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Vascular adhesion protein-1 (VAP-1) has been shown
to mediate lymphocyte adhesion to endothelia at sites
of inflammation, but its functional role in vivo has
not been tested in any rodent model. Here we report
the effects of VAP-1 blockade on rat liver allograft
rejection. BN recipients of PVG liver allografts
(known to develop acute rejection by day 7) were
treated with 2 mg/kg anti-VAP-1 (a new anti-rat VAP-1
mAb 174–5) or isotype-matched irrelevant antibody
(NS1) every other day (n � 6/group) and one group
with anti-VAP-1 2 mg/kg daily (n � 7). On day 7,
samples were collected for transplant aspiration cy-
tology, histology, and immunohistochemistry. Lym-
phocyte infiltration to the graft was clearly affected
by VAP-blockade. The total inflammation, mainly the
number of active lymphoid cells, in transplant aspi-
ration cytology was significantly decreased in animals
treated with anti-VAP-1 (4.7 � 1.0 and 2.4 � 1.0 cor-
rected increment units, respectively) compared to
control (6.6 � 1.0) (P < 0.05). In histology, the inten-
sity of portal inflammation was significantly de-
creased (P < 0.05). The amount of T cells expressing
activation markers diminished. This is the first dem-
onstration in any prolonged in vivo model that VAP-1
plays an important role in lymphocyte infiltration to
sites of inflammation, and, in particular, liver allo-
graft rejection. (Am J Pathol 2004, 165:1993–2001)

The hallmark of liver allograft rejection is the influx of
inflammatory cells, mainly lymphocytes and monocytes/
macrophages, into the graft. This process involves se-
quential adhesive interactions between the leukocyte and

the endothelium. The complex process of adhesion and
diapedesis of leukocytes into the tissue sites of inflam-
mation is coordinated by several adhesion molecules.1

During the course of liver rejection, expression of adhe-
sion molecules such as ICAM-1, VCAM-1, and E-selectin
is induced on endothelial cells.2,3

Vascular adhesion protein-1 (VAP-1) is a dimeric en-
dothelial transmembrane protein that has been demon-
strated to mediate lymphocyte binding to peripheral
lymph node high endothelial venules (HEV) and also to
be induced at sites of inflammation.4–6 VAP-1 has been
suggested to play a significant role in controlling entry of
lymphocytes into sites of inflammation.5 However, due to
lack of suitable reagents so far this has only been shown
in vivo in a short-term (4-hour) treatment model of acute
peritonitis in rabbits.7

We have previously shown that VAP-1 is up-regulated
in acute liver allograft rejection in the rat.8 In man, VAP-1
expression is reported to be similar in both uninflamed
livers and liver grafts with rejection, and in primary biliary
cirrhosis.9 However VAP-1 was demonstrated by an in
vitro adhesion assay to be important in mediating T-cell
adhesion to endothelia in liver tissue9 and to cultured
hepatic endothelial cells displaying charasteristics of si-
nusoidal endothelial cells.10 Serum levels of the soluble
form of VAP-1 have been shown to be elevated in certain
inflammatory liver diseases.11 Since sinusoids do not
express selectins, VAP-1 could play a greater role in
hepatic sinusoidal vascular bed than in other organs.12

The effect of prolonged VAP-1 blockade on the inflam-
matory response in the liver or, in fact in any in vivo model,
has not previously been demonstrated. In this study we
show that VAP-1 blockade significantly decreases the
inflammatory response in rat liver allograft rejection.
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Materials and Methods

Rats

A fully allogeneic donor-recipient combination of PVG
(RT1c) into BN (RT1n) (both from Harlan, Horst, The Neth-
erlands) was used. This strain combination is known to
develop intense acute liver allograft rejection in approx-
imately 1 week and has a mean survival of 36 days after
liver transplantation.13,14 Development of tolerance has
not been reported in this strain combination. The rats
were fed with regular rat food and tap water ad libitum.
The animals received humane care according to the
criteria outlined in the “Guide for the Care and Use of
Laboratory Animals” (National Institutes of Health). The
study was approved by the committee for experimental
research of the Helsinki University Hospital and the re-
gional authorities.

