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T cell activation requires two distinct signals 

from the TCRs and the costimulatory receptors. 

A series of positive and negative costimulatory  

receptors is expressed on a T cell in variable levels  

according to the timing and circumstances of 

the immune response. T cell activation is co-

operatively modulated to maintain the appro-

priate T cell reactivity, particularly by negative 

costimulatory receptors that help terminate 

immune responses and also prevent autoimmu-

nity. Cytotoxic T lymphocyte–associated pro-

tein 4 (CTLA-4) and programmed cell death 1  

(PD-1) are well characterized costimulatory 

receptors that both negatively regulate T cell 

activation in the e�ector phase yet possess 

distinct features such as protein structure, ex-

pression pattern, and ligands. Functional con-

sequences of these di�erences are documented 

by the phenotypes of the respective knockout 

mice. CTLA-4–de�cient (Ctla4/) mice de-

velop a severe systemic lymphoproliferative dis-

ease and die within 3–4 wk after birth (Tivol 

et al., 1995; Waterhouse et al., 1995). In con-

trast, PD-1–de�cient (Pdcd1/) mice on the  

C57BL/6 background develop late-onset  

progressive arthritis and lupus-like glomer-

ulonephritis (Nishimura et al., 1999), and 

Pdcd1/ BALB/c mice develop autoimmune 

cardiomyopathy (Nishimura et al., 2001).

PD-1 belongs to the immunoglobulin su-

perfamily and lacks a membrane-proximal cys-

teine required for homodimerization (Zhang  

et al., 2004). PD-1 is expressed on T and B cells,  

natural killer cells, monocytes, and DCs (Keir 

et al., 2008) and its expression in T and B cells 

is inducible upon stimulation (Agata et al., 1996). 

There are two PD-1 ligands: PD-1 ligand 1 (PD-

L1; also known as B7-H1; Dong et al., 1999; 

Freeman et al., 2000) and PD-L2 (B7-DC;  

Latchman et al., 2001; Tseng et al., 2001). PD-L1  

is widely and constitutively expressed on both 

hematopoietic and nonhematopoietic cells; e.g., 

naive T and B cells, vascular endothelial cells, 
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Programmed cell death 1 (PD-1) is a negative costimulatory receptor critical for the suppres-

sion of T cell activation in vitro and in vivo. Single cell imaging elucidated a molecular mech-

anism of PD-1–mediated suppression. PD-1 becomes clustered with T cell receptors (TCRs) 

upon binding to its ligand PD-L1 and is transiently associated with the phosphatase SHP2 

(Src homology 2 domain–containing tyrosine phosphatase 2). These negative costimulatory 

microclusters induce the dephosphorylation of the proximal TCR signaling molecules. This 

results in the suppression of T cell activation and blockade of the TCR-induced stop signal.  

In addition to PD-1 clustering, PD-1–TCR colocalization within microclusters is required for 

ef�cient PD-1–mediated suppression. This inhibitory mechanism also functions in PD-1hi  

T cells generated in vivo and can be overridden by a neutralizing anti–PD-L1 antibody.  

Therefore, PD-1 microcluster formation is important for regulation of T cell activation.
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receptor CD28 is translocated at TCR microclusters to 

form TCR-CD28 microclusters. CD28 ultimately accumulates 

at the c-SMAC, particularly at the CD3 low-density (CD3lo) 

region, where it speci�cally recruits PKC- and the sca�old 

protein CARMA-1 to form an activation center of the 

NF-B pathway as a signaling c-SMAC (Yokosuka et al., 

2008; Yokosuka and Saito, 2009). Furthermore, the negative 

costimulatory receptor CTLA-4 is stored in secretary granules 

that directly move toward the CD3lo signaling c-SMAC to 

interfere with CD28–PKC-–CARMA-1 cluster formation, 

resulting in the termination of NF-B signals (Yokosuka and 

Saito, 2010; Yokosuka et al., 2010). These dynamic imaging 

analyses have revealed new aspects of the regulatory mechanism 

for inducing, sustaining, and terminating activation signals 

in a distinct subcellular location by forming particular types 

of microclusters.

We report here a molecular imaging analysis of PD-1, 

which reveals for the �rst time the dynamic mechanism of 

PD-1–mediated negative regulation of T cell activation. PD-1 

expressed on e�ector T cells is translocated to TCR micro-

clusters and then accumulates at the signaling c-SMAC in a 

ligand binding-dependent manner. SHP2 is immediately but 

transiently recruited to the PD-1 microclusters, associated 

with PD-1 via the ITSM motif, and induces the dephosphor-

ylation of TCR proximal signaling molecules within the  

PD-1–TCR microclusters. By altering the PD-1 ectodomain 

size by using chimeric molecules, we could show that the 

localization of PD-1 in TCR microclusters is required for 

the PD-1–SHP2 association and PD-1–mediated suppression. 

This inhibitory mechanism by PD-1 microclusters operates 

not only in T cells activated in vitro but also in PD-1hi T cells 

established in vivo, which may correlate with PD-1–mediated  

T cell anergy in tolerogenic states. Intervention in the dynamism 

of PD-1 microclusters may be useful in modulating T cell 

activation and/or anergy.

RESULTS
PD-1 accumulation at TCR microclusters
PD-1 was previously reported to accumulate at the immuno-

logical synapse upon the T cell–APC conjugation (Pentcheva-

Hoang et al., 2007). To analyze its localization more precisely, 

we used the glass-supported planar bilayer system (Grakoui  

et al., 1999) containing glycosylphosphatidylinositol (GPI)-

anchored I-Ek (I-Ek-GPI), and murine (m) ICAM-1, mCD80, 

and mPD-L1. Primary CD4+ T cells from AND-TCR (spe-

ci�c for moth cytochrome c [MCC] 88–103 on I-Ek) transgenic 

(Tg) Rag2-de�cient (Rag2/) or Pdcd1/ Rag2/ mice 

were �rst stimulated and then retrovirally transduced with 

enhanced GFP (EGFP)–tagged mPD-1 (PD-1–EGFP). 

The cells were allowed to settle on the planar bilayer and 

imaged by total internal re�ection �uorescence (TIRF) 

microcopy. On the planar bilayer, PD-1 formed clusters at the 

nascent T cell–bilayer contact regions in a ligand binding-

dependent fashion and migrated toward the center to form 

a c-SMAC (Fig. 1, A and B; and Video 1). To examine the 

localization of TCR and PD-1 clusters, the cells expressing 

and pancreatic islet cells, whereas PD-L2 is exclusively and 

inducibly expressed on professional APCs.

Despite the clear autoimmune-prone phenotypes of 

the Pdcd1/ mice, it is still debatable how PD-1 inhibits 

lymphocyte activation. PD-1 contains two tyrosine motifs 

in its cytoplasmic tail, an immunoreceptor tyrosine-based 

inhibition motif (ITIM) and an immunoreceptor tyrosine-

based switch motif (ITSM; Okazaki et al., 2001). Both motifs 

are phosphorylated upon PD-1 engagement, possibly by Lck 

and/or C-terminal Src kinase in T cells (Sheppard et al., 2004) 

or by Lyn in B cells (Okazaki et al., 2001). Phosphorylation 

of the ITIM and ITSM induces the recruitment of Src homol-

ogy 2 (SH2) domain–containing tyrosine phosphatase 2 

(SHP2) and possibly SHP1 in T cells and SHP2 in B cells. 

Mutagenesis studies clari�ed a primary function of the ITSM 

in the association with SHP2 and the inhibition of T cell 

activation, as opposed to the ITIM, a motif which is typically 

associated with inhibitory molecules (Okazaki et al., 2001). 

Upon lymphocyte stimulation, PD-1 engagement reduces 

the phosphorylation of CD3, zeta-associated protein of 

70 kD (Zap70), and protein kinase C  (PKC-) in TCR 

downstream signaling (Sheppard et al., 2004) and that of 

Ig, spleen tyrosine kinase gene (Syk), phospholipase C2 

(PLC2), and extracellular signal-regulated kinase (Erk) in 

BCR downstream signaling (Okazaki et al., 2001). It has 

been also shown that PD-1 blocks the CD28-mediated activa-

tion of phosphatidylinositol-3-kinase (PI3K) and the serine-

threonine kinase Akt by recruiting SHP2, whereas CTLA-4 

directly inhibits Akt, but not PI3K activation, possibly by the  

association with protein phosphatase 2A (PP2A) (Parry et al., 

2005). However, CTLA-4 is also known to be associated by 

SHP2 and/or SHP1, and PP2A binds both CD28 and CTLA-4 

(Chuang et al., 2000). Furthermore, PI3K is activated down-

stream of not only CD28 but also TCR and CTLA-4 (Rudd 

and Schneider, 2003). Considering these complexities, there 

might be a mechanism other than di�erential contribution 

of phosphatases that clearly di�erentiates PD-1– and CTLA-4–

mediated inhibitory mechanisms.

When a T cell recognizes a cognate antigen peptide-

major histocompatibility complex (MHCp) on an APC, it 

forms an immunological synapse (Monks et al., 1998; Grakoui 

et al., 1999). The conventional idea has been that the immu-

nological synapse is composed of a central supramolecular 

activation cluster (c-SMAC) containing the TCR/CD3–MHCp 

complex and a peripheral SMAC (p-SMAC) containing 

the adhesion molecules LFA-1 (leukocyte function-associated 

antigen 1) and intercellular adhesion molecule 1 (ICAM-1). 

