
phase and reached a maximum between 3.5 
and 4 hours. Because the neak d ~ d  not 
increase between 4 and 5 hours after meta- 
phase, and because the height of the ELFH 
peak after initiation in cultured CHOC 400 
cells (GI-S) was not greater than those of 
the ~ e a k s  at 4 and 5 hours, we conclude 
that the maximum attainable specificity 
was achieved by 4 hours after metaphase. 
The relative preference of Xenopus egg cy- 
tosol for initiation \xithin the DHFR origin 
locus in nuclei ~ r e ~ a r e d  at different times 
after metaphase is plotted, together with 
nuclear membrane assembly and the onset 
of S nhase, in Fie. 3B. The first cells entered 
S &ase 7 hoursifter lnetaphase and 50% of 
the cells were engaged in DNA synthesis by 
9 to 10 hours after ~ne t a~hase ,  consistent 
~vit11 tlow cytometric analysis that revealed 
an average G, nhase of 10 to 11 hours. - L L  

These data are also consistent with an in- 
crease in the percentage of cells that pass 
through a discrete regulatory point in G I  
between 3 and 4 hours after metaphase; n7e 
have termed this point the origin decision 
point (ODP) for the DHFR locus. 

The data in Fig. 2 demonstrate that the 
DHFR locus ODP occurs 2 to 3 hours after 
replication licensing, the ~nechanisln that 
converts eukaryotic nuclei from a postrep- 
licative ( G I )  to a prereplicative (G, )  state 
(8,  1 1 ). Intact ma~nmalian nuclei that have 
not i~ndergone the licensing step ail1 not 
replicate in Xenoplis egg extracts (1 1 , 12). 
Pre-ODP nuclei have fully assembled nucle- 
ar envelopes (Fig. 1) and initiate replication 
at the same number of sites as post-ODP 
nuclei (Fig. 2, A and B). The DHFR locus 
ODP occurs close to the previously identi- 
fied restriction point (R point), the time 
after which entry into S phase is indepen- 
dent of growth factors or moderate concen- 
trations of protein synthesis inhibitors (13). 
Thus, it ~vill be of interest to determine 
whether a similar ODP serves to establish 
origins of re~lication at other malnmalian - 
chro~nosolnal loci and whether there is a 
mechanistic link between the colnmitment 
to cellular proliferation (R point) and the 
commitment to initiate replication at spe- 
cific chromosomal loci (ODP). 

REFERENCES AND NOTES 

1.  M. L DePamphilis, Annu Rev. Biochem. 62, 29 
(1 993). 

2. , J. Biol. Chem. 268, 1 (1 993). 
3. W. C. Burhans and J. A. Huberman Science 263 

639 (1 994). 
4. J L. Hamin, P. J. Mosca. V. V. Levenson, Biochim. 

Biophys. Acta 11 98, 85 (1 994). 
5. D. Coverly and R. A, Laskey. Annu. Rev. Biochem. 

63, 745 (1 994). 
6, Intact nuclei are defined by the exclusion of large 

fluorescently labeled molecules that lack a nuclear 
localization signal (Fig. 1). Damaged nuclei are per- 
meable to such molecules. 

7 D. M. Gilbert. H. Miyazawa, M. L DePamphilis, i\/iol. 
Cell B1o1 15. 2942 (1 995). 

8. J. F. X. Diffey eta/. Cell 78, 303 (1 994) 

9 CHOC 400 is a CHO cell line that contains -1000 
tandemly integrated copies of a 243-kb segment of 
DNA harboring the DHFR gene, the 2BE2121 gene 
and a 55-kb intergenic region that were ainplfied by 
stepbvise selection in methotrexate (4) The pattern of 
initiation of replication within the amplified locus is 
indistinguishable from that ~ v t h n  the wid-type DHFR 
loriis I701 .... , - 

