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Overexpression of Interleukin-15 Protects
against Escherichia coli-Induced Shock
Accompanied by Inhibition of Tumor
Necrosis Factor—-a—Induced Apoptosis
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Interleukin (IL)-15, a potent inhibitor of tumor necrosis factor (TNF)—a—mediated apoptosis, causes multiple
organ failure during endotoxic shock. We investigated the potential role of IL-15 in protection against Escherichia
coli-induced shock by using 1L-15 transgenic (Tg) mice, These mice were resistant to an othexwise lethal challenge
with E. coli, although bacterial burden and serum levels of TNF-a were similar in non-Tg mice, Apoptosis in
cells of the peritoneal cavity, liver, spleen, or lung was significantly suppressed in 1L-15 Tg mice after E. coli
infection. Peritoneal cells from naive 1L-15 Tg mice were also resistant to TNF-e~induced apoptesis in vitro,
and neutralization of endogenous 1L-15 significantly aggravated TNF-o-induced apoptosis. Exegenous IL-15
prevented TNF-a-induced apoptosis in normal mice in vitro and improved the survival rate after E. coli challenge.
These results suggest that IL-15 overexpression can prevent TNF-a~induced apoptosis and protect against E.
coli-induced shock, indicating a possible therapeutic application of IL-15 for septic shock.

The incidence of infection with gram-negative bacteria
such as Escherichia coli in patients undergoing abdom-
inal surgery has increased in recent years. These infec-

Received 16 September 2002; accepted 3 vanuary 2003; eisctronically published
15 April 2003.

Presented i parl: 31st annual maeting of the Japancess Sogiaty for tmununology,
Osaka, 11 December 2009 {abstract 1-7-W5-48-7),

Al experimonts complied with guideiinos of the ammal care and use committees
of the authors” institwions and with US Nationa! Institutes of Health reguiations
o animas handiing and usage.

Firancial sypport: Japanese Minisiry of Education, Science, and Culture; Japan
Society for the Promotian of Science {grant-in-aie for scientific research on priority
areas}.

Reprints o correspondence:; Ur. Takashi Hiromatsy, Laboratory of Host Dofense
and Gerfroe Life, Researct e for Disease Mochanism and Control, Nagoya
University Schooi of Mudicine, Nagoya 466-8550, Japan {takasi-:@mad.nagoya-u
.8C.jpl.

The Ji t of Inlectious Di: 2003; 187:1442-51
i€ 2003 by the wfoctious Diseases Society of Amorica. All rights reserved.
522-1888/2003/18709-001 2835.05

tions frequently result in septic shock, which is caused
by endotoxin/lipopolysaccharide (LPS) derived from
gram-negative bacteria [1-3}. Mammals respond to LPS
from gram-negative bacteria through toll-like receptor
by producing a variety of immune cell mediators [4].
Among such mediators, tumor necrosis factor (TNF)-a
and interleukin (IL)~1 are mainly responsible for trig-
gering lethal shock {5, 6]. Multiple organ failure in
patients who die of septic shock is characterized by
lymphocyte and macrophage apoptosis throughout the
body {7]. The apoptosis in septic shock appears to be
triggered by signaling via members of the TNF receptor
(TNFR) family [8-11], especially via TNF-aR type I,
which induces activation of the Fas-associated death
domain and caspase machinery, Caspase 3 is an espe-
cially important cxecutioner molecule in the suicide
cascade in LPS-induced apoptosis {12]. By use of a
mouse cecal ligation and puncture model, it was re-
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cently shown that caspase 3 inhibitors can improve survival in
sepsis [ 13, 14]. This finding may contribute to the development
of a therapeutic approach to control lethal shock caused by
gram-negative bacteria.

IL-15, which belongs to the 4-helix bundle cytokine family
[15-18] and uses 8- and y-chains of the IL-2 receptor (IL-2R)
for signal transduction, has many properties that are the same
as those of IL-2, even though it has no sequence homology
with 1L-2 {18-20]. In contrast to IL-2, which is produced
mainly by activated T cells, IL-15 is produced by a wide variety
of tissues, including placenta, skeletal muscle, kidney, and mac-
rophages after stimulation with LPS [15, 18, 21]. IL-15 plays
important roles in the development and maintenance of NK
cells and various T cell subsets, including NK T cells and central
memory CD8 T cells [20, 22-26]. IL-15 is a potent inhibitor
of several apoptosis pathways in lymphocytes via induction of
antiapoptotic molecules (e.g., Bcl-2) (27, 28] and it blocks
TNFRI-mediated cell death of fibroblasts by inhibition of a
very carly step in the apoptosis signaling cascade [29]. Thus,
IL-15 may be uscful as a powerful apoptosis antagonist for
prevention of multiple organ failure with apoptosis caused by
septic shock. Our goal in this study was to determine the ability
of IL-15 to protect against septic shock caused by gram-negative
bacteria. We cxamined the susceptibility of IL-15 transgenic
(Tg) mice to infection with a high dose of E. coli.

MATERIALS AND MIETHODS

Animals,  C57BL/6-background 1L-15 Tg mice, which were
constructed by using IL-15 ¢cDNA under the control of a major
histocompatibility complex class I promoter, have been de-
scribed elsewhere [26]. In brief, full-length ¢cDNA encoding the
murine IL-15 gene with exon 5 (710 bp) was cloned between
the BamHI and Sall sites of a Tg expression vector, pHSE-3,
which contains the H2-K promoter, the mouse immunoglob-
ulin enhancer, the mouse B-globulin splice site, and poly A
signal. Transgene DNAs were microinjected into the male pro-
nucleus of fertilized single-cell embryos of C57BL/6 mice. Mi-
croinjected eggs were transferred to pseudopregnant CS7BL/6
foster mothers. IL-15 Tg mice were identified by digesting ge-
nomic DNA with Pstl, followed by Southern blot analysis with
an IL-15-specific probe. In each experiment, age- and sex-
matched C57BL/6 mice (Charles River Japan) were used as
controls. Mice were maintained under specific pathogen—free
conditions and were offered food and water ad libitum. At the
time of the study, all mice were 6-8 weeks old.

Microorganisms,  E. coli (ATCC no. 26) was grown in a
brain-heart infusion broth (Difco Laboratories), washed re-
peatedly, resuspended in PBS, and stored at —70°C in small
aliquots until use, The concentration of bacteria was quantified
by plate counts.

Antibodies and reagents.  Fluorescein isothiocyanate (FITC)-
conjugated active caspase 3 monoclonal antibody (MAD), FITC-
conjugated anti-Bcl-2 MAD, phycocrythrin (PE)—conjugated anti-
CD11b MAb (M1/70), biotin-conjugated anti-Ly6G (Gr-1) MAD
(RB6-8C5), and streptavidin-conjugated Cy-Chrome MAb
were purchased from PharMingen. We purchased FITC-con-
jugated anti-annexin V MAb (145-2C11) from Sigma Chemical
and obtained 2.4G2 (anti-FcRII/I-specific MAb, rat IgGl,
producing hybridoma) from American Type Culture Collec-
tion. Murine recombinant (r) IL-15 was obtained from Re-
search Diagnostics.

