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PD-1 restraint of regulatory T cell suppressive
activity is critical for immune tolerance
Catherine L. Tan1,2*, Juhi R. Kuchroo1,2*, Peter T. Sage1,2, Dan Liang1,2, Loise M. Francisco1,2, Jessica Buck1,2, Youg Raj Thaker1,2,3,
Qianxia Zhang4,5, Shannon L. McArdel1,2, Vikram R. Juneja1,2, Sun Jung Lee1,2, Scott B. Lovitch1,6, Christine Lian6, George F. Murphy6,
Bruce R. Blazar7, Dario A.A. Vignali4,5,8, Gordon J. Freeman9,10, and Arlene H. Sharpe1,2,6

Inhibitory signals through the PD-1 pathway regulate T cell activation, T cell tolerance, and T cell exhaustion. Studies of PD-1
function have focused primarily on effector T cells. Far less is known about PD-1 function in regulatory T (T reg) cells. To
study the role of PD-1 in T reg cells, we generated mice that selectively lack PD-1 in T reg cells. PD-1–deficient T reg cells
exhibit an activated phenotype and enhanced immunosuppressive function. The in vivo significance of the potent suppressive
capacity of PD-1–deficient T reg cells is illustrated by ameliorated experimental autoimmune encephalomyelitis (EAE) and
protection from diabetes in nonobese diabetic (NOD) mice lacking PD-1 selectively in T reg cells. We identified reduced
signaling through the PI3K–AKT pathway as a mechanism underlying the enhanced suppressive capacity of PD-1–deficient T
reg cells. Our findings demonstrate that cell-intrinsic PD-1 restraint of T reg cells is a significant mechanism by which PD-1
inhibitory signals regulate T cell tolerance and autoimmunity.

Introduction
The programmed death (PD)–1 pathway delivers inhibitory
signals that control the magnitude of adaptive immune re-
sponses and tolerance (Bour-Jordan et al., 2011; Pauken and
Wherry, 2015; Sharpe and Pauken, 2018). The PD-1 receptor is
inducibly expressed on conventional CD4+ and CD8+ T cells as
well as CD4+FOXP3+ T regulatory (T reg) cells during immune
activation and chronic inflammation (Flies et al., 2011;
Okazaki et al., 2013; Riley, 2009). PD-1 inhibitory signals play
critical roles in regulating the threshold for T cell activation
and limiting effector T (Teff) cell responses, as well as con-
trolling T cell tolerance, resolution of inflammation, and T cell
exhaustion. The two PD-1 ligands, PD-L1 (B7-H1, CD274) and
PD-L2 (B7-DC, CD273), are expressed on hematopoietic cells
(Liang et al., 2003; Schreiner et al., 2004), nonhematopoietic
cells (Keir et al., 2006; Scandiuzzi et al., 2014), and tumor cells
(Juneja et al., 2017; Patel and Kurzrock, 2015; Yearley et al.,
2017). Their expression in tissue can dampen T cell responses
locally to limit tissue injury and maintain tissue tolerance
(Barber et al., 2006; Keir et al., 2006; Reynoso et al., 2009;
Scandiuzzi et al., 2014).

The PD-1 pathway has proven an attractive target for cancer
immunotherapy. PD-1 or PD-L1 blockade is approved by the US
Food and Drug Administration for the treatment of >20 types of
cancer, including melanoma, non–small cell lung cancer, renal
cell carcinoma, Hodgkin’s lymphoma, and DNA mismatch
repair–deficient adult and pediatric solid tumors (Callahan et al.,
2016; Sharpe and Pauken, 2018). Given these clinical successes
and the increasing use of PD-1 blockade therapeutically, a better
understanding of how disruption of this pathway influences
immune responses is needed.

The functions of PD-1 inhibitory signals are best understood
in effector CD4+ and CD8+ T cells. It is not yet clear how PD-1
impacts T reg cell activation and effector functions. Previous
studies have demonstrated that PD-1 signals are important for
induced T reg (iT reg) cell development (Amarnath et al., 2011;
Francisco et al., 2009; Wang et al., 2008), but the in vivo role of
PD-1 in other types of T reg cells remains poorly understood. T
reg cells critically control immune responses by restraining
immune effector cells (Hori et al., 2003; Fontenot et al., 2003;
Vignali et al., 2008; Josefowicz et al., 2012; Smigiel et al., 2014).
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Beyond ensuring immune homeostasis, T reg cells play signifi-
cant roles in many diseases, including autoimmunity, transplant
rejection, infections, and cancer, making them attractive targets
for therapeutic intervention (Chapman and Chi, 2014; Bluestone
et al., 2015; Rosenblum et al., 2012). However, in order to
modulate T reg cells effectively, the signals that control T reg cell
activity need to be better understood.

In this study, we use T reg cell–specific PD-1 conditional
knockout strategies to investigate the role of PD-1 signals in
controlling T reg cell activation and function. We demonstrate
that PD-1 inhibits T reg cell activation and suppressive capacity.
The in vivo significance of the potent suppressive capacity of
PD-1–deficient T reg cells is illustrated by ameliorated experi-
mental autoimmune encephalomyelitis (EAE) and protection
from diabetes in nonobese diabetic (NOD) mice lacking PD-1
selectively in T reg cells. Our findings establish PD-1 restraint of
T reg cells as a newmechanism by which PD-1 inhibitory signals
regulate T cell tolerance and autoimmunity.

Results
PD-1–deficient T reg cells exhibit an activated phenotype
To determine how PD-1 controls T reg cells, we generated PD-1
floxed mice (Pdcd1fl/fl; Fig. S1 A) and crossed them to Foxp3Cre

mice (Rubtsov et al., 2008) to generate mice in which PD-1 could
be selectively deleted in T reg cells, referred to as Foxp3Cre

Pdcd1fl/fl mice (Fig. S1 B). We assessed efficiency of PD-1 deletion
on T reg cells in thymus, lung, inguinal LNs, and spleen in these
mice at 4–5 wk of age and 8 wk of age (Fig. S1, C and D). At both
ages, we observed near-complete loss of PD-1 on T reg cells in all
organs assessed. We then characterized the T reg cell compart-
ment in the Foxp3Cre Pdcd1fl/fl mice. The expression level of
FOXP3 (Fig. 1 A) was similar in PD-1–deficient and WT T reg
cells. There was a small increase in the frequency of T reg cells in
the spleen of Foxp3Cre Pdcd1fl/fl mice compared with Foxp3Cre

Pdcd1wt/wt littermates (∼19% versus ∼17%; Fig. 1 B) and a higher
frequency of activated T reg cells at baseline, based on CD44hi

CD62Llo expression (∼56% versus ∼38%; Fig. 1 C). We also ob-
served higher Ki67 expression in Foxp3Cre Pdcd1fl/fl mice com-
pared with WT T reg cells (∼48% versus ∼38%; Fig. 1 D) at
baseline. In addition, a higher percentage of PD-1–deficient T reg
cells expressed CTLA-4 (Fig. 1 E), ICOS (Fig. 1 F), TIGIT (Fig. 1 G),
and GITR (Fig. 1 H). Since both CTLA-4 and TIGIT expression
levels have been correlated with increased T reg cell suppres-
sive capacity (Joller et al., 2014), these findings suggest that
PD-1–deficient T reg cells may be more potent suppressors than
WT T reg cells.

PD-1–deficient T reg cells are more immunosuppressive than
WT T reg cells in vitro
To determine how PD-1 deficiency affects T reg cell functions,
we first used an in vitro T reg cell suppression assay. T reg cells
were isolated from Foxp3Cre Pdcd1fl/fl or control Foxp3Cre Pdcd1fl/wt

mice and cultured with naive WT CD4+ FOXP3− Teff cells in the
presence of irradiated APCs and stimulated with anti-CD3 for
3–4 d. Foxp3Cre Pdcd1fl/fl T reg cells suppressed proliferation of
CD4+ FOXP3− Teff cells (Fig. 2, A–C) more effectively than

littermate control Foxp3Cre Pdcd1fl/wt T reg cells. In addition, IL-
17A (Fig. 2 D) and TNF-α production (Fig. 2 E) was more reduced
in cultures with Foxp3Cre Pdcd1fl/fl T reg cells. Thus, loss of PD-1 in
T reg cells increases their capacity to inhibit CD4+FOXP3− Teff
cell proliferation and cytokine production in vitro. These find-
ings indicate that PD-1 can restrain T reg cell suppressive
function in vitro.

Since studies have demonstrated that PD-1 signals are im-
portant for the generation of iT reg cells (Amarnath et al., 2011;
Francisco et al., 2009; Wang et al., 2008), we also assessed if
PD-1 deletion in T reg cells affected the generation of iT reg cells
from naive CD4+ T cells isolated from Foxp3Cre Pdcd1fl/fl mice. We
compared the generation of iT reg cells from naive CD4+ T cells
isolated from Foxp3Cre Pdcd1fl/fl mice and Foxp3Cre Pdcd1wt/wt

control mice (Fig. S2 A) and found a slight reduction in fre-
quencies of iT reg cells generated from Foxp3Cre Pdcd1fl/fl mice
(Fig. S2 B). These PD-1–deficient iT reg cells also exhibited a
slightly lower FOXP3 mean fluorescence intensity (Fig. S2 C).
Overall, these findings suggest that Foxp3Cre Pdcd1fl/fl mice have
no overt defect in iT reg cell generation.

