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Hepatic stellate cells (HSC), a pericyte-like nonparen-
chymal liver cell population, are regarded as the prin-
cipal matrix-synthesizing cells of fibrotic liver. They
might also play a role during liver inflammation. The
present study analyzed (i) expression of cell adhesion
molecules (CAMs) mediating cell infiltration, like in-
tercellular adhesion molecule-1 (I-CAM-1) and vascu-
lar cell adhesion molecule-1 (V-CAM-1), by HSC, (ii)
CAM regulation in HSC by growth factors and inflam-
matory cytokines, and (iii) CAM expression in situ
during liver inflammation, using immunochemistry
and Northern blot analysis. I-CAM-1 and V-CAM-1 ex-
pression was present in HSC in vitro and in cells
located in the sinusoidal/perisinusoidal area of nor-
mal liver. Growth factors, eg, transforming growth
factor-f31, down-regulated I-CAM-1- and V-CAM-1-cod-
ing mRNAs and stimulated N-CAM expression of HSC.
In contrast, inflammatory cytokines like tumor ne-
crosis factor-a reduced N-CAM-coding mRNAs,
whereas induction of I-CAM-1- and V-CAM-1-specific
transcripts increased severalfold. I'n situ , messengers
specific for I-CAM-1 and V-CAM-1 were induced 3
hours after CCl, treatment (thereby preceding mono-
nuclear cell infiltration starting at 12 hours), were
expressed at maximal levels 9-12 hours after CCl,
application, and decreased afterwards. I-CAM-1 and
V-CAM-1 immunoreactivity increased in a linear fash-
ion starting 3 hours after CCl,-induced liver injury,
was detected in highest amounts at 24—48 hours char-
acterized by maximal cell infiltration, and returned to
baseline values at 96 hours. Interestingly, the induc-
tion/repression of CAM-specific messengers paral-
leled the time kinetics of tumor necrosis factor-o/

transforming growth factor-B1 expression in injured
liver. HSC might be important during the onset of
hepatic tissue injury as proinflammatory elements
and might interact with I-CAM-1 and V-CAM-1 ligand-
bearing cells, namely lymphocyte function-associated
antigen-1- or Mac-1/very late activation antigen-4-pos-
itive inflammatory cells, thereby modulating the re-
cruitment and migration of mononuclear cells within
the perisinusoidal space of diseased livers. (Am J
Patbol 1999, 154:153-167)

Hepatic tissue repair reactions in response to liver injury
are characterized by infiltration of the parenchyma by
inflammatory cells, principally lymphocytes, granulo-
cytes, and monocytes/macrophages. Infiltration is a mul-
tistep process comprising the so-called rolling followed
by sticking of blood cells to the endothelial layer and
transmigration through the hepatic endothelial lining into
the tissue.’ The recruitment of specific leukocyte pop-
ulations is mediated by chemokines and by the interac-
tion of adhesion molecules on inflammatory cells and on
endothelial cells on the other side.' Recently some of
the basic mechanisms responsible for the transmigration
of leukocytes through the hepatic endothelial lining have
been elucidated; however, the further migration and re-
sulting accumulation of inflammatory cells in areas of liver
damage are poorly characterized.*®

Hepatic stellate cells (HSC), also designated as Ito
cells, fat storing cells, or lipocytes, play a major role in
vitamin A metabolism and are presently regarded as the
principal cell type responsible for matrix accumulation
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during liver repair reactions including fibrosis.®~® HSC
are situated in the space of Disse between the sinusoidal
endothelium and hepatocytes and exhibit long cytoplas-
mic processes that underlie the endothelium and em-
brace the sinusoid but also have contact with hepato-
cytes. Because HSC reflect the cell population
immediately contacting transmigrated leukocytes on one
side and hepatocytes on the other side, they could play a
role in the recruitment of inflammatory cells into the liver
parenchyma and subsequently in their targeting to dam-
aged hepatocytes.

To address this question, the present study analyzed
HSC with respect to the expression of cell adhesion
molecules and their regulation by mediators involved in
hepatic tissue repair reactions. Among cell adhesion mol-
ecules (CAMs) the report concentrates on intercellular
cell adhesion molecule-1 (I-CAM-1) and vascular cell
adhesion molecule-1 (V-CAM-1), because the I-CAM/
lymphocyte function associated antigen (LFA)-1 and V-
CAM/very late activation antigen (VLA)-4 adhesion path-
ways have been described as fundamental for leukocyte
recruitment at sites of inflammation.’2°'° In addition,
the regulation of neural cell adhesion molecule (N-CAM,
also termed CD56) was analyzed because N-CAM,
known to be expressed by HSC following activation,
might be involved in the migration of CD56-positive lym-
phocytes or HSC and in the termination of HSC prolifer-
ation induced by tissue injury.’" 12

Basic features of the response of HSC to hepatic tissue
injury are phenotypical and functional changes, a pro-
cess called activation.®~® Activation includes HSC prolif-
eration, transforming star-shaped cells rich in vitamin A to
vitamin A-deficient cells of myofibroblast-like appearance
(activated HSC) displaying contractile properties. Fur-
thermore, activation is characterized by differential gene
expression of connective tissue components, matrix-de-
grading enzymes, and their inhibitors, resulting in matrix
accumulation colocalized with activated HSC. Interest-
ingly, this in vivo activation process strongly resembles
the morphological and functional changes observed in
HSC during primary culture. Therefore HSC in vitro are
commonly used as a model to study the role of these cells
during hepatic tissue repair, which additionally offers the
unique opportunity to study the functional role of these
cells at different activation steps reflecting different
phases of tissue injury. Because the potential involve-
ment of HSC in leukocyte recruitment might be affected
by their differentiation stage, the expression and regula-
tion of CAMs was studied in HSC in vitro at different steps
of activation.

