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NFATc1 Regulates PD-1 Expression upon T Cell Activation1
Kenneth J. Oestreich,* Hyesuk Yoon,* Rafi Ahmed,*† and Jeremy M. Boss2*
PD-1 is a transmembrane protein involved in the regulation of immunological tolerance. Multiple studies have reported an
association between high levels of PD-1 expressed on T cell surfaces and exhaustion in lymphocyte populations when challenged
by chronic viral infections, such as HIV. By using model systems consisting of murine EL4 cells, which constitutively express PD-1,
and primary murine CD8 T cells that express PD-1 upon T cell stimulation, we have identified two tissue-specific hypersensitive
sites at the 5ⴕ CR of the PD-1 locus. Gene reporter assays in CD8 T cells have shown that one of these sites has robust transcriptional activity in response to cell stimulation. Cell treatment with the calcineurin inhibitor cyclosporine A or a NFAT-specific
inhibitor led to a sharp reduction in PD-1 expression in the constitutive and inducible systems. Furthermore, analysis of this region
by chromatin immunoprecipitation assay revealed NFATc1 binding associated with gene activation in EL4 and primary CD8 T
cells. Mutation of the NFATc1 binding site in PD-1 reporter constructs resulted in a complete loss of promoter activity. Together,
these results demonstrate that PD-1 gene regulation occurs in part via the recruitment of NFATc1 to a novel regulatory element
at the pdcd1 locus and provides the molecular mechanism responsible for the induction of PD-1 in response to T cell
stimulation. The Journal of Immunology, 2008, 181: 4832– 4839.

P

rogrammed death-1 (CD279) is a transmembrane protein
that shares homology with the B7/CD28 family of T cell
signaling molecules (1). PD-1 interactions with its ligands
PD-L1 and/or PD-L2 provides a negative regulatory signal to CD4
and CD8 T cells that results ultimately in a phenotype termed T cell
exhaustion (2, 3). Exhausted T cells have lost the ability to combat
invading pathogens, synthesize cytokines, and proliferate (4 – 6). Specific examples include T cell responses toward chronic viral infections
caused by HIV and lymphocytic choriomeningitis virus (LCMV) (7–
11). Molecular blockade of the interaction between PD-1 and its ligands results in the reinvigoration of the exhausted T cell’s effector
functions, enabling cytotoxic action and cytokine release, suggesting
that the PD-1 pathway is reversible (11, 12).
Depending on the model used, genetic studies showed that deletion
of the PD-1 gene ( pdcd1) in mice resulted in the manifestation of
spontaneous autoimmune diseases, including arthritis, gastritis, and
cardiomyopathy (13–15). Other studies have concluded that the PD1/PD-L1 pathway also plays a role in the onset of diabetes and encephalomyelitis in mice (16, 17). In humans, polymorphisms within
pdcd1 have been linked to multiple sclerosis, rheumatoid arthritis,
type 1 diabetes, and systemic lupus erythematosus (18 –21). Additionally, aberrant PD-1 function and/or misregulation have been implicated in aiding tumor evasion from the immune system and playing
a role in graft-vs-host disease (18 –26). These studies suggest that
PD-1 is likely to be critically involved in the development and maintenance of peripheral tolerance.
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PD-1 expression is restricted to cells of the immune system.
Early studies demonstrated that PD-1 was up-regulated in thymocyte populations exposed to apoptotic stimuli (27). PD-1 is expressed on thymocytes at the early double negative and double
positive stages; however, the full significance of PD-1 expression
at these stages is not known. In addition to appearing on the surfaces of exhausted T cells, PD-1 is transiently expressed following
T cell activation.
Upon T cell activation, family members of the NFAT are dephosphorylated and translocate to the nucleus where they can activate target genes (28). Nuclear translocation of NFAT is abrogated by inhibition of the phosphatase activity of calcineurin with
immunophilin-interacting compounds such as cyclosporine A (29 –
31). Examination of cDNA microarray data comparing exhausted,
effector, and memory CD8 T cells showed an increase in NFATc1
(also called NFAT2) expression, suggesting a possibility for its
role in regulating PD-1 transcription (32).
Despite PD-1’s role in immune responses and its association
with disease, little is known about the regulation of this critical
gene. In this study, an unbiased approach was taken to determine
the mechanism of PD-1 regulation during T cell activation as a first
step in understanding the regulatory pathway that controls this
gene during complex immune responses. The results have identified two 5⬘ elements that are hypersensitive to DNase I, function
together to regulate expression following T cell activation, and,
when activated, bear marks of transcriptionally active chromatin.
We also show that one of these elements binds and uses NFATc1
as its critical factor in regulating PD-1 expression following activation. These studies, therefore, describe key elements contributing to the transcriptional regulatory mechanism that initiates and
defines the PD-1 pathway.

