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Abstract

Background: One major barrier to successful xeno-
transplantation is acute vascular rejection, a process
pathologically characterized by microvascular thrombo-
sis and diffuse fibrin deposition in transplant blood ves-
sels. This pathologic picture may result from a distur-
bance in the coagulant or fibrinolytic pathways that
regulate normal vascular patency. This study evaluated
the regulation of fibrinolytic activity defined by tissue
plasminogen activator and plasminogen activator inhib-
itor-1 as it may exist in the setting of acute vascular
rejection.

Materials and Methods, Results: Serial biopsies from
cardiac xenotransplants evaluated by immunofluores-
cence microscopy demonstrated progressive decreases in
tissue plasminogen activator and increases in plasmino-
gen activator inhibitor-1. In vitro studies measuring fi-

brinolytic activity of cell culture medium from porcine
aortic endothelial cells stimulated with human serum or
autologous porcine serum revealed that human serum
triggered as much as 93% increase in antifibrinolytic
activity.

Conclusions: These findings demonstrate that porcine
vascular endothelial cells change toward an antifibrino-
lytic state following stimulation with human xenoreac-
tive antibodies and complement. The shift is at least
partly explained by an increased ratio of plasminogen
activator inhibitor-1 to tissue plasminogen activator, and
is at least in part mediated by the activation of comple-
ment. This increased antifibrinolytic activity may con-
tribute to the thrombotic diathesis seen in acute vascular
rejection in pig-to-primate xenografts.

Introduction

The clinical application of solid organ trans-
plantation is limited by a severe shortage of
donor organs. One possible solution to this
problem is the use of organs from other species
for transplantation into humans, i.e., xeno-
transplantation. The initial barrier to successful
transplantation of organs from animals such as
the pig into humans is hyperacute rejection,
which leads to organ dysfunction within min-
utes to hours (1,2). Hyperacute rejection is
characterized pathologically by interstitial
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edema, hemorrhage, and platelet thrombi re-
sulting from loss of endothelial function and
integrity (1,3,4). Hyperacute rejection can be
prevented through the depletion of xenoreac-
tive antibodies (5) or partial inhibition of com-
plement activation (6,7). Recent work in our
laboratory has demonstrated that depletion of
host anti-graft antibodies or the inhibition of
complement activation increases xenograft
survival in porcine-to-baboon transplants (8-
10). When hyperacute rejection is avoided, the
graft often succumbs to “acute vascular rejec-
tion,” which is characterized pathologically by
endothelial injury, focal ischemia, and diffuse
microvascular fibrin deposition and throm-
bosis (11).
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Fibrin is the physiological endproduct of the
coagulation cascade that is formed in response to
vascular injury. In the final step of the coagula-
tion pathway, thrombin converts fibrinogen to
fibrin, which forms the biochemical matrix that
composes occlusive vascular thrombi. Vascular
patency is restored via the proteolytic break-
down of fibrin via a series of complex interac-
tions between serine proteases and their inhibi-
tors. Thus, fibrin is degraded by the protease
plasmin which is formed from its inactive zymo-
gen, plasminogen. The main biological plasmin-
ogen activator, tissue plasminogen activator, is
secreted from endothelial cells (12,13) and is
involved in the dissolution of fibrin in both nor-
mal physiologic and disease states (14). Inhibi-
tors of plasmin generation act by inhibiting plas-
minogen activators, of which plasminogen
activator inhibitor-1 (PAI-1) is the major active
protein (15,16). The intricate balance between
plasminogen activators and their inhibitors,
therefore, tightly regulates fibrinolytic activity.

Vascular endothelial cells play a pivotal role
in the regulation of fibrinolysis (17). In addition
to constituting a nonthrombogenic barrier be-
tween circulating blood and subendothelial com-
ponents (18), vascular endothelial cells produce
and secrete integral proteins of the fibrinolytic
cascade, such as tissue plasminogen activator and
PAI-1 (17). Disturbance in the production of
these components has been implicated in or cor-
related with thrombotic and hemorrhagic disease
states including deep vein thrombosis (19,20),
coronary artery disease (21,22), allograft rejec-
tion (23), and inherited hemorrhagic disorders
(24,25). In addition, the clinical utility of fibrino-
lytic regulation has been demonstrated by the
widespread use of fibrinolytics such as tissue
plasminogen activator for acute thrombotic
events (26-28).

Recent studies evaluating tissue plasmino-
gen activator levels following cardiac allotrans-
plantation have demonstrated that endothelial
cell-derived tissue plasminogen activator is de-
pleted after cardiac allotransplantation and this
depletion correlates with graft failure (23). On
the basis of these studies, we have evaluated
whether acute vascular rejection, which is char-
acterized by diffuse intravascular thrombosis,
might be associated with an aberrant balance of
tissue plasminogen activator and plasminogen
activator inhibitor-1, and whether this imbal-
ance may be brought about by activation of small
amounts of complement within the porcine-to-
primate xenograft.

