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TranscriptionalTranscriptional regulation of IL-12RJ?2 promoter 

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 
]] - 591 

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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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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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. 

ACKNOWLEDGEMENTS S 

Wee thank Ing. J. Wormmeester for technical support and Drs J.L.M Schoneveld (AMC, Dept. of 

Anatomyy and Embryology, Amsterdam) and Dr M.F.A. Bierhuizen (UMCU, Dept. of Medical 

Physiology',, Utrecht, the Netherlands) for helpful discussions. H.H.S. was financially supported 

byy grant 96.45 from the Netherlands Asthma Foundation. 

59 9 



ChapterChapter 3 

R E F E R E N CEE LIST 

1.. Salgame, P., J. S. Abrams, C. Claybergcr, H. Goldstein, J. Convit, R. F. Modlin, and B. R. Bloom. 
1991.. Differing lymphokine profiles of functional subsets of human CD4 and CD8 T cell clones. 
ScienceScience 254:279-282. 

2.. Romagnani, S. 1991. Human Thl and Th2 subsets: doubt no more. Immunol. Today 12:256-25". 

3.. O'Garra, A. 1998. Cytokines induce the development of functionally heterogeneous T helper cell 
subsets.. Immunity 8:275-283. 

4.. Manetti, R., F. Gerosa, M. G. Giudizi, R. Biagiotti, P. Parronchi, M. P. Piccinni, S. Sampognaro, H. 
Maggi,, S. Romagnani, and G. Trinchieri. 1994. Interleukin 12 induces stable priming for interferon 
gammaa (IFN-gamma) production during differentiation of human T helper (Th) cells and transient 
IFN-gammaa production in established Th2 cell clones. 7. I;xp. Med 179:1273-1283. 

5.. Maggi, F.., P. Parronchi, R. Manetti, C. Simonetli, M. P. Piccinni, F. S. Rugiu, M. De Carli, M. Ricci, 

andd F. Sinigaglia. 1992. Reciprocal regulator)' effects of IFN7 and 1L-4 on the in vitro development 

off  human Thl an Th2 clones, ƒ. Immunol. 148:2142-2147. 

6.. Rogge, L., F. Barberis-Maino, M. Biffi , N. Passim, D. H. Presky, I". Gubler, and F. Sinigaglia. 1997. 
Selectivee expression of an interleukin-12 receptor component bv human T helper 1 cells. /. l:.\p. 
MedMed 185:825-831. 

7.. Chua, A. O., R. Chizzonite, B. B. Desai, T. P. Truitt, P. Nunes, F. J. Minetti, R. R. Warner, D. H. 
Presky,, J. F. Fevine, and M. K. Gately. 1994. Fxpression cloning of a human II.-12 receptor 
component.. A new member or the cytokine receptor supcrfamilv with strong homology to gpl30. /. 
Immunol.Immunol. 153:128-136. 

8.. Hilkcns, C. M., G. Messer, K. Tesselaar, A. G. van Rietschoten, M. F. Kapsenberg, and F.. A. 
VC'ierenga.. 1996. Fack of 11.12 signaling in human allergen-specific Th2 cells. /. Immunol. 157:4316-
4321. . 

9.. Rogge, F., A. Papi, D. H. Presky, M. Biffi , F. J. Minetti, Miotto, C. Agostini, G. Semenzato, F. M. 
Fabbri,, and F. Sinigaglia. 1999. Antibodies to the IF-12 receptor beta 2 chain mark human Thl but 
nott Th2 cells in vitro and in vivo, ƒ Immunol. 162:3926-3932. 

10.. Presky, D. H., H. Yang, F. J. Minetti, A. O. Chua, N. Nabavi, C. Y. \ \u, M. K. Gately, and U. 
Gubler.. 1996. A functional interleukin 12 receptor complex is composed of two beta-type cytokine 
receptorr subunits. PXAS' 93:14()()2-14()(l7. 

11.. van den Hoff, M. J. B., V. M. Chnstoffels, W. T. Fabruyere, A. F. M. Moorman, and \\'. H. Famers. 
1995.. Flectrotransfection with 'intracellular' buffer. Metb. Mol. Biol. 48:185-197, 

12.. Vieira, P. 1.., P. Kalinski, F. A. Wierenga, M. F. Kapsenberg, and F. C. de Jong. 1998. 
Glucocorticoidss inhibit bioactive IF-12p7() productin by in vitro-generated dendritic cells without 
affectingg their T cell stimulatory potential./. Immunol. 161:5245-5251. 

13.. Smits, H. H., J. G. I. van Rietschoten, C. M. Hilkens, R. Sayilir, F. F. Stiekema, M. F. Kapsenberg, 
andd F.. A. Wierenga. 2001. lF-12-induced reversal of human Th2 cells is accompanied bv full 

restorationn of IF-12 responsiveness and loss of GATA-3 expression, llur. J. Immunol. 31:1055-1065. 

14.. Yokoe, T., N. Suzuki, K. Minoguchi, M. Adachi, and T. Sakane. 2001. Analysis of IF-12 Receptor 
(322 chain expression of circulating T lymphocytes in patients with Atopic Asthma. Cell. Immunol. 
208:34-42. . 

