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cleophilic displacement was effected with 2 M amine in 
dimethyl sulfoxide at 35°C for 2 hours. The subsequent 
Fmoc amino acid (10 equivalents) was coupled by using 
10 equivalents of the coupling reagent PyBrop (NovaBio- 
chem) and 18 equivalents of diisopropyl ethyl amine 
(three times for 2 hours). The remaining portion was 
synthesized by standard Fmoc chemistry. Peptoids were 
cleaved, purified by reversed-phase high-performance liq- 
uid chromatography, and verified by electrospray mass 
spectrometry. After lyophilization, peptoids were resus- 
pended in water and the concentration was determined 
by tyrosine absorbance and by amino acid analysis. 

25. Competitive inhibition of SH3 binding by peptoids 
was assayed by mixing the indicated concentration of 
inhibitor peptide wi th a Grb2 SH3 domain (-50 nM), 
expressed as a fusion t o  a protein that is endog- 
enously biotinylated in Escherichia coli (PINPOINT vec- 
tor, Promega, Madison, WI) in STE [50 m M  tris-HCI 
(pH 8.0). 150 m M  NaCI, 0.5 m M  EDTA 1, in a tota l  
volume of 1.5 m l  for 30 min. Glutathione agarose 

beads (15 p.1) that had been bound wi th -250 nmol 
of a GST fusion t o  a tandem repeat of the Sos derived 
peptide (PPPVPPRR), were added t o  the above mix- 
ture and incubated at 4°C for 1 hour. The agarose 
beads were washed wi th 3 X 1 m l  of STE and boiled 
in 30 p,I of SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) buffer, and the eluate was subjected t o  
SDS-PAGE. The amount of biotinylated SH3 fusion 
retained on the beads was measured by blott ing 
these gels onto nitrocellulose, blocking in TBST [ I 0 0  
m M  tris-HCI (pH 8.0), 150 m M  NaCI, 0.1% Tween 20) 
wi th 1% milk, probing wi th streptavidin-horseradish 
peroxidase conjugate, and developing wi th Pierce 
chemiluminescent SuperSubstrate. Under these reac- 
t ion conditions, the K is calculated t o  be approxi- 
mately 1110th of the observed IC,,. The observed 
IC,, for peptide 45, -5 X lo - '  M, is therefore close 
t o  the lower l imit of detection for this assay, given 
the concentration of biotinylated SH3 used in the 
assay (5 X M). 
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The c-Jun NH,-terminal kinase (JNK) signaling pathway has been implicated in 
the immune response that is mediated by the activation and differentiation of 
CD4 helper T (T,) cells into TH1 and TH2 effector cells. JNK activity observed 
in wild-type activated T, cells was severely reduced in T, cells from j n k 7 - / -  

mice. The j n k 7 - / -  T cells hyperproliferated, exhibited decreased activation- 
induced cell death, and preferentially differentiated t o  TH2 cells. The enhanced 
production of TH2 cytokines by j n k 7 - / -  cells was associated with increased 
nuclear accumulation of the transcription factor NFATc. Thus, the INK1 sig- 
naling pathway plays a key role in T cell receptor-initiated T, cell proliferation, 
apoptosis, and differentiation. 

When activated by antigen-presenting cells 
(APCs), T, cells undergo clonal proliferation 
and produce interleukin 2 (IL-2). The activat- 
ed T, cells may then become TH1 or TH2 
effector cells (I), which mediate inflammato- 
ry or humoral responses, respectively. The 
polarization of T, cell differentiation is, at 
least in part, determined by the cytokine en- 
vironment (1). IL-12, produced by activated 
APCs, induces TH1 de~lelopment of nai've T, 
cells. IL-4, made by T cells, is required for 
TH2 differentiation. Thus, early production 
of IL-4 or IL-12 detelmines T, cell lineage 
commitment and the type of immune re- 
sponse that occurs. Although most attention 
has focused on the effect of polarizing cyto- 

kines on T, cell differentiation, signals from 
the T cell receptor (TCR)-CD3 complex and 
kom the costimulatory factor CD28 may also 
affect cytokine production by mechanisms 
not yet understood (2). 

