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Abstract

Many inflammatory diseases are not curable, necessitating a better understanding of their pathobiology that
may help identify novel biological targets. RhoA and Cdc42 of Rho family small GTPases regulate a variety of
cellular functions such as actin cytoskeletal organization, cell adhesion, migration, proliferation, and survival.
Recent characterization of mouse models of conditional gene knockout of RhoA and Cdc42 has revealed their
physiological and cell type-specific roles in a number of cell types. In T lymphocytes, which play an important
role in the pathogenesis of most, if not all, of the inflammatory diseases, we and others have investigated the
effects of T cell-specific knockout of RhoA and Cdc42 on T cell development in the thymus, peripheral T cell
homeostasis, activation, and differentiation to effector and regulatory T cells, and on T cell-mediated allergic
airway inflammation and colitis. Here we highlight the phenotypes resulting from RhoA and Cdc42 deletion in
T cells and discuss whether pharmacological targeting of RhoA and Cdc42 is feasible in treating asthma that is
driven by allergic airway inflammation and colitis.
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Introduction overexpression of the dominant mutants suggests that
RhoA plays a role in thymocyte adhesion, thymic egress,
and T cell polarization.’?>?” Furthermore, similar to dom-
inant negative mutant approach, inactivation of RhoA
by C3 transferase in transgenic mice causes a blockade
in thymocyte development.'®® Likewise, Cdc42 plays a
role in thymocyte development, T cell actin and tubulin
cytoskeleton polarization, and T cell migration.?®-?*> How-

RhoA and Cdc42 belong to the Rho family small GTPases
of the Ras superfamily. Like other Rho GTPases, RhoA and
Cdc42 cycle between GTP-bound active and GDP-bound
inactive states.m? In their active form, RhoA and Cdc42
bind to and activate a number of immediate downstream
effector molecules (e.g. ROCK of RhoA effectors, PAK1

of Cdc4?2 effectors).® Overexpression of dominant active ever, these functions of RhoA and Cdc42 are perplexed
or negative mutants of RhoA and Cdc42 has revealed a by the nonspecific nature of the dominant mutants or
role for RhoA and Cde42 in modulating actin cytoskele- o3 ¢rangferase that may affect other Rho GTPases.?*? In
ton organization, cell adhesion, migration, prolifera-

) ) X this context, distinct and cell type-specific functions of
tion, and survival.*! For example, in T lymphocytes,

RhoA have been uncovered using RhoA knockout mice.
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For example, in contrast to the prevailing view that RhoA
is critical for actin cytoskeleton rearrangement and cell
adhesion, RhoA deficiency in primary mouse embryonic
fibroblasts does not alter actin stress fiber and focal
adhesion complex formation.?” Therefore, the physio-
logic and selective role of RhoA and Cdc42 can only be
revealed by a genetic approach.

In this brief review, we summarize recent progress in
characterizing mouse models of gene knockout of RhoA
and Cdc42 in T cells and discuss whether RhoA and
Cdc42 are targetable in T cell-mediated inflammatory
diseases.

RhoA and Cdc42 in thymocyte
development

Thymocyte development proceeds sequentially from
CD4 CD8" double-negative (DN), CD4"CD8" double-
positive (DP), to CD4" or CD8" single-positive (SP). The
differentiation of DN thymocytes to DP cells is contingent
on the rearrangement of T cell receptor (TCR) B gene,
namely V(D)J] recombination, and g-selection, a process
in which DN thymocytes successfully expressing rear-
ranged TCRp are rescued from cell death and allowed to
proliferate and differentiate to DP cells. The differentia-
tion of DP cells to SP cells relies on positive selection, a
process in which DP thymocytes expressing TCRa S of low
affinity to self-peptide/MHC complexes are instructed to
mature to SP cells.?0:3!

By deletion of RhoA gene starting from DN thymo-
cytes, we and others have found that RhoA is impor-
tant for thymocyte development.?®:32 Mechanistically,
RhoA promotes B-selection and positive selection. g-
selection and positive selection are accompanied by thy-
mocyte survival and proliferation. We have shown that
RhoA is essential for thymocyte survival and prolifera-
tion likely through restraining reactive oxygen species
(ROS) production to maintain ATP levels in thymo-
cytes.’® Interestingly, while we found that RhoA defi-
ciency decreased CD4* SP thymocytes,*® Lopez-Posadas
et al. found that deletion of RhoA starting from DP thy-
mocytes increased CD4* SP thymocytes,®® suggesting a
developmental stage-specific role of RhoA in thymocyte
development. By deletion of Cdc42 gene starting from
DN thymocytes, we have found that Cdc42 is required
for thymocyte development by promoting positive selec-
tion. Mechanistically, Cdc42 facilitates thymocyte prolif-
eration, survival, and migration.?! In contrast to the well-
recognized role of Cdc42 in the regulation of cell adhe-
sion,* Cdc42 is not important for thymocyte adhesion,
indicating that the role of Cdc42 in cell adhesion is cell
type-dependent.®!

