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CTLA-4 and PD-1 are receptors that negatively regulate T-cell activation. Ligation of both CTLA-4 and PD-1 

blocked CD3/CD28-mediated upregulation of glucose metabolism and Akt activity, but each accomplished this 

regulation using separate mechanisms. CTLA-4-mediated inhibition of Akt phosphorylation is sensitive to 

okadaic acid, providing direct evidence that PP2A plays a prominent role in mediating CTLA-4 suppression of 

T-cell activation. In contrast, PD-1 signaling inhibits Akt phosphorylation by preventing CD28-mediated 

activation of phosphatidylinositol 3-kinase (PI3K). The ability of PD-1 to suppress PI3K/AKT activation was 

dependent upon the immunoreceptor tyrosine-based switch motif located in its cytoplasmic tail, adding further 

importance to this domain in mediating PD-1 signal transduction. Lastly, PD-1 ligation is more etfective in 

suppressing CD3/CD28-induced changes in the T-cell transcriptional profile, suggesting that ditferential 

regulation of PI3K activation by PD-1 and CTLA-4 ligation results in distinct cellular phenotypes. Together, 

these data suggest that CTLA-4 and PD-1 inhibit T-cell activation through distinct and potentially synergistic 

mechanisms. 

Precise regulation of T-lymphocyte proliferation is critical to 

the acquired immune response and hematopoietic homeosta­
sis. Activation of resting T cells is a complex process, depen­
dent upon intracellular signals initiated through the T-cell an­

tigen receptor (TCR) and modulated by costimulatory and 

negative receptor signals. Receptors such as CD28 and ICOS 

transduce signals necessary to fully activate T cells. In contrast, 

receptors like CTLA-4 and PD-1 transduce signals that are 

inhibitory to lymphocyte activation (27, 55, 55, 57). The bal­
ance between "positive" and "negative" signaling is thought to 

enable effective immune responses while maintaining immu­
nological tolerance and preventing autoimmunity (10, 63). 

CD3/CD28 costimulation initiates a series of intracellular 

signals that increase cellular metabolism, oppose cell death, 

and drive progression through the cell division cycle (2). Liga­

tion-dependent tyrosine phosphorylation of CD28 enables the 

recruitment and activation of phosphatidylinositol 3-kinase 

(PI3K), resulting in the intracellular accumulation of 3-phos­
phorylated lipids ( 49, 67). The lipid products of PI3K bind 

pleckstrin homology domain-containing proteins, including the 

serine/threonine kinase Akt, which is thought to play an im­

portant role in diverse cellular processes, including cytokine 

synthesis (34, 54) and survival (24, 33). Additionally, Akt plays 

a regulatory role in glucose metabolism by increasing Glutl 
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expression ( 4) and glycolysis (26, 54). Potentially, Akt catalytic 

activity can be modulated either by decreasing the intracellular 

concentration of 3-phosphorylated phosphatidylinositol lipids 

or direct dephosphorylation by serine/threonine phosphatases. 
Antibody-mediated blockade of CTLA-4 prevents develop­

ment of tolerance, augments anti-tumor responses, and exac­
erbates autoimmune disease (52). Despite much attention, the 

mechanism underlying CTLA-4-mediated inhibition of T lym­
phocytes remains obscure. CTLA-4 shares the B7 ligand with 

CD28 but binds with a higher avidity (20); thus, ligand seques­

tration may be significant in vivo (9). The finding that the 

CTLA-4 extracellular domain alone is insufficient to prevent 

Iymphadenopathy in mice suggested that CTLA-4 may also 

propagate signals that actively counter TCR/CD28 signaling 

(25, 41). To this end the cytoplasmic domain of CTLA-4 has 

been reported to interact with the tyrosine phosphatase SHP-2 

( 40) and serine/threonine phosphatase PP2A (17). Whether 

the CTLA-4 cytoplasmic tail requires phosphorylation to re­
cruit effector molecules remains controversial (18, 23, 31, 40, 

71). In one study, however, SHP-2 recruitment was thought to 

dephosphorylate the TCR zeta chains (36). The significance of 

PP2A to CTLA-4 function is unclear, since PP2A also binds to 

CD28 (17). Moreover, mutations in CTLA-4 that alter regu­
latory subunit association with bound PP2A affect the ability of 

CTLA-4 to inhibit interleukin-2 (IL-2) transcription in T cells 

(3). 
PD-1 is expressed on activated T lymphocytes but also on B 

cells, suggesting involvement in a broader spectrum of immune 

regulation than CTLA-4 (1). To date, all reports that specifi­
cally target PD-1 using PD-1 antibody (Ab) have shown that 

PD-1 acts as a negative regulator of T-cell activation (5, 47) . 

Consistent with this finding, PD-1-deficient mice show spleno-
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megaly and increased su ceptibility to autoimmune disease 
( 46, 58). Despite the shared ability to block T-cell activation, 
the cytoplasmic domain of PD-1 shows significant differences 
from CTLA-4 by encoding both an immunoreceptor tyrosine­
based inhibitory motif (ITIM) and an immunoreceptor ty­
rosine-based switch motif (ITSM), of which the ITSM appears 
to be the most important for mediating PD-1 suppression of 
lymphocyte activation (16, 47). Understanding to what extent 
PD-I and CTLA-4 employ similar or distinct mechanisms to 
block T-cell activation will have important implications for the 
design of immunotherapies that aim to alter the immune re­
sponse. Here, we show that CTLA-4 and PD-1 propagate bio­
chemically separable, inhibitory signals that converge at Akt to 
limit cellular metabolism. While PD-I disrupts the intracellular 
accumulation of 3-phosphorylated phosphatidylinositol lipids, 
CTLA-4 targets downstream effectors of PI3K through activa­
tion of the serine/threonine phosphatase PP2A. 

MATERIALS AND METHODS 

Lymphocyte isolation and stimulation. Peripheral blood lymphocytes were 
isolated from normal volunteer donors following apheresis and elutriation under 
a protocol approved by The University of Pennsylvania Institutional Review 
Board. CD4 + T cells were purified by negative selection using magnetic beads 
(Dyna!, Lake Success, NY) as previously described and were routinely more than 
95% c o 3+, more than 98% co2s+, and less than 3% cos+ as determined by 
flow cytometry (56). Cells were stimulated at 37°C by mixing with beads at a ratio 
of 1:3 (cells to beads). Anti-CD3 (OKTI), anti-hCD28 (9.3), anti-major histo­
compatibility complex (anti-MHC) class I (W6/32), anti-mCD28 (37.51; BO 
Biosciences), and anti-PD-I (#17; a kind gift of Beatriz Carreno, Inflammation, 
Wyeth Research, Cambridge, MA) (5) were covalently attached to polyurethane­
coated tosyl-activated Dyna! beads according to the manufacturer's instructions. 
Anti-CD3 Ab represents 5% of the total protein added to the beads, anti-CD28 
Ab represents I 0% of the remaining 95%, and the remaining Ab was composed 
of the antibody indicated. 

