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Summary

Programmed death-1 (PD-1) is a cell surface molecule that regulates the adaptive immune

response. Engagement of PD-1 by its ligands PD-L1 or PD-L2 transduces a signal that inhibits T-

cell proliferation, cytokine production, and cytolytic function. While a great deal is known

concerning the biological roles PD-1 plays in regulating the primary immune response and in T-

cell exhaustion, comparatively little is known regarding how PD-1 ligation alters signaling

pathways. PD-1 ligation is known to inhibit membrane-proximal T-cell signaling events, while

ligation of the related inhibitory molecule cytotoxic T lymphocyte antigen-4 appears to target

more downstream signaling pathways. A major obstacle to an in-depth understanding of PD-1

signaling is the lack of physiologic models in which to study signal transduction. This review

focuses on: 1) signaling pathways altered by PD-1 ligation, 2) factors recruited upon PD-1

phosphorylation, and 3) exploring the hypothesis that PD-1 ligation induces distinct signals during

various stages of immune-cell differentiation. Lastly, we describe models to dissect the function of

the PD-1 cytoplasmic tail using primary cells in the absence of agonist antibodies.
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Introduction

Programmed death-1 (PD-1) is a 288 amino acid protein expressed in B and T cells as well

as myeloid-derived cells. PD-1 was initially cloned as a molecule overexpressed in apoptotic

cells (1). Over the past 15 years it has become clear that PD-1’s primary function is to

attenuate the immune response. PD-1 binds PD-L1 (B7-H1) and PD-L2 (B7-DC). While

PD-L2 expression is limited to professional antigen presenting cells (APCs), PD-L1 has a

much broader tissue distribution, and interactions between PD-L1 and PD-1 are thought to

maintain peripheral tolerance (2). The identification of B7-1 (CD80) as an additional

binding partner for PD-L1 revealed new ways in which the B7:CD28 family regulates T-cell

activation and tolerance (3). The lymphocytic choriomeningitis virus (LCMV) model has

provided a great deal of insight into PD-1 function. Infection of mice with LCMV

Armstrong, or its closely related variant LCMV clone 13 initially generate similar LCMV-

specific primary immune responses (4). However, differences in the T-cell responses to the

respective LCMV strains can be identified as early as eight days post infection. PD-1

expression on LCMV-specific T cells isolated from mice infected with wildtype LCMV

diminishes, and the resultant LCMV-specific memory pool retains polyfunctional capacity

[the ability to coexpress tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) after
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antigen recognition] for greater than 80 days post infection. In contrast, LCMV-specific T

cells isolated from LCMV clone 13-infected animals retain high levels of PD-1 expression

and over time, they become mono-functional (only producing TNF-α or IFN-γ in response

to antigen). By 80 days post infection, they are largely non-functional and are referred to as

exhausted T cells (4). Blocking PD-1 and PD-L1 interactions restores some function to

LCMV-specific T cells in clone 13 LCMV-infected mice and LCMV viral load is

significantly reduced (5), indicating that PD-1 plays an important role in mediating the

exhausted phenotype. An important but sometimes overlooked finding of the Barber et al

paper (5) is that mice lacking PD-L1 die from immune-mediated pathology when infected

with LCMV clone 13, indicating that T-cell exhaustion can serve as a mechanism to protect

the host from a non-resolving immune response. The LCMV model has been further

exploited to reveal additional functions of PD-1 within the immune system. Using an elegant

bone marrow chimera system that introduced LCMV-restricted antigens under conditions

that should induce tolerance, Probst et al. (6) observed that in the absence of PD-1, priming

was observed instead of tolerance, supporting the view that PD-1 plays a role in maintaining

peripheral tolerance.

In contrast to cytotoxic T lymphocyte antigen-4 (CTLA-4) deficiency, which leads to a

massive lymphoproliferative disorder within weeks of birth (7), PD-1 deficiency leads to

species-specific autoimmunity that occurs much later in life (8). More recently, it has been

shown that the loss of PD-1 exacerbates the consequences of other genetic lesions that

promote autoimmunity (9–11). For instance, loss of PD-1 accelerates the onset and

frequency of type-I diabetes in non-obese diabetic (NOD) mice (11). Furthermore, blockade

of PD-1 and PD-L1 interactions in a transplantation model leads to accelerated graft

rejection (12). Thus, under normal conditions, PD-1 expression establishes a threshold of

activation that must be overcome before initiation of an immune response. However, when

confronted with persistent antigen expression, as in chronic viral infections and tumors, the

role PD-1 plays in the immune system changes from gate keeper to veto signal. As briefly

described above and in much greater detail in recent reviews (13–22), PD-1 plays a critical

role in maintaining tolerance and shutting down ineffective immune responses when

examined from a ‘glass is half full’ point of view. When examined from a ‘glass is half

empty’ point of view, PD-1 interferes with vaccination and contributes to T-cell dysfunction

in chronic viral infections and cancer. In any case, PD-1 is a powerful modulator of the

immune system. What is unclear is exactly how PD-1 mediates these effects. A better

understanding of PD-1 mediated signal transduction pathways will broaden the number of

therapeutic targets and perhaps reveal novel means of modulating the immune system. This

review focuses on PD-1-mediated signaling and discusses what is currently known about

PD-1-mediated signal transduction, the issues that have hampered progress in understanding

PD-1 function, and new approaches that will hopefully shed light on how PD-1 ligation

controls immune-cell function. Finally, I explore the possibility that PD-1 signaling is

influenced by the T-cell differentiation state.

