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The tumor necrosis factor receptor family molecule 4-1BB (CD137) has diverse roles in adaptive and innate
immune responses. However, little is known of its role in bacterial infections. Previously, we showed that
4-1BB-deficient mice have enhanced susceptibility to Listeria monocytogenes infection, and mice pretreated with
agonistic anti-4-1BB antibody (3E1) were much more resistant to L. monocytogenes infection than mice treated
with control antibody. In this study, we report that stimulating 4-1BB by administering 3E1 in the early phase
of L. monocytogenes infection is critical for promoting the survival of mice by inducing rapid infiltration of
neutrophils and monocytes into L. monocytogenes-infected livers. The levels of tumor necrosis factor alpha,
interleukin 6, and monocyte chemoattractant protein 1 in the livers of 3E1-treated mice increased as early as
30 min postinfection and peaked by 1 to 2 h, while those in mice treated with control antibody started to
increase only at 16 h postinfection. Monocytes and neutrophils from the 3E1-treated mice had higher levels of
activation markers, phagocytic activity, and reactive oxygen species than those from control mice. In vitro
stimulation of 4-1BB induced the production of the inflammatory cytokines/chemokines of neutrophils, but not
those of monocytes. These results suggest that 4-1BB stimulation of neutrophils in the early phase of L.
monocytogenes infection causes rapid production of inflammatory cytokines/chemokines and that the subse-

quent infiltration of neutrophils and monocytes is crucial for eliminating the infecting L. monocytogenes.

Listeria monocytogenes is a gram-positive intracellular patho-
gen responsible for listeriosis, a life-threatening infection in
immunocompromised patients, newborns, or elderly people.
The murine model of listeriosis has been used to investigate
immune responses to bacterial infection (11). L. monocyto-
genes infects both phagocytic and nonphagocytic cells, escapes
from intracellular vacuoles into the cytosol by secreting list-
eriolysin, replicates, and spreads to neighboring cells by actin-
based motility. Intravenous (i.v.) bacteria are rapidly cleared
from the bloodstream; most of them are taken up by the liver
and spleen within 10 min of infection. Although T-cell-depen-
dent adaptive immune responses are required to clear L.
monocytogenes infection, they take several days to develop.
Therefore, early control of the infection is critical for the
survival of mice and primarily depends on innate immunity (5);
indeed, it has even been shown that lymphocytes are detrimen-
tal during the early innate immune response to L. monocyto-
genes (4). Neutrophils and monocytes/macrophages are
thought to be the main cells responsible for killing L. mono-
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cytogenes during the innate immune response. Thus, depletion
of neutrophils from mice by using anti-Gr-1 antibodies greatly
enhances their susceptibility to infection with L. monocytogenes
(35), and the increased number of neutrophils resulting from
deficiency in LFA-1 in mice confers resistance to listeriosis
(30). Recruitment of monocytes is also essential to eradicate L.
monocytogenes from infected mice, as indicated by reports that
blocking complement receptor 3 of monocytes exacerbates lis-
teriosis (38), and CC chemokine receptor 2-deficient mice have
defects in the emigration of monocytes from the bone marrow
and are highly susceptible to L. monocytogenes infection (22,
40). Although recruitment of neutrophils/monocytes is critical
for eradication of L. monocytogenes during the early phase of
infection, the molecular mechanisms of bacterial killing and
the receptor molecules responsible for activation of neutro-
phils/monocytes against the bacteria are not clearly defined.
The 4-1BB (CD137) receptor, a member of the tumor ne-
crosis factor receptor superfamily (TNFRSF 9), is expressed
on activated T cells (43), and the in vivo effects of 4-1BB
activation on T-cell-dependent immune responses, such as
eradication of established tumors (29), antiviral responses (1),
and enhancement of the memory pool of antigen-specific
CD8™ T cells (34), have been well defined. However, recent
findings indicate that 4-1BB activation also plays an important
role in other immune cells. 4-1BB is constitutively expressed on
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innate immune cells, including neutrophils (24), dendritic cells
(10), natural killer (NK) cells (28), mast cells (31), and eosino-
phils (9). Its activation results in proliferation, gamma inter-
feron secretion, and tumor rejection by NK cells (28); the
production of cytokines by dendritic cells and the expression of
costimulatory molecules on these cells (10); proliferation, sur-
vival, and cytokine production in human monocytes (21); and
abrogation of the granulocyte-macrophage colony-stimulating
factor-mediated antiapoptotic functions of human neutrophils
(17). Previously, we reported that 4-1BB-deficient (4-1BB~'7)
mice are very susceptible to L. monocytogenes infection be-
cause the antibacterial activity of their neutrophils is defective
(24). Furthermore, pretreatment of agonistic anti-4-1BB
monoclonal antibody (MAb) markedly increased the survival
of L. monocytogenes-infected 4-1BB™/* mice. In this study, we
further characterized the mechanism of 4-1BB-mediated pro-
tection of L. monocytogenes-infected mice. We found that ac-
tivation of 4-1BB in the early phase of L. monocytogenes in-
fection rapidly stimulated the induction of proinflammatory
cytokines/chemokines and the subsequent recruitment and ac-
tivation of neutrophils and monocytes into the bacterium-in-
fected livers.

