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ABSTRACT

The programmed death-1 receptor is expressed on a

wide range of immune effector cells, including T cells,

natural killer T cells, dendritic cells, macrophages, and

natural killer cells. In malignancies and chronic viral

infections, increased expression of programmed death-1

by T cells is generally associated with a poor prognosis.

However, its role in early host microbial defense at the

intestinal mucosa is not well understood. We report that

programmed death-1 expression is increased on con-

ventional natural killer cells but not on CD4+, CD8+ or

natural killer T cells, or CD11b+ or CD11c+ macrophages or

dendritic cells after infection with the mouse pathogen

Citrobacter rodentium. Mice genetically deficient in pro-

grammed death-1 or treated with anti–programmed

death-1 antibody were more susceptible to acute enteric

and systemic infection with Citrobacter rodentium. Wild-

type but not programmed death-1–deficient mice in-

fected with Citrobacter rodentium showed significantly

increased expression of the conventional mucosal NK

cell effector molecules granzyme B and perforin. In

contrast, natural killer cells from programmed death-

1–deficient mice had impaired expression of those me-

diators. Consistent with programmed death-1 being

important for intracellular expression of natural killer cell

effector molecules, mice depleted of natural killer cells

and perforin-deficient mice manifested increased sus-

ceptibility to acute enteric infection with Citrobacter

rodentium. Our findings suggest that increased pro-

grammed death-1 signaling pathway expression by

conventional natural killer cells promotes host protection

at the intestinal mucosa during acute infection with a

bacterial gut pathogen by enhancing the expression and

production of important effectors of natural killer cell

function. J. Leukoc. Biol. 99: 475–482; 2016.

Introduction

The inhibitory receptor PD-1 (CD279) is expressed by
T lymphocytes, macrophages, DCs, NK cells, and NKT cells
[1–3]. The expression of PD-1 on T cells is increased in persistent
viral infections and malignancies [1–3]. Moreover, studies have
explored the role of PD-1 in the context of tumor surveillance
and host defense against viral infections. Evidence has suggested
that upregulation of PD-1 on virus-specific T cells contributes
to T-cell exhaustion during persistent viral infections and that
its increased expression is an indication of dysfunctional virus-
specific T cells [4, 5]. In malignancies and persistent viral
infections, increased PD-1 expression on immune effector cells
has correlated positively with a poor prognosis [6]. Given the role
of PD-1 in decreasing the immune responses in malignancies
and chronic viral infections, efforts have been made to enhance
the immune responses by inhibiting the PD-1 signaling pathway,
with the aim of increasing the immune responses that might
determine favorable clinical outcomes [7–9].
The intestinal mucosa is a major site of interaction between

the host and enteric pathogens; however, limited evidence is
available regarding the function of PD-1 during acute enteric
infections. Furthermore, varying outcomes could be anticipated.
Antibody blockade of the PD-1/PD-ligand 1 pathway, for
example, resulted in enhanced levels of T-cell activation and
facilitated production of IFN-g in a mouse model of cerebral
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malaria caused by Plasmodium berghei [8]. In contrast, in an
animal model of helminth infection, PD-1/PD-ligand 2
blockade enhanced Th2 immune responses during pulmonary
infection with Nippostrongylus brasiliensis [10].
NK cells, a subset of lymphocytes of the innate immune system,

have important roles in tumor surveillance and the control of
viral infections [11]. NK cell activation and cytotoxicity are
regulated by activating and inhibitory receptors that
determine how resting NK cells sense microbial and non-
microbial signals and control the NK cell effector function
[11–13]. A lack of functional NK cells renders hosts susceptible to
a wide range of viral, fungal, bacterial, and parasitic infections
[14–16]. On recognition of their target cells, activated conven-
tional NK cells secrete lytic proteins (e.g., GrzB and perforin)
and cytokines (e.g., IFN-g) [13, 17].
The murine intestinal pathogen C. rodentium has important

