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Activation of naı̈ve T cells requires synergistic signals produced by the T-cell receptor (TCR) and by CD28.
We previously identified the novel adaptor ALX, which, upon overexpression in Jurkat T cells, inhibited
activation of the interleukin-2 (IL-2) promoter by TCR/CD28, suggesting that it is a negative regulator of T-cell
activation. To further understand the physiological role of ALX, ALX-deficient mice were generated. Purified
T cells from ALX-deficient mice demonstrated increased IL-2 production, CD25 expression, and proliferation
in response to TCR/CD28 stimulation. Enhanced IL-2 production and proliferation were also observed when
ALX-deficient mice were primed in vivo with ovalbumin-complete Freund’s adjuvant and then restimulated ex
vivo. Consistent with our initial overexpression studies, these data demonstrate that ALX is a negative
regulator of T-cell activation. While TCR/CD28-mediated activations of phosphotyrosine induction, extracel-
lular signal-regulated kinase 1/2, Jun N-terminal protein kinase, I�B kinase �/�, and Akt were unaltered,
constitutive activation of p38 mitogen-activated protein kinase and its upstream regulators MKK3/6 were
observed for ALX-deficient splenocytes. The phenotype of ALX-deficient mice resembled the phenotype of those
deficient in the transmembrane adaptor LAX, and an association between ALX and LAX proteins was
demonstrated. These results suggest that ALX, in association with LAX, negatively regulates T-cell activation
through inhibition of p38.

The activation of naı̈ve T cells requires two signals, an an-
tigen-driven signal through the T-cell receptor (TCR) and a
second antigen-independent costimulatory signal, primarily
provided by CD28 in naı̈ve T cells (1). Proximal events in the
signaling cascade downstream of the TCR are relatively well
understood and include the activation of Src family tyrosine
kinases, their phosphorylation of ITAMs within CD3/� chains,
the recruitment of Syk family kinases, and activation of down-
stream pathways, including mitogen-activated protein (MAP)
kinases, NF-�B, and NFAT (reviewed in reference 13). Co-
stimulation is essential for an effective primary immune re-
sponse; TCR signals in its absence can result in anergy rather
than in activation (26). The outcomes of CD28 signaling in-
clude enhanced production of interleukin-2 (IL-2), improved
survival, and increased proliferation. This increase in IL-2 pro-
tein results from an increase in the transcription of the IL-2
gene as well as in the stability of its mRNA (12, 34). CD28-
mediated activation of the IL-2 promoter occurs through the
activation of the CD28 response element/AP-1 composite site
(RE/AP) (29, 30). However, the details of the signaling down-
stream of CD28 are less well understood, and further investi-
gation is needed for a greater understanding of the biochem-
ical events required for T-cell activation and immune
responses.

We previously cloned and characterized a novel hematopoi-
etic adaptor, ALX, or Adaptor in Lymphocytes of unknown

function, X, also known as HSH2 (7, 9, 18). ALX contains a
single SH2 domain and contains several potential protein in-
teraction sites, including four PxxP polyproline sequences (7).
Previous studies in the Jurkat T-cell line demonstrated that
overexpression of ALX inhibited activation of a reporter con-
taining RE/AP, suggesting a role for ALX in TCR/CD28-
mediated T-cell activation (7). It was also shown that ALX is
itself a target of TCR/CD28 signaling, since it becomes induc-
ibly phosphorylated upon T-cell activation (28). The overex-
pression studies implicated ALX as a potential negative regu-
lator of T-cell activation, but to confirm this function for ALX
in vivo, ALX-deficient mice were generated. Consistent with
the results we obtained with Jurkat T cells, ALX-deficient mice
had enhanced IL-2 and proliferation in response to CD3/
CD28, demonstrating that ALX is a negative regulator of T-
cell activation. While no differences in levels of proximal in-
duction of phosphotyrosine, calcium flux, extracellular signal-
regulated kinase (ERK), Jun N-terminal kinase (JNK), I�B
kinase (IKK), or Akt activation in response to TCR/CD28
stimulation were observed, ALX-deficient splenocytes had
constitutively activated p38 MAP kinase that was not further
enhanced with TCR/CD28 stimulation. We demonstrate that
ALX associates with another negative regulator of T-cell acti-
vation, the transmembrane adaptor LAX (40, 41). Therefore,
our results indicate that ALX negatively regulates T-cell acti-
vation through an association with LAX, leading to inhibition
of p38 activation.

MATERIALS AND METHODS

Generation and verification of ALX-deficient mice. A targeting vector was
designed to replace exons 2 and 3 of ALX with a neomycin resistance cassette
(Fig. 1A). The construct was electroporated in R1 embryonic stem (ES) cells (a
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kind gift from Reka Nagy, Andras Nagy, Janet Rossant, and Wanda Abramow-
Newerly). After selection with G418 and ganciclovir, DNA from drug-resistant
colonies was digested with HindIII and screened by Southern blotting. C57BL/6
blastocysts were injected with a successfully targeted clone. PCR genotyping of
tail DNA was employed to identify the genotype of progeny with the following
primers: for mALX 15122R, GCT TTT GTT GGT GGA AGG TGA CC; for
mALX 14001F, GCC ATC CCC TAT GAT TGC TTG; for mALX KO 14248R,
CCA CCC AAG TGT TCC AGC TAG G; and for Neo4, CGT CCA GAT CAT
CCT GAT C.

The wild-type allele (1,100 bp) is detected by mALX 15122R plus mALX
14001F.

The knockout allele (900 bp) is detected by mALX KO 14248R plus Neo4.
An antimurine ALX antiserum was generated by immunizing rabbits with a

glutathione S-transferase fusion protein including the C-terminal portion of
ALX (amino acids 182 to 334) (Cocalico Biologicals), and this was used to verify
the absence of ALX protein expression in gene-targeted animals. Mice were
housed in a specific-pathogen-free facility at the University of Pennsylvania and
were used in accordance with the regulations of the university’s Institutional
Animal Care and Use Committee.

Cell preparation and flow cytometric analysis. Single-cell suspensions of thy-
mocytes were prepared by gently teasing the thymus apart using forceps and then
filtering through mesh. Bone marrow lymphocytes were prepared by flushing
femurs and tibiae with a 30-gauge needle. Single-cell suspensions of splenocytes
were obtained by grinding the organ between glass slides and then passing the
material through mesh. Red blood cells were lysed using ACK lysis buffer
(Biosource) according to the manufacturer’s instructions.