Transplantation

Liver transplantation under ether anesthesia was per-
formed using the technique introduced by Kamada.15

Briefly, cuff technique was used for the portal and infra-
hepatic vena cava anastomoses, and 7�0 continuous
suture for the suprahepatic vena cava anastomosis. The
anhepatic period lasted 20 minutes or less in all opera-
tions included in the study. The cold ischemia time did
not exceed 1 hour.

Anti-VAP-1 Monoclonal Antibody

Mice were immunized subcutaneously with purified ves-
sels from human peripheral lymph nodes to isolate new
mAbs against endothelial antigens. The lymphocytes iso-
lated from a draining lymph node were fused with SP2/0
myeloma cells using standard techniques. The resulting
hybridomas were screened using immunohistochemical
stainings of frozen sections as described. One of the new
antibodies (174) appeared to stain VAP-1 in human tis-
sues. This antibody was subcloned (174–5) and tested
also with rat organs.

The specificity of the mAb against VAP-1 was ascer-
tained using immunofluorescent staining of Ax cells sta-
bly transfected with VAP-1 cDNA or with the vector alone
using published protocols.16 The function-blocking ca-
pacity of the mAb 174–5 was tested in a Stamper-Woo-
druff binding assay.17 In brief, frozen sections were over-
laid with mAb 174–5 or control mAbs, and peripheral
blood lymphocytes were then incubated on the sections
under constant rotation (60 rpm) at 7°C for 30 minutes.
The non-adherent cells were tilted off and the adherent
cells fixed with glutaraldehyde. The number of lympho-
cytes binding to morphologically distinct endothelial cells
of HEV was enumerated under dark-field microscopy.

174–5 (mouse IgG1) and an isotype-matched control
mAb (NS-1) were grown in serum-free hybridoma me-
dium. They were precipitated by ammonium sulfate treat-
ment and dialyzed against phosphate-buffered saline
(PBS). The protein concentration was determined spectro-

photometrically and the purity of the mAbs in SDS-PAGE
electrophoresis followed by Coomassie blue staining.

Anti-VAP-1 Antibody Administration

Based on previous observations in pigs and dogs,18 and
our own preliminary experiments studying intraluminal
VAP-1 expression (see “Immunohistochemistry” below),
the antibody dose was first chosen to be 2 mg/kg every
second day.

The first antibody dose of 2 mg/kg was given intrave-
nously perioperatively and the following doses were ad-
ministered by the intraperitoneal route. One group of
animals (n � 6) received 2 mg/kg of anti-VAP-1 antibody
every second day after the initial injection, and one group
of animals (n � 7) received daily injections of the anti-
VAP-1 antibody. A control group of six animals received
irrelevant isotype-matched control antibody (NS1) 2
mg/kg every other day.

Fine-Needle Aspiration Biopsy

Fine-needle aspiration biopsy (FNAB) is an atraumatic
method that has been used to diagnose acute rejection in
clinical liver and kidney allografts.19,20,21 In this method a
cellular aspirate is obtained from the graft. The intensity
and type of the inflammatory response in the graft can be
deduced from the amounts of different types of inflam-
matory cells present in the aspirate. The hallmarks of
acute liver allograft rejection, demonstrated by aspiration
cytology, are the appearance of lymphoid blasts and
lymphocytosis in the graft.20 This is also the case in rat
liver allograft rejection, and the method has been proven
to be useful in the monitoring of intragraft inflammatory
events of the experimental model of liver transplanta-
tion.14