virulence features in common with those of enteropathogenic
Escherichia coli and enterohemorrhagic E. coli and, like those
pathogens, forms A/E lesions on the apical surface of intestinal
epithelial cells [18–21]. Innate and adaptive immune mecha-
nisms have been proposed to determine the host resistance to
and clearance of C. rodentium infection in mice. Mice lacking
the cytokines IFN-g [22, 23] and IL-12 [22] have greater
susceptibility to infection and delayed clearance of C. rodentium.
Likewise, mice defective in different components of the innate
immune system (i.e., NK cells, DCs, murine cathelicidin-related
antimicrobial peptide) manifest greater bacterial burdens in the
initial days after infection with C. rodentium [20, 24, 25].
We report in the present study that PD-12/2 mice or mice

treated with anti–PD-1 antibody have a phenotype characterized by
a greater bacterial burden and systemic infection with C. rodentium
in the early period after infection. Conventional NK cells from
PD-12/2 mice challenged with C. rodentium in vivo manifest
impaired intracellular expression of lytic proteins (i.e., GrzB and
perforin). Thus, the lack of intact PD-1 signaling in conventional
NK cells in the intestinal mucosa is paralleled by decreased,
rather than increased, activation of NK-cell effector molecules
during acute enteric bacterial infection.

MATERIALS AND METHODS

Mice
Sex- and age-matched WT C57BL/6J mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA) or were bred at the University of
California, San Diego, Animal Care Facility. Sex- and age-matched C57BL/6-
Prf1tm1Sdz/J (perforin-deficient) mice were purchased from Jackson Labora-
tory. PD-12/2 mice on a C57BL/6J background were provided by Dr. William R.
Green (Geisel School of Medicine at Dartmouth) with approval from Dr. Tasuku
Honjo (Department of Immunology and Genomic Medicine, Kyoto University,
Kyoto, Japan). All experiments used 6- to 8-week-old mice. Sex- and age-matched
WT and PD-12/2 mice were cohoused for 1 wk before use at a 1:1 ratio. All
experiments were performed in accordance with the guidelines approved by the
University of California, San Diego, Institutional Animal Care and Use
Committee, in compliance with the National Institutes of Health guidelines.

Infection protocol and quantification of
bacterial burden
C. rodentium strain DBS100 (American Type Culture Collection 51459) was
grown in Luria-Bertani broth at 37°C, harvested by centrifugation, and
resuspended in PBS at a concentration of 5 3 109 CFU/ml. Mice were

infected with 100 ml of the bacterial suspension containing 5 3 108 CFU of
C. rodentium by oral gavage, as described previously [26]. For bacterial
titrations, fecal pellets, collected at different times after infection, were
weighed, homogenized in 2 ml of sterile PBS, serially diluted, and plated onto
MacConkey agar (Difco; Difco Laboratories, Detroit, MI, USA). Liver, spleen,
and MLNs were collected aseptically, weighed, and homogenized in 2 ml
of sterile PBS. Serially diluted organ preparations were plated onto MacConkey
agar plates. The plates were incubated overnight at 37°C, and the number of
colonies was counted and expressed as CFU/g feces or CFU/g organ.

PD-1 blockade and depletion of NK cells in vivo
Rat anti-mouse PD-1 (clone RMP1–14), rat IgG2a (clone 2A3), mouse anti-
NK1.1 (clone PK136), and mouse IgG2a (clone C1.18.4) were from Bioxcell
(West Lebanon, NH, USA). For PD-1 blockade and NK-cell depletion, age-
and sex-matched mice received intraperitoneal injections of 250 mg of
blocking monoclonal antibodies or the corresponding isotype controls every
other day during the entire course of infection, starting 4 d before C.
rodentium oral inoculation.