Inducible deletion of PD-1 in T reg cells ameliorates EAE
To determine how PD-1 controls T reg cell functions in vivo, we
crossed Pdcd1fl/fl mice to Foxp3ERT2.Cre mice (referred to as
iFoxp3Cre Pdcd1fl/fl mice) to generate mice in which PD-1 could be
inducibly and selectively deleted in T reg cells following ta-
moxifen administration. We examined the effects of deleting
PD-1 on T reg cells in an induced mouse model of autoimmunity,
EAE, because previous studies using PD-1– and PD-L1–deficient
mice or PD-1 pathway–blocking antibodies have demonstrated
the importance of the PD-1 pathway in attenuating EAE (Kroner
et al., 2009; Salama et al., 2003; Wang et al., 2009; Latchman
et al., 2004). We first assessed efficiency of deletion of PD-1 in
the spleen and central nervous system (CNS) by administering 5
(Fig. S1 E) or 10 (Fig. S1 F) doses of tamoxifen to iFoxp3Cre Pdcd1fl/fl

and iFoxp3Cre Pdcd1wt/wt and then inducing EAE with MOG35–55/
CFA. We evaluated deletion at day 12–13 after immunization. We
found that the greatest proportion of PD-1 loss occurred after the
first five doses of tamoxifen but maximal deletion was achieved
after 10 doses. Based on our findings, we administered 10 doses
of tamoxifen to achieve maximal deletion of PD-1. We then
immunized iFoxp3Cre Pdcd1fl/fl and iFoxp3Cre Pdcd1wt/wt with
MOG35–55/CFA to induce EAE. iFoxp3Cre Pdcd1fl/fl mice developed
less severe EAE compared with littermate iFoxp3Cre Pdcd1wt/wt

control mice (Fig. 3 A). There was efficient deletion of PD-1 in T
reg cells in the CNS of iFoxp3Cre Pdcd1fl/fl mice (Fig. 3 B). PD-
1–deleted mice had a small but significant increase in the fre-
quency of FoxP3+ T reg cells compared with littermate control
mice (Fig. 3 C) but similar T reg cell numbers at the peak of
disease (Fig. 3 D). In addition, there were reduced frequencies of
IFN-γ– and IL-17A–producing CD4+ FOXP3− Teff cells in the CNS
and cervical LNs of iFoxp3Cre Pdcd1fl/fl compared with iFoxp3Cre

Pdcd1wt/wt mice (Fig. 3, E and F). The attenuated EAE severity
upon inducible PD-1 deletion in T reg cells likely reflects in-
creased T reg cell proportions in the CNS and enhanced T reg
cell–mediated suppression of Teff cell proinflammatory cytokine
production.
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To understand if the altered function of PD-1–deficient T reg
cells is due to a cell-intrinsic change, we undertook studies to
compare PD-1–expressing (PD-1+) and nonexpressing (PD-1−) T
reg cells within the same microenvironment. To do so, we ad-
ministered a suboptimal dose of tamoxifen (5 doses of tamoxifen
instead of 10) to iFoxp3Cre Pdcd1fl/fl mice such that a population of
PD-1–expressing T reg cells was still present and subsequently
induced EAE in these mice. This experimental setup allowed us
to compare PD-1–deficient and expressing T reg cells in the same
microenvironment. We analyzed T reg cells in the spleen and
CNS at the peak of EAE. We first gated on CD44+ T reg cells to
capture T reg cells that were activated and, for this reason,
would have up-regulated PD-1 in response to activating signals
(Fig. 3 G). Only after gating on CD44+ T reg cells did we then gate
on PD-1+ and PD-1− populations. This strategy allowed us to se-
lect for T reg cells that lost PD-1 in response to tamoxifen

administration rather than those that were PD-1 low because
they had never been activated and had never up-regulated the
PD-1 receptor. Using this strategy, we found that PD-1− T reg
cells expressed a higher frequency of Ki67 compared with PD-1+

T reg cells in the same microenvironment (Fig. 3 H). These
findings demonstrate that PD-1 controls expansion of T reg cells
in a cell-intrinsic manner. Thus, loss of PD-1 on T reg cells leads
to an increased frequency of FOXP3+ T reg cells compared with
FOXP3− Teff cells.

NODmice that selectively lack PD-1 in T reg cells are protected
from type 1 diabetes
To further dissect the role of PD-1 in T reg cells in tolerance and
autoimmunity, we evaluated PD-1 function in T reg cells in a
mouse model of spontaneous autoimmunity, the NOD mouse
model of type 1 diabetes. The PD-1–PD-L1 pathway limits the

Figure 1. PD-1–deficient T reg cells exhibit an
activated phenotype. (A and B) Age-matched
Foxp3Cre Pdcd1wt/wt (wt/wt, blue, n = 5) and Foxp3Cre

Pdcd1fl/fl (fl/fl, red, n = 4) littermates were analyzed
for FOXP3 mean fluorescence intensity (MFI; A) and
frequency of T reg cells of total CD4+ T cells in the
spleen (B). (C) Representative flow cytometry plot
(left) and percentages (right) of CD44hiCD62Llo T reg
cells in spleen of Foxp3Cre Pdcd1wt/wt (wt/wt, blue),
and Foxp3Cre Pdcd1fl/fl (fl/fl, red) littermates. (D–G)
Percentages of T reg cells expressing (D) Ki67, (E)
CTLA-4, (F) ICOS, and (G) TIGIT were compared in
Foxp3Cre Pdcd1wt/wt (wt/wt, blue, n = 5) and Foxp3Cre

Pdcd1fl/fl (fl/fl, red, n = 4) mice. (H) GITR expression
level was assessed in T reg cells from Foxp3Cre

Pdcd1wt/wt (wt/wt, blue, n = 5) and Foxp3Cre Pdcd1fl/fl

(fl/fl, red, n = 4) littermates. Significance was as-
sessed using unpaired Student’s t test (A–H). Data
are representative of three independent experi-
ments. Data are shown as means ± SEM. *, P < 0.05;
**, P < 0.01; ***, P < 0.005. ns, not significant.
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initiation and progression of diabetes in NOD mice (Wang et al.,
2005, Ansari et al., 2003, Paterson et al., 2011, Keir et al., 2006).
We crossed the Pdcd1fl/flmice onto the NOD background and bred
them with NOD.Foxp3Cre mice (Zhou et al., 2008) to generate
NOD.Foxp3Cre+ Pdcd1fl/fl mice. NOD females lacking PD-1 spe-
cifically in T reg cells were protected from diabetes in two
different animal facilities: 0% versus ∼50% incidence in
controls in an animal facility at Harvard (Fig. 4 A) and 0%
versus ∼60% incidence in controls in an animal facility at the
University of Pittsburgh (Fig. S3 A). In the Harvard mouse
facility, control littermates began to develop diabetes at 14 wk
of age, whereas none of the 19 NOD.Foxp3Cre+ Pdcd1fl/fl mice
developed hyperglycemia by 40 wk of age. These findings
indicate that PD-1 curbs T reg cell function during NOD diabetes.
The protection of NOD mice from diabetes in two different
animal facilities suggests that environmental influences can-
not explain the protective effects of PD-1 deficiency in T
reg cells.

Certain hallmarks of diabetes pathology in NODmice are well
known, including development of peri-insulitis in prediabetic
animals and progression to insulitis, characterized by leukocyte
infiltration and islet destruction. Histopathologic comparison of
pancreata frommice at 14 wk of age, a time point before diabetes
onset, revealed that NOD.Foxp3Cre+ Pdcd1fl/fl mice had significantly
fewer isletswith peri-insulitis comparedwithNOD.Foxp3Cre– Pdcd1fl/fl

littermate controls, reflecting attenuated disease development
(Fig. 4 B and Fig. S3 B).

To determine the cellular mechanism bywhichNOD.Foxp3Cre+

Pdcd1fl/fl mice are protected from diabetes, we compared T reg,
CD4+ FOXP3− T and CD8+ Teff cells in the pancreas, pancreatic
LNs (pLNs), and nondraining inguinal LNs (ndLNs) of 14-wk-old
nondiabetic NOD.Foxp3Cre+ Pdcd1fl/fl and NOD.Foxp3Cre– Pdcd1fl/fl

littermate controls. The frequencies of T reg cells relative to CD4+

FoxP3− (Fig. 4 C) and CD8+ Teff cells (Fig. 4 D) were significantly
altered (higher in the pancreas but lower in the pLNs and ndLNs
of the NOD.Foxp3Cre Pdcd1fl/fl mice as compared with controls).
Moreover, there were significantly reduced numbers of CD4+

FOXP3– Teff cells (Fig. S3 C) and CD8+ Teff cells (Fig. S3 D), but
comparable numbers of T reg cells (Fig. S3 E) in the pancreas of
NOD.Foxp3Cre+ Pdcd1fl/fl compared with littermate controls. In
addition, expansion of CD4+ FOXP3− and CD8+ Teff cells was
suppressed significantly by NOD.Foxp3Cre+ Pdcd1fl/fl T reg cells
compared with NOD.Foxp3Cre– Pdcd1fl/fl T reg cells, as indicated by
decreased Ki67 expression in CD4+ FOXP3− effector (Fig. S3 F)
and CD8+ T cells (Fig. 4 E) from the pancreata of NOD.Foxp3Cre+