The fine-needle aspirate was obtained from the graft
using a small needle and placed into heparinized RPMI
1640 cell culture medium containing albumin. A blood
sample was taken in parallel and processed similarly.
The specimens were cytocentrifuged onto microscope
slides and stained with May-Grünwald-Giemsa. The in-
tensity of inflammation associated with rejection was
quantified using the increment method as described pre-
viously.19,20,21 Briefly, in this method the amount of each
inflammatory cell type in blood is first subtracted from the
corresponding amount in the graft. Then the amount of
each inflammatory cell type is multiplied by a correction
factor, which reflects its diagnostic value in acute rejec-
tion. Lymphoid blasts, plasma cells, monoblasts, and
macrophages have the highest correction factor, 1.0;
activated lymphocytes are 0.5, large granular lympho-
cytes and monocytes 0.2, and lymphocytes and polymor-
phonuclear cells 0.1. The results are expressed in cor-
rected increment units (CIU). Total inflammation
associated with rejection is expressed as total corrected
increment (TCI), which is a corrected sum of all counted
inflammatory cells in the FNAB from which the blood
background is subtracted.20
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Graft Histology

The liver tissue specimens were fixed in 10% buffered
formalin for 1 day and embedded in paraffin. Four-�m
thick sections were cut and stained with hematoxylin and
eosin.

The histopathological changes were blindly scored by
one pathologist (L.K.). The changes looked for were
those recommended by the International Working Party
for Terminology of Hepatic Allograft Rejection.22 The
scores were derived as follows: no change was desig-
nated 0, mild change 1, moderate 2, and severe changes
3. The following parameters were analyzed: (a) portal
inflammation, which included both the area and the den-
sity of the portal mononuclear infiltrate. Significance was
also attached to the number of large activated lymphoid
cells, as compared to the number of small inactive lym-
phocytes. (b) Cholangitis, the degree of epithelial slough-
ing, and the presence of inflammatory cells beneath and
between the epithelial cells. (c) Endothelitis, the pres-
ence of inflammatory cells beneath the endothelium and
endothelial proliferation. (d) Parenchymal inflammation,
the amount of inflammatory cells between the hepato-
cytes. (e) Parenchymal necrosis, the estimated percent-
age of the area of the section that was necrotic.

To further characterize the inflammatory infiltrate in the
portal areas, 10 high-power fields (�1000) in each graft
were analyzed. Whenever possible, the field was chosen
in such a way that it was full of the leukocyte infiltrate. The
numbers of lymphoid blasts, small lymphocytes, poly-
morphonuclear leukocytes, and macrophages were
counted. The results were expressed as percentage of
each inflammatory cell type of the total count.

Immunohistochemistry

A piece of fresh liver tissue was embedded in Tissue-Tek
(Sakura Finetek Europe, The Netherlands), snap-frozen in
liquid nitrogen and stored at �70°C. Five-�m thick sec-
tions were cut onto Superfrost slides using a cryostat,
fixed in acetone, air-dried, and stored at �20°C until use.

To investigate the luminal expression of VAP-1, two
normal rats and six allografted rats at day 7 after trans-
plantation with no previous treatment, were given 2
mg/kg of anti-VAP-1 antibody intravenously. One normal
and one allografted animal received the same dose of the
irrelevant isotype control antibody. After 15 or 30 minutes
animals were sacrificed and organs and tissues were
harvested and processed as above. Sections were
stained either by anti-VAP-1 antibody followed by sec-
ondary and tertiary peroxidase-conjugated antibodies, or
left without the primary antibody step but processed sim-
ilarly otherwise. Thus, any positive staining with the sec-
ond-stage reagent alone indicates that the primary anti-
body has bound to the lumen of vessels during its
circulation in vivo, ie, luminal expression of the given
antigen in vivo. For Figure 2, a normal human liver from
autopsy material was stained with anti-VAP-1 antibody
TK10–79.23

