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IFN	regulatory	factor	4–binding	(IRF-4–binding)	protein	(IBP)	is	a	novel	type	of	activator	of	Rho	GTPases	that	
is	recruited	to	the	immunological	synapse	upon	TCR	stimulation.	Here	we	demonstrate	that	loss	of	IBP	leads	
to	the	spontaneous	development	of	a	systemic	autoimmune	disorder	characterized	by	the	accumulation	of	
effector/memory	T	cells	and	IgG+	B	cells,	profound	hypergammaglobulinemia,	and	autoantibody	production.	
Similar	to	human	SLE,	this	syndrome	primarily	affects	females.	T	cells	from	IBP-deficient	mice	are	resistant	to	
death	in	vitro	as	well	as	in	vivo	and	exhibit	selective	defects	in	effector	function.	In	the	absence	of	IBP,	T	cells	
respond	suboptimally	to	TCR	engagement,	as	demonstrated	by	diminished	ERK1/2	activation,	decreased	c-Fos	
induction,	impaired	immunological	synapse	formation,	and	defective	actin	polymerization.	Transduction	of	
IBP-deficient	T	cells	with	a	WT	IBP	protein,	but	not	with	an	IBP	mutant	lacking	the	Dbl-like	domain	required	
for	Rho	GTPase	activation,	rescues	the	cytoskeletal	defects	exhibited	by	these	cells.	Collectively,	these	findings	
indicate	that	IBP,	a	novel	regulator	of	Rho	GTPases,	is	required	for	optimal	T	cell	effector	function,	lympho-
cyte	homeostasis,	and	the	prevention	of	systemic	autoimmunity.

Introduction
Effective immune responses require the appropriate activation 
and differentiation of peripheral T cells. These processes need to 
be followed by the timely elimination of the responding T cells in 
order to restore T cell homeostasis (1, 2). Defects in the appropri-
ate regulation of T cell function and survival can lead to the onset 
of autoimmune disorders (3, 4). T cell abnormalities are crucial 
for the development of SLE, an autoimmune disorder character-
ized by hypergammaglobulinemia, autoantibody production, and 
multiorgan involvement, that predominantly affects females (5–
7). T cells from lupus patients have been demonstrated to exhibit 
a variety of biochemical, functional, and homeostatic defects, 
including decreased ERK1/2 activation, increased expression of 
the repressor cAMP response element modulator (CREM), defec-
tive production of IL-2, and impaired apoptotic responses (8). 
The molecular mechanisms responsible for the T cell defects in 
SLE are, however, not fully understood.

The expansion and differentiation of T cells is initiated by 
engagement of the TCR, which triggers a complex cascade of 
biochemical events as well as a profound reorganization of the 
actin cytoskeleton (9, 10). TCR-mediated cytoskeletal remodel-
ing is necessary for the assembly of the immunological synapse, 
a specialized interface between the T cell and the antigen-pre-
senting cell, which subserves multiple functions, including the 
optimal delivery of TCR-induced signals (11, 12). Actin cyto-

skeletal remodeling requires the activity of the Rho family of 
GTPases, which includes Rac and cell division cycle 42 (Cdc42), 
and these GTPases are essential for the appropriate development 
and function of T cells (13, 14). Rho GTPases not only regulate 
cytoskeletal reorganization but also modulate gene expression 
via their ability to activate MAPK (15). A major class of proteins 
responsible for the activation of Rho GTPases is the diffuse B cell 
lymphoma (Dbl) family of guanine nucleotide exchange factors 
(GEFs) (16). One member of this family, Vav, plays a key role in T 
cell cytoskeletal reorganization, and its deficiency leads to pro-
found developmental and functional defects in T cells (17, 18).  
The control of Rho GTPase–mediated responses is, however, 
complex and likely to involve the participation of additional 
types of regulators (19).

We recently cloned a protein called IFN regulatory factor 4–
binding (IRF-4–binding) protein (IBP), which exhibits signifi-
cant homology with SWAP-70, a novel type of Rac GEF (20, 21). 
SWAP-70 is expressed in mature B cells, but not in T cells, and 
SWAP-70–deficient mice exhibit defects in IgG1 and IgE pro-
duction (22, 23). In contrast, IBP is highly expressed in T cells 
and, upon TCR engagement, is rapidly tyrosine phosphorylated 
and recruited to the immunological synapse in a manner that is 
dependent on the activities of both Lck and PI3K (20, 24). These 
TCR-mediated signals furthermore control the ability of IBP to 
activate Rac and Cdc42. Murine IBP is identical to SWAP-70– 
like adapter of T cells (SLAT), which was identified during an 
analysis of transcripts that are differentially expressed in Th2 
cells (25). The physiologic role of this novel molecule is at present 
unknown. Here we report that disrupting the expression of IBP 
leads to defects in the homeostasis and function of peripheral T 
cells and, with age, to the spontaneous development of a lupus-
like syndrome. These data thus support the notion that IBP is a 
novel regulator of T cell activation and survival, which is required 
for the prevention of systemic autoimmune disease.
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regulatory factor 4; KLH, keyhole limpet hemocyanin; LAT, linker for activation of T 
cells; NP, 4-hydroxy-3nitrophenylacetyl; PNA, peanut agglutinin; RV, retroviral; SEB, 
staphylococcal enterotoxin B; SEE, staphylococcal enterotoxin E; SLAT, SWAP-70–like 
adapter of T cells.
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Results
Lymphoid development is not affected by lack of IBP. To elucidate the 
physiologic role of IBP, IBP-deficient mice were generated utiliz-
ing a gene-trapping approach (26, 27). The gene-trapping vector 
was found to have integrated in the first intron of the IBP gene, 
just downstream of the first coding exon. This led to a complete 
loss of IBP expression as demonstrated by Western blotting with a 
carboxyterminal-specific antibody (Figure 1A) (20). IBPtrap/trap	mice 
were born at the expected Mendelian frequency and were viable 
and fertile. An analysis of the cellularity and surface phenotypic 
markers of the lymphoid organs in 6-week-old mutant and con-
trol mice revealed no differences in size or lymphoid development 
(Table 1 and Figure 1, B and C).

Spontaneous development of a lupus-like syndrome in aging IBP-defi-
cient female mice. Although young IBPtrap/trap mice appeared phe-
notypically normal, beginning at 5 months of age, approximate-
ly 60% of the females, but none of the control animals, started 
developing large nodal masses in the neck area. Dissection of the 

affected mice revealed multiple enlarged lymph nodes (often 10 
times larger than WT controls) as well as splenomegaly (Figure 2A  
and Table 1). Serologic analysis demonstrated that aging (>5 
months old) IBPtrap/trap female mice displayed markedly elevated 
serum IgG levels (Figure 2B). Although elevations in both IgG1 
and IgG2a levels were noted, in most animals, IgG1 levels were 
increased to a greater extent than IgG2a levels (data not shown). The 
great majority of aging IBPtrap/trap female mice also had high titers 
of antinuclear antibodies (ANAs) (Figure 2C) as well as anti–dou-
ble-stranded DNA (dsDNA) (Figure 2D) and anti-Smith (anti-Sm)  
antibodies  (data  not  shown).  These  serologic  findings  were 
present even before IBPtrap/trap female mice developed any visible 
lymphadenopathy. Aging IBPtrap/trap female mice were also found 
to develop proteinuria and glomerulonephritis, which were asso-
ciated with the deposition of IgG and C3 (Figure 2E). Although 
IBPtrap/trap males also exhibited hypergammaglobulinemia when 
compared with WT male mice, the increase in IgG was much less 
severe than that observed in the female IBPtrap/trap mice (Figure 2B),  

