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Abstract
The interaction between the linker for activation of T cells (LAT) with phospholipase C (PLC-γ1)
is important for T cell receptor (TCR)-mediated Ca2+ signaling and MAPK activation. Knock-in
mice harboring a mutation at the PLC-γ1 binding site (Y136) of LAT develop a severe
lymphoproliferative syndrome. These mice have defective thymic development and selection and
lack natural regulatory T cells, implicating a breakdown of both central and peripheral tolerance.
To bypass this developmental defect, we developed a conditional knock-in line in which only
LATY136F is expressed in mature T cells after deletion of the wildtype LAT allele. Analysis of
LATY136F T cells indicated that the interaction between LAT and PLC-γ1 plays an important
role in TCR-mediated signaling, proliferation, and IL-2 production. Furthermore, the deletion of
LAT induced development of the lymphoproliferative syndrome in these mice. Although Foxp3+

natural Treg cells were present in these mice after deletion, they were unable to suppress the
proliferation of conventional T cells. Our data indicated that the binding of LAT to PLC-γ1 is
essential for the suppressive function of CD4+CD25+ regulatory T cells.
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Introduction
The linker for activation of T cells (LAT) is a transmembrane adaptor protein that plays a
central role in linking TCR engagement to the activation of downstream signaling events,
such as Ras-Erk activation and calcium mobilization. Upon T cell activation, LAT is
phosphorylated by ZAP-70 and binds to Grb2, Gads, PLC-γ1, and other signaling proteins
(1-5). Among nine conserved tyrosines in the cytoplasmic domain of LAT, four membrane-
distal tyrosines are most important in LAT function during thymocyte development and
TCR-mediated signaling (4, 6-8). Three of these tyrosines (Y171, Y191 and Y226 in human
LAT) bind to Grb2 upon phosphorylation. Grb2 recruits Sos, a guanine nucleotide exchange
factor (RasGEF), to the plasma membrane for activation of Ras (4, 9). Interestingly, TCR-
mediated Ras activation also requires RasGRP1, another RasGEF that primes the activity of
Sos (10). Two of these tyrosines, Y171 and Y191, also bind to Gads, which constitutively
interacts with SLP-76. In addition, one critical tyrosine, Y132, associates with PLC-γ1; the
interaction of LAT with PLC-γ1 and the Gads-SLP-76 complex is important for the
activation of PLC-γ1. Upon activation, PLC-γ1 hydrolyzes phosphatidylinositol 4,5
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Add-in-proof: During the preparation of this manuscript, a similar study using mice in which the floxed LAT can be deleted upon
injection of diptheria toxin also showed development of the autoimmunity after deletion of WT LAT (46).

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2013 May 07.

Published in final edited form as:
J Immunol. 2010 March 1; 184(5): 2476–2486. doi:10.4049/jimmunol.0902876.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biphosphate (PIP2) to generate diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).
While DAG activates PKC and RasGRP1, IP3 binds to IP3 receptors on the endoplasmic
reticulum (ER), inducing the flux of Ca2+ from the ER into the cytoplasm (11, 12). As a
result of the transient elevation in the cytoplasmic Ca2+ levels, CRAC (calcium release
activated calcium) channels are activated, allowing for the entry of Ca2+ from the
extracellular environment. This influx eventually leads to the dephosphorylation and
translocation of NFAT proteins to the nucleus (13).

The importance of LAT in T cell activation has been clearly demonstrated in LAT-deficient
Jurkat cells. TCR-mediated Erk activation, Ca2+ mobilization, and NFAT translocation are
all defective in these cells (5). Studies using LAT-deficient Jurkat cells also show that LAT
interaction with PLC-γ1 through Y132 is important in TCR-mediated calcium flux and Ras
activation (4). This interaction is also critical for thymocyte development and the control of
T cell homeostasis and autoimmunity (14, 15). In LAT knock-in mice with a mutation at the
PLC-γ1 binding site (Y136 in murine LAT), thymocyte development is partially blocked at
the DN3 (CD25+CD44−) stage, likely due to impaired pre-TCR signaling, a necessity for the
transition from the DN3 stage to the DN4 (CD25−CD44−) stage. Consequently, very few DP
(CD4+CD8+) cells are present in the thymus. Despite the severe developmental defect,
mature CD4+ T cells are present in these mice; however, they undergo uncontrolled
proliferation in the periphery which results in the development of splenomegaly and
lymphadenopathy (14, 16). The majority of these CD4+ T cells exhibit an effector/memory
(CD44+CD62Llo) phenotype and produce high levels of Th2 cytokines, specifically IL-4 and
IL-5. As a result of the dominance of Th2 cytokines, B cells are highly activated and secrete
large amounts of IgE and IgG1(14). Recent studies indicate that the dominance of Th2 cells
in these mice is dependent on STAT6. Interestingly, in the absence of STAT6, LATY136F
mice still develop a lymphoproliferative disease; however, the T cell compartment is
dominated by Th1 and CD8+ T cells (17).

Several studies have investigated the cause of the autoimmune disease observed in
LATY136F mice. One early study suggests that autoimmunity in these mice is likely caused
by defective thymic selection. In this study, by using an HY transgenic TCR model, it was
shown that both positive selection and negative selection are impaired in LATY136F mice
(18). A defect in negative selection may allow autoreactive T cells to survive and exit the
thymus, contributing to the development of autoimmune disease. In addition to impaired
negative selection, previous studies from our lab show that the LATY136F mice lack
naturally arising T regulatory cells (CD4+CD25+ cells)(19). Correspondingly, the level of
Foxp3 RNA in thymocytes and peripheral CD4+ T cells is dramatically reduced. In addition,
Foxp3 protein is hardly detectable in CD4+ T cells. However, another study using
Foxp3EGFP knock-in mice clearly shows that Foxp3+ cells, as indicated by GFP expression,
are present in these mice (20). The GFP intensity in CD4+ LATY136F T cells appears to be
lower than that in normal Treg cells, suggesting that LAT-mediated signaling is important
for maintaining Foxp3 expression during thymocyte development or in the periphery.
Additionally, data from our lab show that adoptive transfer of normal Treg cells into these
mice can prevent the development of lymphoproliferative disease (19). These data suggest
that the unchecked expansion of T cells observed in LATY136F mice may also be due to a
lack of peripheral tolerance.