PD-1: CD28 family on the outside, sialic acid binding immunoglobulin (Ig)-

like lectins (Siglec) family on the inside

PD-1 consists of a single N-terminal IgV-like domain, an approximately 20 amino acid stalk

separating the IgV domain from the plasma membrane, a transmembrane domain, and a

cytoplasmic tail containing tyrosine-based signaling motifs. CD28, inducible costimulator

(ICOS) and CTLA-4 all share this general design and modulate T-cell activity, so PD-1 was

initially viewed as a member of the CD28 family. However, a close comparison of PD-1

with CD28, ICOS and CTLA-4 reveals many differences, especially from a signaling

perspective, calling into question the authenticity of PD-1’s place in the CD28 family. B-

and T-lymphocyte attenuator (BTLA), the most recently described member of the CD28
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family (23), shares many features with PD-1 and may also be considered a CD28 family

outlier. CD28, ICOS and CTLA-4 are genomic neighbors (human chromosome 2q33). In

contrast, PD-1 is located on a different region of chromosome 2 (2q37), while BTLA is

located on a different chromosome altogether (3q13). CD28, ICOS and CTLA-4 are well

conserved in mammals. Comparison of the cytoplasmic tails of murine and human CD28,

ICOS and CTLA-4 reveals 79%, 77%, and 100% identity, respectively, whereas the human

PD-1 and BTLA cytoplasmic tails only share 59% and 54% identity with their murine

homologues. Moreover, distinct mouse strains have different BTLA isoforms. For example,

in some strains, two growth factor receptor-bound protein 2 (Grb2) (YXN) signaling motifs

are present within the cytoplasmic tail, an arrangement seen in human BTLA; while in other

strains, only one GRB2 domain is present (24). These observations suggest that PD-1 and

BTLA are still under evolutionary pressure and the mechanism by which they signal is still

being refined. Furthermore, the core CD28 family members (CD28, ICOS and CTLA-4)

exist as dimers on the cell surface whereas PD-1 and BTLA exist as monomers (25–27). The

differences in signaling events initiated by monomeric versus dimeric molecules have not

been investigated thoroughly. A monomeric version of CD28 bound CD80 less well and

costimulated T cells less efficiently than the wildtype dimer, suggesting that the dimeric

nature of CD28 contributes to its function (28). However, we have observed that monomeric

or dimeric forms of a chimeric molecule consisting of the murine CD28 extracellular

domain fused to the human PD-1 cytoplasmic tail function equivalently (29).

CD28 family members, including family members whose heritage is in dispute, have no

intrinsic enzymatic activity; rather, their tails serve as adaptors for signaling molecules

recruited to the membrane following phosphorylation of tyrosine residues present within the

tails. Thus, the sequence and presumably the position of the various tyrosine-based motifs

ultimately determine how CD28 family members alter a T cell’s response to antigen. Human

CD28, ICOS and CTLA-4 all have Src homology 2 (SH2)-binding (YxxM) motifs located in

the center of their cytoplasmic tails (Fig. 1A). CD28 has two SH3-binding domains (PxxP),

CTLA-4 has only one, and ICOS completely lacks an SH3-binding domain. PD-1 and

BTLA, on the other hand, contain neither SH2 nor SH3 binding motifs (Fig. 1B). Similarly,

CD28 has one Grb2-binding site (YxN) and BTLA has two, but Grb2-binding motifs are

absent from the tails of all other family members. Furthermore, whether the motifs within

the BTLA cytoplasmic tail actually recruit Grb2 or related molecules, or whether they are

even important for BTLA function, is unclear (30,31). In contrast, the importance of the

Grb2 site for CD28 signaling is well documented (32–36).

PD-1 and BTLA do share a similar arrangement of tyrosine-containing immunoreceptor

motifs not found in other CD28 family members: an immunoreceptor tyrosine-based

inhibition motif (ITIM), defined as V/I/LxYxxL, followed by an immunoreceptor tyrosine-

based switch motif (ITSM), defined as TxYxxL (Fig. 1B). Interestingly, the CD33-related

Siglec family shares precisely this arrangement (Fig. 1C). Members of the CD33-Siglec

family are expressed on the surface of the majority of immune cells as well as on cells in the

central nervous system (37). Like PD-1 and BTLA, Siglec family members are thought to

deliver a negative signal to counterbalance immunoreceptor tyrosine activation motif

(ITAM)-positive signaling. Moreover, like PD-1 and BTLA, the Siglec family is evolving

rapidly within mammalian species. Our closest evolutionary relative, the common

chimpanzee (Pan troglodytes) expresses Siglec family members on T cells, whereas humans

do not. Siglec expression limits chimpanzee T-cell expansion and is thought to contribute to

the differential severity of T-cell-mediated diseases, such as acquired immunodeficiency

syndrome and chronic active hepatitis, between humans and chimpanzees (38). The spacing

between the ITSMs and ITIMs also appears to be conserved between the CD33-like Siglec

family members and PD-1, suggesting that this spacing also may be important for function.