Materials and Methods
Cells and culture
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The murine B and T cell lymphoma cell lines A20 and EL4 were obtained
from the American Type Culture Collection. Cells were maintained in
RPMI 1640 supplemented with 5% FBS (HyClone), 5% bovine calf serum
(HyClone), 100 U/ml penicillin/streptomycin, 4.5 g/L glucose, 1.0 mM
sodium pyruvate, and 10 mM HEPES. Primary splenocytes were obtained
from C57BL/6 mice, and CD8 T cells were isolated by negative selection
using a magnetic bead purification kit from Miltenyi Biotec. This process

The Journal of Immunology

4833

FIGURE 1. Analysis of PD-1 transcription in murine
cell lines and primary T cells. A, Expression levels of
pdcd1 transcripts were determined in cell lines by quantitative RT-PCR. Where indicated, EL4 cells were treated
with PMA/ionomycin overnight (⫹P/I). Expression levels
were normalized to quantitative RT-PCR values obtained
for 18 s rRNA. B, CD8 T cells were isolated as described
under Materials and Methods and left untreated or treated
with PMA/ionomycin overnight. Following incubation,
the cells were harvested and the levels of PD-1 mRNA
were determined as above. The data are expressed as fold
PD-1 expression over untreated/control CD8 T cells. Each
experiment was performed a minimum of three times and
SE bars were calculated.

results in CD8 T lymphocyte populations of ⬃95% purity as determined by
flow cytometry. Where indicated, cells were treated with the following: 50
ng/ml PMA (Sigma-Aldrich), 2 mM ionomycin (Sigma-Aldrich), 1 mg/ml
cyclosporine A (CsA)3 (Sigma-Aldrich), and 2 mM cell-permeable VIVIT
(EMD Biosciences).

Mice
C57BL/6 mice were used for these studies and treated and cared for according to approved protocols.

Real-time RT-PCR analysis
RNA was prepared using the RNeasy kit (Qiagen). Two micrograms of
total RNA were used for each reverse transcriptase reaction conducted
using the GeneAmp RNA PCR kit (Applied Biosystems). Real-time PCR
was used to quantify the amount of PD-1 mRNA, and results were normalized to that of 18S rRNA. Each experiment was performed at least three
times, and SE bars were calculated. A list of the primers used in this
manuscript can be found in Supplemental Table I.4

DNase I hypersensitivity assays
DNase I hypersensitivity assays were conducted as described by Lu et al.
(33). In brief, nuclei were isolated from 2 ⫻ 107 cells and treated with
increasing concentrations of DNase I enzyme (Worthington Biochemical).
Following digestion, genomic DNA was isolated and digested with the
appropriate restriction enzymes (NEB). DNA was subjected to gel electrophoresis and subsequent blotting to a nitrocellulose membrane overnight. Following blotting, membranes were hybridized with a gene-specific
radiolabeled probe, and the results were visualized by autoradiography.
The protocol for the PCR-based hypersensitivity assay was adapted
from Schoenborn et al. (34). In brief, nuclei were harvested as above,
treated with increasing concentrations of DNase I, and genomic DNA was
isolated following phenol/chloroform extraction and ethanol precipitation.
Real-time PCR was conducted using PCR amplicons spanning portions of
the PD-1 locus and relative hypersensitivity was determined by quantifying
the level of retained DNA following DNase I treatment. Relative fold
change was normalized to samples that received no DNase I treatment and
a control fragment that remained refractory to DNase I cleavage. These
assays were performed on three individually prepared sets of DNA. The
data were averaged and plotted with SE bars.

