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No functional benefit for hDAF-transgenic rat
livers despite protection from tissue damage
following perfusion with human serum

Abstract Currently, xenogeneic ex-
tracorporeal liver perfusion is used
in the treatment of acute liver fail-
ure. In order to determine whether
transgeneity for human regulatory
proteins could improve the func-
tional outcome of the ex-vivo liver in
relation to the histopathological
changes, we studied the effect of the
humoral mechanism in xenogeneic
isolated rat liver perfusion in normal
and transgenic rat livers. [solated rat
liver perfusion was performed for 2
h in normal rat livers with Krebs
Henseleit (KH) and human serum
(HS), and in livers transgenic for
human decay accelerating factor
(hDAF; Tg HS). Function of the
liver was established by measure-
ment of liver enzymes and bile
production, and clearance of
bromosulphophthalein (BSP). Tis-
sue specimens taken after perfusion
were analysed by routine histology
and immunofluorescence staining
for C3c deposition. No change in
release of liver enzymes could be
established throughout the perfusion
period. In the 2nd hour, a higher
level of bile production was seen for

Introduction

Fewer than 20% of the patients with fulminant hepatic
failure survive when treated with conservative medical
measures [9]. Liver transplantation, at present the only
therapeutic option with a survival rate of 80%-90%, is

the transgenic group than for the HS
group. The transgenic rat livers
outperformed the normal livers per-
fused with HS, when BSP concen-
tration in the bile was measured;
however, clearance of BSP from the
perfusate was not significantly dif-
ferent. Haematoxylin-eosin (HE)
staining of the liver tissue showed
evidence of hyperacute rejection in
the HS group. There was only mild
tissue injury in the transgenic liver.
High-intensity fluorescent staining
for C3c deposition was seen in the
normal livers perfused with HS, and
significantly less in the transgenic
livers. Although histologically less
tissue damage and less C3c deposi-
tion was shown, no significantly
improved function of the livers
transgenic for hDAF was estab-
lished. These results suggest that for
short-term extracorporeal liver per-
fusion transgenesis offers no func-
tional benefit.

Keywords Isolated rat liver perfu-
sion - Acute liver failure - Trans-
genic livers - hDAF - Tissue damage

limited because of the number of available donor organs.

Therefore, a system capable of temporarily supporting

patients with liver failure is needed to form a bridge to
either liver regeneration or liver transplantation.

In the early 1970s, as well as in recent years, ex-vivo
whole liver perfusion was clinically applied, showing
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temporary improvement of the patient’s clinical condi-
tion [1, 5, 21]. In these xenogeneically perfused livers
evidence of tissue damage to the ex-vivo liver was as-
sessed; however, hyperacute rejection, as had been
shown in xenoperfusion of heart and kidney, was not
seen [7]. It seems that the liver is less susceptible to hu-
moral injury; however, the effect of the humoral mech-
anism on the functional and histopathological changes
of the ex-vivo liver remains to be determined.

Because of the critical role of complement in hyper-
acute rejection, the development of transgenic animals
expressing species-specific complement inhibitors could
provide a strategy for overcoming damage by the hu-
moral mechanism. For instance, the human complement
inhibitor human decay accelerating factor (hDAF) pre-
vents the assembly of C3 and C5 convertases, and was
shown to be variably expressed in different cell types of
transfected pigs [17]. And indeed, hearts [19, 23] and
kidneys [8, 22] transgenic for hDAF have successfully
been tested without hyperacute rejection in xenoperfu-
sion and xenotransplantation. In isolated liver perfu-
sion, Adham et al. showed a significant decrease of
complement levels without significant alteration in liver
function [3] and only mild histological evidence of hy-
peracute rejection [2] during xenogeneic perfusion of
normal pig livers with human whole blood. However, in
another study, Pascher et al. [14] showed a marked
complement activation and morphological damage in
normal pig livers perfused with human whole blood,
confirmed by an increase in the concentration of liver
enzymes, as compared with livers transgenic for hDAF.
Although reduction in activation of human complement
and hepatocellular damage in organs transgenic for
hDAF in this study were shown, no evidence of changes
in liver function was reported. Also, it is not clear
whether these effects are solely due to humoral media-
tors or to other components of human whole blood.

Therefore, in our study, isolated rat livers were per-
fused with human serum, and we used organs from
normal animals and animals transgenic for hDAF to
determine whether this transgeneity could improve the
functional outcome of the ex-vivo liver related to the
histopathological changes.