Thus, the cytoplasmic tails of PD-1 and BTLA have much more in common with the Siglec
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family than the CD28 family, and signal transduction comparisons with the Siglec family

will likely lead to greater insight into how PD-1 and BTLA function to limit T-cell

expansion. Other molecules such as CD31 (Fig. 1D) also have a single ITIM and ITSM

within their cytoplasmic tail so it will interesting to see if the mechanism of signaling is

similar in all of these ITIM- and ITSM-containing receptors.

PD-1 signaling keeps T cells on a diet

While T-cell receptor (TCR) engagement orchestrates the changes in the T-cell gene

expression profile, which enable a T cell to transform from perhaps the most quiescent cell

in the body to an actively expanding immune effector (39–40), TCR engagement does not

instruct T cells to uptake the necessary fuel (glucose) required for cell division and effector

function (41). Costimulation, by activating phosphatidylinositol 3-kinase (PI3K) and its

downstream target Akt, leads to increased expression of glucose transporters on the plasma

membrane and general upregulation of glycolytic enzyme activity (42). Many receptors that

promote cell growth and division, including CD28 and ICOS, bind the regulatory subunit of

PI3K upon activation. This binding recruits the catalytic subunit of PI3K to the membrane,

resulting in PI3K enzymatic activity. In the case of CD28 and ICOS, recruitment and

activation of PI3K appears to be essential for their costimulatory activity (43). Thus,

blocking PI3K activation would efficiently prevent T-cell activation because it would deny

the cell the resources required for division, effector function, and differentiation.

To determine whether PD-1 engagement altered the CD28-mediated activation of PI3K, we

assessed the ability of immunoprecipitated receptors to phosphorylate exogenous

phosphatidylinositol. Primary human CD4+ T cells were preactivated with

phytohemagglutinin (PHA) and IL-2 for three days to upregulate cell-surface expression of

CTLA-4 and PD-1. CTLA-4 was included as a control, to determine if PI3K targeting was

unique to PD-1-signal transduction. These preactivated T cells were stimulated with

magnetic beads coated with anti-CD3, anti-human CD28, and anti-major histocompatibility

complex (MHC) class I antibodies (CD3/h28/MHC I-coated beads), and then the same

antibody-coated magnetic beads were used to immunoprecipitate signaling complexes

associated with the respective cytoplasmic tails from cell lysates. CD28 costimulation

resulted in a strong induction of PI3K activity detected in immunoprecipitates in agreement

with previous reports (44). Stimulation of cells with CD3/h28/CTLA-4-coated beads

resulted in precipitation of similar amounts of PI3K activity, indicating that CTLA-4 ligation

does not inhibit PI3K signaling (Fig. 2) (45). In contrast, PD-1 engagement blocked the

induction of PI3K activity. Since PI3K is required to activate Akt, the PD-1-mediated

inhibition of PI3K activation is likely to be the major reason for the lack of Akt activation in

cells following PD-1 ligation (45). Of interest, CTLA-4 engagement does interfere with

glucose metabolism by inhibiting Akt phosphorylation through a protein phosphatase 2A-

dependent mechanism (45). This observation suggests that targeting the ability of T cells to

import glucose is a common and effective strategy for controlling T-cell activation.

Even though PD-1 and CTLA-4 ligation efficiently block T-cell responses, the fact that they

target distinct signaling molecules has potentially important implications. Perhaps the most

significant implication is that agents that target PD-1 and CTLA-4 signaling should be

synergistic. Additionally, cells undergoing PD-1 blockade will have a distinct phenotype

from those undergoing CTLA-4 blockade. A comparison of the gene expression profiles of

CD4+ T cells following CTLA-4 or PD-1 ligation reveals that PD-1-mediated signaling

blocks T-cell activation more effectively than CTLA-4-mediated signaling. These data were

quantified by measuring the number of transcripts whose expression levels were altered

substantially (an increase or decrease of greater than fivefold) 24h after stimulation, relative

to their levels in unstimulated T cells. We determined that levels of 517 transcripts were
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altered by CD3/CD28/CTLA-4 ligation, whereaslevels of only 128 transcripts were altered

by CD3/CD28/PD-1 stimulation (45). To place these data in context, we compared them

with data we previously generated comparing gene expression profiles of CD3/MHCI-,

CD3/CD28-, and CD3/CD28/CTLA-4-stimulated cells (39). In that instance, the levels of

447 transcripts were altered at least fivefold by CD3/CD28/CTLA-4 stimulation, thus

indicating that the results of these identically performed studies are directly comparable.

CD3/MHC I stimulation resulted in altered levels of 238 transcripts; while after CD3/CD28

costimulation, expression levels of 1,427 transcripts were altered by this fivefold threshold.

Therefore, CTLA-4 engagement reduced the number of transcripts that were regulated

fivefold or more by CD3/CD28 costimulation by approximately 67%, while CD3/CD28/

PD-1 engagement reduced the number of regulated transcripts by approximately 90%. PD-1

appears to be a more effective, or at least a more global, negative regulator of T-cell

activation. Of note, the cell-survival gene Bcl-xL was upregulated following ligation of

CTLA-4 (46), but not PD-1 (45), suggesting that PD-1 stimulation may render T cells more

susceptible to apoptosis. The importance of targeting Akt and glucose metabolism by

negative regulators of T-cell activation is underscored by the observations that IL-2 can

override the effects of PD-1 ligation (47). IL-2 signaling triggers Akt activation via signal

transducer and activator of transcription 5 signaling (48) and thus can bypass the blockade

of TCR/costimulatory-mediated Akt activation.