Materials and Methods

Grade L human fibrinogen, human glu-plasmin-
ogen, goat anti-porcine tissue plasminogen acti-
vator antibody, and goat anti-human plasmino-
gen activator inhibitor-1 antibody were
purchased from American Diagnostica (Green-
wich, CT). Plasminogen activator inhibitor-1 was
purchased from Calbiochem-Novabiochem In-
ternational (La Jolla, CA), and flourescein-
conjugated rabbit F(Ab’)2 to goat IgG, from Or-
gana Teknika Corp. (Durham, NC). Dulbecco’s
modified Eagle medium (DMEM), and phos-
phate-buffered saline (PBS) were purchased
from Gibco Biological Research Laboratories
(Grand Island, NY); borate and acetone, from
Mallinckrodt Inc., (Paris, KT); and agar was from
DIFCO Laboratories (Detroit, MI). Human re-
combinant tissue plasminogen activator (Acti-
vase®) was supplied by Genentech, Inc. (San
Francisco, CA), and human thrombin was pur-
chased from Haematologic Technologies, Inc.
(Essex Junction, VT). Aortic endothelial cells
were harvested from outbred pigs; culture of
these cells is described below. Aortic endothelial
cells were harvested from transgenic pigs that
expressed CD59 and decay accelerating factor
(29). Serum was collected from normal pigs by
routine venipuncture, and human serum was
collected by venipuncture from normal human
subjects. Following clotting of blood and centrif-
ugation, all serum was stored at —80°C until
ready for use. Human serum used in experi-
ments was a pooled sample of equal proportion
from four individuals. Fetal calf serum (FCS) was
purchased from Hyclone (Salt Lake City, UT).

Tissue Specimens and Immunocytochemistry

Hearts from transgenic pigs expressing human
complement proteins were transplanted into ba-
boons as previously described (30). The hearts
were biopsied as previously described (8) and the
cardiac tissue was snap frozen at —80°C. Frozen
tissue sections of 4 um thickness were prepared
in a Leica cryostat (Heidelberg, Germany). Sec-
tions were air dried, fixed with acetone, and
washed with PBS as previously described (31).
Sections were incubated for 45 min with anti-
tissue plasminogen activator antibody (0.2 mg/
ml) or anti-plasminogen activator inhibitor-1 an-
tibody (0.2 mg/ml) in the dark at room
temperature. The sections were washed with
PBS and incubated with FITC-conjugated rabbit
anti-goat IgG (0.8 ug/ml) for 1 hr in the dark at
room temperature. The sections were then
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washed with PBS and mounted. Tissue sections
were examined using a Leitz DMRB epifluores-
cence microscope (Wetzlar, Germany). Immuno-
fluorescence was graded on a scale of 0-4 (4 =
maximum) by three independent reviewers.
Background immunofluorescence was evaluated
using tissue sections as described above but omit-
ting the primary antibody. The specificity of anti-
tissue plasminogen activator antibody was as-
sessed in a blocking experiment in which tissue
plasminogen activator (final concentration 2.9
M) was incubated with anti-porcine tissue plas-
minogen activator antibody (final concentration
1.3 uM) for 2 hr at room temperature, then
applied to the tissue section. Antibody binding
was tested by immunofluorescence as described
above. The specificity of anti-plasminogen acti-
vator inhibitor-1 antibody was assessed in a
blocking experiment in which plasminogen acti-
vator inhibitor-1 (final concentration 4.8 uM)
was incubated with anti-human plasminogen ac-
tivator inhibitor-1 antibody (final concentration
1.3 uM) for 2 hr at room temperature, then
applied to the tissue section. Antibody binding
was evaluated and scored by immunofluores-
cence as described above.

Growth and Treatment of Porcine Aortic
Endothelial Cells

Porcine aortic endothelial cells were isolated
from freshly harvested aortae and grown in T-25
cell culture flasks in DMEM containing 20% au-
tologous serum, L-glutamine (2.0 mM), penicil-
lin (100 U/ml), and streptomycin (100 pg/ml).
Cells were passed into 24-well plates (2 cm?) and
grown to confluence in 5-8 days. Autologous
porcine serum was removed, the cells were
washed three times with PBS, and then were
incubated with 20% human serum in DMEM for
up to 24 hr. Control porcine aortic endothelial
cells were incubated with autologous serum for
the same times. After incubation, control or ex-
perimental medium was removed from the cells,
serum-free medium was added, and the cells
were incubated for 24 hr. The conditioned me-
dium was then collected, concentrated 10-fold,
and assayed for fibrinolytic activity. The har-
vested pool of cultured medium for each sample
was 6 ml prior to concentration and assay.
Aortic endothelial cells were isolated from
aortae of transgenic pigs expressing human
CD59 and decay accelerating factor. The cells
were grown in T-25 cell culture flasks in DMEM
containing 10% FCS, L-glutamine (2.0 mM),

penicillin (100 U/ml), and streptomycin (100 ug/
ml). Cells were passed into 24-well plates (2 cm?)
and grown to confluence in 5-8 days. Control
growth medium was removed, cells were
washed with PBS, and incubated with 20% hu-
man serum for the same times as given above.
Culture medium was collected and assayed as
described below.