Based on single cell imaging analysis of T cell signaling, we 

and others have revised this idea and proposed that T cell 

activation is induced by a minimal T cell activation unit, the 

TCR microcluster, which consists of TCRs and their proximal 

signaling molecules (Bunnell et al., 2002; Campi et al., 2005; 

Yokosuka et al., 2005; Yokosuka and Saito, 2010). We further 

found that T cell costimulation is also regulated based on 

the formation of microclusters. In the presence of its ligands 

CD80 (B7-1) and CD86 (B7-2), the positive costimulatory 

http://www.jem.org/cgi/content/full/jem.20112741/DC1
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Figure 1. PD-1 is translocated to TCR microclusters by PD-1–PD-L1 binding. (A) CD4+ T cells were puri�ed from AND-Tg Pdcd1/ Rag2/ mice, 

stimulated with irradiated B10.BR whole splenocytes with 5 µM MCC88-103 peptide, and retrovirally transduced with PD-1-EGFP. The cells were plated 

onto an MCC88-103 (10 µM) prepulsed planar bilayer containing I-Ek–GPI (250/µm2), ICAM-1–GPI (100/µm2), and CD80-GPI (80/µm2) without (top) or with 

(bottom) PD-L1–GPI (150/µm2) and real-time imaged by TIRF microscopy (times are above images; Video 1). Bars, 5 µm. A representative of �ve independent 

experiments is shown. (B) Clustering and centripetal movement of PD-1 on the diagonal yellow line in A is presented as horizontal elements in kymographs. Bars, 

5 µm. (C) The cells expressing PD-1–EGFP (green) in A were prestained with DyLight 649–labeled H57 Fab (red), plated onto a planar bilayer as in A, and real-time imaged 

by confocal microscopy at 2 (left) or 20 (right) min after contact. Histograms show fold �uorescent intensities of TCR- (red) and PD-1 (green) on the two  

diagonal yellow lines in the merged images. Bars, 5 µm. A representative of three independent experiments is shown. (D) The graph shows the percentage of 

TCR microclusters colocalized by PD-1 at 2 min after contact in C (n = 5). Error bars represent SD. (E) AND-Tg Rag2/ CD4+ T cells were stimulated for 2 d, 

directly stained with DyLight 649–labeled H57 Fab (red) and DyLight 488–labeled anti–mPD-1 (RMA1-30; green), and imaged as in A. Bars, 5 µm. A representa-

tive of four independent experiments is shown. (F) The graph shows the percentage of TCR microclusters colocalized by PD-1 at 2 min after contact in E (n = 10). 

Error bars represent SD. (G) The cells expressing PD-1–EGFP (green) in A were stained with DyLight 549–labeled H57 Fab (red) and imaged on an MCC88-

103 prepulsed planar bilayer containing I-Ek–GPI, ICAM-1–GPI, CD80-GPI, and Cy5-labeled PD-L1–GPI (150/µm2, cyan). Bars, 5 µm. A representative of two 

independent experiments is shown. (H) Images of cells expressing WT PD-1-EGFP in C at 20 s (left) or 20 min (right) after contact. The yellow squares (a and b) 

in the left panels are magni�ed in the right three panels. Yellow arrowheads, a TCR–PD-1 microcluster; red arrowheads, a TCR microcluster not colocalized by 

PD-1; green arrowheads, a PD-1 microcluster not colocalized by TCR. Bars, 5 µm. A representative of two independent experiments is shown.

http://www.jem.org/cgi/content/full/jem.20112741/DC1
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PD-1–EGFP were prestained with a �uorescence-labeled 

anti–TCR- (H57) Fab fragment (Varma et al., 2006) and 

imaged by confocal microscopy. PD-1 was accumulated into 

the same clusters with TCRs (PD-1–TCR microclusters) 

in the cells settled onto a planar bilayer containing PD-L1–GPI 

(Fig. 1 C, left) and 98% of TCR microclusters were colocalized 

with PD-1 (Fig. 1 D). In parallel with the c-SMAC formation 

by TCRs, PD-1 segregated from TCRs and accumulated pre-

dominantly at the TCR/CD3lo region within the c-SMAC 

(as the signaling c-SMAC; Yokosuka et al., 2008; Yokosuka 

and Saito, 2010; Fig. 1 C, right). Not only the introduced 

PD-1–EGFP but also the endogenous PD-1 could be imaged 

in e�ector T cells by anti–PD-1 staining (Fig. 1, E and F). 

PD-L1 on the planar bilayer was seen as a mirror image of 

PD-1 at both TCR microclusters and the c-SMAC (Fig. 1 G). 

These data demonstrate that, in a planar bilayer system, PD-1 

is colocalized with TCRs, forms PD-1–TCR microclusters, 

and subsequently accumulates at the c-SMAC in a fashion 

dependent on ligand binding.

We previously reported that the newly synthesized 

TCR microclusters could induce T cell activation signaling 

initially at the nascent contact regions or later at the periphery of 

the T cell–bilayer interface; therefore, we carefully analyzed 

the colocalization of TCRs and PD-1 at both regions. At 

the initial contact site, the TCR is well colocalized with 

PD-1, as demonstrated by the yellow spots (Fig. 1 H, left). 

Later, when a c-SMAC was formed, the TCR–PD-1 colocal-

ization was still observed, but the ratio between TCR and 

PD-1 was not completely the same (Fig. 1 H, right), suggesting 

that TCR signaling might be di�erently regulated by PD-1 

at each microcluster.

Instability of immunological synapse formation  
by PD-1 microclusters
It was recently demonstrated that PD-1–PD-L1 binding 

promotes tolerance by blocking the TCR-induced stop 

signals needed for stable T cell–APC interactions in vivo (Fife 

et al., 2009). To analyze the regulation of the stop signals  

by PD-1 microcluster formation, we imaged the cells on a 

planar bilayer with PD-L1–GPI and calculated the percentage  

of the cells forming a stable synapse, which is de�ned as a 

synapse whose c-SMAC is located at the center and not on 

the edge. Whereas 90% of cells formed stable synapses in the 

absence of PD-L1–GPI, >60% of cells broke a stable synapse 

and began to migrate when the lipid bilayer contained 500 

molecules/µm2 PD-L1–GPI, a molecular density which in-

duced obvious PD-1 microclusters and PD-1 accumulation 

at the c-SMAC (Fig. 2, A and B). Interestingly, even if much 

lower concentrations of the antigen peptide (from 10 µM to 

10 nM) were used, the percentage of the cells forming a stable 

synapse reached a plateau of 54–68% (Fig. 2, C and D). Similarly 

to CD28, PD-1 accumulated to form PD-1 microclusters 

even in the absence of the antigen peptide, although the 

e�ector cells quickly began migrating with PD-1 clusters at 

the uropod (Fig. 2 E). To con�rm that the stable synapse 

formation is regulated by the PD-1–mediated blockade of 

TCR signals, we directly inhibited TCR signals by addition 

of the Src kinase inhibitor PP2 or blocking antibodies against 

AND-TCR–I-Ek-MCC88-103 binding (anti-I-Ek, 14–4-4; 

anti-I-Ek-MCC88-103, D4) to stop the sustained signals 

from newly generated TCR microclusters (Varma et al., 2006). 

As expected, these three inhibitory manipulations resulted 

in a similar blockade of stable synapse formation: control, 

84%; PD-L1-GPI, 34%; PP2, 44%; and anti-MHC, 34% 

(Fig. 2, F and G). These data suggest that the TCR-mediated 

stop signal is required for stable synapse formation and that 

PD-1 microcluster formation upon PD-1–PD-L1 binding 

in the planar bilayer system directly interferes with the 

stop signal.

SHP2 recruitment at PD-1 microclusters
To examine the physical association of PD-1–SHP2 or –SHP1 

under physiological conditions, we introduced PD-L1 or 

PD-L2 into a DC cell line (DC-1) expressing I-Ek and stimu-

lated AND-TCR T cell hybridomas expressing Flag-tagged 

PD-1 (PD-1–Flag) with peptide-prepulsed DC-1 cells for 

biochemical assays. As shown previously, SHP2 was recruited  

to PD-1 upon the PD-1–PD-L1 or –PD-L2 binding, whereas 

the PD-1–SHP1 association remained at background level 

(Fig. 3 A). The amount of SHP2 recruited to PD-1 was 

dependent on the strength of TCR stimulation (Fig. 3 B). 

The association reached a peak in the early phase of T cell 

activation (Fig. 3 C) and paralleled the dephosphorylation 

of the proximal TCR signaling molecules, preceding the 

phosphorylation of Erk which is maximized at 2 min after 

T cell–DC-1 conjugation (Fig. 3 D). At 30–60 min after stim-

ulation, a small amount of SHP1 was detected in PD-1 

immunoprecipitates (Fig. 3 C).

We next examined the PD-1–SHP2 or –SHP1 association 

from the viewpoint of microcluster formation by using 

AND-TCR T cell hybridomas expressing PD-1–YFP for 

energy transfer (YPet) and enhanced CFP (ECFP)–SHP1 

or –SHP2. We con�rmed that SHP2, but not SHP1, was 

localized in the PD-1 microclusters only at the initial  

T cell–bilayer contact (Fig. 3 E), but this colocalization was 

not observed at later time points (not depicted). The SHP2 

cluster was dim, probably as a result of its predominant 

localization in the cytosol, but the PD-1–SHP2 assembly was 

clearly shown by the measurement of �uorescence resonance 

energy transfer (FRET; Fig. 3 E). The SHP2 accumulation 

could be further imaged at the immunological synapse in 

the T cell–APC conjugates (Fig. 3 F). Collectively, these data 

suggest that, just in the early T cell activation stage, the ligand 

binding of PD-1 triggers the recruitment of SHP2 to form 

PD-1–SHP2 microclusters.

