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CHAPTERR 2 

IL-12-induce dd reversa l of huma n Th2 cell s 
iss  accompanie d by ful l restoratio n of IL-12 

responsivenes ss and loss of GATA-3 
expressio n n 

Hermelijnn H. Smits, Johanna G.I. van Rietschoten, Catharien M.U. Hilkens, Reis Sayilir, Frank 
Stiekema,, Martien L. Kapsenberg & Eddy A. Wierenga 

Abstrac t t 
IL-122 is a potent inducer of IFN-y production and drives the development of Thl cells. 
Humann polarised Th2 cells do not express the signalling p2-subunit of the IL-12R and 
thereforee do not signal in response to IL-12. The question was raised to what extent the loss 
off the IL-12R(32 chain in Th2 cells has bearing on the stability of the human Th2 phenotype. 
Inn the present report, we show that restimulation of human fully polarised Th2 cells in the 
presencee of IL-12 primes for a shift towards ThO/Thl phenotypes, accompanied by 
suppressionn of GATA-3 expression and induction of T-bet expression. These reversed cells 
aree further characterised by a marked IL-12Rfi2 chain expression and fully restored IL-12-
induciblee STAT4 activation. The IL-12-induced phenotypic shift proved to be stable as a 
subsequentt restimulation in the presence of IL-4 and in the absence of IL-12 could not undo 
thee accomplished changes. Identical results were obtained with cell from atopic patients, 
bothh with polyclonal Th2 cell lines and allergen-specific Th2 cell clones. These findings 
implicatee the possibility to restore IL-12 responsiveness in established Th2 cells of atopic 
patientss by stimulation in the presence of IL-12 and suggest that IL-12-promoting immuno-
therapyy can be beneficial for Th2-mediated immune disorders, targeting both naive and 
memoryy effector T cells. 
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Restortionn of IL-12 responsiveness in human Th2 cells 

Introductio n n 
Protectivee immunity against different types of pathogens requires polarised Th cells 

thatt secrete selective sets of cytokines (1,2). Thl cells secrete IFN-y, instrumental in celfufar 

immunee responses, whereas Th2 cells produce IL-4 that supports humoral immune 

responsess (3). Th cell polarisation is tightly controlled, as aberrant cytokine profiles are not 

protectivee and chronic uncontrolled Thl and Th2 cell responses may lead to auto-immune 

andd allergic diseases, respectively (4,5). Polarisation of naive Th cells into Thl or Th2 

effectorr cells is regulated by microenvironmental factors present during primary T cell 

stimulation.. Of key importance are IL-4, which promotes the development of Th2 cells (6,7), 

andd IL-12 which induces the production of IFN-y and drives the development of Thl cells 

(8,9). . 

TT cell responsiveness to IL-12 depends on the expression of the high-affinity IL-12 

receptorr (IL-12R), consisting of a fU and a \\2 subunit, of which mainly the latter is involved 

inn downstream signalling (10). This includes the activation of STAT4 (11,12), which is 

essentiall for Thl development, as demonstrated by the lack of Thl development in STAT4; -

deficientt mice (13). ThO and polarised Thl cells express the IL-12R|52 chain and it is well 

establishedd now that IL-12 itself is one of the key factors to upregulate the TCR-induced 

expressionn of the IL-12R{32 chain (14,15). In contrast, during Th2 cell development, T cells 

becomee fully unresponsive to IL-12 and consequently, neither produce IFN-y nor 

phosphorylatee STAT4 in response to IL-12 as first shown in the mouse (16-18). We have 

reportedd similar findings in human allergen-specific Th2 cell clones from atopic patients (19). 

Detailedd analyses by Rogge et al. (14,15) revealed that IL-4 is largely responsible for the 

suppressedd IL-12Rp2 expression in human Th2 cells. Mouse studies (20) suggest that the 

reciprocall effects of IL-4 and IL-12 on IL-12R[32 expression may, at least in part, be 

mediatedd via GATA-3, because this Th2-specific transcription factor inhibits IL-12R|}2 gene 

transcription,, while GATA-3 expression itself is increased by IL-4, but suppressed by IL-12. 

GATA-33 can also stabilise Th2 commitment via an IL-4 (STATG-)independent autoactivation-

loopp and therefore can act as a master switch in Th2 development (21). Recently, the Thl-

specificc T-box transcription factor T-bet has been described, that is upregulated by IL-12 and 

mayy be a counterplayer of GATA-3 (22). T-bet is crucial for Thl development, as it both 

activatess Thl-specific programs and suppresses Th2 programs, at least in the mouse. It 

remainss to be established whether this includes the regulation of the IL-12R(}2 chain. 

