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PD-1 Increases PTEN Phosphatase Activity While Decreasing PTEN
Protein Stability by Inhibiting Casein Kinase 2
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Programmed death 1 (PD-1) is a potent inhibitor of T cell responses. PD-1 abrogates activation of the phosphatidylinositol 3-ki-
nase (PI3K)/Akt pathway, but the mechanism remains unclear. We determined that during T cell receptor (TCR)/CD3- and
CD28-mediated stimulation, PTEN is phosphorylated by casein kinase 2 (CK2) in the Ser380-Thr382-Thr383 cluster within the
C-terminal regulatory domain, which stabilizes PTEN, resulting in increased protein abundance but suppressed PTEN phospha-
tase activity. PD-1 inhibited the stabilizing phosphorylation of the Ser380-Thr382-Thr383 cluster within the C-terminal domain
of PTEN, thereby resulting in ubiquitin-dependent degradation and diminished abundance of PTEN protein but increased
PTEN phosphatase activity. These effects on PTEN were secondary to PD-1-mediated inhibition of CK2 and were recapitulated
by pharmacologic inhibition of CK2 during TCR/CD3- and CD28-mediated stimulation without PD-1. Furthermore, PD-1-me-
diated diminished abundance of PTEN was reversed by inhibition of ubiquitin-dependent proteasomal degradation. Our results

identify CK2 as a new target of PD-1 and reveal an unexpected mechanism by which PD-1 decreases PTEN protein expression
while increasing PTEN activity, thereby inhibiting the PI3K/Akt signaling axis.

Extensive experimental evidence indicates that the pathway of
the receptor programmed death 1 (PD-1) (CD279) and its
ligands, PD-L1 (B7-H1; CD274) and PD-L2 (B7-DC; CD273),
plays a vital role in the induction and maintenance of anergy and
peripheral tolerance. This pathway also regulates the balance be-
tween stimulatory and inhibitory signals needed for effective im-
munity and maintenance of T cell homeostasis (1). In spite of the
compelling studies on the significant functional role of PD-1 in
mediating inhibitory signals on activated T cells, little is known
about how PD-1 blocks T cell activation. One of the critical sig-
naling pathways targeted by PD-1 is the phosphatidylinositol 3-ki-
nase (PI3K)/Akt pathway, by which PD-1 mediates inhibitory ef-
fects on T cell proliferation, cytokine production, and glucose
uptake (2, 3). It has been proposed that PD-1 inhibits PI3K/Akt by
upregulating PTEN (phosphatase and tensin homolog deleted on
chromosome 10) expression (4), but the mechanism remains un-
clear.

PI3K catalyzes the production of the lipid second messenger
phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3] (PIP3),
thereby recruiting and activating several downstream kinases, in-
cluding its most prominent effector, Akt (also known as protein
kinase B [PKB]). The main negative regulator of the PI3K/Akt
pathway is PTEN, which is thought to act predominantly as a lipid
phosphatase, dephosphorylating PIP3 at the 3’ position to gener-
ate PI(4,5)P2 (5). By limiting the amount of PIP3 available within
the cell, PTEN directly opposes the activation of PI3K and there-
fore blunts the survival and proliferative signal delivered by the
PI3K/Akt pathway (6). Deletions or mutations of the PTEN gene
have been observed in various cancers, ultimately resulting in de-
creased or absent PTEN protein expression and activity (7, 8). T
cell-specific deletion of PTEN results in T cell lymphoprolifera-
tion, autoimmunity, and lymphoma-induced death (9, 10). The
importance of PTEN catalytic activity in its function is under-
scored by the fact that the majority of PTEN missense mutations
detected in tumor specimens target the phosphatase domain and
cause a loss of PTEN phosphatase activity. However, a large num-
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ber of PTEN nonsense or frameshift mutations found in tumors
are targeted to the C-terminal domain of the protein, suggesting
an important role for the domain in the regulation of the PTEN
tumor suppressor activity (11, 12).

Structurally, PTEN consists of an amino-terminal phosphatase
domain, a C2 domain, and a PDZ binding motif. The C2 domain
directs PTEN binding to phospholipid vesicles in vitro, and muta-
tions that abrogate vesicle binding without affecting catalysis dis-
rupt PTEN function (13). PTEN also contains a 50-amino-acid
C-terminal domain (amino acid residues 354 to 403), referred to
as the “tail.” A number of studies have shown that the tail is dis-
pensable for phosphatase activity (12, 13). Instead, the PTEN tail
is necessary for maintaining protein stability and also acts to in-
hibit PTEN function. Removing the tail results in a loss of stability,
but while unstable, the resultant protein is more active. Tail-de-
pendent regulation of PTEN stability and activity is linked to the
phosphorylation of 3 residues, S380, T382, and T383, within the
tail. Phosphorylation-defective mutations of these sites lead to a
loss of stability and a gain of PTEN phosphatase activity (14, 15).
Therefore, the C-terminal tail regulates PTEN function through
phosphorylation.