RhoA and Cdc42 in T cell homeostasis
and activation

After maturation in the thymus, CD4" or CD8" SP
thymocytes migrate to the periphery, where they are

maintained as resting, naive T cells. Naive T cells are
maintained mainly by IL-7-mediated T cell survival.®*
Upon antigen recognition, naive T cells become activated
and expanded.?®

We and others found that RhoA deletion caused a
reduction in naive T cell numbers and impaired T cell
activation and expansion,3?:333 suggesting that RhoA is
required for T cell homeostasis, activation, and prolifer-
ation. Mitochondrial metabolism is important for T cell
activation.*® We found that RhoA deficiency dampened
oxidative phosphorylation and glycolysis in activated T
cells,® suggesting that RhoA promotes T cell activa-
tion through regulating mitochondrial function. Cdc42
deficiency mimicked RhoA deficiency in reducing T cell
numbers, attributable to a defect in IL-7-mediated sur-
vival signaling.3* Interestingly, unlike RhoA deficiency
that attenuated T cell activation and expansion, deple-
tion of Cdc42 enhanced T cell activation and expansion.®*
Therefore, Cdc42 functions to maintain T cell homeosta-
sis and limit T cell activation and proliferation. Cdc42
may do so through its immediate downstream effector
PAK1.3*

RhoA and Cdc42 in effector and regulatory
T cell differentiation

Upon activation and expansion, naive T cells differen-
tiate to either effector T cells or induced regulatory T
(iTreg) cells. CD4* naive T cells can differentiate to sev-
eral types of effector T helper (Th) cells, among which
Th1, Th2 and Th17 cells have been well studied. Matura-
tion of Th1, Th2 and Th17 cells requires discrete cytokine
signals. Thl cell differentiation requires IFN-y-elicited
STAT1 and IL-12-triggered STAT4 signaling cascades, Th2
cell differentiation requires IL-4-mediated STAT6 signal-
ing pathway, and Th17 cell differentiation requires IL-6-
mediated STAT3.® The cytokine signaling in Th1 cells
promotes expression and/or DNA binding of transcrip-
tion factor T-bet, leading to the synthesis of Th1 signa-
ture cytokines including IFN-y and TNF-«. The cytokine
signaling in Th2 cells promotes expression and/or DNA
binding of transcription factor GATA3, leading to the
synthesis of Th2 signature cytokines such as IL-4, IL-
5, and IL-13. The cytokine signaling in Th17 cells pro-
motes expression and/or DNA binding of transcription
factor RORyt, leading to the synthesis of Th17 signature
cytokines such as IL-17A, IL17F, and IL-21.%-3° CD4* naive
T cells can also differentiate to iTreg cells, which requires
TGF-B-induced expression of SMAD proteins. SMAD pro-
teins in turn promote the expression of transcription fac-
tor Foxp3 that is shared by naturally occurring regulatory
T (nTreg) cells derived from DP thymocytes.*

We found that RhoA deficiency led to reduced Th2
and Th17 cell differentiation, as evidenced by decreased
expression of Th2 and Th17 cell signature cytokines and
transcription factors. RhoA deficiency had no effect on
Th1, iTreg, and nTreg cell differentiation.?>*! These find-
ings suggest that RhoA is critical for the differentiation
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of Th2 and Th17, but not Th1, iTreg, and nTreg cells. Gly-
colysis is important for effector T cell differentiation.*?43
We have found that RhoA promotes Th2 cell differentia-
tion via induction of glycolysis.?®> We have further shown
that glycolysis upregulates IL-4R and GATA3 to impact
on RhoA-mediated Th2 cell differentiation.3> Moreover,
it appears that RhoA regulates Th2 cell differentiation
through its immediate downstream effector ROCK.3>%*
On the other hand, deletion of Cdc42 starting from DN
thymocytes enhanced Thl and Th1l7 cell differentia-
tion,3*> whereas post-thymic deletion of Cdc42 inhib-
ited Th2 cell differentiation,*® suggesting a developmen-
tal stage-specific role of Cdc42 in regulating Th cell dif-
ferentiation. Deletion of Cdc42 starting from DN thymo-
cytes diminished iTreg cell differentiation and destabi-
lized iTreg cells but seemed not to affect nTreg cell devel-
opment.31% Treg cell-specific deletion of Cdc42 also did
not affect nTreg cell development but decreased periph-
eral nTreg cell numbers and destabilized nTreg cells.*®
Thus, Cdc42 restrains the differentiation of Th1 and Th17
cells but promotes the differentiation of Th2 and iTreg
cells and the homeostasis and stability of nTreg cells.
Mechanistically, Cdc42 restrains Th17 cell differentia-
tion through repression of glycolysis, whereas it pro-
motes iTreg and nTreg cell stability through induction of
glycolysis.

