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Xenotransplantation is a promising approach to overcome
the shortage of donor organs for allotransplantation for
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During pig-to-primate xenotransplantation or perfusion of porcine organs
with human blood, a xenogeneic coagulopathy with consecutive develop-
ment of thrombotic microangiopathy (TMA) can be observed. The aim of
this study was to elucidate the influence of the reduction of xenoreactive nat-
ural antibodies on the coagulopathy using an ex vivo perfusion system. Thir-
teen perfusion experiments using landrace wild-type porcine kidneys were
performed in three different experimental groups: autologous, xenogeneic,
and immunoadsorption. During and after perfusion, blood and tissue samples
were collected to assess markers of coagulation, complement, inflammation,
and endothelial activation. Immunoadsorption prior to perfusion did not
prolong perfusion time (174 min £28) compared to xenogeneic (182 min
+22) experiments, whereas autologous perfusion was possible for maximum
of 240 min in all experiments. Activation of coagulation was similar compar-
ing perfusions after immunoadsorption (D-Dimer 24 186 pg/l +5813; TAT
566 ng/l £34) to xenogeneic (D-Dimer 22 175 ng/l £7826, TAT 600 pg/l
+0) experiments. But antibody-mediated complement activation was
reduced in the immunoadsorption group. TNF-alpha and markers of
endothelial cell activation were lower in the immunoadsorption group com-
pared to the xenogeneic experiments. In this ex vivo perfusion model, we
observed that marked removal of xenogeneic antibodies can reduce comple-
ment activation via the classical pathway as well as endothelial cell activation
and inflammation. Immunoadsorption cannot prevent the activation of the
terminal complement cascade and coagulation.
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patients with end-stage organ diseases. Pigs are considered
to be the most suitable xenograft source because of simi-
larities in organ size and physiology to humans [1]. How-
ever, immunological and molecular incompatibilities
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between pigs and humans represent a hurdle to xenotrans-
plantation [1,2].

After pig-to-primate xenotransplantation or perfusion
of porcine organs with human blood, a hyperacute
rejection (HAR) driven by preformed xenoreactive nat-
ural antibodies (XNA) can occur immediately within
minutes to hours after the transplantation [3]. With a
later onset (days to months), the acute humoral xeno-
graft rejection (AHXR) takes place, based on preformed
and induced XNA [4].

These antibodies can be divided into anti-Gal and
anti-non-Gal, depending on the binding epitope on the
porcine endothelial surface. While anti-Gal-antibodies
bind to a specific epitope, the galactose-o-1,3-galactose
(Gal), produced by the enzyme ol,3-galactosyltransfer-
ase (GalT) on the endothelium, non-Gal-antibodies
bind to a variety of epitopes on the endothelium [5].
Consequently, endothelial cells become activated and
transition from an anticoagulant to a procoagulant
state. Additionally, the binding of antibodies also acti-
vates the recipient’s complement system [6,7].

Hyperacute rejection was successfully addressed by
the development of GalT knockout (GalT-KO) pigs.
However, AHXR, as a combination of cellular and
humoral processes, can still occur [1-4]. It can be
induced by preformed anti-non-Gal antibodies or eli-
cited XNA and is associated with complement activa-
tion, endothelial cell activation, and xenogeneic
coagulopathy leading to thrombotic microangiopathy
(TMA) [6-12]. This xenogeneic rejection results in a
failure of the transplanted organs or even death of the
recipient [9,11,12].

Several approaches have been made to control com-
plement activation either by depletion of anti-Gal anti-
bodies, by application of complement regulators, or by
using pigs transgenic for human complement regulatory
proteins [12—15]. These approaches lead to prolonged
organ survival, but organs are still rejected after lasting
for days, weeks, or months [15,16].

The xenogeneic coagulopathy is characterized by acti-
vation of the recipient coagulation (e.g., D-Dimer) and
the occurrence of microthrombi in the xenograft. Con-
tributing factors are endothelial cell activation, circulat-
ing tissue factor, and impaired regulation of coagulation
[7,12,17,18]. Although coagulopathy is often associated
with xenogeneic rejection, this phenomenon was also
observed in some animal models without evidence for
ongoing xenograft rejection [19].