Glucose uptake and glycolysis. Glucose uptake was measured using a modified 
method of Whelton et al. (69). Briefly, stimulated T cells were incubated for 15 
min at 37°C in glucose uptake buffer (8. 1 mM Na

2

HPO
4

, 1.4 mM KH
2

PO
4

, 2.4 
mM KCI, 136 mM NaCl, 0.5 mM MgCI2 , 0.9 mM CaCI2 (pH 7.41) to deplete 
intracellular glucose stores. Triplicate samples of I X I 06 cells were incubated 
with 1 µCi of (3H]2-deoxyglucose (NEN, Boston, MA) in glucose uptake buffer 
for 2 min at room temperature and immediately spun through a layer of bro­
mododecane (Sigma, St. Louis, MO) into 20% perchloric acid-8% sucrose, 
stopping the reaction, and separating the cells from unincorporated [ 3 HJ2-de­
oxyglucose. The perchloric acid- sucrose- T-cell layer was removed and analyzed 
by a liquid scintillation counter (Wallac, Turku, Finland). Measurement of gly­
colysis was performed as previously described (64). 

Cell lysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS­
PAGE), and Western blotting. Cells were lysed in I % NP-40 lysis bu[er, and 
proteins were resolved by SOS-PAGE and transferred to nitrocellulose. Blots 
were probed with anti-phosphorylated Akt (anti-pAkt) and anti-phospho-glyco­
gen synthase kinase 3a/J3 (GSK-3a/f3) (Ser21/9) primary antibody (Cell Signaling 
Technology, Beverly, MA) and vi ualized with ECL+ (Amersham, Piscatway, 

J). Blots were stripped and reprobed with antibodies against the whole Akt to 
demonstrate equal loading of proteins. Densitometry was performed using lm­
ageQuant 5.2 software (Amersham Biosciences Corp., Piscataway, NJ). Relative 
pAKT levels were determined by dividing the value determined for pAKT by the 
corresponding total AKT value and dividing this value by the value obtained in 
the resting cell lane. 

Determination or Pl3K activity. Catalytic activity of Pl3K was assessed by in 
vi tro kinase assay as previously described (51). Briefly, samples were washed 
sequentially in lysis buffer, phosphate-buffered saline, LiCI, water, and finally 
kinase bu[er. Samples were resuspended in 40 µI of kinase buffer before addition 
of 50 µI of a mixture of phosphatidylinositol with phosphatidylserine. Reactions 
were initiated by the addition of 20 µCi [-y-32P]ATP and I 00 µM ATP and were 
terminated after 15 min at 30°C by the addition of 100 µ I I M I ICI. Lipids were 
extracted by partitioning in chloroform and were resolved by thin-layer chroma­
tography using I -propanol- acetic acid (65%:35%, vol/vol) as the solvent. Phos­
phorylated lipids were visualized by a Phosphorlmager (Molecular Dynamics). 

M OL CELL. BIOL. 

Creation and transduction or mCD28-PD-l vectors. The murinc CD28 
(mCD28) extracellular and transmembrane domain was amplified from an 
mCD28-encoding pla mid (generously provided by K. Lee, University of Miami, 
FL) by PCR and blunt ligated with a PCR product encoding the human PD-! 
cytoplasmic tail (bases 645 to 935 of PD-1 [NM_0050 I8)). These fragments were 
placed into the pCLPS lentiviral expression vector (51). Single tyrosine-to-phe­
nylalanine mutations of mCD28/human PD-I (mCD28/hPD-l) were produced as 
previously described (66). Double tyrosine-to-phenylalanine mutations of 
mCD28/hPD-l were produced u ing a single mutation as a template. The fidelity 
of all constructs was confirmed by D A sequencing. Lcntiviral vectors were 
produced as described previously (51 ). CD4 T cells were stimulated for 24 h with 
CD3/hCD2 (CD3/h28)-coated immunobeads before infection. Three-hundred 
to 500 µI (- 5 X 107 to 5 X JO" IFU) of Ientiviral vector was incubated with the 
activated CD4 T cells and centrifuged at 1,200 X g for 2 h. The following day the 
medium was exchanged and the cells were expanded until they returned to near 
resting cell volume as measured by a Coulter Counter Multisizer II (Hialeah, 
FL). 

RNA extraction and reverse transcription-PCR (RT-PCR). R A was purified 
and reverse transcribed as described previously (56). Primers and probes to 
detect IL-2, Bcl-xL, and 28S were designed using Primer Express software and 
arc available upon request (Applied Biosystem , Foster City, CA). Real-time 
PCR amplification and product detection were performed using the ABI Prism 
7700 (Applied Biosystems) as recommended by the manufacturer. Result were 
normalized to 28S RNA levels, and relative expression was determined using the 
Ll.Ll.ct method as recommended by the manufacturer. 

DNA microarray analysis. Following stimulation, cells were harvested and 
total cellular R A was isolated u ing an RNeasy kit (QIAGEN, Valencia, CA) 
including D ase treatment. Methods for mRNA amplification using in vitro 
transcription, cRNA labeling with Cy3 and Cy5, and hybridization have been 
described previously (30). cRNAs from stimulated and unstimulated cells were 
compared by competitive hybridization on hu25K ink jet oligonucleotide mi­
croarrays. Sequences represented on the microarrays were previously described 
(56). Hybridizations were performed in duplicate with fluor reversal. Slides were 
scanned using a confocal laser scanner from Agilent Technologies. Fluorescent 
intensities on images were quantified, corrected for background, and normalized. 