10. P. A. Dijkwe and J. L Hamlin, Mol. Cell. Biol. 15, 
3023 (1 9951. 

11. M .  A. Madne, C.-Y. Khoo A. D. Mils, R. A. Laskey, 
Natcire 375, 421 (1995). J. P. J. Chong, H. M Mah- 
buhani, C.-Y. Khoo. J. J. Blow /bid., p.  418, Y 
Kubota, S Mmura, S -I. Nishimoto, H. Taksawa, H. 
Noiima. Cell 81. 601 11995): M .  A. Madine. C.-Y 
~ h b o .  A. D. Mills, C. ~ i s a h l ,  k A. Laskey, Curr Biol. 
5, 1270 (1 995). 

12. G. H. Leno et a/. Cell 69, 151 (1992). 
13. A. B. Pardee, Sc~ence 246, 603 (1 989). 
14 Cells were permeabized ~v i th  digtonn and 2 5 x 

106 nuclei per milliliter were stained with DAPl (1 
bg/ml) and affinity-purified, Texas red-labeled IgG 
(1 50 bg/ml) (Jackson Laboratov) Photographs 

were taken with a Nikon Labophot-2 fitted with a 
1 OOX Plan lens (numerical aperture, 1 25) and were 
composed ~ v t h  Photoshop software. 

15. Total DNA synthesis was determined by acid precip- 
itation after incubation in extracts containing 
[a-"P]deoxyadenosne 5' t rphosphate (25 kCi/ml). 
6-DMAP was added to 3 mM. The percentage of 
labeled nuclei was determined by indirect immuno- 
fluorescence after incubation in extracts containing 
250 b M  broimodeoxyuridine triphosphate. Similar re- 
sults were obtained in four separate experiments, 
although the length of the lag period (10 to 30 mn)  
and the total amount of DNA replicated varied ~v i th  
the batch of extract. 

16. We thank B.  Knox, D. Dmitrova, M. DePamphilis, 
J. Huberman and B. Burhans for critical reading of 
the manuscript and G. Wah  and G. Leno for helpful 
advice. Supported by grants to D.M G, from the 
Hendricks Foundation, the Milheim Foundation, 
and the National Science Foundation (MCB- 
9505907). 

13 October 1995: accepted 22 January 1996 

Blocked Signal Transduction to the ERK and JNK 
Protein Kinases in Anergic CD4+ T Cells 

Wei Li, Carmella D. Whaley, Anna Mondino, Daniel L. Mueller* 

T cells activated by antigen receptor stimulation in the absence of accessory cell-derived 
costimulatory signals lose the capacity to synthesize the growth factor interleukin-2 (IL-2), 
a state called clonal anergy. An analysis of CD3- and CD28-induced signal transduction 
revealed reduced ERK and JNK enzyme activities in murine anergic T cells. The amounts 
of ERK and JNK proteins were unchanged, and the kinases could be fully activated in the 
presence of phorbol 12-myristate 13-acetate. Dephosphorylation of the calcineurin sub- 
strate NFATp (preexisting nuclear factor of activated T cells) also remained inducible. 
These results suggest that a specific block in the activation of ERK and JNK contributes 
to defective IL-2 production in clonal anergy. 

Bretscher and Cohn (1 ) first suggested that 
antigen-receptor stimulation unaccompa- 
nied by critical costimulatory signals could 
cause the inactivation of mature lympho- 
cytes. Jenkins and Schwarti (2) subsequent- 
ly de~nonstrated such a functional unre- 
sponsiveness in murille CD4+ T cell clones 
exposed to peptide antigen (Ag) presented 
by chenlically modified accessory cells 
(ACs) lacking costimulatory molecules 
such as those of the Bi  family of CD28 
ligands (3 ,  4). They determined that these 
T cells were induced into a state of clonal 
anergy, in which they become incapable of 
producing IL-2 and proliferating upon reex- 
posure to Ag and the proper costimulatory 
ligands (2,  5). The biochemical basis for 
this IL-2 production defect in anergic T 
cells remains controversial (6); however, a 
study by Kang e t  al. (7) has indicated that 
IL-2 synthesis is blocked at the level of gene 

W. LI. C. D Whaev. D L. Mueller. Dewartment of Medi- 

transcription because of poor AP-1 complex 
assembly and f~lnction. 

