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Fig. 2. Kinetics of serum GPT levels in Ja281-knockout, gld/
gld (gld), and C57BL/6 mice after Escherichia coli infection.
Ja281-knockout, gid, and C57BL/6 mice were inoculated IP
with 1.0x10° CFU of E. coli. Sera were collected 3, 8, and
12 h after E. coli challenge, and GPT activities in the sera
were measured. Data are representative of three separate
experiments and are expressed as the mean x SD for ten
mice in an experiment. *, **Significantly different from the
value for B6 mice; p<0.05.
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2.2 Similar levels of bacterial burden in livers and
cytokines in serum of Ja281™ mice and
control mice after E, coli infection

It is possible that the difference in susceptibilities of the
liver to E. coli-induced injury is due to a difference in bac-
terial burdens in Ja2817", gld/gld, and +/+ mice. To test
this possibility, we examined the numbers of bacteria in
organs after infection with a sublethal dose (1x10% CFU:
1/5LDsy) of E. coli. The bacteria in organs were eliminated
in the similar kinetics in the liver, spleen and peritoneal
cavity of Ja281™ and gld/gld mice after infection with
1x10® CFU of E. coli. The numbers of bacteria in organs
were similar in each group of mice 12 h after E. coli infec-
tion (Fig. 4). These results suggest that the degree of liver
injury may not be due to a difference in bacterial loads in
Ja2817", gld/gld, and +/+ mice.

Inflammatory cytokines are known to be involved in liver
injury induced by LPS or Gram-negative bacterial infec-

Fig. 3. Comparison of histological findings in liver specimens from Ja281-knockout, C578L/6, and gld/gld (gld) mice 12 h after
infection with E. coli. (A) Formalin-fixed, paraffin-embedded thin specimens were stained with hematoxylin and eosin, and micro-
scopical analyses were performed. Necroinflammatory foci and apoptotic hepatocytes, characterized by cell shrinkage and
chromatin condensation, were clearly seen in specimens from B8 mice. (B} Apoptotic cells in situ in the liver after E. coli infection.
Detection of DNA fragmentation in liver of E. coli-infected mice was performed using in situ terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) method as described in Sect. 4. TUNEL-positive cells are dark brown. TUNEL staining revealed
increased numbers of apoptotic cells in the liver of control mice compared with Ja281~ or gld/gld mice. Data shown are repre-
sentative of three independent experiments. (A), (D), and (G), liver specimens from Ja281-knockout mice; (B}, (E), and (H), liver
specimens from B6 mice; (C), (F), and (l), liver specimens from gld mice. Original magnification (A, B, C) x100; (D, E, F, G, H, |}

x400.
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Fig. 4. Bacterial growth in organs. (A) Kinetics of bacterial
counts in the livers, spleens, and peritoneal cavities of
Ja281-knockout and control mice infected 1P with
1.0x10°CFU/mouse of E. coli. Bacterial counts were mea-
sured at indicated times after infaction. (B) Bacterial counts
in organs of Ja281-knockout, C57BL/6, and gld/gid (gld)
mice infected IP with 1.0x10°CFU/mouse of E. coli. Bacterial
counts were measured 12 h after infection. Data are repre-
sentative of three separate experiments and are expressed
as the mean + SD for ten mice in each experiment.

tion [3, ). Thus, we next examined kinetics of serum
cytokines (TNF-a, IL-10, IL-12, and liL.-1f) after E. coli
infection. Ja281~~ and C57BL/6 mice were inoculated
with E. coli at a dose of 1.0x10® CFU/mouse. Cytokine
levels in the serum were determined by ELISA, As shown
in Fig. 5, there were no significant differences in kinetics
and peak levels of serum TNF-g, IL-10, and IL-1f con-
centrations between Ju281~~ mice and those in C57BL/6
mice, but the serum level of 1L-12 in Ja281~" mice was
significantly lower than that in B6 mice at 3 h after E. coli
infection (p<<0.05). Serum iL-4 or IFN-y was not detected
in either Ja281~~ or B6 mice at any stage after E. coli
infection (data not shown).

