
P21-activated kinase 2 is essential in maintenance of peripheral

Foxp3+ regulatory T cells

Jinyong Choi,1,*

David Randall Pease,1 Siqi Chen,2

Bin Zhang1,2 and Hyewon

Phee1,3

1Department of Microbiology-Immunology,

Feinberg School of Medicine, Northwestern

University, Chicago, IL, 2Department of

Hematology and Oncology, Feinberg School of

Medicine, Northwestern University, Chicago,

IL and 3Amgen Inc, South San Francisco, CA,

USA

doi:10.1111/imm.12886

Received 3 November 2017; revised 19

December 2017; accepted 21 December

2017.

*Present address: Division of Vaccine

Discovery, La Jolla Institute for Allergy and

Immunology, La Jolla, CA 92037, USA

Correspondence: Hyewon Phee, Amgen Inc.,

1120 Veterans Boulevard, South San

Francisco, CA 94080, USA.

Email: hyewon.phee@gmail.com

Senior author: Hyewon Phee

Summary

The p21-activated kinase 2 (Pak2), an effector molecule of the Rho family

GTPases Rac and Cdc42, regulates diverse functions of T cells. Previously,

we showed that Pak2 is required for development and maturation of T

cells in the thymus, including thymus-derived regulatory T (Treg) cells.

However, whether Pak2 is required for the functions of various subsets of

peripheral T cells, such as naive CD4 and helper T-cell subsets including

Foxp3+ Treg cells, is unknown. To determine the role of Pak2 in CD4 T

cells in the periphery, we generated inducible Pak2 knockout (KO) mice,

in which Pak2 was deleted in CD4 T cells acutely by administration of

tamoxifen. Temporal deletion of Pak2 greatly reduced the number of Fox-

p3+ Treg cells, while minimally affecting the homeostasis of naive CD4 T

cells. Pak2 was required for proliferation and Foxp3 expression of Foxp3+

Treg cells upon T-cell receptor and interleukin-2 stimulation, differentia-

tion of in vitro induced Treg cells, and activation of naive CD4 T cells.

Together, Pak2 is essential in maintaining the peripheral Treg cell pool by

providing proliferation and maintenance signals to Foxp3+ Treg cells.

Keywords: CD4 cell; regulatory T cells; T-cell receptors.

Introduction

Antigen recognition by the T-cell receptor (TCR) stimu-

lates a variety of intracellular signalling pathways in T

cells, ultimately leading to proliferation of T cells.1–6

Among these signalling pathways, Rho family GTPases

regulate actin cytoskeleton rearrangement associated with

T-cell activation, while mitogen-activated protein kinase

and mammalian target of rapamycin (mTOR) play a key

role in T-cell proliferation. Once T cells are activated,

they increase expression of CD25, CD69 and CD40L, and

produce cytokines such as interleukin-2 (IL-2), which

subsequently provide additional proliferative signals to T

cells.7 TCR stimulation of naive CD4 T cells in the pres-

ence of various cytokines provides signals differentiating

them into specialized effector cells such as T helper type

1 (Th1) [with IL-12 or interferon-c (IFN-c)], Th2 (with

IL-4), Th17 [with IL-6 and transforming growth factor-b

(TGF-b)] and induced regulatory T (iTreg) cells (with

IL-2 and TGF-b).1,8 Moreover, TCR provides the signals

required for maintenance of T cells.

P21-activated kinases (Paks) are serine-threonine

kinases that phosphorylate multiple substrates involved in

proliferation, migration and cytoskeletal reorganiza-

tion.9,10 Pak2 is robustly activated after TCR engagement

and regulates T-cell development, activation and func-

tion.9,10 Inhibition of Pak2 by overexpressing mutant

forms of Pak2 inhibited TCR-induced up-regulation of

CD69, calcium influx and nuclear factor of activated T

cells activity in Jurkat cells, or IL-2 production in mouse

primary T cells.11 Furthermore, Pak2 is required for

T-cell development and maturation in the thymus by

coordinating actin cytoskeletal reorganization.12 More-

over, Pak2 is critical for the development of thymus-

derived Treg (tTreg) cells13 and natural killer T cells14 by

controlling signals crucial for lineage differentiation. For

Abbreviations: ERK, extracellular signal-regulated kinase; FBS, fetal bovine serum; IFN-c, interferon-c; IL-2, interleukin-2; iTreg,
in vitro induced Treg; KO, knockout; mTOR, mammalian target of rapamycin; Pak2, p21-activated kinase 2; PLC, phospholipase;
TCR, T-cell receptor; TGF-b, transforming growth factor-b; Treg, regulatory T; tTreg, thymus-derived Treg; WT, wild-type
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instance, Pak2 is essential for transducing high-affinity

TCR signals for the development of tTreg cells. Given

Pak20s roles regulating the development and activation of

multiple T-cell subsets in the thymus, Pak2 may regulate

the function of T-cell subsets in the periphery. However,

it is still unknown whether Pak2 regulates T-cell function

in the periphery due to the embryonic lethality of Pak2

knockout (KO) mice14 and severe T-cell deficiency in

T-cell-specific conditional KO mice.15

Here, we demonstrated that Pak2 is specifically required

for the maintenance of Foxp3+ Treg cells in the periphery

using tamoxifen-inducible Pak2 KO mouse models. Tem-

poral deletion of Pak2 in CD4 T cells by administration of

tamoxifen reduced the number of Foxp3+ Treg cells, but

not conventional T cells in the periphery. Proliferation of

Foxp3+ Treg cells and maintenance of Foxp3 expression

under TCR and IL-2 stimulation conditions required

Pak2. Likewise, Pak2 was also required for proliferation of

CD4 T cells following TCR stimulation and differentiation

of CD4 effector T cells such as iTreg cells and Th17 cells.

Mechanistically, phosphorylation of cofilin, p70S6K and

S6 were markedly reduced in Pak2-deficient CD4 T cells,

suggesting that Pak2 regulates actin cytoskeletal reorgani-

zation and activation of the mTORC1 pathway upon TCR

activation. These findings reveal the role of Pak2, a pro-

tein regulating actin cytoskeletal reorganization, in the

control of peripheral Foxp3+ Treg cells through the regu-

lation of TCR-mediated activation, proliferation, differen-

tiation and maintenance.

Materials and methods

Mice

UBC-ERT2-Cre and Rosa26-YFP mice were described

previously.13 Cd4-ERT2-Cre mice were from Dr Fontini

Gounari at the University of Chicago16 and Pak2F/F;Cd4-

ERT2-Cre;Rosa26-YFP mice were generated by mating the

Pak2F/F, Cd4-ERT2-Cre and Rosa26-YFP mice. Genotyping

of the mice was performed by genomic PCR as described

previously.13 C57BL/6 and Rag1�/� mice were obtained

from Jackson Laboratory (Bar Harbor, ME). All mice

were housed in the specific pathogen-free facility at

Northwestern University and used under the animal study

protocol approved by the University Animal Care Use

Committee (2012-2851).