We initiated a study of AP-1 signal 
transduction i~sing murine CD4+ helper T 
cell clo~nes (8-10) in an attempt to identify 
the bioche~llical basis for this defect. Over- 
night treatment of T cells with iminobilired 
monoclonal antibody (mAb) to CD3, in 
order to simulate Ag-receptor [T cell recep- 
tor (TCR)-CD3] occupancy in the absence 
of costimulatory ligands and to induce 
clonal anergy (1 I ) ,  resulted in a substantial 
defect in the capacity of the T cells to 
produce IL-2 (Fig. 1A).  Nevertheless, the 
anergic T cells were not globally deficient 
in their ability to transduce signals to the 
nucleus, because restimulation with CD3 
plus CD28 mAbs could still induce the 
rapid disappearance of the 120-kD form of 
the preexisting nuclear factor of activated T 
cells (NFATp) (12) from a Triton X-100- 
soluble cytosolic colnpartlnent (Fig. 1B) 
and result in the translocation of NFATp 

cine and ~enter fo~ lmmunology.  ~n i ve rs t y  of Minnesota illto the llucleLls (13). To test signal 
Medical School, Minneapolis. MN 55455, USA 
A. Mondino, Department of Microbiology and Center for duction to AP-l-bindillg DNA 
Immunology, University of Minnesota Medical School, elelnents, T cells were stably transfected 
Minneapolis, MN 55455, USA. ~vi th  plasmid DNA containing consensus 
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pression of a minimal IL-2 promoter fused 
to a bacterial lac2 gene (AP-1ZH cells) 
(14-16). P-Galactosidase (P-Gal) activity 
was induced in normal cells in response to 
CD3 stimulation, and incubation with the 
combination of mAbs to CD3 and CD28 
was the most potent stimulus (Fig. 1C). In 
contrast, anergic AP-1ZH cells expressed 
no reporter gene activity in response to ei- 
ther mAb to CD3 alone or the combination 
of CD3 plus CD28 mAbs (Fig. 1C). Thus, a 
s~ecific block in AP-1-de~endent transac- 
tivation was apparent in anergic T cells. 

The proline-directed serine-threonine 
kinases ERK (extracellular signal-regulated 
protein kinases) and JNK (c-Jun NHz-ter- 
minal kinases) are mitogen-activated pro- 
tein kinases (MAPKs) thought to play a key 
role in the transmission of signals from the 
outside of the T cell to AP-1-binding DNA 
seauences inside the nucleus. ERK activa- 
tion probably relies on the coupling of the 
TCR-CD3 complex to p2lras (1 7), with 
subsequent activation of the RAF+ MEK 
kinase cascade immediately upstream of 
ERK (1 8). JNK activation also depends on 
p2lras, as well as on signals mediated by 
calcineurin and signals coming from the 
CD28 costimulatory receptor (19, 20), and 
it results from the activation of small mo- 
nomeric guanosine triphosphate (GTP)- 
binding proteins (such as Racl or Cdc42) 
that can induce the kinase cascade 