RESULTS 

CTLA-4 and PD-1 signaling regulate cellular metabolism. 
To study whether CTLA-4- or PD-1-induced blockade used 
similar or distinct mechanisms to block primary human CD4 
T-cell activation, a system to study the distinct effects of PD-1 
or CTLA-4 signaling on T-cell activation was established. Pre­
viously we have used magnetic beads coated with anti-CD3, 
anti-CD28, and anti-CTLA-4 Ab (designated CD3/CD28/ 
CTLA-4) as artificial antigen-presenting cells (aAPCs) to study 
the effects of CTLA-4 ligation (7). Inclusion of the anti-CD28 
Ab is necessary because highly purified human cells do not 
expand or produce significant levels of IL-2 upon ligation of 
anti-CD3 and anti-MHC class I (designated CD3/MHC I)­
coated beads (Fig. lA and B). Anti-MHC I Ab i used as a 
binding, but nonsignaling, control Ab to ensure equivalent 
loading of Ab onto the aAPCs (56). Stimulation of primary 
CD4 T cells with anti-CD3-, anti-CD28-, and anti-MHC class I 
( designated CD3/CD28/MHC !)-coated bead leads to robust 
T-cell expansion and IL-2 production, as previously published 
(38). In contrast, similarly constructed CD3/CD28/PD-l 
aAPCs inhibited T-cell expan ion and IL-2 production as well 
as CD3/CD28/CTLA-4-coated beads. Thus, use of these 
aAPCs allows the study of primary human T cell under the 
influence of either CTLA-4 or PD-1 blockade. 

The transition from a resting T cell to a rapidly dividing 
effector of the adaptive immune response requires an abrupt 
change in energy demand. A feature of CD28-mediated T­
lymphocyte costimulation is an increase in glucose uptake and 
metabolism, which allows a lymphocyte to meet the increased 
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FIG. l. CTLA-4 and PD-1 engagements inhibit T-cell activation and glucose metabolism. CD4 T cells were stimulated with immunobeads 
coated with the antibodies indicated, and (A) T-cell expansion, (B) IL-2 expression, (C) uptake of (3H)2-deoxyglucose, and (D) glycolysis were 
measured. IL-2 expression, uptake of (3H)2-deoxygluco e, and glycolysis were measured 18 h after activation. All data are representative of three 
independent experiments. CPM, count per million. 

metabolic demands associated with a sustained response. 
CTLA-4 ligation inhibits this increase in glucose metabolism 
(26), and we were interested in determining if PD-1 engage­
ment also targeted the ability of T cells to import and utilize 
nutrients. The first point of regulation in glucose metabolism is 
the regulation of glucose uptake by cell surface receptors. 
Treatment of resting cells with CD3/MHC I-coated beads in­
duced only a minor increase in glucose uptake. Stimulation of 
resting CD4 T cell with anti-CD3-, anti-CD28-, and anti-MHC 
I-coated beads (CD3/CD28/MHC I) rapidly induced glucose 
uptake, preparing the cells for the increased metabolic de­
mands of cell division and cytokine secretion that accompany 
T-cell activation (Fig. lC). The effect of CD28 costimulation 
was opposed by both CTLA-4 and PD-1 engagement such that 
levels of glucose uptake in cells stimulated by either CD3/ 
CD28/CTLA-4- or CD3/CD28/PD-1-coated bead were similar 
to levels seen following CD3/MHC I-coated bead timulation 
of cells. These data indicate that CTLA-4 and PD-1 ablate the 
effect of costimulation on glucose uptake in T lymphocytes. 

We next investigated whether CTLA-4 and PD-1 engage­
ment resulted in a decrease in the glycolytic rate. The dehy­
dration reaction catalyzed by enola e is the penultimate step of 
glycolysis and can be measured to gauge the glycolytic rate. In 
accord with the glucose uptake data, the glycolytic rate was low 
in resting T cells. CD3/CD28/MHC I-coated bead stimulation 
of CD4 T cells increased the glycolytic rate fourfold, and as 
de cribed above this increase was blocked by both CTLA-4 
ligation and PD-I ligation (Fig. 1D). Together these data dem­
onstrate that both CTLA-4 and PD-1 block CD28-mediated 
increases in metaboli m, a measured by glucose uptake and 
glycolytic rate, and suggest that restriction of cellular metabo­
lism may be a wide pread strategy in lymphocyte inhibition. 

PD-1 signaling blocks CD28-mediated activation of PI3K 
and Akt. Akt plays an important role in the regulation of 
cellular metabolism in human primary T lymphocytes. Previ­
ously, we demonstrated that CTLA-4 ligation potently inhibits 
Akt activation and that thi lack of Akt phosphorylation coin­
cided with a lack of increased glucose metabolism (26). Having 
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FIG. 2. CTLA-4 ligation blocks Akt but not PI3K activation. (A) CD4 T cells were preactivated with 5 mg/ml PHA and 100 U/ml IL-2 for 3 
days and stimulated with immunobeads coated with the antibodies indicated for 30 min. Cells were lysed and proteins were resolved by 
SDS-PAGE. Akt and GSK-3 phosphorylation was assessed by immunoblotting using phosphospecific Abs (upper panel). The blot was then 
stripped and reprobed with anti-Akt antibody (lower panel) to demonstrate equal loading. (B) The procedure described for panel A was used, 
except cells were harvested 30 min (30'), 4 h, and 24 h after activation. (C) PHA blasts were stimulated with immunobeads coated with antibodies 
as indicated for either 30 min or 60 min. Cells were lysed, and stimulatory beads were used to precipitate the appropriate receptors. Lipid kinase 
activity associated with receptors was assessed by in vitro kinase assays. Reaction products were resolved by thin-layer chromatography and were 
visualized using a Phosphorlmager. Whole-cell lysate (5 µ,I) was used as a positive control for the assay. Ptdlns, phosphatidylinositol. 

already established that PD-1-mediated signaling exerted sim­
ilar constraints on cellular metabolism, we wanted to deter­
mine if PD-1 achieved this effect by targeting Akt phosphory­
lation as well. Since PD-1 and CTLA-4 are poorly expressed on 
resting lymphocytes, we first cultured cells in the presence of 
phytohemagglutinin (PHA)-IL-2 to induce expression of these 
negative regulators of T-cell activation. To determine how 
CTLA-4 and PD-1 engagement alters the Akt induction activ­
ity in a side-by-side manner, we stimulated the T-cell blasts 
with either CD3/MHC 1-, CD3/MHC I/CTLA-4-, or CD3/ 
MHC I/PD-1-coated beads to measure the effect these recep­
tors have on CD3 induced Akt phosphorylation or CD3/CD28/ 
MHC 1-, CD3/CD28/CTLA-4-, or CD3/CD28/PD-1-coated 
beads to measure the effect these receptors have on CD3/ 
CD28-mediated Akt activation. After 30 min of stimulation, 
we examined whole-cell lysates for phosphorylated Akt. We 
observed that both CTLA-4 and PD-1 ligation interfered with 
both CD3- and CD3/CD28-induced activation of Akt, indicat­
ing that CD28 costimulation is not required to observe the 
CTLA-4 or PD-1 engagement (Fig. 2A). These data confirm 
the role of CTLA-4 engagement as an inhibitor of Akt activa­
tion (26, 50). Also, since PD-1 triggering also inhibited Akt 
phosphorylation, this suggests that targeting of Akt may be a 
conserved mechanism that negative regulators of T-cell acti­
vation use to block T-cell activation. 