Figure 1
Lymphocyte development in IBPtrap/trap mice. (A) IBP protein expression in IBP+/+, IBP+/trap, and IBPtrap/trap splenocytes and thymocytes. Total cell 
lysates (20 μg) were prepared from splenocytes and thymocytes and probed with an anti-IBP antibody reactive against the C terminus of IBP 
(upper panel). Extracts from NIH 3T3 and EL4 cells were used as negative and positive controls, respectively. Reprobing with a β-actin antibody 
is shown as a loading control (lower panel). (B) Flow cytometric analysis of T lymphocyte populations from 6-week-old IBP+/+ and IBPtrap/trap 
mice. Single-cell suspensions from thymus (upper panel), spleen (middle panel), and lymph nodes (lower panel) were stained with antibodies 
against CD4 and CD8. Percentages of positive cells within each quadrant are shown. (C) Flow cytometric analysis of B lymphocyte populations 
from 6-week-old IBP+/+ and IBPtrap/trap mice. Single-cell suspensions from splenic B220+ cells were stained with antibodies against IgM and IgD 
(top panel) and CD23 and CD21 (middle panel). Bone marrow cells (lower panel) were stained with antibodies against IgM and B220 and gated 
to show pro- and pre-, immature and mature B cells. Percentages of positive cells within each gate are shown.
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and only a small percentage of IBPtrap/trap male mice developed 
autoantibodies (Figure 2D). Consistent with these findings, only 
approximately 10% of male mutant mice developed visible lymph-
adenopathy, and this has occurred at a much later age (approxi-
mately 15 months). Aging IBPtrap/trap female mice thus develop a 
syndrome that shares many similarities with human SLE.

To better characterize the lymphoproliferative disorder exhibited 
by the aging IBPtrap/trap mice, the spleen and lymph nodes of these 
mice were analyzed by FACS. A striking accumulation of CD4+ T 
cells displaying an effector/memory phenotype was observed in 
these mice (Figure 3A). No increase in B220+CD3+ cells was noted 
(data not shown). Remarkably, although both spleen and lymph 
nodes of these animals contained B220+ cells, most of these cells 
did not express IgM and IgD (Figure 3B). A further analysis of the 
B cell populations in the IBPtrap/trap mice demonstrated a marked 
increase in the B220+PNAhi population (data not shown) and in 
the B220intsyndecan-1+ plasma cell population but no increase 
in B-1 cells (Figure 3C and data not shown). Interestingly, FACS 
analysis of the bone marrow of these animals revealed a marked 
depletion of all B cell subsets and no significant accumulation of 
plasma cells (Figure 3C). A histological examination of the spleens 
and lymph nodes of the diseased IBPtrap/trap female mice demon-
strated the presence of hyperplastic germinal centers with diffuse-
ly infiltrating plasma cells as demonstrated by staining with pea-
nut agglutinin (PNA) and syndecan-1 (Figure 3D). Furthermore, 
while in WT mice, only rare IgG1+ B cells could be identified in the 
spleen, the mutant mice displayed a markedly increased number of 
IgG1+ B cells (Figure 3E). The lymphoproliferative disorder exhib-

ited by the IBPtrap/trap female mice is therefore character-
ized by a striking accumulation of effector/memory T 
cells and of terminally differentiated B cells.

IBP-deficient T cells are resistant to death. To elucidate the 
mechanisms responsible for the development of auto-
immunity in IBPtrap/trap mice, a systematic evaluation of 
young (6 weeks old) IBPtrap/trap mice was carried out. To 
determine the effect of IBP deficiency on T cell prolifera-
tion, purified T cells were stimulated with anti-CD3 and 
anti-CD28 antibodies, and DNA synthesis was measured 
by assessing the incorporation of [3H]thymidine after 3 
days. As shown in Figure 4A, the proliferative responses 
of IBPtrap/trap T cells to TCR stimulation were modestly 
impaired. The IBPtrap/trap T cells, however, proliferated 
normally when cultured with PMA and ionomycin, indi-
cating that IBP is required for proximal TCR signaling 
events necessary to achieve optimal proliferation.

The  accumulation  of  effector/memory  T  cells  in 
aging IBPtrap/trap mice, which occurred despite a decrease 
in the proliferative responses of these cells, suggested 
that lack of IBP might have an impact on the survival 
of T cells. To explore this possibility, we isolated naive T 
cells from WT and IBP-deficient mice, stimulated them 
for 3 days in vitro, and then reexposed them to increas-
ing amounts of anti-CD3 for 24 hours. Apoptosis was 
then measured by staining the cells with propidium 
iodide (Figure 4B). The ability of IBPtrap/trap T cells to 
undergo apoptosis upon anti-CD3 restimulation was 
clearly diminished. To determine whether the resistance 
to apoptosis observed in the absence of IBP might lead 
to defective T cell homeostasis in vivo, we treated WT 
and IBPtrap/trap mice with the superantigen staphylococ-

cal enterotoxin B (SEB). Normally, SEB injection leads to an initial 
expansion of Vβ8+ T cells followed by their deletion. After injec-
tion of SEB, Vβ8+ T cells from IBPtrap/trap mice initially expanded 
to almost the same degree as those from WT mice. Elimination of 
IBPtrap/trapVβ8+ T cells, however, was much less efficient than that 
of Vβ8+ T cells derived from WT mice (Figure 4C). As expected, no 
changes in the percentages of Vβ6+ T cells, which do not respond to 
SEB, were observed in both WT and mutant mice (Figure 4C). IBP 
is thus necessary for the effective elimination of activated T cells.

Two major pathways have been implicated in the control of the 
death of activated T cells: engagement of death receptors, espe-
cially the Fas receptor, and activation of an intrinsic pathway that 
involves the mitochondria (28). To investigate the mechanism(s) 
responsible for the decreased ability of the IBP-deficient T cells to 
undergo apoptosis, we thus assessed the effects of lack of IBP on 
each of these 2 major pathways. IBP deficiency did not alter the 
expression of Fas or FasL on T cells, and engagement of the Fas 
receptor by an anti-Fas antibody induced similar levels of apop-
tosis in WT and IBP-deficient T cells (data not shown). However, 
upon CD3 restimulation, WT T cells exhibited a significantly 
greater loss of mitochondrial membrane potential than IBPtrap/trap 
T cells (Figure 4D). Taken together, these results suggest that the 
accumulation of effector/memory T cells observed in the IBPtrap/trap 
mice results from a defective ability of these T cells to undergo 
apoptosis via a cell autonomous pathway.