RhoA and Cdc42 in effector T cell- and
Treg cell-mediated inflammatory diseases

Th2 cells help eliminate parasitic organisms, whereas
Th17 cells help eradicate extracellular bacterial and
fungal infections. On the other hand, both Th2 and
Th17 cells promote allergic airway inflammation that
drives the development of asthma, a respiratory dis-
ease that affects more than 300 million people world-
wide. In their regulation of allergic airway inflammation,
Th2 cells promote eosinophilic inflammation, whereas
Th17 cells promote neutrophilic inflammation. Gluco-
corticoids are the most effective and widely used anti-
inflammation drugs for the treatment of asthma. Unfor-
tunately, glucocorticoids show excessive toxicity over
long-term use. Furthermore, around 5-10% of asthma
patients develop severe asthma and are refractory to cur-
rent therapies.”’~*° Therefore, asthma remains an unmet
medical need and understanding of the pathobiology of
asthma is warranted.

We found that RhoA deletion in T cells attenuated
Th2 cell-mediated allergic airway inflammation in an
ovalbumin (OVA)-induced mouse model of asthma. Upon
OVA induction, RhoA~~ mice showed a drastic reduction
in inflammatory cells, particularly eosinophils, in bron-
choalveolar lavage fluids (BALF) and the lungs. Th2 cell
cytokines (e.g. IL-4, IL-5, and IL-13) in BALF and other
mediators of inflammation including Eotaxin, MUC-
SAC and Gob-5 in lung tissue and IgE in serum, were
significantly lower in RhoA-deficient mice compared
with RhoA-proficient mice.*® We further found that
RhoA deletion affected mixed Th2/Th17 cell-mediated

allergic airway inflammation that was induced by house
dust mite (HDM), a more physiologically relevant aller-
gen than OVA. We found that while HDM-treated RhoA-
proficient mice showed robust eosinophils and neu-
trophils in BALF, HDM-treated RhoA-deficient mice had
markedly reduced eosinophils and neutrophils in BALF.
In line with this, lung Th2 and Th17 cells were decreased
in HDM-treated RhoA-deficient mice.*! These findings
suggest that RhoA-regulated Th2 and Th17 cell differen-
tiation are essential for asthma development. Similar to
RhoA deletion, post-thymic deletion of Cdc42 alleviated
OVA-induced allergic airway inflammation,* suggesting
that Cdc42-mediated Th2 cell differentiation is critical
for asthma pathogenesis.

Th17 cells are not only important for asthma devel-
opment but also essential for ulcerative colitis, a wast-
ing disease representing a chronic disabling disor-
der.>%>1 Colitis is currently treated by standard med-
ication including corticosteroids, immunosuppressive
drugs, and anti-TNF« therapies.”?>* However, treatment
failures often occur,” necessitating a better understand-
ing of colitis pathobiology.

Our unpublished data found that RhoA deficiency
in T cells impeded colitis development in a mouse
model of colitis induced by dextran sulfate sodium (DSS).
While RhoA-proficient mice showed massive infiltration
of inflammatory cells into the colon upon DSS treat-
ment, RhoA-deficient mice had no apparent inflamma-
tory cell infiltration. Specifically, Th17 cells were reduced
in the colon of DSS-treated RhoA-deficient mice, sug-
gesting that RhoA-regulated Th17 cell differentiation is
required for colitis development. In contrast to RhoA
deletion, Cdc42 deficiency in T cells led to exacerbated
colitis in both a mouse model of colitis induced by DSS
and that induced by naive T cell transfer into Ragl~/~
mice.*> In both of the mouse models, Cdc42 deficiency
caused an increase in Th17 cells in the colon.** These
findings suggest that Cdc42 in T cells restrains Th17 cell-
mediated colitis.

Treg cells play a central role in maintaining immune
tolerance by inhibition of effector T cell function. Defects
in Treg cell differentiation, homeostasis and stability
may lead to excessive effector T cell responses and con-
comitant autoimmunity.>*>

In keeping with the defective differentiation and sta-
bility, Cdc42-deficient iTreg cells lost their function in
suppressing Th17 cells and Th17 cell-mediated colitis.*®
Consistent with the defective homeostasis and stability,
Cdc42-deficient nTreg cells failed to maintain immune
tolerance, resulting in increased effector T cells and sys-
temic inflammatory disorders in Treg cell-specific Cdc42
knockout mice.* These findings suggest that Cdc42 in
Treg cells acts to maintain immune homeostasis and pre-
vent autoimmune diseases.