JNK, also known as stress-activated pro- 
tein kinase, phosphorylates the transcriptioll 
factor c-Jun and increases AP-1 transcription 
activity (3, 4). Other substrates include JunD, 
ATF2, ATFa, Elk- 1, Sap- 1, and NFAT4 (3, 
4). Signals kom both the TCR-CD3 complex 
and CD28 are required for JNK and AP-1 
activation in T cells, and these signals may be 
integrated in such a way as to mediate T cell 
activatioil and the induction of IL-2 transcrip- 
tion (5) .  Although JNK is implicated in IL-2 
gene transcription; JNK may also act to sta- 
bilize IL-2 mRiiA (6 ) .  AP-1 has also been 
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tracts. Jilkl-deficient mice were fertile and of 
normal size. Lymphocyte development ap- 
peared normal, with typical ratios of T cells to 
B cells: CD4 to CD8, and na'ive to memory T 
cells in the peripheq (10). The absence of 
apparent de~~elopmental defects of Jnkl-- lym- 
phocytes might be the result of redundancy, 
because Jnlil and Ji~li2 are coexpressed in 1ym- 
phoid tissues (4). Therefore, we tested whether 
JIUX1 and JNK2 are activated similarly during 
the course of TH cell activation. 

Purified CD4 T cells from wild-type or 
lmocl<out mice were stimulated by antibodies 
to CD3 (anti-CD3) with or without anti- 
CD28 (12, 13): and JNK activity was mea- 
sured using c-Jun as the substrate. During the 
first 48 hours, induced JNK activity was 
greatly reduced in the Jnkl-'- T, cells; more- 
over, anti-CD28 could not enhance kinase 
activity (Fig. 1C). Essentially no JNK activity 
was detected in Jnkl-'- T, cells stimulated 
for only 5 min, despite the same JNK2 pro- 
tein expression ( I  I) .  Thus, INK1 appeared to 
account for most of the JNK activity in newly 
activated T cells. After 60 hours of stimula- 
tion, JNK activity in the Jizlcl-- cells was 
similar to that in wild-type cells, and in each 
case this activity was presumably derived 
from JNK2. In fact, JNK2 represents most 
JNK activity in TH1 effector cells (14). 

To investigate the role or roles of f i K 1  in 
T, cell activation and IL-2 production, we 
stimulated T cells with concanavalin A (Con 
A), anti-CD3, or anti-CD3 plus anti-CD28 (12, 
13). Relative to wild-tyye cells, Jnlcl-'- spleen 
cells produced the same amount of IL-2 (Fig. 
2A) and CD4 T cells produced the same 
amount of IL-2 mRNA (10) 24 hours after 
stimulation, despite the lack of fiK activation 
(Fig. 1C): similar to JnliZ- and c-Jtin-deficient T 
cells (14. 15). Although JNK may therefore not 
be required for IL-2 expression, it is also pos- 
sible that JNKl and JNK2 are redundant for 
IL-2 regulation. Despite nolmal IL-2 produc- 
tion; Jnlcl-- splenocytes and CD4 T cells (10) 
displayed enhanced proliferation (12, 13) (Fig. 
2B). In addition, Jnkl-deficient T, cells had a 
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moderate reduction of activation-induced cell 
death (from 46 to 27%) (13), suggesting that 
JNKl may be involved in the regulation of T 
cell apoptosis. Decreased apoptosis by Jnkl-I- 
T cells could therefore contribute to the in- 
creased proliferation of these cells. 