The defect in thymocyte selection processes in LATY136F mice is an obstacle in studying
the role of the LAT-PLC-γ1 interaction solely in mature T cells. In this study, we used LAT
conditional knock-in mice to examine the role of the LAT-PLC-γ1 interaction in the
regulation of TCR-mediated signaling, Treg cell function and T cell homeostasis. We
utilized the ERCre transgenic system in which a floxed gene can be deleted upon tamoxifen
treatment. ERCre+LATf/f (f=floxed allele) and LATm/+ (m=Y136F form of lat) mice were
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crossed to produce ERCreLATf/+ and ERCreLATf/m mice. T cells should develop normally
in these mice prior to treatment with tamoxifen. After injection, the floxed allele is deleted
and T cells express either wild-type (WT) or Y136F LAT. Our results show that the LAT-
PLC-γ1 interaction is required for optimal signaling and function in mature T cells. In
contrast to previously published studies, mature Y136F mutated T cells were able to flux
calcium, albeit at a reduced level. These T cells also failed to proliferate and produce IL-2
upon stimulation via the TCR. Treatment with tamoxifen induced the development of
lymphoproliferative disease in ERCreLATf/m mice, similar to the disease observed in
LATY136F mice, as indicated by uncontrolled expansion of CD4+ T cells, hyperactivation
of both CD4+ T cells and B cells, and overproduction of Th2 cytokines. Furthermore,
CD4+CD25+Foxp3+ Treg cells were present in the periphery of tamoxifen-treated
ERCreLATf/m mice. However, they were not functional in vivo or in vitro. Our data indicate
that the LAT-PLC-γ1 interaction is required for normal Treg cell function.

Materials and Methods
Mice

LATf/f mice were generated as previously described (21). These mice were crossed with
ERCre transgenic mice (kindly provided by Dr. Thomas Ludwig, Columbia University,
NY). LATf/f mice were first crossed with ERCre+ mice to produce ERCre+LATf/f mice,
which were then bred with LATm/+ mice (m=Y136F) to generate ERCreLATf/m and
ERCreLATf/+ mice. All mice were used in accordance with the National Institutes of Health
guidelines. The procedures described in this study were reviewed and approved by the Duke
University Institutional Animal Care and Use Committee. Mice were housed in specific
pathogen-free conditions at the Duke University Animal Care facility.

Antibodies and FACS analysis
Texas Red conjugated to anti-IgM was purchased from Southern Biotech. Biotinylated
CD69 and TCRβ were from BD Biosciences. 7AAD was purchased from Invitrogen. Thy1.1
Pacific Blue was purchased from BioLegend. All other antibodies used to stain cell markers
for FACS analyses were obtained from eBioscience. For staining of cell surface markers,
cells were incubated with different combinations of antibodies for approximately 30 minutes
on ice and washed in PBS with 2% FBS before FACS analysis. For intracellular staining of
cytokines, splenocytes were stimulated with 40 ng/ml of PMA and 500 ng/ml of ionomycin
for 1 hour. After addition of Golgi-Stop, cells were stimulated for an additional 4 hours. For
other intracellular staining, specifically Foxp3 and CTLA-4, cells were incubated with
antibodies and fixed using the Foxp3 staining buffer set (eBioscience) per the manufacturer's
guidelines. Samples were analyzed on FACSDiva or FACSCanto II (BD Biosciences).
FACS plots shown were analyzed on the Flowjo software. TCR-mediated calcium flux was
done as previously described(21).

CD4+ T cell proliferation, IL-2 production, and ELISA
CD4+ T cells were purified by positive selection using a CD4 microbead selection kit
(Miltenyi Biotec). For T cell proliferation, 2×105 purified T cells were cultured in a 96-well
plate coated with αCD3 (5μg/ml) with or without soluble αCD28 (0.5μg/ml). PMA (40ng/
ml) plus ionomycin (500ng/ml) stimulation was used as a control to bypass TCR-mediated
signaling. Cells were cultured in triplicate for 36 to 48 hours at 37°C and were then pulsed
with 1μCi of [3H]thymidine for an additional 6 hours. Cells were harvested and
[3H]thymidine incorporation was measured by a liquid scintillation luminescence counter
(Perkin Elmer). For IL-2 production, the supernatants from the above culture conditions
were harvested and used for ELISAs using IL-2 capture and detection antibodies according
to the manufacturer's protocol (eBioscience). For serum antibody detection, serum was
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serially diluted. ELISAs for IgG1 and IgM was done using 96 well plates coated with
unlabelled anti-mouse (H+L) antibody (Southern Biotech).

Western blots
T cells activated in vitro were used in the analysis of TCR-mediated signaling. Briefly,
splenocytes were cultured in αCD3 antibody (2C11)-coated plates in the presence of murine
IL-2 (10 ng/ml) for 2 days. Cells were then moved into new flasks to expand for 3 more
days in the presence of IL-2. T cells were purified by negative selection using microbeads
(Miltenyi Biotec) and were rested in medium without IL-2 for 6 hr before being incubated
with biotinylated anti-CD3, anti-CD4 and anti-CD8, washed, and treated with streptavidin
for the indicated time points at 37°C. Cells were lysed with RIPA buffer containing a
cocktail of protease inhibitors. For Western blotting, samples were resolved by SDS-PAGE
and transferred onto nitrocellulose membranes. Membranes were blotted with different
primary antibodies as indicated in each figure and were then probed with either goat anti-
mouse or anti-rabbit Ig conjugated with Alexa Fluor680 (Molecular Probes) or IRDye 800
(Rockland). Membranes were visualized and quantified with an infrared fluorescence
imaging system (LI-COR Bioscience).

