
Blockade of endogenous B7-H1 suppresses antibacterial protection
after primary Listeria monocytogenes infection

Introduction

Listeria monocytogenes, a Gram-positive facultative intra-

cellular bacterium, survives and replicates in the cyto-

plasm of phagocytes and hepatocytes following escape

from the phagosome.1 Because of its capacity to induce

intensive cell-mediated immunity, the murine L. infection

model has been widely used for the investigation of the

kinetics and the mechanisms of both innate and adaptive

immunity against intracellular bacteria.2–5 The innate

immune response to Listeria infection is a complicated

process involving not only many cell types, including

macrophages, natural killer (NK) cells and neutrophils,

but also nitrogen intermediates and cytokines such as

tumour necrosis factor (TNF)-a, interleukin (IL)-1, IL-6,

IL-12, interferon (INF)-c, and the more recently identi-

fied early T lymphocyte activation (Eta)-1.6–9 It is widely

believed that TNF-a and nitric oxide (NO), an end prod-

uct of inducible nitric oxide synthase (iNOS) produced

by macrophages and a newly identified TNF/iNOS-produc-

ing dendritic cell (Tip-DC), are key effector molecules

responsible for the protection of the host from early Liste-

ria infection in conjunction with INF-c, which is mainly

secreted by NK cells.10–12 Numerous studies also indicate

Su-Kil Seo,1,2 Hye-Young Jeong,1

Sae-Gwang Park,1 Soo-Woong Lee,2

Il-Whan Choi,1,2 Lieping Chen3 and

Inhak Choi1,2

1Department of Microbiology and 2Bio-Marker

Research Center for Personalized Therapy,

College of Medicine, Inje University, Busan,

Republic of Korea, and 3Department of Der-

matology, Department of Oncology and the

Institute for Cell Engineering, Johns Hopkins

University School of Medicine, Baltimore, MD,

USA

doi:10.1111/j.1365-2567.2007.02708.x

Received 14 February 2007; revised 10 July

2007; accepted 26 July 2007.

Correspondence: Dr I. Choi, Department of

Microbiology, Bio-Marker Research Center

for Personalized Therapy, College of

Medicine, Inje University, Busan 614-735,

Republic of Korea. Email: miccih@inje.ac.kr

Senior author: Inhak Choi

Summary

B7-H1 (also known as CD274 and PD-L1) is a cosignalling molecule regu-

lating T-cell immunity positively or negatively in vivo. However, little is

known about the role of endogenous B7-H1 in bacterial infection. We

found that B7-H1 expression was up-regulated in various cell populations

including CD4+ and CD8+ T cells, natural killer (NK) cells and macro-

phages following Listeria monocytogenes infection. Administration of the

antagonistic B7-H1 monoclonal antibody resulted in a significant increase

in mortality in mice infected with a lethal dose of L. monocytogenes com-

pared with mice given the control immunoglobulin. In vivo blockade of

B7-H1 greatly inhibited the production of tumour necrosis factor (TNF)-

a and nitric oxide, key effector molecules responsible for intracellular kill-

ing by macrophages. B7-H1 blockade also suppressed the expression of

granzyme B and interferon (IFN)-c by NK cells. Interestingly, blocking of

endogenous B7-H1 selectively inhibited CD8+ T cells rather than CD4+ T

cells in response to L. monocytogenes infection, as evidenced by the reduc-

tion of IFN-c production and the expression of effector surface markers

including CD62Lint/low and CD44high in CD8+ T cells from mice given

anti-B7-H1 monoclonal antibody. In addition, we found that the prolifer-

ation of listeriolysin-O (LLO)-specific and IFN-c-producing L. mono-

cytogenes-reactive CD8+ T cells was significantly decreased not only in the

effector phase but also in the memory phase in the presence of anti-

B7-H1 antibody. Our findings thus suggest that endogenous B7-H1 can

provide positive costimulatory signals for innate and adaptive immunity

leading to protection against intracellular bacterial infection.

