatively small introns (introns 2, 

4,, 5, 6 and 11) by sequence analysis (Table 2). The sizes of the larger introns were estimated by 

restrictionn analysis. To this aim, the PCR-products containing an intron were digested with 

BamH\,BamH\, HindUl and Pstl and their lengths were calculated as the sum of the lengths of the 

fragments. . 

Al ll  exons, except for exon 16 that includes the 3' noncoding sequence, are relatively short 

comprisingg of 80 to 288 base pairs (bp). The IL-12RJ?2 coding region starts at base 37 of exon 

2,, spans exons 3 through 15, and includes the first 488 bp of exon 16. 
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Fig.. 2 Genomic organization of the human IL-12RJI2 gene. The vertical boxes represent 

exons,, which are numbered from 1 to 16. The coding region of the IL-12RJÏ2 starts in exon 2 and 

includess a part of exon 16. Distances between boxes show approximate lengths of introns. Introns 

weree identified with standard PCR (introns 2, 4, 5, 6 and 11) or ELT-PCR (all others) on genomic 

DNAA template and subsequent sequencing of the intron-exon boundaries in the PCR product. The 

sizee of the intron between exons 1 and 2 was not determined. 

Tabl ee 2 Exon-intron organization of the human IL-12RJÏ2 gene 

Exon Exon 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

Size Size 

(bp) (bp) 

(ND) ) 

(112 ) ) 

(288 ) ) 

(115 ) ) 

(185 ) ) 

(143 ) ) 

(151 ) ) 

(80 ) ) 

(220 ) ) 

(201 ) ) 

(99 ) ) 

(159 ) ) 

(138 ) ) 

(91 ) ) 

(100 ) ) 

(>1354 ) ) 

5'5' splice 

donor donor 

ND D 

AAATAGgtaag g 

TTGGTGgtgag g 

TCTACAgtgt g g 

ACATAGgtaca a 

AATATGgtaat t 

AAGAAGgtat a a 

TGGAAGgtgag g 

AGGCAGgtaag g 

TTTCAGgtac c c 

ACAAAGgtgag g 

TCTGTGgtat g g 

TGCAAGgtgag g 

GCAAAAgtgag g 

GCAGAGgtaag g 

IntronIntron size 

(kbp) (kbp) 

(ND) ) 

(1.5 ) ) 

(5.0 ) ) 

(1.3 ) ) 

(1-2 ) ) 

(0.9 ) ) 

(8.5 ) ) 

(>9.0 ) ) 

(>9.0 ) ) 

(4.3 ) ) 

(0.1 ) ) 

(8.1 ) ) 

(5.2 ) ) 

(3.6 ) ) 

(5.0 ) ) 

3'3' splice 

acceptor acceptor 

gcaagGAAGAA A 

tgcagATGCGT T 

taaagTTGCT C C 

tacagGCTAA G G 

actagTGAGGC C 

tcaagGTTAA T T 

aacagAGCCTA A 

tgcagAATCT G G 

taaagGGTTT G G 

tgcagAGAACA A 

tacagCACCAC C 

ttcagAAATT C C 

ttcagGTAAA G G 

tatagGGTGT T T 

ctcagGAGAAG G 

Note:Note: Intron sequences are in lowercase letters, and exons are in uppercase letters. 

ND,, not determined. 
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OrganisationOrganisation of the IL-12R/2 gene 

Thee complete human IL-12R132 mRNA codes for a signal sequence, an extracellular part, a 

t ransmembranee part and the cytoplasmic part 6. The extracellular part can be further divided into 

ann Ig-lik e domain, a cytokine receptor homologous region (CHR) and three fibronectin type II I 

(FNII I )) domains (Fig. 3A). Exon 1 and part of exon 2 represent 5' non-coding sequence. Exon 2 

containss the A T G translation start codon. The CHR domain consists of four exons (exons 4-7), 

andd each of the three FNI I I domains is encoded bv two exons (exons 8-9, 10-11 and 12-13). 

E x onn 14 consists of 91 nucleotides, most of which code for the transmembrane part. The 

cytoplasmicc region contains the conserved box 1 and box 2 motifs. Box 1, which is conserved in 

alll  class I cytokine receptors, is located in exon 15, whereas the box 2 motif is present in exon 16, 

thee last coding exon. 

Extracellularr domain Transmembrane domain M Cytoplasmic domain 

Q BB Box-motifs CC Conserved cysteine residues ^ WSJCWS motif 

YY Tyrosine residues 

ATGG CC CC 

hIL-I2R/J2 hIL-I2R/J2 3 3 4 4 55 j 6 6 7 7 

SS Ig-like CHR 

BB ATCi C C CC 

hG-CSFR hG-CSFR 

YY Y Y 

::  9 10 0 

-1 1 
166 j 

III I 
FNIIII  0 0 

SS Ig-like CHR 
II I 

QQ 0 

Fig.. 3 Schematic diagram of the structure and relationship of exons and functional domains 

off  the human IL-12RJÏ2 and G-CSFR genes. A) Each box represents one exon. Exon numbers 

aree shown inside the boxes. Numbers below the boxes indicate the phase of the introns. A phase 1 

intronn lies between the first and second nucleotide of a codon, a phase 2 between the second and the 

thirdd nucleotide of a codon, and a phase 0 intron is between codons. The extracellular region of the 

!L-12KJS2!L-12KJS2 gene encodes a signal sequence (S), an Ig-like domain, a cytokine receptor homologous 

regionn (CHR) with conserved cysteine residues (C), the WSxWS motif, and three fibronectin type II I 

(FNIII )) domains. The intracellular domain of the IL-12RB2 protein contains two subdomains 

designatedd box 1 and box 2 which are conserved in some members of the class I cytokine receptor 

familvv and three tyrosine residues (Y). B) Genomic organization of the human G-CSFR gene adapted 

fromm 23 
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AnAn alternatively spliced IL-12'R/f'2 mRNA encodes a protein with a truncated intracellular 

tail tail 

Severall  genes of the class I receptor family are known to produce more than one mRNA 

transcripts,, due to alternative splicing. As apparent from this study, this feature is shared by the 

IL-12RB22 gene. Using various sets of oligonucleotides to amplify overlapping stretches of the IL -

12R(322 cDNA, originating from mRNA of stimulated T cells, we so far found evidence for one 

particularr alternative splice variant. RT-PCR with the primer combination 337 and 185 (Table 1) 

resultedd in the specific amplification of two PCR-products (Fig. 4A), the upper being the 

expectedd full length 422 bp fragment. Isolation and sequencing of the smaller product indicated 

thee loss of exon 15, yielding a PCR product of 322 bp. The loss of this exon of exactly 100 bp, 

theoreticallyy results in a frame shift leading to an in frame stop codon 13 codons downstream 

(Fig.. 4B). This alternatively spliced IL-12RB2 mRNA, therefore, would encode for a non 

signaling,, truncated protein, containing its complete extracellular and transmembrane part, 

however,, with a truncated cytoplasmic tail, that lacks the signaling tyrosine residues and the box-

motifs. . 

kbp p 
MM  cDNA 

o.55 — mmm 
0-44 —-mmmm 
OJJ — mm 

1 1 

WÊKBWÊKB " — 422 bp 
»» 322 bp 

2 2 
CAGG CAA AUG AGA AGA CAC AGC TGC CCT TGG ACA GGC TCC 7 

T MM j Q Q K R R H S C P W T G S 

Fig.. 4 Alternativ e splicing of the IL-12RJÏ2 gene. A) PCR on cDNA prepared from anri-

CD3/CD288 stimulated CD4+ T cells from peripheral blood with primer-set 337/185, resulted in the 

amplificationn of two bands of respectively 422 bp and 322 bp (lane 2). The upper PCR-product 

representss the full-length mRNA, the lower the alternatively spliced form. The size of the 100-bp 

markerr (M, lane 1) is shown in kbp. B) Schematic representation of the PCR-products amplified with 

primer-sett 337/185. The upper scheme represents the full-length mRNA. The lower scheme shows 

thee alternatively spliced mRNA form. Primers are indicated as arrows. The exact splice-junctions 

betweenn the exons are indicated by arrowheads, together with the nucleotide and protein sequences 

off  the intron-exon junctions in the amplified region. Due to the alternative splicing, an in-frame stop 

codonn (*) is introduced, that theoretically terminates translation after 13 amino acids down-stream of 

thee transmembrane region (TM). 
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DISCISSION N 

Inn this report we describe the genomic organization of the human IF-12R//2 gene, which belongs 

too the class 1 cytokine receptor family. Cytokine signals of the immune and hematopoietic 

systemss are mediated through specific receptor complexes. The majority- of the subunits of these 

receptorr complexes arc members of this class I receptor family. The IL-12R, is composed of two 

classs I subunits, Bl and R2 ''. Al l members of this family are characterized bv similar autonomous 

modules.. Some receptor chains contain additional domains in their extracellular region. For 

example,, the members of the gp-130 subfamily (G-CSFR, gp l30, LIFR and IL-12RBI) haye a 

duplicatedd CUR, additional FN II I repeats or lg-like domains 2". Intracellular^-, much less 

sequencee similarity is found, allowing for receptor specific signaling eyents. Nevertheless, in most 

classs 1 receptors two motifs, box 1 and box 2, are relatively well conserved in the cytoplasmic 

membrane-proximall  region. The 1L-12RB2 chain is most closely related to the gp-130 subfamily, 

includingg the subunits of the homodimeric G - C S FR 2'. Indeed, the IF-12RJÏ2 and G-CSFR 

geness have much in common. They are both located on chromosome 1, IL-12R//2 at region p31.2 

lf'' and G-CSFR at region p35-34.3 " . The genomic organization of the G-CS1R has been 

describedd before "', and as is shown in Fig. 3B, both genes contain an equal number of intron-

exonn boundaries in the coding region, which all fi t the G T / A G rule. The extracellular and 

intracellularr domains arc encoded by an equal number of exons, consisting of a more or less 

comparablee number of amino acids. However, the G-CSFR gene only contains introns of 

relativelyy short lengths varying between 0.1 kbp and 2.8 kbp 2\ In contrast, the 1F-12Rfs'2 gene 

containss introns over 9 kbp in size. Alignment of the amino acid sequence of these receptor 

subunitss revealed that the positions of the introns are strikingly similar as well. In the CHR 

domain,, the junction of exon 4 and 5 lies between the second and third nucleotide of a codon 

(phasee 2 intron), the junction of exon 5 and 6 lies between the first and the second nucleotide of 

aa codon (phase 1 intron), and the junction of exon 6 and 7 lies between codons (phase 0 intron). 

Thee corresponding introns in the G-CSFR gene all have identical phases "' (Fig. 3B), which 

suggestss an evolutionary link. With respect to the phase of the introns in the extracellular coding 

sequence,, onlv the junction of exon 3 and 4 differs between the IF-1'2R[i2 and G-CSFR genes. 

Nakagawaa et a/, observed that the exon immediately downstream from the one encoding the 

transmembranee domain, is flanked by a phase 2 (5' side) and a phase 0 (3' side) intron in all 

memberss of the cytokine receptor class I family 24. We here report that this is the case for the IF-

12RJi212RJi2 as well. It would be interesting to compare the gene organizations of the IF-12RJÏ2 and 
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G-CSFRG-CSFR genes to those of the other members of the gp-130 subfamily: gp-130 itself, IJFR and 

IL-12Rfs'1IL-12Rfs'1,, which have not been reported vet. 

I tt has been shown tor several class I family genes e.g. for the human G-CSFR gene 21, the 

humann gp-130 gene 2' and the mouse IL-12Rfi1 1(\ that transcription can lead to more than one 

mRNAA transcripts, due to alternative splicing. We here describe an alternatively spliced IL-12RJ32 

mRNAA in CD4* T cells, that theoretically encodes a non-signaling, intracellularly truncated 

protein.. Since IL-12 is crucial for Thl cell development 2 2K and the IL-12RB2 chain is essential 

forr IL-12 signaling h' , conditions that induce or favor the expression of this putative, 

alternativelyy spliced mRNA in naive T cells may influence T cell polarization. Therefore, we 

raisedd the question of whether the degree of alternative splicing is differentially regulated under 

T h l -- or Th2-skewing conditions. To test this, we performed experiments with naive T cells 

stimulatedd with anti-CD3 plus anti-CD28 ~' in the absence or presence of IL-12 and neutralizing 

anti-IL-44 (Thl-skewing condition) or IL- 4 (Th2- skewing condition). In none of these conditions 

thee expression of alternatively spliced mRNA was altered (data not shown), giving no evidence 

forr a decisive role of the putative truncated IL-12RB2 chain in the development of Thl or Th2 

effectorr cells from naive Th cells. Also other cytokines, which have been reported to influence 

IL-122 responsiveness, e.g. I F N a, IL-10 or TGFB "'*',  did not influence the formation of 

alternativelyy spliced transcripts of the 1L-12RB2 chain (data not shown). In addition, no increased 

expressionn of the alternatively spliced IL-12RI52 mRNA was detected in the allergen-specific 

CD4++ T cell clones isolated from atopic patients (data not shown). Currently, we are analyzing 

thee expression and functional regulation of this truncated receptor form in other cell types. 
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ABSTRACT T 

Interleukinn 12 (IL-12) is a potent enhancer of Interferon y (IFNy) production by activated T cells 

andd NK cells. The high affinity IL-12 receptor (R) is a heterodimer consisting of a 31 and a B2 

subunit.. Expression of the signaling IL-12RB2 chain is usually low, as compared with the more 

abundantt 61 chain, and may be rate-limiting for IL-12 sensitivity. Litde is known about the 

mechanismss controlling IL-12R/2 gene expression. Reporter gene assays in IL-12RB2-

expressingg Jurkat cells showed that truncation of the region from -151 to -61 abrogated promoter 

activity,, suggesting destruction of the integrity of the minimal promoter. This was underscored by 

thee full abrogation of transcription by inversion of the -151/+54 fragment. The proximal 

promoterr region does not contain a typical TATA box, suggesting a role for Sp-1. Indeed, 

mutagenesiss of the -63 Sp-1 consensus site decreased transcription by 50%, although EMS A 

experimentss confirmed binding of Sp-1 and Sp-3 at this site. In contrast, truncation of -252 to -

1922 increased promoter activity. Likewise, mutagenesis of the consensus NFAT site at -206 

increasedd promoter activity' by 70%, suggesting silencer activity of this element. EMSA 

experimentss with primary Th (T helper) cells showed the formation of a specific TCR inducible 

complexx at this site that is sensitive to Cyclosporin A and supershifted with anti-NFATc2 in 

bothh Thl and Th2 cells. Accordingly, CsA dose-dependendy increased IL-12R62 mRNA 

expression.. These first data on IL-12R/2 gene regulation indicate a TATA-less promoter, 

dependingg on Sp-1 /SP-3 transcription factors, and a negative regulatory NFAT element at -206. 

Thiss element may contribute to the overall low level of IL-12R132 expression on Th cells. 

INTRODUCTION N 

TT helper (Th) cells can be categorized according to their cytokine expression profiles. The 

differentiall  generation of Th cells expressing Thl and/or Th2 cytokines is key to the outcome of 

bothh protective and pathologic immune responses 1;2. Thl cells secrete high levels of IFNy and 

favorr cellular immunity to intracellular pathogens, whereas Th2 cells secrete IL-4 and favor 

humorall  immunity to extracellular pathogens . The polarization process of naive T cells is 

directedd by cytokines that are present during initiation of the naive T-cell response. In this 

respect,, IL-4 promotes Th2 cell development, whereas the antigen-presenting cell-derived 

cytokinee IL-12 is a potent inducer of IFNy production and of the generation of Thl cells 4'5. For 

Thh cells to respond to these cytokines, they need functional receptors. 
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AA functional high-affinity IL-12R is composed of two protein subunits, the IL-12RB1 and IL -

12RB22 chains. In the human, the Bl and 152 subunits contribute equally to IL-12 binding ''. The B2 

chain,, however, appears to be rate-limiting for IL-12 responsiveness, as it is crucial for signal 

transductionn and, in contrast to the more abundant Bl chain, is expressed to a maximum of only 

aa few hundred molecules per cell ''. We have previously shown that allergen-specific Th2 cell 

cloness generated from atopic patients revealed a complete lack of signaling via the IL-12R, as 

indicatedd by their inability to phosphorylate STAT4 * and to secrete IFNy in response to IL-12. 

Roggee et al. (' showed that development of naive T cells into Th2 cells is associated with IL-4 

mediatedd suppression of IL-12RB2 mRNA and protein expression, leading to the loss of IL-12 

responsivenesss and, consequently, the inability- of IL-12 to promote IFNy production ''. As IL-12 

responsivenesss is a major parameter in the regulation of specific immunity, we started to unravel 

thee molecular mechanisms that govern the transcriptional regulation of the IL-12R(s2 gene in 

humann Th cells. 

T oo this aim, we cloned a promoter fragment and by serial truncation we tested for promoter 

activity'' applying a reporter gene assay in Jurkat T cells. In this report we provide first 

experimentall  evidence that Sp-1 family members are important for basal and inducible activity- of 

thee TATA-less core-promoter of the IL-12R.JÏ2 gene and that the inducible transcription factor 

N F A T c22 binding at -206 has a suppressive role in IL-12RB2 expression. This suppressive activity-

doess not underlie the loss of IL-12RB2 expression in Th2 cells. 

MATERIAL SS AND M E T H O DS 

Materials Materials 

Restrictionn enzymes and T4 ligase were purchased from Promega (Leiden, The Netherlands). All 

HPLC-purif iedd oligonucleotides were purchased from Biosource (Nivelles, Belgium). BstEll-

digestedd X D NA (New England Biolabs, Beverly, MA) was used as a molecular weight reference. 

PlasmPlasm id construction 

Clonee PAC188 containing IL-12RB2-encoding genomic D NA was selected by screening a human 

genomicc PAC library (Genome Technology Center, LUMC, Leiden, The Netherlands) using 1L-

12R1S22 c D NA (+781/+3229) as a probe. Starting from IL-12RB2 exon 1, clone PAC188 was 

sequencedd in 5'direction. A fragment spanning -591 to +54 (relative to the start of the reported 

c D NAA sequence 1(', designated construct -591, was amplified by PCR using the PAC188 plasmid 

ass a template. For cloning purposes, the 5'-sense primers were designed with an additional Sad 
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restrictionn site, and the 3'-antisense primer with a natural Hindi site, resulting in PCR-products 

spanningg through +54. Serial deletion fragments, designated -404 (-404 to +54), -252 (-252 to 

+54),, -192 (-192 to +54), -151 (-151 to +54), -61 (-61 to +54) and -36 (-36 to +54), were 

generatedd by varying the 5' sense primer (Table 1). Fragment - 1 5 1/ + 54 in opposite orientation 

wass generated using primers -151 rev. and AS rev. as listed in Table 1. The PCR products were 

subclonedd into the p G E M ® -T Easy plasmid (Promega) following directions of the manufacturer. 

Al ll  constructs were checked by D NA sequencing using Thermo Sequenase (Perkin Elmer, Foster 

City,, CA) on an ABI Prism 3100 Genetic Analyzer (Perkin Elmer). For transfection studies 

pGL3-enhancerr (pGL3e) vector (Promega) was used, which contains the Firefly luciferase gene. 

Thee cloned PCR products and the pGL3 enhancer (pGL3e) vector (Promega) were digested with 

SadSad and Hindi or Sad and Smal, respectively; agarose gel-purified (Qiagen, Hilden, Germanv) 

andd ligated with T4 D NA ligase (Promega). pGL3e constructs were checked by sequencing. 

Plasmidd D NA was prepared from bacterial cultures using Qiagen Plasmid Midi Kits. 

Mutagenesis Mutagenesis 

Sitee directed mutagenesis of the IL-12RB.? —591/ + 54 promoter construct -591 was carried out 

usingg the Altered Sites II in vitro Mutagenesis System from Promega. Al l reactions were carried 

outt according to the manufacturers instructions. The internal forward primers containing the 

mutatedd sites are shown in Table 1. Products from this procedure were cloned into pGL3e and 

sequencedd to confirm the introduction of the desired mutations. 

TransientTransient transfection studies 

jurkatt cells (5 x 106) were electroporated in the presence of 20 \Xg plasmid D NA in 0.5 ml of 

cytomix,, as described before " , in a 0.4-cm gap electroporation cuvette (Bio-Rad Laboratories, 

Hercules,, CA) at 310 V, 900 p,F using a Gene Pulser (Bio-Rad Laboratories). To monitor 

transfectionn efficiency, 250 ng of pRL-CMV, an expression vector containing the Renilla 

luciferasee gene under the control of a CMV promoter (Promega), was added to each sample. To 

compensatee for size differences of the constructs, empty pGL3e vector was added, to obtain an 

equall  amount of D NA in each sample. Immediately after transfection, 9.5 ml of complete culture 

mediumm was added (Iscove's modified Dulbecco's medium (IMDM ; Bio-whittaker, Walkersville, 

MD) ,, supplemented with 5% pooled, C-inactivated fetal calf serum (FCS; Bio-Whittaker) and 
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Tabl ee 1 Oligonucleotides used in this study 

Name" Name" 

-591 1 

-404 4 

-252 2 

-192 2 

-151 1 

-1511 rev. 

-61 1 

-36 6 

AS S 

ASS rev. 

NFATT WT 

NFATT Mut 

Sp-l#ll  WT 

Sp-l#2Mut t 

Sp-1#22 WT 

Sp-11 HSV 

NF-KB B 

IL12RB22 S 

IL12RB22 AS 

IL-2S S 

IL-22 AS 

62mm S 

B2mAS S 

Location Location 

-591/-572 2 

-404/-384 4 

-252/-231 1 

-192/-171 1 

-151/-133 3 

-151/-133 3 

-61/-44 4 

-36/-17 7 

+34/+54 4 

+34/+54 4 

-224/-184 4 

-224/-184 4 

-27/+9 9 

-81/-44 4 

-81/-44 4 

n.a. . 

n.a. . 

+1146/+1166 6 

++ 1466/+1486 

n.a. . 

n.a. . 

n.a. . 

n.a. . 

Purpose Purpose 

Cloning g 

Cloning g 

Cloning g 

Cloning g 

Cloning g 

Cloning g 

Cloning g 

Cloning g 

Cloning g 

Cloning g 

EMSA A 

Mut,EMSA A 

Mut t 

Mut,EMSA A 

EMSA A 

EMSA A 

EMSA A 

LC C 

LC C 

LC C 

LC C 

LC C 

LC C 

PrimerPrimer sequences'" 

5'GCGCGAGCTCGATATCTAAATAAAATCTCTT 3 ' 

5'GCGCGAGCTCGGCCTGTATTCCCTGCACTTTT 3  ' 

5'GCGCGAGCTCGAATATTATGCAGAGCTGCCGAA 3 ' 

5'GCGCGAGCTCAACACCACTTATAACACGGAA 3 ' 

5'GCGCGAGCTCGCCATCTGTTCAAGTTTAA 3 ' 

5'GCGCGTTGACCGCCATCTGTTCAAGTTTAA 3 ' 

5'GCGCGAGCTCGGTCTTGTGCACAGCCCC 3 ' 

5'GCGCGAGCTCAGGCCTCGGCGCTCAGGTGTT 3 ' 

5'GCGCGTTGACAGCCATCAGGGAACTT 3 ' 

5'GCGCGAGCTCAGCCATCAGGGAACTT 3 ' 

5'TGTACTCTGGGCAGTTTTCCCTCTTGCCTGAGAACACCACT3' ' 

5''  TGTACTCTGGGCAGTTTTAACTCTTGCCTGAGAACACCACT3 ' 

55 '  CGCTCAGGTGTGGTAAGAGCTG7TCGGTGCAGAGCAC 3 ' 

55 '  TCTGCCCGCACTCCAGTGTTCGGTCTTGTGCACAGCCC 3 ' 

55 '  TCTGCCCGCACTCCAGTGGGCGGTCTTGTGCACAGCCC 3 ' 

55 '  CCGGCCCCGCCCATCCCCGGCCCCGCCCATCC 3 ' 

55 '  AGTTGAGGGGACTTTCCCAGGC 3 ' 

5'GGCAGAAGCAATGTAAAGACAA 3 ' 

5'CCAGCAAATCATGTCTTCCTTT 3  ' 

5'GTCACAAACAGTGCACCTACC 3 ' 

55 '  ATGGTTGCTGTCTCATCAGC 3 ' 

5'CCAGCAGAGAATGGAAAGTCC 3 ' 

55 '  GATGCTGCTTACATGTCTCGG 3 ' 

aa S sense oligonucleotide, AS anti-sense oligonucleotide. b Location represents the locauon of the 

oligonucleotidee in the IL-12RB2 gene relative to the reported start of the mRNA 10. n.a. Not applicable 

forr these oligonucleotides.c Mut oligonucleotide used for mutagenesis and LC Light Cycler. 

dd Appropriate transcription factor core-binding elements are underlined; dinucleotide substitutions in 

thee mutant (Mut) relative to the corresponding wild type (WT) probes are indicated in italics; bold 

nucleotidess represent 5' overhang used to fill  in by KJenow fragment the double stranded oligo with 

[OC-12P]dATPP and d(C/G/T)TP.gentamycin 
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(80fJ,g/ml;; Duchefa, Haarlem, The Netherlands)). Cells were seeded in 2 wells of a 6-well culture 

platee (Costar, Camebridge, MA) . After one day of culture at 37"C, cells were either left 

unstimulatedd or were stimulated for 24 h with 1 ng/ml PMA and 1 M-g/ml ionomycin (Sigma 

Aldrichh Co., Zwijndrecht, The Netherlands) or with mouse mAbs to CD3 (1 ug/ml; CLB-

T3 /4E)) and CD28 (2 ug/ml; CLB-CD28/1), both obtained from the Central Laboratory of the 

Netherlandss Red Cross Blood Transfusion Service (CLB, Amsterdam, The Netherlands). Cells 

weree harvested 48 h post-transfection. Using the Dual Luciferase reporter gene assay (Promega), 

celll  lysates were prepared and both Firefly luciferase and Renilla luciferase were measured by a 

duall  luminometer (Promega). Luciferase activities were normalized for transfection efficiency 

usingg Renilla luciferase activity. Transfections were performed in duplicate, and the results of at 

leastt three independent experiments were calculated as the mean + S.D. values for luciferase 

activity. . 