Severall studies in the mouse have shown that newly differentiated Thl and Th2 cells 

stilll have a flexible phenotype, but once polarisation is completed by repeated stimulation 

underr polarising conditions, this reversibility is lost (23;24). The stability of the fully polarised 

mousee Th2 phenotype has been associated with the loss of IL-12Rji2 expression and IL-12 

responsiveness.. In contrast, human Th2 cell populations, both newly generated and long-

termm memory Th2 cells, tend to be more susceptible to modulation. Although both human 
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andd mouse Th2 cells lack the IL-12Rp2 chain and, thus, IL-12 responsiveness, several 

reportss suggest the involvement of IL-12 in human Th2 cell reversal into IFN-y-producing 

phenotypess (25-27). Therefore, intriguing questions are to which extent regulation of IL-

12R\M12R\M expression contributes to initial Th2 polarisation and whether the loss of IL-12R[i2 

expressionn by Th2 cells has bearing on the stability of the fully polarised human Th2 

phenotype. . 

Too address these questions, we have monitored the effect of IL-12 during initial 

polarisationn and during restimulation of fully polarised human Th2 cell lines. We show that 

onlyy one restimulation in the presence of IL-12 is sufficient to prime established Th2 cells for 

reversall towards cells with a ThO/Thl cytokine profile, a considerable IL-12R|i2 expression 

andd restored IL-12 signalling. Reversal of the human Th2 phenotype is accompanied by the 

losss of GATA-3 and increased expression of T-bet, suggesting a decisive change at the 

molecularr level. The reverted phenotype is stable, as a subsequent restimulation in the 

presencee of IL-4 can not undo the accomplished changes. As this Th2 reversal could equally 

welll be induced in Th2 cells of atopic origin, the present findings suggest that IL-12-based 

immuno-therapyy of Th2-mediated immune disorders can be beneficial by targeting both 

naivee and effector Th2 cells. 

Material ss  & Method s 
Antibodiess and cytokines 

Mousee mAbs to human CD3 (CLB-T3/3) and CD28 (CLB-CD28/1) were obtained from 

CLBB (Amsterdam, The Netherlands). Rat mAbs to human IL-12R01 (2B10) and IL-12R[32 

(2B6)) were gifts from Dr. D.H. Preskey (Hofmann-La Roche, Nutley, NJ). Neutralising mouse 

mAbb to human IL-4 (5B5) was a gift from Dr. T.C.T.M. van der Pouw Kraan (CLB) (36). 

Neutralisingg rabbit 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. lxlO8 U/mg) was obtained from Pharma 

Biotechnologyy (PBH; Hannover, Germany). Human rIL-12 (sp. act. 1,7x10s U/mg) was a gift 

fromm Dr. M.K. Gately (Hofmann-La Roche). 

TT cell isolation and stimulation 
PBMCC from healthy individuals were isolated by density gradient centrifugation on 

Lymphoprepp (Nycomed, Torshov, Norway), and thereafter CD45RA+ CD45RO- naive CD4+ 

Thh cells were isolated to high purity (>98% as assessed by flow cytometry) through one-

stepp high-affinity negative selection columns (R&D Systems, Abingdon, U.K.), according to 

thee manufacturer's instructions. Purified naive Th cells were stimulated in 96-well culture 

platess (lxlO5 cells/well; Costar, Cambridge, MA) with immobilised CD3 mAb (1 ug/ml) and 

solublee CD28 mAb (2 ug/ml) (37) and cultured for 10 days in the presence of rIL-4 (1000 

U/ml)) to accomplish Th2 polarisation. After 10, 20 and 30 days, three consecutive mitogenic 

restimulationss were performed under further Th2-polarising conditions, as described (38) 
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withh PHA (10 pg/ml; Difco, Detroit, MI), 3000 rad irradiated feeder cells, rIL-4 (1000 U/ml) 

andd neutralising anti-IL-12 (10 pg/ml). 

HDM-specificc Th2 clones were generated, as described previously (19), by limiting 

dilutionn from the peripheral blood of atopic dermatitis patients. 

Alll cultures were performed in Iscove's modified Dulbecco's medium (IMDM; Bio-

Whittaker,, Walkersville, MD), supplemented with 5% pooled, C-inactivated normal human 

serumm (Bio-Whittaker), gentamycin (80 pg/ml; Duchefa, Haarlem, The Netherlands) and rlL-

22 (10 U/ml; Chiron, Emeryville, CA). 

Cytometri cc  sortin g of livin g singl e IL-4-secretin g cell s 
IL-44 and I FN-/ production in living cells was determined by a secretion assay for 

cytometricc sorting, using the method described by Oeyang et al. (21). Briefly, cells were 

stimulatedd with phorbol 12-myristate 13-acetate (PMA; 10 ng/ml; Sigma, St. Louis, MA) and 

ionomycinn (1 pg/ml; Sigma) for 3 hrs. Thereafter, cells were labelled for 5 min at C with 

twoo bi-specific antibody conjugates, consisting of an anti-CD45 mAb coupled to an anti-IL-4 

mAbb or anti-IFN-y mAb (Miltenyi Biotec, Bergisch Gladbach, Germany). Then, cells were 

transferredd to C medium at 10s cells/ml and permitted to secrete cytokines for 15 min. 