Pdcd1fl/fl mice. Furthermore, the frequencies of pancreatic CD4+

FOXP3− (Fig. S3 G) and CD8+ (Fig. 4 F) Teff cells producing IFN-γ
or coproducing IFN-γ and TNF-α were reduced in NOD.Foxp3Cre+

Pdcd1fl/fl mice compared with littermate controls. Collectively,
these data demonstrate that NOD.Foxp3Cre+ Pdcd1fl/fl T reg cells

Figure 2. PD-1–deficient T reg cells have enhanced suppressive capacity. In vitro T reg cell–mediated suppression assay in which Foxp3Cre Pdcd1wt/fl (blue,
n = 4) and Foxp3Cre Pdcd1fl/fl (fl/fl, red, n = 3) T reg cells were sorted from littermate mice and cultured with CD4+ FoxP3− Teff cells and irradiated APCs and
activated with 1 µg/ml anti-CD3 at 1:1, 2:1, and 4:1 Teff to T reg cell ratios. (A) After 3–4 d of culture, Teff cell proliferation was measured by CTV dilution.
(B–E)Quantification of Teff cell proliferation (B and C). Culture supernatants were analyzed for IL-17A (D) and (E) TNF-α at day 3 of culture from assays as in A.
Significance was assessed using unpaired Student’s t test (B–E). Data are representative of at least three independent experiments. Data are represented
means ± SEM. *, P < 0.05; **, P < 0.01; ****, P < 0.001.
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Figure 3. Inducible deletion of PD-1 in T reg cells results in protection from EAE. (A) iFoxp3Cre Pdcd1wt/wt (blue circles, n = 27) or iFoxp3Cre Pdcd1fl/fl (red
circles, n = 26) mice were given tamoxifen for 10 d and then immunized with MOG35–55/CFA 5 d after the last tamoxifen dose to induce EAE. Mice were
monitored daily for signs of clinical disease. (B) Representative flow cytometry plots (left panel) and comparison of PD-1 expression in T reg cells from the CNS
of iFoxp3Cre Pdcd1wt/wt (n = 3) and iFoxp3Cre Pdcd1fl/fl (n = 5) mice at peak of disease (right panel). (C–F) Representative flow cytometry plots (left panel) with
frequency of FOXP3+ T reg cells of CD4+ T cells expressed as a fold change of PD-1–deficient (n = 14) versus control mice (n = 12; C) and numbers of T reg cells
of total CD4+ from the CNS of iFoxp3Cre Pdcd1wt/wt (n = 3) and iFoxp3Cre Pdcd1fl/fl (n = 5) mice following immunization (D). CD4+ FOXP3− Teff cells were analyzed
for IFN-γ and IL-17A production in the CNS (E) or cervical LN ([cLN]; F) by intracellular staining from iFoxp3Cre Pdcd1wt/wt (n = 5) and iFoxp3Cre Pdcd1fl/fl (n = 3)
mice. (G and H) iFoxp3Cre Pdcd1fl/fl mice (n = 5) were given five doses of tamoxifen to achieve a suboptimal deletion of PD-1 and subsequently immunized with
MOG35-55/CFA and analyzed at peak of disease. (G) Representative gating schematic to analyze PD-1–deleted and expressing T reg cells from the spleen after
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suppress the activation, expansion, and effector functions of
diabetogenic Teff cells more potently than control NOD.Foxp3Cre–

Pdcd1fl/fl T reg cells.

PD-1–deficient BDC2.5 T reg cells have a competitive
advantage over WT BDC2.5 T reg cells
Cell-extrinsic factors such as the inflammatory cytokine milieu
could potentially contribute to differences between T reg cells
seen in the WT and PD-1–deficient NOD strains. To directly as-
sess whether PD-1–deficient NOD T reg cells have a cell-intrinsic
advantage over WT NOD T reg cells in the same tissue micro-
environment receiving the same antigen and cytokine cues, we
used an adoptive transfer approach. We crossed BDC2.5 TCR
(chromogranin A–specific) transgenic mice with NOD.Foxp3Cre

Pdcd1fl/fl mice and then cotransferred an equal number of con-
genically marked NOD.Foxp3Cre+ Pdcd1fl/wt BDC2.5+ Thy1.1/1.2 T reg
cells and NOD.Foxp3Cre+ Pdcd1fl/fl BDC2.5+ Thy1.2/1.2 T reg cells into
NOD Thy1.1/1.1 recipients (Fig. 5 A) and compared their functions.
At 4 d after adoptive transfer, we examined the cotransferred T
reg cells in the nondraining LNs, pLNs, and pancreas by first
gating on CD4+ Vβ4+ Thy1.2+ using flow cytometry followed by
subsetting by Thy1.1 to differentiate between PD-1–deficient
NOD.Foxp3Cre+Pdcd1fl/fl BDC2.5+ Thy1.2/1.2 T reg and control NOD.-
FoxP3Cre+ Pdcd1fl/wt BDC2.5+ Thy1.1/1.2 T reg cells. PD-1–deficient
NOD.Foxp3Cre+ Pdcd1fl/fl BDC2.5+ Thy1.2/1.2 T reg cells significantly
outcompeted control NOD.Foxp3Cre+ Pdcd1fl/wt BDC2.5+ Thy1.1/1.2 T
reg cells in the pancreas (∼68% versus ∼31%) and pLNs (∼57%
versus ∼42%; Fig. 5, B and C).

We assessed whether this competitive advantage was due
to increased proliferation by labeling NOD.Foxp3Cre+ Pdcd1fl/fl

BDC2.5+ Thy1.2 T reg cells and NOD.Foxp3Cre+ Pdcd1fl/wt BDC2.5+

Thy1.1/1.2 T reg cells with a proliferation dye and cotransferring
them at equal ratios into NOD Thy1.1 recipients. PD-1–deficient
NOD.Foxp3Cre+ Pdcd1fl/fl BDC2.5+ Thy1.2 T reg cells had a modest
increase in proliferation compared with control NOD.Foxp3Cre+

Pdcd1fl/wt BDC2.5+ Thy1.1/1.2 T reg cells in the pLN, but not in the
pancreas (Fig. 5 D). Thus, similarly to EAE, these studies further
demonstrate that PD-1 can control expansion of T reg cells in a
cell-intrinsic manner.

PD-1–deficient T reg cells exhibit alterations in PI3K–AKT
pathway
To determine mechanisms by which PD-1 controls T reg cell
functions, we used a transcriptomic approach. We induced EAE
in Foxp3GFP and Foxp3Cre.YFP/wt PD-1fl/fl mice, sorted GFP- or YFP-
expressing T reg cells from the CNS at the peak of disease when
mice had a similar clinical disease score, and performed bulk
RNA sequencing (RNA-seq) to compare the transcriptional
profiles of WT and PD-1–deficient T reg cells (Fig. 6 A and Fig. S4
A). Transcriptomic analysis revealed differences in a number of

genes (Fig. 6 B and Fig. S4, B and C) and pathways (Table S1)
betweenWT and PD-1–deficient T reg cells. Gene set enrichment
analyses revealed down-regulation of genes in the PI3K–AKT–
mTOR signaling pathway in PD-1–deficient T reg cells compared
with WT T reg cells (Fig. 6 C). Notably, the PI3K–AKT–mTOR
signaling pathway has been implicated in control of T reg cell
function (Sauer et al., 2008; Haxhinasto et al., 2008; Chapman
and Chi, 2014).

We validated the findings from transcriptional profiling us-
ing phospho-flow cytometry. Consistent with the gene set en-
richment analysis, PD-1–deficient T reg cells have reduced pAKT
(Fig. 6 D) and pS6 (Fig. 6 E) compared with WT T reg cells,
suggesting that Foxp3Cre Pdcd1fl/fl T reg cells have reduced sig-
naling through the PI3K–AKT pathway. In addition, there were
reduced levels of pFOXO1/3A (Fig. S4 D) and CCR7 (Fig. S4 E),
both downstream targets of the PI3K–AKT pathway. PTEN levels
were reduced in Foxp3Cre Pdcd1fl/fl T reg cells compared with
WT T reg cells (Fig. S4 F), suggesting that down-regulation of
the PI3K–AKT pathway may be independent of PTEN in
PD-1–deficient T reg cells. Our finding that PD-1–deficient T reg
cells have reduced PI3K–AKT signaling suggests that the en-
hanced suppressive function of PD-1–deficient T reg cells may be
due to down-regulation of the PI3K–AKT pathway, because
previous studies have shown activation of AKT results in re-
duced T reg cell suppressive capacity (Crellin et al., 2007;
Gerriets et al., 2016).

