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(17), a mouse pre-B cell line (18), human 
Burkitt lymphoma lines (19, 20), B cells of 
mismatch repair-deficient mice (21, 20), and 
an XRCC2/3-deficient chicken B-cell lym- 
phoma line (23), although mutated bases in 
SHM of V genes in human and mouse B cells 
in vivo did not shown such a strong bias to 
G/C base pairs (24, 25). This difference in 
nucleotide preference could be attributed to 
relative abundance of error-prone DNA poly- 
merases (26) or specific DNA repair proteins. 
In addition to point mutations, 18 deletion 
and two duplication events were observed, 
consistent with the features of SHM of im- 
munoglobulin (1) (Fig. 2A). 

In summary, AID-induced hypermutation in 
NIH 3T3 cells has common properties with 
SHM of immunoglobulin genes; it shows strict 
dependence on AID, dependency on transcrip- 
tion of the target gene, and mutations biased to 
specific motifs. In addition, AID induced occa- 
sional deletions and duplications, along with a 
high mutation frequency. These properties are 
also shared by hypermutation in the SF. region 
in B cells stimulated with lipopolysaccharide 
(27). These results suggest that hypermutation 
in NIH 3T3 cells may use the same molecular 
machinery as that used in V and SF sequences, 
and they indicate that AID is the only B cell- 
specific factor required to generate hypermuta- 
tion experimentally in actively transcribed 
genes in nonlymphoid cells. Taken together 
with our previous observation that CSR could 
be induced by AID in the same cell line, it is 
likely that all trans-acting factors required for 
AID to accomplish CSR and hypermutation, 
are constitutively expressed in nonlymphoid 
cells, as well as B cells. 

The AID enzyme is likely to be involved in 
the cleavage step of CSR, because AID defi- 
ciency abolishes accumulation of -y-H2AX and 
NBS1, which are involved in DNA repair and 
recruited to the site of DNA double-strand 
breakage, at the immunoglobulin CH locus in 
CSR-induced spleen B cells (28). Because hy- 
permutation can be introduced into the germ- 
line SF. region when CSR takes place in the 
other CH allele (27, 28), AID appears to play a 
similar role in CSR and hypermutation, most 
likely at the DNA cleavage step itself (3, 16). 
However, we cannot completely exclude the 
possibility that AID is involved in the stage 
after cleavage in SHM (29). In that case, the 
SHM target genes in NIH 3T3 cells would be 
expected to receive continuous generation of 
cleavages, even in the absence of AID, and 
these cleavages would be repaired without in- 
ducing mutations. Detection of such cleavages 
in NIH 3T3 cells is a critical test for the latter 
model. In summary, widespread expression of 
all the components other than AID that are 
required for CSR and SHM provides an impor- 
tant clue for analyzing the molecular mecha- 
nisms for the two genetic events; the target and 
cofactors of AID are also widespread. 
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The transmembrane protein LAT (linker for activation of T cells) couples the T 
cell receptor (TCR) to downstream signaling effectors. Mice homozygous for a 
mutation of a single LAT tyrosine residue showed impeded T cell development. 
However, later they accumulated polyclonal helper T (TH) cells that chronically 
produced type 2 cytokines in large amounts. This exaggerated TH2 differen- 
tiation caused tissue eosinophilia and massive maturation of plasma cells 
secreting to immunoglobulins of the E and Gl isotypes. This paradoxical phe- 
notype establishes an unanticipated inhibitory function for LAT that is critical 
for the differentiation and homeostasis of TH cells. 

The TCR recognizes peptides bound to major 
histocompatibility complex (MHC) mole- 
cules and relays this information to the T cell 
through adaptor proteins. The adaptor LAT 
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coordinates the assembly of signaling com- 
plexes through multiple tyrosine residues 
within its intracytoplasmic segment (1). 
Upon TCR-induced phosphorylation, each of 
these tyrosines manifests some specialization 
in the signaling proteins it recruits. For in- 
stance, mutation of tyrosine 136 (Y136) se- 
lectively eliminates binding of phospholipase 
C-yl (PLC--y1), whereas the simultaneous 
mutation of Y175 and Y195 results in loss of 
binding of the Gads adaptor (2-4). Mice 
deficient in LAT (LAPT) or having a muta- 
tion of the four COOH-terminal tyrosine res- 
idues revealed that LAT is essential for the 
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function of the pre-TCR, a molecular sensor 
that controls early T cell development and 
shares common signaling complexes with the 
TCR (5, 6). 