A single mutation renders PD-1 non-functional

To identify the domains within the PD-1 cytoplasmic tail that are essential for inhibitory

activity, we established a model to study PD-1 signaling in primary T cells by fusing the

extracellular domain of murine CD28 (mCD28) to the human PD-1 cytoplasmic tail. This

fusion permitted us to distinguish between introduced and endogenous PD-1 cytoplasmic

tails. Stimulation of T cells expressing this chimeric signaling construct with an anti-mCD28

antibody inhibited the IL-2 production, Akt phosphorylation, and T-cell proliferation

associated with costimulation with anti-human CD3 and CD28 (29). Therefore, this model

faithfully recapitulated PD-1’s T-cell inhibitory functions. Next, we measured the

contribution of the PD-1 ITIM and ITSM to this inhibition. We generated chimeric signaling

constructs containing tyrosine to phenylalanine point mutations disrupting the ITIM

(Y223F), ITSM (Y248F), or both (Y223F/Y248F). These constructs were introduced into

primary human CD4+ T cells via lentiviral vector-mediated transduction, and the transduced

cells were maintained in culture until their cell volume (size) declined to near resting T-cell

levels. Each cell population was then restimulated with magnetic beads coated with CD3/

MHC I, CD3/h28/MHC I, CD3/h28/mCD28 or CD3/h28/PD-1 antibodies, and Akt

phosphorylation was monitored by western blot. No Akt phosphorylation was observed in

unstimulated cells, but a modest induction of Akt-P was observed in anti-CD3/MHC I-

restimulated cells. Phosphorylation of Akt was augmented considerably by the presence of

anti-CD28 during restimulation. However, Akt phosphorylation was substantially reduced in

cells restimulated with CD3/h28/PD-1 coated beads, indicating that engagement of the

endogenous PD-1 receptor suppressed Akt phosphorylation in all transduced populations.

This pattern of Akt phosphorylation was observed in all four cell populations, allowing us to

evaluate the effect of the various PD-1 cytoplasmic-tail mutants in a side by side manner.

Cells transduced with the mCD28/PD-1 wildtype construct and subsequently restimulated

with CD3/h28/mCD28 coated beads contained substantially reduced levels of Akt

phosphorylation compared to the same cells restimulated with CD3/h28/MHC class I-coated

beads, validating this model for structure/function analyses of the PD-1 cytoplasmic tail.

Cells transduced with mCD28/PD-1 Y223F behaved in a similar manner to those transduced

with the mCD28/PD-1 wildtype construct, i.e. they contained diminished levels of Akt-P,

indicating that the ITIM is not required to inhibit Akt phosphorylation. In contrast, in cells

transduced with the mCD28/PD-1 Y248F construct or cells transduced with the double
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mCD28/PD-1 Y223F/Y248F construct, restimulation with CD3/h28/mCD28-coated beads

resulted in high levels of phosphorylated Akt. These results indicate that factors binding to

the ITSM within the PD-1 cytoplasmic tail mediate PD-1 suppression of PI3K/Akt

activation and T-cell expansion. The requirement for an intact ITSM for PD-1 function was

initially shown using an FcγRIIB extracellular domain in a murine B-cell line (49),

suggesting that this motif is required in multiple species and cell types.

SHP-1 and/or SHP-2: that is the question

To identify signaling proteins who’s binding to the PD-1 cytoplasmic tail correlates with

their ability to suppress T-cell activation, we introduced mCD28/PD-1 wildtype, mCD28/

PD-1 Y223F, mCD28/PD-1 Y248F, and mCD28/PD-1 Y223F/Y248F chimeric receptors

into primary human CD4+ T cells. Following stimulation with pervanadate to maximally

phosphorylate the tyrosines within the PD-1 cytoplasmic tail, the chimeric receptors were

immunoprecipitated and associated molecules were identified by western blot using a

phosphotyrosine-specific antibody. We found that in addition to the phosphorylated

chimeric receptor, which migrates at ~50kDa, only one other band, corresponding to an

~70kDa tyrosine-phosphorylated protein(s), was immunoprecipitated by the mCD28

antibody from cells transduced with the mCD28/PD-1 WT construct. This complex was still

present in precipitates from cells expressing a PD-1 cytoplasmic tail with a mutant ITIM, but

was severely reduced in cells expressing the mCD28/PD-1 Y248F. This complex was absent

in cells transduced with the double mutant mCD28/PD-1 Y223F Y2248F construct,

indicating that the formation of this complex was dependent upon the PD-1 ITSM. Also, the

formation of this ~70 kDa PD-1-associated complex correlated with the ability of PD-1

ligation to regulate T-cell expansion and IL-2 production, making it a strong candidate for a

factor(s) mediating PD-1 signaling. Others have found that SHP-2 is recruited to the PD-1

cytoplasmic tail in a B-cell line (49) and in Jurkat T cells (50). To evaluate whether this

might also be the case in primary human T cells, we probed for SHP-2 and demonstrated

that at least one component of this 70kD complex is SHP-2. SHP-1 also interacts with PD-1

in a modified yeast two-hybrid screen (51), making it another potential candidate for

interaction with the PD-1 cytoplasmic tail. To determine whether SHP-1 was recruited to the

PD-1 cytoplasmic tail in primary human CD4+ T cells, we probed for SHP-1 in these same

immunoprecipitates and observed that, like SHP-2, SHP-1 was also recruited to the PD-1

cytoplasmic tail. Structural mapping demonstrated that SHP-1 also bound the PD-1 ITSM,

suggesting that the requirements for SHP-1 and SHP-2 binding to the PD-1 cytoplasmic tail

overlap. In contrast, using an analogous system in a B-cell tumor line, Okazaki et al. (52)

did not detect SHP-1 binding to PD-1, indicating that PD-1 signaling may differ between B

and T cells and/or primary and transformed cells.