To clarify whether the data obtained from former in vitro
studies are relevant to in vivo conditions, expression of
I-CAM-1 and V-CAM-1 was analyzed in the carbon tetra-
chloride (CCl,) in vivo model for acute liver damage ac-
companied by hepatic inflammation. Using this model,
the time kinetics and tissue distribution of CAM expres-
sion, the infiltration of mononuclear cells, and the expres-
sion of cytokines, identified by the in vitro studies as
strong inducers or repressors of CAM in HSC, were an-
alyzed.

Materials and Methods

Animals

Wistar rats were provided by Charles River (Sulzfeld,
Germany) and received humane care in compliance with
the institution’s guidelines and National Institutes of
Health guidelines.

cDNA Probes

To detect transcripts specific for CAM, polymerase chain
reaction (PCR) generated cDNAs directed against rat
N-CAM, "2 rat I-CAM-1, which mapped to positions 529—
782 of the published sequence,’® and against rat V-
CAM-1, corresponding to positions 352-741 of the pub-
lished sequence,'* were used.

Transforming growth factor (TGF)-B1-specific messen-
gers were detected using a PCR-generated cDNA di-
rected against rat TGF-B, which mapped to positions
763-1063 of the published sequence.'® Furthermore, a
PCR-generated cDNA directed against rat tumor necro-
sis factor (TNF)-a, which mapped to positions 140-509 of
the published sequence,'® was used.

In addition, clone pFH154 coding for human fibronec-
tin' and a cDNA probe specific for human albumin'®
were used. To validate quantitative Northern blot results a
clone carrying the rat glycerylaldehyde-3-phosphod de-
hydropenase (GAPDH) cDNA™® or human B-actin®® were
used. Specificity of PCR products mentioned above was
confirmed by digestion using appropriate restriction en-
zymes and by sequencing of cloned PCR products. PCR
products were cloned using the TA cloning kit (Invitro-
gen, San Diego, CA) and sequenced using the Seque-
nase version 2.0 kit (United States Biochemical, Cleve-
land, OH). Sequence comparison was performed by
Fasta or BestFit alignment programs of the genetics com-
puter group package (Genetics Computer Group, Madi-
son, WI) using standard parameters.?’

Antibodies

Monoclonal antibodies directed against rat -CAM-1 were
obtained from Genzyme (Cambridge, MA) and monoclo-
nal antibodies directed against human V-CAM-1 (clone
51-10C9) from Pharmingen (San Diego, CA). A monoclo-
nal anti N-CAM antibody (clone NCAM-OB11) was ob-
tained from Sigma (Munich, Germany). The mAb against
desmin, the antiserum directed against mouse 1gGs, and
the APAAP complex were from Dako (Copenhagen, Den-
mark). The mAbs directed against the ED1 and ED2
epitopes were from Biermann (Wiesbaden, Germany).
The mAbs against smooth muscle alpha action (SMA)
and antibodies directed against glial fibrillary acidic pro-
tein were from Sigma. The mAb against vimentin was
from Boehringer (Mannheim, Germany)

Mediators

Cytokines were from the following sources and were
tested at the concentrations provided below unless oth-



erwise stated in the legends: TGF-B1, human, natural, 1
ng/ml (Sigma); insulin-like growth factor-1 (IGF-1), hu-
man, natural, 100 nMol (kindly provided by Dr. Marki,
Ciba Geigy, Basel, Switzerland); platelet-derived growth
factor (PDGF) (Sigma), human, natural, 10 ng/ml; epider-
mal growth factor (EGF), human, recombinant, 2.5 ng/ml
(Sigma); hepatocyte growth factor (HGF), human, recom-
binant, 10 ng/ml (Sigma); TNF-«, human, recombinant,
100 U/ml (Genzyme); interferon-vy (IFN), rat, recombinant,
100 U/ml (Genzyme).

Isolation and Cultivation of HSC and Other
Liver Cells

HSC were isolated from rat liver and kept in primary
culture as described previously.'>2272¢ As assessed by
morphology and by the expression of SMA, GFAP, and
N-CAM, HSC were considered fully activated at 7 days of
primary culture and later, whereas cells cultured for 2
days were classified as resting HSC or HSC at an early
stage of activation and cells cultured for 4 days were
judged as transitional cells.'®2327 Purity of freshly iso-
lated cells and cultured cells was assessed as stated
earlier.'222726

To verify that the CAM expression levels detected in
HSC were not derived from other liver cells, hepatocytes,
Kupffer cells, and sinusoidal endothelial cells were
isolated from rat liver and cultivated as described
previously.12'22'24’25'27’29

Cytokine Treatment of HSC

HSC cultured for 2, 4, or 7 days were incubated for 20
hours in 1 ml serum reduced (0.3% fetal calf serum)
culture medium with or without (controls) the mediators,
which were used at the concentrations stated under “me-
diators.” Furthermore, the effects of increasing concen-
trations of TNF-a (1 U/ml, 10 U/ml, 100 U/ml and 1000
U/ml), TGF-B1 (0.1 ng/ml up to 10.0 ng/ml), or IGF-1 (1
nMol up to 100 nMol) were tested. At the end of the
cytokine exposure, cells were processed for RNA extrac-
tion and Northern blot analysis as stated below. Experi-
ments analyzing the regulation of CAM expression by
mediators at the standard concentrations and 20-hour
incubation periods testing HSC cultured for 2, 4, or 7
days were performed at least twice using at least two
different HSC isolations.

Induction of Acute Liver Damage

Rats were given carbon tetrachloride (CCl,)/maize oil
solution (50%, v/v) orally as described earlier.'2:27:28
Control animals were given maize oil only.

