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Abstract Depletion of anti-pig xe- 
noantibodies reduces cell cytotoxic- 
ity of human serum to pig endothe- 
lial cells and lymphocytes. The aim 
of this study was to test, in a pig kid- 
ney xenoperfusion model, the ability 
of soluble aGal terminated disac- 
charides to prevent the hyperacute 
rejection process in an organ. Por- 
cine kidneys were perfused with 
whole human blood lacking saccha- 
ride and blood supplemented with 
Gala1-3GAL, Galal-2Gal and lac- 
tose. Parameters evaluated were, 
urine production, renal blood flow, 
vascular resistance, renal clearance, 
blood cell counts, xenoantibody ti- 
ters, complement activation and his- 
topathology. The blood flow was 
higher in the Ga la l3Ga l  
(155 
tissue) group compared to Ga- 
lal-2Gal(138 f 16), lactose 
(92 f 78) and controls (69 k 16). 
When calculated as percent of the 
blood flow value at 1 min, the blood 
flow at 30 min was 157 % for the 
Gala13Gal and for 187 % the Ga- 
lal-2Gal. The corresponding values 
for the lactose and control groups 
were 102 % and 74 %, respectively. 
Urine production in the lactose/ 
control groups was lower (0.7 ml/ 
min x 100 g-' kidney tissue) com- 
pared to Galal-3Gal(3.0) and Ga- 

31 ml/min x 100 8-l kidney 

Ial-;?Gal(3.7). Urine sodium excre- 
tion was reduced in the lactoseicon- 
trol groups, compared to the Ga- 
l aa l -  groups during the perfusions. 
An increase in urine potassium ex- 
cretion was found in the Galaal- 
groups while a reduction occurred in 
the lactosekontrol experiments. An 
initial 40-50 % reduction in platelet 
count was observed in all groups 
while the leukocyte count showed a 
continuous decrease. Immunohisto- 
chemistry revealed less deposition 
of IgM, IgG, C3 and C1 q in the Ga- 
laal-saccharide groups compared to 
the lactose/control groups. Soluble 
Galaal-disaccharides improved 
both functional and histological pa- 
rameters. However, significant 
pathological changes were still pre- 
sent indicating that this approach to 
inhibit HAR must be used in com- 
bination with additional therapeutic 
approaches such as solid phase 
xenoantibody immunoadsorption 
and blocking of complement activa- 
tion. 

Keywords Xenotransplantation . 
Hyperacute rejection. Pig kidney. 
in vitro perfusion - Gala-saccharides 

Abbreviations HAR Hyperacute 
rejection . GFR Glomerular filtra- 
tion rate 
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Introduction in which pig kidneys were perfused with human blood 
lacking saccharide. 

Hyperacute rejection (HAR) of vascularised pig xeno- 
grafts in human or primate recipients is initiated by pre- 
formed xenoantibodies present in the recipient, and is 
the first major barrier to overcome in order to make 
xenotransplantation of pig organs clinically applicable 
[26]. Most of the human anti-pig xenoantibodies binds 
to the Ga la l3Ga l  antigens present on cell surface gly- 
coproteins and glycolipids [7, 27, 291. About 1-2% of 
total human serum IgG and 4-8% of IgM have been 
found to react with the Ga la l3Ga l  epitope [18]. Sever- 
al approaches to block the HAR initiated by the Ga- 
lal-3Gal/ anti-Gal antibody interaction have been pro- 
posed and tested experimentally. First, removal of the 
recipients xenoantibodies by non-specific techniques 
(extracorporeal organ perfusion, plasmapheresis or im- 
munoadsorption by protein A) [l, 25,351 or specific sac- 
charide immunoadsorbents [33, 381. Second, intrave- 
nous infusion of soluble aGa1 terminated oligosaccha- 
rides functioning as haptens in baboons transplanted 
with pig xenografts [30,39]. Third, change of the expres- 
sion of Galal-3Gal determinants in the graft by 
al-3galactosyltransferase gene knockout [32, 341, di- 
verging the Galal-3Gal biosynthesis by addition of the 
al,2fucosyltransferase gene forming the blood group H 
determinant [5,6,28] or removing the antigen determi- 
nant by a-Galactosidase [15, 21, 361. Fourth, blocking 
complement activation by infusion of human soluble 
complement receptor 1 [23] or production of pig strains 
transgenic for human complement regulatory proteins 
[9,11,14]. 

The use of soluble blood group A and B oligosaccha- 
rides to block preformed antibodies has been successful 
for the treatment of haemolytic disease of the newborn 
caused by ABO incompatibility [24] and, experimental- 
ly, to prevent HAR in ABO incompatible heart trans- 
plantation in baboons [8]. aGal-terminated saccharides 
have been tested for their ability to block the binding 
of human xenoantibodies to pig cell cultures and to 
block the cytotoxic effect of human plasma on pig en- 
dothelial and epithelial cell cultures [12, 19, 391. The 
possibility to test soluble Galal-3Gal saccharides in 
full-scale experiments in primates and organ perfusion 
with human blood has been hampered by the lack of a 
sufficient amount of saccharides and by the great costs. 
To our knowledge, only one single pig organ perfusion 
experiment with human blood has been reported so far. 
In that experiment, the tissue damage was evaluated 
histologically, while kidney function parameters were 
not studied [4]. The aim of this study is to evaluate the 
ability of soluble Gala saccharides to block hyperacute 
rejection and the following functional impairment and 
tissue damage. Porcine kidneys were perfused with hu- 
man whole blood supplemented with Galal-2Ga1, Ga- 
lal-3Ga1, lactose and compared to control experiments, 