Lack of IBP leads to selective impairments in CD4+ T cell effector function.  
In addition to defects in survival, T cells from SLE patients also 
exhibit functional impairments, in particular a diminished abil-

Table 1
Hematopoietic cellularity in IBPtrap/trap mice

Tissue	 IBP+/+A	 IBPtrap/trapA	 IBP+/+B	 IBPtrap/trapB

Thymus	 	 	 	
Total cell number (×106) 182.0 ± 27.1 159.0 ± 42.2  ND ND
CD4+CD8+ (%) 80.2 ± 6.0 79.4 ± 4.4 ND ND
CD4+CD8– (%) 15.0 ± 4.9 14.8 ± 3.6 ND ND
CD4–CD8+ (%) 3.1 ± 0.6 3.7 ± 0.7 ND ND

Spleen	 	 	 	
Total cell number (×106) 114.9 ± 20.4 108.8 ± 15.5 201.0 ± 50.0 508.0 ± 379
CD4+CD8– (%) 25.2 ± 6.8 22.8 ± 5.1 18.6 ± 2.7 19.7 ± 2.8
CD4–CD8+ (%) 7.7 ± 1.8 8.5 ± 2.3 7 ± 2.8 5.5 ± 1.8
CD3+ (%) 32.8 ± 8.6 31.3 ± 5.9 23 ± 1.5 24.4 ± 3.5
B220+ (%) 49.7 ± 8.3 53.8 ± 6.7 49.6 ± 5.5 40.9 ± 0.4

Lymph	node	 	 	 	
Total cell number (×106) 19.4 ± 4.8 17.8 ± 5.1 10.8 ± 7.4 396.0 ± 33.9
CD4+CD8– (%) 56.7 ± 5.5 47.8 ± 7.4 32.4 ± 5.1 34.4 ± 13.1
CD4–CD8+ (%) 20.8 ± 4.6 20.5 ± 4.7 17.7 ± 5.2 10.6 ± 6.7
CD3+ (%) 76.3 ± 5.5 67.3 ± 13.0 49.0 ± 6.4 36.6 ± 9.5
B220+ (%) 20.7 ± 3.7 27.0 ± 7.9 35.8 ± 9.5 45.0 ± 9.8

Bone	marrow	 	 	 	
Total cell number (×106) 17.9 ± 7.1 16.2 ± 6.3 ND ND

Mean values ± SD are shown. Total thymocytes, splenocytes, lymph node cells  
(mesenteric, axillary, and inguinal), and bone marrow cells (2 femurs) from IBP+/+ and  
IBPtrap/trap mice were isolated and counted. Percentages of cells stained with antibod-
ies to CD4, CD8, CD3, and B220 were determined by flow cytometry. ASix-week-old 
mice. Numbers represent results from both male and female mice (no significant dif-
ferences between 6-week-old male and female IBPtrap/trap mice were noted). BSeven- 
to twelve-month-old female mice. ND, not determined.
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ity to produce cytokines such as IL-2 (8). We thus proceeded to 
directly examine whether lack of IBP affects the effector function 
of peripheral T cells. When compared with WT T cells, IBPtrap/trap T 
cells exhibited a decreased ability to produce IL-2 (Figure 5A) and 
IFN-γ (Figure 5B) upon TCR stimulation. In contrast, IL-4 synthe-
sis was comparable to that of control T cells (Figure 5B). Bypassing 
the early steps in TCR signaling by stimulating the IBPtrap/trap T cells 
with PMA and ionomycin could rescue the defects in IL-2 and IFN-γ  
production displayed by these T cells (Figure 5, A and B). The 
defects in cytokine production were also observed when purified 
naive CD4+ T cells were assayed (data not shown). To further inves-
tigate the defects in the production of Th1-type cytokines, naive 
CD4+ T cells from WT and IBP-deficient mice were primed either in 
the absence of cytokines or in the presence of cytokines that would 
skew them toward a Th1 or a Th2 differentiation pathway. After 7 
days, cells cultured under each of the 3 conditions were restimulat-
ed with anti-CD3, and cytokine production was assessed by ELISA 
(Figure 5C). In agreement with our earlier observations, IBPtrap/trap T 

cells cultured under unskewed conditions exhibited defective IFN-γ  
production but maintained a normal ability to synthesize IL-4. 
Interestingly, priming of IBPtrap/trap T cells with IL-12 rescued the 
defective production of IFN-γ by IBPtrap/trap T cells while exposure of 
IBPtrap/trap T cells to Th2 skewing conditions again did not reveal any 
defects in IL-4 production. These results thus suggest that optimal 
production of IL-2 and IFN-γ upon TCR engagement requires the 
presence of IBP. Addition of IL-12 during the primary stimulation, 
however, can render the requirement for IBP in the production of 
Th1-type cytokines less stringent.

IBP-deficient mice display enhanced T cell–dependent humoral respons-
es in vivo. Given the abnormal antibody responses exhibited by 
the aging IBPtrap/trap mice, the effect of IBP deficiency on the B cell 
compartment was also investigated. Purified B cells from WT and 
mutant mice displayed similar proliferative responses to a variety 
of mitogenic stimuli (Figure 6A). Furthermore, when purified WT 
and IBP-deficient B cells were differentiated in vitro with LPS and 
IL-4 or anti-CD40 and IL-4, no difference in the number of plas-

Figure 2
Aging IBPtrap/trap female mice develop a lupus-like syndrome. (A) Spleens (left panel) and lymph nodes (right panel) of 7-month-old IBP+/+ and 
IBPtrap/trap female mice are shown. (B) Total serum IgG levels in older (5–12 months old) IBP+/+ (filled circles) or IBPtrap/trap (open circles) mice 
were determined by ELISA. Each symbol represents 1 mouse of IBP+/+ females (n = 7), IBPtrap/trap females (n = 13), IBP+/+ males (n = 6), and 
IBPtrap/trap males (n = 6). (C) ANA titers were determined from IBP+/+ (filled circles) or IBPtrap/trap (open circles) female mice (5–12 months old) by 
measuring the intensity of fluorescent staining of ANAs on a scale ranging from 0 to 4, with 4 being the highest intensity. Data shown represent 
IBP+/+ female (n = 8) and IBPtrap/trap female mice (n = 13). (D) Anti-dsDNA antibody titers in the serum of older (5–12 months old) IBP+/+ (filled cir-
cles) or IBPtrap/trap (open circles) mice were determined by ELISA. Each symbol represents 1 mouse of IBP+/+ females (n = 7), IBPtrap/trap females 
(n = 16), IBP+/+ males (n = 4), and IBPtrap/trap males (n = 6). (E) Histological analysis of H&E-stained sections from the kidney of 7-month-old 
IBP+/+ and IBPtrap/trap female mice (upper panel). Light microscopy magnification, ×40. Deposition of Ig complexes in glomeruli of IBPtrap/trap mice 
as detected by immunofluorescence with anti-IgG (middle panel) and anti-C3 (bottom panel) staining. Results are representative of 5 mice.
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ma cells or in the production of IgG1 or IgE was detected (data 
not shown). An examination of the serum Ig levels of WT and IBP-
deficient mice, however, revealed that IBPtrap/trap mice displayed sta-
tistically significant increases in the basal serum levels of IgG1 and 
IgE (Figure 6B). Furthermore, while immunization of IBPtrap/trap  
mice  with  the  T  cell–independent  antigen  4-hydroxy-3nitro-
phenylacetyl–Ficoll (NP-Ficoll) exerted only a minimal effect on  
NP-specific antibody responses, IBPtrap/trap mice immunized with 
the T cell–dependent antigen NP–keyhole limpet hemocyanin 
(NP-KLH) exhibited a marked increase in the production of IgE 
(Figure 6C and data not shown). Thus, lack of IBP in vivo leads to 
marked increases in the production of Ig isotypes normally asso-
ciated with Th2 responses.