Gene reporter assays
The pGL3basic plasmid (Promega) containing the firefly reporter gene was
used in transient transfection transcriptional reporter assays. PCR fragments containing the PD-1 promoter region with CR B or both B and C
were cloned into the vector using an XhoI restriction site. In all assays, the
results were normalized to the signal obtained for an expression vector
constitutively expressing the renilla luciferase gene that was cotransfected.
Transfections were conducted by electroporation in the case of EL4 cells
and by nucleofection (Amaxa) for primary CD8 T cells. At least three
independent experiments were performed, and SE bars were calculated
based on the combined errors from the data obtained in each experiment.
3
Abbreviations used in this paper: CsA, cyclosporine A; ChIP, chromatin immunoprecipitation; CR, conserved region; DHS, DNase I hypersensitive site.
4

The online version of this article contains supplemental material.

Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed as previously described (35). In brief, chromatin was isolated from 4 ⫻ 107 cells. Chromatin was precleared using
protein A beads, and IP with appropriate Abs was conducted overnight.
Anti-H3K9Ac, anti-H3K18Ac, and anti-H3K4me3 were purchased from Millipore. Anti-NFATc1 and anti-NFATc2 were purchased from Santa Cruz
Biotechnology. Following the IP and subsequent washing steps, DNA was
isolated and subjected to real-time PCR analysis and quantitated based on
a standard curve to that primer set. The values for ChIP-immunoprecipitated DNA were normalized to that of input DNA and then plotted as fold
over the normalized values of irrelevant Ab control (anti-TCR). Each ChIP
analysis was performed a minimum of three times from independent chromatin preparations and SE bars were calculated.

EMSAs
Nuclear extracts were prepared from EL4 cells and probes, and binding
reactions were prepared and conducted as described (36 –38). Ab supershifts were conducted with an anti-NFATc1 Ab (Santa Cruz Biotechnology). DNA protein complexes were resolved on 5% polyacrylamide gels
(69:1 :: acrylamide:bisacrylamide) in a taurine-based gel buffer system.
Dried gels were exposed and the results were visualized using
autoradiography.

Statistics
Student t tests were used to assess the significance of differences in all
quantitative results.

Results
PD-1 is transiently induced on activated CD8 T cells and is constitutively expressed in cells exhibiting the exhausted phenotype
(8 –11). To develop systems in which PD-1 expression could be
studied, a number of lymphocytic cell lines were analyzed for expression of PD-1. The EL4 T lymphoma cell line was identified as
constitutively expressing high levels of PD-1 mRNA, which could
be further induced following stimulation with PMA and ionomycin
(Fig. 1A). In contrast, the A20 B lymphoma line was found to be
negative for PD-1 expression (Fig. 1A). Additionally, ex vivo isolated CD8 T cells from C57BL/6 mice could achieve significant
levels of PD-1 expression following stimulation with PMA and
ionomycin (Fig. 1B). In the experiments that follow, the cell lines
EL4 and A20 will be used to initially identify and assess PD-1
regulatory elements, while ex vivo stimulated CD8 T cells will be
used to confirm the findings in primary cells.
Two hypersensitive sites are located in the 5⬘ CRs of PD-1
Complex gene regulation involves the combinatorial action of cisacting elements, including promoters, enhancers, locus control regions, and boundary elements. To identify potential conserved regulatory elements encoded in the PD-1 locus, the University of
California Santa Cruz genome browser (www.genome.ucsc.edu)