Immunohistochemistry
The distal colons were opened longitudinally and washed in ice-cold PBS.
Frozen tissues were fixed in optimal cutting temperature compound (Sakura
Finetek, Torrance, CA, USA) and frozen in dry ice and 2-methylbutane. For
C. rodentium staining, frozen tissues were cut and fixed in neutral buffered
formalin for 10 min and blocked with TBST 3% BSA. The sections were
incubated with a polyclonal rabbit antiserum (1:100) against the O152 LPS
serotype (E. coli Poly 8; Denka Seiken, Tokyo, Japan), as described previously
[19, 21, 27], followed by staining with a Cy3-conjugated donkey anti-rabbit
IgG antibody (Jackson ImmunoReserach Laboratories, West Grove, PA, USA).
F-actin filaments were visualized with Alexa Fluor 488 Phalloidin (1:400; Molecular
Probe, Eugene, OR, USA). Hoechst (Life Technologies, Gaithersburg, MD,
USA) was used at 1:10,000 for 10 min to visualize nuclei. Images from
fluorescence microscopy were photographed using imaging software (Picture-
Frame; Optronics, Galeta, CA, USA). Digital images were processed using Adobe
Photoshop, version 7.0 (Adobe Systems, San Jose, CA, USA).

Isolation of LP lymphocytes
The distal colon of uninfected or infected animals at day 3 p.i. were removed,
cut longitudinally, and washed with ice-cold PBS. To remove epithelial
cells, the colons were cut into small pieces and incubated for 10 min in
predigestion solution (HBSS containing 5 mM EDTA, 10 mM HEPES, and
1 mM dithiothreitol supplemented with penicillin, streptomycin, and
gentamicin) at 37°C with agitation. After incubation, the samples were shaken
vigorously, supernatant was removed, and fresh predigestion solution was
added to the tissue samples. Subsequently, the tissues were washed twice with
ice-cold PBS, minced, and digested in DMEM (Sigma-Aldrich, St. Louis,
MO, USA) containing 10% FBS, 420 mg/ml Liberase (Roche, Indianapolis,
IN, USA), and 0.1 mg/ml DNase (Roche), supplemented with penicillin,
streptomycin, and gentamicin, for 15 min at 37°C with gentle agitation.
Digested tissues were passed through a 40-mm cell strainer (DB Falcon, San
Jose, CA, USA), and isolated cells were washed with ice-cold PBS, counted,
and stained with the indicated antibodies.

Tetramer staining for NKT cells
To evaluate the effects of anti-NK1.1 antibody on NKT cells, WT C57BL/6J mice
were treated with anti-NK1.1 or isotype control (both from Bioxcell), as previously
described. Single cells were isolated and stained with PE-labeled a-GalCer-CD1d
tetramer (provided by the National Institutes of Health Core Facility, Atlanta, GA,
USA) for 30 min at 4°C and subsequently stained for TCR-b at 4°C for 30 min and
analyzed using an LSRII flow cytometer (BD Biosciences, San Diego, CA, USA).