Lack of IBP leads to decreased ERK1/2 activation. The rapid activation 
of IBP in response to TCR stimulation coupled with the finding that 
stimuli that bypass the early steps in TCR signaling could rescue the 
defects exhibited by the IBPtrap/trap T cells led us to explore the pos-
sibility that the defective T cell responses observed in the IBPtrap/trap  
mice might be linked to specific abnormalities in TCR signaling 
pathways. An examination of the activation of Lck, as assessed by the 
phosphorylation of Y394 (29), revealed that this step was not affected 
by the lack of IBP (Figure 7A). Similarly, the TCR-mediated activation 
of ZAP-70, as reflected by the phosphorylation of tyrosine 319, also 

proceeded normally in IBPtrap/trap T cells (Figure 7A). Furthermore, 
IBPtrap/trap T cells were able to achieve cytosolic Ca2+ levels comparable 
to those of WT T cells although these cells consistently displayed 
a slightly longer lag time to the onset of Ca2+ signal (Figure 7B).  
IBP, therefore, is not required for the initial wave of TCR-mediated 
tyrosine kinase activity or for TCR-induced Ca2+ signaling.

TCR engagement is followed by the activation of additional 
downstream effector kinases, notably ERK1/2, members of the 
MAPK family (30). Activation of ERK1/2 subsequently mediates the 
induction of immediate early genes such as c-Fos, a member of the 
activating protein-1 (AP-1) family of transcription factors, which 
play a key role in cytokine gene expression (31). Upon TCR stimula-
tion, ERK1/2 activation was markedly reduced in IBPtrap/trap T cells, 
although these cells were able to activate ERK1/2 to levels similar 
to WT cells when stimulated with PMA (Figure 7C). Consistent 
with these findings, IBPtrap/trap T cells also exhibited impairments 
in the upregulation of c-Fos (Figure 7D). No defects in JNK1/2 
or p38 activation were instead noted (Supplemental Figure 1;  
available online with this article; doi:10.1172/JCI24096DS1).

Immunological synapse formation and TCR-induced actin polymerization 
are defective in IBP-deficient T cells. Optimal T cell function is critically 
dependent on the proper assembly of the immunological synapse and 
cytoskeletal reorganization (10). Given that IBP can translocate to 

Figure 3
Accumulation of effector/memory-like T cells and terminally differentiated B cells in aging IBPtrap/trap mice. (A) Increased effector/memory T cells 
in aging IBPtrap/trap female mice. Cell suspensions from spleen (top panels), and lymph nodes (bottom panels) from older IBP+/+ and IBPtrap/trap 
mice were stained with antibodies against CD4, CD44, and CD62L to evaluate the presence of naive (CD44loCD62Lhi) and effector/memory 
(CD44hiCD62Llo) T cells. Dot plots represent gated CD4+ populations. Percentages of positive cells within each gate are shown. Results are 
representative of 5 different mice. (B) Alterations of B cell populations in aging IBPtrap/trap female mice. Single-cell suspensions from spleen (top 
panels) and lymph nodes (bottom panels) from aging IBP+/+ and IBPtrap/trap female mice were stained with antibodies against B220, IgM, and IgD. 
Cell staining was analyzed by FACS. Dot plots represent gated B220+ populations. Percentages of positive cells within each gate are shown. (C) 
Increased plasma cells in spleens of aging IBPtrap/trap female mice. Single-cell suspensions from spleen (top panels) and bone marrow (bottom 
panels) from IBP+/+ and older IBPtrap/trap female mice were stained with antibodies against B220 and syndecan-1. Cell staining was analyzed by 
FACS. Percentages of syndecan-1–positive cells within each gate are shown. (D) Syndecan-1 and PNA staining of spleens of aging IBPtrap/trap 
female mice. Anti–syndecan-1 (blue) and anti-PNA (red) staining were performed on spleens from IBP+/+ (left panel) and IBPtrap/trap (right panel) 
mice. Light microscopy magnification, ×10. (E) Accumulation of IgG1+ cells in spleens of aging IBPtrap/trap female mice. Anti-IgG1 (blue) staining 
was performed on spleens from IBP+/+ (left panel) and IBPtrap/trap (right panel) mice. Light microscopy magnification, ×10.
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the immunological synapse and can activate Rho GTPases, the effect 
of IBP deficiency on the formation of the immunological synapse 
was examined. Purified CD4+ T cells from WT and IBPtrap/trap mice 
were incubated with APCs in the presence or absence of superanti-
gen (staphylococcal enterotoxin E [SEE]) (Figure 8, A and B). Con-
jugate formation was then assessed by determining the recruitment 
of a phosphorylated form of ZAP-70 to the T cell–APC interface. 
Although the initial recruitment of phosphorylated ZAP-70 to the 
synapse was similar in WT and IBP-deficient T cells, IBPtrap/trap T cells 
displayed a decreased accumulation of phosphorylated ZAP-70 at the 
T cell–APC interface at later time points (Figure 8, A and B). A similar 
pattern was observed when the recruitment of a phosphorylated form 
of linker for activation of T cells (LAT) was examined (Figure 8A).  
These results thus indicate that, in the absence of IBP, assembly of 
the immunological synapse cannot be properly maintained.

To further explore the role of IBP in T cell cytoskeletal reorga-
nization, we employed a retroviral transduction system to reintro-
duce either WT IBP (IBP-retroviral [IBP-RV]) or an IBP mutant 

lacking the Dbl-like domain (IBPΔ313-631-RV) necessary for Rho 
GTPase activation into IBPtrap/trap primary T cells and assessed their 
effect on TCR-mediated actin polymerization by flow cytometry 
(Figure 8C). In the absence of stimulation, WT and mutant T 
cells contained similar amounts of F-actin. Upon TCR stimula-
tion, however, WT T cells demonstrated an increase in F-actin 
content while IBPtrap/trap T cells failed to do so. Reconstitution of 
WT IBP expression into IBPtrap/trap T cells was able to restore actin  
polymerization to levels comparable to those obtained by WT T 
cells. In contrast, IBPtrap/trap T cells infected with IBPΔ313-631-RV  
were still  incapable of polymerizing actin in response to TCR 
stimulation. Reconstitution with a retroviral construct expressing 
a constitutively active form of Rac2 (Rac2G12V) also partially res-
cued the actin polymerization defects exhibited by the IBPtrap/trap T 
cells, supporting the notion that these cells indeed display defec-
tive activation of Rho GTPases. Taken together, these data suggest 
that the ability of IBP to activate Rho GTPases is required for TCR-
mediated cytoskeletal reorganization.