TT cell isolation, culture and stimulation 

PBMCC from healthy individuals were isolated by density gradient centrifugation on Lymphoprep 

(Nycomed,, Torshov, Norway). Highly purified CD4+ T cells (normally > 98% as assessed by 

floww cytometry) were obtained from PBMC with anti-CD4-coated Dynabeads (Dvnal AS, Oslo, 

Norway)) as described before '2. CD45RA+ CD45RO naive Th cells were isolated from PBMC 

throughh one-step high affinity negative selection columns (R&D Systems, Abingdon, UK) . Naive 

Thh cells were stimulated under T hl or Th2 driving conditions, in IL-12 and IL-4, respectively, as 

describedd before , to generate highly polarized Thl and Th2 cells. To test the effect of CsA on 

IL-12RB22 mRNA expression, naive Th cells were stimulated for 3 days with immobilized CD3 

mAbb and soluble CD28 mAb ° in 96-well culture plates (Costar; 103 cells/well) with or without 

CsAA at increasing concentrations (10-1000 ng/ml). Al l T cell cultures were grown in complete 

culturee medium with rIL- 2 (10 U /m l; Chiron, Emeryville, CA). Proliferative responses were 

assayedd in parallel cultures of 2 x 104 cells/well after 3 days as described before 12. 

PreparationPreparation oj whole cell and nuclear protein extracts and Electrophoretic Mobility Shift 

Assays Assays 

Wholee cell protein extracts were prepared from 5 x 10f' CD4+ T cells. Nuclear protein extracts 

weree prepared from 5 x 106 cells C D 4 -, T h l - or Th2 cells, which were left unstimulated or were 

stimulatedd with ant i -CD3/ant i -CD28 for 30 min, in the presence or absence of Cyclosporin A 

(CsA;; 1 |U.g/ml; Sigma Aldrich Co.). Cells were washed with ice-cold PBS. Nuclear and whole-cell 
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proteinn extracts were isolated essentially as described before K and the protein concentrations 

weree determined by a Bradford microassay (Bio-Rad Laboratories) using a calibrated solution of 

BSAA (Sigma Aldrich Co.) as a reference. The samples were aliquoted and stored at —80°C. 

Electrophoreticc Mobility- Shift Assay (EMSA) was performed as described before * with some 

minorr modifications. The double stranded D NA probe was [a-12P]dATP labeled using the 

Prime-a-genee labeling system (Promega) and purified using Bio-Spin 6 chromatography columns 

(Bio-Radd Laboratories). The binding reaction was incubated at 4"C for 45 min. Cold competitor 

oligonucleotidess were added to the reaction mix prior to the protein extract. The Sp-1 consensus 

sequence,, binding Sp-1 family members, is deriyed from Human Herpes Virus (HSV). The N F-

KBB consensus oligonucleotide was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 

Thee nomenclature and sequences of the oligonucleotides used in this study are summarized in 

Tablee 1. For supershift experiments, 4 jLlg IgGl mAb NFATcl (sc-7294; Santa Cruz), 0.5 (J.g 

IgGll  mAb NFATc2 (BD Transduction Laboratories, San Diego, CA), 0.4 Jig polyclonal IgG Sp-

11 antibody (sc-59-G; Santa Cruz), 4 Jig IgGl mAb SP-3 (sc-644-G; Santa Cruz) or a non-relevant 

IgGll  isotype control were added to the binding reaction for an additional 45 min at 4°C. The 

wholee sample was then loaded onto a 4% polyacrvlamide gel in 0.5 x T BE buffer. The gels were 

prerunn for 30 min and then run for 2 h at RT at 150 V. The gels were transferred to Wattman 

filterr paper, dried and exposed to X-ray film (Kodak XAR5 films, Rochester, NY) at -80"C. 

ReverseReverse Transcriptase (RT)-PCR and Real-time quantitative RT-PCR analysis of IL-

12Rfs2,12Rfs2, \l^-2 and ji2m wRAV l expression and IL.-J3 measurement 

RT-PCRR was performed as described before 33 with IL-12RB1, IL-12RB2, IL- 2 and B2-

microglobulinn (132m)-specific primers (Table I). For quantitative analysis of IL-12RB2 mRNA 

expression,, naive Th cells were stimulated as described above, and lysed for total RNA extraction 

att day 3 using a Nucleo Spin RNA isolation Ki t (Macherey-Nagel, Duren, Germany). First-strand 

c D NAA wTas synthesized from total RNA using a cDNA-synthesis kit (MBI-Fermentas, St. Leon-

Rot,, Germany). Real-time quantitative PCR was performed in a Light-Cycler (Roche Diagnostics, 

Almere,, The Netherlands) based on specific primers and general fluorescence detection with 

SYBRR green. B2-microglobulin (B2m) was used as a control. The primer sequences for IL-12RB2 

(Tmm 60°C), IL- 2 (Tm 58"C) and B2m (Tm 60"C) are listed in Table 1. Measurement of IL-13 

levelss in culture supernatants were performed using the PeliKine compact human IL-13 ELISA 

kitt obtained from the CLB. 
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RESULTS S 

IdentificationIdentification of the IL-12RJS2 core promoter and regulatory regions 

Too characterize the proximal promoter of the human IL-12RJS2 gene, we analyzed 0.6 kb of 5' 

flankingg sequence obtained from a genomic PAC-clone. This fragment, which is depicted in Fig. 

1A,, spans the region -591 through +54 relative to the start of the IL-12RB2 cDNA  lü. 

ATG G 
t t 

TGA A 

lp3I.2 2 

-591 1 +54 4 

B B 1^-591 1 
- 55 9 1 GATATCTAAA TAAAATCTCT AAACTAAATA AAATTTTAGT TTAAAAGATT CTAAATGTTG 

-53 11 AGAAAGCATT GTTATTGTTT ACCTGGCAGT TCTTTTTATT TCTTACTAGC GCATAAATAA 

-47 11 TGGTATGTCT TATAATTAAG GAAGTCTTAG ATTTAAAGAA ATCTAAGCTG ACGGGTGCAG 

l >> -40 4 
-41 11 AGGCTCAGGC CTGTATTCCC TGCACTTTGG GAAGCCAAGG CGGGAGGATT GCTTGAGGCC 

-35 11 AGAAGTTTGA GACCAGCCTG GGTAACAGAG TGAGAGTCTG TCTTTACAGG TTTAAATACA 

I»-25 2 2 
-29 11 GTTTTTTTCT AAGTAATATT GTCATAAATA TTATGTCATG AATATTATGC AGAGCTGCCG 

NFATT £>-19 2 
-23 11 ACCCCTCTGT ACTCTGGGCA GTTTTCCCTC TTGCCTGAGA ACACCACTTA TAACACGGGA 

-17 11 C C T A T A C G GG . TAAA CTTTTTTCTC ATTTTTTAGA 

SP-1#22 K-6 1 
-11 11 CAGCAAATAC AAATGGAAGT TCCAGTATGT TCTGCCCGCA CTCCAGTGGG CGGTCTTGTG 

>-3 . . -3 66 SP-I# 1 + 1 
-5 11 CACAGCCCAC TTGGGAGGCC TCGGCGCTCA GGTGTGGTAA GAGCTGGGCG GTGCAGAGCA 

+54+54  ^ 
+100 CAGAGAAAGG ACATCTGCGA GGAAAGTTCC CTGATGGCTG TCAAC 

Fig.. 1 5' flanking genomic DNA sequence. A) The region from bp -591 bp of the human IL-

12R(322 promoter through position +54 in exon 1 31 was tested for promoter activity. Numbering of 

thee sequence is relative to the start of the reported cDNA sequence 10 and the gene is located on 

chromosomee 1 at region p31.2 34. B) Sequence of the 5' flanking genomic DNA sequence as 

depositedd under GeneBank accession no AF349574. The most distal 5' nucleotide of each 

oligonucleotidee used to construct the different deletion fragments is indicated by a grey triangle, and 

namedd after this position accordingly. The most 3' +54 nucleotide of all constructs is indicated by the 

blackk triangle. Sp-1 family consensus binding elements (Sp-l#l and Sp-1#2) and the NFAT 

consensuss binding element are indicated in bold type above the consensus sequence {underlined). 
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I nn the immediate 5' region, no typical TATA box or CCAAT box motifs were found. To identify 

thee core promoter and regulator}' elements, the transcriptional activity of the truncated constructs 

off  the 1L-12R(32 5' upstream regions (Fig. 2A) were assayed. For that purpose, full-length 

constructt -591 and a series of 5' deletion fragments were subcloned into the pGL3-Enhancer 

vectorr (pGL3e), a promoterless luciferase reporter vector with an SV40 enhancer. Al l constructs 

weree tested for promoter activity in unstimulated and PMA/ionomycin stimulated conditions in 

Jurkatt T-ce!ls, showing constitutive expression of the IL-12RB1 chain and low but inducible 

expressionn of the IL-12RB2 chain (Fig. 2B). The expression of the IL-12RB2 chain in Jurkat cells 

hass been described . 

AA B 
rtrt D unstimulated B PMA/iono 

+54 4 
•jTuc]] - 591 
• T L U 7 ] - 4 0 4 4 

00 100 200 300 400 
Relativee Luciferase Units 

Fig.. 2 Reporter  gene analysis of the IL-12RB2 proximal promoter. A) The 5'deletion fragments 

ass described in Materials and Methods of the IL-12RB2 promoter were linked to the Firefly luciferase 

reporterr gene (Luc). The fusion constructs were transiently transfected into Jurkat cells. One day 

afterr transfection cells were either or not stimulated with PMA/ionomycin for 24 h. Luciferase 

activityy values are corrected for transfection efficiency (Kenilla luciferase) and DNA amount (empty 

vectorr was added to compensate for size differences between constructs) and are expressed as 

relativee luciferase activity units (RLU), shown in this and subsequent figures as the mean  S.D. of at 

leastt three independent, duplicate experiments. In addition to deletion fragments, pGL3e (empty 

vector)) is shown as a control. B) RT-PCR analysis of LL-12RB1, 1L-12RB2, and B2m mRNA 

expressionn in Jurkat T cells. Cells were cultured in the absence (lane 1) or presence (lane 2) 

PMA/ionomycinn for 16 h. Lane 3 represents the negative control containing no template in the RT-

PCRR reaction. Fragment sizes in the 100-base pair marker (M) are indicated in kilobase pairs (kbp). 

M M 

| | 

1 1 

a a 
— — 

1 1 

— — 

* • • 

22 3 

m m 

_ _ 

mm mm 

IL-12RP1 1 
(5444 bp) 

IL-12Rf32 2 
(3400 bp) 

P2m m 
(2688 bp) 
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Promoterr activity was upregulated in stimulated cells transfected with constructs -591, -404, -252, 

-1922 and -151. Deletion from -591 to -404 and further to -252 reduced the reporter activity 

stepwise,, suggesting multiple positive «y-acting elements between -591 and -252. Interestingly, 

deletionn from -252 to -192 led to an increase in promoter activity, suggesting the presence of (a) 

suppressorr element(s) in this region. Promoter activity was abrogated after truncation to -61, 

indicatingg that sequences in close upstream proximity of -61 are crucial for basal and inducible 

IL-12RB22 promoter activity. Similar results were found upon stimulation with anti-CD3 and anti-

CD288 (data not shown). 

IL-12RJ?2IL-12RJ?2 core-promoter activity is orientation dependent 

Thee control region in the immediate vicinity of a transcription start site is the actual promoter, 

whereass regions that regulate the promoter from a distance are enhancers/silencers. Promoters, 

butt not enhancers, act in an orientation-dependent fashion . To confirm that the -151/+54 

D N AA fragment contains the promoter region, responsible for transcription of the IL-12Rfs'2 

gene,, we tested its orientation dependent activity. For that purpose, promoter activity of fragment 

-151/+544 was compared to in sense (5'-3') and antisense (3'-5') orientation. 

DD Unstimulated •PMA/ionomycin 
5'' 3' 

• (( Luc | -151 

3'' 5' 
<<—-I—-I Luc | -151 

|| Luc I pGL3e 

00 100 200 300 

Relativee Luciferase Units 

Fig.. 3 Orientation dependent promoter  activity of the IL-12RC2 core promoter. The promoter 

fragment—151/+544 was subcloned into the pGL3e in sense or antisense orientation, using primers 

withh additional restriction sites. One day after transfection, Jurkat cells were either or not stimulated 

withh PMA/ionomycin for 16 h. pGL3e (empty vector) is shown as a control. Luciferase activity 

valuess are corrected for transfection efficiency (Renil/a luciferase) and are expressed as relative 

luciferasee activity units (RLU). 
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Emptyy pGL3e was used as a control. Al l constructs were tested in unstimulated and 

PMA/ ionomvcin-st imulatedd Jurkat T cells. Clearly, only the -151 /+54 D NA fragment in the 

sensee (5'-3') orientation was able to induce transcription of the reporter gene both in 

unstimulatedd and stimulated conditions, as shown in Fig. 3. Even in the presence of a strong 

SV400 enhancer present in the vector, inversion of the fragment abrogated transcription, 

indicatingg that this fragment contains the minimal core-promoter. 

IdentificationIdentification of functional motifs in the core promoter and negative regulatory region 

Twoo potential binding sites for the Sp-1 -family of transcription factors (core sequence: 

G G G C GGG "') are located in the proximal promoter region, at -3 and -63 (Fig. IB). As Sp-1 is 

frequentlyy involved in transcription initiation in the absence of a TATA box ', we analyzed 

whetherr these D N A motifs at -3 (Sp- l# l) and -63 (Sp-1 #2) participate in the regulation of IL -

12RB22 promoter activity. In order to examine the relative roles of these two Sp-1 sites for 

promoterr activity, we mutated the G G G C GG motifs in these elements to G T T C G G, in the 

contextt of the full-length promoter construct -591. 

Wee thus generated two IL-12RB2 -591 to + 54 promoter reporter gene constructs, with either 

00 50 100 150 200 
Relativee Luciferase Units 

(%% of wild type) 

Fig.. 4 The -63 Sp-1 and -206 NFAT motifs are importan t for  promoter  activity . Jurkat cells 

weree transiently transfected with Luciferase constructs containing the full length wild type promoter 

(constructt -591) or the full length promoter containing the mutated Sp-1 motifs at -3 or at -63 

(GGGCGGG to GTTCGG). or the mutated NFAT motif at -206 (TTTCC to TTTAA) . as indicated 

byy stars. Cells were stimulated with PMA and ionomycin for 24 h. Corrected luciferase activity was 

calculated,, and promoter activity was expressed as the percentage of wild type promoter activity (top 

bar,bar, 100%). In addition to deletion fragments, pGL3e (empty vector) is shown as a control. 
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onee of the Sp-1 sites mutated. Promoter activity was tested after transient transfection of Jurkat 

cellss and compared with the wild-type full-length IL-12RB2 promoter activity. 

Ass shown in Fig. 4, mutation of the S p - l #l site at -3 does not result in a significant change of 

activity,, whereas mutation of the Sp-1#2 site at -63 results in a reduction of promoter activity*  by 

almostt 50%, suggesting an important role of this cis-regulator}' element. 

Ass determined by serial truncation, deletion of the promoter region from -252 to 

-1922 resulted in increased promoter activity. Within this region a reversed N F AT consensus 

bindingg site (TTTCC) is located at -206. To examine the functional significance of this N F AT 

consensuss site, we mutated the TTTCC motif into TTTA A in the context of the full-length 

promoterr construct -591. Promoter activity was tested after transient transfection of Jurkat cells 

andd compared with the wild-type construct -591. As shown in Fig. 4, a 70% increase of promoter 

activity-- was observed with the mutated construct, suggesting that the putative NFAT binding 

elementt at -206 has a negative cis-regulator)- role in IL-12RB2 transcription. 

IdentificationIdentification of nuclear factors binding to the -63 Sp-1 motif 

Too characterize transcription factor binding activities at the Sp-1 #2 element at -63, we performed 

EMSAss using whole cell extracts from CD4~ T-cells. EMSA with the double stranded 

oligonucleotidee Sp-1 #2 WT, containing the intact -63 Sp-1 element, demonstrated the formation 

oll  two DNA-protein complexes CI and C2 (Fig. 5, Jane / ), not formed in the absence of protein 

extractt (data not shown). The formation of these radioactive complexes was dose dependently 

inhibitedd by competit ion with a 10-, 30- or 90-fold molar excess of unlabeled Sp-1 #2 WT 

oligonucleotidee {lanes 2-4), but was not affected by a 90-fold molar excess of the mutated Sp-

1#22 Mut oligonucleotide (Jane 5). Similar to the Sp-1 #2 WT oligonucleotide, competit ion with a 

10-,, 30- and 90-fold molar excess of a specific Sp-1 consensus oligonucleotide, dose-dependendv 

competedd the bands awav (Jane 6-8), whereas, a 90-fold molar excess of an oligonucleotide 

containingg a non-relevant NF-KB consensus binding site had no effect (Jane 9). Sp-1 and Sp-3 are 

knownn to bind to identical D NA elements ' . Therefore, binding reactions were performed in the 

presencee of anti-Sp-1, anti-Sp-3 or both antibodies. The addition of anti-Sp-1 antibody resulted in 

aa supershift of most of complex CI (Fig. 5, lane 1 /), whereas with anti-SP-3 antibody, a complete 

supershiftt was observed of the less abundant complex C2 (lane 12). The combination of both 

anti-Sp-11 and anti-Sp-3 antibodies, did not result in additional shifts. These results suggest the 

bindingg of Sp-1 and Sp-at the -63 element. 
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probe e 

competitorr oligo 
foldd molar excess 

competition n 

wildtypeSP-1#2 2 

SP-1#22 SP-1#2 
WTT Mut SP-1 1 NF-KB B 

100 30 90 90 10 30 90 90 

 4 | I C 2 ^^ i 

lanee 1 2 3 4 5 6 7 8 9 100 11 12 13 

Fig.. 5 Identificatio n of-63 bindin g proteins. The Sp-1#2 WT radiolabeled probe was incubated 

withh whole cell extracts from unstimulated CD4+ T-cells. The binding activities were competed for 

withh excess cold oligonucleotides: either Sp-1#2 WT, Sp-1#2 Mut, Sp-1 HSV consensus or non-

relevantt N F - K B consensus. The fold molar excess of the competitor oligonucleotides is indicated and 

rangedd from 10- to 90-fold. Arrowheads indicate specifically competed complexes (CI and C2). The 

additionn of anti-Sp-1 {lane 11), anti-Sp-3 {lane 12) or both {lane 1 J) resulted in the supershift (S) of 

complexx Cl, C2 or both respectively. 

IdentificationIdentification of nuclear factors binding to the -206 NFA1 motif 

Wee next tested whether N F AT could actually interact with the putative binding site at -206 in the 

1L-12RB22 promoter. To this aim, we used the -220 to -180 D NA sequence as a double stranded 

probee for EMSA analysis. Nuclear extracts from ant i -CD3/ant i -CD28 stimulated CD4+ T cells 

showedd the inducible formation of complex A, in addition to the increased intensity of a 

preexistingg complex P (Fig. 6A, lane 3 and 4). The formation of complexes A and P was 

abrogatedd by mutation of the probe (TTTCC to TTTAA ; data not shown). Activation of the 

CD4++ T-cells in the presence of the immunosuppressant drug cyclosporin A (CsA), known to 

inhibitt the nuclear translocation of NFAT, inhibited the formation of complex A but not P (Fig. 

6B,, lane 5). These results indeed suggest the involvement of N F AT in complex formation with 
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probee wild type NFAT -206 

nuclearr extract CD4+ 

aCD3/aCD288 - + + + + 

CsAA - • + - -

aNFATdd + - - - - + -

aNFATc22 - + - - - - + 

B B 
probe e 

nuclearr extract 
aCD3/aCD28 8 

aNFATd d 
aNFATc2 2 

lgG11 isotype control 

wild d 

Th1 1 
-- + + 
-- - + 

-- -

type e 

++ -

-- -
++ -

NFATT -206 

Th2 2 
++ + + 
-- + -
-- - + 

+ + 

--

+ + 

JÈMb<P JÈMb<P 

lanee 1 2 3 4 5 6 7 lanee 1 2 3 4 5 6 7 8 9 

Fig.. 6 Identificatio n of -206 bindin g proteins. The radiolabeled probe NFAT -206 WT was 

incubatedd with nuclear extracts from freshly isolated CD4+ T cells (A) or from polarized Thl or Th2 

celll  lines (B), that were left unstimulated or stimulated with anti-CD3/anti-CD28 for 30 min. Specific 

complexess (P, A and S) are indicated by arrowheads. The binding reactions were carried out in the 

absencee or presence of specific antibody to NFATcl or NFATc2 or in the presence of IgGi isotype 

controll  antibody, as indicated. A) Nuclear extracts from CD4+ T-cells. Preexisting complex P showed 

increasedd binding activity upon T cell stimulation. Complex A is induced after stimulation (lane 4) 

andd is CsA sensitive (lane 5). The addition of anti-NFATc2, bui not anti-NFATcl results in the 

supershiftt (S) of complex A, but not complex P. As a control both antibodies are shown in the 

absencee of nuclear extract (lane 1 and lane 2). B) Nuclear extracts from Thl or Th2 cells show no 

differencess in the formation of complex P or A after TCR stimulation (lanes 1, 2 and 5, 6). Anti-

NFATc2,, but not anti-NFATcl, supershifts complex A equally well in Thl and Th2 cells (lanes 3, 4 

andd 7, 8). The IgGi Isotype control is in lane 9. 

thee -206 element. Of the growing family of N F AT proteins, NFATcl (NFATc, NFAT2) and 

NFATc22 (NFATp, NFAT1) are most prominent in peripheral T cells 18 and bind to the same 

D N AA motif  19;2n. To identify whether NFATcl or NFATc2 are involved in complex A, binding 

reactionss were performed in the presence of antibodies to NFATcl or NFATc2. A supershifted 

bandd (S) was obtained with NFATc2 antibody (Fig. 6A, lane 7) but not with antibody to 
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N F A T cll  (Fig. 6A, lane 6) or with the IgGl isotvpe control antibody (data not shown), indicating 

thee inducible binding of NFATc2 at -206. 

Sincee expression of the IL-12R/2 gene is suppressed in Th2 cells NFATc2 plays a role in the 

suppressionn of Th2 type cytokines ~ , we next tested for differential binding activity of NFATc2 

too the -206 element comparing nuclear extracts from Thl and Th2 cells. However, neither in 

unstimulatedd nor in ant i -CD3/ant i -CD28 stimulated cells any difference was observed between 

T hll  and Th2 cell extracts (Fig. 6B). Preexisting complex P showed similar increased intensity in 

T hll  and Th2 cells after TCR stimulation. Also, complex A was induced to the same extent in 

TCR-stimulatedd T hl cells {lanes 1 and 2) and Th2 cells [Janes 5 and 6). Both in T hl and Th2 

extracts,, complex A is supershifted with anti-NFATc2 {lanes 4, 5 and 7, 8). The isotvpe control is 

shownn in lane 9. 
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Fig.. 7 CsA increases IL-12RR2 mRNA expression. Naive T cells were stimulated with anti-

CD3/anti-CD288 in the absence or presence of increasing concentrations of CsA. After 3 days, cells 

weree lysed and IL-12RB2, IL-2 and B2m mRNA expression were analyzed by real-time PCR. IL-13 

proteinn expression was measured by ELISA in the supernatant. A) The level of IL-12RB2 {filled 

triangles)triangles) and IL-2 {open circles) mRNA expression was normalized, based on the level of B2m 

mRNAA expression in the same samples and calculated as arbitrary units/B2m. The IL-12RI52/B2m 

andd IL-2/B2m mRNA ratios are expressed as the percentage of the ratio in the absence of CsA 

(100%).. B) The IL-13 protein concentration in the supernatant is expressed as the percentage of IL-

133 protein secreted in the absence of CsA (100%). This figure shows one representative experiment 

outt of three. 
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IL-12R.JÏ2IL-12R.JÏ2 mRNA expression is upregulated by CsA 

Thee data, so far, suggested a general suppressive role of NFATc2 in the regulation of IL-12RB2 

expression.. To test the role of N F AT in a more physiological system, naive T-cells were 

stimulatedd for three days with ant i -CD3/ant i -CD28 in the presence of increasing concentrations 

off  CsA. The mRNA expression of IL-12RTS2, IL- 2 and B2m was measured by real-time PCR. The 

levelss of IL-12R132 and IL- 2 mRNA were normalized, based on B2m mRNA levels in the same 

samples.. Both IL- 2 m R NA expression, known to be inhibited by CsA  23 and IL-13 protein 

secretion,, known to be enhanced by CsA  24 were used as controls. As expected from the EMSA 

data,, CsA dose-dependendy increased IL-12RB2 mRNA expression (Fig. 7A), confirming the 

suppressivee role of N F AT herein. Furthermore, the IL- 2 mRNA expression was decreased (Fig. 

7A)) and the IL-13 protein secretion was increased (Fig. 7B), in the presence of increasing dose of 

CsA. . 

DISCUSSION N 

I nn this report, we describe first data on the transcriptional regulation of the human IL-1'2KJÊ2 

gene.. The proximal promoter region was cloned and functionally characterized. The data indicate 

aa TATA-less promoter, dependent on Sp-1 family protein binding at -63, and a silencer N F AT 

elementt at -206, which binds NFATc2 and is involved in suppressing TCR-induced IL-12RB2 

expression.. The pGL3e vector in which the promoter fragments were cloned, contains an SV-40 

enhancerr located upstream of the lucijerase gene. The enhancer normally provides higher 

luciferasee activity if the promoter is active. Deletion from -151 to -61 resulted in fully abrogated 

transcription,, even in the presence of the enhancer, underlining the critical role of this region in 

transcriptionn initiation. 

Thee core-promoter containing fragment (construct -151), which was shown to drive TCR 

inducedd transcription in an orientation dependent fashion, does not contain a TATA - or CAAT-

box.. In the absence of a TATA-box, Sp-1 binding motifs are known to be involved in alternative 

initiationn of transcription 2,'2&. This seems to apply for the lL-12Rfs2 gene as well, as it contains a 

functionall  Sp-1/3 binding motif in its core-promoter. Genes with TATA-less promoters, 

includingg many so-called 'housekeeping' and receptor genes, are generally expressed at low levels 

"".. Indeed, even fully IL-12-responsive Thl cells were shown to express only a few hundred IL -

12RB22 molecules on their membrane ('. The IL-/2Rfi2 gene contains a GC-rich (  75%) 5' 

noncodingg region '", which may, at least in part, explain the low rate of expression of these 
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molecules,, as GC-rich 5' noncoding regions are known to hamper translation : . However, data 

onn the translational regulation of the IL-12RB2 mRNA are not available vet. 

Wee show here that the IL-12RB2 expression is inhibited at the transcriptional level. The N F AT 

bindingg element at -206 specifically binds NFATc2 and seems to be important for a general 

downregulationn of TCR-inducible IL-12RB2 gene expression. The availability' and suppressive 

activityy of NFATc2 does not explain the loss of expression of the IL-12RB2 chain in Th2 cells. 

Thee relative importance of the negative regulator}- role of this element is underlined bv the 

observationn that CsA increases 1L-12RB2 mRNA expression in stimulated naive T cells, i.e. in the 

contextt of fully intact regulatory regions, instead of the cloned proximal 591 bp of the promoter. 

