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T-cell homeostasis is essential for normal functioning of the im-
mune system. IL-7 receptor (IL-7R) and T-cell receptor (TCR) sig-
naling are pivotal for T-cell homeostatic regulation. The detailed
mechanisms regulating T-cell homeostasis and how IL-7R and TCR
signaling are coordinated are largely unknown. Here we demon-
strate that T cell-specific deletion of cell-division cycle 42 (Cdc42)
GTPase causes a profound loss of mature T cells. Deletion of Cdc42
leads to a markedly increased expression of growth factor indepen-
dence-1 (Gfi-1) and represses expression of IL-7Ra. In the absence of
Cdc42, aberrant ERK1/2 MAP kinase activity results in enhanced,
TCR-mediated T-cell proliferation. In vivo reconstitution of effec-
tor-binding-defective Cdc42 mutants and the effector p21 protein-
activated kinase 1 (PAK1) into Cdc42-deficient T cells showed that
PAK1 is both necessary and sufficient for Cdc42-regulated T-cell
homeostasis. Thus, T-cell homeostasis is maintained through a con-
certed regulation of Gfi-1-IL-7R-controlled cytokine responsiveness
and ERK-mediated TCR signaling strength by the Cdc42-PAK1 sig-
naling axis.

-cell homeostasis is critical for both protective immunity and
limitation of autoimmunity (1). T cells mature in the thymus
and then enter the periphery, where they are maintained as
resting naive cells. The mechanisms by which T-cell homeostasis
is maintained are not fully defined. On one hand, the availability
of several soluble cytokine “survival factors” regulates the overall
size of the T-cell compartment (2). One of these factors, IL-7, is
critical for T-cell survival and increases expression of the anti-
apoptotic molecule B-cell leukemia/lymphoma 2 (Bcl-2) (2, 3).
On the other hand, MHC/T-cell receptor (TCR) signals also
contribute to T-cell homeostasis (4). MHC/TCR interactions
promote actin cytoskeletal rearrangement and immunological
synapse formation that are followed by activation of proximal
TCR signaling molecules, including {-chain (TCR)-associated
protein kinase 70 kDa (ZAP70) and linker for activation of T cells
(LAT), and distal TCR signaling molecules, such as MAP kinases
(5). Low-level activation of the TCR signaling pathways has been
shown to be critical for maintaining T-cell homeostasis (6).
However, how the TCR- and cytokine-mediated signals are in-
tegrated in T cells to control their homeostasis remains unclear.
Cell-division cycle 42 (Cdc42) of the Rho GTPase family is an
intracellular signal transducer that cycles between an inactive
GDP-bound form and an active GTP-bound form under tight reg-
ulation (7, 8). Upon activation, Cdc42 can engage multiple ef-
fector molecules directly to elicit regulatory functions in cell actin
cytoskeleton reorganization, adhesion, migration, proliferation,
and survival (9, 10). To date, more than 10 putative Cdc42
effectors have been identified, mostly by direct protein pulldown
or yeast two-hybrid approaches (10, 11). These findings may in-
dicate that Cdc42 utilizes an individual effector or a combination
of effectors to mediate a defined cell function. Many of these
effectors contain the Cdc42/Ras-related C3 botulinum toxin
substrate (Rac)-interactive binding (CRIB) motif or a Rac/Cdc42
(p21) binding domain (PBD) domain. Among them, a class of
serine/threonine kinases, group A p21-activated kinases (PAK),
are activated upon binding to Cdc42, resulting in activation of
PI3K, JNK, and p38 pathways, inhibition of proapoptotic effects
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of BCL2-associated agonist of cell death (Bad), and actin re-
organization (12-14). The Wiskott-Aldrich syndrome protein
(WASP) and its homologous molecule, N-WASP, were shown to
couple Cdc42 GTPase to the actin-related protein 2/3 (Arp2/3)
complex in actin nucleation and polymerization (15-17). Parti-
tioning-defective protein 6 (Par6) has been suggested to regulate
Cdc42-mediated cell polarity through interaction with glycogen
synthase kinase 3p (GSK3p) and adenomatous polyposis coli (APC)
(18). The multidomain adaptor molecules IQ motif containing
GTPase-activating protein 1 (IQGAP1) and IQGAP2 may be im-
portant for connecting Cdc42 signaling to actin and microtubule
cytoskeleton structures (19). Recent studies also revealed that
IQGAP1 can interact directly with APC for cell polarization and
migration (20). Structurally, Cdc42 recognizes its effectors through
the GTP-binding-sensitive switch I/II regions and additional distal
sites that have been pinpointed recently by site-directed mutagen-
esis studies (21-24). These studies have identified a panel of effec-
tor-binding—defective mutants of Cdc42, among which Cdc42D38A
is defective in binding to PAK, Cdc42D63H is defective in binding to
IQGAP, and Cdc42I173AL174A is defective in binding to WASP
and Par6. The availability of such specific effector-recognition—de-
fective mutants allows a fine definition of the physiologic role of
individual effectors among the Cdc42-regulated pathways.