Soluble IL-15Ra (sIL-15Ra) preparation.  slL-15Ra was
generated as described elsewhere 130, 31]. The cDNA for the
extracellular domain of IL-15Rx or of the mutant 1L-15Rq, as
a binding control, was amplified by reverse-transcriptase poly-
merase chain reaction from total RNA isolated from }774.1.
‘The purified amplified products were confirmed by sequencing,
digested with EcoRl and BamHI, and ligated into a similarly
digested pGEX-5X-2 procaryotic expression vector, according
to the manufacturer’s instructions (Amersham Pharmacia Bio-
tech). We used the recombinant plasmid to transtform com-
petent E. coli BL21 cells (Stratagene) to produce the glutathione
S-transferase IL-15Ro fusion protein. The soluble fusion pro-
tein was purified by using glutathione-Sepharose 4B beads
(Amersham Pharmacia Biotech). LPS was not detected in the
purified sIL-15Ro preparation by the limulus amebocyte test
(<0.01 ng/mg; E-Toxate; Sigma). The optimal sIL-15Ra con-
centration was determined based on the finding that 10 ng/mL
sIL-15Re blocked bioactivity of 0.1 ng/mL IL-15 in a CTLL2
cell line assay {30].

Cell preparation. Blood was obtained by retro-orbital
plexus puncture at 1, 3, 6, and 12 h after E. coli challenge, and
serum levels of various cytokines were determined at these time
points. Then peritoneal exudate cells (PECs) were obtained by
lavage of the peritoneal cavity with 5 mL of Hanks’ balanced
salt solution (HBSS) after the injection. PECs were prepared
by centrifugation and resuspended in RPMI 1640 containing
10% fetal bovine serum, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, and 10 mM HEPES. The cells were plated and allowed
to adhere for 2 h at 37°C in a humidified atmosphere of 95%
air and 5% CQO,. Nonadherent cells were removed, and adherent
cells were washed several times with HBSS. Adherent cells were
collected by scraping with a rubber policeman, washed, and
counted. More than 95% of the cells obtained by this procedure
were macrophages.

Bacterial growth in organs.  After infection, peritoneal ex-
udates were obtained from the peritoncal cavity by lavage with
5 mL of HBSS. Serial dilutions of the exudate samples were
plated to determine the number of viable bacteria. For enu-
meration of viable bacteria in the liver, the liver was perfused
with 8 mL of sterile HBSS to wash out bacteria in the blood
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vessels immediately after the mice were bled. Livers and spleen
were removed and separately placed in sterile Teflon-coated
homogenizers (Asahi Techno Glass), each containing 5 mL of
cold PBS. After each organ was thoroughly homogenized, the
bacterial counts in the homogenates were established by plating
serial 10-fold dilutions in sterile distilled water on tryptic soy
agar (Nissui Laboratories). Colonies were counted after incu-
bation for 24 h at 37°C.

Cytokine assays.  Serum cytokine levels were determined by
ELISAs. ELISAs for TNF-a, 1L-10, {L-12 p40, 1L-18, interferon
(IFN)-y, and 1L-4 were performed by using MAbs according to
the manufacturer’s instructions (Genzyme). An ELISA for IL-18
was performed by using MAb MBL according to the manufac-
turer’s instructions (Medical & Biological Laboratories).

Staining of PECs. We stained PECs by the Pappenheim
staining method with modified May-Gruenwald’s solution
(Merck) and Giemsa stain solution (Katayama Chemical). Cells
were then divided into neutrophils, macrophages, and lympho-
cytes by standard morphology. At least 200 cells were counted,
and the absolute number of each cell type was calculated.

Flow cytometric analysis.  Plastic adherent PECs were
preincubated with a culture supernatant from 2.4G2 to prevent
nonspecific staining. For the annexin V staining assay, the cells
were then stained with anti-CD11b MAb coupled to PE and
biotinylated (BN) anti-Gr-1 MADb. The anti-Gr-1 BN MAb
staining was revealed by streptavidin-conjugated Cy-Chrome.
After the cells were washed with HBSS and incubated with 5
pL of FITC-conjugated annexin V for 15 min at room tem-
perature in the dark, we added 400 pL of 1X binding buffer,
as recommended by the manufacturer (Sigma Chemical). For
propidium-iodide (PI) staining, the cells were washed twice
with PBS and fixed with ice-cold 70% ethanol/PBS. These cells
were kept on ice for =1 h. Subsequently, the medium was
removed by centrifugation, and the pellets were resuspended
in 100 pL of PBS. The cells were then incubated in the dark
for 30 min at 4°C in the presence of 50 pg/mL PI (Sigma) and
250 pg/mL DNase-free RNase A (Roche). Thereafter, cell cycle
status and apoplosis were determined by flow cytometer
(FACSCalibur; Becton Dickinson).

For active caspase 3-specific staining, the cells were stained
with Cy-Chrome anti-Gr-1 and PE-CDI11b, fixed and per-
meabilized with CytoPerm/Cytofix, and stained with FITC-
conjugated anti-active caspase 3. For intracellular Bel-2 stain-
ing, the cells were surface stained as described above. After
being washed, the cells were stained intracellularly for Bel-2 by
using FITC-conjugated hamster anti~-mouse Bcl-2 antibody
(clone 3F11) or its isotype control antibody (hamster IgG),
according to the manufacturer’s instructions (PharMingen).
The cells were then analyzed by flow cytometer (FACSCalibur).
Live cells were carefully gated by forward and side scattering,
Data were analyzed with CellQuest software (BD Biosciences).

Histopathologic examination.  Liver, spleen, kidneys, and
lungs were removed and fixed in 10% buffered formalin. Af-
ter embedding in paraffin, 3-pm tissue scctions were cut and
stained with hematoxylin-cosin for morphologic evaluation.
We performed the TUNEL (in situ terminal dUTP nick-end-
labeling) assay with an in situ apoptosis detection kit (Apop-
tag; Intergen), according to the manufacturer’s instructions. in
brief, paraffin-embedded sections were deparaffinized and re-
hydrated and then permeabilized by incubation with 20 mg/
mL proteinase K (Sigma) for 15 min at 37°C, The tissue sec-
tions were then washed in distilled water. Inactivation of en-
dogenous peroxidases was accomplished by immersing the tis-
sue sections in 3% hydrogen peroxide diluted in methanol for
10 min at room temperature. After the slides were washed with
distilled water, the sections were incubated in equilibration buf-
fer for 5 min. The sections were then incubated with the labeling
solution containing terminal deoxynucleotidyl transferase in a
humidified chamber for 1 h at 37°C. Reactions were terminated
by rinsing the sections in a stop-wash buffer. The incorporated
digitonigen-dUTP was detected by incubation with antidigox-
igenin peroxidase at room temperature for 30 min; positive
reactions were revealed by use of 3,3 diaminobenzidine. Methyl
green was used for counterstaining for nuclei, and slides were
coverslipped.

