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RestorationRestoration of IL-12 responsiveness in human Th2 cells 

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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AMFI I 
B1:: 37.9 
62:: 0.4 

10  10' ID 1 103 10" 

AMFI I 
(11:36.0 0 
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10°° 10' 10' 103 

Isotypee control 
IL-12RG.1 1 
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ID** 10' 10= 103
 1 0 . 

Control: : 
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10''  11 ' IB2 10' IB* 

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 

IL-122 . + . + + . + IL-12 - + - + + 
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1 2 3 4 5 6 77 1 2 3 4 5 
Oligo:: STAT4 Oligo: SP-1 

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 

IL-44 IL-12 

IL-12 2 
anti-STAT4 4 

++ + 
-- + 

** - • * r • #"M 

l ^ t ff  S E E : **  1 

10  10' 10' 10' 10' 1 22 3 4 5 

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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Th11 cell clone Th2 cell line Th22 cell clones 
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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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BB Th1 cell clone Th2 cell line Th22 cell clones 
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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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