We have previously shown that high concentrations
of anticoagulant proteins (activated protein C [APC]
[17], or antithrombin [AT] [12]), or suppression of
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procoagulant mechanisms (tissue factor knock down
[TEKD] [20]) can reduce the activation of coagulation
in an ex vivo perfusion model. Furthermore, inhibition
of the terminal complement cascade reduced the activa-
tion of coagulation in a flow chamber assay [21].

Of note, it has never been clarified whether xenogeneic
activation of complement and coagulation was just con-
sequence of endothelial damage by xenoreactive antibod-
ies, or whether they were provoked, at least to some
extent, by independent mechanisms. Molecular incom-
patibilities suggest that the host’s coagulation system can-
not be properly controlled by the donor organ’s
anticoagulant proteins [22,23]. The same might be true
for complement control on the donor organ’s endothelial
surface as suggested by the beneficial effects of transgenic
expression of human complement regulators [24].

In this study, we addressed the question of xeno-
geneneic coagulopathy in an ex vivo organ perfusion
model by depleting xenoreactive antibodies and study-
ing how that reduced the activation of complement and
coagulation. Our results suggest that xenoreactive anti-
bodies are not the only reason for xenogeneic activation
of complement and coagulation.

Experimental protocol

Thirteen ex vivo kidney perfusions were performed in
three different groups (autologous, xenogeneic, and im-
munoadsorption). In the autologous group, three porcine
wild-type kidneys were perfused with porcine blood from
the same kidney donor animal, serving as negative con-
trol experiment in order to exclude that activation of
coagulation was mediated by experimental procedure
(e.g., by perfusion of the circuit). In the xenogeneic group,
five porcine wild-type kidneys were perfused with human
blood (type AB positive), serving as positive control
experiment in order to determine the aberrant activation
of coagulation within the xenogeneic setting. In the inter-
vention group immunoadsorption, five porcine wild-type
kidneys were perfused with human blood (type AB posi-
tive) after immunoadsorption and subsequent reduction
of IgM and IgG antibodies.

Kidney recovery

Kidney recovery was performed according to our estab-
lished experimental protocol [17].

Pigs were operated at an age of 3 months, weighing
between 25 and 35 kg (Ferkel-Erzeuger-Gemeinschaft
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Springe, Springe, Germany). Pigs were maintained in
the animal housing facility at the Hannover Medical
School, and studies were performed in accordance with
the German Animal Welfare Act regulating animal
experiments. The regulatory authority approved all ani-
mal experiments.

Immunoadsorption

Immunoadsorption was used to eliminate human
immunoglobulin from donor blood. Sheep-derived
polyvalent anti-human immunoglobulin bound to
sepharose was used in a dual-column system according
to the manufacturer’s instructions (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany) with acid-citrate-
dextrose (ACD-A) as an anticoagulant diluted 1:20.
Separated plasma was passed through the columns.

Perfusion

Porcine and human blood were prepared and perfusion
was carried out as previously described [17]. In short,
blood for autologous perfusions was freshly taken from
the same kidney donor pig and anticoagulated with
1 U/ml heparin (Ratiopharm, Ulm, Germany). For
xenogeneic experimental setting, human whole blood
(type AB positive) was freshly taken from two healthy
donors, heparinized (1 U/ml), and in case of the xeno-
geneic group immediately used for perfusion. In case of
the immunoadsorption group, blood samples were sub-
jected to the procedure of immunoadsorption prior to
perfusion.