Tamoxifen-inducible deletion of Pak2

To induce tamoxifen-mediated deletion, Pak2F/F;Cd4-

ERT2-Cre;Rosa26-YFP or Pak2F/F;UBC-ERT2-Cre;Rosa26-

YFP mice were treated with tamoxifen dissolved in corn oil

(100 mg/kg; Sigma, St Louis, MO) by oral gavage for 5

consecutive days as described previously.13 Animals were

killed for analysis after a 5-day rest period. Pak2F/F;Rosa26-

YFP mice that did not contain the Cd4-ERT2-Cre or UBC-

ERT2-Cre transgene were used as a wild-type (WT) control.

Isolation, in vitro differentiation and proliferation

Thymus, spleen and peripheral lymph nodes were dissoci-

ated through a 40-lm nylon mesh into RPMI-1640 con-

taining 10% fetal bovine serum (FBS). CD4+ CD25� T

cells were isolated from spleen using a CD4 isolation kit

(Stem Cell Technologies, Vancouver, BC, Canada) supple-

mented with an anti-CD25-biotin antibody (eBioscience,

San Diego, CA) according to the manufacturer’s protocol.

CD4+ CD25+ CD45RBlow Treg cells were isolated from

spleen by sorting with FACSAria (BD, Franklin Lakes, NJ).

For iTreg cell differentiation, 1 9 106 cells/well were

cultured in 24-well plates with 2 lg/ml pre-coated anti-

CD3 (2C11; BD) and 2 lg/ml soluble anti-CD28 (37�51;
BD) antibodies, 10 U/ml IL-2 (NIH, Bethesda, MD) and

10 ng/ml recombinant human TGF-b1 (R&D Systems,

Minneapolis, MN) for 3 days. For Th1 differentiation,

1 9 106 cells/well were cultured in 24-well plates with pre-

coated anti-CD3 and soluble anti-CD28 antibodies, 10 U/

ml IL-2, 10 ng/ml IL-12 (R&D Systems) and 10 lg/ml

anti-IL-4 antibody (R&D Systems) for 3 days. After

3 days of incubation, the cells were split in a 1 : 2 ratio

with fresh IL-2 medium and incubated for another

2 days. For Th17 differentiation, 5 9 105 cells/well were

cultured in 24-well plates with pre-coated anti-CD3 and

anti-CD28 antibodies in the presence of 1 ng/ml human

TGF-b1, 100 ng/ml IL-6, 50 ng/ml IL-23, 10 lg/ml anti-

IL-4 antibody and 20 lg/ml anti-IFN-c antibody for

3 days. For the cytokine analysis, the cells were stimulated

with 50 ng/ml PMA and 1 lM ionomycin for 5 hr.

For proliferation assay, CD4+ CD25� T cells or

CD4+ CD25+ CD45RBlow Treg cells were washed with PBS

and labelled with a proliferation dye eFluor450 (eBioscience)

for 20 min at room temperature. The cells were then washed

twice with RPMI-1640 containing 10% FBS. The appropri-

ate number of dye-labelled cells was used for activation, T

helper differentiation or homeostatic proliferation.

In vivo homeostatic proliferation assay

CD4+ CD25� T cells were isolated from either Pak2F/F;

UBC-ERT2-Cre;Rosa26-YFP or Pak2F/F control mice. The

cells were labelled with a proliferation dye eFlour450 as

described above and then mixed together in a 1 : 1 ratio.

In total, 1 9 105 cells were adoptively transferred into

Rag1�/� mice. One week later, proliferation of transferred

cells was measured by flow cytometry.

Flow cytometry

Cells were washed twice with FACS buffer (2% FBS, 2%

NaN3 and 2 mM EDTA) before antibody staining. For
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surface staining, cells were incubated with fluorochrome-

conjugated antibodies for 30 min at 4°. Cells were then

washed twice with FACS buffer before being analysed or

stained intracellularly using the Foxp3 Staining Buffers

(eBioscience). Dead cells were excluded either using DAPI

or LIVE/DEAD Blue Stain Kit (Life Technologies, Carls-

bad, CA). Data analyses were performed using FLOWJO

(version 9�6�2; Tree Star, Ashland, OR). Antibodies

against mouse CD4 (GK1.5) and CD8a (53-6.7), and

AnnexinV staining kit were from BD Biosciences (San

Jose, CA). Antibody against mouse CD25 (PC61) was

from BioLegend (San Diego, CA). Antibodies against

mouse GITR (DTA-1), CTLA4 (UC10-4B9), Foxp3 (FJK-

165), IFN-c (XMG1.2), IL17A (eBio17B7) and CD69

(H1.2F3) were from eBioscience. For optimal detection of

YFP signal, cells were fixed with 2% paraformaldehyde

for 15 min at room temperature before intracellular

staining. Flow cytometric analyses were performed using

a Fortessa flow cytometry system (BD).

Western blot

Cells were washed with cold PBS and lysed using SDS

sample buffer. The lysates were centrifuged at

430,000 9 g (100,000 rpm) for 30 min. The proteins

were then separated by NuPAGE 4–12% Bis–Tris gels

(Invitrogen, Carlsbad, CA) and transferred to PVDF

membranes (Millipore, Billerica, MA). The membranes

were incubated with primary antibodies against Pak2

(Origene, Rockville, MD), phospho-p70S6K (Thr389, Cell

Signaling, Danvers, MA), phospho-S6 (Ser235/236, Cell

Signaling), phospho-extracellular signal-regulated kinase

(ERK) (Thr202/Tyr204, Cell Signaling), phospho-phos-

pholipase C-c (PLC-c) (Tyr783, Invitrogen), PLCc (Cell

Signaling), phospho-guanine nucleotide exchange factor-

H1 (GEF-H1) (Ser885, Abcam, Cambridge, UK), phos-

pho-LIM domain kinase 1/2 (LIMK1/2) (Thr508/Thr505,

Cell Signaling), phospho-myosin light chain 2 (MLC2)

(Thr18/Ser19, Cell Signaling), phospho-cofilin (Ser3,

Abcam), cofilin (Cell Signaling) and GAPDH (Millipore).

The membranes were then incubated with horseradish

peroxidase-conjugated anti-mouse or anti-rabbit IgG anti-

bodies (Millipore). The bands were visualized with ECL

solution (Millipore) using Odessey Fc imaging system

(LI-COR, Lincoln, NE).

Quantitative PCR

Cells were lysed, and total RNA was prepared using

RNeasy and QIAshredder kits (Qiagen, Hilden, Ger-

many). First-strand cDNAs were synthesized using Super-

Script III First-Strand Synthesis (Life Technologies). RNA

expressions were analysed by PCR amplification of

cDNAs in triplicate by incorporation of Fast SYBR Green

with a StepOnePlus Real-Time PCR System (Applied

Biosystems, Foster City, CA). Results were presented rela-

tive to the expression of GAPDH. PCR primer pairs are

as follows: IL-2 forward, 50-TCTGCGGCATGTTCTG
GATTT-30; IL-2 reverse, 50-ATGTGTTGTCAGAGCCCT
TTAG-30; GAPDH forward, 50-CTGGAAAGCTGTGGCG
TGAT; GAPDH reverse, 50-CCAGGCGGCACGTCAGA
TCC-30.

