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Lymphocyte function antigen-1 mediates leukocyte adhesion and
subsequent liver damage in endotoxemic mice
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1 Sepsis is associated with leukocyte activation and recruitment in the liver. We investigated the role
of lymphocyte function antigen-1 (LFA-1) in endotoxin-induced leukocyte—endothelium interactions,
microvascular perfusion failure, hepatocellular injury and apoptosis in the liver by use of gene-
targeted mice, blocking antibodies and a synthetic inhibitor of LFA-1 (LFA703). For this purpose,
mice were challenged with lipopolysaccharide (LPS)+ D-galactosamine (Gal), and intravital
microscopy of the liver microcirculation was conducted 6 h later.

2 The number of firmly adherent leukocytes in response to LPS/Gal was reduced by 48% in LFA-1-
deficient mice. Moreover, endotoxin-induced increases of apoptosis and enzyme markers of
hepatocellular injury were decreased by 64 and 69-90%, respectively, in LFA-1-deficient mice.
Furthermore, sinusoidal perfusion was improved in endotoxemic mice lacking LFA-1.

3 A similar protective pattern was observed in endotoxemic mice pretreated with an antibody against
LFA-1. Thus, immunoneutralization of LFA-1 reduced endotoxin-induced leukocyte adhesion by
55%, liver enzymes by 64-66% and apoptosis by 42%, in addition to the preservation of
microvascular perfusion.

4 Administration of a novel statin-derived inhibitor of LFA-1, LFA703, significantly decreased
leukocyte adhesion (more than 56%) and the subsequent liver injury in endotoxemic mice.

5 Thus, this study demonstrates a pivotal role of LFA-1 in supporting leukocyte adhesion in the
liver. Moreover, interference with LFA-1-mediated leukocyte adhesion protects against endotoxemic

liver damage, and may constitute a potential therapeutic strategy in sepsis.
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Introduction

Leukocyte recruitment is a rate-limiting step in endotoxemic
liver injury (Holman & Saba, 1988; Jaeschke er al., 1991;
Marubayashi et al., 1997; Klintman et al., 2002). It has been
shown that hepatic infiltration of leukocytes comprises a
multistep process, in which an initial adhesive rolling interac-
tion is a precondition for the subsequent firm adhesion of
leukocytes in the liver (Klintman et al., 2002). Moreover, we
have recently demonstrated that leukocyte rolling in venules is
predominately mediated by the selectin family of adhesion
molecules, in particular P-selectin (Klintman et al., 2003),
although the o4-integrin has been reported to contribute under
certain conditions (Fox-Robichaud & Kubes, 2000). Firm
adhesion of leukocytes to the microvascular endothelium is
dependent on the function of f,-integrins expressed on
leukocytes, interacting with members of the immunoglobulin
supergene family expressed on endothelial cells, such as
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intercellular adhesion molecule-1 (ICAM-1) (Arfors et al.,
1987; Jaeschke et al., 1991; Lawrence & Springer, 1991;
Klintman et al., 2002). The f,-integrins are heterodimeric
molecules consisting of a common f-subunit (CD18), which is
associated with one of four different a«-subunits (CD11a—d)
(Carlos & Harlan, 1994; Springer, 1994). The significance of
p-integrins is illustrated by the leukocyte adhesion deficiency
syndrome-1, in which a mutation in the gene encoding for the
common CDI18 subunit results in the absence of f,-integrins
(Harlan, 1993; Gahmberg, 1997). This autosomal recessive
disorder is characterized by an inability to recruit neutrophils
and increased susceptibility to recurrent bacterial infections
(Anderson et al., 1985). However, the literature on the role of
individual f,-integrins is complex and contradictory. Based on
experiments using antibody (AB) treatment, it has been
reported that both LFA-1 (CD11a/CD18) and Mac-1
(CD11b/CD18) can mediate chemoattractant-induced leuko-
cyte adhesion. However, the relative importance appears to be
both stimulus- and organ-dependent (Argenbright et al., 1991;
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Morisaki et al., 1991; Issekutz & Issekutz, 1992; Tanaka et al.,
1993; Rutter et al., 1994; Diacovo et al., 1996; Schmits et al.,
1996; Lu et al., 1997; Ding et al., 1999; Thorlacius et al., 2000;
Dunne et al., 2002). Moreover, the current complex and
controversial data regarding the role of individual f,-integrins
in leukocyte—endothelial cell interactions might be attributed
to the use of individual monoclonal antibodies recognizing
different epitopes, as well as to the use of either complete
antibodies or Fab fragments. For example, two -early
studies reported that administration of an Ab against Mac-1
reduces leukocyte accumulation induced by endotoxins
in the liver, whereas an Ab against LFA-1 was ineffective
(Jaeschke et al., 1991; Morisaki et al., 1991). In contrast,
Tanaka et al. (1993) observed that immunoneutralization of
LFA-1 protected against hepatic damage in endotoxemic
mice, and Jaeschke et al. (1996) reported that inhibition of
Mac-1 had no effect on endotoxin-induced infiltration
of leukocytes in the liver. The reason for these discrepant
findings is not known at present. Besides inhibiting
antibodies, the role of adhesion molecules may be investigated
by the use of gene-targeted mice. In fact, using LFA-1-
deficient mice, we and others have recently found that
LFA-1 plays an important role in supporting firm leukocyte
adhesion in striated muscle (Thorlacius et al., 2000; Dunne
et al., 2002), the peritoneal cavity (Schmits er al., 1996; Lu
et al., 1997) and the colon (Riaz et al., 2002). Nonetheless, the
importance of LFA-1 for leukocyte—endothelium interactions
and the relationship between leukocyte response, cellular
injury and apoptosis in the liver remains controversial and
elusive.