Fig. 1. Clonal anergy blocks transactivation by 
AP-1 elements and leads to defective IL-2 secre- 
tion, but signal transduction to NFATp remains 
inducible. In each experiment shown, T cells were 
pretreated overnight either with medium alone or 
with immobilized mAb 145-2C11 to CD3 to in- 
duce clonal anergy as previously described (7 1). 
The cells were subsequently rested for 5 days 
before restimulation with mAb to CD3 and the 
CD28 mAb 37.51 (4) either alone or in combina- 
tion. (A) A.E7 T cells restimulated for 40 hours 
either with or without immobilized mAbs (lo5 cells 
per sample, in duplicate) with IL-2 production de- 
termined by bioassay (10). Data are 2 SEM. Sim- 
ilar results were obtained with the 168.2 cell line 
(7 0). (B) A.E7 T cells examined for the presence of 
cytosolic NFATp protein by protein immunoblot 
analysis after mAb stimulation (13, 34). T cells 
were incubated for 30 min on ice with primary 
antibodies as indicated. Free antibody was re- 
moved, and then all cells were incubated for 5 min 
at 37°C with goat anti-hamster IgG to cross-link 
the primary antibodies. The 120-kD phosphoryl- 
ated NFATp species is marked by the arrowhead. 
This experiment is representative of three. (C) AP- 
1ZH transfected Tcells (normal control cells, open 
symbols; cells pretreated with mAb to CD3, 
closed symbols) (74-76) were incubated either 
with immobilized mAb to CD3 alone (circles) or 
with the combination of mAb to CD3 and mAb to 
CD28 (squares) for various periods of time before 
the assay of reporter gene p-Gal activity (36). Two 
independent experiments were performed, and 
data for each time point are expressed as mean 
p-Gal activity 5 SEM. 

PAK+MEKK+SEK+JNK (21 ). Activat- 
ed ERK and JNK phosphorylate the nuclear 
protein Elk-1, and this regulates the synthe- 
sis of c-Fos (22). JNK also phosphorylates 
c-Jun within its NH,-terminus, resulting in 
enhanced transactivation by AP-1 protein 
complexes that contain c-Jun (19, 20). 
Therefore, a defect in the function of either 
ERK or JNK could be responsible for the 
poor AP-1-dependent transactivation ob- 
served in anergic T cells. 

When we used an immune complex ki- 
nase assay, stimulation of normal T cells 
with the protein kinase C (PKC)-activat- 
ing phorbol ester phorbol 12-myristate 13- 
acetate (PMA) resulted in maximal ERK 
activity (Fig. 2A). CD3 stimulation, either 
with or without the addition of mAb to 
CD28, also induced ERK activity that 
peaked after 5 min of stimulation and de- 
cayed by 60 min (Fig. 2, A and B). On the 
other hand, mAb to CD28 alone only mod- 
estly activated ERK, and in most experi- 
ments CD28 costimulation had only a small 
positive effect on CD3-induced ERK activ- 
ity. Finally, ionomycin did not stimulate 
ERK (Fig. 2A), and ERK activation was 
insensitive to the addition of the cal- 
cineurin-specific inhibitor cyclosporin A 
(CSA) [Fig. 2A and (23)l. Thus, ERK ac- 
tivation in normal CD4+ T cells is most 
dependent on those molecules that can in- 
fluence p2lras activity (for example, TCR- 
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Fig. 2. ERK activation is defective in anergic T cells. 
(A) A.E7 T cells were incubated for 15 min at 37°C 
with no addiion (-), with immobilized mAb to CD28 
alone (28), with immobilized mAb to CD3 (3), with the 
combination (3-28), wlh PMA (50 ng/ml) (P), or with 
the combination of PMA plus 1.5 pM ionomycin 
(P-I). A single group of cells was pretreated with CSA 
(500 ng/ml) (C) for 15 min before the initiation of CD3 
and CD28 signaling, and remained in CSA for the 
entire experiment. At the end of the 15-min incuba- 
tion period, cells were assayed for ERK activity (33). 
An autoradiogram of the phosphorylated kinase 
substrate MBP is shown for each sample. (B) Time 
course of ERK activation in A.E7 T cells stimulated 
with the combination of immobilized mAb to CD3 
and mAb to CD28. (C through E) Normal and aner- 
gic T cells (overnight pretreatment with immobilized 
mAb to CD3) were rested for 6 days and then stim- 
ulated as indicated for 15 min. Cell pellets were then 
(C) assayed for ERK a c t i i  in an immune complex 
kinase assay (33), (D) tested for ERK-1 and ERK-2 
protein abundance by protein immunoblot (37), and 
(E) examined for ERK activity in an in-gel kinase as- 
say with gel-immobilized MBP as substrate (33). 
Similar results were obtained with the 168.2 T cell 
clone (23). Each experiment shown is representative 
of at least two, and the experiment shown in (C) was 
repeated six times with identical results. 
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that of normal control cells (Fig. 2C). Fur- 
thermore, a kinetic experiment revealed 
that a shift in the peak response within the 
anergic population could not account for 
this result (23). A protein immunoblot 
analysis of total ERK protein demonstrated 
no effect of anergy induction on the 
amount of ERK-1 or ERK-2 protein present 
in the cells (Fig. 2D). This experiment also 
revealed that a substantial amount of 
ERK-1 and ERK-2 protein underwent a mo- 