PD-1 tyrosine motifs required for SHP2 recruitment,  
but not for PD-1 clustering
PD-1 contains two tyrosine motifs in its cytoplasmic tail, 

ITIM (V/IxY225xxL/V) and ITSM (TxY248xxV/I), and 

mutation of the ITSM tyrosine is known to abolish the ca-

pacity of PD-1 to inhibit T cell activation by recruitment 
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(Y225F), ITSM (Y248F), or both (Y225/

248F, YFYF) in imaging, biochemical, or 

biological analyses. In the planar bilayer sys-

tem, PD-1 microcluster formation and its 

translocation to the c-SMAC were similarly 

induced in both WT and mutant PD-1 

(Fig. 4, A and B). However, Y225F partially 

lost the capacity, and both Y248 and YFYF 

mutants completely lost the capacity, for 

physical association with SHP2 (Fig. 4 C) and 

the suppressive activity for IL-2 production 

both in T cell hybridomas (Fig. 4 D) and in 

primary e�ector T cells (not depicted). These 

suppressive functions were restored if either 

SHP1 or SHP2 was directly ligated to the 

cytoplasmic tail of the YFYF mutant (Fig. 4 E), 

indicating that the recruitment of phospha-

tases to PD-1, and not the substrate speci�city, 

is critical for PD-1–mediated suppression. As 

we expected, both tyrosine motifs were re-

sponsible for the instability of an immunological synapse 

because AND-TCR Tg Pdcd1/ Rag2/ cells expressing 

Y225F, Y248F, or YFYF mutant PD-1 formed a higher per-

centage of stable synapses than WT: WT, 40%; Y225F, 50%; 

Y248F, 58%; YFYF, 80%; and WT without PD-L1-GPI, 94% 

of SHP2 (Okazaki et al., 2001; Chemnitz et al., 2004). To 

con�rm the functions of these tyrosine motifs in PD-1 mi-

crocluster formation and in PD-1–mediated suppressive 

function, we examined the cells expressing WT or mutant 

PD-1 with tyrosine to phenylalanine substitutions in the ITIM 

Figure 2. PD-1–PD-L1 binding blocks stable syn-
apse formation. (A) AND-Tg Pdcd1/ Rag2/ CD4+ 

T cells expressing PD-1–EGFP were stained with  

DyLight 649–labeled H57 Fab. The cells were plated 

onto an MCC88-103 prepulsed planar bilayer containing 

I-Ek–, ICAM-1–, CD80-, and PD-1–GPI at the indicated 

densities, and real-time imaged by confocal micros-

copy at 2 (top tow rows) or 20 (bottom tow rows) 

min after contact. Bars, 5 µm. A representative of 

two independent experiments is shown. (B) The graph 

shows the percentage of cells in A forming a stable 

synapse at 20 min after contact (n = 50). (C) The cells 

in A were plated onto a planar bilayer containing I-Ek–, 

ICAM-1–, CD80-, and PD-L1–GPI prepulsed MCC88-

103 at the indicated concentrations, and imaged by 

confocal microscopy at 2 (top tow rows) or 20 (bottom 

tow rows) min after contact. A representative of two 

independent experiments is shown. Bars, 5 µm.  

(D) The graph shows the percentage of cells in D forming 

a stable synapse at 20 min after contact (n = 50). 

(E) The cells in C (right column) were real-time imaged 

by confocal microscopy every 5 s at 10 min after 

contact. Bar, 5 µm. (F) The cells in A were plated onto 

an MCC88-103–prepulsed planar bilayer containing  

I-Ek–, ICAM-1–, and CD80- (row 1, 3, and 4) plus 

PD-L1–GPI (row 2). At 10 min after contact, the cells 

were further incubated with control antibodies (50 µg/ml, 

row 1), the Src kinase inhibitor PP2 (10 µM, row3), or 

anti-MHCp (14–4-4 and D4, 50 µg/ml each, row 4) for 

10 min and imaged. Bars, 5 µm. A representative of 

two independent experiments is shown. (G) The graph 

shows the percentage of cells in F forming a stable 

synapse at 20 min after contact (n = 50).
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Figure 3. SHP2, not SHP1, is transiently recruited to PD-1 microclusters. (A) AND-TCR T cell hybridomas expressing PD-1-Flag were stimulated by  

5 µM MCC88-103 prepulsed DC-1 cells not expressing () or expressing PD-L1 (L1) or PD-L2 (L2) for 0 or 5 min. Cell lysate immunoprecipitated by anti-

Flag or WCLs were blotted for SHP1, SHP2, or PD-1. A representative of �ve independent experiments is shown. (B) The cells in A were stimulated by non-

expressing or PD-L1–expressing DC-1 cells prepulsed with MCC88-103 at the indicated concentrations for 2 min. The cells were lysed, immunoprecipitated 

and blotted as in A. A representative of two independent experiments is shown. (C) The cells in A were stimulated with 5 µM MCC88-103 prepulsed DC-1 

cells not expressing () or expressing PD-L1 (+) for the indicated times. The cells were lysed, immunoprecipitated, and blotted as in A. A representative of 

four independent experiments is shown. (D) The PD-1–SHP2 association was analyzed as in C at much earlier time points indicated above. WCLs were blot-

ted for SHP2, PD-1, phospho-PLC1, PLC1, phospho-Vav1, Vav1, phospho-Erk1/2, or Erk1/2. The graph shows fold intensities of SHP2 to PD-1 or phos-

phorylated PLC1, Vav1, or Erk to nonphosphorylated at each time point. A representative of two independent experiments is shown. (E) AND-TCR T cell 

hybridomas expressing PD-1–YPet (yellow) and ECFP-SHP1 (top) or -SHP2 (bottom, cyan) were plated onto an MCC88-103 prepulsed planar bilayer con-

taining I-Ek–, ICAM-1–, CD80-, and PD-1–GPI and real-time imaged by confocal microscopy within 2 min after contact. FRET ef�ciency values presented as 

a pseudo-color scale. Histograms show fold �uorescent intensities of PD-1 (yellow) and SHP1 or SHP2 (cyan) on the two diagonal yellow lines in a DIC image. 
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(Fig. 4, A and F). These results suggest that ITSM are fully re-

quired, and ITIM are partially required, for the PD-1–mediated 

suppression of T cell activation and stop signals by recruiting 

SHP2, but not for PD-1 microcluster formation.

Regulation of PD-1 phosphorylation by SHP2
In both T and B cells, PD-1 phosphorylation can be induced 

by cross-linking of PD-1 and is expected to be required for 

the recruitment of phosphatases through the SH2 domain 

Bars, 5 µm. A representative of two independent experiments is shown. (F) AND-TCR T cell hybridomas expressing PD-1-YPet (yellow) and CFP for energy transfer 

CyPet-SHP1 (left, cyan) or -SHP2 (right, cyan) were conjugated with DC-1 cells not expressing (top) or expressing PD-L1 (middle) or PD-L2 (bottom) and 

real-time imaged by confocal microscopy at 2 min after contact. Histograms show fold �uorescent intensities of PD-1 (yellow) and SHP1 or SHP2 (cyan)  

on the diagonal yellow line in a DIC image. Bars, 5 µm. A representative of two independent experiments is shown.

 

Figure 4. The tyrosine motifs in PD-1 are required for PD-1–mediated T cell suppression, not for PD-1 clustering. (A) AND-Tg Pdcd1/ 

Rag2/ CD4+ T cells were reconstituted with WT (top) or Y225F (row 2), Y248F (row 3), or Y225/248F (YFYF, bottom) mutant PD-1–EGFP (green), and were 

prestained with DyLight 649–labeled H57 Fab (red). The cells were plated onto an MCC88-103 prepulsed planar bilayer containing I-Ek–, ICAM-1–, CD80-, 

and PD-1–GPI and real-time imaged by confocal microscopy at 2 (left) or 20 (right) min after contact. Histograms show fold �uorescent intensities of  

TCR- (red) and PD-1 (green) on the two diagonal yellow lines in the merged images. Bars, 5 µm. A representative of three independent experiments is 

shown. (B) The graph shows the percentage of TCR microclusters colocalized by WT or mutant PD-1 at 2 min after contact in A (n = 5). Error bars represent SD.  

(C) AND-TCR T cell hybridomas expressing WT or Y225F, Y248F, or YFYF mutant PD-1–Flag were stimulated with 5 µM MCC88-103 prepulsed DC-1 cells not 

expressing or expressing PD-L1 for 2 min. Cell lysate immunoprecipitated by anti-Flag or WCLs were blotted for SHP2 or PD-1. A representative of three 

independent experiments is shown. (D) Not transduced or PD-1–transduced AND-TCR T cell hybridomas in C were stimulated with an equal number of 

DC-1 cells expressing PD-L1 or PD-L2 with 0.3 µM MCC88-103 for 16 h. Immobilized anti-CD3 (2C11, 10 µg/ml) and anti-CD28 (PV-1, 2 µg/ml) were used 

for control stimulation. Concentration of IL-2 was measured by ELISA. A representative of two independent experiments is shown. Error bars represent SD.  

(E) SHP1 or SHP2 were directly attached to the cytoplasmic tail of the YFYF mutant PD-1 and transduced into AND-TCR T cell hybridomas. The inhibitory 

function of the PD-1 YFYF-SHP1/SHP2 chimeras was analyzed as in D. A representative of three independent experiments is shown. Error bars represent SD. 

(F) The graph shows the percentage of cells in A forming a stable synapse at 20 min after contact (n = 50). Error bars represent SD.
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(SHP2CS, C461S; Fig. 5 A). The observations that SHP2CS 

enhanced the PD-1 phosphorylation more than SHP1CS and 

that WT SHP2 and SHP1 did not a�ect the PD-1 phosphor-

ylation (unpublished data) suggest that SHP2 dephosphory-

lates PD-1 by its recruitment and association with the PD-1 

cytoplasmic tail. At the later phase, the assembly of PD-1–SHP1 

(Okazaki et al., 2001; Chemnitz et al., 2004). During the physi-

ological T cell–APC conjugation, the PD-1–PD-L1 binding 

also induced PD-1 phosphorylation at a minimal level and, 

surprisingly, the phosphotyrosine intensity became much more 

evident if T cells were transduced to express phosphatase-dead 

dominant-negative forms of SHP1 (SHP1CS, C453S) or SHP2 

Figure 5. PD-1 phosphorylation is predominantly regulated by the phosphatase activity of SHP2. (A) AND-TCR T cell hybridomas expressing  

PD-1–EGFP not transduced or transduced with phosphatase-dead SHP1 (SHP1CS) or SHP2 (SHP2CS) were stimulated with unpulsed or 5 µM MCC88-103 

prepulsed DC-1 cells not expressing or expressing PD-L1 for 2 min. The cells were lysed, immunoprecipitated with anti-GFP, and blotted for phosphor-

tyrosine (4G10) or PD-1. The bottom four rows show WCL blotted with 4G10, anti-SHP1, SHP2, or PD-1. A representative of three independent experi-

ments is shown. (B) The cells in A were stimulated with DC-1 cells not expressing or expressing PD-L1 or PD-L2 with 0.3 µM MCC88-103 for 16 h. 