The kinase responsible for phosphorylation of the PTEN C
terminus is casein kinase 2 (CK2). CK2-mediated phosphoryla-
tion stabilizes PTEN by preventing its ubiquitin-dependent deg-
radation while decreasing PTEN lipid phosphatase activity (15,
16). This regulatory mechanism accounts for the activation of the
PI3K/Akt pathway in cancers, which display unmutated and nor-
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mal levels of the PTEN gene but aberrant expression or activation
of CK2 (17-19). Phosphorylation and inactivation of PTEN are
specific targets by which CK2 mediates activation of the PI3K/Akt
pathway, because inhibition of CK2 eliminates Akt phosphoryla-
tion in PTEN™"" but not in PTEN /" cells (16).

We examined the effects of PD-1 signaling on the regulation of
PTEN expression and lipid phosphatase activity. We determined
that PD-1 regulated PTEN lipid phosphatase activity by suppress-
ing activation of CK2, resulting in diminished phosphorylation of
the Ser380-Thr382-Thr383 cluster in the C-terminal regulatory
domain of PTEN. Impaired CK2-mediated phosphorylation in-
duced by PD-1 resulted in PTEN instability, leading to ubiquitin-
dependent degradation and reduced PTEN abundance but in-
creased PTEN lipid phosphatase activity. Pharmacological
inhibition of CK2 during T cell activation by T cell receptor
(TCR)/CD3 and CD28 recapitulated the effects of PD-1 and re-
sulted in hypophosphorylation of PTEN, decreased protein abun-
dance, and increased PTEN phosphatase activity. Our results
identify CK2 as a new target of PD-1 and reveal an unexpected
mechanism by which PD-1 regulates PTEN lipid phosphatase ac-
tivity and inhibition of the PI3K/Akt pathway.

MATERIALS AND METHODS

In vitro T cell cultures. Leukocytes were obtained from healthy blood
donors. CD4™ T cells were isolated by negative selection using the CD4 ™
T cell Isolation Kit II from Miltenyi Biotec (Auburn, CA) and cultured
with tosylactivated magnetic beads (1.5 X 10° beads/well) conjugated
either with anti-CD3 and anti-CD28 monoclonal antibodies (MAbs) and
IgG or with anti-CD3, anti-CD28, and anti-PD-1 MAbs, as previously
described (20). Preparation of Dynabeads M-450 (Invitrogen) tosylacti-
vated magnetic beads was done as previously described. Briefly, the fol-
lowing MAbs were used: anti-CD3 (UCHT1; R&D Systems, Inc.), anti-
CD28 (CD28.2; Biolegend), agonist anti-human PD-1 (clone 17 [21],
kindly provided by Pfizer Inc., Cambridge, MA), and control IgG (Jack-
son ImmunoResearch Laboratories, West Grove, PA). Magnetic beads
(2 X 10%) were coated with anti-CD3 (8%) and anti-CD28 (10%), and
either anti-PD-1 (anti-PD-1/CD3/CD28) or control IgG (IgG/CD3/
CD28) comprised the remaining 82% of the total protein. All incubations
were performed in 0.1 M sodium phosphate buffer for 18 h at 37°C with
constant rotation. The beads were then washed 3 times and stored at 4°C.
In some experiments, T cells were cultured with tosylactivated magnetic
beads coated with anti-CD3 and anti-CD28 MAbs, along with PD-L1-
IgG2a fusion protein (kindly provided by Gordon Freeman, Dana-Farber
Cancer Institute) in order to induce PD-1-mediated signaling via interac-
tion with its natural ligand instead of anti-PD-1 agonist antibody. For
inhibition of ubiquitin-dependent degradation in the proteasome path-
way, the proteasome inhibitor MG132 (30 nM) or vehicle control was
added for the last 6 h in cultures incubated with anti-CD3/CD28/PD-1-
coated beads, and analysis for PTEN expression was performed. DNA
synthesis was assessed by [*H]thymidine incorporation for the last 16 to
18 h of a 72-hour culture.