In Vitro Fibrinolytic Activity Assay

Fibrin plates were prepared according to the
methods of Soeda et al. (32) with the following
modifications. Wells of 10 ul volume were
carved in the matrix using a 1-ml glass pipette
tip. A 10-ul sample of concentrated conditioned
medium was placed in each well and the plate
was incubated at 37°C. After 18 hr of incubation,
the area of lysis was calculated using the mean of
2 perpendicular diameters. Fibrinolytic activity
was determined using a standard curve gener-
ated from human recombinant tissue plasmino-
gen activator. Plasminogen activator inhibitor-1
activity was determined using a standard curve
of inhibition of tissue plasminogen activator by
human recombinant plasminogen activator in-
hibitor-1.

Viability of Cultured Endothelial Cells

The viability of cultured endothelial cells ex-
posed to human serum was evaluated by the
CellTiter 96® AQeous Non-Radioactive Cell Pro-
liferation Assay (Promega, Madison, WI). Endo-
thelial cells were incubated with various concen-
trations of human serum for up to 24 hr and
assayed for incorporation and bioreduction of
MTS® to formazan by measuring absorbance of
formazan at 550 nm.

Results
Fibrinolysis in Cardiac Tissue

Hearts from transgenic pigs were transplanted into
baboons. The hearts underwent functional and
pathological changes consistent with acute vascu-
lar rejection over a period ranging from 5 days to
12 days. The changes included deposition of IgM,
IgG, and small amounts of complement on donor
endothelium as previously described (8, 9, 11, 29)
(not shown). Specimens from pretransplant por-
cine hearts reacted with anti-tissue plasminogen
activator antibodies and not with anti-plasminogen
activator inhibitor-1 antibodies (Fig. 1). Tissue plas-
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minogen activator was located on vascular endo-
thelium. Serial biopsies of porcine hearts trans-
planted into baboons exhibited an initial increase
in tissue plasminogen activator at 1 hr post-trans-
plant, followed by a progressive decrease to back-
ground levels at 120 hr. Plasminogen activator in-
hibitor-1 was positive by immunofluorescence 1 hr
post-transplant and increased progressively up to
216 hr post-transplant (Figs. 1, 2). Plasminogen
activator inhibitor-1 expression was also located
along vascular endothelium in the transplant bi-

opsy.

In Vitro Fibrinolytic Activity

Conditioned medium from porcine aortic endo-
thelial cells grown in autologous serum had no
detectable fibrinolytic activity. This finding is

Fig. 1. Expression of tissue plasmin-
ogen activator and plasminogen acti-
vator inhibitor-1 expression in por-
cine-to-baboon cardiac xenografts.
Tissue samples obtained from porcine
hearts and porcine cardiac xenografts
were studied by immunofluorescence for
expression of tissue plasminogen activa-
tor and plasminogen activator inhibi-
tor-1. (A) Normal porcine cardiac tissue
stained for tissue plasminogen activator
demonstrates staining throughout the
cardiac microvasculature. (B) Normal
porcine cardiac tissue stained for plas-
minogen activator inhibitor-1 demon-
strates no detectable fluorescence above
background. Hearts of transgenic pigs
expressing human CD59 and decay ac-
celerating factor were transplanted into
baboons, and tissue biopsies were taken
post-transplant. Cardiac xenografts with
acute vascular rejection revealed a dra-
matic decrease in tissue plasminogen ac-
tivator expression (C) and a significant
increase in expression of plasminogen
activator inhibitor-1 (D). X20. The in-
crease in plasminogen activator inhibi-
tor-1 is distributed along the vascular
endothelium. The changes occurred prior
to histologic evidence of acute vascular
rejection. This suggests that the depletion
of tissue plasminogen activator and up-
regulation of plasminogen activator in-
hibitor-1 contribute early to the patho-
genesis of thrombosis seen in acute
vascular rejection, and are not merely
the result of tissue injury after acute vas-
cular rejection has commenced.

consistent with other studies of fibrinolytic pro-
teins in endothelial cell cultures (33). Condi-
tioned medium from porcine aortic endothelial
cells grown in autologous serum had antifibrino-
lytic activity as defined by the ability of the sam-
ple to inhibit 7.35 nM tissue plasminogen acti-
vator in fibrin plate assays. When porcine aortic
endothelial cells were stimulated with 20% hu-
man serum, the antifibrinolytic activity in the
medium increased by 76% after 8 hr compared
with that of medium from porcine aortic endo-
thelial cells incubated with 20% autologous se-
rum. A maximum increase in antifibrinolytic ac-
tivity of 93% occurred in medium from cells that
were stimulated for 18 hr (Fig. 3).