Before connecting the kidneys to the perfusion cir-
cuit, human C1 Esterase Inhibitor (2 IE/ml; Berinert®;
CSL Behring GmbH, Marburg, Germany) was added
to the perfusate in all groups to prevent hyperacute
rejection. Blood was diluted to a hematocrit of 27%
with Tyrodes solution (Sigma-Aldrich, Steinheim, Ger-
many) and Ringer’s lactate (Braun-Melsungen AG,
Melsungen, Germany) and added to the filtered hard-
shell venous reservoir (Affinity Pixie Oxygenation Sys-
tem; Medtronic GmbH, Diisseldorf, Germany) of the
perfusion system. Final perfusate and blood volume
were adjusted to the weight of perfused porcine kid-
ney. All tubes used in the circuit were coated with
heparin (Medtronic GmbH). Perfusion was performed
using a roller pump (Stockert Instrumente GmbH,
Miinchen, Germany) and a neonatal diffusion mem-
brane oxygenator (Affinity Pixie Oxygenation System;

Medtronic GmbH) under physiological conditions
with constant pH, pO,, pCO0,, and perfusate
548

temperature. Perfusion parameters [mean arterial pres-
(MAP), flow, temperature, blood gases,
hematocrit] were recorded before perfusion and 5, 15,
30, 60, 120, 180, and 240 min after the start of per-
fusion.

Renal vascular resistance (RVR) was calculated from
the following formula:

sure and

RVR [mmHg/ml/min/g] = (MAP/flow)/kidney weight.

Endpoint (rejection) of experiment was defined as
a 100% increase in RVR compared to the RVR
values before perfusion. Graft survival was defined
either as time running from start of perfusion until
rejection or until termination of the experiment after
240 min.

Blood sampling

At defined time points (0, 5, 15, 30, 60, 120, 180, and
240 min, respectively), blood samples were collected
from the venous line of the perfusion system and anti-
coagulated either with citrate (1/10 vol., 3.2%) or EDTA
(1.6 mg/ml; Sarstedt, Niimbrecht, Germany).

Incubation of PAEC with human or porcine plasma

Freshly isolated PAEC (porcine aortic endothelia cells)
were seeded in 6-well plates at 5 x 10° cells/well and
supplemented with Dulbecco’s Modified Eagle Mediums
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) with the
addition of 20% FBS (Biochrom, Berlin, Germany), 1%
P/S-Glutamin (Sigma-Aldrich), 25 mm HEPES (Life
Technologies, Carlsbad, CA, USA), 50 ug/ml ECGS
(BD, Franklin, Lakes, NJ, USA), and 5 g/l p-Glucose
(Sigma-Aldrich). Porcine endothelial cells were incu-
bated with human or porcine plasma and supplemented
with heparin (1 U/ml). Porcine plasma was used from
the same pig for the autologous control and from a dif-
ferent pig for allogeneic control experiment. After an
incubation period of 10, 60, and 120 min, supernatants
were removed and subjected to measurement of TAT
and C3a by an enzyme-linked-immunosorbent assay
(ELISA; Siemens HealthCare Diagnostics, Marburg, Ger-
many; Quidel, San Diego, CA, USA).

Coagulation tests

Concentration of D-Dimer was analyzed using a latex
particle-based immunoassay (Siemens HealthCare
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Diagnostics) and TAT by ELISA (Siemens HealthCare
Diagnostics) according to the manufacturer’s instructions.

Complement activation, TNF-alpha, IgM, and IgG
level

Concentrations of C3a, C5a (Quidel, San Diego, USA),
TNF-alpha (R&D Systems, Minneapolis, MN, USA), IgM
and IgG (Bethyl-Laboratories, Montgomery, TX, USA)
were analyzed by ELISA according to the manufacturer’s
instructions.

Histology

Kidney biopsies were taken at the end of perfusion. Tissue
samples were immediately snap frozen in liquid nitrogen
and processed for cryostat sectioning as described before
[12]. A standard two-step indirect staining technique
using murine anti-human monoclonal antibodies as pri-
mary antibodies against human C3a (Dako, Glostrup,
Denmark), C5b-9 (Dako, Glostrup, Denmark), IgM
(Immunotech Laboratories, Monrovia, CA, USA), IgG,
and peroxidase-labeled goat anti-mouse secondary anti-
bodies was performed (Dako, Glostrup, Denmark). 3,3'-
Diaminobenzidine (Dako, Glostrup, Denmark) was used
as a chromogen before counterstaining with Heamalaun
(Merck, Darmstadt, Germany). Deposition was evaluated
using a semi-quantitative scoring system (— negative
staining, + weak, + moderate, ++ strong, +++ very
strong). In addition, aliquots of obtained biopsies were
fixed in formalin (3.7%; Fischar, Merchweiler, Germany)
and subjected to standard hematoxylin and eosin staining
(Merck, Darmstadt, Germany). For quantification of
microthrombi in perfused kidneys, 20 glomeruli per tis-
sue section were investigated and numbers of micro-
thrombi per glomerulum were determined.