4834

REGULATION OF PD-1

A
Conservation

To evaluate these sites in primary CD8 T cells, a quantitativePCR based assay was used (34) to analyze DNase I hypersensitivity in ex vivo isolated cells where total cell numbers can be
limiting. In this assay, DNase I hypersensitivity is measured by the
inability to amplify a region of DNA following purification from
nuclei treated with nuclease. A reduction or loss of PCR product/
signal signifies that a region was sensitive to DNase I. As compared with unstimulated ex vivo isolated CD8 T cells, amplicons
spanning CR-B and CR-C were diminished significantly following
ex vivo stimulation (Fig. 3, B and C). The intensity of the control
amplicon remained relatively unchanged following stimulation.
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To determine the functional relevance of the regions encoding the
hypersensitive sites identified by DNase I hypersensitivity analysis, luciferase promoter reporter vectors containing the PD-1 promoter region with either CR-B or CR-B and CR-C were constructed and transiently transfected into A20 and EL4 cells (Fig.
4). Cells transfected with CR-B induced a moderate level of luciferase activity in both cell types, while a more robust level of
promoter activity was seen only in EL4 cells transfected with
CR-B and CR-C. In contrast, the addition of CR-C to CR-B led to
a notable decrease in transcriptional activity of the reporter vector
in A20 cells. In conjunction with the data in Figs. 2 and 3, these
results strongly suggest that CRs B and C contain regulatory elements necessary for PD-1 promoter activity in EL4 cells.
Active chromatin modifications are present at the PD-1
regulatory regions and promoter in PD-1 expressing cells
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FIGURE 2. Two DHS are located in 5⬘ CRs of the pdcd1 locus. A, The
University of California Santa Cruz genome browser was used to identify
regions of high DNA sequence conservation in the region 5⬘ of the PD-1
transcriptional start site (arrow). Two regions were identified and termed B
and C (as seen labeled above with capital letters). B, Nuclei from EL4 and
A20 cells were isolated and treated with increasing concentrations of
DNase I. Genomic DNA was obtained and digested with HindIII (H) to
generate the full-length genomic DNA fragment (line below schematic).
Digested DNA was then subjected to Southern blot analysis with a probe
specific for the 3⬘ end of the HindIII fragment (box labeled in schematic).
The resulting DHS map to CRs B and C located 5⬘ of the pdcd1 gene and
are indicated by arrows.

was used to screen for regions that encode high mammalian sequence homology. Two highly CRs located 5⬘ to the transcriptional start site were identified through basic local alignment
search tool homology sequences and were termed CR-B and CR-C
with CR-A representing the first exon of PD-1 (Fig. 2A).
Sensitivity of intact chromatin to DNase I digestion is a hallmark of accessible chromatin and potential regulatory function. To
ascertain the significance of the conserved sequences, DNase I
hypersensitivity assays were performed on A20 (PD-1 negative)
and EL4 (PD-1 positive) lymphocytes. The results highlighted two
DNase I hypersensitive sites (termed DHS-B and DHS-C), which
were located within four kilobases of the transcriptional start site.
These sites mapped to CR-B and CR-C (Fig. 2B). Importantly, the
hypersensitive sites were present in the PD-1-expressing cell line
EL4 but not in the null cell line A20, suggesting that these CRs
may regulate PD-1 expression.