Keywords: B7-H1; Listeria monocytogenes; innate immunity; adaptive

immunity

Abbreviations: CFSE, carboxyfluorescein succinimidyl ester; CFU, colony-forming unit; HKLM, heat-killed Listeria
monocytogenes; LLO, listeriolysin-O.
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that the CD8+ T-cell immune response plays a prominent

role in the complete clearance of Listeria monocytogenes in

infected mice through IFN-c-mediated mechanisms

whereby escape of L. monocytogenes from the phagosome

is inhibited and macrophages are activated.13 Further-

more, CD4+ T cells are also engaged in antilisterial resis-

tance by providing CD8+ T cells with B7�1/B7�2-mediated

costimulation by DCs through the CD40–CD40L interac-

tion,14,15 and by polarizing the immune response towards

a T helper type 1 (Th1) pathway.16,17 Specifically, B7�1
and B7�2 costimulatory molecules are reported to be nec-

essary for the production of IFN-c and IL-2 from

Th1 CD4+ T cells during Listeria infection.

B7-H1 (also known as CD274 and PD-L1) is a member

of the B7 family that positively or negatively controls T-

cell receptor (TCR)-mediated signalling (reviewed by

Chen18). The findings of a series of in vivo studies using

either the antagonistic anti-B7-H1 antibody or gene

knockout mice support the coinhibitory role of endoge-

nous B7-H1; for example, in vivo blockade of B7-H1 with

antagonistic monoclonal antibody (mAb) was found to

activate effector T cells, leading to an increase in the inci-

dence of autoimmune diabetes in non-obese diabetic

(NOD) mice, hapten-induced contact hypersensitivity in

normal mice, and susceptibility to experimental auto-

immune encephalomyelitis in B7-H1 knockout mice.19–22

However, the findings that transgenic expression of

B7-H1 by b-islet cells induces spontaneous diabetes and

accelerates the rejection of b-islet cells in allogeneic hosts,

and that the antagonistic antibody to B7-H1 inhibits the

pathogenesis of inflammatory bowel disease, suggest that

B7-H1 plays a costimulatory role in T-cell immunity in

vivo.23,24 While B7-H1 has been implicated in T-cell

immunity in cancer progression, autoimmunity and graft

rejection in many studies, there are few reports elucidat-

ing the role of endogenous B7-H1 in infection models.

Clerici et al.25 suggested that up-regulation of B7-H1

expression and IL-10 production in antigen-presenting

cells from AIDS patients could be responsible for T-cell

hyporesponsiveness and loss of protective immunity to

human immunodeficiency virus (HIV). More recently,

B7-H1 was suggested to be a coinhibitor of T-cell immu-

nity against Schistosoma mansoni infection, with schisto-

some worms inducing T-cell anergy through the

engagement of B7-H1 up-regulated on macrophages.26 To

our knowledge, however, there is no report demonstrating

the role of B7-H1 in intracellular bacterial infection and,

particularly, in the Listeria infection model.

In this study, we present evidence that B7-H1 engage-

ment enhances protective immunity against L. monocyto-

genes through an in vivo blockade of endogenous B7-H1

with an antagonistic mAb. These findings provide new

insight into the effect of endogenous B7-H1 on innate

and adaptive immunity against intracellular bacterial

infection in vivo.

Materials and methods

Mice and bacteria

C57BL/6 (H-2b) and BALB/c (H-2d) mice were purchased

from Charles River (Tokyo, Japan). All mice were used for

the experiments at the age of 8–10 weeks. For infection of

the mice, L. monocytogenes (ATCC 19111) was grown in a

brain heart infusion (BHI) medium (Difco, Detroit, MI)

at 37� and stored in 20% glycerol at )80� until use. For

restimulation of immune cells, heat-killed L. monocyto-

genes (HKLM) was prepared by incubating the L. mono-

cytogenes culture at 70� for 3 hr, followed by washing in

phosphate-buffered saline (PBS) three times, and kept at

)20� until use.

Reagents and antibodies

LLO91-99/H-2Kd pentamer was obtained from ProImmune

(Oxford, UK). Synthetic peptide for listeriolysin O91-99

(GYKDGNEYI) was produced at Peptron (Daejeon,

Korea). The neutralizing anti-mouse B7-H1 mAb-produc-

ing hybridoma (10B5) was generated as described previ-

ously.5 The hybridoma cell line (UC9-1B8) producing

hamster anti-DNP immunoglobulin G (IgG) used for

isotype control was obtained from the American Type

Culture Collection (ATCC, Rockville, MD). The anti-

mouse B7-H1 mAb and hamster IgG were purified from

ascites using a protein G-column (Sigma, St Louis, MO).