Statistical analysis, Data were analyzed by Student’s £ test;
survival data were analyzed by log-rank test. Between-mean
comparisons were done by Wilcoxon test. We considered P<
.05 to be statistically significant.

RESULTS

IL-15 Tg mice are resistant to lethal infection with E. coli.
We first examined the survival rate of 1L-15 Tg mice after
infection with E. coli. A high dose of E coli (10° cfu/mouse;
2 X LDy, to non-Tg mice) was injected intraperitoneally (ip)
into IL-15 Tg or non-Tg mice. Non-Tg mice began to dic 8 h
after the injection. More than 85% of the non-Tg mice died
within 12 h after the injection, whereas all IL-15 Tg mice sur-
vived >2 wecks (figure 1; P<.01).

We next compared numbers of bacteria in various organs of
non-Tg mice and [L-15 Tg mice after £ coli injection. The
numbers of bacteria in organs in IL-15 Tg mice were the same
as in non-Tg mice after E. coli injection at both high and low
doses (figure 2A4). These results suggest that improved survival
of 1L-15 Tg mice is not due to differences in bacterial burden.

Infection with a high dose of E. coli frequently results in
endotoxic shock, which is caused mainly by inflammatory cy-
tokines, such as TNF-a and IL-1 [5]. Therefore, we next ex-
amined serum levels of proinflammatory cytokines (I'NF-a,
IL-12, IL-18, and IL-18) and the serum level of an anti-in-
flammatory cytokine, IL-10, in IL-15 Tg and non-Tg mice af-
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Figure 1.  Survival curves of interleukin (IL}-15 transgenic (Tg) and

non-Tg mice after Escherichia coli infection. IL-15 Tg and age-matched
non-Tg mice were injected intraperitoneally with 10° cfu of £ coli each
{2 X LD..). Survival was monitored for 48 h {n = 7-10 mice/group in
each experiment}, Results shown are typical of 1 of 3 independent ex-
periments. Difference between survival curves was statistically signifi-
cant. *P<.01 {log-rank test}.

ter ip inoculation with E. coli at a dose of 10* cfu/mouse
(0.2 X LDy, to non-Tg mice). As shown in figure 2B, serum
TNF-a and IL-10 levels were at maximum levels | h after E.
coli injection. 1L-12 p40 and IL-18 levels in serum were at
maximum levels 3 h after the injection, and the IL-18 level
peaked 12 h after the injection in both IL-15 Tg and non-Tg
mice. There were no significant differences between TNF-orand
IL-18 levels in IL-15 Tg and non-Tg mice. Although serum
levels of IL-10 and IL-12p40 tended to increase and decrease,
respectively, in IL-15 Tg mice, the levels in IL-15 T'g mice were
not statistically different from those in non-Tg mice. Serum
1L-4 and IEN-y were not detected in cither IL-15 Tg or non-
Tg mice at any stage after E. coli injection (data not shown).
These results suggest that improvement in survival of IL-15Tg
mice is not due to suppression of production of cytokines that
induce endotoxic shock.

Impairment of programmed cell death in IL-15 Tg mice
after E. coli infection. We next examined host cellular re-
sponse to E. coli by assessing the kinetics of PECs after E. coli
infection. PECs were obtained at indicated times after injection
of a high dose of E. coli ( 10 cfu) and stained by the Pappenheim
staining method for light microscopy examination. We calcu-
lated the absolute number of cells of each type by multiplying
the total numbers by the percentages as assessed by morpho-
logic findings. The absolute numbers of macrophages were sig-
nificantly greater in IL-15 g mice than in non-Tg mice 3 and
6 h after E. coli injection (figure 3A; P<.05).

A high dose of LPS often induces programmed cell death in
various cells, especially macrophages, by apoptosis via TNFR-
mediated death signaling {32]. Therefore, we next examined
the frequency of programmed cell death in PECs by using the
annexin V staining method after injection of 10” ¢fu of E. coli,

PECs obtained from the non-Tg and IL-15 Tg mice 6 h after
injection of 10° cfu of E. coli were stained with anti-CD11b
(Mac-1), anti-Gr-1, and anti-annexin V MAbs. Analysis gates
were set on CD11b~Gr-17 cells (corresponding to neutrophils),
CDLIb™Gr-17 cells (corresponding to macrophages), and
CD11b™Gr-17 cells (corresponding to lymphocytes). The an-
nexin V levels of the gated populations are shown as single
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Figure 2. Bacterial growth and cytokine production in interleukin (IL}~
15 transgenic (Tg) and non-Tg mice after Escherichia coli infection. A,
iL-15 Tg and age-matched non-Tg mice were injected intraperitoneally
with 10° cfu of £. coli each {2 X LDy, upper panel) or 10° cfu of E. coli-
each (0.2 X LD, lower panel). No. of bacteria recovered from the peri-
toneal cavity (peritoneal exudate cells; PECs), liver, spleen, and blood of
infected mice was determined 6 h after injection fupper panel) or at
indicated times after . cali injection lower panel). B, Tumor necrosis
factor (TNFj-o, IL-12 p40, IL-10, IL-13, and IL-18 levels in serum were
determined by ELISA. Data are from =3 separate experiments and are
expressed as mean = SD of 5 mice from a representative experiment.
No statistically significant differences were found between IL-15 Tg and
non-Tg mice.
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Figure 3. Impairment of programmed cell death in interleukin {IL--15 transgenic {Tg) mice after Escherichia coli infection. A, IL-15 Tg and non-Tg
mice were inoculated with 10° cfu of £ coli each. Peritoneal exudate cells (PECs) were obtained at indicated times after infection. Absolute nos. of
cells of each type were calculated by multiplying tota! nos. by the percentages, as assessed by morphologic findings. Data are shown as mean %
SD. *P< .05. B, Flow cytometric analysis of peritoneal cells stained with annexin V. PECs from non-Tg and IL-15 Tg mice 6 h after injection with 10°
cfu of £ coli were stained with anti-CD11b (Mac-1), anti-Gr-1, and anti-annexin V monoclonal antibody (MAb). Analysis gates were set on CD11b " Gr-
1" cells (comesponding to neutrophils), CD11b'Gr-1  cells {corresponding to macrophages), and CD11b Gr-1 cells {corresponding to lymphacytes).
Annexin V levels of the gated populations are shown as single-color histograms. Percentage of annexin V—positive cells is indicated. C, Flow cytometric
analysis of active caspase 3 expression in peritoneal adherent cells after £. coli infection. Cells were similarly surface stained, stained with intraceliular
active caspase 3, and analyzed by flow cytometry. D, Flow cytometric analysis of Bcl-2 expressian in peritoneal adherent cells after £. coli infection,
PECs from non-Tg and 1L-15 Tg mice 6 h after injection with 10° cfu of £ coli were stained with anti-CD11b, anti~Gr-1, and anti-Bcl-2 MAbs. Analysis
gates were set on CD11b Gr-1 cells. The Bcl-2 levels of the gated populations are shown as single histograms; no. in the upper right comer indicates
the mean fluorescence intensity. The Bcl-2 levels in cells from naive mice are overfaid on each histogram as a dashed line; mean fluorescence intensity

is indicated by the value in the upper left comer of the plot. Data are representative of 3 independent experiments.

