
Lack of Interferon y Receptor P Chain and the not induced (13)- Culturing T cells with 
both cytokines did not affect the appear- 

Prevention of Interferon y Signaling in T,I Cells ance of either STF (5). 
Because TH1 clones produce IFN-y upon 

Alessandra Pernis, Sanjay Gupta, Kenneth J. Gollob, antigen stimulation (14), the inability to 
Evan Garfein, Robert L. Coffman, Chris Schindler, detect STF-IFN~ in T,I clones might be a 

Paul Rothman* result of prolonged exposure to IFN-y. 
Blocking antibodies to IFN-y (I I )  and to 
IFN-y receptor (antibody GR-20) (15) were 

The ability of interferon y (IFN-y) to inhibit the proliferation of type 2 T helper cells (TH2), added separately to the culture medium of a 
but not that of type 1 (TH1) cells, suggests that helper cell subsets might differ in their TH1 (D1.l cells) and a TH2 (D10.G4.1 
activation of the IFN-y signaling pathway. The IFN-y-inducible signal transducing factor cells) clone at the time of antigen stimula- 
(STF-IFNy) was activated in murine TH2 but not in TH1 cell clones, because in the latter tion and kept in the medium until the cells 
the second chain of the IFN-y receptor (accessory factor 1 or IFN-yRp) was absent. Thus, were harvested to assay for IFN-y stimula- 
TH1 cells use receptor modification to prevent the activation of STF-IFNy and achieve an tion. This treatment did not induce STF- 
IFN-y-resistant state. IFNy in D1.l cells upon exposure to IFN-y 

(13). Prolonged exposure of D10.G4.1 
(TH2) cells to IFN-y did not affect the 
ability of this TH2 clone to activate STF- 

Molecular distinctions between the TH1 (CDC25, CDC35, and D10.G4.1 cells) IFNy upon reexposure to IFN-y (13). 
and TH2 subsets of CD4+ T helper cells (I  ) (1 2) with IL-4, IFN-y, or IL-4 plus IFN-y. To show the functional consequence of 
remain poorly defined. Interleukin-4 (IL-4) We then examined the extracts by electro- the differential activation of Statl in TH2 
and IFN-y differentially regulate the prolif- phoretic mobility shift assay (EMSA) for versus TH1 clones, we examined the IFN- 
eration and differentiation of T helper cell the presence of STF-IFNy and STF-IL4 y-mediated induction of the gene encoding 
subsets (2). For instance, IFN-y inhibits the DNA binding activity (Fig. 1). Stimulation interferon response factor-1 (IRF-I), whose 
proliferation of TH2 but not TH1 cells (3). with IL-4 led to the appearance of STF-IL4 transcriptional activation is regulated by 
To determine the molecular basis of this in both TH1 and TH2 cells. Because TH2 STF-IFNy (16). IFN-y led to the induction 
dichotomy in cytokine responsiveness, we clones secrete IL-4, STF-IL4 was present of IRF-1 mRNA in a TH2 (DlO.G4.1) clone 
examined whether different signal trans- constitutively in some of these cells. When but not in a TH1 (D1.l) clone (Fig. 2). 
ducing factors (STFs) are activated in re- stimulated with IFN-y, however, the re- Thus, the lack of STF-IFNy activation in 
sponse to IFN-y (STF-IFNy, IFN-y-acti- sponses of the two types of clones differed. TH1 cells leads to differential gene expres- 
vated factor, or the Statl homodimer) (4) IFN-y led to the induction of STF-IFNy sion in TH1 versus TH2 cells upon exposure 
and IL-4 (STF-IL4) (5 ,  6) in T helper DNA binding activity in the TH2 clones, to IFN-y. 
subsets. Binding of IFN-y to its receptor but not in the TH1 clones. TH1 cells were We analyzed the components of the 
leads to the activation, by tyrosine phos- also cultured with increasing concentra- IFN-y signal transduction pathway in TH1 
phorylation, of two receptor-associated ty- tions of IFN-y, but again, STF-IFNy was and TH2 cells. Immunoprecipitations with 
rosine kinases, Janus kinase-1 (Jakl) and 
Jak2. These kinases are required for the 
rapid phosphorylation of Statl (p91), a la- Fig- 1- Differential activation of T ~ l  T ~ 2  

tent cytoplasmic factor belonging to the the IFN-~inducible signal transducing factor in estab- Cell lln8 Dl.1 STAT (signal transducers and activators of lished THl and TH2 
HDKl  CDC25 CDC35 Dl0 

transcription) family of proteins. The phos- clones, Whole-cell extracts t ? t t ? 
phorylated Stat1 protein homodimerizes to were prepared and examined c E E E E 

, r ;  P.5; .?r: *?: P.g; form STF-IFNy which translocates to the by EMSA as previously de- Q@&lne , 2 = , = k , 2 , 2 2 , = = 
nucleus and binds to specific DNA ele- scribed (76), with a BCAS- ----- 
ments ( ~ ~ ~ - ~ - a c t i v a t e d -  sites) responsible 
for IFN-y-stimulated transcription (7). 
Upon stimulation of cells with IL-4, a dif- 
ferent set of kinases, Jakl and Jak.3, is phos- 
phorylated (8). These kinases are thought 
to activate a distinct member of the STAT 
family (termed IL-4 Stat or Stat6), which 
homodimerizes to form STF-IL4 (9). 