To test whether JNKl is involved in T, 
cell differentiation, we measured cytokine 
production by purified CD4 T cells after 
stimulation for 4 days by immobilized anti- 
CD3 with or without anti-CD28 (12, 13). 
Production of interferon-? (IFN-7) TH1 cy- 
tokine by Jnkl-'- T, cells appeared normal in 
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response to anti-CD3, but there was a consis- 
tent lack of enhancement by anti-CD28 (Fig. 
2C). Wild-type cells produced small amounts 
of IL-4, IL-5, and IL-10 TH2 cytokines in 
response to immobilized anti-CD3, whereas 
the Jnkl" T, cells secreted remarkably large 
amounts of these TH2 cytokines (Fig. 2C). Ad- 
dition of anti-CD28 enhanced TH2 cytokine 
production in both wild-type and Jnkl-'- TH 
cells (Fig. 2C). These observations indicate 
that Jnkl-I- CD4 T cells were hyperrespon- 
sive to anti-CD3 and produced TH2 cytokines 
even in the absence of costimulation. 

Fig. 1. Generation of A J ~ ~ I  locus TPY I l ~ n k l a l  
jnk7-deficient mice. (A) (J,,~I+) ! B s B P 

Schematic representation I I I I I  I I 
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\ / \ \ 
'I 

4 / pmbe 
cus, the targeting vector, \ \ / C5kb 1 

\ \ and the mutated Jnkl Lo- \ \ 1 1 
cus. Restriction enzyme Tageting \ \ \ \ 7 1' 

sites (B, Bam HI; N, Not I: I-tk 1 l+mi 
// 

/ 

P, Pst I; S, Spe I) and the 
probe for Southern blot Homologous 
analysis are indicated. (B) Mutated Jnkl locus recombination 
Protein immunoblot anal- (~nk i - )  s B P 

ysis confirmed the ab- I I &"'g I I I 
sence of expression of the 4 =probe 

JNKl protein. Extracts of 5 3 k h  

embryo fibroblasts were 
examined by immunoblot B +I+ '1- 
analysis with a rnonoclo- 55- - JNK2 

nal antibody to  JNKl and 
JNKZ. The 55-kD and 46- 46- 
kD forms of JNKl and 
JNKZ are indicated. (C) Abrogation of JNK activity in 
activated Jnk7-deficient CD4 T cells. Purified splenic : 4 

CD4 T cells from wild-type (WT) or jnk7-I- (KO) 
mice were stimulated with anti-CD3 in the presence 

pared at different times and JNK activity was mea- 
or absence of anti-CDZB. Cell extracts were pre- 1 ( 

0 24 48 60 72 96 
sured with the use of c-Jun as substrate. The data (h=) 
shown are representative of two independent ex- 
periments with the same results. 

Differentiating Jnkl-'- TH cells produced 
more K-4 than did wild-type cells. To assess 
whether J n k P  TH cells become differ- 
ent effector cells (that is, polarized toward 
TH2), we isolated wild-type and Jnkl-A 
CD44'"CD45RBhi na'ive CD4 T cells and cul- 
tured them in vitro under neutral conditions, 
using immobilized anti-CD3, IL-2, and imdi- 
ated APCs derived from the wild-type mice 
(16). After restimulation with anti-CD3, wild- 
type effector cells made significant amounts of 
IFN--y (361 Ulml in one representative experi- 
ment) but no detectable IL-4, whereas JnkFL 
TH cells made much more IL-4 (33 Ulml) and 
much less IFN-y (53 Ulml). Consistent with 
these observations, larger amounts of IL-4 
mRNA were detected (17) (Fig. 3A). Thus, 
JnklL CD4 T cells differentiated preferentially 
into TH2 cells, whereas the wild-type cells of 
the same genetic background became T, 1 cells. 

To test the possibility that the hyperproduc- 
tion of TH2 cytokines by Jnkl' TH cells was 
caused by an intrinsic deficiency in their ability 
to become TH1 cells, we differentiated the CD4 
T cells under the above conditions with the 
addition of IL-12 and anti-IL-4 to promote TH1 
differentiation, or IL-4 and ant-IFN-y for T,2 
development (16). When restimulated with an- 
ti-CD3 for 24 hours, the JnklpA TH1 effector 
cells secreted amounts of IFN-y similar to wild- 
type cells (Fig. 3B), which indicated that the 
JnklL TH cells could differentiate to TH 1 cells 
and produce TH1 cytokines. However, the 
Jnkl-/- TH1 population also made IL-4, IL-5, 
and IL-10 after anti-CD3 restimulation (Fig. 
3B), suggesting a failure to down-regulate these 
cytokines by the IL-12- and IFN-y-rich envi- 
ronment. This TH2 cytokine production by the 
Jnk14- TH1 population was independent of IL- 
4, because anti-IL-4 was present during the 
differentiation process. The Jnkl" Jnkl-'- 

