phase and reached a maximum between 3.5
and 4 hours. Because the peak did 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 (G,-S) was not greater than those of
the peaks 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 within the DHFR origin
locus in nuclei prepared at different times
after metaphase is plotted, together with
nuclear membrane assembly and the onset
of S phase, in Fig. 3B. The first cells entered
S phase 7 hours after metaphase and 50% of
the cells were engaged in DNA synthesis by
9 to 10 hours after metaphase, consistent
with flow cytometric analysis that revealed
an average G, phase of 10 to 11 hours.
These data are also consistent with an in-
crease in the percentage of cells that pass
through a discrete regulatory point in G,
between 3 and 4 hours after metaphase; we
have termed this point the origin decision
point (ODP) for the DHFR locus.

The data in Fig. 2 demonstrate that the
DHEFR locus ODP occurs 2 to 3 hours after
replication licensing, the mechanism that
converts eukaryotic nuclei from a postrep-
licative (G,) to a prereplicative (G;) state
(8, 11). Intact mammalian nuclei that have
not undergone the licensing step will not
replicate in Xenopus egg extracts (11, 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 will be of interest to determine
whether a similar ODP serves to establish
origins of replication at other mammalian
chromosomal loci and whether there is a
mechanistic link between the commitment
to cellular proliferation (R point) and the
commitment to initiate replication at spe-
cific chromosomal loci (ODP).
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Blocked Signal Transduction to the ERK and INK
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 Schwartz (2) subsequent-
ly demonstrated such a functional unre-
sponsiveness in murine CD4™ T cell clones
exposed to peptide antigen (Ag) presented
by chemically modified accessory cells
(AGCs) lacking costimulatory molecules
such as those of the B7 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 et al. (7) has indicated that
IL-2 synthesis is blocked at the level of gene

W. Li, C. D. Whaley, D. L. Mueller, Department of Medi-
cine and Center for Immunology, University of Minnesota
Medical School, Minneapolis, MN 55455, USA.

A. Mondino, Department of Microbiology and Center for
Immunology, University of Minnesota Medical School,
Minneapolis, MN 55455, USA.

*To whom correspondence should be addressed.

SCIENCE « VOL.271 ¢ 1MARCH 1996

transcription because of poor AP-1 complex
assembly and function.

We initiated a study of AP-1 signal
transduction using murine CD4" helper T
cell clones (8—-10) in an attempt to identify
the biochemical basis for this defect. Over-
night treatment of T cells with immobilized
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 (11), 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 compartment (Fig. 1B)
and result in the translocation of NFATp
into the nucleus (13). To test signal trans-
duction to AP-1-binding DNA enhancer
elements, T cells were stably transfected
with plasmid DNA containing consensus
AP-1 enhancer sequences driving the ex-
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pression of a minimal IL-2 promoter fused
to a bacterial lacZ gene (AP-1ZH cells)
(14-16). B-Galactosidase (B-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
specific block in AP-1-dependent transac-
tivation was apparent in anergic T cells.
The proline-directed serine-threonine
kinases ERK (extracellular signal-regulated
protein kinases) and JNK (c-Jun NH,-ter-
minal kinases) are mitogen-activated pro-
tein kinases (MAPKSs) thought to play a key
role in the transmission of signals from the
outside of the T cell to AP-1-binding DNA
sequences inside the nucleus. ERK activa-
tion probably relies on the coupling of the
TCR-CD3 complex to p2lras (17), with
subsequent activation of the RAF—MEK
kinase cascade immediately upstream of
ERK (18). 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 (77).
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 (10° cells
per sample, in duplicate) with IL-2 production de-
termined by bioassay (70). Data are + SEM. Sim-
ilar results were obtained with the 16B.2 cell line
(70). (B) A.E7 T cells examined for the presence of
cytosolic NFATp protein by protein immunoblot
analysis after mAb stimulation (73, 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 T cells (normal control cells, open
symbols; cells pretreated with mAb to CDS3,
closed symbols) (14-16) 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 B-Gal activity (36). Two
independent experiments were performed, and
data for each time point are expressed as mean
B-Gal activity = 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)]. 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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CD3 and PKC) (24).
Anergic T cells had reduced ERK activ-
ity after CD3 stimulation, as compared with
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Fig. 2. ERK activation is defective in anergic T cells.
(A) AE7 T cells were incubated for 15 min at 37°C
with no addition (—), with immobilized mAb to CD28
alone (28), with immobilized mAb to CD3 (3), with the
combination (3-28), with PMA (50 ng/ml) (P), or with
the combination of PMA plus 1.5 uM ionomycin
(P-1). Asingle 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 (overmnight pretreatment with immobilized
mADb to CD3) were rested for 6 days and then stim-
ulated as indicated for 15 min. Cell pellets were then
(C) assayed for ERK activity 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 16B.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