To ascertain whether the TH1 and TH2 
subsets differ in cytokine signaling, we stim- 
ulated established murine TH1 clones (Dl. 1 
and HDKl cells) (1 0, 1 1 ) and TH2 clones 
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GAS probe to which both 

sTF-IFNy (5). Samples and included sTF-114 extracts bind 1 lii (.tipttrt#1 tsTF-1L4 
from two TH1 clones, D1.l 
(lanes 1 to 4) and HDKl (lanes tSTF-IFNy 

5 to 8), and three TH2 clones, 
a e r l  

1 2 3 4 5 6 7 8 9 1 0 1 1  1 2 1 3 1 4 1 5 1 6 1 7 1 8  1920 
CDC25 (lanes 9 to 12), 
CDC35 (lanes 13 to 16), and Dl 0.G4.1 (Dl 0) (lanes 17 to 20). Clones were either unstimulated (-) or 
stimulated for 15 min with IL-4 (400 U/ml) (lanes 2,6, 10, 14, and 18), IFN-y(66 U/ml) (lanes 3, 7, 1 1,  15, 
and 19), or both IL-4 (400 U/ml) and IFN-y(66 Wml) (lanes 4, 8, 12, 16, and 20). Derivation and antigen 
stimulation of the TH1 and TH2 clones have been previously described (70-72). 

Fig. 2. Activation of an IFN-y (Stat1)-inducible gene, IRF-7, in TH2 01.1 Dl0 MI2 
but notTH1 clones in response to IFN-y stimulation. Cellsfrom Dl . l ,  -7- 

. - 7 - e  
Dl 0.G4.1 (Dl O), or a B cell line MI 2 were either unstimulated (-) or h Z E  

8 -  3 - 8 -  

stimulated with'l~~-y (66 U/ml) for 18 hours. Total RNA was extract- 
ed by lithium chloride, and 10 wg of RNA was assayed by Northern t lRF-1  
(RNA) blotting with standard protocols. The blot was probed with 
either an IRF-1 complementary DNA (cDNA) (upper panel) or a 
glyceraldehydephosphate dehydrogenase (GAPDH) cDNA (lower 
panel) labeled by random hexamer priming. tGAPDH 
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Fig. 3. Activation of Statl , Jakl , and Jak2 in a TH2 but not in a TH1 clone in response 
to IFN-y. (A) Whole-cell extracts from D l  .1 (lanes 1 and 2) or D l0  cells (lanes 3 and 4), 
which were either unstimulated (-) or stimulated with IFN-y (66 U/ml) for 15 min, were 
immunoprecipitated with an antiserum to Statl (abl) (22) and fractionated on a 7% 
SDS-polyactylamide gel before immunoblotting with an antibody to phosphotyrosine 
(anti-Pht) (antibody 4G10, Upstate Biotechnology) (upper panel). Bands were detected 
by enhanced chemiluminescence (ECL, Amersham). The blot was then stripped and 
reprobed with a different antiserum to Statl [which recognizes both Statla and Statl P 
(anti-Statl)] (ab3) (22) (lower panel). (B) Extracts from cells of the TH1 clone D l  .1 (lanes 
1 and 2), the TH2 clone D10.G4.1 (D10) (lanes 3 and 4), or MI2 (as a positive control; 
lanes 5 and 6) were either unstimulated (-) or stimulated with IFN-y (66 U/ml) for 15 min. 
The extracts were then immunoprecipitated (IP) with a Jakl antiserum (23) followed by 
an in vitro kinase assay (lanes 1 to 6) (24). An aliquot of this Jakl immunoprecipitation 
was immunoblotted with Jakl antiserum for quantitation (lanes 7 to 12). (C) Extracts 
were prepared as described in (B), immunoprecipitated by Jak2 antiserum (Upstate 
Biotechnology), and assayed by in vitro kinase reaction (lanes 1 to 6) (24). An aliquot of 
the Jak2 immunoprecipitation was immunoblotted with Jak2 antiserum for quantitation 
(lanes 7 to 12). (D) Activation of the IFN-a-inducible signal transducing factor in TH1 
cells. Whole-cell extracts from cells of the TH1 clone D l  .1 (lanes 1 and 2) or the TH2 
clone D10.G4.1 (DlO) (lanes 3 and 4), which were either unstimulated (lanes 1 and 3) or 
stimulated (lanes 2 and 4) for 20 min with IFN-a (2000 U/ml), were analyzed by EMSA 
with a probe from the interferon-stimulated response element of ISG15 (015) (25). 
Extracts from untreated (lane 5) or IFN-a-treated (lane 6) cells of a murine B cell line 
(M12) were used as a positive control for the induction of STF-IFNa (interferon-stimu- 
lated gene factor-3). The identity of STF-IFNa was confirmed by incubation of IFN-a- 
treated extracts from D l  .1 (lane 7) with either an antiserum directed against one of the 
STF-IFNa components, p48 (26) (lane 8), or with a control antiserum to IRF-1 (lane 9) at 
a 1 : 20 dilution for 30 min at 4°C after a standard EMSA reaction with the 01  5 probe for 
20 min at room temperature. 