Flow cytometry and intracellular staining
LP lymphocytes were isolated from the distal colon of uninfected or infected
mice, as described previously. The MLNs and spleens from uninfected or
infected mice were collected aseptically, and single-cell suspensions were
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prepared by straining through a 70-mm nylon membrane (BD Falcon, San Jose,
CA, USA). Red blood cells were lysed in cold isotonic NH4Cl lysis buffer
(155 mMNH4Cl, 10 mM KHCO3, and 100 mM EDTA, pH 7.4), and the remaining
cells were washed twice with ice-cold PBS. The cells were incubated with
1 mg/106 cells anti-mouse CD16/CD32 (clone 93; Biolegend, San Diego, CA, USA)
in FACS buffer (PBS supplemented with 3% FBS) for 15 min on ice to reduce
nonspecific binding. Live/dead cell labeling was performed using a LIVE/
DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies, Eugene, OR, USA)
for 20 min at 4°C in the dark, according to the manufacturer’s instructions. For
surface staining, cells (;1.5–2 3 106) were directly stained in triplicate with
cocktails of the following conjugated antibodies in FACS buffer: anti-CD3-
BV421 (clone 17A2), anti-CD4-Alexa Fluor 488 (clone GK1.5), anti-CD8-Alexa
Fluor 700 (clone 53-6.7), anti-NK1.1-APC (clone PK136; all from Biolegend),
anti-CD49b-FITC (clone DX5), anti-CD11b-eFluor 450 (clone M1/70), anti-
CD11c-Alexa Fluor 488 (clone N418), anti-PD-1-FITC (clone J43; all from
eBioscience, San Diego, CA, USA), for 30 min at 4°C in the dark and were fixed
using a Cytofix/Cytoperm kit (BD Biosciences) per the manufacturers’
instructions. For intracellular staining, the cells were restimulated ex vivo for 8 h
in the presence of PMA at 50 ng/ml and ionomycin at 750 ng/ml, adding
Brefeldin A at 10 mg/ml (all from Sigma-Aldrich) for the last 6 h. The cells
subsequently were fixed, permeabilized, and stained with cocktails of anti-perforin-
PE (clone eBioOMAK-D) and anti-GrzB-PE-Cy7 (clone NGZB; all from
eBioscience). Data were acquired using an LSRII flow cytometer (BD Bioscience)
and were analyzed using FlowJo (Tree Star, Inc., San Carlos, CA, USA).

Histologic examination
The colon tissues were rinsed of fecal material with ice-cold PBS, rolled into a
Swiss roll configuration, fixed in 10% buffered formalin, and subsequently
embedded in paraffin. Tissue sections (5-mm thick) were deparaffinized
in xylene, followed by hydration through graded ethanol solutions. The
colon tissues were stained with H&E, and $20 full-length, well-oriented
colon crypts were measured in each mouse.

Quantitative Real-Time PCR
Total RNA was extracted from the colons of uninfected and infected mice
3 d p.i. using TRIzol (Invitrogen, Carlsbad, CA, USA) and was reverse

transcribed to cDNA using the iScript reverse transcription supermix
(Bio-Rad, Hercules, CA, USA). SYBR Green based real-time quantitative PCR
assays were performed using a StepOnePlus system (Applied Biosystems,
Foster City, CA, USA). The primers used included PD-1 forward: 59-TTC AGG
TTT ACC ACA AGC TGG-39; PD-1 reverse: 59-TGA CAA TAG GAA ACC GGG
AA-39. Data were normalized according to the expression of the housekeeping
gene GAPDH. GAPDH forward: 59-CGA TGC CCC CAT GTT TGT GAT-39;
GAPDH reverse: 59-GGT CAT GAG CCC CTT CCA CAA TGC-39.

Statistical analysis
Data were analyzed using GraphPad Prism, version 6.07, software (GraphPad,
San Diego, CA, USA) and expressed as the mean6 SEM. For statistical analyses,
a 2-tailed Mann-Whitney U test or a Wilcoxon rank sum test was used, and
P , 0.05 was considered statistically significant.

RESULTS

Lack of PD-1 impairs accumulation of NK cells in colon
and is required for optimal effector function of NK
cells under steady-state conditions
First, we compared the accumulation of NK cells in the colon
LP using flow cytometry in naı̈ve mice. PD-12/2 mice had a
significantly lower percentage of NK cells compared with WT
controls (Fig. 1A). Using intracellular staining, we next
measured the effector function of NK cells in naı̈ve mice, as
demonstrated by intracellular expression of GrzB and
perforin in the colon LP of PD-12/2 mice and WT controls.
NK cells isolated from the colons of PD-12/2 mice had
significantly fewer cells expressing either GrzB or perforin
compared with the WT controls (Fig. 1B–D). These findings
demonstrate that PD-1 is required for optimal production of
the NK cell effector molecules (e.g., GrzB, perforin) under
steady-state conditions.