SHP-1 and SHP-2 are structurally related protein tyrosine phosphatases (PTPs) that each

contain two N-terminal SH2 domains, a classic PTP domain and a C-terminal tail that harbor

sites for tyrosine phosphorylation (53,54). A SH2 domain is an ~100 amino acid sequence

that binds phosphorylated tyrosines. The specificity of each SH2 domain is largely

determined by the three amino acids upstream of the tyrosine (55). The enzymatic activity of

SHP proteins is negatively regulated by their own SH2-binding domain. When SHP proteins

encounter an SH2-binding motif on a cytoplasmic tail, this inhibition is removed, and the

attached SHP molecules are free to dephosphorylate nearby sequences recognized by their

PTP domain (55). While many receptors (including PD-1) recruit both SHP-1 and SHP-2,

there are clearly differences in their in vivo function and there is little evidence for

functional redundancy. Thus, the cis factors that recruit SHP-1 and SHP-2 to a receptor are

likely to be similar, but the downstream targets of SHP-1 and SHP-2 are likely to be

different (54).
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All of the data gathered to date indicate that SHP-1 functions as a negative regulator of cell

activation. Mice deficient in SHP-1 expression (the naturally occurring motheaten

phenotype has been studied in detail) are characterized by spotty hair loss and abnormalities

in phagocytic leukocytes, which mediate inflammatory pathophysiology resulting in the

motheaten mouse’s death 2–3 weeks after birth (56). SHP-1 expression is largely confined

to cells of hematopoietic lineage (57). Thymocytes from SHP-1 deficient mice have

prolonged phosphorylation of the TCR/CD3 complex, increased activation of Lck, Fyn, and

other proximal TCR-signaling components, and they are hyper-responsive to TCR signaling

(58–60). The role of SHP-2 within T cells is much less clear. SHP-2 is ubiquitously

expressed and SHP-2 deficiency is embryonic lethal in mice (25). In most cases, SHP-2

plays a positive role in cell activation. SHP-2 can act as an adapter to recruit IRS to the

insulin receptor (61) and Grb2 to both the platelet-derived growth factor receptor (62) and

erythropoietin receptor (63). SHP-2 can also dephosphorylate and hence inactivate multiple

negative regulators of cell activation. In particular, SHP-2 appears necessary for optimal

induction of the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated

kinase (Erk) pathway as a phosphatase-dead mutant of SHP-2 interferes with epidermal

growth factor, insulin and hepatocyte growth factor receptor signaling (63–65). While much

of the research on SHP-2 focuses on how it enhances cell activation, there is evidence that

SHP-2 activation is involved in negative regulation of growth hormone and IL-6 signaling

(66,67) and natural killer (NK)-cell activation (68), suggesting that SHP-2 is also a viable

candidate to mediate PD-1 immunosuppressive functions. Most proteins that bind SHP-1

and SHP-2 contain multiple ITIMs. Whether these motifs work cooperatively or

independently to recruit these phosphatases is currently unknown. To date, it has proven

difficult to determine whether SHP-1, SHP-2, or both SHP-1 and SHP-2 (or neither) are

required for PD-1 function. Since SHP-1 and SHP-2 bind the same sequence within the

PD-1 cytoplasmic tail, it is not possible to preferentially inhibit binding of either SHP.

Targeting SHP-1 and SHP-2 expression via knockout mice, small interfering RNA (siRNA),

or small molecule inhibitors is possible, but the difficulty then is to determine whether any

observed phenotype is a direct result of loss of PD-1 activity or a secondary effect resulting

from the disabling of another inhibitory receptor. There are over 100 receptors that contain

ITIM and/or ITSM sequences (69) and loss of SHP-1 and/or SHP-2 will also affect these

signaling proteins. For instance, as described above, mature T cells from SHP-1-deficient

(motheaten) animals are viable but are also hyperresponsive. Thus, the inability of PD-1

engagement to block motheaten mouse T-cell proliferation could indicate that SHP-1 is

required PD-1 function, or alternatively, it could indicate that PD-1 can only block T-cell

activation in T cells with much lower thresholds for activation. Similarly, while SHP-1 binds

to FcγRIIB, it has been demonstrated that this binding is not required for FcγRIIB

inhibitory activity (70). Thus, assays linking factor recruitment and activation with

biological readouts are required to determine the role of the SHPs in PD-1-mediated signal

transduction. Moreover, current models of SHP-1 and SHP-2 binding and activation

envision individual SH2 domains binding discrete phosphorylated ITIMs. We and others

have shown that PD-1 is quite functional when it contains just a single tyrosine molecule