The binding activities of the mAbs were tested using

mitogen-stimulated spleen cells or mB7-H1-transfected

HEK 293 cells as described previously.27 The following

mAbs were used for this experiment: fluorescein isothio-

cyanate (FITC)-conjugated anti-mouse CD4 (GK1�5),

FITC-conjugated anti-mouse CD8a (53-6�7), FITC-conju-

gated anti-mouse CD11b (M1/70), and FITC-conjugated

anti-mouse NK1�1 (PK136), which was obtained from

DiNonA (Seoul, Korea). Phycoerythrin (PE)-conjugated

anti-mouse programmed death (PD)-1 (J43), PE-conju-

gated anti-mouse CD44 (IM7), PE-conjugated anti-mouse

CD62L (MEL-14), PE-conjugated anti-mouse CD11c

(HL3), PE-conjugated anti-mouse IFN-c (XMG1�2), puri-

fied anti-mouse CD16/CD32 (2�4G2), biotin-conjugated

hamster IgG1 (A19-3), and FITC-Annexin V were

obtained from BD Bioscience (San Diego, CA). FITC-

conjugated anti-mouse TNF-a (MP6-XT22) was obtained

from e-Bioscience (San Diego, CA). PE-conjugated strep-

tavidin was purchased from Jackson ImmunoResearch

Laboratories (West Grove, PA).

Listeria monocytogenes infection

C57BL/6 mice were infected intravenously (i.v.) with 3000

colony-forming units (CFU) of L. monocytogenes and

given intraperitoneally (i.p.) 200 lg of anti-mouse B7-H1
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mAb (10B5) or hamster isotype control IgG 1 day before

infection for the study of the functions of macrophages

and NK cells, or 1 day before and 2 days post-infection

(p.i.) for the study of T-cell immunity. For the survival

assay, mice treated as above were injected i.v. with a high

dose of L. monocytogenes (30 000 CFU). Survival was

monitored for 14 days after infection. In some experi-

ments, BALB/c mice previously infected with 3000 CFU

of live L. monocytogenes were reinfected with 5000 CFU of

live bacteria at day 25 p.i., and then 5 days later prolifera-

tion of LLO91-99-specific CD8+ T cells was determined

using LLO91-99 pentamer.

Determination of colony-forming units

The number of viable L. monocytogenes in spleens and livers

from L. monocytogenes-infected mice was determined as

previously described.28 Briefly, the tissues were weighed

and homogenized with a tissue grinder (Pyrex, New York,

NY) in 0�05% Triton X-100/PBS. The homogenate was seri-

ally diluted with BHI medium and plated on BHI agar

plates to quantify colony-forming units. Colonies were

counted after 24–36 hr of incubation at 37�. The number of

colony-forming units per gram of tissue was converted to a

log10 value.

Flow cytometry

A single-cell suspension of spleen (H-2b) was used to pur-

ify monocytes and NK cells using anti-CD11b or anti-

NK1�1 magnetic beads (Miltenyl Biotech, Auburn, CA),

according to the manufacturer’s instructions. To detect

B7-H1 expression, cells were first incubated with FcR

blocker (2�4G2) and subsequently stained with biotin-

conjugated anti-mouse B7-H1 (clone 10B5). B7-H1 was

detected with PE-conjugated streptavidin. Cell populations

were determined with FITC-conjugated mAbs for CD4,

CD8, CD11b or NK1�1. For analysis of T-cell phenotypes,

cells were stained with FITC-conjugated anti-mouse CD4

or CD8 and PE-conjugated anti-mouse CD11c, CD44 or

CD62L. For LLO91-99 pentamer staining, spleen cells

(H-2d) were stained with FITC-conjugated anti-mouse

CD8 and PE-conjugated LLO91-99/H-2Kd pentamer. Anal-

ysis was performed using FACSort and CELLQUESTPRO soft-

ware (BD Bioscience, San Jose, CA). For intracellular

TNF-a staining, cells were restimulated with HKLM

(1 · 107 CFU) for 6 hr in the presence of brefeldin A

(5 lg/ml; BD Biosciences, Mountain View, CA). Cells

were first stained with cell surface markers, and subse-

quently fixed, permeabilized using the Cytofix/Cytoperm

Kit (BD Biosciences) according to the manufacturer’s

instructions, and incubated with FITC-conjugated anti-

TNF-a mAb. For intracellular IFN-c staining, cells were

restimulated with LLO91-99 peptide (1 lM) for 48 hr and

intracellularly stained with PE-conjugated IFN-c mAb.