Thee absence of further N F AT sites in the region at least up to -1191 (data not shown), further 

pointss at this particular site to mediate the suppressive effect. 

Similarr negative regulatory effects of NFATc2 have been implicated in the regulation of several 

Th22 type cytokine genes in the mouse "y?~. Indirect data on the regulation of the human IL-13 

genee points into the same direction " \ The present data are the first to suggest a suppressor 

functionn of NFATc2 in the regulation of a gene associated with Thl tvpe responses. Whether or 

nott this site contributes to the polarization process of Th cells under T hl or Th2 driving 

condit ionss is unclear, so far, as sites direcdv involved in the Th2-specific suppression of the IL -

12RB22 gene have not been identified yet. O ur present data give no indication for differentia] 

N F A T c22 activity at -206 in T hl and Th2 cells. Instead NFATc2 mav play a role in the general 

loww expression rate (' or the kinetics of IL-12RB2 gene expression, in particular in the shut-down 

off  expression at later time points after TCR triggering as has been suggested in the regulation of 

1L-44 gene expression 2K. 

I tt is to be expected that several T h l - or Th2-specific transcription factors do play a role in IL -

12RB22 gene transcription either in a direct or indirect way. For example, IL-12 strongly up-

regulatess IL-12RB2 expression through phosphorylation of STAT4 ('. Therefore, STAT4 binding 

sitess are expected to be located in the enhancer region further upstream as has been suggested 

beforee " . Another transcription factor which may be direcdv involved in IL-12RB2 gene 

upregulationn is the recendy identified, Thl-specific, T-box transcription factor T-bet v'. T-bet 

expressionn is upregulated by IL-12 and accounts for the Thl specific expression of IFNy and 

repressionn of the opposing Th2 programs, at least in the mouse. In contrast, GATA-3, a Th2-

specificc and IL-4-induced transcription factor 3!, may be involved in direct suppression of the IL -

12RB22 gene. Indeed, Ouyang ei al. " demonstrated a decrease in IL-12RIÏ2 mRNA expression 

afterr ectopic expression of GATA- 3 into differentiated murine Thl cells. We are currendy 
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investigatingg the role of these Thl and Th2 specific transcription factors in the regulation of 

humann IL-12RB2 gene expression. 
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ABSTRACT T 

IL-122 is a potent inducer of IFNy production and drives the development of Thl cells. Human 

polarizedd Th2 cells do not express the signaling B2-subunit of the IL-12R and therefore, do not 

signall  in response to IL-12. The question was raised to what extent the loss of the IL-12RB2 

chainn in Th2 cells has bearing on the stability of the human Th2 phenotype. In the present report, 

wee show that restimulation of human fully polarized Th2 cells in the presence of IL-12 primes 

forr a shift towards ThO/Thl phenotypes, accompanied by suppression of GATA- 3 expression 

andd induction of T-bet expression. These reversed cells are further characterized by a marked IL -

12RB22 chain expression and fully restored IL-12-inducible STAT4 activation. The IL-12-induced 

phenotypicc shift proved to be stable as a subsequent restimulation in the presence of IL- 4 and in 

thee absence of IL-12 could not undo the accomplished changes. Identical results were obtained 

withh cell from atopic patients, both with polyclonal Th2 cell lines and allergen-specific Th2 cell 

clones.. These findings implicate the possibility to restore IL-12 responsiveness in established Th2 

cellss of atopic patients by stimulation in the presence of IL-12 and suggest that IL-12-promoting 

immuno-- therapy can be beneficial for Th2-mediated immune disorders, targeting both naive and 

memoryy effector T cells. 

INTRODUCTION N 

Protectivee immunity against different types of pathogens requires polarized Th cells that secrete 

selectivee sets of cytokines U2. T hl cells secrete IFNy instrumental in cellular immune responses, 

whereass Th2 cells produce IL- 4 that supports humoral immune responses \ Th cell polarization 

iss tightly controlled, as aberrant cytokine profiles are not protective and chronic uncontrolled T hl 

andd Th2 cell responses may lead to auto-immune and allergic diseases, respectively '3. 

Polarizationn of naive Th cells into T hl or Th2 effector cells is regulated by microenvironmental 

factorss present during primary T cell stimulation. Of key importance are IL-4, which promotes 

thee development of Th2 cells 6'7, and IL-12 which induces the production of IFNy and drives the 

developmentt of Thl cells B;<). 

TT cell responsiveness to IL-12 depends on the expression of the high-affinity IL-12 receptor (IL -

12R),, consisting of a 131 and a B2 subunit, of which mainly the latter is involved in downstream 

signalingg 1". This includes the activation of STAT4 ' ~, which is essential for Thl development, as 

demonstratedd by the lack of T hl development in STAT4/ -deficient mice ' \ ThO and polarized 

T hll  cells express the IL-12R152 chain and it is well established now that IL-12 itself is one of the 
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keyy factors to upregulate the TCR-induced expression of the IL-12RB2 chain , 4 : l\ In contrast, 

dur ingg Th2 cell development, T cells become fully unresponsive to IL-12 and consequently, 

neitherr produce IFNy nor phosphorylate STAT4 in response to IL-12 as first shown in the 

mousee '' '8. We have reported similar findings in human allergen-specific Th2 cell clones from 

atopicc patients '. Detailed analyses by Rogge et al. U;1^ revealed that IL- 4 is largely responsible 

forr the suppressed IL-12RB2 expression in human Th2 cells. Mouse studies 2" suggest that the 

reciprocall  effects of IL- 4 and IL-12 on 1L-12RB2 expression mav, at least in part, be mediated via 

G A T A - 3 ,, because this Th2-specific transcription factor inhibits IL-12RB2 gene transcription, 

whil ee GATA- 3 expression itself is increased by IL-4, but suppressed bv IL-12. GATA- 3 can also 

stabilizee Th2 commitment via an IL- 4 (STAT6-) independent autoactivation-loop and therefore 

cann act as a master switch in Th2 development 2'. Recently, the Thl-specific T-box transcription 

factorr T-bet has been described, that is upregulated by IL-12 and may be a counterplaver of 

G A T A - 33 "". T-bet is crucial for Thl development, as it both activates Thl-specific programs and 

suppressess Th2 programs, at least in the mouse. I t remains to be established whether this 

includess the regulation of the IL-12RB2 chain. 

Severall  studies in the mouse have shown that newly differentiated Thl and Th2 cells still have a 

flexiblee phenotype, but once polarization is completed by repeated stimulation under polarizing 

condit ions,, this reversibility is lost "1;~4. The stability of the fully polarized mouse Th2 phenotype 

hass been associated with the loss of IL-12RB2 expression and IL-12 responsiveness. In contrast, 

humann Th2 cell populations, both newly generated and long-term memory Th2 cells, tend to be 

moree susceptible to modulation. Although both human and mouse Th2 cells lack the IL-12RB2 

chainn and, thus, IL-12 responsiveness, several reports suggest the involvement of IL-12 in human 

T h22 cell reversal into IFNy-producing phenotypes """" . Therefore, intriguing questions are to 

whichh extent regulation of IL-12RB2 expression contributes to initial Th2 polarization and 

whetherr the loss of IL-12RB2 expression by Th2 cells has bearing on the stability of the fully 

polarizedd human Th2 phenotype. 

T oo address these questions, w7e have monitored the effect of IL-12 during initial polarization and 

duringg restimulation of fully polarized human Th2 cell lines. We show that only one restimulation 

inn the presence of IL-12 is sufficient to prime established Th2 cells for reversal towards cells with 

aa T h O / T hl cytokine profile, a considerable IL-12R132 expression and restored IL-12 signaling. 

Re\rersall  of the human Th2 phenotype is accompanied by the loss of GATA-3 and increased 

expressionn of T-bet, suggesting a decisive change at the molecular level. The reverted phenotype 

iss stable, as a subsequent restimulation in the presence of IL- 4 can not undo the accomplished 

changes.. As this Th2 reversal could equally well be induced in Th2 cells of atopic origin, the 
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presentt findings suggest that IL-12-based immuno-thcrapy of Th2-mediated immune disorders 

cann be beneficial by targeting both naive and effector Th2 cells. 

MATERIAL SS & M E T H O DS 

AntibodiesAntibodies and cytokines 

Mousee mAbs to human CD3 (CLB-T3/3) and CD28 (CLB-CD28/1) were obtained from CLB 

(Amsterdam,, The Netherlands). Rat mAbs to human IL-12RM (2B10) and IL-12RB2 (2B6) were 

giftss from Dr. D.H. Presley (Hofmann-La Roche, Nudey, NJ). Neutralizing mouse mAb to 

humann IL- 4 (5B5) was a gift from Dr. T.C.T.M. van der Pouw Kraan (CLB) 2H. Neutralizing 

rabbitt IgG to human IL-12 was a gift from Dr. P.H. van der Meide (U-cytech, Utrecht, The 

Netherlands).. Human rIL- 4 (sp. act. lxlO 8 U /mg) was obtained from Pharma Biotechnology 

(PBH;; Hannover, Germany). Human rIL-12 (sp. act. 1,7 x 108 U/mg) was a gift from Dr. M.K. 

Gatelyy (Hofmann-La Roche). 

TT cell isolation and stimulation 

PBMCC from healthy individuals were isolated by density- gradient centrifugation on Lymphoprep 

(Nycomed,, Torshov, Norway), and thereafter CD45RA+ C D 4 5 RO naive CD4+ Th cells were 

isolatedd to high purity (> 98% as assessed by flow cytometry-) through one-step high-affinity 

negadvee selection columns (R&D Systems, Abingdon, U.K.), according to the manufacturer's 

instructions.. Purified naive Th cells were stimulated in 96-well culture plates ( lx lO ' cells/well; 

Costar,, Cambridge, MA) with immobilized CD3 mAb (1 (Ig/ml) and soluble CD28 mAb (2 

(J.g/ml)) N and cultured for 10 days in the presence of rIL- 4 (1000 U/ml) to accomplish Th2 

polarization.. After 10, 20 and 30 days, three consecutive mitogenic restimulations were 

performedd under further Th2-polarising conditions, as described " with PHA (10 Jj.g/ml; Difco, 

Detroit,, MI) , 3000 rad irradiated feeder cells, rIL- 4 (1000 U/ml) and neutralizing anti-IL-12 (10 

H-g/ml).. HDM-specific Th2 clones were generated, as described previously ' , by limiting dilution 

fromm the peripheral blood of atopic dermatitis patients. 

Al ll  cultures were performed in Iscove's modified Dulbecco's medium (IMDM ; Bio-Whittaker, 

Walkersville,, MD) , supplemented with 5% pooled, C-inactivated normal human serum (Bio-

Whittaker),, gentamycin (80 Hg/ml; Duchefa, Haarlem, The Netherlands) and rIL- 2 (10 U /m l; 

Chiron,, Emeryville, CA). 
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CytometricCytometric sorting of living single IL-4-secreting cells 

IL- 44 and lFNy production in living cells was determined bv a secretion assay for cytometric 

sorting,, using the method described by Ouyang et a I. ~]. Briefly, cells were stimulated with 

phorboll  12-myristate 13-acetate (PMA; 10 ng/ml; Sigma, St. Louis, MA) and ionomvein (1 

| lg /ml;; Sigma) for 3 hrs. Thereafter, cells were labeled for 5 min at 4°C with two bi-specific 

antibodyy conjugates, consisting of an anti-CD45 mAb coupled to an anti-IL-4 mAb or anti-IFNy 

mAbb (Miltenyi Biotec, Bergisch Gladbach, Germany). Then, cells were transferred to 37°C 

mediumm at IGF cells/ml and permitted to secrete cytokines for 15 min. The captured IL- 4 or 

lFNyy was detected by staining with a second mAb, i.e. PE-conjugated antiTL-4 or Fitc-

conjugatedd ant i- lFNy (both from Miltenyi Biotec) for 10 min at 4°C. The IL-4'hlKh and IL-41™ 

Th22 cells were sorted separately by a FACSVantage SF (Becton Dickinson, Mountain View, CA). 

CytokineCytokine production analysis 

Cytokinee production was determined bv intracellular staining, using the method described by 

Jungg et a I. l] . Briefly, cells were stimulated for 6 hrs with PMA (10 ng/ml) and ionomvein (1 

(Ig/ml;; Sigma), the last 5 hrs in the presence of Brefeldin A (10 JJ.g/ml). Thereafter, cells were 

fixedd with 4% paraformaldehyde (Merck, Darmstadt, Germany), permeabilised with 0.5% 

saponinn (1CN Biochemicals; Cleveland, OH), stained with anti-human IFNy-FITC (Becton 

Dickinson)) and anti-human IL-4-PF (Becton Dickinson) and analyzed with a FACScan flow 

cytomcterr (Becton Dickinson). Secreted IL-4 and lFNy in supernatants of 20 hrs ant i-CD3/anti-

CD288 or HDM-stimulated T cells were measured by PX1SA, as described 2'\ 

GAGA IA - 3 immunocytochemistry 

Att day 4, T cells were stimulated with PA1A (10 ng/ml; Sigma) and ionomvein (1 p.g/ml; Sigma). 

A tt 0 and 5 hrs, cvtospins were made (Cvtospin 2, Shandon, Pittsburgh, PA), cells were fixed with 

acetonn (-20°C) and after blocking incubated with anti-human GATA- 3 (1 | ig /ml, HG3-31, Santa-

Cruzz Biotechnology, Santa Cruz, CA) for 30 min at 37"C. Thereafter, slides were incubated with a 

FITC-conjugatedd goat anti-mouse IgG, (Jackson ImmunoResearch Laboratories, West Grove, 

PA)) for 30 min at 37°C. Slides were analvzed with a fluorescence microscope (Leica, Wetzlar, 

Germany)) coupled to a C CD camera. 
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ElectrophoreticElectrophoretic mobility shift assay (EA1SA) 

Too analyze IL-12-inducible STAT4 activation, whole-cell protein extracts were prepared from 10 

TT cells that, at day 7, were either or not exposed to 1L-12 (100 U/ml) for 1 h, as described 

previouslyy v>. The final protein concentration was estimated by Bradford microassay (Bio-Rad, 

Munich,, Germany). Al l D NA binding reactions were performed for 30 min at RT with 10 (Ig 

totall  cell protein extract under conditions as described previously ' , using [y'~P] ATP-labeled 

dsDNAA oligonucleotides. Supershift experiments were performed with affinity-purified rabbit 

anti-mousee STAT4 (C-20, Santa Cruz Biotechnology) or an isotype control Ab during the last 20 

minn of the binding reaction. 

OO Ugo n u cle o tides 

dsDNAA oligonucleotides (Biosource, Nivelles, Belgium) used in KMSA analysis: FcyRl (5'-AGC 

AT GG TTT CAA G GA ' IT T G AG AT G TA T TTC CCA GAA AAG-3"), corresponding to the 

IFNyy response region in the human FcyRI gene promoter '~, which can bind various STAT 

familyy members, including STAT4 and the Herpes simplex virus Sp-1 containing oligonucleotide 

(5*-CCGG GCC CCG CCC ATC CCC G GC CCC GCC CAT CC-3'). The oligonucleotides were 

[Y >2P]-ATPP labeled by T4 polynucleotide kinase (Roche Diagnostics, Mannheim, Germany). 

I'ACSI'ACS -analysis of 11,-12R expression 

IL-12RB11 and B2 protein expression was analyzed at day 4. T cells were incubated with 2B10 (2.5 

| Ig/ml)) or 2B6 (1 ^lg/ml) or a rat IgG2a isotype control for 30 min on ice. Affinity-purifie d 

biotin-labeledd rabbit anti-rat IgG (Zvmed Laboratories Inc., San Fransisco, CA) was used as 

secondaryy antibody, followed by FITC-conjugated streptavidin (Jackson ImmunoResearch 

Laboratories,, Inc., West Grove, PA), Cells were analyzed with a FACScan flow cytometer 

(Bectonn Dickinson). 

Real-timeReal-time quantitative Rl'-PCR analyses of GslTA-3 and T-bet expression 

Forr quantitative analysis of GATA- 3 and T-bet mRNA expression, KV T cells were stimulated 

underr polarizing conditions and lvsed for total RNA extraction at day 2 using a NucleoSpin RNA 

Isolationn Ki t (Macherev-Nagel, Duren, Germany). First strand cDNA was synthesized from total 

RNAA using a cDNA-synthesis kit (MBI Fermentas, St Leon-Rot, Germany). For GATA-3, T-bet 

andd B2-microglobulin (B2m) transcripts real-time quantitative PCR was performed in a 

LightCvclerr (Roche Diagnostics) based on specific primers and general fluorescence detection 
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withh SYBR Green. The primer sequences were the following: 5' B2m primer, CCA GCA GAG 

AA TT GGA AAG TC; 3' 132m primer, GAT GCT GCT TAC ATG TCT CG (Tm 58°C); 5' 

GATA-33 primer, CTA CGG AAA CTC GGT CAG G; 3' GATA-3 primer, CTG GTA CTT 

GAGG GCA CTC TT (Tm 60°C); 5' T-bet primer, CCC CAA GGA ATT GAC AGT TG; 3' T-

bett primer, GGGAAACTAAAGCTCACAAAC (Tm 62°C); resulting in the amplification of 

PCRR products of 391 bp (B2m), 372 bp (GATA3) and 317 bp (T-bet). All reactions were 

performedd using the LightCycler DNA master SYBR Green I PCR-kit (Roche Diagnostics). A 

bulkk cDNA of stimulated human Th cells was used as a standard and normalization to B2m was 

performedd for each sample. 

RESULTS S 

HumanHuman polarised Th2 ceils are susceptible to IL-12-induced reversal 

Restimulationn of fully polarized polyclonal Th2 cell lines in the presence of IL-12 induces a Th2 

cytokinee profile but primes for cell populations that upon the next restimulation consist of 1L-

4/IFNyy double-producers and IFNy single-producers, as observed by intracellular FACS staining 

(Fig.. 1 A). These data are in line with the reduced IL-4 and increased IFNy secretion, as measured 

inn supernatants of parallel anti-CD3/anti-CD28 stimulated T cells (data not shown). Upon 

restimulationn in the presence of IL-12, GATA-3 mRNA expression was markedly reduced, 

whereass T-bet mRNA levels were strongly enhanced (Fig. IB), resulting in a complete reversal of 

thee GATA-3/T-bet mRNA expression ratio, similar to Thl cells (data not shown). Furthermore, 

immunocytochemicall  analyses indicated the loss of GATA-3 protein both from the cytoplasm 

andd the nuclei. In contrast, in IL-4- or neutrally-treated Th2 cells, GATA-3 protein was 

maintainedd (Fig. 1C). 
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Fig.. 1 IL-1 2 reverts polarized Th2 
cells.. Th2 cells were generated from 
naivee peripheral blood Th cells by 
threee consecutive stimulations, in 
thee presence of rIL-4 (1000 U/ml). 
Thereafter,, cells were restimulated 
eitherr under neutral conditions, 
furtherr Th2-polarising conditions, 
orr the opposite, Thl conditions. A) 
Afterr 10 days, IFNY and IL-4 
productionss per cell were examined 
byy intracellular FACS-staining 
followingg a 6 h PMA/ionomycin 
stimulationn in the presence of 
Brefeldinn A. The data shown here 
aree representative for three control 
individualss tested. B) After 48 h, 
GATA-33 and T-bet mRNA 
expressionn were determined by real-
timetime quantitative PCR analysis, 
normalizedd to B2m-transcripts in the 
samee sample and expressed as 
percentagee of the neutral condition, 
sett at 100 %. The data are presented 
ass mean + SEM from three separate 
controll  individuals. C) After 4 days, 
thee cells were harvested, washed and 
stimulatedd with PMA/ionomycin. 
Afterr 0 h and 5 h cytospins were 
madee and stained for GATA-3 
protein. . 
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Fig.. 2A IL-1 2 restores IL-12RB2 expression and IL-12-inducibl e STAT4 activation in 

polarizedd Th2 cells. Th2 cells were generated and stimulated as described in the legend to Fig. 1. 

Onn day 4, expression of IL-12RB1 and IL-12RC2 protein were examined by FACS-analvsis. The 

dottedd lines represent the matched isotype control, the thin solid lines IL-12RB1 expression and the 

thickk solid lines IL-12RB2 expression. The relative changes in Mean Fluorescence Intensity (AMFI) 

forfor IL-12RT51 and IL-12RB2 expression are displayed in the histograms. 

1L-12RJS21L-12RJS2 expression and IL-12 signaling are restored during IL-12-induced reversal of 

polarisedpolarised effector Th2 cells 

Ass polarized Th2 cells do not express detectable levels of IL-12RB2 protein, the question was 

raisedd whether IL-12-induced reversal of Th2 cells into T h l / T hO cells was associated with 

restorationn of IL-12 responsiveness. To address this question, IL-12RB2 protein expression and 

IL-12-induciblee STAT4 activation were monitored during restimulation either under neutral 

condit ions,, further Th2-polarising conditions, or opposite, Thl-dr iv ing conditions. Restimulation 

inn IL- 4 kept the cells fully IL-12RB2 negative (Fig. 2A; left) and IL-12-unresponsive (Fig. 2B, 

laneslanes 1 and 2). However, neutral restimulation induced some IL-12RB2 chain expression (Fig. 

2A;; middle), and this expression was enhanced by IL-12 to levels similar to those in Thl cells 

(Fig.. 2A; right). Accordingly, IL-12-inducible STAT4 activation was restored (Fig. 2B; lanes 3 and 

4).. IL-12RB1 chain expression was unchanged during all culture conditions. 
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DD IL-4 IL-12 IL-4 IL-12 
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Fig.. 2B IL-1 2 restores IL-12RI52 expression and IL-12-inducibl e STAT4 activation in 

polarizedd Th2 cells. Th2 cells were generated and stimulated as described in the legend to Fig. 1. 

Onn day 7, cells were washed and either (+) or not (-) exposed to IL-12 (100 U/ml) for lh, after 

whichh whole-cell protein extracts were prepared and tested by EMSA for STAT4 binding to a 

dsDNAA oligonucleotide (FcyRI) containing a STAT4 binding-site. Arrow 1 indicates the IL-12-

induciblee STAT4-DNA-complex, of which the specificity is confirmed by the supershift with anti-

STAT44 (C-20) in lane 5 (arrow 2) but not with an isotype-control Ab {lane 6 and 7). To test for 

equall  loading and specificity of IL-12-induced DNA-binding, the samples in lane 1 through 5 were 

analyzedd for binding at an Sp-1 binding-site (arrow 3). The data (A and B) shown are representative 

forr three control individuals tested. 

StableStable reversal of the human Th2 phenotype 

Thee IL-12-induced phenotypic shift proved to be stable. A subsequent restimulation in the 

presencee or absence of IL- 4 could not undo the accomplished changes (Fig. 3A). An additional 

restimulationn in the presence of IL-12 further enhanced depolarization towards the Thl 

phenotypee (Fig. 3A). The stable character of the Th2 reversal was further underlined by the lack 

off  re-appearance of the Th2-specific transcription factor GATA-3 (Fig. 3B) and the unreduced T-

bett mRNA levels (data not shown) after IL- 4 treatment. 
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Fig.. 3 Stable reversal of human Th2 cells. Reversed Th2 cells, generated as described in the legend to 

figurefigure 1, were subjected to an additional restimulation under neutral conditions or in the presence of 

eitherr rIL-4 (1000 U/ml) or rIL-12 (100 U/ml). A) At day 10, IL-4 and IFNy productions per cell were 

measuredd by intracellular FACS-staining following stimulation with PMA/ionomycin. The data shown 

aree representative for three control individuals tested. B) At day 4, cells were analyzed for GATA-3 

proteinn as described in the legend to Fig. 1C. 
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Isotypee control 
IL-12R61 1 
IL-12RÜ2 2 
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Fig.. 4 IL- 4 does not abolish restored IL-1 2 responsiveness in reverted Th2 cells. Reverted Th 

cells,, prepared as described in the legend to Fig. 1, were restimulated under neutral conditions, or in 

thee presence of either rIL-4 (1000 U/ml) or rIL-12 (100 U/ml). A) On day 4 IL-12RB1 and IL-

12RB22 protein expression were measured by FACS-analysis. The dotted lines represent the matched 

isotypee control, the thin solid lines IL-12RB1 expression and the thick solid lines IL-12RI52 

expression.. The AMFI values for IL-12RB1 and IL-12RB2 expression are displayed in the histograms. 

B)) On day 7, IL-12-inducible STAT4 activation was analyzed as described in the legend to Fig. 2B. 

Arroww 1 indicates the IL-12-inducible STAT4-DNA-complex, of which the specificity is confirmed 

byy the supershift with anti-STAT4 (C-20) in lanes 5 and 10 {arrow 2). The data (A and B) shown are 

representativee for three control individuals tested. 

IL-4IL-4 does not suppress established IL-12RJ?2 expression 

IL- 44 is largely responsible for the loss of IL-12R62 chain expression in developing Th2 cells. 

However,, the question remains whether IL- 4 can abolish IL-12RB2 chain expression in reverted 

memoryy Th2 cells, once the IL-12RB2 expression is restored. Therefore, IL-12R expression was 

monitoredd during restimulation of the reverted T cells with restored IL-12R62 expression (Fig. 

2A).. These expression levels remained unaffected by neutral restimulation (Fig. 4A; middle), but 

weree even further increased by restimulation in IL-12 (Fig. 4A; right). In contrast to in naive T 

cellss but as in T hl cells (data not shown), IL- 4 did not suppress IL-12RB2 chain expression in the 

revertedd Th2 cells (Fig. 4A; left). IL-12RB2 protein and mRNA levels remained unaltered, as did 

IL-12-induciblee STAT4 activation (Fig. 4B). IL-12RB1 chain expression was unchanged during all 

culturee conditions. 
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Fig.. 5 Comparison of IL-4 hish and IL -

4-i°»» Th2 cells. Th2 cells, prepared as 

describedd in the legend to figure 1, were 

stimulatedd with PMA/ionomycin for 3 h. 

Cellss were washed and labeled with bi-

specificc antibodies, consisting of an anti-

CD45-antibodyy coupled to anti-IL-4 or 

anti-IFNy.. Cells were transferred to 37°C 

mediumm and allowed to secrete cytokines 

forr 15 min. Thereafter, the cells were 

labeledd with PH-conjugated anti-IL-4 and 

FITC-conjugatedd anti-IFNy. A) After 

labeling,, the live Th2 cells were analyzed 

andd sorted based on either high or low 

IL- 44 secretion. After sorting, the cells 

weree analyzed again to check the purity 

off  the sorted population. Several 

controlss for the live secretion assay were 

included:: 4°C medium, not allowing the 

TT cells to secrete cytokines; rIL-4 (1000 

U/ml)) to reassure the presence of a 

properr matrix of the bi-specific antibody 

againstt CD45 and IL-4; rlFNy (1000 

U/ml)) to visualize the presence of a 

matrixx of the bi-specific antibody against 

CD455 and IFNy. B) Both IL-4"'! *  and 

IL-4'" WW secreting Th2 cells were cultured 

forr 10 days after the sorting procedure. 

