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T cells seem to be responsible for liver damage in any
type of acute hepatitis. Nevertheless, the importance
of Kupffer cells (KCs) for T-cell-dependent liver fail-
ure is unclear. Here we focus on the role of KCs and
tumor necrosis factor (TNF) production after T cell
stimulation in mice. T-cell- and TNF-dependent liver
injury were induced either by Pseudomonas exotoxin
A (PEA), by concanavalin A (Con A), or by the com-
bination of subtoxic doses of PEA and the superanti-
gen Staphylococcus enterotoxin B (SEB). KCs were
depleted by clodronate liposomes. Although livers of
PEA-treated mice contained foci of confluent necrosis
and numerous apoptotic cells, hardly any apoptotic
cells were observed in the livers of Con A-treated
mice. Instead, large bridging necroses were visible.
Elimination of KCs protected mice from PEA-, Con A-,
or PEA/SEB-induced liver injury. In the absence of
KCs, liver damage was restricted to a few small ne-
crotic areas. KCs were the main source of TNF. He-
patic TNF mRNA and protein production were
strongly attenuated because of KC-depletion whereas
plasma TNF levels were unaltered. Our results suggest
that KCs play an important role in T cell activation-
induced liver injury by contributing TNF. Plasma TNF
levels are poor diagnostic markers for the severity of
TNF-dependent liver inflammation. (Am J Pathol

2000, 157:1671–1683)

Kupffer cells (KCs) are the most abundant macrophage

(MF) population in the body. They are activated by in-

vading bacteria, particularly by the cell wall constituent

lipopolysaccharide (LPS) of gram-negative germs. As a

consequence, KCs produce proinflammatory cytokines

such as tumor necrosis factor (TNF)-a, interleukin (IL)-1b,

and IL-6.1–3 TNF is an important immune mediator that

has been implicated in the pathogenesis of septic shock

in laboratory animals,4 certain autoimmune diseases,5,6

inflammatory organ damage, including heart7 and acute

experimental liver failure,8 and other disorders. However,

the importance of KCs for TNF-dependent diseases still

remains unclear, and even the results of experiments on

the role of KCs and splenic MF in LPS shock are contro-

versial.9,10 For functional studies, MF can be eliminated

in experimental animals by administration of silica parti-

cles, by injection of gadolinium chloride (GdCl3), by car-

rageenan, or by the liposome-mediated macrophage

suicide approach using liposome-encapsulated dichlo-

romethylene-bisphosphonate (Cl2MBP).11 The use of sil-

ica particles, GdCl3, or carrageenan has disadvantages

because these drugs by themselves can activate KCs (all

three), depress lymphocyte reactions (carrageenan), or

induce a mitotic phenotype in hepatocytes (GdCl3).11

Hence, any hepatoprotective potency may at least par-

tially be explained by these activities. The liposome-me-

diated macrophage suicide approach is the most effec-

tive and best accepted method of MF depletion without

stimulating the production of proinflammatory cytokines

and/or nitric oxide by MF.11 Cl2MBP liposomes eliminate

MF depending on their dosage and their route of admin-

istration.12

Liver damage occurring as a consequence of T cell

activation is a serious health problem worldwide. The

most common causes of life-threatening T-cell-mediated

liver damage in humans are infections with hepatitis B or

C viruses and autoimmune hepatitis. Therefore, different

animal models of T-cell-mediated liver injury have been

developed, including acute liver failure in mice induced

by intravenous injection of the T-cell-stimulatory plant

lectin concanavalin A (Con A).13 Recently, we showed

that T cells also contribute to liver injury induced by P.

aeruginosa exotoxin A (PEA), an important virulence fac-

tor of the nosocomial gram-negative pathogen P. aerugi-

nosa, in mice.14 Furthermore, when given in small doses,

PEA sensitizes mouse livers to superantigen-induced,

T-cell-dependent liver injury, as shown after combined

treatment of mice with a low dose of PEA together with

Staphylococcus aureus enterotoxin B (SEB).14,15 These

results showed that the participation of T cells in liver cell

destruction is a common mechanism. TNF plays a critical
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role in the aforementioned14–22 and several other23,26

mouse models of T cell activation-induced liver injury.

KCs are the primary source of intrahepatic TNF in-

duced by either LPS3 or PEA14 in rodents. In the case of

PEA, TNF production by KCs depends on the presence

of T cells.14 However, clear functional data on the role of

KCs in T-cell-dependent liver injury and intrahepatic TNF

production is still missing. Carrageenan was used to

analyze KC function in a transgenic mouse model of

hepatitis B, in which mice overexpressing the hepatitis B

surface antigen (HBsAg) were injected with previously

activated CD8-positive cytotoxic T lymphocytes directed

against the viral antigen. Extensive pretreatment with car-

rageenan attenuated liver injury in this animal model.27

However, activation of KCs by carrageenan11 and induc-

tion of hepatocellular resistance before the hepatotoxic

challenge might have been responsible for the protective

effect. Moreover, controversial results exist for the hepa-

totoxic potency of Con A in mice pretreated with GdCl3,

because both protective effects28 and ineffectiveness29

of GdCl3 pretreatment have been described. Hence, the

aim of this study was to analyze the effect of KC depletion

by Cl2MBP liposomes on T-cell-mediated hepatic dam-

age and TNF production.