For Annexin V staining, cells were suspended in an Ann-

exin V binding buffer (BD Biosciences) and stained with

PE-conjugated anti-mouse CD8 and FITC-conjugated

Annexin V.

Cytokine enzyme-linked immunosorbent assay (ELISA)

Soluble TNF-a, IFN-c and IL-12 were measured by ELISA

using a cell culture supernatant harvested from the spleen

cells restimulated in vitro with HKLM (1 · 107 CFU) for

24 hr according to the manufacturer’s specifications

(e-Bioscience). In brief, microtitre plates (Costar, New

York, NY) were coated with capture antibodies at 4�
overnight. After blocking with 5% fetal bovine serum

(FBS) in PBS for 1 hr at room temperature, undiluted

supernatant was incubated for 2 hr at room temperature.

Subsequently the cytokines were detected using biotin-

conjugated detecting antibodies and the colour was devel-

oped using horseradish peroxidase (HRP)-conjugated

streptavidin and tetramethyl benzidine as a substrate

(Endogen, Rockford, IL). Optical densities were measured

at 450 nm with an ELISA plate reader (Molecular

Devices, Union City, CA).

Reverse transcription–polymerase chain reaction
(RT-PCR)

NK cells were purified (> 97%) from splenocytes using

biotin-conjugated NK1�1 plus streptavidin-conjugated

magnetic beads at day 3 p.i. Total RNA was isolated

from purified NK cells using the TRIzol reagent (Invitro-

gen, Carlsbad, CA). RNA was reverse-transcribed into

cDNA using a PCR cDNA synthesis kit (Clontech Labora-

tories, Palo Alto, CA). PCR was performed using sense/

antisense primers. The PCR primer sequences were as fol-

lows: mouse perforin: forward, 50-TGC TAC ACT GCC

ACT CGG TCA-30; reverse, 50-TTG GCT ACC TTG GAG

TGG GAG-30; mouse granzym B: forward, 50-CTC CAC

GTG CTT TCA CCA AA-30; reverse, 50-GGA AAA TAG

TAC AGA GAG GCA-30; and mouse GAPDH: forward,

50-TCG TGG AGT CTA CTG GCG TCT T-30; reverse,

50-TGG CAT TGA TGG CAT GGA CTG T-30. PCR

products were analysed by electrophoresis on 1% agarose

gels.

Nitrite assay

A quantity of 2 · 105 spleen cells per well in 96-well

plates were restimulated with 1 · 107 CFU of HKLM

for 48 hr. The supernatants were harvested, subse-

quently mixed with Griess Reagent (Sigma) and incu-

bated for 10 min at room temperature. Optical

densities were measured at 450 nm with an ELISA plate

reader (Molecular Devices). NaNO2 was used as the

standard.
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Statistical analysis

CFU data were analysed using a two-tailed Mann–Whit-

ney U-test. Differences were considered significant when

P < 0�05.

Results

B7-H1 expression was up-regulated on immune cells
following Listeria monocytogenes infection

We first examined B7-H1 expression in splenic immune

cells following the L. monocytogenes infection. Although

naı̈ve cell populations expressed B7-H1 at a low level even

before L. monocytogenes infection, B7-H1 expression was

up-regulated in more than 90% of each cell population,

including CD4+ and CD8+ T cells, NK cells and macro-

phages (Fig. 1a). B7-H1 was up-regulated from day 1 p.i.

and subsequently reached a peak at days 3–5 p.i. (data not

shown). Expression of PD-1, the cognate receptor for B7-

H1, was induced at a higher level in CD4+ T cells than in

CD8+ T cells at day 3 p.i. (Fig. 1b). Consistent with other

reports, these results indicate that B7-H1 is induced imme-

diately after bacterial infection in various immune cells.

