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Background: Foxp3 activity is regulated by various posttranslational modifications.
Results: Pim-2 kinase phosphorylates the Foxp3 N-terminal domain and influences the Foxp3 level in vivo.
Conclusion: Pim-2 is a negative regulator of Foxp3 activity.
Significance: Phosphorylation of Foxp3 by Pim-2 kinase negatively regulates Treg cell suppressive function and stability.

Regulation of the extent of immune responses is a require-
ment to maintain self-tolerance and limit inflammatory pro-
cesses. CD4�CD25�Foxp3� regulatory T (Treg) cells play a role
in regulation. The Foxp3 transcription factor is considered a
dominant regulator for Treg cell development and function.
Foxp3 function itself is directly regulated by multiple posttrans-
lational modifications that occur in response to various external
stimuli. The Foxp3 protein is a component of several dynamic
macromolecular regulatory complexes. The complexes change
constituents over time and through different signals to regulate
the development and function of regulatory T cells. Here we
identified a mechanism regulating Foxp3 level and activity that
operates through discrete phosphorylation. The Pim-2 kinase
can phosphorylate Foxp3, leading to decreased suppressive
functions of Treg cells. The amino-terminal domain of Foxp3 is
modified at several sites by Pim-2 kinase. This modification
leads to altered expression of proteins related to Treg cell func-
tions and increased Treg cell lineage stability. Treg cell suppres-
sive function can be up-regulated by either pharmacologically
inhibiting Pim-2 kinase activity or by genetically knocking out
Pim-2 in rodent Treg cells. Deficiency of Pim-2 activity
increases murine host resistance to dextran sodium sulfate-in-
duced colitis in vivo, and a Pim-2 small molecule kinase inhibi-
tor also modified Treg cell functions. Our studies define a path-
way for limiting the regulation of Foxp3 function because the
Pim-2 kinase represents a potential therapeutic target for mod-
ulating the Treg cell suppressive activities in controlling
immune responses.

CD4�CD25�FOXP3� regulatory T (Treg) cells2 represent a
subset of T cells and mediate suppressive function and play a
role in the regulation of self-tolerance and the maintenance of
normal immune homeostasis (1– 6). Treg cells can be catego-
rized into two major types: natural Treg cells, which are gener-
ated in the thymus, and induced Treg cells, which appear to be
converted from conventional T cells by the action of cytokines
such as TGF-� in the periphery. The development and function
of both types of Treg cells can be regulated by FOXP3, a mem-
ber of the forkhead family of transcriptional regulators. Dys-
function or mutations of FOXP3 may cause fatal autoimmune
diseases, such as the scurfy phenotype in mice and immune
dysregulation polyendocrinopathy enteropathy X-linked syn-
drome in human (7, 8).

The function of FOXP3 is regulated at various levels. FOXP3
has a unique proline rich amino-terminal domain that is
required for its repressive transcriptional activity. Structural
alterations of this domain are important. GFP insertion at the
Foxp3 N-terminal domain alters Foxp3 functions and renders
rodents more susceptible to autoimmune diabetes but, inexpli-
cably, more resistant to antibody-mediated arthritis (9, 10). The
Foxp3 N-terminal domain also contributes to Foxp3 nuclear
transport (11). FOXP3 interacts with other partners, including
Tip60, HDAC1, HDAC7, and HDAC9, enzymes involved in
acetylation. Many of these interactions occur at the N-terminal
domain (12–14). FOXP3 transcriptional activity is also regu-
lated by posttranslational modifications (15) such as ubiquiti-
nation. Foxp3 phosphorylation modification has been noted
previously in our laboratory (16). It has been suggested that
phosphatase PP1 activated by TNF� can dephosphorylate
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FOXP3 at Ser-418, which may then influence Treg cell suppres-
sive function (17), although the kinase itself responsible for
FOXP3 phosphorylation was not characterized. Recently,
cyclin-dependent kinase 2 (CDK2) has been reported to phos-
phorylate Ser-19 and Thr-175 of Foxp3 and regulate Foxp3 sta-
bility (18), although the consistency of phosphorylation is
unclear.

Pim kinases are serine/threonine kinases that play an essen-
tial role in T cell development and differentiation. Three mem-
bers have been identified so far: Pim-1, Pim-2, and Pim-3.
Among them, Pim-1 and Pim-2 have been identified as onco-
genes in murine T cell lymphomas induced by leukemia provi-
ral integration (19, 20).