Reconstitution of LAT−/− mice and deletion of LAT
Single-cell suspensions were prepared from the lymph nodes and spleens of ERCreLATf/m

or ERCreLATf/+ mice. T cells were enriched by negative selection. Cells were first
incubated with biotinylated αB220, αGr1, αMac-1, αCD11c, αNK1.1 (all from
eBioscience) on ice for 30 minutes, washed. Non-T cells were removed by using
streptavidin-Dynabeads (Invitrogen). 20×106 cells were injected into each 6 week-old
LAT−/− recipient via tail vein injections. After 5 weeks, blood was collected from the
recipients and FACS analysis was done to ensure successful reconstitution.

To delete the floxed LAT in vivo, 1.5mg of tamoxifen dissolved in corn oil was injected
intraperitoneally into mice for two consecutive days. For long-term deletion, the same dose
of tamoxifen was administered once a week thereafter. For LAT deletion in vitro, cells were
incubated with 4OHT (50nm) for 96 hours following activation with anti-CD3 as described
above.

In vitro suppression assay
CD4+CD25+ cells (Treg cells) and Thy1.1+CD4+CD25− T cells (responders) were purified
using a regulatory T cell isolation kit (StemCell Technologies). Responders were labeled
with 5μM CFDA-SE for 10 minutes and washed three times with 5%FBS/PBS. 2×104

responders were cultured with 1μg/ml αCD3 (2C11), 4×104 APCs (splenocytes from
LAT−/− mice), and Treg cells at different ratios as indicated in Figure 5. Cells were cultured
for 66 to 72 hours, followed by FACS analysis.

Semi-quantitative PCR
CD4+CD25+ and CD4+CD25− T cells were purified as above and were stimulated with
plate-bound αCD3 and soluble αCD28 (2μg/ml) for one hour and were then used for RNA
extraction. The following primers were used in RT-PCR: 5′-
CTATGCTGCCTGCTCTTACTGAC-3′ and 5′-CGGAGAGAGGTACAAACGAGG-3′
for IL-10; 5′-TGCTGCTTTCTCCCTCAACCT-3′ and 5′-
CACTGCTTCCCGAATGTCTGA-3′ for TGF-β; 5′-TGTTTGAGACCTTCAACACC-3′
and TAGGAGCCAGAGCAGTAATC-3′ for β-Actin.
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Results
The generation of ERCreLATf/m mice

The LATY136F mice exhibit a partial block at the DN3 stage during thymocyte
development (14, 16). Positive and negative selection are also impaired in these mice (18).
To study the function of the LAT-PLC-γ1 interaction in TCR-mediated signaling and
regulation of T cell homeostasis and autoimmunity, we sought to bypass this developmental
block by using LAT knock-in mice we previously generated (21). In these mice, exons 7-11
are flanked by two Loxp sites. Deletion of these exons by Cre leads to the production of
non-functional LAT. In addition, cells with the lat gene deleted are marked by the
expression of GFP. To be able to induce deletion of LAT, we crossed ERCre mice, in which
Cre recombinase is fused to a mutated estrogen receptor (ER) ligand-binding domain, with
LAT knock-in mice (LATf/f) and LATY136F mice (LATm/+) to generate ERCreLATf/+ and
ERCreLATf/m mice. In these mice, T cells should develop normally before injection of
tamoxifen due to the presence of the WT allele. After injection, the floxed allele is deleted
and T cells should express either Y136F or wild-type (WT) LAT. As shown in Figure 1a
(upper panel), prior to tamoxifen treatment, both ERCreLATf/m and ERCreLATf/+ mice
showed normal percentages of DN, DP, and SP T cells in the thymus, indicating that the
floxed LAT allele is able to support normal thymocyte development. In addition, the
percentages of CD4+ and CD8+ T cells in the spleens of these mice were normal (Figure 1a,
lower panel). In LATY136F mice, expression of the TCR on peripheral T cells is very low
(14) while in ERCreLATf/m and ERCreLATf/+ mice, peripheral CD4+ T cells expressed
normal surface levels of TCRβ (data not shown).

At day 4 after two consecutive injections of tamoxifen, the floxed LAT allele was
successfully deleted as indicated by the expression of GFP on over 95% of splenic T cells
(Figure 1b). This ERCre transgenic line has been used successfully to delete genes in B cells
(22). In our system, tamoxifen-induced deletion affected thymocyte development in
ERCreLATf/m mice. There was a reduced percentage of DP thymocytes accompanied by an
increase in the frequency of DN thymocytes. The percentages of peripheral CD4+ and CD8+

T cells were similar to those in ERCreLATf/+ mice (Figure 1c, lower panel). Previously, our
studies have shown that LATY136F mice lack CD4+CD25+ Treg cells (19). At day 4 after
tamoxifen injection, the percentage of CD4+Foxp3+ cells in ERCreLATf/m mice was similar
to that in ERCreLATf/+ mice (Figure 1d). Together, these data showed that we have
successfully established an experimental system, which allows us to delete LAT in mature T
cells and bypass the developmental block in LATY136F mice. These mice will be used to
analyze the importance of the LAT-PLC-γ1 interaction in the control of T cell activation
and autoimmunity.