Induction of reporter activity in the PD-1-negative A20 cells suggested that an additional mechanism(s) might play a role in the
regulation of PD-1. Transcriptional regulatory regions are associated with a combination of specific posttranslational modifications
on their nucleosomes (39). These modifications are indicative of
the potential activation state of the local chromatin structure. To
identify such marks for PD-1, ChIP assays for histone modifications associated with gene expression were conducted in PD-1 expressing and nonexpressing cell lines (Fig. 5A). Compared with
A20 cells, the upstream sequences of the PD-1 gene in EL4 cells
displayed high levels of histone acetylation at lysines 9 and 18 of
histone 3 (H3K9Ac and H3K18Ac). Histone acetylation levels were
highest at CR-B but still robust at CR-C and the sequences separating the two regions. H3K4me3 marks were highest at CR-B, the
site closest to the transcriptional start site. This latter mark is often
associated with actively transcribing genes and typically peaks at
transcription start sites (40).
To examine the chromatin structure of the PD-1 locus in primary cells, CD8 T cells were isolated from the spleens of C57BL/6
mice and ChIP assays were performed with chromatin obtained
from PMA/ionomycin treated and untreated cells. High levels of
H3K9Ac and H3K4me3 could be detected in the CD8 T cells stimulated to produce PD-1 when compared with untreated controls
(Fig. 5B). These data indicate that the 5⬘ upstream regions of the
pdcd1 locus exhibit hallmarks of active genes in both cell lines and
primary CD8 T cells.
NFAT inhibition results in a reduction of transcriptional
activation and PD-1 expression
Several pieces of information suggested that NFAT might be involved in PD-1 expression. First, agents that block T cell activation such as the NFAT inhibitor CsA have previously been found
to cause a decrease in PD-1 expression in mice undergoing transplantation responses (41). Second, transcripts of NFATc1 were
observed at higher levels in exhausted CD8 T cells when compared
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FIGURE 3. DNase I hypersensitive sites are located in the 5⬘ CR of
the pdcd1 locus in primary CD8 T
cells expressing PD-1. A, A schematic
of CRs of PD-1 and primer set amplicons are shown. B, Nuclei from A20,
EL4, and (C) primary CD8 T (⫾
PMA/ionomycin) cells were isolated
and treated with increasing concentrations of DNase I. Genomic DNA was
isolated and subjected to real-time
PCR analysis with primer sets (I, II,
and III) spanning portions of the
pdcd1 gene. Relative hypersensitivity
was assayed by normalization of
DNase I-treated DNA to that of the
genomic (untreated) DNA control,
and the data are plotted as fold sensitivity. Increasing DNase I concentration is indicated along the x-axis. The
data shown are the average (⫾SE) of
three independent experiments.

with naive, effector, and memory phenotypes (32). Lastly, sequence analysis of the 5⬘ upstream region of PD-1, including CR-B
and CR-C, using Genomatix (www.genomatix.de) revealed the occurrence of numerous potential NFAT binding sites. To begin to
examine a role for NFAT in PD-1 regulation, CsA was used. CsA
inhibits the transcription of NFAT regulated genes by preventing
the dephosphorylation of NFAT by calcineurin and its subsequent
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FIGURE 4. CRs B and C encode transcriptionally active sequences. Luciferase reporter gene (pGL3) constructs containing CR-B, CR-B and
CR-C, or vector alone were transiently cotransfected into EL4 or A20 cells
with a constitutive renilla luciferase expression vector. Following 24 h,
cells were lysed and assayed for luciferase activity as described in Materials and Methods. Samples were normalized to the renilla luciferase activity and the average values from three independent experiments were
plotted as fold over vector alone.