Statins are mainly used to decrease cholesterol levels, but
there is a growing body of data ascribing anti-inflammatory
properties to the statins. Some of these anti-inflammatory
effects of statins are related to the inhibition of 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductase (Kwak
et al., 2000; Romano et al., 2000), whereas others are
independent of blocking HMG-CoA reductase activity
(Weitz-Schmidt et al., 2001). One important contribution
was made by Kallen ez al. (1999), showing that lovostatin
blocked the interaction between LFA-1 and ICAM-1 in vitro.
Based on these findings and the crystal structure of the
complex formed by LFA-1 and lovostatin, a new class of
synthetic inhibitors of LFA-1 have been generated (Weitz-
Schmidt et al., 2001; Welzenbach et al., 2002). One of these is
LFA703, which inhibits LFA-1 by binding to a novel
regulatory integrin site (L-site) of the I-domain distant to the
metal-ion-dependent adhesion site (MIDAS) and, thus,
inhibits LFA-1 function in an allosteric manner (Weitz-
Schmidt et al., 2001; Welzenbach et al., 2002). A recent study
showed that LFA703 was capable of inhibiting LFA-1-
mediated leukocyte adhesion in colonic ischemia—reperfusion
(Wan et al., 2003); however, the potential effects of LFA-703
on endotoxin-induced leukocyte—endothelium interactions and
liver injury are not known.

Based on these considerations, we hypothesized that LFA-1
may mediate endotoxin-associated leukocyte—endothelium
interactions in the liver. This was investigated by means of
blocking antibodies, gene-targeted mice and LFA703. Another
aim of this study was to determine the pathophysiological role
of LFA-1 in the development of microvascular perfusion
failure, hepatocellular injury and apoptosis in endotoxemic
mice. For this purpose, we used intravital microscopy to

visualize leukocyte—endothelium interactions in the liver
microcirculation in response to endotoxin challenge.

Methods

Animals

Adult male C57/Bl6 and CDlla gene-targeted (LFA-1-
deficient) mice (a gift from Dr Tak Mak, Department of
Immunology, University of Toronto, Canada) weighing 23—
27 g were kept on a 12-12 h light-dark cycle, with free access to
food and tap water. Animals were anaesthetized by intraper-
itoneal (i.p.) administration of 7.5 mg ketamine hydrochloride
and 2.5mg xylazine per 100 mg body weight. The right jugular
vein was cannulated with a polyethylene catheter for
intravenous (i.v.) administration of test substances, fluorescent
dyes and additional anesthesia. The local ethics committee
approved all the experiments of this study.

Experimental protocol

At 6h prior to surgery and intravital observation, mice were
pretreated with phosphate-buffered saline (PBS, 0.2 ml), anti-
LFA-1 Ab (M17/4.4.11.9, 100 ug per mouse) or a control Ab
(9-A2, 100 ug per mouse) dissolved in 0.2ml PBS, i.v., by
injection into a lateral tail vein, immediately followed by i.p.
administration of 0.25ml PBS (control animals), or a
combination of lipopolysaccharide (LPS; 10 ug per mouse)
D-galactosamine (Gal; 18 mg per mouse) dissolved in PBS to a
total volume of 0.25 ml. In separate experiments, LFA703 (0.3,
3 and 30mgkg™') was dissolved in a vehicle (ethanol/
CremophorEL), diluted 1:3 in PBS, and was administered
1.p. 2h prior to LPS/Gal. A control group of animals received
the vehicle (vehicle control).