Thereafter,, the cells were restimulated 

underr neutral, further polarizing or Thl-

drivingg conditions. After 10 days, IL-4 

andd IFNy levels per cell were measured 

byy intracellular FACS-staining following 

stimulationn with PMA/ionomycin. 
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ComparisonComparison of high- and low-IL-4-producing Th2 cells 

Intracellularr FACS experiments with polyclonal Th2 cell lines (Fig. 1) normally yield a substantial 

proport ionn of non-cytokine producing cells, despite the robust PMA/ ionomycin stimulation. I t 

mightt be argued that the IL-12-induced reversal of the Th2 phenotype in the total population is 

actuallyy due to selective outgrowth of residual uncommitted Th cells in this non-cytokine 

producingg sub-population, once released from Th2 pressure. To examine this possibility, we 

stimulatedd three-fold polarized polyclonal Th2 cells and separated the high- and Iow-IL-4-

secret ingTh22 cells by cell sorting (Fig. 5A), as described 21. In the subsequent restimulation, both 

subpopulationss showed an identical distribution of IL- 4 hlRh and IL- 4 '"w cytokine profiles without 

IFNyy (Fig. 5B, left) and, when exposed to IL-12, a similar extent of phenotype reversal (Fig. 5B, 

right),, not different from the unsorted population (Fig. 1A). These findings suggest incomplete 

stimulationn of the whole population, rather than heterogeneity within the Th2 phenotype and 

givee no indication of more pronounced IL-12-induced Th2 reversal in the sorted IL-4" l<m 

population. . 

IL-12IL-12 restores IL-12RJÏ2 chain expression and IFNy production in polyclonal Th2 cells 

andand allergen-specific Th2 cell clones from atopic patients 

Allergicc diseases are mediated by Th2 responses. We therefore tested whether IL-12-induced Th2 

reversall  can be induced also in Th2 cells of atopic patients. Polyclonal Th2 cell lines of atopic and 

non-atopicc individuals showed identical IL-12-induced phenotype reversal (Fig. 6A, panel 1) and 

restorationn of IL-12RI52 expression (Fig. 6B, panel 1). Even in allergen-specific Th2 cell clones 

fromm atopic patients, IFNy production (Fig. 6A) and IL-12RB2 chain expression (Fig. 6B) were 

restoredd by IL-12. Restored expression levels were similar to those on T hl cell clones (Fig. 6B, 

panell  6). Moreover, supernatants of parallel cultures of ant i -CD3/CD28- or HDM-stimulated 

cellss revealed increased IFNy and reduced IL- 4 secretion (Table 1). As may be expected from the 

abovee findings, both the T cell lines and the allergen-specific Th2 cell clones showed restored IL -

12-inducedd STAT4 activation after restimulation in the presence of IL-12 (data not shown). The 

dataa presented are representative for larger panels of similar Th2 cell lines and clones from 

differentt atopic donors '''. 
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Fig.. 6A IL-1 2 restores IFN y production and IL-12RB2 chain expression in polyclonal Th2 cell 

liness and allergen-specific Th2 cell clones from allergic patients. HDM-specific Th2 cell clones 

weree generated from atopic patients, as described '9. The M. /eprae-specific Thl cell clone L70 is 

fromm a tuberculoid leprosy patient. The cells were restimulated in the presence of either rIL-4 (1000 

U/ml)) or rIL-12 (100 U/ml). A) On day 10, IFNy and IL-4 productions per cell were measured by 

intracellularr FACS-staining following a 6 h PMA/ionomycin stimulation in the presence of 

Brefeldinn A. 
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Fig.. 6B IL-1 2 restores IFN y production and IL-12RB2 chain expression in polyclonal Th2 cell 

liness and allergen-specific Th2 cell clones from allergic patients. HDM-specific Th2 cell clones 

weree generated from atopic patients, as described '''. The M. /eprae-specific Thl cell clone L70 is from 

aa tuberculoid leprosy patient. The cells were restimulated in the presence of either rIL-4 (1000 U/ml) 

orr rIL-12 (100 U/ml). B) On day 4, IL-12RB1 and IL-12R62 protein expression were determined by 

FACS-analysis.. The dotted lines represent the matched isotype control, the thin solid lines IL-12RB1 

expressionn and the thick solid lines IL-12R152 expression. The AMFI values for IL42RB1 and IL-

12RB22 expression are displayed in the histograms. 
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Tabl ee 1 

IL-122 reduces IL- 4 production and increases IFNy production 

inn HDM-specif ic Th2 cell clones of atopic patients 

TCC TCC 

IL- 44 (ng/ml)a L70(Thl) 
Th22 cell line 

DDH3 3 
RDC78 8 
RDC41 1 
DHH30 0 

L70(Thl) ) 
Th22 cell line 

DDH3 3 
RDC78 8 
RDC41 1 
DHH30 0 

IFNy(ng /ml)) L70(Thl) 
Th22 cell line 

DDH3 3 
RDC78 8 
RDC41 1 
DHH30 0 

L70(Thl) ) 
Th22 cell line 

DDH3 3 
RDC78 8 
RDC41 1 
DHH30 0 

RestimulationRestimulation with 

Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 

HDM M 
HDM M 
HDM M 
HDM M 
HDM M 
HDM M 

Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 
Anti-CD3/28 8 

HDM M 
HDM M 
HDM M 
HDM M 
HDM M 
HDM M 

Neutral Neutral 

<0.1 1 
1.55 3 
2.88 + 0.4 
3.22 2 
3.66 4 
4.11 3 

N.D. . 
N.D. . 

1.99 3 
2.22 2 
2.33 4 
2.66 3 

11.00  0.1 
<0.1 1 
<0.1 1 
<0.1 1 
<0.1 1 
<0.1 1 
N.D. . 
N.D. . 
<0.1 1 
<0.1 1 
<0.1 1 
<0.1 1 

+IL-12 +IL-12 

<0.1 1 
0.44 1 
0.99 9 
1.11 2 
1.33 3 
1.44 3 

N.D. . 
N.D. . 

0.55 1 
0.66 1 
0.88 2 
0.88 2 
16  1.3 
2.44  0.3 
2.11 3 
1.99 2 
1.22 2 
1.00 2 

N.D. . 
N.D. . 

1.44 2 
1.22 1 
0.77 2 
0.77 1 

aa Total IL-4 and IFNy secretion was measured by ELISA in supernatants of 20 h stimulated T cells. 

bTT cells were restimulated in the presence or absence of IL-12. After 10 days of culture, Th cells were 

subsequentlyy restimulated either with anti-CD3/28 or with HDM, presented by irradiated autologous 

monocytess (1:1). 
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DISCUSSION N 

Wee report here that the human Th2 phenotype is unstable and can readily be reverted by 

restimulationn in the presence of IL-12, which leads to ThO/Thl phenotypes with stably restored 

IL-12RB22 expression and IL-12 signaling. This phenotypic shift includes the loss of expression of 

thee Th2-specific transcription factor GATA- 3 and markedly increased expression of the T h l -

specificc transcription factor T-bet, further underlining the phenotypic change. Results obtained 

withh Th2 cells from atopic patients, both polyclonal Th2 cell lines and allergen-specific Th2 cell 

cloness were similar, suggesting the possibility to modulate ongoing allergic Th2 responses by IL -

12-promotingg immuno-therapy. 

Bothh in mice and humans, polarized Th2 cells do not express a functional IL-12R and, thus, lack 

IL-122 responsiveness. However, in contrast to in the mouse, in humans this phenomenon does 

nott prevent IL-12-mediated reversal of Th2 cells 24;26'2 . The apparent paradox of how IL-12 is 

ablee to promote the expression of its own receptor on IL-12 unresponsive Th2 cells, is probably 

explainedd by the transient nature of the suppression of the IL-12RB2 chain. Indeed, TCR-

restimulationn alone, without exogenous polarizing factors, induced low but detectable IL-12RB2 

chainn protein expression in polarized Th2 cells, even in the presence of the endogenous Th2-

derivedd IL-4. Although this minimal expression did not allow for detectable STAT4 activation 

andd IFNy production, it apparently was sufficient to enable IL-12 to transmit signals to further 

enhancee transcription of the IL-12RB2 gene. IL-12 without TCR-triggering was not capable of 

restoringg IL-12RB2 chain expression in Th2 cells, as shown before by Rogge et al. 14;l"', indicating 

thee necessity of the co-ordinated action of TCR-triggering and IL-12 for restoration of IL-12 

responsivenesss and reversal of the Th2 phenotype. 

Severall  studies have shown that IL- 4 suppresses IL-12RB2 chain expression in human Th2 cells 

whilee developing from naive T cells ' 3. Our data are in line with this observation, but further 

indicatee (i) that the effect of IL- 4 is transient, and (ii) that once the IL-12Rfj2 chain is expressed 

onn effector Th cells, IL- 4 is no longer able to shutdown its expression completely. These findings 

suggestt that the effect of IL- 4 on IL-12RB2 expression is most pronounced during primary 

stimulationn and can be maintained only in continuous Th2 polarizing conditions, i.e. in the 

absencee of IL-12. Likewise, also the polarizing capacity of IL- 4 is most pronounced during 

primaryy stimulation, as the IL-12-induced Th2 reversal into ThO/Thl cells could not be 

overruledd by a subsequent stimulation in the presence of IL-4. In agreement with this, IL- 4 was 

alsoo unable to undo the reduced GATA-3/T-bet-expression ratio in reverted Th2 cells, as IL-4-

inducedd re-appearance of GATA- 3 protein expression could not be visualized and T-bet mRNA 
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levelss did not drop in the presence of 1L-4. Th2 polarization and maintenance require a high 

GATA-3 /T -bett ratio. Therefore, the high levels of T-bet and lack of GATA- 3 expression might 

explainn the stable reversal of Th2 cells bv IL-12. This is further underlined by mouse data, 

showingg that retroviral transfection of T-bet into polarized Th2 cells induced high levels of IFNy 

product ionn and redirection of the Th2 phenotvpe, indicating the key role of this transcription 

factorr in this respect " . 

Despitee the three consecutive cycles of Th2-polarisation and the complete absence of IFNy upon 

PMA/ ionomyc inn stimulation of the resulting Th2 start population, one might argue that the 

observedd IL-12-induced reversal of the Th2 phenotvpe actually reflects the selective outgrowth of 

residuall  unpolarized T cells, e.g., in the persistent population of non-cytokine producing cells we 

alwayss observe in all experiments. However, comparison of sorted IL-4hl i ; h and IL-4 lmv cells 

showedd identical distributions of cytokine profiles, giving no indication of more pronounced IL -

12-induciblee Th2 reversibility in the sorted IL-4 imv cells. We interpret the continuous 

reoccurrencee of the non-cytokine producing cells in each restimulation cycle as the result of 

incompletee stimulation of the whole population, rather than in terms of heterogeneity or 

incompletee polarization of the Th2 start population. Even more, because similar cytokine 

patternss wTere obtained with Th2 cell clones. Nevertheless, with the current technology we cannot 

distinguishh whether the IFNy-single producing cells after IL-12 treatment would have been IL- 4 

hl^hh or IL- 4 '<m cells if stimulated without IL-12. Therefore, based on the present data, it cannot be 

concludedd that IL-12 can completely depolarize Th2 cells into Thl cells. What does stand firm is 

thatt IL-12 induces full and stable reversal of established Th2 cell lines into ThO cell lines. I t thus 

appearss that human Th2 cells are far less stable than their mouse equivalents, as has been 

suggestedd before 2\ Studies with IL-12RB2 transgenic mice '" or ectopic 1L-12RB2 gene 

expressionn in developing and committed mouse Th2 cells 4 showed that restoration of IL-12 

responsivenesss could not induce Th2 depolarization. Programmed alterations in cytokine gene 

expressionn in differentiating T hl and Th2 cells are regulated by structural changes in the 

chromat inn " \ As chromatin remodeling accomplishes a permanent change in the accessibility of 

cytokinee gene loci, this might explain the stable character of mouse T hl and Th2 cells. Similar 

experimentss with human Th cells have not been reported yet, but interspecies differences may 

explainn the less stable Th2 phenotvpe in the human. 

Whenn comparing polyclonal Th2 cell lines from atopic and non-atopic origin, identical results 

weree obtained with respect to the functional and phenotypic Th2 reversal, including IL-12Rf>2 

chainn expression. The frequendy restimulated Th2 cell clones from the atopic patients seemed to 
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bee somewhat less susceptible to IL-12-induced repolarization than the newly differentiated Th2 

celll  lines, but this probably reflects the more mature state of the clone cells, rather than their 

atopicc origin, as an additional restimulation in IL-12 further enhanced die reversal, also in the 

Th22 cell clones. Moreover, even the frequent restimulations in Th2 polarizing conditions, could 

nott prevent IL-12-induced IFNy production and the phenotype shift of allergen-specific Th2 cell 

clones.. Consequendy, these findings raise the question of whether the loss of IL-12RTS2 chain 

expressionn on human polarized Th2 cells, as develop in atopic diseases, really contributes to the 

persistencee of the Th2 response or should be regarded as an early but transient Th2 cell feature, 

importantt mainly for initial polarization of naive T cells. Our data suggest that 

microenvironmentall  conditions, rather than intrinsic T cell features determine the level of IL-

12RB22 expression, both in atopic and non-atopic Th cells. Maintenance of Th2-mediated 

responsess in atopic disease more likely results from reduced IL-12 production, as seen in atopic 

patientss 36, therefore not allowing for reversal of Th2 cells in vivo. 

Severall  mouse studies have already reported beneficial effects of local IL-12 (gene) delivery or IL-

122 promoting substances, reducing the local Th2 cytokine production and airway 

hyperresponsivenesss 3740. The findings reported in this study imply that an IL-12-promoting 

therapeuticc approach might be beneficial for human Th2-mediated immune disorders, as well, 

sincee both naive T cells and completely polarized effector Th2 cells can be targeted to depolarize 

intoo ThO phenotypes. 
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ABSTRACT T 

Interleukin-122 (IL-12) promotes IFNy production and Thl development in activated naive Th 

cells.. The high affinity IL-12 receptor (IL-12R) consists of two subunits, the 131 and 32 chains. 

Althoughh both subunits are required for IL-12 binding, mainly the 82 chain is essential for signal 

transduction.. Therefore, the lL-4-induced suppression of this IL-12R subunit in developing Th2 

cellss renders these cells IL-12 unresponsive. Experiments with ectopically expressed GATA 3 in 

mousee T cells suggest a role for this Th2-specific transcription factor in the suppression of IL -

12RB22 expression. Inspection of the D NA sequence of the 1.2 kb proximal promoter region of 

thee human IL-12Rj?2 gene revealed the presence of four GATA consensus sites. In the present 

study,, we investigated the functional role of these elements in the transcriptional regulation of the 

IT-12Rfi2IT-12Rfi2 gene. To this aim, promoter activity was analyzed in Jurkat cells transfected with 

luciferasee reporter gene constructs driven by the human 1.2 kb proximal promoter region with 

wil dd type or mutated GATA sites. To ensure ample GATA 3 expression, cells were co-transfected 

withh the human GATA 3 cDNA, driven by a constitutive promoter. We found no evidence for a 

directt effect of GATA 3 on the activity of the 1L-12RB2 promoter through any of the four GATA 

sites.. Similarly, the ectopic expression of GATA 3 had no effect on the low, but readily detectable 

intrinsicc IL-12RB2 mRNA expression in Jurkat cells, as determined by real-time PCR. Taken 

together,, this data suggests that in human Th cells, GATA 3 has no direct effect on the 

transcriptionall  control of the IL-12RJZ2 gene. 

INTRODUCTION N 

Interleukinn 12 (IL-12) is a potent inducer of IFNy production by T cells and N K cells and is 

importantt for the development of Thl cells. A functional high-affinity receptor for IL-12 (IL -

12R)) consists of two subunits, the IL-12RB1 and IL-12RB2 chains, of which only the latter 

containss tyrosine residues in its cytoplasmic domain, necessary for signaling via STAT4 . T cell 

receptorr (TCR) stimulation of naive T cells induces expression of the IL-12RB1 chain and some 

expressionn of the IL-12RI52 chain, resulting in the assembly of low numbers of high affinity IL -

12RR 2. In the presence of IL-12, this low level of IL-12R expression is sufficient for IL-12 to bind 

andd to strongly accelerate IL-12RJ32 expression, thus increasing IL-12-responsiveness and 

allowingg for Thl cell development 2. In contrast, in the presence of IL-4, initial TCR-induced 

expressionn of the IL-12RB2 chain is rapidly suppressed, rendering the cells IL-12-unresponsive 

andd resulting in the development of Th2 cells ~". 
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Mousee studies suggest that the Th2-specific transcription factor GATA3, which is induced by IL -

44 via STAT6 and further augmented by auto-induction \ is involved in suppression of the IL-

12RJÏ212RJÏ2 gene ' ' . GATA 3 mRNA is present in resting naive Th cells and is increased in 

differentiatingg Th2 cells, but suppressed in T hl cells *. Ouvang et a/. " have shown that ectopic 

expressionn of GATA 3 in developing Thl cells inhibited IL-12RB2 mRNA expression. Also in T 

cellss of STAT6 mice, it was shown that forced expression of GATA 3 nearlv completely 

repressedd IL-12RB2 mRNA expression (\ arguing against a critical role of STAT6 in IL-12RB2 

expression.. These data strongly suggest that GATA 3 is actively involved in the suppression of 

/L- 1'' 2Rp2 gene-expression in Th2 cells. In line with these findings we have previously shown in 

thee human system that IL-12RB2 expression and 1L-12 signaling in established Th2 cells can be 

restoredd by TCR triggering in the presence IL-12 and that this reversal of lL-12-unresponsiveness 

iss accompanied bv the loss of GATA 3 expression ', 

Littl ee is known about the molecular mechanisms underlying the effects of GATA 3 on gene 

expression.. Zheng and Flavell * reported that binding sites for GATA 3 are present in the 

promoterr regions of various mouse Th2 cytokine genes and that GATA 3 can augment the 

expressionn IL- 4 and 1L-10. In addition, it was shown that GATA 3 can directly transactivate the 

IL- 55 promoter ". 

Here,, we set out to investigate whether GAT A3 has a direct role in the regulation of transcription 

off  the human IL-12Rfs2 gene acting as a transcription factor in the promoter region. So far, littl e 

iss known about the (differential) transcriptional control of the human IL-12R/2 gene in Thl 

andd Th2 cells. We have recently shown that transcription factors like NFATc2, SP1 and SP3 play 

aa role in the regulation of the proximal promoter " , but apparently these factors are not involved 

inn the differential expression of the 1L-12Rf2 gene in Thl and Th2 cells. By sequence analysis, 

wee observed the presence of four potential binding elements for GATA factors in the proximal 

1.22 kb promoter region of the IL-1' 2RJÈ2 gene. 

Too investigate the functional role of these four GATA elements, IL-12RB2-expressing Jurkat 

cellss were transfected with luciferase reporter constructs under the control of the proximal 1.2 

kbb region of the human IL-12RB2 promoter in which the GATA elements were cither or not 

mutatedd by site-directed mutagenesis. To ensure ample expression of GATA 3 protein, cells were 

co-transfectedd with a GATA3-expression vector. Using this approach we found no evidence for a 

directt effect of GATA 3 on the transcriptional level, through either of these sites. In line with this 

observationn ectopic G A T A 3 expression had no effect on the intrinsic expression of IL-12RTJ2 

m R NAA in Jurkat cells. 
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MATERIAL SS & M E T H O DS 

Plasmids:Plasmids: reporter-gene constructs, pBGFP and GATA3 xpcDXA3 myc 

Thee 1.2 kb 5' flanking region of the human IL-12Kfs'2 gene (GenBank AF349574) was amplified 

byy PCR using genomic clone PAC104 (obtained as described; " as a template. For cloning 

purposes,, the 5' sense primer (5 ' -GCG CGA G CT CCG GTA TCA CTT G GT G TG AA A 

ATT-3')) was designed with an additional Sad restriction site (underlined) and the 3' anti-sense 

primerr (5'-GCG CGT T GA CAG CCA TCA G GG AA C T-3') with a natural Hindi site 

(underlined),, resulting in a PCR product spanning -1191 through +54, relative to the start of the 

reportedd cDNA sequence \ This PCR fragment was subcloned, as described before " , into Sad-

andd Jwtfl-digested pGL3-enhancer (pGL3e) vector (Promega, Leiden, The Netherlands). The 

productt was checked by sequencing. Plasmid D NA was prepared from bacterial cultures using 

Qiagenn Plasmid Midi Kit s (Hilden, Germany). 

Sitee directed mutagenesis of the IL-12RB2 -1191/+54 promoter construct was carried out using 

thee Altered Sites II in vitro Mutagenesis System from Promega. Al l reactions were carried out 

accordingg to the manufacturers' instructions. The internal forward primers, introducing the 

mutatedd GATA sites were (core-binding elements underlined and substitutions relative to the 

wil dd type indicated in italics and bold): -628G1 5'-AAA AA A AA A TTC A GT A C T T A A T A T 

ACAA T A T G TT T-3', -890G2 5'-AAT TA T TCA T GT A C T T A A AT T ACT AA A GCA T GT 

AA AA CT-3', -1033G3 5'-TTG G GG T TT TTT T GT AA A C TT AA A GAA AA T GAC TCA 

CT-3'' and -1110G4 5' TTC AA A AA G ATC TA T TACJTTA ACA T GT ACT G AG AGC C-3', 

inn which the primer designations refer to the GATA sites Gl to G4 at the indicated positions in 

thee promoter. Products from this procedure were cloned into Sad- and Smal -digested pGL3e. 

Al ll  constructs were sequenced to confirm the introduction of the desired mutation. To analyze 

transfectionn efficiency, the GFP-expressing plasmid p E G FP (Becton Dickinson Biosciences 

Benelux,, Woerden, The Netherlands) was used. Full length GATA 3 cDNA, kindly provided by 

Dr.. L. Rogge (Roche Ricerche, Milan, Italy), was subcloned into pcDNA3.1/Myc-His(+) 

(Invitrogen,, Leek, The Netherlands) and further referred to in the text as GATA 3 x p c D N A3 

myc.. Upon expression, the obtained GATA 3 protein contains a mvc-His tag for detection 

purposes.. For cloning purposes, the 5'sense primer (5'-GCG CGA AT T CCC ACC AT G G A G 

G TGG ACG G CG GAC-3') was designed with an additional HcoKl restriction site (underlined) 

andd a Kozak sequence and the 3'anti-sense primer (5'-GCG CTC T A G AA C CCA T GG C GG 

T GAA CCA T GC T- 3') with an Xbal (underlined) restriction site. The cloned product was 

checkedd by sequencing. 
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CellCell culture and transient transfection 

Jurkatt cells were grown in complete medium (Iscove's modified Dulbecco's medium, Bio-

W'hittaker,, Walkersville, MD) supplemented with 5% pooled, C-inactivated fetal clone serum 

(Bio-Whittaker)) and gentamycin (80 (J,g/ml; Duchefa, Haarlem, The Netherlands). Transfection 

off  Jurkat cells with promoter-luciferase constructs, p E G FP or GATA 3 x pcDNA3 myc was 

performedd as described before " . In short, Jurkat cells (5 x 106) were electroporated in 1 ml of 

cytomix,, in the presence of 20 |J.g of the respective plasmid D NA at 310 V and 900 | iF, using a 

GenePulserr (BioRad Laboratories, Hercules, CA). To monitor transfection efficiency, 250 ng of 

pRL-CMYY (Promega) was added to each sample. Immediately after transfection, 8.5 ml of 

completee medium was added and cells were seeded in 2 wells of a 6-well culture plate (Costar, 

Cambridge,, MA) . After one day of culture, cells were either or not stimulated with PA1A (10 

ng /ml)) and ionomycin (1 (J.g/ml; both from Sigma-Aldrich Co, Zwijndrecht, The Netherlands) 

forr 16 hours and harvested. Using the Dual Luciferase reporter gene assay (Promega), cell lysates 

weree prepared and both Fireflv luciferase and Renilla luciferase activities were measured by a dual 

luminometerr (Promega). Transfections were performed in duplicate and the results of at least 

threee independent experiments were calculated as mean luciferase activity  S.D. Data were 

analyzedd for statistical significance (GraphPad, InStat, version 2.02) using ANOV A followed bv 

Dunnet t 'ss multiple comparisons test. Ap value <0.05 was taken as the level of significance. 

DetectionDetection of GAT A3 protein expression by immunocytochemistry 

O nee day after transfection, cells were stimulated with PMA (10 ng/ml) and ionomycin (1 Hg/ml) 

forr 16 hours. Hereafter, cytospins were made (Cytospin 2, Shandon, Pittsburgh, PA) by spinning 

att 300 x ^ for 5 min. Cells were fixed with acetone (-20"C) for 10 min and, after blocking with 1% 

FCSS in PBS, incubated with mouse anti-human GATA 3 (1 H-g/ml, HG3-31, Santa Cruz 

Biotechnology,, Santa Cruz, CA), mouse anti-myc (1 f ig/ml ; Invitrogen) or no antibody for 45 

minn at RT. Cytospins were washed in PBS containing 1% FCS and incubated with FITC-

conjugatedd goat anti-mouse IgG FITC (1 j ig/ml , Jackson Immuno Research Laboratories, Inc., 

Westt Grove, PA) for 45 min at RT. Nuclei were stained with Hoechst 33342 (Sigma-Aldrich Co). 

Slidess were analyzed with a fluorescence microscope (Leica, Wetzlar, Germany) coupled to a 

C CDD camera and Image-Pro Plus software (Media Cybernetics, Dutch Vision Components, 

Breda,, The Netherlands) to determine the percentage of GATA 3 expressing cells. 
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EfficiencyEfficiency of transfection, analysed by GFP expression 

Onee day after transfection with 20 tig of p E G FP or control vector, cells were stimulated with 

PMAA (10 ng/ml) and ionomycin (1 JAg/ml) for 16 hours after which transfection efficiency was 

analyzedd by detecting G FP protein expression with a FACScan flow cytometer (Becton 

Dickinsonn Biosciences Benelux) and determining the percentage of positive cells in the FL1 

channel. . 