histograms. Figure 3B shows typical results, and table 1 sum-
marizes data of 3 independent experiments. A major increase
in the percentage of peritoneal macrophages positive for an-
nexin V was observed in non-Tg mice 6 h after E. coli injection
(figure 3B), but there were significantly fewer apoptotic cells
in IL-15 Tg mice than in non-Tg mice after the injection (figure
3B). Although the increases in annexin-positive apoptotic cells
in neutrophils and lymphocytes scemed to be impaired in 1L~
15 Tg mice following E. coli injection, the numbers did not
differ statistically from those in non-Tg mice,

The caspase 3 proenzyme becomes cleaved into its active
form during apoptosis and is thus a good marker for pro-
grammed cell death {33, 34]. Therefore, we next examined
active caspase 3 expression by flow cytometry, to determine
whether peritoneal cells were dying by caspase-dependent ap-

optosis. Peritoncal adherent cells isolated from naive and E.
coli~infected mice were stained as described above. These cells
were also stained intracellularly with an antibody specific for
active caspasc 3. As shown in figure 3C, there was a significant

Table 1. Annexin V expression in peritoneal adherent

cells after Escherichia coli infection of naive or infectad

mice.

Mouse strain Naive Infected

Non-Tg 7.32 £ 492 40,07 = 465

IL-16 Tg 6.92 + 5.06 21.83 = 0.5¢4¢
NOTE. Percentage of annexin V-positive cells is shown, Data are

mean = SD of 3 individual experiments. IL, interleukin; Tg, transgenic.
? P<.05, vs. values for non-Tg mice (Student’s t test).
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Apoptotic cells in situ in organs after Escherichia coli infection. DNA fragmentation in lung (4, £ [ and M, liver (B, F J, and NJ, spleen

(C. G, K, and 0}, and kidney (D, H, L, and P}, of E. coli~infected non-transgenic {Tg) mice {A-H) and interleukin {IL-15 Tg mice (~P/{10" cfu/mouse)
was detected by the TUNEL {in situ terminal dUTP nick-end-labeling) method {Materials and Methads), TUNEL-positive cells are dark brown farrows).
TUNEL staining revealed more apoptotic cells in the lung, liver, and spleen of non-Tg mice than in IL-15 Tg mice (arrows). A-H, non-Tg mice; /-£ IL-
15 Tg mice. Bars: A-D and L, 200 um; E-H and M-F 100 um. All data are representative of 3 independent experiments.

increase in active caspase 3-specific staining in the peritoneal
cells from E. coli~infected non-Tg mice, compared with cells
of IL-15 Tg mice. These results suggest that E. eoli infection
directly resulted in rapid death by apoptosis in peritoneal ad-
herent cells and that those in IL-15 Tg mice were resistant to
E. coli-induced apoptosis.

One of the most widely studied regulators of cell death is
the Bcl-2 superfamily. Bcl-2 plays a critical role in regulation
of cell survival and apoptosis by preventing release of cyto-
chrome ¢ after mitochondrial damage |35, 36]. IL-15 increases
Bcl-2 via c-myc and STAT 5 activation. Susceptibility to TNFR-
mediated apoptosis is related to Bel-2 expression [28]. There-
fore, we compared the expression levels of Bel-2 at the protein
level in peritoncal adherent cells obtained from non-Tg and
IL-15 Tg mice 6 h after injection of 10° cfu of E. coli. Figure
3D shows a result typical of 3 independent experiments. The
Bcl-2 expression levels in cells obtained from IL-15 Tg mice

before infection were almost the same as those of non-Tg mice,
However, the expression level in the peritoncal cells obtained
from IL-15 Tg mice after injection was significantly higher than
in non-Tg mice.

E. coli infection induces a marked increase in apoptotic
cells in non-Tg mouse organs.  For detection of apoptosis in
situ, liver, spleen, kidney, and lung tissues of E. coli-infected
IL-15 Tg and non-Tg mice were obtained 12 h after infection.
Apoptotic cells were identified by the TUNEL technique. After
E. coli infection, we observed more cells undergoing apoptosis
in lung, liver, and spleen of non-Tg mice. The apoptotic cells
showed characteristic shrinking, chromatin clumping, and nu-
clear fragmentation, These apoptotic cells were both localized
in foci and scattered. Most of the events in the liver were in
cells lining the sinusoids; those in the spleen were in the ger-
minal centers and the marginal zone. In contrast, apoptotic
cells remained low in IL-15 Tg mice. There were few apoptotic
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Figure 5. Fow cytometry shows that peritoneal cells from naive in-
terleukin {IL}-15 transgenic {Tg) mice are resistant to tumor necrosis factor
{TNF}-a—induced apoptosis. A, Peritoneal adherent cells (10° cells/ml)
from naive non-Tg and naive IL-15 Tg mice were incubated in the presence
or absence of TNF-c {10 ng/ml} for 12 h, collected, and stained with
annexin V, as recommended by the manufacturer (Sigma). B, Assessment
of DNA cleavage by propidium iodide (Pl) staining. Peritoneal adherent
cells from naive non-Tg and naive IL-15 Tg mice were incubated for 24
h in the presence or absence of TNF-c (10 ng/mL). Cells were collected,
stained with Pl, and analyzed by flow cytometry. Apoptesis was judged
by the presence of cells with hypodipioid DNA content after cells were
exposed ta TNF-«x. C, Percentage of cells in which apoptasis was induced
by TNF-« treatment was increased by neutralization of endogenous IL-
15. Peritoneal adherent cells from naive IL-15 Tg and naive non-Tg mice
were treated with soluble (s) IL-15R« {10 ng/mL) and with TNF- (10
ng/mL) 1 h later, sIL-15Re plus TNF-or, TNF-ex (10 ng/mL), or medium.
After incubation for 12 h, celis were collected and stained with annexin
V. B and C, Data are representative of 3 independent experiments.

cells in kidney tissuc after E. coli infection in both 1L-15 Tg
and non-Tg mice. These results suggest that E. coli infection
induced significantly more apoptosis of cells in systemic organs
in non-Tg mice than in IL-15 Tg mice (figure 4).

Peritoneal cells from naive IL-15 Tg mice are resistant to
TNF-a—induced apoptosis,  We performed experiments to
determine whether cells from [L-15 Tg mice are resistant to

TNF-a-mediated apoptosis. Peritoneal adherent cells were ob-
tained from naive IL-15 T'gand naive non-Tg mice, as described
above, incubated in the presence or absence of TNF-« (10 ng/
mL) for 12 h, collected, and stained with annexin V, as rec-
ommended by the manufacturer (Sigma Chemical). A major
increase in the percentage of peritoneal cells positive for an-
nexin V was found in non-Tg mice after TNF-o stimulation
(figure 5A), whereas apoptosis was impaired in IL-15 Tg mice,
compared with that in non-Tg mice after TNF-a stimulation
(figure 5A).