Immunoblotting. Cell lysates were prepared as described previously
(20), and equal amounts of protein from each sample were analyzed by
SDS-PAGE. The antibodies for CK2a (sc-12738) and B-actin (sc-1615),
as well as the immunoprecipitating PTEN (sc-7974) antibody, were from
Santa Cruz Biotechnology, Santa Cruz, CA. The anti-phospho-PTEN
(anti-PTEN) MAD (Ser380-Thr382-383) (number 9554) and anti-PTEN
(number 9552) and anti-pAkt (number 9271) antibodies were from Cell
Signaling Technologies, Danvers, MA. Where indicated, densitometric
analysis was performed, and quantification of the integrated density for
each band was assessed using the ImageJ 1.410 software.

PTEN lipid phosphatase activity. For the measurement of in vitro
PTEN lipid phosphatase activity, the malachite green phosphatase assay
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kit (Echelon Biosciences, Inc., Salt Lake City, UT) was used according to
the manufacturer’s instructions. Briefly, 500 pg of cell lysate was subjected
to PTEN immunoprecipitation by the addition of 8 .l anti-PTEN MAb
sc-7974 (Santa Cruz Biotechnology, Santa Cruz, CA), and the immuno-
complex formed was captured by incubation with 20 l protein A/G beads
for 3.5 hours with gentle rotation at 4°C. The beads were then washed
twice in lysis buffer and once in enzyme reaction buffer (ERB) (50 mM
Tris-HCI, pH 8.0, 50 mM NaCl, 10 mM dithiothreitol [DTT], and 10 mM
MgCl,) and resuspended in 80 p.l prewarmed (37°C) ERB and distributed
in triplicates of 20 wl in a 96-well flat-bottom plate (Echelon). The reac-
tion was initiated by adding 30 wl of ERB containing the substrate-
dioctanoyl phosphatidylinositol 3,4,5-trisphosphate (PIP3-DiC8) (P-
3908; Echelon) to 10 wM final concentration; it was left for 1 h at 37°C and
stopped by 100 l malachite green solution (Echelon), and the absorbance
was read at 620 nm after 15 min of incubation at room temperature. A
PIP3-only blank was used in parallel to correct for potential nonspecific
phosphate release. The remaining beads were used for SDS-PAGE, West-
ern blotting, and densitometric quantification to confirm that equivalent
amounts of PTEN were immunoprecipitated from all samples. A standard
curve was made by using the phosphate solution provided with the kit.
The PTEN activity was expressed as pmol phosphate released into the
solution per hour per 20 pl of sample.

CK2 kinase activity. For the measurement of in vitro CK2 activity, the
Casein Kinase 2 assay kit (Millipore Corporation, Billerica. MA) was used
according to the manufacturer’s instructions. Briefly, 500 g of cell lysate
was subjected to CK2 immunoprecipitation by the addition of 10 .l anti-
CK2 MAD sc-12738 (Santa Cruz Biotechnology, Santa Cruz, CA), and the
immunocomplex formed was captured by incubation with 50 .l protein
G beads for 2.5 hours with gentle rotation at 4°C. The beads were washed
three times in lysis buffer without NP-40 and resuspended in 30 .l ADBI
buffer (provided in the kit). Ten microliters of the sample was assayed
either with or without substrate peptide in the presence of [y-**P]ATP
(PerkinElmer, Boston, MA) according to the manufacturer’s instructions,
and the remaining beads were used for SDS-PAGE, Western blotting, and
densitometric quantification to confirm that equivalent amounts of CK2
were immunoprecipitated from all samples. The CK2 activity was ex-
pressed as pmol phosphate incorporated into the substrate peptide per
min per 10 pl of sample by using the mathematical formula provided by
the manufacturer of the kit. Each value was subsequently multiplied by
100 (representing pmol per min per ml of sample), and the resulting
values were presented as arbitrary units (AU) in the graph. To induce
pharmacologic inhibition of CK2, we used two different CK2 inhibitors,
specifically, 4,5,6,7-tetrabromobenzotriazole (TBB) (EMD Millipore, Bil-
lerica, MA) or the newer inhibitor CX-4945 (Axon Medchem, Groningen,
Netherlands). After testing a range of concentrations for potential non-
specific effects on cell viability, we chose the minimum concentration of
TBB (50 wM) or CX-4945 (5 uM) that induced inhibition of T cell pro-
liferation without affecting survival.

Assessment of PTEN expression with flow cytometry. To assess
PTEN expression by flow cytometry, we used a phycoerythrin-conjugated
antibody against PTEN (number 560002; BD Biosciences, Chicago, IL)
and intracellular staining according to the manufacturer’s instructions.
Dead cells were excluded by using the LIVE/DEAD Fixable Dead Cell
Stain Kit (Life Technologies, Grand Island, NY) prior to intracellular
staining.