Immunohistochemistry and
Immunocytochemistry

Cryostat sections (5 wm) of normal or acutely damaged
liver specimens and cells were fixed in methanol/acetone
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(5 minutes/10 seconds at —20°C) as described earli-
er.'2:27-29 Cells or tissue sections were examined by the
alkaline phosphatase anti-alkaline phosphatase (APAAP)
staining procedure. Cells or tissue sections were incu-
bated with specific primary antibodies for 1 hour at 37°C
and were then covered for 1 hour at 37°C with an anti-
serum directed against mouse IgG followed by incuba-
tion with the APAAP complex. Nonspecific staining was
controlled for by incubation with mouse |g instead of the
specific primary antibody. To compare the tissue distri-
bution patterns of I-CAM-1, V-CAM-1, N-CAM, vimentin,
desmin, GFAP, SMA, and ED1, serially cut tissue sections
were prepared and analyzed.

RNA Extraction and Northern Blot Analysis

Cells were lysed with guanidinum isothiocyanate and
total RNA was extracted as reported.’®2326 For Northern
blot analysis of the basal CAM expression levels, RNA
prepared from four different cell preparations was pooled
to overcome individual differences. The RNA (5 ug total)
was resolved by agarose gel electrophoresis, transferred
to nylon membranes, and hybridized with specific *2P-
labeled cDNA probes. Hybridization was performed for 2
hours at 68°C using the QuickHyb Kit (Stratagene, La
Jolla, CA). Posthybridization washes were performed 2
times for 15 minutes at room temperature and 1 time for
5-15 minutes at 60°C in 2X SSC containing 0.1% sodium
dodecyl! sulfate. Nylon filters were washed, dried, and
exposed to x-ray films at —80°C.

Results

Expression of Cell Adhesion Molecules by HSC
in Vitro

Using cDNAs generated by RT-PCR, I-CAM-1, V-CAM-1,
and (as shown previously'?) N-CAM, coding transcripts
were detected in HSC in vitro (Figure 1A). As reported for
rat I-CAM-13° and human or mouse V-CAM-1,2"32 single
I-CAM-1- and V-CAM-1-specific messengers of 3.0 kb
and 3.2 kb in size were present in HSC from rat liver,
respectively. Hybridization of filters containing RNA sam-
ples derived from hepatocytes, Kupffer cells, and sinu-
soidal endothelial cells of rat liver both directly after iso-
lation and at different stages of primary culture indicated
that the CAM expression of HSC was not derived from
contaminating cells (data not shown).

[-CAM-1 and V-CAM-1 expression was noted both in
freshly isolated HSC and throughout HSC primary culture
representing HSC at different activation stages, namely
resting HSC/HSC at an early stage of activation (2-3 days
after plating), transitional cells (4-5 days after plating),
and fully activated cells (>7 days after plating) (Figure
1A). In contrast, in the same set of experiments N-CAM
was expressed following in vitro activation of HSC as
demonstrated earlier'® (Figure 1A).

Using antibodies directed against rat I-CAM-1 and
human V-CAM-1, a specific immunoreactivity was noted
in HSC (Figure 1B). Already at day 2 of primary culture a
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weak I-CAM-1- and V-CAM-1-specific staining reaction,
distributed in the cytoplasm with some pronouncement
toward the cell surface membrane, was detected in HSC.
At day 7 the CAM-specific staining reaction was localized
predominantly at the cell surface, particularly in areas of
cell-cell contact, and resembled the staining pattern de-
tected in the case of N-CAM."2 Due to the species spec-
ificity of the antibodies used, V-CAM-1-specific staining
reactions were generally weaker compared to I-CAM-1
and might underestimate the amount of V-CAM-1 actually
present in HSC but also within liver tissue (Figure 2). The
latter suggestion is supported by the observation that the
immunodetection of I-CAM-1 testing cells or liver tissue
was considerably stronger using an antibody directed
against rat I-CAM-1 compared to an antibody directed
against human I-CAM-1 used in the initial experiments.

Expression of Cell Adhesion Molecules in
Normal Liver

To study whether HSC in situ also express I-CAM-1 ad
V-CAM-1, serially cut tissue sections were examined by
the APAAP staining method (Figure 2). In normal liver
I-CAM-1- and V-CAM-1-specific staining reactions were
detected in the sinusoidal/perisinusoidal area of the he-
patic parenchyma. In an attempt to assign the CAM
immunoreactivity more precisely, livers were examined
for the presence of desmin, GFAP, SMA, N-CAM, ED1,
and ED2. Desmin and GFAP are known to be present in
resting HSC corresponding to HSC localized in normal
liver,?” whereas SMA and N-CAM become detectable
only in activated HSC present in diseased livers.' In
addition, desmin and SMA are known to be expressed in
myofibroblasts of the blood vessels in the portal field,>27
whereas N-CAM is localized to neural structures.'? The
sinusoidal/perisinusoidal I-CAM-1 and V-CAM-1 staining
reactions showed some colocalization with desmin/
GFAP-positive HSC. However, from these colocalization
studies an I-CAM-1/V-CAM-1 positivity of other sinusoidal
liver cells, like sinusoidal endothelial cells or ED2-positive
Kupffer cells, cannot be excluded.

Regulation of CAM Expression in HSC by
Growth Factors

To study the modulation of CAM expression, HSC at
different steps of activation were exposed to growth fac-
tors (TGF-B1, IGF-1, PDGF, EGF, and HGF), because the
latter cytokines have been shown to be essential during
tissue repair reactions of the liver and other organs and
are known to modulate CAM expression in a variety of cell
culture models.33738 |n general, growth factors (prototype
TGF-B1) down-regulated I-CAM-1, and V-CAM-1 mRNA
steady-state levels and stimulated N-CAM expression
(Figure 3).