The LAT-PLC-γ1 interaction in TCR-mediated signaling and T cell activation
Previously published data indicates that TCR-mediated phosphorylation of LAT and PLC-
γ1 is impaired in T cells from LATY136F mice. Consequently, these mutant T cells fail to
flux calcium upon TCR engagement (14). These results are similar to previously published
data using Jurkat cells (4). However, TCR-mediated Erk activation is surprisingly normal in
LATY136F CD4+ T cells (14, 16). Because of the low levels of TCR surface expression (14,
16), these T cells are not suitable to study the role of the LAT-PLC-γ1 interaction in
primary T cells. To prepare a large number of cells for biochemical analysis, we deleted the
floxed allele in vitro. To this end, splenocytes from ERCreLATf/m and ERCreLATf/+ mice
were activated with anti-CD3 for 2 days and then cultured in IL-2 medium in the presence of
hydroxyltamoxifen for 3-4 days. These T cells were rested for 6 hours in medium without
IL-2 and used for analysis of TCR-mediated signaling. As shown in Figure 2a, surface
expression of the TCR on ERCreLATf/m T cells was comparable to that on T cells from
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ERCreLATf/+ mice. While overall tyrosine phosphorylation of proteins was seemingly
unaffected by the Y136F mutation (Figure 2b), TCR-mediated PLC-γ1 phosphorylation and
Erk activation were significantly decreased in ERCreLATf/m T cells when compared to the
ERCreLATf/+ control (Figure 2c). We next analyzed TCR-mediated calcium mobilization in
these cells. In contrast to published data showing that LATY136F T cells fail to mobilize
calcium (14), ERCreLATf/m T cells were able to flux some calcium, albeit reduced when
compared with ERCreLATf/+ T cells (Figure 2d). Stimulation with ionomycin, a Ca2+

ionophore that bypasses TCR proximal signaling, induced similar levels of calcium flux. We
next investigated the ability of ERCreLATf/m CD4+ T cells to produce IL-2. TCR-mediated
IL-2 production was impaired in ERCreLATf/m CD4+ T cells as shown in Figure 2e. In
addition, TCR-mediated proliferation, assayed by [3H]thymidine incorporation, was
impaired in ERCreLATf/m CD4+ T cells while PMA and ionomycin-induced proliferation
was similar (Figure 2f). Together, these results suggested that the LAT-PLC-γ1 interaction
plays an important role in TCR-mediated PLC-γ1 activation, calcium mobilization, Erk
phosphorylation, IL-2 production, and cell proliferation.

Development of the lymphoproliferative syndrome in ERCreLATf/m mice after tamoxifen
treatment

LATY136F mice develop an autoimmune-like disease characterized by splenomegaly,
lymphadenopathy, eosinophilia, and infiltration of lymphocytes into various tissues. CD4+ T
cells from these mice undergo uncontrolled expansion and produce a copious amount of Th2
cytokines. As a result, B cells are also activated and undergo isotype-switching, producing
high levels of IgG1 and IgE. Since we planned to study the LAT-PLCγ1 interaction in the
control of autoimmunity, we first investigated whether ERCreLATf/m mice could be induced
to develop a disease similar to that observed in LATY136F mice. ERCreLATf/m and
ERCreLATf/+ mice were treated with tamoxifen once a week for four weeks to induce and
maintain deletion of the floxed allele. In contrast to ERCreLATf/+ mice, ERCreLATf/m mice
exhibited a similar phenotype to what is observed in LATY136F mice, as evidenced by
enlarged lymph nodes and spleens (data not shown). Long-term treatment with tamoxifen
induced an early block in thymocyte development in ERCreLATf/m mice, as indicated by a
drastically reduced percentage of DP thymocytes and an accumulation of DN cells. The
percentage of DN3 thymocytes (CD25+CD44−) was also increased in ERCreLATf/m mice
(Figure 3a). This result indicated that tamoxifen-induced deletion could happen in early
progenitor cells. This block in thymocyte development is similar to that in the LATY136F
mice. In the periphery, CD4+ T cells outnumbered CD8+ T cells in ERCreLATf/m mice,
although CD4+ T cells did not expand as much as in LATY136F mice (Figure 3b and 3c).
The numbers of CD4+ and B220+ cells were increased by approximately two fold and the
number of CD8+ cells was significantly decreased (Figure 3b). Most of those CD4+ T cells
were CD44+CD62Llo/−, a phenotype of activated/memory T cells (Figure 3c). Additionally,
these CD4+ T cells produced a high level of intracellular IL-4 (Figure 3d). B cells were
hyperactivated and underwent isotype switching, as indicated by a high expression level of
MHC Class II and the excessive production of IgG1 and IgE antibodies into the serum,
respectively (data not shown). In LATY136F mice, CD4+CD25+ Treg cells are absent in the
periphery (19). Interestingly, in ERCreLATf/m mice treated with tamoxifen,
CD4+CD25+Foxp3+ cells were present and the percentage of these cells was similar to that
in ERCreLATf/+ mice (Figure 3e). This result suggested that these regulatory T cells are not
able to suppress the expansion of CD4+ effector cells. Collectively, these data indicated that
the LATY136F phenotype can be recapitulated in tamoxifen-treated ERCreLATf/m mice.
Moreover, the LAT-PLC-γ1 interaction might not be important in the survival of Treg cells
in the periphery.
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Deletion of the floxed allele in mature ERCreLATf/m T cells
Our data above showed that deletion of the floxed allele in ERCreLATf/m mice led to the
development of an autoimmune syndrome similar to that in LATY136F mice; however,
thymic selection may still be affected in ERCreLATf/m mice after 4 weeks of tamoxifen
treatment, allowing for the escape of autoreactive T cells into the periphery. To determine
whether impaired thymic selection is the cause for autoimmunity, we established a system in
which LAT−/− mice were reconstituted with untreated mature ERCreLATf/m or
ERCreLATf/+ T cells. Approximately 20×106 T cells were adoptively transferred into
LAT−/− mice via tail vein injection. We waited about 5 weeks to allow expansion of these T
cells by homeostatic proliferation prior to tamoxifen treatment. To ensure complete deletion
of the floxed allele, we injected tamoxifen once a week for four weeks before analysis. As
shown in Figure 4a, mice reconstituted with ERCreLATf/m T cells had splenomegaly after
tamoxifen treatment. Lymph nodes were also enlarged in these mice. Without tamoxifen
treatment, the size of the lymph nodes and spleen in these mice were normal (data not
shown). In addition, mice reconstituted with ERCreLATf/+ T cells treated with tamoxifen
also had spleens and lymph nodes similar in size to those of B6 mice (data not shown).
These enlarged lymphoid organs were partially due to the expansion of CD4+ T cells present
in the mice reconstituted with ERCreLATf/m cells (Figure 4a, right panel and Figure 4b),
whereas the total number of CD8+ T cells was not significantly affected by the Y136F
mutation. Analysis of the ERCreLATf/m CD4+ T cells showed that these cells also
downregulated TCRβ on their cell surfaces like the LATY136F T cells (Figure 4c),
suggesting that LAT-mediated signaling is required for maintaining cell surface expression
of the TCR. Additionally, CD69, an early cell surface marker for activated T cells, was
upregulated on the ERCreLATf/m CD4+ T cells compared with ERCreLATf/+ CD4+ T cells
(data not shown). These data suggested that mature CD4+ T cells expressing the LATY136F
mutant are hyperproliferative compared with T cells expressing wildtype LAT.