Figure 4
IBPtrap/trap T cells are resistant to apoptosis. (A) Proliferation of T cells from WT and IBP mutant mice. Cells were stimulated with plate-bound 
anti-CD3ε (2C11) (1 μg/ml) and soluble anti-CD28 (1 μg/ml) antibodies or with PMA (50 ng/ml) plus ionomycin (1 μM) for 48 hours. The culture 
was then pulsed with [3H]thymidine for 18 hours. This experiment is representative of 5 independent experiments. The data were analyzed 
using 2-tailed Student’s t test. A statistical probability of P < 0.05 was considered significant. *P < 0.05; **P < 0.005 (IBPtrap/trap versus WT). (B) 
Apoptosis of IBP+/+ and IBPtrap/trap T cells upon CD3 restimulation. Purified naive CD4+ T cells from IBP+/+ (black bars) or IBPtrap/trap (white bars) 
mice were stimulated for 3 days and then harvested. The cells were then restimulated with either IL-2 alone or IL-2 with anti-CD3 mAbs at the 
indicated doses for 24 hours. Cells were then stained with propidium iodide, and the percentage of apoptotic cells was determined by quantifica-
tion of the sub-G0 population by FACS. Each assay was conducted in duplicate. The experiment is representative of 3 separate experiments. 
(C) SEB-specific deletion of T cells in IBPtrap/trap mice. IBP+/+ (n = 4) (filled circles) and IBPtrap/trap (n = 4) (open circles) mice were injected i.p. with 
SEB on day 0. Peripheral blood cells were stained with antibodies against Vβ8 and CD4 (left panel) or Vβ6 and CD4 (right panel) and analyzed 
by FACS at the indicated time points. Results are expressed as a mean ± SD. Statistical differences were determined using 2-tailed Student’s t 
test. (D) Loss of mitochondrial potential. Purified naive CD4+ T cells from IBP+/+ (black bars) or IBPtrap/trap (white bars) mice were stimulated for 
3 days and then harvested. The cells were then restimulated with either IL-2 alone or IL-2 with anti-CD3 mAbs at 10 μg/ml for 24 hours. Cells 
were then stained with Mitotracker Deep Red 633 to assess loss of mitochondrial potential. The percentage of cells that displayed a decrease in 
intensity of staining (Mitotracker lo T cells) is indicated. The experiment is representative of 3 separate experiments. Results are expressed as 
mean ± SD. Statistical differences were determined using 2-tailed Student’s t test.
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Discussion
In the present study, we demonstrate that lack of IBP leads to the 
spontaneous development of a lupus-like syndrome characterized 
by the accumulation of effector/memory T cells and of IgG+ B cells, 
profound hypergammaglobulinemia, autoantibody production, 
and glomerulonephritis. Consistent with these findings, in vitro 
and in vivo studies indicate that the absence of IBP profoundly 
affects the survival of antigen-experienced T cells. Lack of IBP also 
leads to selective impairments in T cell effector function, which 
are associated with diminished ERK1/2 activation and impaired 
cytoskeletal reorganization. Reintroduction of full-length IBP or 
of constitutively active Rac2, but not of an IBP mutant lacking 

its Dbl-like domain, rescues the defective cytoskeletal responses 
of IBP-deficient T cells. Collectively, these data thus support the 
notion that IBP is a novel type of Rho GTPase activator that is 
required for optimal T cell effector function, homeostasis, and the 
prevention of systemic autoimmune disease.

Similarly to human SLE, development of the lupus-like syndrome 
in IBP-deficient mice displays a striking sex preference, with IBPtrap/trap  
female mice being affected to a much greater extent than IBPtrap/trap 
male mice. Furthermore, like lupus T cells, activated T cells from 
IBPtrap/trap mice exhibit a marked resistance to undergoing apoptosis 
(32).	In addition, the defective IL-2 production, which is coupled to 

Figure 5
IBP regulates T cell effector function. (A) IL-2 production by WT and 
IBP mutant T cells. Purified CD4+ T cells were stimulated with immo-
bilized anti-CD3ε antibody (1 μg/ml) alone or together with soluble 
anti-CD28 antibody (1 μg/ml) (left panel) or with PMA (50 ng/ml) and 
ionomycin (1 μM) (right panel) for 24 hours. IL-2 levels in culture super-
natants were determined by ELISA. The experiment is representative 
of 5 independent experiments. (B) IFN-γ and IL-4 production by WT 
and IBP mutant T cells. Cells were stimulated as in A for 48 hours. 
Production of IFN-γ (left panel) and IL-4 (right panel) was measured 
by ELISA. The experiment is representative of 5 independent experi-
ments. (C) In vitro differentiation of IBP+/+ and IBPtrap/trap naive Th cells. 
Naive CD4+ T cells were isolated from WT and IBPtrap/trap mice and 
differentiated in vitro under unskewed, Th1, or Th2 conditions. After 7 
days, unskewed, Th1, and Th2 cells from IBP+/+ and IBPtrap/trap mice 
were stimulated with anti-CD3 antibody for 24 hours and supernatants 
analyzed for cytokine production. IFN-γ (left panel) and IL-4 (right 
panel) production was measured by ELISA. The experiment is repre-
sentative of 5 independent experiments.

Figure 6
Enhanced T cell–dependent humoral responses in IBPtrap/trap mice. (A) 
Proliferation of B cells. Cells were stimulated with soluble anti-CD40  
(5 μg/ml), LPS (10 μg/ml), or anti-IgM (10 μg/ml) with or without IL-4 
(20 ng/ml) for 48 hours. The culture was then pulsed with [3H]thymidine 
for 18 hours. (B) Basal Ig levels in IBPtrap/trap mice. Serum Ig levels 
from nonimmunized 6-week-old IBP+/+ (filled circles) and IBPtrap/trap 
(open circles) mice were determined by isotype-specific ELISA. Each 
symbol represents 1 mouse. Horizontal bars are drawn through the 
mean value of each group. *P < 0.005 (IBPtrap/trap versus WT). (C) 
T cell–dependent immunizations. IBP+/+ (filled circles) and IBPtrap/trap 
(open circles) mice were immunized with NP-KLH. Relative amounts of 
NP-specific IgM, IgG1, IgG2a, and IgG3 antibodies and total IgE levels 
at the indicated times after primary immunization were determined by 
ELISA. Each symbol represents 1 mouse. Horizontal bars are drawn 
through the mean value of each group. The data were analyzed using 
Student’s t test. A statistical probability of P < 0.05 was considered 
significant. *P < 0.05; **P < 0.005 (IBPtrap/trap versus WT).
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decreased ERK1/2 activation, and impaired c-Fos induction are very 
reminiscent of the biochemical and functional defects that have 
previously been described in SLE patients (8). Preliminary results, 
furthermore, indicate that, similarly to what has been reported 
for SLE patients (33, 34), T cells from IBP-deficient mice express 
higher levels of CREM, a repressor known to downregulate IL-2 
production and c-Fos induction (Q. Chen, unpublished observa-
tions). Impairments in IFN-γ production in SLE patients have also 
been previously reported (35).	Other abnormalities that have been 
observed in T cells from lupus patients were, however, not detected 
in IBPtrap/trap T cells. Indeed, while SLE T cells exhibit reduced Lck 
levels (36), expression of this kinase was unaffected by the absence 
of IBP. Furthermore, while IBPtrap/trap T cells exhibited significant 
impairments in actin polymerization and immunological synapse 
formation, anti-CD3–mediated capping and actin polymerization 
kinetics are accelerated in SLE patients (37). Given that the abnor-
mal phenotype of the SLE T cells can be further amplified by expo-
sure to SLE serum (38), however, some of the differences observed 
between the IBPtrap/trap T cells and the T cells from SLE patients may, 
in part, be secondary to the chronic exposure of the SLE T cells to a 
pathogenic microenvironment.