PD-1–deficient T reg cells have altered bioenergetics
There is growing recognition that changes in metabolism are
vital for optimal cellular differentiation and effector functions
(MacIver et al., 2013; Buck et al., 2015). Previous studies have
suggested a role for PD-1 inhibitory signals in reducing signaling
through the PI3K–AKT pathway (Parry et al., 2005; Patsoukis
et al., 2013; Riley, 2009; Francisco et al., 2009; Patsoukis et al.,
2012) and altering cell metabolism in Teff cells (Patsoukis et al.,
2015). How PD-1–mediated signaling regulates metabolism in T
reg cells, however, remains unclear. The alterations in the
PI3K–AKT pathway in PD-1–deficient T reg cells led us to in-
vestigate whether PD-1–deficient T reg cells have altered cellular
bioenergetics. We first compared the glycolytic capabilities of
WT and PD-1–deficient T reg cells using a glycolysis stress test.
For these studies, we sort-purified WT and PD-1–deficient T reg
cells from the spleens of unmanipulated Foxp3GFP mice and
Pdcd1−/− Foxp3GFP mice using CD4+ FOXP3.GFP+ and stimulated
the T reg cells in vitro with plate-bound anti-CD3, anti-CD28,
and 500 U/ml IL-2 for 16 h. The next day we replated the T reg
cells and used an extracellular flux analyzer to measure the
extracellular acidification rate (ECAR). ECAR is an indicator of
glycolysis because as cells undergo glycolysis, protons are pro-
duced and extruded, causing acidification of the surroundings.

pregating on CD44+ FOXP3+ cells. (H) Representative flow cytometry plot (left panel) and Ki67 expression (right panel) on PD-1–deficient and PD-1–expressing
T reg cells from the spleen after pregating as described in G. Data in B–D and G–H are from littermates. Data are pooled from four independent experiments
(A), representative of three independent experiments (B, E, and F), from two pooled experiments (C), or representative of two independent experiments (D, G,
and H). A Mann–Whitney nonparametric test was used (A and C), and significance was assessed using an unpaired Student’s t test (B and D–F) or paired
Student’s t test (H). Data are represented means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.005. ns, not significant.
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Figure 4. NODmice lacking PD-1 selectively in T reg cells are protected from type 1 diabetes. (A)Diabetes onset and incidence weremonitored in female
NOD.Foxp3Cre+ Pdcd1fl/fl (red, n = 19) and NOD.Foxp3Cre− Pdcd1fl/fl (blue, n = 46) littermates in an animal facility at Harvard Medical School to up to 40 wk of age.
(B) Insulitis scores from NOD.Foxp3Cre+ Pdcd1fl/fl (n = 11) and NOD.Foxp3Cre− Pdcd1fl/fl (n = 13) littermate controls at 14 wk of age. (C and D) Percentages of CD4+

FOXP3+ T reg cells of total CD4+ T cells (C) and ratio of CD4+ FOXP3+ T reg cells relative to CD8+ T cells (D) in the pancreas, pLNs, and inguinal LNs (ndLN) from
Foxp3Cre+ Pdcd1fl/fl (Cre+, red circles, n = 17) and Foxp3Cre− Pdcd1fl/fl (Cre−, blue circles, n = 20) littermate controls at 14 wk of age. (E) Representative flow
cytometry plots (left panel) and percentages (right panel) of Ki67-expressing CD8β+ T cells from the pancreas, pLN, and ndLN of prediabetic NOD.Foxp3Cre−

Pdcd1fl/fl (Cre−, blue circles, n = 8) and NOD.Foxp3Cre+ Pdcd1fl/fl (Cre+, red circles, n = 9) mice at 14 wk of age. (F) CD8+ T cells from the pancreas, pLN, and ndLN
of prediabetic NOD.Foxp3Cre− Pdcd1fl/fl (Cre−, blue circles, n = 3) and NOD.Foxp3Cre+ Pdcd1fl/fl (Cre+, red circles, n = 4) mice were analyzed for IFN-γ and TNF-α
production by intracellular staining at 14 wk of age. Representative flow cytometry plots (left panel) and percentages (right panel) of IFN-γ and TNF-α
production from pancreatic CD8+ T cells are shown. Data are pooled from four independent experiments (C and D) or representative of two independent
experiments (E and F). A log-rank (Mantel–Cox) test (A), Mann–Whitney nonparametric test (C and D), or Student’s t test (E and F) was used. Data are shown
as means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001. ns, not significant.
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We compared ECAR in activated WT and PD-1–deficient T reg
cells following the addition of three components: (1) glucose; (2)
oligomycin to block mitochondrial ATP synthase, allowing for
maximal glycolysis; and (3) 2-DG, a glucose analogue that in-
hibits glycolysis, to return ECAR to basal level and ensure
changes in ECAR were due to glycolysis alone. Activated PD-
1–deficient T reg cells had reduced ECAR as compared with
activated WT T reg cells upon the addition of glucose and oli-
gomycin (Fig. 7 A). Moreover, activated PD-1–deficient T reg
cells had reduced glycolytic capacity (the maximum ECAR fol-
lowing addition of oligomycin; Fig. 7 B) and glycolytic reserve
(the difference between the maximum ECAR upon addition of
oligomycin and ECAR before addition of oligomycin; Fig. 7 C).
These findings indicate that activated PD-1–deficient T reg
cells are less glycolytic than activated WT T reg cells. Our

observations are consistent with the reduced activation of the
PI3K–AKT pathway in PD-1–deficient T reg cells, as activation
of the PI3K–AKT pathway promotes glycolysis (Hu et al., 2016).

We also compared the mitochondrial functions of WT and
PD-1–deficient T reg cells using a mitochondrial stress test to
examine mitochondrial respiration as measured by the oxygen
consumption rate (OCR). For these studies, we purified WT and
PD-1–deficient T reg cells from the spleens of unmanipulated
Foxp3GFP and Pdcd1−/− Foxp3GFP mice using CD4+ FOXP3.GFP+ and
stimulated the T reg cells in vitro with plate-bound anti-CD3,
anti-CD28, and 500 U/ml IL-2 for 16 h. Activated WT and PD-
1–deficient T reg cells were sequentially treated with oligomy-
cin, carbonyl cyanide–4(trifluoromethoxy) phenylhydrazone
(FCCP; a mitochondrial uncoupler to allow for maximal oxygen
consumption), and a mix of rotenone (complex I inhibitor) and

Figure 5. PD-1–deficient BDC2.5 T reg cells have a competitive advantage compared with WT BDC2.5 T reg cells. (A) Schematic of BDC2.5 T reg cell
cotransfer experiment into NOD Thy1.1/Thy1.1 recipients. In this experiment, congenic markers are used to distinguish PD-1–deficient (Thy1.2 Thy1.2) and
control (Thy1.1 Thy1.2) BDC2.5 T reg cells. (B) Representative flow cytometry plots of cotransferred PD-1–deficient BDC2.5 T reg cells (Thy1.2 Thy1.2) and
littermate control BDC2.5 T reg cells (Thy1.1 Thy1.2) before adoptive transfer and 4 d after adoptive transfer into NOD Thy1.1/Thy1.1 recipients from pancreas,
pLN, and ndLN. Transferred BDC2.5 T reg cells were pregated by CD4+ Vβ4+ Thy1.2+ followed by subsetting by Thy1.1 to distinguish PD-1–deficient (Thy1.2
Thy1.2) and control (Thy1.1 Thy1.2) BDC2.5 T reg cells. (C) Quantification of adoptively transferred control BDC2.5 T reg cells (blue) and PD-1–deficient
BDC2.5 T reg cells (red) from the pancreas, pLN, and ndLN of donor recipients (n = 4) at day 4 after transfer. The ratios were calculated by comparing
frequencies of control BDC2.5 T reg cells at day 4 versus day 0 and PD-1–deficient BDC2.5 T reg cells at day 4 versus day 0. (D) Proliferation of WT BDC2.5 T
reg cells (blue, n = 6) and PD-1–deficient BDC2.5 T reg cells (red, n = 6) from pancreas, pLN, and ndLN at day 4 after transfer. Data are representative of five
independent experiments (B and C) or three independent experiments (D). Data are shown as means ± SEM. Significance was assessed using Student’s t test in
C and D. ****, P < 0.001. ns, not significant.
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Figure 6. PD-1–deficient T reg cells exhibit alterations in the PI3K–AKT pathway. (A) Schematic of EAE experiment for RNA-seq analysis. Foxp3GFP (green,
n = 4) and Foxp3Cre.YFP/wt Pdcd1fl/fl (black, n = 4) mice were immunized to induce EAE. T reg cells were sorted from CNS at peak of disease to conduct RNA-seq
analysis. (B) Heat map of differentially expressed genes between WT and PD-1–deficient T reg cells. (C) Gene set enrichment analysis of WT and PD-
1–deficient T reg cells. FDR, false discovery rate; NES, normalized enrichment score. (D) Representative histogram of expression levels of pAKT (left) with
summary of quantification of pAKT (right) in WT (blue, n = 4) and PD-1–deficient T reg cells (red, n = 4) during a T reg cell in vitro suppression assay at indicated
time points. YFP-expressing T reg cells were sorted from Foxp3Cre-YFP Pdcd1fl/fl and littermate control Foxp3Cre-YFP Pdcd1wt/wt mice for the T reg cell in vitro
suppression assays. (E) Representative histogram of expression levels of pS6 (left) with summary of quantification of pS6 levels (right) in WT (blue, n = 4) and
PD-1–deficient T reg cells (red, n = 4) during a T reg cell in vitro suppression assay as in E at the indicated time points. RNA-seq was conducted once with
biological replicates (Foxp3GFP control, n = 3 and Foxp3Cre.YFP/wt Pdcd1fl/fl, n = 4). Phospho-flow cytometry analysis and T reg cell–mediated in vitro suppression
assay data are representative of three independent experiments. Data are shown as means ± SEM. Significance was assessed using a Student’s t test (D and E).
*, P < 0.05; ***, P < 0.005. ns, not significant.
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antimycin A (complex III inhibitor) to terminate mitochondrial
respiration. The addition of FCCP led to a significant increase in
OCR in activated PD-1–deficient T reg cells as compared with
activatedWTT reg cells (Fig. 7 D). Activated PD-1–deficient T reg
cells also had increased spare respiratory capacity, as calculated
by the difference between maximum and basal respiration,
(Fig. 7 E), and a significantly increased maximal respiratory
capacity, as indicated by themaximumOCR upon the addition of
FCCP (Fig. 7 F). Thus, compared with activated WT T reg cells,
activated PD-1–deficient T reg cells have enhanced mitochon-
drial functions and are less glycolytic, a bioenergetic state as-
sociated with enhanced T reg cell suppressive capacity.

