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Introduction

Summary

Studies have suggested that liver sinusoidal endothelial cells (LSEC) may play
an important role in tolerance induction. In this study, we evaluated the
functional difference of LSEC in rejection and spontaneous acceptance of liver
allografts by using rat liver transplant model. LSEC function was determined
by circulating hyaluronic acid (HA) levels and fluorescein isothiocyanate-
labeled formaldehyde-treated serum albumin (FITC-FSA) uptake. Additional
parameters include the number of circulating lymphocytes and LSEC apopto-
sis. In spontaneously accepted group, we found (i) significantly lower serum
HA levels (P =0.002), (ii) a more rapid uptake of FITC-FSA, and (iii) a
reduced number of circulating CD8a+ cells when compared with the rejection
group. Strikingly, HA levels in spontaneously accepted group are even lower
than syngeneic control group. Further investigation revealed that interleukin-
1B, a cytokine that promotes LSEC function, was higher in DA than in Lewis
rats. In summary, our study demonstrates that LSEC function is better pre-
served in spontaneously accepted rat liver allografts than in those which are
rejected. These findings warrant further studies to verify if LSEC actively con-
tributes to liver transplant outcome or just a target of different immunologic
responses.

number of factors have been suggested as contributing to
this unique behavior of liver allograft. These include

In Lewis-to-DA (Dark Agouti) rat strain combination,
liver allografts can be accepted spontaneously across a
fully mismatched major histocompatibility complex
(MHC) class I/class II [1]. Similar phenomena are found
also in outbred pigs and mice [2,3]. Furthermore, sponta-
neous acceptance of liver allografts was accompanied with
the development of immunologic tolerance toward vari-
ous donor-originated organs [1,4]. However, in the reci-
procal DA-to-Lewis combination, the liver graft is
rejected. These animal models are of particular interest to
human organ transplant research because of the potential
of elucidating the underlying mechanisms of liver allo-
graft rejection and tolerance. Earlier studies have shown
that this spontaneous acceptance of liver allograft is not
because of the lack of immune reaction [5]. Thus far, a
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increased number of B-cell infiltration [6], production of
soluble MHC class I antigens by the transplanted liver
[7], microchimerism [8], role of passenger leukocytes [9],
production of different cytokine by intrahepatic CD4+ T
cells [10], and development of regulatory cells [11]. How-
ever, none of these factors seems to be able interpret this
phenomenon completely, indicating that other mecha-
nisms may also be involved.

Liver sinusoidal endothelial cells (LSEC) are strategi-
cally located in the sinusoids and become the front line
of contact with host immune system. These cells have a
strong scavenger function that clears away physiologic
waste products from the circulation as well as many
immune complex molecules. Therefore, LSEC function
constitutes an important part of innate immune system
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in the liver [12]. Within the liver, dendritic cells and
Kupffer cells are known to have antigen-presenting func-
tion. LSEC also express molecules relevant for antigen
presentation like CD40, CD54, CD80, CD86, MHC class I
and II [13], and therefore may have antigen-presenting
capacity [14]. Furthermore, studies have shown that anti-
gen presentation by sinusoidal endothelial cells in mouse
leads to immunologic tolerance instead of rejection [15].

In view of these important findings, we were interested
in delineating the role of LSEC function, primarily endo-
cytotic function, in spontaneous acceptance and rejection
of rat liver allografts. In this study, the endocytotic func-
tion of LSEC was determined by the levels of hyaluronic
acid (HA) and uptake of fluorescein isothiocyanate-
labeled formaldehyde-treated serum albumin (FITC-FSA).
Furthermore, the number of circulating lymphocytes and
LSEC apoptosis were also studied.

Materials and methods

Animals

Male inbred DA rats (RT1*') and Lewis rats (RT1'),
weighing 200-240 g, were purchased from Scanbur BK,
Sollentuna, Sweden and Charles River Laboratories, Sulz-
feld, Germany, respectively. All animals had free access to
water and food ad libitum, and were housed in accordance
with institutional animal care policies. The experiments
were carried out with the approval of the local Ethics
Committee at Karolinska Institute, Stockholm, Sweden.