Materials and methods 
Animals and surgical procedure 

Domestic pigs of both sexes and of about 40 kg body weight were 
used. The blood group type of the pigs (A/O) was established by 
hemagglutination using 3 different monoclonal blood group A an- 
tisera. The pigs were bred and maintained in compliance with the 
principles of laboratory animal care stated in the “Guide for the 
care and use of laboratory animals”, NIH. The study was approved 
by the University ethical committee for animal investigation. Atro- 
pine 0.5 mg/kg and pethidin hydrochloride 2 mg/kg were given as 
premedication, and anaesthesia was induced by ketamine hydro- 
chloride 25 mg/kg i.m, followed by injection of azaperonum (Jans- 
sen Pharmaceutical, Beerse, Belgium) 2 mgikg, and metomidati 
chloride (Janssen Pharmaceutical) 4 mgikg i. v. Anaesthesia was 
maintained by iteration of azaperonum and metomidati chloride 
injections. The kidneys were exposed by a median laparotomy, re- 
moved after administration of 12000 U of heparin i. v., and immedi- 
ately flushed with 20 ml of saline containing 5000 U heparin. This 
was followed by perfusion with 500 ml cold Soltran kidney perfu- 
sion solution (Baxter, Norfolk, U.K) at a hydrostatic pressure of 
about 100 cm H,O. The kidneys were stored on ice until the perfu- 
sion experiment. Warm and cold ischemia times were approxi- 
mately 2-3 min and 15 min respectively. The kidneys were flushed 
with 100 ml saline before connection to the perfusion circuit, in or- 
der to remove the high potassium concentration present in the Sol- 
tran solution. 

Preparation of heparinized human blood 

450 ml blood from regular blood donors, with the corresponding 
blood group A/O type as the pigs were collected in transfusion 
bags containing 63 ml of citrate-phosphate-dextrose, CPD solution 
(327 mg acid citrate monohydrate/100 ml CPD, Baxter UK). 
About 3 U of Heparin/ml was added and the anti-coagulating ef- 
fect mediated by the CPD solution was neutralised by addition of 
0.059 mmol Mg2+ and 0.24 mmol Ca2+ respectively (MgCl,, CaCl,, 
MERCK, Darmstadt, Germany) per 100 ml plasma. 

Blocking of human natural anti-Gal antibodies by soluble 
saccharides 

Galal-3Galal-O-C6H4-NH-CO-CH,(para) and Galal-2Galal- 
0-C,H4-NH-CO-CH,(para) sacharides were from GLYCOREX, 
Lund Sweden and lactose (Gal~1-4Glc) with non-substituted re- 
ducing end was from Sigma (St. Louis MI). The soluble disaccha- 
rides were added to  the heparinized human blood to a final con- 
centration of 10 mgiml plasma (about 3 g per experiment). 

In vitro perfusion procedure 

The pig kidney perfusion experiment set up has been described in 
detail elsewhere [3]. The kidneys were placed in a perfusion cham- 
ber and connected to the perfusion circuit by Luer connection nip- 
ples inserted in the renal artery and vein. A thin catheter was 
placed in the ureter. A dialysis pump unit (AK-10, Gambro, 
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Lund Sweden) equipped with a roller pump, flow and pressure re- 
cording units, a diffusion membrane oxygenator (O,/CO,, 9515) 
with a heater casing (M5 model, Jostra Medizintechnik, Hirrlin- 
gen Germany) were used. The different parts of the circuit and 
the transfusion bag reservoir containing the blood were connected 
to each other by hemodialysis lines (Gambro) with permeable 
membrane ports for sample collection and injections of drugs. 
The perfusions were performed at 38 "C, the venous outflow was 
drained into an open bubble trap, and the outflow level was ad- 
justed to a pressure of + 3 cm water. The major part of the urine 
produced was repeatedly re-injected into the system during the 
perfusion to maintain constant levels of electrolytes, urea, creati- 
nine, PAH and iohexol. Mean weight of the kidneys (n  = 12) be- 
fore perfusion was 134 ( & 20) g. The kidneys were perfused with 
whole human blood supplemented with 10 mg/ml of Galal-3Gal 
(n  = 3), Galal-2Gal (n = 3), lactose (n  = 4). The control kidneys 
(n  = 2) were perfused with human blood lacking saccharide. The 
blood flow rate was continuously adjusted in order to keep artery 
perfusion pressure at 100 mm Hg and the perfusions were termi- 
nated at 30 min. 

Laboratory analysis 

Blood/plasma and urine samples were analysed by routine tech- 
niques used at the laboratory of clinical chemistry, Sahlgrenska 
Universitets sjukhuset. The leukocyte and platelet counts were es- 
tablished by an automatic cell counter, Technicon H2 (Bayer, Ger- 
many). 

Clearance analysis 

Three hundred mg of iohexol (Omniuepaque, Nycomed Pharma, 
Oslo, Norway) and 100mg of PAH (Aminohippurate sodium, 
Merck && Co Inc, West Point, PA) were injected into the circulat- 
ing system immediately after the kidneys were connected to the 
circuit. The concentration of iohexol in plasma was measured 
with X-ray fluorescence using a Renalyzer PRX90 (Provalid AB, 
Lund Sweden). PAH concentration in plasma was measured by us- 
ing a Hitachi model 100-20 spectrophotometer at 450 nm (Hitachi 
Ltd, Tokyo Japan). 

