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Programmed death one (PD-1) is an induc-
ible molecule belonging to the immuno-
globulin superfamily. It is expressed on
activated T and B lymphocytes and plays
pivotal roles in the negative regulation of
adaptive immune responses. We report
here an unexpected finding: that PD-1
could also be induced on splenic den-

dritic cells (DCs) by various inflammatory
stimuli. Adoptive transfer of PD-1–
deficient DCs demonstrates their supe-
rior capacity to wild-type DCs in innate
protection of mice against lethal infection
by Listeria monocytogenes. Furthermore,
PD-1–deficient mice are also more resis-
tant to the infection than wild-type con-

trols, even in the absence of T and B cells,
accompanied by elevated production of
DC-derived interleukin-12 and tumor ne-
crosis factor-�. Our results reveal a novel
role of PD-1 in the negative regulation of
DC function during innate immune re-
sponse. (Blood. 2009;113:5811-5818)

Introduction

Innate immune response constitutes early host defense against
infection by intracellular pathogens, such as Listeria monocyto-
genes (LM), and is essential for host survival.1,2 An effective innate
immune response allows the host to develop antigen-specific
adaptive immune responses in which T and B cells are responsible
for the clearance of the infection.3 At the cellular level, neutrophils
and macrophages are thought to be the major innate cells killing
LM.2,4 In recent years, dendritic cells (DCs) have also been
implicated in playing a critical role in innate immunity.5 A subset of
DCs (TipDC) have been shown to produce tumor necrosis factor-�
(TNF-�) and iNOS, which, contributes to bacteria inhibition.6 In
addition, DCs are an important in vivo source of interleukin-12
(IL-12), which feeds into an IL-12–interferon-� (IFN-�)–protec-
tive feedback mechanism.7 IL-12, generated by LM-infected
macrophages and DCs, stimulates natural killer–cell (NK) activity,
including IFN-� production, which in turn further activates macro-
phages, DCs, and neutrophils.8 The importance of DC-derived
IL-12 has also been implicated in an intracellular parasite Toxo-
plasma gondii infection mouse model. The temporary depletion of
DCs abolished IL-12 production and increased early mortality.9

Furthermore, CD8�� DCs were found to be essential for efficient
LM entry into the spleen.10 With the importance of DCs for early
host defense against pathogens demonstrated, the molecular mecha-
nisms regulating activated DCs during an innate response, how-
ever, still remain largely unknown.

Programmed death one (PD-1), a member of the immunoglobu-
lin superfamily, is an inducible molecule on activated T and
B lymphocytes and is present on double-negative thymocytes
during T-cell development.11,12 The critical roles of PD-1 to control
lymphocyte activation and to maintain peripheral tolerance have
been validated in PD-1–deficient mice, which develop spontaneous
autoimmune diseases in different genetic backgrounds.13,14 B7-H1

(PD-L1) and B7-DC (PD-L2) are 2 counterreceptors for PD-1.15,16

B7-H1 is broadly inducible in various tissues and cell types,17

whereas B7-DC expression is limited to DCs and macrophages.18

Studies using B7-H1 knockout mice support that B7-H1 is the
primary regulatory counterreceptor for the inhibitory function of
PD-1 in the peripheral tissues.19 The interaction between B7-H1
and PD-1 also plays a critical role in the dysfunction of T cells
during chronic viral infections20-23 and serves as a checkpoint
molecule in determining the fate of T-cell activation and tolerance
during T-cell priming.24,25

Although ample evidence supports the roles of PD-1 in negative
regulation of adaptive immune responses, its expression and
function in innate cells and immunity remain unexplored. In this
report, we show that PD-1 could be induced to be expressed on
splenic DCs (sDCs) during LM infection and subsequently inhibits
innate immune responses.