Real-time RT-PCR

RNA was isolated from fresh frozen biopsies using
NucleoSpin RNA 1II Kit reagents (Macherey und Nagel,
Diiren, Germany) according to the manufacturer’s instruc-
tion. RNA was stored at —80 °C until analysis. Reverse
transcription and real-time PCR were carried out as previ-
ously described using identical primer sequences [12]. Dif-
ferential mRNA expression was assessed using the 2-delta
CT method [12,25]. Data are presented as x-fold change of
expression in relation to baseline (differential mRNA
expression from nonperfused kidney from the same donor
pig) and normalized to a house-keeping gene (eukaryotic
translation elongation factor 1 alpha 1, EEFIAI).
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Statistical analyses

Results were expressed as the mean + SEM of at least
three independent experiments. Results were analyzed
for statistical significance using one-way aNova and stu-
dent’s f-test using GRAPHPAD PRISM 6.0.

Concentration of human IgM and IgG before and
after immunoadsorption

Concentration of human IgM and IgG in the donor
blood was assessed in the xenogeneic group before per-
fusion and in the immunoadsorption group before and
after immunoadsorption prior to perfusion in order to
determine the effectiveness of antibody elimination.
Level of human IgM antibodies in human donor blood
was 589 pg/ml (£160) in the xenogeneic group and
946 ng/ml (£244) in the immunoadsorption group
before immunoadsorption (Fig. la). Concentration of
human IgG antibodies in human donor blood was
2082 pg/ml (£579) in the xenogeneic group and
1703 pg/ml (£218) in the immunoadsorption group
(Fig. 1a). After immunoadsorption, IgM level decreased
in the immunoadsorption group to 62 pug/ml (£32).
Similarly, IgG level 166 ng/ml (£107) after
immunoadsorption (Fig. 1a). Thus, antibodies were effi-
ciently reduced by immunoadsorption.

was

Perfusion time and RVR

Perfusion time and renovascular resistance were deter-
mined in all groups indicating rejection or obstruc-
tion by microthrombosis. Xenogeneic porcine kidney
perfusion with human blood resulted in a perfusion
from 120 to 240 min (182 &£ 22; Fig. 1b).
Hyperacute rejection (within 60 min) was prevented
by the use of Cl-inhibitor in a high dosage. As

time

demonstrated in Fig. 1b, immunoadsorption of
human donor blood (immunoadsorption) prior to
perfusion did not improve  perfusion  time

(174 £ 28 min). RVR increased during perfusion of
porcine kidneys with human blood (xenogeneic), but
remained constantly low during perfusion of porcine
kidneys with porcine blood (autologous). Depletion of
antibodies resulted in elevated RVR during perfusion
time (Fig. 1c). Perfusion time in the xenogeneic and
the immunoadsorption group did not differ signifi-
cantly, while the course of RVR was different in these
both groups.
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Figure 1 Perfusion time and antibody-level. IgM and IgG levels
before and after immunoadsorption (a). Perfusion time of each indi-
vidual experiment of the three different experimental groups (b).
Renovascular resistance (RVR) in the three different experimental
groups (c). Results are given as means + SEM. *P < 0.05;

*¥*p < 0.01; ***P < 0.001; ****P < 0.0001.