We did additional experiments to examine the cell cycle.
Peritoneal adherent cells from naive IL-15 Tg and naive non-
Tg mice were incubated in the presence or absence of TNF-«
(10 ng/mL) for 24 h and stained with P1, as described above.
Flow cytometric analysis of PI-stained cells demonstrated TNE-
a—induced apoptosis in peritoneal cells, as judged by the pres-
ence of cells with hypodiploid DNA content. As shown in figure
5B, 24 h of exposure to TNF-a caused marked apoptosis in
the cells from non-Tg mice (figure 5B); cells from IL-15 Tg
mice showed little apoptosis, compared with that in cells from
non-Tg mice after TNF-a treatment (figure 5B). ‘Table 2 sum-
marizes data from 3 independent experiments.

To determine whether endogenous IL-15 production plays
an important role in protection against TNF-a—induced ap-
optosis in 1L-15 Tg mice, we examined the effect of neutrali-
zation of endogenous 1L-15 by soluble IL-15Ra on TNF-o~
induced apoptosis in peritoneal adherent cells. Results showed
that more than 10 ng/mL soluble IL-15R« inhibited IL-15-in-
duced proliferation of CTLL-2 {data not shown). Figure 5C
shows that addition of soluble 1L-15R« resulted in an increased
percentage of cells from IL-15 Tg mice in which TNF-o-
induced apoptosis occurred. Of note, the percentage of peri-
toneal cells from non-Tg mice in which apoptosis was induced
by TNF-« treatment was also increased by neutralization of
endogenous IL-15, These results suggest that endogenous IL-
15 plays an important role in TNF-a~induced apoptosis in IL-
15 Tg mice and in normal mice.

Exogenous IL-15 rescues peritoneal cells from TNF-o-—
induced apopiosis and protects against E. coli~induced lethal

Table 2. Expression of annexin V and propidium iodide in tumor
necrosis factor (TNF)-o—induced apoptosis.

Annexin V Propidium iodide

TNFw TNF-a

Non-Tg 4.9 + 101 1228 + 289 6.76 + 572 354 + 3.79
IL-16Tg 3.4 + 0.89 578 + 261° 265+ 1.08 65 x 0.74"

Mouse
strain

None None

NOTE. Percentage of apoptotic ceiis is shown. Data are mean = SD of
3 individual experiments. IL, interleukin; Tg, transgenic.

" P«<.08, vs. values for non-Tg mice (Student’s t test).

¥ P<.01, vs. values for non-Tg mice (Student’s t test).
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Figure 6. Effect of recombinant {r) interleukin {IL}-15 on tumor necrosis
factor (TNF}-ce-induced apoptosis. Peritoneal adherent cells from naive
C57BL/6 mice were treated (all quantities: 10 ng/mL) with medium (4),
fiL-15 (B), TNF-& (C) or riL-15 and then with TNF-« 6 h later (D). After
incubation for 12 h, cells were collected and stained with annexin V.
Apoptosis was analyzed by flow cytometry. Data are representative of 3
independent experiments.

shock. To determine whether exogenous IL-15 is useful for
protection against multiple organ failure with apoptosis after
lethal infection with E. coli, we first examined the effects of IL-
15 stimulation in vitro on TNF-a—induced apoptosis. Perito-
neal adherent cells from naive normal mice were treated for
12 h with medium, 10 ng/mL rIL-15, 10 ng/mL TNF-a, or
with rIL-15 and then with TNF-a 6 h later. After incubation
for 12 h, the cells were collected and stained with annexin V,
and apoptosis was analyzed by flow cytometry.

Figure 6 shows that coincubation with rlL-15 rendered peri-
toneal cells resistant to apoptosis induced by TNF-a. Peritoneal
adherent cells treated with TNF-a alone showed extensive ap-
optasis 12 h after treatment (figure 6C), whereas, in cells treated
with rIL-15 and then with TNF-«, TNF-a~induced apoptosis
by IL-15 was suppressed (figure 613). Table 3 summarizes data
from 3 independent experiments. These data suggest that IL-
15 blocks TNF-a~induced apoptosis in peritoneal cells at the
signaling cascade stage.

We next examined the effects of in vivo administration of
rIL-15 on protection against infection with a lethal dose of E.
coli injected ip in normal mice. rIL-15 (1 or 10 pg) or PBS for
control was injected ip immediately after an ip inoculation of
10° cfu of E. coli. As shown in figure 7, 80% of PBS-treated
mice died within 24 h after injection, whereas 30% of the mice
given | pg of rIL-15 and 60% of the mice given 10 pg of rIL-
15 survived >24 h after injection (P< .05, generalized Wilcoxon

test). Thus, in vivo administration of rlL-15 improved the sur-
vival rate of mice infected with E. coli.

DISCUSSION

In the present study, we demonstrated that 1L-15 T'g mice have
resistance against lethal infection with a high dose of E. coli
accompanied by impaired programmed cell death in the peri-
toneal cavity, liver, spleen, and lung. Peritoneal adherent cells
from naive 1L-15 Tg mice exhibited resistance to TNF-e~in-
duced apoptosis, the rate of which was increased by neutrali-
zation of endogenous IL-15. These results suggest that 1L-15
overexpression can protect against septic shock via inhibition
of apoptosis in host cells. This speculation was supported by
results that showed that the addition of exogenous 1L-15 in
vitro inhibited TNF-a~induced apoptosis and that in vivo ad-
ministration of exogenous IL-15 protected normal mice from
lethal infection with E. coli. Thus, administration of IL-15 could
be useful as a new immunotherapeutic approach for controlling
septic shock.

Multiple organ failure in patients who die of sepsis is char-
acterized by apoptosis in lymphocytes and macrophages through-
out the body [7]. Several lines of evidence in animal models
indicate that sepsis induces extensive lymphocyte and macro-
phage apoptosis, which is triggered by signaling via TNFR {14,
37-39]. Inhibition of TNFR signaling by soluble TNFR prevents
lethal shock caused by LPS [40], and direct inhibition of the
downstream region of the apoptosis cascade by a caspase 3
inhibitor can improve the survival rate of animals with sepsis
induced by cecal ligation and puncture [13, 14]. In the lethal
model of sepsis, prevention of lymphocyte cell death was as-
sociated with a marked reduction in blood bacterial counts and
inflammatory cytokines, such as TNF-a and IL-18 [14]. Hotch-
kiss et al. [14] concluded that caspase inhibitors enhance im-
munity by preventing lymphocyte apoptosis and reduce the
amounts of cffector molecules for lethal shock, resulting in
improvement in survival ratc.

In our lethal model of sepsis, the levels of bacterial burden
and inflammatory cytokine production in IL-15 Tg mice were
similar to those in non-Tg mice after E. coli infection. These
results suggest that susceptibility of IL-15 Tg mice to mediators
that trigger endotoxin shock is less than that of non-Tg mice.