The following fluorescence-activated cell sorter (FACS) reagents were used:
B220-allophycocyanin (APC)-Cy7 (eBiosciences), AA4.1-APC (eBiosciences),
CD43-fluorescein isothiocyanate (FITC) (Pharmingen), immunoglobulin M
(IgM)-biotin (Southern Biotechnology), streptavidin-peridinin chlorophyll a pro-
tein-Cy5.5 (Pharmingen), CD4-phycoerythrin (PE) (Caltag), CD8-APC (Caltag),

CD44-FITC (Pharmingen), CD62L-PE (Pharmingen), CD4-biotin (Pharmin-
gen), CD25-APC (Pharmingen), and CD69-FITC (Pharmingen). Samples were
analyzed on a FACSCalibur (Becton Dickinson) or an LSR (Becton Dickinson)
instrument. Data were analyzed using FlowJo (Tree Star).

T- and B-cell purification. T cells were isolated by negative selection from
whole splenocytes using a SpinSep murine T-cell isolation kit per the manufac-
turer’s instructions (catalog [cat] #17051; Stem Cell Technologies). In brief,
splenocytes were incubated with a cocktail of antibodies to label non-T cells.
Cells were then incubated with dense particles which bound to the antibody-
labeled cells. The mixture was spun over density medium, after which the un-
desired cells pelleted and the T cells remained at the interface and were col-
lected. This preparation method resulted in approximately 95% pure T cells.
Similarly, purified B cells were isolated using either a SpinSep murine B-cell
isolation kit (cat #17034; Stem Cell Technologies) or a MACS B-cell isolation kit
(cat #130-090-862; Miltenyi Biotec) per the manufacturer’s instructions.

B-cell stimulations. Purified B cells were 5-(and 6)-carboxyfluorescein succin-
imidyl ester (CFSE) labeled and incubated for 3 days with the following stimuli:
F(ab�)2 goat anti-mouse IgM (final concentration, 10 �g/ml; Jackson Immunore-
search) alone or with anti-CD40 (10 �g/ml; clone HM40-3; Pharmingen), B-
lymphocyte stimulator (BLyS) (200 ng/ml; Peprotech), lipopolysaccharide (LPS)
(10 �g/ml; K12; Invivogen), or CpG (1 �M; ODN-1826 with a phosphothiolate
backbone; Invitrogen).

Cytokine ELISA. Single-cell splenocyte suspensions were plated at a concen-
tration of 1 � 106 cells/ml in 96-well plates precoated with anti-CD3ε (clone
145-2C11; Biolegend) alone or with soluble anti-CD28 added at the time of
plating (clone 37.51; Biolegend). Supernatants were collected after 48 h, and
concentrations of IL-2 in the supernatants were determined by enzyme-linked
immunosorbent assay (ELISA) using a Duoset kit according to the manufactur-
er’s instructions (DY402; R&D Systems). The data were normalized to the
amount of IL-2 produced by ALX-deficient mice stimulated with 3 �g/ml plate-
bound CD3 and 1 �g/ml CD28. Data are expressed as averages of values for
three wild-type and three ALX-deficient mice (F5 backcrossed) with standard
deviations from the mean.

Serum immunoglobulin concentrations. Serum immunoglobulin levels from
wild-type and ALX-deficient mice were analyzed by ELISA by using a horserad-
ish peroxidase-based SBA clonotyping system (#5300-05) from Southern Bio-
technology Associates according to the manufacturer’s instructions.

CFSE proliferation assay. Single-cell suspensions of purified T or B cells were
resuspended in 5 ml phosphate-buffered saline (PBS), to which was added 5 ml
of PBS containing 0.6 mM CFSE (Molecular Probes). Cells were inverted for 2
min and subsequently quenched with 4 ml fetal bovine serum. The labeled
lymphocytes were cultured in RPMI 1640 medium containing 10% fetal bovine
serum, L-glutamine, penicillin-streptomycin (all from GIBCO BRL), and 55 �M
�-mercaptoethanol for 3 days prior to analysis and either stimulated or not as
described in the figure legends. To exclude dead cells, a final concentration of
100 nM TOPRO-3 (Molecular Probes) was added to samples 10 min prior to
FACS analysis. A fixed number of 6-�m polystyrene microspheres (Polysciences,
Inc.) were added to each sample, and a known fraction of the microspheres was
collected by FACS (along with various numbers of cells), permitting the calcu-
lation of absolute cell numbers recovered after stimulation. Purified T cells were
stimulated with 5 �g/ml plate-bound anti-CD3 (2C11; Biolegend) and 1 �g/ml
anti-CD28 (37.51; Biolegend) for 3 days.

Analysis of T-cell signaling in splenocytes. Splenocytes were prepared as
described above and resuspended at 100 � 106/ml in PBS. The cells were allowed
to rest at 37°C for 20 min prior to stimulation. As indicated in the figures, cells
either were left untreated or were incubated for 10 min with phorbol myristate
acetate (PMA) (50 ng/ml) or for various times at 37°C with antibodies to murine
CD3ε (500A2; Pharmingen) and CD28 (37.51; Biolegend), both at 5 �g/ml.
Alternatively, cells were incubated for 30 min at 4°C with anti-CD3 ε (2C11;
Biolegend) at 5 �g/ml, washed two times in PBS, and then resuspended in 4°C
PBS. Cells were then combined with a fivefold excess volume of 37°C PBS
containing anti-hamster secondary antibody (Jackson Immunoresearch) at 10
�g/ml and incubated for various times at 37°C. In this case, samples from
unstimulated cells were generated by parallel incubations and washes in the
absence of anti-CD3. After stimulation, cells were lysed in detergent at a con-
centration of 100 � 106/ml of lysis buffer as previously described (7). Samples
were analyzed by electrophoresis and Western blotting with the following anti-
bodies (all from Cell Signaling): ERK1/2 (cat #9102), phospho-ERK1/2 (cat
#9106), JNK1/2 (cat #9252), phospho-JNK1/2 (cat #9251), AKT (cat #9272),
phospho-AKT (S473; cat #9271), phospho-AKT (T308; cat #4056), p38 (cat
#9212), phospho-p38 (cat #9216), phospho-IKK�/� (cat #2697), IKK� (cat
#2684), phospho-MKK3/6 (cat #9231), and MKK3 (cat #9232). Antiphospho-
tyrosine 4G10 was purchased from Upstate Biotechnology.