Are RhoA and Cdc42 targetable for T
cell-mediated inflammatory diseases?

The inhibition of allergy airway inflammation by genetic
targeting of RhoA and Cdc42 suggests that RhoA and
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Figure 1. Role of RhoA and Cdc42 in thymocyte development and peripheral T cell homeostasis, activation, and differentiation. —: Promotion;

—: Inhibition.

Cdc42 are biologic targets for asthma. In support, a RhoA
chemical inhibitor Y16 ameliorated HDM-induced aller-
gic airway inflammation and a Cdc42 chemical inhibitor
CASIN attenuated both OVA- and HDM-induced allergic
airway inflammation.*>%¢ The inhibitory effects of Y16
and CASIN on allergic airway inflammation were likely
through their effects on Th2 and/or Th17 cell differenti-
ation. As such, 30 uM of Y16 suppressed Th2 and Th17
cell differentiation in vitro and 30 mg/kg of Y16 sup-
pressed Th2 and Th17 cells in a mouse model of allergy
airway inflammation,*! while 10 uM of CASIN inhibited
Th2 cell differentiation in vitro and 30 mg/kg of CASIN
inhibited Th2 cells in a mouse model of allergic airway
inflammation.%® Of note, similar to RhoA deletion, Y16
did not affect Th1 and iTreg cell differentiation.*! Similar
to post-thymic Cdc42 deletion, CASIN did not affect Th1,
Th17, and iTreg cell differentiation.*® The selectivity of
Y16 and CASIN towards Th2 and/or Th17 cells in vitro
and in allergic airway inflammation suggests that RhoA
and Cdc42 are targetable in treating asthma. In further
support, RhoA activity is increased in airway biopsies
of asthma patients,*® indicating that targeting of RhoA
will likely be a viable approach in asthma therapy. In its
suppression of allergic airway inflammation, 30 mg/kg
CASIN did not affect thymocyte development and T
cell homeostasis. Importantly, treatment of post-thymic
Cdc42-deficient mice with 30 mg/kg CASIN did not
further inhibit Cdc42 deficiency-attenuated allergic
airway inflammation,* suggesting that CASIN does not
cause off-target effects. Moreover, in inflammation-
free C57BL/6 mice, 30 mg/kg of CASIN did not cause

autoantibody production, organ damage/systemic
inflammation and weight loss (our unpublished data).
Nonetheless, Y16 and CASIN could potentially affect
other inflammatory cells involved in asthma develop-
ment, for instance, eosinophils and mast cells, as well
as non-inflammatory asthma-mediating lung epithelial
cells and smooth muscle cells. In addition, Y16 and
CASIN may affect cells that are not involved in asthma
pathobiology. Thus, detailed toxicity and pharmacoki-
netic studies of Y16 and CASIN are warranted.

With respect to colitis, our unpublished study found
that RhoA deficiency starting from DN thymocytes atten-
uated DSS-induced colitis, suggesting that targeting of
RhoA may benefit patients with colitis. However, deletion
of RhoA starting from DP thymocytes resulted in spon-
taneous colitis,*® cautioning RhoA targeting for colitis
treatment. Given that Cdc42 deficiency aggravated col-
itis,* a targeting strategy of suppression of Cdc42 will
likely be detrimental for patients with colitis, while a
Cdc42 activator may be beneficial.

Finally, targeting of RhoA may benefit patients with
multiple sclerosis, because RhoA deficiency ameliorated
Th17 cell-mediated neuro-inflammation in experimental
autoimmune encephalo-myelitis (EAE),? a mouse model
of human multiple sclerosis.’

Conclusions

Recent work using conditional gene knockout of RhoA
and Cdc42 in T cells has found that both RhoA and
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Cdc42 are required for thymocyte development and
peripheral T cell homeostasis. RhoA promotes but Cdc42
restrains T cell activation. RhoA does not affect but Cdc42
inhibits Th1 cell differentiation. Both RhoA and Cdc42 are
important for Th2 cell differentiation. In addition, RhoA
promotes but Cdc42 restrains Th17 cell differentiation
(Fig. 1). Consistent with the positive role of RhoA in Th2
and Th17 cell differentiation and of Cdc42 in Th2 cell dif-
ferentiation, RhoA and Cdc42 contribute to the develop-
ment of allergic airway inflammation. The selectivity of
RhoA inhibitor Y16 towards Th2 and Th17 cells and of
Cdc42 inhibitor CASIN towards Th2 cells in vitro and in
vivo implicates that targeting of RhoA and Cdc42 holds
new promise in treatment for patients with asthma.
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