B7-H1 blockade impaired the clearance of
Listeria monocytogenes in vivo

Next, we examined the bacterial load in livers and spleens

from the mice infected with L. monocytogenes to deter-

mine the physiological role of endogenous B7-H1 in

bacterial clearance in vivo. When challenged with

L. monocytogenes, the bacterial load in spleens from mice

infused with antagonistic anti-B7-H1 mAb was higher

than that in control mice given hamster isotype immuno-

globulin (6�1 ± 0�4 log10 CFU in the anti-B7-H1-treated

group versus 4�4 ± 0�3 log10 CFU in the control group;

P < 0�001) (Fig. 2a). We observed a similar pattern of

bacterial load in liver tissues from mice administered

anti-B7-H1 mAb (6�3 ± 0�4 log10 CFU in the anti-B7-H1-

treated group versus 5�4 ± 0�3 log10 CFU in the control

group; P < 0�05). Consistent with this result, B7-H1

blockade resulted in a significant increase in mortality

CD4
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Figure 1. Expression of B7-H1 and programmed death (PD)-1 in

response to Listeria monocytogenes infection. Mice (C57BL/6) were

infected intravenously (i.v.) with 3000 colony-forming units (CFU) of

L. monocytogenes, and spleens were harvested at the indicated times.

(a) Expression of B7-H1 on splenic immune cells. Splenocytes were

isolated and stained with biotin-conjugated anti-mouse B7-H1 (10B5)

and fluorescein isothiocyanate (FITC)-conjugated anti-mouse mono-

clonal antibodies (mAbs) for CD4, CD8, NK1�1 or CD11b. B7-H1 was

detected using phycoerythrin (PE)-conjugated streptavidin and analy-

sed by flow cytometry. (b) Expression of PD-1 on splenic lymphocytes.

Splenocytes were isolated on day 3 post-infection (p.i.) and stained

with PE-conjugated anti-mouse PD-1 and FITC-conjugated anti-

mouse CD4 and CD8 and analysed by flow cytometry. The dot plot

result is representative of three independent experiments, each show-

ing similar results.
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Figure 2. Failure of mice administered anti-B7-H1 monoclonal anti-

body (mAb) to reduce their Listeria monocytogenes burden. (a) Mice

were infected intravenously (i.v.) with 3000 colony-forming units

(CFU) of L. monocytogenes. Mice were given 200 lg of anti-B7-H1

mAb or control immunoglobulin by intraperitoneal (i.p.) injection

24 hr before infection. (a) Livers and spleens were harvested at day 3

post-infection (p.i.). Colony-forming units were determined by plat-

ing the serially diluted liver or spleen homogenate on brain-heart

infusion agar plates. Data represent the means for five mice per

group. Similar results were obtained from three independent experi-

ments. **P < 0�001, *P < 0�05, compared with control immunoglob-

ulin. The plotted data are mean ± standard deviation. (b) A high

dose (30 000 CFU) of L. monocytogenes was injected i.v. into mice

given 200 lg of anti-B7-H1 mAb or control immunoglobulin 1 day

before infection. Survival was monitored for 14 days after infection

for four mice per group. Similar results were obtained in two inde-

pendent experiments.
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compared with the mice given control immunoglobulin

[survival 10 of 10 (control immunoglobulin-treated mice)

versus three of 10 (anti-B7-H1-treated mice); P < 0�001]

(Fig. 2b). These results indicate that B7-H1 is involved in

resistance to L. monocytogenes infection in vivo.

In vivo blockade of B7-H1 suppressed innate
immunity against Listeria monocytogenes infection

We next tested whether neutralization of endogenous

B7-H1 affected the intracellular bacterial killing mecha-

nisms of innate immune cells, including macrophages and

NK cells. In the in vitro study using macrophages restimu-

lated with HKLM, we found that expression of intracellular

TNF-a was greatly diminished in macrophages from the

mice given anti-B7-H1 mAb compared with the mice given

control immunoglobulin at day 3 p.i. (Fig. 3a). A similar

result for the production of soluble TNF-a was obtained

for mice given anti-B7-H1 mAb (127 ± 16�6 in anti-B7-

H1-treated mice versus 336�7 ± 20�0 pg/ml in the control

group; P < 0�001) (Fig. 3b). Consistent with these findings,

when spleen cells were restimulated with HKLM for 2 days

in vitro, macrophages from the mice given anti-B7-H1

mAb produced NO at a significantly lower level in response

to HKLM in vitro compared with the control group

(7�4 ± 1�9 in the anti-B7-H1-treated group versus

43�8 ± 4�8 in the control group; P < 0�01) (Fig. 3c). We

also observed that macrophages from anti-B7-H1-treated

mice produced much less IL-12p40 than those from control

mice (36�7 ± 7�8 in the anti-B7-H1-treated group versus

70�5 ± 3�3 in the control group; P < 0�05) (Fig. 3d).