Real-timeReal-time quantitative reverse transcriptase (RT)-PCR analysis 

Forr quantitative analysis of endogenous IL-12RB2 mRNA expression, transfected Jurkat cells 

weree either or not stimulated with PMA/ ionomycin as described above, and lvsed for total RNA 

extractionn using a Nucleo Spin RNA isolation Ki t (Macherey-Nagel, Duren, Germany). First-

strandd c D NA was synthesized from total RNA using a cDNA-synthesis kit (MBI-Fermentas, St. 

Leon-Rot,, Germany). Real-time quantitative RT-PCR was performed in a Light-Cycler (Roche 

Diagnostics,, Almere, The Netherlands) based on specific primers and general fluorescence 

detectionn with FastStart D NA Master SYBR Green I (Roche). B2-microglobulin (B2m) was used 

ass a control. The primer sequences for IL-12RB2 (Tm 60"C) and B2m (Tm 62"C) were described 

beforee u. 

RESULTS S 

IdentificationIdentification and mutagenesis of four GAT A sites in the IL-J2R/2 promoter region 

Thee sequence of the 1.2 kb 5' flanking region of the human IL-12R/Ï2 gene was searched for 

potentiall  binding sites for the GATA family of transcription factors (Fig. 1A). The GATA 

consensuss recognition site is WGATA R with the core sequence underlined '2, in which W stands 

forr either an A or a T and R for either an A or a G. This inspection revealed four putative GATA 

bindingg sites, all with the sequence AGATAA . These sites were centered at -628, -890, -1033 and 

-11100 relative to the start of exon 1 and designated Gl through G4, as indicated in the schematic 

representationn of the IL-12RB2 promoter fragment (Fig, IB). 

Too test whether these GATA sites are involved in the transcriptional regulation of the IL-12R/?2 

gene,, the GATA motifs were mutated (AGATA A —» A C 7 T A A ; core-binding element 

underlinedd and substitutions indicated in italics and bold) and the effect of each mutation on 

promoterr activity- was determined in PMA/ionomycin-st imulated transfected Jurkat cells. None 

off  the GATA site mutations resulted in a significant change of promoter activity as compared to 

thee wild type fragment (Fig. 2). 
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-119 11 gtatcactt g gtgtgaaaa t  taccttgaa g 

-11100 G4 
-113 11 ttcttcaaa a agatctatt a gataacatq t 

-107 11 tcagcaaat t 
-101 11 gacaacttt t 
-95 11 agtaatatt a 

-8900 G 2 
-89 11 ataaattac t 
-83 11 acattgttg a 
-77 11 tttaaggta a 
-71 11 tgtactggg c 

taggatatt tt  ggggttttt t 
aaaatcttt gg ttacaaatg a 
agattctag aa ttctacgat t 

-65 1 1 
-59 1 1 
-53 1 1 
-47 1 1 
-41 1 1 
-35 1 1 
-29 1 1 
-23 1 1 
-17 1 1 
-11 1 1 
-5 1 1 

gacttaaaa a a 
gatatctaa a a 
agaaagcat t t 
tggtatgtc t t 
aggctcagg c c 
agaagtttg a a 
gtttttttc t t 
acccctctg t t 
cctatacgg g g 
cagcaaata c c 
cacagccca c c 

aaagcatgt a a 
ttccaagat g g 
tgcccagaa g g 
tcagtggac t t 

aaaattcga t t 
taaaatctc t t 
gttattgtt t t 
tataattaa g g 
ctgtattcc c c 
gaccagcct g g 
aagtaatat t t 
actctgggc a a 
agtggtgac a a 
aaatggaag t t 
ttgggaggc c c 

aactacagt a a 
tacattttt c c 
cgtggtatg c c 
agaagaaaa c c 

-6288 G l 
agataatat a a 
aaactaaat a a 
acctggcag t t 
gaagtctta g g 
tgcactttg g g 
ggtaacaga g g 
gtcataaat a a 
gttttccct c c 
cgccatctg t t 
tccagtatg t t 
tcggcgctc a a 

aaacaacaa aa taaacctct g gggtttttt g 

actgagagc cc  atatatcaa t  acagaaaag a 
-10333 G3 

tqtaaagat aa aaqaaaatq a ctcacttta a 
tttctacaa tt  tatgtatca t  ctcattaca a 
taaaagatt tt  tagtaaaat t  attcatgta g 

tgtcacaat cc  ccataaaga c aatctactg t 
atatttaac aa tctcaaaca t  tgagagcgg t 
agttgtcca cc  ttctgcggg c tcagcaaac c 
tccagagac aa acggggtgg g ggagggggg g 

catatgttt a a 
aaattttag t t 
tctttttat t t 
atttaaaga a a 
gaagccaag g g 
tgagagtct g g 
ttatgtcat g g 
ttgcctgag a a 
tcaagttta a a 
tctgcccgc a a 
ggtgtggta a a 

aaatctaaa t t 
ttaaaagat t t 
tcttactag c c 
atctaagct g g 
cgggaggat t t 
tctttacag g g 
aatattatg c c 
acaccactt a a 
cttttttct c c 
ctccagtgg g g 
gagctgggc g g 

tttatttag a a 
ctaaatgtt g g 
gcataaata a a 
acgggtgca g g 
gcttgaggc c c 
tttaaatac a a 
agagctgcc g g 
taacacggg a a 
attttttag a a 
cggtcttgt g g j gq tct t 

} r + i i 

B B 

5' ' 
•1.2kb b 

G44 G3 G2 G1 1 
'9SÊ'9SÊ  ; 

+1 1 
3' ' 

+54 4 

•• Human IL-12RR.2 5' flanking region 
•• GATA consensus sites 

Fig.. 1 GATA consensus sites in the 5' flanking region of the IL-12RJI2 gene. A) Sequence 

analysiss of the human 1L-12RB2 5' flanking region from the transcription start site (+1) up to -1191 

bpp revealed four consensus GATA binding sites located at -628, -890, -1033 and -1110. B) Schematic 

representationn of the -1191 kb/+54 bp IL-12RB2 promoter fragment containing the four GATA 

consensuss sites (G1-G4). This fragment was used in reporter gene assays. 
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175 5 

Relativee Luciferase Units 
(%% of wild type) 

Fig.. 2 Promoter  activity with mutated and wild type GATA sites. Luciferase constructs 

containingg the wild type (wt) 1.2 kb IL-12RB2 promoter were transiently transfected into Jurkat cells. 

Afterr one day, cells were stimulated with PMA and lonomycin for 16 h. Luciferase activities were 

correctedd for transfection efficiency (Renilla luciferase) and calculated as the percentage of the 

activityy of the wild type promoter, set at 100 %. Results are expressed in this and subsequent figures 

ass the mean + S.D. of at least three independent, duplicate experiments with different DNA 

preparations. . 

RoleRole of GATA sites in the presence of overexpressed GAT A3 

Ass no change in promoter activity was observed after mutagenesis of the four GATA sites, we 

analyzedd Jurkat cells for the expression of endogenous GATA 3 protein. Although Jurkat cells 

expresss high levels of GATA 3 mRNA (data not shown), GATA 3 protein levels are low as 

determinedd by immunocytochemical analysis of PMA/ionomycin stimulated cells using an anti-

GATA 33 antibody (see below; Fig. 3). To increase GATA 3 protein levels, the Jurkat cells, were 

cotransfectedd with the GATA 3 x pcDNA3 myc construct and the wild type or either of the Gl 

throughh G4 mutated luciferase constructs. Fig. 3, shows immunocytochemistry results of Jurkat 

cellss transfected with the control vector pcDNA3 myc (Fig. 3A, left pictures) or with the GATA 3 

xx pcDNA3 myc construct (Fig. 3A, right pictures). Ant i -GATA 3 antibody (top pictures) clearly 

detectedd expression of GATA 3 protein in GATA 3 x pcDNA3 myc transfected cells in a nucleus-

associatedd fashion, whereas in untransfected (present in left and right pictures) or mock-

transfectedd (left pictures) cells, hardly any signal was observed, confirming that endogenous 

GATA 33 protein levels were low. As a control, to discriminate between endogenous and ectopic 

GATA 33 expression, we also stained the myc-tag, specifically detecting the G A T A 3 / m yc fusion 
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pcDNA33 myc 
GATA33 x 

pcDNA33 myc 

cc-GATA A 

a-myc c 

noo Ab 

B B Controll vector 
PMA/ionomycin n 

pEGFP P 
PMA/ionomycin n 

h h 

3s s 

= = 

S=--

99.9 9 

.M .M 
*^MfH rr  , 

0.1 1 62 2 38 8 

10"" 10' 

Fig.. 3 Overexpression of GATA 3 in Jurkat cells and transfection efficiency. A) One day after 

transfectionn with GATA3 x pcDNA3 myc (right) or empty pcDNA3 vector (left), Jurkat cells were 

stimulatedd with PMA and ionomycin for 16 h. Cytospins were made and stained for intracellular 

GATA 33 with anti-GATA3 (top panel) or for the myc-tag with anti-mvc (middle panel). Analysis 

withoutt antibody was included as a control (bottom panel). Nuclei were stained with Hoechst. B) 

Transfectionn efficiency was determined by FACS analysis of parallel pEGFP transfected cells. About 

388 % of cells are positive for GFP in stimulated conditions. 
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protein.. The percentage of myc-positive cells in GATA3 x pcDNA3 myc transfected cells was 

similarr to the percentage of GATA3 positive cells and no myc staining was observed in the 

mock-transfectedd cells (Fig. 3A, middle pictures). Additional control experiments without 

antibodyy gave no signal (Fig. 3A, bottom pictures). 

Transfectionn efficiency was monitored using the pEGFP plasmid in parallel transfections under 

thee same conditions. As shown in Fig. 3A, transfection efficiency was 38% in stimulated cells (as 

indicatedd by FL1 on the X-axis). Analysis of GATA3/myc fusion protein by 

immunocytochemistryy showed similar percentages of positive cells as observed with GFP (data 

nott shown), indicating that GATA3 protein is abundandy expressed in GAT A3 x pcDNA3 myc 

transfectedd cells. The obvious experiment to compare wild type promoter activity after 

cotransfectionn with either GATA3 pcDNA3 myc or mock vector was frustrated by the effect of 

GATA33 protein on Renilla luciferase expression (data not shown) not allowing for comparable 

normalization.. To circumvent this, the effect of each GATA site mutation on promoter activity 

waswas examined in comparable conditions with overexpressed GATA3. As in the experiments 

withoutt ectopic GATA3 (Fig. 2), again no significant change as compared to the wild type 

fragmentt was observed as a result of either one of the mutated GATA sites (Fig. 4). In addition 

too these single mutations, several combinations of GATA-site mutations were made and tested, 

butt none of these showed significantly changed promoter activity either (data not shown). 

++ GAT A3 x pcDNA3 myc 

00 25 50 75 100 125 150 

Relativee Luciferase Units 
(%% of wild type) 

Fig.. 4 Promoter  activity with mutated or  wild type GATA sites in the presence of access 

GATA33 protein. Transient transfection and stimulation with PMA/ionomycin were performed as 

describedd in the legend to Fig. 2. Here, Jurkat cells were co-transfected with GATA3 x pcDNA3 myc 

(200 tig) and one of the indicated reporter gene constructs (20 tig). 
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EffectEffect of GAT A 3 on intrinsic IL-12Rf2 gene expression 

I tt has been described in the mouse that ectopic expression of G AT A3 can inhibit IL-12 induced 

IFNyy product ion in primary T celis 5. This effect has been ascribed to two not necessarily 

unrelatedd mechanisms: (i) by repression of the IP-12RB2 chain D;6 and (ii) by suppression of the 

T hll  -specific transcription factor T-bet . In human cells, the effect of ectopic expression of 

G A T A 33 has not been tested yet. In the present study, no direct effect of GATA 3 on the 1.2 kb 

proximall  promoter of the IL-12Rfi2 in reporter gene constructs could be found so far. To 

investigatee the role of GATA 3 in the context of the complete regulatory regions of the IL-

1212 Rf 2 gene, we tested the effect of GATA3 overexpression on the intrinsic expression of the 

IL-12Rfs'2IL-12Rfs'2 gene in Jurkat cells that express low levels of IL-12RB2 as described before " and no 

T-bett as we confirmed by RT-PCR (data not shown). To this aim, Jurkat cells were transfected 

withh G A T A 3 x p c D N A3 mvc or control vector and either or not stimulated with 

PMA/ ionomycin.. The expression of GATA3 protein was confirmed by immunocytochemistry 

(dataa not shown). The mRNA expression of IL-12RB2 and B2m was measured by real-time PCR. 

Thee levels of IL-12RB2 were normalized based on B2m mRNA levels in the same samples. The 

IL-12RB2:B2mm expression ratio was not significantly affected by the presence of G AT A3 protein 

ass compared to the samples transfected with the control vector (Fig. 5), giving no evidence for 

anyy effect of G A T A 3 on the expresion of the IL-12R/Ï2 gene in Jurkat cells. 

DD pcDNA3 myc B GATA3 x pcDNA3 myc 

3.0 0 

cc 2.5 
o o 

•o o 
öö 1.0 
u. . 

0.5 5 

0 0 
Ohh 16 h 

Fig.. 5 GATA 3 expression does not affect IL-12RB2 mRNA expression in Jurkat cells. Jurkat 

cellss were transiently transfected with GATA3 x pcDNA3 myc or control vector (20\lg) as described 

inn the legend to Fig. 2. After one day, cells were either or not stimulated with PMA/ionomycin for 16 

hh and then lysed. IL-12RB2 and B2m mRNA expression levels were analyzed by real-time PCR. The 

levelss of IL-12RB2 mRNA expression was normalized to the level of B2m mRNA expression in the 

samee samples and calculated as arbitrary units/B2m. The IL-12RB2:B2m ratios in GATA3- or control 

vector-transfectedd cells are presented as fold-induction over the unstimulated IL-12RB2:B2m ratio in 

thee control vector transfected condition. 
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DISCUSSION N 

Inn the present study, we show that GATA 3 does not inhibit expression of the human / L - / 2R/Ï2 

genee by acting as a transcription factor at the 5' regulatory region. Despite the presence of several 

GATAA consensus binding sites in the 1.2 kb proximal promoter region, we found no evidence 

forr a role of either of these sites in the regulation of IL-I2R/2 transcription in Jurkat cells, 

neitherr in reporter gene assays using the 1.2 kb promoter region to drive the luciferase gene, nor 

inn the context of the complete promoter and regulatory regions. In both experimental designs, 

ectopicc overexpression of G AT A3 did not have a significant effect on the activity of the IL 

12RB22 promoter in Jurkat cells. 

Thee hypothesis tested in this study was that GATA 3 might down-regulate transcription of the 

humann IL-12R/Ï2 gene, as previous studies have shown that ectopic expression of GATA 3 did 

suppresss the gene in mouse Th cells, even in developing T hl cells T'(', in which 1L-12RB2 

expressionn is normally high, due to the impact of IL-12. 

Theree arc several possible explanations for the lack of IL-12R(i2 suppression by GAT A3 in our 

studyy in human cells. First of all, the identified consensus sequences for binding GATA factors, 

mayy not be active GATA 3 sites. To confirm binding of GATA 3 to these sites, a likely experiment 

wouldd be FMSA analysis. We extensively tried to visualize GATA 3 binding at these (and other) 

sequencess by EMSA analysis, but we could not convincingly demonstrate GATA 3 binding at any 

off  these sites. Literature screening suggests that these experiments are difficult , as no reports were 

foundd that convincingly confirmed D NA binding of human GATA 3 using a specific antibody to 

generatee a supershift in FMSA experiments. Therefore, no firm conclusions on the function of 

thesee sites can be drawn from our present experiments. 

Anotherr possible explanation for the lack of IL-12Rji2 suppression by GAT A3 is that GATA 3 

doess not target the IL-12Rf<2 gene directly, but affects the expression of (an) other gene(s) 

importantt for IL-12Rfs2 gene regulation. F,ven the demonstration of suppressed IL-12RB2 

mRNAA expression in GATA 3 transfected murine T cells x6 does not exclude regulation via other 

molecules.. A plausible candidate gene to be affected by GATA 3 and to affect IL-12Rf\2 

expression,, in turn, is the recently identified Thl-specific transcription factor T-bet (T-box 

expressedd in T cells). Indeed, ectopic expression of T-bet in STAT4 cells that were stimulated 

underr Th2 conditions resulted in 1L-12RB2 expression "\ supporting the idea that T-bet is 

involvedd in IL-12RfsJ2 transactivation. In addition it was shown in the mouse that IL-4 inhibits 

T-bett expression in a STAT6-depcndent fashion ] \ STAT6 may actually inhibit T-bet expression 

viaa activation of GATA3, as T-bet promotes the expression of the IL-12Rfi2 gene \ This 
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sequencee of events would explain 1L-4 induced inhibition of IL-12RTS2 expression in a GATA 3 

dependentt fashion, without a direct impact of GATA 3 on the IL-12RB2 promoter. 

AA third possible explanation for the lack of IL-12RI32 suppression by GATA 3 could be that 

besidess acting as a conventional transcription factor, affecting gene transcription through binding 

too «'/-acting elements in the promoter regions of sensitive genes, as GATA 3 apparently does in 

thee regulation of the IL- 5 gene " ' ' , GATA3 is also implicated in the process of chromatin 

remodel ingg and imprinting of gene accessibilitv to transcription factors. Indeed, forced 

expressionn of GATA 3 induced remodeling of chromatin surrounding the IL- 4 gene l6;' . In this 

respect,, GATA 3 and T-bet seem to have opposite effects, suggesting the necessity for early 

availability-- of these factors to exert their effects. If G ATA 3 under physiological conditions affects 

7_L-12Rjs22 expression by acting at the level of chromatin imprinting, it may be expected that the 

underlyingg molecular events have littl e effects on the IL-12RB2 promoter in a reporter construct 

orr in the natural gene in Jurkat cells that already express the gene. 

Finally,, it should be noted that, although Jurkat cells do express the IL-12RB2 chain at low levels 

andd its expression can be increased by PMA/ionomvcin stimulation lUM , it can not be excluded by 

farr that jurkat cells lack the expression of other molecules that, either or not in collaboration with 

G A T A 3 ,, have a role in the regulation of IL-12RB2 expression, and mask the potential impact of 

G A T A 3 .. On the other hand, Jurkat cells are completely devoid of T-bet expression, and even in 

thee absence of this counterplayer, GAT A3 overexpression had no effect on IL-12Rj?2 

expression.. Still, Jurkat cells may not completely reflect the regulatory events that occur in 

primaryy Th cells. 

I nn conclusion, our present data provide no evidence for a direct role of GATA 3 as a 

conventionall  transcription factor in the regulation of the activity of the human IL-12RB2 

promoter.. As ample data implicates the involvement of GATA 3 in the suppression or prevention 

off  IL-12RJi2 expression, both in mouse 1;6 and human Th cells, further research is required to 

elucidatee the complex molecular mechanisms that underlie the effects of GATA3. Several studies 

havee indicated that the net effect of GATA3 on the polarization of activated naive Th cells wil l 

dependd on the availability and activity' of its counter player T-bet and, thus, on the presence and, 

evenn more, the timing of exposure to exogenous cytokines, IL- 4 and IL-12 in particular. T-bet 

andd G A T A 3 have opposite effects on IL-12R/2 expression. The complete absence of T-bet in 

Jurkatt cells, therefore, underscores our conclusion that GATA 3 does not directly target the IL -

12RT322 promoter. 
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FunctionalFunctional polymorphic GATA site in IL-12RJ32 promoter 

ABSTRACT T 

Interleukin-122 (IL-12) is a potent inducer of IFNy production by T cells and is a major factor for 

thee development of Thl cells. It exerts its biological effects through binding to the IL-12 

receptorr (IL-12R), a heterodimer composed of a Bl and a B2 subunit. The signaling B2 chain is 

expressedd on Thl cells, and to a lesser extent on ThO cells, but not on Th2 cells, rendering these 

cellss unresponsive to IL-12. Recendy, polymorphisms in the coding region of the IL-12R/2 

genee have been described that were associated with atopic disease. Here, we analyzed the 5' 

regulator)'' region of the human 11^-12RJÜ2 gene by D H P LC (Transgenomic WAV E system). We 

foundd five novel single nucleotide polymorphisms (SNP) in the proximal 1.2 kb IL-12RJÏ2 

promoterr region, i.e., -237C/T, -465A/G, -1023A/G, -1033T/C, and -1035A/G. SNP -465A/G 

iss of particular interest as it determines the integrity of a GATA consensus site. By functional 

comparisonn of both -465 alleles in transient transfection assays, we show that promoter activity is 

increasedd in case of the -465G allele, disrupting the intact GATA site. In addition, only the -465A 

allelee showed specific binding to (a) nuclear protein(s) extracted from Th cells. DNA-binding 

activityy to an oligonucleotide containing the -465 GATA site was stronger in Th2 extracts as 

comparedd to T hl extracts, in line with higher GAT A3 expression levels in Th2 cells. Comparison 

off  the prevalence of the -465A/G SNP alleles in small cohorts (n = 40) of allergic asthmatic and 

healthyy control individuals provided no evidence for an altered distribution in the asthmatic 

population.. In conclusion, we have identified a novel polymorphic GATA site that may affect 

transciptionall  activity of the human IL-12R//2 gene under Th2 polarizing conditions. 

INTRODUCTION N 

Interleukin-122 (IL-12) is produced by antigen-presenting cells and is a potent inducer of IFNy 

productionn by T and NK cells and is a major factor for the induction of Thl responses. The 

biologicall  functions of IL-12 are mediated through the IL-12 receptor (IL-12R) consisting of two 

subunits,, the IL-12RB1 and the IL-12R1Ï2 chains ', both in the human 2 and the mouse 3. In the 

humann system, both receptor subunits are able to bind IL-12 with low affinity, when expressed 

individuallyy in COS-7 cells 4, but both chains are required to bind IL-12 with high affinity. 

Onlyy the IL-12RB2 subunit contains intracellular tyrosine phosphorylation sites, necessary for IL -

122 signaling. The non-signaling 1L-12RB1 subunit is expressed after TCR stimulation of naive T 

cellss and the protein is abundantly expressed by all differentiated T cells 4. In contrast, the 

expressionn pattern of the IL-12RB2 chain is more restricted and is not expressed by Th2 cells '^ 
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renderingg these cells unresponsive to IL-12. So far, littl e is known about the transcriptional 

regulationn of the IL-1 2R/2 gene. Transcription factors like NFATc2, SP1 and SP3 play a role in 

thee regulation of the proximal promoter (\ but are probably not involved in the differential 

expressionn of the gene in T hl and Th2 cells. Mouse experiments have implicated the polarizing 

masterswitchh transcription factors GATA3 and T-bet as likely candidates to play a role in 

differentiall  transcription of the IL-12Rf<,2 gene 8. 

I tt was shown by Rogge et al. '' that broncho-alveolar lavage (BAL) T cells from allergic asthma 

patientss showed hardtv any expression of the IL-12RB2 chain as compared to BAL T cells from 

sarcoidosiss patients. The in situ IL-12RB2 mRNA expression in the asthmatic BAL T cells was 

evenn further down regulated upon allergen challenge "'. Furthermore, PBMC from atopic 

childrenn expressed less IL-12RB2 mRNA after stimulation as compared to PBMC from non-

atopicc children n . This data suggests a reduced capacity to respond to Thl- inducing stimuli in 

atopicc patients, due to reduced IL-12 responsiveness of Th cells. 

Allergicc asthma is a Th2 associated disease, of which the etiology is complex and involves the 

interactionn of multiple genetic loci and a variety of environmental factors. Quite a number of 

chromosomall  regions and genes have been identified that suggest linkage which allergy and 

asthmaa '". Candidate asthma genes that may be linked or associated with the asthmatic 

phenotype,, include cytokine genes, receptor genes, transcription factors and many others. A well 

documentedd example is chromosome 5 where linkage is found in a region (5q31-33) representing 

aa gene cluster with IL-4, IL- 5 and 1L-13 and the B2-adrenergic receptor '2. The IL-12RB2 gene is 

locatedd on chromosome 1 (lp31.2) \ So far, there have been no reports suggesting linkages 

betweenn allergy or asthma and chromosome 1. This, of course does not rule out the possibility 

thatt possible functional polymorphisms in the IL-12Rjs2 gene, wil l be linked or associated with 

ann asthmatic phenotype. 

Indeed,, several polymorphisms in the coding region of the IL-12R/s2 gene have been described 

M,, resulting in truncated IL-12RB2 protein leading to decreased STAT4 phosphorylation and IL -

122 signaling. The presence of these mutadons, that only occurred heterozygously in atopic 

individuals,, were associated with decreased lFNy production following IL-12 stimulation. 

Polymorphismss within the 5' and 3' regulatory sequences or introns of the IL-12Rf2 gene may 

havee a significant effect on transcription since they may alter the structure of regulatory elements 

andd affect the affinity of transcription factor binding. So far, no polymorphisms in the IL-12RT52 

regulator)'' regions have been reported. 
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Here,, we set out to identify D NA sequence variation in the 1.2 kb 5' flanking region of the 

humann IL-12R/Ï2 gene in a small cohort of allergic asthma patients, to identify' possible genetic 

determinantss that may characterize allergic asthmatic subpopulations. We used denaturing HPLC 

(DHPLC).. This technique depends on detecting heteroduplexes in PCR products by HPLC and 

thereforee is very useful to identify unknown polymorphisms ,:>. We identified novel single 

nucleotidee polymorphisms (SNPs) in the promoter region of the human IL-12RJÏ2 gene (update 

off  promoter sequence is available from GenBank AF349574). Strikingly, three of these SNPs are 

locatedd in GATA consensus sequences. It is known, at least in the mouse, that GATA 3 inhibits 

IL-12RB22 expression 7;l6. We show that the -465A/G SNP in the GATA consensus site affects 

transcriptionn and transcription factor binding. Preliminary comparison of the prevalence of these 

polymorphicc alleles in small cohorts of forty- healthy control individuals and forty patients 

sufferingg from allergic asthma, provided no evidence for an altered distribution of any of these 

SNPss in the asthmatic population. 

MATERIAL SS & M E T H O DS 

Subjects Subjects 

Fortyy allergic patients with mild to moderate asthma (according to the criteria of the American 

Thoracicc Society) ' were recruited either by advertisement or from the outpatient respirator)' 

clinicc of the Academic Medical Center, Amsterdam. All patients gave written informed consent 

too participate in the study, which was approved by the Medical Ethics Committee of the 

Academicc Medical Center in Amsterdam. Forty healthy subjects, without specific lgE for 

commonn inhalant allergens (RAST negative), with serum IgE levels below 100 IU /ml were 

selectedd as controls. 

GenomicGenomic DNA isolation 

Genomicc D NA was isolated from heparinized total blood with the Qiagen blood isolation kit 

(Qiagen,, Hilden, Germany) according to the manufacturer's instructions with a minor 

modification:: instead of Qiagen protease we used 0.5 mg Proteinase K (Merck, Darmstadt, 

Germany)) / 200 ul total blood. 