translocation to the nucleus (28 –31). EL4 cells, which constitutively produce PD-1, displayed a robust decrease in transcription
after CsA treatment (Fig. 6A). Similarly, primary CD8 T cells,
which produce PD-1 upon stimulation with PMA/ionomycin,
showed a marked reduction of expression when treated with CsA
(Fig. 6A). Because CsA inhibits calcineurin function, there was the
possibility that the inhibitory effect was not directly attributable to
NFAT. To circumvent this issue, a cell permeable form of the
NFAT-specific inhibitor peptide VIVIT was used (42). The results
showed that VIVIT specifically inhibited the induction of PD-1 in
both EL4 and primary CD8 T cells (Fig. 6A).
To further define the role of T cell stimulation and NFAT inhibitors on PD-1 expression, EL4 cells were transfected with luciferase promoter reporter vectors containing either CR-B or CR-B
and CR-C and the transcriptional response of these constructs to
PMA/ionomycin, CsA, and VIVIT was assessed (Fig. 6B). While
CR-B displayed little response to PMA/ionomycin, CsA, or
VIVIT, a robust increase in transcriptional activation was observed
with the reporter vector containing CR-B and CR-C upon cell
treatment with PMA/ionomycin. Importantly, this increase was attenuated upon addition of CsA or VIVIT. Taken together, these
results suggest that PD-1 may be an NFAT-regulated gene.
NFATc1 binds to a PD-1 regulatory element in vitro and in vivo
The above data implicate NFAT as having a role in the regulation
of PD-1 expression. However, which NFAT family member was
responsible and whether this role was through direct binding to the
locus or indirect by influencing the regulation of another transacting factor was unclear. Software analysis of potential transcription factor binding sites (Genomatix) identified five NFAT consensus-binding sites within the 5⬘ CR of the PD-1 gene. Notably,
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FIGURE 5. High levels of H3 acetylation and H3K4 trimethylation are found at the PD-1 regulatory regions in PD-1 expressing cells. Chromatin was
isolated from (A) A20 and EL4; or (B) primary CD8 T cells (Con) and primary CD8 T cells treated with PMA/ionomycin (P/I). ChIP assays were conducted
with the indicated Abs, and quantitative real-time PCR was used to determine the levels of chromatin modifications at CR-B, the intervening region between
CR-B and CR-C and CR-C. The locations of the PCR amplicons are shown in the schematic. Quantitative PCR results were normalized to input DNA
amounts and plotted as fold over an irrelevant Ab control (anti-TCR). The results presented were the average (⫾SE) of three independent experiments.

several of these sites fall within CR-B and CR-C. To provide a
direct association between NFAT and PD-1 expression, ChIP
assays for NFAT family members NFATc1 and NFATc2 were
conducted across the upstream portion of the pdcd1 locus. Assays
conducted using EL4 cells treated with PMA/ionomycin to ensure
full NFAT induction demonstrated that NFATc1 (NFAT2) binds

FIGURE 6. NFAT inhibition results in a reduction of PD-1 transcription. A, NFAT inhibitors reduce PD-1
expression. EL4 cells and primary
CD8 T cells (Control, Con; and PMA/
ionomycin treated, P/I) were treated
with CsA and VIVIT for 2 and 5
days, respectively. Following cell
treatment, total RNA was harvested
and the level of pdcd1 transcripts determined as in Fig. 1. B, NFAT activity is required for activation of reporter genes encoding CR-C.
Luciferase reporter gene (pGL3) constructs containing CR-B, CR-B and
CR-C, or vector alone were transiently cotransfected into EL4 cells
with a constitutive renilla luciferase
expression vector. Transfected cells
were then left untreated, treated with
PMA/ionomycin (P/I) alone, or in
combination with CsA or VIVIT. Following overnight incubation, cells
were lysed and assayed for luciferase
activity as in Fig. 4. These data represent an average of at least three independent experiments.

to CR-C in EL4 cells (Fig. 7A) and that NFATc2 (NFAT1) does
not bind to any of the sequences tested (Fig. 7B and data not
shown). The location of the ChIP amplicon that was bound by
NFATc1 was closest to DHS-C. To determine whether NFATc1
bound to DHS-C in primary CD8 T cells, ChIP assays were conducted on ex vivo stimulated primary CD8 T cells. As with EL4
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FIGURE 8. NFATc1 binding is necessary for PD-1 transcriptional regulation. PD-1 promoter reporter constructs (pGL3) containing vector alone,
CR-B, CR-B and CR-C, or CR-B and CR-C with the indicated NFAT site
mutation were transiently transfected into primary CD8 T cells using
nucleofection. Cells were left untreated or treated with PMA/ionomycin for
6 h. Following incubation, cells were lysed and assayed for luciferase activity as above. The results presented represent the average of three independent transfection assays.
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cells, NFATc1 binding was limited to PD-1 expressing cells, occurred only within CR-C (Fig. 7A), and NFATc2 binding was not
detected (Fig. 7B).
To determine whether NFATc1 binding to the above identified
NFAT consensus binding site could be detected in vitro, EMSAs
using nuclear extracts from EL4 cells stimulated with PMA/ionomycin were performed with a probe containing the portion of
DHS-C encompassing the NFAT binding site (Fig. 7C). A protein/
DNA complex was observed using the NFAT binding site from
CR-C (termed N1). This complex was supershifted using an
NFATc1 Ab but not by an irrelevant antiserum (Fig. 7C). Importantly, visualization of the N1 complex was abrogated by competition with unlabeled N1 DNA but not with a mutant N1 DNA
sequence. These results demonstrate that PD-1 is regulated in part
by the direct binding of NFATc1 to DHS-C located within conserved regulatory region C.

