RhoA orchestrates glycolysis for Ty2 cell differentiation
and allergic airway inflammation
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Background: Mitochondrial metabolism is known to be
important for T-cell activation. However, its involvement in
effector T-cell differentiation has just begun to gain attention.
Importantly, how metabolic pathways are integrated with T-cell
activation and effector cell differentiation and function remains
largely unknown.

Objective: We sought to test our hypothesis that RhoA GTPase
orchestrates glycolysis for Ty2 cell differentiation and
Tyx2-mediated allergic airway inflammation.

Methods: Conditional RhoA-deficient mice were generated by
crossing RhoA™" % mice with CD2-Cre transgenic mice.
Effects of RhoA on T2 differentiation were evaluated based on
in vitro Ty2-polarized culture conditions and in vivo in
ovalbumin-induced allergic airway inflammation. Cytokine
levels were measured by using intracellular staining and ELISA.
T-cell metabolism was measured by using the Seahorse XF24
Analyzer and flow cytometry.

Results: Disruption of RhoA inhibited T-cell activation and Ty2
differentiation in vitro and prevented the development of
allergic airway inflammation irn vivo, with no effect on Tyx1 cells.
RhoA deficiency in activated T cells led to multiple defects in
metabolic pathways, such as glycolysis and oxidative
phosphorylation. Importantly, RhoA couples glycolysis to Ty2
cell differentiation and allergic airway inflammation through
regulating IL-4 receptor mRNA expression and Ty2-specific
signaling events. Finally, inhibition of Rho-associated protein
kinase, an immediate downstream effector of RhoA, blocked
Ty2 differentiation and allergic airway inflammation.
Conclusion: RhoA is a key component of the signaling cascades
leading to T2 differentiation and allergic airway inflammation
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at least in part through control of T-cell metabolism and the
Rho-associated protein kinase pathway. (J Allergy Clin
Immunol 2015;mmn:ENE-EEN,)
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Mature T cells are maintained in peripheral lymphoid organs as
resting naive cells with low metabolic activity." Antigen
recognition activates naive T cells, resulting in a drastic increase
in mitochondrial activity (eg, glycolysis), T-cell receptor
signaling transduction, and subsequent clonal expansion and
effector cell differentiationn.’ Naive CD4" T cells can
differentiate into a variety of effector cell subsets, among which
Tyl and T2 cells are best studied.” Ty 1 and Ty2 cells exert their
immune functions through secretion of distinct patterns of
cytokines: Tyl cells mediate cellular immunity against
intracellular pathogens and autoimmunity by producing IFN-v,
whereas Ty2 cells play key roles in humoral immunity and allergy
by secreting IL-4, IL-5, and IL-13.%* Although a role of
metabolic pathways in T-cell activation is well appreciated, their
involvement in effector T-cell differentiation has just begun to
gain attention.'”” Interestingly, a recent publication reveals
that oxidative phosphorylation (OXPHOS) is required for T-cell
activation, whereas aerobic glycolysis is important for effector
acquisition.® How metabolic pathways are integrated with
T-cell activation and effector cell differentiation remains largely
unknown.

Asthma is a form of chronic allergic airway inflammation,
and Ty2 cells play a fundamental role in its pathogenesis. The
molecular mechanisms controlling Ty2 differentiation and
function, especially in vivo, have been the focus of intensive
investigation over the years because of their relevance to
inflammatory diseases for which novel and less toxic therapies
are urgently needed.’

RhoA is an intracellular signal transducer of the Rho family of
small GTPases that cycles between an inactive guanosine
diphosphate-bound form and an active guanosine triphosphate—
bound form under tight regulation.'”'" RhoA has been shown to
modulate actin cytoskeleton organization, cell adhesion,
migration, proliferation, and survival. 2715 In T cells RhoA plays
a role in T-cell polarization, thymocyte adhesion, and thymic
egress.' ' Furthermore, inactivation of RhoA by C3 transferase
in transgenic mice caused thymocyte developmental blocks.”***
However, whether RhoA is important for T-cell metabolism,
activation, and Ty differentiation remains unclear.

In this study, by characterizing T cells deficient for RhoA, we
demonstrate that RhoA is a key mediator of T2 differentiation
and allergic airway inflammation. We found that ablation of
RhoA abrogated OXPHOS and glycolysis in activated T cells.
By combining genetic and pharmacologic approaches, we show
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Abbreviations used
BAL: Bronchoalveolar lavage
BrdU: 5-Bromo-2-deoxyuridine
CD62L: CD62 ligand
2-DG: 2-Deoxy-D-glucose
ECAR: Extracellular acidification rate
IL-4R: IL-4 receptor
mTOR: Mammalian target of rapamycin
mTORC: Mammalian target of rapamycin complex
OCR: Oxygen consumption rate
OVA: Ovalbumin
OXPHOS: Oxidative phosphorylation
ROCK: Rho-associated protein kinase
STAT: Signal transducer and activator of transcription
WT: Wild-type

that RhoA-mediated glycolysis orchestrates T2 cell acquisition
and allergic airway inflammation by regulating signals that
instruct T2 cell differentiation.

METHODS
Mice

RhoA ™% mice were generated, as previously described.”>*® The floxed
allele contains loxP sites flanking exon 3 of the RhoA allele. RhoA™ % mice
were mated with mice expressing Cre recombinase under the control of a CD2
proximal promoter (Jackson Laboratory, Bar Harbor, Me) to delete RhoA
invivo in T cells. Mice used for experiments ranged in age from 5 to 8 weeks.
Animals were housed under specific pathogen-free conditions in the animal
facility at Cincinnati Children’s Hospital Research Foundation in compliance
with the Cincinnati Children’s Hospital Medical Center Animal Care and Use
Committee protocols.

Flow cytometry

Cells were incubated with anti-CD16/CD32 (2.4G2; BD Biosciences, San
Jose, Calif) to block FcyRII/IIl and then stained with various conjugated
antibodies, as indicated. The BD Cytofix/Cytoperm kit (BD Biosciences) was
used for intracellular cytokine staining. 5-Bromo-2-deoxyuridine (BrdU)
incorporation was assayed by using a BrdU Flow kit per manufacturer’s
protocol (BD Biosciences). Apoptosis was evaluated with an Annexin-APC
Flow Kit (BD Biosciences), according to the manufacturer’s instructions.
Stained cells were analyzed by using a FACSCalibur or FACSCanto with
FACSDiva (BD Biosciences) or FCS Express (De Novo Software,
Los Angeles, Calif) software.

T-cell activation and differentiation

Sorted naive T cells (CD62 ligand [CD62L]"CD44'°) were used for T-cell
activation and differentiation. Naive T cells were activated with plate-bound
anti-CD3 (10 pg/mL) plus soluble anti-CD28 (2 pg/mL, BD Biosciences).
For T-cell differentiation, CD4 ™" naive T cells were differentiated into TyO,
Tyl, or T2 cells, as previously reported.”?”*® The culture supernatants
were collected at different times after activation to assess cytokines by means
of ELISA. Where indicated, sodium pyruvate (Gibco, Grand Island, NY),
2-deoxy-D-glucose (2-DG; Sigma-Aldrich, St Louis, Mo), or fasudil (Selleck
Chemicals, Houston, Tex) was added to the culture.

