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RhoA of the Rho GTPase family is prenylated at its C-terminus. Prenylation of RhoA has
been shown to control T helper 17 (Th17) cell-mediated colitis. By characterizing T cell-
specific RhoA conditional knockout mice, we have recently shown that RhoA is required
for Th2 and Th17 cell differentiation and Th2/Th17 cell-mediated allergic airway
inflammation. It remains unclear whether RhoA plays a cell-intrinsic role in regulatory T
(Treg) cells that suppress effector T cells such as Th2/Th17 cells to maintain immune
tolerance and to promote tumor immune evasion. Here we have generated Treg cell-
specific RhoA-deficient mice. We found that homozygous RhoA deletion in Treg cells led
to early, fatal systemic inflammatory disorders. The autoimmune responses came from an
increase in activated CD4+ and CD8+ T cells and in effector T cells including Th17, Th1 and
Th2 cells. The immune activation was due to impaired Treg cell homeostasis and
increased Treg cell plasticity. Interestingly, heterozygous RhoA deletion in Treg cells did
not affect Treg cell homeostasis nor cause systemic autoimmunity but induced Treg cell
plasticity and an increase in effector T cells. Importantly, heterozygous RhoA deletion
significantly inhibited tumor growth, which was associated with tumor-infiltrating Treg cell
plasticity and increased tumor-infiltrating effector T cells. Collectively, our findings suggest
that graded RhoA expression in Treg cells distinguishes tumor immunity from
autoimmunity and that rational targeting of RhoA in Treg cells may trigger anti-tumor T
cell immunity without causing autoimmune responses.

Keywords: RhoA, Treg cells, effector T cells, autoimmunity, tumor immunity
INTRODUCTION

After maturation in the thymus, T lymphocytes migrate to the peripheral lymphoid organs where
they are maintained as naïve T cells. Upon antigen recognition, naïve T cells differentiate to effector
T cells such as CD4+IFN-g+ T helper 1 (Th1) cells, CD4+ IL-17+ Th17 cells, CD4+IL-4+ Th2 cells,
and CD8+IFN-g+ cytotoxic T cells (CTL) (1). Effector T cells play an important role in preventing
org October 2021 | Volume 12 | Article 7263931

https://www.frontiersin.org/articles/10.3389/fimmu.2021.726393/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.726393/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.726393/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:fukun.guo@cchmc.org
mailto:yi.zheng@cchmc.org
https://doi.org/10.3389/fimmu.2021.726393
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.726393
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.726393&domain=pdf&date_stamp=2021-10-15


Kalim et al. RhoA in Treg Cells
pathogen infection as well as tumor development (2). However,
abnormal effector T cell responses may cause autoimmune
diseases (3).

Regulatory T (Treg) cells that are also developed in the
thymus function to maintain immune tolerance, primarily by
inhibiting effector T cells (4). Defects in Treg cell development,
homeostasis and/or function can lead to autoimmunity (5, 6). In
the tumor microenvironment (TME), Treg cells provide an
important immune suppressive mechanism to promote tumor
growth (7). Depletion of Treg cells may thus benefit cancer
patients (8). However, systemic removal of Treg cells likely
causes autoimmune responses (8). It has recently been
suggested that cancer may be treated by induction of Treg cell
plasticity that in general is reflected by loss of stable expression of
Foxp3, the signature transcription factor of Treg cells, effector T
cell reprogramming, and/or impairment of Treg cell function (7,
9–11).

RhoA belongs to the Rho family small GTPases of Ras
superfamily. Like other GTPases, RhoA is activated upon
binding to GTP and inactivated upon binding to GDP. RhoA
activity is also regulated by prenylation at its C-terminus (12).
RhoA is well-known to play an important role in actin
cytoskeleton organization, cell adhesion, migration,
proliferation, and survival (13–17). In T cells, RhoA modulates
T cell polarization, thymocyte development and adhesion, and
thymic egress (18–25). Prenylation of RhoA by PGGT1B has
been shown to control Th17 cell-mediated colitis (26). By
conditional knockout of RhoA in pan T cells, we have recently
shown that RhoA is required for Th2 and Th17 cell
differentiation (27, 28). Interestingly, while RhoA deletion
dampens Th2 and Th17 cell differentiation, it does not affect
Th1 cell differentiation (27). In addition, it is seemingly that
RhoA deletion in pan T cells does not impair Treg cell
development and homeostasis (28). Nonetheless, it remains
unclear whether RhoA plays a cell-intrinsic role in Treg cells.
In this study, we generated Treg cell-specific RhoA knockout
mice. We found that homozygous RhoA deletion in Treg cells
reduced peripheral Treg cell frequencies, induced Treg cell
plasticity, and caused early, fatal inflammatory diseases,
suggesting that RhoA is important for maintenance of Treg
cell homeostasis and fitness and for controlling autoimmunity.
In contrast, heterozygous RhoA deletion in Treg cells did not
affect Treg cell frequencies nor cause inflammatory diseases.
However, RhoA heterozygosity also induced Treg cell plasticity.
Importantly, heterozygous deletion of RhoA activated anti-
tumor T cell immunity. These findings suggest that graded
RhoA expression in Treg cells distinguishes tumor immunity
from autoimmunity.
MATERIALS AND METHODS