Thee captured IL-4 or IFN-y was detected by staining with a second mAb, i.e. PE-conjugated 

anti-IL-44 or Fitc-cojugated anti-IFN-y (both from Miltenyi Biotec) for 10 min at . The IL-4" 
h,ghh and IL-4'tow Th2 cells were sorted separately by a FACSVantage SE (Becton Dickinson, 

Mountainn View, CA). 

Cytokin ee productio n analsi s 
Cytokinee production was determined by intracellular staining, using the method 

describedd by Jung et al. (39). Briefly, cells were stimulated for 6 hrs with PMA (10 ng/ml) 

andd ionomycin (1 pg/ml; Sigma), the last 5 hrs in the presence of Brefeldin A (10 pg/ml). 

Thereafter,, cells were fixed with 4% paraformaldehyde (Merck, Darmstadt, Germany), 

permeabilisedd with 0.5% saponin (ICN Biochemicals; Cleveland, OH), stained with anti-

humann IFN-v-FITC (Becton Dickinson) and anti-human IL-4-PE (Becton Dickinson) and 

analysedd with a FACScan flow cytometer (Becton Dickinson). 

Secretedd IL-4 and IFN-y in supernatants of 20 hrs anti-CD3/anti-CD28 or HDM-

stimulatedd T cells were measured by ELISA, as described (37). 

GATA- 33 immunohistochemistr y 

Att day 4, T cells were stimulated with PMA (10 ng/ml; Sigma) and ionomycin (1 

pg/ml;; Sigma). At 0 and 5 hrs, cytospins were made (Cytospin 2, Shandon, Pittsburgh, PA), 

cellss were fixed with aceton ) and after blocking incubated with anti-human GATA-3 (1 

ng/ml,, HG3-31, Santa-Cruz Biotechnology, Santa Cruz, CA) for 30 min at . Thereafter, 

slidess were incubated with a FITC-conjugated goat anti-mouse IgG, (Jackson 
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ImmunoResearchh Laboratories, West Grove, PA) for 30 min at . Slides were analysed 

withh a fluorescence microscope (Leica, Wetzlar, Germany) coupled to a CCD camera. 

Electrophoreti cc  mobilit y shif t assa y (EMSA) 

Too analyse IL-12-inducible STAT4 activation, whole-cell protein extracts were 

preparedd from 107 T cells that, at day 7, were either or not exposed to IL-12 (100 U/ml) for 

11 h, as described previously (19). The final protein concentration was estimated by Bradford 

microcissayy (Bio-Rad, Munich, Germany). 

Alll DNA binding reactions were performed for 30 min at rT with 10 u.g total cell 

proteinn extract under conditions as described previously (19), using [y32P]ATP-labelled 

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 

200 min of the binding reaction. 

Oligonucleotide s s 

dsDNAA oligonucleotides (Biosource, Nivelles, Belgium) used in EMSA analysis: FcyRI 

(5'-AGCATGTTTCAAGGATTTGAGATGTATTTCCCAGAAAAG-3'),, corresponding to the IFN-y 

responsee region in the human FcyRI gene promoter (40), which can bind various STAT family 

members,, including STAT4 and the Herpes simplex virus SP-1 containing oligonucleotide (5'-

CCGGCCCCGCCCATCCCCGGCCCCGCCCATCC-3).. The oligonucleotides were [y32P]-ATP 

labelledd by T4 polynucleotide kinase (Roche Diagnostics, Mannheim, Germany). 

FACS-analysi ss  of IL-12 R expressio n 

IL-12Rpll and p2 protein expression was analysed at day 4. T cells were incubated 

withh 2B10 (2.5 ug/ml) or 2B6 (1 ug/ml) or a rat IgG2a isotype control for 30 min on ice. 

Affinity-purifiedd biotin-labelled rabbit anti-rat IgG (Zymed Laboratories Inc., San Fransisco, 

CA)) was used as secondary antibody, followed by FITC-conjugated streptavidin (Jackson 

ImmunoResearchh Laboratories, Inc., West Grove, PA). Cells were analysed with a FACScan 

floww cytometer (Becton Dickinson). 