Ovalbumin-induced allergic airway inflammation
Allergic airway inflammation was induced, as described in our previous
reports.””® Briefly, mice were immunized intraperitoneally with 50 pg of
OVA (Grade V, Sigma-Aldrich) in 100 pL (2 mg) of alum (Imject Alum;
Pierce, Pierce, I11) on days 0 and 7. On day 14, mice were challenged 2 times
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(60 minutes each delivered 4 hours apart) with aerosolized 1% OVA dissolved
in PBS with an Omron NE-C25 Nebulizer (Omron Healthcare, Bannockburn,
I11). On day 15, mice were challenged one more time. Control animals were
challenged with PBS. Where indicated, 2-DG or fasudil was injected
intraperitoneally into the mice. Mice were killed 24 hours after the last
challenge. Bronchoalveolar lavage (BAL) fluid was aspirated and centrifuged,
and total cells in the pellet were counted with a hemacytometer. Differential
cell counts on more than 400 cells were performed on cytospin preparations
stained with the Shandon Kwik-Diff Stain Kit (Thermo Scientific, Rockford,
I1). BAL fluid from each mouse was concentrated to 0.5 mL by means of
centrifugation with an Amicon Ultra-4 filter unit (Millipore, Billerica,
Mass) for determination of cytokine levels by using ELISA.

For lung histology, the lower lobe of the right lung was fixed with 4%
paraformaldehyde overnight, dehydrated, embedded in paraffin, cut into 4-pm
sections, and processed for hematoxylin and eosin (H&E) staining.
Lung tissue mRNA was analyzed by using real-time PCR. Serum levels of
various OVA-specific antibodies were measured by means of ELISA
with the use of biotinylated goat anti-mouse IgE (BD Biosciences), IgM,
IgG,, IgG,,, and streptavidin-horseradish peroxidase (Southern Biotech,
Birmingham, Ala).

For adoptive transfer experiments, wild-type (WT) mice were injected
intraperitoneally with 100 pg of OVA in 2 mg of alum. Seven days later, mice
were killed, and splenic CD4™ T cells were isolated and cultured toward Ty;2
cell differentiation for 5 days in the presence of irradiated antigen-presenting
cells and OVA (50 pg/mL). T2 cells (5 X 10° per mouse) were then injected
intravenously into RhoA™1°*CD2-Cre mice (hereafter referred to as RhoA ™~
mice). One day later, the recipient and control mice not receiving donor Ty2
cells were challenged with aerosolized 1% OVA for 60 minutes daily for 4
consecutive days. Three days later, the mice were challenged with aerosolized
1% OVA for 60 minutes daily for another 3 days. The mice were killed 24 hours
after the last challenge and analyzed for allergic airway inflammation.

Metabolic assays

Naive T cells were stimulated with or without plate-bound ant-CD3 and
soluble anti-CD28 overnight or induced for Ty1 or T2 differentiation under
polarized conditions. For measurement of oxygen consumption rate (OCR), an
indicator of OXPHOS, cells were resuspended in XF assay medium (pH 7.4)
containing 2 mmol/L. GlutaMAX (Life Technologies, Grand Island, NY),
1 mmol/L sodium pyruvate, and 25 mmol/L glucose; plated onto Seahorse
Bioscience XF24 cell-culture plates precoated with Cell Tak (BD
Biosciences); and incubated without CO, at 37°C. Respiration was measured
with the Seahorse XF24 Analyzer (Seahorse Biosciences, North Billerica,
Mass). For measurement of extracellular acidification rate (ECAR), an
indicator of aerobic glycolysis, cells were resuspended in assay medium
(pH 7.4, Sigma-Aldrich) containing 2 mmol/L L-glutamine and 2.5 mmol/L
glucose, plated onto XF24 cell-culture plates, and incubated as for OCR.
ECAR was measured by using the Seahorse XF24 Analyzer in the presence
of the glycolysis substrate glucose (10 mmol/L).”’*" For measurements of
reactive oxygen species, numbers of mitochondria, and mitochondrial
membrane potential, cells stained for CD4 and CD8 were incubated with
5 pmol/L 2’,7’-dichlorofluorescin diacetate, 100 nmol/L MitoTracker Green,
and 50 nmol/L DilC-5 (Invitrogen, Carlsbad, Calif), respectively, according to
the manufacturer’s protocols. The cells were then analyzed by means of flow
cytometry.”” For the ATP assay, cells were lysed with a cytosol extraction
buffer (Biovision, Milpitas, Calif) and homogenized, and then ATP levels
were determined by using an ATP Determination Kit (Molecular Probes, Eu-
gene, Ore), according to the manufacturer’s protocol.

RESULTS
RhoA is important for T-cell homeostasis

To determine the physiologic function of RhoA in T cells, we
generated a mouse strain bearing a conditional deletion of RhoA
in T-cell lineage by cross-breeding RhoA™1°* mice with
CD2-Cre transgenic mice. The deletion of RhoA in T cells was
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FIG 1. RhoA deficiency impairs T-cell activation and mitochondrial metabolism. A and B, RhoA deficiency im-
pairs T-cell activation (Fig 1, A) and proliferation (Fig 1, B). Naive T cells were stimulated with anti-CD3/CD28
for2days. BrdU (10 umol/L) was added in the last 20 hours. Surface expression of the T-cell activation markers
CD69 and CD25 (Fig 1, A) and BrdU staining (Fig 1, B) in CD4" and CD8" cells was analyzed by using flow
cytometry. C, RhoA deficiency has no effect on cell apoptosis. Cell apoptosis was detected by using Annexin
V staining and flow cytometry. D-l, RhoA deficiency impairs mitochondrial metabolism in activated T cells.
Naive T cells were stimulated with or without anti-CD3/CD28 overnight, followed by analysis of OCR (Fig 1,
D), ECAR (Fig 1, E), ATP production (Fig 1, F), mitochondrial numbers (Fig 1, G), mitochondrial membrane
potential (Fig 1, H), and reactive oxygen species (ROS; Fig 1, I). J, Pyruvate partially rescues a RhoA defi-
ciency-induced defect in T-cell activation. Naive CD4" T cells were stimulated with anti-CD3/CD28 for
2 days, in the presence or absence of pyruvate (2 mmol/L). Surface expression of CD25 was analyzed by
using flow cytometry (n = 4-8 mice per group). Results are representative of 2 (Fig 1, D-J) or 3 (Fig 1, A-C)
independent experiments. Error bars represent SDs. MFI, Mean fluorescence intensity. *P<.05and **P<.01.
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FIG 2. RhoA deficiency has no effect on Ty1 cell differentiation. A, RhoA deficiency has no effect on STAT1
activation. CD4" naive T cells were cultured with anti-CD3/CD28 for approximately 0 to 17 hours.
Phosphorylated (p) and total STAT1 levels were examined by means of immunoblotting. B, RhoA deficiency
has no effect on T-box transcription factor (T-bet) expression. CD4™ naive T cells were cultured under Tj0 or
Tw1 conditions for 4 days and restimulated with phorbol 12-myristate 13-acetate plus ionomycin for 5 hours.
T-bet mRNA was analyzed by using real-time PCR. C-F, RhoA deficiency has no effect on IFN-y production.
CD4* naive T cells were cultured with or without anti-CD3/CD28 for 2 days (Fig 2, C and D) or differentiated
under Ty0-, Ty1-, or Ty2-skewed conditions for 4 days and restimulated with phorbol 12-myristate
13-acetate plus ionomycin for 5 hours (Fig 2, E and F). BD GolgiPlug was added at the last 2 hours. Cells
were collected for surface staining of CD4 and intracellular staining of IFN-y. Percentages of IFN-y*CD4"
T cells are shown in representative dot plots (Fig 2, C and E). Supernatants were collected from other
sets of cultures without BD GolgiPlug for ELISAs to detect IFN-y secretion (Fig 2, Dand F). CD4" naive T cells
were pooled from 5 to 8 mice. Results are representative of 3 independent experiments. Error bars represent
SDs of triplicates.