Pim kinases function in several aspects of lymphocyte func-
tion, such as survival, cell cycle progression, and transcription
gene expression (21). Cytokines such as IL-4 and IL-7 can
induce Pim-1 and Pim-2 expression in T cells and promote T
cell growth and survival in a rapamycin-insensitive manner
(22). In addition, Pim-2 induced by FOXP3 in Treg cells is per-
missive for Treg cell expansion in the presence of rapamycin
(23). Animals deficient in all Pim kinases (pim1�/�pim2�/�

pim3�/�) display no significant differences in comparison with
wild-type mice except for reduced body size (24). In a previous
study, PIM1 has been found able to phosphorylate Ser-422 in
the carboxyl terminus of human FOXP3 (25). However, Ser-422
is not evolutionally conserved and is not present in the mouse
Foxp3 protein sequence, precluding preclinical studies in
rodents.

In this study, we found that Foxp3 serves as a substrate of
Pim-2. Mass spectrometry data indicated that Pim-2 can phos-
phorylate multiple sites of the Foxp3 N-terminal domain and
that it negatively regulates Treg cell suppressive function. Inhi-
bition of Pim-2 activity increases the suppressive function of
Treg cells in vitro. Deficiency of Pim-2 in vivo increased Treg
lineage stability. Pim-2 knockout mice have increased resis-
tance to DSS-induced colitis. These observations may contrib-
ute to new strategies to modulate Treg functions for human
autoimmune diseases.

Experimental Procedures

Mice—Wild-type FVB mice were purchased from The Jack-
son Laboratory. pim2�/� FVB mice were provided by Dr.
Anton Berns (Netherland Cancer Institute) and Dr. Paul Roth-
man (Johns Hopkins Medicine). Mice, including wild-type and
pim2�/� knockout mice, were bred and maintained at the Uni-
versity of Pennsylvania Research Animal Facility. The animal
protocol was approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania.

DNA Constructs, Antibodies, and Reagents—The HA-Foxp3-
expressing plasmid was constructed as described previously
(14). Human and mouse Pim-2 cDNAs were purchased from
Open Biosystems and subcloned into pCDNA3.1, which
already contained a FLAG tag, resulting in the FLAG-Pim-2
expressing plasmid and pGEX-5X-3 vector, resulting in the
GST-Pim-2 expressing plasmid. FLAG-Pim-2 K61M (kinase-
dead (KD) mutant) and various site mutants of HA-Foxp3 were
constructed using site-directed mutagenesis (Stratagene) and
verified by sequencing.

The following antibodies were used: anti-FLAG (HRP) M2
and anti-�-actin (HRP) from Sigma-Aldrich; anti-HA (HRP),
anti-Pim-2 (1D12), and HRP-conjugated secondary antibody
from Santa Cruz Biotechnology; anti-phosphoserine (HRP)
from Novus; and anti-CD4 phycoerythrin-Cy7, anti-Foxp3
Alexa Fluor 488, anti-CD25 PE, anti-GITR PE, and anti-
CD45RB allophycocyanin from BD Biosciences.

�-Phosphatase was ordered from New England Biolabs. The
Pim-2 inhibitor (Z)-5-(4-propoxyben-zylidene) thiazolidine-
2,4-dione (526524) was ordered from Calbiochem. Protein
inhibitor mixture tablets and phosphatase inhibitor mixture
tablets were purchased from Roche.

Cell Culture and Western Blot Analysis—Jurkat cells and
HEK 293T cells were maintained in RPMI 1640 medium (Invit-
rogen) supplemented with 10% heat-inactivated FBS, 1% peni-
cillin/streptomycin (Invitrogen) at 37 °C in a humidified incu-
bator with 5% CO2 (v/v). FOXP3-expressing Jurkat cells were
generated as described previously (26). HEK 293T cells were
transfected with plasmid DNA and FuGENE6 reagent (Roche).
After 24-h transfection, cells were washed twice with cold PBS
buffer and lysed for protein sample preparation.

For Western blot analysis, protein was separated by SDS-
PAGE and transferred to nitrocellulose membrane. Mem-
branes were subsequently blocked with 5% nonfat dry milk in
PBS buffer for 1 h at room temperature or otherwise blocked
with 5% BSA in TBST buffer (Tris-buffered saline, 0.1% Tween-
20) for phosphorylation detection and incubated with antibody
at optimized dilution overnight in a cold room. Membranes
were then washed and treated with chemiluminescent HRP
substrate (Millipore) and exposed to Hyblot CL autoradiogra-
phy film (Denville Scientific Inc.).