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
mADb 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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body (—), with immobilized
mADb to CD28 (28), with im-
mobilized mAb to CD3 (3),
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i

CD28 (3-28). In some samples, T cells were first preincubated for 15 min with CSA (500 ng/mli) (C). In
other samples, PMA (50 ng/ml) (P) or 1.5 pM 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 mAb to CD3 and mAb to CD28. (D and E) T cells were preincubated overnight 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 (E), 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 16B.2 clone (23). Each experiment shown in (D) and (E)

is representative of at least four others.

1274

SCIENCE e« VOL.271 ¢ 1MARCH 1996

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 MAPKSs 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-1-depen-
dent transactivation after stimulation with
mAb 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
mAb 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 JNK 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,



given the ability of CD3 mAb to activate
calcineurin and induce the dephosphoryl-
ation of NFATp.

Although the relation between the
MAPK and AP-1 has yet to be fully estab-
lished in T cells, these data predict that
defective MAPK activation limits both the
expression and function of Fos and Jun pro-
reins at the [L-2 enhancer. Poor inducibility
of ¢-Fos, FosB, and JunB protein has, in fact,
heen observed in T cells after the induction
of clonal anergy (13). As is also consistent
with this hypothesis, anergic T cells demon-
strated significantly less difficulty in prolif-
erating when PMA was present to bypass
the defect in MAPK activation. Whereas
proliferation in response to Ag was inhibited
to only 2.4 = 0.9% of control amounts after
the induction of clonal anergy, proliferation
by anergic T cells in the presence of PMA
plus ionomycin reached an average of 42.4
+ 4.2% of control amounts (n = 3, P =
0.007) (26). Finally, a Northern (RNA) blot
analysis has indicated that this greatly im-
proved proliferation of anergic T cells stim-
ulated with PMA plus ionomycin is the
result of a substantial accumulation of [L-2
mRNA (27). Therefore, these experiments
now provide support for the hypothesis that
IL-2 gene expression and proliferation are
defective in anergic T cells because of a
selective block in signal transduction to the
MAPK that leads to impaired AP-1-depen-

dent transactivation.
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. Animmune complex kinase assay was performed to

detect the activity of ERK molecules in the cell ly-
sates of stimulated T cells. Cell pellets (2 x 10%) were
extracted on ice with whole-cell extract buffer ac-
cording to the method of Hibi et al. (19). Using pro-
tein A-Sepharose beads precoated with the poly-
clonal rabbit antibody A249 to ERK-2, we immuno-
precipitated ERK protein from the lysates for 1 hour
at 4°C with gentle rocking. Immune complexes were
washed and then assayed for enzyme activity as
described (79), with the use of myelin basic protein
(MBP) (Upstate Biotechnology) as a substrate. Incu-
bations were carried out for 15 min at 37°C, then
reactions were stopped by addition of 20 pl of 3x
SDS sample buffer. Control experiments determined
that incorporation of 2P during the first 15 min of the
kinase assay was dependent both on time and the
amount of active kinase present. Phosphorylation of
the MBP substrate was analyzed by SDS-PAGE
(polyacrylamide gel electrophoresis) in a 16% gel,
followed by autoradiography of the dried gel. Phos-
phorylated MBP often ran in the SDS gel as several
hands, presumably as aresult of protein degradation
in the MBP preparation. In addition, we performed an
in-gel kinase assay on whole-cell extract proteins to
determine the individual activities of ERK-1 and ERK-
2, using MBP as an immobilized substrate in a 10%
polyacrylamide gel, according to the method of
Chao et al. (29).

To examine cytosolic NFATp expression after stim-
ulation, 2 x 10°% normal or anergic A.E7 or 16B.2 T
cells were pelleted and washed once with ice-cold
phosphate-buffered saline containing protease and
phosphatase inhibitors, and the cell pellet was then
extracted with Triton X-100, as previously described
(30). Lysates were recovered from the insoluble nu-
clear fraction and analyzed by protein immunoblot
(8.5% SDS-PAGE with transfer to nitrocellulose) with
a 1:1000 dilution of R59 rabbit antiserum to NFATp,
goat antiserum to rabbit immunoglobulin G (IgG)-
horseradish peroxidase (Bio-Rad), and ECL (Amer-
sham) chemiluminescence reagents.