To address the importance of LAT Y136 
in vivo and to analyze the consequence of 
restricting LAT to only a subset of its dock- 
ing function, we generated knock-in mice 
with a mutation that replaced tyrosine 136 
with phenylalanine (Y136F). Mice homozy- 
gous for this mutation, LATY136F mice, were 
born at expected Mendelian frequencies, and 
T cell expression of LAT was comparable to 
wild-type T cells [fig. Si (7)]. Although 
LATY136F mice displayed normal peripheral 
lymphoid organs at birth, their spleen and 
lymph nodes started to enlarge, so that by 7 
weeks of age, spleen cellularity was about 5 
times that of wild-type mice (Fig. 1). Despite 
prominent lymphocytic infiltrations in the 
lung, liver, and kidney, homozygotes lived to 
at least 17 weeks -of age, and no chronic 
intestinal inflammation or tumor formation 
was observed (8). The effects of the LAT 
Y136F mutation were only detectable after 
breeding mice to homozygosity or to off- 
spring carrying a null allele of the LAT gene. 

The thymuses of LATY136F mice had 
about one-tenth the cells of wild-type thy- 
muses and reduced numbers of CD4+CD8+ 
double-positive (DP) thymocytes (Fig. 2). 
After reaching a peak in mutant newborn 
mice, DP cell numbers decreased and were 
almost undetectable in mice older than 7 
weeks (Fig. 2A and fig. S2A). Coincident 
with this progressive DP cell erosion, discrete 
populations of CD4 and CD8 single-positive 
(SP) thymocytes started to dominate the thy- 
mus and showed a CD4/CD8 ratio skewed 
toward CD4 cells (Fig. 2B). TCR expression 
in LATY136F thymocytes was one-half (DP) 
or one-sixth (SP) that observed in wild-type 
mice (Fig. 2C). The DP thymocytes found in 
young mutant mice lacked CD5 molecules at 
their surface (fig. S2B). CD5 is a negative 
regulator of TCR signaling, and its expres- 
sion increases during T cell development in a 
manner proportional to the intensity of pre- 
TCR and TCR signaling (9-11). From these 
data and the presence of a normal comple- 
ment of CD4-CD8- double-negative (DN) 
cells in LATY136F thymuses (8), we conclude 
that the LAT Y136F mutation resulted in a 
severe but partial impairment of ct T cell 
development. Although development of T 
cells bearing TCR made of -y8 chains (-y8 T 
cells) is ablated in LAT' mice (5), the LAT 
Y136F mutation did not affect -y8 T cell 
development detectably (fig. S2C). 

Given the scarcity of SP thymocytes found 
in newborn LATY136F mice (Fig. 2A and fig. 
S2A), one would expect very few SP cells in 
secondary lymphoid organs. However, SP cells 
appeared in the spleen and lymph nodes of 
LATYl36F mice with the same kinetics as in 

wild-type mice. However, they showed a strong 
bias for CD4 cells and expanded over time (Fig. 
1, B and C). These CD4 cells had a CD25-, 
CD44hi, CD62LlO, CD69+ phenotype closely 
resembling activated and memory T cells (Fig. 
1D). They also expressed low levels of TCR on 
their surfaces, an attribute that may in part 
account for their inability to proliferate in re- 
sponse to TCR stimulation in vitro (8). Despite 
the absence of CD5 on LATY136F DP thymo- 
cytes, CD5 molecules were detected on their 
direct CD4 and CD8 SP progeny (fig. S2B). 
Analysis of DNA content by propidium io- 
dide staining showed that the CD4 popula- 
tions from wild-type and LATY136F mice 
contained 3.3 and 7.2% of cells, respectively, 
in the G2-S-M phases of the cell cycle (8). 
Moreover, when cultured in medium alone, 
CD4 T cells purified from LATY136F mice 
showed a lower rate of spontaneous apoptosis 
than wild-type CD4 T cells (8). Therefore, 
the progressive accumulation of CD4 T cells 

in the periphery of LATYl36F mice is proba- 
bly due to both their extended survival and 
increased proliferation. 

