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Prevention of T Cell Anergy by Signaling Through 
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When stimulated through their antigen receptor without requisite costimulation, T cells 
enter a state of antigen-specific unresponsiveness, termed anergy. In this study, signaling 
through the common y chain of the interleukin-2 (IL-2), IL-4, and IL-7 receptors in the 
presence of antigen was found to be sufficient to prevent the induction of anergy. After 
culture with IL-2, IL-4, or IL-7, Jak3 kinase was tyrosine-phosphorylated, which correlated 
with the prevention of anergy. Therefore, a signal through the common y chain may 
regulate the decision of T cells to either clonally expand or enter a state of anergy. 

Although little is known about the molec- 
ular mechanisms responsible for the induc- 
tion and maintenance of anergy ( I ) ,  the 
critical costimulatory signal necessary to pre- 
vent the induction of anergy is probably 
mediated through the CD28 molecule on  
the T cell surface (2-4). After T cell recep- 
tor (TCR) signaling, ligation of CD28 by 
either of its natural ligands, B7-1 or B7-2, 
induces secretion of a number of cvtokines, 

most notably IL-2, which results in T cell 
clonal proliferation and effector function 
(5). In the absence of CD28-mediated co- 
stimulation, addition of exogenous IL-2 dur- 
ing TCR activation can also prevent the 
induction of anergy (6-8). Therefore, the 
critical signal necessary to prevent anergy 
might not be mediated directly through 
CD28, but might be delivered by signaling 
throueh the IL-2 receotor IIL-2R). However, ' 
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with cell lines that expressed different co- 
stimulatory molecules (Fig. 1).  All experi- 
ments were done with at least two T cell 
clones. T cells were stimulated with the Ep- 
stein-Barr virus (EBV)-transformed B lym- 
phoblastoid cell line LBL-DR7, which is ho- 
mozygous for HLA-DR7 and expresses B7-1, 
B7-2, LFA-1, LFA-3, and ICAM-1, with 
NIH 3T3 fibroblasts transfected with HLA- 
DR7 alone (t-DR7), or with NIH 3T3 fibro- 
blasts transfected with both HLA-DR7 and 
the B7-1 costimulatory molecule (t-DR7.B7- 
1). HLA-DR7-specific alloreactive T cell 
clones stimulated with either LBL-DR7 or 
t-DR7.B7-1 cells proliferated in response to 
secondary rechallenge with LBL-DR7 cells. 
In contrast, when T cell clones were first 
cultured with either LBL-DR7 cells in the 
presence of a fusion protein consisting of the 
extracellular domain of CTLA4 and an im- 
munoglobulin G (IgG) chain (CTLA4-Ig) 
(3) (to block B7 family-mediated costimu- 
lation) or with t-DR7 cells, they were aner- 
gized and did not respond when rechallenged 
with LBL-DR7 cells. Addition of IL-2, IL-4, 
or IL-7 to the primary culture of T cell clones 
with either LBL-DR7 cells plus CTLA4-Ig or 
with t-DR7 cells prevented the induction of 
anergy (Fig. 1, A and B). In contrast, addi- 
tion of various concentrations of interferon y 
(IFN-y), tumor necrosis factor a (TNF-a), 
IL-6, IL-10, or IL-12 to the primary culture 
of T cell clones with either LBL-DR7 cells 
plus CTLA4-Ig or with t-DR7 cells alone did 
not prevent the induction of anergy. How- 
ever, IFN-y, IL-6, IL-10, and IL-12 each 
alone induced proliferation of the T cell 
clones (lo), which shows that proliferation 
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in the primary culture does not necessarily 
prevent anergy (3, 6, 8, 1 1 ). 

Because the human receptors for IL-2, 
IL-4, and IL-7 share a common y chain (y , )  
(12), and mutations in y,  result in human 
X-linked severe combined immunodeficien- 
cy disease (SCID) (13), we investigated 
whether y,  signaling during primary culture 
is associated with the prevention of anergy. 
W e  used specific monoclonal antibodies 
(mAbs) to the a and P chains of the IL-2 
receptor, to the conventional receptors for 
IL-4 and IL-7, and to y,  (14). T cell clones 
were cultured with either LBL-DR7 cells 
plus CTLA4-Ig (Fig. 2A) or with t-DR7 
cells (Fig. 2B) with or without mAbs that 
were cross-linked with rabbit antibodies to 
mouse Ig. Cross-linking of y,  during the 
primary culture prevented the induction of 
anergy and resulted in both proliferation 
and IL-2 secretion during rechallenge, a 
response that was comparable to that ob- 
served with nonanergized control cells (Fig. 
2, A and B). However, cross-linking of ei- 
ther IL-2Ra, IL-2Rp, or conventional 
chains of IL-4R or IL-7R during the primary 
culture did not. Thus, cross-linking of y,  in 
the presence of TCR signaling was suffi- 
cient to prevent the induction of anergy. 
These data support the hypothesis that the 
common effect of IL-2, IL-4, and IL-7 in 
preventing the induction of anergy is medi- 
ated through a y,  signaling pathway. 