confirmed by means of Western blotting of thymocytes and
splenic T cells from RhoA ™'~ mice (see Fig E1, A, in this article’s
Online Repository at www.jacionline.org and data not shown).
There was a marked reduction in both the percentages and
absolute numbers of CD4" and CD8" T cells from
RhoA-deficient mice versus their WT littermates (see Fig E1, B).

We next analyzed naive and memory phenotype T cells in WT
and RhoA-deficient mice by staining freshly prepared splenocytes
with CD44/CD62L antibodies for fluorescence-activated cell

sorting analysis. We found that both the percentages and absolute
numbers of CD4" and CD8™ naive cells (CD44"°CD62LM) were
drastically reduced in RhoA-deficient mice (see Fig El, C).
Whereas the percentages of CD4™ and CD8™ effector memory
(CD44"MCD62L"°) and central memory (CD44MCD62LM) cells
were increased or statistically unchanged, the absolute numbers
of effector memory and central memory T cells were reduced
or unchanged in RhoA knockout mice (see Fig E1, C) because
of a significant reduction in total T-cell numbers. These results
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FIG 3. RhoA deficiency impairs Ty2 cell differentiation. A, RhoA deficiency inhibits STAT6 activation. CD4™
naive T cells were cultured with anti-CD3/CD28 for approximately 0 to 17 hours. Phosphorylated (p) and total
STATG6 levels were examined by means of immunoblotting. B-D, RhoA deficiency suppresses IL-4Ra,
nuclear factor of activated T cells ¢1 (NFATc1), and GATA3 expression. CD4* naive T cells were cultured
under Ty2 conditions for 24 hours (Fig 3, B) or for 4 days and restimulated with phorbol 12-myristate
13-acetate and ionomycin for 5 hours (Fig 3, C and D). mRNA levels of IL-4Ra (Fig 3, B), NFATc1 (Fig 3,
C), and GATAS (Fig 3, D) were analyzed by means of real-time PCR. E-H, RhoA deficiency inhibits IL-4
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suggest that RhoA plays a critical role in maintaining T-cell
homeostasis.

CD2-Cre could mediate gene deletion in B-cell lineage.
Indeed, although CD11b*, CD11c™, or NKI1.1" cell numbers
did not differ significantly in RhoA-deficient mice from those in
control WT littermates, B220™ B-cell numbers were dramatically
reduced in the mutant mice (see Fig E1, D). To examine whether
the impaired T-cell homeostasis in the absence of RhoA is
intrinsic to T-cell lineage, we achieved T cell-specific deletion
of RhoA by crossing RhoA™"** mice with Lck-Cre transgenic
mice. We found that RhoA"™1°*Lck-Cre mice showed similar
changes as RhoA"¥1°*CD2-Cre mice in percentages and
numbers of T cells (data not shown). These data suggest that
RhoA plays a cell-intrinsic role in T cells.

RhoA coordinates mitochondrial function and T-cell
activation

We next examined whether RhoA deficiency affected T-cell
activation. When stimulated with anti-CD3/CD28 in vitro for
2 days, more than 90% of WT naive CD4" and CD8" T cells
were activated and expressed the activation markers CD69 and
CD25. However, the activation-induced upregulation of CD69
and CD25 was significantly inhibited in RhoA-deficient T
cells (Fig 1, A). Consistent with diminished T-cell activation,
RhoA-deficient T cells were impaired in proliferation, as
evidenced by a 3- to 4-fold reduction in BrdU incorporation
compared with WT cells (Fig 1, B). In contrast, Rho deficiency
did not affect T-cell survival on activation (Fig 1, C).

One hallmark of T-cell activation is increased metabolic
activity.! Because RhoA deficiency caused defects in T-cell
activation, we hypothesized that depletion of RhoA might affect
mitochondrial function in the course of T-cell activation. To
substantiate this hypothesis, we measured OCR/OXPHOS and
ECAR/glycolysis in WT and RhoA ™"~ T cells with or without
anit-CD3/CD28 stimulation. As expected, anti-CD3/CD28
stimulation led to an increased OCR in WT T cells. However,
this increase was abolished in RhoA™~ T cells (Fig 1, D).
Similarly, RhoA™"™ T cells exhibited compromised ECAR
compared with WT T cells in response to anti-CD3/CD28
stimulation (Fig 1, E). As a result, markedly reduced ATP
production was detected in RhoA ™™ T cells (Fig 1, F).

We next measured mitochondrial mass and mitochondrial
membrane potential and found that RhoA deficiency caused a
decrease in mitochondrial content and mitochondrial membrane
potential in activated CD4 " and CD8* T cells (Fig 1, G and H). In
line with these defects, the metabolic byproducts reactive oxygen
species were inhibited in RhoA ™"~ T cells (F ig 1, I). Importantly,
when we added pyruvate, the final product of glycolysis, into
culture medium of RhoA ™"~ T cells to bypass the intermediate
steps of glycolysis, mimicking restoration of glycolysis in

J ALLERGY CLIN IMMUNOL
mmm 2015

RhoA ™'~ T cells,” we found that this direct supplementation
of glycolysis-derived pyruvate partially rescued RhoA
deficiency—induced defects in T cell activation (Fig 1, J).
Together with the recent finding that mitochondrial metabolism
is important for T-cell activation,”>*® our data suggest that
mitochondrial function contributes to RhoA-mediated T-cell
activation and that RhoA orchestrates metabolic programs for
T-cell activation.