Methods

Animals, cell lines, and reagents

C57BL/6 (B6) mice were purchased from the National Cancer Institute
(Frederick, MD). B6 Rag-1KO breeding pairs were purchased from The
Jackson Laboratory (Bar Harbor, ME). C57BL/6 PD-1KO breeding pairs
were generous gifts from Dr Tasuku Honjo, Kyoto University (Kyoto,
Japan). B7-H1KO mice in B6 background were generated and described
previously.19 B6.FVB-Tg.Itgax�DTR/EGFP.57Lan/J transgenic mice were pur-
chased from The Jackson Laboratory. Rag-1 PD-1 double knockout (DKO)
mice in B6 background were generated by backcrossing B6 PD-1KO with
B6 Rag-1KO mice. B6 Rag-1KO mice were bred and kept in the same
facility as controls. Age-matched 6- to 8-week-old mice were used for all
experiments. All mouse protocols were in accordance with National
Institutes of Health guidelines and were approved by the Animal Care and
Use Committee of the Johns Hopkins University School of Medicine.
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Anti–mouse PD-1 monoclonal antibody (mAb; clone G4) and anti–
mouse B7-H1 mAb (clone 10B5) were generated in our laboratory and
described previously.26,27 For PD-1 staining, FMAT-blue–conjugated (Ap-
plied Biosystems, Foster City, CA) or biotin-labeled G4 was used.
Biotin-labeled 10B5 was used for B7-H1 staining. All other antibodies used
in flow cytometry analysis were purchased from BD Biosciences (San Jose,
CA) or eBioscience (San Diego, CA). Control hamster IgG was purchased
from Sigma-Aldrich (St Louis, MO). The Toll-like receptor (TLR) ligands
were purchased from Invivogen (San Diego, CA).

LM infection

Mice were infected intravenously with 105 colony-forming units (CFUs) of
a virulent strain of LM (DP-L4056), which was kindly provided by Thomas
W. Dubensky Jr from Cerus (Concord, CA). Mouse survival was monitored
up to 3 months. For serum cytokine analysis, blood was collected through
the tail vein at indicated time points after infection. For some experiments,
liver and spleen were harvested 1, 2, or 3 days after infection for further
analysis. Bacterial titers were measured by plating of homogenized organs
on Difco Listeria plates (BD Biosciences).

Preparation of spleen DCs

The method to purify mouse sDCs was described previously.28 Briefly, spleens
were cut into small pieces (� 1 mm3) and incubated at 37°C in collagenase buffer
(10 mM N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid, 150 mM NaCl,
5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2) containing 1 mg/mL collagenase
D (Roche Diagnostics, Indianapolis, IN) for 45 minutes. Cell suspension was
obtained by vigorous pipetting and washing with complete RPMI 1640 (RPMI
1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL
penicillin, and 100 �g/mL streptomycin). CD11c� DCs were isolated using
CD11c magnetic-activated cell sorting (MACS) beads according to the manufac-
turer’s instructions (Miltenyi Biotec, Auburn, CA). Purified cells contained
approximately 95% CD11c� cells.

DC and NK-cell adoptive transfer

Splenic DCs were purified using CD11c MACS beads from Rag-1KO and
Rag-1 PD-1 DKO mice. NK cells were purified using a NK negative
selection kit (Miltenyi Biotec) from Rag-1KO and Rag-1 PD-1 DKO mice.
A total of 6 million DCs or 10 million NK cells were intravenously injected
into each Rag-1KO host. One hour later, the mice were intravenously
infected with 105 CFU LM. Spleens were harvested 3 days after infection.
Bacterial titers were measured by plating of homogenized spleens and livers
on Difco Listeria plates (BD Biosciences).

Intracellular cytokine staining and ELISA

Each mouse spleen was first digested with collagenase D and resuspended
in a 6-well plate. Spleen cells were then stimulated in vitro with
phosphate-buffered saline (PBS) or 108 heat-killed LM (HKLM) per
milliliter in the presence of brefeldin A (eBioscience) for 4 hours. In some
experiments, 20 �g/mL 10B5 was included in the culture. Intracellular
stainings for IFN-�, IL-12 p70, and TNF-� were performed according to the
manufacturer’s protocol (Cytofix/Cytoperm; BD Biosciences).

Mouse serum IFN-�, IL-12p70, and TNF-� were detected by sandwich
enzyme-linked immunosorbent assay (ELISA) methods according to the
manufacturer’s instructions (BD Biosciences PharMingen, San Diego, CA;
or eBioscience).

