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The programmed cell death-1 (PD)-1 
receptor (CD279) is a potent T cell 

inhibitor with a critical role in periph-
eral tolerance, but it can also compro-
mise anti-viral and antitumor T cell 
responses. The effects of PD-1 on the 
cell cycle leading to inhibition of T 
cell expansion are poorly understood. 
Recently, we examined the effects of 
PD-1 on the molecular control of the cell 
cycle machinery and on TCR-activated 
signaling pathways that regulate these 
downstream outcomes. Our studies 
showed that PD-1 blocks cell cycle pro-
gression in the G

1
 phase. PD-1 did not 

alter the expression of G
1
 phase cyclins 

or cyclin-dependent kinases (Cdks) but, 
instead, suppressed the transcription of 
SKP2, the substrate recognition compo-
nent of the SCFSkp2 ubiquitin ligase that 
leads p27kip1 to degradation and resulted 
in accumulation of p27kip1. Subsequently, 
T cells receiving PD-1 signals displayed 
impaired Cdk2 activation and failed to 
phosphorylate two critical Cdk2 sub-
strates, the retinoblastoma gene product 
(Rb) and the TGFβ-specific transcrip-
tion factor Smad3, leading to suppres-
sion of E2F target genes but enhanced 
Smad3 transactivation. These events 
resulted in upregulation of the Cdk4/6 
inhibitor p15INK4B and repression of the 
Cdk-activating phosphatase Cdc25A. 
The suppressive effect of PD-1 on Skp2 
expression was mediated by inhibition of 
both PI3K/Akt and Ras/MEK/Erk path-
ways and was only partially reversed by 
IL-2, which restored activation of MEK/
Erk but not Akt. Thus, PD-1 targets Ras 
and PI3K/Akt signaling to inhibit tran-
scription of Skp2 and to activate Smad3 
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as an integral component of a pathway 
that regulates blockade of cell cycle pro-
gression in T lymphocytes. Here, we 
discuss the detailed sequence of these 
signaling events and their implications 
in mediating cell-intrinsic and -extrinsic 
mechanisms that inhibit proliferation 
of T effector cells in response to PD-1-
mediated signaling.

The PD-1/PD-L Pathway in the 
Regulation of T Cell Responses

Maintenance of peripheral tolerance is 
essential for homeostasis of the immune 
system. While central tolerance mecha-
nisms result in deletion of the majority of 
self-reactive T cells, some T lymphocytes 
specific for self-antigens escape this pro-
cess and circulate in the periphery.1 To 
control the development of autoimmu-
nity, multiple mechanisms of peripheral 
tolerance have evolved, including T cell 
anergy, deletion and suppression by regu-
latory T cells (Treg).2 The pathway con-
sisting of the programmed death-1 (PD-1) 
receptor (CD279) and its ligands, PD-L1 
and PD-L2 (B7-DC; CD273), is a newer 
pathway in the B7-CD28 family and reg-
ulates the balance between stimulatory 
and inhibitory signals needed for effective 
immunity and the maintenance of self-
tolerance and T cell homeostasis.3 PD-1, 
initially identified as a gene upregulated in 
a T cell hybridoma undergoing cell death,4 
is upregulated on T cells upon activation 
via the T cell receptor. Besides T lympho-
cytes, PD-1 expression is induced upon 
activation of natural killer T (NKT) 
cells, B cells, monocytes and certain sub-
sets of dendritic cell (DC).5 The ligands 



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

4306	 Cell Cycle	V olume 11 Issue 23

We examined the effects of PD-1 on 
the regulation of cell cycle progression in 
primary human CD4+ T cells in response 
to growth signals mediated through 
stimulation of the T cell receptor (TCR)/
CD3 complex and the CD28 costimula-
tory pathway.27 We determined that PD-1 
signaling induced blockade of cell cycle 
progression in G

1
 phase by increasing the 

abundance of the Cdk inhibitors p27kip1 
and p15INK4B while suppressing expression 
of the gene encoding the Cdk-activating 
phosphatase Cdc25A. We further inves-
tigated how PD-1 altered TCR-proximal 
signaling events lead to these specific out-
comes on the molecular components of the 
cell cycle machinery. Our studies showed 
that ligation of PD-1 during the stimula-
tion of T cells through TCR-CD3 and 
CD28 inhibited activation of the PI3K-Akt 
and Ras-MEK/ERK pathways and blocked 
the expression of the gene encoding Skp2, 
the substrate-recognition component of the 
SCFSkp2 ubiquitin ligase, which mediates 
degradation of p27kip1, resulting in accu-
mulation of p27kip1 and inhibition of Cdk2. 
Because of the impaired activity of Cdk2, 
T cells stimulated through PD-1 not only 
displayed decreased phosphorylation of 
Rb, but also failed to phosphorylate the 
checkpoint inhibitor Smad3 on the Cdk2-
specific site, leading to enhanced Smad3 
transcriptional activity, which resulted in 
the increased abundance of p15INK4B and 
the abrogation of the Cdk-activating phos-
phatase Cdc25A.