2.3 Expression of functional TLR2 by NK T cells
in the liver

We previously reported that intrahepatic NK T cells
freshly isolated from naive mice expressed significant
levels of TLR2 messenger RNA (mRNA) and TLR2 signal-
ing is suggested to contribute to liver injury induced by
Salmonella infection via Fas L induction on NK T cells
{23]. To determine whether NK T cells express functional
TLR on their surface, we studied the in vitro respenses of
intrahepatic lymphocytes to a ligand for TLRZ (lipopro-
tein) or for TLR4 (lipid A) by assessing induction of Fas L
on the cell surface. Intrahepatic lymphocytes of naive
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Fig. 5. Kinetics of cytokine production in serum of Ju281-
knockout and control mice after E. coff infection at a dose of
1.0x108 CFU/mouse. Sera were collected at indicated times
after E. coli infection and TNF-a, IL-12p40, IL-10, and IL-1p
levels in the serum were determined by ELISA. Data are rep-
resentative of three separate experiments and are
expressed as the meansSD for five mice in each experi-
ment. IL-4 and IFN-y were not detected in the serum (data
not shown). *p<0.05 vs. the control group.

C57BL/6 mice were treated with 10 pg/mi of synthetic
lipoprotein or lipid A for 12 h, and the expression of Fas
L on intrahepatic lymphocytes was analyzed using a flow
cytometer. As shown in Fig. 6, the Fas L expression on
NK T cells apparently increased after stimulation with a
ligand for TLR2 (lipoprotein), whereas the levels of Fas L
on NK T cells increased to a lesser extent after lipid A
stimulation. In contrast, Fas L expression on NK and
NK1.1" T cells did not increase in response to either lipid
A or lipoprotein. Thus, TLR2 expressed on NK T cells
may function to induce Fas L. expression on the cell sur-
face in response to its ligand.

'2.4 Lipoprotein and LPS act additively in
inducing liver injury

To investigate whether in vivo administration of LP could
induce liver injury via a Fas/Fas L-dependent manner in
mice, C57BL/6 and gld/gld mice were given an i.p. injec-
tion of saline, 10 pg of LP, 10 ug of LPS, or 10 pg of LP
plus 10 pg of LPS in 200 pl PBS. Twelve hours after
injection, sera were collected and serum GPT activities
were determined (Fig. 7A). The serum GPT levels were
moderately increased at 12 h after inoculation of LP or
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Fig. 8. Expression of Fas L on intrahepatic iymphocytes after
stimulation with tipoprotein or lipid A. intrahepatic lympho-
cytes were isolated from the livers of naive C57BL/6 mice
and were treated either with medium, lipoprotein (10 ug/mj),
or lipid A (10 pg/ml). After incubation for 12 h, the cells were
collected and stained with anti-TCRB, anti-NK1.1 and anti-
Fas L mAb and analyzed with a flow cytometer. Analysls
gates were set on lymphocytes using forward and side scat-
ter and on NKT, NK, or T cells. Data are representative of
three separate experiments.

LPS alone. Notably, LP in combination with LPS syner-
gistically elevated serum GPT levels. This effect of LP
and LPS on induction of liver injury was not seen in gld/

. g/d mice. Interestingly, the synergistic effects of LP and
LPS on the serum TNF-a level was not seen at any stage
after injection (data not shown) These results indicate
that LP and LPS act additively in inducing liver injury in
vivo in a Fas/Fas L-dependent manner.

We next investigated whether administration of LP and/
or LPS act in Fas L expression on liver NK T cells. The
expression of Fas L on intrahepatic lymphocytes was
analyzed using a flow cytometer 12 h after stimulation
with 10 pg/ml of synthetic lipoprotein, LPS, or LP plus
LPS. Analysis gates were set on NK T cells. As shown in
Fig. 7B, the Fas L expression on NK T cells apparently
increased after stimulation with LP and further increased
after LP plus LPS. In contrast, Fas L expression on NK
and NK1.1" T cells did not increase in response to any
stimulation (data not shown).