AKT activator reverses the enhanced suppressive activity of
PD-1–deficient T reg cells
Several studies have demonstrated that activation of AKT results
in reduced T reg cell suppressive capacity (Crellin et al., 2007;
Gerriets et al., 2016). Since PD-1 deficiency in T reg cells down-
regulates the PI3K–AKT pathway, we hypothesized that reduced
PI3K–AKT pathway signaling in PD-1–deficient T reg cells con-
tributes to their enhanced suppressive capacity. To test this
hypothesis, we used an AKT activator that binds the plecktrin

homology domain of AKT and causes AKT to adopt a confor-
mation favorable for phosphorylation, thereby enhancing AKT
activity (Jo et al., 2012). Treatment of WT T reg cells with this
AKT activator up-regulates pAKT (Fig. 8 A), as expected, as well
as pS6 (Fig. 8 B), indicating that the AKT activator is stimulating
the PI3K–AKT pathway. We pretreated Foxp3Cre Pdcd1fl/wt and
Foxp3Cre Pdcd1fl/fl T reg cells with the AKT activator and assessed
their suppressive capacity using an in vitro suppression assay, as
in Fig. 6. As expected, PD-1–deficient T reg cells had a higher
suppressive capacity thanWT T reg cells (Fig. 8, C and D, DMSO
control). Pretreatment with the AKT activator reduced the
suppressive capacity of Foxp3Cre Pdcd1fl/fl T reg cells to the level of
WT T reg cells (Fig. 8, C and D). These findings demonstrate
reduced signaling through the PI3K–AKT pathway as a mecha-
nism underlying the enhanced suppressive capacity of PD-1–
deficient T reg cells.

Discussion
The PD-1 pathway plays multifaceted roles in T cell tolerance.
PD-1 inhibitory signals raise the threshold for initial activation
of naive self-reactive T cells and limit responses of self-reactive

Figure 7. PD-1–deficient andWT T reg cells have distinct bioenergetics profiles. (A–F) ECAR (A–C) and OCR (D–F) measurement of activated splenic WT
(blue, n = 4) and PD-1–deficient T reg cells (red, n = 4). WT and PD-1–deficient T cells were sort-purified from the spleens of unmanipulated Foxp3GFP and
Pdcd1−/− Foxp3GFP mice using CD4+ GFP+ and stimulated with plate-bound anti-CD3, anti-CD28, and IL-2 in vitro for 16 h. (A–C) To assess ECAR, activated
splenic T reg cells were replated in XF media and then treated with glucose, oligomycin, and 2-DG (treatment time indicated by vertical dotted lines) during the
glycolysis stress test (A) using an extracellular flux analyzer. Glycolytic capacity (B) and glycolytic reserve (C) of WT (blue, n = 4) and PD-1–deficient T reg cells
(red, n = 4) were determined. (D-F) To evaluate OCR, activated splenic WT (blue, n = 4) and PD-1–deficient T reg cells (red, n = 3) were replated in XFmedia and
then treated with oligomycin, FCCP, and 2-DG (treatment time indicated by vertical dotted lines) during a mito stress test as measured by extracellular flux
analyzer. Spare respiratory capacity (E) and maximal OCR (F) of WT (blue, n = 4) and PD-1–deficient T reg cells (red, n = 3) were determined. Data are
representative of three independent experiments. Data are shown as means ± SEM. Significance was assessed using a Student’s t test (B and D–F). *, P < 0.05.
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Teff cells (Francisco et al., 2010). PD-L1 on nonhematopoietic
cells mediates tissue tolerance, protecting target organs from
attack by self-reactive T cells and immune-mediated damage
(Barber et al., 2006; Keir et al., 2006; Reynoso et al., 2009;
Scandiuzzi et al., 2014). Our studies using mice that lack PD-
1 selectively on T reg cells establish a new mechanism by which
the PD-1 pathway regulates T cell tolerance. Selective PD-1 defi-
ciency in T reg cells increases their suppressive function, re-
sulting in attenuated autoimmunity in EAE and NOD models.
Thus, PD-1–mediated inhibition of T reg cells regulates T cell
tolerance.

PD-1 is expressed in a variety of T cell types as well as natural
killer cells and B cells. In PD-1−/− mice, PD-1 is deleted in all cells.
Our Foxp3Cre Pdcd1fl/fl mice enabled us to analyze how PD-1 reg-
ulates T reg cell function in vivo without potential confounding
effects of PD-1 deficiency in other hematopoietic cells. More-
over, iFoxp3Cre Pdcd1fl/flmice allowed us to study PD-1 function in
mature T reg cells, circumventing potential effects of PD-1 on
selection of the T cell repertoire in the thymus. Zhang et al.
reported that breeding PD-1–deficient mice with IRES-GFPCre
reporter knock-in mice (Miyao et al., 2012) resulted in lethal
pancreatitis in all male mice with the genotype Foxp3-GFPCre
PD-1−/− by 3 mo of age (Zhang et al., 2016). While reduced
FOXP3 expression in T reg cells contributed to this phenotype,
these studies pointed to a role for PD-1 in limiting T reg cell
function (Zhang et al., 2016). Our mice that selectively lack PD-1
in T reg cells demonstrate that PD-1 exerts cell-intrinsic inhib-
itory effects in T reg cells in the absence of effects related to
T cell development or PD-1 deficiency in other cell types.

PD-1–deficient T reg cells limited Teff cell proliferation to a
greater extent thanWT T reg cells in in vitro suppression assays
using different ratios of Teff cells to T reg cells, demonstrating

that PD-1–deficient T reg cells are more suppressive than WT T
reg cells on a per cell basis. Similar to our in vitro suppression
assays, PD-1–deficient T reg cells suppressed in vivo Teff cell
activation, expansion, and cytokine production more effectively
than WT T reg cells in EAE and NOD diabetes, leading to less
severe disease. We also observed an increase in the ratio of PD-
1–deficient T reg cells relative to Teff cells in the target organs.

There are several potential explanations for the increase in T
reg cell frequency in the target organ: enhanced T reg cell (1)
expansion, (2) survival, (3) migration, and/or (4) stability. We
examined each of these possibilities in the EAE model by as-
sessing PD-1–deficient and PD-1+ T reg cells within the same
microenvironment in iFoxp3Cre Pdcd1fl/fl mice using a suboptimal
dose of tamoxifen. This approach and the adoptive transfer
experiments in the NOD diabetes model enabled analyses of
PD-1–expressing and PD-1–deficient T reg cells in the same mi-
croenvironment and demonstrate the cell-intrinsic inhibitory
function of PD-1 in T reg cells in two different autoimmune
models of disease. These experiments point to increased ex-
pansion of PD-1–deficient T reg cells as an important mechanism
leading to increased T reg cell presence in sites of disease (Fig. 3
and Fig. 5). We observed the greatest difference in Ki67 ex-
pression, a marker of proliferation, in splenic PD-1− T reg cells
compared with splenic PD-1+ T reg cells during EAE (Fig. 3 H and
data not shown). This splenic expansion may be relevant to the
clinical EAE phenotype observed since previous work reported
that myelin-specific T cells expanding in the spleen migrate to
the CNS during EAE (Flügel et al., 2001). These findings suggest
that enhanced localized expansion of PD-1− T reg cells in the
spleen may contribute to the increased frequency of PD-1−FOXP3+

T reg cells in the CNS. Similarly, our NOD studies also showed an
increase in proliferation of PD-1–deficient T reg cells from

Figure 8. AKT activator reverses enhanced
suppressive function of PD-1–deficient T reg
cells. (A and B) Representative histogram of
expression levels of pAKT (left) and (B) pS6
(right) in sorted splenic WT T reg cells treated
with DMSO (black) or 25 µM AKT activator (pink)
at 37°C for 1 h. (C) Representative histogram of
Teff cells proliferation as measured with CTV
dilution during an in vitro T reg cell–mediated
suppression assay in which sort-purified control
Foxp3Cre Pdcd1wt/wt T reg cells (n = 2) treated with
DMSO (blue) or 25 µM AKT activator (green) for
1 h or PD-1–deficient Foxp3Cre Pdcd1fl/fl T reg cells
(n = 4) treated with DMSO (red) or 25 μM AKT
activator (orange) for one hour were washed
twice and then co-cultured with WT Teff in the
presence of irradiated APCs and stimulated with
1 µg/ml of anti-CD3 for 3–4 d. (D) Quantification
of Teff cells proliferation as measured by CTV
dilution during in vitro T reg-mediated suppres-
sion assay as described in C. Data are repre-
sentative of three independent experiments.
Data are shown as means ± SEM. Significance
was assessed using a Student’s t test. *, P < 0.05.
ns, not significant.
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NOD.Foxp3Cre+ Pdcd1fl/fl BDC2.5+ Thy1.2 compared with control T
reg cells from NOD.Foxp3Cre+ Pdcd1fl/wt BDC2.5+ Thy1.1/1.2 mice in
the pLN, further highlighting the importance of PD-1–mediated
restraint on T reg cell expansion in a cell-intrinsic manner.
We did not find significant differences in T reg cell survival
by assessing Bcl-2 or cell death (data not shown) during EAE.
In addition, there was neither increased T reg cell egress from
the draining LNs nor significant differences in the frequency
of T reg cells expressing CXCR3 or CCR6 in PD-1–deficient
versus control T reg cells during EAE (data not shown). These
data suggest that alterations in T reg cell migration are not the
major mechanism underlying increased T reg cell presence in
the CNS during EAE. We also used Foxp3Ert2CreGFP Pdcd1fl/fl