Quantitative Real-time PCR—RNA isolation and cDNA
preparation were performed according to the protocols of the
manufacturer (Qiagen and Invitrogen, respectively). Primer
sets used for PCR detection were as follows: �-actin, 5�-GGA-
CTTCGAGCAAGAGATGG-3� and 5�-AGCACTGTGTT-
GGCGTACAG-3�; FOXP3, 5�-TCCCAGAGTTCCTCCAC-
AAC-3� and 5�-ATTGAGTGTCCGCTGCTTCT-3�; Pim-1,
5�-GCTTCGGCTCGGTCTACTC-3� and 5�-GCCTCTCGA-
ACCAGTCCAG-3�; Pim-2, 5�-CGCACTGCTATGGAAAG-
TGG-3� and 5�-GGAATGGCAGTGCTGGATGG-3�; and
Pim-3, 5�-AAGCTCATCGACTTCGGTTC-3� and 5�-AGGA-
TCTCCTCGTCCTGC TC-3�.

In Vitro Kinase Assay—The GST-Pim-2 kinase WT and
GST-Pim-2 KD fusion proteins were expressed in Escherichia
coli and affinity-purified with glutathione-Sepharose chroma-
tography resins (GE Healthcare) according to the instructions
of the manufacturer. The kinase proteins were dialyzed against
Tris buffer prior to use. Mouse HA-tagged Foxp3 was trans-
fected into the 293T cell line and purified through immunopre-
cipitation with anti-HA-agarose beads.

For the kinase assay analyzed by 32P incorporation, each
bead-bound HA-Foxp3 substrate protein (1 �g) was incubated
with 0.2 �g of GST-Pim-2 (WT or KD) in 50 �l of kinase buffer
(25 mM Tris (pH 7.4), 150 mM NaCl, 10 mM MgCl2, 10 mM

MnCl2, 0.2 mM NaF, 0.1 mM Na3VO4, 1 mM DTT, and 20 �m
ATP) containing 10 �Ci of [�-32P]ATP. The reactions were
carried out at 30 °C for 30 min. Equal volumes of 2� Laemmli
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buffer were added and boiled for 5 min to terminate the reac-
tions. Samples were loaded onto SDS-PAGE gels that were
dried prior to exposure to Hyblot CL autoradiography film.

Mass Spectrometry—HEK 293T cells were cotransfected with
Foxp3 and Pim-2-expressing plasmids. Foxp3 protein was
immunoprecipitated from cell lysates and separated on 8%
SDS-PAGE. For phosphorylation site mapping, the Foxp3 band
was excised from the gel, digested with Trypsin enzyme, and
then submitted to mass spectrum analysis. Identification of
phosphopeptides was performed by nano liquid chromatogra-
phy (nanoLC)/nanospray/linear ion trap mass spectrometry.
Sites of phosphorylation within the peptides were determined
by a combination of mass spectrometry and solid-phase Edman
sequencing.

In Vitro Suppression Assay of Treg Cells—Spleens were
removed from healthy wild-type and pim2�/� knockout
mice after euthanasia with CO2. CD4� T cells were enriched
from splenocytes using MACS separation (Miltenyi), and
CD4�CD25�CD45RBhigh Teff cells and CD4�CD25�

CD45RBlow Treg cells were separated from CD4� cells by
FACS Aria II, yielding a purity of �97% for both cell types.

To determine suppression of Teff cell proliferation by mea-
suring carboxyfluorescein succinimidyl ester (CFSE, Invitro-
gen) dilution, freshly isolated Teff cells were labeled with 10 �M

CFSE for 10 min at 37 °C. The labeled Teff cells were cocultured
with different ratios of Treg cells in a 96-well plate under stim-
ulation of anti-CD3 and anti-CD28 beads at a 1:0.5 Teff:bead
ratio in RPMI medium supplemented with 10% FBS, 1� non-
essential amino acids (Invitrogen), 2 mM sodium pyruvate
(Invitrogen), and 50 �M �-mercaptoethanol (Sigma). For the
analysis of the effect of the Pim-2 inhibitor, splenocytes from
wild-type female C57BL/6 mice were subjected to a suppres-
sion assay as described above, and Pim-2 inhibitor was added as
indicated. After 3 days of coculture, cells were harvested, and
their proliferations were analyzed by FACS Canto flow cytom-
etry (BD Biosciences).