Concentration of IL-2 was measured by ELISA. A representative of two independent experiments is shown. Error bars represent SD. (C) AND-TCR T cell 

hybridomas expressing CTLA-4 were further transduced with SHP1CS or SHP2CS. The cells were stimulated by immobilized anti-CD3 (2C11, 10 µg/ml) 

and control IgG or anti-CTLA-4 (UC10, 10 µg/ml) for 16 h. Concentration of IL-2 was measured by ELISA. The cell number initially prepared was measured 

by a Cell Counting kit. A representative of two independent experiments is shown. Error bars represent SD. (D) AND-TCR T cell hybridomas expressing both 

PD-1-EGFP and SHP2CS were stimulated with 5 µM MCC88-103 prepulsed DC-1 cells not expressing or expressing PD-L1 for the indicated times. The 

cells were lysed, immunoprecipitated, and blotted as in A. A representative of three independent experiments is shown. (E) AND-TCR T cell hybridomas 

expressing SHP2CS and WT or mutant PD-1-EGFP were stimulated with 5 µM MCC88-103 prepulsed DC-1 cells not expressing or expressing PD-L1 for  

2 min. The cells were lysed and blotted as in A. A representative of three independent experiments is shown. (F) The cells in A were conjugated with 5 µM 

MCC88-103 prepulsed DC-1 cells not expressing or expressing PD-L1. At 2 min after contact, the cells were �xed, stained with 4G10, and imaged by con-

focal microscopy. Bars, 5 µm. The right graph shows the percent intensity of phosphotyrosine at the T cell–DC-1 interface against that of the entire T cell 

area. A representative of two independent experiments is shown. *, P < 0.001 with Student’s t test. Horizontal bars represent the mean of the percent 

intensity of phosphotyrosine at the interface.
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molecules that are accumulated at the immunological syn-

apse, including PD-1 itself, when PD-1 is ligated by PD-L1 

in the T cell–APC conjugates.

PD-1–mediated suppression of TCR downstream signals
We next performed imaging analysis of PD-1–mediated 

dephosphorylation of TCR downstream signaling molecules 

present within TCR microclusters. As shown for the dephos-

phorylation of Ig in BCR signaling (Okazaki et al., 2001), 

reduction of CD3 phosphorylation was seen at TCR  

microclusters upon PD-1–PD-L1 binding (Fig. 6 A). The 

quanti�cation of the intensity of PD-1 and phospho-CD3 

demonstrated a weak inverse correlation (Fig. 6 B). The phos-

phorylation of several important molecules further down-

stream of TCR signals, such as the guanine nucleotide 

exchange factor Vav1, PLC1, and Erk was also attenuated 

by PD-1–PD-L1 or –PD-L2 binding (Fig. 6 C). Because 

CD28-mediated PKC- activation is critically involved in 

is gradually increased (Fig. 3 C), but the phosphorylation of 

PD-1 was still weaker in cells expressing SHP1CS than in 

cells expressing SHP2CS (unpublished). Whereas SHP2CS 

completely abrogated PD-1–mediated suppression of IL-2 

production, SHP1CS had only a partial e�ect (Fig. 5 B). On 

the contrary, the IL-2 suppression mediated by CTLA-4, 

which has been suggested to recruit SHP1 and/or SHP2, 

was not a�ected by the introduction of SHP2CS to the cells 

stimulated by immobilized anti-CD3 with anti–CTLA-4 

(Fig. 5 C). The kinetics of PD-1 phosphorylation paralleled 

those of SHP2 recruitment to PD-1 (Fig. 5 D). The ITIM was 

involved in, and the ITSM was essential for, PD-1 phosphory-

lation (Fig. 5 E). The experiments using T cell–APC conjugates 

consistently demonstrated both the PD-1–induced suppression 

and the SHP2CS-mediated augmentation of phosphotyro-

sine staining at the immunological synapse (Fig. 5 F). These 

data indicate that the phosphatase activity of SHP2, not SHP1, 

more e�ciently a�ects the phosphorylation status of the 

Figure 6. PD-1–PD-L1 binding attenuates phos-
phorylation of TCR downstream molecules and CD28–
PKC- association. (A) AND-TCR T cell hybridomas 

expressing PD-1-EGFP (green) were stained with DyLight 

549–labeled H57 Fab (red), plated onto an MCC88-103 

prepulsed planar bilayer containing I-Ek–, ICAM-1–, and 

CD80- (top) plus PD-L1–GPI (bottom), �xed at 2 min after 

contact, stained with Alexa Fluor 647–labeled anti– 

phospho-CD3 (cyan), and imaged by confocal microscopy. 

Histograms show fold �uorescent intensities of TCR- 

(red), PD-1 (green), and phosho-CD3 (cyan) on the diago-

nal yellow lines in a DIC image. Bars, 5 µm. A representa-

tive of two independent experiments is shown. (B) The 

point graphs show pCD3/TCR- �uorescent intensity ratio 

at the T cell–bilayer interface in the absence or presence of 

PD-L1–GPI (left, n = 33) and the inverse correlation  

between PD-1 intensity and pCD3/TCR- ratio at the 

interface in the presence of PD-L1–GPI (right, y = 0.578  

0.0173 x, R = 0.37294) in A. *, P < 0.001 with Student’s  

t test. Horizontal bars represent the mean of the intensity 

ratio. (C) AND-TCR T cell hybridomas expressing PD-1 and 

PKC-–EYFP were stimulated with unpulsed or MCC88-103 

prepulsed DC-1 cells expressing PD-L1 or PD-L2 in the 

absence or presence of 50 ng/ml PMA. The cells were lysed, 

immunoprecipitated with anti-CD28, and blotted for  

PKC- or CD28. WCLs were blotted for PKC-, CD28,  

phospho-Vav1, Vav1, phospho-PLC1, PLC1, phospho-

Erk1/2, or Erk1/2. A representative of two independent 

experiments is shown. (D) AND-Tg Rag2/ CD4+ T cells 

were transduced with CD28-CyPet (cyan) and PD-1-YPet 

(yellow), stained with DyLight 649–labeled H57 Fab (red), 

plated onto an MCC88-103 prepulsed planar bilayer con-

taining I-Ek–, ICAM-1–, and PD-L1–GPI (top two rows) plus 

CD80-GPI (bottom two rows), and real-time imaged by 

confocal microscopy at 2 or 20 min after contact. Histo-

grams show fold �uorescent intensities of TCR- (red), 

CD28 (cyan), and PD-1 (yellow) on the diagonal yellow 

lines in the DIC images. Bars, 5 µm. A representative of 

four independent experiments is shown.
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Figure 7. Colocalization of PD-1 and TCRs at microclusters is required for PD-1–mediated T cell suppression. (A) A diagram of the EGFP-

tagged mPD-1–hCD22–mPD-1 or mPD-1–hCD4–mPD-1 chimeras. The murine PD-1 IgV domain was attached to the second to sixth (Igx5), third to sixth 

(Igx4), �fth and sixth (Igx2), or sixth (Igx1) IgC domains of hCD22 or the stalk region of hCD4 (Igx0). The cytoplasmic tail of hCD22 or hCD4 is exchanged 

by that of murine PD-1 containing two tyrosine motifs, ITIM and ITSM, and further tagged with EGFP at the C terminus of mPD-1. (B) AND-TCR T cell 

hybridomas were not transduced () or transduced with EGFP-tagged WT PD-1 (WT) or elongated mPD-1 chimeras shown in A. The histograms show 

expression of cell surface PD-1 (top) or EGFP (bottom). (C) AND-Tg Pdcd1/ Rag2/ CD4+ T cells were reconstituted with the EGFP-tagged elongated 

PD-1, mPD-1–hCD22/CD4–mPD-1-EGFP constructs (Igx0–5; green) in A, stained with DyLight 649–labeled H57 Fab (red), plated onto an MCC88-103 

prepulsed planar bilayer containing I-Ek–, ICAM-1–, and CD80- (top) plus PD–L1-GPI (bottom six rows), and real-time imaged by confocal microscopy at 

2 min after contact. Histograms show fold �uorescent intensities of TCR- (red) and PD-1 (green) on the two diagonal yellow lines in the merged images. 

Bars, 5 µm. A representative of two independent experiments is shown. (D) The left graph shows the percentage of TCR microclusters colocalized by WT or 

elongated PD-1 in C (n = 10). The right graph shows the percentage of cells forming >50% of TCR microclusters colocalized by PD-1 in C (n = 50). 
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be colocalized with 

TCRs at the micro-

clusters and the  

c-SMAC. These chi-

meras were equally 

expressed on pri-

mary CD4+ T cells 

from AND-TCR Tg Pdcd1/ Rag2/ mice and on AND-

TCR T cell hybridomas (Fig. 7 B). Irrespective of its length, 

PD-1 formed clusters at the nascent contact regions of the  

T cell–bilayer interface as long as PD-L1–GPI was reconsti-

tuted (Fig. 7 C). However, the e�ciency of the TCR–PD-1 

colocalization was quite di�erent; only 6% of the cells showed 

TCR–PD-1 microclusters in Igx5 and Igx4 (n = 50). In con-

trast, 60, 95, 91, and 98% of the cells formed TCR–PD-1 micro-

clusters with Igx2, Igx1, Igx0, and WT PD-1 (n = 50, 41, 34, 

and 50, Fig. 7 D), respectively. The shorter PD-1 chimeras also 

exhibited more e�ective PD-1–mediated suppression of IL-2 

production (Igx0 > Igx1 > Igx2; Fig. 7 E). Early during T cell 

activation, the physical association between PD-1 and SHP2 as 

well as the dephosphorylation of Vav1, PLC1, and Erk was 

not induced in the cells expressing the taller chimeras (Fig. 7 F). 