MATERIALS AND METHODS

Animals. Female BALB/c mice 8 to 10 weeks of age were purchased from
Orient Bio-Charles River (Seoul, Korea). All mice were maintained under spe-
cific-pathogen-free conditions in the animal facility of the Immunomodulation
Research Centre, University of Ulsan, and used following the Experimental
Animal Guidelines of the University of Ulsan.

Antibodies and reagents. Hybridoma cells (3E1 and 3H3) were a kind gift of
R. Mittler (Emory University, Atlanta, GA). 3E1, 3H3, and RB6-8C5 cells were
purified from ascites fluid, and control rat immunoglobulin G (IgG) was purified
from rat serum using a protein G column (Sigma-Aldrich, St. Louis, MO).
Anti-4-1BB MAb (3E1) was conjugated with fluorescein isothiocyanate (FITC)
for flow cytometry. The following antibodies were purchased from BD Phar-
Mingen (San Diego, CA) unless otherwise stated: FITC-conjugated rat 1gG2a,
purified anti-CD16/CD32 (FcyIII/IIR), FITC-conjugated anti-Ly6G (1AS8),
FITC-conjugated anti-CD62L (MEL-14), biotin-conjugated anti-Ly6C (AL-21),
phycoerythrin (PE)-conjugated anti-neutrophil (7/4; Serotec, United Kingdom),
PE-conjugated anti-F4/80 (BMS; eBioscience, San Diego, CA), PE-conjugated
anti-major histocompatibility complex (MHC) class IT (SF1-1.1), PE-conjugated
anti-CD4 (L3T4), PE-conjugated anti-CD8 (53-6.7), PE-conjugated anti-DX5a,
PE-conjugated anti-CD11c (HL3), PE-conjugated anti-TREM-1(174031; R&D
Systems, Minneapolis, MN), PE-conjugated anti-CXCR2 (242216; R&D Sys-
tems, Minneapolis, MN), and PE-conjugated anti-CD11b (M170) MAbs. To
produce heat-inactivated 3E1 (HI-3E1), 3E1 was incubated for 20 min at 80°C.

Bacteria and infection of mice. L. monocytogenes was obtained from the
Korean Type Culture Collection (ATCC 19111). The bacteria were grown in
brain heart infusion broth (Difco Laboratories, Detroit, MI) at 37°C for 18 h, and
aliquots were frozen at —80°C. In each experiment, the viability of the frozen
aliquots, which was always more than 90%, was confirmed by plating them on
brain heart infusion agar (Difco). Mice were i.v. infected via the left tail vein with
L. monocytogenes suspended in 200 pl of PBS, and 100 pg of rat IgG or 3E1 in
200 pl of phosphate-buffered saline (PBS) was i.v. injected into the mice via the
right tail vein on the indicated days. For depletion of neutrophils, anti-Gr-1 MAb
RB6-8C5 (500 wg/mouse) was intraperitoneally injected 2 days before infection.

Isolation of HILs. Hepatic infiltrated leukocytes (HILs) were prepared as
described previously (24). In brief, a liver was perfused with Ca>* Mg>*-free
Hanks balanced salt solution (HBSS) and pressed through a stainless steel mesh,
and the leukocytes were purified on 40% to 70% Percoll gradients (Amersham
Bioscience, Uppsala, Sweden). The cells were washed with HBSS three times and
used for fluorescence-activated cell sorter (FACS) analysis and for measuring
phagocytic activity and reactive oxygen species (RO) generation. For FACS
analysis, cells were washed with FACS buffer (PBS containing 1% bovine serum
albumin and 0.1% sodium azide), incubated with Fc Block (2.4G2) for 10 min on
ice, and stained with antibodies for specific markers. All samples were subse-
quently analyzed by FACSCalibur (BD Biosciences, San Jose, CA). To obtain
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highly pure neutrophils and monocytes, the isolated hepatic leukocytes were
sorted to CD11b* Gr-1"" or CD11b* Gr-1" cells using a FACSvantage SE (BD
Biosciences, San Jose, CA).