DenaturingDenaturing high-performance liquid chromatography (DHPLC) 

Primerss (BioSource, Nivelles, Belgium) used for the amplification of the -1210 through +107 IL -

12RB22 promoter fragment of each subject are listed in Table 1. PCR reactions were performed in 
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aa final volume of 50 (ll , using 125 ng of genomic D NA as template, 250 (J.M of each dNTP, 3 

pmoll  of the forward and reverse primers, 1.25 U of Taq D NA polymerase (Roche Diagnostics, 

Almere,, The Netherlands) and Taq buffer. Reactions were carried out in the Peltier Terminal 

Cvcler-2000 (BlOzym, Landgraaf, The Netherlands), as follows: denaturation for 5 min at 94°C, 

followedd by 35 cycles of denaturation at 94°C for 30 s, annealing at 58°C or 64°C (primer 

dependent)) for 30 s and elongation at 72"C for 1 min, and finally, elongation at 72°C for 10 min. 

PCRR products were analyzed for size by gel electrophoresis on a 1% agarose gel stained with 

ethidiumm bromide. Amplified fragments were denatured by incubating at 94"C for 10 min, 

reannealedd at 65"C for 10 min and slowly cooled down to 4"C to allow formation of 

hetcroduplexes.. D H P LC analvsis was performed on an automated D H P LC instrument: the 

Transgenomicc WAV E System (Transgenomic Inc., San Jose, CA). The stationary phase consisted 

off  a D N A Sep® column, which binds D \ A during analysis. The mobile phase consisted of two 

eluentss (pH 7.0). Buffer A contained tricfhvlarnmonium acetate (TEAA), which interacts with the 

negativelyy charged phosphate groups on the D NA as well as with the surface of the column. 

Bufferr B contained TEAA with 2 5% of the denaturing agent acetonitrile. Fragments were eluted 

withh a linear acetonitrile gradient of 2% per min at a flow rate of 0.9 ml /min. Increasing the 

concentrat ionn of acetonitrile at a fixed temperature wil l denature the fragments. Temperatures for 

successfull  resolution of heteroduplexes were calculated by the D H P LC Melt program 

(http:/ / inserdon.stanford.edu/cgi-bin/melt .pl)) and are listed in Table 1. Fragments of the -

1210// + 107 IL-12RB2 promoter region that showed variation based on changed peak formation 

duee to heteroduplcx formation were further analyzed. 

DetectionDetection of IL-12Kf2 promoter polymorphisms 

Fragmentss of the 5' region that showed heteroduplex formation were further analyzed. To this 

aimm the particular 5' flanking region fragment of the appropriate patient was sequenced, by 

sequencing.. To this aim, PCR fragments were purified with the Concert™ gel extraction system 

accordingg to the manufacturer's instructions (Lif e Technologies, Paisley, UK) , sequenced using 

BigDyee Terminator Reaction Ki t (PE Applied Biosystems, Warrington, UK) and analyzed on an 

AB11 Prism 3100 Genetic Analyzer (Applied Biosystems). In this way, five novel SNPs were 

foundd in the 1.2 kb proximal promoter region. For all subjects, further analysis of the -237C/T 

S NPP and the -1023A/G SNP was performed by restriction fragment length polymorphism 

(RFLP)) assays. This was performed by 40 cycles of PCR with primer IS and primer 7AS 

(Tablee 1). PCR fragments were electrophoresed on a 2% agarose gel following I tal (-237) or 
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Tablee 1 

Primerr sequences used to amplify the 1.2 kb IL-12RB2 5' flanking region in seven fragments 

Fr.Fr.aa Location 

Length Length 

(bp) (bp) PrimerPrimer Sequence0 

TempTemp CCf 

DHPLC DHPLC 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

-1210/-76 6 6 

-853/-Ó8 2 2 

-707/-40 9 9 

-525/-29 1 1 

-402/-13 6 6 

-173/+ 7 7 

-56/+10 7 7 

434 4 

171 1 

298 8 

234 4 

266 6 

180 0 

163 3 

SS 5'-TCTGTCTCTTCATAACAACGTATCACTTGGT-3 ' 

ASS 5'-CCTTAAAACCGCTCTCAATGTTTGAGATG-  3 ' 

SS 5'-CCCATAAAGACAATCTACTGTACATTGTTGA-3' 

ASS 5'-AGTTTTCTTCTAGTCCACTGAGCCCA-  3 ' 

SS 5'-CCTGTACTGGGCTCAGTGGACTAGAAG-3' 

ASS 5'-CCTCTGCACCCGTCAGCTTAGATT-  3 ' 

SS 5'-GCATTGTTATTGTTTACCTGGCAGTTC-  3 ' 

ASS 5'-CTGTATTTAAACCTGTAAAGACAGACTCTC-3' 

SS 5 '  -CCTGTATTCCCTGCACTTTG-  3 ' 

ASS 5'-CTTGAACAGATGGCGTGTCA-3' 

SS 5'-GACCTATACGGGAGTGGTGACACG-3' 

ASS 5'-CTCTGCACCGCCCAGCTCTTA-3' 

SS 5'-TTGTGCACAGCCCACTTGGGA-3' 

ASS 5'-GGCGCGATAAAATCGTGTGCT-3' 

53/54/55 5 

56/57/60/61 1 

53/54/55/59 9 

55/56/60/61 1 

57/58/60/61 1 

58/59/62/63 3 

62/63/64 4 

aa Fr., designated identification number of the amplified fragment. h Location of the oligonucleotide 

sequencee in the IL-12R/Ï2 gene. c S, sense oligonucleotide; AS, anti-sense oligonucleotide. d Temp 

("C),, Temperatures for successful resolution of heteroduplexes by DHPLC analysis (Transgenomic 

WAVEE System) were calculated by the DHPLC Melt program as described in Materials and 

Methods. . 

HinjlHinjl  (-1023)/£VoRV double digestion. For analysis of the -465A/G SNP, 40 cycles of PCR 

weree performed with two separate PCR reactions using allele specific sense primer G 5'-ACT 

AGCC GCA TAA ATA ATG GTA TG-3' or A 5'-ACT AGC GCA TAA ATA ATG GTA TA-3', 

bothh with anti-sense primer 6AS (Table 1). The annealing temperatures used in the reactions with 

allelee specific primers A and G were 59°C and 60°C, respectively. 

Site-directedSite-directed mutagenesis in reporter gene constructs 

Thee 5' flanking region of the human IL-12RJÏ2 gene (GenBank AF349574) was amplified by 

PCRR using genomic clone PAC104 (obtained as described (') as a template. For cloning purposes, 

thee 5' sense primer -1191 (5'-GCG CGA GCT CCG GTA TCA CTT GGT GTG AAA ATT-3') 

orr -591 (5'-GCG CGA GCT CGA TAT CTA AAT AAA ATC TCT-3') were designed with an 

additionall  SacI restriction site (underlined) and the 3' anti-sense primer (5'-GCG CGT TGA 
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C A GG CCA TCA G GG AA C T-35) with a natural Hindi site (underlined), resulting in PCR 

productss spanning -1191 through +54 or -591 through +54, relative to the start of the reported 

c D NAA sequence '. Site-directed mutagenesis in the IL-12RB2 promoter constructs was carried 

outt as described before (>. The internal forward primers used, containing the targeted sites (core-

bindingg elements underlined, with substitutions indicated in italics and bold) were: -1035 non-

G A T AA 5'-TTG G GG T TT T TT T GT AAA C 7T AA A GAA AA T GAC TCA CT-3' and -465 

G A T AA 5'-ATA AT G GTA T ^ T CTT ATA ATT A-3'. Products from this procedure were 

clonedd into pGL3e (Promega, Leiden, The Netherlands) and sequenced to confirm the 

introduct ionn of the desired mutations. Plasmid D NA was prepared from bacterial cultures using 

Qiagenn Plasmid Midi Kit s (Hilden, Germany). 

CellCell culture and transient transfection 

Jurkatt cells were grown in complete medium (Iscove's modified Dulbecco's medium, Bio-

Whittaker,, Walkersville, MD ) supplemented with 5% pooled, C-inactivated fetal calf serum (Bio-

Whittaker)) and gentamycin (80 ( lg/ml; Duchefa, Haarlem, The Netherlands). Transfection and 

promoter-dr ivenn luciferase activity experiments were performed as described before '. 

ElectrophoreticElectrophoretic Mobility Shift Assays (EMSA) 

Nuclearr protein extraction and EMSA were performed as described before \ The ds 

oligonucleotidess used in this study were (core-binding elements underlined): -1035 GATA 5'-

T T GG G GG T TT T TT T GT AA A G AT AA A GAA AA T GAC TCA CT-3', -1035 non-GATA 

ass described above, -465 non-GATA 5'-ATA AT G GTA T GT CTT ATA AT T A 3 ' and -465 

G A T AA as described above. 

DetectionDetection of CAT A3 protein expression by immunocytochemistry 

Fulll  length G AT A3 cDNA, kindly provided by Dr. L. Rogge (Roche Ricerche, Milan, Italy), was 

subclonedd into the pcDNA3.1/Myc-His(+) expression vector (Invitrogen, Leek, The 

Netherlands),, further referred to in the text as GATA 3 x pcDNA3 myc. Thus obtained GATA 3 

proteinn contains a myc-His tag for detection purposes. For cloning purposes, the 5' sense primer 

(5 ' -GCGG CGA AT T CCC ACC AT G GAG G TG ACG G CG GAC-3') was designed with an 

additionall  EcoFl restriction site (underlined) and a Kozak sequence and the 3' anti-sense primer 

(5 ' -GCGG CTC T A G AA C CCA T GG CGG T GA CCA T GC T- 3') with an Xbal restriction site 

114 4 



FunctionalFunctional polymorphic GAT A site in IL-12Rf2 promoter 

(underlined).. The cloned product was checked by sequencing and used for co-transfection with 

reporterr constructs to increase GATA 3 protein level in transfected cells. 

Onee day after co-transfection, cells were stimulated with PMA (10 ng/ml, Sigma Aldrich Co.) 

andd ionomycin (1 JUg/ml, Sigma Aldrich Co.) for 16 hours. Hereafter, cytospins were made 

(Cytospinn 2, Shandon, Pittsburgh, PA) by spinning at 300 x g for 5 min. Cells were fixed with 

acetonee (-20"C) for 10 min and, after blocking with 1 % FCS in PBS, incubated with mouse anti-

humann GATA 3 (1 |J.g/ml, HG3-31, Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-myc 

(11 }Xg/ml ; Invitrogen) or no antibody for 45 min at RT. Cytospins were washed in PBS 

containingg 1% FCS and incubated with FITC-conjugated goat anti-mouse IgG FITC (l|J.g/ml, 

Jacksonn Immuno Research Laboratories, Inc., West Grove, PA) for 45 min at RT. Nuclei were 

stainedd with Hoechst 33342 (Sigma-Aldrich Co). Slides were analyzed with a fluorescence 

microscopee (Leica, Wetzlar, Germany) coupled to a CCD camera and Image-Pro Plus software 

(Mediaa Cybernetics, Dutch Vision Components, Breda, The Netherlands) to determine the 

percentagee of GATA 3 expressing cells. 

RESULTS S 

IdentificationIdentification of polymorphisms in the 1.2 kb 5' flanking region of the human IL-12R/2 

gene gene 

Thee IL-12RJ32 -1210 through +107 promoter region of 40 allergic asthma patients was analyzed 

byy DHPLC, in which heteroduplexes in PCR products are detected by HPLC. These analyses 

revealedd heteroduplexes in PCR fragments 1, 3, 4 and 5 (Table 1), suggesting the presence of 

polymorphicc sites. Subsequent sequence analyses of these fragments revealed five novel SNPs: -

237C/T,, -465A/G, -1023A/G, -1033T/C and -1035A/G, as shown in Fig. 1. 

GenotypingGenotyping for five novel SNPs in the human IL-l 2RJÏ2 promoter 

Too determine the genotypes of subjects with respect to SNPs -237C/T and -1023A/G, RFLP 

assayss were performed on the PCR products of the respective promoter fragments. For analvsis 

off  position -237 we used the polymorphic Ital site. The fragment from -853 through +107 was 

amplifiedd with primers 2S and 7AS and digested with Ital. The -237-allele lacking the Ital site 

generatedd a single product of 960 bp, whereas the -273C-allele with the intact Ital site was 

digestedd into two fragments of 617 bp and 343 bp, respectively (Fig. 2A). Position -1023 is part 

off  a polymorphic Hinfl site. The PCR-amplif ied promoter fragment obtained with pr imer IS 
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12100 tctgtctct t  cataacaac g tatcacttg g tgtgaaaat t  accttgaag a aacaacaaa t 
•115 00 aaacctctg g ggttttttg t  tcttcaaaa a gatctatta g ataacatgt a ctgagagcc a 

-1035A/GG -1033T/C V V 
10900 tatatcaat a cagaaaaga t  cagcaaatt t  aggatattt g gggtttttt t  gtaaaaata a 

-1023A/GV V 
10300 agaaaataa c tcactttaa g acaactttt a aaatctttg t  tacaaatga t  ttctacaat t 
-97 00 atgtatcat c tcattacaa a gtaatatta a gattctaga t  tctacgatt t  aaaagattt t 
-91 00 agtaaaatt a ttcatgtag a taaattact a aagcatgta a actacagta t  gtcacaatc c 
-85 00 cataaagac a atctactgt a cattgttga t  tccaagatg t  acatttttc a tatttaaca t 
-79 00 ctcaaacat t  gagagcggt t  ttaaggtaa t  gcccagaag c gtggtatgc a gttgtccac t 
-7 33 0  tctgcgggc t  cagcaaacc t  gtactgggc t  cagtggact a gaagaaaac t  ccagagaca a 
-67 00 cggggtggg g gaggggggg g acttaaaaa a aaattcgat a gataatata c atatgttta a 
-61 00 aatctaaat t  ttatttaga g atatctaaa t  aaaatctct a aactaaata a aattttagt t 
-55 00 taaaagatt c taaatgttg a gaaagcattg  ttattgttt a cctggcagt t  ctttttatt t 

-465A/GV V 
-49 00 cttactagc g cataaataa t  ggtatatct t  ataattaag g aagtcttag a tttaaagaa a 
-43 00 tctaagctg a cgggtgcag a ggctcaggc c tgtattccc t  gcactttgg g aagccaagg c 
-37 00 gggaggatt g cttgaggcc a gaagtttgag  accagcctg g gtaacagag t  gagagtctg t 
-31 00 ctttacagg t  ttaaataca g tttttttct a agtaatatt g tcataaata t  tatgtcatg a 

-237C/TT V 
-25 00 atattatgc a gagctgccg a cccctctgt a ctctgggca g ttttccctc t  tgcctgaga a 
-19 00 caccactta t  aacacggga c ctatacggg a gtggtgaca c gccatctgt t  caagtttaa c 
-13 00 ttttttctc a ttttttaga c agcaaatac a aatggaagt t  ccagtatgt t  ctgcccgca c 

-7 00 tccagtggg c ggtcttgtg c acagcccac t  tgggaggcc t  cggcgctca g gtgtggtaa g 

!!  Eg < -1 00 agctgggcg g Itgcagagca c agagaaagg a catctgcga g gaaagttcc c tgatggctg t 
+511 caacaaagt g ccacgtctc t  atggctgtg a acgctgagc a cacgatttt a tcgcgc c 

Fig.. 1 Five novel SNPs in the 5' flanking region of the human IL-12RG2 gene. The region from 

-12100 through +107 in exon 1 was divided into seven overlapping fragments that were amplified by 

PCRR and used to detect heteroduplexes by DHPLC. Each polymorphic nucleotide identified by 

subsequentt sequence analyses is indicated by a grey grey triangle and is named after its position. 

andd 7AS was double digested with Hinj\ and EcoRV to allow size separation on a 2% agarose 

gel.. The -1023A-allele lacks the intact H////1 site and produced 7 fragments of 7, 48, 110, 227, 

230,, 264 and 436 bp, respectively. The -1023G allele with the intact Hinfl site produced 8 

fragments,, with the 264 bp fragment cut into 83 and 181 bp (Fig. 2B). For analysis of the -

4 6 5 A /GG genotype we designed an allele-specific PCR with sense primers containing either a G or 

ann A nucleotide at their 3' ends, selecdvely amplifying the -465G or A allele (Fig. 2C). The SNPs 

-1033T/CC and -1035A/G were genotypedby additional sequence analysis. 

Tablee 2 shows the allele frequencies of all five SNPs within the cohort of 40 allergic asthma 

patients.. Al l genotvping either bv restriction analysis, allele-specific PCR or sequencing analysis 

confirmedd the results obtained with the DHPFC assay. Striking is the very- low frequency of the -

237T-allele,, that occurred homozygously in only one single patient. 
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Fig.. 2 Genotyping subjects for  novel SNPs in the IL-12RJÏ2 gene. A) The polymorphic Ital 

sitee was used to identify the genotype at -237. PCR products from -853 through +107 were cleaved 

withh Ital and analyzed on an agarose gel. The -237T allele lacks an intact Ital site and generates a 

singlee product of 960 bp (Jane 1), whereas the -237C allele generates two fragments of 617 and 343 

bpp (lane 2). Only the -237 CC or TT genotypes were observed in our cohort. B) The polymorphic 

HinflHinfl  site was used in a double digest with EcoKV on the complete PCR product to identify the 

genotypee at -1023. Allele -1023A has a disrupted Hinfl site and therefore the double digest results in 

fragmentss of 7, 48, 110, 227, 230, 264 and 436 bp (lane /). The -1023G allele contains a Hinfl site 

resultingg in digestion of the 264 bp fragment in 181 and 83 bp (lane 2). Only the -1023 AA or AG 

genotypess were identified. Fragments smaller than 80 bp are too small to detect. C) SNP -465 was 

genotypedd with an allele specific PCR as described in Materials and Methods. 

ThreeThree polymorphisms are located within two GAT A consensus sites 

Wee next screened the sequences of the polymorphic sites by TRANSFAC Mathlnspector V2.2 

dataa base analysis for possible involvement of transcription factor binding sites. 

Interestingly,, three of the five SNPs either create or disrupt a GAT A consensus site 

(WGATA RR ). -465A—>G disrupts a reverse GATA consensus site, and -1035G in combination 

wit hh -1033T create a GATA site (these two GATA sites wil l be referred to as -465 and -1035 

fromm here on). Of the other two SNPs, -237C/T disrupts a potential binding site for AP4, 

whereass neither of the alleles of the -1023 SNP have affinity for any known transcription factor. 

Thee transcription factor GATA 3 plays a key role in directing Th2 cell development and, in the 

mouse,, has been associated with down regulation of 1L-12RB2 expression ' . Therefore, 

polymorphismss disrupting or creating GATA binding sites might affect IL-12RB2 expression. 
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Tabl ee 2 

Allel ee frequencies of IL-12RB2 promoter polymorphisms 

inn a cohort of 40 allergic asthmatics 

Polymorphism" Polymorphism" 

AA lIele frequencies 

»JZt »JZt 
-237C/T T 

-465A/G G 

G G 

-1033T/C C 

G G 

C-alleleC-allele T-allele 

788 (97.5 %) 2 (2.5 %) 

A-alleleA-allele G-allele 

64(80%)) 16(20%) 

A-alleleA-allele G-allele 

688 (85 %) 

T-allele T-allele 

699 (86.3%) 

A-allele A-allele 

1 2 ( 1 5 %) ) 

C-allele C-allele 

111 ( 1 3 . 7 %) 

G-allele G-allele 

6 7 ( 8 3 . 8 %)) 1 3 ( 1 6 . 2 %) 

111 SNPs were traced bv DHPLC analysis and identified by sequencing. Patients were genotyped for 

SNPss as follows: -237C/T by //*I-digestion, -465A/G by allele-specific PCR, -1023A/G by 

HinfllEcoRHinfllEcoRV-digesuonV-digesuon and -1033T/C and -1035A/G by additional sequencing. h n (%), 

representss number of both alleles, respectively, calculated as percentages. Forty patients represent 

800 alleles. 

EffectsEffects of the -465A/C and -1035A/G SNPs on JL-12KJS2 promoter activity 

Thee effects of the polymorphic -465 and -1035 GATA sites were analyzed by functional 

compar isonn in transient transfection assays, using the luciferase reporter system to test promoter 

activity.. Transfections were performed in the human Jurkat cell line as described before b. 

T oo test whether the integrity- of the -1035 GATA site affected promoter activity, we mutated the 

G A T AA site AGATA A into A C T T A A (core binding site underlined, mutation in italics and bold) 

inn the context of the -1191/ + 54 promoter construct. Although it should be noted that within this 

p romoterr fragment three additional GATA consensus sites are present (unpublished 

observations),, disruption of this GATA site did not result in a significant change of 

transcriptionall  activity (Fig. 3A). The reversed GATA site ATATC T (-465A; core binding site 

under l ined,, mutat ion in italics and bold) was mutated into the disrupted-GATA consensus site 
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A A 

•• -1035 GATA B-465AGATA 

•• -1035non-GATA H-465G non-GATA 

a-mycc / a-Mouse FITC 

pcDNA33 myc GATA3 x pcDNA3 myc 

Fig.. 3 Functional analysis of polymorphi c GATA sites -1035 and -465 in the presence of 

overexpressedd GATA3. Jurkat cells were transiently co-transfected with reporter gene constructs, 

containingg either the GATA or disrupted GATA sites, and a plasmid that constitutively expressed the 

fulll  length GATA3 cDNA. These cultures were stimulated one day after transfection with PMA and 

ionomycinn for 16 hours. Luciferase activity values were corrected for transfection efficiency (Kenilla 

luciferase),, calculated as relative luciferase activity units and expressed as the percentage of promoter 

activityy of-1035 GATA (100%) and -465 GATA (100%), respectively. Luciferase activity is shown as 

thee mean luciferase activity  S.D. of at least three independent duplicate experiments. A). Here, the -

10355 GATA (AGATAA ) and the -1035 non-GATA (ACTTAA) were tested in the context of the -

1191/+544 promoter construct. B) The -465 reversed GATA (AT4TCT) and -465 non-GATA 

(ATGTCT)) alleles were tested for promoter activity in the context of the -591/+54 promoter 

fragment.. C) Overexpression of GATA3 in Jurkat cells. As a control to confirm GAT A3 expression, 

cytospinss were made of Jurkat cells co-transfected with empty vector (left) as a control or GATA3 x 

pcDNA33 myc (right). The cytospins were stained to show GATA3 expression with anti-myc. 
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ATGTCTT (-465G) in the context of a -591/+54 IL-12RB2 promoter construct ''. Interestingly, 

disruptingg the -465 GATA site resulted in an increase of promoter activity of almost 200 %, as 

comparedd to -465A (Fig. 3B). 

Becausee Jurkat cells express GATA3 protein only at ven' low levels, a full-length GATA3 cDNA 

underr the control of a strong constitutive promoter was co-transfected, to ensure high levels of 

GATA33 protein. GATA3 was produced as a GATA3/myc fusion protein to confirm expression 

byy immunocytochemistry with anti-myc antibody (Fig. 3C). These results suggest that the activity 

off  the promoter of the human IL-12R/Ï2 gene is upregulated when the -465 GATA consensus 

sitesite is disrupted (-465G). 

EffectsEffects of the -465A/G SNP on binding of nuclear proteins 

Next,, we tested whether the -465A/G polymorphism affects binding of nuclear factors. To this 

aim,, we performed EMSA analysis using the sequence -475 through -454 as ds oligonucleotide 

containingg either a A or an G (disrupting a GATA site) at position -465. Incubation with nuclear 

SNPP genotype 

-4655 G A 

C 1* * 

lane e 

probe e -465A A 

Th11 Th2 

«CD3/aCD28 8 -- + - + 

C1* * 

B B lane e 

Fig.. 4 Transcription factor  binding at the -465 GATA site. The radiolabeled -465G and -465A 

probess were incubated with nuclear Th cell extracts as described in the text. A) Incubation of the -

465AA oligo with Th2 cell nuclear extracts showed the formation of a specific complex (CI), indicated 

byy the arrowhead. B) Comparison of nuclear extracts of Thl and Th2 cells showed more intense 

formationformation of CI to probe -465A (GATA) with Th2 cell extracts. 

120 0 



FunctionalFunctional polymorphic GATA site in IL-12Rj?2 promoter 

proteinn extracts of TCR-stimulated CD4+ Th2 cells produced a complex (CI) with the -465A 

oligonucleotidee (Fig. 4A, lane 2) and not with the GATA-disrupting -465G oligonucleotide {lane 

1).1). The addition of ant i -GATA3 antibody did not result in a clear supershift (data not shown). As 

Th22 cells express higher levels of GATA3, we tested for differential formation of C I , comparing 

T hll  and Th2 cell extracts. Indeed, nuclear extracts of both unstimulated and stimulated Th2 cells 

formedd a more intense complex CI with the -465A sequence (Fig. 4B, lane 3 and lane 4), as 

comparedd to Thl extracts. This indicated that the A to G substitution at position -465, which 

disruptss a GATA consensus site, diminished the binding of a transcription factor, that is 

preferablyy expressed in Th2 cells. 

PrevalencePrevalence of -465A/G in allergic asthma patients versus healthy controls 

Becausee the -465A to G substitution resulted in a disruption of a consensus GATA site with 

functionall  consequences for expresion of the IL-12R/S2 gene, we compared the prevalence of this 

allelee in the asthmatic cohort to that in a cohort of 40 healthy control individuals. The 

frequenciess of the -465A and G alleles in the healthy cohort (78.8 % and 19.2 %, respectively) 

weree not different. Also the frequency of the heterozygous and homozygous genotypes was quite 

similarr (Table 3). In conclusion, the comparison of the prevalence of these polymorphic alleles 

providedd no evidence for an altered distribution in the asthmatic population. 

Tablee 3 

Genotypess of -465A/G in allergic asthmatics versus healthy control individuals 

AllergicAllergic asthmatics 

HealthyHealthy controls 

Polymorphism Polymorphism 

(n)(n)a a 

-465A/GG (40) 

-465A/GG (40) 

AA AA 

27 7 

24 4 

Genotypes Genotypes 

GA GA 

10 0 

17 7 

GG GG 

3 3 

---

aa n, represents number of individuals. 
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DISCUSSION N 

I nn the present study, we report the identification of five novel SNPs in the 1.2 kb proximal 

p romoterr region of the human IL-J2R/2 gene, i.e., -237C/T, -465A/G, -1023A/G, -1033T/C 

andd -1035A/G. These are the first polymorphisms described in 5' regulators region of human 

1L-12R/21L-12R/2 gene. 