Elimination of antigen-experienced T cells is crucial for the 
maintenance of T cell homeostasis (1, 2), and genetic manipula-
tions that alter the ability of T cells to be efficiently eliminated 
are commonly associated with the emergence of autoimmune 

pathophysiology (39). The marked defects in the ability of acti-
vated IBPtrap/trap T cells to undergo apoptosis are therefore likely 
to play a major role in the accumulation of effector/memory T 
cells and in the development of the lupus-like syndrome detected 
in these mice. Although IL-2 and IFN-γ are important for the 
control of T cell survival (40–42), the defective production of 
these cytokines by the IBPtrap/trap T cells was found not to underlie 
the aberrant apoptotic responses of these cells, since provision of 
exogenous IL-2 or IFN-γ did not rescue the defects (Figure 4B and 
data not shown). Interestingly, an investigation of the 2 major 
pathways controlling the death of activated T cells (28) revealed 
that lack of IBP selectively affects the cell-intrinsic, or mitochon-
drial-mediated, pathway. Surprisingly, this defect was not due 
to changes in the expression of Bcl-2 since IBPtrap/trap T cells did 
not display any increases in the expression of this antiapoptotic 
molecule (W. Yang, unpublished observations). Other members 
of this family in addition to Bcl-2 have, however, been shown to 
participate in the control of the death of immune cells (43). Fur-
thermore, many Bcl-2 family members can be regulated not only 
at the transcriptional level but also by additional mechanisms 
such as phosphorylation, proteolytic cleavage, and, interestingly, 
sequestration by cytoskeletal proteins (44). A systematic exami-
nation of the effects of IBP deficiency in the complex regulation 
of this family of proteins will thus be critical to fully elucidating 
its role in this fundamental process.

Figure 7
Defective ERK1/2 activation in IBPtrap/trap T cells. (A) Lck and ZAP-70 activation in IBPtrap/trap T cells was detected by Western blotting utilizing 
antibodies specific for Tyr 394 phosphorylated Lck (upper panel) and Tyr 319 phosphorylated ZAP-70 (middle panel). Reprobing with an antibody 
against total Lck is shown as a loading control (lower panel). (B) TCR-mediated calcium mobilization in IBP+/+ and IBPtrap/trap T cells. Lymph node 
cells were loaded with Fura-red and Fluo-4 and surface stained with APC-labeled anti-CD4 antibody. Cells were then precoated with 5 μg anti-
CD3ε (2C11) antibody and cross-linked with goat anti-hamster Ig. Histogram data are presented as a median ratio of calcium mobilization gated 
on CD4+ cells as measured by FACS. The black line represents IBP+/+ T cells, and the gray line represents IBPtrap/trap T cells. Arrow indicates 
the addition of cross-linking antibody. (C) ERK activation in IBP+/+ and IBPtrap/trap T cells. Cells were stimulated with anti-CD3ε antibody for the 
indicated times or PMA (50 ng/ml) for 2 minutes as a control. Whole-cell lysates were prepared and active ERK1/2 detected by Western blotting 
using an anti–phosphorylated ERK antibody (upper panel). Total ERK1/2 levels are shown in the lower panel. (D) Induction of c-Fos in IBPtrap/trap 
T cells. Primed T cells from IBP+/+ and IBPtrap/trap mice were stimulated with anti-CD3ε antibody (5 μg/ml) and anti-CD28 antibody (5 μg/ml) for 
0, 1, or 2 hours. Lysates were prepared and levels of c-Fos detected by Western blotting using an anti–c-Fos antibody (upper panel). Reprobing 
with a β-actin antibody is shown as a loading control (lower panel).
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TCR-mediated cytoskeletal  remodeling  is essential  for  the 
large-scale reorganization of receptors and signaling molecules 
that  underlies  the  assembly  of  the  immunological  synapse. 
Furthermore, sustained synapse assembly is required for opti-
mal IL-2 production and the full achievement of T cell effector 
potential (45). The defective TCR-mediated actin polymeriza-
tion exhibited by IBPtrap/trap T cells and their failure to properly 
sustain the formation of the immunological synapse can thus 
partly explain the impaired T cell effector responses detected in 
the absence of IBP. Consistent with the notion that Rho GTPas-
es play a key role in cytoskeletal reorganization and that IBP can 
activate these GTPases in a TCR-dependent manner, the defects 
in TCR-mediated actin polymerization detected in the absence 
of IBP are dependent on its ability to activate Rho GTPases as 
indicated by our retroviral transduction studies. Interestingly, 
T cells lacking Vav also display defects in cytoskeletal dynamics 
as well as alterations in ERK1/2 activation (17, 18), suggesting 
that the actions of both classes of Rho GTPase activators are 
required for these processes. Whether Vav and IBP cooperate in 
the control of a specific regulatory step or target different steps 
in the complex cascades controlling these processes, however, 
remains to be determined.

The biochemical and functional defects exhibited by the IBPtrap/trap  
T cells are likely to be molecularly linked, given that ERK1/2 can 
control the induction of c-Fos and that, in turn, members of the 
AP-1 family of transcription factors can regulate IL-2 gene tran-
scription (31). Given that Rac2–/– mice also exhibit defects in MAPK 
activation and IL-2 production (46, 47), the defective activation of 
MAPKs exhibited by the IBPtrap/trap T cells is likely to result from 
impaired Rho GTPase function, leading to subsequent impair-
ments  in  the assembly of AP-1 complexes.  Interestingly, mice 
with a mutation in Rasgrp1, a diacylglycerol-dependent Ras GEF 
involved in the TCR-mediated activation of ERK1/2 (48), also spon-
taneously develop a lymphoproliferative autoimmune syndrome, 
which is characterized by the accumulation of CD4+ T cells with an 
activated/memory phenotype (49). Similarly to the IBPtrap/trap mice, 
T cells from these mice exhibit reduced proliferative responses and 
impairments in IL-2 and IFN-γ production but normal IL-4 synthe-
sis, eventually leading toward a cytokine milieu that favors humoral 
responses. Thus, the defective ability of IBPtrap/trap T cells to efficient-
ly activate ERK1/2 may be one of the critical molecular aberrations 
responsible for the disturbances exhibited by these mice.