When freshly isolated from LATYl36F 

mice, CD4 T cells expressed sufficient inter- 
leukin-4 (IL-4) and IL-10 transcripts to allow 
their detection even without ex vivo restimu- 
lation (Fig. 3A). Upon activation by phorbol 
12-myristate 13-acetate (PMA)-ionomycin 
IL-5, IL-13, and interferon-y (IFN-,y) tran- 
scripts were also detected (Fig. 3B), and close 
to 80% of the CD4 T cells expressed very 
high levels of intracytoplasmic IL-4 (Fig. 
3C). In contrast, wild-type CD4 T cells 
showed only the IL-2 and IFN-y transcripts 
expected after activation of primary T cells: 
Moreover, despite their activated phenotype, 
CD8 T cells from LATYl36F mice did not 
produce any IL-2, IL-4, IL-5, and IFN-y 
when stimulated under similar conditions 
(12). Consistent with the notion that the CD4 
T cells from LATYl36F mice were refractory 

WT LATY136F 

0.1 | 6.6 

1cm - .. -6 --W 86 i SW 4-o o 

.2~~J)__ <__ .._ o. _ ___ 
FCS 

B WT LATY136F 
110.106 420.106 t5 2. 

26.4 53.8 

a ;59 13 . 11 u 8 9.4 

CD8 CD8 

D -- CD4+ Lymph node cells 

0.0 

!1 01 -a 

i t~~~~~~1 -liRi 7 00 ,o1 100 t ,l 000 ,1 00 @0 00 o} D ' o1t 10 0 00 I 100 10' 1100 *1) 0' 1 

CD3 CD69 CD62L CD44 CD95 

Fig. 1. Enlarged secondary Lymphoid organs in LATY136F mice. (A) SpLeen (right) and inguinal and 
mesenteric lymph nodes (Left) from 7-week-old wild-type and LATY1 6F mice. (B) CD4/CD8 profiles 
of spleen cells from wild-type and from LATY136F mice. (C) Light scatter anaLysis and CD4/CD8 
staining profiles of Lymph node ceLLs from wild-type and from LATY136F mice at 6 weeks of age. The 
celLs with an intermediate forward scatter (FSC) and a high side scatter (SSC) correspond to 
eosinophils (see fig. S3). (D) Comparison of the levels of CD3, CD69, CD62L, CD44, and CD95 on 
CD4 T ceLLs from 6-week-oLd mice expressing wiLd-type LAT or LATY136F molecuLes. CD4 T cells 
from LATY136F mice express Lower surface levels of CD95 relative to wild-type CD4 T ceLLs. 
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to TCR stimuli, none of them scored as IL-4+ 
in response to antibody-mediated TCR cross- 
linking (8). Thus, over the first weeks of their 
life, LATYl36F mice spontaneously devel- 
oped a T helper type 2 (TH2) lymphoprolif- 
erative disorder. In the case of wild-type CD4 
T cells, a TH2 polarization of such magnitude 
is only achieved after prolonged antigenic 
stimulation in the presence of IL-4 (13). 

Analysis of thymic and lymph node cells 
from LATYl36F mice older than 4 weeks 
showed high levels of eosinophils (fig. S3). 
LAT transcripts were undetectable in these 
eosinophils, suggesting that the observed eo- 
sinophilia resulted from the production of 
IL-5 by the abnormal CD4 cells present in 
these mutant mice. Most of the CD4 thymo- 
cytes found in LATYl36F mice older than 4 
weeks had a phenotype (CD44hi, CD62L'?, 
CD69+, and HSA-) distinct from that expect- 
ed for genuine CD4 SP thymocytes, but 
closely resembled that of the abnormal pe- 
ripheral CD4 cells. Provided that the latter 
cells effectively recirculated to the thymus, 
the IL-5 and IL-13 cytokines they produced 
in situ are likely to be primarily responsible 
for the progressive disappearance of DP thy- 
mocytes and for the thymic eosinophilia (14, 
15). 