In this study we used a recirculating in vitro perfusion model in 
which fluid losses occur due to collection of urine samples and to a 
slight leakage of lymphatic fluid from the kidney hilus. With this 
experimental set-up, the standard clearance equation (Cl = Q, x - 
C, / C,) used for in vivo estimation must be slightly modified. 
Therefore, the calculation of plasma clearance is based on the A- 
V differences of iohexol/PAH plasma concentration, and compen- 
sating for the differences in arterial and venous blood flow as well 
as for the A-V differences in hematocrit during the perfusions. 
Moreover, except for the losses previously described, it is assumed 
that blood cells, plasma and the amount of iohexol/PAH are con- 
served in the system ( = conservation of mass). 

Hence, the arterial blood flow, QB., equals the sum of the ye- 
nous blood flow, QB.V and urine flow, Qu as follows: QB.A= Q g .  

+ Qu.(Eq 1). Secondly, conservation of erythrocytes in the sys- 
tem gives the following formula for arterial hematocrit: 
Hct,= QB.v / QB.A x Hct, (Eq 2), where the subscript V and A de- 
notes venous and arterial respectively. Combining Eq 1 and 2 
gives: HctA= (QB.A-Qu) / QB.A x Hct, (Eq 3). Thirdly, clearance 
(Cl) for iohexol/PAH can be obtained from the arterial and ve- 
nous concentrations using the following equation: C1= ((C, x QB. 
A x (1-Hct,)) - (C, x QB., x (1-Hct,)) / C, (Eq 4), where C, and 
C, denotes arterial and venous plasma concentration of iohexol/ 

PAH respectively. Combining Eqs 1, 3 and 4 gives the following 
equation used for calculation of clearance values per 100 g of kid- 
ney weight, W 

cA ' - 100 

Flow cytometric analysis of human anti-pig IgG 
and IgM antibodies 

Porcine lymphocytes were separated on Lymphoprep (Nycomed 
Pharma) from fresh defibrinated pig blood. Perfusate samples 
were collected at different times during the pig kidney perfusions, 
from 6 healthy volunteers. Thirty pl of resuspended porcine iym- 
phocytes in PBS were mixed with 30 pl of each sample and incubat- 
ed for 30 min at room temperature. The cells were washed with 
PBS (pH 7.5 with 0.1 % sodium azide) and centrifuged at 670 g 
for 5 min. The cells were incubated with fluorescein (F1TC)-conju- 
gated AffiniPure F(ab') fragment goat anti-human IgG + IgM 
(H + L), (Jackson ImmunoReseach Laboratories, Inc, West 
Grove, PA) in PBS/sodium azide for 20 min on ice, washed, and re- 
suspended in 300 p1 PBS/sodium azide. Flow cytometric analysis 
was performed using a FACScan (Becton Dickinson, San Jose 
CA) instrument. Five thousand events were collected and the me- 
dian fluorescence intensity (MFI) was recorded. 

Analysis of complement activation 

The samples for complement measurements were drawn in pre- 
cooled tubes containing 0.1 m1/10 ml of ethylene diamine tetra- 
acetic acid (EDTA, 0.47 mol/l) stored on ice, centrifuged at + 4 "C 
within 2 h and stored at -70 "C until analysis. The C3 a anaphyla- 
toxin was analysed using an ELISA kit detecting C3a-desArg 
(Quidel, San Diego, CA), and the soluble non-lytic terminal com- 
plement complex using a SC5b-9 ELISA kit (Progen, Biotechnik, 
Heidelberg, Germany). 

Histopathological analysis 

Immediately after the perfusions were terminated, kidneys were 
detached from the perfusion circuit and, 3-5 mm thick slices were 
fixed in 4 %  paraformaldehyde in 0.1 M sodium cacodylate buffer, 
pH 7.4 overnight at + 4 "C. The samples were embedded in paraf- 
fin. As controls, non-perfused, pig kidneys (n = 4) were processed 
similarly as for the perfused kidneys. To detect bound immuno- 
globulins and complement compounds, the linked streptavidin bi- 
otin (LSAB, K675 DAKO A/S, Glostrup Denmark) technique 
was used as described in [30]. Briefly, deparaffinated 5 p thick sec- 
tions were digested for 30 min with protease (type XXIV, product 
P-8038, Sigma) 0.5 mgiml in PBS, at 37 "C followed by washings 
in PBS. Endogenous peroxidase was blocked with 3% H,O, in 
Tris-HC1 buffer for 10 min. Antibodies used were: rabbit anti hu- 
man IgA, IgG, IgM, C l q ,  C ~ C ,  CD 68, MAC 378, HLA-DR, fi- 
bridfibrinogen and mouse anti human GpIIIa, all obtained from 
DAKO. Positive reaction was visualized with diaminobenzidine 
(DAB, DAKO). Immunolabeling of each tissue was performed 
three times using an automatic immunostainer (TechMate TM 
500, DAKO). Control sections were consistently negative. 
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The serial tissue sections obtained from perfused and control 
porcine kidneys were coded and analyzed blindly. The localization 
of immunolabeled material was defined in glomerular capillaries 
(gc), glomerular basement membrane (gbm), peritubular capillar- 
ies (ptc), arterioles (aa) and arteries (A). In each cellular compart- 
ment, the staining was considered as either generalized (8) or focal 
(f). The intensity of the immunolabeling was graded as strong 
( + + ), weak ( + ) or absent (0). 