Surgical procedure

In the anesthetized animals, a transverse subcostal incision was
performed and the ligamentous attachments from the liver to
the diaphragm and the abdominal wall were gently released.
The animals were positioned on their left side and the left liver
lobe was carefully exteriorized onto an adjustable stage for
analysis of hepatic microcirculation by intravital fluorescence
microscopy. The liver surface was covered with a circular glass
to avoid tissue drying and exposure to ambient oxygen. An
equilibration period of Smin was allowed before starting
microscopical observation. After intravital observations,
animals were killed by exsanguination, and blood drawn from
the heart was immediately centrifuged and used for analysis of
plasma enzyme markers of hepatocellular injury (alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST)), wusing standard spectrophotometric procedures.
Briefly, 30ul of blood was applied onto reagent strips
(Reflotron® Test Strip, Roche Diagnostics Scandinavia AB,
Bromma, Sweden) designed for the specific quantitative
determination of ALT and AST. These strips incorporate a
plasma-separating system, which makes it possible to use
whole blood. Systemic leukocyte counts, including polymor-
phonuclear leukocytes (PMNL) and mononuclear leukocytes
(MNL), were determined using a hematocytometer.
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Intravital microscopy

For observations of the liver microcirculation, we used a
modified Olympus microscope (BX50WI, Olympus Optical
Co. GmbH, Hamburg, Germany) equipped with different
water immersion lenses (x40 NA 0.75/x 63 NA 0.9). The
image was televised (Sony Trinitron) using a charge-coupled
device video camera (FK 6990 Cohu, Pieper GmbH, Schwerte,
Germany) and recorded on videotape (Panasonic SVT-S3000
S-VHS recorder) for subsequent off-line evaluation. Blood
perfusion within individual microvessels was studied after
contrast enhancement by FITC-dextran (0.1ml, 0.1 mgml™!,
molecular weight 150,000). In vivo labeling of leukocytes with
rhodamine-6G (0.1ml, 0.05mgml~') enabled quantitative
analysis of leukocyte flow behavior in both sinusoids and
postsinusoidal venules. Quantification of microcirculatory
parameters was performed off-line by frame-to-frame analysis
of the videotaped images. Five postsinusoidal venules with
connecting sinusoids were evaluated in each animal. Micro-
circulatory analysis included determination of the number of
perfused sinusoids, given as a percentage of the total number of
sinusoids observed (i.e. sinusoidal perfusion). Within postsinu-
soidal venules, leukocyte rolling was measured by counting the
number of cells rolling in each venule during 30s, and is ex-
pressed as cellsmin~'. Leukocyte rolling velocity was deter-
mined by calculating the velocity of 10 leukocytes rolling along
the endothelial cell lining, and is given as ums~'. Leukocyte
adhesion was measured by counting the number of cells that
adhered along the venular endothelium and remained stationary
during the observation period of 30s, and is expressed as
cellsmm™! venule length. The diameter of the venules was not
different between the experimental groups. Blood flow velocities
were measured using Caplmage software (Zeintl, Heidelberg,
Germany). The velocity was determined as a mean value from
8-10 measurements per venule. Venular wall shear rate was
calculated based on the Newtonian definition: Wall shear
rate = 8(red blood cell velocity x venular diameter™?).

Hepatocyte apoptosis was measured in the same micro-
scopic setup as above. For this purpose, the fluorochrome
Hoechst 33342 (Hoechst, 0.02ml, 0.2 ugml™") was topically
applied onto the liver surface for staining of hepatocyte DNA.
Hoechst is a fluorescent dye that has been widely used for
analysis of nuclear morphology (Kroemer et al., 1995), for
example, nuclear condensation and fragmentation in cultured
hepatocytes and endothelial cells (Rauen et al, 1999). In
separate experiments, we have observed a strong correlation
between caspase-3 and the levels of apoptosis determined by
Hoechst staining in the liver (Klintman et al., 2003). After
exsanguination and 10min of incubation, six microscopical
fields (using a x 63 lens) were recorded for oft-line quantifica-
tion of hepatocyte nuclei showing signs of apoptosis (chroma-
tin condensation and fragmentation). Hepatocyte apoptosis is
given as the percentage of the number of hepatocyte nuclei
showing apoptotic features from the total number of
hepatocyte nuclei observed. The results of this method
correlate well with measurements of caspase-3 protease activity
(Klintman et al., 2003).