RhoA controls Ty2, but not Ty1, cell differentiation

RhoA deficiency causes defects in T-cell activation and prolif-
eration, raising the possibility that subsequent effector cell differ-
entiation might be altered in the absence of RhoA. However,
RhoA '™ T cells appeared to retain their ability to differentiate
into Tyl cells. Expression of phosphorylated signal transducer
and activator of transcription (STAT) 1 and T-Bet, 2 key Tyl
transcriptional factors, remained unchanged in RhoA™"~ T cells
compared with their WT counterparts (Fig 2, A and B).
Accordingly, the frequency of IFN-y—producing cells and IFN-y
secretion were similar between RhoA ™'~ and WT T cells under
both neutral and polarized differentiation conditions (Fig 2, C-
F). In contrast to its lack of effect on Tyl acquisition, disruption
of RhoA led to an apparent blockade in Ty?2 differentiation.

Phosphorylated STAT6 and mRNA levels of IL-4 receptor
(IL-4R), nuclear factor of activated T cells c1, and GATA3, all of
which have been reported to specify and/or potentiate Ty2
differentiation,™ were dramatically reduced in RhoA-deficient
activated T cells or Ty2 cells (Fig 3, A-D). As a result, IL-4-
producing T cells and IL-4 secretion were significantly decreased
in the absence of RhoA, as detected by using fluorescence-
activated cell sorting intracellular staining (Fig 3, E and F) or
ELISA (Fig 3, G and H), respectively. Together, these results
reveal that RhoA is essential for Ty2, but not Tyxl, cell
differentiation.

To begin to understand why RhoA selectively regulates T2,
but not Tyl, cell differentiation, we examined the mammalian
target of rapamycin (mTOR) pathway in RhoA™"~ and WT T
cells. mTOR, which is present in 2 cellular complexes,
mammalian target of rapamycin complex 1 (mTORCI1) and
mTORC?2, is a serine/threonine kinase and a key signaling
regulator in mammalian cells.” Recently published literature
suggests that mTORCI1 is important for Tyl cell differentiation
in T cells, whereas mTORC?2 is critical for T2 differentiation.*®
Interestingly, we found that RhoA deficiency dampened
mTORC2 activity, as evidenced by a significantly reduced
activation of Akt and protein kinase C6, 2 important signaling
mediators of mMTORC2.”” In contrast, RhoA deficiency appeared
not to affect mMTORC1 activity, because RhoA '~ and WT T cells
showed comparable levels of active S6 kinase (S6K) and eukary-
otic translation initiation factor 4E-binding protein (4E-BP), 2
immediate downstream effectors of mTORCI1 (see Fig E2 in

<

production. CD4" naive T cells were cultured with or without anti-CD3/CD28 for 2 days (Fig 3, E and G) or
differentiated under Ty0-, Ty1-, or Ty2-skewed conditions for 4 days and restimulated with phorbol
12-myristate 13-acetate plus ionomycin for 5 hours (Fig 3, F and H). BD GolgiPlug was added at the last
2 hours. Cells were collected for surface staining of CD4 and intracellular staining of IL-4 (Fig 3, E and F).
Percentages of IL-4"CD4" T cells are shown in representative dot plots and mean percentages are shown
in histograms (Fig 3, E and F). Supernatants were collected from other sets of cultures without BD GolgiPlug
for ELISAs to detect IL-4 secretion (Fig 3, G and H). CD4" naive T cells were pooled from 5 to 8 mice. Results
are representative of 2 (Fig 3, B) or 3 (Fig 3, Aand C-H) independent experiments. Error bars represent SDs of

triplicates. ¥*P < .05 and **P < .01.
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FIG 4. RhoA deficiency suppresses OVA-induced allergic airway inflammation. WT and RhoA™'~ mice were
immunized intraperitoneally with OVA and then challenged with aerosolized OVA or PBS as controls. Mice
were killed 24 hours after the last challenge. A, Quantification of total cells (left) and eosinophils (Eo),
macrophages (M®), neutrophils (Neu), and lymphocytes (Lym; right) in BAL fluid. B and C, Representative
Kwik-Diff staining for BAL fluid cytospin preparations (Fig 4, B) and hematoxylin and eosin staining of lung
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FIG 5. The inhibitory effect of RhoA deficiency on allergic airway inflammation is caused by suppression
of Ty2 cell differentiation. A, OVA-induced Ty2 cell differentiation is impaired in the absence of RhoA.
Spleen cells from OVA-immunized WT and RhoA™~ mice were cultured in the presence or absence of
OVA (100 pg/mL) for 3 days. IL-4 in culture supernatants was detected by using ELISA. B-E, Adoptively
transferred WT T2 cells can trigger allergic airway inflammation in RhoA™~ mice. WT T2 cells were
generated by culturing splenic CD4™ T cells from OVA-immunized WT mice with OVA plus irradiated
antigen-presenting cells (APCs). Cells were then injected into RhoA™~ mice. Mice were challenged with
aerosolized OVA and killed for analysis of allergic airway inflammation (Fig 5, B). Total BAL cells and
differential cell counts (Fig 5, C), representative Kwik-Diff staining for BAL cytospin preparations (Fig 5,
D) and hematoxylin and eosin staining of lung tissue sections (Fig 5, D), and mRNA expression of cytokines
and Gob-5 in lung tissues (Fig 5, E) are shown. Error bars represent SEs of 4 mice. Eo, Eosinophils; i.p.,
intraperitoneal; Lym, lymphocytes; M®, macrophages; Neu, neutrophils. *P < .05 and **P < .01.

this article’s Online Repository at www.jacionline.org).”’ These
data suggest that RhoA selectively promotes mTORC2, but not
mTORCI, activation, which might explain why RhoA regulates
Tw2, but not Ty, cell differentiation.

RhoA is necessary for OVA-induced allergic airway
inflammation

Because RhoA regulates Ty2 cell differentiation, we
investigated whether RhoA was necessary for an optimal
Ty2-mediated inflammatory response in vivo in a classical
OVA-induced model of allergic airway inflammation/asthma.
Total numbers of BAL cells in WT mice challenged with
OVA had more than 100-fold increases compared with those in
PBS-challenged mice (Fig 4, A). Eosinophils accounted for