Fig. 2. Increased prohf- A 3000 c a00 

eration and T,2 cyto- 
kines in Jnk7-'- T cells. = 
(A) Normal IL-2 produc- 2000 

tion by activated ~nk7-I- 1500 

spleen T cells. Spleen 3 looo 'z 400 

cells from 2-month-old 
wild-type (WT) or jnk7-I- 500 

200 

(KO) mice were stimu- 
lated as indicated for 24 None ConA C D ~  C D ~ + C D Z ~  

Fig. 2. Increased prolif- A 3000 1 T , C 800 1 200 I 

eration and Tu2 cvto- 

cells from 2-month-old ' --" 
wild-type (WT) or jnk7-I- 500 

(KO) mice were stimu- o 

hours. and the amount 
of IL-2 in the cell super- 
natant was measured by '60 

ELISA. A representative 
of three independent 120 
experiments using dif- 2 
ferent mice is shown. $ 80 
(B) Increased prolifera- g L 
tion by jnk7-deficient 
T cells. Wild-type or 
Jnk7-I- splenocytes were ' 
stimulated as in (A) for mz O None ConA CD3 CD3+CDZ8 

3 days, and [3H]thymi- 
dine was included during the last 8 hours to  measure cellular prolif- 
eration. C Splenic CD4 T cells from 6- to  8-week-old wild-type (WT) 
or JnktL)(KO) mice were stimulated as shown (72); 4 days later, 

None CD3 CD3iCD28 None 

amounts of T, cytokines were measured by ELISA. The 
representative of 10 independent experiments, each 
mice. 

data shown are 
using different 
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TH2 effector cells also secreted greatly in- 
creased amounts of T,2 cytokines: Relative to 
the same number i f  wild-type cells, the 
Jnkl -I- T,2 effector cells produced almost 10 
times as much IL-4, five times as much IL-5, 
and moderately increased amounts of IL-10 
(Fig. 3B). The same results were obtained when 
purified na'ive CD4 T cells were differentiated 
(10). The increased amount of T,2 cytokines in 
Jnkl-I- T, cells was also not the result of 
differential survival of T,2 versus TH1 cells in 
Jnkl-I- mice, as their patterns of apoptosis were 
similar (10). 

To test whether the exaggerated TH2 cy- 
tokine production by the polyclonally activat- 
ed Jnkl-'- T, cells in vitro reflects a feature 
of the in vivo antigen-specific immune re- 
sponse, we immunized age- and sex-matched 
mice with keyhole limpet hemocyanin (IUH) 
precipitated in alum, an adjuvant promoting 
TH2 responses. When the draining lymph 
node cells were restimulated with IUH in 
vitro, relative to wild-type cells, Jnkl' cells 
produced at least four times as much IL-5 
(Fig. 3C). This finding is indicative of an 
enhanced TH2 response, which correlates 
well with the earlier in vitro results with 
anti-CD3 activation (Fig. 3B); as expected, 
neither wild-type nor knockout T cells made 
IFN-y under these immunization conditions. 

These results showed that Jnkl-I- T, ef- 
fector cells, in vitro or ex vivo, made elevated 

TH2 cytokines. We also found that 24 and 48 
hours after treatment with anti-CD3, relative 
to wild-type cells, Jnkl-& CD4 T, precursor 
cells made more IL-4 mRNA and slightly 
more IL-5 mRNA (10). Because IL-4 is nec- 
essary and sufficient to generate TH2 cells, 
the preference of naYve Jnkl-'- T, cells to 
differentiate to the TH2 lineage and make 
IL-5 and IL-10. under neutral conditions (Fig. 
3A) could be caused by increased IL-4 pro- 
duction in the early activation phase. 