Previous studies , using the overexpression of dominant active or
negative Cdc42 mutants, suggest that Cdc42 is involved in T-cell
cytoskeletal polarization (25, 26). However, the role and mecha-
nism of signal transduction of Cdc42 in T-cell homeostatic regula-
tion remains unclear. In the present studies, we generated a mouse
strain with T cell-specific deletion of Cdc42 by cross-breeding the
lymphocyte-specific protein tyrosine kinase (Lck)-cause re-
combination (Cre) transgenic mice with Cdc42™°* mice. By
characterizing this mouse model, we demonstrate that Cdc42,
through activation of its effector PAK1, positively regulates T-cell
homeostasis by coordinating growth factor independence-1 (Gfi-1)/
IL-7 receptor (IL-7R)-mediated survival signaling and ERK kinase-
mediated TCR signaling. Our study proposes forward a regulatory
mechanism for T-cell homeostasis that may have broad implications
in T-cell biology.

Results

Cdc42 Deficiency Causes a Defect in T-Cell Homeostasis. To de-
termine the physiological function of Cdc42 in T cells, we gen-
erated a mouse strain bearing a conditional deletion of Cdc42 in
the T-cell lineage by cross-breeding Lck-Cre transgenic mice
with previously described Cdc42"*%* mice (27) (Fig. 14). The
effective removal of Cdc42 protein was confirmed by Western
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blot of thymocytes from Cdc42"*f°%; 1.ck-Cre mice (Fig. 1A4).
Ablation of Cdc42 led to a significant reduction in mature CD4™*
and CD8™ T cells in a variety of tissues, including thymus, lymph
nodes, and spleen (Fig. 1B). Analysis of naive and effector/
memory T cells in Cdc42™'~ mice revealed a marked decrease in
naive T cells (CD4*/CD44'°%/CD62L"e" and CD8*/CD44'"/
CD62L"e") and a modest increase in effector/effector mem-
ory T cells (CD4"/CD44"€"/CD62L'Y and CD8*/CD44"e"/
CD62L"Y) (Fig. 1C). These results demonstrate that Cdc42
plays a critical role in maintaining T-cell homeostasis.

Deletion of Cdc42 Results in a Survival Defect. Survival regulation
is pivotal for T-cell homeostasis. Annexin V-staining analysis
revealed that Cdc42-deficient CD4* and CD8™ T cells were more
susceptible to apoptosis than their WT counterparts (Fig. 24).
Consistent with these data, we found that Cde42~~ T cells were
largely unresponsive to IL-7-induced survival, unlike WT T cells
(Fig. 2B). These results suggest that one way Cdc42 maintains
T-cell homeostasis is by promoting T-cell survival.

The impaired IL-7-mediated survival of mutant T cells was as-
sociated with significantly reduced expression of IL-7Ra mRNA
and protein (Fig. 2C). A major negative regulator of IL-7Ra ex-
pression in T cells is Gfi-1 (28, 29). Previously we observed a sig-
nificant increase of Gfi-1 expression in Cdc42~/~ hematopoietic
progenitor cells (27), leading us to investigate whether increased
Gfi-1 expression might explain decreased IL-7Ra expression in
Cdc427~ T cells. Significantly, we found that Cdc42™/~ T cells
had a roughly threefold increase in Gfi-1 mRNA (Fig. 2D).