Mice
Foxp3YFP-Cre mice were purchased from Jackson laboratories
(Cat # 016959, RRID : IMSR_ JAX: 016959). RhoAFlox/Flox mice
were generated as described previously (29). RhoAFlox/Flox mice
Frontiers in Immunology | www.frontiersin.org 2
were bred with Foxp3YFP-Cre mice in our animal facility to
generate RhoAFlox/+Foxp3YFP-Cre, RhoAFlox/FloxFoxp3YFP-Cre and
RhoAFlox/FloxFoxp3YFP-Cre/+ mice. All mice were housed under
specific pathogen-free conditions in the animal facility at the
Cincinnati Children’s Hospital Research Foundation in
compliance with the Cincinnati Children’s Hospital Medical
Center Animal Care and Use Committee protocols.

Tumor Cell Lines
Mouse colon adenocarcinoma GFP-tagged tumor cell line MC38
was generously provided by Dr. Joseph Palumbo at the
Cincinnati Children’s Hospital Medical Center. The tumor cell
line was grown in DMEM with 10% fetal calf serum (FCS).
Regular mycoplasma testing was carried out on all cells
maintained in culture.

Tumor Growth Studies
Eight hundred thousand MC38 tumor cells were injected
subcutaneously in 100 µl PBS into one of the flanks of the
indicated mice. Tumor volumes were measured every two to
three days after tumor became visible and calculated as V =
(length × width2) x 0.50.

Preparation of Single-Cell Suspensions,
Antibody Staining, and Flow Cytometry
Spleens were mashed with a syringe plunger and passed through
40 µm cell strainer, followed by treatment with red blood cell
lysis buffer (Cat # 555899, BD Biosciences). Tumors were minced
into small fragments and treated with 1.5 mg/ml collagenase IV
(Cat # C5138, Sigma) for 30 min at 37°C under agitation. The
digested tumor tissue was then filtered through a 70 mm cell
strainer and centrifuged at 1500 rpm at 4°C for 5 min. The pellets
were dissolved in 8 ml of 40% Percoll and slowly layered over 5
ml of 80% Percoll in a 15 ml falcon tube. The falcon tube was
then centrifuged at 2000 rpm at 4°C for 20 min, stopping without
brakes. Cells at the interface between 40% Percoll and 80%
Percoll were carefully removed and washed twice with
complete RPMI T-cell medium. The cells from spleens and
tumors were re-stimulated with PMA and Ionomycin for 5 hrs
in the presence of Golgi plug for the last 4 hrs, and then subjected
to antibody staining. Cell surface proteins were stained for 20
min at 4°C with the following antibodies: PD-1 (Cat # 12-9985-
81, Clone J43, RRID : AB_466294, eBioscience), GITR (Cat # 25-
5874-80, Clone DTA-1, RRID : AB_10544396, eBioscience),
CTLA-4 (Cat # 12-1522-82, Clone UC10-4B9, RRID :
AB_465879, eBioscience), CD4 (Cat # 48-0042-82, Clone
RM4-5, RRID : AB_1272194, eBioscience), CD8a (Cat # 25-
0081-82, Clone 53-6.7, RRID : AB_469584, eBioscience), CD62L
(Cat # 12-0621-82, clone MEL-14, RRID: AB_465721,
eBioscience), and CD44 (Cat # 17-0441-82, clone IM7, RRID:
AB_469390, eBioscience). Intracellular proteins were stained for
60 min at room temperature after permeabilization and fixation
with BD Cytofix/Cytoperm Plus (Cat # 555028, BD Biosciences)
using the following antibodies: IL-4 (Cat # 12-7041-82, Clone
11B11, RRID : AB_466156, eBioscience), IL-17A (Cat # 559502,
Clone TC11-18H10, RRID : AB_397256, BD Pharmingen), IFN-g
October 2021 | Volume 12 | Article 726393
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(Cat # 505810, 505826, Clone XMG1.2, RRID : AB_315404, RRID :
AB_2295770, BioLegend), Foxp3 (Cat # 17-5773-82, Clone FJK-16s,
vRRID : AB_469457, eBioscience), RORgT (Cat # 12-6988-82,
Clone AFKJS-9, RRID : AB_1834470, eBioscience), T-bet (Cat #
45-5825-82, clone 4B10, RRID : AB_953657, eBioscience), and
GATA-3 (Cat # 25-9966-42, Clone TWAJ, RRID : AB_2573568,
eBioscience). The stained cells were analyzed by BD LSRII,
FACSCanto, or LSRFortessa flow cytometers. Data were analyzed
with BD FACSDiva.

For cell apoptosis assay, freshly isolated splenocytes were
immunolabeled with anti-CD4, anti-Foxp3, and anti-active
Caspase 3 (Cat # 559341, Clone C92-605, RRID : AB_397234,
BD Pharmingen) followed by flow cytometry.