Materials and Methods

Mice

Male BALB/c mice were obtained from Charles River,

Sulzfeld, Germany. Animals received humane care ac-

cording to the criteria outlined in the “Guide for the Care

and Use of Laboratory Animals” prepared by the National

Academy of Sciences and published by the National

Institutes of Health. The legal requirements in Germany

were met as well. Mice were maintained under controlled

conditions (22°C, 55% humidity, 12-hour day/night

rhythm) and were fed a standard laboratory chow (Al-

tromin 1313, Altromin, Lage, Germany) ad libitum.

Animal Treatments

For depletion of KCs, BALB/c mice were injected with 100

ml of Cl2MBP liposomes intravenously 48 hours before

challenge.12 Cl2MBP liposomes were prepared as de-

scribed previously,30 and diluted in pyrogen-free saline.

Cl2MBP was a gift of Roche Diagnostics, Mannheim,

Germany. In control experiments, BALB/c mice were pre-

treated with saline instead of liposome-encapsulated

Cl2MBP. Saline liposomes were not used because lipo-

somes themselves block macrophage phagocytosis for

certain periods of time.30 The toxins were administered

as follows: PEA (Sigma, St. Louis, MO), 85 mg/kg i.v.; Con

A (Sigma), 20 mg/kg i.v.; SEB (Sigma), 2.5 mg/kg i.p.;

recombinant murine (rmu)TNF (kindly provided by Dr. G. R.

Adolf, Bender & Co., Vienna, Austria), various doses; re-

combinant murine interferon-g (rmuIFN-g) (kindly provided

by Dr. G. R. Adolf), 50 mg/kg i.v. In case of co-administra-

tion, 10 mg/kg of PEA were given intravenously 15 minutes

before SEB. rmuTNF was administered 60 minutes and

rmuIFN-g 75 minutes after toxin challenge.

Sampling of Material

Mice were lethally anesthetized with 150 mg/kg i.v. pen-

tobarbital, containing 15 mg/kg heparin. From anesthe-

tized mice blood was withdrawn for plasma cytokine

determination or analysis of plasma transaminases. Liv-

ers were excised and divided into three parts. One small

part was frozen in liquid nitrogen for preparation of RNA

and subsequent real-time reverse transcriptase-polymer-

ase chain reaction (RT-PCR), a second small part was

embedded in Tissue Embedding Medium (Slee, Mainz,

Germany) and frozen at 250°C for immunofluorescent

staining and confocal laser imaging, and the rest of the

livers was disintegrated in ice-cold Ripa buffer (150

mmol/L NaCl, 5 mmol/L ethylenediaminetetraacetic acid,

50 mmol/L Tris, pH 7.4) containing protease inhibitors,

DNase, and detergents (0.3% Triton X-100, 0.03% so-

dium dodecyl sulfate, 0.3% sodium deoxycholate), result-

ing in a 50% (w/w) liver homogenate. The homogenates

were incubated on ice for 30 minutes and centrifuged at

15,000 3 g for 30 minutes at 4°C. The supernatants were

subjected to a second centrifugation at 15,000 3 g for 20

minutes at 4°C. The resulting supernatants were then

stored at 275°C for later quantification of intrahepatic

TNF protein using an enzyme-linked immunosorbent as-

say. For histopathological determination of liver damage,

mouse livers were perfused with 4% formalin/phosphate-

buffered saline (PBS) via the portal vein before excision

of the organ and storage at 4°C in 4% formalin/PBS.

Analysis of Plasma Transaminases and Plasma

Cytokines

Liver injury was quantified by determination of plasma

transaminase activities. The activities of alanine amino-

transferase (ALT) and aspartate aminotransferase (AST)

in plasma were determined using an automated proce-

dure, according to Bergmeyer.31 The plasma concentra-

tions of TNF, IL-6, IL-2, and IFN-g were determined with

the help of specific enzyme-linked immunosorbent as-

says (ELISAs) purchased from PharMingen, Hamburg,

Germany.

Hematoxylin and Eosin (H&E) Staining of

Liver Sections

Formalin-fixed liver tissue was embedded in paraffin,

sliced, and stained with H&E using a standard protocol.

Immunofluorescent Staining and Confocal

Laser Imaging

Cryostat sections (12-mm thick) of livers were thawed

onto poly-L-lysine-coated glass slides, air-dried, and

fixed in acetone/methanol (1/1) for 10 minutes at 4°C

before they were incubated in 3% bovine serum albumin/
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PBS for 30 minutes at room temperature. After the slides

had been rinsed in PBS, incubation was continued with

polyclonal rabbit anti-mouse TNF neat hyperimmune an-

tiserum (Genzyme Virotech, Rüsselsheim, Germany;

1/750) together with a rat mAb directed against murine

MF (clone BM 8, Dianova, Hamburg, Germany; 1/100) or

a rat mAb directed against mouse CD4 (clone RM4–5,

1/50; PharMingen) in 3% bovine serum albumin/PBS

overnight at 4°C. After rinsing with PBS, binding sites

were detected by the use of appropriate secondary an-

tibodies: fluorescein isothiocyanate-conjugated swine

anti-rabbit IgG (1/30; DAKO, Hamburg, Germany) for

staining of TNF, and Texas Red-conjugated goat anti-rat

IgG (1/200; Dianova) for staining of MF or CD41 cells.

Secondary antibodies were diluted in 3% bovine serum

albumin/PBS, and incubation was performed for 1 hour at

room temperature. After rinsing with PBS, sections were

coverslipped with 10% glycerol/PBS, pH 8.6. Sections

processed for immunofluorescence were examined by

confocal laser scanning microscopy (MRC 1000; Bio-

Rad, Richmond, CA).