T o  examine whether a common sienal- 
u 

ing pathway associated with y,  could be 
identified after IL-2. IL-4. and IL-7 stimu- 
lation, T cell clones were cultured with 
media, IL-2, IL-4, or IL-7, and cell lysates 
were immunoprecipitated either with a 
mAb to y, or to IL-2RP or with an isotype- 
matched control mAb. After immunopre- 
cipitations with a mAb to y,, a protein 
immunoblot with a mAb to phosphoty- 
rosine revealed phosphorylation of both the 
64-kD band of yc and a coprecipitated 116- 
kD band (Fig. 3A)  in the presence of IL-2, 
IL-4, or IL-7. Thus, y,  was physically asso- 
ciated with a 116-kD molecule that was 
cophosphorylated with y,  by IL-2, IL-4, and 
IL-7 stimulation. In contrast, when a mAb 
to IL-2RP was used for immunoprecipita- 
tion, protein immunoblotting with anti- 
phosphotyrosine showed that IL-2RP was 
associated with a 116-kD band that was 
phosphorylated in the presence of IL-2 and 
IL-4 (Fig. 3B). 

The  Jak family tyrosine kinases (15) as- 
sociate with cytokine receptors (16). Sig- 
naling by IL-2 and IL-4 is associated with 
Jakl  and Jak3 (16-1 9). Because signaling 
through IL-2, IL-4, and IL-7 receptors re- 
sulted in the phosphorylation of the y,- 
associated 116-kD protein, we investigated 
whether this 116-kD phosphorylated sub- 
strate was a Jak kinase family member, using 
a polyclonal antiserum (R80) to the func- 

tional COOH-terminal kinase domain 
( JHI)  of the Jak family members (1 9). Blot- 
ting with R80 after immunoprecipitation 
with the mAb to y,  showed that the 116- 
kD band that was coprecipitated with the 
yc was recognized by R80 (Fig. 3A) and 
therefore was a member of the Jak kinase 
family. Reblotting of the immunoblot with 
peptide-specific antisera to Jakl  (Fig. 3A) ,  
Jak2 (1 O), or Jak3 (Fig. 3A) showed that the 
116-kD band was recognized only by anti- 
Jak3. Blotting with antisera to common Jak 
(R80), Jakl ,  or Jak3, after immunoprecipi- 
tation with the mAb to IL-2RP, showed 
that IL-2RP was associated with Jakl ,  which 
was tyrosine-phosphorylated in the presence 
of IL-2 and IL-4; only in the presence of IL-2 
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Fig. 1. Prevention of anergy induction by cytokines 
in T cell clones. HLA-DR7 alloantigen-specific T cell 
clones (31) TC-3 and TC-4 (CD4+, CD8-, CD28+, 
and B7-) were incubated in primary culture with 
(A) LBL-DR7 cells or LBL-DR7 cells plus CTLA4-lg 
(10 kg/ml), either in media or in the presence of 
each of the indicated cytokines; or (B) t-DR7.B7-1 
cells or t-DR7 cells either in media or in the pres- 
ence of each of the indicated cytokines. Concen- 
trations of cytokines: IL-2, 50 IU/ml (Genzyme); IL- 
4, 5 ng/ml (Genzyme); IL-6, 30 ng/ml (Genzyme); 
IL-7, 10 ng/ml (Genzyme); IL-12, 10 U/ml (Genetics 
Institute, Cambridge, Massachusetts); TNF-a, 500 
U/ml (Genzyme); and IFN-7, 500 IU/ml (Biogen, 
Cambridge, Massachusetts). Each population was 
subsequently rechallenged with LBL-DR7 stimula- 
tors in secondary culture (31). Samples were cul- 
tured and proliferation was measured by [3H]thymi- 
dine (1 pCi) incorporation as previously described 
(1 1). Results, expressed as the means of triplicate 
cultures, represent response during rechallenge 
and are representative of five experiments with the 
same clone. The identical pattern of results was 
obtained with both TC-3 and TC-4 clones. Use of 
control Ig instead of CTLA4-lg during primary cul- 
ture did not result in anergy but in a competent 
immune response on rechallenge (10). 