We next investigated whether these hyperactivated T cells also produce a large amount of
Th2 cytokines. Splenocytes from mice reconstituted with ERCreLATf/m or ERCreLATf/+ T
cells were stimulated with PMA and ionomycin for 5 hours and the production of cytokines
in these cells was analyzed by intracellular staining. As shown in Figure 4d, ERCreLATf/+

and ERCreLATf/m CD4+ T cells produced similar levels of IFNγ and IL-2 ; however,
ERCreLATf/m CD4+ T cells produced much more IL-4. More than 70% of the
ERCreLATf/m CD4+ T cells produced IL-4 compared to approximately 3% of the control
cells (Figure 4d, lower panel). B cells were also highly activated in the mice reconstituted
with ERCreLATf/m T cells as many of them had downregulated B220 and upregulated MHC
Class II molecules (Figure 4e, upper panel). In addition, almost one third of the B220+ cells
expressed low levels of surface IgD and IgM (Figure 4e, lower panel), indicating that many
of these B cells had undergone maturation and isotype switching. In accordance with the
above results, the serum concentrations of IgE and IgG1, but not IgM, were elevated in mice
reconstituted with ERCreLATf/m T cells (Figure 4f). These results demonstrated that,
despite undergoing normal thymic selection, ERCreLATf/m CD4 T cells still exhibited
uncontrolled expansion and produced high levels of IL-4.

Defective suppressive function of ERCreLATf/m regulatory T cells
Our previous data show that CD4+CD25+ Treg cells are largely absent in LATY136F mice.
Adoptive transfer of WT Treg cells into LATY136F mice suppresses the development of the
autoimmune syndrome in these mice, suggesting that the absence of these Treg cells is the
cause of this disease(19). However, LAT−/− mice that received ERCreLATf/m T cells and
underwent tamoxifen treatment still exhibited signs of autoimmunity, as evidenced by
hyperactivation of T and B cells, despite the fact that Treg cells were present. As shown in
Figure 5a (upper panel), a similar percentage of Treg cells was present in ERCreLATf/m
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mice 4-5 days after tamoxifen treatment. Four weeks after deletion of LAT, about 6% of
GFP+CD4+ T cells in the LAT−/− mice that received ERCreLATf/m T cells were
CD25+Foxp3+ regulatory T cells, as compared to 18% in mice reconstituted with
ERCreLATf/+ T cells (Figure 5a, lower panel). However, the total number of regulatory T
cells in the lymph nodes of mice reconstituted with ERCreLATf/m T cells was
approximately three fold more than those in mice reconstituted with ERCreLATf/+ T cells
(Figure 5b). There was also an increase in the number of Treg cells in the spleen. These data
suggested that the LAT-PLCγ1 interaction is not required for Treg cell survival; however, it
might be important for the function of Treg cells to suppress proliferation of conventional T
cells and to control autoimmunity.

To examine the function of ERCreLATf/m Treg cells, CD4+CD25+ T cells were purified
from ERCreLATf/m and ERCreLATf/+ mice 5 days after treatment with tamoxifen and used
in the assay for Treg cell function. CFSE-labeled wildtype Thy1.1+CD4+CD25−

conventional T cells were used as responder cells. As shown in Figure 5c, anti-CD3-induced
proliferation of responder cells could be suppressed efficiently by ERCreLATf//+ Treg cells
in the presence of APCs, but not by ERCreLATf/m Treg cells. IL-10 and TGF-β are two
suppressive cytokines that are produced by Treg cells. Compared with ERCreLATf/+ Treg
cells, ERCreLATf/m Treg cells had reduced expression of IL-10 and TGF-β RNA after
stimulation via the TCR (Figure 5d). These data suggested that the LAT-PLC-γ1 interaction
in regulatory T cells plays an important role in the production of suppressive cytokines and
in the suppression of conventional T cell proliferation.

Recent data indicate that the expression of CTLA-4 on Treg cells is essential for their ability
to suppress proliferation of conventional T cells (23, 24). Furthermore, mice with CTLA-4
deleted in Foxp3+ cells develop a severe autoimmune disease (23). Hence, we next
examined whether CTLA-4 expression on ERCreLATf/m Treg cells is normal. As shown in
Figure 5e, 5 days after tamoxifen treatment, the mean fluorescence intensity (MFI) of
CTLA-4 in Treg cells from ERCreLATf/m mice was reduced by approximately two-fold
when compared with the CTLA-4 in ERCreLATf/+ Treg cells. This result suggested that the
LAT-PLC-γ1 interaction is required for maintaining CTLA-4 expression in Treg cells.