As reported,'® N-CAM expression was low at the early
phase of primary culture (2 days after plating, represent-
ing resting HSC or HSC at an early stage of activation)
and was induced during in vitro activation. N-CAM
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Figure 1. Expression of cell adhesion molecules by HSC in vitro. A: Expres-
sion of I-CAM-1, V-CAM-1, and N-CAM as assessed by Northern blot analysis.
Total RNA was purified from HSC at these time points: freshly isolated (0),
day 2 or 3 (2/3), day 4 or 5 (4/5), day 7 (7), and day 9 or 10 (9/10) after
plating. RNA (1.25 ug total) recovered from four different HSC isolations was
pooled and size selected by 1% agarose gel electrophoresis followed by
hybridization using specific cDNA probes. B: Detection of I-CAM-1 and
V-CAM-1 by the APAAP staining method. HSC at days 2 (HSC 2d) and 7 (HSC
7d) after plating were incubated with antibodies directed against CAMs or
mouse immunoglobulins as negative controls. Immunoreactive material was
detected using the APAAP staining method. Scale bars, 66 mm (HSC 2d) and
100 wm (HSC 7d).

steady-state mMRNA levels were induced severalfold by
growth factors like TGF-B1, IGF-1, PDGF, and EGF in
HSC at days 2 and 4. In HSC 7 days after plating, char-
acterized by high N-CAM expression levels, the latter
growth factors were without significant effects, except for
a slight N-CAM up-regulation by IGF-1 (Figure 3). HGF
also stimulated N-CAM expression but this effect was
present mainly in activated HSC and was lower com-
pared to the other growth factors (data not shown).
[I-CAM-1 specific mRNAs were diminished following
exposure of HSC at days 2 and 4 after plating to TGF-1,
IGF-1, EGF, and PDGF. In fully activated HSC (7 days
after plating) only IGF-1 caused an I-CAM-1 down-regu-
lation, whereas most of the other growth factors dis-
played no significant effects on I-CAM-1 expression. In-
terestingly, the regulation of I-CAM-1 expression by
PDGF and HGF was dependent on the HSC activation
status. PDGF diminished I-CAM-1 expression in HSC at 2
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Figure 1. Continued

days after plating, was without major effect in HSC at 4
days of primary culture, and stimulated I-CAM-1 steady
state levels in fully activated HSC. On the other hand,
HGF resulted in significant down-regulation of I-CAM-1
expression only in fully activated cells, whereas in HSC at
days 2 and 4 after plating I-CAM-1 mRNA steady-state
levels were not affected by HGF exposure (data not
shown).

The regulation of V-CAM-1 expression by growth fac-
tors resembled the pattern described for I-CAM-1; how-
ever, a major difference was noted in the case of IGF-1.
Although most of the growth factors (TGF, PDGF, EGF,
and HGF) reduced V-CAM-1 expression levels, IGF-1
induced V-CAM-1-coding mRNAs in HSC at all differen-
tiation stages. With the majority of mediators, down-reg-

ulation of V-CAM-1 was most prominent in transitional
cells (HSC 4 days after cultivation). In HSC 2 days after
plating this effect was detectable only in the case of EGF,
and in fully activated cells following incubation with PDGF
and EGF.

Regulation of CAM Expression in HSC by
TNF-a and IFN-y

Among the inflammatory cytokines TNF-«a appeared to be
the most potent modulator of CAM expression and dis-
played a CAM regulation pattern almost completely op-
posite that of the growth factors analyzed (Figure 4).
TNF-a reduced N-CAM steady-state levels while
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Figure 2. Distribution of I-CAM-1- and V-CAM-1-positive cells in normal rat livers. Serial cut sections of normal rat livers were incubated with antibodies directed

against desmin, GFAP, I-CAM-1, V-CAM-1, ED1, and ED2 or with mouse immunoglobulins used as negative controls (data not shown). Immunoreactive material
was detected using the APAAP staining method. Scale bar, 62 um. Note the portal vein (P), hepatic artery (A), and bile duct (B) present within each section. Arrows

indicate V-CAM-1-positive material.
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Figure 3. Regulation of I-CAM-1, V-CAM-1, and N-CAM expression by growth factors at different stages of HSC primary culture. HSC cultured for 2 days (2d), 4
days (4d), and 7 days (7d) were incubated without (Con) or with TGF-B1, IGF-1, PDGF, or EGF for 20 hours. RNA (5 pg total) was size selected by 1% agarose
gel electrophoresis and filters were then hybridized using a cDNA probe specific for I-CAM-1, V-CAM-1, N-CAM, or GAPDH. In the middle panel (HSC 4d) the
line between EGF and IGF indicates that IGF and the control of the last lane belong to each other. The control of all other samples is loaded in the first lane.
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Figure 4. Regulation of I-CAM-1, V-CAM-1, and N-CAM expression by TNF-a and interferon-vy at different stages of HSC primary culture. HSC cultured for 2 days
(2d), 4 days (4d), and 7 days (7d) were incubated without (Con) or with TNF-a (TNF) or interferon-y (IFN) for 20 hours. RNA (5 pg total) was size selected by
1% agarose gel electrophoresis and filters were then hybridized using a cDNA probe specific for I-CAM-1, V-CAM-1, N-CAM, or GAPDH. In the middle panel (HSC
4d) the line between the samples assigns the controls to the corresponding cytokine-treated cells.

[-CAM-1- and V-CAM-1-specific transcripts were induced
severalfold. TNF-a-mediated effects were present
throughout HSC primary culture. However, due to a low
N-CAM expression level in HSC 2 days after plating, the
reduction of N-CAM coding transcripts by TNF-a was not
apparent at this stage of primary culture (Figure 4). In
general, IFN-vy treatment resulted in CAM induction/dein-
duction kinetics similar to TNF-a. In contrast to TNF-a,
IFN-v stimulated mostly V-CAM-1 expression but stimu-
lated |-CAM-1-specific messengers only in minor
amounts and preferentially in more advanced stages of
HSC activation (Figure 4).