Reverse-transcription–polymerase chain reaction

Naive T cells were collected from B6 and B6 PD-1KO mice and activated
by plate-bound anti–mouse CD3 (2C11) for 24 hours. Naive spleen
CD11c� cells were purified from B6 Rag-1KO and B6 Rag-1 PD-1 DKO
mice, and then activated by LM in culture for 48 hours. Messenger
RNAs were extracted by the QIAGEN RNeasy mini kit (QIAGEN,
Valencia, CA). First-strand cDNAs were synthesized by the SuperScript
First-Strand Synthesis System (Invitrogen, Carlsbad, CA) and PD-1–
specific polymerase chain reactions (PCRs) were performed. Reverse-

transcription–polymerase chain reaction (RT-PCR) specific for mouse
�-actin was used as control. PD-1 primers: 5� ATGTGGGTCCGGCAG-
GTACCCTGG, 3� TCAAAGAGGCCAAGAACAATGTCC. �-actin
primers: 5� GTCCCTCACCCTCCCAAAAG, 3� GCTGCCTCAACA
CCTCAACCC.

Statistics

Liver or spleen LM CFU counts and serum cytokine levels were compared
between groups using the 2-tailed Student t test. Survival experiments were
analyzed using the log-rank test. P values less than .05 were considered
statistically significant. The error bars in the figures represent SD.

Results

PD-1 deficiency increases innate resistance of mice to LM
infection

To explore the role of B7-H1-PD-1 pathway in early innate defense, we
used a mouse model of LM infection, in which LM replication is
controlled largely by innate immunity at an early stage.1 PD-1–deficient
(KO) mice were challenged with 105 CFU of LM intravenously, which
is a lethal dose for 100% wild-type (WT) C57BL/6 (B6) mice within
4 days. However, PD-1KO mice survived much longer than their WT
littermates. Up to 50% of PD-1KO mice cleared the bacteria and
achieved long-term survival (	 90 days after the challenge; Figure 1A).
This survival advantage was correlated with decreased bacteria titer in
the liver (Figure 1B) and spleen (Figure 1C) of PD-1KO mice on day 2
and day 3 after LM infections, compared with WT control. Our results
suggest that PD-1 plays a negative role in the control of early-stage LM
infection.

We next backcrossed PD-1KO to Rag-1KO background, which
eliminates all T and B lymphocytes and allows us to exclusively
evaluate the role of PD-1 in innate cellular components. Phenotypic
analysis of cells from 7- to 8-week-old PD-1 Rag-1 DKO mice by
flow cytometry did not display any significant differences in
numbers of NK cells, neutrophils, macrophages, and DCs in the
spleen, liver, or peripheral blood mononuclear cells (Figure S1,
available on the Blood website; see the Supplemental Materials
link at the top of the online article). Therefore, PD-1 does not seem
to affect the development of these cell types in DKO mice.

DKO mice were challenged with a lethal dose of LM to evaluate
their innate resistance. Consistent with previous findings in PD-
1KO mice in B6 background, DKO mice had prolonged survival
compared with control Rag-1KO littermates, which all died within
6 days of infection. The majority of DKO mice survived up to
14 days (Figure 1D). Therefore, the lack of PD-1 enhances innate
resistance to LM infection, even in the absence of adaptive
immunity, although the eventual elimination of bacteria and
long-term protection requires adaptive immune responses. Consis-
tent with prolonged survival, DKO mice had significantly less
bacteria titer in their livers and spleens on day 2 and day 3 than
Rag-1KO controls (Figure 1E,F). Enhanced resistance to LM
infection was also observed in Rag-1KO mice by infusing an
anti–B7-H1 antibody (Figure S2), which blocks B7-H1 and PD-1
interaction.26 Our results thus indicate a previously unappreciated
inhibitory function of B7-H1-PD-1 interaction in innate immunity
against LM infection. Importantly, our data suggest that PD-1 on
cells other than T and B lymphocytes inhibits the innate function.