We have previously reported that TLR2 gene transcrip-
tion was up-regulated by TLR4 signaling via NFxB actj-
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Fig. 7. The serum GPT activities, expression of Fas L, and
expression profiles of TLR genes on intrahepatic lympho-
cytes. (A) C57BL/6 and gld mice were inoculated intraperito-
neally with LP (10 pg), LPS (10 ug), or LP (10 pg) plus LPS
(10 »g) in 200 p! PBS. Sera and livers were collected at 12 h
after inoculation, and GPT activities in the sera were mea-
sured. Each point and vertical bar indicate the mean + SD of
ten mice for each group. Data are representative of three
separate experiments. *Significantly different from the value
for other groups; p=:0.05. (B) Expression of Fas L on intrahe-
patic NK T cells after stimulation with fipoprotein and LPS.
Intrahepatic lymphocytes were isolated from the livers of
naive C57BL/6 mice and were treated either with medium,
lipoprotein {10 pg/ml), LPS (10 pug/ml), or lipoprotein (10 pg/
mi) and LPS (10 pg/ml). After incubation for 12 h, the cells
were collected and stained similarly and analyzed with a
flow cytometer. Analysis gates were set on NK T cells. Data
are representative of three separate experiments. (C)
Expression of TLR2 in intrahepatic lymphocyte subsets of
mice inoculated with LP, LPS, or LP plus LPS. NK, NKT, and
T celis were purified by cell sorting (1x10°%-5x10° cells; purity
>97%) 12 h after inoculation. Total RNA was extracted, and
TLR2, or B-actin gene expression was examined by semi-
quantitative RT-PCR, The numbers of PCR cycles were 36
for TLR2 and 26 for B-actin. Data are representative of three
separate experiments.

vation {24, 25]. To address the mechanisms for additive
effect of LP and LPS on induction of liver injury in Fas/
Fas L-dependent manner, we examined the expression
of TLR2 mRNA in intrahepatic iymphocyte subsets,
inciuding NK, NK T, and T cells. Intrahepatic lymphocyte
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subsets were purified from these mice 12 h after inocula-
tion with LP, or LP plus LPS by cell sorting. Total RNA
was extracted from each population, and the expression
of TLR2 mRNA was analyzed by semiquantitative RT-
PCR. As shown in Fig. 7C, TLR2 mRNA was expressed
more abundantly in NK T cells of mice challenged with
combination of LP and LPS than in NK T cells with LP,
whereas TLR4 mRNA level remained constant in each
subset (data not shown). These results indicate that LP
and LPS additively induce enhanced liver injury with
increased Fas L expression on NK T cells via up-
regulation of TLR2 genes.

3 Discussion

In this study, we showed that Fas L expression on NK T
cells was markedly elevated in vivo after E. coli infection
and after in vitro stimulation with lipoprotein, a ligand for
TLR2. Ja281™" and Fas L-deficient gld/gid mice were
resistant to liver damage caused by E. coli infection or by
lipoprotein in combination of a suboptimal dose of LPS.
These results suggest that Fas L expression on NK T
cells induced by TLR2 signaling is responsible for liver
injury caused by E. coli infection. This is consistent with
our recent finding that NK T cells contribute to liver injury
induced by intracellular bacteria, Salmonella cholerae-
suis {13, 23]. In case of Salmonella infection, liver injury
was detected 7 days after infection at which Thi type
cell-mediated acquired immunity was simultaneously
induced [23]. On the other hand, liver injury occurred at
innate immunity phase shortly after infection with E. coli,
an extracellular bacterium. Therefore, NK T cells could
contribute to liver injury by the same mechanisms at
innate or acquired immunity phase during the courses of
infection with extracellular or intracelluiar gram-negative
bacteria. Therefore, NK T cells could contribute to liver
injury by the same mechanisms during the courses of
infection with intraceliular or extracellular gram-negative
bacteria.