cyclin A at the S phase. Cyclins associate 
with specific cyclin-dependent kinases 
(Cdks), which provide enzymatic activity 
to the cyclin-Cdk holoenzyme complexes 
and are inhibited by Cdk inhibitors. 
D-type cyclins associate with Cdk4 and 
its homolog Cdk6, whereas cyclin E and 
cyclin A associate with Cdk2. p27kip1, a 
member of the Kip/Cip family of Cdk 
inhibitors is abundantly expressed in T 
cells and interacts with Cdk2. Through 
this interaction, p27kip1 inhibits activation 
of cyclin E-Cdk2 and cyclin A-Cdk2 com-
plexes.23,24 Although p27kip1 also associates 
with cyclin D-Cdk4 (or cyclin D-Cdk6), 
this interaction does not induce inhibition 
of cyclin D-associated enzymatic activity, 
but instead functions to sequester p27kip1, 
thereby facilitating cyclin E-Cdk2 acti-
vation.25 p15INK4B, a member of the INK 
family of the cdk inhibitors, selectively 
suppresses the enzymatic activity of the 
cyclin-Cdk complexes operative at the G

1
 

phase. In contrast to their inhibition by 
the Cdk inhibitors, Cdks are positively 
regulated by the tyrosine phosphatase 
Cdc25A, which reduces the extent of Cdk 
tyrosine phosphorylation that has a nega-
tive effect on their enzymatic activation.26 
Cdks promote cell cycle progression, in 
part, by phosphorylating the transcrip-
tion factor Rb and related pocket proteins, 
thereby reversing their ability to seques-
ter E2F transcription factors, which then 
leads to the expression of E2F-regulated 
genes.23

for PD-1, PD-L1 (also known as B7-H1) 
and PD-L2 (also known as B7-DC) have 
distinct expression patterns6-9 PD-L1 is 
constitutively expressed in low levels on 
APCs (DCs, macrophages and B cells) 
and is further upregulated upon activa-
tion. PD-L1 is also induced on activated 
T cells6,10 PD-L1 is expressed on a wide 
variety of nonhematopoietic cell types, 
including vascular endothelial cells, pan-
creatic islet cells and at sites of immune 
privilege including the placenta, testes 
and eye. In contrast, expression of PD-L2 
is induced primarily on DCs and macro-
phages upon activation.5

Due to its cell-specific and tissue-spe-
cific distribution, PD-1 exerts its effects 
during the initial phase of activation and 
expansion of autoreactive T cells by atten-
uating self-reactive T cells during presen-
tation of self-antigen by dendritic cells 
(DCs).11,12 PD-1 also inhibits the functions 
of self-reactive effector T cells against non-
hematopoietic tissues and mediates tissue 
tolerance by suppressing tissue-reactive 
T cells and protecting against immune-
mediated tissue damage.13,14 In contrast to 
its important beneficial role in maintain-
ing T cell homeostasis, PD-1 mediates 
potent inhibitory signals after ligation 
with PD-1 ligands expressed on malignant 
tumors that prevent the expansion of T 
effector cells and have detrimental effects 
on antitumor immunity.15-18 Moreover, 
expression of PD-1 by “exhausted” virus-
specific T cells that are characteristic of 
chronic viral infections prevents the pro-
liferation and function of virus-specific T 
effector cells and clearance of the virus.19-22 
Because PD-1 has a potent antiprolifera-
tive function, we sought to determine how 
PD-1 affects the molecular events of the 
cell cycle machinery, thereby leading to 
blockade of T cell proliferation.