Real-time quantitative PCR. Total RNA extraction was performed
with the RNeasy Mini Kit from Qiagen, Valencia, CA, according to the
manufacturer’s instructions, and 50 ng of RNA was subjected to quanti-
tative-PCR analysis as described previously (20) for the PTEN and CK2a
target genes with gene-specific primers (Applied Biosystems/Roche,
Branchburg, NJ).

Statistical analysis. In vitro assays and densitometry data were com-
pared with the unpaired Student’s f test or by analysis of variance
(ANOVA) for more than two conditions. A P value of <0.05 was consid-
ered statistically significant.
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RESULTS

PD-1 decreases PTEN protein expression but increases PTEN
phosphatase activity. PD-1-mediated signaling inhibits activa-
tion of the PI3K/Akt pathway (2). It has been proposed that PD-1
interferes with the activation of the PI3K/Akt pathway by upregu-
lating PTEN expression (4). However, the mechanism by which
PD-1 might mediate this effect remains unclear. Previously, it was
determined that PTEN protein stability and abundance inversely
correlate with PTEN catalytic activity (14, 15). For this reason, we
sought to dissect the molecular and biochemical effects of PD-1
signaling on PTEN expression and enzymatic function. We em-
ployed a previously established experimental system of highly pu-
rified resting human T cells and magnetic beads conjugated with
anti-CD3 and anti-CD28 MAbs with or without agonist anti-
PD-1 MAb (20), similar to an approach previously used in a
mouse cell system (4). This approach has been designed to mimic
the physiological conditions of primary T cell activation by anti-
gen-presenting cells (APC), which leads to gradual upregulation
of PD-1 in T cells during activation. As previously shown (20),
culture with beads coated with anti-CD3, anti-CD28, and anti-
PD-1 MAbs resulted in significant inhibition of T cell responses
compared to culture with anti-CD3 and anti-CD28 in the absence
of PD-1 ligation (Fig. 1A). As determined by immunoblotting,
stimulation of T cells by TCR/CD3 and CD28 ligation induced an
increase of PTEN protein expression that was apparent at 24 h and
was further augmented during a 5-day culture period (Fig. 1B and
C).In contrast, in T cells stimulated by TCR/CD3 and CD28 in the
presence of PD-1 ligation, no increase of PTEN protein was ob-
served. Instead, the abundance of PTEN protein was reduced
compared to T cells stimulated by TCR/CD3 and CD28 ligation
for the same time intervals (Fig. 1B and C). To determine whether
such changes in PTEN protein abundance occurred at a single-cell
level, we assessed PTEN expression by intracellular staining and
flow cytometry. T cells stimulated by TCR/CD3 and CD28 in the
presence of PD-1 displayed lower levels of PTEN expression than
T cells stimulated without PD-1 signals (Fig. 1D).

The mechanisms that regulate PTEN expression upon TCR-
mediated stimulation have not been elucidated. We examined
whether the altered abundance of PTEN protein during T cell
stimulation in the presence or in the absence of PD-1 might be
secondary to transcriptional regulation of PTEN at the mRNA
level. As determined by real-time quantitative PCR, at all time
points of culture, PTEN mRNA levels were comparable in T cells
stimulated either in the presence or in the absence of PD-1 ligation
(Fig. 1E). This finding indicates that PD-1 alters the abundance of
PTEN by posttranscriptional mechanisms. Studies in other cell
types have shown that the stability and abundance of PTEN pro-
tein are regulated by phosphorylation of the serine-threonine
cluster (Ser380-Thr382-Thr383) in the C-terminal regulatory re-
gion of PTEN (14, 15). Strikingly, immunoblotting with phospho-
specific antibody for the C-terminal Ser380-Thr382-Thr383 clus-
ter revealed that T cells stimulated via TCR/CD3 and CD28
displayed prominent phosphorylation of PTEN in this region. In
contrast, in T cells stimulated in the presence of PD-1, phosphor-
ylation of the C-terminal Ser380-Thr382-Thr383 cluster was sig-
nificantly reduced (Fig. 1B and C). Concomitantly with the atten-
uated PTEN phosphorylation and the diminished abundance of
PTEN protein in T cells receiving PD-1 signals, activation of the
PI3K/Akt pathway was abrogated, as determined by phosphoryla-
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tion of Akt and its direct downstream target, glycogen synthase
kinase 33 (GSK3p) (Fig. 1B and C). This pattern of diminished
PTEN expression and phosphorylation coinciding with inhibition
of Akt phosphorylation and blockade of T cell proliferation was
also observed when PD-L1-Ig fusion protein was used to induce
PD-1-mediated signaling (data not shown).