Given that AP-1 has also been implicated in the control of IFN-γ  
production (50), the molecular mechanisms employed by IBP 

Figure 8
IBPtrap/trap T cells display impaired synapse formation and actin polymerization. (A) Formation of the immunological synapse in IBPtrap/trap CD4+ T 
cells. CD4+ T cells were conjugated with A20 mouse B lymphoma cells loaded with or without 2 μg/ml SEE. After the indicated times of T and B 
cell contact, cells were stained with antibodies against either phosphorylated ZAP-70 or phosphorylated LAT and scored under a fluorescence 
microscope. Approximately 50 conjugates were counted per time point in at least 3 independent experiments. T and B cell conjugates without 
SEE (upper panels) and with SEE (lower panels) are shown. (B) Representative images for conjugates (phase), phosphorylated ZAP-70 (red) 
and CD4 (green) at 5 minutes in IBP+/+ and IBPtrap/trap T cells, respectively. (C) Actin polymerization in IBPtrap/trap CD4+ T cells reconstituted with 
WT or mutant IBP retroviral vectors. Naive CD4+ T cells were infected with control YFP-RV (empty vector) and WT IBP–expressing (IBP-RV), 
IBP-Δ313-631–expressing (IBP-Δ313-631-RV), or constitutively active Rac2–expressing (CA Rac2-RV) retroviruses. Cells were harvested after 
5 days and restimulated with anti-CD3ε antibodies followed by cross-linking with goat anti-hamster Ig at 4°C (control) or 37°C. Cells were then 
stained with biotin-labeled phalloidin followed by streptavidin-PE (PE-phalloidin) and actin polymerization measured by FACS. Data shown rep-
resent unstimulated cells (filled histogram) with overlay of stimulated cells (open histogram) after gating on YFP-positive cells.



research article

712	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 116      Number 3      March 2006

to control production of this cytokine are likely to also involve 
defective assembly of AP-1 complexes. Intriguingly, recent studies 
have demonstrated that IL-12 costimulation of T cells enhances 
the binding of AP-1 to the IFN-γ promoter via STAT4 binding to 
AP-1 (51), suggesting a potential molecular mechanism by which 
exposure to IL-12 is able to rescue the TCR-mediated defects in 
IFN-γ production exhibited by IBPtrap/trap T cells. Given the known 
involvement of IFN-γ in the pathogenesis of murine lupus (52), the 
defects in IFN-γ production displayed by the IBP-deficient CD4+ T 
cells might seem surprising. It is, however, important to note that 
the defective production of IFN-γ in vitro might not be reflected 
by an in vivo decrease in IFN-γ levels due to the striking increase 
in the number of effector/memory T cells observed in the aging 
IBP-deficient mice. The decrease in the in vitro production of 
cytokines nonetheless represents an important indicator that lack 
of IBP selectively modulates the effector program of CD4+ T cells 
and is likely to be accompanied by additional changes in the gene 
expression program of activated CD4+ T cells, which might render 
IBPtrap/trap T cells uniquely able to drive strong humoral responses.

Our studies have failed to reveal a major role for IBP on IL-4 
production by T cells. Furthermore, consistent with the finding 
that lack of IBP affects the production of Th1-type cytokines to a 
greater extent than Th2-type cytokines, absence of IBP in vivo leads 
to the enhanced production of isotypes usually associated with 
Th2 responses. These findings thus differ from those of Tanaka 
et al., who detected an increase in Th2 cytokine production upon 
retroviral expression of SLAT, which was associated with an inhi-
bition of ZAP-70 activation (25). Although the reason for these 
discrepancies is at present unclear, our studies do not rule out 
the possibility that this novel molecule plays a complex role in Th 
differentiation. The effect of IBP deficiency on the production of 
IgG1 and IgE is in striking contrast to the impaired production 
of these isotypes exhibited by the SWAP-70–deficient mice (23). 
Surprisingly, our analysis has so far failed to reveal significant 
enhancements in IgG1 and IgE production by IBPtrap/trap B cells 
in vitro. These findings, coupled with the observation that IBP 
deficiency did not significantly affect responses to the T cell–inde-
pendent antigen NP-Ficoll, suggest that abnormalities within the 
T cell compartment play a key role in the aberrant IgG1 and IgE 
responses detected in these mice.	The finding that IBPtrap/trap mice 
exhibit markedly increased IgE levels after immunization with a T 
cell–dependent antigen in alum while they display increased IgG1 
production under chronic inflammatory conditions suggests that 
the precise outcome of the absence of IBP on the T cell/B cell col-
laboration can be modulated by the specific immunization/stimu-
latory conditions to which the mice are exposed.

Although studies have demonstrated a role for Vav and Rac1 in thy-
mocyte selection (53, 54), no previous report, to our knowledge, has 
implicated Rho GTPases or their activators in the control of periph-
eral tolerance. Our studies thus provide what we believe is the first 
genetic evidence that these pathways may be important contributors 
to systemic autoimmune disorders. Furthermore, although defects in 
the expression of other T cell signaling molecules have been linked to 
the development of syndromes resembling lupus in mice (55), many 
of these models do not display the sex bias that is classically associ-
ated with human SLE. Thus, the finding that the pathophysiology 
exhibited by the IBP-deficient mice preferentially affects females, 
coupled with its location on human chromosome 6 just centromeric 
to the MHC locus (20), may warrant an investigation of the role of 
this novel molecule in SLE and other autoimmune disorders.

Methods
Mice. ES (129SvEv) cells deficient in IBP were generated by Lexicon Genetics  
(OmniBank), utilizing a gene-trapping strategy as previously described 
(26, 27). Integration of the gene-trapping construct occurred in the first 
intron of the IBP gene, downstream of the exon coding for the initiation 
methionine. Targeted ES cells were injected into C57BL/6 blastocysts to 
generate chimeric mice, which were then bred to C57BL/6 mice to generate 
F1 offspring (26, 27). IBP heterozygous (+/trap) mice from the F1 genera-
tion were intercrossed to obtain IBP homozygous (trap/trap) mice. All the 
mice used in the experiments have a mixed genetic background between 
129 and C57BL/6 and were kept under specific pathogen–free conditions. 
Protocols were approved by the Columbia University Institutional Animal 
Care and Use Committee.

Flow cytometry analysis. Single-cell suspensions from thymus, spleen, and 
lymph nodes were isolated, stained with fluorochrome-conjugated CD4, 
CD8, B220, CD3, IgM, IgD, syndecan-1, CD62L, or CD44 antibodies (BD 
Biosciences — Pharmingen), and analyzed by FACS. Calcium measurements 
were obtained by loading single-cell suspensions of lymph node cells with 
Fura-red and Fluo-4 (Invitrogen Corp.). Cells then were stained with APC–
anti-CD4 antibodies (BD Biosciences — Pharmingen) and incubated on ice 
with 5 μg anti-CD3ε antibody; this was followed by cross-linking with goat 
anti-hamster Ig (Jackson ImmunoResearch Laboratories Inc.) at 37°C. Cal-
cium flux was measured using FACSCalibur and data analyzed using FlowJo 
software.	Loss of mitochondrial transmembrane potential was determined 
by staining with Mitotracker Deep Red 633 (Invitrogen Corp.).

Histopathology and immunostaining. Tissue specimens for histopathol-
ogy were fixed in formalin and embedded in paraffin or quickly frozen 
in OCT compound. Tissue sections were stained with H&E and ana-
lyzed  by  light  microscopy.  Immunostaining  with  antibodies  against 
syndecan-1, PNA, and IgG1 was conducted as previously published (56). 
Immunofluorescence analysis on frozen kidney sections was performed 
by staining with FITC-labeled goat anti-mouse IgG or anti-C3 (Jackson 
ImmunoResearch Laboratories Inc.) and specimens were analyzed with a 
Zeiss LSM 510 laser scanning confocal microscope.