To characterize the effect of VAP-1 blockade on lym-
phocyte subgroups in the grafts, immunostainings of the

frozen sections were performed. A three-layer indirect
immunoperoxidase technique and monoclonal mouse
antibodies against the following rat antigens was used:
CD2 (Oxford Biomarketing, UK), CD3 (Research Diag-
nostics, Pleasant Hill, NJ), CD4 (MAS 1131, Sera-Lab,
UK), CD8 (MAS 041, Sera-Lab), CD45RC (Pharmingen,
San Diego, CA), IL-2-R (MAS 263, Sera-Lab), LFA-1 (BSA
3, R&D Systems Europe, Abingdon, UK), VLA-4 (Pharm-
ingen), and anti-rat B cell (HM3004, HyCult Biotechnol-
ogy, Uden, The Netherlands). The frozen liver tissue sec-
tions were first incubated with the monoclonal mouse
antibody, then with peroxidase-conjugated rabbit anti-
mouse antibody (Dako, Copenhagen, Denmark) and
thereafter treated with a peroxidase-conjugated goat an-
ti-rabbit antibody (Tago Inc, Burlingame, CA). The reac-
tion was revealed using an AEC (3-amino-9-ethyl carba-
zole) solution containing hydrogen peroxide. Mayer’s
hemalum was used as a counterstain.

The number of positive cells in the tissue sections were
assessed by computerized image analysis. The whole
tissue section was photographed, producing 4 to 16
images per slide depending on the size of the specimen.
The relative amount of primary antibody-positive label per
image was determined by computerized densitometry
(Leica IM500 and Leica QWIN software; Leica Microsys-
tems AG, Heerbrugg, Switzerland). The results were ex-
pressed as the percentage of the area staining positively.
Due to the very small numbers of the B-cell marker-
positive cells, these were counted manually from 10 por-
tal fields/section and expressed as mean number of cells
per field.

VAP-1 Enzyme Activity

The radiochemical assay to measure serum semicarba-
zide-sensitive amine oxidases (SSAO) was performed as
described.24 Briefly, 25 �l of rat serum was incubated in
the presence of 50 �mol/L cold benzylamine (SSAO sub-
strate) and 35 000 dpm tracer 14C-benzylamine with or
without 1 mmol/L semicarbazide (SSAO inhibitor), and
the SSAO-specific formation of 14C-benzaldehyde (prod-
uct) was quantified by scintillation counting. The SSAO
activity is expressed as pmol of benzaldehyde formed by
100 �l of serum per hour.

In Vitro Binding Assay

Lymphocytes were isolated from rat peripheral lymph
nodes and activated with PHA for 3 days to produce
immunoblasts. The binding of these cells to vessels in
liver sections was studied using a modification of Stamp-
er-Woodruff assay.9 Briefly, frozen sections freshly cut
from rejecting rat allografts (non-treated animals) were
pre-treated in vitro with an anti-VAP-1 or control mAb and
then 3 � 106 PHA-activated lymphocytes (per section)
were overlaid onto them. After a 30-minute incubation at
�7°C under rotatory conditions (60 rpm on an orbital
shaker), the non-interacting cells were removed by tilting
the slides and the adherent cells were fixed to tissues in
a glutaraldehyde fixative. The number of cells binding to
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vessels in liver sections was counted under dark-field
microscopy.

Statistics

In the box plots, median, the interquartile range and
adjacent values are shown. For hypothesis testing, the
non-parametric Kruskall-Wallis test was used, and Tukey-
Kramer test for comparisons between the groups. P val-
ues �0.05 were considered significant.

Results

Characterization of a New mAb Against Rat
VAP-1

One of the existing anti-human VAP-1 mAbs (TK8–110)
cross-reacts faintly with rat VAP-1.8 To develop more
useful reagents for experiments in rat, we tested new
anti-human VAP-1 mAbs for their ability to react with rat
VAP-1. One of the mAbs, 174–5, stained human tissues
in an identical manner to the prototype anti-VAP-1 mAbs
2D10 and TK8–14. In the human PLN, for example, both
174–5 and 2D10 stain HEV-like venules (and dendritic
cells in germinal centers, data not shown) while leaving
other cell types negative (Figure 1A). mAb 174–5 also
cross-reacted brightly with rat VAP-1. As shown in Figure
1B, it stains rat and human gut samples in an identical
manner, and the same observation holds true in many
other rat organs as well (data not shown).