To identify factors that may be responsi- 
ble for the exaggerated IL-4 production by 
Jnkl-deficient cells, we treated purified CD4 
T cells with anti-CD3 for 48 hours and pre- 
pared nuclear extracts. Several transcription 

factors involved in IL-4 transcription or re- 
quired for TH2 differentiation were assayed 
by immunoblot analysis (18, 19). There was 
no difference in the amounts of the transcription 
factors GATA-3 or Stat-6 in the nuclei of wild- 
type or JnklJ- cells, both of which were dimin- 
ished by anti-L4 treatment in culture (Fig. 
4A). Thus, GATA-3, like Stat-6, is probably 
responsive to IL-4 under these conditions. 
There was a moderate increase in the amount of 
JunB protein (Fig. 4A), a member of the Jun 
family that is increased in TH2 cells and impor- 
tant for IL-4 transcription (7). NFATc is essen- 
tial for IL-4 production and TH2 differentiation 
(20). Anti-CD3-activated wild-type cells had 
little NFATc in the nucleus, whereas costimu- 

Fig. 4. Enhanced NFATc nuclear 
localization by anti-CD3-activated --- 

- + - - A ~ I ~ I - I L ~  + - + + - + + + CD3 jnk7-deficient TH cells. Wild-type 
- + - - + - + CD28 or knockout CD4T cells were stim- 

GATA3 ulated (2 days) by anti-CD3 with 
NFATc or without anti-IL-4 (A) or by anti- 

ra - 
a STAT6 CD3 with or without anti-CD28 

Cvtosol~c Nuclear (B). Transcription factors were ex- 
amined by immunoblot analysis of 

a June cytoplasmic (NFATc) or nuclear (JunB, CATA-3. Stat-6, NFATp, and 
NFATc) extracts. The data shown are representative of three indepen- 

1 NFATc 
dent experiments. 

- -* L - - -  NFATo 

KLH (pglrnl) WT KO WT KO WT KO WT KO 

Fig. 3. jnk7-I- TH precursor cells preferentially differentiate to  the TH2 knockout (KO) splenic CD4 T cells were differentiated and restimulated 
lineage, and differentiated Jnk7-I- TH1 and TH2 effector cells make in vitro as in (A), except that 11-12 and anti-IL-4 were added for TH1 
increased amounts of T,2 cytokines. (A) Spleen and Lymph node naTve differentiation, and IL-4 and anti-IFN-y for TH2 differentiation. (C) Age- 
CD4 T cells of wild-type or jnk7-'- mice were differentiated under and sex-matched wild-type (WT) or knockout (KO) animals were immu- 
neutral conditions (76) and then restimulated with anti-CD3 for 24 nized with KLH peptide precipitated in alum; 9 days later, the draining 
hours. The cytokine mRNAs produced after restimulation were analyzed lymph node cells were treated with or without KLH peptide for 4 days. 
by competitive RT-PCR and cytokines by ELISA. (B) Wild-type (W) or The amount of IL-5 produced was determined by ELISA. 
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lation with anti-CD28 enhanced NFATc nucle- 
ar accuillulatioll (Fig. 4B). in lteeping with the 
finding that T , 2  cytoltine i~lductio~l in wild- 
g p e  TH cells requires costi~llulatio~l (Fig. 2C). 
I11 conkast. anti-CD3 keatllent alone led to an 
increase in nuclear KF.4Tc in J i z l c l  T,, cells 
and a decrease in cytoplasmic NF.4Tc (Fig. 4, 
A and B). co~lsiste~lt with the high TH2 cq-tolti~le 
production by CD3-activated J z l d  cells (Fig. 
2C). The eldlanced accmnulation of ~mclear 
K c  I J i l l  T, cells was obse~ved in 
cells 8. 24, and 48 hours after stimulation. but 
was not o b s e ~ ~ e d  in noaactivated cells (10). 
NFATc accu~llulatio~l was specific because the 
allloullt of ~luclear NFATp, a proposed negative 
regulator of TH2 cytokine genes (21), was the 
same in xild-tvue and Ji7kl cells (Fig. 4.41. 