Materials

FITC-dextran, Gal, LPS from E. coli, and rhodamine-6G were
purchased from Sigma Chemical Co., St Louis, MO, U.S.A.

Ketamine hydrochloride was from Hoffman-La Roche, Basel,
Switzerland. Xylazine was from Janssen Pharmaceutica,
Beerse, Belgium. The hybridoma cell line for the production
of the monoclonal Ab directed against mouse LFA-1 (M17/
4.4.11.9, rat IgG) was obtained from American Type Culture
Collection, Rockville, MD, U.S.A., and the control Ab (9-A2,
rat IgG) was from Bio-Express, West Lebanon, NH, U.S.A.
Hoechst 33342 was purchased from Molecular Probes, Leiden,
the Netherlands. LFA703 was from Novartis Pharma AG,
Basel, Switzerland.

Statistical analyses

Data are presented as mean values + s.e.m. Statistical evalua-
tions were performed using Kruskal-Wallis one-way analysis
of variance on ranks, followed by multiple comparisons vs the
control group (Dunn’s method). P<0.05 was considered
significant and n represents the number of animals.

Results
LFA-1 mediates leukocyte adhesion in the liver

The number of rolling and adherent leukocytes was
3.0+0.3cellsmin™' and 1.6+0.3cellsmm™', respectively, in
PBS-treated control animals (Figure la,b, n=135). Challenge
with the combination of LPS and Gal for 6h markedly
increased the leukocyte responses in the postsinusoidal
venules. In fact, challenge with LPS/Gal increased venular
leukocyte rolling by four-fold, that is, to 10.6+3.7 cellsmin™"
(Figure 1a, P<0.05 vs PBS, n=5-8). Moreover, this treatment
enhanced firm leukocyte adhesion in venules by 11-fold, i.e. to
17.4+42.7 cellsmm™" (Figure 1b, P<0.05 vs PBS, n=5-8). In
LFA-1-deficient mice, LPS-induced leukocyte rolling was
24.443.5cellsmin~! (Figure la, n=7). We observed that the
number of adherent leukocytes was 9.1+ 1.1 cellsmm ™" in mice
lacking LFA-1 (Figure 1b, P<0.05 vs wild types, n=7) in
response to endotoxin challenge, corresponding to a 48%
reduction. Interestingly, LFA-I-deficient mice actually had
higher total leukocyte counts than wild-type mice (Table 1,
P<0.05 vs wild types). Notably, leukocyte rolling velocity was
found to be 18.6+3.6 um s~ in wild-type mice, whereas rolling
velocity was 50.5+7.6ums™', that is, more than two-fold
higher, in LFA-1-deficient mice (P<0.05 vs wild types).

Next, we evaluated the effect of immunoneutralization of
LFA-1 on leukocyte—endothelium interactions in wild-type
animals. We found that leukocyte rolling and adhesion was
8.4+ 1.0cellsmin™' and 19.642.7cellsmm™', respectively, in
control Ab-treated endotoxemic mice (Figure 1a,b, n=15). The
pretreatment with the Ab directed against LFA-1 significantly
reduced LPS/Gal-induced leukocyte adhesion by 55%, that is,
down to 8.9+ 1.8cellsmm™' (Figure 1b, P<0.05 vs control
Ab, n=15), whereas the number of rolling leukocytes was not
changed (Figure la, P>0.05 vs control Ab, n=>5).

Microvascular perfusion and blood flow velocity

LPS induced a hepatic damage that markedly reduced
sinusoidal perfusion from 96.3+0.8 to 75.4+1.4% (Figure 2,
P<0.05 vs control, n=5-8). In both LFA-1-deficient and in
wild-type mice receiving the Ab directed against LFA-1, it was
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Figure 1 Leukocyte (a) rolling and (b) firm adhesion in hepatic
postsinusoidal venules 6h after treatment with a combination of
LPS (10 ug) and Gal (18 mg) in wild-type (WT) or LFA-1-deficient
mice (—/—). Negative control animals received PBS. Animals were
pretreated with a monoclonal Ab against LFA-1 (M17/4.4.11.9,
100 ug per mouse) and a control Ab (9-A2, 100 ug per mouse) or
PBS. Data represent means+s.e.m. and n=5-8. #P<0.05 vs LPS-
treated wild-type mice and * P<0.05 vs control Ab.

found that this endotoxin-mediated sinusoidal perfusion was
significantly improved (Figure 2, P<0.05 vs LPS/Gal, n=5-8).
Microvascular blood flow velocity and wall shear rate were
significantly reduced in endotoxemic mice, and inhibition of
LFA-1 function did not alter these changes (Table 2, P>0.05 vs
LPS/Gal, n=5-3).