FIG. 1. Generation of ALX-deficient mice via homologous recom-
bination. (A) Schematic of the targeting construct designed to delete
exons 2 and 3 via homologous recombination. H3, HindIII; TK, herpes
simplex virus thymidine kinase; wt, wild type; IRES, internal ribosome
entry site; GFP, green fluorescent protein; DT, diphtheria toxin.
(B) Southern blot depicting targeted ES cell clones digested with
HindIII and detected with a probe from the last exon of ALX, which
is outside of the targeting construct (shown in panel A). All clones had
the expected endogenous band (11.6 kb), while clone #83 also pos-
sessed a targeted allele (6.1 kb). (C) Western blot (WB) of wild-type
(WT), heterozygous (Het), and ALX-deficient (KO) splenocytes
probed for expression of ALX protein. Each lane contained lysates
from the same number of cell equivalents.
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SEB-mediated V�8� T-cell deletion. Wild-type and ALX-deficient littermates
were injected intraperitoneally with 50 �g of staphylococcal enterotoxin B (SEB)
(Sigma) in 200 �l of PBS. Mice were bled via retro-orbital puncture on days 0,
2, 4, 8, and 11. Blood lymphocytes were stained with FITC anti-V�6 (BD
Pharmingen), PE anti-V�8 (BD Pharmingen), and APC anti-CD4 (Caltag) to
track the percentage of CD4� V�8� cells over time. CD4� V�6� cells, which do
not respond to SEB, were also examined as a control.

Preparation of blood lymphocytes for flow cytometric analysis. Blood samples
(100 to 200 �l) were obtained via retro-orbital puncture and were added to equal
volumes of heparin solution (20 units/ml in PBS; Sigma). Blood was lysed in 10
ml of ACK lysis buffer (Biosource) on ice for 10 min and then quenched with 10
ml medium. Cells were spun at 1,200 rpm at 4°C for 8 min and resuspended in
5 ml PBS and filtered through mesh. After spinning, cells were resuspended in
FACS buffer.

NP-KLH immunization. Groups of wild-type and ALX-deficient mice were
immunized with 100 �g of mouse nitrophenyl-keyhole limpet hemocyanin (NP-
KLH) at a conjugation ratio of 30 NP to 1 KLH (Biosearch Technologies) that
was precipitated with alum. A booster injection of the same was given on day 47.
Mice were sacrificed on day 54. Retro-orbital blood samples were collected on
days 0, 7, 14, 21, 28, 35, 47, 50, and 54. Half of each blood sample was allowed
to clot to obtain serum, and the other half was used for FACS analysis. Blood
lymphocytes were stained with CD4-PE and CD8-PE (Caltag), 	-biotin (South-
ern Biotechnology), and NP-APC (gift of Jenni Crowley, University of Pennsyl-
vania). The relative representation of CD4
 CD8
 	�NP-APC� lymphocytes
was determined.

Anti-NP ELISA. Ninety-six-well plates (Nunc) were coated with 5 �g/ml NP-
bovine serum albumin (at a 3-to-1 conjugation ratio; Biosearch Technologies) in
0.1 M carbonate buffer overnight at 4°C. Anti-NP IgG (clone BI-8) antibody (a
gift from Mark Shlomchik) was used as the standard. Sera from NP-immunized
mice were assayed at a 1:100,000 dilution. A secondary horseradish peroxidase-
conjugated anti-IgG reagent was used for the detection step (Southern Biotech-
nology). OptEIA ELISA developer was from BD Pharmingen. Data are ex-
pressed as mean concentrations � standard deviations.

In vivo/ex vivo responses to OVA. Three wild-type and three ALX-deficient
mice (3 to 4 months old) were immunized with 100 �g of ovalbumin (OVA;
Sigma) plus complete Freund’s adjuvant (Fisher). Two weeks later, the mice
were sacrificed, and splenocytes of the same genotype were pooled and cultured
with OVA to restimulate the cells in vitro. The supernatant from one set of
restimulated cells was used for cytokine ELISAs after 48 h, as described above.
A second set of restimulated cells was used for a tritiated thymidine incorpora-
tion assay to measure proliferation. The standard deviations reflect six wells per
condition.

Calcium flux. Single-cell thymocyte suspensions were prepared as described
above. Cells were washed and stained in RPMI plus 1% fetal bovine serum. Cells
were stained at a concentration of 10 � 106 cells/ml with optimal concentrations
of biotinylated anti-CD3 (clone 145-2C11; Pharmingen), biotinylated anti-CD4
(clone RMA 4-4; Pharmingen), Indo-1 (2.6 �g/ml final; Molecular Probes),
probenecid (2 mM final; Sigma), and fluorochrome-conjugated anti-CD4 and
anti-CD8 (Caltag). Cells were incubated for 30 min at 30°C and then washed
twice. Samples were analyzed on an LSR II FACS machine (Becton Dickinson).
A baseline reading was collected for 30 s, and then 19 �g/ml streptavidin (Mo-
lecular Probes) was added to trigger calcium flux, which was recorded from time
45 s through 5 min 45 s. Ionomycin (5 �l of 10 �g/ml; Sigma) was added for the
last 30 s as a positive control.

Coimmunoprecipitation experiments. Expression plasmids for myc-epitope
tagged LAX and LAT proteins (41) were kindly provided by Weiguo Zhang
(Duke University). The expression plasmids for yellow fluorescent protein (YFP)
and for YFP-ALX fusion protein were described previously (7). 293T cells were
transfected with either YFP or YFP-ALX expression plasmids combined with
either myc-LAX or myc-LAT expression plasmids by use of Fugene6 reagent
(Roche Applied Science) according to the manufacturer’s instructions (for each
combination, 1 �g of each plasmid and 6 �l of Fugene6 were used to transfect
cells in one well of a six-well dish). After overnight transfection, cells were lysed
in NP-40 buffer and subjected to immunoprecipitation with anti-myc antibody
followed by elution with myc peptide as previously described (28). Cell lysates
and immunoprecipitates were loaded on gels and analyzed by Western blotting
with antibodies to Myc (clone 9B11; Cell Signaling) and to ALX (7).