The apparent contradiction between PTEN protein abun-
dance/phosphorylation and the activation of the PI3K/Akt path-
way in T cells receiving PD-1 signals prompted us to analyze
PTEN phosphatase activity. Assessment of PTEN lipid phospha-
tase activity showed that the low expression of PTEN in stimulated
T cells receiving PD-1 signals was not associated with diminished
phosphatase activity, but rather with increased PTEN lipid phos-
phatase activity compared to T cells stimulated without PD-1 li-
gation (Fig. 1F and G).

PD-1 inhibits CK2 expression and kinase activity. PTEN is a
serine-threonine phosphoprotein and a substrate of CK2 in vitro
and in vivo. CK2-mediated phosphorylation inhibits PTEN activ-
ity toward its substrate, PIP3 (15, 16). Because our studies showed
that PD-1 ligation caused a decrease in PTEN phosphorylation
and increased PTEN phosphatase activity, we examined the ex-
pression and activation of CK2. CK2 is generally found as a te-
tramer with two catalytic subunits (CK2« and/or CK2a") and two
regulatory subunits (CK2[) (22). Transgenic mice with targeted
expression of the CK2a subunit in T cells develop lymphomas
(23). For these reasons, we examined the expression and activa-
tion of CK2a (hereafter referred to as CK2) during T cell stimu-
lation in the presence or in the absence of PD-1-mediated signal-
ing. We determined that CK2 was constitutively expressed but
that its abundance was increased during TCR/CD3 and CD28
stimulation. PD-1 induced a potent inhibitory effect on CK2 up-
regulation and resulted in significantly diminished abundance of
CK2 protein compared to that in T cells stimulated without PD-1
ligation for the same time intervals (Fig. 2A and B). Because our
studies showed that T cells displayed a low steady-state level of
CK2 protein, which was upregulated by stimulation via TCR/CD3
and CD28, we examined whether CK2 expression was regulated at
the level of mRNA. Real-time quantitative PCR showed that CK2
mRNA was increased after T cell activation. However, at all time
intervals of culture, CK2 mRNA levels were significantly lower in
T cells receiving PD-1 signals than in T cells stimulated by TCR/
CD3 and CD28 without PD-1 (Fig. 2C).

To determine whether, in addition to expression, PD-1 regu-
lated CK2 activation, we examined kinase activity in equal
amounts of CK2 immunoprecipitated from these samples, using
an antibody specific for the CK2a catalytic subunit (Fig. 2D). As
determined by in vitro kinase reaction, at all time points tested,
PD-1 induced potent suppression of CK2 activity, which dis-
played a limited and transient upregulation at 48 h but was com-
parable to that in unstimulated cells at 24 and 72 h of culture (Fig.
2E). These results identify CK2 as a new target of PD-1.