Inhibition of LFA-1 protects against hepatic damage in
endotoxemia

Administration of LPS/Gal provoked an extensive damage to
the liver, demonstrated by the increase in liver enzymes and
apoptosis (Figures 3 and 4). It was found that ALT and AST
were increased by 15- and 5-fold, respectively (Figure 3).
Interestingly, LFA-1-deficient mice were protected against the
increase in liver enzymes induced by LPS/Gal, that is, ALT
was reduced by 90% (from 33.7+6.3 to 3.5+ 1.2 uKat1™') and
AST by 69% (from 35.949.2 to 11.24+3.4 uKatl™") (Figure

Table 1 Systemic leukocyte counts

MNL PMNL Total
Control 24404 0.7+0.1 3.1+04
PBS+ LPS/Gal 31404 1.6+02 48+0.6
LFA-1—/—+LPS/Gal 45415 1.7403 6.2+1.6
Control ab+ LPS/Gal 3.0+04 12404 42406
Anti-LFA-1 ab+LPS/Gal 4.6+1.0 1.0+02 56+1.2

Leukocytes were counted in a hematocytometer and defined
as mononuclear (MNL) or polymorphonuclear (PMNL).
Animals received a combination of LPS (10pg) and D-
galactosamine (Gal, 18 mg) in wild-type or LFA-1-deficient
mice (—/—). Negative control animals received PBS (Control).
Animals were pretreated with a monoclonal antibody against
LFA-1 (M17/4.4.11.9, 100 ug per mouse) and a control
antibody (9-A2, 100 ug per mouse) or PBS. Data represent
means+s.e.m., and n=5-8.
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Figure 2 Sinusoidal perfusion in the murine liver 6h after
treatment with a combination of LPS (10 ug) and Gal (18 mg) in
wild-type (WT) or LFA-1-deficient mice (—/—). Negative control
animals received PBS. Animals were pretreated with a monoclonal
Ab against LFA-1 (M17/4.4.11.9, 100 ug per mouse) and a control
Ab (9A-2, 100 ug per mouse) or PBS. Sinusoidal perfusion is given
as the percentage of observed sinusoids with functional perfusion.
Data represent means+s.e.m. and n=5-8. P <0.05 vs LPS-treated
wild-type mice and *P<0.05 vs control Ab.

3a,b, P<0.05 vs wild types, n="7-15). Similarly, pretreatment
with the anti-LFA-1 Ab markedly reduced liver enzymes
compared to administration of the control Ab in endotoxemic
mice, that is, ALT was significantly reduced by 65% (from
20.54+5.5 to 7.2+3.2uKatl™") and AST by 66% (from
24.8+79 to 8.4+4+23uKatl™") (Figure 3a,b, P<0.05 vs
control Ab, n=>5).

Hepatocyte apoptosis is a key feature in liver endotoxemia.
Herein, we evaluated apoptosis using the DNA-binding
fluorescent dye Hoechst 33342, which stains the nuclei of
hepatocytes and permits quantification of the percentage of
cells with nuclear condensation and fragmentation. Indeed, we
found that the percentage of apoptotic hepatocytes increased
to 52.7+4.2%, that is, by 10-fold, in animals treated with LPS
(Figure 4, P<0.05 vs control, n=5-8). Interestingly, this
increase in apoptosis was reduced by 64% in LFA-1-deficient
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Table 2 Hemodynamics

Diameter  Blood flow — Wall shear
(um) velocity rate (s7")
(mms~")
Control 27.44+1.2 1.9+0.3 355+62
LFA-1—-/—+PBS 29.0+2.5 1.6+0.2 261+27
PBS + LPS/Gal 29.1+2.5 0.7£0.1% 125+20*
LFA-1—/—+LPS/Gal 322414  0.8+0.1%* 1344+ 19%
Control ab + LPS/Gal 31.6+2.0 0.8+0.1* 1254+ 6*
Anti-LFA-1 ab+LPS/Gal 31.5+24 0940.1*% 151+12%