RESULTS

Generation of ALX-deficient mice. To gain insight into the
physiological role of ALX and its potential role in the regula-

tion of IL-2 production, we generated ALX-deficient mice via
homologous recombination. The targeting construct was de-
signed to substitute a neomycin resistance cassette for the
second exon of ALX, which contains the translational start site,
as well as the third exon, including the SH2 domain FLVR
motif (Fig. 1A). The FLVR motif within the SH2 domain of
ALX is essential for its inhibitory effect on the IL-2 promoter
in vitro (28). A successfully targeted clone was identified by the
presence of a 6.1-kb band, in contrast to the 11.6-kb wild-type
band in a Southern blot (Fig. 1B). C57BL/6 blastocysts were
injected with targeted ES cells to generate chimeric mice.
ALX-deficient mice were born at the expected Mendelian ra-
tios and were viable, fertile, and grossly normal. Absence of
ALX protein was confirmed by Western blotting (Fig. 1C) of

FIG. 2. Unimpaired lymphocyte development in ALX-deficient
mice. Wild-type (WT) and ALX-deficient (ALX KO) littermates were
analyzed at 8 weeks of age for developmental defects in T- and B-cell
development by FACS analysis. (A) CD4
 CD8
, CD4� CD8�,
CD4�, and CD8� thymocyte populations were similar between wild-
type and ALX-deficient mice. (B) Developing B cells in the bone
marrow were gated for B220� AA4.1� (to exclude recirculating ma-
ture B cells) and further subdivided into pro-B-cell (CD43� IgM
),
pre-B-cell (CD43
 IgM
), and immature B-cell (CD43
 IgM�) pop-
ulations. No differences were observed for any of these populations,
demonstrating that B-cell development proceeds normally in ALX-
deficient mice. (C) Splenocytes stained with CD4 and CD8 revealed no
differences in the proportions of CD4 and CD8 T cells in the periph-
ery. To analyze mature B-cell populations, splenocytes were first gated
for B220� AA4.1
 (to exclude transitional cells) and further subdi-
vided into IgM� CD21/35� follicular B cells and IgMhigh CD21/35high

marginal-zone B cells. Again, no differences in the mature B-cell pop-
ulations in terms of number or proportion were observed for ALX-
deficient mice.
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splenocyte lysates using an antiserum to ALX. This antiserum
was generated to the C terminus of ALX, outside of the tar-
geting construct, and thus could potentially detect a truncated
protein. However, none was detected, demonstrating that
ALX-deficient mice lack any ALX protein. In order to reduce
potential strain effects, the experiments described herein were
performed using mice that had been backcrossed five times to
C57BL/6, excluding those done with aged F1 mice. However,
F1 and F5 ALX-deficient mice gave similar results (data not
shown).

T- and B-cell development proceeds normally in ALX-defi-
cient mice. Since ALX is expressed in both T and B cells, T-
and B-cell development in ALX-deficient mice was analyzed by
flow cytometric analysis. No significant differences were ob-
served in the total cellularities of thymus and bone marrow
(data not shown). The double-negative, double-positive, and
CD4 or CD8 single-positive thymocyte populations were nor-
mally represented in ALX-deficient mice (Fig. 2A). In the
bone marrow, no differences in the pro-B-cell (B220� AA4.1�

CD43� IgM
), pre-B-cell (B220� AA4.1� CD43
 IgM
), and
immature B-cell (B220� AA4.1� CD43
 IgM�) populations
were observed (Fig. 2B). T and B cells were found in the
expected numbers and proportions in peripheral lymphoid or-
gans, such as the spleen (Fig. 2C), lymph nodes, and Peyer’s
patches (data not shown). Therefore, these data demonstrate
that the absence of ALX does not affect lymphocyte develop-
ment or lymphocyte homing to peripheral lymphoid organs.

Antibody production in ALX-deficient mice. To determine
whether ALX-deficient mice exhibited any gross alterations in
B-cell function, serum immunoglobulin levels of various iso-
types were analyzed. However, no differences between ALX-
deficient mice and their wild-type littermates were observed
(Fig. 3A). In order to gauge the effectiveness of the immune
response to a model antigen in vivo, groups of wild-type and
ALX-deficient mice were immunized with NP-KLH. Mice

FIG. 3. Intact T-cell-dependent B-cell responses to antigen in vivo.
(A) Serum immunoglobulin levels from wild-type and ALX-deficient
mice were analyzed by ELISA. The data represent averages for six
wild-type and nine ALX-deficient mice between 12 and 15 weeks of
age. The error bars reflect the standard deviations within each group.
(B) Five wild-type and four ALX-deficient mice between 9 and 10
weeks of age were immunized with 100 �g alum-precipitated NP-KLH/
mouse on day 0, boosted on day 47, and sacrificed on day 54. Sera were
collected at the time points shown and were assayed for the concen-
tration of high affinity anti-NP IgG compared to that of the NP-specific
IgG1 monoclonal antibody B1-8 used as a standard. The points rep-
resent the average concentrations for all wild-type mice or ALX-
deficient mice. Error bars reflect the standard deviations within each
genotype. (C) Purified B cells from wild-type and ALX-deficient mice
were labeled with CSFE and either were left unstimulated or were
stimulated with a combination of anti-IgM, anti-CD40, BLyS, CpG,
and/or LPS as shown in the figure and as described in Materials and
Methods. After 3 days, the cells were analyzed by FACS. TOPRO-3
(100 nM) was added to exclude dead cells from further analysis. A
fixed number of 6-�m beads were added to each sample to permit
calculation of the absolute number of live cells within each sample.
The y axis represents absolute numbers of live B cells. For each stim-
ulation condition, the gray-filled histograms represent wild-type B cells
and the solid black lines represent ALX-deficient B cells. The results
shown are representative of three separate experiments. WT, wild
type; ALX KO, ALX deficient.
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were bled weekly and were given a booster injection at day 47.
The serum concentrations of high-affinity IgG anti-NP were
determined by ELISA. Antibody production kinetics were sim-
ilar between the wild-type and ALX-deficient groups in both
the primary and secondary responses (Fig. 3B). Likewise, no
significant difference was observed in the percentages of
	�NP-binding B cells, as assessed by FACS analysis of periph-
eral blood (data not shown). To further analyze B-cell func-
tion, purified B cells from wild-type and ALX-deficient mice
were examined for cell survival and proliferation in vitro in
response to stimulation with anti-IgM, anti-CD40, BLyS, LPS,
and CpG. During B-cell activation, ALX (HSH2) is upregu-
lated in response to stimuli that promote survival, and its
overexpression in WEHI231 can block B-cell antigen receptor-
induced apoptosis (9, 10). However, no differences in either
proliferation or survival in purified B cells from ALX-deficient
mice were observed under any of these conditions (Fig. 3C and
data not shown). Taken together, these results indicate that
B-cell responses and antibody production are largely unaf-
fected in ALX-deficient mice.