As expected, the taller PD-1 chimeras also remain unphos-

phorylated (Fig. 7 G). When SHP1 or SHP2 were directly 

attached to these PD-1 chimeras (Fig. 8, A and B), the taller  

molecules still lacked PD-1–mediated suppressive activity  

(Fig. 8 C). Collectively, these data indicate that the colocalization 

between TCR and PD-1 in the same microclusters is required 

for e�ective PD-1–mediated suppression of TCR signals, as 

measured by both functional and biochemical outputs.

IL-2 production, the PD-1 microclusters might interfere with 

the CD28–PKC- (Sheppard et al., 2004). After mature 

immunological synapse formation, PD-1 accumulated at the 

CD3lo signaling c-SMAC, forming an annular con�guration 

similar to CTLA-4 (Yokosuka et al., 2010). However, whereas 

CTLA-4 drove CD28 away from the c-SMAC, PD-1 was 

always colocalized with CD28 throughout the entire synapse 

progression and did not exclude CD28 from the c-SMAC 

(Fig. 6 D), demonstrating a clear di�erence in localization 

between PD-1 and CTLA-4. In the biochemical analysis, 

PD-1–PD-L1 or –PD-L2 binding really interfered with 

the CD28–PKC- association, and this interference was  

prevented by addition of PMA, which translocates PKC-  

to the plasma membrane to bypass the PLC1 activation 

(Fig. 6 C). These data suggest that PD-1 microclusters di-

rectly block activation of the proximal signaling molecules 

associating with TCR microclusters and indirectly block the 

CD28–PKC- association.

Regulation of PD-1 localization at TCR microclusters  
for inhibitory function
We analyzed whether colocalization of TCR and PD-1 in the 

same cluster was required for the PD-1–mediated inhibition 

of T cell activation. Based on the concept that the cell surface 

receptors are spatially distributed according to their dimen-

sion (Choudhuri et al., 2005), we elongated the PD-1 ectodo-

main by the insertion of the Ig domains of the unrelated Ig 

super family molecules human (h) CD22 or hCD4 to make 

the fusion protein distinct in height from the TCR (Fig. 7 A). 

We expected that only short, and not tall, molecules would  

Error bars represent SD. (E) AND-TCR T cell hybridomas expressing the EGFP-tagged elongated PD-1 chimeras in B were stimulated with DC-1 cells  

expressing PD-L1 or PD-L2 with 0.3 µM OVA88-103 for 16 h. Immobilized anti-CD3 (2C11) and anti-CD28 (PV-1) were used for control stimulation. 

Concentration of IL-2 was measured by ELISA. A representative of three independent experiments is shown. Error bars represent SD. (F) The cells in B were 

stimulated with MCC88-103 prepulsed DC-1 cells not expressing or expressing PD-L1 for 2 min. The cells were lysed, immunoprecipitated with anti-GFP, 

and blotted for SHP2 or PD-1. WCLs (bottom six rows) were blotted for PD-1, phospho-Vav1, Vav1, phospho-PLC1, PLC1, phospho-Erk1/2, or Erk1/2.  

A representative of three independent experiments is shown. (G) The cells in B were further transduced with SHP2CS and stimulated as in F. The cells  

were lysed, immunoprecipitated with anti-GFP (top two rows), and blotted with 4G10 (top) or anti-GFP (middle). WCLs (bottom) were blotted for SHP2.  

A representative of two independent experiments is shown.

 

Figure 8. Clustering of phosphatase out-
side TCRs microclusters is less effective 
for suppression of IL-2 production.  
(A) A diagram of the mPD-1–hCD22–mPD-1 

YFYF–mSHP1 or –mSHP2 chimeras. The tyro-

sine substitution (Y225/148F) was inserted 

and EGFP was replaced by mSHP1 or mSHP2 

in mPD-1–hCD22–mPD-1–EGFP chimeras as in  

Fig. 7 A. (B) AND-TCR T cell hybridomas were 

not transduced () or transduced with WT or 

YFYF mutant PD-1 or the YFYF mutant or the 

elongated PD-1 YFYF fused to SHP1 (YFYF, 

Igx5, Igx4, Igx2, or Igx1-SHP1) or SHP2 (YFYF, 

Igx5, Igx4, Igx2, or Igx1-SHP2) in A. The histo-

grams show cell surface expression of the 

various PD-1 chimeras fused by SHP1 (left) or 

SHP2 (right). (C) The cells in B were stimulated 

with DC-1 cells expressing PD-L1 or PD-L2 

with 0.3 µM MCC88-103 for 16 h. Immobi-

lized 2C11 and PV-1 were used for control 

stimulation. Concentration of IL-2 was mea-

sured by ELISA. A representative of two inde-

pendent experiments is shown. Error bars 

represent SD.
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Anergic status of PD-1hi CD8+ T cells by PD-1 microclusters
Our results clearly show that PD-1 clustering can suppress 

TCR signals in activated CD4+ T cells established in vitro. 

The inhibitory function by PD-1 microclusters in another 

subset of T cells that naturally express high levels of PD-1 

(PD-1hi) was then examined. By an analogous protocol used 

to generate exhausted T cells by continuous stimuli with 

chronic viral infection (Barber et al., 2006), we subcutane-

ously injected a small amount of antigen peptide everyday for 

1 wk into OT-I-TCR (speci�c for OVA 257–264 on  

H-2Kb) Tg Rag2/ mice. 1 wk after the �nal injection, OT-I- 

TCR Tg CD8+ T cells expressed less CD25, intermediate 

CD44 and CD62L, and higher PD-1 as compared with naive 

T cells (Fig. 9 A). The PD-1hi CD8+ T cells responded less 

well than naive CD8+ T cells upon in vitro restimulation 

with antigen peptides (Fig. 9 B). Those responses were re-

stored if PD-1–PD-L1 binding was blocked by a neutralizing 

antibody, anti–PD-L1 (MIH5), but not by nonblocking anti-

bodies anti–PD-1 J43 or RMP1-30. These e�ects appeared 

similar to the situation in which tolerance was abolished by 

anti–PD-L1 antibody treatment of exhausted T cells (Barber 

et al., 2006; Yang et al., 2011). To examine the cluster for-

mation in OT-I-TCR Tg CD8+ T cells, we further modi�ed 

the planar bilayers by reconstitution with H-2Kb-GPI instead 

of I-Ek-GPI. In naive T cells, there was no PD-1 cluster for-

mation or even any PD-1 staining in the presence of PD-L1–

GPI. However, in PD-1hi CD8+ T cells, the accumulation of 

PD-1 at TCR microclusters and the c-SMAC was clearly 

Figure 9. Anti–PD-L1 blocks PD-1 microcluster formation and anergic status in PD-1hi CD8+ T cells. (A) OT-I-Tg Rag2/ mice were subcutane-

ously injected with 3 nmol OVA257-264 in 100 µl PBS everyday for 1 wk. Histograms show the cell surface expression of CD25, CD44, CD62L, and PD-1 

on splenic CD8+ T cells from OT-I-Tg Rag2/ mice before (top) or at 7 (middle) or 14 (bottom) d after �rst challenge. A representative of three indepen-

dent experiments is shown. (B) Naive or OVA257-264–challenged (PD-1hi) OT-I-Tg CD8+ T cells were stimulated with irradiated C57/BL6 whole splenocytes 

for 15 h with the indicated concentrations of OVA257-264 in the absence or presence of anti-PD-1 (J43 or RMA1-30) or anti-PD-L1 (MIH5). 10 ng/ml 

PMA and 0.5 µM ionomycin were used for control stimulation. Concentration of IL-2 was measured by ELISA. A representative of three independent  

experiments is shown. Error bars represent SD. (C) Naive or OT-I-Tg PD-1hi CD8+ T cells in A were stained with DyLight 649–labeled H57 Fab (red) and 

DyLight 488–labeled anti–PD-1 (RMA1-30) (green), plated onto an OVA257-264 prepulsed planar bilayer containing H-2Kb–, ICAM-1–, and CD80- (row 2) 

plus PD-L1–GPI (rows 1, 3, and 4), and real-time imaged by confocal microscopy at 2 (left) or 20 (right) min after contact in the absence (top three rows) 

or presence (bottom) of anti–PD-L1 (MIH5). Histograms show fold �uorescent intensities of TCR- (red) and PD-1 (green) on the diagonal yellow lines in 

the merged images. Bars, 5 µm. A representative of two independent experiments is shown.
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The real targets of PD-1–mediated dephosphorylation of 

TCR signaling molecules remain unclear because CD3 is 

the signal triggering molecule upon its phosphorylation in-

duced by the TCR–MHCp binding. However, the fact that 

both SHP1 and SHP2 could induce the PD-1–mediated sup-

pression of T cell activation, when these phosphatases were  

arti�cially attached to the cytoplasmic tail of the YFYF mu-

tant PD-1, suggests that the localization rather than the sub-

strate speci�city of phosphatases is more critical. Whether PD-1 

dephosphorylates the substrates only within the TCR–PD-1 mi-

croclusters may be related to its ligand distribution. PD-L1, 

which is expressed on a professional APC, mainly functions 

with a cognate MHCp on the same APC, whereas PD-L2, 

mainly expressed on the endothelial cells in the periphery, 

functions independently of MHCp, suggesting that the PD-1–

PD-L1/PD-L2 binding prevents excess activation of TCR sig-

naling to maintain T cell quiescence (Freeman et al., 2000; 

Tseng et al., 2001; Keir et al., 2008). Our data clearly demon-

strate that the stronger TCR stimulation induces much stron-

ger phosphorylation of PD-1 and association with SHP2. 

However, a weak increment of PD-1 phosphorylation and 

PD-1–SHP2 association could be observed even in the absence 

of the cognate peptide, compared with their basal level without 

PD-1–PD-L1 binding. It will be of future interest to under-

stand such TCR signaling-independent suppression of T cell  

activation by PD-1, possibly re�ecting the involvement of 

PD-L2 on nonlymphoid cells for PD-1–mediated suppression.