Computerr assisted TRANSFAC data base analysis indicated that the -237 C—>T substitution 

disruptss a putative AP4 binding site. However, this SNP was found only in one individual, albeit 

homozygouslv,, and we performed no functional experiments on this site, so far. Neither of the -

10233 allelic variants form binding sites for known transcription factors, whereas the almost 

adjacentt SNPs at -1033 and -1035 are part of a putative API site and an overlapping GATA site. 

Thee integrity of only the GATA site is influenced by these SNPs, but disruption of this GATA 

sitee did not result in altered transcriptional activity. The -465 A—>G substitution may be of 

particularr interest, as it disrupts a GATA consensus sequence, reducing transcription factor 

bindingg activity and resulting in increased IL-12R//2 transcription. 

Soo far, we could not confirm the identity of the transcription factor(s) binding at the -465A 

G A T AA site. TRANSFAC data base searches suggested that the -465A/G SNP does not affect 

bindingg of any known T cell transcription factor, other than GATA3. Although the polymorphic 

basepairr is situated within a putative Octl binding element, it does not affect the actual Octl 

bindingg site 19, arguing against involvement of Octl in the different binding patterns of the -465A 

andd -465G oligonucleotides. Still, we could not detect GATA 3 protein in complex CI on the -

465AA probe by supershift analysis, using a commercially available GATA 3 antibody. To the best 

off  our knowledge, a clear G A T A 3 supershift in experiments with human cells has never been 

reportedd before by others. 

Previouss studies have shown that GATA 3 expression is increased in Th2 cells, both in the mouse 

J'' and in humans " , and that ectopic expression of GATA 3 in developing mouse T hl cells 

suppressess IL.-12Rfi2 gene expression !6"2. Our own unpublished results indicated four other 

G A T AA sites in the 1.2 kb 5' regulator)- region (including the polymorphic one at -1033), none of 

whichh affected promoter activity as indicated by site-directed mutagenesis and reporter gene 

assayss (Chapter 5). Based on the above findings, it is tempting to speculate that GATA 3 binds at 

thee A-allele of the -465 G A TA site and that, in Th2 cells, this results in stronger suppression of 

thee IL-12Rf 2 gene. 

Ass allergic asthma is a Th2-mediated disease with a considerable genetic predisposition, we 

analyzedd the prevalence of the -465A allele in a small cohort of 40 allergic asthmatic patients and 
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foundd a high incidence of 80 %. Although this allele may contribute to the downregulation of the 

IL-12RB22 chain and facilitate GATA3-mediated Th2 polarization of allergen-specific Th cells in 

allergicc asthmatic patients, it is probably not an important risk factor for the development of 

asthma,, as almost the same -465A allele-frequency was found in a cohort of 40 healthy control 

individuals.. Furthermore, both cohorts showed largely the same distribution of homozygous and 

heterozygouss genotypes but, notably, homozygous -465G individuals were only found in the 

asthmaticc cohort. 

However,, firm conclusions along this line cannot be drawn yet, as the cohorts in this study were 

muchh too small. Polymorphisms that have small to moderate effects are often difficul t to link to 

multifactoriall  diseases, like allergic asthma, due to their relatively minor contribution 2\ This does 

nott exclude the possibility that the -465A allele has a facilitating role in the suppression of IL-

12RJ?212RJ?2 expression under Th2 polarising conditions, as induced for example upon allergen 

exposuree in allergic asthmatics. A prerequisite for this effect to occur is that GATA 3 needs to be 

activatedd and, therefore, the -465 SNP is not expected to affect IL-12-responsiveness in T h l -

mediatedd responses. To test the net impact of the -465A/G SNP in a controlled and more 

physiologicall  setting, allele-specific IL-12RJi2 expression should be investigated in naive Th cells 

fromm -465 heterozygous individuals upon stimulation under graded Th2-polarizing conditions, 

usingg allele-specific transcript quantification (ASTQ) based on the coding polymorphism 

reportedd by Matsui et al.u as a read out. The genotypes for the other SNPs in the 5' regulator}' 

regionn should preferably be identical. These experiments are underway. 
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INTRODUCTION N 

I nn this thesis, we have started to unravel the structure and molecular mechanisms regulating 

expressionn of the human IL-12RJI2 gene. First, we determined the in t ron/exon organization of 

thiss gene, which revealed that the IL-12RJ?2 gene is a complex gene showing high homology to 

thee genomic organization of other class I cytokine receptor genes. We determined the exact 

locationss of the introns, and the full sequence of the relatively small ones. Furthermore, we 

analvzedd the transcriptional regulation of the IL-12R132 proximal promoter and identified some 

off  the transcription factors involved. Just recently the Human Genome Project (HUGO) 

completedd the sequencing of a major part of the human genome ' and this resulted in increasing 

amountss of sequence information available to the public, therebv enabling us to complete and 

confirmm our previously obtained data as wil l be discussed below. 

I nn addition, we discuss the complex regulation of T hl and Th2 cell differentiation, focusing on 

STATT factors, GATA 3 and T-bet and their role in IL-4, IFNy and IL-12R/2 gene regulation. 

Furthermore,, we hypothesize how, apart from STAT4, ST ATI may contribute to IL-12RJ?2 

genee expression and T hl polarization. Finally, we discuss the importance of the IL-12R in 

patientss suffering from disseminated mycobacterial infections and the role of the IL-12R in 

allergy. . 

G E N O M I CC O R G A N I Z A T I O N O F T H E H U M A N IL-12R/2 G E N E 

Inn Chapter 2, we have identified the exact locations of the int ron/exon boundaries in the human 

IL-12RJÏ2IL-12RJÏ2 gene and determined whether the splice sites are consistent with the splice site 

consensuss (5' G T / A G 3'). The lengths of the relatively small introns were determined exacdy, 

whereass for most introns we have made a rough estimation in Chapter 2. In Chapter 3, we 

identifiedd several factors involved in the regulation of the IL-12RB2 proximal promoter. Sp-1 

familyy members are important for basal and inducible activity of the TATA-less core-promoter 

andd the inducible transcription factor NFATc2 has a suppressive role in IL-12Rfi2 expression, 

butt does not seem to underlie the loss of IL-12RB2 expression in Th2 cells. Now, due to the 

availability77 of genomic sequence data that was obtained from the Human Genome Project, we 

weree able to confirm the int ron/exon boundaries and /or determine the exact size of intron 1 

throughh 12, by searching in the NCBI BLAST data base with the IL-12RB2 cDNA sequence (the 

sizee of intron 13-15, could not be confirmed). The size of the intron between exons 1 and 2, 

whichh was not determined before, was shown to be 12 kb (Table I). The presence of this large 

intronn in the 5' untranslated region (5' UTR) made it difficul t to isolate the promoter region 
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upstreamm of the 5' UTR. The IL-12RB2-encoding genomic DNA clone (PAC188) that was 

isolatedd after screening a genomic DNA PAC library, described in Chapter 3, contained the 5' 

partt of the IL-12RB2 gene at the end of its insert. The presence of the 12 kb intron in the 5' 

UTR,, unfortunately, limited the length of the promoter region that was isolated from this clone 

too 0.6 kb. 

Thee locations of the other introns were confirmed, and their sizes could now be determined 

exactlyy (Table I). It is to be expected that in the near future the genomic organization of other 

Tablee I 

Hxon-intronn organization of human and mouse IL-12RB2 

aa Intron Intron size Exon size (bp) 

ML-12Rfi2 ML-12Rfi2 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

(kbp) (kbp) 

12. 0 0 

1.2 2 

4. 8 8 

1.3 3 

1.2 2 

0. 9 9 

7. 8 8 

12. 1 1 

16. 7 7 

4. 4 4 

0.1 1 

7.1 1 

5.2 5.2 

3.6 3.6 

5.0 5.0 

ML ML 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

-J2RJ32 -J2RJ32 

604 4 

112 2 

288 8 

115 5 

185 5 

143 3 

151 1 

80 0 

220 0 

201 1 

99 9 

159 9 

138 8 

91 1 

100 0 

>1354 4 

mIL-12 mIL-12 

104 4 

112 2 

288 8 

115 5 

185 5 

143 3 

151 1 

80 0 

220 0 

201 1 

99 9 

159 9 

138 8 

91 1 

100 0 

>534 4 

aa Sizes of human (h) IL-12RB2 introns 1-15 as determined in Chapter 2, 

sizess in italic could not be confirmed; intron 1 is located between exon 1 

andd exon 2 etc. '' mouse (m) and human (h) cDNA have an equal 

numberr of exons, and are numbered from 1-16. 
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classs I cytokine receptor family members wil l be described. High degree of homology in gene 

structuree between all human class I cytokine receptor family members, like GCSFR (Chapter 2), 

obviouslyy suggests an evolutionary link and probably originates from gene duplication of which 

alreadyy several examples have been described on chromosome 1, 6, 9 and 19 ~ (IL-12KJS2 and 

GCSFRGCSFR both are located closely together on chromosome 1 ,;4; IL-12RJÏ1 is located on 

chromosomee 19 3). Within this family of human class I cytokine receptor genes, the homology is 

restrictedd to the coding regions. The promoter and regulator}' regions are not highly homologous, 

becausee these genes have evolved to have different cell-type specific expression patterns. For that 

reason,, we did not use the comparison with other class I receptor members for further study on 

thee molecular mechanisms controll ing the IL-12RB2 promoter in Chapter 3 and 5. 

Apartt from human sequence, mouse sequence data is gradually being released as well. It is known 

thatt the human and mouse IL-12RB2 cDNA and protein show a high degree of homology \ A 

searchh within the mouse trace sequence database (www.ncbi.nlm.nih.gov/Traces) with the mouse 

IL-12RB22 cDNA sequence, revealed identical in t ron/exon boundaries in the coding region of 

exonn 2 through 15 (Table I). As the IL-12RB1 and IL-12RB2 subunits have an identical 

expressionn pattern and function in mouse and human, it would have been interesting to compare 

thee human and mouse IL-12R132 promoter regions. Unfortunately, no data is available yet on the 

murinee promoter region. 

T H EE COMPLEX MECHANISMS INVOLVE D IN TH CELL POLARIZATION 

Thee dominant Th cell polarizing cytokines IL-12 and IL- 4 lead to the phosphorylation of STAT4 

andd STAT6, respectively, that are instrumental in the canonical Th cell polarization machinery 6, 

resultingg in effector Th cells secreting either IFNy or IL-4. The underlying molecular mechanisms 

aree complex, however, and the exact and relative contributions of these STAT factors to 

polarizationn are only gradually being unraveled. By now, it is clear that besides STAT4 and 

STAT6,, GATA3, T-bet and other molecules are involved in Thl and Th2 cell development. For 

example,, STAT47 mice are not completely devoid of Thl cell responses ;8 and Th2 cell 

developmentt can still occur in STAT6 mice 9:l". In addition, in the human system, type I 

interferonss are known to induce STAT4 and are capable of inducing IL-12RB2 expression and 

T hll  polarization n , but in contrast to IL-12 type 1 interferons can not induce repolarization of 

establishedd Th2 cells (Smits et al., unpublished observations and " ) . Heath et al. showed that 

ectopicc expression of the IL-12RB2 chain in developing and committed mouse Th2 cells restored 
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IL-12-mediatedd STAT4 signaling and proliferation, but did not restore the production of lFNy '". 

Also,, C D 4' T cells from IL-12RB2 transgenic mice were shown to be able to differentiate into 

Th22 cells when primed with IL- 4 or IL-4 plus 1L-12 ' '. All these findings suggest the requirement 

off  additional pathways for Thl polarization, apart from IL-12-induced STAT4 activation. 

Thee complexitv of the above is increased bv the opposite effects of II.-12 and IL-4 on the gene 

expressionn of the signaling B2 subunit of the IL-12R on activated naive Th cells, contributing to 

Thh cell polarization bv determining 11.-12 responsiveness 14"' . 

TheThe role of G ATA 3 and l'-bet in the regulation of I LA 2Kf,Q transcription 

AA crucial condition for STAT factors to operate is that the loci of their target genes are made 

accessiblee to transcription factors bv chromatin-remodeling factors. In activated naive Th cells, 

G A T A 33 appeared to be required to open the IL-4 locus ' . In addition, GATA 3 can function as 

aa transactivator, as shown for example for the IL-5 gene " and is able to auto-induce its own 

expressionn once activated "'. In the mouse, ectopic expression of G AT A3 in developing T hl cells 

resultedd in decreased IL-12 responsiveness and decreased Thl polarization 2"'" showing increased 

Th22 cytokine expression instead ' \ Hctopically expressed G AT A3 was shown to direct both Th2 

developmentt and the induction of Th2 cytokine expression in a STAT6 independent fashion '' ", 

suggestingg that STAT6 in physiological conditions is mainly to induce GATA 3 ~ . GATA 3 in turn 

nott only induces Th2 cytokine expression, but is also involved in the transcriptional 

(down)regulationn of ILA2Rf'2 and /FA" / expression ~"'22, a mechanism to further promote Th2 

polarizationn (big. 1). An important, yet unanswered question is which molecular events underlie 

thee suppression of these genes by G AT A3. 

W'cc showed in Chapters 5 and 6 that, depending on a promoter polymorphism, GATA 3 did not 

orr only partially inhibited human !LA2Rfs2 gene transcription by acting as a transcription 

factor.. In the mouse, inhibition of IFNy transcription bv ectopic GATA 3 expression was 

observedd only during initial T hl cell polarization and not in established Thl cells ' ' J, 

suggestingg that direct inhibition of IFNy transcription by GATA 3 is not very likely. Indeed, 

G A T A 33 was not able to change IFNy reporter-gene activity in the mouse "". The dramatic effects 

off  G A T A 3 on IL-12RB2 and IFNy expression in developing Th cells are therefore probably 

mediatedd through indirect molecular events. 

IL-122 strongly upregulates IL-12RB2 and IFNy expression, probably by activation of STAT4. 

Thee presence of STAT4-binding sites (GAS-sites) in the IL-12RB2 5' regulatory region may 

accountt for the direct ability of IL-12 to upregulate its own receptor 2'. The same applies for the 
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IL-44 APC IL-12 IFNa/ft 

Fig.. 1 The complex canonical pathways of Th l and Th2 polarization. A schematic 

representationn of signaling pathways inducing (4-) transcription factors involved in gene transcription 

andd Thl and Th2 differentiation as well as the negative feedback signals (_L) involved (see text for 

details).. Numbers represent reference numbers as used in the text. 

IFNyy promoter " . However, IL-12/IL-18 induced IFNy production was shown to be sensitive to 

proteinn synthesis inhibition , suggesting that activation of pre-existing STAT factors in the 

cytoplasm,, is not sufficient to promote IFNy and ILT2RB2 transcription and that de novo 

proteinn synthesis is required. 

Indeed,, a novel transcription factor T-bet was recently shown to be involved in this process. 

Initiall  T-bet expression in naive Th cells, induced through TCR triggering, not only opens the 

IFNyy locus 8, allowing for IFNy production, but also induces IL-12RB2 expression and auto-

induccss its own expression 8. Experiments with T-bet knock out mice confirmed that T-bet is 

cruciall  for T hl development and required for control of IFNy production in Th cells . The 

effectss of T-bet were similar in STAT4"'" and STAT4 mice indicating that T-bet can promote 

IL-12RB22 and IFNy production in the absence of STAT4. 
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Thiss is in agreement with earlier studies of Szabo et al. who showed that ectopic expression of 

T-bett in primary T cells enhances IFNy production and mediates transcriptional activation of an 

IFNyy reporter construct, suggesting a direct effect of T-bet on the IFNy promoter 26 (Fig. 1). 

Ectopicc expression of T-bet in polarized Th2 cells could overrule Th2 promoting signals as 

evidencedd by increased expression of IL-12RB2 , increased IFNy production and reduced IL- 4 

andd IL- 5 production 2'\ all through STAT4- 8 and IFNy-independent pathways 2<>. Although the 

D N AA binding sites for T-bet (T-box consensus) in susceptible genes have not been functionally 

mappedd yet, the murine IFNy gene locus contains at least two consensus T-box sequences within 

itss proximal promoter and within the human IFNy locus a T-box site has been reported in the 

thirdd intron 26. As T-bet also induces IL-12RB2 mRNA expression , functional T-bet sites in the 

IL-12KJS2IL-12KJS2 gene can be expected as well. Sequence analysis of the 1.2 kb 5' regulator}- region of 

thee human IF-12RJÏ2 gene indeed revealed two sequences that resemble T-box transcription 

factorr binding elements '. These two consensus sites are located, respectively just upstream of 

thee transcription start site, centered at -6, and more upstream centered at -1181, as depicted in 

Fig.. 2. 

consensu ss  T-bo x sit e AATTTCACftCCTAGGTQTGAAATT 
humann IL-12RS 2 promote r  - 6 CTGCCCSCACTCCAGTSGGCGGTC 

consensu ss  T-bo x sit e AATTTCACACCTAGOTSTGAAATT 
humann IL-12RE 2 promote r  -118 1 AACGTATCACTT-GGTGTGftAAAT 

Fig.. 2 Putative T box sites in the human IL-12Rfi2 gene. The IL-12RB2 proximal promoter is 

alignedd with the consensus T-box sequence. Two putative T box sites are located within the promoter 

off  the human IL-12RB2 gene centered at -6 and -1181. Nucleotides critical for DNA binding are 

indicatedd in bold in the consensus T box sequence 2'\ Highly conserved nucleotides are underlined. 

Identicall  nucleotides in the two IL-12RB2 T box sequences are marked ingrej. 

Basedd on the above described observations that T-bet directly activates IFNy- ' and 1L.-12Kj?2 

genee expression and the lack of a dominant direct inhibitor)' effect of GATA 3 on these genes, it 

iss tempt ing to speculate that GATA 3 inhibits the T hl pathway by direct inhibition of T-bet 

expressionn as depicted in Fig. 1. The previous observation that IL- 4 suppressed T-bet 

transcriptionn 8, in a STAT6-dependent fashion, supports this hypothesis, as GATA 3 is induced 

byy STAT6 under these conditions. 
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ThlThl signaling pathways include more than ST AT 4 alone 

IL-122 signaling through STAT4 received much attention because it was believed to be a unique 

propertyy of IL-12 to activate this molecule. Type I interferons (IFNOi/ft), however, were later 

shownn to signal via STAT4 as well, at least in humans K,;2S. Mice on the other hand exhibit an 

intrinsicc difference in I F N a /B signaling, preventing STAT4 activation 2'\ Although activation of 

STAT44 by IL-12 is able to induce Thl differentiation, its activation is not crucial for Thl 

development,, as illustrated in STAT4'7 mice 8. STAT4 ' lymphocytes, that are under Thl 

differentiatingg conditions, are still able to produce IFNy, although at reduced levels 3". Signaling 

throughh the IL-12R is not propagated only through phosphorylation of STAT4 but involves 

severall  other members of the STAT family. I t was shown in human T cells that also ST ATI , 

STAT33 31'32 and STATS 33 were activated upon IL-12 exposure. 

Thesee STAT factors are likely to contribute to Th cell differentiation, especially STAT1 34. In 

mousee Th cells, both type 1 and type I I (IFNy) interferons directly induce ST ATI activation 3\ 

Thee critical role of STAT1 in IFNy responses was demonstrated by S T A T 17 mice 36'3 that 

displayy a complete lack of responsiveness to both IFNoc and IFNy and are highly sensitive to 

infectionn by microbial pathogens and viruses. In the human, direct STAT1 activation in Th cells 

iss induced mainly by I F N a /B and IL-12 but not by IFNy. In addition, activation of ST AT I can 

bee induced by triggering of CD2 38, which is known to act as a costimulatory molecule for IL-12-

inducedd proliferation and IFNy production 39. However, in vivo IFNy may induce IL-12 

product ionn by macrophages 33, which in turn can induce ST ATI phosphorylation. 

Thee importance of recruitment and activation of additional STAT factors, besides STAT4, for 

properr IL-12 signaling was suggested by a report describing that T cells from a patient suffering 

fromm atypical mycobacterial infection, were unable to proliferate or produce IFNy in response to 

IL-12,, despite the expression an intact IL-12R and the ability to phosphorylate STAT4. The 

activationn of ST ATI , 3 and 5 upon IL-12 exposure, however, was lost4I> . 

Interestingly,, the inhibition of G AT A3 through activation of the IL-12 pathway was shown to be 

STT AT I and STAT4 dependent 20, fitting the above described requirement for both STAT factors. 

Takenn together, it is clear that to transmit the full array of responses to IL-12, IL-12 signaling in 

Thh cells involves other (STAT) factors besides STAT4, STAT factors may also mediate 

transcriptionn directly, as ST AT I and STAT4 binding sites are reported in the IFNy gene 24. Based 

onn the above, a plausible mechanism would include the events as indicated in Fig. 1: IL-12 

and /orr IFNa / fi induce(s) STAT4 and ST AT I (and possibly other STAT factors) allowing for de 
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novonovo synthesis of T-bet, which in turn inhibits GATA 3 and promotes IL-12RB2 and IFNy 

product ionn ~b. 

Thee question remains however, how IL-12 and I F N a, although both activating STAT1 and 

STAT4,, have different effects on T hl cell polarization. The data suggest the need for subde 

differencess in activation of STAT factors and existence of additional pathways. Indeed, it has 

beenn shown that IL-12 and I F N a induce IL-12RB2 expression with different kinetics n. 

Additionall  pathways of IL-12 signaling are implicated by patients genetically deficient for the IL -

12R1311 subunit, showing residual IL-12-induced IFNy production. It was suggested that p38 

mitogen-activatedd protein kinase (MAP) kinases were responsible for this residual IL-12 signaling 

potentiall  4I. How ST ATI and STAT4 mediate different activation and whether this MA P kinase 

pathwayy is involved in IL-12Rfs2 and IFXy gene expression still has to be determined. 

R O LEE OF THE IL-12R IN MYCOBACTERIAL INFECTION 

Thee importance of both IL-12R subunits has been implicated by the IL-12RB1 42 and 1L-12RB2 43 

knock-outt mice. Both deficient mice showed impaired development of T hl cells and indicated 

thatt both chains are essential in mediating the biological functions of IL-12. Also in the human, 

expressionn of both the IL-12RB1 chain and the signaling 1L-12RB2 chain is necessary for IL-12 

responsiveness.. Interestingly, also in the human IL-12RB1-deficiencies have been described 44;45, 

whichh are caused by somatic mutations in the IL-12RB1 coding region, that preclude cell surface 

expressionn of the IL-12RB1 protein. Individuals that are homozygous for such mutations have T 

cellss with impaired IL-12 signaling and, as a result, a reduced IFNy-production capacity. These 

patientss frequently suffer from severe disseminating Mycobacterial and Salmonella infections, 

underscoringg the essential role of IL-12 and IFNy in the resistance to infections with intracellular 

bacteria.. Susceptibility to such infections can also follow from IL-12p40 deficiencies and 

especiallyy patients with IFNyRl or lFNyR2 deficiencies were shown to have very severe 

symptomss '. Al l these genetically determined deficiencies have in common that they lead to 

stronglyy reduced IFNy responses. 

Ann intriguing question is whether genetic deficiencies in IL-12RB2 expression or signaling occur 

inn the human population and what the phenotype of such deficiency would be with respect to 

resistancee or susceptibility to mycobacterial infections. In Chapter 6, we showed the occurrence 

off  several single nucleotide polymorphisms (SNPs) in the IL-12RB2 promoter region. One of 
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thesee SNPs (-465A/G) is located in a GATA consensus sequence and affected IL 12RJ32 mRNA 

expressionn to some extent in the presence of GATA 3 protein. However, in the absence of IL-4, 

ass expected during mycobaterial infection, this SNP wil l probably not have any impact. 

Mutationss resulting in a truncated 1L-12RT52 chain have been reported as well , however, only 

individualss that were heterozygous for this mutation were described, so far. Although IL-12-

inducedd IFNy production was somewhat reduced in T cells from these patients, there was no 

indicationn of increased susceptibility to mycobacterial infections in these heterozygous 

individuals,, probably because sufficient IL-12 signaling was left. In addition, many cytokines have 

pleiotropicc functions. The cytokine network is highly flexible, since there is considerable overlap 

andd redundancy between the functions of individual cytokines 48. Indeed, there are several 

pathwayss to induce IFNy production. First of all, as discussed, through IL-12 and IFNOC, the 

effectss of which can be synergized by IL-18 49"''", but recently, a novel protein p l9 was discovered 

thatt apparently can dimerize with IL-12p40. The p l9p40 heterodimer, now referred to as IL-23, 

sharess several biological activities with IL-12 ' , including the induction of IFNy production in 

Thh cells. The contribution of IL-23 to Thl-mediated immunity is implicated by the observation 

thatt IL-12p40 ' mice cannot generate protective responses to mycobacterial infections, whereas 

IL-12p355 knock out mice can ?2. This is probably explained by the lack of both IL-12- and IL-23-

signallingg in the IL-12p40/ _ mice and the un-affected IL-23-responsivcness in the IL-12p35 

mice.. The receptor for IL-23 is composed of the IL-12RB1 chain and an additional, novel 

receptorr subunit, other than the IL-12R152 chain. This suggests that IL-12RB2 deficiency probably 

leadss to a less severe phenotype than the IL-12RB1 deficiency and may not hold the risk of 

disseminatingg mycobacterial infections. However, no such genetic IL-12RB2 deficiency has been 

identifiedd yet. 

R O LEE OF IL-12R IN ALLERGY 

Thee above described IL-12RB1-deficient patients do not display any clinical or immunological 

signss of atopy or allergy r , indicating that these mutations do not lead to Th2 polarization by 

default.. Nevertheless, IL-12 plays a central role in preventing IL-4-induced Th2 cell polarization 

34;:oo and the loss of expression of the IL-12RB2 chain observed on allergen-specific Th2 cells 

fromm atopic patients, renders these cells unable to produce IFNy mRNA or protein :>6. In the 

mouse,, Thl and Th2 cells that have completed their polarization by repeated stimulation under 

polarizingg conditions, are resistant to reversal ' ^n. Mouse Th2 cells rapidly become stably 

resistantt to IL-12-mediated signaling bv the IL-4-induced loss of the IL-12RB2 chain. In Chapter 
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44 we investigated to what extent the loss of IL-12RB2 expression on polarized human Th2 cells 

hass bearing on the stability or sensitivity to modulation of the established Th2 phenotype. We 

showedd that, in contrast to mouse Th2 cells, human Th2 cells can be restored to IL-12-

responsivenesss and IL-12-induced lFNy production by restimutation in the presence of IL-12, 

indicatingg that IL-12-unresponsiveness of human Th2 cells is transient and depends on 

cont inuouss Th2 polarizing conditions to persist. This is probably what happens during ongoing 

allergen-specificc Th2 responses in atopic patients, due to the chronic exposure to ubiquitous 

environmentall  allergens. Once restimulated in the presence of IL-12, the accomplished reversal 

off  the Th2 phenotype in vitro, including restored expression of T-bet, is stable and a subsequent 

exposuree to IL- 4 in the absence of IL-12 could not undo the reversal, leaving IFNy production 

andd restored T-bet unchanged. Thus, the finding in the mouse that only cells that have divided 

fewerr that four times under Thl or Th2 conditions are capable of re-expressing cytokines of the 

oppositee phenotype when restimulated under opposing conditions yi, does not applv to 

establishedd human Th2 cells. Whether or not the inability- of IL- 4 to re-induce GATA 3 protein 

expressionn in the reversed Th2 cells (Smits et al., unpublished results) is responsible for the 

stabilityy of the reversed phenotype remains to be investigated. 