Dose- and Time-dependent Regulation of CAM
Expression by TGF-B1, TNF-«, and IGF-1

Based on the foregoing experiments, TGF-B1, TNF-q,
and IGF-1 were identified as potent modulators of CAM
expression in HSC at different stages of activation. Be-
cause the primary aim of the present study was to clarify
whether HSC are involved in the recruitment of inflamma-
tory cells in the initial phase of liver damage, resting HSC
and HSC at an early stage of activation were analyzed
with respect to the dose dependency of the latter medi-
ators (Figure 5). TNF-a stimulated I-CAM-1 and V-CAM-1
expression at concentrations of 1 U/ml and maximal in-
duction was noted at doses of 100 U/ml (Figure 5). Low
concentrations (0.01 ng/ml) of TGF-B1 were also able to
diminish I-CAM-1 and V-CAM-1 mRNA steady-state lev-
els, which were reduced most efficiently by TGF-g1 at

doses between 1 ng/ml and 10 ng/ml (Figure 5). Further-
more, IGF-1 exhibited its effects in a dose-dependent
manner. A reduction of I-CAM-1 steady state mMRNA lev-
els was noted at a concentration of 1 nMol, being maxi-
mal at 100 nMol, whereas V-CAM-1 induction became
evident at 10 nMol and showed extensive induction at
10-100 nMol concentrations (Figure 5). Control hybrid-
izations using fibronectin-specific cONAs confirmed pre-
vious data in that TGF-B1 and TNF-« induced fibronectin-
specific messengers (Figure 5).2%2° However, compared
to the CAM modulation, expression of fibronectin-coding
mMRNAs was stimulated by the latter cytokines, generally
at higher concentrations starting at 10 U/ml TNF-a and
0.1 ng/ml TGF-B1. IGF-1 was ineffective in stimulating
fibronectin expression, whereas in the same set of exper-
iments an induction of HGF-specific mRNAs was present
as reported previously®® (data not shown).

The time dependency of the mediators’ effect on CAM
expression was also studied. As shown in Figures 3-5,
mediators were active within a 20-hour incubation period.
As evidenced in single experiments (data not shown),
growth factors like TGF-B1 and inflammatory cytokines
like TNF-a and IFN-y were efficient within 8-hour incuba-
tion periods to modulate CAM expression in the cytokine-
specific manner mentioned above. After 8 hours’ incuba-
tion TNF-a and IFN-vy stimulated I-CAM-1 and V-CAM-1
expression, which was diminished by growth factors. The
same was true in the case of N-CAM, which was induced
by TGF-B1 and diminished by TNF-a 8 hours after expo-
sure to the mediators.
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Figure 5. Dose-dependent regulation of CAM expression by TNF-a, TGF-B1, and IGF-1. HSC cultured for 2 days were incubated without cytokines (Con) and with
increasing concentrations of TNF-a (1U/ml, 10 U/ml, 100 U/ml, 1000 U/ml), TGF-B1 (0.01 ng/ml, 0.1 ng/ml, 1 ng/ml, 10 ng/ml), or IGF-1 (1 nMol up to 100 nMol).
RNA (5 ug total) was size selected by 1% agarose gel electrophoresis and filters were then hybridized using specific cDNA probes.

Expression of Cell Adhesion Molecules in
Acutely Injured Livers

From the data presented so far it became evident that
HSC in vitro and presumably in vivo express I-CAM-1 and
V-CAM-1 and that inflammatory cytokines (prototype
TNF-a) induced I-CAM-1 and V-CAM-1 expression,
whereas growth factors (prototype TGF-81) diminished
their steady-state mRNA levels. To gain insights into the
potential in vivo relevance of these findings, the time
kinetics and tissue distribution of CAM expression were
analyzed by Northern blotting (Figure 6A) and immuno-
histochemistry (Figure 6, B and C) during liver inflamma-
tion induced by a single application of CCl,. In parallel,
the steady-state mRNA levels of the important mediators,
namely TGF-B1 and TNF-«, were characterized in this
experimental liver injury model.

The CCl, model of acute liver damage results in mas-
sive hepatocellular necrosis primarily within the pericen-
tral area of the liver acinus. Hepatocellular necrosis is
associated with an expansion of the mononuclear cell
population present in the liver, which results from prolif-
eration of local macrophages (Kupffer cells) and infiltra-
tion with mononuclear phagocytes.*© Liver tissue injury,
necrosis of pericentral hepatocytes, and mononuclear
cell infiltration are maximal at 24-48 hours after CCl,
treatment, followed by a recovery phase due to hepatic
regeneration that results in almost complete restitution of
the liver function.?”2°

By Northern blot analysis (Figure 6A) V-CAM-1 and
I-CAM-1, which were present in amounts close to the
detection limit in normal livers, were severalfold induced

in the early phase of the response. Both CAMs were
up-regulated 3 hours after CCl,-induced liver injury,
reached maximal mRNA steady state levels at 9-12
hours, and progressively diminished afterwards, return-
ing to baseline levels about 72 hours after CCl, applica-
tion. Interestingly, the induction/repression of CAM-spe-
cific messengers paralleled the time kinetics of TNF-a/
TGF-B1 expression in injured liver. TNF-a-specific
messengers 1.6 kb in size*" were also induced at 3 hours
post-CCl, application, showed highest levels at 9-12
hours, and were down-regulated later on, exactly match-
ing the CAM induction kinetics. In contrast, hepatic ex-
pression of TGF-B1-specific transcripts 2.5 kb in size,
which have been shown to repress CAM expression in
HSC in vitro, became elevated at 9 hours and increased
to highest quantities at 2472 hours, matching the CAM
repression profile. In control hybridizations albumin-spe-
cific mRNAs decreased in a time-dependent manner to
lowest levels at 24-48 hours after CCl, administration,
following the course of necrosis. Due to hepatic regener-
ation, albumin expression increased with the onset of the
recovery phase at 72 hours and reached baseline levels
of normal livers at 96 hours (data not shown).