Orthotopic liver transplantation model

Arterialized orthotopic liver transplantation was per-
formed under inhalation anesthesia with isoflurane
(Forene, Abbott, Sweden) according to the method
described by Liu et al. [16]. Briefly, livers taken from
donors were preserved in 4 °C Ringer’s solution before
grafting into the recipient. In the recipient, the anastomo-
sis of suprahepatic vena cava was performed by 7-0 run-
ning suture. The portal vein and infrahepatic vena cava
were reconstructed by the cuff technique, and bile duct
was connected by end-to-end anastomosis over an
indwelling stent. Rearterialization was achieved between
donor common hepatic artery and recipient proper artery
using ‘sleeve’ technique.[16] Animals that died within
2 days after transplantation were considered as technical
reasons, verified by autopsy, and excluded from the study
(a total of four animals were excluded from the study
because of technical reasons).

The cold ischemia time and unhepatic time for all
groups of animals were carefully controlled to be
120.4 £ 7.6 min and 20.9 £ 2.1 min respectively, and
there was no difference among different groups.
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Experimental design

Two additional groups of animals were used for survival
analysis, which included a Lewis — DA acceptance
group (n=15) and a DA — Lewis rejection group
(n = 5). Later experimental protocol included the follow-
ing experimental groups: (i) Lewis — DA (acceptance
group, n =21); (ii) DA — Lewis (rejection group,
n = 18); (iii) DA — DA (Syngeneic control, n = 9); (iv)
Lewis — Lewis (Syngeneic control, #n = 9). In group (i)
and (ii), six animals were sacrificed on post-transplant
day 1, 5 and 10, respectively, and three animals were sac-
rificed on post-transplant day 30. In group (iii) and (iv),
three animals were sacrificed at post-transplant day 1, 5,
and 10, respectively. Serum samples were collected and
kept at —20 °C and liver tissues were snap-frozen in
liquid nitrogen and kept in —70 °C for immunohisto-
chemical analysis. A piece of liver tissue from each animal
was kept in liquid nitrogen for molecular studies.

Measurement of serum HA level

Serum HA was measured by using a sandwich ELISA kit
from Echelon Bioscience Inc., Salt Lake City, USA accord-
ing to the manufacturer’s instruction. Samples that
exceeded the maximum detection range of the kit were
further diluted with saline and reanalyzed.

Uptake of FITC-FSA

FITC-FSA solution (5mg/ml) was a kind gift from Prof.
Bard Smedsrod, University Hospital of Tromso, Norway.
Prior to injection, sodium azide in FITC-FSA Solution
was removed by passing through PD-10 column (Amer-
sham Biosciences, Uppsala, Sweden) using phosphate buf-
fered saline (PBS) as elution buffer, which gives a final
concentration of 5 mg of FITC-FSA in 3.5 ml of PBS.
FITC-FSA in an amount of 0.5 mg in 350 pl of PBS was
injected into each rat via penile vein exactly 1 day after
transplantation under isoflurane inhalation anesthesia. A
piece of liver was harvested 10 or 90 min later, and then
snap-frozen in liquid nitrogen. Five-micrometer thick sec-
tions were prepared using a cryostat and the uptake of
FITC-FSA by LSEC was checked under fluorescence
microscope.

Flow cytometric analysis of T-cell subsets in peripheral

blood

Heparinized blood (about 7 ml) was obtained from
inferior vena cava of rats 10 days after liver transplanta-
tion. Peripheral blood mononuclear cells (PBMC) were
separated from erythrocytes and granulocytes by centrifu-
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gation on a density gradient (Lymphoprep; Nycomed,
Oslo, Norway). Two-color flow cytometric analysis of
CD3-, CD4-, and CD8-positive cells was performed on a
Becton Dickinson flow cytometer (FACSorter; Becton
Dickinson, San Jose, CA, USA). Rat PBMC were counter-
stained with fluorescein isothiocyanate-conjugated mouse
anti-CD3, CD4, and CD8a monoclonal antibody (BD Bio-
sciences, Stockholm, Sweden) and propidium iodide (PI,
Sigma, St. Louis, MO, USA) which stains the dead cells.