We have recently found that freshly isolated NK T celis
from the livers of naive mice expressed relatively high
levels of TLR2 and TLR4 mRNA [23] and that Fas L
expression on liver NK T cells was up-regulated by Sal-
monella infection in TLR4-mutated mice but not in TLR2-
deficient mice. These finding suggest that TLR2 but not
TLR4 is involved in the enhanced Fas L expression on
NK T cells after Salmonella infection. In the present
study, we showed that freshly isolated NK T cells
respond to synthetic fipoprotein, a ligand for TLR2, but
not to synthetic lipid A, a ligand for TLR4, by inducing
Fas L on their surface, confirming our earlier hypothesis
that TLR2 on NK T cells can function to induce Fas L
expression on NK T cells.
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It should be noted that ligands for TLR2 and TLR4 act
additively in inducing liver injury in a manner analogous
to E. coli. Zhang et al. {26] reported that LP and LPS can
act synergistically in the induction of lethal shock and in
vivo cytokine production in LPS-responsive and LPS-
nonresponsive mice, but how LPS functions in vivo to
enhance LP activity is not clear yet. In this study, we
showed that LP in synergy with LPS induced liver injury
in B6 mice but not in gld/gld mice. Furthermore, Fas L.
expression on NK T cells was apparently increased after
stimulation with LP plus LPS. Moreover, TLR2 mRNA
level was highly up-regulated in response to combination
with LP plus LPS. We have previously reported that TLR2
gene expression is rapidly induced by LPS or inflamma-
tory cytokines in macrophages, and by TCR engagement
or IL-2/IL-15 stimulation in T cells [22, 24, 25). Taken
together, these findings led us to hypothesize that TLR4
signaling by LPS up-regulated TLR2 expression and lead
to enhancement of Fas L expression on NK T cells,
resulting in liver injury. Besides TNF-a and IL-18, IL-12
and IL-18 are also known to play important roles in LPS-
induced liver injury via stimulation of liver lymphocytes to
produce IFN-y [4, 5], which potentiates the Fas/Fas-L-
mediated apoptosis in hepatocytes [4, 5]. We have previ-
ously reported that a dominant Th2-like response of liver
NK T cells induced by prostaglandin E series protects
against liver injury induced by Escherichia coli infection
[1]. Thus, Th1/Th2 balance of NK1.1*affiT (NK T) cells is
important in modulation of liver injury caused by E. coli
infection. Therefore, it is alternatively possible that LPS
may induce IL-12 and IL-18, leading to IFN-y production
by liver NK T cells and accelerate NK T cell-mediated
fiver injury in Fas/Fas L-dependent manner. Although
IFN-y was not detected in serum after E. coli infection,
IFN-y may be secreted in a very low amount, thus acting
in a narrow intracellular range in the infected sites. Leite-
de-Moraes et al. [27] reported that IL-12 and IL-18
induced directly both Fas L and Fas expressions on NK
T cells, which consequently elicited activation-induced
cell death in NK T cells. Therefore, it can not be excluded
that LPS may induce IL-12 and IL-18, leading to expres-
sion of Fas L on liver NK T cells and accelerate NK T cell-
mediated liver injury in Fas/Fas L-dependent manner.
Further experiments are needed to clarify these
possibilities.

With respect to protection against E. coli infection,
Ja281™ and gld mice equally cleared bacteria after £.
coli infection as compared with control mice, suggesting
that protection against E. coli infection may be compen-
sated in these knockout mice. We previously reported
that ¥6 T cells contribute to protection against E. coli
infection [28]. It is conceivable that liver injury may be
mainly mediated by NK1.1* T celis expressing Vai4/
Ja281, whereas protection against E. coli infection may
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be compensated by various cells, including NK and y8 T
cells, in mice lacking NK1.1* T cells via a Fas/Fas L-
independent pathway.ln conclusion, NK T celis directly
respond to bacterial products by expressing Fas L and
induce liver injury following E. coli infection through a
Fas/Fas L-dependent pathway. Both ligands for TLR2
and TLR4 are important for the NK T celi-mediated liver
injury in a Fas/Fas L-dependent pathway. Our results
should be useful for the development of a prophylactic
approach to control liver injury associated with infection
with gram-negative bacteria such as £. coli.