Pharmacological inhibition of CK2 during T cell stimulation
via TCR/CD3 and CD28 results in diminished PTEN expression
and increased PTEN phosphatase activity. To further investigate
the role of PD-1-mediated inhibition of CK2 in regulation of
PTEN, we used TBB, a specific inhibitor of CK2 (24). We exam-
ined whether addition of TBB during T cell stimulation via TCR/
CD3 and CD28 would recapitulate the effects of PD-1 in reducing
PTEN abundance and C-terminal phosphorylation and in in-
creasing PTEN phosphatase activity. Inhibition of CK2 during
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FIG 1 PD-1 stimulation results in decreased expression of PTEN protein but increased PTEN lipid phosphatase activity. (A) Purified CD4 ™" primary human T
cells were incubated with tosylactivated magnetic beads conjugated with anti-CD3 MAb, anti-CD28 MAb, and IgG or with anti-CD3, anti-CD28, and anti-PD-1
MADbs. DNA synthesis was determined by addition of [?’H]thymidine for the last 16 h of a 72-hour culture. The results are representative of seven independent
experiments (¥, P < 0.05, anti-CD3/CD28/PD1 versus anti-CD3/CD28/IgG). (B) Purified CD4" primary human T cells were cultured with tosylactivated
magnetic beads coated with anti-CD3/CD28/IgG or with anti-CD3/CD28/PD1 MAb. At the indicated time points, equal amounts of protein from each sample
were analyzed by SDS-PAGE, and expression of PTEN, pPTEN, pAkt, and pGSK3 was assessed by immunoblotting. (C) Bar graphs showing the densitometric
analysis of the abundance of each indicated protein normalized to B-actin, expressed as fold change relative to mean values before stimulation (defined as 1). The
data are presented as means * standard errors of the mean (SEM). Fold changes in the abundance of the indicated proteins for each time point of culture were
compared between T cells cultured with anti-CD3/CD28/IgG and T cells cultured with anti-CD3/CD28/PD1 MAbs (*, P < 0.05; n = 5 experiments). (D)
Expression of intracellular PTEN after culture under the indicated conditions for various time intervals (24 to 96 h) was examined by flow cytometry. The results
at 48 h of culture are shown and are representative of three experiments. (E) PTEN mRNA was analyzed by real-time quantitative PCR, and relative expression
of mRNA over the levels expressed in unstimulated cells (defined as 1) is shown. Expression levels of PTEN mRNA were comparable at each time point between
cells stimulated with anti-CD3/CD28/IgG or with anti-CD3/CD28/PD1 MADb (P > 0.05; n = 3). (F and G) Equal amounts of PTEN were immunoprecipitated
(IP) from the indicated samples and were subjected to SDS-PAGE and immunoblotting (F) or to malachite green-based in vitro lipid phosphatase activity (G).
(G) Bar graphs showing PTEN lipid phosphatase activity expressed as fold change relative to mean values before stimulation (defined as 1). At each time point,
the change in the activity of PTEN in anti-CD3/CD28/PD-1-stimulated cells was compared to that in anti-CD3/CD28/IgG-stimulated cells (*, P < 0.05; n = 3
experiments).

stimulation via TCR/CD3 and CD28 recapitulated the effects of
PD-1 and resulted in diminished PTEN expression and phosphor-
ylation in the C-terminal regulatory region. These events were
associated with diminished activation of the PI3K/Akt pathway, as
determined by impaired phosphorylation of Akt and its down-
stream target, GSK3 (Fig. 3A and B). Assessment of PTEN activ-
ity showed that T cell stimulation via TCR/CD3 and CD28 in the
presence of TBB resulted in significantly increased lipid phospha-
tase activity of PTEN compared to T cells stimulated without TBB
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(Fig. 3C and D). Furthermore, CK2 inhibition by TBB during
stimulation via TCR/CD3 and CD28 inhibited T cell proliferation
(Fig. 3E). CX-4945, a newer and more potent CK2 inhibitor, also
induced a similar pattern of diminished PTEN expression and
PTEN phosphorylation in the C-terminal S380-T382-T383 clus-
ter while increasing PTEN lipid phosphatase activity and inhibit-
ing T cell proliferation induced via TCR/CD3- and CD28-medi-
ated stimulation (data not shown). Thus, inhibition of CK2
during stimulation via TCR/CD3 and CD28 recapitulated the ef-
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FIG 2 PD-1 negatively regulates protein kinase CK2. (A) Purified CD4" primary human T cells were cultured with tosylactivated magnetic beads coated with
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abundance of CK2a for each time point of culture were compared between T cells cultured with anti-CD3/CD28/IgG and T cells cultured with anti-CD3/CD28/
PD1 MAbs (*, P < 0.05; n = 3 experiments). (C) mRNA for CK2a was analyzed by real-time quantitative PCR, and relative expression of mRNA over the levels
expressed in unstimulated cells (defined as 1) is shown. At each time point, comparisons were made between T cells cultured with anti-CD3/CD28/IgG and T cells
cultured with anti-CD3/CD28/PD1 MAbs (*, P < 0.05; n = 3). (D and E) Equal amounts of CK2a were immunoprecipitated from the indicated samples and
subjected to SDS-PAGE and immunoblotting (D) or to in vitro kinase assay (E) as described in Materials and Methods. At each time point, comparisons were

made between T cells cultured with anti-CD3/CD28/1gG and T cells cultured with anti-CD3/CD28/PD1 MAbs (*, P < 0.05; n = 3).

fects of PD-1 on PTEN expression and activity and the biological
effects of PD-1 on T cell proliferation and expansion. These find-
ings suggest that at least one mechanism by which PD-1 inhibits
PI3K/Akt depends on PD-1-mediated inhibition of CK2.