Real-t im ee quantitativ e RT-PCR analyse s o f GATA- 3 and T-be t expressio n 

Forr quantitative analysis of GATA-3 and T-bet mRNA expression, 105 T cells were 

stimulatedd under polarising conditions and lysed for total RNA extraction at day 2 using a 

NucleoSpinn RNA Isolation Kit (Macherey-Nagel, Duren, Germany). First strand cDNA was 

synthesisedd from total RNA using a cDNA-synthesis kit (MBI Fermentas, St Leon-Rot, 

Germany).. For GATA-3, T-bet and [^-microglobulin (f}2m) transcripts real-time quantitative 

PCRR was performed in a LightCycler (Roche Diagnostics) based on specific primers and 

generall fluorescence detection with SYBR Green. The primer sequences were the following: 

5'' p2m primer, CCAGCAGAGAATGGAAAGTC; 3' p2m primer, GATGCTGCTTACATGTCTCG (Tm 
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;; 5' GATA-3 primer, CTACGGAAACTCGGTCAGG; 3' GATA-3 primer, 

CTGGTACTTGAGGCACTCTTT (Tm ; 5' T-bet primer, CCCCAAGGAATTGACAGTTG; 3' T-

bett primer, GGGAAACTAAAGCTCACAAAC (Tm ; resulting in the amplification of PCR 

productss of 391 bp ((32m), 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 T cells was used as a standard and normalisation to |?2m 

wass performed for each sample. 

Results s 
H u m a nn po lar ise d T h 2 cell s a r e suscep t ib l e t o I L - 1 2 - i n d u c e d reversa l 

Restimulationn of fully polarised polyclonal Th2 cell lines in the presence of IL-12 

inducess a Th2 cytokine profile but primes for cell populations that upon the next 

restimulationn consist of IL-4/IFN-y double-producers and IFN-y single-producers, as observed 

byy intracellular FACS staining (fig. 1A). This data is in line with the reduced IL-4 and 

increasedd IFN-y secretion, as measured in supernatants of parallel anti-CD3/anti-CD28 

stimulatedd T cells (data not shown). Upon restimulation in the presence of IL-12, GATA-3 

mRNAA expression was markedly reduced, whereas T-bet mRNA levels were strongly 

enhancedd (fig. IB), resulting in a complete reversal of the GATA-3/T-bet mRNA expression 

ratio,, similar to Th l cells (data not shown). Furthermore, immunohistochemical analyses 

indicatedd the loss of GATA-3 protein both from the cytoplasm and the nuclei. In contrast, in 

IL-4-- or neutrally-treated Th2 cells, GATA-3 protein was maintained (fig. 1C). 

Figur ee 1: IL-12 revert s 
polarise dd Th2 cells . Th2 cells 
weree generated from naive 
peripherall blood Th cells by 
threee consecutive stimulations, 
inn the presence of rIL-4 (1000 
U/ml).. Thereafter, cells were 
restimulatedd either under 
neutrall conditions, further Th2-
polarisingg conditions, or the 
opposite,, Thl conditions. A. 
Afterr 10 days, IFN-y and IL-4 
productionss per cell were 
examinedd by intracellular FACS-
stainingg following a 6 h 
PMA/ionomycinn stimulation in 
thee presence of Brefeldin A. 
Thee data shown here are 
representativee for three control 
individualss tested. 
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T-bet t GATA-3 3 

nrjiL-4 4 

 Neutral 

3000 250 200 150 100 50 0 50 100 150 200 250 

mRNAA (% of neutra! condition) 

CC IL-4 neutral IL-12 

t== 0 h 

B.. After 48 h, GATA-3 and T-
bett mRNA expression were 
determinedd by real-time 
quantitativee PCR analysis, 
normalisedd to p2m-transcripts 
inn the same sample and 
expressedd as percentage of the 
neutrall condition, set at 100 %. 
Thee data are presented as 
meann  SEM from three 
separatee control individuals. C. 
Afterr 4 days, the cells were 
harvested,, washed and 
stimulatedd with PMA/ionomycin. 
Afterr 0 h and 5 h cytospins 
weree made and stained for 
GATA-33 protein. 

IL-12Rp>22 expressio n and IL -1 2 signallin g are restore d durin g IL -12 -

induce dd reversa l of polarise d effecto r Th 2 cells . 

Ass polarised Th2 cells do not express detectable levels of IL-12R02 protein, the 

questionn was raised whether IL-12-induced reversal of Th2 cells into Thl/ThO cells was 

associatedd with restoration of IL-12 responsiveness. To address this question, IL-12Rp2 

proteinn expression and IL-12-inducible STAT4 activation were monitored during restimulation 

eitherr under neutral conditions, further Th2-polarising conditions, or opposite, Thl-driving 

conditions.. Restimulation in IL-4 kept the cells fully IL-12R|S2 negative (fig. 2A; left) and IL-

12-unresponsivee (fig. 2B, lanes 1 and 2). However, neutral restimulation induced some IL-