ATG X
—

; 0
Flox allele —>— - — @ O&?
(Cdc42!0XP) loxp™  Exon2 loxp
- Cdc42
+ -
Lok-Cre a—w— Beta-actin
Knockout aJIe\e »—
(Cdc42”)
= owt
—~ owt -~ owr < owT n A
B 512 lCchZ‘/'* "o 3 mCdo2 ™ % 8 ECdod2- 2 B MCdcaz
10 25 P a4
2 g 56 ]
g® £t 2 23
2 Z15 4 3
Fa £ s @
£ = g 22 =,
<, £ 1 - € <
« 240 =2 s 29 P
2, K] = £ 8
co e 30 o g 13}
3 [}
> %7 QD 2 Qe Qe
C
<
o
=
2
[
@
5
&
=
@
3
oo

Fig. 1. Deletion of Cdc42 causes a defect in T-cell homeostasis. (A) Gener-
ation of Cdc427'~ T cells. The loxP/Cre-mediated gene-targeting strategy was
used to generate the Cdc42 gene-deleted allele (Cdc427) in T cells. Expres-
sion of Cdc42 in thymocytes was analyzed by anti-Cdc42 Western blotting.
The level of p-actin was blotted in parallel as a loading control. (B) Cdc42
deficiency causes a loss of mature T cells. Single-cell suspensions from thy-
mus, lymph nodes, and spleen were immunostained with anti-CD4, anti-CD8,
and/or anti-TCRpP antibodies. Numbers of T cells are shown. (C) Cdc42 de-
ficiency leads to a loss of naive T cells. The splenocytes were stained for naive
and effector (eff) or effector memory (eff mem) T cells with a combination
of anti-CD4, anti-CD8, anti-CD44, and anti-CD62L antibodies. The numbers
of naive and effector or effector memory T cells are shown. Data are shown
as means + SD; n=5.In Band C, **P < 0.01; *P < 0.05.
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Fig. 2. Cdc42-deficient T cells display impaired cell survival. (A) Cdc42 de-
ficiency causes increased apoptosis. Freshly isolated splenocytes were stained
with anti-CD4, anti-CD8, anti-CD62L and anti-CD44 antibodies followed by
staining with Annexin V. Naive T cells were gated and analyzed for Annexin
V staining by flow cytometry. Data are represented as means + SD; n = 7.
**P < 0.01. (B) Cdc42-deficient T cells gain resistance to IL-7-mediated T-cell
survival. Splenocytes were cultured with different doses of IL-7 (0, 0.0313,
0.0625, 0.125, and 0.25 ng/mL) for 36 h and stained with anti-CD4, anti-CD8,
and anti-TCRp antibodies followed by staining with Annexin-V, and analyzed
by flow cytometry. The results are shown as % inhibition of death by IL-7.
Data are shown as means + SD; n = 5. *P < 0.05; **P < 0.01. (C) Cdc42 de-
ficiency leads to down-regulation of IL-7R expression. Splenocytes were
stained with anti-CD4, anti-CD8, anti-CD62L, anti-CD44, and anti-IL-7R anti-
bodies. Naive T cells were gated and analyzed for IL-7R expression by flow
cytometry (Left). Data are shown as means + SD; n = 5. **P < 0.01. Alter-
natively, naive T cells were purified from splenocytes and subjected to
quantitative RT-PCR analysis of IL-7R mRNA. The expression of the GAPDH
gene was used to normalize samples, and the relative fold expression is
shown (Right). Data are shown as means + SD; n = 3. **P < 0.01. (D) Cdc42
deficiency causes up-regulation of Gfi-1 expression. Naive T cells were pu-
rified from splenocytes and subjected to quantitative RT-PCR analysis of
Gfi-1 mRNA. The expression of the GAPDH gene was used to normalize sam-
ples, and the relative fold expression is shown. Data are shown as means +
SD; n = 3. **P < 0.01. (E) Cdc42 deficiency results in defective Stat5 activa-
tion. Splenocytes were left unstimulated or were stimulated with IL-7 for
30 min, stained with anti-CD4, anti-CD62L, and anti-CD44 antibodies, fixed,
permeabilized, and stained with anti-phosphorylated Stat5 (anti-pStat) an-
tibody. The naive cells were gated and analyzed for pStat5 by flow cytom-
etry. Representative results from five mice are shown.