For cel l prol i ferat ion assay, mice were injected
intraperitoneally with 500 mg 5-bromo-29-deoxyuridine
(BrdU). Two hours after injection, splenocytes were isolated
and immunolabeled with anti-CD4 and anti-Foxp3 antibodies
and BrdU incorporation was analyzed by a BrdU Flow kit per the
manufacturer’s protocol (Cat # 552598, BD Pharmingen).

For in vitro Treg cell suppressive activity assay, splenic Treg
cells were obtained by magnetic-activated cell sorting of CD4+ T
cells (Cat # 130-117-043, Miltenyi) followed by flow cytometry
sorting of CD4+YFP+ Treg cells. The purified Treg cells were
activated by anti-CD3/CD28 Dynabeads Cat # 11456D,
ThermoFisher) and IL-2 for 24 hrs. CD4+ naïve T cells were
obtained by using a naïve T cell isolation kit (Cat # 130-104-453,
Miltenyi) and labelled with CFSE (5 µM). The pre-activated Treg
cells were mixed with the CFSE-labelled T cells at 1:1 ratio and
cultured for 96 hrs in the presence of anti-CD3/CD28
Dynabeads. CFSE dilution was examined by flow cytometry.

Histopathological Analysis
Tissues were sectioned, fixed in 4% formaldehyde solution,
embedded in paraffin, and stained with H&E. The sections
were analyzed by light microscopy from Fisher Scientific
Moticam at 20X magnification at room temperature. The
images were acquired by using the software Motic Images Plus
2.0 (30).

Statistical Analysis
Mouse survival rate was analyzed by log-rank (Mantel–Cox) test.
Tumor growth was analyzed by two-way ANOVA. All of the other
statistics were performed with the two-tailed Student t-test. Data
were expressed as mean ± SD. p < 0.05 was considered significant.
RESULTS

Homozygous RhoA Deletion in Treg Cells
Causes Systemic Inflammatory Disorders
RhoAFlox/FloxFoxp3YFP-Cre mice harboring Treg cell-specific
homozygous RhoA deletion were small in size, lacked mobility,
and developed a hunched posture and skin ulceration (Data not
shown). The mice died within ∼3-5 weeks after birth (Figure 1A).
Moreover, the mice displayed lymphadenopathy (Figure 1B) and
massive leukocyte infiltration and/or distorted architecture in a
variety of organs, particularly in the colon, kidney, and lung
Frontiers in Immunology | www.frontiersin.org 3
(Figure 1C). In line with these phenotypes, RhoAFlox/Flox

Foxp3YFP-Cre mice contained more effector memory T cells
(CD62L-CD44+) in their CD4+ and CD8+ compartments
(Figure 1D). Furthermore, the mice showed an increase in
effector T cells including IL-17-producing Th17, IFN-g-producing
Th1, and IL-4-producing Th2 cells (Figure 1E). Consistently,
RORgT, T-bet and GATA3, signature transcriptional factors for
Th17, Th1 and Th2 cells, respectively, were increased in CD4+ cells
from RhoAFlox/FloxFoxp3YFP-Cre mice (Figure 1F). These findings
suggest that homozygous RhoA depletion in Treg cells leads to
systemic autoimmune responses.

Homozygous RhoA Deletion in Treg Cells
Impairs Treg Cell Homeostasis and
Induces Treg Cell Plasticity
We postulated that the systemic inflammatory disorders in
RhoAFlox/FloxFoxp3YFP-Cre mice resulted from defects in Treg
cells. Indeed, Treg cells were significantly decreased in
RhoAFlox/FloxFoxp3YFP-Cre mice (Figure 2A). The loss of Treg
cells was associated with decreased proliferation and increased
apoptosis, as revealed by less BrdU+ and more active Caspase-3-
expressing Treg cells in RhoAFlox/FloxFoxp3YFP-Cre mice than that
in RhoA+/+Foxp3YFP-Cre mice (Figures 2B, C). Treg cells
harboring homozygous RhoA depletion became plastic, as they
showed reduced Foxp3 expression (Figure 2D) and increased
effector T cell reprogramming, that is, more Treg cells producing
effector T cell cytokines IL-17, IFN-g, and IL-4 (Figure 2E) and
transcription factors RORgT, T-bet, and GATA3 (Figure 2F).
Moreover, RhoAFlox/FloxFoxp3YFP-Cre Treg cells upregulated their
functional markers CTLA-4, GITR and PD-1 (Figure 2G).

It is known that inflammation may induce Treg cell plasticity
(31). In this context, the plasticity of RhoAFlox/FloxFoxp3YFP-Cre