Isolation of cells from bone marrow. Neutrophils were isolated from bone
marrow according to the method of Lowell and Berton (26) with minor modi-
fications. Long bones from mice (humerus, femur, and tibia) were removed, the
ends were clipped, and then they were flushed using a 27-gauge needle and
ice-cold Ca®" Mg?*-free HBSS. Clumps of marrow were broken up by repeated
pipetting. Cells from the marrow were centrifuged at 500 X g at 4°C for 5 min and
resuspended in 4 ml of HBSS. They were placed in a 15-ml polypropylene tube
and layered over a four-step gradient (52%, 65%, 70%, and 75% Percoll diluted
with HBSS). The tube was centrifuged at 1,500 X g for 30 min at 4°C in a
swinging-bucket rotor using the slow brake to prevent disruption of the layers
during deceleration. The cells were then removed from the polymorphonuclear-
leukocyte-enriched fraction at the interface of the 70% and 75% layers, diluted
with 10 ml of HBSS, and sedimented for 7 min at 1,500 X g. Monocytes were
isolated from bone marrow by immunomagnetic-bead depletion with streptavi-
din microbeads after incubation with biotin-conjugated CD4, CD8a, MHC class
II, B220, CD43, and CD24. After incubation with antibodies, the negatively
fractionated cells were obtained with a magnetically activated cell sorter (Milte-
nyi). The cells were resuspended in RPMI 1640 medium containing 10% fetal
bovine serum (FBS) and antibiotics and counted. Routinely, purities as deter-
mined by flow cytometric analysis were >85% for neutrophils and >90% for
monocytes.

Determination of viable L. monocytogenes in liver and spleen. L. monocyto-
genes-infected mice were anesthetized with ketamine, and their livers were per-
fused with sterile RPMI 1640 medium containing 10% FBS to wash bacteria out
of their blood vessels. The numbers of viable bacteria (CFU) in livers and spleens
were determined by plating serial dilutions of organ homogenates in PBS con-
taining 0.05% Triton X-100 and counting the colonies.

Histology and immunostaining. Livers were excised on the indicated days
postinfection (p.i.), fixed in 4% paraformaldehyde, and embedded in paraffin.
Deparaffinized sections were stained with hematoxylin and eosin (Sigma-Al-
drich). For in situ detection of cells infiltrated into the liver, frozen 6-pum-thick
liver sections were prepared at 12 h p.i. and stained with FITC-conjugated
anti-CD11b MAD and PE-conjugated anti-Gr-1 MAb or FITC-conjugated anti-
CD11b MADb and PE-conjugated F4/80 MAb. Slides were mounted in GVA
mounting solution (Zymed, San Francisco, CA) and examined using a laser
scanning confocal microscope (FV500; Olympus, London, United Kingdom).

Measurement of cytokines by the CBA method. Mice were killed; blood and
whole liver tissues were collected, weighed, and homogenized in an equal volume
of PBS containing protease inhibitors; and the supernatants were collected by
centrifugation. The cytokines in the supernatants were quantified using a cyto-
metric bead array (CBA) kit (BD Biosciences) on a FACSCaliber cytometer
equipped with CellQuest Pro and CBA software (Becton Dickinson). For mea-
suring the production of cytokines from cultured neutrophils or monocytes,
isolated cells were seeded at 4 X 10° cells/well in a 96-well culture plate in RPMI
1640 medium (containing 10% FBS and antibiotics) and cultured with combi-
nations of rat IgG, 3E1 (5 pg/ml), HI-3E1 (5 pg/ml), and heat-killed L. mono-
cytogenes (4 X 10° bacteria/well). After 24 and 48 h, culture supernatants were
collected, and cytokines in the supernatants were quantified by the CBA method,
as described above.

RT-PCR and RPA. Total RNA was isolated from liver tissues using TRIzol
(Invitrogen Life Technologies, Carlsbad, CA), and levels of specific cytokine/
chemokine mRNAs were determined by reverse transcription (RT)-PCR and the
RNase protection assay (RPA) method, according to the manufacturer’s instruc-
tions (Riboquant; BD Pharmingen). For RT-PCR, 2 pg of RNA was reverse
transcribed using primers specific for MIP-2 (forward, 5'-CCACTCTCAAGGG
CGGTCAA; reverse, 3'-CCCCTTATCCCCAGTCTCTTTCAC), interleukin 18
(IL-1B) (forward, 5'-TGAAATGCCACCTTTTGACA; reverse, 3'-AGCTCAT
ATGGGTCCGACAG), IL-12p35 (forward, 5'-GATGACATGGTGAAGACG
GCC; reverse, 3'-GGAGGTTTCTGGCGCAGAGT), IL-12p40(forward, 5'-CT
GGCCAGTACACCTGCCAG; reverse, 3'-GTGCTTCCAACGCCAGTTCA),
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (forward, 5'-ATCA
TCTCCGCCCCTTCTGC; reverse, 3'-CCACCACCCTGTTGCTGTAG). The
PCR products were stained with ethidium bromide after electrophoresis on 1%
agarose gels. For RPA, 5 pg of total RNA was hybridized with [3?PJUTP-labeled
riboprobes (mCK-2b and mCK-5c; BD Pharmingen) overnight at 56°C. After
hybridization, unhybridized single-stranded RNA was digested with RNase. The
protected RNA was then purified by phenol-chloroform extraction and ethanol
precipitation. The samples were subjected to electrophoresis on a 6% polyacryl-
amide/7 M urea gel. The gel was dried and subjected to autoradiographic anal-
ysis.
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FIG. 1. Anti-4-1BB MAb administration rescues L. monocytogenes-infected mice. (A) Groups of eight mice were infected with 2 X 10° L.
monocytogenes bacteria/mouse at 0 h and injected with 3E1 (100 pg) at the indicated times. Survival was monitored daily up to 30 days after
infection. (B) Anti-4-1BB MAb administration is effective at up to 10 LDq,. Groups of 10 mice were infected with 5 X 10°, 1 X 10°, or 2 X 10°
L. monocytogenes bacteria/mouse and injected with 100 wg of 3E1 or rat IgG. (C) Mice were infected with 2 X 10° L. monocytogenes bacteria, and
the numbers of CFU in the spleen and liver were determined on days 1, 2, 3, 5, and 14 p.i. The data are from one representative of three
independent experiments and are expressed as means plus standard errors. **, P < 0.01; %, P < 0.001. ND, not detected. (D) Livers and spleens
from the mice in panel C were collected on day 4 p.i., paraffin sectioned, and stained with hematoxylin and eosin. Magnification: a, c, e, and g, X20;