(29,49). Likewise, BTLA retains full inhibitory function when just one of its four tyrosine

residues is present (31). These data force us to consider other models. The NK inhibitory

receptor 2DL4 (CD158d) contains only one ITIM in its cytoplasmic tail and it is able to

effectively block NK responses (68). This receptor recruits SHP-2, but not SHP-1, to its

cytoplasmic tail, reinforcing the finding that SHP-1 requires two phosphotyrosine motifs for

efficient binding and activity (71). This observation would seem to support the notion that

PD-1 does indeed recruit SHP-2. On the other hand, the ITSM is required for SHP-1 but not

SHP-2 recruitment in Siglec cytoplasmic tails, consistent with the notion that SHP-1 may be

the main effector in PD-1-mediated signaling (72). These uncertainties suggest the existence

of additional levels of complexity in PD-1 signaling. For example, the ITSM in CD150

recruits SHP-2 upon receptor engagement. However, in the presence of the small adaptor

Riley Page 7

Immunol Rev. Author manuscript; available in PMC 2012 August 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



molecules SH2 domain protein 1A (SH2D1A) or Ewing’s sarcoma/ Friend leukemia virus

integration 1-activated transcript 2 (Eat2) (73), the ITSM recruits SHIP to CD150, and

hence, it is able to ‘switch’ which molecules it recruits based on the presence or absence of

SH2D1A. In contrast to the CD150 ITSM, the PD-1 ITSM appears to be unable to bind

SH2D1A, suggesting that there is heterogeneity in the mechanism by which ITSMs signal.

However, other heretofore uncharacterized adaptor molecules may also play critical roles in

binding of cofactors to the ITSM within the PD-1 cytoplasmic tail.

It should be stressed that the presence of an ITIM and/or ITSM does not signify that SHP-1

and/or SHP-2 are recruited under physiologic conditions. As stated above, there are no

published findings in which SHP-1 and/or SHP-2 are recruited to the PD-1 cytoplasmic tail

under physiologic conditions. SH2-containing inositol phosphatase (Ship) also binds to

ITIMs and can inhibit PI3K activity (74). We did not observe Ship recruitment upon

pervanadate treatment (J. M. Chemnitz and J. L. Riley, unpublished data) but perhaps under

physiologic stimuli it is recruited to the PD-1 cytoplasmic tail. Another candidate is C-

terminal Src kinase (Csk) (75). Leukocyte-associated Ig-like receptor-1 (LAIR) can recruit

SHP-1 and SHP-2 (51,76,77) but in cells that naturally lack both SHP-1 and SHP-2 this

receptor still has inhibitory activity (78). By using a yeast tri-hybrid system, phosphorylated

LAIR was found to bind Csk, suggesting that it plays a role in LAIR-mediated inhibition

(78). ILT2 (CD85j) is another receptor that recruits Csk to an ITIM (79). Thus, SHP-1 and

SHP-2 are only two of a wide array of signaling molecules that could potentially bind to the

PD-1 tail. Satisfactory resolution of these questions will require the development of better

models.

Cell-specific effects of PD-1 signaling?

Resting T cells from healthy individuals express barely detectable levels of PD-1 on their

cell surface. However, when PD-1 is engaged on these cells, the earliest events in T-cell

activation are blocked, including PI3K activation (29,45). This suggests that PD-1 is a

highly effective negative regulator of T-cell activation even when modestly expressed on the

T-cell surface, cautioning against correlations between expression levels and PD-1 function.

Yet, as described above, PD-1 is significantly upregulated in exhausted T cells, and

interfering with PD-L1 and PD-1 interactions does restore some aspects of T-cell function in

exhausted T cells (5,80–82). Whether higher expression levels of PD-1 lead to the triggering

of distinct signaling pathways or whether additional PD-1 engagement leads to ‘more of the

same’ signaling is currently unknown. Given the differences in the outcome of PD-1

signaling on naive cells (prevention of T-cell activation) and exhausted T cells (progressive

loss of effector functions) it is interesting to entertain the idea that distinct PD-1-mediated

signaling pathways could be triggered in distinct cell types. SHP-1 was recently shown to be

a digital regulator of T-cell activation (83). That is, modest changes in its expression level

were able to influence whether a particular T cell responded to antigen. Thus, one

prediction/implication of the model proposed by Feinerman et al. (83) is that as a T cell

differentiates from naive to effector to memory and/or exhausted phenotypes, the relative

level of SHP-1 may change. For instance, SHP-1 may be relatively high in naive T cells but

lower in effector and memory cells and it is interesting to speculate about SHP-1 expression

levels in exhausted cells. Perhaps in naive T cells SHP-1 is able to outcompete SHP-2 for

binding to the PD-1 cytoplasmic tail, and this binding results in attenuation of T-cell

activation. Thus, even though there is less PD-1 on the cell surface, the overall effect of

PD-1 ligation on T-cell activation would be more severe because SHP-1 is an efficient

inhibitor of T-cell activation. As the T cell differentiates into an exhausted T cell, perhaps

the relative ratio of SHP-1 and SHP-2 changes, or the elevated expression of PD-1 on the T-

cell surface allows more recruitment of SHP-2. The consequences of SHP-2 signaling may

trigger chromatin changes so that the promoter regions of IL-2, TNF-α, and IFN-γ become
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progressively less accessible to transcription factors. This change in the relative recruitment

could explain the distinct outcomes of PD-1 ligation in naive and exhausted T cells.