Treg cells could be attributed to the inflammatory disorders in
RhoAFlox/FloxFoxp3YFP-Cre mice. To test this, we analyzed
RhoAFlox/FloxFoxp3YFP-Cre/+ female mice that are heterozygous
for Foxp3YFP-Cre and did not show overt inflammation (data not
shown). Because of the X chromosome-linked nature of and
random X chromosome inactivation by Foxp3YFP-Cre knock-in
transgene, Foxp3YFP-Cre/+ female mice are expected to maintain
~50% of Foxp3+YFP+ Treg cells and ~50% of Foxp3+YFP- Treg
cells (30). In support, RhoA+/+Foxp3YFP-Cre/+ female mice
exhibited ~ 0.80:1 ratio of Foxp3+YFP+: Foxp3+YFP- cells
(Figure 3A). However, the ratio of Foxp3+YFP+ versus
Foxp3+YFP- cells in RhoAFlox/FloxFoxp3YFP-Cre/+ female mice
was reduced to ~ 0.40:1 (Figure 3A). The decrease in
Foxp3+YFP+ cells in RhoAFlox/FloxFoxp3YFP-Cre/+ mice was
associated with decreased proliferation and increased apoptosis
(Figures 3B, C). The results suggest that RhoA-deficient
Foxp3+YFP+ Treg cells are outcompeted by RhoA-proficient
Foxp3+YFP- Treg cells in RhoAFlox/FloxFoxp3YFP-Cre/+ mice. This
may be explained by increased plasticity of RhoA-deficient
Foxp3+YFP+ Treg cells that showed decreased expression of
Foxp3 (Figure 3D) and increased expression of effector T cell
cytokines IFN-g and IL-4 (Figure 3E), compared with RhoA-
proficient Foxp3+YFP- Treg cells from the same mice. Plastic
Treg cells may be impaired in their suppressive function
(11). In support, plastic Foxp3+YFP+ Treg cells from
October 2021 | Volume 12 | Article 726393
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FIGURE 1 | Homozygous RhoA deletion in Treg cells leads to early, fatal spontaneous inflammatory disorders. (A) Survival outcome of RhoA+/+Foxp3YFP-Cre and
RhoAFlox/FloxFoxp3YFP-Cre mice. Results were analyzed with a log-rank (Mantel–Cox) test and expressed as Kaplan–Meier survival curves. (B) Image of
lymphadenopathy in RhoAFlox/FloxFoxp3YFP-Cre mice. Inguinal lymph nodes are shown. (C) Images of H&E staining of the indicated organs from RhoA+/+Foxp3YFP-Cre

and RhoAFlox/FloxFoxp3YFP-Cre mice (original magnification X 400). (D) Left, representative flow cytogram of CD44 and CD62L staining in CD4+ and CD8+ cells from
the spleen of RhoA+/+Foxp3YFP-Cre and RhoAFlox/FloxFoxp3YFP-Cre mice. The numbers indicate percentages of CD44+, CD44+CD62L+, and CD62L+ cells. Right,
average percentages of CD44+, CD44+CD62L+, and CD62L+ cells. (E) Left, representative flow cytogram of IL-17, IFN-g, and IL-4 staining in CD4+Foxp3- cells from
the spleen of RhoA+/+Foxp3YFP-Cre and RhoAFlox/FloxFoxp3YFP-Cre mice. The numbers indicate percentages of IL-17+, IFN-g+, and IL-4+ cells. Right, average
percentages of IL-17+, IFN-g+, and IL-4+ cells. (F) Left, representative flow cytogram of RORgT, T-bet and GATA3 staining in CD4+Foxp3- cells from the spleen of
RhoA+/+Foxp3YFP-Cre and RhoAFlox/FloxFoxp3YFP-Cre mice. The numbers indicate percentages of RORgT +, T-bet+, and GATA3+ cells. Right, average percentages of
RORgT +, T-bet+, and GATA3+ cells. (A, D–F) n = 3-5 mice. Data are representative of two independent experiments. Error bars indicate SD. *p < 0.05, **p < 0.01.
(B, C) Data are representative of 3 mice.
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RhoAFlox/FloxFoxp3YFP-Cre/+ mice exhibited lower suppressive
activity toward naïve T cell proliferation, compared to that
from RhoA+/+Foxp3YFP-Cre/+ mice (Figure 3F). Thus, the
plasticity of RhoA-deficient Treg cells in non-inflammatory
Frontiers in Immunology | www.frontiersin.org 5
RhoAFlox/FloxFoxp3YFP-Cre/+ female mice suggests that the
plasticity of RhoA-deficient Treg cells in inflammatory
RhoAFlox/FloxFoxp3YFP-Cre mice is not due to continuing
inflammation but a cell-intrinsic effect.
A

B

D E

F

G

C

FIGURE 2 | Homozygous RhoA deletion in Treg cells dampens Treg cell homeostasis and induces Treg cell plasticity. (A) Left, representative flow cytogram of Foxp3
staining in CD4+ cells from the spleen of RhoA+/+Foxp3YFP-Cre and RhoAFlox/FloxFoxp3YFP-Cre mice. The numbers indicate percentages of CD4+Foxp3+ Treg cells.
Middle, average percentages of CD4+Foxp3+ Treg cells. Right, average numbers of CD4+Foxp3+ Treg cells. (B) Treg cell proliferation. Percentages of CD4+Foxp3+