Sinusoidal endothelial cell apoptosis detected by TUNEL
and CD31 double staining

Terminal transferase dUTP nick end labelling (TUNEL)
staining for apoptosis was carried out by using in situ Cell
Death Detection Kit (Roche, Mannheim, Germany)
according to the standard protocol. Briefly, frozen liver
sections were fixed in 4% paraformaldehyde (pH 7.4) for
20 min followed by incubation with 1:5 diluted TUNEL
reaction mixtures for 60 min at 37 °C in the dark. The
converter peroxidase (POD) was then added and incu-
bated for 30 min. DAB nickel (Vector lab, Burlingame,
CA, USA) that gives a black staining was used for color
development. To detect apoptosis in sinusoidal endothe-
lial cells, double staining with antibodies to CD31 (BD
Biosciences, San Jose, CA, USA) was performed. Vector
Nova Red (Vector lab) was used as the color developer
for CD31. For counting of positive cells, five pictures
(2560 x 2048 pixels) from each sample were taken using
Digital Camera DXM 1200 connected to Nikon Micro-
scope (Stockholm, Sweden) under 20 times of original
magnification. CD31 and TUNEL double-stained cells
were considered to be sinusoidal endothelial cells. Median
counts of positive cells in pictures taken from three
animals in each group were compared.

Cytokine levels detected by ELISA

We investigated whether spontaneous acceptance and
rejection groups differed with respect to various inflamma-
tory cytokine levels. For this purpose, sera were collected
at different time points and kept frozen at —20°C until
assayed. The cytokines [interleukin-2 (IL-2), IL-4, IL-6,
IL-10 and interferon (IFN)-y kits from Quantikine™
immunoassay, Abingdon, UK, and IL-1f kit from eBio-
science, San Diego, CA, USA] were measured by standard
sandwich ELISA techniques according to the manufac-
turer’s instructions.

Statistical analysis

Continuous outcome measurements are presented either
in terms of mean and SD or median and range, and
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differences between groups were assessed by a two-sample
t-test or Mann—Whitney’s test depending on whether the
data are normally distributed. Pattern differences of
serum HA levels between rejection and acceptance groups
were assessed by two-way ANOVA. Comparison of HA
levels between acceptance group and syngeneic control
groups at the time point of 1-day post-transplant was
performed by two-tailed Mann—Whitney’s test. All statis-
tical analyses were done by using software STATISTICA
version 6.0 (StatSoft Scandinavia AB, Uppsala, Sweden),
and P-values of <0.05 were considered to be statistically
significant.

Results

Survival of rats after liver transplantation

All transplanted DA rats with Lewis liver survived indefi-
nitely (more than 100 days) without any immunosuppres-
sion, while all liver grafts from the reciprocal
combination DA-to-Lewis transplantation were rejected
within 11-14 days (Fig. 1). The result is consistent with
other reports [5].

Serum HA level

The median HA level in the sera of DA rats (n = 3) and
Lewis rats (n = 3) was 152 ng/ml (range: 99-250 ng/ml)
and 169 ng/ml (range: 100-208 ng/ml), respectively. In
syngeneic DA-to-DA and Lewis-to-Lewis strain combina-
tions serum HA levels were elevated on post-transplant
day 1, then dropped down to a range close to normal at
5 and 10 days after transplantation.
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Figure 1 Rat survival after liver transplantation. All transplanted DA
rats with Lewis liver survived indefinitely (more than 100 days) without
any immunosuppression (solid line), while all liver grafts in the recipro-
cal combination DA-to-Lewis transplantation were rejected within
11-14 days (dotted line) (n = 5 in each group).
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In Lewis-to-DA (acceptance) strain combination, HA
levels also showed a slight declining pattern, but HA
level at the first post-transplant day was even lower than
in the syngeneic combination (P = 0.02 when compared
with Lewis-to-Lewis control group). However, in DA-to-
Lewis (rejection) strain combination, HA level elevated
remarkably 1-day after transplantation, then dipped
down on day 5 with a subsequent increase on day 10.
Taken together, it was significantly higher in the rejec-
tion group than in the acceptance group (P = 0.002)
(Fig. 2).