The specificity of 174–5 against VAP-1 was confirmed
using immunofluorescence staining of stable transfec-
tants. This mAb did not stain mock-transfected cells, but
reacted positively with VAP-1 transfectants (Figure 1C).
An isotype control NS1 did not stain either type of trans-
fectant.

The function-blocking capacity of mAb 174–5 was
tested in an in vitro frozen section binding assay. Pretreat-
ment of the tissue section with mAb 174–5 inhibited
lymphocyte binding to high endothelial venules by about
80%. This level of inhibition is higher than with many other
blocking anti-VAP-1 mAbs. Thus, 174–5 is a novel, func-
tion-blocking mAb against human and rat VAP-1.

Luminal VAP-1 in Normal Rats and Rats with
Liver Rejection

We first wanted to ascertain the luminal expression of
VAP-1 in rats in vivo. To that end anti-VAP-1 was injected
intravenously 15 to 30 minutes before harvesting the
organs, and the tissue sections were stained with either
anti-VAP-1 mAb or secondary antibody alone. In tissue
sections from both normal rats and those with acute liver
allograft rejection (7 days post-transplantation) primary
VAP-1 antibody incubated with the tissue section in vitro
stained blood vessels in the liver, spleen, kidney, heart,
skin, skeletal muscle, gut, and brain. In the liver, strong
vascular and faint sinusoidal staining was seen (Figure

2). Staining of nonvascular cells was absent or very rare.
Control mAb revealed no specific staining.

When the intravenously administered mAbs were de-
tected with the secondary antibody alone, the results
were different between normal and transplanted rats. In
normal rat vessels in liver, spleen and skin stained pos-
itive with the secondary antibody, indicating luminal

Figure 1. Characterization of an anti-rat VAP-1 mAb. A: Immunohistochem-
ical staining of human peripheral lymph nodes with mAb 174–5 yields
identical results with that of a prototype anti-VAP-1 mAb (both stain HEV).
NS1 is a negative control mAb. 174–5 stains small vessels (white arrows) in
the transverse sections of human and rat gut. L, lumen. Black arrows point
to mast cells that are brown due to their endogenous peroxidase. B: FACS
staining of Ax cells transfected with mock or VAP-1 plasmid with NS-1
negative control mAb and with 174–5. C: In HEV binding assay, mAb 174–5
inhibits significantly lymphocyte binding to HEV when compared to a neg-
ative control.
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VAP-1 expression (Figure 2). Vessels in skeletal muscle
stained very faintly. Animals that had received the control
mAb NS1 intravenously showed no specific staining.

Surprisingly, however, in the six rats with ongoing re-
jection, only one had positive vessel staining in the liver
and the spleen when stained with the secondary antibody
alone after single i.v. injection of anti-VAP-1 mAb. In the
other five rats both the liver and the spleen were negative.
Nevertheless, in the treatment groups (see below), with
antibody injection given every other day or daily for a
week the proportion of animals with positive vessel stain-
ing with a secondary antibody alone increased with the
amount of antibody given. In the group with daily anti-
VAP-1 injections every graft had blood vessels positive
for luminal VAP-1 when grafts were harvested on day 7
(Figure 2). The animals that were treated with the control
mAb showed no specific staining with the second stage
reagent. We also tested the ability of sera from the treated
rats to stain tissue sections previously known to be VAP-1
positive to demonstrate the level of free anti-VAP-1 mAb
in the circulation. The staining intensity correlated posi-
tively with the dose of the antibody. These experiments
indicated that at least the animals in the higher dose
group and half of the rats in the lower dose group had
levels of circulating antibody that could be detected with
this relatively insensitive method.