Further analysis of IL-7R signaling revealed that IL-7-induced
Stat5 activation was compromised in Cdc42~~ naive T cells (Fig.
2F). These results indicate that Cdc42 serves as a positive regulator
of both IL-7Ra expression and IL-7Ra signaling. To determine
whether IL-7 could stimulate Cdc42 activity directly, we added IL-7
to isolated WT T cells and assessed Cdc42 activation. Surprisingly
Cdc42 activity was not detectably altered in response to IL-7
stimulation at various time points, whereas Cdc42 was activated
upon TCR engagement (used as a positive control) (Fig. S1). Thus,
our data suggest a regulatory circuit in which Cdc42 promotes T-
cell survival by repressing Gfi-1 expression, and this repression, in
turn promotes appropriate IL-7Ra expression. Nonetheless, Cdc42
is not an immediate transducer of IL-7 signaling per se.
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Cdc42 Deficiency Leads to T-Cell Hyperproliferation and Activation.
Because effector/memory T-cell numbers were increased in
Cdc427~ mice, and previous studies have suggested that Cdc42
has arole in TCR-mediated signal transduction, we next examined
TCR signaling in Cdc42-deficient T cells. Compared with WT
controls, Cdc427'~ naive T cells displayed higher TCR-induced
proliferation activity (Fig. 34) and had increased production of
IL-2 (Fig. 3B). Accordingly, we found that the T-cell activation
marker CD69 was significantly up-regulated in Cdc427'~ T cells
(Fig. 3C). Moreover, in vivo BrdU labeling studies revealed in-
creased cell-cycle progression into S phase in Cdc42~'~ naive T
cells (Fig. 3D). Therefore, depletion of Cdc42 induces T-cell ac-
tivation. Consistent with the literature that T-cell activation
induces cell death (1), Cdc42 deficiency caused more naive T-cell
death upon TCR restimulation (Fig.S2). Taken together, these
data suggest that Cdc42 plays an inhibitory role in naive T-cell
proliferation and activation and thus controls the magnitude of
TCR signal transduction.

It is possible that the lymphopenic environment in Cdc427/~
mice contributes to the augmented proliferative renewal of
Cdc427'~ T cells. We tested this possibility by adoptive transfer of
carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled
Cdc427~ and WT T cells into immunodeficient recombination
activating gene 2 double-knockout (Rag2~'~) mice, followed by
tracking of T-cell division in the recipient mice (Fig. S3): Thirty-
seven percent of WT CD4* T cells and 56% of WT CD8* T cells
underwent more than four and more than five divisions, re-
spectively; in contrast, 69% of Cdc42~'~ CD4™ T cells and 82% of
Cdc427~ CD8™* T cells divided more than four and more than five
times, respectively. Thus, Cdc42~~ T cells undergo homeostatic
proliferation. Together with the observed elevation of CD69 ex-
pression that is not induced by homeostatic proliferation (30),
these results suggest that the increased cell-cycle S-phase pro-
gression in Cdc42~~ naive T cells is attributable to both cell-
intrinsic hyperactivation and homeostatic proliferation.

Naive T-cell hyperactivation in Cdc42'~ mice probably is
a causal factor for the increased number of effector/memory T

o

=100
A Bz
2 s i
T g 5 60
b} B
»09) 4 32 40
2 7 &
3 o
x 0 = 0
Anti-CD3 (ug/ml) Anti-CD3 (ug/ml)
_ owT
C ®a0 . OWT D 40 * mCdcs2”
%.. |®Cdea2”" =
§25 E 30
=20 2
Q © 20
215 e
[}
=10 5 *
°
s3]}

o

[®) [®)
sy Vsx Og Ox

Fig. 3. Cdc42 deletion leads to T-cell hyperproliferation and hyper-
activation. (A and B) Depletion of Cdc42 causes hyperproliferation in vitro.
Purified splenic naive T cells were cultured with or without the indicated
dosage of plate-bound anti-CD3 antibody together with 2 ug/mL anti-CD28
antibody. Culture supernatant was collected for analysis of IL-2 by ELISA at
day 1 (B). The cells were cultured for another 48 h and assessed for cell
growth rate as described in the text. The data were normalized to that of
WT T cells in the absence of anti-CD3 and anti-CD28 antibodies (A). (C) Cdc42
depletion up-regulates the T-cell activation marker CD69. Splenocytes were
stained with anti-CD4, anti-CD8, anti-TCRp, and anti-CD69 antibodies. CD69
expression in T cells was analyzed by flow cytometry. (D) Cdc42 deficiency
results in accelerated cell proliferation in vivo. Cdc42-deficient and WT Mice
were injected i.p. with BrdU. Splenocytes were isolated 12 h later and ana-
lyzed for BrdU incorporation in CD4* and CD8" naive T cells. Data are shown
as means + SD; n = 5. *P < 0.05; **P < 0.01.
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cells in mutant mice. To demonstrate functional significance of
these findings, we inoculated Cdc427"~ and control mice with lym-
phocytic choriomeningitis virus (LCMV) and assessed memory-
cell proliferative potential upon in vitro restimulation with
LCMV epitopic peptides. We found that LCMV-specific Cdc42-
deficient memory T cells proliferated faster than WT memory
T cells (Fig. S4), suggesting that Cdc42 negatively regulates
memory T-cell proliferation.