g ?- - 
- 7 - 7 0 0  - - - -  
n o o n  

100 l o 1  lo2 lb3 lo4 
fluorescence lntemlty 

Fig. 4. Analysis of the IFN-y receptor components in T,1 and T,2 
clones. (Al Cell surface expression of the IFN-7 receptor a chain on 

f +Anti-Pht 
r dakl-IP, 

in vitm kinase 
i +Mi-Stat1 1 2 3 4 5 6  

01.1 Dl0 MI2 
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C --- , E , E  , E  
D1.l D l 0  Mi2 
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representative TH1 and ~ , 2  clones. Cells from the iHl clone D l  .1 
(broken line) and the TH2 clone D10.G4.1 (dotted line) were analyzed by FACS with either a rat antibody 
to mouse IFN-y receptor (GR-20) (75) or an isotype-matched control antibody (solid line) followed by a 
fluorescein isothiocyanateconjugated rabbit antibody to rat immunoglobulin G. Clones were analyzed at 
day 4 after antigen stimulation. (6) Total RNA was extracted as described in Fig. 2 and analyzed by 
Northern blotting with either an AF-1 cDNA (upper panel) or a GAPDH cDNA (lower panel) as a probe. (C) 
RT-PCR analysis of AF-1 mRNA. RT-PCR was performed on three distinct TH1 clones, M264-20 (2 pg), 
M264-37 (2 pg), and Dl .  1 (5 pg), as well as on different amounts of D l  0 (10 pg to 0.2 pg) (27). Derivation 
of M264-20 and M264-37 has been previously described (28). 

an antiserum to Stat l  followed by immuno- 
blotting wi th an antibody to phosphoty- 
rosine confirmed that IFN-y induces ty- 
rosine phosphorylation of Statl  in a TH2 
(DlO.G4.1) but not  in a TH1 (D1.l) clone 
(Fig. 3A, upper panel). Reprobing the blot 
wi th a different Statl  antiserum revealed 
that Dl. 1 and D10.G4.1 cells contain equal 
amounts of Statl  (Fig. 3A, lower panel). 
Subsequently, antisera to the Janus kinases 
(Jaks) were used to determine if these pro- 
teins were present and activated. Equal 
amounts of Jakl  (Fig. 3B, lower panel) and 
Jak2 (Fig. 3C, lower panel) proteins were 
immunoprecipitated from TH1 and TH2 

clones. In vitro kinase assays revealed that 
IFN-y induced the autophosphorylation ac- 
tivity of Jakl (Fig. 3B, upper panel) and 
JakZ (Fig. 3C, upper panel) in TH2 cells, 
but not  in TH1 cells. However, TH1 cells 
responded to IFN-a, by the induction of 
STF-IFNa (Fig. 3D). As expected, appear- 
ance of this complex was blocked by an 
antiserum against p48, a known component 
of STF-IFNa (Fig. 3D). Because STF-IFNa 
induction requires the activation of both 
Jakl and Statl  (1 7), these results demon- 
strate that in T,1 cells, these components 
can function normally in response to anoth- 
er ligand. Thus, TH1 cells inhibit IFN-y 