did IL-2RP become associated with Jak3 
(Fig. 3B). T o  determine whether Jak3 and 
y, were constitutively associated, T cell 
clones were treated with media, IL-2, IL-4, 
or IL-7 and then immunoprecipitated with 
either anti-y, or anti-Jak3 (Fig. 3C). Immu- 
noblots with anti-Jakl and anti-Jak3 showed 
that Jak3 but not Jakl  was coprecipitated 
with yc under all of the above culture con- 
ditions. However. immunoblots with a mAb 
to phosphotyrosine revealed that Jak3 was 
phosphorylated to a much greater extent in 
the presence of the cytokines. 

Because y, signaling was associated with 
both phosphorylation of Jak3 kinase and the 
prevention of anergy, we examined whether 
J a U  kinase was phosphorylated under vari- 
ous conditions that resulted in or prevented 
the induction of anergy. Culture of T cell 
clones with t-DR7.B7-1 cells but not t-DR7 
cells resulted in phosphorylation of Jak3 
(Fig. 4A). In contrast, culture of T cell 
clones with t-DR7 cells in the presence of 
IL-2, IL-4,.or IL-7, but not TNF-a or IL-12, 
not only prevented the induction of anergy 
but also resulted in phosphorylation of Jak3 
kinase (Fig. 4B). Immunoblotting with anti- 
serum to Jak3 showed that Jak3 was consti- 
tutively expressed in equivalent amounts un- 
der all conditions (Fig. 4, A and B). 

Although anergized cells cannot prolif- 
erate in response to TCR stimulation and 
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Fig. 2. Cross-linking of the common y chain of the 
T cell clone in the presence of TCR signaling. 
During primary culture, the TCR signal was deliv- 
ered by either (A) LBL-DR7 cells plus CTLA4-lg or 
(B) t-DR7 cells. IL-2Ra, IL-2Rp, private chains of 
IL-4R and IL-7R, and y, were cross-linked with 
specific mAbs and rabbit antibodies to mouse 
immunoglobulin (R-anti-M) (25). Primary culture 
and rechallenge were done as described (31). Re- 
sults are representative of three experiments with 
specific mAbs and R-anti-M cross-linking and of 
two experiments with biotinylated mAb and 
streptavidin cross-linking, done with the same 
clone. An identical pattern of results was obtained 
with both the TC-3 and TC-4 clones. 
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costimulation provided by competent anti- 
gen-presenting cells, these cells can prolif- 
erate in response to exogenous IL2; thus, 
their IL-2R signaling pathway is intact (3, 
6-8, 11 ). In addition, our anergized T cell 
clones also proliferate in the presence of 
IL-4 and IL-7 (10). To determine whether 
y, signaling is intact in anergized cells, T 
cell clones anergized with t-DR7 were cul- 
tured with media, IL-2, IL-4, or IL-7 and 
then immunoprecipitated with antiserum to 
Jak3 and immunoblotted with mAb to 
phosphotyrosine (Fig. 4C). IL2, IL-4, and 
IL7 induced Jak3 tyrosine phosphorylation 
in anergized cells. Thus, y, signaling was 
intact in anergized cells. 

Our data show that y, signaling correlates 
with prevention of anergy. Although y, sig- 
naling is associated with both prevention of 
anergy and phosphorylation of the Jak3 ki- 
nase, it is unknown whether other kinases 
are also important in y, signal transduction. 
Regardless of the distal signaling mecha- 
nisms, the functional outcome of y, cross- 
linking is distinct, because cross-linking of 
other receptor chains did not induce this 
functional effect. Nevertheless, this finding 
does not exclude a role for other yc-associated 

proteins in the cytoplasmic signaling process 
(20), because cm-linking of surface y, with 
specific monoclonal antibodies may also result 
in the cross-linkiig of associated structures. 