Statistical analysis

All experiments were performed more than twice. Statisti-

cal analysis and graphs were generated using PRISM6

(GraphPad, La Jolla, CA).

Results

Temporal deletion of Pak2 inhibits homeostasis of
peripheral Treg cells

Previously, we found that numbers and percentages of

tTreg cells in the thymus were greatly reduced in the

absence of Pak2 in T cells using Cd4-Cre or Lck-Cre

transgenic mice, demonstrating that Pak2 is required for

development of tTreg cells. However, severe T-cell defi-

ciency in these models makes it difficult to assess the

in vivo role of Pak2 in regulating T-cell function. We pre-

viously were able to delete Pak2 temporarily and assess the

effect of loss of Pak2 using ex vivo T cells from Pak2F/F;

UBC-ERT2-Cre;Rosa26-YFP mice (reference 15). However,

because Pak2F/F;UBC-ERT2-Cre;Rosa26-YFP mice delete

Pak2 in all cells under the regulation of UBC promoter, it

was impossible to evaluate T-cell intrinsic effect of Pak2

in vivo. To determine the in vivo effect of Pak2 in

peripheral CD4 T cells, we generated another novel

mouse model by introducing Cd4-ERT2-Cre transgene, in

which Pak2 is deleted in only CD4 T cells by tamox-

ifen-administration (Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP;

Fig. 1a).

Similar to Pak2F/F;UBC-ERT2-Cre;Rosa26-YFP mice,

approximately 60–70% of CD4+ T cells from the lymph

nodes and spleen of Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP

mice exhibited YFP+ following tamoxifen administration

(Fig. 1b). Purified YFP+ CD4 T cells from tamoxifen-

administered Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP mice

showed almost complete deletion of Pak2, confirming

that YFP+ cells from Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP

are Pak2 KO cells (Fig. 1c). Unexpectedly, we found that

purified YFP� CD4 T cells from the same mice also

decreased Pak2 expression (Fig. 1c, lane 2). This may be

because deletion of floxed Pak2 allele was more efficient

than deletion of floxed Rosa26-YFP cassette by the Cre

recombinase. So we used the cells from Pak2F/F mice as

Pak2-sufficent WT control (Pak2F/F; Fig. 1c, lane 1).

Tamoxifen administration in Pak2F/F;Cd4-ERT2-Cre;

Rosa26-YFP mice greatly reduced the numbers of
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YFP+ CD25+ Foxp3+ Treg cells (Pak2 KO Treg cells,

white bar) compared with YFP� CD25+ Foxp3+ Treg cells

(Pak2 WT Treg cells, grey bar) within the same mice

(Fig. 1d). The total numbers of CD4+ CD25+ Treg cells

from Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP mice (YFP� and

YFP+; combined grey bar and white bar) were
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comparable with tamoxifen-treated Pak2F/F mice (WT

Treg cells; black bar; Fig. 1d). Similarly, the numbers of

Pak2 KO Treg cells (YFP+ CD25+ Foxp3+ Tregs; white

bar) were reduced compared with Pak2 WT Treg cells

(YFP� CD25+ Foxp3+ Treg cells; grey bar) from the

tamoxifen-administered Pak2F/F;UBC-ERT2-Cre;Rosa26-

YFP mice (see Supplementary material, Fig. S1a). In con-

trast, the numbers between WT and KO CD4 or CD8 T

cells were similar for the mice administered with tamox-

ifen, consistent with a previous report using Pak2F/F;

UBC-ERT2-Cre;Rosa26-YFP mice,15 showing minimal

effect of temporal deletion of Pak2 on CD4 and CD8 T

cells (see Supplementary material, Fig. S1b,c). Compared

with Pak2 deletion in all cells using UBC-ERT2-Cre, the

effect of Pak2 deletion in Foxp3+ Treg cells was greater in

Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP mice (Fig. 1d and see

Supplementary material, Fig. S1a), which may indicate

more efficient deletion of Pak2.

Expression of Treg-associated surface markers, CTLA4

and CD25, were reduced in Pak2 KO YFP+ CD25+ Fox-

p3+ Treg cells, while GITR expression remained similar

(see Supplementary material, Fig. S1d). Together, these

results show that a T-cell intrinsic signal by Pak2 is

required to maintain Foxp3+ Treg cells in the periphery

but is dispensable for homeostasis of peripheral CD4 or

CD8 T cells.

Absence of Pak2 inhibits proliferation of already
existing Treg cells in a TCR-dependent manner

Selective loss of Foxp3+ Treg cells by inducible deletion

of Pak2 in CD4 T cells suggested that Pak2 might be

essential in the maintenance of peripheral Foxp3+ Treg

cells. To determine whether the absence of Pak2 affects

the proliferation or cell death of already differentiated

Foxp3+ Treg cells, we isolated CD4+ CD25+ CD45RBlow

T cells as a surrogate for Foxp3+ Treg cells by sorting

from WT or inducible Pak2 KO mice and then cul-

tured the cells in vitro for 3 days with CD3/CD28

stimulation in the presence of IL-2. We confirmed that

sorted cells using CD4+ CD25+ CD45RBlow markers

contained approximately 80% of CD25+ Foxp3+ Treg

cells from both groups (Fig. 2a, Day 0). After 3 days

culture of CD3/CD28 and IL-2 stimulation, 64% of WT

cells maintained expression of Foxp3 and CD25,

whereas only 29% of Pak2 KO cells maintained their

expression (Fig. 2a, Day 3). Although WT Treg cells

actively proliferated and maintained Foxp3 in > 50% of

Foxp3+ Treg cells (Fig. 2b, Day 3, upper panel), Pak2

KO Tregs did not proliferate nor did they maintain

Foxp3 (Fig. 2b, Day 3, lower panel). Interestingly,

although a small proportion of Pak2 KO Treg cells

(25%) still expressed Foxp3, they did not proliferate

following CD3/CD28 and IL-2 stimulation. We also

measured percentages of live cells by Live/Dead staining.

After 3 days culture of the cells with CD3/CD28 in the

presence of IL-2, 24% of WT cells were alive, whereas

15% of Pak2 KO cells were alive (see Supplementary

material, Fig. S1e).

Since TCR and IL-2 signals are important for prolifera-

tion and homeostasis of Foxp3+ Treg cells in the periph-

ery,17–19 we sought to determine whether Pak2 affects

TCR or IL-2 signals of already differentiated Foxp3+ Treg

cells. Sorted WT and Pak2 KO (YFP+)

CD4+ CD25+ CD45RBlow Treg cells were cultured in vitro

for 3 days with various conditions as described in Fig. 2c.