By immunohistochemistry V-CAM-1 and I-CAM-1 stain-
ing of the sinusoidal/perisinusoidal area was increased 3
hours after CCl, administration compared to normal livers
(Figure 6B). I-CAM-1 and V-CAM-1 immunoreactive ma-
terial increased in a linear fashion thereafter, reaching
maximal levels at 24 hours (V-CAM-1) and 48 hours
(I-CAM-1) (Figure 6B, 6C). V-CAM-1- and |-CAM-1-posi-
tive cells were localized mainly in the necrotic area (Fig-
ure 6B, 6C). In livers at 96 hours I-CAM-1 and V-CAM-1



staining was present in amounts near the baseline level of
normal livers, a dramatic reduction in comparison to liv-
ers at 48 hours (Figure 6B).

CAM expression in injured livers was studied in parallel
with marker proteins, namely vimentin, desmin, GFAP,
smooth muscle a-actin, ED1, and ED2, reacting with all
mesenchymal, fibroblastic, and mononuclear cell popu-
lations. Compared to normal livers the number of vimen-
tin-positive cells reflecting all mesenchymal cell popula-
tions involved in tissue repair were increased at 12 hours,
followed by a dramatic incline to 48 hours and a decline
to 96 hours (data not shown). ED1- and ED2-positive cells
corresponding to inflammatory cells and local macro-
phages (Kupffer cells), respectively, showed the same
kinetics; a significant increase in their numbers was
noted at 12 hours after CCl, application followed by a
further expansion, reaching maximal levels at 48 hours
(Figure 6C). However, eg, at 24 and 48 hours, ED1-
positive cells representing inflammatory cells were local-
ized mainly within the necrotic area, whereas ED2-posi-
tive cells reflecting Kupffer cells were distributed
primarily around tissue necrosis (Figure 6C). Desmin-
and GFAP-positive cells also displayed the time kinetics
reported for vimentin-positive cells and were present at
48 hours in higher amounts in the necrotic area than in
the surrounding tissue (Figure 6C). As reported previ-
ously, N-CAM-positive cells also became detectable in
injured livers. However, the absolute numbers were sev-
eralfold lower compared to I-CAM-1- and V-CAM-1-pos-
itive cells and N-CAM-positive cells were seen only in
minor amounts, mostly within the necrotic area and oc-
casionally in the surrounding tissue at 24 hours after CCl,
application (data not shown). SMA-positive cells were
detected solely in the vessel walls from 3-12 hours and
again at 96 hours. At 24 hours and especially at 48 hours,
SMA-positive cells were also found in the necrotic area in
numbers severalfold lower than desmin- and GFAP-pos-
itive cells (data not shown). At 96 hours, the numbers of
mononuclear cells (Figure 6B) and desmin- and GFAP-
positive cells (data not shown) were severalfold dimin-
ished, but still slightly above the baseline level of normal
livers.

Discussion

Presently HSC are regarded as the principal cell type
involved in the extracellular matrix metabolism of the liver,
because this cell population synthesizes a wide range of
matrix proteins like collagens, structural glycoproteins,
and proteoglycans as well as proteases and their inhib-
itors, specifying matrix degradation.®~842 However, due
to their production of chemokines like macrophage in-
flammatory protein-2,*® platelet-activating factor,** mac-
rophage colony-stimulating factor,*® and monocyte che-
motactic protein-1,%¢ a proinflammatory role for HSC has
been suggested.® The latter hypothesis is in line with an
emerging concept in that fibroblasts in general play an
important role in initiating inflammation by synthesizing
chemokines.*” Chemokines, a family of small polypep-
tides, are potent mediators initiating the recruitment of
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leukocytes to sites of injury, in particular the initial sticking
of inflammatory blood cells to the endothelial wall and
transendothelial migration.

In addition to chemokines, several adhesion molecules
act in concert to facilitate migration of leukocytes from the
blood to extravascular sites of inflammation. Presently
adhesion molecules are grouped into four major families:
integrins, the immunoglobulin superfamily members in-
cluding I-CAM and V-CAM, selectins, and selectin li-
gands like muzin.*®49 In contrast to chemokines, CAMs
are somehow active at later stages of the inflammatory
reaction and mediate direct interaction of infiltrating
mononuclear cells with resident cells.

As in other organs it has been demonstrated in the liver
that CAM expression by sinusoidal endothelial cells is
essential for the transmigration of inflammatory cells and
that CAMs present on hepatocytes might be important for

3.0 kb — - —-— — V'CAM
& . :