Results 

The aim of this work was to evaluate, in a full-scale ex- 
perimental set-up, the ability of soluble Galal- termi- 
nating saccharides to inhibit the HAR process and the 
following functional impairment and tissue damage by 
in vitro perfusion of pig kidneys with human blood. 
The amount of saccharides used (10 mgiml plasma) was 
selected from earlier studies [24] to reach a maximal an- 
tibody binding inhibition. The perfusion time of 30 min 
was selected based on two factors. First, the require- 
ment of saccharides limited the perfusate volume to 
about 500 ml, which restricted the number of samples 
collected for monitoring. Second, the HAR process oc- 
curs within minutes in this discordant species combina- 
tion, and to obtain an optimal morphological analysis, 
the experiments were terminated at 30 min. In total, 12 
pig kidneys were perfused with whole human blood sup- 
plemented with soluble Galal-3Gal (n  = 3), Galal-2- 
Gal (n  = 3), lactose (n  = 4) and the control perfusions 
(n  = 2) with human blood lacking saccharide. In addi- 
tion, the perfusion circuit (omitting the kidney) was per- 
fused with human blood to obtain baseline values 
( n  = 4) for the changes in red blood cell, leukocyte and 
platelet counts as well as complement activation. 

Renal blood flow, vascular resistance and urine 
production 

In all perfusion experiments, the perfusion pressure (ar- 
terial side) was kept stable at 100mm Hg by pump 
speed regulation. The experiments using the Galal-3- 
Gal disaccharide showed the highest blood flow 
155 k 31 ml/min x 100 g-' kidney tissue at 30 rnin of per- 
fusion, which was higher, compared to the Galal-2Gal 
disaccharide (138 f 16). The blood flow for lactose and 
the control experiments lacking saccharides were 
92 k 78 and 69 f 16, respectively. When calculated as 
percentage of the blood flow value at 1 min, the blood 
flow for the Ga la l3Ga l  was 157% and for the Ga- 
lal-2Gal 187 YO (Fig. 1A). The corresponding values 
for the lactose and control groups were 102% and 
74 9'0, respectively. The vascular resistance, calculated 
as percent of the vascular resistance value at 1 min 
(Fig. lB), of the kidneys perfused with human blood 
supplemented with Ga la l3Ga l  and Galal-2Gal were 

1 min 10min 20min 30min 
4- 99 (37) 133 (49) 151 (31) 155 (31) 

-+ 74(7) 116(36) 116(48) 138(16) 

-A- 93 (30) 82(4) 67(3) 69(16) 

-0- 90(24) 103 (76) 93 (78) 92(78) 

200 - 
E 

50 - -  
o !  I 

1 5 10 15 20 25 30 
A Perfusion t i m e .  m i n  

*O0 T 

Z ! : : : : : ,  0 

1 5 10 15 20 25 30 
B Perfusion time, min 

Fig.lA, B Renal blood flow (A) and vascular resistance (B), cal- 
culated as percent of the blood flow and vascular resistance value 
at 1 min, of porcine kidneys perfused with human blood at a pres- 
sure of 100 mmHg. A table of the absolute renal blood flow values 
is inserted in A. Galal-3Gal (n = 3) m, Galal-2Gal (n = 3) + and 
lactose (n = 4) were added to the human blood to a final concen- 

tration of 10 mg/ml plasma. Control experiments with human 
blood lacking saccharide (n  = 2) are represented by A. Each point 
measured represent the mean value and is calculated per 100 g kid- 
ney tissue weight 

at 30 min 60 YO and 54 % , respectively. The correspond- 
ing values for the lactose and the controls lacking sac- 
charide were 131 % and 132 %, respectively. The urine 
production (Table 1) in the lactose and control groups 
showed a distinct decrease and was less than 1 ml/min x 
100 8-l kidney tissue at 30min. The Galal-3Gal and 
Galal-2Gal groups showed a stable level of urine pro- 
duction of 3.0 and 3.7 mlimin x 100 g-' at 30 rnin (Ta- 
ble 1). No macroscopic hematuria was observed in any 
of the perfusion experiments. 
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Table 1 Diuresis, Iohexol/ 
Aminohippurate sodium clear- 
ance, plasma flow, filtration 
fraction, and urine sodium and 
potassium excretion during 
perfusion of porcine kidneys 
with heparinized fresh human 
blood, supplemented with 
10 mg/ml of Galal-2, Galal-3, 
lactose and control lacking sac- 
charides. Samples were collect- 
ed at 10 and 30 min, respective- 
ly. Filtration fraction = Iohexol 
clearance / plasma flow. All 
values, mean ( f SD), were cal- 
culated per 100 g kidney tissue 
weight 

Experimental set-up 

Galal-3 Galal-2 Lactose Control 
(n = 3) (n = 3) (n = 4) (n = 2) 

Diuresis (ml/ min) 
10 min 3.1 (2.2) 3.7 (2.4) 3 2  (22) 2.8 (1.5) 
30 min 3.0 (1.8) 3.7 (2.5) 0,7 (0.7) 0.7 (0.3) 
Iohexol clearance (rnl/min) 
10 min 7.9 (5.0) 9.9 (3.5) 14.7 (3.6) 9.8 (2.5) 
30 rnin 10.1 (8.4) 7.6 (7.4) 9.7 (3.2) 5.9 (0.4) 
PAH clearance (ml/min) 
10 min 54.4 (36.5) 32.4 (14.5) 28.4 (20.8) 29.0 (1.0) 
30 rnin 39.7 (17.3) 38.5 (29.8) 29.6 (31.2) 23.9 (3.4) 
Plasma flow (ml/min) 