12R[322 chain expression (fig. 2A; middle), and this expression was enhanced by IL-12 to 

levelss similar to those in Thl cells (fig. 2A; right). Accordingly, IL-12-inducible STAT4 

activationn was restored (fig. 2B; lanes 3 and 4). IL-12R|!1 chain expression was unchanged 

duringg all culture conditions. 
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Figur ee 2: IL-12 restore s IL-12R(i 2 expressio n and IL-12-inducibl e STAT4 activatio n in 
polarise dd Th2 cells . Th2 cells were generated and stimulated as described in the legend to figure 1. 
A.. On day 4, expression of IL-12R|!1 and IL-12R(i2 protein were examined by FACS-analysis. The 
dottedd lines represent the matched isotype control, the thin solid lines IL-12R|31 expression and the 
thickk solid lines IL-12R|t2 expression. The relative changes in Mean Fluorescence Intensity (AMFI) for 
IL-12RfSll and IL-12Rp2 expression are displayed in the histograms. B. On day 7, cells were washed 
andd either (4-) or not (-) exposed to IL-12 (100 U/ml) for lh , after which whole-cell protein extracts 
weree prepared and tested by EMSA for STAT4 binding to a dsDNA oligonucleotide (FcyRI) containing a 
STAT44 binding-site. Arrow 1 indicates the IL-12-inducible STAT4-DNA-complex, of which the 
specificityy is confirmed by the supershift with anti-STAT4 (C-20) in lane 5 (arrow 2) but not with an 
isotype-controll Ab (lane 6 and 7). To test for equal loading and specificity of IL-12-induced DNA-
binding,, the samples in lane 1 through 5 were analysed for binding at an SP-1 binding-site (arrow 3). 
Thee data (A and B) shown are representative for three control individuals tested. 

Stabl ee reversa l of th e huma n Th2 phenotype . 

Thee IL-12-induced phenotypic shift proved to be stable. A subsequent restimulation 

inn the presence or absence of IL-4 could not undo the accomplished changes (fig. 3A). An 

additionall restimulation in the presence of IL-12 further enhanced repolarisation towards the 

T h ll phenotype (fig. 3A). The stable character of the Th2 reversal was further underlined by 

thee lack of re-appearance of the Th2-specific transcription factor GATA-3 (fig. 3B) and the 

unreducedd T-bet mRNA levels (data not shown) after IL-4 treatment. 
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t == 0 h 

t == 5 h 

Figur ee 3: Stable reversa l of 
humann Th2 cells . Reversed Th2 
cells,, generated as described in the 
legendd to figure 1, were subjected to 
ann additional restimulation under 
neutrall conditions or in the presence 
off either rIL-4 (1000 U/ml) or rIL-12 
(1000 U/ml). A. At day 10, IL-4 and 
IFN-;; productions per cell were 
measuredd by intracellular FACS-
stainingg following stimulation with 
PMA/ionomycin.. The data shown are 
representativee for three control 
individualss tested. B. At day 4, cells 
weree analysed for GATA-3 protein as 
describedd in the legend to figure 1C. 

IL - 44 doe s no t suppres s establishe d IL-12Rp 2 expression . 

IL-44 is largely responsible for the loss of IL-12RT32 chain expression in developing Th2 

cells.. However, the question remains whether IL-4 can abolish IL-12R(32 chain expression in 

revertedd memory Th2 cells, once the IL-12RB2 expression is restored. Therefore, IL-12R 

expressionn was monitored during restimulation of the reverted T cells with restored IL-12RJS2 

expressionn (fig. 2A). These expression levels remained unaffected by neutral restimulation 

(fig.. 4A; middle), but were even further increased by restimulation in IL-12 (fig. 4A; right). 

Inn contrast to in naive T cells but as in Thl cells (data not shown), IL-4 did not suppress IL-

12Rp22 chain expression in the reverted Th2 cells (fig. 4A; left). IL-12Rp2 protein and mRNA 

levelss remained unaltered, as did IL-12-inducible STAT4 activation (fig. 4B). IL-12Rpi chain 

expressionn was unchanged during ail culture conditions. 
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Figuree 4: IL-4 does not abolish restored IL-12 responsiveness in reverted Th2 cells. 
Revertedd Th cells, prepared as described in the legend to figure 1, were restimulated under neutral 
conditions,, or in the presence of either rIL-4 (1000 U/ml) or rIL-12 (100 U/ml). A. On day 4 IL-12R|31 
andd IL-12R(32 protein expression were measured by FACS-analysis. The dotted lines represent the 
matchedd isotype control, the thin solid lines IL-12Rpl expression and the thick solid lines IL-12R|i2 
expression.. The .\MFI values for IL-12RJU and IL-12R[i2 expression are displayed in the histograms. 
B.. On day 7, IL-12-inducible STAT4 activation was analysed as described in the legend to fig. 2B. 
Arroww 1 indicates the IL-12-inducible STAT4-DNA-complex, of which the specificity is confirmed by the 
supershiftt 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. 

Compariso nn of high - and low-IL-4-producin g Th 2 cells . 