Likewise, excess PD-1 and other inhibitory receptors could provide more targets than SHP-1

or SHP-2 can bind, perhaps allowing other signaling molecules to bind and trigger distinct

signaling pathways. Similarly, distinct outcomes of PD-1 ligation may occur in B cells (49),

myeloid cells, and T regulatory cells. Once more physiologic models of PD-1 signal

transduction are available, it should be relatively straightforward to formally test these

hypotheses.

Improved models to study PD-1 signaling

Transfected, transformed cell lines have been the workhouse of signaling studies because

they are easy: easy to culture, easy to transfect, and easy to share among different

laboratories. However, within the last several years it has become apparent that Jurkat and

other T cell lines have many drawbacks for studying costimulatory pathways (84). In a gene

array study, we found that within the first two hours of stimulation, Jurkat T cells

upregulated 93 transcripts when stimulated with anti-CD3 antibody, and 148 transcripts

when stimulated with anti-CD3 and anti-CD28 (39). In contrast, primary human CD4+ T

cells upregulated a similar number of transcripts after anti-CD3 antibody stimulation (145),

but after anti-CD3 and anti-CD28 antibody costimulation, we observed that 909 transcripts

were upregulated during the first two hours of activation. Clearly, Jurkat T cells are

impaired in their ability to receive costimulatory signals. Use of transformed cell lines is

even more perilous when studying negative regulators of T-cell activation. Part of the

explanation of why Jurkat T cells are less responsive to CD28 costimulation than primary

cells is that Jurkat T cells are always in cell cycle. Since many of the transcripts altered by

CD28 costimulation help T cells progress past G0 in the cell cycle, these changes are not

observed in cells that are never in G0. Furthermore, transformed cell lines like Jurkat are

defective in signaling molecules such as phosphatase and tensin homolog (PTEN) and Ship

that oppose uncontrolled growth (85,86). We and many others have shown that the main

targets of negative regulators of T-cell activation are cell growth and metabolism

(14,16,42,87). Thus, if a cell is not responsive to signals that limit proliferation and

metabolism, then it is extraordinarily limited as a model for studying negative regulators

such as PD-1. For these reasons, using primary cells for signaling studies is essential for

understanding the function of PD-1 and other negative regulators of T-cell activation.

To date, all studies identifying factors recruited to the PD-1 cytoplasmic tail have been

performed using pervanadate to phosphorylate the PD-1 cytoplasmic tail. Pervanadate, by

inhibiting phosphatase activity, is perhaps the most effective way to recruit phospho-specific

signalling molecules to cytoplasmic tails, but it is highly non-physiologic. In a study

examining factors recruited to the closely related BTLA cytoplasmic tail, we found that both

SHP-1 and SHP-2 bound after pervanadate treatment (31). However, when we used a more

physiologic stimulus, magnetic beads coated with anti-CD3, anti-CD28 and anti-BTLA

antibody, we observed only SHP-1 recruitment. Additionally, mutations that abrogated

SHP-1 recruitment did not impair BTLA function (31). These studies called into question

the role, if any, of SHP-1 and SHP-2 in BTLA function, and ended our use of pervanadate as

a means to initiate signal transduction cascades in primary cells. The use of antibody coated

beads to engage CD3, CD28, and PD-1 is more physiologic than pervanadate, and has the

added benefit that these beads are magnetic and contain no protein that could interfere with

T-cell signal transduction assays, facilitating their use in immunoprecipitation studies (88).

However, the use of antibodies instead of natural ligands results in non-physiologic

engagement of the TCRs, forcing one to titrate the amount of antibody added (especially

anti-CD3 antibody) in order to observe the effects of PD-1 ligation (29). In vivo, dendritic

cells (DCs) are the best APCs for expansion of antigen-specific T cells (89). However, they
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have several limitations that preclude their use in signaling studies. They are not self-

renewing, and they are difficult to culture reproducibly. Furthermore, DCs express so many

costimulatory and coinhibitory molecules that reductionist approaches focusing on the

contribution of individual signaling molecules are difficult, if not impossible. Thus, a self-

renewing, fully defined artificial APC (aAPC) that circumvents these issues would be

useful. We chose the human erythromyeloid chronic myelogenous leukemia cell line K562

as a scaffold for these aAPCs, because they do not express human leukocyte antigen (HLA)

proteins that would promote allogeneic responses, but they do express intracellular adhesion

molecule (ICAM, CD54) and lymphocyte function antigen-3 (LFA-3, CD58), both of which

promote interactions with T cells (90). Additionally, K562 cells are highly susceptible to

lentiviral vector-mediated transduction, permitting the simultaneous introduction of multiple

vectors and thus the rapid generation of ‘customized’ aAPCs (91).