88.1 (32.6) 77.8 (25.9) 68.9 (54.2) 52.7 (1.8) 10 rnin 
30 rnin 97.6 (12.6) 74.0 (31.6) 60.0 (52.8) 44.3 (13.1) 
Filtration Fraction (%) 
10 min 8.6 (4.8) 13.0 (3.4) 17.6 (7.0) 18.6 (5.3) 
30 min 10.0 (7.6) 10.7 (7.9) 8.7 (5.6) 13.8 (3.1) 
Na' excretion (ymollmin) 
10 min 475 (318) 583 (375) 483 (336) 448 (243) 
30 rnin 333 (148) 482 (292) 96 (95) 114 (59) 
K' excretion (pmol/min) 
10 min 39 (27) 54 (34) 45 (35) 29 (9) 
30 rnin 50 (13) 69 (9) 19 (18) 16 (2) 

Clearance va,Jes and urine electrolyte excretion 

The values for iohexol clearance and filtration fraction 
after 30 rnin of perfusion with Ga la l3Ga l  supplement- 
ed blood increased, while in the Galal-2Gal group a 
slight decrease were observed when compared to the 
values achieved at 10 min (Table 1). The mean values 
for iohexol clearance and filtration fraction for the lac- 
tose and control groups showed a 40% decrease. The 
Galal-2Gal experiments showed an increase in PAH 
clearance while the Galal-3Gal and control groups 
showed a decrease. In the lactose group, stable PAH 
clearance, values were achieved. Urine sodium excre- 
tion was reduced in all groups during the perfusions (Ta- 
ble 1). In the lactose and control groups, the sodium ex- 
cretion at 30 rnin was reduced to about 20-25 % of the 
levels seen at 10 min. In contrast, the Galal-3Gal and 
Galal-2Gal groups showed a reduction to about 
70-80%. The urine potassium excretion in the Ga- 
l a l 3 G a l  and Galal-2Gal saccharide groups increased 
about 25 YO, whereas a decrease of about 50 % was seen 
for the lactose and control groups. The changes in elec- 
trolyte excretions during the different perfusions indi- 
cate that the tubular cell function was improving in the 
Gala-groups compared to the controls. 

Haematological parameters 

The changes in absolute haemoglobin concentration, 
leukocyte and platelet counts in the blood samples col- 
lected before the start and at different times during the 
perfusion are listed in Table 2. The haemoglobin con- 
centration was stable in the base line experiments with- 
out kidneys, showing that no destruction of red blood 
cells occurred in the perfusion circuit. A slight continu- 
ous increase of haemoglobin concentration was seen 
for all pig kidney perfusion experiments. This is ex- 
plained by a small loss of fluids from the circuit, due to 
a slight leakage of lymphatic fluid from the kidney hilus 
and the collection of urine samples. A quick drop in 
platelet number was seen during the first 5 min while 
the leukocyte count gradually decreased in all kidney 
perfusions experiments. Perfusion of the perfusion cir- 
cuit without kidneys showed only a slight decrease in 
platelet and leukocyte number (Table 2). 

Flow cytometric analysis 

The amount of functionally active human anti-pig anti- 
bodies (IgM + IgG) in perfusate samples collected at 
different times during the perfusions were tested by 
flow cytometric analysis of porcine lymphocytes and 
the results are presented as MFI in Table 3.  Two differ- 
ent controls were used; the amounts of anti-pig anti- 
bodies in undiluted human serum and in the control 
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Table 2 Haemoglobin concen- 
tration, leukocyte and platelet 
count during perfusion of por- Galul-3 Galul-2 Lactose Control Perfusion 

Experimental set-up 

cine kidneyswith heparin&ed 
fresh human blood. The blood 
was supplemented with 10 mg/ 
ml of Galal-3, Galal-2 and 
lactose. Control experiments 
without saccharides and with- 
out kidney and saccharides 
(perfusion circuit) are also 
shown. Samples were collected 
at the venous side of the kid- 
neys at different times as indi- 
cated. Values are given as mean 
( f SD) 

circuit 
(n = 3) (n = 3) (n = 4) (n = 2) (n = 4) 

Haemoglobin (g/l) 
Start 
After 5 rnin 
After 10 rnin 
After 20 min 
After 30 min 
Leukocyte count ( x 109/1) 
Start 
After 5 rnin 
After 10 rnin 
After 20 rnin 
After 30 rnin 
Platelet count ( x i09/l) 
Start 
After 5 rnin 
After 10 rnin 
After 20 rnin 
After 30 rnin 

109.7 (7.2) 
115.7 (10.0) 
116.7 (8.6) 
123.3 (10.4) 
130.0 (10.1) 

5.2 (0.6) 
4.6 (0.9) 

2.8 (0.9) 
3.4 (1.0) 

2.2 (0.5) 

195.0 (25.1) 
80.3 (33.6) 
96.3 (27.6) 

104.7 (23.6) 
104.0 (11.8) 

110.0 (6.9) 
110.7 (3.2) 
117.3 (1.5) 
121.3 (5.0) 
124.5 (9.2) 

5.2 (0.5) 
4.4 (0.5) 
4.0 (0.4) 
2.9 (0.3) 
2.0 (0.1) 

197.0 (19.7) 
109.7 (17.2) 
96.3 (19.9) 
95.0 (24.8) 
86.0 (11.3) 

114.8 (8.3) 
121.0 (6.5) 
121.8 (8.0) 
125.3 (7.9) 
127.5 (7.1) 

3.6 (0.5) 

2.2 (0.6) 
1.4 (0.3) 
1.3 (0.3) 

2.2 (0.2) 

172.5 (26.7) 

102 (36.3) 
11 1 .5 (34.3) 

93.3 (34.5) 
94.5 (33.2) 

110.5 (12.0) 
120.5 (17.7) 
122.0 (14.1) 
123.5 (12.0) 
125.5 (10.6) 