Table 3. Effect of recombinant interleukin (IL}-15 on tumor
necrosis factor (TNF}-o-induced apoptosis (annexin V).

Medium IL-16 TNF-a IL-15 to TNF-o
1848 + 362 163 +£ 562 32,62 + 826 16.22 + 0.60°
NOTE. Perceﬁtage of annexin V-positive cells is shown. Data are

mean = SD of 3 individual experiments.
9 P<.085, vs. vawes for TNF-a-stimutated group (Student's t test).
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Figure 7. Effects of in vivo administration of recambinant (r} interleukin

{IL}-15 on protection against lethal infection with Escherichia coli. iil-15
(1 or 10 ug in 200 pb of PBS) or PBS (200 ul) was intraperitoneally (ip)
injected immediately after ip inoculation of 10° cfu of £ coli and survival
was monitored for 48 h. Each experiment used 7-10 mice/group. Data
are typical of 1 of 3 independent experiments. Difference between survival
curves of 10 pg of ril-15 group vs. control group was statistically sig-
nificant, *P< .05 {log-rank test).

In fact, resistance to apoptosis was coupled to improved sur-
vival rate, and peritoneal adherent cells from naive IL-15 Tg
mice were resistant to in vitro apoptosis induced by in vitro
stimulation with TNF-e;, which is mainly responsible for trig-
gering tissue injury and lethal shock. The resistance of cells
from 1L-15 Tg mice to TNE-a-induced apoptosis was reversed
by neutralization of endogenous 1L-15. Therefore, we conclude
that overexpression of IL-15 prevents apoptosis of host cells
and, consequently, improves survival after E. coli infection. It
remains to be determined whether 1L-15/IL-15Ra directly in-
hibits the signal cascades for apoptosis from TNER or activates
the survival signaling via TRAF-2 recruitment to IL-15Ra.

One of the most widely studied regulators of cell death is
the Bcl-2 superfamily [35]. This family has >15 members in
humans, mice, and worms. Bcl-2 is an intracellular protein that
prevents cell death in a variety of conditions {41, 42]. It protects
against cell death by preventing release of cytochrome c after
mitochondrial damage and plays a critical role in the regulation
of cell survival and apoptosis {36]. IL-15 maintains high levels
of Bcl-2 at transcriptional levels via activation of transcription
factors such as STAT-5 and ¢-Myb [28]. It can be speculated
that overexpression of IL-15 in vivo enhances the expression
of Bcl-2 after E. coli infection, resulting in maintenance of
peritoneal cell levels.

We found that peritoncal adherent cells from IL-15 Tg mice
infected with E. coli expressed more Bel-2 proteins than did
cells from non-Tg mice. This suggests that overexpression of
IL-15 enhances the expression of Bcl-2 and results in main-
tenance of cell levels. In addition to Bcl-2, other Bcl-2 fami-
ly members (e.g., Bcl-w, Bcl-xl, Bel-xs, and A1) are also anti-
apoptotic proteins for cell survival {43}. Among them, Al is a

rapidly inducible gene that was initially characterized in murine
macrophages. We reported elsewhere that IL-15 prevents mouse
mast cells from apoptosis through STAT6-mediated Bcl-xL ex-
pression [44]. Further investigation is required to determine
whether other antiapoptotic proteins are involved in protection
against apoptosis by IL-15 overexpression.

A notable finding in the present study was that neutralization
of endogenous IL-15 by sIL-15Ra aggravated TNF-a—induced
apoptosis in peritoncal adherent cells from normal mice. This
suggests that normal macrophages may produce IL-15 in re-
sponse to TNF-o and protect themselves against apoptosis in
an autocrine manner. In a physiologic situation, IL-15 may play
an important role in protection of cells against various stimuli
for apoptosis. To confirm this possibility, we are now carrying
out experiments in IL-15 knockout mice.

In summary, we found that IL-15 Tg mice had resistance to
E. coli-induced septic shock accompanied by inhibition of
TNF-a—induced apoptosis. Treatment with exogenous IL-15
rendered normal mice resistant to lethal shock induced by E.
coli infection. These findings suggest a possible use of IL-15 in
prophylactic and therapeutic approaches for controlling lethal
septic shock induced by gram-negative bacteria through pre-
vention of multiple organ failure with apoptosis.

Acknowledgments

We thank K. Komori for advice on the TUNEL staining
technique and K. Itano and A. Nishikawa for excellent technical
assistance,

References

1. Brandtzaeg P. Significance and pathogenesis of septic shock. Curr Top
Microbiol Immunol 1996;216:15-37.

. Stone R. Search for sepsis drugs goes on despite past failures. Science
1994; 264:365-7,

3. Casey LC. Immunologic response to infection and its role in septic
shock. Crit Care Clin 2000; 16:193-213.

4. Akira 8. Toll-like receptors and innate immunity. Adv Immunol 2001:
78:1-56.

5. Billiau A, Vandekerckhove F. Cytokines and their interactions with
other inflammatory mediators in the pathogenesis of sepsis and septic
shock. Eur J Clin Invest 1991;21:559-73,

6. Fraser A, Evan G. A license to kill. Cell 1996;85:781—4.

7. Hotchkiss RS, Swanson PE, Freeman BD, et al. Apoptotic cell death
in patients with sepsis, shock, and multiple organ dysfunction. Crit
Care Med 1999;27:1230-51.

8. Tartaglia LA, Ayres TM, Wong GH, Goeddel DV. A novel domain
within the 55 kd TNF receptor signals cell death. Cell 1993;74:845-53,

9. Tartaglia LA, Rothe M, Hu YF, Goeddel DV. Tumor necrosis factor's
cytotoxic activity is signaled by the p55 TNF receptor. Cell 1993;73:
213-6.

10. Baker $J, Reddy EP. Transducers of life and death: TNF receptor su-
perfamily and associated proteins. Oncogene 1996;12:1-9.

11. Cleveland JL, Ihle JN. Contenders in FasL/TNF death signaling. Cell
1995; 81:479-82,
12. Chakravortty D, Kato Y, Sugiyama T, et al. Inhibition of caspase 3

i ]

1450 © JID 2003:187 (1 May) » Hiromatsu et al.



13,

18.

19.

20.

21

22

24,

26.

abrogates lipopolysaccharide-induced nitric oxide production by pre-
venting activation of NF-kappaB and ¢-Jun NH2-terminal kinase/
stress-activated protein kinase in RAW 264.7 murine macrophage cells.
Infect Immun 2001;69:1315-21.

Coopersmith CM, Chang KC, Swanson PE, et al. Overexpression of
Bcl-2 in the intestinal epithelium improves survival in septic mice. Crit
Care Med 2002; 30:195-201.

. Hotchkiss RS, Chang KC, Swanson PE, et al. Caspase inhibitors im-

prove survival in sepsis: a critical role of the lymphocyte. Nat Immunol
2000; 1:496~501.

. Grabstein KH, Eisenman J, Shanebeck K, et al. Cloning of a T cell

growth factor that interacts with the beta chain of the interleukin-2
receptor. Science 1994;264:965-8.