Intracellularr FACS experiments with polyclonal Th2 cell lines (Fig.1) normally yield a 

substantiall proportion of non-cytokine producing cells, despite the robust PMA/ionomycin 

stimulation.. It might be argued that the IL-12-induced reversal of the Th2 phenotype in the 

totall population is actually due to selective outgrowth of residual uncommitted Th cells in 

thiss non-cytokine producing sub-population, once released from Th2 pressure. To examine 

thiss possibility, we stimulated three-fold polarised polyclonal Th2 cells and separated the 

high-- and low-IL-4-secreting Th2 cells by cell sorting (Fig.5A), as described (21). In the 

subsequentt restimulation, both subpopulations showed an identical distribution of ll_-4~h'sh 

andd IL-4~|0W cytokine profiles without IFN-y (Fig.5B, left) and, when exposed to IL-12, a 

similarr extent of phenotype reversal (Fig.5B, right), not different from the unsorted 

populationn (Fig.lA). These findings suggest incomplete stimulation of the whole population, 

ratherr than heterogeneity within the Th2 phenotype and give no indication of more 

pronouncedd IL-12-induced Th2 reversal in the sorted ll_-4~low population. 

44 4 



Restorationn of IL-12 responsiveness in human Th2 cells 

IL-4-|,«hTh22 cells A 

Pre-sortedd Th2 cells 

i i 
IL-4-|0WTh?? rplk 

10  10 1 0 ; 10" 10* 

f f 100 10- 10 

IL- 44 high T h 2 cell s 

IL-4'<""Th 22 cell s s 

II 32 

' < =

""  1 
,\é ,\é 

u i i 

131 1 

'l 'l 
o j j 

k k 
1 * * 

-- IL -12 

0 0 

, , 
10 '' 10- 10 ' 

0 0 

1 1 

++ IL-1 2 

10 ss 10 ' 1 0 ; 10 ' 1 0 ' 10'' 100 10' 

44 C + rlL^t Secretedd IFN-

Figur ee 5: Compariso n of IL-4" hig h and IL-4"' 0™ Th2 cells . Th2 cells, prepared as described in the 
legendd to figure 1, were stimulated with PMA/ionomycin for 3 h. Cells were washed and labelled with 
bi-specificc antibodies, consisting of an anti-CD45-antibody coupled to anti-IL-4 or anti-IFN-y. Cells 
weree transferred to C medium and allowed to secrete cytokines for 15 min. Thereafter, the cells 
weree labelled with PE-conjugated anti-IL-4 and FITC-conjugated anti-IFN-y. A. After labelling, the live 
Th22 cells were analysed and sorted based on either high or low IL-4 secretion. After sorting, the cells 
weree analysed again to check the purity of the sorted population. Several controls for the live 
secretionn assay were included: C medium, not allowing the T cells to secrete cytokines; rIL-4 (1000 
U/ml)) to reassure the presence of a proper matrix of the bi-specific antibody against CD45 and IL-4; 
rIFN-yy (1000 U/ml) to visualise the presence of a matrix of the bi-specific antibody against CD45 and 
IFN-y.. B. Both iL-4"hl9h and IL-4"l0W secreting Th2 cells were cultured for 10 days after the sorting 
procedure.. Thereafter, the cells were restimulated under neutral, further polarising or Thl-driving 
conditions.. After 10 days, IL-4 and IFN-y levels per cell were measured by intracellular FACS-staining 
followingg stimulation with PMA/ionomycin. 

IL -1 22 restore s IL-12R(32 chai n expressio n and IFN-y productio n in 

polyclona ll  Th 2 cell s and allergen-specifi c Th 2 cel l clone s fro m atopi c 

patients . . 

Allergicc diseases are mediated by Th2 responses. We therefore tested whether IL-12-

inducedd Th2 reversal can be induced also in Th2 cells of atopic patients. Polyclonal Th2 cell 

liness of atopic and non-atopic individuals showed identical IL-12-induced phenotype reversal 

(figg 6A, panel 1) and restoration of IL-12Rp2 expression (fig. 6B, panel 1). Even in allergen-

specificc Th2 cell clones from atopic patients, IFN-y production (fig. 6A) and IL-12RP2 chain 

expressionn (fig. 6B) were restored by IL-12. Restored expression levels were similar to those 

onn T h l cell clones (fig 6B, panel 6). Moreover, supernatants of parallel cultures of anti-

CD3/CD28-- or HDM-stimulated cells revealed increased IFN-y and reduced IL-4 secretion 

(Tablee 1). As may be expected from the above findings, both the T cell lines and the 

allergen-specificc Th2 cell clones showed restored IL-12-induced STAT4 activation after 

restimulationn in the presence of IL-12 (data not shown). The data presented are 

45 5 



Restortionn of IL-12 responsiveness in human Th2 cells 

representativee for larger panels of similar Th.2 cell lines and clones from different atopic 