b and f, X400; and d and h, X100.

Determination of phagocytosis and ROS. For determination of phagocytosis,
HILs were prepared, stained with PE-conjugated anti-CD11b and Cy5-conju-
gated anti-Gr-1 MADb, and incubated with FITC-labeled dextran (Molecular
Probes, OR) at a final concentration of 0.5 mg/ml. After 0, 10, 20, or 60 min of
incubation, the cells were cooled to 4°C, washed four times with cold PBS, and
analyzed by FACS. For measuring ROS generation, HILs were stained with
PE-conjugated anti-CD11b MAb and Cy5-conjugated anti-Gr-1 MAb. The oxi-
dation-sensitive dye 2',7'-dichlorodihydrofluorescein diacetate (DCF-DA) (Mo-
lecular Probes, St. Louis, MO) (2 M) was added and incubated at 37°C for 25
min. Samples were washed and analyzed by FACS for fluorescent signals within
the CD11b* Gr-1" or CD11b* Gr-1" populations (see below).

Statistical analysis. Statistical evaluation of differences between experimental
groups was performed with the log rank test for mouse survival curves and with
Student’s ¢ test.

RESULTS

Administration of anti-4-1BB MAb in the early phase of
infection increases survival of Listeria-infected mice. We
found that anti-4-1BB MADb administration was effective in
protecting mice from L. monocytogenes infection only when it
was injected at early times p.i. All mice i.v. infected with 2 X
10° L. monocytogenes bacteria (100% lethal dose [LD,,]) and
coinjected with control rat IgG died between days 4 and 8 p.i.
However, a single injection of 100 pg 3E1 at —72, —24,0or 0 h

p.i. completely rescued the mice from death (Fig. 1A). These
protective effects of 3E1 on mouse survival were progressively
reduced if 3E1 was injected at later time points. Administra-
tion of 3E1 at 2, 6, 12, or 24 h p.i. resulted in 75, 40, 10, or 0%
survival, respectively. Remarkably, 3E1 was also effective
against extremely high doses of L. monocytogenes infection.
Infection of mice with 5 LD,, or 10 LD, L. monocytogenes
and coinjection of 3E1 produced 60% or 40% survival, respec-
tively (Fig. 1B). All other experiments in this study were car-
ried out using a regimen of 3E1 administration at 0 h p.i.
Another clone of agonistic anti-4-1BB MADb, 3H3, had the
same protective effect, and the survival of L. monocytogenes-
infected C57BL/6 mice was also enhanced as much as that of L.
monocytogenes-infected BALB/c mice by 3E1 administration,
indicating that the 4-1BB effects on L. monocytogenes-infected
mice were not antibody isotype- or mouse strain-specific (data
not shown). In addition, HI-3E1 had no effect on the survival
of L. monocytogenes-infected mice, indicating that the thera-
peutic effect of 3E1 was caused by specific triggering of 4-1BB.

The liver and spleen are two major organs in which system-
ically infected L. monocytogenes grows (32). We found that the
numbers of CFU in the livers and spleens of 3E1-treated mice
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were lower than those in control antibody-treated mice on all
p-i. days investigated. It is noteworthy that as time passed the
numbers of CFU in the 3El-treated mice decreased, while
those in the control mice increased (Fig. 1C). It is clear that the
control mice succumbed to death because of outgrowth of L.
monocytogenes, while the 3El-treated mice controlled L.
monocytogenes at an early phase of infection and resulted in
complete eradication of the bacteria. Histological data also
support the view that 3E1-helped mice control the outgrowth
of L. monocytogenes in infected organs. Granulomatous lesions
in the liver, which are histological characteristics of systemic
Listeria infection (20), were smaller and fewer in the 3El-
treated mice than in control antibody-treated mice. As with the
results in the liver, the 3E1-treated mice displayed less disrup-
tion of the white and red pulp architecture of the spleen than
the control mice (Fig. 1D).