Secondary lymphoid organs of 6-week- 
old LATYl36F mice contained 7 to 10 times 
as many B cells as their wild-type counter- 
parts. Most of the mature B cells found in 
6-week-old wild-type littermates had a rest- 
ing phenotype (B220high, MHC class II+, 
IgM+, IgD+; Fig. 4A). In contrast, among the 
B cells found in the enlarged secondary lym- 
phoid organs of age-matched LATYl36F lit- 
termates, 25% showed a hyperactivated phe- 
notype (B220high, MHC class II high, IgD-; 
Fig. 4A), 50% expressed a phenotype typical 
of antibody-producing cells (B22010w, MHC 
class II+, IgD-, IgM-, CD44high), and only 
25% had a resting phenotype. Serum IgGI 
and IgE concentrations were elevated about 
200 times and up to 10,000 times, respective- 
ly, compared with wild-type mice (Fig. 4B). 
In contrast, levels of other immunoglobulin 
isotypes did not differ from those of wild- 
type serum. Increased concentrations of K 

and K light chains in the serum of LATY136F 

mice (Fig. 4B), also indicated polyclonal hy- 
pergammaglobulinemia E and GI. IgE and 
IgGI antibody concentrations peaked at 5 
weeks of age (Fig. 4 C), the values of which 
exceeded those reported for mice deprived of 
NFATc2 and NFATc3 transcription factors 
(16). Given that B cells do not express LAT 
proteins (1) and considering that isotype 
switching to IgE and IgGI depends on IL-4 
and IL-13 (14), overproduction of IgE and 
IgGI noted in LATY136F mice is probably 
secondary to the presence of an abnormally 
high frequency of TH2 effectors. 

To establish that CD4 cells were respon- 

sible for the disorders documented in 
LATYl36F mice, we first used a mutation that 
prevents the development of all mature T 
cells [CD3-F,5 (17)]. Introduction of the 
LAT Y136F mutation had no effect on the B 
cells and eosinophils present in CD3-F,5 
mice (fig. S5). Moreover, the DN cells found 
in CD3-?A5 X LATYl36F mice were identical 
to those of CD3 ,5 mice, indicating that the 
effects of the LAT Y136F mutation become 
manifest only at the DN to DP transition. By 
breeding the LATYl36F mice to P2-micro- 
globulin-deficient mice, we observed that 
the residual CD8 T cells found in LATYl36F 

mice were dispensable for the development 
of the disorders (8). In contrast, in mice 
deficient for both MHC class I and class II 
molecules (MHC KO), the absence of CD4 T 
cells protected them from the pathological 

effects of the LAT Y136F mutation, and their 
small complement of DP cells remained sta- 
ble over time (fig. S5). Because noxious CD4 
T cells cannot develop in MHC KO mice and 
interfere with developing thymocytes, this 
established that the LAT Y136F mutation has 
a direct impact on the DN to DP transition 
and that the CD4 T cells were responsible for 
the erosion of the DP cell compartment ob- 
served in LATY136F mice. 

The absence of CD4 T cells in 
LATY136F X MHC KO mice suggests that 
their development requires a selective pro- 
cess involving MHC class II molecules. Giv- 
en that the LATY136F CD4 T cells do not 
respond to TCR cross-linking, we converted 
them into T cell hybridomas. All the hybrid- 
omas derived from LATY136F CD4 T cells 
reacted with syngeneic MHC class II mole- 

A 300 - Total thymocytes B WT LATY136F 

Total1thymocytes 139.106 27.106 200 - .122 
100 - 

0 ~~~~ ~ ~~~~~~99.9 848 

250 FCS__ __ _ _ _ _ __ _ _ _ _ 

DP cells FC 
II ~~~~10.7 79.2 45 20.4 

150 -I 

50<= _ I~~~II ?,< 5 

E |ITCRc43hI 0 ; > :: 

20- 

0 3 9 ,6 16"5 

0- 

2.5 
TCRy+ C DP CD4+ CD8+ 

1 .5 -| 
fe 

? 
5 - 

E17.5 E18.5 E19.5 1w 2w 4 

Age e' 