Rosa26LoxSTOPLoxTdtomato reporter mice to examine T reg cell
stability and found that PD-1 deleted T reg cells are not more
stable than PD-1–expressing T reg cells (data not shown), sug-
gesting that increased stability is also not the mechanism be-
hind the increased frequency of PD-1–deficient T reg cells in the
CNS. Thus, while the PD-1–deleted T reg cells may be expanding
more, they also may be surviving less due to overstimulation
and cell death. This mechanism may explain the similar abso-
lute cell numbers of control and PD-1–deleted T reg cells in the
CNS of control and iFoxp3Cre Pdcd1fl/fl mice during EAE. It is
ultimately the balance between the T reg cells and Teff cells
that determines disease outcome and the enhanced frequency
of highly suppressive T reg cells in the CNS of iFoxp3Cre Pdcd1fl/fl

mice is what attenuates severity of autoimmune disease in the
EAE model.

We identified reduced signaling through the PI3K–AKT
pathway as one mechanism underlying the increased suppres-
sive capacity of PD-1–deleted T reg cells. Down-regulation of the
PI3K–AKT pathway is critical for T reg cell development and
optimal T reg cell suppressive function in vitro and in vivo
(Haxhinasto et al., 2008; Crellin et al., 2007; Gerriets et al., 2016;
Sauer et al., 2008). pAKT was reduced in PD-1–deficient T reg
cells. By using an AKT activator, we demonstrated that the en-
hanced suppressive capacity in PD-1–deficient T reg cells could
be overcome in vitro by increasing AKT signaling. These data
suggest that PD-1 promotes signaling through the PI3K–AKT
pathway in T reg cells. In contrast, PD-1 inhibits the activation of
the PI3K–AKT pathway through attenuation of TCR- and CD28-
mediated signaling and activation of PTEN during the activation
of naive T cells (Patsoukis et al., 2013; Sheppard et al., 2004;
Kamphorst et al., 2017; Hui et al., 2017). The distinct effects of
PD-1 on the PI3K–AKT pathway during activation of naive T cells
versus T reg cells likely reflect differential signaling require-
ments between the two cell types (Mikami and Sakaguchi, 2014;
Yan et al., 2015; Franckaert et al., 2015).

There is a growing appreciation that metabolic reprogram-
ming is critical for optimal T cell differentiation and effector
functions (MacIver et al., 2013; Buck et al., 2015). Signals
through PD-1 can modulate bioenergetics by inhibiting glycol-
ysis and promoting fatty acid oxidation during activation of
naive T cells (Patsoukis et al., 2015). We found that PD-1–
deficient T reg cells have reduced glycolysis, a bioenergetic
state that leads to increased T reg cell suppressive capacity. Our
findings are in accordance with recent work demonstrating that

glycolytic T reg cells have diminished suppressive capacity
(Huynh et al., 2015; Gerriets et al., 2016). PD-1–deficient T reg
cells also exhibit increased mitochondrial functions, which may
result from activation of the AMPK pathway, known to promote
mitochondrial oxidative metabolism and suppress glycolysis
(Kishton et al., 2016; Blagih et al., 2015; Price et al., 2012). Our
work highlights a previously unappreciated link between me-
tabolism and PD-1 function in T reg cells.

The increased frequencies of CTLA-4 and TIGIT-expressing T
reg cells in Foxp3Cre Pdcd1fl/fl mice also may contribute to their
enhanced suppressive capacity. CTLA-4 is a key mediator of T
reg cell suppressive function (Wing et al., 2008). TIGIT ex-
pression defines a T reg cell subset with an activated phenotype
and contributes to selective T reg cell–mediated suppression of
proinflammatory type 1 and type 17 T helper cells by inducing
secretion of the soluble effectormolecule fibrinogen-like protein
2 (Fgl2; Joller et al., 2014).

The ameliorated EAE and diabetes in mice lacking PD-1 only
in T reg cells contrast with the exacerbated EAE in Pdcd1−/− mice
(Kroner et al., 2009; Salama et al., 2003; Wang et al., 2009) and
the rapid diabetes in NOD.Pdcd1−/− mice (Wang et al., 2005;
Ansari et al., 2003; Paterson et al., 2011; Keir et al., 2006). The
distinct outcomes of selective PD-1 deficiency in T reg cells
versus global PD-1 deficiency point to distinct immunoregula-
tory functions for PD-1 on different cell types. Our findings
underscore the importance of understanding the consequences
of PD-1 inhibitory signals in different cell types and determining
how they are integrated to regulate the outcome of an immune
response. PD-1 immunotherapy inhibits PD-1 signals in all cell
types, but the integrated outcome is enhanced T cell functions in
tumors that respond to PD-1 cancer immunotherapy. Develop-
ment of agents such as bispecific antibodies that target PD-1 on
Teff cells, but not T reg cells, might be even more effective.
Understanding how PD-1 signals in different cell types and in-
flammatory contexts is also important when considering the
potential for autoimmune-mediated adverse events and the sus-
ceptibility of cancer patients to acute infections. This knowledge
may provide insights into how to deliver PD-1 inhibitory signals to
ameliorate autoimmune diseases or transplant rejection. Bispecific
antibodies that target PD-1 on T reg cells may provide a means to
deliver PD-1 inhibitory signals.

As PD-1 inhibits both T reg cells and CD4+ FOXP3− Teff cells,
this may explain why CTLA-4 immunotherapy, which works in
part by decreasing T reg cell function, may synergize so well
with PD-1 blockade for cancer immunotherapy (Selby et al.,
2013; Simpson et al., 2013; Wolchok et al., 2013). Anti-CTLA-4
may reduce the number of T reg cells with enhanced function
due to PD-1 blockade, thereby increasing antitumor Teff cell
responses due to CTLA-4 and PD-1 blockade. Combining PD-1
blockade with other strategies that reduce T reg cell numbers or
function also may be an effective combination strategy for
cancer immunotherapy (Pardoll, 2012; Topalian et al., 2014).

In summary, our data provide novel insight into how the PD-1
pathway regulates T cell tolerance. We have shown that PD-1
inhibitory signals limit T reg cell activation and suppressive
capacity. PD-1 control of T reg cells is a mechanism by which
PD-1 regulates T cell tolerance. Our findings demonstrate that
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PD-1 is an “equal-opportunity” inhibitor of T cell activities. When
PD-1 is lost on cells whose primary function is to suppress immune
responses, the consequence is a stronger suppressor cell.

Materials and methods
Mice
WT Foxp3GFP reporter, Pdcd1−/− Foxp3GFP, Foxp3Cre-YFP mice, and
Foxp3ERT2-Cre-GFP mice have been previously reported (Rubtsov
et al., 2008). TCRα−/−, CD45.1 C57Bl/6 mice and Thy1.1 NOD mice
were obtained from The Jackson Laboratory. To create PD-1
conditional knockout mice, we generated a PD-1 targeting vector
containing frt sites on either side of a selection cassette con-
taining the neo gene under control of the PGK promoter. Exons
2, 3, and 4, encoding the IgV, transmembrane, and first cyto-
plasmic exon of PD-1, respectively, were inserted into the vector
downstream of the selection cassette. The flanking regions of the
PD-1 gene were cloned from a PD-1 containing bacterial artificial
chromosome using standard techniques. Linearized vector DNA
was electroporated into Bruce 4 C57BL/6 embryonic stem (ES)
cells and the resulting neomycin-resistant ES cells were
screened for homologous recombination. ES cells carrying the
desired recombinant event were microinjected into blastocysts,
and the resulting chimeric mice gave germline transmission of
the targeted PD-1 allele. Mice carrying the targeted allele were
bred with Flpe-expressing mice to delete neo, yielding PD-1 condi-
tional knockout mice (Pdcd1fl/fl mice) with exons 2, 3, and 4 flanked
by loxP sites. These mice were bred to Foxp3Cre-yfp (referred to as
Foxp3Cre Pdcd1fl/fl mice) or Foxp3ERT2-Cre-GFP (referred to as iFoxP3Cre

Pdcd1fl/fl mice) mice to generate mice that selectively eliminate PD-1
in FoxP3-expressing cells constitutively or inducibly. To control for
changes in FOXP3 expression due to the knock-in Cre alleles,
Foxp3Cre Pdcd1wt/wt, or iFoxp3Cre Pdcd1wt/wt were used as controls. The
mice used in these studies were between 5 and 12 wk old, and lit-
termates were used as controls and cohoused with PD-1–deficient
mice before experiments. To inducibly delete PD-1, iFoxp3Cre Pdcd1fl/fl

mice or iFoxp3Cre Pdcd1wt/wt control mice were given 1 mg tamoxifen
(Sigma) in sunflower oil for 10 consecutive days i.p. for full dose or 5
consecutive days i.p. for half dose, followed by 5 d rest before
experiments. For the NOD studies, Pdcd1fl/fl B6 mice were
backcrossed onto the NOD background for 11 generations and
then bred with Foxp3Cre NOD mice (Zhou et al., 2008). Single-
nucleotide polymorphism (SNP) analysis of 20 Idd loci covering
144 SNPs revealed that mice were 98.5% NOD Idd loci at the F9
generation. There were four heterozygous SNPs located on
chromosome 1 within the Pdcd1 gene region from the targeted
Pdcd1.B6 gene construct. NOD females were used for cellular
analysis. All mice were maintained in a pathogen-free facility
and used according to Harvard Medical School, University of
Pittsburgh School of Medicine and National Institutes of Health
guidelines. Harvard Medical School and the University of
Pittsburgh School of Medicine are accredited by the American
Association of Accreditation of Laboratory Animal Care.