Blood flow velocities were measured off-line by frame-to-
frame analysis of the videotaped images using Caplmage
software. LPS (10 ug) and D-galactosamine (Gal, 18 mg) or
PBS alone were administered to wild-type or LFA-1-deficient
mice (—/—). Negative control animals received PBS (Control).
Wild-type animals were pretreated with a monoclonal anti-
body against LFA-1 (anti-LFA-1, M17/4.4.11.9, 100 ug per
mouse), a control antibody (9-A2, 100 ug per mouse) or PBS.
Data represent means+s.e.m. and n=5-8. *P<0.05 vs
PBS + LPS/Gal.
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Figure 3 Liver enzymes 6 h after treatment with a combination of
LPS (10 ug) and Gal (18 mg) in wild-type (WT) or LFA-1-deficient
mice (—/—). Negative control animals received PBS. Animals were
pretreated with a monoclonal Ab against LFA-1 (M17/4.4.11.9,
100 ug per mouse) and a control Ab (9-A2, 100 ug per mouse) or
PBS. The levels of: (a) ALT and (b) AST were determined
spectrophotometrically. Data represent mean+s.e.m. and n=5-8.
#P<0.05 vs LPS-treated wild-type mice and * P <0.05 vs control Ab.
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Figure 4 Apoptosis of hepatocytes 6h after treatment with a
combination of LPS (10 ug) and Gal (18 mg) in wild-type (WT) or
LFA-1-deficient mice (—/—). Negative control animals received PBS.
Animals were pretreated with a monoclonal Ab against LFA-1
(M17/4.4.11.9, 100 pug per mouse) and a control Ab (9-A2, 100 ug per
mouse) or PBS. Hepatocyte apoptosis is given as the percentage of
observed hepatocyte nuclei with morphological signs of apoptosis,
that is, chromatin condensation and fragmentation, after adminis-
tration of the fluorochrome Hoechst 33342. Data represent means+
sem. and n=5-38. *P<0.05 vs LPS-treated wild-type mice and
*P<0.05 vs control Ab.

animals (Figure 4, P<0.05 vs wild types, n=7-8). Moreover,
pretreatment with the Ab directed against LFA-1 significantly
decreased the percentage of apoptotic hepatocytes by 42%,
that is, down to 24.1+1.9% from 41.94+2.1% in control Ab-
treated mice (Figure 4, P<0.05 vs control Ab, n=>5).

LFA703 protects against endotoxemic liver injury

We found that administration of LFA703 dose-dependently
reduced endotoxin-induced leukocyte adhesion in the liver
(Table 3). For example, 3mgkg™' of LFA703 significantly
reduced leukocyte adhesion by more than 56% (Table 3,
P<0.05 vs vehicle, n=5-12). On the other hand, leukocyte
rolling was insensitive to LFA703 treatment in endotoxemic
mice (data not shown). Moreover, LFA703 improved the
microvascular perfusion in the liver of endotoxin-exposed mice
(Table 3). Indeed, we found that LFA703 significantly
protected against septic liver injury. At 3mgkg™! of
LFA703, the LPS-induced increases in ALT and AST were
reduced by 72 and 68%, respectively (Table 3, P<0.05 vs
vehicle, n=5-12). Notably, endotoxin-induced apoptosis was
decreased by 64% in animals receiving 3mgkg~' of LFA703
(Table 3, P<0.05 vs vehicle, n=5-12). Administration of
LFA703 had no significant effect on systemic leukocyte counts
or on blood flow velocities in the liver (data not shown).

Discussion

This study documents a key role of LFA-1 in supporting firm
adhesion in the liver during endotoxemia. Moreover, we
provide evidence showing that inhibition of LFA-1 function
markedly abrogates septic liver damage. These findings suggest
an important link between LFA-l-mediated leukocyte
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Table 3 Effect of LFA 703 on endotoxin-induced leukocyte recruitment and liver injury

Leukocyte adhesion Sinusoidal ALT (uKatl™) AST Apoptosis (%)
(cellsmm™") perfusion (%) (uKatl™")
Control 1.6+0.9 95+1 1.9+0.3 7.0+1.6 5.2+40.6
Vehicle + LPS/Gal 16.3+2.9% 76.6+1.6% 31.8+4.4% 37.6+5.5% 44.74+6.2%
0.3+ LPS/Gal 11.44+2.0 80.0+2.9 35.449.6 26.74+6.0 38.4+4.6
3+LPS/Gal 7.6+1.2*% 90.94+0.7* 9.9+4.0% 11.64+2.2% 18.94+0.9*
30+ LPS/Gal 5.6+0.9* 89.6+0.7* 10.14+2.8%* 14.6+3.0% 23.94+1.6*