Anti-4-1BB MADb induces rapid recruitment of CD11b™* Gr-
1" and CD11b* Gr-1™ cells into the liver. To identify the
cellular/molecular mechanisms underlying the remarkable ef-
fects of 3E1 on L. monocytogenes infection, we characterized
the cells that infiltrated the livers of infected mice. For this, we
infected mice with a sublethal dose of 2 X 10* L. monocyto-
genes bacteria (0.1 LD,,). HILs were isolated from the L.
monocytogenes-infected mice, and leukocyte subsets were an-
alyzed by flow cytometry. As shown in Fig. 2A, at 16 h p.i. the
numbers of CD4", CD8", B220" (B cells), or DX5a™ (NK)
cells in HILs were little increased by L. monocytogenes infec-
tion and were comparable to those in the 3E1- and control
antibody-treated mice. In contrast, the number of CD11b*
Gr-17 cells was greatly increased by L. monocytogenes infec-
tion in both the control and 3E1-treated mice. However, the
3El-treated mice had much higher numbers of these cells than
the controls. Detailed kinetic analysis revealed that the
CD11b™ Gr-17 cells were divided into two subsets, CD11b™
Gr-1"t and CD11b™" Gr-1", whose numbers depended on the
level of Gr-1 expression; there was a higher percentage of
these two cell populations in the HILs of 3El-treated mice
than in those of control mice at 4 and 8 h p.i. (Fig. 2B). The
total number of these two cell populations in the liver was also
higher in 3E1 mice than control mice between 4 and 16 h p.i.
(Fig. 2C and D). However, at 24 h p.i. and thereafter, the
numbers and percentages of the two types of cell were com-
parable in the 3El-treated and control mice. In parallel with
the increased number of CD11b™ Gr-1" and CD11b* Gr-1"
cells, 3E1-treated mice had lower numbers of L. monocyto-
genes bacteria than control mice at 8 and 16 h p.. (Fig. 2E).
Furthermore, in agreement with the flow cytometric results
(Fig. 2B), immunohistochemical microscopic observation re-
vealed more CD11b" Gr-1" and CD11b™ F4/80* cells in liver
sections of the 3E1-treated mice than in those of the controls
(Fig. 2F). F4/80 is a surface marker for monocytes/macro-
phages.

The CD11b* Gr-1'" cells are monocytes, and the CD11b*
Gr-1" cells are neutrophils. We characterized the CD11b*
Gr-1" and CD11b" Gr-1™ cells recruited into the livers of L.
monocytogenes-infected mice. Both peripheral neutrophils and
monocytes express CD11b and Gr-1 on their surfaces, but they
can be distinguished by several other properties, such as the
number of granules and the level of Gr-1 expression, myeloid
and granulocyte marker expression profiles, and the shapes of
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nuclei (23). FACS analysis confirmed that CD11b" Gr-1" cells
had high-intensity side scatter characteristics (SSC), and the
CD11b™" Gr-1" cells had low-intensity SSC (Fig. 3A). Analysis
of surface marker expression revealed that the CD11b™ Gr-1"*
cells were 7/4%, F4/80", Mac-3*, Ly6C", Ly6G~, and
CXCR2", while the CD11b™* Gr-1"" cells were 7/4~, F4/30,
Mac-3~, Ly6C™, Ly6G*, and CXCR2* (Fig. 3B). These pro-
files indicate that the CD11b" Gr-1™ cells are monocytes and
the CD11b* Gr-1™ cells are neutrophils, as previously re-
ported by other investigators (18, 23, 25). Finally, microscopic
observation of the sorted cells showed that the CD11b™" Gr-1"
cells were large cells with the crescent-shaped nuclei and pale-
blue cytoplasm characteristic of monocytes, while the CD11b*
Gr-1" cells were primarily composed of smaller cells with a
multilobed ring-shaped nuclear morphology indicative of neu-
trophils (Fig. 3C).

Anti-4-1BB MAb administration rapidly upregulates levels
of proinflammatory cytokines/chemokines in L. monocytogenes-
infected liver. Cytokines/chemokines and their receptors play
critical roles in early control of L. monocytogenes infection, as
demonstrated by knockout mice. Thus, mice deficient for tu-
mor necrosis factor alpha (TNF-a) and its receptor (8, 15),
IL-6 (7), monocyte chemoattractant protein 1 (MCP-1) and its
receptor CCR2 (22, 40, 41), IL-12 (39), or gamma interferon
(16) are much more susceptible to L. monocytogenes infection.
We determined cytokine/chemokine levels in the liver at early
times of infection. As shown in Fig. 4A, levels of TNF-«, IL-6,
and MCP-1 in control antibody-treated mice did not change up
to 16 h p.. In contrast, the levels of those cytokines in the
3El-treated mice started to increase as early as 30 min p.i. and
were significantly higher than those of control mice. In 3E1-
treated mice, TNF-a and IL-6 peaked at 1 h p.i. and MCP-1 at
2 h p.i. Thereafter, cytokine levels gradually decreased to basal
levels at 16 h p.i. The induction profiles of cytokines in sera
were the same as in the liver (data not shown). An increase in
the transcript levels of MIP-2, IL-1B, and IL-12 was also ob-
served (Fig. 4B). HI-3E1 had no effect on the levels of TNF-a,
suggesting there was no contamination with endotoxin in our
system (Fig. 4C).