3.2 (1.1) 
2.4 (0.9) 
1.8 (0.2) 
1.4 (0.4) 
1.4 (0.3) 

153.5 (12.0) 
131.0 (18.4) 
133.0 (19.1) 
101.5 (27.6) 
113.0 (17.0) 

109.5 (7) 
111.8 (5.6) 
110.8 (6.4) 
110.3 (5.6) 
1 10.8 (5.0) 

4.3 (0.8) 

4.4 (0.8) 
4.4 (1 .O) 

4.4 (0.9) 

4.2 (0.9) 

210.0 (16.3) 
188.8 (15.7) 
182.8 (13.8) 
177.0 (13.3) 
175.0 (8.3) 

Table 3 The amount of functionally active anti-porcine xenoanti- 
bodies in plasma during perfusion of pig kidneys with human 
blood. Plasma samples were collected before, at 10,20 and 30 rnin 
of perfusion for each experimental set up and incubated with por- 

cine lymphocytes, followed by incubation of FITC conjugated anti- 
human IgG/IgM and analysed by FACS. The median fluorescence 
intensity (MFT) is presented as mean ( + SD) 

Experimental set-up 

Galal-3 Galal-2 Lactose Control Undiluted human serum 
(n = 3) (n = 3) (n = 4) (n = 2) (n = 6) 

MFI 
Start 876 (246) 1808 (788) 1762 (1340) 1662 (1000) 2392 (1083) 
After 10 rnin 620 (81) 658 (151) 545 (265) 522 (76) 
After 20 rnin 688 (132) 557 (48) 353 (232) 485 (93) 
After 30 rnin 714 (216) 541 (112) 376 (143) 490 (25) 

perfusate without saccharides added. The mean value 
for the 6 undiluted human serum controls was 
2392 % 1083, and in the control group lacking saccha- 
ride, the MFI value was 1662 + 1000 before perfusion. 
Addition of Galal-3Gal saccharide reduced the MFI 
value to 876 k 246, while after addition of Galal-2Gal 
and lactose MFI values of 1807 + 787 and 1762 f 1340 
respectively were achieved. After 10 rnin of perfusion, 
the MFI values were all considerably reduced, and 
the difference between the Galal-3Gal saccharide 
group and the other experimental groups was eliminat- 
ed. 

ples, and the results are shown in Fig. 2. In all four exper- 
imental groups, C3 a increased considerably during the 
perfusion. Concerning SCSb-9, a different pattern was 
observed. A moderate increase was found for the Ga- 
lal-3Ga1, Galal-2Gal and control groups while the lac- 
tose group showed the highest values. Baseline control 
experiments, where the circuit was perfused without 
kidney, showed a minor formation of C3a and no in- 
crease of SCSb-9 (Fig. 2). 

Histopathological analysis 

No apparent differences were noted between the four 
experimental groups when examined by light microsco- 
py using conventional histochemical stains. Ischemic 
changes, observed in all groups, were hydropic degener- 
ation of the tubular epithelium and blebbing of the 
brush border. These changes were predominantly seen 

Complement activation during perfusion 

Complement cascade activation was measured as for- 
mation of the anaphylatoxin C3 a and the soluble termi- 
nal complement complex (C5b-9) in the perfusate Sam- 
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Fig.2 Formation of C3 a (A) and SC5b-9 (9) during perfusion of 
pig kidneys with human blood. Galal-3Gal (n = 3) m, Galal-2- 
Gal (n  = 3) + and lactose (n = 4) were added to the human 
blood to a final concentration of 10 mg/ml plasma. Control experi- 
ments with human blood lacking saccharide (n = 2) and perfusion 
circuit without kidney (n = 4) are represented by A and x respec- 
tively. Each point measured represents the mean value 

in the proximal tubular epithelium, while in glomeruli, 
distal tubuli and medullary structures the changes were 
inconspicuous. No necrosis, massive extravasation of 
red blood cells or marked accumulation of neutrophilic 
granulocytes was seen. However an increased amount 
of inflammatory cells (mononuclear cells and granulo- 

Table 4 Immunohistochemical distribution of C l  q, C3, IgM, Fi- 
brin and GpIIIa in glomeruli of pig kidneys perfused with human 
blood. A similar evaluation for each cellular compartment glomer- 
ular basement membrane (gbm), peritubular capillaries (ptc), arte- 
rioles (aa) and arteries (A) were performed and the result summa- 
rized in the text section. The immunostaining was defined as gener- 
al (g) or focal (f). The staining intensity was graded as 0, + and 
+ + . Examples of staining pattern are illustrated in Fig. 3 

Immunological markers 

Experimental Clq  C3 IgM Fibrin GpIIIa 
set-up 

Galal-3 (n = 3) + g + + g  + g  + g  + g  

Galal-2 (n  = 3) + g + g  + + g  + g  + g  
+ g  +f  + f  + g  +f  
+ f  + f  + f  + + g  0 

Lactose (n  = 4) + f + f  + f  + f  + f  
+ g  + + g  i g  + f  + f  
+ + g  + + g  + + g  + f  + f  
+f  + g  + f  + f  + f  

Control(n-2) + + g  + + g  + g  + + g  + g  
+ + R  + a  + R  + + g  + f  

+ f  + f  + f  + f  + f  
+ f  + f  + f  + f  0 

cytes) was observed in glomerular and peritubular capil- 
laries in all experimental groups. 