<

most of this increase in inflammatory cells (Fig 4, A and B).
However, RhoA deficiency led to a dramatic reduction in total
numbers of BAL cells, particularly because of markedly
decreased eosinophil numbers. As revealed by means of lung
histologic analysis, WT mice showed massive perivascular and
peribronchial infiltration of inflammatory cells on OVA
challenge, whereas this inflammatory response was markedly
attenuated in RhoA™'~ mice (Fig 4, C). We reasoned that the
inhibitory effect of RhoA loss on allergic airway inflammation
was attributable to reduced Ty2 cytokine secretion from
RhoA-deficient mice, as demonstrated by in vitro experiments.
Consistent with this notion, IL-4, IL-5, and IL-13 levels in BAL
fluid were significantly less in RhoA-deficient mice than that in
WT littermates in response to OVA challenge, whereas the Tyl
cytokine IFN-v, the Tyl7 cytokine IL-17, and the regulatory

tissue sections (Fig 4, C). D, Cytokine levels in BAL fluid were determined by using ELISA. E, mRNA levels of
IL-4, IL-5, IL-13, eotaxin, MUC-5AC, Gob-5, and IFN-vy in lung tissue determined by using real-time PCR. Data
are normalized to an 18S reference and expressed as arbitrary units. F, OVA-specific IgE, IgM, IgG, IgG,, and
IgG,, levels in sera of mice immunized and challenged with OVA. Similar levels of OVA-specific
immunoglobulin subclasses were detected from OVA-immunized and PBS-challenged control groups
and not shown. Results are representative of 2 independent experiments. Error bars represent SEs of 8
mice. **P < .01.
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FIG 6. RhoA connects glycolysis to Ty2 cell differentiation and allergic airway inflammation. A, RhoA
deficiency impairs OXPHOS in both Ty1 and T2 cells and glycolysis in Ty2, but not Ty1, cells. WT and
RhoA ™'~ CD4" naive T cells were cultured under T 1- or Ty2-skewed conditions for 4 days and restimulated
with phorbol 12-myristate 13-acetate plus ionomycin for 5 hours, followed by measurement of OCR and
ECAR. B, Pyruvate rescues RhoA deficiency—induced defects in Ty2 cell differentiation. WT and RhoA™'~
CD4* naive T cells were differentiated under Ty2 conditions for 3 days in the presence or absence of
pyruvate (2 mmol/L). IL-13 production was analyzed by means of ELISA. C, Inhibition of glycolysis impairs
IL-4Ra, GATA-3, and IL-4 expression. WT CD4" naive T cells were cultured under T2 conditions in the
presence of PBS (Mock) or 2-DG (0.3 mmol/L) for 24 hours. mRNA levels of IL-4Ra, GATA-3, and IL-4
were analyzed by using real-time PCR. D, Inhibition of glycolysis impairs IL-4 secretion. WT CD4" naive T
cells were cultured under Ty1 or T2 conditions in the presence of PBS (Mock) or 2-DG (0.3 mmol/L). Section
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T cytokine TGF-1 were comparable between the 2 genotypes
(Fig 4, D). The mRNA levels of these cytokines in the lung
followed similar patterns as protein levels in BAL fluid (Fig 4,
E). Moreover, levels of several non—T cell-derived mediators of
allergic airway inflammation, including eotaxin, MUC-5AC and
Gob-5,""% were highly reduced in RhoA ™"~ mice compared
with that in WT mice on OVA challenge (Fig 4, D and E).

Apart from cellular responses in the airway, humoral systemic
responses to OVA are also important for asthma development.’*”
We found that OVA-specific IgE levels in sera were markedly
reduced in the absence of RhoA, whereas OVA-specific IgM, total
IgG, IgG,, and IgG,, levels were similar between RhoA '~ and
WT mice (Fig 4, F). Collectively, RhoA deficiency resulted in
significant inhibition of Ty2-mediated allergic airway
inflammation, suggesting that RhoA contributes critically to
asthma development.

The results from the asthma model are consistent with a crucial
role for RhoA in T2 cell differentiation. To show direct evidence
that RhoA modulates Ty2 differentiation in vivo, we isolated
spleen cells from OVA-immunized WT and RhoA ™"~ mice,
cultured the cells in the presence or absence of OVA for 3 days,
and then detected IL-4 in the culture supernatants. We found
that IL-4 secretion from RhoA ™'~ cells was significantly reduced
compared with that from WT cells (Fig 5, A).

We then carried out adoptive T-cell transfer experiments to see
whether in vitro—generated OVA-specific WT Ty2 cells can
restore allergic airway inflammation in RhoA™'~ mice. As
described in the Methods section, WT mice were injected
intraperitoneally with OVA to induce Ty2 cells, and splenic
CD4™ T cells from the immunized mice were then cultured under
Tx2 cell differentiation conditions in the presence of OVA. These
Ty2 cells were injected intravenously into RhoA™~ mice, and
some control RhoA ™~ mice did not receive cells. The recipient
mice and their controls were then challenged with aerosolized
OVA (Fig 5, B). As shown in Fig 5, C to E, there was no significant
inflammation in the control RhoA ™~ mice. However, the inflam-
matory response was evident in the RhoA ™'~ mice transferred
with OVA-specific WT Ty2 cells, as evidenced by markedly
increased numbers of inflammatory cells (Fig 5, C), particularly
eosinophils, in BAL fluid (Fig 5, C and D) and lung tissue
(Fig 5, D) and Ty2 cytokine levels and Gob-5 in lung tissue
(Fig 5, E). Thus transfer of OVA-specific WT Ty2 cells appears
to restore allergic airway inflammation in RhoA™'~ mice.
Together, these data confirm that RhoA regulates allergic airway
inflammation through its effect on Ty?2 cell differentiation.

Hyperactivation of RhoA is sufficient to promote
Th2 cell differentiation and Ty2-mediated allergic
airway inflammation

Using genetic deletion of RhoA, we have shown that RhoA is
necessary for Ty2 cell differentiation and Ty2-mediated allergic
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airway inflammation. We then asked whether RhoA gain of func-
tion is sufficient to promote Ty2 differentiation and allergic
airway inflammation. To address this, we generated RhoA
gain-of-function chimeric mice by means of transplantation of
embryonic day 14.5 fetal liver cells deficient for p190-B Rho
GTPase activating protein (hereafter referred to as RhoGAP), a
negative regulator of RhoA activity, into syngeneic Boyl
mice.* Using immunoblotting, we confirmed that RhoA was hy-
peractivated in CD4 " T cells from RhoGAP ™/~ chimeric mice
compared with those from chimeric mice transplanted with
WT fetal liver cells, as reflected by increased activation of the
RhoA downstream signaling mediators LIMK1/2 and MLC2
(see Fig E3, A, in this article’s Online Repository at www.
jacionline.org). Similar to RhoA deficiency, RhoA gain-of-
function/RhoGAP deficiency had no effect on Ty1 cell differen-
tiation (see Fig E3, B). In contrast, T2 cell differentiation was
enhanced on RhoGAP deletion (see Fig E3, C). In accordance
with this, OVA-induced allergic airway inflammation was more
severe in RhoGAP™/~ chimeric mice compared with that seen
in WT chimeric mice, as evidenced by significantly increased
numbers of inflammatory cells (see Fig E3, D), particularly neu-
trophils, in BAL fluid (see Fig E3, D and E) and lung tissue (see
Fig E3, F) and levels of Ty2 cytokines in BAL fluid (see Fig E3,
G). Taken together, these data suggest that RhoA gain of function
is sufficient to promote Ty2 differentiation and allergic airway
inflammation.