To determine if the increase in antifibrino-
lytic activity in medium from cultured endothe-
lial cells was due to an increase in plasminogen
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Fig. 2. Tissue plasminogen activator and plas-
minogen activator inhibitor-1 in pig-to-baboon
cardiac xenografts. Tissue samples obtained nor-
mal porcine hearts and porcine cardiac xenografts
were studied by immunofluorescence for expression
of tissue plasminogen activator and plasminogen ac-
tivator inhibitor-1. Fluorescence was graded on an
assigned scale of 0-4 (4 = maximum). Average
grades for the tissues at various times after trans-
plantation are shown graphically. (A) Tissue plas-
minogen activator (t-PA). Tissue samples exhibited
an initial increase in tissue plasminogen activator 24
hr after transplant, followed by a progressive de-
crease over time. (B) Plasminogen activator inhibi-
tor-1 (PAI-1). The same biopsy tissues shown in A
exhibited increased plasminogen activator inhibitor-1
beginning 1 hr after transplantation (B). These
changes in tissue plasminogen activator and plas-
minogen activator inhibitor expression were seen
before the development of histological evidence of
acute vascular rejection, suggesting that a defect in
fibrinolysis contributes to the pathogenesis of acute
vascular rejection.

activator inhibitor-1, the ability of anti-plasmin-
ogen activator inhibitor-1 antibody to block an-
tifibrinolytic activity in conditioned medium was
tested. Culture medium taken from porcine aor-
tic endothelial cells stimulated with human se-
rum was incubated with 15 nM anti-plasmino-
gen activator inhibitor-1 antibody for 15 min at
room temperature and then fibrinolytic activity
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Fig. 3. Antifibrinolytic activity of conditioned
cell culture medium from porcine aortic endo-
thelial cells. Porcine endothelial cells were incu-
bated with 20% autologous serum (diamonds) or
20% human serum (squares) for up to 24 hr. Serum
was removed and the cells were incubated with se-
rum-free medium for 24 hr. The cell culture me-
dium was then harvested and assayed for antifi-
brinolytic activity by inhibition of 7.35 nM tissue
plasminogen activator. The results are shown as the
percentage of 7.35 nM tissue plasminogen activator
that was inhibited by the conditioned medium.
These findings suggest that stimulation with human
antibody and complement alters the balance of ex-
pression and secretion of fibrinolytic and antifibrino-
lytic proteins.

was assessed. This medium, following the block
of plasminogen activator inhibitor-1, contained
fibrinolytic activity (Fig. 4), suggesting that plas-
minogen activator inhibitor-1 in the medium is
responsible for the inhibition of fibrinolytic ac-
tivity. A fixed concentration of antibody was in-
cubated with medium from cells stimulated with
human serum for 2 hr and for 24 hr. There was
44% more antifibrinolytic activity in the media
recovered from cells stimulated for 24 hr than
from media from cells that were stimulated for
only 2 hr. These results demonstrate that both
plasminogen activator inhibitor-1 and tissue
plasminogen activator are secreted from porcine
aortic endothelial cells in culture. The increase in
antifibrinolytic activity in response to stimula-
tion with human antibody and complement is at
least partly attributed to an increase in plasmin-
ogen activator inhibitor-1 production and secre-
tion. In addition, the amount of plasminogen
activator inhibitor-1 secretion increases with the
length of stimulation up to 24 hr as tested in our
experiments.

To test the role of complement activation in
regulation of antifibrinolytic activity, fibrinolytic
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Fig. 4. Blocking of antifibrinolytic activity by
anti-plasminogen activator-1 antibody. Wild-
type porcine endothelial cells were stimulated with
20% human serum for 2 hr and 24 hr, then incu-
bated with serum-free medium for 24 hr. The condi-
tioned medium was then harvested. Medium sam-
ples were either assayed without antibody for
fibrinolytic activity (stippled bars), or incubated with
15 nM anti-plasminogen activator-1 antibody (filled
bars) for 15 min at room temperature before being
assayed. Medium blocked with plasminogen activa-
tor-1 antibody demonstrated fibrinolytic activity,
suggesting the presence of active plasminogen acti-
vator inhibitor-1 in the medium. Medium exposed
to human serum for 24 hr before blocking had 44 %
less fibrinolytic activity than the medium exposed
for 2 hr. Increases in antifibrinolytic activity in re-
sponse to stimulation with human antibody and
complement were at least partly attributable to an
increase in plasminogen activator inhibitor-1 pro-
duction and secretion. The amount of plasminogen
activator inhibitor-1 secretion increased with a
longer exposure to human serum.