The phosphorylation cascade that leads to Akt activation is 
a multiple-step process that is still being defined. While the 
Ser473 phosphospecific Akt Ab may be the best reagent to 
detect Akt phosphorylation, its ability to function as a surro­
gate for Akt activity is not clear {15). GSK-3 was the first 
substrate of AKT to be identified, and its phosphorylation by 
Akt at a noncatalytic residue is inhibitory to GSK-3 activity 

(21). Since Akt enzymatic activity is required to phosphorylate 
GSK-3, we probed the lysates described above for phosphor­
ylated GSK-3 as a surrogate measure of Akt catalytic activity. 
These results mirrored the data obtained using the phos­
phospecific Akt Ab (Fig. 2A), suggesting that the phosphory­
lated Akt we detected has catalytic activity. Our previous stud­
ies demonstrated that maximal induction of Akt observed in 
primary human T cells after CD3/CD28 stimulation is ob­
served 30 min after stimulation (26). To test whether CTLA-4 
and/or PD-1 delayed rather than suppressed Akt activation, we 
extended the time course of the experiment to 24 h. In contrast 
to recent studies in a murine system ·(61), Akt activation in 
primary human T cells is transient, peaking at 30 min and 
undetectable after 4 h of stimulation (Fig. 2B). Akt phosphor­
ylation in cells stimulated by CD3/CD28/CTLA-4 or CD3/ 
CD28/PD-1 aAPCs did not have detectable phosphorylated 
Akt at any time point, indicating that CTLA-4 and PD-1 sig­
naling blocked rather than delayed Akt activation. 

We were interested in determining whether CTLA-4 and 
PD-1 targeted the same or distinct steps in the Akt activation 
process. Activation of Akt is dependent upon the prior activa­
tion of phosphatidylinositol 3-kinase, and these pathways are 
often referred to as the PI3K/Akt pathway (14). To determine 
whether CTLA-4 or PD-1 engagement altered CD28-mediated 
activation of Pl3K, we assessed the ability of immunoprecipi­
tated receptors to phosphorylate exogenous phosphatidylino­
sitol. As described above, CD4 T cells were preactivated with 
PHA and IL-2 for 3 days to upregulate the expression of 
CTLA-4 and PD-1 on the cell surface. Stimulation of these 
cells with CD3/CD28/MHC I-coated beads resulted in a strong 
induction of PI3K activity detected in immunoprecipitates, in 
agreement with previous reports (67). Stimulation of cells with 
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CD3/CD28/CTLA-4-coated beads resulted in slightly delayed 
but ultimately similar amounts of PI3K activity compared to 
that in ceUs stimulated with CD3/CD28/MHC I-coated beads, 
indicating that CTLA-4 ligation does not strongly oppose PI3K 
signaling (Fig. 2C). The delay could reflect either differences in 
the ability of CD3/CD28/MHC I beads to bind to cells with a 
higher affinity than CD3/CD28/CTLA-4 beads due to the 
higher surface expression of MHC class I than CTLA-4 or 
modest effects of CTLA-4 signal transduction on PBK induc­
tion. In contrast, PD-1 engagement blocked the induction of 
PBK activity. Since PI3K activity is required to activate Akt, 
PD-l's signaling that interferes with PI3K activation is likely to 
be the major reason one observes inhibition of Akt activation 
in cells under the influence of PD-1 blockage. 

PD-1 suppression of PI3K/Akt is dependent upon factors 
binding to the ITSM motif in its cytoplasmic tail. Little is 
known about how PD-1 generates a signal to block T-cell 
activation. PD-1 has two tyrosine residues in its cytoplasmic 
tail. The membrane-proximal tyrosine is located in an ITIM 
motif, and the C-terminal tyrosine is located in a newly de­
scribed immunoreceptor tyrosine-based switch motif (ITSM) 
(60). To determine whether factors binding to either of these 
motifs were responsible for PD-1 inhibition of the PBK/Akt 
pathway, we constructed chimeric molecules composed of the 
murine CD28 extracellular domain and either the wild-type 
human PD-1 cytoplasmic tail, the human PD-1 cytoplasmic tail 
with a mutation in the ITIM (Y223F), the human PD-1 cyto­
plasmic tail with a mutation in the ITSM (Y248F), or the 
human cytoplasmic tail that has both tyrosines mutated 
(Y223F, Y248F). Previously, we have demonstrated that the 
mCD28-hPD-1 chimeric molecule is able suppress T-cell ex­
pansion and cytokine production in a manner similar to that of 
the endogenous PD-1 molecule (16), and thus the mCD28-
hPD-1 chimeric molecule is a faithful model to study PD-1 
signal transduction. These constructs were introduced into pri­
mary human CD4 T cells via lentiviral transduction, and mu­
rine CD28 surface expression was determined 3 days posttrans­
duction (Fig. 3A). These transduced ceUs were allowed to 
expand and rest until their cell volume approached levels near 
that of resting cells. Next, each of these populations of cells was 
restimulated with either CD3/MHC I, CD3/h28/MHC I, CD3/ 
h28/mCD28, or CD3/h28/PD-1 aAPCs for 30 min, cell lysates 
were made, and the level of phosphorylated Akt was measured 
by Western blotting (Fig. 3B). No AKT phosphorylation was 
observed in unstimulated cells (lane 1); however, induction of 
AKT-P was observed in the anti-CD3-stimulated cells (lane 2) 
that was augmented by CD28 costimulation (lane 3). AKT 
phosphorylation is substantially reduced in cells restimulated 
with anti-CD3-, anti-CD28-, and anti-PD-1-coated beads (lane 
5), indicating that engagement of the endogenous PD-1 recep­
tor is able to suppress AKT phosphorylation in all cell types. 
This pattern of AKT phosphorylation is observed in all four 
cell populations, allowing us to compare the effects of the 
various PD-1 cytoplasmic tail mutants in a side-by-side man­
ner. 