Discussion
Our data demonstrate that the LAT-PLC-γ1 interaction is essential for efficient signaling in
mature CD4 T cells in response to TCR crosslinking. Specifically, this interaction is
important for TCR-mediated Erk activation, Ca2+ flux, IL-2 production, and proliferation.
Moreover, when LAT−/− mice were reconstituted with ERCreLATf/m T cells and treated
with tamoxifen, they developed a disease similar to that observed in LATY136F mice.
Though regulatory T cells were present in ERCreLATf/m mice, our in vitro data show that
they were nonfunctional, demonstrating that the LAT-PLC-γ1 interaction is not necessary
for the survival of regulatory T cells in the periphery, but is essential for Treg cell function.

LATY136F T cells have a partial block at the DN3 stage of thymocyte development as well
as defects in negative and positive selection (14, 16, 18). Our experimental model allowed
for the analysis of T cells mutated at tyrosine 136 of LAT after they had undergone normal
development and thymic selection. We were therefore able to assess the effects of this
mutation specifically on signaling within mature T cells as well as on the function of
regulatory T cells without the complications of any pre-existing developmental defects. Our
results showed that phosphorylation of PLC-γ1 was defective in ERCreLATf/m T cells when
stimulated via the TCR. Consequently, calcium flux was impaired in these mature T cells.
These results are similar to those seen in studies using LAT-deficient Jurkat cells expressing
human LAT mutated at Tyr132(4, 8). However, in contrast to LATY136F knock-in CD4+ T

Chuck et al. Page 8

J Immunol. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells, calcium flux was not completely absent in ERCreLATf/m T cells; this difference can
be attributed to the normal TCR expression level on the surfaces of ERCreLATf/m T cells,
whereas LATY136F T cells express very low TCR levels (14, 16). The residual calcium flux
may be a result of the activation of PLC-γ1 through the association of the Gads-SLP76-
PLC-γ1 complex to LAT via the direct binding of Gads to LAT. In addition to causing
defects in TCR-mediated PLC-γ1 activation and Ca2+ signaling, the Y136F mutation also
affected Erk activation in mature T cells, as phosphorylation of Erk was decreased in
ERCreLATf/m T cells when compared to the ERCreLATf/+ control. This is not surprising as
it has been shown that the phosphorylation and activation of PLC-γ1 are important for
RasGRP1 and MAPK activation (4, 25). However, Sommers et al found that LATY136F
peripheral T cells exhibited normal Erk phosphorylation in response to stimulation via the
TCR, even though TCR surface expression is very low on these cells (14). This Erk
activation occurs despite the lack of LAT and PLC-γ1 phosphorylation and the abrogation
of calcium flux in these T cells. The reason for the difference observed between Erk
phosphorylation in LATY136F and ERCreLATf/m T cells could be that LATY136F T cells
are sensitized by the presence of excess cytokines in the autoimmune environment, allowing
for Erk activation upon TCR engagement. It is therefore likely that Erk activation in
LATY136F T cells occurred in a LAT-independent manner, possibly through a cytokine-
mediated Jak-Stat signaling pathway (26).

Three to four weeks after tamoxifen treatment, ERCreLATf/m mice developed a similar
phenotype to that in six-week-old LATY136F mice. Thymocyte development was impaired
in ERCreLATf/m mice, including a partial block from the DN3 to the DN4 stage and a
subsequently low percentage of DP thymocytes. CD4+ T cells underwent expansion,
existing in a highly activated state and producing excessive IL-4; this phenomenon induced
B cell hyper-activation and production of excessive IgE and IgG1. These data demonstrate
that after three weeks of tamoxifen injection, the phenotype of ERCreLATf/m mice closely
resembles that of LATY136F mice.

In order to more closely investigate the effect of mutating the LATY136 site in mature T
cells on the breakdown of peripheral tolerance, LAT−/− mice were reconstituted with
peripheral ERCreLATf/m T cells. This experimental design eliminated aspects of the
LATY136F phenotype related to impaired pre-TCR signaling and the partial block from the
DN3 to the DN4 stage of thymocyte development, as well as issues associated with
defective positive and negative selection. After tamoxifen treatment, LAT−/− mice that were
reconstituted with peripheral ERCreLATf/m T cells exhibited signs of a lymphoproliferative
disorder similar to that in LATY136F mice. The development of this lymphoproliferative
syndrome in our experimental model, in spite of normal thymocyte development and
selection processes, suggested that the Y136F mutation in mature T cells alone is sufficient
for the development of the lymphoproliferative disorder in LATY136F mice.

Even though negative selection is indeed impaired in LATY136F thymocytes, it might not
contribute significantly to the development of the autoimmune disorder in these mice. It is
possible that a breakdown in peripheral tolerance is the predominant cause of this disease.
Our previous studies show that CD4+CD25+ T cells are absent in LATY136F mice.
Adoptive transfer of wildtype CD4+CD25+ T cells into LATY136F neonates rescued these
mice from the autoimmune syndrome, demonstrating a role for these cells in the control of
autoimmunity (19). While these data showed a defect in Treg cell development, another
study suggested that a small population of Foxp3+ cells are actually present in LATY136F
mice (20). In our model, ERCreLATf/m Treg cells developed normally before deletion of the
wildtype allele. After deletion, regulatory T cells expressing the LATY136F mutant were
able to survive in the periphery. In fact, the total number of ERCreLATf/m CD4+Foxp3+

regulatory T cells in lymph nodes was approximately 3 times that of the ERCreLATf/+
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control. Our in vitro suppression assays demonstrated that ERCreLATf/m CD4+CD25+

regulatory T cells lacked the ability to control the proliferation of wildtype CD4+CD25−

cells. These data suggested that the LAT-PLC-γ1 interaction is essential for the suppressive
function of regulatory T cells.