Real-Time RT-PCR for TNF mRNA in

Liver Tissue

RNA was isolated from pieces of ;25-mg liver tissue by

the use of a RNA purification kit (Clontech, Heidelberg,

Germany). For real-time RT-PCR, primers and probes

were selected for murine b-actin and TNF (TIB Molbiol,

Berlin, Germany). b-actin: 59 TCACCCACACTGTGC-

CCATCTACGA; 39 GGATGCCACAGGATTCCATACCCA.

b-actin TaqMan probe: (FAM) TATGCTC (TAMRA) TC-

CCTCACGCCATCCTGCGT. TNF: 59 TCTATGGCCCA-

GACCCTCAC; 39 GACGGCAGAGAGGAGGTTGA. TNF

TaqMan probe: (FAM) CTCAGATCATCTTCTCAAAATTC-

GAGTGACAAGC (TAMRA). Probes were 59-labeled with

6-carboxyfluorescin (FAM) and internally with 6-carboxy-

N,N,N9,N9-tetramethylrhodamine (TAMRA). Amplification

and detection were done with an ABI 7700 system with

the following profile: 2 minutes 50°C, 30 minutes 60°C, 5

minutes 95°C, and 45 cycles at 95°C for 15 seconds and

60°C for 1 minute. For more detailed information see User

Bulletin 2 “ABI PRISM 7700 Sequence Detection System”

by Perkin-Elmer’s Applied Biosystems (Perkin-Elmer, Em-

eryville, CA) describing the procedure of relative quanti-

fication of gene expression. b-actin was used as a house-

keeping gene to normalize mRNA levels. The relative

amounts of b-actin and TNF mRNA were determined and

divided by each other. The resulting normalized values

for TNF mRNA are arbitrary unitless numbers.

Quantification of Intrahepatic TNF

Liver lysates were prepared as described in Sampling of

Material. They were directly used in a murine TNF ELISA

kit purchased from R&D systems (Wiesbaden, Germany).

Liver lysates were adjusted to equal protein concentra-

tions after protein quantification by the Bradford method,

as used in the Bio-Rad protein assay (Bio-Rad, Munich,

Germany).

Statistical Analysis

The results were analyzed using the Student’s t-test or the

Dunnett’s test. If variances were inhomogeneous, the

data were transformed or analyzed using the Welsh test.

Survival curves were compared using the log-rank test.

All data in this study are expressed as the mean 6 SEM.

P , 0.05 was considered significant.

Results

Contribution of KCs to PEA-Induced Liver

Injury and TNF Production

KCs turned out to be the major source of intrahepatic TNF

after intravenous injection of PEA to mice and TNF is

known to contribute to PEA-induced liver injury.14 How-

ever, these correlating results did not prove the impor-

tance of KCs for PEA-induced liver injury. To this end,

mice were depleted of KCs with the help of liposome-

encapsulated Cl2MBP.12 KC-deficient mice were treated

with 85 mg/kg of PEA. Their susceptibility to PEA-induced

liver injury was compared to that of control mice that had

been pretreated with saline instead of liposome-encap-

sulated Cl2MBP. Liver damage was quantified by deter-

mination of plasma transaminase activities. Furthermore,

livers were analyzed histopathologically. Pretreatment of

mice with liposome-encapsulated Cl2MBP strongly inhib-

ited PEA-induced release of transaminases. This protec-

tive effect of KC depletion was observed 12 hours and 17

hours after PEA challenge (Figure 1). Histopathological

examination of H&E-stained liver sections (Figure 2A)

revealed that PEA induced single-cell necrosis of hepa-

tocytes, morphologically resembling apoptosis, as well

as focal confluent necrosis within 12 hours. The formation

of apoptotic Councilman-like acidophil bodies was ob-

served. Focal confluent necrosis with pale-stained hepa-

tocytes predominantly appeared in the periportal areas.

Immediately before death, ie, 17 hours after injection of

PEA, livers were primarily injured. In these livers all

stages of single-cell death could be observed, including

formation of Councilman-like acidophil bodies, nuclear

Figure 1. Importance of KCs for PEA-induced liver injury. Plasma transam-
inase activities were determined 12 and 17 hours after injection of PEA to
BALB/c mice. Depletion of KCs was achieved by pretreatment with lipo-
some-encapsulated Cl2MBP. Data are expressed as the mean 6 SEM (n 5 3).
*, P , 0.05.
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Figure 2. Importance of KCs for PEA-induced histopathological changes within mouse livers (A) and for intrahepatic production of TNF (B). Depletion of KCs
was achieved by pretreatment with liposome-encapsulated Cl2MBP. A: Liver sections were subjected to H&E staining and light microscopy 12 and 17 hours after
injection of solvent (0.1% HSA) or PEA. C, Councilman-like acidophil body; N, confluent necrosis; R, karyorrhexis; L, karyolysis; H, nuclear hyperchromasia.
Original magnification, 390 (insets, 3180). B: Liver sections (12 mm) were subjected to immunofluorescent staining and confocal laser imaging 3 hours after
injection of solvent (0.1% HSA) or PEA. Double staining was performed by use of antibodies specific for TNF (fluorescein isothiocyanate, green) together with
antibodies against macrophages (Texas Red, red). Co-staining is represented by yellow fluorescence.
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hyperchromasia, and karyorrhexis, in addition to pale-

stained, confluent necrotic areas. In KC-depleted mice,

PEA-induced hepatocellular death was strongly attenu-

ated. Most strikingly, single-cell necrosis was not ob-

served at all in livers of Cl2MBP liposome-pretreated,

PEA-challenged mice. However, limited focal confluent

necrosis was still detectable. Interestingly, limited focal

confluent necrosis in the absence of KCs was not suffi-

cient to induce significant transaminase release (Figure

1).