CD25+ Foxp3+ Treg cells in both WT and YFP+ Pak2 KO

populations were not maintained in media-alone culture

conditions, demonstrating that signals from IL-2 or TCR

are required to maintain Foxp3 and CD25 expression

(Fig. 2c, Resting). When WT CD4+ CD25+ CD45RBlow

Treg cells were cultured with either CD3/CD28 or IL-2

stimulation only, 30% of cells were maintained as

CD25+ Foxp3+, suggesting that neither signal was optimal

to achieve maximum expression of Foxp3 or CD25. How-

ever, percentages of CD25+ Foxp3+ Treg cells were mark-

edly increased to 68% when WT cells were stimulated

with both CD3/CD28 and IL-2 (Fig. 2c, upper panel in

Figure 1. The absence of Pak2 inhibits homeostasis of peripheral regulatory T (Treg) cells. (a) Schematic description of the tamoxifen-inducible

Pak2 knockout mouse models, Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP and Pak2F/F;UBC-ERT2-Cre;Rosa26-YFP, are shown (upper panel). The ERT2-Cre

is expressed under the transcriptional control of the Cd4 or UBC promoter, translocates to the nucleus, deletes the Pak2 gene and removes a ‘stop’

cassette inserted into the Rosa26 locus, allowing cells to be tracked by YFP fluorescence upon tamoxifen administration (lower panel). (b, c) Flow

cytometric analysis and protein levels demonstrating the efficiency of Pak2 deletion are shown. Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP and their litter-

mate wild-type (WT) control (Pak2F/F) mice were treated with tamoxifen for 5 days and rested for another 5 days. (b) YFP+ ratio in CD4 popu-

lation was measured by flow cytometry. (c) Deletion of Pak2 was confirmed by Western blotting of cell lysates generated from sorted YFP+ or

YFP� CD4+ T cells from (b). GAPDH was used as a loading control. Molecular weight markers are indicated. (d) The lymph node, spleen and

thymus were harvested from tamoxifen-administered WT (Pak2F/F), Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP mice (n ≥ 3). The cell numbers of WT

CD4+ CD25+ Foxp3+ Treg cells from Pak2F/F mice are shown as a black bar. The cell numbers of YFP� CD4+ CD25+ Foxp3+ Treg cells (Pak2

WT Tregs, grey bar) or YFP+ CD4+ CD25+ Foxp3+ Treg cells [Pak2 knockout (KO) Treg cells, white bar] from Pak2FF;Cd4-ERT2-Cre+;Rosa26-

YFP mice were determined. Graphs show mean � SEM. Unpaired two-tailed Student’s t-tests were performed. Statistical significances between

YFP+ (Pak2 KO Treg cells, white bar) and YFP� (Pak2 WT Treg cells, grey bar) cells from Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP mice are indicated

in red (*P < 0�05; **P < 0�01; ***P < 0�001; ns, non-significant). Statistical significances between Pak2F/F and Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP

mice are indicated in blue (ns, non-significant).
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CD3/CD28+ IL-2). In contrast, percentage of Pak2 KO

CD25+ Foxp3+ cells was dramatically decreased upon

CD3/CD28 stimulation (Fig. 2c). Addition of IL-2 to

CD3/CD28 stimulation to the KO Treg cells partially res-

cued percentages of CD25+ Foxp3+ cells (Fig. 2c, lower

panel in CD3/CD28 + IL-2). These results indicate that

Pak2 is required for maintaining expression of Foxp3 and

is also critical for proliferation of Foxp3+ Treg cells.

Pak2 controls induction of Foxp3 under iTreg
differentiation conditions and IL-17 under Th17
differentiation condition

Naive CD4 T cells are differentiated into Foxp3+ Treg

cells when they are stimulated with appropriate TCR/

CD28 co-stimulatory molecules with TGF-b and IL-2

in vitro.20,21 Previously, we showed that Pak2 is
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Figure 2. Absence of Pak2 inhibits proliferation of already existing peripheral regulatory T (Treg) cells in a T-cell receptor (TCR) -dependent

manner. Pak2F/F;UBC-ERT2-Cre;Rosa26-YFP or WT control (Pak2F/F) mice were treated with tamoxifen for 5 days and rested for another 5 days.

Wild-type (WT) CD4+ CD25+ CD45RBlow Treg cells (Pak2F/F) or Pak2 knockout (KO) CD4+ CD25+ CD45RBlow YFP+ Treg cells (Pak2F/F UBC-

ERT2-Cre+ YFP+) were isolated by FACS sorting and then labelled with proliferation dye. (a, b) The labelled WT and Pak2 KO Treg cells were

cultured in vitro for 3 days with CD3/CD28 stimulation (2 lg/ml anti-CD3 antibody, pre-coated; 2 lg/ml anti-CD28 antibody, soluble) in the

presence of IL-2 (10 U/ml). (c) The labelled WT and Pak2 KO Treg cells were cultured in vitro for 3 days with medium alone (Resting), with

interleukin-2 (IL-2) only, or with CD3/CD28 stimulation in the presence or absence of IL-2. The expression of Foxp3 and CD25 and the cell pro-

liferation were measured at 0 and 72 hr after stimulation by flow cytometry. All results are representative of three independent experiments.
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required for differentiation of iTreg cells using Pak2F/F;

UBC-ERT2-Cre;Rosa26-YFP mice.13 Consistent with our

previous data, differentiation of iTreg cells was greatly

impaired in Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP mice

(Fig. 3a). Induction of Foxp3, CD25 and CTLA4 was

impaired when naive Pak2 KO CD4 T cells were differ-

entiated into iTreg cells (Fig. 3b). When Foxp3+ cells

were gated to identify Foxp3+ iTreg cells from CD4 T

cells, CTLA4 was substantially decreased in the absence

of Pak2, whereas the levels of Foxp3, CD25 and GITR

were comparable between WT and KO iTreg cells

(Fig. 3c). We measured percentages of live cells by

Live/Dead staining and AnnexinV for apoptosis marker

to determine if the Pak2 effect on iTreg differentiation

is caused by cell death. The percentages of AnnexinV�

and LiveDead� cells were slightly decreased in inducible

Pak2 KO CD4 T cells under the iTreg condition com-

pared with WT CD4 T cells, but the magnitude of the

cell death was not as dramatic as the differentiation

defect in inducible Pak2 KO (see Supplementary mate-

rial, Fig. S2a and Fig. 3a). These indicate that the

decrease of the iTreg cell population in the absence of
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Figure 3. The deletion of Pak2 in peripheral CD4 T cells inhibits the differentiation of induced regulatory T (iTreg) cells from naive CD4 T cells

in vitro. Pak2F/F;Cd4-ERT2-Cre;Rosa26-YFP or WT control (Pak2F/F) mice were treated with tamoxifen for 5 days and rested for another 5 days.

CD4+ CD25� T cells from tamoxifen-treated wild-type (WT) or inducible Pak2 knockoutKO mice were isolated and stimulated in vitro under

iTreg differentiation conditions with anti-CD3/CD28 in the presence of interleukin-2 (IL-2) and transforming growth factor-b (TGF-b) for

48 hr. (a–c) Protein expression of Foxp3, CD25, CTLA4 and GITR was measured in CD4 T cells (a, b) and in CD4+ CD25+ Foxp3+ cells (c) by

flow cytometry. (d–f) The isolated CD4+ CD25� T cells were labelled with proliferation dye and then cultured in vitro for 48 hr in iTreg differen-
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tion in CD4+ gates. (f) Histogram shows the population in Q1 and Q2 gates from (e). All results are representative of two independent

experiments.
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Pak2 is due to a defect in induction of iTreg cells

under differentiation conditions.