Treg cells incorporated with BrdU are shown. (C) Treg cell apoptosis. The expression levels (MFI: Mean fluorescence intensity) of active caspase 3 in CD4+Foxp3+ Treg
cells are shown. (D) The expression levels of Foxp3 in Treg cells. (E) Left, representative flow cytogram of IL-17, IFN-g, and IL-4 staining in CD4+Foxp3+ Treg cells. The
numbers indicate percentages of IL-17+, IFN-g+, and IL-4+ Treg cells. Right, average percentages of IL-17+, IFN-g+, and IL-4+ Treg cells. (F) Left, representative flow
cytogram of RORgT, T-bet and GATA3 staining in CD4+Foxp3+ Treg cells. The numbers indicate percentages of RORgT +, T-bet+, and GATA3+ Treg cells. Right,
average percentages of RORgT +, T-bet+, and GATA3+ Treg cells. (G) Left, representative histogram of the expression levels of CTLA-4, GITR and PD-1 in
CD4+Foxp3+ Treg cells. The numbers above the graphs indicate MFI. Right, average MFI of CTLA-4, GITR and PD-1 in CD4+Foxp3+ Treg cells.
n = 3 mice. Data are representative of two independent experiments. Error bars indicate SD. **p < 0.01.
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FIGURE 3 | Treg cells bearing homozygous RhoA deletion are plastic and outcompeted by Treg cells bearing intact RhoA in RhoAFlox/FloxFoxp3YFP-Cre/+ female mice. (A)
Left, representative flow cytogram of Foxp3+YFP+ and Foxp3+YFP- cells in CD4+Foxp3+ Treg cells from the spleen of RhoA+/+Foxp3YFP-Cre/+ and RhoAFlox/FloxFoxp3YFP-Cre/+

female mice. The numbers indicate percentages of Foxp3+YFP+ and Foxp3+YFP- cells. Middle, cell numbers of Foxp3+YFP+ and Foxp3+YFP- cells. Right, the ratio of
percentages of Foxp3+YFP+ versus percentages of Foxp3+YFP- cells. (B) Foxp3+YFP+ Treg cell proliferation. (C) Foxp3+YFP+ Treg cell apoptosis. (D) The expression levels
(MFI: Mean fluorescence intensity) of Foxp3 in Foxp3+YFP+ and Foxp3+YFP- cells from the spleen of RhoAFlox/FloxFoxp3YFP-Cre/+ female mice. (E) Left, representative flow
cytogram of IL-17, IFN-g, and IL-4 staining in CD4+Foxp3+YFP+ and CD4+Foxp3+YFP- cells from the spleen of RhoAFlox/FloxFoxp3YFP-Cre/+ female mice. The
numbers indicate percentages of IL-17+, IFN-g+, and IL-4+ cells. Right, average percentages of IL-17+, IFN-g+, and IL-4+ cells. (F) In vitro Treg suppressive
activity. Left, representative flow cytogram of CFSE dilution in T cells (responder). The numbers above the gating are percentages of cells low for CFSE,
representing proliferating T cells. Right, average percentages of cells low for CFSE. Foxp3+YFP+ Treg cells were obtained by flow cytometry sorting of
CD4+YFP+ cells from the spleen of RhoA+/+Foxp3YFP-Cre/+ and RhoAFlox/FloxFoxp3YFP-Cre/+ female mice. Error bars indicate SD of 3 mice (A–E) or triplicates
(F). Data are representative of two independent experiments. *p < 0.05, **p < 0.01.
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The impaired homeostasis and the plasticity of RhoA-
deficient Treg cells could be an outcome of impaired Treg cell
development in the thymus. In this context, we analyzed
thymocyte development in RhoA+/+Foxp3YFP-Cre and RhoAFlox/Flox

Foxp3YFP-Cre mice. We found that RhoAFlox/FloxFoxp3YFP-Cre mice
showed comparable frequencies of CD4-CD8-, CD4+CD8+,
CD4+CD8-, and CD4-CD8+ thymocytes to RhoA+/+Foxp3YFP-Cre

mice (Figure 4A). The thymicTreg cells also remained unaltered in
RhoAFlox/FloxFoxp3YFP-Cre mice (Figure 4B). However, Foxp3
expression in RhoAFlox/FloxFoxp3YFP-Cre thymic Treg cells was
downregulated (Figure 4C). Similar to RhoAFlox/FloxFoxp3YFP-Cre

mice, RhoAFlox/FloxFoxp3YFP-Cre/+ female mice had intact CD4-

CD8-, CD4+CD8+, CD4+CD8-, CD4-CD8+ thymocytes
(Figure 4D) and thymic Treg cells (Figure 4E). Nonetheless, the
ratio of Foxp3+YFP+ versus Foxp3+YFP- cells in the thymus of
RhoAFlox/FloxFoxp3YFP-Cre/+ femalemice was significantly decreased
(Figure 4F). Collectively, these data suggest that RhoA deficiency
does not affect overt thymocyte/thymic Treg cell development
but induces thymic Treg cell plasticity. Hence, it appears that
the altered peripheral Treg cell homeostasis is not due to
impaired Treg cell development in the thymus. In contrast, the
plasticity of peripheral Treg cells seems to be inherited from thymic
Treg cells.