2 Hours

activity generated in porcine aortic endothelial
cells expressing human CD59 and decay acceler-
ating factor was compared with fibrinolytic ac-
tivity generated in wild-type endothelial cells.
The increase in antifibrinolytic activity that was
observed following stimulation of wild-type por-
cine endothelial cells (Fig. 3) was prevented
when similar endothelial cells that expressed hu-
man complement regulatory proteins were stim-
ulated with human serum. The recovered me-
dium from transgenic endothelial cells exposed
to 20% human serum had no increased antifi-
brinolytic activity compared with wild-type por-
cine endothelial cells incubated under the same
conditions (Fig. 5). The level of antifibrinolytic
activity in the medium taken from transgenic
cells was similar, regardless of whether the cells
were incubated with human serum or the con-
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Fig. 5. Involvement of complement in the in-
duction of antifibrinolytic activity in vascular
endothelial cells. Porcine aortic endothelial cells
were grown to confluence in autologous porcine se-
rum. Transgenic porcine aortic endothelial cells that
expressed human CD59 and DAF were grown to
confluence in 10% FCS as a control medium. The
cells were then stimulated with 20% human serum
or control medium for times up to 24 hr. The cells
were then stimulated with 20% human serum or
control medium for times up to 24 hr. The serum
was removed and the endothelial cells were incu-
bated with serum-free medium for 24 hr. This con-
ditioned medium was then harvested and assayed
for fibrinolytic and antifibrinolytic activity. Wild-type
porcine endothelial cells exhibited an increase in an-
tifibrinolytic activity when stimulated with 20% hu-
man serum. Transgenic porcine endothelial cells did
not have increased antifibrinolytic activity when
stimulated with 20% human serum verses the con-
trol medium. These findings suggest that comple-
ment activation is the impetus that induces antifi-
brinolytic changes. Circles, wild-type porcine
endothelial cells stimulated with human serum; dia-
monds, transgenic porcine endothelial cells stimu-
lated with human serum; squares, transgenic porcine
endothelial cells incubated with control FCS.

trol growth medium containing 10% FCS
(Fig. 5). Thus, when complement activation was
impeded, the increase in antifibrinolytic activity
was also impeded. These results suggest that the
increase in antifibrinolytic activity observed was
mediated at least in part by activation of comple-
ment by human antibodies during the 24-hr in
vitro test period.

Discussion

The pathophysiology underlying the extensive
vascular thrombosis observed during acute vas-
cular rejection in xenotransplantation has not
been thoroughly defined. Previous work has sug-
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gested that inflammatory events activate vascu-
lar endothelium leading to procoagulant changes
that account for the dramatic extent of fibrin
deposition and thrombosis in acute vascular re-
jection (34). Experimental work from our labo-
ratory and others has suggested that procoagu-
lant activity seen in acute vascular might be
caused by increased expression of tissue factor on
vascular endothelium (35) and in inflammatory
macrophages (36), loss of endothelial-associated
heparan sulfate (37), and decreased availability
and function of thrombomodulin (38,39). While
these factors may contribute to increased gener-
ation of fibrin, the results of our study clearly
demonstrate that there is also a fundamental
disturbance in fibrinolysis owing to imbalance
between tissue plasminogen activator and plas-
minogen activator inhibitor-1, resulting in a shift
toward decreased fibrinolytic activity in porcine-
to-primate xenotransplantation. Thus, to the ex-
tent that thrombosis in a xenotransplant is
caused by aberration in the fibrinolytic cascade,
therapeutic strategies aimed at acute vascular re-
jection may have to address this defect as well.

Current research supports the understanding
that acute vascular rejection is associated with
endothelial cell activation (1,4). In this report,
we have attempted to establish what role alter-
ations in the fibrinolytic system, as regulated by
vascular endothelial cells and potentially arising
in the context of endothelial cell activation, play
in the process of acute vascular rejection. Our
findings support the conclusion that changes in
fibrinolysis might be involved in the pathogene-
sis of acute vascular rejection, rather than result-
ing as a consequence of tissue damage secondary
to rejection because the increased expression of
plasminogen activator inhibitor-1 and decreased
expression of tissue plasminogen activator seen
in xenograft biopsies preceded histologic evi-
dence of tissue damage caused by acute vascular
rejection.