Materials and methods

Animals

We performed experiments using male Wistar rats weighing 350-450
g and Sprague-Dawley rats transgenic for hDAF weighing 400-500
g. hDAF transgenic rats were produced as described by Charreau et
al. [6]. Briefly, a construct containing the hDAF ¢cDNA was used
under the transcriptional control of the endothelial cell-specific hu-
man ICAM-2 promoter. DAF expression was evaluated by immu-
nohistology in several organs including heart, lung, kidney, liver and
lymphoid organs, and by FACS analysis of purified endothelial cells
of heart and lung. Consistent levels of DAF were detected and

showed uniform expression on the endothelium of all blood vessels.
The rats were allowed free access to water and rat chow before the
isolation of the liver. The animals were divided into three groups:
group 1 (n=6), perfusion of normal rat livers with Krebs Henseleit
(KH); group 2 (n=6), perfusion of normal rat livers with 15% human
serum (HS); group 3 (n=6), perfusion with 15% HS of livers from
Sprague-Dawley rats transgenic for hDAF (Tg HS). During perfu-
sion, bile production, bromosulphophthalein (BSP) clearance, and
biochemical parameters of the liver (AF, ALAT, ASAT, and LDH)
were measured. Immunohistochemistry was performed to assess the
deposition of complement in the rat liver.

Surgical protocol

The animals were anaesthetized with ether, and a midline lapar-
otomy was performed. The intestines were placed in a warm saline-
moistened swab to the left of the animal. The median and left
lateral lobes of the liver were mobilized by division of the suspen-
sory ligaments, and the entire liver everted onto another warm
saline-moistened swab on the thoracic cavity. The procedure ex-
posed the portal vein and bile duct for cannulation. A 5/0 silk
ligature was placed around the bile duct, and the duct was cannu-
lated with a 2FG cannula filled with phosphate buffered saline
(PBS:; Sigma P-4417). The subsequent capillary pressure enabled a
good bile flow. The vena porta was ligated and cannulated, and
perfusion with oxygen-saturated KH medium was started imme-
diately. The infrahepatic caval vein was cut to improve outflow of
the medium, and a homogenous, pinkish-brown colour of the liver
was established. Then, the suprahepatic caval vein was cannulated
after the thoracic cavity had been opened and, after perfusion was
well established, the infrahepatic caval vein was ligated. The he-
patic artery was not incorporated into the perfusion system, but cut
and left open to ensure moistening of the liver during perfusion The
liver was left in situ and the whole animal transported into the
perfusion system.

Perfusate preparation

Perfusion was performed with KH with 0.1 mM BSP (Fluka
Chemika, Riedel-de-Haén, 19360) and 0.6% bovine serum albumin
(BSA) to bind the BSP in solution (BSA, Boseral, Organon
Technika). HS was collected from coagulated blood from human
donors. It was centrifuged at 2,000 rpm (MSE Mistral, Beun-de
Ronde B.V.), after which the serum was filtered through a 220-um
filter (Stericup Millipore Bedford, 0.22 um GP Express Membrane
P25531). It was added to KH at a 15% dilution, at which con-
centration hyperacute reaction could still be studied [6], and less
serum was needed.

Perfusion technique

The perfusion system consisted of an oxygenator and a liver rep-
erfusion circuit connected in parallel to a common reservoir. The
circuit tubing was composed entirely of Silastic silicone rubber
tubing with an internal diameter of 2.0 mm and a wall thickness of
0.5 mm. The livers were perfused with a peristaltic pump at a
constant pressure of 22 cm H,O keeping a constant flow of 30-50
mi/min depending on the size of the liver. The oxygenator consisted
of two parts passing a mixture of 95% oxygen and 5% carbon
dioxide through the module, keeping the oxygen pressure at ap-
proximately 500 mmHg, necessary for sufficient oxygen diffusion to
the liver tissue in the absence of oxygen carriers. In all groups, the
liver was perfused with KH for 20 min without reperfusion until a
uniform pale-beige appearance of the liver was obtained, followed
by continuous antegrade reperfusion for 120 min at room tem-
perature with a total volume of 150 ml perfusate.
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Sample collection and immunohistochemical analysis

Bile was collected every 10 min. directly from the bile cannula into
an Eppendorf cup. We calculated the actual amount of bile pro-
duced by measuring the weight of the cup before and after bile
collection using a bilirubin density of 1 g/ml. Flow was monitored
constantly throughout the perfusion, and 0.5-ml samples of the
perfusate were obtained from a separate port directly after the liver
every 10 min. Approximately 100 ul was immediately stored in the
refrigerator for BSP measurement; the remainder was stored at —20
°C for biochemical analysis. At the end of the experiment, samples
of liver tissue were stored in formaldehyde and at —80 °C. For-
malin-fixed tissue was paraffin embedded, cut and stained with
haematoxylin-eosin (HE) for examination of morphological
changes by conventional light microscopy. FITC-conjugated rabbit
anti-human C3c antibodies (Ra-aHuC3¢/FITC, Code No. F0201,
Dako ITK Denmark) were used to demonstrate complement de-
position by fluorescence microscopy (Leica, DMRXA, No.
183235). We quantified the C3c staining by assessing the amount
and intensity of the fluorescent spots in two slides from every ex-
periment at five randomly chosen fields of view. The staining was
graded from O for no fluorescence to 5 for maximum fluorescence.