Next, we examined the proliferation of CD4 T cells

and induction of Foxp3+ under iTreg differentiation con-

ditions. The absence of Pak2 impaired the proliferation

of CD4 T cells and lowered at least three cycles of cell

division under iTreg differentiation conditions (Fig. 3d).

Interestingly, although proliferation was impaired in Pak2

KO CD4 T cells under iTreg conditions, the cells under-

went several divisions of proliferation without increasing

Foxp3 (Fig. 3e, upper panel), suggesting that even TCR-

activated and proliferated Pak2 KO CD4 T cells fail to

increase Foxp3. To determine induction of Foxp3 in CD4

T cells that are equally activated by TCR stimulation, we

gated cells with similar expression levels of CD25.

Seventy per cent of Pak2 KO CD4 T cells was able to

increase CD25, suggesting a partial effect of Pak2 defi-

ciency in CD4 T-cell activation (Fig. 3e). On the con-

trary, induction of Foxp3 in Pak2 KO T cells was

markedly decreased even in CD25-expressing activated T

cells, indicating that Pak2 is required to induce Foxp3 in

iTreg cells (Fig. 3f). Hence, Pak2 regulates differentiation

of iTreg cells from naive peripheral CD4 T cells by con-

trolling the induction of Foxp3.

Naive CD4 T cells can also differentiate into other

subsets of effector cells when cells are stimulated with

the appropriate cytokine milieu.8 Because we found that

differentiation of iTreg cells was impaired in the

absence of Pak2, we asked whether Pak2 is required for

the differentiation of Th1 and Th17, which are critical

for inflammation. CD4+ CD25� naive T cells from

tamoxifen-administered either WT or Pak2 KO mice

were stimulated in vitro under Th1 and Th17 polarizing

conditions. Differentiation of Th17 was greatly impaired

in the absence of Pak2 (see Supplementary material,

Fig. S2b,c). In stark contrast, deletion of Pak2 did not

alter the differentiation of Th1 cells, although expression

levels of IFN-c within differentiated Th1 cells were

decreased (see Supplementary material, Fig. S2b,c).

These data displayed that Pak2 plays a specific role in

the differentiation of iTreg cells and Th17 cells. To

evaluate which signalling pathway determined the differ-

ential effect of Pak2 on Th17 and Th1 from naive CD4

T cells, we measured phosphorylation of downstream

signalling molecules of TGF-b receptor and IL-2 recep-

tor, Smad2/3 and signal transducer and activator of

transcription 5 (STAT5), respectively. Interestingly, the

phosphorylation of Smad2/3 was markedly decreased in

the absence of Pak2 under the Th17 polarizing condi-

tion, whereas the phosphorylation level of STAT5 was

comparable between Pak2-sufficient and -deficient CD4

T cells under the Th1 polarizing condition, indicating

that Pak2 acts as a positive regulator of Smad phospho-

rylation in Th17 differentiation (see Supplementary

material, Fig. S2d).

Pak2 is critical for TCR-induced activation and
proliferation of CD4

Because deletion of Pak2 decreased TCR-dependent pro-

liferation of already differentiated Foxp3+ Treg cells and

CD4 T cells in iTreg conditions, we investigated whether

Pak2 is required for the activation and proliferation of

CD4 and CD8 T cells following TCR stimulation. WT or

Pak2 KO CD4+ CD25� T cells from Pak2F/F;Cd4-ERT2-

Cre or Pak2F/F;UBC-ERT2-Cre mice were cultured for

3 days with CD3/CD28 stimulation. Temporal deletion of

Pak2 in CD4 T cells greatly inhibited proliferation follow-

ing CD3/CD28 stimulation (Fig. 4a,b).

We also tested the role of Pak2 in CD8 T-cell prolifer-

ation. Approximately 45% of CD8+ T cells of Pak2F/F;

UBC-ERT2-Cre;Rosa26-YFP mice exhibited YFP+ follow-

ing tamoxifen administration (see Supplementary mate-

rial, Fig. S3a). Purified YFP+ CD8+ T cells showed

almost complete deletion of Pak2 (see Supplementary

material, Fig. S3a). Similar to YFP� CD4+ T cells from

tamoxifen-administered Pak2F/F;Cd4-ERT2-Cre;Rosa26-

YFP mice, we also found that purified YFP� CD8+ T

cells from the Pak2F/F;UBC-ERT2-Cre;Rosa26-YFP mice

decreased Pak2 expression (see Supplementary material,

Fig. S3a, right panel, lane 2). To determine the effect of

Pak2 on CD8 T-cell proliferation, WT or Pak2 KO

CD8+ T cells from Pak2F/F;UBC-ERT2-Cre mice were cul-

tured for 3 days with CD3/CD28 stimulation. Prolifera-

tion of CD8 T cells also required Pak2, but the effect of

Pak2 deficiency on CD8 T cells was not as severe as the

effect on the CD4 T cells because some percentages of

CD8 T cells were able to proliferate (Fig. 4c). Inter-

leukin-2 plays a critical role in CD4 T-cell proliferation

upon TCR stimulation. Expression of IL-2 was signifi-

cantly decreased in TCR-stimulated Pak2 KO CD4 T

cells (Fig. 4d). These results suggest that Pak2 is

required for TCR-induced IL-2 production and subse-

quent proliferation of CD4 T cells. Addition of exoge-

nous IL-2 to the culture of Pak2 KO CD4 T cells with

CD3/CD28 stimulation increased the expression of a

high affinity IL-2 receptor a (CD25) from 17% to 60%

but failed to completely recover proliferation (Fig. 4e).

Cell death was comparable in the presence and absence

of Pak2 in CD4 T cells (see Supplementary material,

Fig. S3b). These indicate that Pak2 was required for

TCR-mediated proliferation of CD4 T cells in IL-2-

dependent and -independent pathways.