IL-122 is able to restore IL-12-responsiveness and IFNy production equally well in Th2 cells of 

bothh healthy and atopic individuals, suggesting that the loss of the IL-12RB2 chain from Th2 cells 

probablyy does not actively contribute to the persistence of the Th2 response in atopic patients 

andd that the absence of the IL-12RB2 chain is not due to an intrinsic effect of IL-12RB2 

regulation,, but rather to continuous Th2 driving environmental conditions. Therefore, our 

findingsfindings may have important implications for the design of therapeutic strategies that aim to 

correctt allergic reactions. Persistent Th2-mediated responses in atopic allergy may be diverted by 

IL-12-promotingg immunotherapy, targeting both naive and memory effector T cells. 
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Summary Summary 

Inn this thesis, studies are described on the regulation of the human IL-12RJÏ2 gene. IL-12 plays 

aa key role in Thl development and IFNy production. IL-12 responsiveness depends on the 

expressionn of the high-affinity IL-12R consisting of a Bl subunit and a 82 subunit. The IL-12R1Ï2 

chainn is selectively expressed on Thl cells, rendering Th2 cells unresponsive to IL-12. IL-12 and 

IL-44 both act in opposite directions on Th cell polarization and are involved in the regulation of 

IL-12R622 expression in a positive and negative fashion, respectively, as summarized in 

Chapterr  1. 

Inn Chapter  2, we describe the intron-exon organization of the human IL-12RB2 gene. The 

codingg region was found to consist of 15 exons and 14 introns and all intron-exon boundaries are 

consistentt with the consensus sequence for splice junctions (5'GT/AG3'). The IL-12RB2 chain is 

aa member of the class I family of cytokine receptors, characterized by conserved features. In 

Chapterr 2 we show that the intron-exon organization of the IL-12RB2 was remarkably well 

conservedd between another class I receptor family member G-CSFR, suggesting an evolutionary 

link.. In addition we describe an alternatively spliced mRNA, expressed in Th cells, encoding a 

putative,, truncated protein, lacking all signaling potential. No protein expression or functional 

regulationn of this alternatively spliced mRNA has been found yet. 

Inn Chapter  3 we describe the analysis the 0.6 kb proximal promoter fragment by transfection of 

seriall  deletion-reporter constructs in Jurkat cells. The -151 through +54 promoter fragment was 

shownn to contain the minimal promoter. The proximal promoter did not contain a typical 

TATAA box, and transcription was driven by Sp-1 family members instead. Furthermore we have 

shownn the presence of a negative regulatory NFAT element at -206, which was found to 

specificallyy bind NFATc2. Our data gave no indication for differential NFATc2 activity in Thl 

andd Th2 cells. Instead, NFATc2 may play a role in the general low expression rate or the kinetics 

off  IL-12RB2 expression, in particular in the shut-down of expression at later time points after 

TCRR triggering. 

Inn Chapter  4 the question was raised to what extent the loss of the IL-12RB2 chain in Th2 cells 

hass bearing on the stability of the human Th2 phenotype. It was shown that restimulation of fully 

polarizedd Th2 cells in the presence of IL-12 primes for a shift towards ThO/Thl cells. These cells 

weree shown to express the IL-12RB2 chain again, exhibiting STAT4 activation, IFNy production 

andd showed reversed GATA3 and T-bet expression levels. The IL-12 induced phenotypic shift 

wass proven to be stable. Identical results were obtained with cells from atopic patients. These 
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findingss suggest that IL-12-promoting immunotherapy can be beneficial for Th2-mediated 

immunee disorders, targeting both naive and memory effector T cells. 

Inn the case of low levels of IL-12 and the presence of IL-4, naive T cells wil l polarize into Th2 

cellss involving STAT6 and transcription factor GATA3. Experiments with ectopically expressed 

G A T A 33 in mouse T cells suggest a role for this Th2-specific transcription factor in the 

suppressionn of IL-12RB2 expression. Inspection of the D NA sequence of the 1.2 kb proximal 

promoterr region of the human IL-12Rfi2 gene revealed the presence of four GATA consensus 

sites.. In Chapter  5 we describe that we unexpectedly found no evidence for a direct effect of 

G A T A 33 on the activity- of the IL-12RB2 promoter through any of the sites. Similarly, ectopic 

expressedd GATA 3 had no effect on the intrinsic IL-12RB2 expression in Jurkat cells. This data 

suggestss that GATA 3 has no direct effect on the IL-12RB2 transcription. 

Inn the last experimental chapter, Chapter  6, we analyzed the 1.2 kb 5' regulator)' region of the 

humann IL-12Rfi2 gene in a small cohort of allergic asthma patients (n = 40) by DHPLC, to 

identifyy polymorphic sites. Polymorphic changes may alter the structure of transcription factor 

bindingg sites within gene promoters and may affect transcription. We found five novel single 

nucleotidee polymorphisms (SNP's) in the proximal promoter region. -465A/G was of particular 

interest,, because promoter activity was increased with almost 200 % in case of the -465G allele, 

andd it disrupted a GATA binding site. D NA binding activity of the -465A GATA site was 

strongerr in Th2 extracts as compared to T hl extracts, in line with higher GATA 3 expression 

levelss in Th2 cells. We found an incidence of 80 % (over 20 % for the G allele) in the asthmatic 

cohort,, but no changed incidence for the GATA site-containing -465A allele in healthy controls. 

Stilll  this polymorphic GATA site may affect transcriptional activity of the human IL-J2R/2 

genee under Th2 polarizing condit ions. 
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Eenn behoorlijke samenvatting van dit proefschrift zou voor de niet ingewijde lezer een dubbel 

dikk boekje opleveren. Daarom zal door de termen in de titel te verduidelijken (Fig. 1) in deze 

samenvattingg een beeld gegeven worden van wat er onderzocht is. 

Laatt ik eerst het onderwerp van dit proefschrift verduidelijken: Interleukine-12 en zijn receptor. 

Interleukiness zijn eiwitten die als signaalstof dienen. Zij worden door de ene cel gemaakt en 

uitgescheidenn om een boodschap door te geven aan een andere cel. Deze andere cel kan de 

boodschapp alleen ontvangen als het op zijn oppervlak een 'ontvanger' eiwit (receptor) heeft. De 

enee cel maakt dus Interleukine-12 (IL- 12) en een andere cel ontvangt de boodschap IL-12 met 

behulpp van een IL-12 receptor op zijn oppervlak. 

Interleukine-122 speelt een belangrijke rol in het afweersysteem. Dendritische cellen (DC) 

bevindenn zich op plaatsen waar potentiële ziekteverwekkers het lichaam binnen kunnen komen 

bvv in de huid of longen. Daar zoeken zij de omgeving af naar potentiële ziekteverwekkers. 

Enerzijdss zijn er lichaams-vreemde stoffen die in cellen terechtkomen ('intra-cellulair', zoals 

virussenn en sommige bacteriën) en anderzijds lichaams vreemde stoffen die tussen cellen zitten 

verstoptt ('extra-cellulair', bv wormen). Als deze DC vreemde ziekteverwekkers in cellen 

ontdekken,, zullen ze het IL-12 eiwit gaan uitscheiden. Boodschapper IL-12 zorgt voor de 

ontwikkelingg en activatie van gespecialiseerde witte bloedcellen, de T-helper cellen van het type 1 

(Thl).. Thl cellen zullen ervoor zorgen dat de potentiële ziekteverwekkers of de cellen waar het 

zichh in bevindt, netjes worden opgeruimd. Zulke Thl cellen hebben een volledige IL-12 receptor, 

bestaandee uit twee eiwitten: het IL-12 receptor beta 1 (IL-12RB1) eiwit en het signalerende IL-1 2 

receptorr  beta 2 (IL-12RB2; zie Fig. 2, hoofdstuk 1) eitwit. Thl cellen gaan zodra ze de 

homoo sapiens! 0 

d d - A ^ ^ 
->, , 

TRANSCRIPTIONALL RFJS^ATION 

OFF THE HUMA^N^TERLEUKIN-127 Q 
—^^ RECEPTORBTÜENE 
Y)Y) Beta 2 ? \ ^ 

Fig.. 1 Titel van dit proefschrift. Impressie van de titel van dit proefschrift voor een 'leek' door de 

auteur.. A-E geven de onbekende termen aan. 
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boodschapp IL-12 ontvangen hebben met hun receptor, weer andere signaal stoffen maken. 

Voorr het opruimen van ziekteverwekkers tussen de cellen, zal de DC andere signalen afgeven, 

diee zorgen voor de ontwikkeling en activatie van gespecialiseerde witte bloedcellen van een ander 

type:type: de T-helper cellen type 2 (Th2). Deze Th2 cellen missen het IL-12RB2 'ontvanger' eiwit 

voorr IL-12 op hun oppervlak en kunnen zodoende niet op boodschapper IL-12 reageren (zie Fig. 

1,, hoofdstuk 1). 

Dee ongespecialiseerde witte bloedcellen (naïeve T-helper cellen) die zich bevinden in de 

lvmfeknopen,, hebben ook geen IL-12RB2 ontvanger eiwit op hun oppendak. Deze naïeve T-

helperr cellen wachten daar tot ze van de DC een boodschap ontvangen, die bepaalt of ze zich 

zullenn specialiseren in een Thl of Th2 cel. Het specialiseren van de naïeve T-helper cellen in Thl 

enn Th2 cellen is normaal gesproken strikt gereguleerd en een evenwichtig systeem. 

Reedss aan het begin van dit project waren er een aantal onderzoeksresultaten bekend die het zeer 

interessantt maakten om naar het IL-1 2 receptor  K2 gen te kijken. Het was bekend dat IL-12 een 

Thll  cel kan activeren, omdat het de receptor heeft, maar niet een Th2 cel omdat die de IL-12RB2 

niett op zijn oppervlak heeft. Het bleek dat IL-12 zelf ook een belangrijke rol speelde in de 

ontwikkeling!'specialisatieontwikkeling!'specialisatie van de naïeve T-helper cel in een T hl cel. Echter er diende zich hier 

well  een 'wat was er eerder, de kip of het ei?' vraagstuk aan. Immers, hoe kan de naïeve T-helper 

cell  de IL-12 boodschap aannemen als het de volledige receptor ervoor niet heeft...? 

Err was nog een reden om naar de receptor van IL-12 te kijken. Het was ontdekt dat soms de DC 

bvv in de long, foutief, dus op onschuldige stoffen (bv huisstofmijt) reageerde. In zulke gevallen is 

hett specialiseren van naïeve T-helper cellen uit balans en is er een voorkeur ontstaan voor het 

ontwikkelenn van Th2 cellen. Allergische patiënten bleken inderdaad overmatige Th2 cel 

ontwikkelingg te vertonen, met bekende allergische klachten tot gevolg. Het leek of de naïeve T-

helperr cellen zich gedwongen tot Th2 cellen ontwikkelden, alsof ze een intrinsiek onvermogen 

haddenn om op boodschapper IL-12 te reageren. Er werd gedacht dat er iets mis zou kunnen zijn 

mett het aan zetten van het IL-12 receptor bèta 2 gen. 

Inn dit proefschrift zijn verschillende studies beschreven die er allemaal op gericht zijn om te 

begrijpenn hoe het Interleukine-12 receptor bèta 2 (IL-12R.fi2) gen: 

i)) in elkaar zit; 

ii )) hoe het werkt, dus wanneer het aan of juist uit gezet wordt (transcriptie ofwel het 'lezen' 

vann het gen om via RNA te vertalen in IL-12RI52 eiwit; 

iii )) en welke eiwitten (transcriptie factoren) een rol spelen bij het aan en uit zetten van het gen; 
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iv)) of er in het IL-J2RJÏ2 gen van verschillende mensen kleine variaties (polvmorfismen) te 

vindenn zijn die een effect hebben op het aan of juist uit zetten van het gen. 

Inn Hoofds tuk 1 wordt een inleiding gegeven over de signaalstoffen (interleukinen) die betrokken 

kunnenn zijn bij het de regulatie van expressie van IL 12RB2. 

Inn Hoofds tuk 2 is beschreven hoe het gen voor 1L-12RB2 eruit ziet op D NA niveau. Elk gen dat 

codeertt voor een eiwit, bevat namelijk meer onderdelen dan alleen de code voor het uiteindelijke 

eiwit.. Het IL-12RB2 gen bleek een behoorlijk groot en ingewikkeld gen te zijn. Het voor IL -

12RB2-coderendee deel is opgebouwd was uit 15 stukken (exonen) waartussen 14 niet coderende 

stukkenn (intronen) zitten, lntronen hebben mogelijk alleen een functie in de regulatie van het aan 

off  //// zetten van het gen. Helemaal aan het begin van het gen bevindt zich het stuk D NA (dit 

stukk D NA wordt de promoter genoemd) waar eiwitten aan kunnen binden (transcriptie factoren) 

diee bepalen of het gen aan of //// gezet wordt. In andere woorden: deze transcriptie factoren 

bepalenn samen de transcripti e regulatie van het IL-12RB2 gen. Een schematische weergave van 

hett 1L-12RB2 gen zoals bepaald in dit hoofdstuk staat op de achterkant van het proefschrift. 

Inn Hoofds tuk 3 is het promoter fragment onderzocht. Er is bepaald wat het kleinste stukje 

D N AA is dat het IL-12RB2 gen nog aan kan zetten. Hieraan binden eiwitten van de Sp-1 familie. 

Verderopp in de promoter zijn meer belangrijke gebieden die eiwitten binden en zo de transcriptie 

regulatiee van het gen posidef beïnvloeden. Ook is er een eiwit gevonden dat bindt in de 

promoter,, NEAT (Nuclear Factor of Activated T-cells) genaamd, dat juist er voor zorgt dat de 

transcriptiee regulatie van het gen negatief beïnvloed wordt en dus remt. 

Inn Hoofs tuk 4 is er juist op eiwit niveau gekeken naar IL-12RB2. Hierin is laten zien dat 

gespecialiseerdee Th2 cellen, die niet op boodschapper IL-12 kunnen reageren omdat ze de IL -

12RB22 missen, toch weer IL-12RB2 eiwit op hun oppen-lak kunnen krijgen en daarmee meer op 

eenn gespecialiseerde T hl cel gaan lijken door de herstelde mogelijkheid IL-12 boodschappen aan 

tee nemen. Deze bevinding is met name van belang voor mensen met een allergische aandoening 

(Th22 geassocieerd) omdat zo misschien hun uit balans zijnde ontwikkeling van naïeve T cellen 

weerr hersteld zou kunnen worden. 

Inn Hoofds tuk 5 hebben we onderzocht of een bepaalde transcriptie factor (GATA3) de 

transcriptiee van het IL-12RB2 gen zou kunnen remmen door aan de promoter te binden. 

Bevindingenn beschreven in de literatuur hadden daar aanwijzingen voor gegeven. Een direct 

effectt van GATA 3 op de promoter hebben we echter niet kunnen vinden, wat niet uitsluit dat 

G A TT A3 op een indirecte manier, via andere eiwitten, een effect kan hebben op het uit zetten van 

hett gen. 
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Tenslotte,, in Hoofdstuk 6, is er gekeken of er in het promoter gebied van het IL-Ï2R.f$2 gen 

vann allergisch astma patiënten kleine variaties (polymorfismen) te vinden zijn die een effect 

hebbenn op de transcriptie (het aan of juist ///'/ zetten) van het gen. Er is een stuk promoter 

bekekenn met een lengte van 1200 D NA bouwstenen (nucleotiden, A, G, T of C) in een bepaalde 

volgordee zoals weergegeven in Fig. 1 hoofdstuk 6. Er zijn vij f van zulke variaties gevonden, 

waarvann één polymorfisme in het D N A (op positie -465) effect had op welke eiwitten er binden 

aann het D NA op positie -465 en daardoor ook effect had op transcriptie van het IL-12RB2 gen. 

Inn 80 % van de gevallen heeft het gen op positie -465 een nucleotide A staan, en in 20 % een G. 

D ee promoter met nucleotide A op -465 kon een extra eiwit binden in vergelijking met de 

promoterr met nucleotide G op -465 en dat resulteerde in een lagere transcriptie van het IL -

12RT522 gen. Het hebben van een nucleotide A op -465 zou dus passen bij het Th2 geassocieerde 

ziektebeeldd van allergisch astma. Het vóórkomen van dit polymorfisme in de allergisch astma 

populatiee echter, in vergelijking met gezonde individuen was niet verschillend en dit IL-12RB2 

polymorfismee lijk t daarmee niet een risico factor te zijn om allergie te ontwikkelen. Het zou 

eventueell  alleen, als er eenmaal allergie ontwikkeld is, voor een extra verlaagde IL-12RB2 

expressiee kunnen zorgen en zo mogelijk het ziektebeeld iets verslechteren. 
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Lievee Allemaal, 

Hett leek allemaal zo lang geleden dat ik als A I O begon, maar tijdens het bedenken wat te 

schrijvenn in dit dankwoord kwamen er zoveel leuke herinneringen en gebeurtenissen terug! 

Dee PanGenetics-boys & girls 'woonden' nog bij Celbiologie en Eddy, Hermelijn en ik deelden 

eenn zitkamer. En zo is het begonnen... 

Opp het lab draaide Louis zijn house-bandjes en hielp Marcel mij bij het isoleren van mijn stukje 

D N AA waar ik vervolgens vier en een half jaar zoet mee was. Daar zal misschien menig 'leek' zich 

overr verbazen, maar het hele boekje gaat over de functie van dit ene stukje DNA ! 

Omdatt ik er van uit ga dat dit boekje van voor naar achter gelezen wordt, weet je dus nu alles 

overr dit stukje D NA en is het tijd erover op te houden en de gelegenheid te nemen om enige 

werkgerelateerdee hoogtepunten te noemen en heel veel mensen te bedanken. 

Allereerstt mijn twee copromotoren Eddy en Marcel: vaak heb ik mij de best begeleide AI O 

gevoeld,, door julli e en door de regelmatige meetings, waardoor veel goede ideeën, 

doorzettingsvermogenn en enthousiasme zijn ontstaan. Martien, dank voor het werken in jouw lab 

enn Mark voor het mogelijk maken van de samenwerking. 

II  also would like to thank the members of the 'Promotie commissie' for reading the thesis 

manuscriptt with so much attention. (Zelfs ongewilde 'punt-mutaties' werden geïdentificeerd!) 

Daarnaastt wil ik natuurlijk alle collega's van de afdeling Celbiologie & Histologie, inclusief de ex-

Lipidenn (we konden altijd wel wat van elkaar lenen) en PanGenet ics/Tanox Pharma bv. (Mark, 

Marcel,, Louis, Antonio, Sijmie, en alle andere Macrozymers) bedanken voor het creëren van zo'n 

goedee werksfeer, zodat ik met plezier naar het lab kon gaan en als dat een enkele keer niet zo was, 

dann lag dat niet aan julli e ! Het was natuurlijk wel druk met twee werkgevers: twee lab-uitjes, twee 

jaargesprekken,, kerstontbijt én -lunch en dubbele werkbesprekingen, retraite met de een, congres 

mett de ander.. .. 

Graagg wil ik het Sequence-team met Coby, Jules en Nico bedanken voor al het sequencen; Cor 

Verweij,, nu mijn nieuwe baas, Onard van Anatomie & Embryologie, Ruud en Marielle van 

Klinischee Genetica en de deelnemers van de Promoter-club -die toen ik begon gelukkig weer 

nieuww leven is ingeblazen-, voor het geven van nuttige adviezen. Mij n studenten Rachel en 

Diederik,, ik hoop dat julli e veel geleerd hebben. Bedankt voor de tips, Heleen, omdat jij net even 

eerderr promoveerde. Jan W. en Joost, bedankt voor het altijd verzinnen van oplossingen. En 

Treess voor het verlenen van hand-en-span diensten. Ook heb ik met plezier de ALIF I Lente AI O 

meetingss georganiseerd, Ineke, Sarah, Annette, Annemieke en Jessica, bedankt voor de 
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samenwerking.. Kirsten, ik hoop dat jij er net zoveel lol aan beleeft! Robert (er staat me een citaat 

bijj  van een student die jou raak typeerde: "Al ligt hij op één oor, klapper/ %jjn (kunst)gebit 

nógnóg door !"), heel erg bedankt voor je vele, 20 secuur uitgevoerde D N A-isolaties en PCR's, en 

volgenss mij ben je er nóg niet op uitgekeken! 

Dann mijn roomies: eerst Eddy en Hermelijn (die cognac-jcs zijn allang niet meer, waarom 

eigenlijk?),, daarna heel gezellig met Eddy (en verrekijker, je weet maar nooit wat er langs vliegt), 

enn toen Eddy werd bevorderd tot het aquarium kwam HH weer terug met P en Lianne en haar 

vuurballenn thee! En nu op de valreep nog even met de beide Xext Generation AIO's Kirsten en 

Lianne!!  Thanx! 

Ookk het leuke van wetenschap zijn de congressen en zo begonnen Hermelijn en ik in Jeruzalem 

(dee zonsopgang vanaf de Massada en volop Sabra) en ben ik eindelijk een keer in Amerika 

geweest,, met Eddy; ook naar Poznan (Polen) met de trein met Jeanine was een belevenis, 

Stockholmm met Cristina, Esther en Martien (en met de laatste kom je altijd weer in een echt 

gezelligg restaurant...!?) en natuurlijk de NVV I met iedereen in Noordwijkerhout of Düsseldorf. 

Overr de buiten-lab activiteiten met de Immuno's kan ik ook nog wel een bladzijtje vullen... 

Eerstt met de 'oude garde' Annabeth, Pawel, Marco en Catharien, borrelen in het Oude Gasthuis 

enn zeilen-zonder-wind en survivallen in de Flevopolder (toen al bestonden er lekke glazen! wie 

diee dingen toch heeft uitgevonden ?). Verder de onvergetelijke Kerstdiners, Mosselmaaltijden en 

Vissenborrels. .. . 

Enn ieder jaar opnieuw, onder bezielende leiding van Hermelijn en Esther, gingen wij naar een tot 

opp het moment van vertrek geheime locatie voor "Het Labweekeinde". Hoogvliegen met de 

Parapentee in Frankrijk (een platte dooie muis in het bed van Martien! en heel veel wijn). 

Survivalenn in de Ardennen, water in de grotten redde ons van een speleologie-nachtmerrie (lucky 

forr us, hè Cristina?) dus toen maar abseilen (en weer veel wijn bij de BBQ) en vreemd genoeg 

ookk al zijn veel van ons Vis, was het weer Eddy die het water in ging... Last but not least, was 

strandzeilenn op Terschelling (We gingen wel hard hè, Lianne, wind-mee, maar gelukkig kan je ook 

op-kruisenn met die dingen! De wijnflessen hebben we maar niet meer geteld en Sjaan, de knol-

hobbelen-datee op het eiland staat nog, toch?). Björn, next year you'll have to join! 

Di tt zal ik allemaal vreselijk missen!! 

Lievee vrienden, jaargenootjes en familie, nu word ik eindelijk weer sociaal! En heb ik weer tijd om 

tee sporten, om (met mooie weer en geen bliksem!) op de gracht te varen, en vooral gezellig te 

borrelen! ! 

160 0 



Dankwoord Dankwoord 

Mij nn Paranimfen Hermelijn en Esther wil ik ook (alvast) bedanken en ik zie het zo: hoe meer 

zielen,, hoe meer vreugd & steun rond de katheder! 

Lievee Papa en Mama, wat kan ik zeggen, jullie vormen het fijnste nest dat ik me kan voorstellen. 

Willem,, grote broer, grafisch vormgeven dat kan je, tóp! Terecht dat je met behulp van dit kaft-

ontwerpp bent toegelaten, toch?!! 

Enn Emil (mijn Emil), dank je voor alles en ik zie heel erg uit naar onze toekomst met allebei een 

tweee letterige titel ! Dus óp naar Down-Under en méér! 

Bedankt,, AGI. 

-s^mm^ -s^mm^ 
0! ! 
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Dee auteur van dit proefschrift, Anna van Rietschoten, werd op 25 februari 1974 te Amsterdam 

geboren.. In 1992 behaalde zij het V W O diploma aan het Vossius Gvmnasium te Amsterdam. In 

hetzelfdee jaar begon zij met de studie Medische Biologie aan de Universiteit van Amsterdam. 

Gedurendee de doctoraal fase verrichtte zij immunologisch onderzoek naar de afwezigheid van 

Interleukin-122 signalering in allergeenspecifieke Th2 cellen, bij de afdeling Celbiologie & 

Histologie,, Universiteit van Amsterdam, onder de supervisie van dr. C.M.U. Hilkens. Een tweede 

stagee deed zij bij Celgen, Laboratorium voor Moleculaire Biologie, Katholieke Universiteit 

Leuven,, België. Di t onderzoek, onder supervisie van dr. S. Pype richtte zich op het vinden van 

moleculenn die een rol spelen in de signaal transductie van CD40 door middel van een 'yeast-two-

hybrid'' screen. 

Naa het behalen van haar doctoraalexamen Medische Biologie in 1997 begon zij haar 

promotieonderzoek,, getiteld ''Gene regulation of the lnterleukin-12 receptor beta 2 chain in 

humanhuman T he/per cells '. Di t project werd uitgevoerd bij de Afdeling Celbiologie & Histologie 

vann de Universiteit van Amsterdam in het Academisch Medisch Centrum, in samenwerking met 

PanGeneticss BV/Tanox Pharma BV te Amsterdam. Haar promotor was Prof. dr. M.L. 

Kapsenberg.. En haar copromotores dr. E.A. Wierenga en dr. M.T. den Hartog. Tijdens haar 

promotiee was zij ondermeer lid van het dagelijks bestuur van de Afdeling Celbiologie & 

Histologiee en lid van de Amsterdam Leiden Instituut voor Immunologie (ALIFI ) Onderwijs 

commissie,, waarvoor zij o.a. de jaarlijkse A I O / O I O retraite organiseerde. Sinds april 2002 IS Zij 

werkzaamm als postdoc bij Prof. dr. C L . Verweij op de afdeling Moleculaire Celbiologie, VU 

Medischh Centrum, te Amsterdam. 
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