Effects of PD-1  
on the Molecular Components  

of the Cell Cycle Machinery

Cell cycle progression is a tightly regulated 
process that depends on the expression 
and activation of positive and negative 
regulators of the cell cycle machinery. 
Expression of D1-type cyclins occurs dur-
ing entry into G

1
 phase, induction of cyclin 

E at the late G
1
 phase and expression of 

Figure 1. PD-1 affects multiple signaling pathways and functional outcomes by inhibiting Cdk2.
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to receive TGFβ signals. TGFβ sig-
nals are initiated through the type I and 
type II transmembrane serine/threonine 
kinase receptors. TGFβ binds and brings 
together the type I and type II receptors. 
In the resulting complex, the constitutively 
active TGFβ type II receptor phosphory-
lates and activates the type I receptor, 
which then transduces the signal to 
downstream components.36 Surprisingly, 
our studies revealed that PD-1 did not 
induce increases in TGFβ production 
or in the abundance of TGFβ receptors. 
Instead, PD-1 inhibited Cdk2-mediated 
phosphorylation of Smad3 and resulted in 
an enhanced Smad3 transactivation in a 
TGFβ-independent manner. Thus, PD-1 
synergizes with TGFβ-mediated signaling 
at a level distal to the TGFβ receptor and 
regulates TGFβ-specific transcriptional 
events by directly regulating the function 
of Smad3.

Our findings provided molecular 
and biochemical explanation for the 
reduced threshold of TGFβ-mediated 
conversion of Treg cells when PD-1 sig-
nals are present and for the lack of iTreg 
cell conversion after adoptive transfer 
of wild-type, naïve T cells into PD-L1-/-

PD-L2-/- Rag2 recipients, which developed 

its antiproliferative function.34 Inhibition 
of Cdk2 activation by PD-1 may lead to 
differential phosphorylation of such Cdk2 
substrates, resulting in a distinct program 
of gene expression, differentiation and 
function of T cells. Thus, due to altering 
such functions of Cdk2, PD-1 may regu-
late T cell tolerance and homeostasis by 
reprogramming transcriptional and epi-
genetic events independently of its role as 
an inhibitor of cell cycle progression.

Synergistic Signaling  
between PD-1 and TGFβ

Previous work indicated that PD-1 reduces 
the threshold of TGFβ-mediated signals, 
thereby synergizing with TGFβ to pro-
mote the conversion of naïve T cells into 
inducible Treg (iTreg) cells. Specifically, 
PD-1 can mediate the formation of iTregs 
in the presence of minimal amounts of 
TGFβ or even in the absence of exog-
enous TGFβ.35 On the basis of those find-
ings and our results showing that PD-1 
induced arrest at the G

1
 phase of the cell 

cycle, we postulated that PD-1 might pro-
mote TGFβ production or enhance the 
abundance of TGFβ receptors, thereby 
increasing the ability of CD4+ T cells 

Our results identified the mechanism 
by which PD-1 inhibits cell cycle pro-
gression but also revealed unexpected 
molecular targets via which PD-1 might 
affect the fate of T cells by regulating 
Cdk2. Cdk2 is involved in many signal-
ing pathways and functional outcomes 
(Fig. 1). In conjunction with cyclin E, 
Cdk2 phosphorylates p27kip1, resulting in 
ubiquitin-targeted degradation of p27kip1, 
which regulates not only cell cycle pro-
gression, but also cell motility and migra-
tion.28 Cdk2 promotes phosphorylation of 
Rb on specific sites, thereby reversing its 
ability to sequester E2F.23 Cdk2-mediated 
phosphorylation of Rb also impacts the 
interactions of Rb with histone deacety-
lases and other chromatin remodeling 
proteins.29,30 Cdk2-cyclin E also phos-
phorylates a number of substrates, which 
affect histone gene expression, centrosome 
duplication and replication origin licens-
ing.31,32 Cdk2 directly regulates expression 
of genes including NFκB, Sp1, p300/CBP 
and subunits of the RNA polymerase.33 
Cdk2 also phosphorylates Smad3 and 
antagonizes its antiproliferative function 
induced by TGFβ, whereas impaired 
phosphorylation on the Cdk-specific sites 
renders Smad3 more effective in executing 

Figure 2. PD-1 inhibits T effector cells via cell intrinsic and extrinsic mechanisms by enhancing transactivation of Smad3.
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findings also open new avenues to inves-
tigate the consequences of PD-1-mediated 
signals on T cell reprogramming by regu-
lating cell cycle-independent functions of 
Cdk2 and Rb, which will have significant 
implications on the fate and function of 
T cells.
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which is critical for β-TrCP binding.41-43 
The checkpoint kinase Chk1 can phos-
phorylate serine 75, 76 and 123.41,44-46 
The MAP kinase p38 can phosphorylate 
serine 75 and 123,47 while Smad3 has 
been reported to regulate phosphoryla-
tion of Cdc25A on serine 79 and serine 
82, although the precise mechanism 
remains unclear.48