The issue of how PD-1 and CTLA-4 di�erently mediate 

T cell suppression remains controversial. Both of these are 

inducibly expressed upon TCR stimulation and function as 

feedback regulation of T cell activation. In an experimental 

setting, CTLA-4 ligation by speci�c antibodies induces T cell 

suppression and, in this case, CTLA-4 inhibits Akt activation 

by recruiting PP2A. In contrast, PD-1 directly regulates 

PI3K, which is a critical upstream regulator of Akt (Parry 

et al., 2005), suggesting that CTLA-4 and PD-1 inhibit Akt 

by distinct mechanisms (Riley, 2009). PD-1 is consistently 

colocalized with PI3K p85 and p110 subunits at the TCR 

microclusters during the early activation of T cells. Mean-

while, CTLA-4 is directly translocated to the c-SMAC where 

it competes with CD28 in ligand-binding at a later activation 

phase (Yokosuka et al., 2010). PD-1 stimulation upon ligand 

binding induces robust recruitment of SHP2, although it has 

never been shown that CTLA-4 engagement induces enhanced 

recruitment of a phosphatase. To identify another essential 

di�erence between them, we focused on PKC- recruitment 

to CD28 and clearly demonstrated the direct and indirect 

obstruction of this recruitment by CTLA-4 and PD-1, respec-

tively. This di�erence is consistent with the fact that proxi-

mal TCR signaling is intact during CTLA-4–mediated T cell 

suppression. In contrast, PD-1–mediated inhibition suppresses 

very proximal signaling and eventually overall TCR signaling 

by its association with SHP2. Moreover, the observation 

that SHP1 shows association with PD-1 at later phase may 

suggest another possible mechanism to negatively regulate 

TCR signals, for example, to directly dephosphorylate the 

observed, but this was prevented by the addition of anti–PD-L1 

(Fig. 9 C). These data reveal the strong correlation between 

PD-1 microcluster disruption and the tolerance breaks in 

PD-1hi CD8+ T cells.

DISCUSSION
In spite of the distinct disease phenotypes of Pdcd1/ mice 

and the dramatic e�ects in several clinical trials with anti–PD-

L1 and anti–PD-1 (Francisco et al., 2010), the mechanism of 

PD-1–mediated suppression of TCR signals remains a matter 

of debate. We have described here our �nding of a novel  

signalosome constructed by PD-1 as a negative costimulatory 

microcluster. In a similar manner to CD28, which forms TCR–

CD28 microclusters to induce positive costimulatory signals by 

generating the NF-B–related molecular complex (Yokosuka 

et al., 2008), PD-1 generates the TCR–PD-1 microcluster, 

which decreases the phosphorylation of the entire spectrum of 

TCR downstream signaling molecules by recruiting SHP2,  

resulting in the attenuation of T cell activation. Interestingly, 

not only PD-1 clustering but also its colocalization at TCR 

microclusters is absolutely required and essential for the e�-

cient inhibition of TCR proximal signaling by PD-1.

A concept of the geometrical and bidimensional pattern-

ing of the TCR and its downstream molecules was �rst 

de�ned as an immunological synapse (Monks et al., 1998; 

Grakoui et al., 1999) and is considered to be important for 

the T cell–APC communication and succeeding activation, 

proliferation, and di�erentiation of T cells. PD-1 was shown 

to accumulate at the immunological synapse in a linear shape 

depending on the a�nity for its ligands (Pentcheva-Hoang 

et al., 2007). Meanwhile, we and others have revised the 

immunological synapse concept by identifying the TCR 

microcluster as a minimal activation unit for T cell activation 

(Bunnell et al., 2002; Campi et al., 2005; Yokosuka et al., 

2005; Saito and Yokosuka, 2006). TCR microclusters con-

tain most of the proximal TCR signaling molecules, for ex-

ample, Zap70, SLP-76 (SH2 domain–containing leukocyte 

protein of 76 kD; Yokosuka et al., 2005), Vav1 (Miletic et al., 

2006), and PLC1 (Braiman et al., 2006). Previous biochem-

ical studies demonstrated that Zap70, PI3K, and PKC- 

could be the substrates of PD-1–mediated dephosphorylation 

in T cells (Sheppard et al., 2004). These �ndings are consis-

tent with our data on the spatiotemporal regulation by TCR–

PD-1 microclusters because these three molecules and SHP2 

are �rst translocated to the TCR–PD-1 microclusters, which 

are newly generated at the nascent contact region of a T cell–

bilayer interface. In the case of BCR signaling, PD-1 engage-

ment has been shown by biochemical analysis to attenuate 

the phosphorylation of Ig, Syk, and PLC2 (Okazaki et al., 

2001). Meanwhile, such signaling molecules were imaged at 

BCR microclusters in the planar bilayer system (Fleire et al., 

2006; Weber et al., 2008). Collectively, PD-1 is suggested to 

globally dephosphorylate signaling molecules that are re-

cruited to TCR or BCR microclusters or to dephosphorylate 

the very upstream, key molecules, such as CD3 or Zap70/

Syk, at the very early activation phase.
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upon CTLA-4–CD80 binding, suggesting an adherent ca-

pacity of CTLA-4 (unpublished data). This issue remains to 

be resolved by analysis of in vivo experimental settings under 

physiological conditions.

PD-1 is expressed on activated T cells and has been shown 

to be critically involved in the pathogenesis of several auto-

immune diseases, such as type I diabetes, multiple sclerosis, 

and rheumatoid arthritis (Keir et al., 2008). More importantly, 

neutralizing antibodies to PD-L1 or PD-1 can improve dis-

ease status and are now being used in clinical trials. Further-

more, it was recently elucidated that PD-1 is expressed on 

several unique T cell subsets, exhausted T cells (Janssen et al., 

2003; Barber et al., 2006; Day et al., 2006), regulatory T (T reg) 

cells (Nishimura et al., 1996), and senescent T cells (Shimatani 

et al., 2009). All these T cells expressing PD-1 has been 

shown to exist in an unresponsive or anergic state. Exhausted 

CD8+ T cells emerge during chronic viral infections such as 

hepatitis C virus and human immunode�ciency virus. The 

T cells become anergic after recurrent contact with antigen 

or virus, a status which is surprisingly and totally abolished by 

anti–PD-L1 antibody treatment (Day et al., 2006). There has 

as yet been no satisfactory explanation for this outcome, but 

it could be explained by our experiments using the PD-1hi 

CD8+ T cells induced by repetitive antigen exposure. In this 

experimental setting, anti–PD-L1 inhibits PD-1 accumulation 

at either TCR microclusters or the c-SMAC, which probably 

results in the restoration of proximal TCR signals. In contrast 

to these in vitro studies of exhausted T cells, PD-1 expressed 

on T reg cells seems to exhibit distinct functions in vivo be-

cause a PD-L1–Ig chimeric protein can induce a profound 

increase of T reg cells by enhancement of Foxp3 expression 

(Francisco et al., 2009). The precise mechanism of this 

PD-1–mediated T reg cell induction remains to be resolved. 

It is widely recognized that stronger TCR signals are impor-

tant for T reg cell development (Sakaguchi et al., 2008), in 

contrast to the PD-1–mediated attenuation of TCR signals. 

Further analyses are required for clari�cation of the distinc-

tion of PD-1 functions between development and main-

tenance of T reg cells.

We demonstrated here that PD-1 possesses an ingenious 

mechanism to modulate TCR signals in a spatial and temporal 

manner. Other costimulatory receptors, CD28 and CTLA-4, 

also function dynamically on the basis of their own unique 

characteristics. A complex costimulatory receptor network is 

�ne-tuned by the expression of receptors and their ligands in 

the correct places, with the right timing and at appropriate 

doses, and is further regulated by signals from other costimu-

latory receptors and TCRs. Our imaging analysis revealed 

a novel costimulatory signalosome that helps to clarify the  

T cell signal network from the point of view of subcellular 

spatial regulation. Recently, anti–PD-L1 and PD-L1–Ig have 

been applied in clinical trials on the basis of their strong  

attenuation of TCR signals (Zou and Chen, 2008; Francisco 

et al., 2010). Our discovery of the formation and function of 

the PD-1 microcluster suggests that it may be a therapeutic 

target for disease modulation.

CD28–PKC-–CARMA-1 axis or other pathways that asso-

ciate with the c-SMAC. Costimulation regulation is largely 

dependent on the strength of both TCR and costimulation 

signals. The latter depends on the distribution patterns and 

the expression level of receptors and their ligands. The bio-

logical relevance of CTLA-4 and PD-1 regulation should be 

examined in vivo during immune responses and in in�amma-

tory conditions.

Almost all of the TCR microclusters were colocalized 

with PD-1 in the presence of the ligand. However, the ratio 

between the TCR and PD-1 in a single microcluster varies 

and either TCR or PD-1 was not detected in some micro-

clusters, particularly the ones at the periphery of the T cell–

bilayer interface after the c-SMAC formation. Such di�erential 

degree of PD-1 clustering may suggest that the TCR down-

stream signaling might be suppressed to a di�erent degree in 

each microcluster. Such heterogeneity is regulated by various 

factors, such as the expression level of the TCR or PD-1, 

their cell surface distribution before and after activation, the 

localization of microclusters in an immunological synapse, 

and the timing of analysis during the course of activation. We 

stressed the importance of the colocalization between TCRs 

and PD-1 in the same microcluster to exhibit the PD-1–

mediated suppression. Although PD-1 could form microclu-

sters even in the absence of the TCR ligation, such PD-1 

clusters could not induce suppression of TCR signaling because 

of the lack of the PD-1 phosphorylation and the SHP2  

association. Function of the PD-1 clustering without TCR 

engagement remains to be analyzed.