ERK Activation Is Necessary for Cdc42 Deficiency-Induced T-Cell
Hyperactivation. T-cell activation phenotypes, including pro-
liferation, IL-2 production, and CD69 expression, are known to be
regulated by p44/p42 ERK MAP kinase (31, 32). Indeed, immu-
noblotting of phosphorylated ERK found that ERK was consti-
tutively activated in Cdc427~ T cells (Fig. 44). However, the
augmented activity of ERK in Cdc42™~ T cells may be a result of
increased numbers of effector/memory T cells in mutant mice and
thus may not reflect the ERK activation status in Cdc42~'~ naive
T cells. To this end, we carried out flow cytometry analysis of
ERK phosphorylation in naive T-cell compartments and were able
to show that ERK activity was significantly higher in Cdc42™"~
naive T cells (Fig. 44). More importantly, culture of Cdc42™'~
naive T cells in vitro with ERK inhibitor U0126 reversed both
hyperproliferation and overproduction of IL-2 (Fig. 4 B and C),
indicating that elevated ERK activity is required for the hyper-
activation of Cdc42~'~ T cells. In an investigation of the molecu-
lar mechanisms underlying ERK activation in Cdc427~ T cells, we
did not detect changes in activities of c-Raf and MAP kinase-
ERK kinase (MEK) that act sequentially as activators of ERK
(Fig. S5). Nonetheless, we found that ERK activation induced by
TCR engagement was sustained in the absence of Cdc42 (Fig. S6).
Moreover, in a measurement of JNK activity in Cdc427~ T cells,
we found that although JNK activation was maintained in WT
T cells at 50 min of TCR stimulation, it was diminished in Cdc427~/~
T cells, inversely correlating with prolonged activation of ERK.
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Fig. 4. (A) Cdc42 deficiency leads to ERK activation. Pan T cells were puri-
fied from spleen and subjected to anti-phosphorylated ERK (anti-pERK)
Western blotting. Total ERK also was blotted as loading control. Data shown
are representative of three independent experiments (Left). Alternatively,
splenocytes were stained with anti-CD4, anti-CD62L, and anti-CD44 anti-
bodies, fixed, permeabilized, and stained with anti-pERK. The naive cells
were gated and analyzed for pERK by flow cytometry (Right). Data shown
are representative of five mice. (B and C) ERK activation is required for loss
of Cdc42-induced T-cell hyperproliferation. Naive T cells were purified and
cultured with or without the ERK inhibitor U0126 in the presence or absence
of 10 pg/mL plate-bound anti-CD3 and 2 pg/mL anti-CD28 antibodies. The
cell growth rate (B) and IL-2 production (C) were assayed. Data are shown as
means + SD; n =5. **P < 0.01; *P < 0.05.
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Given that JNK may negatively regulate ERK activation (33),
our data raise the possibility that Cdc42 suppresses ERK activity by
promoting JNK activation.

PAK1, but Not WASP, IQGAP, or Par6, Is both Required and Sufficient
for Cdc42-Mediated T-Cell Homeostasis. Cdc42 regulates cellular
functions through direct binding and activation of its immediate
effectors such as PAK1, IQGAP, WASP, and Par6 (10). We
found that activation of PAK1, WASP, and GSK3p was signifi-
cantly reduced in Cdc42”~ T cells (Fig. 54), suggesting that
PAK1, WASP, and/or Par6 (a regulator of GSK3p) could be
involved in Cdc42-maintained T-cell homeostasis. To test this
possibility, we used Cdc42 effector-binding mutants that are
defective for binding to PAK (Cdc42D38A), or WASP and Par6
(Cdc421173A/L174A). We also included the mutant Cdc42D63H
that is defective for binding to IQGAP (21) (Fig. 5B and Fig.
S7A4). WT Cdc42 (Cdc42WT) or Cdc42 effector-binding mutants
were introduced into Cdc42~~ T cells by adaptive bone marrow
transplantation following retrovirus-mediated transduction into
the Cdc42"¥f0%. 1 ck-Cre bone marrow cells. Expression of ex-
ogenous HA-tagged Cdc42 mutants and Cdc42WT and deletion
of endogenous Cdc42 were confirmed by immunoblotting the thy-
mocytes isolated from the transplant-recipient mice (Fig. S7B).
Flow cytometry analysis of splenic T cells from these chimeric mice
revealed that reconstitution of Cdc42™~ T cells with Cdc42WT,
Cdc42D63H, or Cdc421173A/L174A could rescue T-cell homeo-
stasis (Fig. 5C), survival (Fig. 5D), IL-7R expression (Fig. 5E),
and normal activation (Fig. 5F). In contrast, Cdc42D38A was
ineffective in rescuing these T-cell defects (Fig. 5 C—F). These
data suggest that the PAK1 pathway, but not IQGAP, Par6, or
WASP, is necessary for Cdc42-mediated T-cell homeostasis,
survival, and activation.