15.. Mitchell, P. J. and R. Tjian. 1989. Transcriptional regulation in mammalian cells by sequence-
specificc DNA binding proteins. Science 245:371-378. 

16.. Suske, P. 1999. The SP-family of transcription factors. Gene 238:291-300. 

60 0 



77 'ra n scrip t ion al regu la tion of IL -12 Rfi2 promoter 

17.. Lania, L., B. Majello, and P. De Luca. 1997. Transcriptional regulation by the Sp family proteins. 

InternationalJBCInternationalJBC 29:13134 323. 

18.. Kuo, C. T. and J. M. Leiden. 1999. Transcriptional regulation of T lymphocyte development and 
function.function. Ann. Rev. Immunol. 17:149-187. 

19.. Hoey, T., Y. L. Sun, K. Williamson, and W. Xu. 1995. Isolation of two new members of the NFAT 
genee family and functional characterization of the NFAT proteins. Immunity 2:461-472. 

20.. Rao, A., C. Luo, and P. G. Hogan. 1997. Transcription factors of the NFAT family: regulation and 
function.. Ann. Rev. Immunol. 15:707-747. 

21.. Xanthoudakis, S., J. P. B. Viola, K. T. Y. Shaw, C. Luo, L. D. Wallace, P. T. Bozza, T. Curran, and 
A,, Rao. 1996. An enhanced immune response in mice lacking the transcripdon factor NFAT1. 
ScienceScience 272:892-895. 

22.. Hodge, M. R., A. M. Ranger, F. C. de la Brousse, T. Hoey, M. J. Grusby, and L. H. Glimcher. 1996. 
Hvperproliferadonn and dvsregulation of IL-4 expression in NFATp-deficient mice. Immunity 4:397-
405. . 

23.. Manger, B., K. j . Hardy, A. Weiss, and j . D. Stobo. 1986. Differential effect of cyclosporin A on 
activationn signaling in human T cell lines./. Clin. Invest. 77:1501-1506. 

24.. Van der Pouw Kraan TC, T. C. Kraan, L. C. Boeije, J. T. Troon, S. K. Rutschmann, Wijdenes, and 
L.. A. Aarden. 1996. Human IL-13 production is negatively influenced by CD3 engagement. 
Enhancementt of IL-13 production by cyclosporin A. ƒ Immunol. 156:1818-1823. 

25.. Azizkhan, J. C, D. E. Jensen, A. J. Pierce, and M. Wade. 1993. Transcription from TATA-less 

promoters:: dihydrofolate reductase as a model. Crit. Rev. Hukar. Gene Expr. 3:229-254. 

26.. Dynan, W. S. and R. Tjian. 1983. The promoter-specific transcription factor SP1 binds to upstream 
sequencess in the SV40 early promoter. Cell 35:79-87. 

27.. Kozak, M. 1991. An analysis of vertebrate mRNA sequences: intimations of translational control. J. 
CellCell mol. 115:887-903. 

28.. Ranger, A. M., M. Oukka, j . Rengarajan, and L. H. Glimcher. 1998. Inhibitory function of two 

NFATT family members in lymphoid homeostasis and Th2 development. Immunity 9:627-635. 

29.. Jacobson, N. G., S.J. Szabo, M. L. Guler, J. D. Gorham, and K. M. Murphy. 1995. Regulation of 
interleukin-122 signal transduction during T helper phenotvpe development. Res. Immunol. 146:446-
456. . 

30.. Szabo, S. J., Kim S.T., G. L. Costa, X. Zhang, C. G. Fathman, and L. H. Glimcher. 2000. A novel 
transcriptionn factor, T-bet, directs Thl lineage commitment. Cell 100:655-669. 

31.. Zheng, W. P. and R. A. Flavell. 1997. The transcription factor GATA-3 is necessary and sufficient 
forr Th2 cytokine gene expression in CD4T cells. Cell89:587-596. 

32.. Ouyang, W., S. H. Ranganath, K. Weindel, D. Bhattacharya, T. L. Murphy, W. C. Sha, and K. M. 
Murphy.. 1998. Inhibition of Thl development mediated by GATA-3 through an IL-4-independent 
mechanism.. Immunity 9:745-755. 

33.. van Rietschoten, J. G. I., H. H. Smits, R. Westland, C. L. Verweij, M. T. den Hartog, and E, A, 
Wierenga.. 2000. Genomic organization of the human interleukin-12 receptor beta 2-chain gene. 
ImmunogeneticsImmunogenetics 51:30-36. 

34.. Yamamoto, K., H. Kobayashi, (). Miura, S. Hirosawa, and N. Miyasaka. 1997. Assignment of 
IL12RB11 and IL12RB2, interleukin-12 receptor Bl and B2 chains, to human chromosome 19 band 
pi3.11 and chromosome 1 band p.31.2, respectively, bv in situ hybridisation. Cytogenet. Cell Genet. 
77:257-258. . 

61 1 