To determine whether Pak2 controls proliferation of

CD4 T cells in vivo, we performed adoptive transfer of

naive T cells into lymphopenic mice. WT and Pak2 KO

(YFP+) CD4 T cells were mixed at a 1 : 1 ratio and trans-

ferred into Rag1�/� mice to reconstitute their T-cell com-

partment for 7 days. We confirmed that the mixed cells

contained similar percentages of YFP� and YFP+ cells

and similar levels of proliferation dye between WT and
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Figure 4. The deletion of Pak2 in peripheral CD4 T cells impairs the activation and proliferation of conventional CD4 T cells. (a–e) Pak2F/F;

Cd4-ERT2-Cre;Rosa26-YFP, Pak2F/F; UBC-ERT2-Cre;Rosa26-YFP or wild-type (WT) control (Pak2F/F) mice were treated with tamoxifen for 5 days

and rested for another 5 days. CD4+ CD25� T cells or CD8 T cells from WT or inducible Pak2 knockout (KO) mice were isolated and then

labelled with proliferation dye. The labelled CD4+ CD25� cells (a, b, d and e) or CD8+ cells (c) were cultured in vitro for 3 days with medium

alone (Resting) or with CD3/CD28 stimulation (2 lg/ml anti-CD3 antibody, pre-coated; 2 lg/ml anti-CD28 antibody, soluble) in the presence

or absence of interleukin-2 (IL-2) (10 U/ml). (a–c and e) The expression of CD69 and CD25 and the cell proliferation were measured at 72 hr

after stimulation by flow cytometry. (d) mRNA expression of IL-2 was measured at 24 hr after stimulation by real-time quantitative PCR. Graph

shows mean � SEM. ***P < 0�001; unpaired two-tailed Student’s t-test. (f) Pak2F/F; UBC-ERT2-Cre;Rosa26-YFP or WT control (Pak2F/F) mice

were treated with tamoxifen for 5 days and rested for another 5 days. CD4+ CD25� naive T cells from tamoxifen-treated WT or inducible Pak2

KO mice were isolated and then labelled with proliferation dye. The labelled CD4+ CD25� T cells from either WT or inducible Pak2 KO mice

were then mixed together 1 : 1 ratio and 1 9 105 cells were adoptively transferred into Rag1�/� recipient mice. The fluorescence intensities of

YFP and the proliferation dye in CD4 cells are shown at day 0 and day 7. The percentages of YFP+ and YFP� cells are indicated. All results are

representative of two independent experiments.
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Pak2 KO groups at Day 0 (Fig. 4f, Day 0). Pak2 KO

YFP+ donor cells showed a selective disadvantage in

reconstituting Rag1�/� mice. Transferred Pak2 KO cells

did not proliferate whereas almost all WT cells prolifer-

ated (Fig. 4f, Day 7), suggesting that Pak2 was required

for signals for the proliferation of CD4 T cells in vivo.

Deletion of Pak2 inhibits phosphorylation of cofilin,
p70S6K and S6 in CD4 T cells

Previously, we showed that Pak2 is required for phospho-

rylation of PLCc and ERK in CD4 single-positive thymo-

cytes when stimulated with plate-bound anti-CD3/

CD28.12

To elucidate underlying mechanism of the role of Pak2

in TCR-mediated activation and proliferation, we investi-

gated whether similar signalling pathways were affected in

peripheral T cells. In contrast with CD4 single-positive

thymocytes, we found that phosphorylation of PLCc and

ERK in Pak2 KO naive CD4 T cells was not affected by

inducible deletion of Pak2, suggesting that proximal TCR

signalling and downstream ERK signalling might not be

direct targets of Pak2 in peripheral CD4 T cells (see Sup-

plementary material, Fig. S4a).

We next examined phosphorylation of candidate pro-

teins that are implicated in actin cytoskeletal regulation.

Cofilin, a family of actin-binding proteins that disas-

semble actin filaments, is known to be important for

cytoskeletal reorganization, immune synapse formation

and T-cell activation and migration.22,23 Cofilin is con-

stitutively phosphorylated and maintained to be inactive

without any stimulation in WT CD4 T cells (Fig. 5a,

lane 1). TCR stimulation temporarily dephosphorylates

cofilin and activates its actin severing activity to facili-

tate actin dynamics during T-cell stimulation (Fig. 5a,

lane 2–3). Strikingly, phosphorylation of cofilin in Pak2

KO CD4 T cells was dramatically decreased in resting

state and following TCR stimulation (Fig. 5a, lane 6–
10). This finding indicates that either Pak2 directly

phosphorylates cofilin or participates in phosphorylation

of cofilin indirectly. Either case supports the notion

that Pak2 may integrate the TCR-induced actin

cytoskeletal reorganization signal into the TCR-induced

activation and proliferation signal through contributing

to cofilin phosphorylation. Decreased phosphorylation

of cofilin was accompanied by impaired mTORC1 sig-

nalling, an important signal for the proliferation and

cell metabolism of CD4 T cells,6 as phosphorylation of

p70S6K and its substrate S6 were severely inhibited in

Pak2 KO CD4 T cells following TCR stimulation

(Fig. 5b). Based on these data, we propose that Pak2

controls actin cytoskeletal reorganization by phosphory-

lating cofilin and further regulates TCR-induced activa-

tion and proliferation of CD4 T cells by affecting the

mTORC1 pathway.

Discussion

Previously, we reported that Pak2 is essential for the

development and maturation of T cells12 and for the gen-

eration of Treg cells in the thymus13 by using Cd4-Cre-

or Lck-Cre-mediated T-cell-specific Pak2 deletion mice.

Developmental defects of T cells in the thymus in these

models resulted in severe T-cell deficiency, making it dif-

ficult to address the roles of Pak2 in T-cell function in

the periphery. Here, we report that Pak2 has pleiotropic

effects in different subsets of peripheral T cells using two

independent tamoxifen-inducible Pak2-deficient mouse

lines that temporarily delete Pak2 in all cells or CD4 T

cells, which were otherwise developed normally in the

thymus. TCR-dependent proliferation of both Treg cells

and conventional T cells was affected by the inducible

deletion of Pak2, suggesting that Pak2 contributes to

TCR-dependent signalling events shared in both subsets

of T cells. Interestingly, temporal deletion of Pak2 specifi-

cally reduced Treg cells, indicating that Pak2 is essential

for the maintenance of Foxp3+ Treg cells not for conven-

tional CD4 or CD8 T cells in the periphery. Similarly,

requirement for Pak2 in the differentiation of each effec-

tor T-cell subset seems to be unique, as differentiation of

iTreg cells or Th17 cells required Pak2 whereas Th1 cell

differentiation did not. The nature of this differential

requirement for Pak2 in T cells is unclear and warrants

further investigation. Shared downstream signalling mole-

cules between iTreg and Th17 such as Smad2/3 might be

possible targets of Pak2 signals.

Inducible deletion of Pak2 in CD4 T cells greatly

reduced the Foxp3+ Treg cell population in the periphery.

At least two factors may be linked to this defect. First,

this defect might be due to impaired proliferation in the

absence of Pak2 following TCR and IL-2 stimulation,

which are two critical requirements for proliferation and

maintenance of peripheral Treg cells.17–19 TCR-mediated

proliferation of Foxp3+ Treg cells was severely inhibited

in the absence of Pak2, and exogenous IL-2 did not fully

recover proliferative defect, suggesting that Pak2 con-

tributes to proliferative signals in an IL-2-independent,

but TCR-dependent, manner. Second, Pak2 was required

for maintenance of Foxp3 expression. To maintain opti-

mal expression of Foxp3 in Treg cells, both TCR and IL-2

signals were essential. Pak2 provided signals to maintain

Foxp3 in a TCR/CD28-dependent manner. Taken

together, Pak2 plays a key role in homeostasis of Foxp3+

Treg cells in the periphery by regulating TCR/CD28-

induced proliferation and maintaining Foxp3 expression.