Figure 1. NK cell accumulation in the colon and the
intracellular production of GrzB and perforin by
colonic NK cells are impaired in the absence of
intact PD-1. LP lymphocytes were isolated from sex-
and age-matched naı̈ve WT and PD-12/2 mice by
enzymatic digestion. (A) Flow cytometric analysis of
NK cells isolated from the colon LP of WT and
PD-12/2. Data presented as mean and SEM, n = 5
mice per group. Data are representative of 2
independent experiments. (B) Gating strategy for
flow cytometry analysis of NK cells defined as
CD32NK1.1+ cells. FSC and SSC represent forward
and side scatter, respectively. (C) Intracellular
expression of GrzB and perforin in WT (left) and
PD-12/2 (right) mice. Data are representative of
3 pooled independent experiments (n = 4–5 mice
per experiment). (D) Flow cytometric analysis of
NK1.1+GrzB+ and NK1.1+, perforin-positive cells
isolated from colon LP. Fluorescence minus one
controls were used to set the gates. Data
are mean and SEM. *P , 0.05; **P , 0.01
(Mann-Whitney U test). Numbers indicate
percentage of cells in each gate.
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Increased susceptibility to enteric microbial infection in
mice lacking PD-1
NK cells have been shown to play important roles in host defense
against gut infections [15]. Considering the impaired accumula-
tion of NK cells in the colon LP of naı̈ve PD-12/2 mice compared
with WT controls and the requirement of PD-1 for proper effector
function of NK cells, we next hypothesized that PD-12/2 mice
would show increased susceptibility to gut infection.
We used the murine pathogen C. rodentium to probe the

function of PD-1 in mucosal microbial infection in the gut.
PD-12/2 mice, compared with WT controls, had significantly
higher bacterial numbers of C. rodentium in feces as early as day
3 p.i. (Fig. 2A). The increased C. rodentium infection in PD-12/2

mice was not due to a developmental abnormality in those mice,
because similar results were found in adult WT mice treated with
anti-PD-1 blocking antibody before infection (Fig. 2B and
Supplemental Fig. 1). By day 3 p.i., significant numbers of
translocated bacteria were present in the liver, spleen, and
MLNs in PD-12/2 mice but not in the WT controls (Fig. 3A).
Costaining for C. rodentium and actin in the distal colon of
infected mice revealed that the distal colon surface epithelium
of PD-12/2 mice was more densely covered with this A/E
pathogen compared with the scattered bacteria associated with
the epithelial surface in WT mice (Fig. 3B). C. rodentium was seen
in small numbers within the LP of PD-12/2 mice but not WT
mice. Likewise, WT mice treated with rat IgG2a anti-PD-1 showed
greater bacterial numbers in the liver, spleen, and MLNs
compared with WT mice receiving control rat IgG2a (Fig. 3C).
However, anti-PD-1 therapy did not change the main bacterial
taxa in the gut (i.e., Enterobacteriaceae, Bacteroides, Prevotella,
Porphyromonas, Enterococcus, Actinobacteria). We also found that
in the acute phase of C. rodentium infection, the mRNA
transcripts for this pathogen were 104–105-fold higher than were
other members of the Enterobacteriaceae family in the colon
(data not shown). Immunolocalization of C. rodentium in the
distal colon of WT mice treated with rat IgG2a anti-PD-1 also
showed that the intestinal epithelial surface was greatly covered
with C. rodentium, but the WT mice receiving control rat IgG2a
showed a lower bacterial burden after infection with an identical
oral inocula (Fig. 3D). These findings suggest that PD-1 has an
important role in early host defense mechanisms to this enteric
infection.

PD-1 expression is upregulated after
C. rodentium infection
C. rodentium infection significantly increased PD-1 mRNA
expression in the colon mucosa of WT mice (Fig. 4A). We
therefore characterized the mononuclear cell populations in the
MLNs and spleen that manifested upregulated PD-1 expression
after infection. Studies had demonstrated the importance of
CD4+ T cells and NK cells in the kinetics and clearance of
C. rodentium infection [15, 22]. We found by flow cytometry an
;30% increase in the percentage of conventional NK cells
(defined as CD32NK1.1+), expressing PD-1 in the MLNs
and spleen of infected mice by 3 d p.i. (Fig. 4B) but not by
CD3+CD4+ or CD3+CD8+ T cells or by CD11c+ or CD11b+

mononuclear cells (i.e., putative DCs and macrophages,

respectively) in those sites or the spleen (Supplemental
Fig. 2). These findings suggest that PD-1 acting through
conventional NK cells might contribute to early host defenses
against C. rodentium infection.