Cells transduced with the mCD28-hPD-1 wild-type construct 
and subsequently restimulated with CD3/h28/mCD28-coated 
beads contained substantially reduced levels of AKT-P com­
pared to the same cells restimulated with CD3/h28/MHC class 
I, indicating that this was an appropriate model to perform a 
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FIG. 3. PD-l's ITSM motif is required to mediate PD-1 suppres­
sion of the PI3K/Akt pathway. CD4 T cells were activated with CD3/ 
CD28-coated beads and transduced with lentiviral vectors expressing 
mCD28-PD-l wild type (WT), mCD28-hPD-l Y223F, mCD28-PD-1 
Y248F, and the double mutant mCD28-hPD-l Y223F, Y248F. (A) Ex­
pression of each construct was examined by staining the cells with an 
Ab specific for mCD28 3 days after transduction. (B) Transduced cells 
were left unstimulated or were restimulated with the indicated aAPCs 
for 30 min. Cells were lysed, and proteins were resolved by SDS­
P AGE. Akt activity was assessed by imrnunoblotting for serine-phos­
phorylated Akt (upper panel). The blot was then stripped and re­
probed with anti-Akt antibody (lower panel) to demonstrate equal 
loading. Data are representative of three independent experiments. 

structure-function analysis of the PD-1 cytoplasmic tail to de­
termine which motif(s) was required to inhibit AKT-P. Cells 
transduced with mCD28-PD-1 223 F hPD-1 behave in a man­
ner similar to those transduced with the mCD28-hPD-1 wild­
type construct, indicating that the ITIM is not required to 
inhibit AKT-P. In contrast, in ceUs transduced with the mCD28 
Y248F hPD-1 construct or in those cells transduced with the 
double mutant mCD28 Y223F, Y248F hPD-1 construct, AKT 
phosphorylation is not inhibited by CD3/h28/mCD28-coated 
bead stimulation. These results indicate that factors binding to 
the ITSM within the PD-1 cytoplasmic tail mediate PD-1 sup­
pression of PI3K/Akt activation. 

CTLA-4-mediated suppression of Akt phosphorylation is 
inhibited by the PP2A inhibitor okadaic acid. In Fig. 2 we 
demonstrated that CTLA-4 engagement does not block CD28-
mediated activation of PI3K and hence blocked Akt phosphor­
ylation in a PI3K-independent manner. We postulated that 
CTLA-4 engagement activated a protein complex that was able 
to reverse PI3K-dependent phosphorylation of Akt. The type 
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FIG. 4. CTLA-4-rnediated suppression, but not PD-1-mediated 
suppression, of AKT is blocked by the presence of okadaic acid. PHA­
IL-2-cultured CD4 T cells were st imulated with immunobeads coated 
with the indicated antibodies in either the presence or absence of 
okadaic acid. Akt activity was assessed by immunoblotting for serine­
phosphorylated Akt [(p)Akt) (upper panel) . The blot was then 
stripped and reprobed with anti-Akt antibody (lower panel) to dem­
onstrate equal loading. The relative ratio of pAKT to total AKT is 
shown below each lane. Data are representative of three independent 
experiments. Unstim, unstimulated. 

II serine/threonine phosphatase PP2A plays an important role 
in the regulation of Akt activity in fibroblasts (32) and insulin 
signaling (11). Moreover, this complex has been shown to be 
recruited to both the CD28 and CTLA-4 cytoplasmic tails (17), 
making it a likely candidate to mediate CTLA-4-induced inhi­
bition of Akt phosphorylation. To determine whether PP2A 
played a role in mediating the suppression of Akt phosphory­
lation following either CTLA-4 or PD-1 engagement, we de­
termined whether these receptors could block Akt phosphor­
ylation in the presence of the PP2A inhibitor okadaic acid 
(OA). OA has a 50% inhibitory concentration of 1 nM in 
cell-free systems; however, much higher concentrations are 
required to observe effects of this inhibitor in experiments 
using intact cells due to the relatively inefficient transport of 
this molecule into the cell (6, 19, 43, 45). Concentrations of OA 
up to 1 µM can be used without any detectable intracellular 
inhibitory effect on PPl , PP2B, or PP2C ( 43), suggesting that 
treatment of cells with a concentration of less than 1 µM 
preferentially interferes with PP2A enzymatic activity. Pre­
treatment of CD3/CD28/MHC I-stimulated T cells with oka­
daic acid induced a slight increase in Akt phosphorylation 
(which was more defined in other replicates of this experi­
ment), suggesting that PP2A recruitment to CD28 modestly 
opposes CD28-mediated activation of Akt (Fig. 4). Most im­
portantly, CTLA-4-mediated inhibition of Akt phosphoryla­
tion was abrogated in the presence of okadaic acid. Moreover, 
these blots were stripped and reprobed for GSK-3 phosphor­
ylation as described in Fig. 2. We observed a pattern of GSK-3 
phosphorylation similar to that of Akt phosphorylation, dem­
onstrating that OA treatment is able to render Akt functional 
in T cells undergoing CTLA-4-mediated suppression ( data not 
shown). The effects of OA on Akt phosphorylation appear to 
be limited to CD28 and CTLA-4, as this compound had no 
effect on PD-I-mediated suppression of Akt phosphorylation. 
This result is consistent with our previous observations show­
ing that PD-I ligation blocks Akt at a more membrane-proxi­
mal step (PI3K). This observation that cells stimulated by 
CD3/CD28/CTLA-4 aAPCs produce high levels of PI3K activ­
ity in the absence of Akt phosphorylation is, we believe, the 
first time that PI3K activity and AKT phosphorylation have 
been dissociated in human T cells. Together these data dem-
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onstrate that CTLA-4 and PD-1 ligation affect Akt inhibition 
by biochemically distinct mechanisms. 

Expression of breakout gene Bcl-xL is dependent upon 
phosphatidylinositol 3-kinase. CD28 costimulation increases 
expression of the survival factor Bcl-xL (8), and this CD28-
mediated activation is relatively resistant to the effects of 
CTLA-4 ligation (7) but not to those of PD-1 ligation (16). 
Although Bcl-xL induction is known to have a PI3K-dependent 
component (37), it was important to determine if the CTLA-
4-resistant component of Bcl-xL expression was dependent 
upon or independent of PI3K. Treatment of CD4 T lympho­
cytes for 24 h with CD3/CD28/CTLA-4-coated beads induced 
an increase in Bcl-xL expression that was inhibited by PI3K 
inhibitor L Y294002 (65) in a dose-dependent manner (3 µM to 
10 µM) to levels similar to those seen under PD-I-mediated 
inhibition (Fig. 5A). It is interesting that L Y294002 inhibits 
CD3/CD28/CTLA-4-mediated upregulation of Bcl-xL to a 
greater degree than it inhibits CD3/CD28/MHC I upregulation 
of Bcl-xL. This difference may indicate that other signaling 
pathways that contribute to CD28-mediated upregulation of 
Bcl-xL are effectively being blocked by CTLA-4 engagement. 
These results demonstrate that the CTLA-4-resistant compo­
nent of Bcl-xL expression is dependent upon PI3K activity and 
suggest that cells undergoing CTLA-4 and PD-1 blockage may 
have different susceptibilities to apoptosis. 