Induction of Colitis—Acute colitis was induced in FVB wild-
type mice and pim2�/� mice by administration of 5% DSS
(molecular weight 5000 Da; Affimetrix Inc., Cleveland, OH) in
the drinking water ad libitum for 6 days. The development of
colitis was assessed daily by measurement of body weight until
day 12.

Statistical Analysis—The means of each data set were ana-
lyzed using Student’s t test, with a one-tailed distribution
assuming equal sample variance for the colitis models and a
two-tailed distribution for the others.

Results

Pim-2 Is Highly Expressed and Interacts with Foxp3 in
Human Treg Cells—The Pim kinases are highly expressed and
active in certain tumor cells (21, 27, 28). We analyzed Pim
kinase expression patterns in human Treg cells by real-time
quantitative RT-PCR and noted that Pim-2 was the most highly
expressed form within the Pim kinase family in Treg cells (Fig.
1A). Negligible expression of Pim-1 and of Pim-3 was noted.
This result extends a previous study suggesting that Pim-2 is
expressed in Treg cells (23).

Because both Pim-2 and Foxp3 are highly expressed in mam-
malian Treg cells, we investigated whether Pim-2 interacts with
Foxp3. To test this hypothesis, we first employed coimmuno-
precipitations between Pim-2 and Foxp3 present in murine
splenocytes. Endogenous Foxp3 was immunoprecipitated by
antibody against Pim-2 but not control IgG (Fig. 1B). The inter-
action of Pim-2 and Foxp3 was then studied using tagged
human proteins in transfected human cells. 293T cells were
cotransfected with plasmids encoding FLAG-tagged Pim-2 and
HA-tagged Foxp3. 24 h after transfection, cell lysates were sub-
jected to coimmunoprecipitation analysis. Immunoprecipita-
tion with HA-conjugated agarose led to the coprecipitation of
FLAG-Pim-2, as revealed by Western blot analysis (Fig. 1C, top
panel). Reciprocally, HA-Foxp3 was coimmunoprecipitated by
FLAG-agarose that targeted FLAG-Pim-2 (Fig. 1C, bottom
panel). In addition, Foxp3 was also pulled down by WT and KD
Pim-2 kinases in GST pulldown assays (Fig. 1D). These studies
revealed that Pim-2 kinase interacts with Foxp3 in a manner
independent of its intrinsic kinase domain activity.

Foxp3 contains three major domains: the N-terminal
domain, the zinc finger and leucine zipper domain, and the
highly conserved forkhead domain located at the C terminus.
To map the specific domain in Foxp3 that regulates its associ-
ation with Pim-2, 293T cells were cotransfected with plasmids
expressing various fragments of Foxp3 and Pim-2 and sub-
jected to coimmunoprecipitation analysis. As seen in Fig. 1E,
Foxp3 lacking the C-terminal forkhead domain (�C) as well as
full-length of Foxp3 interacted with Pim-2. However, trunca-
tion of the N terminus of Foxp3 (�N) abolished its interaction
with Pim-2. Both the N-terminal domain and the zinc finger
and leucine zipper domain were required for Foxp3 to associate
with Pim-2 (Fig. 1F). Taken together, these results indicate that
Foxp3 interacts with Pim-2 in vitro and in vivo and that the
N-terminal domain of Foxp3 is required for its interaction with
Pim-2 in human cells.

Pim-2 Phosphorylates Foxp3 in Vitro and in Vivo—On the
basis of the interaction that occurs between Pim-2 kinase and
Foxp3, we next determined whether Foxp3 acts as a substrate of
Pim-2. To address this question, we performed in vitro kinase
assays using 32P incorporation. First, the recombinant GST-
Pim-2 WT and GST-Pim-2 KD mutant species were expressed
in E. coli and then purified with glutathione-Sepharose beads
(Fig. 2A). HA-Foxp3 was also purified from transfected 293T
cells and used as the substrate. As shown in Fig. 2B, the purified
recombinant GST-Pim-2 WT kinase could be autophosphory-
lated and readily phosphorylated Foxp3. These studies support
a direct physical interaction of the kinase and FOXP3.