The duration of the T cell–DC contact is critical for full 

activation of a T cell. There appears to be a stepwise interac-

tion between the two cells, ranging from transient contact to 

a stable interaction with synapse formation (Mempel et al., 

2004). The two major negative costimulatory receptors, 

CTLA-4 and PD-1, were reported to disrupt the TCR-

mediated stop signal, resulting in instability of synapse for-

mation (Schneider et al., 2006; Fife et al., 2009). However, 

the precise mechanism of the stop signal inhibition remains  

unclear. We demonstrated that the instability of the synapse 

formation was induced both by the PD-1–PD-L1 binding  

by the inhibition of TCR–MHCp binding or Src kinase ac-

tivity. It was previously shown that anti-MHCp terminates 

sustained calcium signals by interfering with the sequential 

generation of TCR microclusters (Varma et al., 2006). This 

indicates that discontinuation of TCR proximal signals inter-

rupts the stop signals, similar to the observed inhibition of 

triggering of TCR signals at microclusters by PD-1–PD-L1 

binding. It is clear that PD-1 requires its cytoplasmic tail and 

extracellular domain to break a stable synapse. In contrast, the 

CTLA-4–induced e�ect is more complex and controversial 

as a result of its strong adhesion function through its high-

a�nity binding to the ligands, and because of the enhance-

ment of the regulator for cell adhesion and polarization type 1 

(Rap1)–mediated LFA-1 activation (Schneider et al., 2005). 

In the planar bilayer system, the immunological synapse by 

AND-Tg Cd28/ CD4+ T cells is formed more stability 
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Retroviral supernatants were concentrated 10-fold by centrifugation at 8,000 g 

for 12 h. CD4+ T cells were puri�ed from AND-Tg mice in Rag2/ or 

Rag2/Pdcd1/ background and stimulated with 5 µM MCC88-103 

(ANERADLIAYLKQATK) and irradiated spleen cells from B10.BR mice 

or Dynabeads mouse T-activator CD3/CD28 (Invitrogen). 1 d after stimu-

lation, the cells were suspended in retroviral supernatant with 10 µg/ml 

polybrene (Sigma-Aldrich) and 200 U/ml human recombinant IL-2 (Ajino-

moto) and centrifuged at 1,000 g for 90 min at 37°C. On day 2 or later, the 

cells were sorted by FACSAria (BD) to obtain populations with homo-

geneous �uorescence intensity, and then were maintained in RPMI1640 

medium containing 10% FCS and recombinant IL-2.

Confocal microscopic imaging. The cells expressing the proteins tagged 

with various �uorescent proteins or stained by �uorescent-labeled H57 Fab 

were allowed to settle onto a bilayer and visualized by confocal microscopy 

(SP5; Leica). For intracellular immuno�uorescent staining, the cells on a pla-

nar bilayer were �xed with 4% paraformaldehyde for 10 min at room tem-

perature, permeabilized with PBS containing 1% bovine serum albumin 

(staining bu�er) and 0.05% Triton X-100 for 1 min, and stained with the in-

dicated antibodies in staining bu�er for 30 min at room temperature. All 

images were analyzed by Leica confocal software.

TIRF microscopic imaging. A microscope (IX81; Olympus) with a 

TIRF objective lens (UAPON 100XOTIRF, 1.49 NA; Olympus) with dual 

excitation lasers: Ar 20-mW 488-nm laser and DPSS 20-mW 561-nm laser, 

connected to a charge-coupled device camera (Cool SNAP HG; Roper 

Scienti�c) were used. Images were taken every 2.5 s.

Planar bilayers. The puri�cation and �uorescent labeling of GPI-anchored 

proteins have been described previously (Grakoui et al., 1999). CHO cells 

highly expressing mPD-L1–GPI or H-2Kb–GPI were established. mPD-L1–

GPI and H-2Kb–GPI was puri�ed from the lysates by a�nity column with 

MIH5 and 20–8-4, respectively. mPD-L1 was labeled with Cy5 mono NHS 

ester (GE Healthcare). The expression level of each GPI-anchored protein 

on the planar bilayer was quanti�ed using silica beads of 5 µm diameter 

(Bangs Laboratories). The silica beads were loaded by DOPC containing the 

GPI-anchored proteins at the same concentrations as those on the planar 

bilayer, stained with FITC-labeled antibodies, and analyzed with the FACS-

Calibur (BD). The densities were calculated based on the standard beads, 

Quantum FITC-5 MESF (Bangs Laboratories), and adjusted to the approximate 

concentration by comparison with natural APCs: I-Ek, 250 molecules/µm2;  

H-2Kb, 200 molecules/µm2, mICAM-1, 100/µm2; mCD80, 80–150/µm2; 

and mPD-L1, 150/µm2. The planar bilayers were loaded with 10 µM 

MCC88-103 or 6 µM OVA257-264 in citrate bu�er, pH 4.5, for 24 h at 

37°C, blocked with 5% nonfat dried milk in PBS for 1 h at 37°C, and left to 

stand in the assay medium (Hepes-bu�ered saline) containing 1% FCS, 2 mM 

MgCl2, and 1 mM CaCl2.

FRET analysis. The 405-nm-excited 430–500 nm, 405-nm-excited 

500–590 nm, and 488-nm-excited 500–590 nm images were taken at 12-bit 

resolution for the ECFP, FRET-containing, and YPet images. FRET im-

ages were obtained by subtracting 405-nm-excited leaked ECFP (500–590 nm) 

and 405-nm–directly excited YPet (500–590 nm) from the FRET-containing 

image. AND-TCR T cell hybridomas expressing PD-1–Ypet and EGFP-

SHP1 or SHP2 showed su�ciently strong FRET intensity and the cells 

expressing single �uorescence were used for control study. FRET e�-

ciency values presented as a pseudo-color scale by ImageJ (National Insti-

tute of Health).

Image processing and data analysis. The size and �uorescence intensity of 

each region were examined in all images and measured by ImageJ. Fold inten-

sity, presented as a histogram, was calculated as ([intensity of �uorescence at 

each spot on a diagram]  [minimal intensity of each �uorescence on the entire 

line])/([mean intensity of each �uorescence on the entire line]  [minimal 

intensity of each �uorescence along the entire line]). Signi�cant di�erences 

were evaluated by the Student’s t test with KaleidaGraph (Synergy Software).

MATERIALS AND METHODS

Reagents. The following antibodies and reagents were purchased: anti–

mPD-1 (J43 and RMA1-30), FITC–anti-mCD4 (RM4-5), PE–anti–mPD-1 

(J43), PE–anti-mCD25 (PC61.5), PE–anti-mCD62L (MEL-16), PE–anti-

mCD80 (16-10A1), PE–anti-mClassII (M5/114.15.2), PE–anti–mPD-L1 

(MIH5), PE–anti–mPD-L1 (TY25), and PE–isotype-matched control IgG 

(eBioscience); Alexa Fluor 647–labeled anti-pCD3 (BD); rabbit polyclonal 

anti–PKC- (C-18), anti-SHP1 (C-19), anti-SHP2 (C-18), anti-CD28 

(M-20), goat polyclonal anti–PD-1 (E-18) (Santa Cruz Biotechnology, Inc.); 

rabbit polyclonal anti-pPLC1 (Tyr783), anti-pVav (Tyr174), anti-pErk 

(Thr202 and Tyr204; Cell Signaling Technology); anti-phosphotyrosine 

(4G10), rabbit polyclonal anti-PLC1, mouse polyclonal anti-Vav (Millipore); 

anti-Flag (M2) and anti-actin (AC-40; Sigma-Aldrich); anti-GFP (7.1 and 

13.1; Roche); rabbit polyclonal anti-Erk (Promega); and HRP-labeled anti-

GFP (Miltenyi Biotec). PMA was purchased from Sigma-Aldrich, and iono-

mycin and PP2 from EMD. Anti–mPD-L1 (MIH5) was previously described 

(Tsushima et al., 2003). B cell hybridomas producing anti-mCD3 (145-2C11) 

and anti–mCTLA-4 (UC10.4F10.11) were provided by J. Bluestone (Uni-

versity of California, San Francisco, CA); anti-mCD28 (PV-1) by R. Abe  

(Science University of Tokyo, Tokyo, Japan); anti–mTCR- (H57-597) by  

R.T. Kubo (Cytel Corp., San Diego, CA); anti–H-2Kb (20–8-4) by  

N. Shinohara (Kitasato University, Tokyo, Japan); and anti–I-Ek (14–4-4), anti-

mCD80 (16-10A1), anti–mICAM-1 (YN1/1.7.4), and anti–I-Ek in complex 

with MCC88-103 (D4; Reay et al., 2000) by M.L. Dustin (New York Uni-

versity, New York, NY). H57 was digested with immobilized papain and the 

Fab fragment was con�rmed by SDS-PAGE (Takara Bio Inc.). The �uores-

cent tags DyLight 488 and 649 were conjugated to antibodies with DyLight 

labeling kits (Thermo Fisher Scienti�c).

Mice and cells. AND-Tg mice on a Rag2/ background were provided 

by R.N. Germain (National Institutes of Health, Bethesda, MD); OT-I-Tg 

Rag2/ mice by W. Heath (University of Melbourne, Melbourne, Austra-

lia); Pdcd1/ mice by T. Honjo (Kyoto University, Kyoto, Japan) via 

RIKEN BRC. B10.BR was purchased from Japan SLC Inc. The DC line 

(DC-1) was provided by J. Kaye (Cedars-Sinai Medical Center, Los Angeles, 

CA). The T cell hybridoma expressing AND-TCR was established previ-

ously (Yokosuka et al., 2008).