To determine a possible mechanism of how KCs might

contribute to PEA-induced liver injury, it was tested

whether depletion of these cells with the help of lipo-

some-encapsulated Cl2MBP affects PEA-induced intra-

hepatic synthesis of TNF. Intrahepatic TNF was visual-

ized in situ using immunofluorescent staining and

confocal laser imaging 3 hours after challenge. As shown

in Figure 2B, KCs were the predominant TNF-producing

cells on injection of PEA and the absence of KCs pre-

vented the induction of TNF within livers of PEA-treated

mice. To get quantitative results, the amount of intrahe-

Figure 3. Importance of KCs for intrahepatic accumulation of TNF protein
(A) and TNF mRNA (B) in PEA-treated mice. A: Intrahepatic TNF was
quantified within liver lysates with the help of ELISA. Data are expressed as
the mean 6 SEM (n 5 6). *, P , 0.05 versus solvent; #, P , 0.05 versus PEA
3 hours. B: Intrahepatic TNF mRNA was quantified by means of real-time
RT-PCR specific for TNF. Real-time RT-PCR was also performed for the
housekeeping gene product b-actin to normalize mRNA levels. Depletion of
KCs was achieved by pretreatment with liposome-encapsulated Cl2MBP.
Data are expressed as the mean 6 SEM (n 5 3). #, P , 0.05 versus PEA.

Figure 4. Contribution of KC to PEA-induced lethality. Survival of normal
and KC-depleted BALB/c mice was monitored after PEA injection. Groups of
KC-depleted mice received rmuTNF in addition to PEA, as indicated (n 5 3
to 5). Depletion of KCs was achieved by pretreatment with liposome-encap-
sulated Cl2MBP. *, P , 0.05 versus PEA; #, P , 0.05 versus Cl2MBP. . . PEA.

Figure 5. Importance of KCs for PEA/SEB-induced liver injury. Plasma
transaminase activities were determined 12 hours after injection of PEA/SEB
to BALB/c mice. Depletion of KCs was achieved by pretreatment with
liposome-encapsulated Cl2MBP. Data are expressed as the mean 6 SEM (n 5

3). *, P , 0.05.

Table 1. Restoration of Sensitivity to PEA-Induced Liver
Injury by Injection of rmuTNF to KC-Depleted Mice

ALT [U/L] AST [U/L]

Solvent 40 6 5 80 6 15
PEA 1,890 6 570 2,540 6 530
Cl2MBP. . .PEA 205 6 15* 520 6 40*
Cl2MBP. . .PEA/rmuTNF 3,310 6 1,190 4,980 6 1,780

Plasma transaminase activities were determined 12 hours after
injection of solvent (0.1% HSA), 0.5 mg/kg of rmuTNF, 85 mg/kg of PEA,
or combinations thereof to BALB/c mice. Depletion or KCs was
achieved by pretreatment with liposome-encapsulated Cl2MBP. Data
are expressed as the mean 6 SEM (n 5 3). *, Protection from PEA-
induced liver injury as a result of KC-depletion was significant (P ,

0.05).

Kupffer Cells in T Cell Hepatitis 1675
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patic TNF in liver lysates was determined using an ELISA.

As shown in Figure 3A, the induction of intrahepatic TNF

by PEA could be ascertained quantitatively. We also

attempted to confirm these results by quantifying intra-

hepatic TNF mRNA with the help of real-time RT-PCR. As

shown in Figure 3B, the absence of KCs significantly

inhibited the accumulation of TNF mRNA within mouse

livers 2 hours after challenge with PEA.

To determine whether the missing TNF might be re-

sponsible for reduced sensitivity to PEA-induced liver

injury, KC-depleted mice were treated with 85 mg/kg i.v.

PEA followed by 0.5 mg/kg i.v. rmuTNF 1 hour later. This

very low dose of rmuTNF, known to be nontoxic to mice

when given alone,32,33 was able to cause liver injury in

otherwise resistant PEA-treated, KC-depleted mice, as

determined by release of plasma transaminases 12 hours

after injection of PEA (Table 1). Hence, as little as 0.5

mg/kg of rmuTNF was able to overcome the protective

effect of KC depletion. Even with 0.1 mg/kg of rmuTNF

liver injury could be restored (data not shown).

To prove whether KCs also contribute to lethality

caused by PEA, survival of PEA-treated, KC-depleted

mice was determined and compared to the survival of

PEA-treated normal mice. Furthermore, survival was also

determined with PEA-treated, KC-depleted mice that ad-

ditionally received 0.5 mg/kg or 0.1 mg/kg of rmuTNF. As

shown in Figure 4, survival after injection of PEA was

significantly prolonged by pretreatment with liposome-

encapsulated Cl2MBP. The enhanced survival of the KC-

depleted animals points to a prominent role of KCs for

PEA-induced toxicity. Interestingly, 0.5 mg/kg and even

as little as 0.1 mg/kg of rmuTNF significantly reduced the

beneficial effect on survival conferred by KC depletion.

Higher doses of rmuTNF caused death at earlier stages.

For example, all mice died within 4 hours, if 10 mg/kg of

rmuTNF were administered to KC-depleted, PEA-treated

mice.