These results and the previous observa- 
tion that congenital mutations of human y, 
result in X-linked SCID (1 3) underscore the 
central role of y, in the regulation of T cell 
survival and function. Neonates with y,- 
deficient X-linked SCID lack T cells. 
Whether they are incapable of differentiat- 
ing from hematopoietic precursors or are an- 
ergized and subsequently deleted by apopto- 
sis (3) because of their inability to receive a 
y, signal is unknown. Participation of y, in 
maturation may also explaii the observa- 
tions that T cells isolated from IL-2-, IL4-, 
and CD28deficient mice (9, 2 1 ) differenti- 
ate normally. Because CD28 costimulation 
both induces IL2 accumulation and aug- 
ments IL-2R expression, thii pathway is 
highly efficient in preventing the induction 
of anergy. IL4, IL-7, or other cytokines such 
as IL-13 (22) or IL15 (23) that are capable 
of signaling through y, might be equally 
efficient at preventing the induction of an- 
ergy in other microenvironments. 

After T cell receptor signaling, a critical 

Fi. 3. (A) Jak3 kinase coprecipita- A 
tion with yc and phosphorylation af- Media 11-2 114 11.7 
ter incubation with IL-2,lL-4, or 11-7. lp ~h y, M.' y, a.' y, a( y, M. 
Alloantigen-spec-9 human helper T %- L 

cell clones were incubated overnight 
-118 B 
-w IP Ab: lL-2RP 

in serum-free media without 11-2 s 
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min with media, 11-2, 11-4, 11-7, Blot Ab 

-83 
MF-a, or 11-1 2. Cells were h/sed -. 4Glo -: - .  
and immunoprecipitations (IP) A r e  ReO W W -  -11% R ~ O  
done (32) with mAb to yc or with 
isotype-matched control (Ctl.) mAb. .- "* Jakl 
Proteins transferred to nitrocellulose Jam -118 JaB tv -. . -116 
membranes (32), and the blots were 
incubated with antiphosphotyrosine JaM L) -. -116 

(mAb 4G10 at 1 : 2000) (Upstate Bio- 
technology, Lake Placid, New Yolk). 
Membranes were stripped (33), C 
blocked, and reprobed with antiser- Media 11-2 11-4 11-7 

I I 

um to common Jak (R80) (79) (at IPAb: yeJaM X J a M  X J a M  y$k3 
kD D 

1 : 1 COO), antiserum to Jakl (Upstate IWALt 8 
Biotechnology), or antiserum to Ja" l 6  Ip Ab: d 
Jak3 (18) (at 1 : 2000). Detection was Jam 

kD ~mA!lb;' 
done with horseradish peroxid- 
conjugated antibody to rabbit IgG (at 
1 : 5000) (Amersham) and enhanced 4G1a 

-118 Jam IB 
-116 

chemiluminescence (32). (B) Jakl 
association with IL-2Rp and Jak3 phosphorylation and association with 11-2Rp in the presence of 11-2. T 
cell clones were stimulated with media, 11-2,lL-4, or 11-7 as above and subsequently lysed and immuno- 
precipitated with mAb to 11-2Rp. Blotting ofthe membrane was done with mAb to phosphotyros~ne (4310). 
lmmunoblots were stripped (33) and reprobed with R80, Jakl , or Jak3 antsera. (C) Jak3 kinase constitutive 
association with y, and induced phosphorylation by 11-2,lL-4, or 11-7. Alloantigen-specific human helperT 
cell clones were inkubated overnight in serum-free media without 11-2 and subsequently stimulated for 15 
min with media, 11-2, 11-4, or 11-7. Cells were lysed and then immunoprecipitated with mAb to yc or 
antiserum to Jak3. Immune complexes were resolved by SDS-PAGE, transferred on nitrocellulose mem- 
branes, and blotted with antisera to Jak3. lmmunobbts were then stripped and reprobed with Jakl 
antserum or mAb to phosphotyrosine (4G10). Cell lysis, immunoprecipitation, blotting, immunodetection, 
stripping, and reprobing of the immunoblots were done as described (32, 33). (D) Detection of Jakl by 
blotting with Jakl -specific antiserum after immunoprecipitations with common Jak antiserum (R80) from 
lysates of the CTLL-2 cell line (used as a positive control for blotting with Jakl antiserum). 