The in vitro system that was employed in our
studies involved stimulation of porcine aortic en-
dothelial cells by human serum as a model for
the reaction that occurs when a xenograft un-
dergoes acute vascular rejection (1,37). In this
system, the increase in antifibrinolytic activity
was due at least in part to increases in plasmin-
ogen activator inhibitor-1 as antibodies against
plasminogen activator-1 blocked the increased
inhibitory activity. The fact that transgenic por-
cine cells expressing human complement regu-
latory proteins did not exhibit increased antifi-
brinolytic activity following stimulation with

dilute human serum in vitro supports the con-
clusion that the activation of human comple-
ment on porcine endothelial cells may be one of
the key steps in this process. In this setting, it is
likely that complement activation directly stim-
ulates endothelial cells, resulting in increased
production and secretion of plasminogen activa-
tor inhibitor-1 and decreased production of tis-
sue plasminogen activator, and thus altering the
profibrinolytic state of the endothelial cells. This
change in the fibrinolytic balance is likely one of
the phenotypic events that leads to the throm-
botic diathesis seen in acute vascular rejection. In
considering this relationship between in vitro
fibrinolysis and in vivo events, it is important to
bear in mind that PAI-1 exists in an active form
and as an inactive protein. The functional anal-
ysis of endothelial cell responses tests only the
active form of the protein whereas immunohis-
tochemistry as performed in this study might
detect inactive protein as well as active protein.
One should note that we observed a signifi-
cant difference in the protective effect of the
transgenic expression of CD59 and decay accel-
erating factor between our in vitro and in vivo
data. The results observed from tissue biopsies
from transgenic animals demonstrate a progres-
sive shift from a fibrinolytic to an antifibrinolytic
state over the first 72 hr of the transplant. This is
in contrast to the observation in vitro where the
transgenic cells provided complete protection
from antifibrinolytic activity following treatment
with human serum. Although there are many
potential interpretations of these data, one likely
explanation for this difference is that the com-
plement regulatory proteins prevent comple-
ment activation in the in vitro system in which a
low concentration of complement (20% human
serum) was used. On the other hand, it is likely
that the protective effect of these proteins is
overwhelmed when the endothelial cells are ex-
posed to the normal levels of complement
present in vivo (9,10). Consistent with this con-
cept is the observation of Cozzi and co-workers
that acute vascular rejection can sometimes be
avoided if the xenogeneic organ graft expresses
high levels of DAF (unpublished). Furthermore,
the in vivo transplant may also be exposed to
other inflammatory stimuli in addition to com-
plement activation. These other stimuli, such as
cytokines secreted by inflammatory cells are not
affected by complement regulatory proteins.
The changes in tissue plasminogen activator
and plasminogen activator inhibitor-1 expres-
sion may be explained by the following para-
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digm. Upon exposure to human xenoreactive
natural antibodies and complement, vascular en-
dothelial cells in the graft are activated, resulting
in an initial increase in both tissue plasminogen
activator and plasminogen activator inhibitor-1.
As the major source of tissue plasminogen acti-
vator, endothelial cells contribute to the total
pool of tissue plasminogen activator through two
mechanisms. At first there occurs a release of
tissue plasminogen activator from cellular stores
(40), secreted in response to stimuli such as shear
stress (41) or thrombin (33,42). Initial stores are
rapidly depleted and tissue plasminogen activa-
tor levels are reduced until an induced de novo
synthesis occurs in 4-6 hr (40). Because endo-
thelial cells do not contain stores of plasminogen
activator inhibitor-1, the production of this mol-
ecule and secretion are delayed relative to the
response of tissue plasminogen activator. There-
fore, the increased ratio of plasminogen activator
inhibitor-1 to tissue plasminogen activator,
which impedes fibrinolysis, is delayed for a pe-
riod of hours after endothelial cell activation. In
addition, it has been shown that interleukin-1e
is up-regulated in response to endothelial cell
activation by complement. In turn, interleukin
la suppresses the fibrinolytic system of endothe-
lial cells by increasing activity of plasminogen
activator inhibitor-1 (43,44) and decreasing ac-
tivity of tissue plasminogen activator (43). This
hypothesis is supported by the results of this
study (Figs. 1, 2), which shows the course of the
ratio of plasminogen activator inhibitor-1 to tis-
sue plasminogen activator expression.

In summary, the findings of this study sup-
port the conclusion that the fibrinolytic process is
altered during the process of acute vascular
xenograft rejection. This suggests that further
scientific and clinical experimentation that alters
the fibrinolytic state of the xenograft may benefit
graft survival in the setting of porcine-to-primate
xenotransplantation.

Acknowledgments

This work was supported by grants from the
National Institutes of Health (HL50985, HL52297,
and HI46810). M. F. K. is a Howard Hughes Medical
Institute Medical Student Research Training Fel-
low. J. H. L. is a Clinician Scientist Awardee of
the American Heart Association. The authors
thank Larkin Daniels and Michael Morowitz for
their helpful suggestions as well as Tammy
Moser for her technical expertise.

References

1.

10.

11.

12.

13.

14.

15.

Platt JL, Vercellotti GM, Dalmasso AP, Matas AJ,
Bolman RM, Najarian JS, Bach FH. (1990) Trans-
plantation of discordant xenografts: a review of
progress. Immunol. Today 11: 450—456.

. Auchincloss H, Jr. (1998) Xenogeneic transplan-

tation. Transplantation 46: 1-20.