Endocytosis of FITC-FSA by LSEC

FITC-FSA injected into the blood circulation was taken
up via endocytosis by LSEC as evidenced by the
green fluorescein staining along the liver sinusoids
(Fig. 3). FITC-FSA was taken up more rapidly by LSEC
in the acceptance group (Fig. 3b) than in the rejection
group (Fig. 3a) at 10 min after administration. More
intense fluorescein staining was found along the liver
sinusoids in the acceptance group (Fig. 3d) than in the
rejection group (Fig. 3¢) at 90 min after FITC-FSA
injection.

Circulating CD8+ T cells

Flow cytometric analysis of peripheral blood CD3, CD4,
and CD8a-positive T cells revealed a difference of CD8a+
T cells between rejection and acceptance group. Total cir-
culating CD8a+ T cells as of 10 days after transplantation
account for 35.1 £ 5.8% of PBMC in rejection group
compared with 24.7 £58% in acceptance group.
Increased PI and CDS8a double-positive T cells
(15.6 + 5.4%), which represent mainly the late apoptotic
CD8a T cells, were observed in the rejecting group when
compared with the acceptance group (5.3 £ 2.6%, n = 3,
P = 0.08) (Fig. 4).

Sinusoidal endothelial cells apoptosis

Few CD31 and TUNEL double-positive cells were
observed as of 1 and 5 days (0-1 cells/2560 X 2048 pixel
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field and 2-3 cells/2560 x 2048 pixel field, respectively)
after transplantation and there was no difference between
acceptance and rejection groups. Apoptosis of all cell
types including LSEC in the livers of the rejection group
at 10 days increased significantly (with a median total
liver apoptotic cells of 54 cells/2560 x 2048 pixel field).
few CD31+/TUNEL+-positive cells were
observed in the acceptance group at 10 days after trans-
plantation (1-2 cells/2560 x 2048 pixel field).

However,

Cytokines

We further checked for different cytokine levels in non-
transplanted, syngeneic transplanted and experimental
groups of rats. Low levels of IL-4, IL-6, IL-10 (nearly
undetectable) and IFN-y were found in the various
groups. Interestingly, a difference in the base levels of
IL-1B in normal DA and Lewis rats was found (median
418 in DA rats vs. 0 in Lewis rats). IL-1B levels in
Lewis-to-DA and DA-to-DA rats were greater than in
DA-to-Lewis and Lewis-to-Lewis liver transplanted rats,
and had a peak level around postoperative day 5. IL-2
levels were low in rejection and syngeneic groups, while
the IL-2 levels steadily increased in the acceptance group
during the first 10 days after transplantation, and then
returned to normal levels 1 month after transplantation
(Table 1).

Discussion

In this study, we found that one of the earliest and most
profound detectable differences between Lewis-to-DA
(acceptance  group) liver transplanted rats and
DA-to-Lewis (rejection group) rats was the endocytotic
function of LSEC. Significantly higher levels of serum HA
were found in the rejection group. Receptor-mediated
endocytosis is one of the major functions of LSEC to
clear sinusoidal blood of macromolecules that are recog-
nized as ‘unwanted’ [17]. About 90% of HA is specifically
cleared away by LSEC via receptor-mediated endocytosis.
The receptor for HA is still controversial. It is believed
that CD44 is the HA receptor [18], but intercellular adhe-
sion molecule 1 (ICAM-1) (CD54), lymphatic vessel

«a= DA to Lewis b =>=DA to DA
(@) 35 000 == Lewis to DA (b) 35000 =o=Lewis to Lewis
28 000 28 000
z 210001 £ 210007 Figure 2 Serum hyaluronic acid levels
~

Ea 14 000 o 2 140004 in (a) DA-to-Lewis rejection group and

Lewis-to-DA acceptance group animals
7000 7000 4 . .
(P =0.002) as well as in (b) syngenic
0 T T = 0 T 5 e transplant group. Data are expressed as
Day 1 Day 5 Day 10 Day 1 Day 5 Day 10 mean = SEM.
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Figure 3 Fluorescein isothiocyanate-labeled formaldehyde-treated serum albumin (FITC-FSA) injected into the blood circulation was taken up via
endocytosis by liver sinusoidal endothelial cells (LSEC) as evidenced by the observation of green fluorescein staining along the liver sinusoids.
FITC-FSA was taken up more rapidly by LSEC in the acceptance group (b) than in the rejection group (a) at 10 min after administration. More
intense fluorescein staining was found along the liver sinusoids in the acceptance group (d) than in the rejection group (c) at 90 min after
FITC-FSA injection.