Plasmid construction. WT or mutant mPD-1-EGFP, EYFP, YPet, or 

Flag, mPD-L1-EGFP, mPD-L2-EGFP, mCD28-ECFP, mPKC-–EYFP, 

CyPet-mSHP1, or CyPet-mSHP2 were generated by PCR and subcloned 

into the retroviral vector pMXs (provided by T. Kitamura, Tokyo University, 

Tokyo, Japan). Fluorescent tags were attached to the C terminus of the 

targeted proteins with an XhoI site and a polyglycine linker (LESGGGGS-

GGGG), with an XhoI site, a polyglycine-alanine linker, and a SpeI site 

(LEGGGAAGGGAATS) in YPet or attached to the N terminus with a poly-

glycine linker and an XhoI site (SGGGGSGGGGLE) or with an MluI site, a 

polyglycine-alanine linker, and an XhoI site (TRGGGAAGGGAALE) in 

CyPet. Mutant mPD-1 was generated by QuikChange II Site-Directed Muta-

genesis kit (Agilent Technologies). For the mPD-L1–GPI and H-2Kb–GPI 

fusion construct, the extracellular region of mPD-L1 (1–237) and H-2Kb 

(1–305) was directly combined with the GPI motif at the 5 terminus of 

hCD55 (340–382) and hCD55 (335–382), respectively. For mPD-1–hCD22/

hCD4–mPD-1–EGFP chimeras, the stalk and transmembrane regions (146–

190) in mPD-1–EGFP were replaced by second to sixth (Igx5, 236–708), 

third to sixth (Igx4, 327–708), �fth to sixth (Igx2, 505–708), or sixth (Igx1, 

593–708) Ig C domains, stalk, and transmembrane regions of hCD22 or by 

the stalk and transmembrane regions of hCD4 (Igx0, 375–418) with BamHI 

at the 5 terminus and EcoRI sites at the 3 terminus. For mPD-1-Flag,  

-mSHP1, or -mSHP2 chimeras, Flag, mSHP1, or mSHP2 was directly  

attached to the C terminus of the PD-1 at an XhoI site without the �rst Met.

Primary cell culture and transduction. Expression constructs were tran-

siently transduced into Phoenix packaging cells (provided by G. Nolan, 

Stanford University, Stanford, CA) using Lipofectamine 2000 (Invitrogen). 



1216 PD-1 forms negative costimulatory microclusters | Yokosuka et al.

Campi, G., R. Varma, and M.L. Dustin. 2005. Actin and agonist MHC–peptide 

complex–dependent T cell receptor microclusters as sca�olds for sig-

naling. J. Exp. Med. 202:1031–1036. http://dx.doi.org/10.1084/jem 

.20051182

Chemnitz, J.M., R.V. Parry, K.E. Nichols, C.H. June, and J.L. Riley. 

2004. SHP-1 and SHP-2 associate with immunoreceptor tyrosine-based 

switch motif of programmed death 1 upon primary human T cell stimu-

lation, but only receptor ligation prevents T cell activation. J. Immunol. 

173:945–954.

Choudhuri, K., D. Wiseman, M.H. Brown, K. Gould, and P.A. van der 

Merwe. 2005. T-cell receptor triggering is critically dependent on the 

dimensions of its peptide-MHC ligand. Nature. 436:578–582. http://

dx.doi.org/10.1038/nature03843

Chuang, E., T.S. Fisher, R.W. Morgan, M.D. Robbins, J.M. Duerr, M.G. 

Vander Heiden, J.P. Gardner, J.E. Hambor, M.J. Neveu, and C.B. 

Thompson. 2000. The CD28 and CTLA-4 receptors associate with 

the serine/threonine phosphatase PP2A. Immunity. 13:313–322. http://

dx.doi.org/10.1016/S1074-7613(00)00031-5

Day, C.L., D.E. Kaufmann, P. Kiepiela, J.A. Brown, E.S. Moodley, S. Reddy, 

E.W. Mackey, J.D. Miller, A.J. Leslie, C. DePierres, et al. 2006. PD-1 ex-

pression on HIV-speci�c T cells is associated with T-cell exhaustion and 

disease progression. Nature. 443:350–354. http://dx.doi.org/10.1038/ 

nature05115

Dong, H., G. Zhu, K. Tamada, and L. Chen. 1999. B7-H1, a third member 

of the B7 family, co-stimulates T-cell proliferation and interleukin-10 

secretion. Nat. Med. 5:1365–1369. http://dx.doi.org/10.1038/70932

Fife, B.T., K.E. Pauken, T.N. Eagar, T. Obu, J. Wu, Q. Tang, M. Azuma, 

M.F. Krummel, and J.A. Bluestone. 2009. Interactions between PD-1 

and PD-L1 promote tolerance by blocking the TCR-induced stop sig-

nal. Nat. Immunol. 10:1185–1192. http://dx.doi.org/10.1038/ni.1790

Fleire, S.J., J.P. Goldman, Y.R. Carrasco, M. Weber, D. Bray, and F.D. Batista. 2006. 

B cell ligand discrimination through a spreading and contraction response. 

Science. 312:738–741. http://dx.doi.org/10.1126/science.1123940

Francisco, L.M., V.H. Salinas, K.E. Brown, V.K. Vanguri, G.J. Freeman, 

V.K. Kuchroo, and A.H. Sharpe. 2009. PD-L1 regulates the develop-

ment, maintenance, and function of induced regulatory T cells. J. Exp. 

Med. 206:3015–3029. http://dx.doi.org/10.1084/jem.20090847

Francisco, L.M., P.T. Sage, and A.H. Sharpe. 2010. The PD-1 pathway 

in tolerance and autoimmunity. Immunol. Rev. 236:219–242. http://

dx.doi.org/10.1111/j.1600-065X.2010.00923.x

Freeman, G.J., A.J. Long, Y. Iwai, K. Bourque, T. Chernova, H. Nishimura, 

L.J. Fitz, N. Malenkovich, T. Okazaki, M.C. Byrne, et al. 2000. 

Engagement of the PD-1 immunoinhibitory receptor by a novel B7 

family member leads to negative regulation of lymphocyte activation.  

J. Exp. Med. 192:1027–1034. http://dx.doi.org/10.1084/jem.192.7.1027

Grakoui, A., S.K. Bromley, C. Sumen, M.M. Davis, A.S. Shaw, P.M. Allen, 

and M.L. Dustin. 1999. The immunological synapse: a molecular ma-

chine controlling T cell activation. Science. 285:221–227. http://dx.doi 

.org/10.1126/science.285.5425.221

Janssen, E.M., E.E. Lemmens, T. Wolfe, U. Christen, M.G. von Herrath, 

and S.P. Schoenberger. 2003. CD4+ T cells are required for secondary 

expansion and memory in CD8+ T lymphocytes. Nature. 421:852–856. 

http://dx.doi.org/10.1038/nature01441

Keir, M.E., M.J. Butte, G.J. Freeman, and A.H. Sharpe. 2008. PD-1 and its 

ligands in tolerance and immunity. Annu. Rev. Immunol. 26:677–704. 

http://dx.doi.org/10.1146/annurev.immunol.26.021607.090331

Latchman, Y., C.R. Wood, T. Chernova, D. Chaudhary, M. Borde, I. 

Chernova, Y. Iwai, A.J. Long, J.A. Brown, R. Nunes, et al. 2001. 

PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat. 

Immunol. 2:261–268. http://dx.doi.org/10.1038/85330

Mempel, T.R., S.E. Henrickson, and U.H. Von Andrian. 2004. T-cell 

priming by dendritic cells in lymph nodes occurs in three distinct phases. 

Nature. 427:154–159. http://dx.doi.org/10.1038/nature02238

Miletic, A.V., K. Sakata-Sogawa, M. Hiroshima, M.J. Hamann, T.S. Gomez, 

N. Ota, T. Kloeppel, O. Kanagawa, M. Tokunaga, D.D. Billadeau, and 

W. Swat. 2006. Vav1 acidic region tyrosine 174 is required for the 

formation of T cell receptor-induced microclusters and is essential in 

T cell development and activation. J. Biol. Chem. 281:38257–38265. 

http://dx.doi.org/10.1074/jbc.M608913200

T cell–APC conjugation assay. DC-1 cells were prepulsed with 5 µM 

MCC88-103 overnight at 37°C. 105 AND-TCR T cell hybridomas ex-

pressing mPD-1–YPet and CyPet-mSHP1 or -mSHP2 were cultured with 

105 DC-1 cells expressing or not expressing PD-L1 or PD-L2. The conju-

gates were visualized by confocal microscopy. The �uorescence of 4G10 

staining at the entire interface was measured with ImageJ. Percent intensity 

of phosphotyrosine at the interface = ([Mean intensity of �uorescence at the 

interface]  [intensity of background �uorescence]) × [area of the interface]/

([mean intensity of �uorescence at the entire T cell area]  [intensity of 

background �uorescence]) × [area of the entire T cell area].

Western blotting. DC-1 cells were prepulsed with 5 µM MCC88-103 

overnight at 37°C and washed before the assay. 2–5 × 106 AND-TCR  

T cell hybridomas expressing WT or mutant mPD-1 or mPD-1 chimeras 

(mPD-1-Flag, -EGFP, -mSHP1, or -mSHP2) were stimulated with 1–2.5 × 

106 DC-1 cells not transduced or transduced with mPD-L1 or mPD-L2. 

The cells were lysed with lysis bu�er (50 mM Tris-HCl, 50 mM NaCl, and 

5 mM EDTA) containing 1% NP-40 or digitonin and immunoprecipitated 

with anti–PD-1, anti-Flag, anti-GFP, or anti-mCD28. The immunopre-

cipitated and WCLs were blotted with anti–PD-1, anti-SHP1, anti-SHP2, 

anti-CD28, anti–PKC-, anti-Vav, anti-pVav, anti-PLC1, anti-pPLC1, 

anti-Erk, anti-pErk, anti-Flag, or anti-GFP.

T cell stimulation assay. 2–4 × 104 AND-TCR T cell hybridomas were 

stimulated with 1–2 × 104 DC-1 cells with MCC88-103 at the indicated con-

centrations or with immobilized 10 µg/ml anti-mCD3 and 10 µg/ml anti-

mCTLA-4. 4 × 104 AND-Tg primary T cells were stimulated with 2 × 104 

DC-1 cells with MCC88-103. For the control studies, the cells were stimu-

lated with immobilized 10 µg/ml anti-mCD3 and 5 µg/ml anti-mCD28 or 

with 0.5 ng/ml PMA plus 0.5 µM ionomycin. Concentration of IL-2 was 

measured by ELISA at 12–16 h after stimulation. Cell number was measured 

by the Cell Counting kit (Dojindo) and shown by absorbance at OD450.

Online supplemental material Video 1 shows that PD-1 forms clusters by 

PD-1–PD-L1 binding. Online supplemental material is available at http://

www.jem.org/cgi/content/full/jem.20112741/DC1.
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