RhoA connects glycolysis to T2 cell differentiation
and allergic airway inflammation

RhoA deficiency diminished OXPHOS and glycolysis in
activated T cells, impaired T2 (but not Ty1) cell differentiation,
and prevented the development of allergic airway inflammation.
To investigate this in more detail, we examined OXPHOS and
glycolysis in RhoA ™"~ T cells under Tyl/T2 differentiation
conditioned. It seemed that OXPHOS was attenuated in both
RhoA ™'~ Tyl and RhoA ™"~ Ty2 cells (Fig 6, A). In contrast,
glycolysis was not changed in RhoA™’~ Tyl cells but was
decreased in RhoA ™"~ Ty2 cells compared with that seen in their
WT counterparts (Fig 6, A). Because glycolysis, but not
OXPHOS, in RhoA ™~ Tyl and RhoA ™~ Ty2 cells was correl-
ative with their differentiation phenotypes, we examined whether
control of glycolysis is important for RhoA to regulate Ty?2 cell
differentiation. To this end, we added glycolysis-derived pyruvate
into culture medium of RhoA™~ Ty2 cells to bypass the
intermediate steps of glycolysis, mimicking restoration of glycol-
ysis in RhoA™~ Ty2 cells.”' We found that the supplementation
of pyruvate rescued RhoA deficiency—induced defects in T2 cell
differentiation (Fig 6, B). These data suggest that RhoA regulates
Ty2 cell differentiation through governing glycolysis.

We then treated WT CD4%" T cells with 2-DG, a
well-recognized inhibitor of glycolysis, and examined whether

<

of IFN-y and IL-4 was analyzed by means of ELISA. E-J, Inhibition of glycolysis impairs allergic airway
inflammation. WT mice were injected intraperitoneally with 2-DG (1.5 g/kg) or PBS (Mock), starting 1 day
before OVA immunization until 1 day before death, as indicated in Fig 6, E. Total BAL cells and differential
cell counts (Fig 6, F), representative Kwik-Diff staining for BAL cytospin preparations (Fig 6, G), hematoxylin
and eosin staining of lung tissue sections (Fig 6, H), levels of cytokines and eotaxin in BAL fluid (Fig 6, /),
and/or mRNA expression of cytokines and MUC-5AC in lung tissues (Fig 6, J) are shown. Results are
representative of 2 (Fig 6, A-D) independent experiments. Error bars represent SDs of 4 to 10 mice (Fig 6,
A-D) or SEs of 4 mice (Fig 6, F, |, and J). *P < .05 and **P < .01. Eo, Eosinophils; i.p., intraperitoneal; Lym,

lymphocytes; M@, macrophages; Neu, neutrophils.
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FIG 7. ROCK acts downstream of RhoA to mediate T-cell activation and T2 cell differentiation and allergic
airway inflammation. A and B, Inhibition of ROCK by fasudil impairs T-cell activation and proliferation and
Th2, but not Ty1, cell differentiation. CD4" naive T cells pooled from 8 WT mice were stimulated with
anti-CD3/CD28 for 2 days with or without fasudil (approximately 0-50 umol/L; Fig 7, A) or differentiated
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blockade of glycolysis has a direct effect on Ty2 differentiation.
As shown in Fig 6, C and D, although 2-DG had no effect on
IFN-v production in Tyl cells (Fig 6, D), it inhibited IL-4R and
GATA3 mRNA expression in Ty2 cells (Fig 6, C), leading to a
reduction in IL-4 mRNA content and IL-4 secretion (Fig 6, C
and D). Our data suggest that RhoA links glucose metabolism
to Ty2 cell commitment through regulating IL-4R expression
and Ty2-specific signaling transduction. Intriguingly, when
2-DG was administered in a mouse model of Ty2-mediated
allergic airway inflammation (Fig 6, E), it significantly reduced
numbers of infiltrating inflammatory cells (Fig 6, F), particularly
eosinophils, in BAL fluid (Fig 6, F and G) and lung tissue (Fig 6,
H). Furthermore, 2-DG treatment markedly reduced levels of T2
cytokines, eotaxin, and MUC-5AC in BAL fluid (Fig 6, I), and/or
their mRNA levels in lung tissue (Fig 6, J), whereas levels of the
Tyl cytokine IFN-v, the Ty17 cytokine IL-17, and regulatory
T cytokine TGF-B1 were unchanged (Fig 6, I and J). Taken
together, these results suggest that RhoA-dependent glycolysis
impinges on Ty2 cell differentiation in vitro and allergic airway
inflammation in vivo.

Rho-associated protein kinase acts downstream of
RhoA to mediate T-cell activation and T2 cell
differentiation and allergic airway inflammation

Our data reveal that RhoA plays a key role in T-cell activation,
Ty2 cell differentiation, and Ty2-mediated allergic airway
inflammation. To begin to understand RhoA downstream
signaling pathways in these processes, we investigated
Rho-associated protein kinase (ROCK), an immediate effector
of RhoA,*' by using the ROCK selective inhibitor fasudil. To
this end, WT naive CD4" T cells were stimulated with
anti-CD3/CD28 in the presence or absence of different doses of
fasudil. We found that fasudil inhibited T-cell activation and
proliferation at 50 wmol/L, as evidenced by a marked decrease
in expression of the T-cell activation markers CD69 and CD44
and BrdU incorporation (Fig 7, A). Under neutral culture
conditions, fasudil effectively blocked production of the Ty2
cytokines IL-4 and IL-13 in a dose-dependent manner (Fig 7,
A). When WT cells were cultured under Ty2-polarized
conditions, fasudil (50 wmol/L) also inhibited IL-4 and IL-13
secretion (Fig 7, B). In contrast, when WT cells were cultured
under Tyl-polarized conditions, fasudil (50 wmol/L) did not
affect IFN-y production (Fig 7, B). We noticed that fasudil
inhibited IFN-vy production when WT cells were cultured under
neutral conditions (Fig 7, A), which is inconsistent with what
was observed in RhoA ™'~ cells. This could be an off-target effect
of fasudil. Alternatively, ROCK might regulate IFN-vy production
independent of RhoA in activated T cells.

<
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We then examined the effect of fasudil on allergic airway
inflammation in vivo. We started to treat WT mice with fasudil
1 day before OVA immunization and continued treatment every
day until 1 day before death of the mice (Fig 7, C). Mice treated
with fasudil showed a marked reduction in infiltrating inflamma-
tory cell numbers (Fig 7, D), mainly reflective of eosinophils in
BAL fluid (Fig 7, D and E) and lung tissue (Fig 7, F), and
drastically reduced IL-4 and eotaxin levels in BAL fluid
compared with values in mice without treatment with fasudil
but immunized and challenged with OVA (Fig 7, G). INF-y levels
were similar between the 2 groups (Fig 7, G). These data
demonstrate that fasudil treatment can recapitulate the
phenotypes of RhoA ™'~ cells/mice, indicating that the ROCK
pathway acts downstream of RhoA in T-cell activation, T2 cell
acquisition, and function.