Mice lacking conventional NK cells develop increased
infection with C. rodentium
We tested whether the PD-1–dependent increase in the bacterial
burden of C. rodentium was dependent on conventional NK cells by
using an antibody against the surface marker NK1.1 (CD161)
expressed by conventional NK cells. Analyses showed that the anti-
NK1.1 antibody efficiently blocked conventional NK cells in WTmice
when administered every other day (250 mg/mouse), starting
4 d before infection (Fig. 5A and B). Approximately 50–60% of
NKT cells (defined as TCR-b+CD1d-tetramer+) also expressed NK1.1,
and anti-NK1.1 administration did not completely deplete NKT cells
(Supplemental Fig. 3). At 3 d after infection with C. rodentium, the
mice treated with anti-NK1.1 had significantly greater numbers of
C. rodentium in the feces than did those receiving control antibody (Fig.
5C). As shown in Fig. 5C, none of those mice receiving control
mouse IgG2a showed any translocated bacteria in the spleen. In
contrast, C. rodentium was detected in the spleens of;50% of mice
receiving anti-NK1.1 at 3 d p.i. Likewise, immunolocalization of
C. rodentium showed marked colonization of the distal colon in mice
receiving anti-NK1.1 blocking antibody (Fig. 5D).

PD-1 is required for optimal GrzB and perforin
production by conventional NK cells in the colon after
C. rodentium infection
We analyzed the intracellular expression of GrzB and perforin by
conventional NK cells using flow cytometry 3 d p.i. with
C. rodentium. The intracellular expression of GrzB by conventional
NK cells isolated from the LP of the colon (Fig. 6A) increased by
more than twofold in response to C. rodentium infection. However,
a lack of PD-1 significantly impaired the intracellular expression of
GrzB by conventional NK cells in the colon at day 3 p.i. (Fig. 6A,

Figure 2. C. rodentium infection in PD-12/2 and anti-PD-1–treated mice.
Sex- and age-matched mice (n = 5–7 per group) were infected with 5 3
108 CFU of C. rodentium by oral gavage. Fecal samples were collected at
the indicated times after infection, and C. rodentium CFU/g feces was
determined in WT C57BL/6J and PD-12/2 (A) and in WT mice (B)
receiving either anti-PD-1 or isotype control antibody. Dotted lines
represent the detection limit of the culture method. Data are
representative of $3 independent experiments. Data are presented as
mean 6 SEM. *P , 0.05; **P , 0.01 (Mann-Whitney U test).
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left). Likewise, the percentage of perforin-expressing conventional
NK cells (NK1.1+, perforin-positive) isolated from LP of WT mice
increased by more than threefold in response to gut infection at
3 d p.i. (Fig. 6B, left). Strikingly, the intracellular expression of

perforin by conventional NK cells was impaired in the colon LP of
PD-12/2 mice orally infected with C. rodentium compared with
their WT counterparts at 3 d p.i. (Fig. 6B, right). However, no
significant differences were observed in the intracellular expres-
sion of GrzB and perforin by CD8+ T cells isolated from the colon
LP of WT and PD-12/2 mice (data not shown).

Increased susceptibility to C. rodentium in perforin2/2

mice
We hypothesized that impaired production of the cytotoxic
effector perforin by conventional NK cells, alone or together with
other conventional NK cell-effector molecules, could explain
the increased susceptibility to C. rodentium in PD-12/2 mice. If
perforin secreted by conventional NK cells contributed to the
observed phenotype in PD-12/2 mice, mice lacking perforin
would be predicted to display a phenotype resembling that of
PD-12/2 mice after C. rodentium infection. Similar results to those
in PD-12/2 mice were found 3 d p.i in perforin-deficient mice
infected with C. rodentium (Fig. 7A and B).