C3a, C5a, TNF-alpha level

Human C3a, C5a, and TNF-alpha levels were recorded
to assess complement activation and inflammation
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during perfusion. C3a levels increased in the xenogeneic
group within minutes and remained constantly high
during perfusion as shown in Fig. 2a. In contrast, perfu-
sion with immunoadsorbed human blood revealed a
constantly low C3a concentration during perfusion (im-
munoadsorption; Fig. 2a). C5a decreased over time after
an initial rise in the xenogeneic but also in the im-
munoadsorption group (Fig. 2b). As shown in Fig. 2c,
concentration of TNF-alpha increased during perfusion
in the xenogeneic group (213 pg/ml +79 at 240 min)
and remained low in immunoadsorption group (38 pg/
ml +5 at 240 min). TNF-alpha and C3a-levels were
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Figure 2 Complement activation and inflammation during xeno-
geneic perfusion of porcine kidneys. C3a (a) and C5a (b) are shown
in the different experimental groups. Human TNF-alpha levels over
time in the xenogeneic and the immunoadsorption group are shown
(). Results are given as means + SEM. *P < 0.05; **P < 0.01;

*REP < 0.001; ****P < 0.0001.
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higher in the xenogeneic group compared to the im-
munoadsorption group while C5a levels were similar in
both groups at 240 min.

Concentration of D-Dimer and TAT

Activation of coagulation indicated by the concentration
of D-Dimer and TAT was recorded over perfusion time
in all experimental groups (Fig. 3a and b, respectively).
Autologous perfusion revealed a minimal increase of D-
Dimer (613 pg/l £303) and TAT (65 pg/l +9). In con-
trast, D-Dimer and TAT raised high during xenogeneic
perfusion (22175 ng/l £7826 and 600 pg/l £0, respec-
tively). As illustrated in Fig. 3a and b, immunoadsorp-
tion could not prevent activation of coagulation as
indicated by high levels of D-Dimer (24186 ng/l £5813)
and TAT (566 pg/l £34) at the end of perfusion.

Activation of coagulation and complement in cell
culture assay

To prove that during the perfusion observed xenogeneic
activation of coagulation and complement is solely
dependent on the interaction between human plasma
and the porcine endothelium, porcine aortic endothelial
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Figure 3 Analyses of aberrant activation of coagulation during
ex vivo perfusions of porcine kidneys in the three different experi-
mental groups during perfusion. D-Dimer (a) and Thrombin-anti-
thrombin complexes (TAT) (b) were analyzed. Results are given as
means £ SEM. P =n.s.
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cells (PAEC) were incubated with human plasma with-
out further treatment (xenogeneic), with human plasma
subjected to immunoadsorption (immunoadsorption),
with porcine autologous plasma (Fig. 4). Incubation of
PAEC with human plasma (xenogeneic) showed high
elevation of TAT (9999 pg/l £153; Fig. 4a) and C3a
(5593 + 524 ng/ml; Fig. 4b). In contrast, incubation of
PAEC with porcine autologous or allogeneic plasma
revealed no activation of coagulation measured by TAT
(592 £ 19 and 687 + 29 pg/l; Fig. 4a). Incubation with
immunoadsorbed plasma showed reduced activation of
C3a (72 ng/ml £22; Fig. 4b) but no difference in acti-
vation of coagulation as observed by high TAT levels
(9533 pg/l +458; Fig. 4a).

Endothelial cell activation

Activation of porcine endothelial cells indicated by
ICAM-1, VCAM-1, and E-Selectin expression after kid-
ney perfusion was assessed by real-time PCR (Fig. 5).
Xenogeneic perfusion lead to significant increased
expression of VCAM-1 (9.9 £2) and E-Selectin
(16.5 + 3.7) compared to immunoadsorption and autol-
ogous group. Autologous perfusion of porcine kidneys
with porcine blood resulted in a lower expression of
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Figure 4 Activation of coagulation by TAT (a) and complement by
C3a (b) in cell culture assay. Results are given as means + SEM.
*P < 0.05; **P < 0.01; ***P < 0.001; ****pP < 0.0001.
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VCAM-1 (3.4 £ 1) and E-Selectin (1.9 £+ 0.5; Fig 5).
Endothelial expression of VCAM-1 (1.4 + 0.3) and E-
Selectin (3.3 £ 0.7) was lower in the immunoadsorption
group compared to the xenogeneic perfusions, while the
expression of ICAM-1 did not change significantly in
the different groups xenogeneic (6.3 + 1.2), autologous
(5.3 £ 0.8), and immunoadsorption (3.5 £ 0.5, Fig. 5).