It was also of interest to see if PD-I-mediated suppression of 
Bcl-xL was dependent upon an intact ITSM. As described in 
Fig. 3, we transduced primary CD4 T cells with lentiviral vec­
tors expressing either mCD28-PD-1 wild-type or mCD28-PD-1 
tyrosine mutant cytoplasmic tails. These transduced cells were 
cultured until their mean cell volume declined to a near resting 
level. At this point a portion of the cells were stimulated with 
CD3/CD28/MHC I or CD3/CD28/mCD28 aAPCs. After 24 h, 
cells were harvested and quantitative RT-PCR using Bcl-xL 
specific primers and probes was performed. As we observed in 
the case of Akt activation (Fig. 3B) and IL-2 induction (16), 
mutation of the ITSM (Y248F) completely abrogated the abil­
ity of PD-1 to block Bcl-xL induction (Fig. 5B). Taken to­
gether, these results suggest that factors recruited to the PD-1 
ITSM block CD28-mediated induction of Bcl-xL and PI3K. 

PD-1 engagement more effectively inhibited CD3/CD28-me­
diated changes in the T-cell transcriptional profile than 
CTLA-4 ligation. Our data indicate that PD-1 and CTLA-4 
target distinct steps in the PI3K/Akt signal transduction path­
way. We used DNA microarrays to examine how this difference 
affects the transcriptional profile of T cells. This alternative 
approach to studying the effects of signal transduction path­
ways permits the systematic measurement of many thousands 
of discrete sequences. By comparing the amplitude and abso­
lute number of transcripts altered as well as the type of genes 
being triggered, signal transduction pathways can be compared 
and information concerning the pathways can be deduced. 

To determine whether PD-1 engagement and CTLA-4 en­
gagement had similar effects on the T-cell transcriptional pro­
file, freshly isolated CD4 T cells were mixed with CD3/CD28/ 
CTLA-4- or CD3/CD28/PD-1-coated beads. After 24 h of 
stimulation, RNA was extracted from these cells and DNA 
microarray analysis was performed in which the transcriptional 
profiles of CD3/CD28/CTLA-4- and CD3/CD28/PD-l-coated­
bead-stimulated cells were compared to those of unstimulated 
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FIG. 5. (A) Pl3K is necessary to mediate CTLA-4-resistant Bcl-xL 
induction. CD4 T lymphocytes were stimulated with immunobeads 
coated with the antibodies indicated in either the absence or presence 
of L Y294002 (3 µ.M or 10 µ.M) for 24 h. Bcl-xL expression was quan­
tified by RT-PCR and expressed as a comparison to Bcl-xL expression 
in unstimulated cells. The error bars indicate the standard deviations 
of three replicates, and data are representative of three independent 
experiments. (B) An intact ITSM is required to mediate PD-1 sup­
pression of Bcl-xL induction. The same set of transduced cells de­
scribed in the legend to Fig. 3 was left either unstimulated or was 
restimulated with either CD3/CD28/MHC I- or CD3/CD28/rnCD28-
coated beads for 24 h. Quantitative RT-PCR to measure Bcl-xL ex­
pression was performed a described for panel A. WT, wild type. 

cells. Gene regulations induced by CD3/CD28/CTLA-4 and 
CD3/CD28/PD-1 were examined using a correlation plot (Fig. 
6). In this method of analysis, the magnitude by which a par­
ticular transcript is affected by both CD3/CD28/CTLA-4 and 
CD3/CD28/PD-1 stimulation is plotted. Thus, if a transcript is 
regulated to the same extent in response to either CD3/CD28/ 
CTLA-4 or CD3/CD28/PD-1 stimulation, it would appear on 
the diagonal line. While a strong correlation (r = 0.8) is ob­
served between the transcriptional profiles of CD3/CD28/ 
PD-1- and CD3/CD28/CTLA-4-stimulated cells, the slope of 
this line is less than 1, indicating that most transcripts were less 
regulated in CD3/CD28/PD-1-stimulated cells. In total, 1,403 
transcripts were scored as being significantly regulated (P = 
0.001; intensity, >-1), either up or down, by both CD3/CD28/ 
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FIG. 6. PD-1 and CTLA-4 engagement each uniquely affect the 
T-cell transcriptional profile. Primary human CD4 T cells were cul­
tured for 24 h with either CD3/CD28/CTLA-4- or CD3/CD28/PD-1-
coated beads. Total RNA was isolated, amplified, and analyzed by 
DNA microarray hybridization. Shown are comparisons (correlations) 
of genes significantly regulated (P < 0.01; intensity, >-1) in CD3/ 
CD28/CTLA-4-stimulated T cells (x axis) versus that in CD3/CD28/ 
PD-I-stimulated T cells (y axis). The color scheme is as follows: red 
genes represent genes significantly regulated under both conditions; 
green genes represent genes significantly regulated in tbex dimension; 
blue genes represent genes significantly regulated in the y dimension; 
brown genes represent genes showing opposite regulation in the two 
conditions; gray genes are transcripts not significantly regulated in 
either dimension. This experiment was repeated twice with equivalent 
results. The gene lists for each of these distinct regulations are found 
in Table S1 in the supplemental material. 

CTLA-4 and CD3/CD28/PD-1 stimulations compared to un­
stimulated T cells. A total of 3,262 transcripts were regulated 
by CD3/CD28/CTLA-4 engagement and not CD3/CD28/PD-l 
ligation, and 177 transcripts were regulated by CD3/CD28/ 
PD-1 and not CD3/CD28/CTLA-4 (see Table S1 in the sup­
plemental material). This large difference between transcripts 
regulated by CD3/CD28/CTLA-4 and not CD3/CD28/PD-1 
and transcripts regulated in the opposite manner (3,262 versus 
177 transcripts) suggests that PD-1 is a more potent suppressor 
of CD3/CD28-mediated changes in the T-ceU transcriptional 
profile than CTLA-4. 