TTAAACATTACTTTGAA
GCTTGGTGGGGACTTAAA

FIGURE 7. NFATc1 binds to the CR-C regulatory element in vivo and
in vitro. ChIP was performed on EL4 and CD8 T cells with antisera specific
to (A) NFATc1, (B) NFATc2, or an irrelevant antiserum (anti-TCR). Cells
were either untreated (con) or treated with PMA/ionomycin (P/I) as indicated. Quantitative real-time PCR was used to determine the levels of
NFATc1 binding at locations throughout the 5⬘ CR in each cell type. The
locations of the PCR amplicons are shown on the schematic below the
figures. PCR results were normalized to input DNA amounts and plotted as
fold over an irrelevant Ab control (anti-TCR). The results shown represent

To demonstrate that the N1 element is necessary for PD-1 promoter activity, we mutated the NFATc1 consensus binding site
located in DHS-C and performed reporter assays in primary CD8
T cells. When compared with its wild-type counterpart, the mutated reporter showed a complete loss of promoter activity following cell stimulation (Fig. 8). Importantly, a reporter construct carrying a mutation of another consensus NFAT binding site within
CR-C showed no loss of promoter activity. A construct carrying

an averaging of three independent experiments. In B, data are shown for
PCR amplicon II. C, EL4 nuclear extracts from cells treated with PMA/
ionomycin were incubated with the N1 NFAT-encoding binding site probe
and Abs where indicated. DNA binding competition assays were conducted
with unlabeled N1 DNA or the same sequence containing a mutated NFAT
binding site (mutN1). An asterisk marks the location of the anti-NFATc1
supershifted complex.
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mutations at both sites showed a loss of transcriptional activation
similar to the N1 mutation alone. These results suggest that the
NFAT site within CR-C is critical to the expression of PD-1.