Wild-type mice received a combination of LPS (10 ug) and D-galactosamine (Gal, 18 mg). Negative control animals received PBS (control)
and positive controls received LFA703 vehicle (Vehicle). Animals were pretreated for 2h with LFA 703 (0.3, 3 and 30mgkg ™', i.p., n=6—
12). The number of adherent leukocytes was determined in postsinusoidal venules, using intravital fluorescence microscopy. Sinusoidal
perfusion is given as the percentage of observed sinusoids with functional perfusion. The levels of ALT and AST were determined
spectrophotometrically. Hepatocyte apoptosis is given as the percentage of observed hepatocyte nuclei with morphological signs of
apoptosis, that is, chromatin condensation and fragmentation, after administration of the fluorochrome Hoechst 33342. Data represent
means+s.e.m. and n=5-12. #P<0.05 vs control and *P <0.05 vs vehicle + LPS/Gal.

adhesion on one hand and hepatocellular injury, apoptosis and
sinusoidal perfusion failure on the other hand. Thus, these
findings suggest that LFA-1 may not only mediate firm
adhesion of leukocytes, but also constitute a potential target in
the development of specific therapies directed against patho-
logical inflammation in the liver.

Leukocyte accumulation is a hallmark of endotoxin-induced
liver injury (Holman & Saba, 1988; Jaeschke et al., 1991;
Klintman et al., 2002). We have recently shown that leukocyte
rolling is a selectin-dependent event (Klintman et al., 2002),
predominately mediated by P-selectin in the liver in response
to endotoxemia (Klintman et al., 2003). Moreover, we have
reported that CD18 supports firm leukocyte adhesion in
hepatic venules (Klintman ez al., 2002). However, the
individual role of f5,-integrins (CD11a—d/CD18) in endotoxin-
induced leukocyte—endothelium interactions and liver injury is
controversial. In the present study, we observed that im-
munoneutralization of LFA-1 (CD11a/CD18) markedly re-
duced (55%) leukocyte adhesion in postsinusoidal venules of
endotoxemic mice. Moreover, it was found that endotoxin-
induced leukocyte adhesion was also reduced by 48% in LFA-
1-deficient mice. Taken together, these observations strongly
suggest that LFA-1 is an important adhesion molecule
supporting stationary adhesion of leukocytes in postsinusoidal
venules in septic liver injury. This notion is in line with recent
studies suggesting a predominant role of LFA-1 in mediating
firm adhesion of leukocytes in venules of the peritoneum, skin,
striated muscle and colon (Schmits et al., 1996; Lu et al., 1997,
Ding et al., 1999; Thorlacius et al., 2000; Dunne et al., 2002;
Riaz et al., 2002). It should be noted that LFA-1 did not
account for all adhesion of leukocytes in postsinusoidal
venules. It is possible that Mac-1 (CD11b/CD18) may account
for the residual LFA-1-independent leukocyte adhesion.
Alternatively, a previous study reported that leukocytes use
oy-integrins for adhesion in hepatic venules (Fox-Robichaud &
Kubes, 2000), and a recent report suggested that blocking
VCAM-1 may protect against neutrophil-mediated septic liver
injury (Essani et al., 1997). Thus, it is also possible that such an
o4-VCAM-1-mediated pathway may support the residual level
of leukocyte adhesion remaining after inhibition of LFA-1.

It is to be noted that we observed a significantly higher
number of rolling leukocytes in LFA-I-deficient mice,
compared to wild-type mice. This may partly be attributable
to the higher leukocyte rolling velocity observed in mice
lacking LFA-1 compared to LFA-1-expressing animals. This
finding may at first glance appear surprising. However, in light

of two recent studies demonstrating an important role of LFA-
1 in reducing leukocyte rolling velocity in venules of the mouse
mesentery (Ding et al., 1999), and cremaster muscle (Dunne
et al., 2002), it may be suggested that LFA-1 also controls
rolling velocity in postsinusoidal venules of the liver. In this
context, it should be mentioned that ICAM-1, which is one
ligand for LFA-1, has been implicated in supporting leukocyte
rolling in venules of both the mouse cremaster muscle and the
rat liver (Vollmar et al., 1995; Kunkel et al., 1996).
Furthermore, as seen in Table 1, total systemic leukocyte
counts were elevated in LPS/Gal-challenged LFA-1-deficient
mice, which may add to the findings that leukocyte rolling is
increased in these mice.