Importantly, the vast majority of these differences are small 
(see below) and most likely represent quantitative rather than 
qualitative differences between the transcriptional profiles of 
CD3/CD28/CTLA-4- and CD3/CD28/PD-1-stimulated cells. 
Earlier time points (2 and 8 h after activation) were examined 
by DNA microarray analysis, but only RNA collected 24 h after 
activation displayed significant differences ( data not shown), 
suggesting that the differences in gene expression profiles be­
tween CD3/CD28/CTLA-4- and CD3/CD28/PD-1-stimulated 
cells are due to genes that are regulated later rather than 
immediately following CD3/CD28 costimulation. 

Another way to analyze these data is to focus on transcripts 
whose expression levels are altered greater than fivefold in 
relation to unstimulated T cells. Using this value, levels of 517 
transcripts are altered by CD3/CD28/CTLA-4 ligation, 
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whereas only 128 are regulated by CD3/CD28/PD-1 stimula­
tion. To place these data in context, we compared them with 
data we previously generated comparing the gene expression 
profiles of CD3/MHC 1-, CD3/CD28-, and CD3/CD28/CTLA-
4-stimulated cells (56). Here, 447 transcripts were regulated at 
least fivefold by CD3/CD28/CTLA-4 stimulation over unstimu­
lated cells after 24 h of stimulation, making the results of these 
identically performed studies comparable. CD3/MHC I stim­
ulation resulted in 238 transcripts changing their expression 
levels at least fivefold, whereas after CD3/CD28 costimulation, 
1,427 transcripts altered their expression levels by this fivefold 
threshold. Thus, CTLA-4 engagement reduced the number of 
transcripts that were regulated fivefold or more by CD3/CD28 
costimulation by ~ 67%, whereas after CD3/CD28/PD-1 en­
gagement, ~ 90% of transcripts fell below this threshold. 

Lastly, it is important to point out that technical issues, 
including the absolute number of PD-1 and CTLA-4 molecules 
on the T-cell surface as well as the relative affinities the 
CTLA-4 and PD-1 Abs have for their respective ligands, could 
contribute to this finding. Unfortunately, the extent, if any, 
these factors play in influencing the T-cell transcriptional pro­
file is currently unknown. Nonetheless, the observation that 
PD-1 blockade is more effective in attenuating changes in the 
T-cell transcriptional profile induced by CD3/CD28 costimu­
lation than by CTLA-4 blockade supports our data that PD-1 
ligation blocks more membrane-proximal signals, whereas 
CTLA-4 ligation interferes with more membrane-distal signals. 

DISCUSSION 

Negative regulators of T-cell activation restrict cellular me­
tabolism. The transition from a quiescent cell to a proliferating 
clonal effector places a challenging metabolic demand on lym­
phocytes (35). During this transition, T cells are vulnerable to 
inhibition by events that limit the supply of metabolites such as 
glucose and tryptophan (28). CD28-mediated activation of the 
PBK/Akt pathway facilitates elevated glucose uptake and me­
tabolism by T lymphocytes (26). The finding that both CTLA-4 
and PD-1 limit glucose metabolism in the presence of subop­
timal CD28 costimulation suggests that the disruption of cel­
lular metabolism may be a widespread strategy to enforce 
T-lymphocyte inhibition. Moreover, these studies indicate that 
Akt is a key integrator of signals that activate and inhibit T-cell 
activation and further establish Akt's role in cellular metabo­
lism. 

In mouse systems, CTLA-4-/- and PD-1 -/- T cells do not 
show augmented responses in the naive state but do so only 
after differentiating into effector cells (12, 13, 48), suggesting 
that T-cell differentiation may affect a cell's susceptibility to 
CTLA-4- and/or PD-1-mediated effects. In our studies, both 
resting cells (Fig. 6) and PHA blasts (Fig. 2 and 4) demon­
strated differential responses to PD-1 and CTLA-4 signal 
transduction, suggesting that on a gross level one can observe 
differences in CTLA-4 and PD-1 signaling regardless of the 
differentiation state of the cell. As the pathways that mediate 
CTLA-4 and PD-1 effects become clearer, it will be interesting 
to more closely examine the effects of T-cell differentiation on 
CTLA-4 and PD-1 signal transduction. 

CTLA-4 and PD-1 both limit T-cell activation, but they are 
not functionally redundant. Although PD-1 and CTLA-4 have 
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structurally different cytoplasmic domains, CTLA-4 and PD-1 
each transmit inhibitory signals to T lymphocytes and regulate 
an overlapping set of signaling proteins ( 40, 47). Furthermore, 
our finding that both CTLA-4 and PD-1 ligation disrupt lym­
phocyte metabolism suggests that substantial overlap exists in 
their inhibitory effects. Nonetheless, we were able to observe 
differences between the gene expression profile of cells stim­
ulated with CD3/CD28/CTLA-4-coated beads and those stim­
ulated with CD3/CD28/PD-1-coated beads in which it ap­
peared that PD-1 ligation was a much more effective inhibitor 
of T-cell activation than CTLA-4 engagement. Our results 
appear to be inconsistent with previous reports demonstrating 
that, in mice, CTLA-4 deficiency results in a more pronounced 
autoimmune phenotype than PD-1 deficiency (10, 27). One 
way to reconcile our biochemical data showing that PD-1 is a 
more effective inhibitor of T-cell activation with the observa­
tions of the CTLA-4 _1_ and PD-1 -/- mice is that the ligands 
that engage these negative regulators of T-cell activation, 
namely CD80 and CD86 for CTLA-4 and PD-Ll and PD-L2 
for PD-1, are differentially expressed. That is, the ligands for 
CTLA-4 rather than those for PD-1 are expressed in locations 
within the body in which induction of tolerance is more crucial. 
Another explanation is that the loss of CTLA-4--B7 interaction 
results in a non-T-cell defect. For example, it has been shown 
that CTLA-4--B7 interactions lead to the induction of in­
doleamine 2,3-dioxygenase in tolergenic dendritic cell (DC) 
populations (42, 44). Thus, loss of CTLA-4 would lead to a 
T-cell defect but would also result in the loss of tolergenic DCs, 
leading to a more severe form of immune dysregulation. 