4 Materials and methods

4.1 Animals and microorganisms

Jo281~" mice with the C57BL/6 (B6) background were kindly
provided by Dr. Taniguchi {Chiba University). Age- and sex-
matched B6 wild-type mice (as normal controls) and gld/gld
(gld) mice with non-functional Fas L expression with the B6
background were purchased from Japan SLC (Hamamatsy,
Japan). These mice were bred in our institute under specific
pathogen-free conditions. Six-to-eight-week-old female
mice were used for the experiments. All experiments were
carried out according to the criteria in the Guide for the Care
and Use of Laboratory Animals prepared by the National
Academy of Science. E. coli (American Type Culture Collec-
tion No.26; Manassas, VA) was inoculated intraperitoneally
in all experiments.

4.2 Antibodies and reagents

PE-conjugated anti-NK1.1 mAb, biotin-conjugated anti-
TCRaf mAb and Cy-chrome-conjugated streptavidin were
purchased from PharMingen (San Diego, CA). Anti-Fas L
hamster 1gG mAb was purchased from Medical & Biological
Laboratories (Nagoya, Japan). FITC-conjugated mAb to
hamster 1gG was purchased from ICN Pharmaceuticals
{Aurora, Ohio). Synthetic E. coli-type lipid A, ONO4007, was
kindly provided by Ono Pharmaceutical (Tokyo, Japan) and
has been described [29]. Synthetic lipoprotein, Palmitoyl-
Cys((RS)2,3-di(palmitoyloxy)-propyl)-Ala-Gly-OH, was pur-
chased from Bachem (Bubendorf, Switzerland). LPS (puri-
fied from E. coli 055:B5) was purchased from Sigma (St.
Louis, MO).

4.3 Preparation of liver lymphocytes

Fresh liver was immediately perfused with sterile HBSS
through the portal vein to wash out all remaining peripheral
blood and then passed through stainless-steel mesh. After
the coarse pieces had been removed by centrifugation at
50 g for 1 min, the cell suspensions were again centrifuged,
resuspended in 8 mi of 45% Percoll (Sigma Chemical Co.,
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St. Louis MO), and layered on 5 ml of 67.5% Percoll. The
gradients were centrifuged at 600 g for 20 min at 20°C. Lym-
phocytes at the interface were harvested and washed twice
with HBSS.

4.4 Flow cytometry analysis

For Fas L-staining, liver mononuclear cells isolated from
C57BL/6 mice were first stained with hamster IgG anti-Fas L
mAb and successively stained with FITC-conjugated mAb to
detect hamster 1gG. The cells that had been stained with
anti-Fas L. mAb were stained with PE-conjugated anti-NK1.1
mAb and biotin-conjugated anti-TCRB mAb. To detect
biotin-conjugated mAb, cells were stained with Cy-Chrome-
conjugated streptavidin. To block Fc receptor (FcR)-
mediated binding of the mAb, 2.4G2 (anti-FcR mAb) was
added. All incubation steps were performed at 4°C for
30 min. The stained cells were analyzed with a FACSCalibur
flow cytometer (Becton Dickinson, San Joss, CA). The celis
were carefully gated by forward and side light scattering for
the live lymphocytes. The data were analyzed using FACS-
Calibur research software (Becton Dickinson).