Heterozygous RhoA Deletion in Treg Cells
Does Not Cause Systemic Autoimmunity
and Impair Treg Cell Homeostasis but
Induces Treg Cell Plasticity and Anti-
Tumor T Cell Immunity
We next characterized RhoAFlox/+Foxp3YFP-Cre mice that bear
heterozygous RhoA deletion in Treg cells. In contrast to
homozygous RhoA deletion, heterozygous RhoA deletion did not
lead to systemic autoimmunity, as evidenced by comparable mouse
weight (Figure 5A) and tissue histopathology (Figure 5B) between
RhoAFlox/+Foxp3YFP-Cre and RhoA+/+Foxp3YFP-Cre mice. Treg cell
homeostasis was also unaffected by heterozygous RhoA deletion
(Figures 5C, D), which is in line with intact proliferation and
survival, as evidenced by comparable BrdU+ and active Caspase-3-
expressing Foxp3+YFP+ Treg cells in RhoAFlox/+Foxp3YFP-Cre/+

mice to that in RhoA+/+Foxp3YFP-Cre/+ mice (Figures 5E, F).
However, heterozygous RhoA deletion mimicked homozygous
RhoA deletion in inducing Treg cell plasticity - it reduced the
expression of Foxp3 (Figure 5G) and increased the expression of
effector T cell cytokine IFN-g and/or transcription factor T-bet in
Treg (Figures 5H–K) and effector T cells (Figures 5L, M).
Furthermore, in consistent with that plastic Treg cells may have
dampened function (11), Foxp3+YFP+ Treg cells from RhoAFlox/+

Foxp3YFP-Cre/+ mice showed weakened suppressive activity toward
naïve T cell proliferation, in comparison to that from RhoA+/+

Foxp3YFP-Cre/+ mice (Figures 5N, O).
While intact Treg cells promote tumor immune evasion (7),

plastic Treg cells may invoke anti-tumor T cell immunity (32).
To determine whether RhoAFlox/+Foxp3YFP-Cre Treg cells can be
harnessed for tumor control, we inoculated RhoAFlox/+

Foxp3YFP-Cre and RhoA+/+Foxp3YFP-Cre mice with MC38 mouse
colon cancer cells. We found that tumor growth (measured by
Frontiers in Immunology | www.frontiersin.org 7
tumor volume) was markedly suppressed in RhoAFlox/+Foxp3YFP-
Cre mice (Figure 6A) . Although the frequencies of
tumor-infiltrating Treg cells were not altered in RhoAFlox/+

Foxp3YFP-Cre mice, their numbers were decreased (Figure 6B).
There were more tumor-infiltrating IFN-g+ and IL-4+ Treg cells
in RhoAFlox/+Foxp3YFP-Cre mice than that in RhoA+/+Foxp3YFP-Cre

mice (Figures 6C, D). Furthermore, IL-4-producing CD4+ effector
T cells, but not total or IFN-g-producing CD4+ effector T cells, were
increased in the tumors in RhoAFlox/+Foxp3YFP-Cre mice
(Figures 6E–G). Albeit IFN-g-producing CD8+ effector T cells
were unchanged, total CD8+ effector T cells were elevated in the
tumors in RhoAFlox/+Foxp3YFP-Cre mice (Figures 6H, I). Taken
together, these results suggest that RhoA heterozygosity inhibits
Treg cell infiltration into tumors, induces tumor-infiltrating Treg
cell plasticity and triggers T cell immunity against tumor growth.
DISCUSSION

In this study, we show that homozygous RhoA deletion in Treg
cells causes early, fatal inflammatory disorders, suggesting that
RhoA is a bona fide gatekeeper of immune tolerance. The
autoimmune responses in RhoAFlox/FloxFoxp3YFP-Cre mice are
associated with increased effector T cells that presumably result
from decreased Treg cells and/or increased Treg cell plasticity.
The decrease in Treg cells is likely due to impaired proliferation
and survival but not development in the thymus. The plasticity of
RhoAFlox/FloxFoxp3YFP-Cre Treg cells appears to be a cell-
autonomous phenomenon but could be an inherited
phenotype from thymic Treg cells. RhoAFlox/FloxFoxp3YFP-Cre

Treg cell plasticity is manifested by Foxp3 downregulation and
effector T cell reprogramming. As reduced Foxp3 expression is
known to convert Treg cells to effector T cells (30, 33), at least a
proportion of the increased CD4+ effector T cells in RhoAFlox/Flox

Foxp3YFP-Cre mice could have been derived from RhoAFlox/Flox

Foxp3YFP-Cre Treg cells. Given that Treg cells expressing effector
T cell markers are implicated in autoimmune diseases such as
inflammatory bowel diseases (34), the effector T cell
reprogramming in RhoAFlox/FloxFoxp3YFP-Cre Treg cells might
have contributed to effector T cell functions and thus the
inflammatory diseases in RhoAFlox/FloxFoxp3YFP-Cre mice.