As IFN-c is believed to be critically important in mac-

rophage activation, which leads to early resistance to Lis-

teria infection through the production of free radicals and

various intermediates,29,30 we decided to examine IFN-c
production in NK cells, an important cellular source of

IFN-c. As shown in Fig. 4(a), IFN-c production was

greatly reduced in NK cells from the mice given anti-

B7-H1 mAb compared with the control mice (196 ± 29�1
in the anti-B7-H1-treated mice versus 818�1 ± 32�5 in the

control group; P < 0�001). In addition, cytotoxic granules

such as granzyme B and perforin were greatly decreased

in NK cells from anti-B7-H1-treated mice (Fig. 4b). These

results indicate that endogenous B7-H1 is involved in

early activation of innate immune cells including macro-

phages and NK cells, which leads to early protection

against L. monocytogenes infection.

Blocking of endogenous B7-H1 selectively inhibited
the proliferation and activation of effector
CD8+ T cells

We then decided to further investigate the mechanisms

underlying the failure of mice given anti-B7-H1 mAb to

reduce their L. monocytogenes burden by examining the

T-cell immune responses to L. monocytogenes infection.

T-cell immunity reaches its peak 7–8 days following

L. monocytogenes infection and plays a critical role in

complete clearance of L. monocytogenes in infected mice.31

We found that the number of CD8+ T cells in spleens

from infected mice given anti-B7-H1 mAb was signifi-

cantly decreased at day 7 p.i. (2�2 · 106 ± 0�2 · 106

TNF-α

C
D

11
b

6·0

(a) (b)

(c) (d)

1·5 1·6 5·4 0·7 0·5

Control
immunoglobulin Control

immunoglobulin

Anti-B7-H1

Anti-B7-H1

– –

T
N

F
-α

 (p
g/

m
l)

0

100

200

300

400

Control
immunoglobulin

Anti-B7-H1

Control
immunoglobulin

Anti-B7-H1

HKLM+ +

– – HKLM+ +– – HKLM+ +
0

10

20

30

40

50

N
O

2 
(µ

M
)

IL
-1

2 
p4

0 
(p

g/
m

l)

0

20

40

60

80

100

**

**

*

Figure 3. Reduction of tumour necrosis factor (TNF)-a, nitric oxide (NO) and interleukin (IL)-12 production by macrophages following infu-

sion of anti-B7-H1 monoclonal antibody (mAb). Mice were infected and given mAbs as in Fig. 2. Splenocytes were harvested from infected mice

at day 3 post-infection (p.i.). (a) Expression of intracellular TNF-a. Spleen cells (2 · 105) were restimulated with heat-killed Listeria monocyto-

genes [HKLM; 1 · 107 colony-forming units (CFU)] for 6 hr in the presence of brefeldin A. The stimulated cells were stained for CD11b and

intracellular TNF-a and then analysed by flow cytometry. Each fluorescence-activated cell sorting (FACS) plot is a representative of three inde-

pendent experiments. CD11b+ macrophages (2 · 105) were restimulated with HKLM for 24 hr in 96-well plates. Soluble TNF-a (b) and IL-12

p40 (d) in culture supernatants were measured by enzyme-linked immunosorbent assay (ELISA). (c) CD11b+ macrophages (2 · 105) were resti-

mulated with HKLM for 48 hr. Nitrite (NO2) in culture supernatants was measured using the Griess Reagent Kit. Results are representative of

three independent experiments. *P < 0�05, compared with control immunoglobulin. Plotted data are mean ± standard deviation.
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in the anti-B7-H1 mAb-treated group versus 4�7 · 106 ±

0�5 · 106 in the control group; P < 0�05), whereas the

numbers of CD4+ T cells were comparable in the

two groups (Fig. 5a). To rule out the possibility of depl-

etion of CD8+ T cells by apoptosis, the amount of T-cell

apoptosis was determined by Annexin V staining of spleen

cells restimulated with HKLM for 6 or 24 hr in vitro.

No difference in Annexin V+ CD8+ T-cell populations

was observed between the two groups (Fig. 5b). This

result suggests that the reduced number of CD8+ T cells

in the anti-B7-H1-treated mice was unlikely to have been

caused by apoptosis of B7-H1-expressing CD8+ T cells.