donorss (19). 
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Figur ee 6: IL-12 restore s IFN- productio n and IL-12R|12 chai n expressio n in polyclona l 
Th22 cel l line s and allergen-specifi c Th2 cel l clone s fro m allergi c patients . HDM-specific Th2 
celll clones were generated from atopic patients, as described (19). The M. /ep/ae-specific Thl cell 
clonee L70 is from a tuberculoid leprosy patient. The cells were restimulated in the presence of either 
rIL-44 (1000 U/ml) or rIL-12 (100 U/ml). A. On day 10, I FN-/ and IL-4 productions per cell were 
measuredd by intracellular FACS-staining following a 6 h PMA/ionomycin 
stimulationn in the presence of Brefeldin A. B. On day 4, IL-12R|il and IL-12Rp2 protein expression 
weree determined by FACS-analysis. The dotted lines represent the matched isotype control, the thin 
solidd lines IL-12R|(1 expression and the thick solid lines IL-12R|i2 expression. The AMFI values for IL-
12R[UU and IL-12Rp2 expression are displayed in the histograms. 
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Tablee 1: IL-12 reduce s IL-4 productio n and increase s IFN- productio n in HDM-
specifi cc  Th2 cel l clone s of atopi c patients . 

IL-4(ng/ml) a a 

IFN-7 (pg/ml ) ) 

TCC C 

L700 (Thl) 

Th.22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

L700 (Thl) 

Th22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

L700 (Thl) 

Th.22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

L700 (Thl) 

Th22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

restimulatio n n 
with b b 

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 

neutra l l 

<< 0.1 

11.55  0.3 

2.88  0.4 

3.22  0.2 

3.66 4 

4.11 3 

N.D. . 

N.D. . 

1.99 3 

2.22 2 

2.33 4 

2.66  0.3 

11.00  0.1 

<< 0.1 

<< 0.1 

<< 0.1 

<< 0.1 

<< 0.1 

N.D. . 

N.D. . 

<< 0.1 

<< 0.1 

<< 0.1 

<< 0.1 

++ IL-12 

<< 0.1 

0.44  0.1 

0.99 + 0.1 

1.11  0.2 

1.33 3 

1.44  0.3 

N.D. . 

N.D. . 

0.55 1 

0.66  0.1 

0.88  0.2 

0.88  0.2 

16.00  1.3 

2.44  0.3 

2.11  0.3 

1.99  0.2 

1.22  0.2 

1.00  0.2 

N.D. . 

N.D. . 

1.44 2 

1.22 1 

0.77  0.2 

0.77  0.1 
aa Total IL-4 and IFN-y secretion was measured by ELISA in supernatants of 20 h stimulated T cells. 

HH 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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Discussio n n 
Wee report here that the human Th2 phenotype is unstable and can readily be 

revertedd by restimulation in the presence of IL-12, which leads to ThO/Thl phenotypes with 

stablyy restored IL-12Rp2 expression and IL-12 signalling. This phenotypic shift includes the 

losss of expression of the Th2-specific transcription factor GATA-3 and markedly increased 

expressionn of the Thl-specific transcription factor T-bet, further underlining the phenotypic 

change.. Results obtained with Th2 cells from atopic patients, both polyclonal Th2 cell lines 

andd allergen-specific Th2 cell clones were similar, suggesting the possibility to modulate 

ongoingg aliergic Th2 responses by IL-12-promoting immuno-therapy. 

Bothh in mice and humans, polarised Th2 cells do not express a functional IL-12R and, 

thus,, lack IL-12 responsiveness. However, in contrast to in the mouse, in humans this 

phenomenonn does not prevent IL-12-mediated reversal of Th2 cells (25-27). The apparent 

paradoxx of how IL-12 is able to promote the expression of its own receptor on IL-12 

unresponsivee Th2 cells, is probably explained by the transient nature of the suppression of 

thee IL-12R(32 chain. Indeed, TCR-restimulation alone, without exogenous polarising factors, 

inducedd low but detectable IL-12Rp2 chain protein expression in polarised Th2 cells, even in 

thee presence of the endogenous Th2-derived IL-4. Although this minimal expression did not 

alloww for detectable STAT4 activation and IFN-y production, it apparently was sufficient to 

enablee IL-12 to transmit signals to further enhance transcription of the IL-12Rp2 gene. IL-12 

withoutt TCR-triggering was not capable of restoring IL-12R(32 chain expression in Th2 cells, 

ass shown before by Rogge et al. (14;15), indicating the necessity of the co-ordinated action 

off TCR-triggering and IL-12 for restoration of IL-12 responsiveness and reversal of the Th2 

phenotype. . 