Our data in vivo and in vitro indicated that ERCreLATf/m Treg cells were not functional
despite that they expressed Foxp3. However, our previous study has shown that ectopic
expression of Foxp3 into the LATY136F T cells restores their suppressive capability. While
these results appear to be contradictory, this can be easily explained by the differences of
Foxp3 expression in these cells. In ERCreLATf/m Treg cells, Foxp3 expression was similar
or slightly lower than that in WT Treg cells (Figure 3e and 5a). In our retroviral
experiments, the expression of ectopic Foxp3 in the LATY136F T cells should be much
higher than the endogenous one. Studies done by Ramsdell's group show that even CD8+ T
cells with overexpression of Foxp3 have suppressive function(27). Thus, it is not surprising
that overexpression of Foxp3 by retroviral transduction restores their suppressive function.
Our current data suggested that expression of Foxp3 at the endogenous level in Treg cells is
not sufficient for their suppressive function and normal signaling through LAT is also
required.

Many studies have been done to elucidate the mechanisms that enable regulatory T cells to
suppress the proliferation of effector T cells. Although it is well known that regulatory T
cells are able to produce suppressive cytokines, such as IL-10 and TGF-β, there are
conflicting reports on the importance of these cytokines in Treg cell function. While some in
vitro data do not support a role for these cytokines in the suppressive function of Treg cells
(28, 29), several in vivo studies have revealed their importance in dampening inflammation
caused by infectious agents, allergies, and environmental components (30-34). However,
studies using IL10flox/flox × Foxp3YFP-CRE mice demonstrate that IL-10 produced by Treg
cells is not necessary for the regulation of systemic autoimmunity (33). TGF-β is another
suppressive cytokine that may be important in Treg cell function. In some models, such as
IBD and type I diabetes, TGF-β is produced by Treg cells but in other models, this
suppressive cytokine is produced by different cell types (34-37). Studies done using an
autoimmune gastritis model show that TGF-β is not essential for Treg cell function (38, 39).
Our data showed that the LAT-PLC-γ1 interaction is important in production of IL-10 and
TGF-β by Treg cells in response to TCR stimulation. Addition of IL-10 in the suppression
assay did not rescue the function of ERCreLATf/m Treg cells in vitro (data not shown),
suggesting that the impaired production of these cytokines is less likely the reason for the
defective function of these Treg cells. Given these conflicting data pertaining to the role of
TGF-β and IL-10 in Treg cell-mediated suppression, it is still possible that these cytokines
may contribute the suppressive function of Treg cells in vivo.

ERCreLATf/m CD4 T cells have a defect in the ability to flux calcium in response to TCR
stimulation. Recent studies demonstrated the necessity of a robust calcium flux for the
suppressive function of Treg cells (40). Therefore, it is possible that the impaired function of
ERCreLATf/m Treg cells can be explained by the importance of the LAT-PLC-γ1
interaction in TCR-mediated calcium signaling. Even though the defects in TCR-mediated
proliferation and IL-2 production by ERCreLATf/m T cells could be corrected by stimulation
with PMA and ionomycin (Figure 2), which bypasses TCR proximal signaling,
ERCreLATf/m Treg cells pre-activated with PMA and ionomycin for four hours still failed
to suppress the proliferation of responder cells (data not shown). Thus, it is possible that
continuous activation of Treg cells by engagement with APCs is required for efficient
suppression or that the LAT-PLC-γ1 interaction is required for maintenance of Treg
program and function, which could not be simply corrected by stimulation with PMA and
ionomycin. Another mechanism through which Treg cells may induce the suppression of
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conventional T cells is termed “IL-2 sink.” This process is described as the ability of Treg
cells to absorb IL-2 from the surrounding environment via the IL-2Rα (CD25), thus
depriving effector T cells of this cytokine which drives proliferation and differentiation.
Bim, a proapoptotic factor, is upregulated in effector T cells as a result of this IL-2
starvation, inducing CD4+CD25− T cells to undergo apoptosis (41). Treg cells in
ERCreLATf/m mice after tamoxifen treatment express normal levels of CD25. In addition,
ERCreLATf/m T cells can expand in vitro in the presence of IL-2, indicating that CD25-
mediated signaling is normal. This suggests that “IL-2 sink” is unlikely to be a mechanism
of suppression in our experimental system.

Studies by Wing et al demonstrated that while the expression of CTLA-4 on regulatory T
cells is not necessary for Treg cell development and survival, it is essential for both their in
vivo and in vitro suppressive capabilities (23). In these studies, mice with CTLA-4
specifically deleted in Treg cells (CKO) develop a lymphoproliferative syndrome similar to
the condition observed here. While wildtype Treg cells are able to prevent the upregulation
of CD80 and CD86, DCs cultured with CKO Treg cells still expressed high levels of these
cell surface molecules (23, 42, 43). This demonstrates that CTLA-4 is required to thwart DC
activation and subsequently diminish the activation of conventional T cells through the
CD28 coreceptor molecule (23). It has also been shown that high expression of CTLA-4 on
regulatory T cells correlates to their ability to increase the activity of indoleamine 2,3-
dioxygenase (IDO) in dendritic cells (43, 44). IDO is an immunosuppressive enzyme that
has been linked to the suppression of effector cell proliferation (44, 45). The activation of
IDO initiates tryptophan catabolism, leading to the production of pro-apoptotic catabolites
known as kynurenines, and the subsequent regulation of effector cells. Our data reveal a
decrease in the protein expression of CTLA-4 in ERCreLATf/m Treg cells. Whether this
reduction in CTLA-4 expression in Treg cells is indeed the cause of the observed functional
defect remains to be determined. While it is known that Treg cells need to be activated via
the TCR for their suppressive activity, it is less clear what signals downstream of the TCR
regulate Treg cell function. Our experimental system will allow us to decipher how TCR
signaling regulates Treg cell suppression and will also enable us to dissect the molecular
mechanisms that lead to the development of autoimmunity.
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Figure 1. T cell development in ERCreLATf/m mice
(a-b) CD4 and CD8 expression on thymocytes (upper panel) and splenocytes (lower panel)
from untreated (a) and tamoxifen-treated (b) ERCreLATf/m and ERCreLATf/+ littermates.
(c) Efficient deletion of LAT after tamoxifen treatment. GFP expression on CD4+ T cells
was analyzed. The shaded area represents CD4+ T cells from a C57BL/6 mouse.
(d) Expression of CD4 and Foxp3 on GFP+ cells from the lymph nodes of ERCreLATf/m