We next examined the effector surface markers, includ-

ing CD62L, CD44 and CD11c, of CD4+ and CD8+ T cells

in both groups. Specifically, CD11c, a member of the

b2-integrin family, has been reported to be a useful effec-

tor marker for CD8+ T cells in an acute virus infection.32

We found that CD11c+ CD8+ T cells were generated in

5–7 days following infection (data not shown). The

CD11c+ CD8+ T-cell population from the mice given
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anti-B7-H1 mAb was reduced by two- to threefold

(4�1 ± 1�6% in the anti-B7-H1-treated group versus

11�0 ± 1�5% in the control group) (Fig. 5c, upper panel).

Similarly, CD8+ T cells with activation phenotypes includ-

ing CD62Llow/int or CD44high were diminished in the mice

given anti-B7-H1 mAb (CD62Llow/int, 5�5 ± 0�7% in the

anti-B7-H1-treated group versus 13�1 ± 1�2% in the con-

trol group; CD44high, 10�3 ± 0�8% in the anti-B7-H1-

treated group versus 19�4 ± 1�5% in the control group)

(Fig. 5c, upper panel). In contrast to CD8+ T cells, there

was no significant difference in the number of CD4+ T

cells showing the CD44high or CD62Llow/int phenotype

between the two groups (Fig. 5c, lower panel). These

findings indicate that endogenous B7-H1 selectively acti-

vates effector CD8+ T cells rather than CD4+ T cells dur-

ing the early phase of L. monocytogenes infection.

Blockade of endogenous B7-H1 repressed
L. monocytogenes-specific T-cell generation

Having determined that blockade of endogenous B7-H1

impeded the proliferation and activation of CD8+ T cells

from L. monocytogenes-infected mice, we next examined

whether B7-H1 blockade resulted in a decrease in L. mono-

cytogenes-specific CD8+ T-cell generation. We immunized

control immunoglobulin- or anti-B7-H1-treated mice with

live L. monocytogenes and then determined the percentage

of LLO91-99-specific CD8+ T cells using LLO91-99 pentamer

(Fig. 6a) and intracellular IFN-c staining (Fig. 6b). The

percentage of LLO91-99-specific effector CD8+ T cells in

the mice given anti-B7-H1 mAb was significantly reduced

compared with the control mice at day 7 p.i. (LLO91-99

pentamer, 0�9 ± 0�2% in the anti-B7-H1-treated group

versus 1�8 ± 0�3% in the control group; IFN-c; 1�6 ±

0�3% in the anti-B7-H1-treated group versus 3�7 ± 0�3%

in the control group) (Figs 6a,b, upper panel). To deter-

mine whether B7-H1 blockade also suppresses L. mono-

cytogenes-specific memory T cells, we immunized control

immunoglobulin- or anti-B7-H1-treated mice with live

L. monocytogenes and then rechallenged the mice 25 days

later. As expected, L. monocytogenes-specific CD8+ mem-

ory T cells were generated at a much lower level in the

mice given anti-B7-H1 mAb than in the control mice

(LLO91-99 pentamer, 10�2 ± 1�4% in the anti-B7-H1-

treated group versus 18�1 ± 2�1% in the control group;

IFN-c, 5�5 ± 0�3% in the anti-B7-H1-treated group versus

15�1 ± 0�2% in the control group) (Figs 6a,b, lower

panel). Taken together, our results thus indicate that

B7-H1 costimulation is required for the generation of

L. monocytogenes-specific effector and memory T cells.
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Discussion

We have demonstrated in this study that blockade of

B7-H1 impaired protective immunity mediated primarily

by macrophages, NK cells and CD8+ T cells against

L. monocytogenes infection. It has long been known that

early resistance to L. monocytogenes is attributable to

effector molecules such as INF-c, TNF-a, lymphotoxin-b
and NO produced by the innate immune cells, including

macrophages, NK cells, cd T cells, neutrophils29,30,33,34

and the recently identified Tip-DCs.10 Numerous studies

have demonstrated that, following L. monocytogenes infec-

tion, macrophages produce IL-12 which, in turn, activates

NK cells to release IFN-c, a major cytokine for macro-

phage activation.35,36 The activated macrophages subse-

quently produce TNF-a and NO, two key mediators

responsible for intracellular bacterial killing (reviewed by

Lara-Tejero and Pamer37). We have shown that the pro-

duction of NK cell IFN-c and macrophage IL-12 was

down-regulated following administration of antagonistic

B7-H1 mAb, which was directly correlated with a reduc-

tion in TNF-a and NO production by macrophages, lead-

ing to a failure of anti-B7-H1-treated mice to decrease

the L. monocytogenes burden in spleens and livers com-

pared with the control mice. The results suggest that

endogenous B7-H1 positively regulates the effector func-

tions of innate immune cells, leading to early protection

against intracellular bacterial infection. However, we can-

not exclude the possibility that engagement of B7-H1

expressed on macrophages and NK cells by mAb may

directly deliver an inhibitory signal back into these cells.