PD-1 is up-regulated on sDCs but not on other innate immune
cells

We first examined PD-1 surface expression on cells from
spleens and lymph nodes of WT B6 and B6 Rag-1KO mice by
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flow cytometry using anti–PD-1 antibody. Although there were
small fractions of cells from spleens and lymph nodes of WT B6
mice expressing PD-1, no PD-1 expression was found on cells
from Rag-1KO mice (data not shown). In contrast, 16 hours
after LM infection in vivo, CD11chigh and major histocompatibil-
ity complex (MHC) class II (I-Ab)high sDCs were found to
express PD-1. As shown, 14.8% of sDCs from Rag-1KO were
PD-1�, whereas only 0.8%, which represented background
staining, of DKO sDCs were PD-1� (Figure 2A). Meanwhile,
we were unable to detect PD-1 on NK cells, neutrophils, or
peritoneal macrophages after LM infection (Figure 2A). These
results revealed that PD-1 is selectively induced on a subset of
DCs on LM challenge.

To validate the expression of PD-1 on DCs, DCs were enriched
from spleens of Rag-1KO and DKO mice by positive selection with
CD11c MACS beads. These positively selected cells had more than
95% CD11c� cells, among which 85% of them were CD11chigh

MHC IIhigh conventional DCs. The remaining 15% of the CD11c�

cells were a mixture of CD11cmedium MHC IImedium PDCA-1�

plasmacytoid DCs and recently identified CD11cmedium MHC
IImedium DX5� IFN-producing killer DCs.29,30 Freshly isolated sDCs
showed a naive phenotype with low expression levels of costimula-
tory molecules CD80, CD86, and CD40, and did not have
detectable PD-1. When incubated in vitro with LM, conventional
DCs up-regulated PD-1: approximately 20% to 26% of CD11chigh

MHC IIhigh DCs became PD-1� in 24 hours (Figure 2B), and 50%
to 60% DCs became PD-1� after 40 hours (Figure 2B,C). Increased
expression of PD-1 was accompanied by significant up-regulation
of CD80, CD86, and CD40 by 40 hours (data not shown). There
was no detectable cell-surface PD-1 in purified sDCs from DKO
mice. We also purified peritoneal macrophages and spleen NK cells

from Rag-1KO and DKO mice and stimulated them with TLR
ligands (lipopolysaccharide [LPS], polyinosinic-polycytidylic acid
[Poly I:C], and cytosine-phosphate-guanine [CpG]) or cytokines
(IL-2, IL-12, and IFN-�) in vitro for 48 hours. No PD-1 surface
expression was observed on macrophages or NK cells after in vitro
stimulation (data not shown).

Further characterization of PD-1� cells after LM stimulation
indicated that PD-1 was mainly expressed on CD11chighMHC
IIhighCD11b�CD40highCD80highCD86high cells, a subset of myeloid
DCs with an activated phenotype.31 Within this subset, PD-1 expression
was higher on CD8� DCs (MFI 
 199) than CD8� DCs (MFI 
 95;
Figure 2C). The PD-1� DC subset was also negative for PDCA-1
(plasmacytoid DC marker), DX5 (NK marker), Gr-1, CD3, and CD19
(Figure 2C; and data not shown). In addition, PD-1 expression was not
detectable on plasmacytoid DCs after a 2-day culture with LM (Figure
S3). Surprisingly, there was no significant surface PD-1 expression on
naive or activated bone marrow–derived DCs (data not shown). In
summary, our results indicate that PD-1 expression in T cell– and
B cell–deficient Rag-1KO mice is highly selective and could only be
found on a subset of DCs. Therefore, ablation of PD-1 on DCs may
contribute to the innate resistance against LM infection.

Consistent with flow cytometric analysis, RT-PCR experi-
ments confirmed that PD-1–specific mRNA was present at low
levels from freshly purified sDCs from Rag-1KO mice, whereas
after culture with LM for 48 hours DCs greatly up-regulated
PD-1 transcripts. As a positive control, naive T cells were shown
to constitutively express PD-1 mRNA, additional activation by
plate-bound anti-CD3 antibody up-regulated its expression
(Figure 2D).