S. B. Smith and K. S. Johnson, Gene 67, 31 (1988).
B-Gal activity was determined in vitro with the use of
the substrate o-nitrophenyl B-D-galactopyranoside
(Sigma) according to standard procedures (37). T
cells (5 X 10 were harvested from six-well plates
after stimulation, washed once, and then suspended
(1.7 x 10® cells per milliliter) in 250 MM tris-HCI (pH
7.5). Freeze-thaw lysis of cells was followed by cen-
trifugation and collection of the lysate, and protein
concentration was determined by the BCA protein
assay (Pierce). Duplicate enzyme reactions were car-
ried out, followed by measurement of optical absor-
bance at 405 nm with a microplate reader (BIO-TEK
Instruments). Units of activity were calculated based
on a standard curve with purified enzyme (Sigma),
and were corrected for the protein concentration of
the extract. Values obtained in this assay for un-
stimulated AP-1ZH T cells are essentially identical to
those obtained with either resting or activated ZH
cells or untransfected T cells (32) and result from
background optical absorbance in the assay.

A protein immunoblot analysis of cellular proteins was
also used to examine ERK and JNK protein abun-
clance. Approximately 20 j.g of whole-cell extract (33)
was mixed 1:1 with 2 SDS sample buffer, and then
separated by 10% SDS-PAGE. Proteins were trans-
ferred to nitrocellulose, and blotted as described (34)
with either polyclonal antibody 691 to ERK-1 and
ERK-2 ata 1:1000 dilution or with polyclonal antibody
to UNK-1 (1 pg/ml) (Santa Cruz Biotechnology).

JNK activity was measured with a solid-phase kinase
assay essentially as previously describect by Hibi et
al. (19). Whole-cell extracts (2 % 10° cell equivalents)
were prepared and then incubated with a glutathione
S-transferase (GST )-c-Jun fusion protein bound to
GSH agarose beads. This fusion protein was con-
structed from a polymerase chain reaction (PCR)-
amplified product encocling amino acicls 1 to 232 of
murine c-jun complementary DNA. The PCR prod-
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uct was inserted into the Escherichia coli expression
vector pGEX-2T and then expressed in £. 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 wl of kinase
reaction buffer (33). Again, control experiments de-
termined that the incorporation of *“P 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

wash buffer, eluted in 1x SDS sample buffer, and
then analyzed on a 10% SDS-polyacrylamice 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

locked 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 p217as
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 Shc, 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.

Stimulation 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 (1). 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 TCR
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 p21%* normally couples
TCR 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 of alterations in
TCR-proximal tyrosine phosphorylation
and the downstream block in transcription-
al activity in anergic cells. To test the hy-
pothesis that Ras function is altered in an-
ergy, we examined Ras activation in the
murine T helper cell 1 (T;1) clone pGL10
during TCR 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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was immobilized on tissue culture dishes
(Fig. 1, A and B) (3). When restimulated
with antigen (ovalbumin) plus antigen-pre-
senting cells (APCs), the anergized clone
did not proliferate (Fig. 1A) or produce 1L-2
(Fig. 1B) (0). The 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. 1B). The unresponsive-
ness was not attributable to alterations in
expression of cell surface proteins associated
with T cell activation (TCRap, 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 pGL10 cells were capable of pro-
liferating in response to exogenous 1L-2 (Fig.
1A), as reported by other laboratories (1).
Anergic T,j1 cells have altered TCR-
induced protein tyrosine phosphorylation,
includinga substantial reduction in the phos-
phorylation of two proteins of apparent
mass of 42 and 44 kD (3). We 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 pGL10 cells were stimulat-
ed by antibody-mediated, soluble cross-link-
ing of CD3 together with the coreceptor,
CD4 (TCR + CD4) (10). Such stimulation
of control, but not anergic, pGL10 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 (I1). Indeed, another group has
demonstrated that induction of ERK activ-
ity is impaired in anergic T cells, which
corroborates these findings (12). To ex-
clude the possibility that ditferences 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 TCR stimula-
tion (13). This treatment of anergized
pGL10 enables the cells to regain the abil-
ity to activate ERK as well (7). The block in
ERK activation seen in pGL10 was also
detected when another Ty;1 clone, pGL2Z,
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
pGLI10 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.

At 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
GTP or to be regulated by guanine nucleo-