Deposition of complement and antibodies in perfused
kidneys

Deposition of C3a, IgM, and IgG antibodies in
perfused kidneys was quantified by immunohisto-
chemistry (Table 1, Fig. 6). Autologous perfusions did
in deposition of C3a, IgM, IgG
(Fig. 6a—c). Xenogeneic perfusion resulted in deposi-
tion of C3a, IgM, and IgG. Deposition of IgM was
very strong while C3a was strong and IgG was mod-
erate according to the semi-quantitative scoring
(Table 1, Fig. 6d—f). In contrast, in the immunoad-
sorption group, no deposition of antibodies or C3a
could be detected (Table 1, Fig. 6g—i).

not result or

Occurrence of microthrombi

After perfusion, tissue samples were obtained for detec-
tion of microthrombosis. Examination of porcine kid-
neys perfused with human blood (xenogeneic) revealed
multiple microthrombi (38 £ 16). Likewise, in the im-
munoadsorption group, multiple microthrombi could be
found (46 & 27). In contrast, few microthrombi were
detected after autologous perfusions (2 £+ 1). In the
xenogeneic as well as in the immunoadsorption group,
multiple microthrombi could be found.
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Table 1. Deposition of C3a, IgM, and IgG in the
perfused kidneys.

Group C3a IgM lgG
Autologous — — —
Xenogeneic ++ +++ +

Immunoadsorption

Xenotransplantation will not be feasible for clinical use
until the complex pathology of the occurring rejection
processes is fully understood. Although it was longtime
thought that in the GalT-KO era antibody-mediated
rejection should be no longer a problem, the lesson had
to be learned that due to non-Gal antibodies, comple-
ment activation and xenogeneic rejection are still a
problem [20]. In consequence, soluble (as used in this
model) or membrane-bound complement regulation is
still needed in ex vivo or in vivo xenogeneic models
[12,15].

Although complement activation can be controlled by
transgenic donor pigs expressing human complement
regulators (CD59, CD55, and CD46), xenogeneic coagu-
lopathy and the occurrence of intravascular thromboses
can be observed and remains a major obstacle to suc-
cessful xenotransplantation [19]. However, it is still not
clear whether aberrant activation of coagulation is a
consequence of antibody binding and complement acti-
vation or an independent mechanism. There are differ-
ent studies arguing for both positions [21-24].

In this study, XNA were eliminated and complement
activation was inhibited by application of the soluble

Transplant International 2019; 32: 546-556
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Group | IgM IgG

C3a

Autologous

Xenogenic

Immunoadsorption

Figure 6 Immunostaining for C3a, IgM, and IgG deposition in porcine kidneys. A representative image of an individual experiment of each
group is shown. Porcine kidney after perfusion with porcine blood. No deposits of IgM (a), IgG (b), or C3a (c) can be observed. Porcine kidney
after perfusion with human blood. Very Strong IgM (d) and strong C3a (f) as well as moderate IgG (e) deposits can be observed in glomeruli
and blood vessels. Porcine kidney after perfusion with human blood in the immunoadsorption group. No deposits of IgM (g) IgG (h), and C3a

(i) can be observed in glomeruli and blood vessels.

complement inhibitor Cl-inhibitor (C1-INH). The use
of CI-INH in xenogeneic perfusions was first estab-
lished by Fiane et al. [14]. The ex vivo perfusion model
used in this study was developed for assessment of
coagulopathy based on this concept [12,17].

A limitation of this model that had to be mentioned is
that wild-type porcine kidneys were used instead of
genetically modified organs expressing human comple-
ment regulators in combination with GalKO. The pur-
pose of this study was not to prevent xenogeneic rejection
or to evaluate additional treatment strategies, but to
investigate the coagulation part of the pathology of
AHXR. In this light, we think that the comparability to
our previous perfusion studies regarding the coagulation
issue is more important than the use of transgenic organs.
As our results clearly showed, our model is suitable to
address this question. Another important limitation is,
that the antibodies were not completely eliminated after
immunoadsorption, but reduced to a level that comple-
ment activation did not occur. The antibody level after
immunoadsorption was low like those in an AB0-incom-
patible kidney transplantation scenario [25].