.A ~ - 
Eld~anced ~luclear accu~llulatioll of NFATc in 
J i 1 1 i 1  T cells was not blocked by anti-IL-4 
(Fig. 411): hence, increased IL-4 productio~l and 
NF.4Tc ~luclear localizatio~l is illtl.insic to T cell 
receptor sigllali~lg and is not secondaly to IL-4 
productioa. Because NF.4Tc can bind to the 
IL-4 promoter and is required for IL-4 produc- 
tion and TH2 differeatiatioa (20. 22). the greatly 
eilhanced a~llou~lt  of iluclear SF.4Tc could ac- 
cou~lt for the illcreased IL-4 prochction ia CD3- 
activated Jizlcl-deficient mice. 

The n~echanism by which JNIC1 negative- 
ly regulates NF.4Tc lluclear accumulation re- 
~ l l a i ~ l s  to be resolved. The isoforlll SFAT4  is 
pl~osphorylated and negatively regulated by 
JNIC, leading to lluclear exclusio~l (23 ) .  This - 
regulatio~l appears to be specific to the 
KF.4T4 isofo~lll: evidence for JNK regulatioll 
of NFATc was not reported (23 ) .  -411 indirect 
mechaaism may therefore account for the 
altered regulatio~l of NFXTc in J17lcl - '  T,, 
cells. NF.4Tc and NFATp can bind to the 
IL-4 prolnoter NFXT sites (22 ) .  Both Ji7lil 
and .VFF4Tp lu~ocltout  nice have enhanced T 
cell proliferation and T,2 cytoltine produc- 
tion (21. 24), precisely the opposite of the 
NFATc lcnocltout. It is therefore possible that 
these two SF.4T factors alltagollize each oth- - 
er in the regulation of the IL-4 gene. The 
apparent similarity between ATFATp-' and . . 

Jizkl- '  phenotypes supports a f i~~lc t io~la l  
linltage between JNKl and NFAT. 

Om. results f~~ l the r  reveal a novel mecl~a- 
nism by nhich TCR sigllali~lg negatively regu- 
lates TIl2 cytoltines through JNIC1. Positive 
and aegatix-e regulatio~l of JNIC1 activity may 
affect the decision of T, cells to differentiate 
into Tl, l  or TIl2 effectors. and therefore may 
affect the type of i~mnune response that is 
initiated. The fi~~lctioll  of JNKl delnonstrated 
in this study is distinct from that of JNK2. 
n.hic11 is required for IFS-y productio~l in 
TI!l cells (14). Moreover, the related p38 
m~togen-activated protein ltillase pathway is 
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Eight Calves Cloned from 
Somatic Cells of a Single Adult 
Yoko Kato, Tetsuya Tani, Yusuke Sotomaru, Kazuo Kurokawa, 
Jun-ya Kato, Hiroshi Doguchi, Hiroshi Yasue, Yukio Tsunoda* 

Eight calves were derived from differentiated cells of a single adult cow, five 
from cumulus cells and three from oviductal cells out of 10 embryos transferred 
to surrogate cows (80 percent success). All calves were visibly normal, but four 
died at or soon after birth from environmental causes, and postmortem analysis 
revealed no abnormality. These results show that bovine cumulus and oviductal 
epithelial cells of the adult have the genetic content to direct the development 
of newborn calves. 

TH1 specific and drives IFS-y tra~lscriptio~l Nuclear transfer is an efficient technique for cytoplasm. I11 amphibians, successfi~l nuclear 
(25). Together, these pathways potentiate the assessillg the develop~lle~ltal potential of a transfer was first reported by Briggs and Icing 
T,1 response and provide a potential target llucleus and for analyzi~lg the i~lteractio~ls \vho used blasnlla cells for ~luclear transfer to 
for pl~al-~naceutical intervention. between the donor ~lucleus and the recipient oocytes, which proceeded to develop into 
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