Antibodies
Anti-CD3 (145-2C11) for in vitro functional studies was ob-
tained from BioXCell. Conjugated anti-CD4 (RM4-5), anti-CD8β

(YTS156.7.7), TCR-β (H57-597), Thy1.1 (OX-7), Thy1.2 (30-H12),
anti-CD62L (MEL-14), anti-CD44 (IM7), anti-CTLA-4 (UC10-4B9),
anti-PD-1 (RMP1-30), anti-PD-L1(10F.9G2), anti-GITR (DTA-1),
anti-ICOS (C98.4A), anti-TIGIT (1G9), anti-LAP (TW7-16B4),
anti-IL-10 (JES5-16E3), anti-IL-17A (TC11-18H10.1), and anti-IFN-
γ (XMG1.2) were purchased from BioLegend. Anti-CD8β (H35-
17.2), anti-Ki67 (B56), and anti-PTEN (A2B1) were from BD Bio-
sciences. Anti-FoxP3 (FJK-16s) was purchased from eBioscience.
pAKT (D9E), pS6 (D57.2.2E), and pFOXO1/O3A (9464) antibodies
were purchased from Cell Signaling Technologies.

Flow cytometry analysis
Single-cell suspensions from spleen or LNs were prepared and
resuspended in staining buffer (PBS containing 1% FBS and
2 mM EDTA) and stained with the indicated antibodies. For
intracellular cytokine staining, cells were activated with PMA
(Sigma) and ionomycin (Sigma) in the presence of Golgistop (BD
Biosciences) for 4 h, followed by intracellular staining. For the
detection of FOXP3, we used the FOXP3 staining kit from eBio-
science and followed the manufacturer’s protocol for intracel-
lular staining. For PTEN, pAKT, pS6, and pFOXO1A/O3A
staining, cells were fixed in 2% PFA (Affymetrix) for 20 min and
permeabilized with 90% methanol overnight at −20°C. Cells
were then washed and stained with pAKT, pS6, and pFOXO1A/
O3A antibodies in eBioscience permeabilization buffer for an
hour before flow cytometry analysis. Measurements of cyto-
kines in culture supernatants were performed by cytometric
bead array (CBA; BD Biosciences). Data were acquired on a LSRII
(BD Biosciences) and analyzed with FlowJo software (Tree Star).

T cell sorting and in vitro T reg cell suppression assays
CD4+ T cells were purified by positive selection (Miltenyi Bio-
tec). For in vitro T reg cell–mediated suppression assays, CD4+ T
reg cells were sorted as CD4+FOXP3+ (using the YFP reporter).
CD62L+ CD4+ FOXP3− (using either GFP or YFP reporter) cells
were sorted as Teff cells. 105 Teff cells and the indicated ratios of
T reg cells were stimulated using irradiated splenocytes from
TCRα−/− mice as APCs using a 4–5:1 ratio of APCs to Teff cells
and 1 µg /ml anti-CD3 mAb. Cells were cultured in RPMI 1640
(Invitrogen) supplemented with 10% FBS, 2 mM L-glutamine,
10 mM Hepes, 1% penicillin/streptomycin, and 50 µM β-
mercaptoethanol for 3–4 d, after which culture supernatants
were collected for analyses of cytokine production (see Flow
cytometry analysis). For CellTrace Violet (CTV) labeling of Teff
cells, we used the CTV Cell Proliferation Kit (Thermo Fisher
Scientific) and followed themanufacturer’s protocol. For in vitro
T reg cell–mediated suppression assays using AKT activator
(SC79; Sigma), sorted T reg cells were incubated with 25 µM
AKT activator or DMSO control for 1 h at 37°C, washed twice,
and then cultured as described.

In vitro T reg cell differentiation assays
Naive CD4 T cells (CD62L+ FOXP3−) were sorted from Foxp3Cre-
YFP Pdcd1fl/fl mice or Foxp3Cre-YFP Pdcd1wt/wt control mice using
the YFP reporter and plated at 1 × 106/ml in 24-well plates
coated with 10 µg/ml anti-CD3 and 2 µg/ml of anti-CD28 in the
presence of 50 U/ml human IL-2 (ProSpec) with or without
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2.5 ng/ml TGF-β (R&D Systems) for 4 d. After 4 d in culture, cells
were analyzed for FoxP3 expression by flow cytometry.

Induction of EAE
Mice were immunized with 100 µg MOG35–55 in CFA (supple-
mented with 2 mg/ml heat-killed Mycobacterium tuberculosis
H37RA) in both flanks and given 200 ng pertussis toxin i.p. on days
0 and 2.Miceweremonitored for signs of clinical disease and scored
as follows: 1, limp tail; 2, weak gait; 3, hindlimb paralysis; 4, hindlimb
and forelimb paralysis; and 5, moribund. For analyses of cellular
infiltrates in the CNS, brain and spinal cords were isolated at peak
disease, unless otherwise specified in the text, and resuspended in
30% Percoll/PBS and overlaid above a 70% Percoll gradient. Fol-
lowing centrifugation, lymphocytes in the interface were removed,
washed, and resuspended in culture medium for analysis.

Measurement of diabetes and insulitis
Diabetes and insulitis were assessed as previously described
(Paterson et al., 2011). Briefly, mice were monitored weekly for
high urine glucose by Diastix (Diastix; Bayer). Mice positive by
Diastix were confirmed by blood glucose measurement (Ascen-
sia Contour; Bayer). Diabetes was confirmed by blood glucose
level of ≥250 mg/dl. For histology, pancreata were fixed in 10%
buffered formalin overnight, embedded in paraffin, and stained
with hematoxylin and eosin. Islets were scored in blinded
fashion as follows: 0, no infiltration; 1, perivascular/periductular
infiltrates with lymphocytes touching islet perimeters, but not
penetrating; 2, lymphocytic penetration of up to 25% of islet
mass; 3, lymphocytic penetration of up to 75% of islet mass; and
4, <20% of islet mass remaining. Photomicrographs were taken
with a mounted digital camera (Olympus DP71) driven by
Olympus DP Controller software. Images were prepared using
Adobe Photoshop and Illustrator CS3 (Adobe Systems).

Isolation of lymphocytes from pancreas
For cellular analysis of lymphocytes from pancreata, mice were
perfused with 10 ml PBS. Pancreata were removed, dissociated
with mechanical forces (gentleMACS dissociator; Miltenyi Bio-
tec), and incubated in digestion media (Collagenase IV and
DNaseI; Sigma) in a 37°C water bath for 20 min. The digested
tissues were filtered through 70-µm strainers (BD Biosciences),
washed with media, and resuspended in 44% Percoll/PBS. The
resulting cell suspension was overlaid with 67% Percoll and
centrifuged at 700 g without brake. Following centrifugation,
lymphocytes in the interface were isolated, washed, and re-
suspended in culture medium for analysis or stimulated for
cytokine production.

T reg cell expansion and adoptive transfer
Congenically marked control NOD.Foxp3Cre+ Pdcd1fl/wt BDC2.5+

Thy1.1/1.2 T reg cells and PD-1–deficient NOD.Foxp3Cre+ Pdcd1fl/fl

BDC2.5+ Thy1.2/1.2 T reg cells were sorted from spleens as TCR-β+

CD4+ FoxP3.GFP+ cells, activated with PMA (0.1 µg/ml; Sigma)
and ionomycin (0.5 µg/ml; Sigma) with human IL-2 (1,000
U/ml; Prometheus) for 2 d, and then expanded for another 3 d
with human IL-2. WT and PD-1–deficient T reg cells were mixed
at an equal ratio and adoptively cotransferred into 6- to 10-wk-

old NOD Thy1.1/1.1 recipients (2 × 106 total T reg cells). Thy1.1 NOD
recipients were sacrificed and analyzed 4 d after transfer.

Metabolic studies
The ECAR and OCR were measured by the glycolysis stress test
and mito stress test, respectively, using a XF96 extracellular flux
analyzer (Agilent Technologies and Seahorse Bioscience). CD4+

T reg cells were sorted from the spleens of unmanipulated
Foxp3GFP and Pdcd1−/− Foxp3GFPmice using CD4+ and FOXP3.GFP+.
Sorted splenic T reg cells were activated with plate-bound anti-
CD3 (5 µg/ml) and anti-CD28 (5 µg/ml) in the presence of IL-2 (500
U/ml; ProSpec) for 16 h. 1 × 105 T reg cells were plated in XF Assay
media onto a 96-well XF plate coated with CellTak (CN 354240; BD
Biosciences), followed by the sequential addition of glucose (10
mM), oligomycin (1 µM), and 2-deoxy glucose (50 mM). The mito
stress test was performed with XF assay medium and consisted of
the sequential addition of oligomycin (1 µM), FCCP (1.5 µM), and
finally rotenone (100 nM) and antimycin (1 µM).