3.2 kb — - o «— I-CAM

1.6 kb — TNF-o

2.5 kb —| & TGF-B1

C 3 6 9 12 24 48 72 96

Figure 6. Induction of I-CAM-1 and V-CAM-1 during acute liver injury. A:
Up-regulation of I-CAM-1- and V-CAM-1-specific transcripts in the early
phase of liver injury preceding recruitment of inflammatory cells. Northern
blot analysis of 5 pug pooled total RNA purified from two control livers (C)
and two acutely damaged livers analyzed 3, 6, 9, 12, 24, 48, 72, and 96 hours
after a single CCl, application. RNA was size selected by 1% agarose gel
electrophoresis and filters were hybridized using specific cDNA probes. B:
Cellular localization of I-CAM-1-, V-CAM-1-, and ED1-positive cells during
the course of acute liver injury. Rats were given a single dose of CCl; and
livers were analyzed at 3, 12, 24, and 96 hours after CCl application repre-
senting the immediate hepatic repair reaction (3 hours), the onset of cellular
infiltration (12 hours), further cellular infiltration (24 hours), and the recov-
ery phase (96 hours). Serial sections were incubated with antibodies directed
against I-CAM-1, V-CAM-1, or ED1. Mouse immunoglobulins used as nega-
tive controls gave a negative staining reaction (data not shown). Immuno-
reactive material was detected using the APAAP staining method. In all cases
the tissue area located around central veins (C) is demonstrated. To show
more precisely the increase of V-CAM-1 immunoreactivity observed 3 hours
after CCl-induced liver injury, V-CAM-1 immunostainings of normal liver
performed in the same set of experiments are also shown. Scale bar, 62 um.
Arrows indicate V-CAM-1-positive material. C: Cellular localization of
desmin-, GFAP-, I-CAM-1-, V-CAM-1-, ED1-, and ED2-positive cells at the
peak of cellular infiltration 48 hours after acute liver injury. Rats were given
a single dose of CCl, and livers were analyzed 48 hours after CCl; applica-
tion. Serial sections were incubated with antibodies directed against desmin,
GFAP, I-CAM-1, V-CAM-1, ED1, and ED2. Mouse immunoglobulins used as
negative controls gave a negative staining reaction (data not shown). The
center of tissue necrosis located around central veins (C) and the interface
between the inflammatory infiltrate and the surrounding tissue is shown.
Scale bar, 62 wm. Arrows indicate V-CAM-1-positive material.
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Figure 6. Continued

the interaction of inflammatory cells with their target
cells.?959759 Although the mechanisms involved in the
transmigration of blood cells through the sinusoidal en-
dothelial lining have been elucidated, the migration of
leukocytes within the hepatic tissue that results in accu-
mulation of inflammatory cells in areas of liver damage is
poorly characterized. Because HSC reflect the cell pop-
ulation immediately contacting transmigrated leukocytes
on one side and hepatocytes on the other side, HSC
could play a role in the recruitment of inflammatory cells
into the liver parenchyma and subsequently in their tar-
geting to damaged hepatocytes. Therefore the present

study analyzed the expression and regulation of CAMs
by HSC, in particular the expression of I-CAM-1 and
V-CAM-1, known to be essential for the inflammatory
reaction.

The data presented in this report illustrate that HSC in
vitro expressed |-CAM-1, V-CAM-1, and N-CAM, as evi-
denced by immunocytochemistry and Northern blot anal-
ysis. In the case of N-CAM and |-CAM-1 the results
confirmed and extended previous studies;'?¢° however,
as demonstrated in the case of V-CAM, novel CAMs
present on HSC were also identified. It seems of special
interest that HSC produce V-CAM-1, which has been
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detected in the liver only in endothelial cells, Kupffer
cells, and bile duct epithelia, especially following lipopo-
lysaccharide-induced liver injury or graft rejection.>'5%€"

CAM expression by HSC was studied at various time
points of primary culture reflecting different activation
stages of HSC. Using the latter approach the data dem-
onstrate that HSC in both the resting and activated states
express I-CAM-1 and V-CAM-1, whereas, in accordance
with previous studies,'® N-CAM expression became de-
tectable after in vitro activation.

The observation that freshly isolated and early cultured
HSC classified as resting cells express significant
amounts of I-CAM-1-specific transcripts contradicts a re-
cent study by Hellerbrand and coworkers®® demonstrat-
ing that I-CAM-1 mRNAs were expressed in activated
(day 15 of culture) but not in resting (freshly isolated)
HSC as assessed by Northern blot analysis. However,
additional time points of primary culture were not ana-
lyzed and I-CAM-1 coding transcripts were present in low
amounts in freshly isolated HSC using RT-PCR tech-
niques in the Hellerbrand et al report, thereby providing
possible explanations for the different observations.

On the other hand one might argue that the |-CAM-1
and V-CAM-1 expression by resting HSC (freshly isolated
and 2-3 days after plating) described in this report might
be caused by contaminating cells. The latter possibility
was examined by Northern blot analysis of other resident
liver cell populations, namely hepatocytes, Kupffer cells,
and sinusoidal endothelial cells, both directly after isola-
tion and at various stages of primary culture. Results
indicated that the I-CAM-1 and V-CAM-1 expression as-
cribed to HSC was not due to contaminating cells. In
addition, further evidence for I-CAM-1 and V-CAM-1 pro-
duction by HSC was provided by the detection of
|I-CAM-1 and V-CAM-1 protein in HSC using immunocy-
tochemistry.

To examine whether HSC in situ express CAMSs,
I-CAM-1 and V-CAM-1 were localized in normal rat liver
by immunohistochemistry, illustrating that V-CAM-1 was
present in the sinusoidal/perisinusoidal area. Because
these CAMs colocalized only in part with desmin- and
GFAP-positive HSC and because the more extended in
vitro analysis also indicated that Kupffer cells and sinu-
soidal endothelial cells expressed |-CAM-1 and
V-CAM-1, it seems reasonable to conclude that several
nonparenchymal liver cell populations including HSC ex-
press I-CAM-1 and V-CAM-1 in normal liver, confirming
previous data on I-CAM-1 expression in situy.2%:51:61.62

Cell adhesion molecules are basic to tissue inflamma-
tion responses and their expression is known to be reg-
ulated by a wide range of cytokines involved in tissue
repair. To gain further insights into the potential role of
HSC in hepatic inflammation via CAMs the effect of me-
diators known to play an essential role in liver tissue
repair, namely classical inflammatory cytokines and var-
ious growth factors, on CAM expression by HSC was
studied. Interestingly, inflammatory cytokines (prototype
TNF-a) induced I-CAM-1 and V-CAM-1 expression,
whereas N-CAM steady-state levels were reduced. In
contrast, growth factors (prototype TGF-B1) generally
caused a completely opposite pattern, diminishing
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Figure 7. Potential role of HSC in the recruitment of mononuclear cells

during liver inflammation, as described in Discussion section.

[-CAM-1 and V-CAM-1 mRNA levels but inducing N-CAM
expression.