In contrast to the limited expression pattern of PD-1, B7-H1
could be broadly up-regulated on virtually all splenic cells,
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Figure 1. PD-1 deficiency renders resistance to listeriosis. (A) WT B6 (n 
 10) or B6 PD-1KO (n 
 10) mice were infected with 105 LM by intravenous injection. Their
survival was monitored daily. A total of 50% of PD-1KO mice survived more than 90 days. P � .01 between the 2 groups. With the same infection procedure as in panel A, liver
(B), and spleen (C) LM count (CFU per gram tissue) was measured daily for 3 days after infection. Data shown are the average of 5 mice. (D) B6 Rag-1KO (n 
 10) or B6 Rag-1
PD-1 DKO (n 
 10) mice were infected with 105 LM by intravenous injection, and their survival was monitored for 15 days. P � .01 between the 2 groups. With the same
infection procedure as in panel D, liver (E) and spleen (F) LM count (CFU per gram tissue) was measured daily for 3 days after infection. Data shown are the average of 4 mice.
*P � .05.
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including NK cells, neutrophils, macrophages, and DCs after LM
infection (Figure S4). This broad expression pattern of B7-H1
provides ample opportunity for PD-1 engagement on sDCs.

PD-1 surface expression on sDCs is modulated by TLR ligands

As a Gram-positive bacterium, Listeria lacks LPS, but possesses
various other Toll-like receptor (TLR) ligands, among which TLR2
ligands have been indicated as the most important for host
recognition.2,32 Up-regulation of PD-1 by LM infection implies that
expression of PD-1 may be a consequence of TLR and/or cytokine

signaling. To test this, we next stimulated sDCs with various
cytokines and TLR ligands in vitro to assess their ability to
modulate PD-1 surface expression. Interestingly, we observed
up-regulation of PD-1 on the cell surface in 20% to 40% of sDCs
during 48 hours of culturing without any additional reagents. This
correlates with in vitro partial maturation of sDCs in culture.28

Compared with this “spontaneous” up-regulation, purified lipotei-
choic acid (LTA-SA; TLR2 ligand), Poly I:C (TLR3 ligand), LPS
(TLR4 ligand), and soluble sonicated peptidoglycan (PGN-Ecndss;
NOD1/2 ligand) further up-regulated PD-1 expression, whereas
IL-4 and CpG (TLR9 ligand) significantly inhibited PD-1 surface

Figure 2. Expression of PD-1 on activated spleen DC. (A) Rag-1KO and Rag-1 PD-1 DKO mice were infected with 105 LM by intravenous injection. Spleens were harvested
16 hours after infection. CD11c� cells were purified using CD11c MACS beads and staining with MHC II (I-Ab), NK (DX5), PD-1, and DC (CD11c) markers. A total of 14.8% of
CD11c�I-Ab�DX5� DCs from Rag-1KO mice were PD-1�, whereas NK cells (CD11b�I-Ab� DX5�), neutrophils (I-Ab� Gr-1� CD11b�), and peritoneal macrophages
(I-Ab�CD11b�) from Rag-1KO mice stained negative for PD-1. (B) Splenic CD11c� cells were purified using CD11c MACS beads from Rag-1KO and DKO mice, incubated in
vitro for 48 hours with 5 � 104 LM/mL, and stained for PD-1 expression. (C) Same procedure as in panel B. Conventional sDCs were further gated as CD11chighI-Ab high

population and stained for PD-1 and various other surface markers as indicated. (D) Semiquantitative RT-PCR analysis of PD-1 transcripts was performed with mRNA
extracted from naive and anti-CD3–activated T cells from B6 WT and PD-1KO mice, followed by native and LM-activated splenic CD11c� cells from B6 Rag-1KO and B6 DKO
mice. RT-PCR specific for mouse �-actin was used as the loading control. (E) Splenic CD11c� cells were purified using CD11c MACS beads from Rag-1KO and DKO mice,
incubated in vitro for 48 hours with different TLR ligands and cytokines. Expression of PD-1 was measured as mean fluorescence intensity (MFI).
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expression (Figures 2E, S5). Flagellin (TLR5 ligand) and Loxorib-
ine (TLR7/8 ligand) had no effect on PD-1 expression (Figure 2E).
Similarly, addition of IL-2, IL-6, IL-10, IFN-�, IL-12, and TNF-�
also did not affect the expression of PD-1 (data not shown). Our
results thus indicate PD-1 on sDCs could be selectively induced by
ligation of TLR2, TLR3, TLR4, and nucleotide-binding oligomer-
ization domain (NOD) proteins, and its expression could be
inhibited by IL-4 and TLR9 ligation.