Fig. 2. Impeded T cell development in r 

LATYl36F mice. (A) Absolute numbers of total i | 
thymocytes, DP cells, TCRothi cells, and T X..j 

cells bearing -y8 TCR (TCR-y8+) found in . 
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Light scatter analysis and CD4/CD8 staining profiles of total thymocytes from wild-type and from 
LATY136F mice at 5 and 7 weeks of age. The cells with an intermediate forward scatter and a high 
side scatter correspond to eosinophils (see fig. S3). The percentage of cells within each gate is 
indicated. Also shown is the total number of thymocytes (averaged from six experiments). (C) 
Comparison of the levels of CD3-?, a TCR transduction subunit, on DP, CD4 SP, and CD8 SP 
thymocytes from 6-week-old mice expressing wild-type LAT or LAT Y136F molecules. 
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cules (table S1), whereas none of those de- 
rived from wild-type CD4 T cells showed 
autoreactivity (8). These two series of hybrid- 

omas expressed comparable levels of TCR at 
their surface and used a heterogeneous set of 
Vcx and VP segments (8). This indicates that 
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Fig. 3. Type-2 cytokine production in CD4 T cells freshly isolated from LATYI 36F peripheral lymphoid 
organs. (A). Analysis of the cytokine transcripts expressed in ex vivo CD4 T cells isolated from the 
spleens of wild-type mice (lane 3) and LATYI 36F mice (lane 4). Total RNA was analyzed by a multiprobe 
ribonuclease protection assay using a MCK1 RiboQuant mouse template set. The autoradiogram also 
shows the MCK1-probe set not treated with RNase (lane 1) and a control sample provided by the 
supplier (lane 2). The identity of the various protected bands is indicated on the right. (B) Analysis of 
the cytokine transcripts expressed in CD4 T cells isolated from wild-type (lane 2) and LATY136F (lane 3) 
mice after stimulation by PMA/ionomycin for 15 hours. Lane 1 corresponds to wild-type CD4 T cells that 
were grown under TH2 polarizing conditions. Samples were processed as described in (A). (C) IL-2, IL-4, 
IL-5, and IFN- y production analyzed in single cells. Ex vivo CD4 T cells purified from wild-type and from 
LA-rYl36F lymph nodes were cultured for 4 hours in the presence of monensin to trap cytokine in the 
endoplasmic reticulum. During the culture period, cells were stimulated with PMA/ionomycin. At the 
end of the culture, cells were processed for intracellular staining. Numbers indicate percentages of cells 
in the respective gates. 

the pathogenic CD4 T cells that develop in 
LATY136F mice do not correspond to 
CD1-d-restricted T cells (18). Their unex- 
pected reactivity against self-MHC class II 
molecules may result from inadequate nega- 
tive selection and may account for the exag- 
gerated help they provide to B cells in vivo. 
Alternatively, their TCR may have been ap- 
propriately calibrated in relation to the con- 
text of LATY136F mice, and it is only after 
introducing them in T hybridomas and artifi- 
cially increasing both their surface density 
and output that they started displaying reac- 
tivity toward self-MHC class II molecules. 
Accordingly, the polyclonal B cell activation 
found in LATYL36F mice may result from 
noncognate interactions with aberrant T cells 
overproducing IL-4 in a chronic manner (19, 
20). 