To confirm a sufficient role of PAKI activity in Cdc42-medi-
ated T-cell homeostatic phenotypes, we reconstituted Cdc427/~
T cells with constitutively active PAK1 mutant. We found that
T-cell homeostasis, survival, IL-7R expression, and normal T-cell
activation were mostly restored in the PAK1 mutant-recon-
stituted Cdc427~/~ T cells (Fig. 6 A-D). Moreover, PAK1 restored
normal Gfi-1 expression (Fig. 6E) and ERK activity (Fig. 6F).
Taken together, these results demonstrate that PAKI1 plays
a central role in the regulation of Cdc42-mediated T-cell ho-
meostatic phenotypes through its action on Gfi-1 and ERK.

Discussion

Mostly by overexpression of the constitutively active or dominant
negative mutants in clonal cell lines, Cdc42 has been shown to
regulate positively cytoskeleton reorganization, cell migration,
proliferation, and survival (9, 10). This approach is hampered by
its nonspecific nature (34). Indeed, distinct cell functions of
Cdc42 have been observed in studies of Cdc42 knockout mouse
models. For example, contrary to the prevailing view that Cdc42
promotes cell growth and survival, hematopoietic stem cells
(HSCs) and HSC-derived myeloid cells deficient in Cdc42 exhibit
hyperproliferative properties, and Cdc42-deficient HSCs do not
display survival defects, whereas Cdc42-deficient myeloid cells
show enhanced survival (27, 35). Further, a study of Cdc42-
deficient fibroblastoid cells suggests that Cdc42 is not required
for filopodia formation, directed migration, or mitosis (36). In
lymphocytes, we found that Cdc42 deficiency did not affect mi-
gration of B cells (37). Thus, the physiologic role of Cdc42 in
T lymphocytes may be revealed in the context of T cell-specific
signaling only by a genetic means.

In this study, we examined the role of Cdc42 in T-cell ho-
meostasis by targeting Cdc42 in the T-cell lineage. We show that
disruption of Cdc42 causes a significant loss of T cells, particu-
larly naive T cells. The impaired T-cell homeostasis in Cdc427/~
mice is caused by dampened T-cell survival and enhanced T-cell
activation and proliferation. These phenotypes are the specific
effects of Cdc42 deletion, because they are fully rescued by re-
constitution of Cdc42. Our in vivo analyses reveal that Cdc42
maintains T-cell homeostasis by promoting IL-7R signaling and
by controlling the strength of TCR signaling through its effector
PAKI. As such, our results suggest a model in which IL-7R-
mediated T-cell survival and TCR signaling, two of the major
mechanisms by which T-cell homeostasis is maintained, are in-
tegrated through the physiological level of Cdc42 activity. The
role of Cdc42 in T-cell homeostasis is reminiscent of that of Racl
and Rac2, two closely related Rho family members, because
deletion of Racl/Rac2 also leads to a marked reduction in T-cell
numbers (38). Further, because Cdc42 deficiency mimics Racl/
Rac2 deficiency, resulting in increased T-cell apoptosis (38), it
appears that Cdc42 plays a role similar to that of Racl and Rac2
in T-cell survival. However, the role of Cdc42 in T-cell activation
is clearly distinct from and in contrast with that of Racl/Rac2,
because T-cell proliferation is essentially impaired in Racl/Rac2-
deficient T cells (38).