C1-INH inhibits complement activation through the
classical pathway occurring after binding of antibodies.
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In contrast, activation mediated by the alternative path-
way, as occurring after xenotransplantation of trans-
genic organs is not regulated [26]. This was confirmed
by the elevated C3a-levels during perfusion in the xerno-
geneic group. Therefore, complement activation present
in this group contributes to the process of AHXR
including coagulopathy. In this model, complement
inhibition by the use of Cl-inhibitor was adequate,
since no HAR occurred.

Our data showed that immunoadsorption of xenore-
active antibodies was sufficient to avoid complement
activation as observed by the low C3a levels throughout
the perfusions in this group. Although the immunologic
part of the AHXR was completely abolished, indicated
by low antibodies and C3a levels as well as missing anti-
body and complement deposition in the perfused kid-
neys, coagulopathy was not reduced. Coagulation
markers D-Dimer and TAT were elevated in the im-
munoadsorption group similar to the xenogeneic group.
In addition, occurrence of microthrombi
reduced. These results indicate that xenogeneic coagu-
lopathy has a distinct pathogenesis.

Interestingly, C5a was not reduced by immunoadsorp-
tion, suggesting an important link between immunology

was not
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and hemostasis [21]. This should be further investigated
and be considered as a potential future target for treat-
ment or prevention strategies.

The hypothesis that xenogeneic coagulopathy displays
a distinct pathogenesis is supported by data obtained in
an in vivo study in which the pig hearts transgenic for
human CDS55 transplanted into baboons were immedi-
ately rejected due to dysregulated coagulation [24].
Likewise in our model, organs from Gal-positive pigs
were used in this study. The authors have shown that
neither complement inhibition via transgenic modifica-
tion of the donor pigs nor antibody depletion using sol-
uble complexes-forming drugs abolished the activation
of coagulation. In line with these findings, our own
observations regarding a pig-to-primate kidney xeno-
transplantation model revealed that despite stable kid-
ney function without any evidence of xenograft
rejection, an activation of coagulation could be observed
[19]. In another study, even the hearts from GalT-KO
pigs transplanted into baboons provoked TMA [9].
Despite a prolonged graft survival, all rejected organs
were characterized morphologically by
microvascular thrombi, accompanied by deposition of
immunoglobulins and complement. These data suggest
that the absence of at least anti-Gal antibodies or low
anti-Gal antibody titers per se does not prevent the
development of microthrombi. Thus, rejection mediated
by antibodies and dysregulated coagulation might be
two independent forms of response to a xenograft.

Xenogeneic coagulopathy is expected to be a combi-
nation of an activated endothelium, platelet aggregation,
and molecular incompatibilities of coagulation cascade
proteins between the pig and primates or humans [23].
Tissue factor (TF) seems to be crucial for the initiation
of coagulation [1,4,7,18]. TF can be expressed on acti-
vated endothelial cells as well as on recipient platelets
and peripheral blood mononuclear (PBMCs)
[18,27]. Therewith, TF is not exclusively expressed on
endothelial cells activated by XNA and complement, but
also on blood cells of the recipient with direct contact
to the graft endothelium. Hence, even if the activation
of the endothelium is avoided by the reduction of anti-
body titers, TF expression on recipient’s blood cells
could induce activation of coagulation. Monocytes play
an important role in this inflammatory-triggered activa-
tion of coagulation. After xenogeneic kidney transplan-
tation, a systemic inflammatory response can be
observed marked by elevated levels of CRP and IL-6
leading to increased TF expression on monocytes and
thrombocytes, resulting in an activation of coagulation
[27]. This systemic inflammatory response of the