This idea comes from recent observations suggesting that

costimulatory molecules expressed on DCs can deliver sig-

nals back into the cells, thus influencing the functions of

the cells.38,39

Accumulating data indicate that ab T cells play a signifi-

cant role in complete bacterial clearance and long-term

protective immunity,40,41 and, of these, CD8+ T cells con-

tribute much more to protective immunity than CD4+ T

cells.42 Interestingly, blockade of endogenous B7-H1 selec-

tively inhibited the proliferation and activation of effector

CD8+ T cells rather than CD4+ T cells in response to

L. monocytogenes infection, as indicated by the finding

that the expression of surface activation markers such as

CD62Llow/int and CD44high was greatly reduced in CD8+ T

cells from mice given anti-B7-H1 mAb. In contrast, there

was no difference in the number of CD4+ T cells. In par-

ticular, endogenous B7-H1 blockade reduced the

CD11c+ CD8+ T-cell population, a newly identified T-cell

population that is expanded following acute infection with

the leukotriene cytomegalovirus (LCMV).32 However, the

reduction of CD8+ T cells in vivo was not mediated by

apoptosis or in vivo depletion, as demonstrated by the

observation that there was no difference in the Annexin V+

cell population between the mice given control immuno-

globulin and those given anti-B7-H1 mAb, and also by our

previous reports.43,44 In the setting of in vivo blockade of

B7-H1, the question of whether there is differential regula-

tion of the proliferation of CD4+ and CD8+ T cells will

need to be answered in a future study.

The observation that B7-H1 blockade down-regulated

the expansion of LLO-specific or IFN-c-producing

L. monocytogenes-reactive effector and memory CD8+ T

cells indicates that endogenous B7-H1 is required for

costimulation of L. monocytogenes-specific CD8+ T cells in

response to L. monocytogenes infection. However, there

was no apparent difference in bacterial burden in the liv-

ers and spleens between control immunoglobulin- and

anti-B7-H1-treated mice which were rechallenged with

L. monocytogenes at day 25 p.i. (data not shown). This

finding could not be simply interpreted as a failure of

B7-H1 costimulation to generate antibacterial memory

CD8+ T cells, which is believed to be required to com-

plete resolution of listerial infection.15 The result indicat-

ing a positive role for endogenous B7-H1 in T-cell

immunity is consistent with results obtained in the mur-

ine model of chronic inflammation,23 wherein, following

infusion of antagonistic B7-H1 mAb, experimental colitis

was prevented and the production of cytokines, including

IFN-c, TNF-a and IL-2, was significantly reduced. Our

findings are also in agreement with those of our previous

studies on the costimulatory role of B7-H1 in vitro and in

vivo, in which we found that immobilized B7-H1Ig or

cell-associated B7-H1 enhanced T-cell proliferation and

cytokine production,27,45 and administration of B7-H1Ig

fusion protein increased keyhole limpet haemocyanin-

specific T-cell proliferation.45 On the basis our observa-

tions, we can speculate that endogenous B7-H1 acts as a

costimulator by delivering a positive signal through an as

yet unidentified costimulatory receptor other than PD-1

on T cells. The idea that an unidentified costimulatory

receptor is present comes from several lines of evidence

that a B7-H1 mutant in which a PD-1-binding site is

abolished remains costimulatory for T cells, and that PD-

1-deficient T cells are still activated by B7-H1. However,

there is a report indicating that B7-H1 expressed on T

cells can deliver a costimulatory signal back into T cells

through a reverse signalling pathway.46 Therefore, we

cannot rule out the possibility that anti-B7-H1 mAb

may hinder the ligation of B7-H1 expressed on T cells to

PD-1, resulting in inhibition of transmission of costimu-

latory reverse signal transmission into T cells through

B7-H1.

Collectively, the results indicate that endogenous

B7-H1 may act as a costimulator not only enhancing the

activation and expansion of antigen-specific CD8+ T cells

but also positively regulating the innate immune response

against L. monocytogenes infection. Our findings thus shed

new light on the physiological role of endogenous B7-H1

in bacterial infection.
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