. bility shift to a higher apparent molecular 
weight in normal T cells after stimulation 
with mAb to CD3, which is consistent with 
phosphorylation by an upstream kinase. 
This mobility shift was not observed in the 
anergic T cells. Finally, an in-gel kinase 
assay of whole-cell lysates established that 
both ERK-1 and ERK-2 did not activate in 
anergic cells (Fig. 2E). Therefore, the defect 
in ERK function most likely resulted either 
from poor phosphorylation and activation 
by an upstream kinase such as MEK, or from 
excess activity of a protein phosphatase 
such as PAC-1 (25). Given that the acti- 
vation of RAF and its downstream kinase 
cascade is essential for the induction of IL-2 
gene transcription in T cells (17), the de- 
fect in ERK activation demonstrated here 
could be expected to influence the amount 
of IL-2 production by anergic T cells. 

Unlike ERK activation, stimulation with 

w - X *  ' 
JNK - .Cia 
aaivhy I GST-CJ - - -  

PMA alone resulted in only modest JNK 
activity in normal T cells, and ionomycin 
alone had no effect (Fig. 3, A and B). The 
combination of ionomycin and PMA did 
activate JNK, and this response was blocked 
by CSA (Fig. 3B). This calcium-ion respon- 
siveness and sensitivity to CSA was consist- 
ent with an ability of calcineurin to influ- 
ence JNK activity. Monoclonal antibody to 
CD3 induced only weak JNK activity, and 
mAb to CD28 alone had no effect; however, 
mAb to CD3 plus mAb to CD28 induced 
strong kinase activity that was also sensitive 
to inhibition by CSA (Fig. 3A). PMA plus 
mAb to CD28 proved to be a strong stimu- 
lus for JNK activation, and this response was 
entirely insensitive to the effects of CSA 
(Fig. 3A). JNK activation in these cells was 
less rapid than ERK activation, peaking at 
15 min and falling to near background by 60 
min (Fig. 3C). Therefore, extracellular sig- 
nals that mimic Ag presentation by AC, 
namely mAb to CD3 plus mAb to CD28, 
costimulated JNK activity in normal CD4+ 
helper T cells in a synergistic fashion, much 
as CD3 and CD28 signals costimulated to 
induce AP-1-dependent transactivation 
and the production of IL-2. 

Like ERK activation, the JNK activity 
within anergic T cells was found to be only 
weakly induced upon incubation with the 
combination of mAb to CD3 and mAb to 