RNA-seq
RNA-seq library preparations were performed as described
previously (Sage et al., 2016). In brief, RNA isolation was per-
formed using MyOne Silane Dynabeads (Thermo Fisher Scien-
tific) and followed by fragmentation and barcoding of RNA using
8-bp barcodes in conjunction with standard Illumina adaptors.
Primers were removed using Agencourt AMPure XP bead
cleanup (Beckman Coulter/Agencourt), and samples were am-
plified with 14 PCR cycles. Libraries were gel purified and
quantified using a Qubit high-sensitivity DNA kit (Invitrogen),
and library quality was confirmed using Tapestation high-
sensitivity DNA tapes (Agilent Technologies). RNA-seq re-
actions were performed on an Illumina HiSeq 2000 or Illumina
NextSeq sequencer (Illumina) according to the manufacturer’s
instructions, sequencing 50-bp reads. Analysis was performed
using the CLC Genomics Workbench version 8.0.1 RNA-seq
analysis software package (Qiagen). Briefly, reads were aligned
(mismatch cost = 2, insertion cost = 3, deletion cost = 3, length
fraction = 0.8, and similarity fraction = 0.8) to the mouse ge-
nome, and differential gene expression analysis was performed
(total count filter cutoff = 5.0). Results were normalized to reads
per million. Morpheus (Broad Institute) was used to generate heat
maps. For gene set enrichment analysis, RNA-seq data were
converted to human nomenclature and compared with GSEA
HallmarkmSigDatabases using standard settings (Broad Institute).

Data availability
RNA-seq transcriptome data have been deposited in the Gene
Expression Omnibus database repository (accession no.
GSE155956).

Statistical analysis
All of the statistical analyses were performed using Prism soft-
ware, version 6 (GraphPad). Results are presented as mean ±
SEM and significance was determined using either unpaired
two-tailed Student’s t test or Mann–Whitney nonparametric
test. Asterisks denote level of statistical significance (*, P < 0.05;
**, P < 0.01; and ***, P < 0.001).
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Online supplemental material
Fig. S1 describes the generation and characterization of mice
lacking PD-1 on T reg cells. Fig. S2 describes the generation of iT
reg cells from conditional knockout mice lacking PD-1 specifi-
cally on T reg cells. Fig. S3 shows the immune characterization
of NOD mice lacking PD-1 specifically on T reg cells. Fig. S4
shows the transcriptional analysis of WT and PD-1–deficient T
reg cells. Table S1 shows the gene set enrichment analysis
comparing WT and PD-1–deficient T reg cells.
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Supplemental material

Figure S1. Generation and characterization of mice selectively lacking PD-1 on T reg cells. (A) Schematic showing generation of T reg cell–specific PD-1
conditional knockout mice, referred to as Foxp3Cre Pdcd1fl/fl mice. (B) Spleens from Foxp3Cre Pdcd1wt/wt or Foxp3Cre Pdcd1fl/fl littermate mice were analyzed for
PD-1 expression. Plots are gated on CD4+ cells (C–G). (C) Quantification of PD-1 expression on T reg cells from inguinal LN (iLN), spleen, thymus, and lung of
naive Foxp3Cre Pdcd-1fl/fl (n = 2) andWTmice (n = 2) at 4–5 wk of age. (D)Quantification of PD-1 expression on T reg cells from inguinal LN (iLN), spleen, thymus
and lung of naive Foxp3Cre Pdcd1fl/fl (n = 2) and Foxp3Cre Pdcd1wt/wt (n = 2) littermate mice at 8 wk of age. (E and F) Quantification of PD-1 expression on T reg
cells from spleen and CNS of iFoxp3Cre Pdcd1fl/fl and iFoxp3Cre Pdcd1wt/wt littermate mice given 5 doses of tamoxifen (iFoxp3Cre Pdcd1fl/fl n = 4 and iFoxp3Cre

Pdcd1wt/wt n = 2; E) or 10 doses of tamoxifen (iFoxp3Cre Pdcd1fl/fl n = 6 and iFoxp3Cre Pdcd1wt/wt n = 3–4; F) and then immunized to induce EAE with MOG35–55/CFA.
PD-1 expression was analyzed at day 12 (E) and day 13 (F) after immunization. B is representative of three independent experiments; C and D have been
completed once. E and F are representative of at least two independent experiments. Data are represented means ± SEM. Significance was assessed using
Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.005.
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Figure S2. Induction of iT reg cells from FoxP3Cre Pdcd1fl/flmice. (A) Experimental design of in vitro T reg cell differentiation assay using naive CD4+ T cells
from Foxp3Cre Pdcd1fl/fl (red circles, n = 4) or littermate control Foxp3Cre Pdcd1wt/wt (blue circles, n = 4) mice. (B) Percentages of FOXP3-expressing T reg cells
induced after 4 d of in vitro differentiation. Quantification of percentage of FOXP3-expressing CD4+ T cells (left) and representative flow plots of percentages
of FOXP3-expressing CD4+ T cells (right). (C) Summary of quantification of expression level of FOXP3 (left) and representative histogram of FOXP3 expression
levels (right) in the in vitro induced FOXP3-expressing T reg cells from Foxp3Cre Pdcd1wt/wt (blue circles, n = 4)) or Foxp3Cre Pdcd1fl/fl (red circles, n = 4) mice. MFI,
mean fluorescence intensity. Significance was assessed using a Student’s t test. **, P < 0.01.
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Figure S3. Immune characterization of NOD.Foxp3Cre Pdcd1fl/flmice. (A) Diabetes onset and incidence were monitored in cohoused NOD.Foxp3Cre+ Pdcd1fl/fl

(red, n = 21) and NOD.Foxp3Cre– Pdcd1fl/fl (blue, n = 16) females in an animal facility at the University of Pittsburgh School of Medicine to up to 30 wk of age.
(B) Representative H&E staining of an islet from NOD.Foxp3Cre+ Pdcd1fl/fl and NOD.Foxp3Cre− Pdcd1fl/fl littermates at 14 wk of age. (C–E) Numbers of CD4+

FOXP3− Teff cells (C), CD8+ T cells (D), and CD4+ FOXP3+ T reg cells (E) from the pancreas, pLN, and ndLN from Cre+ (red circles, n = 17) and Cre− (blue circles,
n = 20) littermate controls at 14 wk of age. (F) Representative flow cytometry plots from the pancreas (left panel) and quantified percentages (right panel) of
Ki67-expressing CD4+ FOXP3− Teff cells from the pancreas, pLN, and ndLN of prediabetic NOD.Foxp3Cre− Pdcd1fl/fl (Cre−, blue circles, n = 8) and NOD.Foxp3Cre+

Pdcd1fl/fl (Cre+, red circles, n = 9) mice at 14 wk of age. (G) CD4+ FOXP3– Teff cells from the pancreas, pLN, and ndLN of prediabetic NOD.Foxp3Cre− Pdcd1fl/fl

(Cre−, blue circles, n = 3) and NOD.Foxp3Cre+ Pdcd1fl/fl (Cre+, red circles, n = 4) mice were analyzed for IFN-γ and TNF-α production by intracellular staining at 14
wk of age. Representative plots (left panel) from the pancreas and percentages (right panel) of IFN-γ and TNF-α production are shown. Data are pooled from
four independent experiments (C–E) or representative of two independent experiments (F and G). A log-rank (Mantel–Cox) test (A), Mann–Whitney non-
parametric test (C–E), or Student’s t test (F and G) was used. Data are shown as means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.005. ns, not significant.
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Figure S4. Validation of transcriptional analysis of WT and PD-1–deficient T reg cells. (A) EAE disease scores of mice used for transcriptional analysis.
(B) Principal-component (PC) analysis plot of individual samples for RNA-seq analysis. (C) Volcano plots showing differential gene expression inWT versus PD-
1–deficient T reg cell populations. (D) Representative histogram of expression levels of pFox01/03A (left) with summary of quantification of pFOXO1/O3A
(right) inWT (blue, n = 4) and PD-1–deficient T reg cells (red, n = 4) during an in vitro T reg cell–mediated suppression assay at indicated time points. MFI, mean
fluorescence intensity. (E) Representative histogram of expression levels of CCR7 (left) with summary of quantification of CCR7 levels (right) in WT (blue, n = 4)
and PD-1–deficient T reg cells (red, n = 4) during an in vitro T reg cell–mediated suppression assay during indicated time points. (F) Representative histogram of
expression levels of PTEN (left) with summary of quantification of PTEN levels (right) in WT (blue, n = 4) and PD-1–deficient T reg cells (red, n = 4) during an
in vitro T reg cell–mediated suppression assay at indicated time points. Data are shown as means ± SEM. RNA-seq was conducted once but with biological
replicates (Foxp3GFP control, n = 3 and Foxp3Cre.YFP/wt Pdcd1fl/fl, n = 4). Phospho-flow cytometry analysis and T reg cell–mediated in vitro suppression assay data
are representative of three independent experiments. Significance was assessed using a Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.005.
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Table S1 is provided online as a separate Excel file and shows a summary of gene set enrichment analyses comparing WT and
PD-1–deficient T reg cells.
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