Discussion
The regulation and function of PD-1 has profound implications on
how the mammalian immune system resolves infection and disease
and at the same time governs tolerance. Disruption of the balance
between these critical tasks can have consequences in the maintenance of a healthy and active immune system. In this study, we
have identified both cis- and trans-acting elements involved in the
transcriptional regulation of PD-1 that are associated with CD8 T
cell activation.
CR-B and CR-C, which were initially identified due to sequence
homology, are the centers of strong DNase I hypersensitive regions. The use of cross species homology searches has served as an
outstanding tool for the initial identification of possible regulatory
sequences (43– 45). DNase I hypersensitivity assays provide an
unbiased approach for the identification of potential regions. Although the former approach is effective without respect to cell
type, a positive identification of a site in the latter is completely
dependent on the chromatin configuration of the region being assayed. Thus, it is critical to be able to compare expressing and
nonexpressing cells as well as to verify that the results observed in
cell lines is portrayed in primary cells. This was the case for the
DNase I hypersensitive sites analyzed. Each DNase hypersensitive
site was observed only in PD-1 expressing cell lines and in primary
CD8 T cells that were activated to express PD-1. Consistent with
these findings was the fact that only in PD-1 expressing cells
CR-B, CR-C, and the intervening sequence displayed histone acetylation marks that were indicative of activated genes (40). Additionally in PD-1 expressing cells, H3K4me3, a mark that is often
associated with the transcription start site of actively transcribing
genes, displayed its highest levels at CR-B, the site closest to the
promoter of PD-1 (40). Conversely, the absence of these activation
marks in A20 cells indicates that epigenetic gene silencing is likely
involved in PD-1 regulation. This could explain why a modest
level of transcriptional activation was observed upon transfection
of CR-B/CR-C containing reporter constructs despite the fact that
A20 cells do not express PD-1.
CR-B was able to enhance expression and in combination with
CR-C displayed a robust transcriptional activation function in EL4
cells. In contrast, when constructs containing both CR-B and CR-C
were transfected into A20 cells, a decrease in transcriptional activation was observed. This finding suggests the possibility that
both positive and negative regulatory elements are present in
CR-C, and that regulation of PD-1 expression by these elements
occurs in a tissue-specific manner. Intriguingly, CR-C was not
able to drive transcription independently of CR-B (data not
shown), suggesting that the CR-C is not an independent element
and requires additional interactions (such as those with CR-B)
to be fully active. Thus, CR-C does not have the independent
activity ascribed to enhancer regions. However, CR-C was essential for responses to T cell activation signals. Because these
signals function through calcium mobilization pathways, it was
logical that CsA and other NFAT inhibitors may function either
directly or indirectly on PD-1 expression. The finding that
NFATc1 binds to native PD-1 chromatin places a direct link
between NFATc1 and PD-1 expression in response to T cell
activating signals.
NFAT typically interacts with other factors to control transcription of its target genes (46 – 49). Genes regulated by this mechanism include the NFAT-mediated activation and repression of the
IL-2 gene, as well as the activation of CTLA4. By choosing dif-
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ferent partner proteins, NFAT can repress as well as activate transcription (47). For example, the T regulatory cell transcription factor Foxp3 has been shown to partner with NFAT to repress IL-2
transcription, while at the same time promoting CTLA4 expression. An initial screen using the ChIP assay to find NFAT partners,
including AP-1 and NF-B family members at CR-C did not yield
a positive result (data not shown). Thus, a role for these factors in
regulating PD-1 is inconclusive at this point. Additionally, it is
possible that a trans-acting factor(s) working with or independently of NFAT is responsible for the transcription activity of
DHS-B seen in EL4 cells.
PD-1 expression is transiently induced following the initial encounter between T cell and Ag. The data presented here demonstrate that NFATc1 is a critical factor in promoting the initial induction of PD-1 expression following T cell activation. Thus, the
question of whether NFATc1 and/or CR-C are required for PD-1
expression in the exhausted state is of interest. We suggest that the
NFATc1-mediated pathway is likely involved in the expression of
PD-1 in the exhausted cell setting, as continued exposure to Ag
and repetitive cell stimulation is required to maintain the exhausted
phenotype and PD-1 expression (12). These same stimuli should
lead to continual nuclear translocation of NFAT and subsequent
NFAT-mediated gene transcription. In support of this argument,
EL4 cells have been identified as having a mutant calcineurin gene
that results in the constitutive dephosphorylation and activation of
NFAT (50). Thus, in a way this mutation may mimic a persistent
cell activation state that results in T lymphocyte exhaustion.
Furthermore, comparative cDNA microarray analysis between
naive, effector, and exhausted CD8 T cells identified NFATc1
as an up-regulated gene, suggesting that it plays a role in this
phenotype (32).
In this study, we have identified cis-and trans-acting factors
responsible for promoting the induction of PD-1 expression. The
identification of two novel regulatory regions provides an excellent
platform to further define these known and other unknown cisacting elements involved in PD-1 regulation. Additionally, the association of NFATc1 hints at a number of other possible transacting factors necessary for governing PD-1 expression. These
questions not withstanding, the identification of the cis-acting elements and trans-acting factors presented here are the first steps in
understanding the mechanism of PD-1 regulation in disease. Ultimately, the illumination of the mechanisms of action governing
PD-1 gene regulation will provide insight into novel pathways of
disease pathogenesis and tumor invasion, potentially identifying
therapeutic strategies to treat a variety of disorders, including
chronic viral infection, cancer, autoimmune disease, and graft-vshost disease.
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