To investigate the phosphorylation of Foxp3 by Pim-2 in
vivo, 293T cells were cotransfected with HA-Foxp3- and
FLAG-Pim-2-expressing plasmids. Foxp3 was immunoprecipi-
tated from the cell lysates and subjected to Western blot anal-
ysis. As revealed in Fig. 2C, wild-type Pim-2 but not the Pim-2
KD mutant could phosphorylate Foxp3. When we treated the
HA-agarose bound HA-Foxp3 with �-phosphatase, phosphor-
ylation of Foxp3 by Pim-2 decreased in a dose-dependent man-
ner (Fig. 2D). Therefore, Pim-2 can phosphorylate Foxp3 both
in vitro and in vivo, and phosphorylation can be reversed by
�-phosphatase treatment.

Pim-2 Regulates Treg Cell Suppressive Function and Stability

AUGUST 14, 2015 • VOLUME 290 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 20213



NanoLC/nanospray/mass spectrometry permits the rapid
identification of phosphopeptides and subsequent localization
of the phosphorylation sites. We sought to determine the phos-
phorylation sites of Foxp3 by Pim-2 with MS/MS analysis. After
cotransfection of 293T cells with Pim-2 and Foxp3, Foxp3 was
isolated by immunoprecipitation and subjected to MS/MS
analysis. Three phosphorylated peptides were identified. Ser-33
and Ser-41 were identified to be phosphorylation sites by Pim-2
in the first two phosphorylated peptides (Fig. 3, A and B). The
actual phosphorylation site identified in the third phosphory-
lated peptide was not identified precisely because MS/MS anal-
ysis suggested that this represented a mixture of phosphoryla-
tion on either serine or threonine residues (Fig. 3C). These
results indicate that Foxp3 acts as a substrate of the Pim-2
kinase and is phosphorylated at multiple sites in the Foxp3
N-terminal domain.

Pim-2 Inhibitor Increases Treg Cell Suppressive Function—
We identified a role of Pim-2 kinase in the regulation of Treg
cell function. We used the Pim-2 inhibitor (Z)-5-(4-propoxy-
benzylidene) thiazolidine-2,4-dione, which dominantly (but

not exclusively) suppresses Pim-2 activity (Calbiochem, IC50 �
150 nM and 20 nM against Pim-1 and Pim-2, respectively).

Primary CD4�CD25�CD45RBhigh Teff cells and CD4�

CD25�CD45RBlow Treg cells were sorted from wild-type FVB
mouse spleens. Teff cells were stained with CFSE as described
under “Experimental Procedures” and then cocultured with
different ratios of Treg cells in the presence of different concen-
trations of Pim-2 inhibitor for 3 days. Subsequently, the prolif-
eration of Teff cells was analyzed in a CFSE-based suppression
assay. As shown (Fig. 4A), the proliferation of Teff was
decreased with the increasing ratio of Treg/Teff cells.

It should be noted that the Pim-2 inhibitor did not influence
the proliferation of Teff cells. However, when Teff cells were
cocultured with Treg cells, the suppressive function of Treg
cells was found to have increased significantly with the treat-
ment with Pim-2 inhibitor compared with dimethyl sulfoxide,
indicating that the Pim-2 inhibitor influenced only Treg cell
rather than Teff cell function in vitro. The effects are significant
because when the Teff:Treg cell ratio was 1:0.5, Treg cell sup-

FIGURE 1. Pim-2 is highly expressed in Treg cells and physically associates with Foxp3. A, human CD4�CD25� Treg cells were sorted from human
peripheral blood mononuclear cells. The expression profile of PIM kinases in Treg cells was assessed by real-time qRT-PCR analysis. B, representative immu-
noblotting data showing the endogenous association between Pim-2 and Foxp3 in mouse splenocytes. Cell lysates of splenocytes were subjected to immu-
noprecipitation (IP) with antibody to Pim-2 or control IgG and then subjected to Western blot (WB) analysis with antibodies to Foxp3 and Pim-2. Bottom panel,
Foxp3 protein in whole lysates. C, the in vitro association between Pim-2 and Foxp3 was analyzed in HEK293T cells by coimmunoprecipitation assay. The lysates
from 293T cells, cotransfected with HA-Foxp3 and FLAG-Pim-2 expression plasmids, were immunoprecipitated with HA-agarose (top panel) and FLAG-agarose
(bottom panel) and then analyzed by Western blotting with anti-FLAG-HRP and anti-HA-HRP as indicated. D, Foxp3 could be pulled down by the GST-Pim-2
WT/KD fusion protein in vitro. E and F, both the N-terminal domain and the zinc finger and leucine zipper domain of Foxp3 were required for the association
between Foxp3 and Pim-2. Top panel, schematic of the Foxp3 fragments. N, N-terminal domain; ZL, zinc finger and leucine zipper domain; FK, forkhead domain;
�C, forkhead truncated fragment; �N, N-terminal domain truncated fragment; FL, full-length Foxp3.
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pressive function was increased �5-fold in the presence of 12.5
�M inhibitor.