Interestingly, when we injected fasudil after OVA
immunization but before OVA challenge (Fig 8, A), we could
not detect any inhibition in inflammatory cell infiltration (Fig 8,
B), Ty2 cytokine secretion in BAL fluid (Fig 8, C), and
OVA-specific antibody production (Fig 8, D). These results
suggest that the RhoA/ROCK pathway regulates Ty2
inflammatory immune responses by affecting T-cell activation
and Ty2 differentiation but not inflammatory cell recruitment
into the lung and that targeting the RhoA/ROCK pathway prefer-
entially serves as a prophylactic versus therapeutic regimen.

DISCUSSION

RhoA is known to regulate cytoskeleton-related events in
T cells, such as polarization, adhesion, and migration.'”'?-%!
However, whether RhoA is involved in T-cell activation and Ty
effector cell differentiation remains unknown. By the use of
mice bearing conditional RhoA deficiency in T cells, we have
found that RhoA is crucial for T-cell activation and Ty2 cell
differentiation in vitro and Tyx2-dominated allergic airway
inflammation in vivo. Noting that RhoA ™"~ mice had reduced
numbers of both T and B cells, the phenotypes of allergic airway
inflammation in vivo in RhoA ™"~ mice might be complicated
by a potential influence from altered T- and B-cell homeostasis.
However, we think this is unlikely for 4 reasons. First, RhoA ™'~
or fasudil-treated T cells showed an impaired activation pheno-
type when equal numbers of WT and RhoA ™'~ naive T cells or
fasudil-treated and fasudil-untreated WT naive T cells were
used for induction of T-cell activation. Thus the role of the
RhoA pathway in T-cell activation is not likely secondary to its
regulation of T-cell homeostasis. Second, although RhoA defi-
ciency or fasudil treatment impaired T-cell activation, they did
not affect subsequent Tyl cell differentiation in vitro and
in vivo in a mouse model of Ty2-mediated allergic airway

under Ty0, Ty1, or Ty2 conditions for 4 days and restimulated with phorbol 12-myristate 13-acetate plus
ionomycin for 5 hours in the presence of PBS (Mock) or fasudil (50 wmol/L) throughout culture (Fig 7, B).
BrdU (10 wmol/L) was added at the last 20 hours (Fig 7, A). Cells were harvested for CD69, CD44, or BrdU
staining and analyzed by mean of flow cytometry (Fig 7, A). Cytokines in culture supernatants were
determined by using ELISA (Fig 7, A and B). C-G, Inhibition of ROCK by fasudil impairs allergic airway
inflammation. WT mice were injected intraperitoneally daily with fasudil (30 mg/kg) or PBS (Mock), starting
1 day before OVA immunization until 1 day before death (Fig 7, C). Total BAL cells and differential cell counts
(Fig 7, D), representative Kwik-Diff staining for BAL cytospin preparations (Fig 7, E), hematoxylin and eosin
staining of lung tissue sections (Fig 7, F), and cytokine and eotaxin levels in BAL fluids (Fig 7, G) are shown.
Results are representative of 2 independent experiments. Error bars represent SDs of triplicates (Fig 7, Aand
B) or SEs of 7 to 8 mice (Fig 7, D and G). Eo, Eosinophils; i.p., intraperitoneal; Lym, lymphocytes; M®,
macrophages; Neu, neutrophils. *P < .05 and **P < .01.
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FIG 8. Administration of the ROCK inhibitor fasudil after immunization has no effect on allergic airway
inflammation. A, WT mice were immunized intraperitoneally (i.p.) with OVA in alum on days 0 and 7. On
days 14 and 15, mice were challenged with aerosolized OVA or PBS. Fasudil (30 mg/kg) or PBS was injected
intraperitoneally at days 13, 14, and 15. Mice were killed 24 hours after the last challenge. B-D, Total BAL
cells (Fig 8, B), cytokines in BAL fluid (Fig 8, C), and serum OVA-specific antibodies (Fig 8, D) are shown
(n = 4-5 mice per group). Results are representative of 2 independent experiments. Error bars represent SEs.

inflammation, suggesting that the role of the RhoA pathway in
Ty2 cell differentiation is independent of T-cell activation. Third,
RhoA regulation of Ty?2 cell differentiation is intrinsic to T-cell
lineage because T cell-specific deletion of RhoA by Lck-Cre
also inhibited T2 cell differentiation (data not shown). Finally,
IgG and IgM production from B cells did not seem to be affected
by RhoA deficiency in an allergic airway inflammation model,
suggesting that the decreased IgE level in the absence of RhoA
is not due to impaired B-cell homeostasis but to impaired Ty2
cell differentiation.

Activation of T cells induces glycolysis and OXPHOS.® We
show that both of the metabolic processes are regulated by
RhoA. As a result, RhoA deficiency led to considerably reduced
ATP production in activated T cells. Together with an impaired
mitochondrial biogenesis in the absence of RhoA, these data
suggest that RhoA is required by activated T cells for fulfilling
the bioenergetics and biosynthetic demands of proliferation and
differentiation. This might explain why RhoA ™"~ T cells were
impaired in proliferation and Ty2 differentiation. In support of
this notion, supplementation of glycolysis-derived pyruvate
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rescued T-cell activation and Ty2 cell differentiation in RhoA ™"~
cells. Furthermore, blockade of glycolysis by 2-DG inhibited
Ty2-specific signaling and Ty2 acquisition. Of note, it has
been shown that 1 mmol/L 2-DG does not suppress T-cell
proliferation.5 Thus the lower dosage of 2-DG used in this
study (0.3 mmol/L) should have a minimal inhibitory effect
on cell proliferation, suggesting a specific role of glycolysis in
Ty2 cell differentiation. Finally, inhibition of glycolysis
prevented Ty2 cell-mediated development of allergic airway
inflammation, implicating that the RhoA-dependent glycolysis
pathway could serve as a potential therapeutic target in treating
asthma.

RhoA selectively regulates T2, but not Ty1, cell differentia-
tion. The exact mechanism for this selectivity remains unknown.
Nonetheless, we think it might be due to 3 reasons. First, RhoA
selectively regulates the activation or expression of Ty2
transcriptional factors (eg, STAT6, nuclear factor of activated
T cells c1, and GATA-3), with no effect on Tyl transcriptional
factors. Second, RhoA regulates glycolysis in Tyx2, but not
Tyl, cells. Third, mTORC2 is important for Ty2 cell
differentiation, whereas mTORC1 is essential for Tyl cell
differentiation; RhoA regulates mTORC2, but not mTORCI,
activation.