4.5 Assay for GPT activity

Biood samples were coliected at the time of sacrifice. Serum
GPT activity was determined using a serum transaminase C
It test kit (Wako Pure Chemical Industries, Osaka, Japan)
according to the manufacturer’s instructions. GPT activities
(international units per liter) were calculated from the stan-
dard curve,

4.6 Histological studies

Liver specimens were removed and fixed with 10% buffered
formalin, paraffin-embedded, and stained with hematoxylin
and eosin for light microscopic examination. /n situ terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was performed using an in situ apoptosis
detection kit (Apoptag, Intergen, Purchase, NY). All steps
were performed according to the instructions of the manu-
facturer. Briefly, paraffin-embedded sections were deparaf-
finized and rehydrated and then permeabilized by incubation
with 20 mg/ml proteinase K (Sigma, St. Louis, MO) for
15 min at 37°C. Inactivation of endogenous peroxidases
was accomplished by immersing the tissue sections in 3%
hydrogen peroxide diluted in methanol for 10 min at room
temperature. Then, the sections were incubated in equilibra-
tion buffer 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. The
reactions were terminated by rinsing the sections in a stop/
wash buffer. The incorporated digitonigen-dUTP was
detected by incubation with anti-digoxigenin peroxidase at
room temperature for 30 min and positive reactions were
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revealed using 3,3' diaminobenzidine. Methyl green was
used for counterstaining for nuclei.

4.7 Bacterial growth in organs

Peritoneal exudates were obtained from the peritoneal cav-
ity by lavage with 5 mi of HBSS at various times after E. coli
infection. The liver was then perfused with 8 ml of sterile
HBSS to wash out bacteria in the blood vessels. The bacte-
rial counts in the homogenates of the liver and spleen or
peritoneal exudates were established by plating serial 10-
fold dilutions in sterile distilled water on tryptic soy agar (Nis-
sui Laboratories, Detroit. MI). Colonies were counted 24 h
later, after incubation at 37°C.

4.8 Cytokine assays

Serum was collected at various times after E. colf infection
and TNF.@, iL-10, IL-12, IL-18, IFN-y, and IL-4 levels in
serum were determined by enzyme-linked immunosorbent
assay (ELISA) using Genzyme mAb according to the manu-
facturer's instructions (Genzyme, Cambridge, MA).

4.9 Sorting of intrahepatic lymphocyte subsets

The intermediate intensities of TCR (TCR™) NK1.1* T cells,
TCR NK1.1* cells and TCR* NK1.1" T cells were purified as
NK T cells, NK cells and T cells, respectively, in the B6 strain
from isolated intrahepatic lymphocytes by cell sorting using
a FACSVantage (Becton Dickinson) electric cell sorter. The
purity of sorted cells was more than 97% in all experiments.

4.10 Expression of TLR genes

Messenger RNA of liver tissue, purified NK cells, NK1.1* T
cells, NK1.1- T cells, and J774A.1 cells (a macrophage cell
line as a positive contro! for TLR2) was extracted by using
TRIZOL reagent (Gibco BRL., Rockville, MD), and cDNA syn-
thesis was performed as described [22]. Synthesized cDNA
was amplified by polymerase chain reaction (PCR) using
20 pmoi of each of the primers specific for TLR2 or B-actin.
The primers were as follows: TLR2 sense, 5'-AAAGTCT-
AAAGTCGATCCGC-3'; antisense, 5'-ATATGCAACCTCC-
GGATAGT-3'; B-actin sense, 5'-TGGAATCCTGTGGCATCC-
ATGAAAC-3’; antisense, 5'-TAAAACGCAGCTCAGTAAC-
AGTCCG-3'. The PCR cycles were run for 1 min at 94°C fol-
lowed by 1 min at 54°C and 1 min at 72°C. A denaturing
step for 5 min at 94°C was included before the first cycle.
The PCR product was subjected to electrophoresis on a
1.8% agarose gel (Life Technologies L.aboratories, Grand
Island, NY) and visualized by ethidium bromide staining.
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4.11 Statistical analysis

Data were analyzed by Student’s t-test, and a Bonferroni
correction was applied for muitiple comparison. The value of
p<0.05 was considered statistically significant.
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