In contrast to homozygous deletion of RhoA, heterozygous
deletion of RhoA does not appear to cause autoimmunity and
perturb Treg cell homeostasis. However, similar to RhoA
homozygosity, RhoA heterozygosity induces Treg cell plasticity.
We note that while all of effector T cell cytokines IFN-g, IL-17
and IL-4 are upregulated in Treg cells and CD4+ effector T cells in
RhoAFlox/FloxFoxp3YFP-Cre mice, only IFN-g is upregulated in Treg
and CD4+ effector T cells in RhoAFlox/+Foxp3YFP-Cremice, suggesting
that RhoA dosages fine-tune Treg cell plasticity. Importantly,
RhoAFlox/+Foxp3YFP-Cre Treg cells are capable of invoking anti-
tumor T cell immunity. Nonetheless, unlike steady-state
RhoAFlox/+Foxp3YFP-Cre mice, tumor-bearing RhoAFlox/+

Foxp3YFP-Cre mice show increased expression of IL-4, in addition
to IFN-g, in tumor-infiltratingTregcells. Furthermore, IL-4, butnot
IFN-g, was elevated in intratumoral CD4+ effector T cells. Thus, it
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FIGURE 4 | Homozygous RhoA deletion in Treg cells does not affect Treg cell development in the thymus but induces thymic Treg cell plasticity. (A) Left,
representative flow cytogram of CD4 and CD8 staining in thymocytes from RhoA+/+Foxp3YFP-Cre and RhoAFlox/FloxFoxp3YFP-Cre mice. The numbers indicate
percentages of CD4-CD8-, CD4+CD8+, CD4+ and CD8+ cells in corresponding quadrant. Right, average percentages of CD4-CD8-, CD4+CD8+, CD4+ and CD8+

cells. (B) Left, representative flow cytogram of Foxp3 staining in CD4+ thymocytes from RhoA+/+Foxp3YFP-Cre and RhoAFlox/FloxFoxp3YFP-Cre mice. The numbers
indicate percentages of CD4+Foxp3+ thymic Treg cells. Middle, average percentages of CD4+Foxp3+ thymic Treg cells. Right, cell numbers of CD4+Foxp3+ thymic
Treg cells. (C) The expression levels (MFI: mean fluorescence intensity) of Foxp3 in thymic Treg cells from RhoA+/+Foxp3YFP-Cre and RhoAFlox/FloxFoxp3YFP-Cre mice.
(D) Left, representative flow cytogram of CD4 and CD8 staining in thymocytes from RhoA+/+Foxp3YFP-Cre/+ and RhoAFlox/FloxFoxp3YFP-Cre/+ female mice. The
numbers indicate percentages of CD4-CD8-, CD4+CD8+, CD4+ and CD8+ cells in corresponding quadrant. Right, average percentages of CD4-CD8-, CD4+CD8+,
CD4+ and CD8+ cells. (E) Left, representative flow cytogram of Foxp3 staining in CD4+ thymocytes from RhoA+/+Foxp3YFP-Cre/+ and RhoAFlox/FloxFoxp3YFP-Cre/+

female mice. The numbers indicate percentages of CD4+Foxp3+ thymic Treg cells. Right, average of percentages of CD4+Foxp3+ thymic Treg cells. (F) Left,
representative flow cytogram of Foxp3+YFP+ and Foxp3+YFP- cells in CD4+Foxp3+ thymic Treg cells from RhoA+/+Foxp3YFP-Cre/+ and RhoAFlox/FloxFoxp3YFP-Cre/+

female mice. The numbers indicate percentages of Foxp3+YFP+ and Foxp3+YFP- cells. Right, the ratio of Foxp3+YFP+ versus Foxp3+YFP- cells. n = 3 mice. Data are
representative of two independent experiments. Error bars indicate SD. *p < 0.05, **p < 0.01.
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FIGURE 5 | Heterozygous RhoA deletion in Treg cells induces Treg cell plasticity and increases CD4+ effector T cells but does not result in autoimmunity. (A) Body
weight of RhoA+/+Foxp3YFP-Cre and RhoAFlox/+Foxp3YFP-Cre mice. (B) Images of H&E staining of the indicated organs. (C) Representative flow cytogram of Foxp3
staining in CD4+ cells from the spleen of RhoA+/+Foxp3YFP-Cre and RhoAFlox/+Foxp3YFP-Cre mice. The numbers indicate percentages of CD4+Foxp3+ Treg cells.
(D) Left, average percentages of CD4+Foxp3+ Treg cells. Right, cell numbers of CD4+Foxp3+ Treg cells. (E) Proliferation of Foxp3+YFP+ Treg cells from RhoA+/+

Foxp3YFP-Cre/+ and RhoAFlox/+Foxp3YFP-Cre/+ female mice. Percentages of Foxp3+YFP+ Treg cells incorporated with BrdU are shown. (F) Apoptosis of Foxp3+YFP+