Enhanced IL-2 production and CD25 expression and pro-
liferation in ALX-deficient T cells. Previous work suggested
that ALX may act as a negative regulator of T-cell activation,
since overexpression in Jurkat T cells inhibited TCR/CD28-
induced activation of the IL-2 promoter, specifically at the
RE/AP element, which is the main site for TCR/CD28 signal
integration (7). However, these studies could not delineate this
role for ALX in vivo, since overexpression of an adaptor may
alter the stoichiometry of the scaffolded complex, giving a
positive regulator in vivo the appearance of a negative regula-
tor when overexpressed. To determine how ALX affects T-cell
activation, purified T cells from wild-type and ALX-deficient

FIG. 4. Increased IL-2 production and T-cell proliferation in ALX-
deficient mice. (A) Purified T cells from wild-type and ALX-deficient
mice were stimulated with 3 �g/ml plate bound anti-CD3 alone, with 0,
0.1, 0.3, or 1 �g/ml anti-CD28 in solution, or with 50 ng/ml PMA and
1 �M ionomycin as indicated in the figure. Culture supernatants were
collected after 48 h and examined for IL-2 production by ELISA. The
results shown are averages from three wild-type and three ALX-defi-
cient mice and are normalized to the amount of IL-2 produced by
ALX-deficient T cells stimulated with plate-bound anti-CD3 and anti-
CD28. Error bars show the standard deviations. (B) Purified T cells

from wild-type and ALX-deficient mice either were left unstimulated
(shaded area), were stimulated for 48 h with 3 �g/ml plate-bound
anti-CD3 with 0.3 �g/ml anti-CD28 in solution (darker line), or were
stimulated with 50 ng/ml PMA and 1 �M ionomycin (lighter line) as
for panel A and examined for expression of CD25 by FACS. Shown are
representative data from four separate experiments. (C) Purified T
cells from wild-type (shaded gray) and ALX-deficient (darker line)
mice were CFSE labeled and stimulated with plate-bound anti-CD3
with or without anti-CD28. After 3 days, the cells were harvested.
TOPRO-3 (100 nM) was added to exclude dead cells from further
analysis, along with CD4-PE to analyze proliferation within the T-cell
population. A fixed number of 6-�m beads were added to each sample
to permit calculation of the absolute number of live cells within each
sample. The y axis represents absolute numbers of live T cells. The
arrow indicates the undivided peak. (D) Quantification of the absolute
number of live T cells recovered from four sets of CSFE experiments
with wild-type and ALX-deficient purified T cells as described for
panel C. Error bars reflect the standard deviations for four mice within
each group. (E) Ex vivo hyperresponsiveness to antigen in ALX-defi-
cient mice. Three wild-type and three ALX-deficient mice were im-
munized with 100 �g of OVA plus complete Freund’s adjuvant. After
2 weeks, splenocytes of the same genotype were pooled and cultured ex
vivo with 10 �g/ml OVA. Cells restimulated for 48 h were given
1�Ci/well [3H]thymidine for an additional 24 h. The supernatant was
assessed for IL-2 production by ELISA at 48 hours after OVA re-
stimulation. The standard deviations reflect triplicate ELISA wells.
ND, not detected. (F) Results of [3H]thymidine incorporation at 72 h.
The standard deviations reflect six wells per condition. WT, wild type;
ALX KO, ALX deficient.
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mice were stimulated in vitro with anti-CD3 alone or with various
concentrations of anti-CD28 for 48 h. As shown in Fig. 4A,
ALX-deficient T cells produced more IL-2, as measured by
ELISA, than wild-type cells upon CD3/CD28 stimulation,
while the amounts of IL-2 produced by the two cell types upon
PMA-ionomycin stimulation were similar. Similar results were
observed when total splenocytes were stimulated with CD3/
CD28 (data not shown). In addition, surface expression of the
high-affinity IL-2 receptor alpha chain, CD25, was elevated in
ALX-deficient T cells upon CD3/CD28 stimulation, as shown
in Fig. 4B. Consistent with increased production of IL-2 and
expression of the high-affinity IL-2 receptor, increased prolif-
eration as measured by CSFE was also observed for ALX-
deficient purified T cells compared to wild-type T cells (Fig.
4C). Consequently, an increased absolute number of live cells
was found in the ALX-deficient compared to wild-type purified
T-cell cultures after either anti-CD3 or anti-CD3/CD28 stim-
ulation (Fig. 4D). To test whether the observed enhancement
of proliferation and IL-2 production would also be seen after
priming in vivo with antigen, wild-type and ALX-deficient
mice were immunized with OVA, and their splenocytes were
restimulated ex vivo with OVA 2 weeks later. ALX-deficient
splenocytes showed a statistically significant increase in IL-2
production at 48 h postrestimulation (Fig. 4E). To measure
proliferation, [3H]thymidine was added to cultures for the last
24 h of the 72-h ex vivo restimulation period. Wild-type spleno-
cytes demonstrated a twofold increase in proliferation upon
OVA restimulation (Fig. 4F). In contrast, ALX-deficient
splenocytes showed a 10-fold increase in [3H]thymidine incor-
poration over baseline upon OVA restimulation (Fig. 4F).
Consistent with our previous in vitro results obtained by use of
anti-TCR/CD28 stimuli, in vivo antigen-primed ALX-deficient
T cells showed increased IL-2 production and proliferation.
Taken together, the enhanced IL-2 production and prolifera-
tion in ALX-deficient cells demonstrate that ALX is a negative
regulator of T-cell activation, in agreement with our previous
overexpression studies with Jurkat T cells.

Equivalent levels of activation-induced cell death in re-
sponse to superantigen. While the increase in proliferation in
ALX-deficient T cells is most likely due to increased IL-2
production and CD25 expression, it was also possible that a
defect in activation-induced cell death could have also contrib-
uted to the differences observed between wild-type and ALX-
deficient mice. To test this possibility, we examined V�8�

T-cell survival in response to SEB. SEB is a superantigen which
polyclonally activates T cells according to their V� usage; in
this case, SEB stimulates TCRs containing V�8 but not those
containing V�6. Persistent SEB stimulation results in selective
depletion of responding T cells by activation-induced cell
death. Wild-type and ALX-deficient littermates were treated
with SEB, and the percentages of CD4� V�8� cells in the
blood were measured over time by FACS. Similar kinetics and
extents of SEB-induced depletion CD4� V�8� cells were ob-
served for the wild-type and knockout groups (Fig. 5A). As
expected, CD4� V�6� cells remained unaffected (Fig. 5B).
Therefore, ALX-deficient mice deleted CD4� V�8� T cells to
the same extent that wild-type mice did; activation-induced cell
death in this context is unaltered.