The implication of the DNA microarray data is that PD-1 
engagement interferes with more pathways required for T-celJ 
activation than does CTLA-4 engagement. Our previous stud­
ies indicated that CTLA-4 ligation preferentially targeted 
CD28- rather than CD3-generated changes to the T-cell tran­
scriptional profile (56). This of course is not exclusive, as we 
present data in this work demonstrating that both CTLA-4 and 
PD-1 ligation inhibit CD3-induced Akt activation in preacti­
vated T cells. However, the DNA microarray studies 
performed in this work, coupled with other studies which dem­
onstrate that PD-1-mediated signal transduction dephospho­
rylates ZAP-70 (59), suggest that PD-1 ligation may interfere 
with more CD3-generated and costimulatory signals. More­
over, these differences in gene transcription correlate well with 
our observation that CTLA-4, but not PD-1, preserves the 
activity of PI3K, and that expression of at least one of the 
"breakout" genes, Bcl-xL, is dependent upon PI3K. We were, 
however, surprised not to see more pronounced differences 
(greater than fivefold) for many of the transcripts regulated by 
CD3/CD28/CTLA-4 but not CD3/CD28/PD-1 stimulation, 
given the key role PI3K is thought to play in T-cell activation. 
This observation suggests that in the absence of sustained Akt 
activation, PI3K activation alone has only a small effect on the 
majority of transcripts activated by TCR engagement or that 
CTLA-4 engagement interferes with other PI3K-dependent 
downstream signals. Most importantly, since PD-1 and 
CTLA-4 each inhibit the PI3K/Akt signaling pathway by dis­
tinct mechanisms, the effect of CTLA-4 and PD-1 in concert 
may be additive if not synergistic. This may provide a rationale 
for why there are multiple inhibitors ofT-cell activation. If they 
inhibit T-cell activation at distinct, and in the case of PD-1 and 
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FIG. 7. Model of CTLA-4- and PD-I-mediated T-lymphocyte in­

hibition. Signaling by CTLA-4 preserves PBK activity, allowing expres­
sion of certain genes such as Bcl-xL, but inhibits Akt directly by 
activation of the phosphatase PP2A. In contrast, PD-1 antagonizes 
PBK activity directly, perhaps by effecting a more global inhibition of 
T lymphocyte function. Since CTLA-4 and PD-1 target Akt by differ­
ent mechanisms, their effect in concert may be additive or synergistic. 

CTLA-4, potentia!Jy synergetic points, then triggering by mul­
tiple negative regulators ofT-celJ activation may be much more 
effective at preventing T-cell activation than the actions of a 
single inhibitor. It should be stressed that our study did not 
define AK.T and PBK as the only targets of CTLA-4 and PD-1 
engagement, and it is quite possible that other signaling path­
ways are also differentially regulated by CTLA-4 and PD-1. If 
so, then these additional pathways would strengthen the case 
that CTLA-4 and PD-1 control T-cell activation through syn­
ergistic mechanisms. 

Functional involvement of PP2A in CTLA-4 signaling and of 
the ITSM in PD-1 signaling. The role of PP2A in CTLA-4 
signaling is unclear, since CD28 also binds PP2A (17), and a 
CTLA-4 mutant lacking lysine residues critical to PP2A bind­
ing appears more effective at inhibiting IL-2 transcription (3). 
Our demonstration that CTLA-4 does not inhibit Akt in the 
presence of the PP2A inhibitor okadaic acid establishes Akt as 
a cellular target of CTLA-4-activated PP2A. While these ob­
servations do not rule out roles for other signaling molecules 
such as SHP-2 (36) in mediating the effects of CTLA-4 en­
gagement, they do provide evidence that PP2A plays a crucial 
role as an effector of CTLA-4 signaling. Strikingly, PD-1-me­
diated suppression of Akt activity is completely unaffected by 
the presence of okadaic acid, since PD-1 abrogates Akt phos­
phorylation by antagonizing its upstream activator, PBK (see 
the model in Fig. 7). It should be noted that extended culture 
of primary T cells with OA was toxic, and after 4 h of culture, 
phosphorylation of Akt was observed in cells stimulated with 
CD3/CD28/PD-1. The delayed Akt phosphorylation did not 
result in GSK-3 phosphorylation, suggesting that Akt phos­
phorylated in this nonphysiologic manner did not have enzy­
matic activity. This toxicity prevented us from examining more 
downstream events, such as IL-2 production in CD3/CD28/ 
CTLA-4-stimulated cells treated with OA. 

The mechanism of PD-1-mediated antagonism of the PBK 
pathway remains unknown, but our study demonstrates that 
this inhibition is dependent on factors binding the ITSM. Our 
previous reports show that both SHP-1 and SHP-2 bind the 
PD-1 cytoplasmic tail in an ITSM-dependent manner, and thus 

these factors are likely candidates to mediate PD-l's suppres­
sion of PI3K in primary T cells (16). SHP-1 is generally thought 
to have a negative role in cell activation and has been shown to 
dephosphorylate p85 and limit PBK activity (22), but more 
recent results have demonstrated that SHP-1 may dephosphor­
ylate PTEN and hence potentiate PBK activity (39). SHP-2 
also appears to have a convoluted role in cell activation and 
PI3K regulation. Using a murine fibroblast model, SHP-2 was 
shown to be required for PI3K activation (70), whereas other 
reports indicate that SHP-2 interferes with PBK activation 
(72). Interestingly, CD150, the molecule in which the ITSM 
was defined, recruits SHIP when the small adapter SH2D1A is 
present but recruits SHP-2 in the absence of SH2DIA (60). In 
contrast, the PD-1 cytoplasmic tail appears to recruit SHP-1 
and SHP-2 but not SHIP regardless of whether SH2D1A is 
present (16), so it is not likely that SHIP, which is known to 
interfere with PI3K activation (29), is involved in PD-1-medi­
ated suppression of PI3K activation. Thus, the factors binding 
to the PD-1 ITSM motif that are required to block PBK 
activation remain to be defined. 

Modification of negative signaling is potentially an impor­
tant therapeutic strategy in the treatment of autoimmune dis­
eases, cancer, and transplant rejection, but it has been 
achieved so far by only the relatively crude method of blocking 
receptor-ligand interactions (52). The repertoire of negative 
regulators expressed on T lymphocytes has increased in scope 
and complexity with the recent delineation of B- and T-lym­
phocyte attenuator (68) and a further as-yet-unidentified mol­
ecule bound by B7-H3 (62). A recent study demonstrated that 
CTLA-4 and PD-1 cooperate to maintain CDS peripheral tol­
erance (53). Our data showing potential synergy between the 
signaling pathways generated by CTLA-4 and PD-1 may offer 
a molecular explanation for this observation. A detailed un­
derstanding of the negative signals these molecules transduce 
and of their interplay in T lymphocytes may facilitate the gen­
esis of more powerful and specific strategies for therapeutic 
manipulation of the immune system. 
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