Statistical analysis

The two-sample Students ¢-test with a 95% confidence interval was
used for statistical analysis.

Results
Function of the liver

No increase in concentration of ASAT, ALAT, LDH
and AF could be established during perfusion of normal
rat livers with KH, HS, or the livers transgenic for
hDAF perfused with HS, and no difference in concen-
tration was found between the experimental groups
(data not shown).

Figure 1 shows the mean bile production during the
perfusion. Bile production was constant throughout the
perfusion, when the liver was perfused with KH (43 +5.7
pl/10min) and HS (50 +4.7 ul/10min). An initial increase
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Fig. 1 Bile production (mean with SE). *Significant difference Tg
HS versus KH (P <0.05)

in the first 40 min in bile production from 43+4 pl/
10min to 64 +3.4 pl/10min was shown, when perfusion
was performed with HS in the transgenic liver. Statisti-
cally, bile production of the transgenic livers in the 2nd
hour of perfusion was significantly higher than bile
production in the KH-group (P <0.05), but no signifi-
cant difference was established between the Tg HS group
and the HS group.

The concentration of BSP was measured in the bile,
and Fig. 2 shows the cumulative release of BSP into the
bile. A steady increase for all groups is shown. In the last
20 min of perfusion, a significant difference (P <0.05) in
cumulative BSP concentration in the bile was measured
between the transgenic group and the HS group. No
significant difference was established from the KH group
with either other group.

The mean decrease in the concentration of BSP in the
perfusate as a percentage of the concentration at the start
of the perfusion is shown in Fig. 3. When the perfusion
was performed with HS in the normal liver as well as in
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Fig. 2 Cumulative concentration of BSP in bile (mean with SE).
*Significant difference Tg HS versus HS and KH (P <0.05)
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Fig. 3 Concentration of BSP in the perfusate as a percentage of the
concentration at the start (mean with SE). *Significant difference
KH versus HS and Tg HS
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the transgenic liver, significantly more BSP was removed
from the perfusate than in the perfusion with KH
(P <0.05).

Immunohistochemistry of the liver

Figure 4 shows the paraffin-embedded slides of the livers
with HE staining 2 h after perfusion with KH (Fig. 4A),
and perfusion with HS in the normal rat liver (Fig. 4B)
and the transgenic rat liver (Fig. 4C). After perfusion
with KH for 2 h, a normal hepatic structure can be seen.
Perfusion with HS of the normal rat liver shows a dis-
integration of hepatocyte plate architecture, with dam-
aged endothelium and endovascular fibrin deposition.
Histological examination of the transgenic livers shows a
mostly intact hepatic structure with no damage to the
vascular endothelium.

In Fig. 5, immunofluorescence studies of the livers
perfused with KH (Fig. SA), and HS in normal
(Fig. 5B) and transgenic livers (Fig. 5C) are shown.
Evidently, there is more staining in the non-transgenic
liver perfused with HS than in the livers transgenic for
hDAF. The livers perfused with KH were taken as a
negative control. Semi-quantification of the amount and
intensity of fluorescence is presented in Table 1. Signif-
icantly more C3c deposition is shown in normal rat
livers perfused with HS than in transgenic livers and the
livers perfused with KH (P <0.05).

Discussion

In our model, the isolated liver perfused with HS or KH
showed good function throughout the perfusion period,
as was demonstrated by bile production, concentration
of BSP in the bile, and decrease of BSP from the per-
fusate. Perfusion with HS accounted for significantly
higher bile production than with KH, suggesting an
advantage in the xenogeneic situation, possibly due to
the content of the HS versus KH.

The livers transgenic for hDAF did not show a
better function than the normal rat livers. Overall, after
an initial increase, bile production was higher in the
transgenic livers, there was more release of BSP into
the bile and, most importantly, the decrease in con-
centration of BSP from the perfusate was higher, but
no significant difference could be established. The ini-
tial increase in bile production in the transgenic liver
may have been due to the adjustment of the liver in the
Ist 20 min, in which period it has been shown that
complement- and preformed natural antibodies are re-
moved from the serum [3]. This removal seems to be
more efficient in the transgenic livers than in the nor-
mal rat livers, since bile production remains at a lower
level in these organs.