The previous literature is complex and partly contradictory
with respect to the role of individual f,-integrins in leukocyte
adhesion, and the importance of LFA-1 and Mac-1 appears to
vary depending on the type of inflammatory stimulus and
experimental model (Argenbright er al., 1991; Issekutz &
Issekutz, 1992; Tanaka et al., 1993; Rutter et al., 1994;
Diacovo et al., 1996; Kunkel er al., 1996; Schmits et al.,
1996; Lu et al., 1997; Ding et al., 1999; Thorlacius et al., 2000;
Dunne et al., 2002; Riaz et al., 2002). These discrepancies
cannot be resolved at present, but may be related to the use of
different Ab preparations (e.g. Fab fragments or complete
antibodies) and/or antibodies recognizing different epitopes,
considering that the potential shortcomings of evaluating the
in vivo function of an adhesion molecule with inhibitory
antibodies include the possibility that different antibodies can
have additional effects, such as immune-mediated damage or
elimination of circulating cells on which the target antigen is
expressed. Moreover, it has been reported that the effective-
ness of a specific Ab may be completely dependent on the type
of mouse strain used (Ramos et al., 1997). Another approach
to investigate the role of specific adhesion molecules in
leukocyte recruitment is the use of gene-targeted mice. In fact,
genetic manipulation of vascular adhesion molecules in mice
has greatly contributed to the understanding of the molecular
mechanisms regulating leukocyte—endothelium interactions
(Ley et al., 1995; Frenette et al., 1996; Kunkel et al., 1996;
Schmits et al., 1996; Lu et al., 1997; Ding et al., 1999;
Thorlacius et al., 2000; Dunne et al., 2002; Gironella et al.,
2002; Riaz et al., 2002). On the other hand, potential
drawbacks using gene-targeted mice include the genetic
compensation that has been increasingly recognized in recent
years. For example, it has been observed that P-selectin-
deficient mice have a compensatory upregulation of VCAM-1
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and ICAM-1 (Gironella et al., 2002). Thus, one powerful
impact of our present study is that we demonstrate that LFA-1
is a key molecule in mediating leukocyte adhesion and hepatic
damage by using both immunoneutralization and gene-
targeted mice.

Tissue recruitment of leukocytes is a key component in
immune surveillance and host defense reactions (Carlos &
Harlan, 1994; Springer, 1994). However, under various
circumstances, the activation and infiltration of leukocytes
result in tissue damage in certain diseases, including ischemia—
reperfusion injury, graft rejection and endotoxemia. Herein,
we observed that both immunoneutralization and gene
deletion of LFA-1 reduced hepatocellular injury by more than
64-90% and apoptosis by more than 42-64%, suggesting that
LFA-1-mediated leukocyte adhesion constitutes a fundamen-
tal role in septic liver injury. This notion is in line with a
previous study showing that administration of a monoclonal
Ab against LFA-1 protects against liver injury in a model
based on Propionibacterium and endotoxin (Tanaka et al.,
1993). Indeed, a key role of leukocytes has previously been
forwarded by Hewett er al. (1993), demonstrating that
neutrophil depletion markedly attenuates LPS-provoked liver
injury.

Numerous studies have shown that statins exert potent anti-
inflammatory effects besides reducing cholesterol levels. The
anti-inflammatory effects of statins have been ascribed to both
HMG-CoA reductase-dependent and independent mechan-
isms. Weitz-Schmidt er al. (2001) have developed a statin-
based inhibitor, LFA703, that effectively and specifically
inhibits the function of LFA-1 and lacks activity on HMG-
CoA reductase. We wanted to evaluate the potential effect of
LFA703 on endotoxemic liver injury and, at the same time,
this compound would provide a third way, besides the use of
gene-deficient mice and blocking antibodies, to determine the
role of LFA-1 in endotoxin-induced leukocyte adhesion in the
liver. Herein, we found that LFA703 dose-dependently
decreased adhesion of leukocytes to the venular endothelium
in the liver, suggesting that LFA703 is an effective inhibitor of
LFA-1-dependent interactions in vivo. This notion is also
corroborated by a recent study showing that LFA703 inhibits
reperfusion-induced leukocyte adhesion in colonic ischemia—
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