- 
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Fig. 3. JNK activation is de- E 
fective in anergic T cells. (A - -  NOIW CM8 CD3 CD~-28 --- P P-I ~ ~ 2 . 3 - P  [a,&t&,, 
and B) JNK activity assay af - - +  - *  - +  - +  - - +  - + CD3 pretraatad 

ter st~mulation of A.E7 T cells 
ERK 

without exposure to anti- MBP 

body (-), with immobilized 
mAb to CD28 (28), with im- my- 

mobilized mAb to CD3 (3), $&,, I GST-e Jun 
with the combination of the 
rnAb to CD3 and rnAb to 
CD28 (3-28). In some samples. T cells were first preincubated for 15 min with CSA (500 ng/ml) (C). In 
other samples, PMA (50 ng/ml) (P) or 1.5 FM ionomycin (I) was included during the incubation. After 15 
min of stimulation at 37°C cells were lysed and whole-cell extracts were assayed for JNK activity with the 
GST-c-Jun fusion protein as substrate (38). (C) Time course of JNK activation after stimulation with 
immobilized rnAb to CD3 and mAb to CD28. (D and E) T cells were preincubated ovem~ght either with 
medium alone or with immobilized mAb to CD3 to induce clonal anergy, and then rested for 6 days. At 
that point, the normal or pretreated T cells were restimulated for 15 min as indicated. In (D), T cells were 
analyzed for JNK activity (upper panel) (38), as well as JNK-1 and JNK-2 protein abundance (bottom 
panel) by protein immunoblot (37). In (Q, T cells were assayed for ERK activity (upper panel) and JNK 
activity (lower panel) after a 15-min restimulation. The substrate proteins MBP and GST-c-Jun are 
indicated. Similar results were also seen with the 168.2 clone (23). Each experiment shown in (D) and (E) 
is representative of at least four others. 

CD28 (Fig 3D, upper panel). The subopti- 
mal activation of JNK seen with CD3 stim- 
ulation alone also was reduced in anergic 
cells. A time-course experiment was per- 
formed, and no shift in the kinetics of JNK 
activation could account for this poor re- 
sponse in anergic T cells (23). Finally, this 
impaired JNK activity appeared not to be 
the result of a defect in JNK expression, as 
the amounts of JNK-1 and JNK-2 proteins 
in anergic cells were equivalent to those of 
normal T cells (Fig. 3D, lower panel). 

The findings of defective ERK and JNK 
function after the development of clonal 
anergy suggested two possible mechanisms 
for the impaired IL-2 inducibility of these 
cells: Anergy may specifically inhibit the 
activation of all MAPKs by their respective 
MAPK kinases, or alternatively, anergy may 
interfere with a common upstream signal 
transduction pathway. The defect in ERK 
activation could not easily be explained by 
a CD28 signal transduction block, as CD28 
costimulation was unnecessary for ERK 
function. Furthermore, the defect observed 
in both JNK activation and AP-l-depen- 
dent transactivation after stimulation with 
d b  to CD3 was profound, regardless of 
whether CD28 was costimulated. Thus, 
CD28 proximal signal transduction was not 
necessarily defective in anergic T cells. To  
further examine upstream signaling path- 
ways, T cells were induced into clonal an- 
ergy and then stimulated in the presence of 
PMA, in an attempt to bypass a defective 
proximal signal transduction pathway. ERK 
activity was found to be normal even in 
anergic cells when they were stimulated in 
the presence of PMA (Fig. 3E, upper panel). 
Likewise, JNK activation was essentially 
normal in anergic cells after stimulation 
with either PMA alone or with a combina- 
tion of PMA plus ionomycin or PMA plus 
d b  to CD28 (Fig. 3E, lower panel). 
Therefore, strong stimulation of a PKC- 
dependent pathway in anergic T cells ap- 
peared to bypass an upstream defect that 
otherwise led to poor MAPK activation. 