In summary, the present study reveals that the RhoA/ROCK
pathway is a key component of the signaling cascades leading
to T-cell activation, Ty2 cell differentiation, and allergic
airway inflammation. Importantly, RhoA signaling integrates
mitochondrial metabolism to T-cell activation and T2 cell
differentiation and function.

Key messages

o RhoA deficiency inhibits T2 cell differentiation and
experimental asthma.

o RhoA deficiency impairs glycolysis in activated T cells

and Ty2 cells, and blockade of glycolysis inhibits T2
differentiation and experimental asthma.

o The RhoA-dependent metabolic pathway can be
explored as a potent therapeutic target in treating
allergic airway inflammation.
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METHODS

Cytokine assay

Cytokine levels in culture supernatants and BAL fluid were measured by
means of ELISA. IL-4, IL-5, and IFN-y levels were measured with OptEIA
kits (BD Biosciences); IL-13, IL-17, and eotaxin levels were measured with
DuoSet ELISA kits (R&D Systems, Minneapolis, Minn); and TGF-1 was
assayed by using the TGF-B1 E,.x ImmunoAssay System (Promega,
Madison, Wis). ELISA plates were developed with TMB substrate (BD
Biosciences) and read with a microplate reader (Molecular Devices,
Sunnyvale, Calif). Cytokine mRNA levels were measured by means of
real-time quantitative PCR.

Real-time PCR

Total RNA was extracted from lung tissues or cultured cells with the
RNeasy Mini Kit (Qiagen, Valencia, Calif), and cDNA was prepared with the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, Calif). Quantitative PCR was performed with the Platinum SYBR Green
qPCR SuperMix-UDG w/RO or TagMan Gene Expression Master Mix (Life
Technologies, Carlsbad, Calif) on a Mastercycler ep realplex4 apparatus
(Eppendorf, Westbury, NY). Data were normalized to the 18S reference.
Primers for IL-4, IL-5, IL-13, eotaxin, MUC-5AC, and Gob-5 were designed
with OLIG 4.0 software, as previously reported.”’

Western blotting

Cells were either untreated or stimulated with anti-CD3/CD28 for
10 minutes to 17 hours. For whole-cell lysates, cells were extracted with
RIPA lysis buffer (1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 1 mmol/L phenylmethylsulfonyl fluoride, and protease inhibitors).

J ALLERGY CLIN IMMUNOL
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Lysates were resolved by means of SDS-PAGE, electrophoretically trans-
ferred onto a nitrocellulose membrane (GE Healthcare, Piscataway, NJ), and
incubated with antibodies against STAT1 (E-23), STAT6 (S-20; Santa Cruz,
Dallas, TX), phospho-STAT1 (Tyr701) (58D6), phospho-STAT6 (Tyr641),
phospho-S6K (Thr389), phospho—4E-BP (Thr37/46, 236B4), phospho-Akt
(S473, DOE), phospho-protein kinase CO (Thr538), phospho-LIMK1/2
(Thr508/505), phospho-MLC2 (Ser19), RhoA (67B9; Cell Signaling,
Danvers, Mass), or 3-actin (AC-15, Sigma). The bands were visualized with
the enhanced chemiluminescence system (Thermo Scientific).

Generation of RhoGAP ™/~ chimeric mice

Because RhoGAP ™/~ mice are embryonically lethal, embryonic day 14.5
fetal liver cells proficient (RhoGAP™"") or deficient (RhoGAP™'") for
RhoGAP were collected from RhoGAP ™~ breeding parents. The cells were
then transplanted into lethally irradiated syngeneic BoyJ mice. Two months
later, a cohort of the chimeric mice was killed, and CD4" naive T cells
were isolated and analyzed for Tyl and Ty2 cell differentiation. The rest of
the chimeric mice were examined for allergic airway inflammation.

Statistical analysis

All experimental data were analyzed and compared for statistically
significant differences by using 2-tailed Student # or Mann-Whitney U tests,
and a P value of less than .05 was considered significant.
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FIG E1. RhoA deficiency impairs T-cell homeostasis. A, Immunoblotting of RhoA expression in splenic
T cells from WT and RhoA ™~ mice. B, Flow cytometric analysis of splenic CD4* and CD8" T cells. The right
panel shows proportions and absolute numbers of CD4"* and CD8" T cells (n = 13 mice per group). C, Flow
cytometric analysis of CD4" and CD8" naive and memory phenotype T cells. Right panels show proportions
and absolute numbers of naive (CD44'°CD62L"), effector memory (Tgy; CD44MCD62L'°), and central
memory (Tcy; CD44MCD62L™) T cells (n = 5 mice per group). D, Absolute numbers of non-T-cell
populations in spleens (n = 5 mice per group). Data are representative of 2 to 3 independent experiments.
Error bars represent SDs. *P < .05 and **P < .01.
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FIG E2. RhoA deficiency dampens mTORC2, but not mTORC1, activation.
WT and RhoA ™'~ (knockout [KOJ) CD4* naive T cells were cultured with or
without anti-CD3/CD28 for 1 hour. Phosphorylated (p) S6K, 4E-BP, Akt, and
protein kinase C6 (PKCH) were examined by means of immunoblotting.
B-Actin was blotted as a loading control.
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FIG E3. RhoGAP deficiency/RhoA gain of function promotes Ty2 cell differentiation and allergic airway
inflammation. A, RhoGAP deficiency causes enhanced RhoA signaling activation. CD4" T cells were
examined for phosphorylated (p) LIMK1/2 and MLC2 by means of immunoblotting. B-Actin was blotted
as a loading control. B, RhoGAP deficiency has no effect on Ty1 cell differentiation. CD4" naive T cells
were cultured under Ty1-skewed conditions for 4 days and restimulated with phorbol 12-myristate
13-acetate plus ionomycin for 5 hours. Supernatants were collected for ELISA assays to detect IFN-y
secretion. C, RhoGAP deficiency promotes T2 cell differentiation. CD4* naive T cells were cultured under
Th2-skewed conditions for 4 days and restimulated with phorbol 12-myristate 13-acetate plus ionomycin for
5 hours. Supernatants were collected for ELISA to detect IL-4 and IL-5 secretion. D-G, RhoGAP deficiency
promotes OVA-induced allergic airway inflammation. WT and RhoGAP ™/~ mice were immunized
intraperitoneally (i.p.) with OVA and then challenged with aerosolized OVA or PBS as controls. Mice were
killed 24 hours after the last challenge. Total BAL cells and differential cell counts (Fig E3, D), representative
Kwik-Diff staining for BAL cytospin preparations (Fig E3, E), hematoxylin and eosin staining of lung tissue
sections (Fig E3, F), and cytokine levels in BAL fluid (Fig E3, G) are shown. For Fig E3, Band C, CD4" naive
T cells were pooled from 3 mice. Error bars represent SDs of triplicates. For Fig E3, D and G, error bars
represent SEs of 3 to 5 mice. *P < .05 and **P < .01.
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