DA to Lewis Lewis to DA

10
CD8a CD8a

Figure 4 Circulating CD8a+ T cells at 10 days after transplantation. A representative flow cytometric analysis shows the total circulating
CD8a+ T cells (28.7% in the rejection group vs. 20.4% in the acceptance group) and PI/CD8a double-positive T cells, which represent mainly late
apoptotic CD8a T cells (18.3% in the rejection group vs. 2.4% in the acceptance group) at 10 days after transplantation.

endothelial hyaluronan receptor-1, and hyaluronan recep- controlled by LSEC, HA level has been widely used as an
tor for endocytosis may also serve as HA receptors indicator for the endocytotic as well as general function
[19-21]. As clearance of circulating HA is specifically =~ of LSEC [22,23]. On the other hand, it is also important
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@ to elucidate the possibility that serum HA elevation may
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high IL-1B level) may result from enhanced LSEC endo-
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cytosis function of Lewis liver grafts while encountering
high levels of IL-1B. Meanwhile, high levels of IL-1§ may
also induce the production of anti-oxidative stress mole-
cules like MnSOD, which helps reduce the ischemia-rep-
erfusion injury of LSEC. The exact role of IL-1f in liver
allograft outcome still needs to be elucidated in future
experiments.

The specific uptake of FITC-FSA by LSEC was verified
in our study by the green fluorescein staining along the
liver sinusoid. The intensity of the fluorescein provides us
an opportunity of direct visualization of functional effi-
cacy of LSEC in taking up these FITC-FSA molecules.
The results of FITC-FSA up-take experiments confirmed
LSEC functional difference between rejection and accep-
tance groups observed by HA assay.

It has been shown that liver sinusoid is capable of trap-
ping and priming circulating CD8+ T cells, but the local
presentation of antigen causes T-cell inactivation, toler-
ance, and apoptosis [31]. These cells are finally cleared
away via phagocytosis by Kupffer cells and LSEC [32,33].
Our findings with a lower percentage of circulating apop-
totic and total CD8+ T cells in acceptance group than
rejection group are in line with these previous studies,
which may also imply a better functional integrity of
LSEC in acceptance group than rejection group.

Even though there is a striking functional difference of
LSEC at the very early stage after transplantation, no dif-
ference in terms of LSEC apoptosis was found between
rejection and acceptance group (day 1 and day 5), indi-
cating the difference is solely ‘functional’ but not ‘mor-
phologic’. LSEC clear away not only physiologic waste
products from the circulation, but also substances
absorbed from the gastrointestinal tract including lipo-
polysaccharide, virus and other pathologic and foreign
materials, which constitute an important part of innate
immune system [12]. LSEC are also equipped with Fc
receptors that recognize Fc part of immunoglobulin G
(IgG). These receptors can mediate phagocytosis of large
IgG-coated particles and pinocytosis of soluble IgG
immune complexes [34]. It is believed that liver LSEC
mediate immune tolerance of liver via two unique fea-
tures of this cell type: (i) a scavenger function that
removes blood-borne antigens by active endocytosis and
(ii) an antigen-presenting activity that induces immune
tolerance in CD4+ and CD8+ T cells [34,35]. Our present
study mainly focused in detecting the scavenger function
of LSEC in DA and Lewis rat liver transplantation model.
The antigen-presentation capacity of LSEC has been
investigated in several previous studies [15,36].

In conclusion, our study demonstrates that LSEC func-
tion is better preserved in spontaneously accepted rat liver
allografts than in those which are rejected. These findings
warrant further studies to verify if LSEC actively contrib-
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utes to liver transplant outcome or just a target of differ-
ent immunologic responses.
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