PD-1 inhibits sDC-derived IL-12 and TNF-� response to LM
infection

Cytokines play pivotal roles in modulating innate immune re-
sponses against infection. DCs are an abundant source for IL-12
and TNF-�, which have been shown to be important in controlling
bacterial infection.6,33 We first determined whether LM infection
stimulates DC-derived IL-12 and TNF-� production. To facilitate
this analysis, we adopted an ex vivo culture system in which spleen
cells were harvested 24 hours after LM infection, and stimulated
with or without HKLM for 4 hours in the presence of Golgi
blocker. Intracellular IL-12p70 and TNF-� in DCs and other spleen
subsets were then determined by flow cytometry using specific
mAbs. Consistent with previous observations, CD11b� myeloid
cells in the spleen were the major source for IL-12p70 and TNF-�
by HKLM stimulation.7,8 Among the TNF-�–producing myeloid
cells, 30% were MHC class II (I-Ab)�CD11c� DCs, whereas 56%
of IL-12p70–producing cells were I-Ab�CD11c� DCs (Figure 3A).
Therefore, sDCs are a significant source of IL-12 and contribute a
large amount of TNF-� after LM stimulation.

The roles of PD-1 in the regulation of IL-12 and TNF-�
production were evaluated in sDCs from Rag-1KO and DKO mice.
Whereas DCs from LM-infected Rag-1KO and DKO mice pro-
duced negligible IL-12 p70 and a moderate amount of TNF-�
without in vitro restimulation, HKLM induced higher production
of these cytokines. A more significant increase in cytokine produc-
tion was observed in DKO sDCs than Rag-1KO sDCs mice after
HKLM restimulation (Figure 3B). This enhanced response to
HLKM was not caused by the increase of intrinsic ability of DKO
DCs to release these cytokines because naive sDCs from Rag-1KO
and DKO mice produced similar amounts of IL-12p70 and TNF-�
on HKLM stimulation in vitro (Figure S6). Inclusion of B7-H1–
blocking mAb in the culture after LM infection significantly
increased the percentage of IL-12p70 and TNF-�–positive Rag-
1KO DCs (Figure 3C), but not the percentage of IL-12p70 and
TNF-�–positive DKO DCs (Figure 3C), indicating B7-H1-PD-1
pathway negatively modulates DC cytokine response to LM. This
result suggests that B7-H1 is a major counterreceptor for the
inhibitory effect of PD-1 on DC-derived cytokine prodution. In
addition, in Rag-1KO sDCs, the PD-1–positive population
largely lost their capacity to produce IL-12 and TNF compared
with the PD-1–negative population (Figure 3D), indicating that
up-regulation of PD-1 on DCs directly inhibits DC cytokine
production.

We further examined levels of IL-12 and TNF-� in the mouse
sera after LM infection to determine whether our findings ex vivo
are correlated with those in vivo. Serum samples were collected
from Rag-1KO and DKO mice at several time points up to 24 hours
after LM infection. Cytokine levels of the samples were measured
by sandwich ELISAs. Without LM infection, IL-12 and TNF-�
were undetectable in Rag-1KO and DKO mice, indicating that that
PD-1 is not involved in the regulation of these cytokines at basal
levels. After LM infection, however, DKO mice produced signifi-

cantly higher levels of these cytokines than Rag-1KO (Figure 4).
Our results thus demonstrate a correlation of our findings in vitro
with in vivo infection and implicate a role of PD-1 in the regulation
of these cytokines from DCs in vivo.