Severall studies have shown that IL-4 suppresses IL-12Rf}2 chain expression in 

humann Th2 cells while developing from naive T cells (14;15). Our data are in line with this 

observation,, but further indicate (i) that the effect of IL-4 is transient, and (ii) that once the 

IL-12Rp22 chain is expressed on effector Th cells, IL-4 is no longer able to shutdown its 

expressionn completely. These findings suggest that the effect of IL-4 on IL-12R|32 expression 

iss most pronounced during primary stimulation and can be maintained only in continuous 

Th22 polarising conditions, i.e. in the absence of IL-12. Likewise, also the polarising capacity 

off IL-4 is most pronounced during primary stimulation, as the IL-12-induced Th2 reversal 

intoo ThO/Thl cells could not by overruled by a subsequent stimulation in the presence of IL-

4.. In agreement with this, IL-4 was also unable to undo the reduced GATA-3/T-bet-

expressionn ratio in reverted Th2 cells, as IL-4-induced re-appearance of GATA-3 protein 

expressionn could not be visualised and T-bet mRNA levels did not drop in the presence of IL-

4.. Th2 polarisation and maintenance require a high GATA-3/T-bet ratio. Therefore, the high 

levelss of T-bet and lack of GATA-3 expression might explain the stable reversal of Th2 cells 

byy IL-12. This is further underlined by mouse data, showing that retroviral transfection of T-
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bett into polarised Th.2 cells induced high levels of IFN-y production and redirection of the 

Th22 phenotype, indicating the key role of this transcription factor in this respect (22). 

Despitee the three consecutive cycles of Th2-polarisation and the complete absence of 

IFINyy upon PMA/ionomycin stimulation of the resulting Th2 start population, one might argue 

thatt the observed IL-12-induced reversal of the Th2 phenotype actually reflects the selective 

outgrowthh of residual unpolarised T cells, e.g., in the persistent population of non-cytokine 

producingg cells we always observe in all experiments. However, comparison of sorted IL-4" 
h'9handd IL-4"'0W cells showed identical distributions of cytokine profiles, giving no indication of 

moree pronounced IL-12-inducible Th2 reversibility in the sorted IL-4low cells. We interpret 

thee continuous reoccurrence of the non-cytokine producing cells in each restimulation cycle 

ass the result of incomplete stimulation of the whole population, rather than in terms of 

heterogeneityy or incomplete polarisation of the Th2 start population. Even more, because 

similarr cytokine patterns were obtained with Th2 cell clones. Nevertheless, with the current 

technologyy we cannot distinguish whether the IFNy-single producing cells after IL-12 

treatmentt would have been lL-4~high or IL-4"10VV cells if stimulated without IL-12. Therefore, 

basedd on the present data, it cannot be concluded that IL-12 can completely repolarise Th2 

cellss into Thl cells. What does stand firm is that IL-12 induces full and stable reversal of 

establishedd Th2 cell lines into ThO cell lines. It thus appears that human Th2 cells are far less 

stablee than their mouse equivalents, as has been suggested before (25). Studies with IL-

12Rp22 transgenic mice (28) or ectopic IL-12Rp2 gene expression in developing and 

committedd mouse Th2 cells (29) showed that restoration of IL-12 responsiveness could not 

inducee Th2 repolarisation. Programmed alterations in cytokine gene expression in 

differentiatingg Thl and Th2 cells are regulated by structural changes in the chromatin (30). 

Ass chromatin remodelling accomplishes a permanent change in the accessibility of cytokine 

genee loci, this might explain the stable character of mouse Thl and Th2 cells. Similar 

experimentss with human Th cells have not been reported yet, but interspecies differences 

mayy explain the less stable Th2 phenotype in the human. 

Whenn comparing polyclonal Th2 cell lines from atopic and non-atopic origin, identical 

resultss were obtained with respect to the functional and phenotypic Th2 reversal, including 

IL-12R|i22 chain expression. The frequently restimulated Th2 cell clones from the atopic 

patientss seemed to be somewhat less susceptible to IL-12-induced repolarisation than the 

newlyy differentiated Th2 cell lines, but this probably reflects the more mature state of the 

clonee cells, rather than their atopic origin, as an additional restimulation in IL-12 further 

enhancedd the reversal, also in the Th2 cell clones. Moreover, even the frequent 

restimulationss in Th2 polarising conditions, could not prevent IL-12-induced IFN-y production 

andd the phenotype shift of allergen-specific Th2 cell clones. Consequently, these findings 

raisee the question of whether the loss of IL-12R02 chain expression on human polarised Th2 

cells,, as develop in atopic diseases, really contributes to the persistence of the Th2 response 
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orr should be regarded as an early but transient Th2 cell feature, important mainly for initial 

polarisationn of naive T cells. Our data suggest that microenvironmental conditions, rather 

thann intrinsic T cell features determine the level of IL-12Rp2 expression, both in atopic and 

non-atopicc Th cells. Maintenance of Th2-mediated responses in atopic disease more likely 

resultss from reduced IL-12 production, as seen in atopic patients (31), therefore not allowing 

forr reversal of Th2 cells in vivo. 

Severall mouse studies have already reported beneficial effects of local IL-12 (gene) 

deliveryy or IL-12 promoting substances, reducing the local Th2 cytokine production and 

airwayy hyperresponsiveness (32-35). The findings reported in this study imply that an IL-12-

promotingg therapeutic approach might be beneficial for human Th2-mediated immune 

disorders,, as well, since both naive T cells and completely polarised effector Th2 cells can be 

targetedd to depolarise into ThO phenotypes. 
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