Mock AF-1 -- 
g-r g z  t 

, L L - 1 ,  I L Y ,  E 

Fig. 5. Transient transfection of AF-1 into a murine 
TH1 clone rescues STF-IFNy activation in these 
cells. Cells from a TH1 clone (D1.1), which had 
either been mock transfected (lanes 1 to 3) or 
transfected with an AF-1 cDNA plasmid (lanes 4 to 
6 and 9 to 1 I),  were either unstimulated (-) or 
stimulated for 15 min with IFN-y (66 U/ml) (lanes 2, 
5, and 9 to 11) or IL-4 (400 U/ml) (lanes 3 and 6) 
(29). Cells from a TH2 'clone (D~o), which were 
either unstimulated (lane 7) or stimulated with 
IFN-y (66 U/ml) (lane 8), served as a control. 
Whole-cell extracts were prepared and examined 
by EMSA as described in Fig. 1. The identity of 
STF-IFNy was confirmed by incubation of IFN-y- 
treated extracts from the AF-1-transfected D l  .1 
with either an antiserum directed against Statl 
(abl) (lane 10) or with preimmune serum (lane 11) 
at 1 : 20 dilution for 30 min at 4°C after a standard 
EMSA reaction for 20 min at room temperature. 

signal transduction through a ligand-specif- 
ic mechanism. 

The observation that the IFN-y, but not 
the IFN-a, pathway was down-regulated in 
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TH1 cells prompted us to focus our attention 
on the IFN-y receptor (IFN-yR). This re- 
ceptor is composed of two chains, IFN-yRa 
and the recently cloned accessory factor-1 
(AF-1) (also referred to as IFN-yRP) (18). 
Although IFN-yRa can, by itself, bind 
IFN-y with high affinity (19), interaction of 
this chain with AF-1 is required for IFN-y- 
mediated signaling, including the activation 
of STF-IFNy and the induction of IRF-1 
gene expression (20). We therefore exam- 
ined the TH1 and TH2 clones for the expres- 
sion of these receptor components. Fluores- 
cence-activated cell sorting (FACS) analy- 
sis of cell surface expression of IFN-yRa 
(Fig. 4A) revealed that the clones contain 
roughly equal amounts of IFN-yRa chain. 
However, when we examined these clones 
for the presence of AF-1-encoding mRNA 
by Northern (RNA) analysis (Fig. 4B), we 
found that the TH2, but not the TH1, clone 
expressed the AF-1 mRNA transcript. Re- 
verse transcription of RNA from three dif- 
ferent TH1 clones followed by the poly- 
merase chain reaction (RT-PCR) confirmed 
the absence of AF-1 expression in these cells 
(Fig. 4C).  T o  test whether reintroduction of 
AF-1 expression could rescue IFN-y signal- 
ing in TI,l  cells, we transiently transfected a 
complementary DNA (cDNA) encoding 
AF-1 into a TH1 clone (D1. l ) .  Transfection 
of AF-1, but not a mock transfection, led to 
the appearance ot STF-IFNy in TH1 cells 
(Fig. 5) .  Detection of this complex by 
EMSA was blocked by an antiserum against 
Stat1 (Fig. 5).  

Our data indicate that T,.,1 cells cannot 
activate the Jak-STAT pathway in response 
to IFN-y because the AF-1 component of 
the IFN-y receptor is not expressed. Down- 
regulation of the IFN-y signaling pathway 
in TH1 cells may allow the immune system 
to selectively inhibit the proliferation of 
T1,2 cells, while permitting TH1 cells to 
escape the antiproliferative effects of the 
IFN-y that they secrete. Preliminary data 
reveal that precursor T helper cells are able 
to activate STF-IFNy. If these cells are 
cultured in the presence of IFN-y, the re- 
sulting T cell population, which is greatly 
enriched in TH1 cells, does not activate 
STF-IFNy in response to IFN-y restirnula- 
tion (21). Thus, during differentiation into 
TH1 cells, T cells may lose the capacity to 
activate STF-IFNy. This finding is consis- 
tent with a model in which modulation of 
cytokine signaling may play an important 
role in the acquisition of specific T helper 
cell phenotypes. 
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Seasonal Precip 
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Commenting on our work with isotope 
tracers and the origin of moisture in general 
circulation model simulations ( I ) ,  Eric J .  
Steig e t  al. (2)  suggest that changes in the 
seasonal distribution of precipitation may 
provide strong control on  isotopic variabil- 
ity in Greenland ice cores. In principle, we 
agree with the thrust of their comment. In a 
broad sense, without consideration of spe- 
cific processes, the seasonality effects dis- 
cussed by Steig e t  al. and the moisture 
source effects described in our report are 
two classes of the same eeneral nhenome- 

tation Timing and Ice 
! Records 

century suggests that seasonal effects are a 
significant component of interannual isoto- 
pic variability, general circulation models 
(GCMs) represent one of the few means of 
assessing the importance of this phenome- 
non for interpreting the isotopic record 
over glacial cycles. The GCM approach is 
important for understanding the relation- 
ship between S I 8 0  and temperature because 
( i )  thermodynamic principles and analysis 
of modern isotopic data suggest that 
present-day spatial S180-temperat~~re corre- 
lations cannot be considered an exact sur- - 
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