Importance of KCs for PEA/SEB-Induced Liver

Injury and TNF Production

The superantigen SEB exerts its toxicity through activa-

tion of a subset of T cells and subsequent production of

TNF.15,23,34–36 Prerequisite for the induction of apoptotic

liver injury by SEB is the presence of inhibitors of tran-

scription (GalN)23 or translation (PEA).14,15 Dendritic

cells rather than macrophages are considered essential

for SEB-induced clonal expansion of Vb8-specific T

cells37 and local expression of cytokine mRNAs within the

spleen.38 Functional studies on the role of macrophages

in SEB-induced toxicity are missing. We wondered

whether KCs are required to mediate a SEB-triggered

hepatotoxic response in mice and whether KC-depletion

has an impact on the intrahepatic TNF response. We used

a mixed intoxication model with a low dose of PEA as

sensitizing agent plus SEB. This treatment causes T-cell-

Figure 6. Importance of KCs for intrahepatic production of TNF in PEA/SEB-challenged mice. Liver sections (12 mm) were subjected to immunofluorescent
staining and confocal laser imaging 3 hours after injection of solvent (0.1% HSA) or PEA/SEB. Depletion of KCs was achieved by pretreatment with
liposome-encapsulated Cl2MBP. Double staining was performed by use of antibodies specific for TNF (fluorescein isothiocyanate, green) together with antibodies
against macrophages (Texas Red, red) or CD41 cells (Texas Red, red). Co-staining is represented by yellow fluorescence.
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and TNF-dependent liver injury in mice within 12 hours,

whereas the single toxins given alone are nontoxic.14,15

KC-depleted mice were completely protected from

PEA/SEB-induced liver injury as assessed by a signifi-

cant inhibition of transaminase release 12 hours after

challenge (Figure 5).

To correlate this protection with the production of the

most important toxic mediator of SEB, ie, TNF, we deter-

mined PEA/SEB-induced TNF plasma concentrations as

well as locally produced TNF within the liver of normal

and Cl2MBP liposome-pretreated mice 3 hours after chal-

lenge. At this stage, SEB-induced TNF plasma concen-

trations are maximal.34,36 Depletion of KCs did not cause

a significant reduction of the systemic TNF response to

PEA/SEB (PEA/SEB: TNF, 60 6 5 pg/ml; Cl2MBP/PEA/

SEB: TNF, 85 6 30 pg/ml) or to SEB alone (SEB: TNF,

25 6 1 pg/ml; Cl2MBP/SEB: TNF, 115 6 9 pg/ml). Hence,

plasma TNF levels did not correlate with liver disease.

Immunofluorescent staining of liver sections revealed that

PEA/SEB induced hepatic TNF within 3 hours (Figure 6).

This TNF production was mainly co-localized with liver

MF and also with some individual CD41 cells. Depletion

of KCs clearly prevented PEA/SEB-induced TNF produc-

tion within the liver. Quantification of intrahepatic TNF in

liver lysates corroborated these results. PEA/SEB-in-

duced production of intrahepatic TNF was significantly

attenuated in the absence of KCs (Figure 7A). Similar

results were obtained by real-time RT-PCR. TNF mRNA

was clearly detectable within livers of PEA/SEB-treated

mice (Figure 7B). This induction of TNF mRNA was sig-

nificantly impaired in livers of Cl2MBP liposome-pre-

treated mice (Figure 7B).

To find out whether rmuTNF is able to re-establish liver

injury in KC-depleted, PEA/SEB-treated mice, 0.5 mg/kg

of rmuTNF was injected to Cl2MBP liposome-pretreated

mice 1 hour after challenge with PEA/SEB. This treatment

resulted in liver injury whereas in the absence of rmuTNF,

animals were protected from liver damage (PEA/SEB:

ALT, 1,535 6 520 U/L; Cl2MBP. . . PEA/SEB: ALT, 340 6

165 U/L*; Cl2MBP. . . PEA/SEB/rmuTNF: ALT, 2,320 6

745 U/L; n 5 3; * P , 0.05). Hence, TNF seems to be the

KC-produced factor that mediates the hepatotoxic ac-

tions of KCs in the presence of PEA and SEB.

Importance of KCs for Con A-Induced Liver

Injury and TNF Production

It is well established that intravenous injection of Con A

induces CD41 T-cell-, TNF-, and IFN-g-dependent liver

injury in mice 8 hours after challenge.13,16–22 Early pro-

duction of TNF 2 hours after Con A injection has been

proven by determination of TNF in plasma,16–18 and by

Western blot analysis of liver tissue.19 However, the iden-

tity of the TNF-producing cells in this model is unknown.

Therefore, we wondered whether KCs are the primary

sources of Con A-induced intrahepatic TNF and whether

KCs play a role in Con A hepatitis.

Mice depleted of KCs were protected from Con A-in-

duced liver injury, as assessed by significantly reduced

Figure 7. Importance of KCs for intrahepatic accumulation of TNF protein
(A) and TNF mRNA (B) in PEA/SEB-treated mice. A: Intrahepatic TNF was
quantified within liver lysates with the help of ELISA. Data are expressed as
the mean 6 SEM (n 5 3). *, P , 0.05 versus solvent; #, P , 0.05 versus
PEA/SEB 3 hours. B: Intrahepatic TNF mRNA was quantified by means of
real-time RT-PCR specific for TNF. Real-time RT-PCR was also performed for
the housekeeping gene product b-actin to normalize mRNA levels. Depletion
of KCs was achieved by pretreatment with liposome-encapsulated Cl2MBP.
Data are expressed as the mean 6 SEM (n 5 3). #, P , 0.05 versus PEA/SEB.