Transfer of PD-1–deficient DCs augments innate resistance

To provide direct evidence that lack of PD-1 on DCs is
responsible for the early resistance against LM infection in
PD-1KO mice, we initially used B6.FVB-Tg.Itgax�DTR/EGFP.57Lan/J
transgenic mice, in which CD11c� cells could be transiently
deleted in vivo after injection of diphtheria toxin.34 Unfortu-
nately, diphtheria toxin injection in these mice greatly enhances

Figure 3. PD-1 negatively regulates DC IL-12 and TNF-� production. (A) Total
splenocytes from Rag-1KO or DKO mice were incubated with PBS control or
106 CFU/mL HKLM for 4 hours in the presence of Golgi blocker brefeldin A.
Intracellular staining of TNF-� and IL-12p70 revealed that CD11b� myeloid cells were
the main producer of both cytokines on LM stimulation. Cytokine-producing cells
were further gated and stained with MHC II (I-Ab) and CD11c markers. (B) Rag-1KO
or DKO mice were intravenously infected with 105 CFU LM. At 24 hours later,
splenocytes were purified and restimulated with PBS or HKLM in the presence of
brefeldin A for 4 hours. DCs were purified using CD11c MACS beads. I-Ab�CD11c�

gated DC population was stained for intracellular IL-12p70 and TNF-�. (C) Same
condition as in panel B: anti-B7-H1 mAb 10B5 was added during in vitro restimulation.
(D) Same condition as in panel B: CD11c� gated Rag-1KO sDCs population was
costained for cell-surface PD-1 and intracellular IL-12p70 and TNF-�. Percentage of
quadrants was marked on the plots.
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early innate resistance to LM infection, perhaps because of
activation of macrophages, which mediate clearance of dying
DCs. We therefore failed to establish a workable model using
this strain. As an alternative approach, we transferred purified
sDCs (6 � 106/mouse) from DKO mice into Rag-1KO hosts to
determine whether this will convey augmented resistance to LM
infection. As a control, identical numbers of sDCs from
Rag-1KO mice were also transferred. As additional controls,
NK cells (107/mouse) from Rag-1KO and DKO mice were also
purified and transferred into Rag-1KO hosts. Only the mice
receiving DKO DCs showed significantly augmented resistance
to LM infection: the spleen and liver LM titer was significantly
lower in DKO DC-transferred mice than that of the control mice
on day 3 after LM infection (Figure 5). No significant differ-
ences were found by transfer of NK cells from either Rag-1KO
or DKO mice into Rag-1KO hosts. Accordingly, Rag-1KO mice
receiving DKO DCs had higher levels of serum IL-12 than
controls at 24 hours after infection (Figure S7). In conclusion,
adoptive transfer of PD-1–deficient DCs enhances innate im-
mune function against subsequent LM infection in vivo.

Discussion

Our study reveals that, in addition to T and B lymphocytes, PD-1
can be induced on sDCs by LM infection or TLR2, TLR3, TLR4,
and NOD engagements. PD-1 thus may have a much broader
distribution pattern than previously thought. We further demon-
strate that PD-1 is a negative regulator of DC-mediated innate
immunity by using genetic knockout mice and specific neutralizing
mAb. Interaction of PD-1 with its counterreceptor B7-H1 is
required for its negative effect. Our findings also shed light on
potential suppression mechanisms of PD-1 on DC function:
inhibition of IL-12 and TNF-� response to infection. These
findings thus reveal a new aspect in negative regulation of DC
function during innate immunity.

PD-1KO mice in B6 background showed strong resistance to LM
challenge in the first week of infection when a de novo adaptive immune
response has yet to be established. Although our data support an
enhanced innate rather than adaptive immunity in PD-1KO mice, T cells
with effector/memory phenotypes are found to accumulate in the
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peripheral and lymphoid organs of PD-1KO mice.13 These effector/
memory T cells could release IFN-� quickly on LM infection in an
antigen nonspecific fashion to active innate immune cells.35 This
possibility, however, was excluded by our experiments using Rag-1
PD-1 DKO mice: the DKO mice still showed strong innate resistance to
LM compared with Rag-1KO mice, although longer-term protection to
LM infection was clearly dependent on adaptive immunity. Virtually no
DKO mice could survive more than 15 days after LM infection (Figure
1C). In contrast, 50% PD-1 KO/B6 mice achieved long-term survival
(Figure 1A).