Splenomegaly and increased T-cell activation in aged ALX-
deficient mice. Mice with altered sensitivity to T-cell activation

may develop autoimmunity. In order to investigate whether
ALX deficiency leads to spontaneous pathology in older mice,
a cohort of wild-type and ALX-deficient mice (F1 backcross)
were allowed to age and were sacrificed for analysis at 15 to 16
months. Many ALX-deficient mice had mild splenomegaly,
with 4 (of 15) having spleen weights three times greater than
expected; 2 of these had approximately 10-fold increases in
spleen size (Fig. 6A). FACS profiling demonstrated that al-
though spleens were enlarged in ALX-deficient mice, popula-
tions of granulocytes, T cells (both CD4 and CD8), and B cells
were present in the expected proportions (data not shown).
Therefore, the size increase was not due to a disproportionate
increase within a single population but was due to a general
increase in cellularity across populations (Fig. 6B). At this age,
most T cells from the wild-type mice were memory cells, which
prevented a quantitative comparison between wild-type and
ALX-deficient mice. However, differences were observed in
the levels of expression of the activation marker CD69. Both
CD4� and CD8� T cells from ALX-deficient mice had in-
creased CD69 expression compared to the corresponding lev-
els for wild-type mice, demonstrating increased activation
within these populations (Fig. 6C). The presence of spleno-
megaly and the increased expression of activation markers
suggested the possibility that these mice had developed auto-
immune disease. However, upon examination, no glomerulo-
nephritis or immune complex deposition was found in the
kidneys of older ALX-deficient animals (data not shown).
Rather, these data suggest that in the absence of ALX, mice
accumulate activated T cells with age, which may predispose
them to the development of autoimmune disease when chal-
lenged in an appropriate model. This possibility will be exam-
ined when backcrossing to C57BL/6 to 10 generations has been
completed.

Constitutive activation of p38 MAP kinase pathway in ALX-
deficient splenocytes. To determine the biochemical cause for
the increased IL-2 production and CD25 expression observed
for ALX-deficient T cells, we examined the signaling pathways
activated downstream of TCR/CD28. As a control, lysates were
blotted with antibodies to ALX. As expected, the appropriate
band was absent for extracts from ALX-deficient cells (Fig. 7A).
Similar to our previous results with Jurkat T cells, stimulation
by anti-CD3/CD28 induced a shift in ALX mobility within 5
min in wild-type splenocytes. The complete shift with PMA
stimulation is presumably due to a shift in ALX mobility in all
splenocytes expressing ALX rather than only in T cells stimu-
lated by TCR/CD28. This result further demonstrates that
ALX is a target downstream of TCR and CD28 during T-cell
activation and implicates it as a proximal negative regulator of
T-cell activation. Initial examination of phosphotyrosine in-
duction or calcium flux in response to CD3 cross-linking did
not demonstrate any differences between wild-type and
ALX-deficient cells in either the rate or extent of induction
or downregulation (Fig. 7A and B). To further analyze in-
dividual signaling pathways downstream of the TCR and
CD28, phospho-specific antibodies were used to probe extracts
of wild-type or ALX-deficient splenocytes stimulated over a
45-minute time course. For each phospho-specific antibody,
controls examining the total level of each signaling molecule
were used for comparison. PMA stimulation was used as a
positive control, since it bypasses many proximal signaling

6010 PERCHONOCK ET AL. MOL. CELL. BIOL.



events downstream of TCR and CD28 during T-cell activation.
No significant differences in the extents or kinetics of phos-
phorylation of ERK1/2, JNK1/2, Akt (at both regulatory sites
T308 and S473), or IKK�/� were observed between wild-type
and ALX-deficient mice (Fig. 7C). However, in contrast to
wild-type splenocytes, which have a low basal level of p38 MAP
kinase activation and show substantial activation when induced
by TCR/CD28 or PMA stimulation, ALX-deficient splenocytes
exhibited constitutive phosphorylation of p38 which was not
further increased upon stimulation with TCR/CD28. p38 MAP
kinase activation can be mediated by phosphorylation at a
regulatory TGY motif by the MAP kinase kinases MKK3/6. To
determine whether constitutive p38 activation was due to con-
stitutive activation of MKK3/6, we utilized phospho-specific
antibodies to MKK3/6 (Fig. 7D). As was observed for p38
activation, ALX-deficient mice had constitutive activation of
MKK3/6, which was not enhanced by either TCR/CD28 or
PMA stimulation. Therefore, p38 activation in ALX-deficient
mice is mediated by constitutive activation of its upstream
MAP kinase kinases, MKK3/6.

ALX associates with the transmembrane adaptor LAX but
not LAT. To understand the molecular mechanisms by which
ALX acts as a negative regulator of T-cell activation, the pro-
tein(s) with which ALX associates must be identified. Mice
deficient in proteins that are involved in the same pathway as
ALX should have a similar phenotype (normal T-cell develop-

ment, enhanced IL-2 production, enhanced proliferation, and
enhanced activation of p38 MAP kinase). Interestingly, mice
deficient in the negative regulator LAX were recently de-
scribed, and their phenotype is similar to that observed for
ALX-deficient mice (40, 41). These similarities suggested that
ALX and LAX may function in the same pathway and may
directly associate. To test this, 293T cells were transfected with
an expression construct for ALX in addition to either vector
control, myc-tagged LAX, or myc-tagged LAT. LAT is a trans-
membrane adaptor related to LAX but is a positive regulator
of TCR signaling, being necessary for T-cell development and
activation (6, 39). As shown in Fig. 8, LAX coprecipitated with
ALX. Although LAT was expressed at a level higher than that
for LAX, no association with ALX was observed. Therefore,
our data support a model where ALX is a negative regulator of

FIG. 5. Unaffected V�8� T-cell deletion in response to SEB im-
munization. (A) Three wild-type and three ALX-deficient littermates
were injected intraperitoneally with 50 �g SEB in 200 �l PBS. At the
various time points postinjection shown in the figure, blood was col-
lected and examined by flow cytometry to determine the relative rep-
resentations of V�8� T cells (A) and V�6� T cells (B), expressed as a
percentage of total CD4� cells. The black triangles represent the
average of each population from three wild-type mice at each time
point, while the gray circles represent the average of each population
from ALX-deficient mice. Error bars reflect the standard deviations.
WT, wild type; KO, ALX deficient.