PD-1 induces PTEN instability and ubiquitin-dependent
proteasomal degradation. Phosphorylation of PTEN regulates
PTEN protein stability. Specifically, phosphorylation of the C-ter-
minal region renders PTEN resistant to ubiquitin-dependent deg-
radation in the proteasome and results in PTEN protein stability.
In contrast, impaired phosphorylation of the PTEN tail results in
loss of PTEN protein stability and increased ubiquitin-dependent
degradation (15). Because our studies showed that PD-1-medi-
ated signaling suppressed PTEN phosphorylation in the C-termi-
nal Ser380-Thr382-Thr383 cluster, we examined whether de-
creased abundance of PTEN protein in T cells receiving PD-1
signals might be mediated via ubiquitin-dependent proteasomal
degradation. Incubation with the proteasome inhibitor MG132
significantly diminished the downregulation of PTEN expression
induced in stimulated T cells receiving PD-1 signals (Fig. 3F and
G). Thus, PD-1 decreases PTEN protein expression by promoting
PTEN instability and ubiquitin-dependent degradation.
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DISCUSSION

Our studies revealed an unexpected mechanism by which PD-1 in-
hibits activation of the PI3K/Akt pathway, which involves regulation
of PTEN stability and phosphatase activity via CK2-mediated phos-
phorylation. Because PD-1 inhibits the PI3K/Akt pathway (2), ini-
tially, we were surprised to observe a decrease rather than an increase
of PTEN protein abundance in T cells receiving PD-1 signals. Our
experiments revealed that this paradox is due to PD-1-induced inhi-
bition of CK2-mediated phosphorylation of the PTEN C-terminal
serine-threonine cluster S380-T382-T383, which promotes PTEN
protein stability while reducing PTEN lipid phosphatase activity.
Consequently, in T cells receiving PD-1 signals, PTEN is susceptible
to ubiquitin-dependent degradation, but the remaining PTEN pro-
tein has increased phosphatase activity, leading to inhibition of the
PI3K/Akt pathway. Our studies also reveal a physiological mecha-
nism by which TCR-mediated activation increases PTEN stability
while decreasing PTEN phosphatase activity. This mechanism is sup-
ported by our finding that, after T cell activation, high levels of Akt
phosphorylation coincide with increased PTEN protein expression
and phosphorylation of the PTEN C-terminal serine-threonine clus-
ter S380-T382-T383. These findings are also consistent with the reg-
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FIG 3 The specific CK2 inhibitor TBB decreases PTEN expression and phosphorylation during TCR/CD3- and CD28-mediated stimulation of T cells. (A)
Purified CD4" primary human T cells were cultured with tosylactivated magnetic beads coated with anti-CD3/CD28/IgG with or without the CK2-specific
inhibitor TBB (50 uM) or with anti-CD3/CD28/PD1 MAbs. At the indicated time points, equal amounts of protein were analyzed by SDS-PAGE, and expression
of PTEN, pPTEN, pAkt, and pGSK3[ was assessed by immunoblotting. (B) Bar graphs showing the densitometric analysis of the abundance of each indicated
protein normalized to that of B-actin, expressed as the fold change relative to mean values before stimulation (defined as 1). The data are presented as means *
SEM. Fold changes in the abundance of the indicated proteins for each time point of culture were compared between T cells cultured with anti-CD3/CD28/1gG
and T cells cultured with anti-CD3/CD28/PD1 MAbs (¥, P < 0.05; n = 3 experiments). (C and D) Equal amounts of PTEN were immunoprecipitated from the
indicated samples and subjected to SDS-PAGE and immunoblotting (C) or to malachite green-based in vitro lipid phosphatase activity (D). Fold changes in
PTEN phosphatase activity in T cells cultured with anti-CD3/CD28/IgG plus TBB or with anti-CD3/CD28/PD-1 were compared to those of T cells cultured with
anti-CD3/CD28/1IgG beads (*, P < 0.05; n = 3 experiments). (E) CD4* primary T cells were cultured with tosylactivated magnetic beads coated with anti-CD3/
CD28/1gG with or without the CK2-specific inhibitor TBB (50 wM), and DNA synthesis was determined by addition of [*’H]thymidine for the last 16 h of a
72-hour culture. The results are representative of three independent experiments (*, P < 0.05). (F and G) Proteasome inhibition reverses PD-1-mediated
decrease of PTEN abundance. (F) T cells were cultured under the indicated conditions for various time intervals (24 to 96 h), and the amounts of intracellular
PTEN were examined by flow cytometry. The results at 48 h of culture are shown and are representative of three independent experiments. (G) Bar graphs
depicting means £ SEM of the mean fluorescence intensity (MFI) of PTEN expression. Comparisons of MFIs were made between T cells cultured with
anti-CD3/CD28/PD1 and T cells cultured with anti-CD3/CD28/PD1 and MG132 (*, P < 0.05; n = 3).