aAPCs can provide the natural ligands for costimulatory and coinhibitory receptors and they

can present antigen via MHC expression. However, to achieve physiologic T-cell

stimulation, signal 1 must be delivered by the TCR-binding peptide-MHC (pMHC) in an

antigen-specific manner. T cell clones can be used, but these cells often lose their effector

functions. Moreover, T cell clones are likely to be less responsive to negative signals and

thus may not be optimal models. A more attractive option would be to use freshly isolated T

cells modified to express TCRs that confer MHC-restricted antigen specificity. We and

others recently reported the generation of human CD8+ T cells transduced with TCRs

recognizing the HLA-A2 restricted human immunodeficiency virus (HIV)GAG-specific

epitope SL9 (amino acids 77 to 85; SLYNTVATL)(92,93). Thus, polyclonal human T cells

can be converted to monoclonal transgenic T cells; enabling antigen-specific activation of

sufficient numbers of human T cells (10–40 million) for the performance of biochemical

studies. The use of the picornavirus-like 2A ‘self-cleaving’ peptide facilitates signal

transduction studies in primary cells, because multiple gene products can be introduced

using a single vector (94). In particular, the use of the 2A sequence permits coordinate

expression of TCRα and TCRβ-chain genes using a single vector and additional genes can

be linked using additional 2A sequences, facilitating more complex signal transduction

assays (95). Fig. 3 illustrates how antibody-free signal transduction assays can be performed

using primary human T cells. We have previously demonstrated that CD8+ T cells

transduced with SL9-specific TCRs proliferate and produce cytokines in response to K562

cells transduced with HLA-A2 and HIV-1GAG (K.A2.GAG) (92). This response is

dependent upon both the expression of HLA-A2 and HIV-1GAG in the aAPC. With this

basic framework in hand, one can modify both the aAPC and T cell to dissect PD-1 signal

transduction pathways. Importantly, introduction of PD-L1 into the aAPC interferes with

this response (Z. Wei and J. L. Riley, unpublished data), validating this system as a means to

study PD-1 signal transduction (Fig. 3A, B). Moreover, additional costimulatory and

coinhibitory molecules could be introduced to determine how these additional signals alter

the PD-1 signal. Additionally, the potential contribution of TCR affinity to PD-1-mediated

signal transduction can be measured by using TCRs with varying affinities for pMHC

(92,96). To determine if PD-1-expression levels alter the composition of signaling

complexes recruited to the PD-1 cytoplasmic tail, PD-1 chimeric receptors under the control

of promoters of varying strength can be transduced into the T cell (Fig. 3C, D). After mixing

the transduced T cells with aAPCs, PD-1 can be immunoprecipitated so that the complexes

binding its cytoplasmic can be examined by western blot. Likewise, fluorescent versions of

SHP proteins could be introduced, as well as a PD-1 molecule that has cyan fluorescent

protein attached to its cytoplasmic tail. With these molecules, microscopy-based assays such

as fluorescence resonance energy transfer (FRET) could be employed to determine whether

SHP-1 and/or SHP-2 are recruited upon PD-1 engagement (Fig. 3E, F). Similar models can

be employed to study murine T cells. Given the more profound effects of PD-1 blockade

observed in murine models when compared to those observed in human models (15), it
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would be interesting to perform side-by-side studies to determine if distinct species-specific

PD-1 signaling complexes are recruited.

Conclusions

PD-1 was initially described as a molecule preferentially expressed in dying cells (1).

Despite a few reports claiming its ligand PD-L1 (B7-H1) was a costimulatory molecule (97),

the initial studies involving PD-1 function and signaling were relatively straightforward,

especially when compared to the other members of the CD28 family (98). However, the

striking overexpression of PD-1 on resting exhausted T cells and the restoration of immune

function in exhausted T cells upon PD-1 blockade (5) forever changed PD-1’s perception as

the easy child of the CD28 family. These findings significantly increased the importance of

understanding how PD-1 functions in normal cells and ushered in a whole new set of

questions including: does PD-1 signal differently in naive, effector, memory or exhausted T

cells; can alterations in PD-1 signaling prevent differentiation or T-cell exhaustion; and how

does PD-1 engagement affect the generation of T-cell effector functions? A full

understanding of PD-1 signal transduction will shed important light on the molecular

mechanisms behind T-cell exhaustion and will potentially reveal ways to overcome T-cell

exhaustion to enable clearance of chronic infection and tumors.
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Fig. 1. Schematic diagram showing the cytoplasmic tail of CD28 and Siglec family members
(A) Dimeric members of the CD28 family. (B) Monomeric and Siglec-like members of the

CD28 family. (C) Members of the Siglec family. (D) Example of non-CD28, non Siglec

member with a single ITIM and ITSM.
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Fig. 2. CTLA-4 and PD-1 target distinct signaling molecules
Both PD-1 and CTLA-4 signaling inhibit Akt activation; however PD-1 ligation inhibits a

more upstream membrane proximal step by blocking PI3K activation. In contrast, signaling

by CTLA-4 preserves PI3K activity allowing expression of certain genes such as Bcl-xL,

but inhibits Akt directly by activation of the phosphatase PP2A.
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Fig. 3. Models to study PD-1 signaling transduction in primary T cells in the absence of
antibodies
(A) T cells transduced with SL9-specific TCRs recognize and respond to base aAPC

expressing HLA-A2 and HIV-1GAG. (B) Introduction of PD-L1 to the aAPC diminishes

antigen-specific responses. (C) Introduction of PD-1 by transduction permits the side by side

study of T cells with varying levels of PD-1. (D) Use of labeled signaling molecules permits

microscope-based localization and functional studies.
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