FIG. 6. Aged ALX-deficient mice show enhanced splenic size and
T-cell activation. Six wild-type and 15 ALX-deficient F1 129/B6 mice
were allowed to reach ages of 15 to 16 months, and then they were
examined for abnormalities in peripheral lymphoid organs and pathol-
ogy. (A) Spleens were isolated from each animal and their weights
were recorded. Shown is a scatterplot for all mice demonstrating that
while older wild-type mice had normal spleen weights of approximately
0.1 g, significant variation in spleen size was observed in older ALX-
deficient animals. (B) The spleens whose weights are shown in panel A
were examined for total cellularity. Data are shown as a scatterplot
with each point representing cellularity in millions of cells. (C) Spleno-
cyte suspensions from older animals were stained with various cell
surface molecules to examine the activation status (by CD69 expres-
sion) on CD4� and CD8� T cells by flow cytometry. Shown is the
percentage of CD69� cells from each animal in a scatterplot within
either the CD4� or CD8� populations. WT, wild type; KO, ALX
deficient.
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FIG. 7. Analysis of T-cell signaling in primary wild-type and ALX-deficient splenocytes. (A) Splenocytes from either wild-type or ALX-deficient
mice were harvested and resuspended at 100 � 106 cells/ml in PBS, stimulated with cross-linked anti-CD3 (2C11) as described in Materials and
Methods, and examined for total phosphotyrosine by Western blotting with 4G10. (B) Thymocytes from either wild-type or ALX-deficient mice
were examined for their abilities to flux calcium in response to CD3 cross-linking by FACS analysis. Arrows indicate the times at which streptavidin
cross-linker (crosslink) and ionomycin (iono.) were added to each sample. Calcium flux is shown for CD4� (top panel), CD4� CD8� double-
positive (DP) (middle panel), and CD8� single-positive (bottom panel) thymocytes. WT and KO lines show the calcium flux in the indicated types
of thymocytes. Shown are representative data from three independent experiments. (C and D) Splenocytes from wild-type and ALX-deficient mice
were stimulated as described in Materials and Methods with either CD3 or CD3/CD28 over a 45-min time course to examine the phosphorylation
status of various signaling intermediates during T-cell activation. PMA was used as a positive control. Within each set, parallel blots were generated
by utilizing the same stimulated samples to examine phosphorylated as well as total protein expression. WT, wild type; KO, ALX deficient.
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T-cell activation which functions through LAX leading to p38
MAP kinase.

DISCUSSION

Our previous work with Jurkat T cells suggested that ALX
may act as a negative regulator of T-cell activation, since ALX
overexpression inhibited the activation of the IL-2 promoter as
well as that of the RE/AP composite element in response to
TCR/CD28 stimulation. However, since the function of an
adaptor is to bring together two or more proteins in a complex,
a positive regulator may act like a negative regulator when
overexpressed in vitro if the stoichiometry of the signaling
complex is compromised. Therefore, to understand the physi-
ological role of ALX in T-cell activation, ALX-deficient mice
were generated and examined. Consistent with our results with
Jurkat T cells that ALX functions as a negative regulator,
purified T cells from ALX-deficient mice produced more IL-2,
expressed greater levels of CD25, and proliferated more in
response to TCR/CD28 stimulation than wild-type controls. In
addition, these increases in IL-2 and proliferation were ob-
served when ALX-deficient mice were challenged with OVA-
complete Freund’s adjuvant in vivo and reexamined for OVA
responses ex vivo. To determine the mechanism of this activa-
tion in ALX-deficient mice, signaling pathways in T cells were
examined. While levels of tyrosine phosphorylation, calcium
flux, and activation of the Akt, IKK�/�, ERK1/2, and JNK1/2
pathways in response to TCR/CD28 were comparable between

wild-type and ALX-deficient mice, the p38 MAP kinase path-
way was constitutively activated in ALX-deficient mice. Simi-
larly, the upstream regulatory MAP kinase kinases, MKK3/6,
were also found to be constitutively activated in ALX-deficient
mice, demonstrating that ALX is a negative regulator of T-cell
activation and of p38 MAP kinase activation specifically.

To understand further the molecular mechanisms of p38
regulation by ALX, we searched for other proteins potentially
involved in the same pathway, as suggested by the fact that
their deficiency resulted in a phenotype reminiscent of that of
ALX-deficient mice (namely, normal T- and B-cell develop-
ment, enhanced IL-2 and proliferation in response to T-cell
activation, and enhanced p38 MAP kinase activation). By use
of these criteria, the transmembrane adaptor LAX was iden-
tified (40, 41). ALX and LAX interact directly in 293T cells,
under conditions where no association between ALX and a
related transmembrane adaptor, LAT, is observed. Therefore,
our results demonstrate that ALX is a negative regulator of
T-cell activation and p38 MAP kinase activation possibly
mediated through an association with the transmembrane
adaptor LAX. While there are similarities in the phenotypes
of LAX- and ALX-deficient mice, LAX-deficient T cells also
show enhanced calcium flux and Akt activation in response
to TCR stimulation, unlike those of ALX-deficient mice
(40). Since the ALX phenotype is a subset of the phenotype
observed for LAX-deficient mice, we propose that ALX
functions downstream of LAX to negatively regulate p38
MAP kinase activation.

The role of p38 MAP kinase in the regulation of IL-2 during
T-cell activation was first demonstrated using the inhibitor
SB203580, which blocks induction of IL-2 in both human and
murine T cells in response to CD3/CD28 stimulation (35, 38).
A detailed mapping of the primary site of effect of SB203580
within the IL-2 promoter demonstrated that activation of RE/
AP, but not of AP-1 or NF-�B, was inhibited (31). Similarly,
overexpression of p38 was found to enhance activation of
RE/AP (31). Our results are consistent with this previous work,
since ALX deficiency results in constitutive p38 MAP kinase
activation and enhanced IL-2 production, while ALX overex-
pression in Jurkat T cells inhibits activation of RE/AP and the
IL-2 promoter (7). In addition, both the IL-2 and CD25 pro-
moters are regulated by NFAT, which is a target of p38 MAP
kinase activation (11, 25, 36). It should be noted that T-cell
activation was not perturbed in T cells deficient in p38� (14).
However, the importance of p38 in vivo might not have been
revealed in this study because there are two other isoforms of
p38 expressed in T cells, p38� and p38�, and these may have
overlapping functions (8, 35). The in vivo role of p38 MAP
kinases in T-cell activation may be revealed only when multiple
isoforms are deleted.