Liver Allograft Rejection Increases Serum VAP-1
Enzyme (Semicarbazide-Sensitive Amine
Oxidase) Activity

Due to the findings suggestive of increased soluble
VAP-1 concentrations in rejection we performed assays
of VAP-1 enzyme activity in sera of normal rats, and
recipients of syngeneic and allogeneic liver transplants.
In the animals without rejection (n � 3) the serum SSAO
activity was 131 � 58 pmol/h/100 �l serum, whereas in
the animals with acute liver rejection (n � 16) the mean
activity was 252 � 68 pmol/h/100 �l serum (P � 0.01,
t-test). Therefore, acute liver allograft rejection leads to
significant increase in serum SSAO-activity, indicating
higher concentration of soluble VAP-1.

Anti-VAP-1 Inhibits Lymphocyte Infiltration in
Liver Allograft Rejection

Lymphocyte infiltration to the graft was clearly affected by
VAP-blockade. (Figure 3). The total inflammation in trans-
plant aspiration cytology was significantly decreased in
animals treated with anti-VAP-1. In the control group the
mean TCI value was 6.6 � 1.0, consistent with clear
acute rejection, while in the lower and higher dose anti-

Figure 2. A: Expression of VAP-1 in normal human liver. Paraffin section, mAb TK10–79 as primary antibody. Original magnification, �200. B: VAP-1 expression
in normal rat liver. Frozen section, immunoperoxidase staining, mAb 174–5 as primary antibody. Original magnification, �400. D: Rat liver allograft with acute
rejection 7 days post-transplantation. Frozen section, immunoperoxidase staining, mAb 174–5 as primary antibody. Original magnification, �400. C, D, and F:
Intraluminal expression of VAP-1. Frozen sections, immunoperoxidase staining detecting the primary antibody given i.v. Original magnification, �20. C: Normal
liver, 30 minutes after i.v. injection of 2 mg/kg anti-VAP-1. E: Allografted liver, 7 days post-transplantation, 30 minutes after single i.v. injection of 2 mg/kg
anti-VAP-1. Intraluminal antibody binding is inhibited. F: Allografted liver, 7 days post-transplantation, treated with daily injections of 2 mg/kg anti-VAP-1. There
is clear intraluminal expression of VAP-1.
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VAP1 groups it was 4.7 � 1.0 and 2.4 � 1.0, respectively.
Most of the difference was explained by decreased num-
bers both of lymphoid blasts and activated lymphocytes.
The number of lymphoid blasts in the graft was signifi-
cantly decreased in both treatment groups when com-
pared to control (Figure 3). Also, the number of activated
lymphocytes and small lymphocytes was clearly, but not
statistically significantly decreased by anti-VAP-1 treat-
ment. VAP-1 blockade did not seem to influence the
number of monocytes and macrophages in the rejecting
graft.

Treatment with Anti-VAP-1 Decreases Portal
Inflammation in the Liver Allografts

In the histological analyses, the control group demon-
strated signs of acute rejection: portal mononuclear in-
flammation, endothelitis, and cholangitis. In the group
treated every other day with anti-VAP-1, the scores for
portal inflammation and cholangitis were slightly lower
than in control, but this was not significant.

In the group treated daily with anti-VAP-1 antibody the
intensity of the portal inflammation was significantly de-
creased (Figure 4). In part of the grafts in this group the
size of the portal inflammatory infiltrates was close to that
in syngeneic grafts at the same time point (data not
shown). The proportion of lymphoid blasts in the inflam-
matory infiltrate was clearly decreased by the higher
dose of anti-VAP-1 (Table 1). Also the score for bile duct

inflammation was lower in this treatment group but the
difference was not significant. In other parameters (en-
dothelitis, parenchymal inflammation, and necrosis) there
was no significant difference.

Blockade of VAP-1 Significantly Decreases the
Number of Activated T Cells in the Graft

Percentage of the area containing cells positive for lym-
phocyte lineage- and activation markers was measured
in frozen tissue sections by image analyzer. The results
are summarized in Figure 5.

The percentage of the area containing a positive signal
for CD3 was significantly reduced by both doses of anti-
VAP-1 antibody. The infiltration of CD2-positive lympho-
cytes was significantly decreased by the higher dose of
anti-VAP-1, but not by the lower. The signals for both
CD4- and CD8-positive lymphocytes were significantly
decreased by both doses of anti-VAP-1 mAb, but the
relative decrease of CD4-positive cells was more dra-
matic, up to 80% compared to control (Figure 5).