Anti-4-1BB administration to L. monocytogenes-infected
mice induces activation and maturation of monocytes and
neutrophils in HILs. Monocytes and neutrophils eliminate bac-
teria by phagocytosis and by killing them with ROS, and mice that
lack ROS-generating enzymes are more susceptible to L. mono-
cytogenes infection (8). We determined whether 3E1 administra-
tion enhanced phagocytic activities and ROS generation. To mea-
sure phagocytic activities, mice were infected with L.
monocytogenes and injected with 3E1 or rat IgG at 0 h p.i.; HILs
were then isolated at 16 h p.i. and incubated with FITC-labeled
dextran beads. After the indicated times of incubation, the cells
were gated for monocytes or neutrophils, and the percent FITC-
positive cells was analyzed. As shown in Fig. SA, monocytes and
neutrophils isolated from 3E1-treated mice had higher phagocytic
activities than those isolated from control antibody-treated mice.
Moreover, monocytes and neutrophils isolated from 3E1-treated
mice also produced more ROS (Fig. 5B).

In addition to enhanced phagocytic activity and ROS gen-
eration, the liver-infiltrated monocytes and neutrophils from
3El-treated mice had more activation/maturation phenotypic
surface markers than cells from control antibody-treated mice
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FIG. 2. Anti-4-BB MAD treatment rapidly recruits CD11b" Gr-1"" and CD11b* Gr-1" cells to the livers of L. monocytogenes-infected mice
with a concurrent decrease in the number of L. monocytogenes bacteria in the liver. (A to D) Mice were infected with 2 X 10* L. monocytogenes
bacteria and treated with 100 pg of 3E1 or rat IgG. At the indicated time points, they were anesthetized, the livers were perfused with PBS, and
HILs were isolated as described in Materials and Methods. (A) Numbers of CD4", CD8", B220", DX5a ", and CD11b* Gr-1" cells in the livers
of L. monocytogenes-infected mice. HILs isolated from mice at 16 h p.i. were stained with PE-conjugated anti-CD4, -CDS, -B220, -DX5a, or
-CD11b or FITC-conjugated anti-Gr-1 antibody and analyzed by FACS. Each point represents the mean plus standard error (SE) of five mice per
group. (B) Time-dependent increase of CD11b* Gr-1" and CD11b* Gr-1" cells. HILs from L. monocytogenes-infected mice were isolated at the
indicated times, stained with PE-conjugated anti-CD11b and FITC-conjugated anti-Gr-1 antibody, and analyzed by FACS. (C and D) Total
numbers of CD11b" Gr-1" (C) and CD11b* Gr-1" cells (D) were calculated from the number of HILs per liver, and the proportion of each subset
was obtained by FACS analysis. (E) Mice were infected with 2 X 10* L. monocytogenes bacteria and injected with 100 pg of 3E1 or rat IgG. At
the indicated times p.i., mice were killed, livers were isolated, and the number of CFU/liver was determined. The results are the means plus SE
of five mice per group. *, P < 0.05; #*, P < 0.01. (F) Immunohistochemical identification of CD11b™ F4/80" and CD11b" Gr-1" cells in livers
of L. monocytogenes-infected and 3E1-treated mice. Mice were infected with 2 X 10* CFU L. monocytogenes and injected with 100 pg of 3E1 or
rat IgG. At 8 h p.i, frozen liver sections were prepared and stained for CD11b (green) and Gr-1 (red) or CD11b (green) and F4/80 (red). The
sections were viewed and photographed using a laser scanning confocal fluorescence microscope system (magnification, x200).

(Fig. 5C). Monocytes from 3E1-treated mice expressed higher
levels of B7-1, MHC class II (I-A?), CD11c, and TREM-1 and
lower levels of CD62L, and neutrophils from 3E1-treated mice
expressed higher levels of TREM-1 and lower levels of CD62L
on their surfaces. TREM-1 is an activating receptor of the Ig
superfamily expressed on myeloid cells (2). These results show

that 4-1BB stimulation by 3E1 induces activation and maturation
of recruited neutrophils and monocytes in L. monocytogenes-in-
fected mice, as well as infiltration of those cells into infection sites.