Continuous TCR signalling and CTLA4 expression are

required for the suppressive function of Treg cells.17,18,24

Consistent with the finding that deletion of Pak2

decreased expression of CTLA4 in CD25+ Foxp3+ Treg

cells and the cell proliferation (Fig. 2b, and see Supple-

mentary material, Fig. S1d), we observed that the deletion
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of Pak2 in Treg cells using Pak2F/F;Foxp3-Cre mice limits

Treg cells’ suppressive function in vitro and in vivo.25

Pak2F/F;Foxp3-Cre Treg cells suppressed the proliferation

of CD4+ CD25� naive conventional T cells evidenced by

CFSE dilution in vitro. Furthermore, in the Treg and

naive conventional T cell-transfer model of colitis using

Rag1-deficient mice, mice that received conventional T

cells in combination with Pak2F/F;Foxp3-Cre Treg cells

were unable to suppress the onset of wasting disease by

lacking appropriate Treg suppressive function.25

Our results indicate that Pak2 is not essential for the

maintenance of CD4 T cells but is critical for their activa-

tion and proliferation upon TCR/CD28 stimulation.

Adoptive transfer experiments using a 1 : 1 mixture of

WT and Pak2-deficient CD4 T cells into Rag1-deficient

mice demonstrated that proliferation of Pak2-deficient

CD4 T cells was significantly impaired in vivo. As co-

transferred WT cells can provide IL-2, the proliferative

defect of Pak2-deficent T cells was not due to paucity of

IL-2. Once T cells are activated by TCR/CD28 co-stimula-

tion, the cells produce great amounts of IL-2 and

increased high-affinity IL-2 receptor, CD25. IL-2/IL-2R

signalling provides a strong proliferation signal to T

cells.7,26 Expression of IL-2 and CD25 were significantly

decreased even upon TCR/CD28 stimulation in Pak2 KO

CD4 T cells in vitro, and these defects were only partially

rescued by exogenous IL-2. These data suggest that Pak2

provides unique TCR-mediated proliferative signals that

cannot be compensated by IL-2.

How does Pak2 contribute to the TCR/CD28-stimu-

lated signalling pathway? Pak2 is a well-known effector

for Rho family GTPase. Rho family GTPases Rac and

Cdc42 are activated by TCR engagement and stimulate

Pak2’s kinase activity.10 Pak2 is a Ser/Thr kinase that

phosphorylates multiple targets. To understand the mech-

anism of Pak2’s role in TCR signalling, it is critical to

identify the substrates of Pak2. In our previous report,

phosphorylation of PLCc, ERK1/2, p70S6K and S6 were

impaired in Pak2-deficient thymocytes only when they

are stimulated by plate-bound TCR stimulation.12 In the

current report, we demonstrated that temporal deletion

of Pak2 in peripheral CD4 T cells inhibited TCR-

mediated phosphorylation of p70S6K and its substrate S6,

but not PLCc and ERK1/2. p70S6K is activated by

mTORC1 and phosphorylates S6. The mTOR-mediated

signalling pathway is known to be crucial for TCR-

mediated cell growth, proliferation, metabolism and sur-

vival.6 It is still unclear how Pak2 affects mTORC1
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Figure 5. The deletion of Pak2 in peripheral CD4 T cells inhibits the phosphorylation of p70S6K, S6 and cofilin. Pak2F/F;Cd4-ERT2-Cre;Rosa26-

YFP or wild-type (WT) control (Pak2F/F) mice were treated with tamoxifen for 5 days and rested for another 5 days. CD4+ CD25� T cells cells

from WT or inducible Pak2 knockout (KO) mice were isolated and then stimulated in vitro with CD3 stimulation (10 lg/ml, pre-coated) in the

presence or absence of CD28 co-stimulation (10 lg/ml, pre-coated) for 5 min or 30 min. The cell lysates were prepared, and the phosphorylation

levels of p70S6K, S6K and cofilin were measured by Western blot analysis. GAPDH was used as a loading control. Molecular weight markers are

indicated. All results are representative of two independent experiments.
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activation. As Pak2 facilitates actin cytoskeletal reorgani-

zation following TCR stimulation,12 Pak2 may regulate

the mTORC1 pathway by affecting the actin cytoskeleton.

Previously, we reported that actin cytoskeletal reorgani-

zation governing T-cell spreading was severely compro-

mised in the absence of Pak2 in CD4 single-positive

thymocytes.12 However, we could not identify which pro-

teins among potential Pak2 substrates mediate these

events. To identify the Pak2 substrates in the actin

cytoskeletal reorganization pathway, we determined the

phosphorylation status of multiple candidates. We did

not find any difference in phosphorylation of potential

Pak2 substrates including GEF-H1, LIMK and myosin

light chain10,27 (see Supplementary material, Fig. S4b),

suggesting that these proteins may not be direct targets of

Pak2. In contrast, phosphorylation of cofilin was drasti-

cally reduced in the absence of Pak2 in both resting and

TCR-stimulated states, suggesting that Pak2 may be

involved in constitutive phosphorylation of cofilin.

Cofilin, from a family of actin-binding proteins,

depolymerizes the minus end of filaments and reorganizes

actin filaments.27,28 Cofilin plays critical roles in immuno-

logical synapse formation by controlling actin reorganiza-

tion.29 Treatment of human peripheral blood T

lymphocytes with cell-permeable cofilin peptide homo-

logues, which showed a loss-of-function phenotype by

competing with actin for cofilin binding, reduced co-sti-

mulation-mediated cell proliferation, cytokine production

and immune synapse formation. Cofilin activity is regu-

lated by phosphorylation status at Ser3 by kinases and

phosphatases including LIMK and slingshots (SSH-1 and

SSH-2).30,31 Cofilin is maintained to be inactive in resting

CD4 T cells by phosphorylation, Dephosphorylation of

cofilin by TCR stimulation activates its actin severing

activity to facilitate actin dynamics. In addition, oxidative

stress affects cofilin activity. Oxidized cofilin is inactive

although it is dephosphorylated.32 Our data indicate that

the absence of Pak2 results in dephosphorylation of cofi-

lin without any changes in LIMK activity. The effect of

Pak2 on slingshot phosphatases and oxidation of cofilin

remains to be elucidated.

Acknowledgements

J.C. designed the study, performed experiments, analysed

data and wrote the manuscript; D.R.P. and S.C. per-

formed experiments and analysed data; B.Z. analysed

data; H.P. supervised the research, designed the study,

performed experiments, analysed data and wrote the

manuscript. We thank Olga Pryshchep and Kyle O’Hagan

for their kind support on the experiments. We also thank

the flow cytometry core facility of Robert H. Lurie Com-

prehensive Cancer Center for expertise in cell sorting.

This work was supported by grants from the US National

Institutes of Health 5K01AR059754 (H.P.).

Disclosures

The authors declare no conflict of financial interests.