Elimination of Endogenous Pim-2 Enhances the Suppressive
Function of Treg Cells—Because the small molecule Pim-2
inhibitor promotes the suppressive function of Treg cells but
has no discernable effect on T effector cells, we speculated that
the suppressive function of Treg might be up-regulated by the
elimination of endogenous Pim-2 kinase. To verify this hypoth-
esis, we analyzed suppressive functions using Treg cells from
Pim-2 knockout mice.

Primary CD4�CD25�CD45RBhigh Teff cells and CD4�

CD25�CD45RBlow Treg cells were sorted from wild-type and
Pim-2 knockout mouse spleens and used in the same CFSE
assay. Wild-type Teff cells were cocultured with wild-type or
Pim-2 knockout Treg cells at ratios of 1:0.5 or 1:1, and the
proliferation of Teff cells was measured after 3 days of culture.
As expected, compared with wild-type Treg cells, Treg cells
from Pim-2 knockout mice were able to suppress the prolifer-
ation of Teff cells more efficiently (Fig. 4, B and C). Taken
together, these studies indicate that phosphorylation of the
Foxp3 N-terminal domain by Pim-2 kinase negatively regulates
Treg function.

Effect of Pim-2 Deficiency on Molecules Relevant to Treg Cell
Lineage Stability—The transcriptional factor Foxp3 is the mas-
ter regulator for the Treg cell lineage. Dysfunction of Foxp3
could cause fatal autoimmune diseases in humans and mice.
Foxp3 level and activity contribute to Treg cell suppressive
function. CD25 is the � chain of the IL-2 receptor. Treg cells
highly express CD25, which competes with Teff cells for IL-2
consumption and contributes to Teff cell proliferation suppres-
sion (29). However, signaling from glucocorticoid-induced
tumor necrosis factor receptor-related protein (GITR) may
reverse the immunosuppressive effects of Treg cells (30). We
next determined the expression of Foxp3, CD25, and GITR in
Pim-2-deficient Treg cells.

Fresh splenocytes were isolated from age-matched WT and
Pim-2 KO mice. Expression of Foxp3, CD25, and GITR of
CD4�Foxp3� Treg cells was analyzed by flow cytometry (Fig.
5A). Consistent with the result of a previous suppressive assay
of Treg cells, the absence of Pim-2 resulted in increased CD25
expression. The expression of GITR, which negatively regulates
Treg function, was slightly down-regulated (Fig. 5B). Most
importantly, Foxp3 expression was increased significantly (p �
0.0399) in Pim-2 KO Treg cells compared with the WT coun-

FIGURE 2. Foxp3 was phosphorylated by Pim-2 in vitro and in vivo. A, recombinant GST, GST-Pim-2 WT, and GST-Pim-2 KD were expressed in E. coli cells and
purified with glutathione-Sepharose beads. B, the kinase assay was analyzed with 32P incorporation. The agarose-bound HA-Foxp3 was immunoprecipitated
from the cell lysates of Foxp3-transfected HEK293T cells and used as substrate for the kinase assay in vitro. Experiment details are described under “Experi-
mental Procedures.” C, phosphorylation of Foxp3 by Pim-2 in transfected HEK293T cells was detected by Western blot (WB) analysis. D, phosphorylation of
Foxp3 by Pim-2 can be reversed by �-phosphatase in vitro. The agarose-bound HA-Foxp3 was immunoprecipitated from Foxp3- and Pim-2-cotransfected 293T
cell lysates and then incubated with different concentrations of �-phosphatase as indicated. The reactions were carried out at 30 °C for 30 min, terminated by
adding 2� loading buffer, and then subjected to 8% SDS-PAGE and Western blot analysis.
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terparts. Taken together, altered expression of Foxp3 and other
molecules that are critical for Treg cell suppressive function in
Pim-2 KO mice could contribute to the enhanced suppressive
function and lineage stability of Treg cells.