Although LATYl36F mice showed a mark- 
edly impeded sequence of T cell develop- 
ment, an early and massive accumulation of 
TH2 effectors occurred in their periphery. 
This paradoxical phenotype can be accounted 
for if residue Y136 activates both a positive 
and a negative feedback loop. The positive 
function of residue Y136 may dominate dur- 
ing T cell development, whereas in CD4 T 
cells, Y136 may dominantly turn off signal- 
ing pathways that are activated at the time of 
positive selection or that keep in check the 
low-level of TCR signaling that CD4 T cells 
require for their survival in the periphery 
(21). Once this negative. feedback function is 
relieved, a chronic and low-intensity signal- 
ing probably takes place and ultimately leads, 
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for reasons that have yet to be defined, to the 
selective differentiation of TH2 effector cells. 
This dual role is consistent with the pattern of 
CD5 expression found in LATYl36F mice. Its 
lack on the few DP cells that develop in 
LATY136F mice probably allows the pre-TCR 
to adapt to the lowered signaling potential of 
the LATY136F molecules. Conversely, the 
high levels of CD5 found on CD4 T cells 
probably correspond to a failed attempt to 
desensitize persistent TCR signals. Mutation 
Y136F does not affect the partition of LAT 
into glycolipid-enriched microdomains (fig. 
S6). Therefore, the negative role postulated 
for the LAT Y136 residue can be reconciled 
with the recessive nature of the LAT Y136 
mutation, provided that in heterozygous mice 
the aberrant signals delivered by LAT Y136F 
molecules are blunted by signals from the 
wild-type LAT molecules that colocalize to 
glycolipid-enriched microdomains. The 
LATY136F mice differ from other mouse 
strains with TH2-based diseases (22) or T cell 
lymphoproliferative disorders (23), but strik- 
ingly resemble mice deprived of NFATc2 
and NFATc3 transcription factors (15). 
Therefore, by unleashing signal propagation 
at two distinct levels of the TCR transduction 
cassette, the LAT Y136F and NFATc2/c3 
mutations presumably triggered a runaway 
feedback pathway that resulted in similar ef- 
fects on TH2 polarization. Although the un- 
derlying mechanisms by which the LAT 
Y136F mutation impacts on T cell develop- 
ment and differentiation remain to be de- 
fined, our results reveal that restricting LAT 
to a subset of its docking functions critically 
affects the differentiation of TH cells. It is 
therefore possible that even in a physiological 
context, the differential phosphorylation of 
some of the tyrosines found in LAT also 
influences TH cell differentiation. 
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Mice homozygous for a single tyrosine mutation in LAT (linker for activation 
of T cells) exhibited an early block in T cell maturation but later developed a 
polyclonal lymphoproliferative disorder and signs of autoimmune disease. T cell 
antigen receptor (TCR)-induced activation of phospholipase C-yl (PLC-yl) and 
of nuclear factor of activated T cells, calcium influx, interleukin-2 production, 
and cell death were reduced or abrogated in T cells from LAT mutant mice. In 
contrast, TCR-induced Erk activation was intact. These results identify a critical 
role for integrated PLC-yl and Ras-Erk signaling through LAT in T cell devel- 
opment and homeostasis. 

LAT is a transmembrane scaffolding protein 
that, after TCR engagement, becomes ty- 
rosine-phosphorylated and recruits multiple 
signaling molecules important for T cell ac- 
tivation (1-5). The distal four tyrosine resi- 
dues of LAT (Y132, Y171, Y191, and Y226) 
are required for its activity, and mutation of 
all four uncouples the TCR from both the 
PLC-y I-calcium and the Ras-Erk signaling 
pathways, causing a complete block in T cell 
development (3-6). LAT tyrosines bind pref- 
erentially to specific effector proteins. Ty- 
rosine-132 selectively binds PLC-yl, and T 
cell lines expressing a Y132F (Tyr'32 ->Phe) 
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LAT mutant protein exhibit decreased phos- 
phorylation of PLC--y1, attenuated or absent 
calcium influx, and reduction of nuclear fac- 
tor of activated T cells (NF-AT) activity after 
TCR engagement (3-5). This single mutation 
also blocks Erk phosphorylation in T cell 
lines (3-5), indicating a role for PLC-yl in 
Ras activation in T cells, presumably through 
Ras-GRP, a diacylglycerol (DAG)-dependent 
guanine nucleotide exchange factor (7). 

The importance of individual LAT ty- 
rosines for T cell development and function 
was further examined by generating a 
"knock-in" mutation of LAT in mice in 
which the murine equivalent of human Tyr'32 
(Tyr"36) was mutated to phenylalanine 
(LATY1 36F). Two independently derived 
embryonic stem cell clones were used to 
establish homozygous mutant mouse lines 
that displayed similar phenotypes (8). Se- 
quencing of tail DNA confirmed the Y136F 
mutation and the integrity of the remainder of 
the coding sequence in the targeted allele (9). 
LAT expression in thymocytes and T cells 
from homozygous LATY136F mutant mice 
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