In innate immune components, expression of PD-1 appears
to be highly restricted to DCs but not on NK cells, neutrophils,
or macrophages after infection by LM in vivo or in vitro. PD-1
expression could also be up-regulated by LTA-SA, Poly I:C,
LPS, and PGN-ECndss, which engage TLR2, TLR3, TLR4, and
NOD1/2, respectively. Although these data demonstrate that the
regulation of PD-1 expression by LM infection is possibly
through TLRs and cytosolic NOD recognition and signaling, the
mechanism underlying selective up-regulation of PD-1 on DCs
in vivo remains unclear. Thus far, the most reliable method
described to induce PD-1 on T cells is through TCR engage-
ment, which triggers multiple downstream signaling pathways.
This suggests that PD-1 expression in each cell subset may be
controlled by distinct pathways rather than one universal
pathway.

Interaction with B7-H1 appears to be required for PD-1–
mediated suppression of DC function. After LM infection, B7-H1
was up-regulated in various tissues and cells. Therefore, there is
plenty of B7-H1 available for interaction with PD-1 on DCs.
Interestingly, DCs also express high levels of B7-H1 on cell
surface. Therefore, a B7-H1-PD-1 binding during DC-DC interac-
tion could not be excluded.

The biochemical mechanism underlying PD-1–mediated inhibi-
tion is yet to be clarified. It has been proposed that PD-1 may
suppress T-cell responses via the immunoreceptor tyrosine inhibi-
tory motif and/or the immunoreceptor tyrosine switch motif in its
cytoplasmic tail.36 In a B-cell model, cross-linking of PD-1 along
with the B-cell receptor leads to tyrosine phosphorylation of the
PD-1 cytoplasmic domain, recruitment of SHP-2 phosphatase, and
reduced phosphorylation of B-cell receptor proximal kinases.37 A
recent study using site-directed mutagenesis, however, showed that
the immunoreceptor tyrosine switch motif, but not immunoreceptor
tyrosine inhibitory motif, is essential for the inhibitory function of
PD-1 in T cells.38 The precise pathway that is responsible for
PD-1–mediated suppression of DCs is yet to be determined.

Although the initial signaling pathway leading to PD-1 suppres-
sion is yet to be explored, our experiments may shed light on the
mechanism. It is possible that PD-1, induced by engagement of
selective TLRs, down-regulates TLR signaling as a negative
feedback mechanism to tune down innate response and reduce
tissue damage. It appears that PD-1 can directly inhibit DC
production of IL-12 and TNF-�. This observation is confirmed in
LM infection models both in vitro and in vivo. Increased release of
cytokines from PD-1–deficient DCs in vitro after LM stimulation
correlated with significantly elevated levels of these cytokines in

DKO mice sera after LM infection. It is important to point out that
DCs are not the only source for these cytokines. Macrophages can
also release large amounts of TNF-� and IL-12 after LM infection.
Macrophages, however, do not express PD-1. Herein the changes in
cytokine production from macrophages, if any, will not be a direct
effect of PD-1. In addition to IL-12 and TNF-�, we also observed
significant increases of other cytokines in DKO sera, including
IFN-� (Figure 4C), which is probably produced by NK cells.2

Further analysis demonstrates that NK cells, but not DCs, are the
major producer of IFN-� after LM infection (data not shown). This
implicates a cytokine cascade in LM infection involving other
innate immune cells and that PD-1–mediated negative regulation is
an important player in the control of infection.

Selective deletion of PD-1 on DCs represents an ultimate
approach for precise evaluation of the role of PD-1 in vivo.
However, a DC-specific PD-1 knockout is not yet available. Our
adoptive transfer experiments, nevertheless, clearly demonstrate
that DCs from DKO mice are superior to those from Rag1-KO
mice in providing innate resistance. On the other hand, Rag-
1KO mice receiving DKO DCs could not reach the same
resistant level as seen in DKO mice to LM infection. Several
potential reasons could account for this discrepancy. First,
adoptive transferred sDCs could not completely functionally
replace splenic-resident DCs in DKO mice. Alternatively, PD-1
might also exert a negative role in other antigen-presenting cells
or innate cells during LM infection.

In conclusion, our findings reveal a new molecular mechanism
through which DC-mediated innate immunity is regulated. Interac-
tion of B7-H1 with PD-1 thus serves as a checkpoint to regulate
mature DC function in vivo.
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