extensive

cells

554

recipient can be downregulated by immunosuppression
resulting in delayed activation of coagulation. But even
under sufficient immunosuppression, this continuous
systemic inflammatory response is still present and
remains a hurdle that should be solved [28]. Activation
of porcine endothelial cells can be reduced by human
thrombomodulin confirming the important role of
thrombomodulin by regulating not only coagulation
but also endothelial activation in this inflammatory
environment [29]. The developing inflammation can be
reduced by additional transgenic expression of EPCR,
TFPI, CD39, and CD47, modulating coagulation,
inflammation, and endothelial cell activation [30]. A
long-term kidney survival with 260 days [31] could be
achieved by the expression of EPCR/TFPI/CD47 on a
GTKO/CD46/CD55 background, addressing the pathol-
ogy of inflammatory response and TF expression.

Besides inflammation, the molecular incompatibility
between pig and human regarding the thrombomod-
ulin/APC-system plays a major role in the development
of xenogeneic coagulopathy due to impaired control of
coagulation [1,4,7,22]. In recent animal studies, donor
pigs expressing human thrombomodulin lead to survival
of 136 days for kidney and more than 600 days for
heart transplantation without any signs of consumptive
coagulopathy, indicating the importance of the regula-
tion of coagulation and especially of the thrombomod-
ulin pathway [16,32].

Recent studies showed that progress had been made
in prolonged organ survival by a combination of multi-
transgenic organs and immunosuppression containing
selective receptor-targeting antibodies [33—35]. Particu-
larly, the costimulation blockade by anti-CD40 antibod-
ies plays an important role for long-term cardiac
xenograft survival [34]. Combination of anti-CD40 and
belatacept could prevent T-cell response [35], indicating
the possibilities for future xenotransplantation.

Comparing the results of the heart and kidney pig-to-
primate xenotransplantation, the observed coagulopathy
appears to be different. Whereas consumptive coagulopa-
thy is more present after xenogeneic kidney transplanta-
tion, these extensive systemic coagulopathy is absent after
heart transplantation, limiting the coagulopathy to the
transplant [36]. From these observations, one would draw
the conclusion that the coagulation issue is more impor-
tant in the kidney and needs to be addressed carefully.
Recent data showed that combining the deletion of xeno-
geneic antigens with the use of recipient animals with low
crossmatch reactivity and immunosuppression long-term
survival could be achieved [37,38]. In this study, graft
survival ranged from 5 to 435 days [37]. The long-term
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survivors showed histological signs of glomerulopathy or
TMA at the time of explant. These findings are in line
with our results that removal of xenogeneic antibodies
can prevent activation of complement and innate immu-
nity. However, our results suggest that activation of coag-
ulation cannot be prevented by removing xenogeneic
antibodies (or their targets). In this important animal
study, coagulation markers were not assessed unlike in
our study which would facilitate the analysis of the
underlying pathology and therefore remains to be
addressed in the future.

Similar to the varying graft survival in this pig-to-pri-
mate animal model, we observed in our ex vivo perfu-
sion model different responses to the kidney during
xenogeneic perfusion, as displayed by varying perfusion
times. Although activation of coagulation was always
present during xenogeneic perfusion. Therefore, the
response of the recipient to donor cells should be deter-
mined prior to xenotransplantation. Response intensity
of the recipient to the xenograft may determine the
degree of inflammation and coagulopathy developing
after pig-to-primate or clinical xenotransplantation.

Results of our study suggest that in ex vivo perfusions
of porcine kidneys, xenogeneic rejection mediated by
antibodies and complement activation do not exclu-
sively determine graft survival. Moreover, sufficient

1. Pierson RN 3rd, Dorling A, Ayares D,

endothelial cells and induction of

Xenoreactive antibodies in ex vivo perfusion

control of coagulopathy is needed and warrants pro-
longed organ survival. From our data, it is hypothetic if
C5a is the important link between coagulation and
immunology. Supplementary studies are required to
elucidate this question. Our data further encourage
efforts to focus on the coagulation issue. Thus, our data
show that activation of complement C3 is primarily
antibody-driven, because it is inhibited by immunoad-
sorption whereas activation of coagulation remains
unaffected thereby indicating a distinct pathogenesis.
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