. Platt JL, Fischel RJ, Matas AJ, Reif SA, Bolman

RM, Bach FH. (1991) Immunopathology of hyper-
acute xenograft rejection in a swine-to-primate
model. Transplantation 52: 214-220.

. Parker W, Saadi S, Lin SS, Holzknecht ZE, Bustos

M, Platt JL. (1996) Transplantation of discordant
xenografts: a challenge revisited. Immunol. Today
17: 373-378.

. Cooper DKC, Human PA, Lexer G, Rose AG, Rees

J, Keraan M, Du Toit E. (1988) Effects of cyclo-
sporine and antibody adsorption on pig cardiac
xenograft survival in the baboon. J. Heart Trans-
plant 7: 238-246.

. Leventhal JR, Dalmasso AP, Cromwell JW, Platt JL,

Manivel CJ, Bolman RM, Matas AJ. (1993) Prolonga-
tion of cardiac xenograft survival by depletion of com-
plement. Transplantation 55: 857-866.

. Pruitt SK, Kirk AD, Bollinger RR, et al. (1994) The

effect of soluble complement receptor type 1 on
hyperacute rejection of porcine xenografts. Trans-
plantation 57: 363-370.

. McCurry KR, Kooyman DL, Alvarado CG, Cot-

terell AH, Martin MJ, Logan JS, Platt JL. (1995)
Human complement regulatory proteins protect
swine-to-primate cardiac xenografts from hu-
moral injury. Nature Med. 1: 423-427.

. Magee JC, Collins BH, Harland RC, Lindman BJ,

Bollinger RR, Frank MM, Platt JL. (1995) Immu-
noglobulin prevents complement mediated hyper-
acute rejection in swine-to-primate xenotrans-
plantation. J. Clin. Invest. 96: 2404-2412.

Lin SS, Kooyman DL, Daniels LJ, et al. (1997) The
role of natural anti-Galal-3Gal antibodies in hy-
peracute rejection of pig-to-baboon cardiac xeno-
transplants. Transplant Immunol. 5: 212-218.
Leventhal JR, Matas AJ, Sun LH, Reif S, Bolman
RM, III, Dalmasso AP, Platt JL. (1993) The immu-
nopathology of cardiac xenograft rejection in the
guinea pig to rat model. Transplantation 56: 1-8.
Levin E, Loskutoff D. (1982) Cultured bovine endothe-
lial cells produce both urokinase and tissue-type plas-
minogen activators. J. Cell Biol. 94: 631-639.
Kristensen P, Larsson L, Nielsen LS, Grondahl-
Hansen J, Andreasen PA, Dano K. (1984) Human
endothelial cells contain one type of plasminogen
activator. FEBS Lett. 168: 33-37.

Collen D, Lijnen HR. (1991) Basic and clinical
aspects of fibrinolysis and thrombolysis. Blood 78:
3114-3124.

Schleef RF, Loskutoff DJ. (1988) Fibrinolytic system of
vascular endothelial cells: role of plasminogen activator
inhibitors. Haemostasis 18: 328-341.



16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

M. F. Kalady et al.: Decreased Fibrinolysis in Xenotransplantation

Sprengers ED, Kluft C. (1987) Plasminogen acti-
vator inhibitors. Blood 69: 381-387.

Lijnen H, Collen D. (1997) Endothelium in hemostasis
and thrombosis. Prog. Cardiovasc. Dis. 4: 343-350.
Rosenberg RD, Rosenberg JS. (1984) Natural an-
ticoagulent mechanisms. J. Clin. Invest. 74: 1-6.
Wiman B, Ljungberg B, Chmielewska J, Urden G,
Blomback M, Johnsson H. (1985) The role of the
fibrinolytic system in deep vein thrombosis. J. Lab.
Clin. Med. 105: 265-270.

Nilsson IM, Ljungner MH, Tengborn L. (1985)
Two different mechanisms in patients with deep
vein thrombosis and defective fibrinolysis: low
concentration of plasminogen activator or in-
creased concentration of plasminogen activator
inhibitor. Br. Med. J. 290: 1453-1455.

Hamsten A, Wilman B, deFaire U, Blomback M.
(1985) Increased plasma levels of a rapid inhibitor to
tissue plasminogen activator in young survivors of
myocardial infarction. N. Engl. J. Med. 313: 1557-1563.
Aznar J, Estelles A, Tormo G, Sapena P, Tormo V,
Blanch S, Espana F. (1988) Plasminogen activator ac-
tivity and other fibrinolytic variables in patients with
coronary artery disease. Br. Heart J. 59: 535-541.
Labarrere CA, Pitts D, Nelson DR, Faulk WP. (1995)
Vascular tissue plasminogen activator and the develop-
ment of coronary artery disease in heart transplanta-
tion recipients. N. Engl. J. Med. 333: 1111-1116.
Booth N, Bennett B, Wijngaards G, Grieve JH. (1983)
A new life-long hemorrhagic disorder due to excess
plasminogen activator. Blood 61: 267-275.