Figure 8. Importance of KCs for Con A-induced liver injury. Plasma transam-
inase activities were determined 8 hours after injection of Con A to BALB/c
mice. Depletion of KCs was achieved by pretreatment with liposome-encap-
sulated Cl2MBP. Data are expressed as the mean 6 SEM (n 5 3). *, P , 0.05.
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plasma transaminase activities 8 hours after challenge

(Figure 8). Histopathological analysis of liver sections

(Figure 9) revealed that Con A induced very large con-

fluent areas of necrosis connecting several hepatic lob-

ules (bridging necrosis). Single-cell necroses and the

formation of Councilman-like acidophil bodies, ie, char-

acteristic of livers in PEA-treated mice, was not observed

at all. Pretreatment with Cl2MBP liposomes limited the

spreading of focal confluent necroses induced by Con A,

resulting in a more restricted pattern similar to the histo-

pathology of livers of KC-depleted, PEA-treated mice

(Figure 2A). Again, the restricted formation of confluent

necrotic areas was not sufficient to cause a significant

increase in plasma transaminase activities.

To correlate the protective effect of Cl2MBP liposome

pretreatment with alterations in the Con A-induced cyto-

kine response, we determined the plasma levels of cyto-

kines that are typically produced on Con A injection 2

hours after intervention.13,16,17 As in the case of PEA/

SEB, the amount of circulating TNF was not reduced in

KC-depleted, Con A-challenged mice (Figure 10). The

levels of Con A-induced circulating IL-2 and IFN-g were

only partially reduced in KC-depleted mice (Figure 10).

However, the release of IL-6 was strongly impaired (Fig-

ure 10). Hence, although KCs were the main cell popu-

lation producing Con A-induced intrahepatic TNF (see

below), depletion of KCs had no influence on Con A-in-

duced plasma TNF levels. Immunofluorescent staining of

liver sections revealed that Con A-induced intrahepatic

TNF is mainly produced by KCs and to a lesser extent by

some individual CD41 T cells (Figure 11). Markedly less

TNF was observed in livers of Cl2MBP pretreated as

compared to livers of normal mice, although, despite the

absence of KCs, some individual CD41 cells still pro-

duced TNF (Figure 11). Hence, depletion of KCs inhibited

Con A-induced intrahepatic TNF production. Quantifica-

tion of intrahepatic TNF in liver lysates corroborated these

results. Con A-induced production of intrahepatic TNF

was significantly attenuated in the absence of KCs (Fig-

ure 12A). Similar results were obtained by real-time RT-

PCR. Intravenous injection of Con A clearly induced in-

trahepatic TNF mRNA within 2 hours (Figure 12B).

Pretreatment with Cl2MBP liposomes significantly dimin-

ished the intrahepatic induction of TNF mRNA by Con A

(Figure 12B).

We attempted to restore the hepatotoxicity of Con A in

Cl2MBP liposome-pretreated mice by administration of

rmuTNF. However, bolus injections of as much as 10

mg/kg of rmuTNF did not abolish the protective effect of

KC-depletion; even the combination of 10 mg/kg of

rmuTNF together with 50 mg/kg of rmuIFN-g was ineffec-

tive to render KC-depleted mice susceptible to Con A-in-

duced liver injury (Con A: ALT, 1,370 6 180 U/L; Cl2MBP/

Con A: ALT, 110 6 23 U/L; Cl2MBP/Con A/rmuTNF: ALT,

97 6 25; Cl2MBP/Con A/rmuTNF/rmuIFN-g: ALT, 156 6

39 U/L). Because membrane-bound TNF is also involved

in Con A hepatitis,19 it is conceivable that this form of TNF

might be required to mediate Con A-induced liver dis-

ease despite the presence of high amounts of soluble

TNF and IFN-g (see Discussion).

Discussion

In the present study we show that KCs clearly contribute

to T-cell-dependent liver injury induced by either PEA,

PEA/SEB, or Con A. This was demonstrated by the pre-

vention of transaminase release into the plasma of

Cl2MBP liposome-pretreated mice and by histopatholog-

ical analysis. The amount and route of administration of

Cl2MBP liposomes we used, ie, 100 ml/mouse i.v., was

Figure 9. Importance of KCs for Con A-induced histopathological changes within mouse livers. Liver sections were subjected to H&E staining and light
microscopy 8 hours after injection of solvent (saline) or Con A. Depletion of KCs was achieved by pretreatment with liposome-encapsulated Cl2MBP. Original
magnification, 345.

Figure 10. Contribution of KCs to the plasma concentrations of TNF, IL-2,
IFN-g, and IL-6, induced by Con A. Plasma cytokine levels were determined
2 hours after injection of Con A to BALB/c mice. Depletion of KCs was
achieved by pretreatment with liposome-encapsulated Cl2MBP. Data are
expressed as the mean 6 SEM (n 5 3). *, P , 0.05.
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suitable to deplete KCs in mice. Splenic MF are partially

eliminated by this treatment as well.12 However, because

Con A is able to induce liver injury in mice after removal

of the spleen (M. Leist, personal communication), the

spleen does obviously not play an important role in T-cell-

dependent liver injury. Hence, it is very likely that the

hepatoprotective effect of 100 ml of intravenously admin-

istered Cl2MBP liposomes is because of the depletion of

the KCs.