and ERCreLATf/+ littermates 4-5 days after tamoxifen treatment. Data shown are
representative of three mice of each genotype.
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Figure 2. Defective TCR-mediated signaling and function in mature ERCreLATf/m T cells
Analysis of T cells from ERCreLATf/m and ERCreLATf/+ mice 4-5 days after tamoxifen
injections.
(a) TCRβ expression on ERCreLATf/m (solid line) and ERCreLATf/+ (dotted line) in
GFP+CD4+ lymph node cells. Shaded area represents TCRβ expression on B cells.
(b)Western blot analysis showing total tyrosine phosphorylation in ERCreLATf/m and
ERCreLATf/+ activated T cells after anti-CD3 stimulation. Data shown are a representative
of 3 independent experiments.
(c) Western blots showing phosphorylation of PLC-γ1 and Erk1/2.
(d) Calcium flux in ERCreLATf/m (gray line) and ERCreLATf/+ (black line) GFP+CD4+

cells in response to TCR stimulation.
(e) IL-2 production in ERCreLATf/m (filled bars) and ERCreLATf/+ (empty bars) CD4+

cells. The figure is a representative of 4 independent experiments.
(f) Proliferation in ERCreLATf/m (filled bars) and ERCreLATf/+ (empty bars) CD4+ cells.
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Figure 3. Recapitulation of the LATY136F phenotype in ERCreLATf/m mice 3 weeks after
deletion of floxed LAT
Analysis of ERCreLATf/m and ERCreLATf/+ mice after 3-4 weeks of tamoxifen treatment.
(a) CD4 and CD8 expression on GFP+ thymocytes from ERCreLATf/m and ERCreLATf/+

mice (upper panel). CD25 and CD44 expression profile on DN thymocytes (lower panel).
(b) Total numbers of CD4+, CD8+ and B220+ cells in the spleens of ERCreLATf/m and
ERCreLATf/+ mice. The figure shown is one representative of 5 mice analyzed.
(c) CD4 vs CD8 (upper panel) and CD62L vs CD44 surface expression in GFP+CD4+

splenocytes.
(d) Intracellular IL-4 expression in GFP+CD4+ splenocytes after P+I stimulation. The
shaded area represents unstimulated controls.
(e) Surface CD25 and intracellular Foxp3 expression in GFP+CD4+ lymph node cells.
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Figure 4. The presence of hyper-activated ERCreLATf/m T cells in the periphery of
reconstituted LAT−/− mice
Analysis of LAT−/− mice reconstituted with ERCreLATf/m or ERCreLATf/+ T cells and
treated with tamoxifen for 4-5 weeks.
(a) Total numbers of CD4+, CD8+ and B220+ cells in the spleen of tamoxifen treated
LAT−/− recipients reconstituted with ERCreLATf/m or ERCreLATf/+ T cells.
(b) CD4 and CD8 expression on splenocytes. 3 mice of each genotype were analyzed. Data
shown is a representative of one of 4 such experiments.
(c) TCRβ expression on GFP+ CD4+ cells in LAT−/− recipients that received cells from
either ERCreLATf/m (solid line) or ERCreLATf/+ (dotted line). The shaded area represents a
negative control.
(d) IFN-γ, IL-2 and IL-4 production in GFP+CD4+ cells after P+I stimulation. Unstimulated
controls (shaded area) and stimulated cells (solid line) are depicted.
(e) B220 and MHC Class II expression on lymph node cells (top panel). IgD and IgM
expression on B220+ cells (bottom panel).
(f) Blood serum levels of IgE, IgG1 and IgM from LAT−/− recipients injected with T cells
from ERCreLATf/m (squares) and ERCreLATf/+ (diamonds) mice.
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Figure 5. Impaired suppressive function of ERCreLATf/mCD4+Foxp3+ cells
(a) CD25 and Foxp3 expression in CD4+GFP+ cells in ERCreLATf/m and ERCreLATf/+

mice 4 days after tamoxifen treatment (upper panel) and in LAT-/- mice reconstituted with
ERCreLATf/m and ERCreLATf/+ T cells after 4 weeks of maintained tamoxifen treatment
(lower panel). 3 mice were analyzed for each genotype. The figure shown is one
representative of 4 experiments performed.
(b) Total number of cells from the mesenteric, inguinal, brachial and axillary lymph nodes
(left panel) and the spleen (right panel) of ERCreLATf/m and ERCreLATf/+ mice were
analyzed 4 days after tamoxifen treatment.
(c) In vitro suppression assay using various ratios of CD4+CD25− responder cells (R) to
CD4+CD25+ suppressor cells (S) from ERCreLATf/m and ERCreLATf/+ mice 4-5 days after
tamoxifen treatment. Proliferation of wildtype Thy1.1+CD4+CD25- responder cells is shown
as indicated by CFSE dilution. The figure shown is one representative of 3 experiments
performed.
(d) Expression of IL-10 and TGFβ in ERCreLATf/m and ERCreLATf/+ CD4+CD25+ T cells
after one hour of anti-CD3 stimulation.
(e) CTLA-4 expression on GFP+CD4+Foxp3+ cells from the lymph nodes of ERCreLATf/m

mice (solid line) and ERCreLATf/+ mice (dashed line) 4-5 days after tamoxifen treatment.
GFP+CD4+Foxp3- cells were used as a control (filled area).
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