Aznar J, Estelles A, Villa V, Reganon E, Espana F,
Villa P. (1984) Inherited fibrinolytic disorder due
to an enhanced plasminogen activator level.
ThrombHaemostasis 52: 196-202.

(1995). Tissue plasminogen activator for acute
ischemic stroke. National Institute of Neurological
Disorders and rt-PA Stroke Study. N. Engl. J. Med.
333: 1587-1592.

Verstraete M. (1990) Thrombolytic treatment in
acute myocardial infarction. Circulation 82(suppl):
1196-109.

Yusuf S, Sleight P, Held P, McMahon S. (1990) Routine
medical management of acute myocardial infarction:
lessons from overviews of recent randomized con-
trolled trials. Circulation 82(3 suppl): I117-134.
Byrne GW, McCurry KR, Martin MJ, McClellan
SM, Platt JL, Logan JS. (1997) Transgenic pigs
expressing human CD59 and decay-accelerating
factor produce an intrinsic barrier to complement-
mediated damage. Transplantation 63: 149-155.
Lawson JH, Daniels LJ, Hoopes CW, et al. (1997)
The role of transgenic expression of human com-
plement regulatory proteins in discordant xeno-
transplantation. Proceedings for the 52nd Annual Ses-
sions of the Owen H. Wangensteen Surgical Forum
1997 Clinical Congress, Vol. XLVIII. American Col-
lege of Surgeons, Chicago, pp. 487-489.

31.

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

637

Platt JL, LeBien TW, Michael AF. (1982) Intersti-
tial mononuclear cell populations in renal graft
rejection: identification by monoclonal antibodies
in tissue sections. J. Exp. Med. 155: 17-30.

Soeda S, Kakiki M, Shimeno H, Nagamatsu A. (1986)
Rapid and high-yield purification of porcine heart tis-
sue-type plasminogen activator by heparin-sepharose
chromatography. Life Sci. 39: 1317-1324.

Hanss M, Collen D. (1987) Secretion of tissue-type
plasminogen activator and plasminogen activator
inhibitor by cultured human endothelial cells:
modulation by thrombin, endotoxin, and hista-
mine. J. Lab. Clin. Med. 109: 97-104.

Lawson JH, Platt JL. (1996) Molecular barriers to
xenotransplantation. Transplantation 62: 303-310.
Saadi S, Holzkhecht RA, Patte CP, Stern DM, Platt
JL. (1995) Complement-mediated regulation of
tissue factor activity in endothelium. J. Exp. Med.
182: 1807-1814.

Fryer JP, Chen S, Johnson E, Simone P, Sun LH,
Goswitz JJ, Matas AJ. (1997) The role of mono-
cytes and macrophages in delayed xenograft re-
jection. Xenotransplantation 4: 40-48.

Platt JL, Vercellotti GM, Lindman BJ, Oegema TR,
Jr, Bach FH, Dalmasso AP. (1990) Release of
heparan sulfate from endothelial cells: implica-
tions for the pathogenesis of hyperacute rejection.
J. Exp. Med. 171: 1363-1368.

Moore KL, Andreoli SP, Esmon NL, Esmon CT,
Bang NU. (1987) Endotoxin enhances tissue fac-
tor and suppresses thrombomodulin expression of
human vascular endothelium in vitro. J. Clin. In-
vest. 79: 124-130.

Lawson JH, Daniels L, Platt JL. (1997) The evaluation
of thrombomodulin activity in porcine to human xe-
notransplantation. Transplant Proc. 29: 884—885.

. Van Hinsberg VWM, Kooistra T, Emeis JJ, Koolwijk P.

(1991) Regulation of plasminogen activator production
by endothelial cells: role in fibrinolysis and local prote-
olysis. Int. J. Radiat. Biol. 60: 261-272.

Diamond S, Eskin S, McIntire L. (1989) Fluid flow
stimulates tissue plasminogen activator secretion
by cultured human endothelial cells. Science 243:
1483-1485.

Levin EG, Marzec U, Anderson J, Harker LA.
(1984) Thrombin stimulates tissue plasminogen
activator release from cultured human endothelial
cells. J. Clin. Invest. 74: 1988-1995.

Schleef RR, Bevilacqua MP, Sawdey M, Gimbrone
MA, Jr, Loskutoff DJ. (1988) Cytokine activation
of vascular endothelium. Effects on tissue-type
plasminogen activator and type 1 plasminogen
activator inhibitor. J. Biol. Chem. 263: 5797-5803.

. Emeis JJ, Kooistra T. (1986) Interleukin 1 and

lipopolysaccharide induce an inhibitor of tissue-
type plasminogen activator in vivo and in cultured
endothelial cells. J. Exp. Med. 163: 1260-1266.