signal necessary to prevent the induction of 
the anergic state is mediated through the y, 
chain of the IL2, IL-4, and IL7 receptors. 
Moreover, the y, chain is constitutively as- 
sociated with Jak3 kinase, and phosphory- 
lation of Jak3 is associated with the preven- 
tion of anergy. The importance of our find- 
ings is not that the common y, was associ- 
ated with IL-2, IL-4, or IL7 signaling, nor 
that these cytokines induced the phospho- 
rylation of Jak3 kinase, but instead that the 
functional outcome of these events prevent- 
ed T cells activated through their antigen 
receptor from entering an anergic state. Al- 
though the absence of Jak3 phosphorylation 
is associated with the induction of anergy, 
this is not the molecular defect responsible 
for the antigen-specific unresponsiveness. 
As has been previously suggested, the mo- 
lecular defect responsible for the anergic 
state appears to be located along the TCR 
signaling pathway (24). Therefore, y, sig- 
naling may prevent the loss of a substrate 
critical for TCR signaling or it may dilute 
a negative factor responsible for the aner- 
gic state (6). Taken together, our results 
provide a function for y, and Jak3 and, 
more importantly, identify a signaling 
pathway that helps begin to decipher the 
molecular mechanism of T cell anergy. 

IP Ab: Jak3 

Jak: 

C 

IP Ab: 

Media 11-2 114 IL-7 

Fg. 4. Association of prevention of anergy with 
phosphoryhtion of the Jak3 kinase. Alloantig&n- 
s~ecific human hel~er T cell clones were cultured 
&th (A) media, t - ~ k 7  cells (anergking conditions), 
or t-DR7.67-1 cells (nonanernking conditions), or - - 
with (B) t-DR7 cells the presence of various cy- 
tokines, as indicated, for 24 hours. T cells were 
isolated from tmfectants by Percoll gradient. Cell 
lysates were prepared, immunoprecipitated with 
the Jak3 antiserum, and analyzed by immunoblot 
with mAb to phosphotyrosine (4G10) as in Rg. 3. 
lmmunoblots prepared under identical conditions 
were probed with antiserum to Jak3. (C) 11-2,114, 
or 11-7 can induce Jak3 kinase phosphorylation in 
the anergized cells. Anergized alloantigen-specific 
human helperT cell clones were cultured for 15 min 
with media, IL-2,lL-4, or 11-7. Cells were lysed and 
then immunoprecipitated with antiserum to Jak3 or 
control antisenrm. lmmunoblot analysis with mAb 
to phosphotyrosine (4G10) was done as in Fg. 3. 
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Interleukin-2 (IL-2) signaling requires the dimerization of the IL-2 receptor p (IL-2Rp) and 
common y (y,) chains. Mutations of y, can result in X-linked severe combined immuno- 
deficiency (XSCID). IL-2, IL-4, IL-7 (whose receptors are known to contain y,), and IL-9 
(whose receptor is shown here to contain y,) induced the tyrosine phosphorylation and 
activation of the Janus family tyrosine kinases Jakl and Jak3. Jakl and Jak3 associated 
with IL-2Rp and y,, respectively; IL-2 induced Jak3-IL-2Rp and increased Jak3-y, asso- 
ciations. Truncations of y,, and a y,, point mutation causing moderate X-linked combined 
immunodeficiency (XCID), decreased y,-Jak3 association. Thus, y, mutations in at least 
some XSCID and XCID patients prevent normal Jak3 activation, suggesting that mutations 
of Jak3 may result in an XSCID-like phenotype. 

T h e  interaction of IL-2 with high-affinity 
IL-2 receptors regulates the magnitude and 
duration of the T cell immune response (I ). 
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High-affinity IL-2 receptors contain the 
IL-2 receptor a (2) ,  P (3),  and yc (4) chains. 
Intermediate-affinity receptors contain IL- 
2RP and yc and mediate IL-2 signals on  
natural killer (NK) and some resting T cells. 
Both IL-2RP and y, are members of the 
cytokine receptor superfamily (5), whereas 
IL-2Ra is not. The  heterodimerization of P 
and y, chains is induced by IL-2 binding and 
is required for IL-2 signaling (6). Mutations 
of the yc gene can result in XSCID in 
humans (7); the severity of XSCID results 
from yc being a component of multiple cy- 
tokine receptors (1, 8-1 1 ). 

Interleukin-2 induces the tyrosine phos- 
phorylation of multiple cellular substrates 
(12), including the Janus family kinases 
Jakl  and Jak3 (13, 14) (Fig. 1, A and B), 
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