References

1 Malissen B, Gregoire C, Malissen M, Roncagalli R. Integrative biology of T cell activa-

tion. Nat Immunol 2014; 15:790–7.

2 Navarro MN, Cantrell DA. Serine-threonine kinases in TCR signaling. Nat Immunol

2014; 15:808–14.

3 Colombetti S, Basso V, Mueller DL, Mondino A. Prolonged TCR/CD28 engagement

drives IL-2-independent T cell clonal expansion through signaling mediated by the

mammalian target of rapamycin. J Immunol 2006; 176:2730–8.

4 Lekmine F, Sassano A, Uddin S, Smith J, Majchrzak B, Brachmann SM et al. Inter-

feron-c engages the p70 S6 kinase to regulate phosphorylation of the 40S S6 ribosomal

protein. Exp Cell Res 2004; 295:173–82.

5 Rao RR, Li Q, Odunsi K, Shrikant PA. The mTOR kinase determines effector versus

memory CD8+ T cell fate by regulating the expression of transcription factors T-bet

and eomesodermin. Immunity 2010; 32:67–78.

6 Powell JD, Delgoffe GM. The mammalian target of rapamycin: linking T cell differenti-

ation, function, and metabolism. Immunity 2010; 33:301–11.

7 Smith-Garvin JE, Koretzky GA, Jordan MS. T cell activation. Annu Rev Immunol 2009;

27:591–619.

8 Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations. Annu

Rev Immunol 2010; 28:445–89.

9 Manser E, Leung T, Salihuddin H, Zhao ZS, Lim L. A brain serine threonine protein-

kinase activated by Cdc42 and Rac1. Nature 1994; 367:40–6.

10 Bokoch GM. Biology of the p21-activated kinases. Annu Rev Biochem 2003; 72:743–81.

11 Chu PC, Wu J, Liao XC, Pardo J, Zhao H, Li C et al. A novel role for p21-activated

protein kinase 2 in T cell activation. J Immunol 2004; 172:7324–34.

12 Phee H, Au-Yeung BB, Pryshchep O, O’Hagan KL, Fairbairn SG, Radu M et al. Pak2 is

required for actin cytoskeleton remodeling, TCR signaling, and normal thymocyte

development and maturation. Elife 2014; 3:e02270.

13 O’Hagan KL, Choi J, Pryshchep O, Chernoff J, Phee H. Pak2 links TCR signaling

strength to the development of regulatory T cells and maintains peripheral tolerance.

J Immunol 2015; 195:1564–77.

14 O’Hagan KL, Zhao J, Pryshchep O, Wang C-R, Phee H. Pak2 controls acquisition of

NKT cell fate by regulating expression of the transcription factors PLZF and Egr2.

J Immunol 2015; 195:5272–84.

15 Kelly ML, Chernoff J. Mouse models of PAK function. Cell Logist 2012; 2:84–8.

16 Aghajani K, Keerthivasan S, Yu Y, Gounari F. Generation of CD4CreERT2 transgenic

mice to study development of peripheral CD4– T-cells. Genesis 2012; 50:908–13.

17 Levine AG, Arvey A, Jin W, Rudensky AY. Continuous requirement for the TCR in reg-

ulatory T cell function. Nat Immunol 2014; 15:1070–8.

18 Vahl JC, Drees C, Heger K, Heink S, Fischer JC, Nedjic J et al. Continuous T cell receptor

signals maintain a functional regulatory T cell pool. Immunity 2014; 41:722–36.

19 Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for interleukin 2 in

Foxp3-expressing regulatory T cells. Nat Immunol 2005; 6:1142–51.

20 Chen W, Jin W, Hardegen N, Lei K-J, Li L, Marinos N et al. Conversion of peripheral

CD4+CD25� naive T cells to CD4+CD25+ regulatory T cells by TGF-b induction of

transcription factor Foxp3. J Exp Med 2003; 198:1875–86.

21 Davidson TS, DiPaolo RJ, Andersson J, Shevach EM. Cutting edge: IL-2 is essential for

TGF-b-mediated induction of Foxp3+ T regulatory cells. J Immunol 2007; 178:4022–6.

22 Samstag Y, Eibert SM, Klemke M, Wabnitz GH. Actin cytoskeletal dynamics in T lym-

phocyte activation and migration. J Leukoc Biol 2003; 73:30–48.

23 Klemke M, Kramer E, Konstandin MH, Wabnitz GH, Samstag Y. An MEK-cofilin sig-

nalling module controls migration of human T cells in 3D but not 2D environments.

EMBO J 2010; 29:2915–29.

24 Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z et al. CTLA-

4 control over Foxp3+ regulatory T cell function. Science 2008; 322:271–5.

25 O’Hagan KL, Miller SD, Phee H. Pak2 is essential for the function of Foxp3+ regulatory

T cells through maintaining a suppressive Treg phenotype. Sci Rep 2017; 7:17097.

26 Smith KA. Interleukin-2: inception, impact, and implications. Science 1988; 240:1169–

76.

27 Dustin ML, Cooper JA. The immunological synapse and the actin cytoskeleton: molecu-

lar hardware for T cell signaling. Nat Immunol 2000; 1:23–9.

28 Billadeau DD, Nolz JC, Gomez TS. Regulation of T-cell activation by the cytoskeleton.

Nat Rev Immunol 2007; 7:131–43.

29 Eibert SM, Lee K-H, Pipkorn R, Sester U, Wabnitz GH, Giese T et al. Cofilin peptide

homologs interfere with immunological synapse formation and T cell activation. Proc

Natl Acad Sci USA 2004; 101:1957–62.

ª 2018 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 154, 309–321320

J. Choi et al.



30 Nishita M, Tomizawa C, Yamamoto M, Horita Y, Ohashi K, Mizuno K. Spatial and

temporal regulation of cofilin activity by LIM kinase and Slingshot is critical for direc-

tional cell migration. J Cell Biol 2005; 171:349–59.

31 Ramirez-Munoz R, Castro-S�anchez P, Roda-Navarro P. Ultrasensitivity in the

cofilin signaling module: a mechanism for tuning T Cell responses. Front Immunol

2016; 7:59.

32 Klemke M, Wabnitz GH, Funke F, Funk B, Kirchgessner H, Samstag Y. Oxidation of

cofilin mediates T cell hyporesponsiveness under oxidative stress conditions. Immunity

2008; 29:404–13.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Temporal deletion of Pak2 inhibits home-

ostasis of peripheral regulatory T cells, but not CD4 nor

CD8 T cells.

Figure S2. The deletion of Pak2 in peripheral CD4 T

cells inhibits the differentiation of T helper type 17 cells,

but not T helper type 1 cells in vitro.

Figure S3. The deletion of Pak2 in peripheral CD4 T

cells did not affect the cell death of CD4 T cells upon

T-cell receptor/CD28 and interleukin-2 stimulation.

Figure S4. The deletion of Pak2 in peripheral CD4 T

cells did not affect the phosphorylation of PLCc, ERK,

GEF-H1, LIMK and MLC2.
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