DISCUSSION

PD-1 expressed by conventional NK cells in the intestinal mucosa
had an important role in the early intestinal mucosal defense
response against a prototypic A/E lesion-inducing murine
intestinal pathogen. Expression of PD-1 in the colon of WT mice
infected with C. rodentium was upregulated and restricted to
conventional NK cells early after infection. PD-1 is known to
function as a negative regulator of host immunity during chronic

Figure 3. Systemic spread of intestinal infection with C. rodentium in
PD-12/2 and WT mice treated with anti-PD-1. (A) Bacterial translocation
into liver, spleen, and MLNs of infected WT and PD-12/2 mice were
detected 3 d p.i (n = 4 mice per group). (B) Immunolocalization of
C. rodentium in distal colon of WT and PD-12/2 mice. Actin filaments stained
green, C. rodentium stained red, nuclei stained blue. (C) Bacterial
translocation into liver, spleen, and MLNs of infected WT mice receiving
control rat IgG2a (rIgG2a) or rat IgG2a anti-PD-1 (a-PD-1) (n = 9 mice per
group). (D) Immunolocalization of C. rodentium in distal colon of WT
mice treated with control rIgG2a or a-PD-1. Similar data were obtained
from 2 repeated experiments. Data are presented as mean 6 SEM.
*P , 0.05; **P , 0.01 (Mann-Whitney U test or Wilcoxon rank sum test).

Figure 4. PD-1 expression in the colon increased after C. rodentium
infection. (A) mRNA expression of PD-1 in distal colon of WT mice
infected with 5 3 108 CFU of C. rodentium was measured at d 0 and 3 p.i.
using RT-PCR. Data are presented as mean and SEM (n = 3–7 mice per
group). Data are representative of 2 independent experiments. (B) Sex-
and age-matched WT C57BL/6J mice (n = 4 per time point) were
infected with 5 3 108 CFU of C. rodentium by oral gavage on d 0. MLNs
and spleen were removed on d 0 and 3 p.i. PD-1 expressed on
conventional NK cells (i.e., NK1.1+CD32) from the MLNs and spleen was
assessed by flow cytometry on d 0 and 3 p.i. Fluorescence minus one
controls were used to set the gates. Numbers indicate percentage of
NK1.1+PD-1+ cells. **P , 0.01 (Mann-Whitney U test). Data are
representative of 2 independent experiments (n = 4 mice per
experiment). Numbers indicate percentage of cells in each gate.
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infections with viruses, intracellular bacteria, and parasites [1, 2].
In addition to NK cells, PD-1 expression in persistent infections
was increased on other innate and acquired immune effector
cells (e.g., T cells, macrophages, NKT cells, and DCs), which was
not the case for acute infection with C. rodentium. Moreover, it

has been shown that targeting the PD-1 signaling pathway in mice
using antibody to PD-1 or gene targeting of PD-1 enhances the
immune responses against pathogens that cause persistent
infections and results in improved resistance to infection [28, 29],
rather than the decreased resistance seen during acute
infection with C. rodentium.
NK cells have been reported to have a role in host defense to