Apoptosis assays. Purified naive CD4+ T cells were stimulated for 72 hours 
with 1 μg/ml anti-CD3 and IL-2. Cells were then collected, washed, and cul-
tured in duplicate wells with 10 ng/ml of IL-2 in the presence or absence of 
plate-bound anti-CD3 mAbs. Twenty-four hours later, cells were collected, 
resuspended in hypotonic lysis buffer (0.1% sodium citrate, 0.1% Triton-X, 
100 μg/ml RNase, and 50 μg/ml propidium iodide) and analyzed by FACS. 
Apoptosis was determined by quantification of the sub-G0 population. For 
selected experiments, loss of mitochondrial transmembrane potential in 
cells undergoing apoptosis was determined by staining with annexin V, 
DAPI, and Mitotracker Deep Red 633 (Invitrogen Corp.), followed by LSR 
analysis. For the SEB experiments, mice were injected i.p. with 150 μg of 
SEB (Sigma-Aldrich) or with PBS on day 0. Peripheral blood cells collected 
on days 0, 2, 7, and 10 were stained with antibodies to Vβ8 and CD4+ or 
to Vβ6+ and CD4+ (BD Biosciences — Pharmingen) and analyzed by FACS.

Proliferation and differentiation studies. CD4+ T cells and B220+ cells were puri-
fied by negative selection using, respectively, CD4+-specific T cell enrichment 
columns (R&D Systems) and CD43+-specific microbeads (Miltenyi Biotec). 
For proliferation assays, cells were cultured at 1 × 105 per well in 96-well plates 
for 48 hours with the indicated stimuli and then pulsed with [3H]thymidine 
(1 μCi/well) for 18 hours. Incorporated radioactivity was measured by scintil-
lation counting. For in vitro Th differentiation experiments, naive CD4+ T 
cells were purified by negative selection using the CD4+CD62Lhigh-specific T 
cell enrichment columns (R&D Systems). The purity of naive CD4+ cells was 
routinely found to be greater than 90%. We then stimulated 1 × 106 cells/ml 
with plate-bound anti-CD3 (1 μg/ml) plus anti-CD28 (2 μg/ml) antibodies. 
For Th1 skewing, IL-12 (2 ng/ml) and anti–IL-4 antibodies (10 μg/ml) were 
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added to the primary culture. For Th2 skewing, IL-4 (10 ng/ml), anti–IFN-γ 
antibodies (10 μg/ml), and anti–IL-12 antibodies (10 μg/ml) were added to 
the culture medium. After 7 days, cells were collected, then stimulated for 
24 hours with 1 μg/ml anti-CD3 antibodies; supernatants were analyzed for 
cytokine production by ELISA (Pierce Biotechnology).

Western blotting. Lymph node T cells were stimulated with 5 μg of hamster 
anti-CD3ε mAbs followed by cross-linking with 10 μg of goat anti-hamster 
Ig for the indicated times. Whole-cell lysates were prepared as previously 
described (24). Activation of Lck, ZAP-70, and ERK1/2 was analyzed by 
Western blotting with a phosphospecific antibody against Tyr394 of Lck 
(29), Tyr319 of ZAP-70 (Cell Signaling Technology), and Thr202/Tyr204 
of ERK1/2 (Cell Signaling Technology). Expression of c-Fos was analyzed 
using an antibody against c-Fos (Santa Cruz Biotechnology Inc.).

Serum Igs. Serum Ig levels from unimmunized 6-week-old mice were deter-
mined by isotype-specific ELISA (SouthernBiotech and BD Biosciences 
— Pharmingen). For T cell–dependent immunizations, mice were immu-
nized with 100 μg of NP-KLH alum precipitated by i.p. injection. Blood was 
collected on days 0, 14, and 28 after immunizations, and relative amounts 
of NP-specific IgM, IgG1, IgG2a, and IgG3 antibodies and total IgE levels 
determined by ELISA. Data were analyzed using 2-tailed Student’s t test. 
Values compared were means ± SD, with a statistical probability of P as less 
than 0.05 being considered significant. Concentrations of autoantibodies 
to dsDNA and to Smith (Sm) were determined by ELISA (Alpha Diagnostic 
International). ANAs were detected on Hep-2 cells (Bion Enterprises Ltd.) at 
1:100 serum dilution.

Immunofluorescence microscopy. A20 mouse B lymphoma cells (1 × 105) 
pulsed with or without 2 μg/ml SEE (Toxin Technology Inc.) were combined 
with purified CD4+ T cells at a ratio of 1:1, centrifuged briefly, and incubated 
at 37°C for 2 minutes, 5 minutes, or 10 minutes. Conjugates settled onto 
poly-L-lysine–coated cover slips were fixed, permeabilized, and stained with 
phosphospecific antibodies to Tyr493 ZAP-70 (Cell Signaling Technology) 
or Tyr191 LAT (Cell Signaling Technology) or with FITC-labeled CD4, fol-
lowed by staining with Alexa-Fluor 568–conjugated donkey anti-rabbit Ig 
(Invitrogen Corp.). Conjugates were examined by a Zeiss LSM 510 laser scan-
ning confocal microscope with a 100×/1.3 Plan-Neofluor objective lens. FITC 
and Alexa-Fluor 568 (in 2 photon mode) were excited at 488 nm and 543 nm, 
respectively, and emission was collected at 500–550 nm and above 585 nm. 
Clustering of phosphorylated LAT and phosphorylated ZAP-70 was analyzed 
by acquiring a Z-series of 10 optical sections with an optical section thickness 
of approximately 1 micron. A single XY optical section of each conjugate was 
also acquired. The pixel density of the optical field was fixed at 512 × 512 
pixels. The images were acquired with the maximum signal detection without 
any significant signal saturation. Image enhancement and analysis were per-
formed using the public domain program NIH Image 1.6 and Adobe Photo-
shop 6.0. For presentation, the gray scale of images was linearly scaled (8 bit). 
Approximately 150 conjugates were scored visually in the absence or pres-
ence of SEE for concentration of phosphorylated ZAP-70, phosphorylated 
LAT, and CD4 at the cell-cell interface. Polarization was scored positive only 
if phosphorylated ZAP-70, phosphorylated LAT, and CD4 within the T cell 

were located in close proximity to the B cell membrane. The data were ana-
lyzed using 2-tailed Student’s t test. Values compared were means ± SD from 
3 independent scores of 3 different experiments, with a statistical probability 
of P as less than 0.05 being considered significant.

Retroviral transduction and actin polymerization assays. The retroviral constructs 
for WT IBP, an IBP deletion mutant (IBPΔ313-631), and a constitutively active 
Rac2 (Rac2G12V) (Guthrie cDNA Resource Center) were generated by cloning 
the appropriate coding segment into the pGC-IRES-YFP retroviral vector (57). 
293T cells were cotransfected with the retroviral plasmids together with the 
packaging vector pCL-Eco. After 24 hours, the retroviral supernatants were 
harvested, supplemented with 8 μg/ml polybrene, and used for infection on 
naive CD4+ T cells that had been stimulated for 24 hours. Five days after the 
initial stimulation, actin polymerization studies were performed by incubat-
ing retrovirally infected CD4+ T cells with anti-CD3 antibodies (1 μg/ml) for  
30 minutes on ice followed by cross-linking with goat anti-hamster Ig (2 μg/ml)  
for 5 minutes at 37°C. The cells were then fixed, permeabilized, incubated 
with biotin-conjugated phalloidin (Invitrogen Corp.) followed by strepta-
vidin-PE (BD Biosciences — Pharmingen) for 30 minutes, and analyzed by 
FACS. The histograms represent gated YFP-positive cells, and data are shown 
as unstimulated cells with overlay of stimulated cells.
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