In vitro stimulation of neutrophils by anti-4-1BB MAb
causes production of IL-6 and TNF-a and upregulation of
chemokine mRNAs. Although 3E1 administration to L. mono-
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FIG. 3. In the livers of L. monocytogenes-infected mice, the CD11b* Gr-1"" cells are monocytes and CD11b™ Gr-1" cells are neutrophils. Mice
were infected with 2 X 10* L. monocytogenes bacteria and injected with 100 pg of 3E1. At 16 h p.i., HILs were isolated, stained with antibodies,
and analyzed by FACS. (A) Cells were double stained with PE-conjugated anti-CD11b and FITC-conjugated anti-Gr-1 antibodies and gated on
CD11b* Gr-1""* (R2) and CD11b* Gr-1" (R3). R2 and R3 cells were further analyzed by SSC and forward scatter (FSC) parameters.
(B) Expression of surface markers on CD11b* Gr-1" cells and CD11b* Gr-1™ cells. HILs were triple stained with antibodies for CD11b, Gr-1,
and each surface marker. After being gated on CD11b* Gr-1" (R2) and CD11b* Gr-1" (R3) as in panel A, R2 and R3 cells were further analyzed
for the expression of 7/4, F4/80, Mac-3, Ly6C, Ly6G, or CXCR2. (C) Nuclear morphology reveals that CD11b" Gr-1™ cells are monocytes and
CDI11b* Gr-1" cells are neutrophils. The R2 and R3 cells in panel A were sorted by FACS, cytospun, and stained with Diff-Quik. The top row
shows the purity of the sorted cells, and bottom row shows photomicrographs (magnification, X1,000). The data are representative of experiments

repeated three times with four mice per group.

cytogenes-infected mice induced activation and infiltration of
neutrophils and monocytes into the bacterium-infected livers,
it was not clear whether 3E1 exerted its effects directly on those
cells or whether the cells were secondarily activated by 3E1.
Murine neutrophils constitutively express 4-1BB (24), but mu-
rine monocytes do not, unless they are induced to differentiate
into dendritic cells (our unpublished data). Consistent with the
status of 4-1BB expression on the surface of each cell type, we
found that 3E1 could directly stimulate the expression of cy-
tokine genes and proteins in neutrophils, but not in monocytes.
As shown in Fig. 6A, 3E1 induced the production of IL-6 and
TNF-a in cultures of neutrophils. 3E1 and heat-killed L.
monocytogenes induced neutrophils to produce these cytokines
synergistically, suggesting the existence of signaling cross talk
between 4-1BB and pattern recognition receptors. MCP-1 was
not produced in response to 3E1 and/or heat-killed L. mono-
cytogenes in neutrophils. As expected, 3E1 did not induce
monocytes to produce these cytokines, although heat-killed L.
monocytogenes strongly induced IL-6, TNF-a, and MCP-1 pro-
duction by the monocytes (Fig. 6A). 3E1 also strongly in-
creased levels of chemokine/cytokine transcripts, such as those
for IL-1B, IL-1Rw, IL-6, MIF, Ltn, MIP-1oc, MIP-1p, IP-10,
and TCA-3 in neutrophils, as determined by the RPA method
(Fig. 6B). In addition, we found that 3E1 significantly en-

hanced the phagocytic activities of neutrophils in vitro (Fig.
6C). These results suggest that 3E1 may directly activate neu-
trophils to be efficient bacterium-killing cells in L. monocyto-
genes-infected mice and that monocyte activation and recruit-
ment into bacterium-infected livers may be secondary effects of
4-1BB stimulation of other cells.

DISCUSSION

Upon infection with L. monocytogenes, neutrophils and
monocytes are the first to migrate to infected tissues. Chemo-
kines and their receptors play key roles in recruiting neutro-
phils and monocytes to infection sites. Murine neutrophils
express CXC chemokine receptors and are recruited in re-
sponse to CXC ELR ™" chemokines, such as KC and MIP-2 (3),
while monocytes primarily express CC chemokine receptors
that respond to MCPs (27). In this study, we found that anti-
4-1BB MADb administration to L. monocytogenes-infected mice
rapidly induced TNF-a, MCP-1, and IL-6 in sera and livers as
early as 30 min p.i., while levels of these proteins were little
changed in L. monocytogenes-infected control mice up to 16 h
p.i. (Fig. 4). Message levels of IL-1, IL-12, and MIP-2 were also
highly increased by anti-4-1BB MAb administration. Some of
these cytokines/chemokines in the L. monocytogenes-infected
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were determined. The data are representative of experiments repeated three times with three mice per group. Data are means = standard errors. #*%*,
P < 0.001.

mice were possibly produced by 4-1BB-activated neutrophils,
because direct addition of 3E1 to neutrophils increased pro-
teins and message levels for these chemokines/cytokines, ex-
cept for MCP-1 (Fig. 6). Because monocytes do not express