Very little is known about how Cdc25A 
is regulated by physiologic mechanisms 
involved in T cell responses. A previ-
ous study performed in T cells indicated 
that IL-3 or IL-7 withdrawal activates 
p38 MAPK resulting in phosphorylation 
of Cdc25A on serine 75 and serine 123, 
triggering its degradation.49 In that study, 
ubiquitin-targeted degradation of Cdc25A 
was considered the primary mechanism 
by which the abundance of the protein 
was controlled, but the effects of cyto-
kine withdrawal on Cdc25A transcription 
were not addressed. Our recent findings 
revealed that in primary human CD4+ T 
cells, Cdc25A is regulated by both tran-
scriptional and post-translational mecha-
nisms.27 We determined that transcription 
of Cdc25A is upregulated during T cell 
activation via TCR/CD3 and CD28 and 
that PD-1 inhibits this event. Furthermore, 
PD-1 significantly increases ubiquitin-
mediated degradation of Cdc25A, because 
inhibition of this pathway by the protea-
some inhibitor MG132 resulted in compa-
rable Cdc25A protein expression in T cells 
activated in the presence as in the absence 
of PD-1 signals. Thus, Cdc25A degrada-
tion is also an active mechanism via which 
PD-1 mediates cell cycle arrest. Further 
studies will be required to identify the 
specific ubiquitin ligase involved in ubiq-
uitin-dependent proteasomal degradation 
of Cdc25A in response to PD-1. It is also 
important to determine whether PD-1 has 
a broader role in regulating ubiquitina-
tion and degradation of other signaling 
molecules involved in T cell activation by 
affecting the expression and function of 
ubiquitin ligases with established roles in 
the induction of T cell anergy and mainte-
nance of immune homeostasis, including 
Cbl, Itch and Grail.50

In conclusion, our studies provided 
evidence that PD-1 targets the cell cycle 
machinery by inhibiting transcription 
of Skp2 and by activating Smad3. These 

massive lymphoproliferation.35 Our stud-
ies indicated that direct increase of Smad3 
transactivation due to inhibition of Cdk-
mediated phosphorylation of Smad3 is a 
central mechanism by which PD-1 can 
synergize with TGFβ to facilitate sup-
pression of T effector cells via an intrin-
sic mechanism. In parallel, by synergizing 
with TGFβ signaling on naïve T cells, 
PD-1 promotes the differentiation of Treg 
cells, thereby facilitating suppression of T 
effector cells via an extrinsic mechanism 
(Fig. 2). These results indicate how PD-1 
maintains T cell tolerance and immune 
quiescence via both T cell-intrinsic and 
-extrinsic mechanisms and provides a 
mechanistic understanding for the central 
role of PD-1 as a regulator of T cell toler-
ance and immune homeostasis in vivo.

PD-1 Promotes  
Ubiquitin-Dependent  

Degradation of CDC25A

A striking finding of our studies was 
that PD-1 abrogated Cdc25A both by 
suppressing mRNA and by promoting 
ubiquitin-dependent proteasomal deg-
radation.27 Studies in normal epithelial 
cells and cancer cells lines have shown 
that Cdc25A expression is controlled 
by multilayered mechanisms. The tran-
scription of the Cdc25A gene is posi-
tively regulated in an E2F-dependent 
manner and negatively regulated in a 
TGFβ/Smad-dependent manner.37,38 
The abundance of Cdc25A protein is 
also regulated by ubiquitin-dependent 
proteasomal degradation. Two types of 
ubiquitin ligase (E3) complexes mediate 
ubiquitination of Cdc25A: the anaphase-
promoting complex (APC) and the SCF 
complex.39,40 The APCcdh1 complex medi-
ates degradation of Cdc25A from the exit 
of mitosis through the G

1
 phase of the 

cell cycle. Independently, the SCFβ-TrCP 
complex plays a critical role in Cdc25A 
degradation during proliferation and 
also in response to DNA damage. APC 
recognizes specific KEN box sequences 
of Cdc25A protein and induces phos-
phorylation-independent, ubiquitin-
dependent degradation of Cdc25A. In 
contrast, phosphorylation of Cdc25A on 
serine 76 or serine 75 is a prerequisite for 
subsequent phosphorylation of serine 82, 
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