The infiltration of IL2-R-positive lymphocytes was sig-
nificantly decreased by both doses of anti-VAP-1. Simi-
larly, the number of VLA-4-positive cells in the graft was
significantly decreased in both treatment groups com-
pared to control. Signal for LFA-1 was significantly de-
creased only by the higher dose of anti-VAP-1. Anti-
VAP-1 did not influence the amount of CD45RC signal in
the graft. The amount of B cells in the infiltrates was low
and did not change significantly by the treatment.

Immunoblast Adhesion to Vasculature of
Rejecting Rat Liver Allografts Is Inhibited by
Anti-VAP-1 in Vitro

To study the role of VAP-1 in the initial interactions (bind-
ing) between PHA-activated immunoblasts and vascula-
ture in a rejecting liver, an in vitro frozen section assay
was used. The binding was inhibited by 42 � 2%
(mean � SEM, n � 3, each using a different liver, P �
0.01) in the presence of an anti-VAP-1 mAb when com-
pared to a control mAb-treated sections. These data
show that VAP-1 is important in binding of immunoblasts
to liver vasculature. Together with the histological analy-
ses, which take into account also the final transmigration
step of the extravasation cascade (which also is VAP-1
dependent10), these results suggest that VAP-1 prefer-
entially supports migration of immunoblasts to rejecting
liver.

Discussion

We showed here that a 1-week treatment with an anti-
VAP-1 mAb significantly reduces the infiltration of inflam-
matory cells into a liver undergoing acute rejection. This
is the first description of the feasibility and efficacy of
blocking VAP-1 function by repeated administration of
anti-VAP-1 mAbs in any animal model in vivo.

Figure 3. Effect of anti-VAP-1 treatment on the rejection response measured
by transplant aspiration cytology on day 7 post-transplantation. The results
are given in corrected increment units (CIU). In the box plots median,
interquartile range (box) and adjacent values (whiskers) are shown. Out-
liers are shown as dots. Significant difference (P � 0.5) compared to control
is indicated by asterisks.
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Figure 4. Histopathological findings 7 days after liver transplan-
tation. Control antibody- (A) and anti-VAP-1- treated (2 mg/
kg/d) (B) liver allografts. Original magnification, �100. C. Dot
plots show the individual scores of the grafts. For control anti-
body group n � 6, for anti-VAP-1 2 mg/kg/2 days group n � 6,
and for anti-VAP-1 2 mg/kg/d group n � 7. Significant difference
compared to control is indicated by asterisk.
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We did not aim to assess the effect on postoperative
survival in this study because of the previously known
prolonged morbidity connected to untreated rejection in
part of the animals in the control group.

In the transplant aspiration cytology, the significant
decrease in the number of lymphoid blasts was the stron-
gest contributing factor for the decrease in total inflam-
mation score. Also in histology, the proportion of lym-
phoid blasts in the portal inflammatory infiltrate was
decreased by the treatment. This might indicate that the
receptor for VAP-1 on lymphoid cells (still uncharacter-

ized) could be up-regulated by lymphocyte activation.
The amount of IL2R-positive signal was also significantly
decreased (by approximately 35%) in the anti-VAP-1
treated grafts. On the other hand, in immunohistological
analysis, the total CD3-positive T-cell number was de-
creased by up to 70%, and, in the FNAB, the number of
small lymphocytes was decreased. It is difficult to com-
pare the absolute percentages of subpopulations of liver-
infiltrating lymphoid cells to each other. This is mainly due
to the intrinsically different avidity of different mAbs
against their target antigen. Moreover, the lymphocytes
may only start to express or up-regulate the expression of
certain activation markers after they have extravasated
into the graft and proliferate in the tissue. Based on our
results, we conclude that anti-VAP-1 mAb inhibits the
accumulation of activated T cells, perhaps more drasti-
cally those with a T-helper phenotype, during a liver graft
rejection.