IL-7 is a central mediator of T-cell survival and homeostatic
maintenance of peripheral T cells (2, 3). We found that Cdc42
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Fig. 6. PAK1 is essential for Cdc42-mediated T-cell homeostasis. (A-D) Re-

constitution of constitutively active PAK1 into Cdc42™'~ T cells restores T-cell
homeostasis. Bone marrow chimeric mice expressing constitutively active
PAK1 were generated much as described in Fig. 5. Two months after
transplantation, splenocytes were isolated and analyzed for frequency (A),
apoptosis (B), IL-7R expression (C), and activation status (D) of CD42* donor
naive T cells. (D) PAK1 restores normal Gfi-1 expression. Donor pan T cells
were purified from spleens of chimeric mice and subjected to quantitative
RT-PCR analysis of mRNA of Gfi-1. The expression of the GAPDH gene was
used to normalize samples, and the relative fold expression is shown. Data
are shown as means + SD; n = 3. *P < 0.05; **P < 0.01. (E) PAK1 restores
normal ERK activation. Donor pan T cells were purified from spleens of
chimeric mice and subjected to anti-pERK Western blotting. Total ERK also
was blotted as loading control.

plays an important role in T-cell responsiveness to IL-7 through
promoting IL-7R expression and IL-7-mediated Stat5 activation.
Because IL-2 suppresses IL-7Ra expression (39), the increase of
TCR-stimulated and ERK-mediated IL-2 production might
explain the decreased expression of IL-7R in Cdc42-deficient
T cells. With the appreciation that Gfi-1 represses IL-7R ex-
pression and regulates 1L-2 51gna11ng (28, 29) our data showing
an increased expressmn of Gfi-1 in Cdc42™~ T cells suggest
a regulatory circuit in which Cdc42 negatively regulates ERK
activation and thus IL-2 production in the course of TCR sig-
naling transduction, which in turn suppresses Gfi-1 expression
and hence maintains a steady level of IL-7R expression. However,
given that IL-7 could down-regulate IL-7R through Gfi-1(29), the
decreased expression of IL-7R in Cdc42™~ T cells may be an
effect of elevated availability of IL-7 resulting from lymphopenia
(40) caused by Cdc42 deficiency. Cdc42 deficiency causes a drastic
increase in T-cell apoptosis but only a modest decrease in IL-7R
expression, suggesting that the induction of IL-7R expression is an
important but perhaps not exclusive pathway underlying Cdc42-
mediated T-cell survival. Given that TCR restimulation-induced
apoptosis is increased in Cdc42™'~ T cells and that the Fas/Fas
ligand (FasL) pathway plays a major role in TCR restimulation-
induced apoptosis (1), Cdc42 also might regulate T-cell survival
through control of Fas/FasL pathway.

Cdc42 deficiency leads to a hyperresponsiveness of T cells to
TCR ligation manifested by enhanced T-cell proliferation. We
attribute this hyperresponsiveness to an increased activation of
ERK: Inhibition of the hyperactive ERK activity by a pharma-
cologlc 1nh1b1tor readily reverses the hyperproliferative pheno-
type in Cdc427'~ T cells. The augmented activation of ERK in
Cdc427~ T cells is contradictory to observations in other cell
types, suggesting that Cdc42 is a positive regulator of ERK ac-
tivity (41, 42). Our data suggest that Cdc42 negatively regulates
ERK activation in T cells, possibly by stimulating JNK activity.
Although Raf and MEK1 have been shown to mediate ERK
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activation by Cdc42 (43, 44), we did not ﬁnd significant alter-
ations in Raf and MEKI1 activities in Cdc427~/~ T cells, suggesting
that Cdc42 inhibition of ERK activation is 1ndependent of Raf
and MEKI1. In addition to the impact on JNK, Cdc42 also may
suppress ERK activation through other mechanisms: (i) by up-
regulation of negative regulators of T-cell activation such as
cytotoxic T lymphocyte-associated protein 4 (CTLA-4), IkB, and
suppressor of cytokine signaling 1 (Socsl) (45) and/or (ii) by
activating LAT adaptor, removal of which recently was shown to
cause a lymphoproliferative phenotype (46).

Our data show that Cdc42-deficient T cells undergo both in-
trinsic hyperproliferation and homeostatic proliferation. Because
homeostatic proliferation gives rise to effector/effector memory
T cells without up-regulation of T-cell activation marker CD69
(30), a combined effect of homeostatic proliferation and T-cell
intrinsic hyperproliferation/hyperactivation may account for the
observed increase of effector/effector memory T cells in Cdc42
knockout mice. Intriguingly, LCMV-specific Cdc42~~ memory T
cells are hyperproliferative to LCMV epitopic peptide restim-
ulation, suggesting an antagonistic role of Cdc42 in memory cell-
mediated immune responses.