. Bamford RN, Grant A}, Burton JD, et al. The interleukin (IL) 2 receptor

beta chain is shared by IL-2 and a cytokine, provisionally designated
IL-T, that stimulates T-cell proliferation and the induction of lym-
phokine-activated killer cells. Proc Natl Acad Sci USA 1994;91:4940-4.

. Giri JG;, Ahdieh M, Eisenman J, et al. Utilization of the beta and gamma

chains of the 1L-2 receptor by the novel cytokine IL-15. EMBO J 1994;
13:2822-30.

Tagaya Y, Bamford RN, DeFilippis AP, Waldmann TA. IL-15: a pleio-
tropic cytokine with diverse receptor/signaling pathways whose ex-
pression is controlled at multiple levels. Immunity 1996;4:329-36.
Waldmann T, Tagaya Y, Bamford R. Interleukin-2, interleukin-15, and
their receptors. Int Rev Immunol 1998; 16:205-26.

Waldmann TA, Tagaya Y. The multifaceted regulation of interleukin-
15 expression and the role of this cytokine in NK cell differentiation
and host response to intracellular pathogens. Annu Rev Immunol 199%;
17:19-49.

Takano M, Nishimura H, Kimura Y, et al. Protective roles of gamma
delta T cells and interleukin-15 in Escherichia coli infection in mice.
Infect Immun 1998; 66:3270-8.

Yajima T, Nishimura H, Ishimitsu R, et al. Overexpression of IL-15 in
vivo increases antigen-driven memory CD8" T cells following a mi-
crobe exposure. } Immunol 2002; 168:1198-203.

. Yoshikai Y, Nishimura H. The role of interleukin 15 in mounting an

immune response against microbial infections. Microbes Infect 2000;
2:381-9.

Lodolce IP, Boone DL, Chai 8, et al. IL-15 receptor maintains lymphoid
homeostasis by supporting lymphocyte homing and proliferation. Im-
munity 1998; 9:669-76.

. Fehniger TA, Suzuki K, Ponnappan A, et al. Fatal leukemia in inter-

leukin 15 transgenic mice follows early expansions in natural killer and
memory phenotype CD8" T cells. | Exp Med 2001; 193:219-31.
Nishimura H, Yajima T, Naiki Y, et al. Differential roles of interleukin
15 mRNA isoforms generated by alternative splicing in immune re-
sponses in vivo. ] Exp Med 2000 191:157-70.

. Naora H, Gougeon ML. Interleukin-15 is a potent survival factor in

the prevention of spontaneous but not CD95-induced apoptosis in
CD4 and CD8 T lymphocytes of HIV-infected individuals: correlation
with its ability to increase BCL-2 expression, Cell Death Differ 1999;
6:1002~11.

. Qin JZ, Zhang CL, Kamarashev J, Dumimer R, Burg G, Dobbeling U.

29.

30,

AL

34,

35.

36,

38,

39.

40.

41.

42,

43,

44,

Interleukin-7 and interleukin-15 regulate the expression of the bel-2
and c-myb genes in cutancous T-cell lymiphoma cells. Blood 2001;98:
2778-83,

Bulfone-Pau §8, Bulanova E, Pohl T, et al. Death deflected: IL-15
inhibits TNF-a-~mediated apoptosis in fibroblasts by TRAF2 recruit-
ment to the IL-15Ra chain, FASEB ] 1999;13:1575-85.

Ruchatz H, Leung BP, Wei XQ, Mclnnes IB, Liew FY. Sojuble IL-15
receptor alpha-chain administration prevents murine collagen-induced
arthritis: a role for [L-15 in development of antigen-induced immu-
nopathology. ] Immunol 1998; 160:5654-60,

Wei X, Orchardson M, Gracie JA, et al. The Sushi domain of soluble
IL-15 receptor alpha is essential for binding 1L-15 and inhibiting in-
tlammatory and allogenic responses in vitro and in vive. J Immunol
2001; 167:277-82.

. Wallach D, Varfolomeev EE, Malinin NL, Goltsev YV, Kovalenko AV,

Boldin MP. Tumor necrosis factor receptor and Fas signaling mecha-
nisms. Annu Rev Immunol 1999;17:331-67.

. Habbs JA, Cho 8, Roberts T], et al. Selective loss of natural killer T

cells by apoptosis following infection with lymphocytic choriomen-
ingitis virus. J Virol 2001;75:10746~54.

Lenarde M, Chan KM, Hornung F, et al. Mature T lymphocyte ap-
optosis—immune regulation in a dynamic and unpredictable antigenic
environment. Annu Rev Immunol 1999;17:221-53,

Grayson JM, Zajac AJ, Altman ]D, Ahmed R, Cutting edge: increased
expression of Bel-2 in antigen-specific memory CD8™ T cells. | Im-
munol 2000; 164:3950-4.

Yang J, Liu X, Bhalla K, et al. Prevention of apoptosis by Bel-2: release
of cytochrome ¢ from mitochondria blocked. Science 1997;275:1129-32.

. Wang 8D, Huang K], Lin YS, Lei HY. Sepsis-induced apoptosis of the

thymocytes in mice. } Immunol 1994; 152:5014-21.

Ayala A, Herdon CD, Lehman DL, Ayala CA, Chaudsy 1H. Differen-
tial induction of apoptosis in lymphoid tissues during sepsis: variation
in onset, frequency, and the nature of the mediators. Blood 1996:87:
4261-75,

Hotchkiss RS, Swanson PE, Cobb JP, Jacobson A, Buchman TG, Karl
IE. Apoptosis in lymphoid and parenchymal cells during sepsis: find-
ings in normal and T- and B-cell-deficient mice. Crit Care Med 1997;
25:1298-307,

Mohler KM, Torrance DS, Smith CA, et al. Soluble tumor necrosis
factor (TNF) receptors are effective therapeutic agents in lethal en-
dotoxemia and function simultaneously as both TNF carriers and TNF
antagonists. ] immunol 1993;151:1548-61.

Kroemer G. The proto-oncogene Bel-2 and its role in regulating ap-
optosis. Nat Med 1997; 3:614~20.

Chao DT, Korsmeyer $]. BCL-2 family: regulators of cell death. Annu
Rev Immunol 1998; 16:395-419.

Kausalya §, Somogyi R, Orlofsky A, Prystowsky MB. Requirement of
Al-a for bacillus Calmette-Guérin—mediated protection of macro-
phages against nitric oxide-induced apoptosis. ] Immunol 2001; 166:
4721-7.

Masuda A, Matsuguchi T, Yamaki K, Hayakawa T, Yoshikai Y. Inter-
leukin-15 prevents mouse mast cell apoptosis through STAT6-mediated
Bel-xL expression. ] Biol Chem 2001;276:26107-13.