Although reports of the induction of I-CAM-1 expres-
sion by TNF-a®° and of N-CAM by TGF-g in HSC'? have
been published recently, the present study provides a
more detailed analysis of the cytokine-regulated CAM
expression in liver cells and demonstrates that HSC must
be regarded as an essential element in hepatic inflam-
mation. In addition, the in vitro studies suggest different
roles for the various mediators during tissue repair (Fig-
ure 7). Inflammatory cytokines might be responsible for
the initial phase of inflammation via |-CAM-1 and
V-CAM-1 up-regulation, whereas growth factors like
TGF-B1 might terminate cell recruitment through down-
regulation of I-CAM-1 and V-CAM-1 (Figure 7). This hy-
pothesis was further supported by the time kinetics of
expression of CAM, TNF-«, and TGF-B during hepatic
inflammation in situ, illustrating that the induction and
repression of CAM-specific messengers paralleled the
time kinetics of TNF-a and TGF-B1 expression in injured
liver.

Initially N-CAM (also known as CD56) was included in
the studies presented in this paper because it might be
involved in the migration of CD56-positive lymphocytes.
Because CD56-positive cells were detected only in low
amounts and N-CAM expression was reduced by inflam-
matory cytokines but enhanced by growth factors, N-
CAM might be of minor importance in the recruitment of
inflammatory cells. However, N-CAM might play a role
during the recovery phase as a factor terminating HSC
proliferation, thereby promoting the reconstitution of nor-
mal hepatic architecture characterized by a decline in the



expanded HSC population. As N-CAM expression was
stimulated by growth factors known to represent the ma-
jor mitogens for HSC, like IGF, PDGF, and EGF,%3 ©° the
latter pathway might provide a loop by which HSC pro-
liferation is automatically terminated.

As demonstrated in a number of experimental set-
tings29:50:53:59.66.67 and during human liver diseases in-
cluding, eg, viral infections, acute liver allograft rejection,
alcoholic hepatitis, and others,>4-56:58.61.68-70 | CAM-1
and V-CAM-1 are up-regulated in the course of hepatic
injury, as evidenced by immunohistochemistry and
Northern blot analysis of injured tissue or determination of
soluble CAMs in the blood. Although numerous studies
have been published, especially on I-CAM-1, detailed
analyses of the localization of CAMs in injured livers and
their time kinetics from onset through recovery are rare.

The data presented in this paper indicate that both
|I-CAM-1 and V-CAM-1 were strongly up-regulated in ar-
eas of tissue necrosis, that this up-regulation preceded
the infiltration of mononuclear cells, and that I-CAM-1 and
V-CAM-1 were diminished during the recovery phase in
parallel with a reduction of cellular infiltration. These re-
sults provide further support for the assumption that both
I-CAM-1 and V-CAM-1 are essential components of leu-
kocyte recruitment into the inflamed liver. Moreover, the
present study provides experimental evidence that
TNF-a and TGF-B seem to be involved in hepatic inflam-
mation via regulation of CAMs, because in situ the induc-
tion/deinduction kinetics of CAM expression paralleled
those of the mediators and in vitro both cytokines regu-
lated CAM expression in a cytokine-specific manner.

The role of TNF-«a as a key cytokine involved in hepatic
tissue repair, particularly liver inflammation, has been
documented extensively. Acute and chronic liver dis-
eases in humans and in animal models are accompanied
by increased TNF-a expression both in the liver and in
peripheral mononuclear cells.®®¢77"=73 |n the diseased
liver TNF-a is expressed by Kupffer cells, mononuclear
cells, or T lymphocytes present within inflammatory cell
infiltrate and intrahepatic bile duct epithelium’*”> and
also by hepatocytes during hepatitis B and C virus infec-
tion.”® The stimulatory effect of TNF-a on CAM expres-
sion by liver cells analyzed in vitro is well document-
ed®257:80 byt only a few reports actually demonstrate that
TNF-« is related to enhanced CAM expression during
liver injury in situ.5%°967:77 In contrast to the latter publi-
cations, the present report demonstrates the distinct time
kinetics characterizing the TNF-a and CAM induction/
deinduction, thereby presenting an important insight into
the specific mechanisms of liver inflammation.

In contrast to TNF-«, the biological significance of
TGF-B1 in the regulation of CAM expression during liver
inflammation has not been a major research topic. Al-
though it has been demonstrated that TGF-B1 is tran-
siently enhanced at later stages of acute liver injury (ie, at
approximately 48 hours after CCl, administration in the
rat), thereby matching the data presented in this
study,”®7® a direct relationship to CAM expression and
subsequently the regulation of cell infiltration has not yet
been suggested. From the data presented in this paper,
namely the TGF-B1-mediated down-regulation of CAM
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expression by HSC and the expression kinetics of
TGF-B1 and CAMs in situ, it is tempting to speculate
that TGF-B1, probably in combination with other growth
factors, is responsible for termination of the inflamma-
tory reaction through a reduction of CAM expression
(Figure 7).

In summary, based on the data presented in this paper
it seems reasonable to suggest that the initial phase of
liver inflammation might be triggered through mediators
liberated from injured hepatocytes, which, as shown in
the case of IGF-1, stimulate V-CAM-1 expression by HSC
(Figure 7). In the next step activated resident liver mac-
rophages (Kupffer cells) and inflammatory cells might
augment |I-CAM-1 and V-CAM-1 expression by HSC
through secretion of TNF-a and IFN-vy, thereby leading to
further recruitment of inflammatory cells. Liver inflamma-
tion might be terminated via the action of growth factors
like PDGF, TGF-B1, and EGF derived from different cel-
lular sources, which are capable of diminishing I-CAM-1
and V-CAM-1 expression by HSC (Figure 7). Although
these regulatory loops must be studied in more detall, the
present report provides at least novel insights into the
mechanisms underlying hepatic inflammation and partic-
ularly into the role of HSC as proinflammatory elements.
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