Histopathological studies revealed that pretreatment

with Cl2MBP liposomes strongly attenuated liver injury

induced by PEA or Con A. In both cases, this pretreat-

ment restricted liver damage to some areas of focal con-

fluent necrosis, which were not sufficient to cause signif-

icant release of transaminases. PEA- and Con A-induced

liver injury were morphologically different. Although the

livers of PEA-treated mice contained foci of confluent

necrosis and cells with apoptotic morphology (single-cell

necrosis), which have been morphologically identified by

others as well,39 apoptotic cell death could not be ob-

served morphologically in livers of Con A-treated mice.

Instead, very large bridging necroses were visible. With

respect to the lack of apoptosis induction after injection of

Con A, our results seem to be in contrast to an earlier

study, in which apoptotic bodies were found in livers of

Con A-treated mice.17 However, our results are in line

with a previous study, in which only a sparse occurrence

of apoptotic cells has been described.40 As demon-

strated by Künstle et al,40 Con A hepatitis is character-

ized by the presence of intrahepatic internucleosomal

DNA fragmentation, being characteristic of apoptotic cell

death, and a concomitant lack of morphological features

of apoptosis as well as of activation of caspase-3-like

proteases. Also, Küsters et al18 demonstrated intrahe-

patic DNA laddering on Con A injection and Trautwein et

al,41 showed terminal dUTP nick-end labeling-positive

staining of hepatocytes. Hence, Con A seems to induce

TNF-dependent hepatocellular death characterized by

internucleosomal DNA fragmentation by nonapoptotic

morphology and without caspase-3 activation. The rarely

observed apoptotic bodies within livers of Con A-chal-

lenged mice17,40 might be derived from nonparenchymal

cells such as T cells that undergo activation-induced cell

death. Accordingly, caspase-inhibitors failed to prevent

Con A-induced liver injury,40 whereas PEA-induced liver

damage was prevented by these agents.14 Hence, it

seems that in the PEA model, TNF induces caspase-

dependent hepatic apoptosis, while in the Con A model

TNF-dependent, caspase-3-independent necrosis was

observed. It should be pointed out that PEA-induced,

Figure 11. Importance of KCs for Con A-induced intrahepatic production of TNF. Liver sections (12 mm) were subjected to immunofluorescent staining and
confocal laser imaging 2 hours after injection of solvent (saline) or Con A. Depletion of KCs was achieved by pretreatment with liposome-encapsulated Cl2MBP.
Double staining was performed by use of antibodies specific for TNF (fluorescein isothiocyanate, green) together with antibodies against macrophages (Texas
Red, red) or CD41 cells (Texas Red, red). Co-staining is represented by yellow fluorescence. *, TNF-positive cell that is not MF; #, TNF-positive cell that is not
CD41.
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rather than Con A-induced, liver injury morphologically

resembles viral hepatitis, which is characterized by the

presence of numerous Councilman bodies. The preva-

lence of apoptotic cell death in viral hepatitis or PEA-

induced liver injury could be explained by mechanisms of

sensitization toward TNF. These include synthesis of cer-

tain viral gene products in the case of viral hepatitis42 and

significant inhibition of protein synthesis in the case of

PEA-induced liver damage.43 Furthermore, cytotoxic lym-

phocytes may contribute to the apoptotic morphology in

viral hepatitis27,44 or PEA-induced liver injury,14 eg, by

producing perforin. Accordingly, the requirement of sen-

sitizing events, such as strong inhibition of protein syn-

thesis, for induction of apoptosis provides an explanation

why Con A-induced liver injury proceeds with hardly any

morphological signs of apoptosis, whereas in the pres-

ence of the transcriptional inhibitor GalN the livers of Con

A-treated mice contain significant numbers of apoptotic

cells and are characterized by strongly induced

caspase-3-like activity40 (Figure 13).

We identified KCs as the main producers of intrahe-

patic TNF mRNA and TNF protein, thereby contributing to

T-cell-mediated liver injury. Residual TNF production in

case of Con A- or PEA/SEB-induced liver injury could be

attributed to individual CD41 cells. T cells have been

described as sources of TNF in response to Con A and

SEB by others as well.38,45 Our results show that KCs

cannot be replaced by T cells or professional antigen-

presenting cells such as dendritic cells to induce relevant

hepatotoxic amounts of TNF. In KC-depleted, toxin-

treated mice, there was no residual TNF staining around

the periportal areas, where most of the intrahepatic den-

dritic cells reside.46,47 The functional importance of TNF

production by KCs was indicated by the high suscepti-

bility of KC-depleted, PEA- or PEA/SEB-treated mice to

very low doses of exogenously administered rmuTNF.

The relevance of KC-produced TNF for PEA toxicity was

further supported by the prolonged survival of KC-de-

pleted mice, which was negatively influenced by exog-

enously administered rmuTNF (Figure 4). KC depletion

was not life saving for PEA-treated mice, similar to T cell

depletion that also prolonged survival of PEA-treated

mice, but did not protect them from death at later stag-

es.14 This points to additional mechanisms leading to

death in KC-depleted, PEA-treated animals at later

stages, such as ongoing inhibition of protein synthesis in

PEA-sensitive cells43 and systemic TNF release, eg, by

blood monocytes and by macrophages within other tis-

sues, which are not affected by intravenously injected

liposome-encapsulated Cl2MBP.1,12,48 Indeed, systemic

Figure 12. Importance of KCs for intrahepatic accumulation of TNF protein
(A) and TNF mRNA (B) in Con A-treated mice. A: Intrahepatic TNF was
quantified within liver lysates with the help of ELISA. Data are expressed as
the mean 6 SEM (n 5 3). *, P , 0.05 versus solvent; #, P , 0.05 versus PEA
3 hours. B: Intrahepatic TNF mRNA was quantified by means of real-time
RT-PCR specific for TNF. Real-time RT-PCR was also performed for the
housekeeping gene product b-actin to normalize mRNA levels. Depletion of
KCs was achieved by pretreatment with liposome-encapsulated Cl2MBP.
Data are expressed as the mean 6 SEM (n 5 3). #, P , 0.05 versus PEA.