PKC-activating phorbol esters activate 
p2lras in normal T cells by inhibiting the 
GTPase activating protein rasGAP (24). 
The activation of ERK and JNK in response 
to PMA in anergic cells suggests then that 
p2lras protein is present, and signaling cas- 
cades downstream of p2lras are intact. In 
contrast, a direct inhibition of MAPK ac- 
tivities seems unlikely, because even subop- 
timal INK activation in response to PMA 
alone was unaffected in anergic T cells. 
Finally, no specific abnormality in signal 
transduction initiated by the CD28 mole- 
cule was detected. Thus, the defect in signal 
transduction to the MAPK may prove to be 
at the level of specific coupling between the 
TCR-CD3 complex and p2lras. Nonethe- 
less, this coupling defect must be specific, 
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uct was inserted into the Escherichia coli expression 
vector pGEX-2T and then expressed in E. coli strain 
HB101 as described by Smith and Johnson [35). 
Whole-cell extracts were incubated with the fusion 
protein at 4°C to immobilize JNK proteins, then 
washed beads were analyzed for kinase activity by 
incubation for 15 min at 37°C in 30 |xl of kinase 
reaction buffer [33), Again, control experiments de
termined that the incorporation of 32P into the fusion 
protein during the first 15 min was linear with respect 
to both time and kinase concentration. The immobi
lized proteins were washed three times with kinase 

b t imu la t i on of T lymphocytes through the 
T cell receptor (TCR) in the absence of a 
second costimulatory signal results in a 
long-term, functionally nonresponsive state 
termed anergy (I). T cell anergy is charac
terized by the inability to produce the au
tocrine growth factor IL-2. Tyrosine phos
phorylation patterns are altered after T C R 
stimulation of anergic T cells, implicating 
an early signal transduction defect (2, 3) . 
Transactivation at the activating protein 1 
(AP-1) site or sites in the 5' IL-2 gene 
enhancer is also defective in anergic cells 
(4). Activation of p21R:1s normally couples 
T C R stimulation to transactivation by 
AP-1 and other transcription factors that 
regulate IL-2 gene transcription. Because 
activation of Ras requires early tyrosine phos
phorylation events, a targeted block of Ras 
activation in anergy might reconcile the 
previous observations oi' alterations in 
TCR-proximal tyrosine phosphorylation 
and the downstream block in transcription
al activity in anergic cells. T o test the hy
pothesis that Ras function is altered in an
ergy, we examined Ras activation in the 
murine T helper cell 1 (T H 1) clone pGLlO 
during T C R stimulation (5). 

Anergy was induced in this clone by 
stimulation with antibody to CD3 [mono
clonal antibody (mAb) 145-2C11], which 
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wash buffer, eluted in 1 x SDS sample buffer, and 
then analyzed on a 10% SDS-polyacrylamide gel, 
followed by autoradiography to detect the pres
ence of a phosphorylated GST-c-Jun substrate. 
The phosphorylated fusion protein electropho-
resed through an SDS gel as several bands be
cause of protein degradation. 

39. We thank G. R. Crabtree (plasmids pNFATZH and 
pSXNeo/AP-1), T. Geppert (rabbit antibodies A249 
to ERK-2 and 691 to ERK-1 and ERK-2), and A. Rao 
(rabbit antiserum R59 to recombinant NFATp) for 
generously providing reagents and expertise critical 

was immobilized on tissue culture dishes 
(Fig. 1, A and B) (3). W h e n restimulated 
with antigen (ovalbumin) plus antigen-pre
senting cells (APCs) , the anergized clone 
did not proliferate (Fig. 1 A) or produce IL-2 
(Fig. IB) (6). T h e cells were specifically 
defective in their ability to produce IL-2 
and proliferate, as they secreted amounts of 
interferon y that were comparable to 
amounts secreted by control cells upon re-
stimulation (Fig. IB) . T h e unresponsive
ness was not attributable to alterations in 
expression of cell surface proteins associated 
with T cell activation ( T C R a p , CD3, 
CD45, and CD4) , as these proteins were 
comparably expressed on control and aner
gic cells (7). These data are consistent with 
data in other published reports ( I , 3, 8). 
Anergized pGLlO cells were capable of pro
liferating in response to exogenous IL-2 (Fig. 
1A), as reported by other laboratories (I). 