Pim-2 KO Mice Increase Resistance in DSS-induced Colitis—
Reduced Treg cell activity is closely linked to exacerbated intes-
tinal inflammation. Previous studies have shown that exoge-
nous Treg cell injection decreased DSS-induced colitis (46). We
therefore investigated whether the deficiency of Pim-2 kinase
influenced Treg cell function in DSS-induced colitis. Colitis
was induced in both wild-type and Pim-2 knockout mice by
giving 5% DSS ad libitum for 6 days, and colitis was monitored
indirectly by measuring body weight through day 12 (Fig. 6A).
As shown in Fig. 6B, wild-type mice were more susceptible to

weight loss from DSS exposure than Pim-2 KO mice. It is note-
worthy that half of the Pim-2 KO mice showed only around 5%
weight loss and that the other half of the group developed the
same severity of colitis as wild-type mice (around 20% weight
loss). The absence of Pim-2 kinase activity increases rodent
resistance to DSS-induced colitis in vivo but does not entirely
correct the lesion in some animals.

Discussion

FOXP3 function is influenced by various posttranslational
modifications. We have reported previously that TIP60 can
acetylate FOXP3 and regulate FOXP3-mediated transcrip-
tional repression by forming a complex containing histone
acetyltransferase/histone deacetylase molecules (14, 31). In

FIGURE 3. MS/MS analysis identified three phosphorylated peptides of mouse Foxp3. Foxp3 protein was purified from Pim-2- and Foxp3-cotransfected
293T cells. A, MS/MS spectrum of the phosphorylated peptide, 28TAPKGS*ELLGTRG40. S* indicates that serine residue 33 is phosphorylated by Pim-2. B, MS/MS
spectrum of the phosphorylated peptide, 32GSELLGTRGS*GGPFQGRD49. S* indicates that serine residue 41 is phosphorylated by Pim-2. C, comparison of the
MS/MS spectra of m/z 1103.9255 (unphosphorylated) and m/z 1130.5815 (phosphorylated) peptide, 52S*GAHT*S*S*S*LNPLPPSQLQLPTVPLVMVAPSGAR84. S*
and T* suggest the phosphorylation site to be either serine or threonine among 52, 56, 57, 58, or 59 residues. In the phosphorylation assignment (panel A
spectrum), the phosphorylation site could be at either Thr-28, Ser-33, or Thr-38 in this peptide sequence. Nevertheless, the observation of the y11/y12 ions
eliminated the Thr-28 possibility (could only at either Ser-33 or Thr-38 sites). Furthermore, the observation of the y4 ion eliminated the Thr-38 possibility, and
the observation of y9 ion further confirmed the phosphorylation at the Ser-33 site. The same approach of using key MS2 spectrum ions was conducted for the
phosphorylation site assignments for panels B and C.

FIGURE 4. Deficiency of Pim-2 activity increased Treg suppressive function. A, the Pim-2 inhibitor enhanced Treg cell suppressive function. Teff and Treg
cells were cocultured in different ratios and treated with or without different concentrations of the Pim-2 inhibitor as indicated. Teff cell proliferation was
analyzed by measuring the CFSE profile. B and C, Treg cell suppressive function was enhanced in Pim-2 knockout mice. Data are mean 	 S.D. of three
independent experiments. *, p 
 0.05; **, p 
 0.01 as determined by two-tailed Student’s t test.
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addition, we have observed that Tip60 and p300 modify distinct
residues of the Foxp3 protein (32, 33). Dephosphorylation of
Ser-418 by PP1 at the C-terminal domain of FOXP3 may neg-
atively regulate Treg cell function (17). Protein phosphoryla-
tion is a common posttranslational modification to regulate
signal transduction pathways and cellular processes. It has been
reported that Foxp3 could be phosphorylated by cyclin-depen-
dent kinase 2 (CDK2) and lymphocyte-specific protein tyrosine
kinase (Lck) (18, 34). Additionally, PIM1 kinase negatively reg-
ulates human FOXP3 activity through phosphorylating its
C-terminal serine 422 residue (25). In this study, we demon-
strated that phosphorylation of the Foxp3 N-terminal domain
by Pim-2 kinase negatively regulates Treg cell suppressive func-
tion by influencing the Foxp3 level and expression of Treg cell-
associated surface markers, including CD25 and GITR.