Figure 13. Proposed cascade of events deciding the severity and morphol-
ogy of T-cell-dependent liver injury. Bacterial immunostimulators or Con A
activates T cells and KCs. KCs are the main producers of TNF, which
contributes to the enlargement of necrotic foci and to the induction of
apoptotic cell death. Additional sensitizing events such as PEA-mediated
inhibition of protein synthesis seem to be required for the induction of
apoptotic morphology by TNF. In the absence of these events, eg, during
Con A-induced TNF- and IFN-g-mediated hepatitis, liver injury is character-
ized by large necroses without morphological signs of apoptosis.
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TNF levels, as determined in plasma 12 hours after injec-

tion of PEA to mice,14 were even slightly enhanced in the

absence of KCs (data not shown). It is conceivable that

the clearance of PEA is disturbed in the absence of KC.

Hence, continuously high levels of PEA might cause

stronger systemic TNF release and more potent inhibition

of protein synthesis and therefore lead to late-stage

death in KC-depleted mice. TNF release into the circula-

tion of KC-depleted mice might be further enhanced by

missing KC-produced controllers such as IL-10 (see be-

low). In contrast to the PEA model, rmuTNF and rmuIFN-g

were ineffective to restore the animals’ susceptibility to

Con A. An explanation is the absence of contemporane-

ous strong inhibition of protein synthesis by Con A.49

Furthermore, Con A-induced liver injury significantly de-

pends on the expression of transmembrane TNF,19 which

cannot be simulated by a bolus injection of rmuTNF.

Transmembrane TNF might have to be present to sustain

Con A hepatitis in KC-depleted mice. Additionally, the

macrophage cytokine IL-18 might have to be present to

allow Con A toxicity in KC-depleted mice. An active role

of IL-18 in Con A hepatitis has been described recently.22

Despite depletion of KCs and strongly inhibited pro-

duction of intrahepatic TNF, the plasma TNF levels were

neither reduced in Con A- nor in PEA/SEB-treated mice.

Leukocytes (lymphocytes, neutrophils, monocytes,

and/or MF) in other tissues or in the blood stream may

account for this discrepancy. The fact that the plasma

TNF levels in Con A- or PEA/SEB-treated mice even

tended to be slightly higher in the absence of KCs sug-

gests a controlling function of KCs. A similar phenome-

non has also been observed in LPS-challenged mice,1

and in PEA-challenged mice (see above). IL-10 may be

such a KC-produced controller of TNF synthesis. The

liver is the main producer of LPS-induced IL-10,50 and

pretreatment of mice with anti-IL-10 mAb aggravates LPS

lethality51,52 as well as Con A-induced liver injury,53 as-

sociated with enhanced production of TNF.51–53 Addi-

tionally, it cannot be excluded that KCs participate in the

removal of either the toxins PEA, SEB, or Con A or of TNF.

In contrast to TNF, the plasma concentration of Con

A-induced IL-6 strongly correlated with the presence or

absence of KCs. However, the protection caused by KC

depletion is probably not related to impaired IL-6 produc-

tion, because IL-6-deficient mice were highly susceptible

to Con A-induced liver injury.54

In conclusion, T-cell- and TNF-dependent liver injury

clearly depends on the activation of KCs. We propose

that KCs contribute to the rapid spreading of liver necro-

sis and to the induction of apoptosis by producing TNF.

Importantly, T-cell-, KC-, and TNF-mediated liver injury

results in different morphological patterns indicating dif-

ferent mechanisms of hepatocellular death, ie, necrosis

and “conventional” apoptosis or necrosis and “cryptic”

caspase-3-independent apoptosis, as described by Kün-

stle et al.40 The development of morphologically visible

apoptosis likely depends on the sensitization of the he-

patocyte toward TNF. This observation will enforce further

studies on the molecular and cellular prerequisites de-

ciding the morphological character of liver disease.

Considering on the one hand the deleterious role of

KCs and TNF in T cell-mediated liver injury, which can be

induced by bacterial toxins or viruses, and on the other

hand the protective role of KCs and TNF in host defense

against bacteria35,55–57 and viruses,44,58 any therapeutic

manipulations of KCs or TNF should be taken with great

care. Therapeutic approaches in infectious liver diseases

should rather be directed against TNF-dependent later

events that solely play a role in the disease progression.

However autoimmune hepatitis, which is not associated

with infections, may be well controlled by neutralization of

TNF or by attenuation of KC function.
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1682 Schümann et al
AJP November 2000, Vol. 157, No. 5



55. Bodey GP, Bolivar R, Fainstein V, Jadeja L: Infections caused by

Pseudomonas aeruginosa. Rev Infect Dis 1983, 5:279–313

56. Hultgren O, Eugster H-P, Sedgwick JD, Körner H, Tarkowski A: TNF/

lymphotoxin-a double-mutant mice resist septic arthritis but display

increased mortality in response to Staphylococcus aureus. J Immunol

1998, 161:5937–5942

57. Rothe J, Lesslauer W, Lötscher H, Lang Y, Koebel P, Köntgen F,
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