C. rodentium and several other enteric pathogens. However, the
molecules, mediators, and mechanisms required for those
responses are not known [15, 25, 30, 31]. By depleting
conventional NK cells in vivo with specific antibody to NK1.1, we
found that NK cells were relevant for host defense early in the
course of C. rodentium infection [25]. We found that PD-1 was
required for the optimal expression and production of effector
molecules by conventional NK cells in C. rodentium-infected
intestine. Mice deficient in PD-1 had an increased enteric
microbial load and systemic infection with C. rodentium as early as
3 d after infection. In contrast, in WT controls, identical oral
inocula resulted in infection largely confined to the luminal
surface of the epithelial cells in the colon. Conventional NK cells
present in the intestinal mucosa of PD-12/2 mice manifested
abnormalities in the production of the lytic proteins GrzB and
perforin.
Increased perforin production by mucosal NK cells from WT

mice was restricted to the site of infection in the LP, suggesting
the importance of local perforin production by NK cells in
host resistance to this pathogen. Supporting this, perforin-
deficient mice infected with C. rodentium had greater bacterial
burdens with the pathogen in the feces at day 3 p.i. than did
the WT controls, with a concomitant increased systemic
infection, paralleling the phenotype of PD-12/2 mice.
NK cells can be activated during bacterial infections by

proinflammatory cytokines [32]. However, direct activation of
conventional NK cells by bacteria is less characterized [13],
although some microbes were reported to contain cell wall–derived

Figure 5. Increased C. rodentium infection in anti-NK1.1–treated mice.
Efficacy of the a-NK1.1 antibody treatment in depleting NK cells in mice
(A and B). Sex- and age-matched WT mice (n = 7–8 per group) receiving
depleting anti-NK1.1 or mouse IgG2a control were infected with 5 3 108

CFU of C. rodentium by oral gavage on d 0. Fecal samples and spleens were
collected 3 d p.i., and C. rodentium CFU/g feces and spleen (C) were
determined. Dotted lines indicate the detection limit of the culture
method. (C) Immunostaining of C. rodentium in distal colon of WT mice
receiving an anti-NK1.1 antibody or mouse IgG2a control. **P , 0.01;
***P , 0.001. Mann-Whitney U test (C, left) or Wilcoxon rank sum test
(C, right). Data are presented as mean 6 SEM.

Figure 6. GrzB- and perforin-producing conventional NK cells in C.
rodentium infected WT and PD-12/2 mice. Single cells from the colon
LP of WT and PD-12/2 mice infected with 5 3 108 CFU of C. rodentium by
oral gavage were isolated on d 0 and 3 p.i. and restimulated with PMA/
ionomycin, as described previously. Flow cytometric analysis of in-
tracellular expression of GrzB (A) and perforin (B) by conventional
NK cells isolated from the colon LP of PD-12/2 and WT controls. Data
are representative of 2 pooled independent experiments (n = 4–8 mice
per experiment). Fluorescence minus one controls were used to set the
gates. Numbers indicate the percentage of cells in each gate.
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components that can bind to and activate conventional NK cells
through NKp46 [13, 33]. Furthermore, it is known that NK cell
lytic proteins and antimicrobial peptides mediate NK cell
cytotoxicity against virus-infected cells and tumor cells [34] and
that mice deficient in these factors are prone to infection with a
wide variety of pathogens [35].
It is also known that conventional NK cells constitute an early

source of IFN-g after infection with intestinal pathogens such as
Salmonella typhimurium [36]. We found that PD-1–deficient NK
cells had decreased expression of IFN-g. In contrast, C. rodentium–
stimulated conventional NK cells from WT mice rapidly upregu-
lated IFN-g expression, suggesting possible direct simulation by
C. rodentium or its products (data not shown). Furthermore, in WT
mice, mucosal NK cells were the main source of IFN-g 3 d after
C. rodentium infection (data not shown). Taken together, these
results are consistent with previous observations that conventional
NK cells contribute a significant role in response to infection at
mucosal surfaces by promptly upregulating the expression and
secretion of IFN-g [26, 37]. Others have reported that IFN-g
promotes the ultimate clearance of C. rodentium infection [22, 23].
Taken together, our results support the notion that PD-1 can

determine host susceptibility to enteric bacterial infection by
regulating the production of important effector molecules by NK
cells. Because blocking PD-1 can render the host more
susceptible to acute infection with enteric pathogens, in some

clinical situations, this could represent an unanticipated conse-
quence of PD-1 targeting therapies.
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