Expression of IL-2 is upregulated through both an increase
in transcription from the IL-2 promoter/enhancer during T-cell
activation and an increase in its mRNA stability (34). Both
JNK and p38 MAP kinases have been shown to play a role in
regulating mRNA stability in different systems (reviewed in
reference 5). However, the stability of the IL-2 mRNA has
been found to be dependent solely on JNK activation (2).
Further, constitutive activation of the p38 MAP kinase path-
way was not found to alter IL-2 mRNA stability (2). In ALX-
deficient mice, no alterations in the activation of JNK were

FIG. 8. Association of ALX with the transmembrane adaptor
LAX. Expression plasmids for myc-tagged LAT and LAX were co-
transfected into 293T cells with YFP-tagged ALX along with the ap-
propriate vector controls. The following day, cells were lysed in NP-40
lysis buffer and immunoprecipitated (IP) with anti-myc antibody, and
the immunoprecipitated complexes were eluted from the protein A
beads with an excess of myc peptide. Whole-cell lysates and immuno-
precipitates were then examined by Western blotting (WB) with anti-
bodies recognizing the myc tag or with antibodies to ALX. WCE,
whole-cell extract.
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observed in response to TCR/CD28 stimulation. Therefore,
the increase in IL-2 in ALX-deficient mice is unlikely to result
from increased IL-2 mRNA stability but rather from increased
transcription.

T cells have two pathways leading to p38 MAP kinase acti-
vation. The “classical” pathway of p38 activation arises from
phosphorylation by an upstream MAP kinase kinase (MKK3
or 6), which is itself regulated by phosphorylation by a MAP
kinase kinase kinase (reviewed in references 4 and 21). Re-
cently, an “alternative” pathway, in which tyrosine phosphory-
lation of p38 at Y323 leads to autophosphorylation at the
regulatory TxY motif, leading in turn to activation, was de-
scribed (24). This alternative pathway is not dependent upon
MKK3 or MKK6 but is dependent on ZAP-70, which either
directly phosphorylates p38 or activates a downstream tyrosine
kinase which then phosphorylates p38 at Y323 (24). ALX-
deficient mice have constitutive activation of MKK3/6 as well
as p38 MAP kinase, demonstrating that the classical pathway
leading to p38 MAP kinase activation is constitutively acti-
vated. It remains possible that the alternative pathway is also
activated in ALX-deficient mice; this possibility will be exam-
ined in the future.

The alternative pathway has been found to be negatively
regulated by GADD45�, since GADD45�-deficient mice have
constitutive activation of p38 MAP kinase through the alter-
native pathway (23). GADD45� was originally identified as
negative regulator of T-cell activation, since splenocytes from
GADD45�-deficient mice proliferated more in response to
CD3 stimulation than wild-type splenocytes (22). Splenocytes
from GADD45�-deficient mice and wild-type mice prolifer-
ated identically when grown in the presence of exogenous IL-2,
implying that differences in proliferation may be caused by
differences in IL-2 production. However, this possibility was
not examined explicitly. As GADD45�-deficient mice age, they
develop a lupus-like autoimmune syndrome, characterized by
the presence of autoantibodies, proteinuria, and glomerulone-
phritis (22). ALX-deficient animals also have enhanced prolif-
erative responses to T-cell activation. Although they do not
develop an overt autoimmune syndrome, older ALX-deficient
mice exhibit splenomegaly and an increased frequency of ac-
tivated T cells (by CD69 expression), indicating that they may
be poised to develop autoimmunity. This will be tested explic-
itly in autoimmune models once backcrossing is completed, to
avoid potential complications arising from mixed genetic back-
grounds.

Transgenic mice have also been generated with a constitu-
tively activated MKK6 [MKK6(Glu)] under the control of the
distal lck promoter, which resulted in constitutive activation of
p38 in thymocytes and peripheral T cells (20). The primary
phenotype in these mice is increased production of gamma
interferon (IFN-
) in previously polarized Th1 cells. We did
not observe any difference in IFN-
 production in ALX-defi-
cient mice when naı̈ve splenocytes were stimulated for 48 h
with CD3/CD28 (data not shown). However, naı̈ve splenocytes
from MKK6(Glu) transgenic mice had a level of IFN-
 pro-
duction similar to that of wild-type mice after 2 days of stim-
ulation with concanavalin A and IL-12 (20). Preliminary data
have not shown any defects in Th1 or Th2 polarization in
ALX-deficient mice (data not shown), and further work is

required to determine whether there are functional defects in
previously polarized cells from ALX-deficient mice.

It is clear from other studies that p38 MAP kinase plays a
role in both positive and negative selection of thymocytes
(17, 33). Our preliminary results do not demonstrate any
gross aberrations in T-cell development in ALX-deficient
mice, based on absolute numbers or proportions of CD4/
CD8 double-negative, double-positive, or single-positive
cells. However, it is possible that alterations in T-cell devel-
opment may not become apparent until these mice are in-
terbred with a T-cell receptor transgenic line, a possibility
which is under investigation.

ALX is structurally similar to the lymphocyte-specific adap-
tor RIBP/TSAd (3, 19, 32, 37), which also acts as a negative
regulator of IL-2 promoter activation when overexpressed in
vitro. Based on this similarity, we proposed that ALX and
RIBP/TSAd might have redundant functions (7). However,
ALX-deficient mice have a phenotype that contrasts with that
reported for RIBP/TSAd-deficient mice. Whereas RIBP-defi-
cient mice have a mild decrease in IL-2 production and pro-
liferation in response to CD3/CD28 stimulation (19), ALX-
deficient mice have enhanced IL-2 and proliferative responses.
Recent work has demonstrated that under suboptimal stimu-
lation conditions, RIBP/TSAd-deficient mice have proximal
signaling defects, emphasizing the role of this adaptor as a
positive regulator of T-cell activation (15). Therefore, it does
not appear that these two related adaptors act redundantly;
rather, they may have opposing functions. Furthermore,
whereas ALX is expressed in unstimulated T cells and its
expression remains constant after TCR/CD28 activation (data
not shown), the expression of RIBP/TSAd is upregulated after
activation (19, 32). In addition, while ALX is actively exported
from the nucleus upon T-cell activation (27), a substantial
fraction of RIBP/TSAd is localized to the nucleus (16). Exam-
ination of ALX/RIBP doubly deficient mice may elucidate the
potentially complex interplay between these structurally re-
lated signaling adaptors.
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