To further evaluate possible tissue damage in the per- 
fused pig kidneys, immunohistochemical staining for 
human complement (C1 q, C3 c), immunoglobulins 
(IgA, IgG, IgM), fibrin/fibrinogen, platelets (GpIIIa) 
and the accumulation of inflammatory cells (HLA-DR, 
CD68, Mac387) were used. The distribution and intensi- 
ty of the immunological markers for tissue damage was 
semiquantitatively evaluated, as described in the mate- 
rials and methods section. Table 4 shows the detailed 
evaluation of glomerular capillaries (gc), and selected il- 
lustrations of staining patterns are given in Fig.3. An 
identical evaluation of the other cellular compartments 
of the vascular tree (ptc, aa and A) was performed (not 
shown) and summarised below. Depositions of comple- 
ment, immunoglobulins, and fibrin were seen in all four 
experimental groups but were absent in the unperfused 
reference kidneys (not shown). The depositions were 
mainly observed in endothelial cells of arteries, arterio- 
li, glomerular and peritubular capillaries (exemplified 
in Fig 3). A weak mesangial labelling was observed in 
all groups for complement and immunoglobulins, and a 
membranous distribution of C3c and IgM was seen in 
some kidneys, particularly in the control group lacking 
saccharides. In addition, a weak but significant labelling 
was observed in the interstitium, but no depositions 
were detected in the epithelial cells. Depositions of 
C1 q, C3 c, immunoglobulins (particularly IgM), fibrin/ 
fibrinogen and platelets in control experiments with 
blood lacking saccharides were observed in most capil- 
laries, all glomeruli, the majority of arteries and arterioli 
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Fig. 3 a 4  Light microscopic examinations of pig kidneys perfused 
with human blood. a Platelets (GpIIIa) are observed in most glom- 
erular capillaries in a kidney from the Galal-3Gal saccharide 
group. b Focal distribution of human IgM in glomerular and peri- 
tubular capillaries in a kidney from the control group with human 
blood lacking saccharides. Note that the glomerular basement 
membranes are labelled in a membranous pattern. c Deposition 
of C1 q in an arteriole (arrow), in glomerular capillaries and in the 
mesangium of a kidney from the control group. d Focal depositions 
of fibrin in glomerular capillaries, peritubular capillaries (arrow- 
heads), an arteriole (arrow) and in an artery (A)  in a kidney from 
the lactose group 

and focally in peritubular capillaries with a regional pat- 
tern of distribution. In the lactose group, a less general- 
ised and weaker labelling were seen, and, in addition, 
there was a large variation between the four different 
kidneys (illustrated for gc in Table 4). In the Galal-3- 
Gal and Galal-2Gal saccharide groups, the depositions 
were less dense and predominantly focal in arteries and 
weaker in glomeruli, but still seen in the majority of 
glomeruli. Furthermore, fewer deposits were seen in 
the Galal-3Gal group, but the labelling varied between 

the perfused kidneys and the number of experiments 
was too low to justify any statistical evaluation of label- 
ling intensity and distribution. To summarise the immu- 
nohistological observations, the lowest amount of depo- 
sitions were seen in the Ga la l3Ga l  group followed by 
Galal-2Gal and lactose groups, while the most dense 
and widespread depositions were seen in the control 
perfusions with blood lacking saccharides. A high num- 
ber of inflammatory cells were seen in glomerular and 
peritubular capillaries, and a large portion of these cells 
were identified as macrophages (CD68 and/or Mac387 
positive). These cells were in addition HLA-DR posi- 
tive. The remaining cells were identified as neutrophilic 
granulocytes and occasional lymphocytes. The number 
of cells was about the same in the saccharide supple- 
mented groups and slightly higher in the control group 
lacking saccharide. 

Discussion 

The use of soluble oligosaccharides, acting as haptens 
against preformed anti-carbohydrate antibodies have 
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been used in vivo for neutralisation of both ABO- and 
xenoantibodies. Neutralisation of ABO-antibodies by 
infusion of saccharides has been used therapeutically in 
haemolytic disease of the newborn [24]. Experimentally, 
saccharide infusion has been used to reduce the ABO- 
antibody titers in ABO-incompatible heart allografting 
in baboons [8], and to reduce the xenoantibody titers in 
baboons into which pig hearts were transplanted [30, 
391. Cairns et al. [4] have reported one single in vitro 
pig kidney perfusion experiment where the human 
blood was supplemented with Galal-3Gal disaccha- 
rides. The cited studies, with the exception of treat- 
ments in new-born children, suffered from haemolytic 
disease [24], have in common that very few experiments 
were performed in each study, due to limitations in the 
access to saccharides and their high price. 

Addition of soluble Gala-terminated disaccharides 
to the human blood improved pig kidney function pa- 
rameters. Values for vascular resistance and urine pro- 
duction in the Galal-3Gal group were almost compara- 
ble to those observed for pig kidneys perfused with au- 
tologous blood. In a study from our group, pig kidneys 
were perfused with autologous blood [3], and the first 
evaluations of physiological parameters from that study 
were reported at 60min of perfusion. We have, from 
the original perfusion records, calculated the corre- 
sponding values at 30 rnin of perfusion. At this time the 
vascular resistance was 0.69 k 0.28 mmHg/ml x min-' 
and the urine production was 3.9 +_ 2.0 mllmin calculat- 
ed per 100 g kidney tissue ( n  = 7). In the present study, 
the vascular resistance for the Galal-3Gal saccharide 
perfusion experiments was 0.66 f 0.12 mmHg/ 
ml x min-' x 100 g-l. For the Ga la l3Ga l  and the Ga- 
lal-2Gal saccharide perfusions, a stable level of urine 
production was observed, 3.0 and 3.7 ml/min respective- 
ly, while the lactose and control groups showed a de- 
crease in urine production. Storck et al [31] showed 
that hDAF transgenic pig kidneys, perfused in vitro 
with heparinized human blood, had a total urine pro- 
duction of 3.1 * 0.2 ml/min at 15 min. Grinyo et al. [13] 
observed no difference in urinary output (range 0.5 to 
2.4 ml urine/min x 100 g-') for porcine kidneys perfused 
with complement inactivated human blood compared to 
those perfused with autologous blood. In the same study 
they reported that no urine was produced in pig kidneys 
perfused with untreated human blood. 