Fig. 4 HE staining of paraffin-embedded normal rat liver after 2 h
of perfusion with KH (A), HS (B), and rat liver transgenic for
hDAF with HS (C)

Evidently, more tissue damage was found in the
normal rat liver than in the transgenic rat liver on his-
topathological examination. Damage to the vascular
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Fig. 5 C3c deposition in a normal rat liver after 2 h of perfusion
with KH (A), HS (B), and in a rat liver transgenic for hDAF
perfused with HS (C)

endothelium, and fibrin deposition in the normal rat
liver suggest complement-mediated tissue damage, indi-
cating hyperacute rejection. On immunofluorescence

Table 1 Quantification of C3c staining by assessment of the
amount and intensity of the fluorescent spots in two slides from
every experiment at five randomly chosen fields of view (0 for no
fluorescence to 5 for maximum fluorescence)

Experimental groups Assessment of fluorescence

intensity
KH (negative control) 0.13+0.021
HS 2.1+£0.25
Tg HS 0.93+0.16

examination, these findings were confirmed, showing
significantly more C3c¢ deposition in the normal rat liver
than in the transgenic rat liver, indicating more humoral
damage to the isolated non-transgenic rat liver. The
extent of tissue damage was not sustained in release of
liver enzymes into the perfusate. Very low levels of
transaminases, lactate dehydrogenase and alkali phos-
phatase could be detected in the perfusate, and no dif-
ference could be established between the experimental
groups. Either our detection methods were not sensitive
enough, or the extent of tissue damage was not of major
importance. However, the histopathological proof of
tissue damage is convincing, and although function was
not significantly improved, we believe that a protective
role of transgenesis has been established.

The exceptional position of the liver in the xenogeneic
situation complicates the interpretation of the possible
beneficial role of transgenesis for complement regulatory
proteins in ex-vivo liver perfusion. Xenogeneic perfusion
of the heart causes hyperacute rejection and immediate
dysfunction of the heart within 10 min, whereas trans-
genic hearts function for several hours [6]. In xenogeneic
perfusion of the isolated normal liver with human whole
blood, no hyperacute rejection (HAR) has been shown
[2]. Xenotransplantation of the normal liver in a dis-
cordant rodent model showed no HAR [20]; however, in
a pig-to-baboon model HAR has been established [11,
16] An immediate decrease of xenoreactive natural an-
tibodies and complement in xenogeneic liver perfusion
has been established in several reports [4, 7], the effect of
which was not always seen on histological examination
[2], as we showed in this study. However, it is known,
that pig livers expressing hDAF on the endothelial cell
surface exhibit less tissue damage, down-regulate com-
plement activation and thereby the release of some cy-
tokines during the humoral reaction [12, 14]. Thus,
although the normal liver seems to be capable of
resisting HAR for several hours, the additional down-
regulation may prove to be beneficial for isolated per-
fusion of the liver in terms of tissue damage, with
cytokine release possibly enabling a more effective use of
the ex-vivo liver for a longer period of time.

Possibly further means of reducing humoral damage
in xenogeneic liver perfusion are under investigation. A
reduction of the humoral effect was shown by the
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perfusion of pig livers with human whole blood using
continuous administration in the perfusion circuit of
soluble complement receptor type 1 (300 pg/ml) [18].
Also, using immunoapheresis with an Ig-thereasorb-100
column, consisting of sheep-anti-human IgG antibodies
covalently coupled to Sepharose CL-4B, Pascher et al.
significantly reduced the amount of circulating anti-
bodies and complement, and revealed a significant re-
duction of cellular damage and functional restrictions of
the ex-vivo liver [13, 15]. However, in these studies,
immunoadsorption was not able to prevent organ
damage or loss of function completely [10]. In subse-
quent autologous reperfusion, the liver did not regen-
erate to its initial level of performance, thus pleading for
the possible benefit of multiple short-term ex-vivo liver
perfusions, opposed to a single long-term perfusion, and

the use of combinations of humoral damage-reducing
therapies. Despite the exceptional position of the liver in
the xenogeneic situation, these studies confirm that a
reduction of the humoral reaction clearly improves the
outcome of xenogeneic ex-vivo liver perfusion.

In conclusion, in our study, rat livers transgenic for
hDAF were protected from tissue damage following
perfusion with HS, which did not result in a significantly
improved function of the isolated liver. However, the
beneficial effect of transgenesis in xenogeneic perfusion
of the isolated liver on tissue damage and the consequent
release of cytokines and other cell products may provide
better functional results in long-term extracorporeal
liver perfusion and may provide a safer micro-environ-
ment for the treatment of patients with acute liver fail-
ure.
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