IL-15 Protects against Septic Shack = JID 2003:187 (1 May) * 1451



Eur. J. Immunol. 2003. 33: 2511-2519

NK T cells stimulated with a ligand for TLR2 at
least partly contribute to liver injury caused by
Escherichia coli infection in mice
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Fas ligand (Fas L) expression was induced on intrahepatic NK1.1* T cells in vivo after an
intraperitoneal inoculation of Escherichia coli. Liver injury after E. coli infection, as assessed
by serum GPT levei and histological examination, was significantly reduced in Ja281~- mice
lacking NK1.1" T cells or in gld/gld mice bearing mutated Fas L, indicating that NK T cells at
least partly contribute to E. coli-induced liver injury in a Fas/Fas L-dependent manner. Bac-
terial numbers in organs and cytokine levels in serum of Ja281~~ mice did not differ from
those of Ja281** mice following E. coli infection. Intrahepatic NK1.1* T cells, which preferen-
tially expressed Toll-like receptor 2 (TLR2) mRNA, responded in vitro to synthetic lipoprotein,
a ligand for TLR2, by inducing Fas L expression on their surface. In a manner analogous to
E. coli infection, lipoprotein and LPS could additively induce Fas L expression on NK1.1* T
cells, leading to liver injury in vivo in normal mice but not in gld/gld mice. In conclusion, it is
suggested that induction of Fas L on NK T cells in response to bacterial components such
as lipoproteins plays an important role in pathogenesis of E. coli-induced liver injury in mice.

Key words: NK T cells / Toll-like receptor 2 / Liver injury / Escherichia coli / Fas L

1 Introduction

The incidence of infection with Escherichia coli has
increased in recent years among the patients undergoing
abdominal surgery. These infections frequently result in
liver injury and fatal shock, which are caused by endo-
toxin/ LPS derived from gram-negative bacteria [1}. Mas-
sive TNF-a and IL-18 released from macrophages play a
central role in LPS-induced liver injury [2, 3]. IL-12 and
IL-18 are also known to play important roles in LPS-
induced liver injury [4, 5].

Mouse liver contains unique af T cells expressing NK1.1
Ag, a large fraction of which express an invariant TCR
encoded by Vai4 and Jo281 gene segments [6, 7] and
are specialized to recognize the processed glycolipids
from enteric bacteria such as E. coli {8]. Intrahepatic
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NK1.1* T cells are found to be a target of IL-12 for NK-
like effector mechanisms such as IFN-y production and
Fas ligand (Fas L)-mediated cytotoxicity [4, 9-12]. There
are several lines of evidence to suggest that NK T cells
are involved in the formation of liver damage in animal
models [13, 14]. However, it remains to be elucidated
whether NK T cells in the liver contribute to liver damage
induced by infection with extracellular bacteria such as
E. coli.

Toli was first identified as a protein controlling dorsoven-
tral pattern formation in the early development of Dro-
sophila {15] and was shown to participate in anti-
microbial immune responses [16). Several mammalian
Toll homologues have been identified and shown to play
important roles in the recognition of various bacterial
components. Toll-like receptor (TLR) 2 and TLR4 have
been shown to be involved in signaling from lipoproteins
(LP) and lipid A, respectively, whereas TLR9 has been
shown to play a crucial role in recognition of bacterial
DNA (CpG-DNA) [17-19]. TLR3 and TLR5 have been
reported to recognize double-stranded RNA (dsRNA)
and bacterial flagellin, respectively [20, 21]. TLR2 is
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expressed not only on phagocytes but also on some
subsets of T cells including ¥& T cells and NK1.1* T cells
[22, 23]. We have recently reported that TLR2 can at least
partly contribute to liver injury caused by infection with
an intracellular gram-negative bacteria, Salmonella cho-
leraesuis via Fas L induction on liver NK T cells [13, 23}.

In the present study, we focused on the roles of NK T
cells and TLR2 on their surface in pathogenesis of liver
injury induced by Escherichia coli infection. We found
that induction of Fas L expression on NK T cells by a
TLR2 ligand, lipoprotein, plays an important role in liver
injury caused by E. coli infection.

2 Results

2.1 Contribution of Fas L. on NK T celis to liver
injury after E. coli infection

We have previously reported that Fas L expression was
selectively induced on NK T cells in liver 7 days after Sal-
monella infection [23]. To determine whether Fas L
expression was induced on NK T cells in vivo by E. coli
infection, we analyzed the expression of Fas L on intra-
hepatic lymphocytes of C57BL/6 mice 12 h after intra-
peritoneal inoculation with E. coli at a dose of 1.0x10°
CFU/mouse by flow cytometry. As shown in Fig. 1, the
level of Fas L expression on NK T cells was apparently
increased after E. coli infection, although the relative
number of NK T cells in whole liver lymphocytes was
decreased (Table 1). On the other hand, the expression
level on NK cells or T cells did not significantly increase
after infection. Thus, Fas L was preferentially up-
regulated on NK T cells after £. coli infection,

To investigate the involvement of Fas L on liver NK T celis
in liver injury following E. coli infection, we next com-
pared the serum giutamic-pyruvic transaminase (GPT)
levels in Ja281™ and gld/gld mice with non-functional
Fas L expression and those in B8 control mice after
infection of E. coli. The serum GPT levels in Ja281™ and

Table 1. Proportion of intrahepatic lymphocyte subset®

NKT NK T cell
Naive 20.07+2.02 12.41£0.41 32.83+6.28
Infected 11.94:2.54"  18.03:5.84%  36.34x7.98

¥ Values are given as % (mean x SD) of five individual
experiments.

b p <0.01 by Student's t-test compared with the values for
each naive group, respectively.
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Fig. 1. Expression of Fas L on intrahepatic lymphocytes after
E. coli infection. Intrahepatic lymphocytes were isolated
from the livers of naive and E. coli-infected C57BL/6 mice
(1.0x10° CFU). intrahepatic lymphocytes were stained with
anti-TCRp, anti-NK1.1 and anti-Fas L mAb and analyzed
with a flow cytometer. Data are representative of three sepa-
rate experiments.

gld/gld mice were significantly lower than those in con-
trol B6 mice at 12 h after inoculation with 1.0x10° CFU of
E. coli {Fig. 2, p=0.05).

The tissues of liver of E. coli-infected Ju281~", gld/gid,
and control B6 mice were obtained at 12 h after infec-
tion. Histological examination stained with hematoxylin
and eosin confirmed that necroinflammatory foci, cell
death of hepatocytes characterized by cell shrinkage
and chromatin condensation, and lymphocyte infiltration
were obviously less in Ja281~" and gld/gld mice than in
control mice after infection (Fig. 3A). Apoptotic cells
were next identified using the TUNEL technique. After E,
coli infection, higher numbers of cells undergoing apop-
tosis could be observed in liver of control mice. The
apoptotic cells showed characteristic shrinking, chroma-
tin clumping, and nuclear fragmentation. Most of the
events in the liver were located in the cells lining the sinu-
soids. In contrast, the amount of apoptotic cells
remained low in Ja2817" and gld/gld mice (Fig. 3B).
These results suggest that the Fas/Fas L system medi-
ated by liver NK T cells could contribute to liver injury
following E. coli infection.