Treg cells from RhoA+/+Foxp3YFP-Cre/+ and RhoAFlox/+Foxp3YFP-Cre/+ female mice. The expression levels (MFI: mean fluorescence intensity) of active caspase 3 in
Foxp3+YFP+ Treg cells are shown. (G) The expression levels of Foxp3 in Treg cells from RhoA+/+Foxp3YFP-Cre and RhoAFlox/+Foxp3YFP-Cre mice. (H) Representative
flow cytogram of IFN-g, IL-17 and IL-4 staining in CD4+Foxp3+ Treg cells. The numbers indicate percentages of IFN-g+, IL-17+ and IL-4+ Treg cells. (I) Average
percentages of IFN-g+, IL-17+ and IL-4+ Treg cells. (J) Representative flow cytogram of RORgT, T-bet and GATA3 staining in CD4+Foxp3+ Treg cells. The numbers
indicate percentages of RORgT +, T-bet+, and GATA3+ Treg cells. (K) Average percentages of RORgT +, T-bet+, and GATA3+ Treg cells. (L) Representative flow
cytogram of IFN-g, IL-17 and IL-4 staining in CD4+Foxp3- cells. The numbers indicate percentages of IFN-g+CD4+, IL-17+CD4+ and IL-4+CD4+ effector T cells.
(M) Average percentages of IFN-g+CD4+, IL-17+CD4+ and IL-4+CD4+ effector T cells. (N, O) In vitro Treg suppressive activity. (N), representative flow cytogram of
CFSE dilution in T cells (responder). The numbers above the gating are percentages of cells low for CFSE, representing proliferating T cells. (O), average percentages
of cells low for CFSE. Foxp3+YFP+ Treg cells were obtained by flow cytometry sorting of CD4+YFP+ cells from the spleen of RhoA+/+Foxp3YFP-Cre/+ and RhoAFlox/+

Foxp3YFP-Cre/+ female mice. (A, C–O) Error bars indicate SD of 5-6 mice (A, C–M) or triplicates (N, O). Data are representative of two independent experiments.
Error bars indicate SD. **p < 0.01. (B) Data are representative of 3 mice.
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FIGURE 6 | Heterozygous RhoA deletion in Treg cells inhibits tumor growth by promoting Treg cell plasticity. (A) Left, average tumor growth of MC38 mouse colon
cancer cells in RhoA+/+Foxp3YFP-Cre and RhoAFlox/+Foxp3YFP-Cre mice. Middle, tumor growth in individual RhoA+/+Foxp3YFP-Cre mice. Right, tumor growth in individual
RhoAFlox/+Foxp3YFP-Cre mice. (B) Left, representative flow cytogram of CD4+YFP+ cells from the tumors of RhoA+/+Foxp3YFP-Cre and RhoAFlox/+Foxp3YFP-Cre mice.
The numbers indicate percentages of tumor-infiltrating CD4+YFP+ Treg cells. Middle, average percentages of tumor-infiltrating CD4+YFP+ Treg cells. Right, cell
numbers of tumor-infiltrating CD4+YFP+ Treg cells. (C) Left, representative flow cytogram of IFN-g staining in tumor-infiltrating CD4+YFP+ Treg cells. The numbers
indicate percentages of tumor-infiltrating IFN-g+ Treg cells. Right, average percentages of tumor-infiltrating IFN-g+ Treg cells. (D) Left, representative flow cytogram of
IL-4 staining in tumor-infiltrating CD4+YFP+ Treg cells. The numbers indicate percentages of tumor-infiltrating IL-4+ Treg cells. Right, average percentages of tumor-
infiltrating IL-4+ Treg cells. (E) Percentages of tumor-infiltrating CD4+ effector T cells. (F) Percentages of tumor-infiltrating IFN-g+CD4+ effector T cells. (G) Left,
representative flow cytogram of IL-4 staining in tumor-infiltrating CD4+YFP- effector T cells. The numbers indicate percentages of tumor-infiltrating IL-4+CD4+ effector
T cells. Right, average percentages of tumor-infiltrating IL-4+CD4+ effector T cells. (H) Percentages of tumor-infiltrating CD8+ effector T cells. (I) Percentages of
tumor-infiltrating IFN-g+CD8+ effector T cells. n = 4-6 mice. Data are representative of two independent experiments. Error bars indicate SD. *p < 0.05, **p < 0.01.
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seems that the manifestations of Treg cell plasticity are context-
dependent. As IL-4 has been reported to be able to suppress cancer
progression (35), we postulate that IL-4 produced by tumor-
infiltrating Treg cells and CD4+ effector T cells, IFN-g produced
by tumor-infiltrating Treg cells, and non-IFN-g effector molecules
(e.g. TNF-a, granzyme B and/or perforin) produced by tumor-
infiltrating CD8+ T cells collectively inhibit tumor growth in
RhoAFlox/+Foxp3YFP-Cre mice.

Treg cell plasticity may dampen their suppressive function (11).
In support, plastic Treg cells bearing homozygous or heterozygous
RhoA deletion are impaired in their suppression of naïve T cell
proliferation. As these Treg cells are derived from RhoAFlox/Flox

Foxp3YFP-Cre/+ or RhoAFlox/+Foxp3YFP-Cre/+ mice that contain
RhoA-proficient Treg cells and show no overt inflammation, our
findings suggest that RhoA promotes Treg suppressive function in
a cell-intrinsic manner. Of note, RhoAFlox/FloxFoxp3YFP-Cre Treg
cells upregulate their functional markers CTLA-4, GITR and PD-1.
We envision that these Treg cells undergo functional exhaustion,
reminiscent of LKB1-deficient Treg cells (36).

In summary, our findings suggest that graded RhoA
expression distinguishes tumor immunity from autoimmunity.
We demonstrate a proof-of-concept that pharmacological
titration of RhoA to induce Treg cell plasticity without
perturbation of their homeostasis may elicit anti-tumor T cell
immunity without causing systemic autoimmune diseases.
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