ulation of PTEN expression and activity in other cell systems (14, 15).
A previous study reported that, compared to stimulation without
PD-1, culture in the presence of PD-1 ligation resulted in increased
PTEN expression while decreasing Akt activation (4). Although in
that system PTEN phosphorylation and PTEN lipid phosphatase ac-
tivity were not examined, we hypothesize that the discrepancy be-
tween those observations and our present results is rather due to
methodological reasons, because in all our experiments, we observed
that during stimulation of primary T cells, Akt activation correlated
and temporally coincided with increased PTEN protein levels, as-
sessed by either Western blotting or flow cytometry, and with phos-
phorylation of the C-terminal serine-threonine cluster S380-T382-
T383.
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PTEN contains two PEST sequences that serve as targets of
ubiquitination. In cancer cells, it has been proposed that poly-
ubiquitination of PTEN by the E3 ubiquitin ligase NEDD4-1 leads
to its degradation (25). In contrast monoubiquitination does not
promote its degradation, but rather, results in increased nuclear
import of PTEN with a subsequent role in the maintenance of
chromosomal stability (26). We investigated whether such differ-
ential subcellular localization of PTEN might also be operative in
our experimental system, but we were unable to detect any differ-
ences in the cytoplasmic versus nuclear distributions of PTEN in T
cells under any culture conditions.

Our studies revealed that in T cells receiving TCR-mediated
activation signals, PTEN is not regulated predominantly at the
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FIG 4 Model for TCR- and PD-1-mediated regulation of PTEN activity via
CK2. TCR-mediated signals induce CK2 activation. CK2 leads to phosphory-
lation of the PTEN C-terminal serine-threonine cluster S380-T382-T383 and
inhibits PTEN phosphatase activity. During TCR-mediated activation, PTEN
phosphatase activity is inhibited in a CK2-dependent manner, allowing acti-
vation of the PI3K/Akt pathway. PD-1 suppresses CK2 and results in impaired
phosphorylation of the PTEN C-terminal serine-threonine cluster $380-T382-
T383, increased PTEN phosphatase activity, and inhibition of PI3K/Akt.

mRNA level but rather by posttranslational modification and in-
activation mediated by CK2. Remarkably, the CK2 phosphoryla-
tion sites in PTEN are conserved in species from mammals to
Xenopus laevis, and clusters of putative CK2 phosphorylation sites
are also present at the C terminus of PTEN in Drosophila melano-
gaster, Caenorhabditis elegans, and Saccharomyces cerevisiae (22).
Thus, CK2-mediated phosphorylation of PTEN is an evolution-
arily conserved dominant mechanism regulating PTEN phospha-
tase activity, and this mechanism is directly targeted by PD-1 to
mediate an inhibitory effect on the PI3K/Akt pathway in T cells.

Protein kinase CK2 is a highly conserved, ubiquitously ex-
pressed serine-threonine kinase that phosphorylates a wide vari-
ety of substrates involved in essential cell processes, including the
cell cycle and cell growth (22). Alterations in CK2 expression have
been found in tumors (17-19, 27, 28), and overexpression of CK2
affects cell growth and transformation (23, 29). Conversely, CK2
depletion inhibits cell cycle progression and growth (30, 31). The
role of CK2 in T cell proliferation and growth by regulating PTEN
is underlined by the observation that CK2 overexpression and
hyperactivation are responsible for posttranslational inactivation
of PTEN and hyperactivation of the PI3K/Akt pathway in the ab-
sence of PTEN gene mutations or deletions in the majority of T
cell acute lymphoblastic leukemia (T-ALL) cases (17).

We determined that, in contrast to cancer cells, in which CK2 is
constitutively highly activated, in T lymphocytes, CK2 activation
is regulated by TCR-mediated signals. Upregulation and activa-
tion of CK2 lead to phosphorylation of the PTEN C-terminal
region and inhibit PTEN activity. Thus, during TCR-mediated
stimulation, PTEN phosphatase activity is inhibited in a CK2-
dependent manner, allowing sustained activation of the PI3K/Akt
pathway to support glucose uptake, survival, expansion, and gen-
eration of T effector cells. In contrast, PD-1 suppresses CK2 and
results in impaired phosphorylation of the PTEN C-terminal ser-
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ine-threonine cluster S380-T382-T383, increased PTEN phos-
phatase activity, and inhibition of PI3K/Akt (Fig. 4). The identifi-
cation of CK2 as a new target of PD-1 will provide new insights
into the elusive mechanisms by which PD-1 inhibits TCR proxi-
mal signaling.
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