>

4-1BB and neutrophils do not produce MCP-1 in response to
4-1BB stimulation, the presence of MCP-1 in sera of 3E1-
treated mice is probably not caused by direct action of 3E1 on
neutrophils or monocytes. It may be induced by cells activated
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FIG. 5. Anti-4-1BB MAb administration to L. monocytogenes-infected mice induces activation and maturation of monocytes (Mo) and
neutrophils (Neu) in HILs. Mice were infected with 2 X 10% L. monocytogenes bacteria and injected with 100 pg of 3E1 or rat IgG. At 16 h p.i.,
HILs were isolated and stained with PE-conjugated anti-Gr-1 and Cy-conjugated anti-CD11b MAbs. (A) Anti-4-1BB MAb-induced phagocytic
activity. Cells were incubated with FITC-dextran for the indicated times, washed, and analyzed for FITC-positive cells among the CD11b* Gr-1""
or CD11b* Gr-1" cells by FACS. Gray histogram, cells kept on ice; dotted lines, cells from rat IgG-treated mice; solid lines, cells from 3E1-treated
mice. (B) Anti-4-1BB MAb induces ROS generation. HILs were stained with 2 uM DCF-DA for 30 min and analyzed for DCF-DA-positive cells
among CD11b* Gr-1"" or CD11b* Gr-1" gated cells by FACS. Open histogram, unstained cells; filled histogram, cells stained with DCF-DA.
GeoM, geometric mean. (C) Anti-4-1BB MAb enhances the expression of maturation/activation surface markers on the monocytes and neutrophils
of L. monocytogenes-infected mice. Mice were infected with 2 X 10* L. monocytogenes bacteria and injected with 100 wg of 3E1 or rat IgG. At 16 h
p-i., HILs were isolated, stained with Cy-conjugated anti-CD11b, PE-conjugated anti-Gr-1, and FITC-conjugated surface marker antibodies. The
cells were first gated on CD11b* Gr-1" or CD11b* Gr-1" and analyzed for each expression marker. One experiment representative of three is
shown.
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deviations. *, P < 0.05; %%, P < 0.01.

by bacterial products or by the IL-6 produced by the 4-1BB-
stimulated neutrophils (Fig. 6). It has been shown that IL-6
binds to soluble IL-6 receptors, forming a complex that induces
the endothelial cells, mesothelial cells, or fibroblasts at inflam-
matory sites to release MCP-1 (19, 37, 42).

In parallel with the rapid induction of chemokine/cytokine
levels, recruitment of neutrophils/monocytes into the livers of
3El-treated mice was faster than that for control antibody-
treated mice (Fig. 2B, C, and D). The liver plays a crucial role
in eradicating blood-infected L. monocytogenes. It has been
shown that most of the L. monocytogenes bacteria introduced
via the i.v. route are trapped in the liver, bound to the surfaces
of Kupffer cells (liver-resident macrophages), and are subse-
quently killed by infiltrated neutrophils (13). Depleting neu-
trophils or blocking mobilization of neutrophils into the liver in
L. monocytogenes-infected mice results in a marked increase in
the number of L. monocytogenes bacteria in the liver (6, 35),
and the mice die of liver failure (36). Therefore, the rapid
infiltration of neutrophils into livers is critical for early defense
against L. monocytogenes infection, and this may be one mech-
anism of 4-1BB-mediated protection of L. monocytogenes-in-
fected mice.

It is also conceivable that 4-1BB signaling on infiltrated
neutrophils results in their activation to form efficient bacte-
rium-killing cells. 4-1BB-4-1BB ligand (4-1BBL) interaction
may well occur normally during bacterial infection. 4-1BBL is

predominantly expressed on murine antigen-presenting cells
(APCs), such as dendritic cells, monocytes/macrophages, and
activated B cells (12, 33). Although expression of 4-1BBL on
Kupffer cells has not been examined, there is a good possibility
that it is also expressed on the surfaces of these cells, one of the
liver-resident APCs. In addition, Kupffer cells bind neutrophils
via CD11b/CD18-CD54 interaction in L. monocytogenes-in-
fected mice (14). Thus, during Kupffer cell-neutrophil binding
or some other kind of APC-neutrophil binding in the livers of
L. monocytogenes-infected mice, 4-1BB-4-1BBL interaction
may occur; the neutrophils may be activated by the 4-1BB
signaling induced by 4-1BBL in APCs or by an administered
anti-4-1BB MAD, and this could be synergized by bacterial
products present on the surfaces of the APCs (Fig. 6).

In summary, our data show that 4-1BB stimulation in the
early phase of L. monocytogenes infection contributes to the
effective control of bacteria by rapid production of inflamma-
tory cytokines/chemokines and subsequent infiltration of neu-
trophils and monocytes. A strategy for achieving 4-1BB acti-
vation using antibody or 4-1BBL molecules may be useful in
the treatment of listeriosis.
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