Renal function was also measured by the plasma 
clearance capacity. Iohexol clearance was used as a 
marker for the glomerular filtration rate (GFR) which 
in our different experimental set-ups ranged from 
5.9 +_ 0.4 for the control to 10.1 f 8.4 ml/min x 100 g-' 
for the Galal-3Gal group at 30 min. A decline in GFR 
was observed during the perfusion for all groups, except 
for the Galal-3Gal group in which a small increase was 
noted. GFR values reported using similar perfusion 
models and autologous blood were, about 33 ml/ 

rnin x 100 g-' [lo] at 30 min, and 54 * 13 ml/ 
min x 100 g-' at 60 min of perfusion [3]. In a clinical tri- 
al, porcine kidneys were extracorporeally connected to 
2 human volunteers who had been pre-treated with plas- 
mapheresis to reduce the anti-pig xenoantibody levels 
[2]. In the first patient, a HAR process developed dur- 
ing the 65 rnin of perfusion, due to remaining xenoanti- 
bodies, and the pig kidney did not show any physiologi- 
cal function with a GFR less than 4 ml/min. In the sec- 
ond patient, a steady increase in GFR to 7.8ml/ 
min x 100 g-' was observed at 15 rnin when the experi- 
ment was terminated due to side effects [2]. The fact 
that pig kidneys perfused with human blood supple- 
mented with Gala-terminated saccharides showed a 
much lower GFR compared to those perfused with au- 
tologous blood may be a result of physiological incom- 
patibilities and decreased endothelial cell function. 

The Galaf-3Gal disaccharide showed the best abili- 
ty to reduce the binding of human anti-pig antibodies 
to porcine lymphocytes, measured by flow cytometry. 
A 50 % reduction was obtained in the Gala13Gal sup- 
plemented human perfusate compared to Galal-2Gal 
saccharide, lactose and control experiments lacking sac- 
charides. The difference in anti-pig antibody levels be- 
tween Ga la l3Ga l  and the other experimental groups 
seen prior to the perfusion was equalised after 10 min 
of perfusion. At this time, a stable level of antibody con- 
centration in plasma was observed. The reduction of an- 
tibody titer during the perfusion is most likely due to an- 
tibody binding to Gala13Gal epitopes in the pig kidney 
tissue since the affinity of anti-Galaa antibodies to Ga- 
laa epitopes present on recombinant mucin containing 
glycoprotein is higher compared to the affinity for 
Gala- terminated solid phase matrix [16]. For the Ga- 
lal-2Gal saccharide, lactose and control experiments 
without saccharides more than a 70 YO reduction of the 
antibody level was seen at 10min of perfusion. Tuso 
et al. [35] reported an anti-pig antibody reduction of 
67 % for IgM and 55 YO for IgG after 60 min perfusion 
of pig kidney with 500 ml human blood. The observed 
difference in capacity to reduce anti-pig IgGlIgM anti- 
bodies in human blood between Galal-3Gal and Ga- 
lal-2Gal disaccharides may be partly explained by the 
difference in steric configuration following the al-3 or 
al-2 linkage positions. This is in accordance with other 
groups presenting Ga la l3Ga l  to be the major epitope 
recognised by human anti-pig antibodies [7, 12, 18,291. 
However presence of heterogeneity in the human anti- 
pig antibody repertoire has been suggested [7, 18, 221, 
and McKane et al. reported about polymorphism in the 
repertoire of human anti-pig antibodies [17]. A weak 
crossreactivity between Galal-2Gal and Galal-3Gal 
disaccharides in the reduction of cytotoxicity mediated 
by human serum on PK15 cells has been described by 
Neethling et al. [20]. The concentration of Galal-2Gal 
disaccharide, however, must be about twenty times 



411 

~ ~~ 

higher than for Galal-3Ga1, to achieve 50 % inhibition 
of the cytotoxicity. Wieslander et al. [37] have suggested 
that there may be a subpopulation of human preformed 
natural antibodies against the Galal-2Gal epitope. 

Our results showed that in an in vitro porcine kidney 
perfusion model, addition of Galal-3Gal disaccharide 
to human blood improved renal functional parameters 
considerably, compared to perfusion without soluble 
saccharides added. For some of the renal parameters, 
levels almost comparable to results observed in perfu- 
sion experiments using autologous pig blood were 
achieved. Depositions of C1 q, C3, IgM, fibridfibrino- 
gen and platelets were most severe in the control group 
lacking saccharide. There was a tendency to less deposi- 
tion in the Galal3Gal  group compared to the Ga- 
lal-2Gal and the lactose groups. However, addition of 
Galal-3Ga1, Galal-2Gal disaccharides or lactose did 
not affect the level of complement activation measured 
as C3a. 

We conclude that addition of soluble Galal-3Gal di- 
saccharides to human blood partly inhibits the hyper- 
acute rejection of vascularised pig organs. However, sig- 
nificant pathological changes were still present, indicat- 
ing that this approach to inhibit HAR must be used in 
combination with additional therapeutic approaches, 
such as solid phase xenoantibody immunoadsorption 
and/or blocking of complement activation. 
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