Anergic T H 1 cells have altered TCR-
induced protein tyrosine phosphorylation, 
including a substantial reduction in the phos
phorylation of two proteins of apparent 
mass of 42 and 44 kD (3). W e suspected 
that these proteins might be the mitogen-
activated protein (MAP) kinases ERK-1 
and ERK-2, so we did immunoblot analysis 
of ERK immunoprecipitates (IPs) (9). Con
trol and anergic pGLlO cells were stimulat
ed by antibody-mediated, soluble cross-link
ing of CD3 together with the coreceptor, 
CD4 (TCR + CD4) (W). Such stimulation 
of control, but not anergic, pGLlO cells 
induced tyrosine phosphorylation of both 
ERK-1 and ERK-2 (Fig. 1C). In addition, 
such stimulation induced a shift in the elec-
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trophoretic mobilities of these proteins only 
in control cells (Fig. 1C). Tyrosine phos
phorylation and mobility shift of ERK (at
tributable to threonine phosphorylation) 
have been associated with activation of this 
enzyme (11). Indeed, another group has 
demonstrated that induction of ERK activ
ity is impaired in anergic T cells, which 
corroborates these findings (12). T o ex
clude the possibility that differences in ki
netics of the response account for our ob
servations, longer times of activation were 
examined. Even after stimulation for 45 
min, these events were not observed in 
anergic cells (7). Growth for 1 to 2 weeks in 
IL-2 has been shown to enable anergized 
cells to regain the ability to proliferate and 
produce IL-2 in response to T C R stimula
tion (13). This t reatment of anergized 
pGLlO enables the cells to regain the abil
ity to activate ERK as well (7). T h e block in 
ERK activation seen in pGLlO was also 
detected when another T H 1 clone, pGL2, 
was similarly tested (7). 

Because of the apparent dependence of 
MAP kinase activation upon Ras activation 
(14), the inability to activate MAP kinase in 
anergic clones suggested a defect in Ras acti
vation. The capacity of anergic clones to ac
tivate Ras by TCR + CD4 stimulation was 
therefore tested (15). Stimulation of control 
pGLlO cells resulted in accumulation of Ras 
in the guanosine triphosphate (GTP)-bound, 
or active, form (Fig. 2, A and B). This in
crease in GTP binding was maximal at 5 min 
and returned to resting levels by 30 min (Fig. 
2B). In contrast, TCR + CD4 stimulation of 
anergized clones resulted in no accumulation 
of Ras in the GTP-bound form (Fig. 2, A and 
B). Stimulation with IL-2, although capable 
of activating Ras in control cells (Fig. 2A), 
did not activate Ras in anergic cells (Fig. 2A), 
despite the ability of these cells to proliferate 
normally to this growth factor (Fig. 1A). 
Thus, although IL-2 can induce proliferation 
of anergic cells, it may act through a Ras-
independent mechanism. This suggests that a 
common component used by both the T cell 
antigen receptor and IL-2 receptor systems for 
Ras activation may be a target of anergy. 

A t least two possible explanations can 
account for our observations concerning 
Ras. (i) Ras itself is affected in anergy, in 
such a way that its ability either to bind 
G T P or to be regulated by guanine nucleo-

Blocked Ras Activation in Anergic CD4+ T Cells 
Patrick E, Fields, Thomas F. Gajewski, Frank W. Fitch* 

T cell anergy is a state of functional unresponsiveness characterized by the' inability to 
produce interleukin-2 (IL-2) upon T cell receptor stimulation. The mitogen-activated pro
tein kinases ERK-1 and ERK-2 and the guanosine triphosphate-binding protein p21Ras 

were found to remain unactivated upon stimulation of anergic murine T helper cell 1 
clones. The inability to activate the Ras pathway did not result from a defect in association 
among She, Grb-2, and murine Son of Sevenless, nor from a defect in their tyrosine 
phosphorylation. This block in Ras activation may lead to defective transactivation at 
activator protein 1 sites in anergic cells and may enable T cells to shut down IL-2 
production selectively during anergy. 