The difference between normal and rejecting rats in
the staining for intraluminal VAP-1 led us to hypothesize
that liver rejection could induce a soluble factor that
blocks anti-VAP-1 binding to endothelia. The fact that
increasing the cumulative dose of the anti-VAP-1 anti-
body led to reappearance of intraluminal VAP-1 positivity
clearly supports this hypothesis. In the assay for the
enzymatic activity of VAP-1 we saw a significant increase
induced by liver rejection further supporting this. The
soluble form of VAP-1 has been shown to be increased in
a variety of liver diseases.11 This up-regulation seems to
be quite specific for liver inflammation indicating liver as
the major source of soluble VAP-1.11,24 Therefore, it
would seem logical that the amount of soluble VAP-1 is
also increased by liver allograft rejection. Soluble ICAM-1
and VCAM-1 are up-regulated by liver allograft rejec-
tion,25 and are generally thought to play an immuno-
modulatory role. Soluble VAP-1 was found to be active in
adhesion assays, but instead of inhibiting lymphocyte
adhesion it was found to enhance binding.11

Antibodies and antisense oligonucleotides targeting
ICAM-1 have previously been shown to alleviate liver
allograft rejection in the rat,26,27 and to decrease leuko-
cyte recruitment to the graft.26 In our study the effect on
histological changes of rejection was comparable to ef-
fects achieved by blocking ICAM-1. However, the ex-
pression of VAP-1 is much more restricted than that of
ICAM-1, which is also expressed in leukocytes and epi-
thelial cells, and therefore VAP-1 may be a more feasible
target to prevent inapropriate lymphocyte infiltration into
the liver. Moreover, VAP-1 belongs molecularly to semi-
carbazide-sensitive amine oxidases, and it also function-

Table 1. Proportions of Leukocyte Subtypes in the Portal Inflammatory Infiltrates

Lymphoid
blasts

Small
lymphocytes Polymorphonuclear leukocytes Macrophages

Isotype control 22.2 � 10.9% 61.4 � 9.4% 14.9 � 8.8% 0.3 � 0.2%
Anti-VAP

2mg/kg/2 days
22.5 � 8.9% 66.8 � 8.1% 10.6 � 4.3% 0.1 � 0.1%

Anti-VAP 12.5 � 6.5% 78.2 � 8.1% 9.1 � 3.8% 0.2 � 0.3%
2 mg/kg/day (P � 0.0875)

Ten high-power fields (�1000) maximally covered with infiltrate were counted in each liver.

Figure 5. Expression of leukocyte surface markers CD3, CD4, CD8, IL-2
receptor, VLA-4, LFA-1, CD45RC, rat B-cell marker HY3004, and CD2 in the
liver allografts. The results are expressed as percentage of positive label of
the total surface area, except B cells as mean number of positive cells/field.
In the box plots median, interquartile range (box) and adjacent values
(whiskers) are shown. Outliers are shown as dots. Significant difference
(P � 0.05) compared to control is indicated by asterisks.
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ally possesses this enzymatic activity.23 It has been pro-
posed that the SSAO activity is directly involved in the
adhesive function of VAP-1, and that adhesion could be
inhibited by SSAO inhibitors.28 In the future, a small mo-
lecular weight enzyme inhibitor would therefore be more
practical as an anti-adhesive therapy when compared
with monoclonal antibodies.

In conclusion, blockade of VAP-1 adhesion leads to
significant decrease of T-lymphocyte infiltration and alle-
viation of histological changes of acute rejection in rat
liver allografts. This indicates that VAP-1 indeed plays a
significant role in the traffic of lymphocytes into the in-
flamed liver allograft. These data are also the first in vivo
demonstration of the efficacy of a long-term treatment tar-
geting VAP-1 in any animal model. Due to the restricted
tissue expression of VAP-1, targeting it could offer possibil-
ities for more liver-specific immunosuppression.
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