Pim kinases are constitutively active serine/threonine pro-
tein kinases (35). Although Pim kinases appear to be relevant
for certain transformation events, the roles of Pim kinases in T

cell development and function remain largely undefined. Mice
deficient for all Pim kinases (pim1�/�pim2�/�pim3�/�) dis-
played subtle changes in hematopoietic differentiation but
impaired T-cell proliferation in response to TCR and IL-2
because of a reduced capacity to undergo cell division (24).
Pim-2 can complement altered AKT/the mammalian target of
rapamycin activity and confer T cell survival abilities in the
presence of rapamycin (22, 36).

In this study, we analyzed the expression profile of Pim
kinases in human Treg cells and found that Pim-2 is a highly
expressed member in Treg cells. Indeed, we found that the sup-
pressive function of Treg cells was increased significantly in
pim-2�/� mice and, consequently, in the presence of a specific
Pim-2 inhibitor, pim-2�/� mice increased resistance to DSS-
induced colitis in vivo (Fig. 6), demonstrating that Pim-2 regu-
lates Treg cell function in a negative manner.

Crellin et al. (37, 38) have reported that Akt, a kinase that is
involved in the survival signaling pathways in parallel to Pim-2,

FIGURE 5. Deficiency of Pim-2 promotes Foxp3 and CD25 expression in Treg cells in vivo. A, splenocytes were isolated from 13-week-old age-matched WT
(n � 3) and Pim-2 KO (n � 4) mice. Cells were Fc-blocked prior to extracellular (CD4, CD25, and GITR) and intracellular (Foxp3) staining. Treg cells were gated
on live CD4�Foxp3� singlets. B, representative histogram (left panels) and combined data (right panels) of expressions of Foxp3, CD25, and GITR. Solid gray
areas, WT; black lines, Pim-2 KO. C, frequency and numbers of Treg cells increased in Pim-2 KO mice. Statistical analysis was calculated on unpaired two-tailed
Student’s t test. *, p 
 0.05.

Pim-2 Regulates Treg Cell Suppressive Function and Stability

20218 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 33 • AUGUST 14, 2015



negatively affects the suppressive function of Treg cells.
Although there is no clear evidence that AKT phosphorylates
Foxp3, activation of Akt in CD4�CD25� cells enhanced the
expression of some cytokines (e.g. IFN-�, TNF�, IL-10, and
IL-4) while having no effect on FOXP3, CD25, and IL-2 levels
(37, 38). Our studies define an active kinase and demonstrate a
direct interaction between Pim-2 and Foxp3.

Treg cells are thought to suppress immune responses
through direct cell contact-dependent mechanisms as well as
by the production of anti-inflammatory cytokines (39). Persis-
tent elevated expression of CD25 on Treg cells may exhaust
local levels of IL-2, which are necessary for Teff cell prolifera-
tion (40). Foxp3, together with other transcriptional factors,
regulates the expression of CD25 and GITR by binding to the
promoter regions (26). In this study, we demonstrated that
knockout of Pim-2 in vivo enhanced Treg cell suppressive func-
tion and stability through altered expression of CD25 and
Foxp3. On the other hand, the expression of GITR, which limits
the function of Treg cells, was down-regulated slightly. These
results indicated that deficiency of Pim-2 kinase increased
some of the functional properties of Foxp3.

Structurally, FOXP3 has a unique proline-rich N-terminal
domain compared with the glutamine-rich N-terminal domain
in FOXP1, FOXP2, and FOXP4 (41, 42). The N-terminal
domain of FOXP3 can be considered a repressive element (43–
45). Disrupting the Foxp3 N-terminal domain affects the asso-
ciation of Foxp3 with other cofactors like Eos, Tip60, and
HDAC7. The N-terminal structural modification also influ-
ences certain Treg functions, including the regulation of sus-
ceptibility to diabetes (9, 10).

This set of observations indicates that Foxp3 level and activ-
ity can be regulated through phosphorylation of its N-terminal
domain and helps to define Foxp3 regulation mechanisms in
Treg cell development and function. Our studies also indicate

that Pim-2 represents a therapeutic target to modulate Treg cell
suppressive activities and to control pathological immune
responses.
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