PAK1, WASP, and Par6, three immediate effectors of Cdc42,
have been shown to play a role in immunological synapse for-
mation and/or T-cell activation (47-49). We found that the ac-
tivities of these three effectors were impaired in Cdc42-deficient
T cells, suggesting that they may be involved in Cdc42-regulated
T-cell functions. However, by reconstituting effector-binding—
defective mutants of Cdc42 and active PAK1 mutants into
Cdc427"~ T cells, we found that only PAK1 is necessary and suf-
ficient for the Cdc42 mediated T-cell homeostatic phenotypes.
Although WASP™~ mice also are lymphopenic (49), our data sug-
gest that Cdc42 maintains T-cell homeostasis through a WASP-
independent mechanism. It is possible that N-WASP compen-
sates for WASP in Cdc42-maintained T-cell homeostasis, given
that WASP and N-WASP play redundant roles in T-cell de-
velopment (50). In view of the published literature on WASP and
Par6, our study suggests that WASP and Par6 may regulate T-cell
functions independently of Cdc42. In support of this notion, it has
been shown that Cdc42 activation is not required for WASP re-
cruitment to the T-cell-antigen-presenting cell contact site (51).

In summary, we identified Cdc4?2 as an essential coordinator of
TCR signaling and cytokine signaling in the maintenance of T-cell
homeostasis. Loss of Cdc42 in naive T cells leads to T-cell hyper-
activation by promoting ERK activation and down-regulates
IL-7R expression by up-regulating Gfi-1 expression. Further, we
dissected in vivo Cdc42 effector pathways in T-cell homeostasis by
using Cdc42 effector-binding—defective mutants and show that
PAK1, but not WASP, IQGAP, or Par6, is necessary and suffi-
cient to maintain T-cell homeostasis through promoting T-cell
survival and repressing T-cell hyperactivation downstream of
Cdc42. Further understanding of the role of Cdc42 in T-cell bi-
ology could provide important insights into the mechanisms of
immunodeficiency and lymphoproliferative disorders.

Materials and Methods

Phenotypic Characterization of T Cells by Cell-Surface Staining. Single-cell
suspensions were prepared from thymus, spleen, and lymph nodes. Cells were
incubated for 20 min at room temperature with various combinations of the
following cell-surface marker antibodies: anti-CD4, anti-CD8, anti-CD69, anti-
TCRB (H57-597), anti-CD44, anti-CD62L, and anti-IL-7R (BD Biosciences).
Immunolabeled cells were analyzed by flow cytometry on a FACSCanto
system using FACSDiVa software (BD Biosciences).

Cell Apoptosis Analysis. Freshly isolated splenocytes or splenocytes cultured
at 37 °C with IL-7 (R&D Systems) were incubated with anti-CD4, anti-CD8,
anti-CD44, anti-CD62L, and/or anti-TCRp antibodies for 20 min. Cells were
washed, incubated with Annexin V (BD Biosciences) for 20 min, and then
analyzed by flow cytometry.

Gene-Expression Analysis. RNA was isolated from purified splenic T cells using

the RNeasy Micro Kit (Qiagen) and converted to ¢DNA using a High Capacity
cDNA Reverse Transcription Kit (ABI). Real-time PCR was performed with a
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Tagman system on a 7900HT Real-Time machine (ABI). The primer sequences
for amplification of IL-7Rax cDNA were AGCAACTGGACGCATGTATCTTTAT
(forward primer) and GGGAATGGATCGGACTTTGATTTCA (reverse primer).
The Tagman primer/probe sets for Gfi1 were Mm00515853_m1. Data were
analyzed using SDS 2.3 software (ABI) and were normalized to GAPDH.

Flow Cytometry Analysis of STAT5 and ERK Activation. Isolated splenocytes
were stimulated (or not) with 80 ng/mL IL-7 at 37 °C for 30 min. Cells were im-
munolabeled with anti-CD4, anti-CD8, anti-CD44, and anti-CD62L antibodies
and then were fixed, permeabilized with methanol, stained with anti-phospho
Stat5 or anti-phospho ERK antibody (BD Biosciences), and analyzed by flow
cytometry.

In Vitro Proliferation and IL-2 Production. Naive T cells from spleen were
purified by FACS of TCRp*/CD62LM9"/CD44'°" cells. Naive T cells (5 x 10°)
were added to culture plates coated (or not) with various doses of anti-
CD3 antibody (BD Biosciences) and 2 pg/mL anti-CD28 in the presence or
absence of the ERK inhibitor U0126 (Sigma) and were cultured for 24 h.
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protocol (BD Biosciences). Immunolabeled cells then were analyzed by
flow cytometry.
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