ALLOGRAFT VASCULOPATHY

Donor PAI-1 Expression Inhibits the
Intimal Response of Early Allograft
Vascular Disease
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Background: The development of allograft vascular disease (AVD) may be related to
altered expression of the fibrinolytic system. We determined the extent to which
plasminogen activator inhibitor type 1 (PAI-1) expression in donor tissue influences
intimal proliferation (IP) in a mouse model of AVD.

Methods: We utilized an end-to-end abdominal aortic transplant model in mice to
investigate the development of IP in 3 groups of 6 recipients. Group A (negative control)
utilized C57BL/6J strain mice as both donors and recipients. In Groups B (positive control)
and C, C57BL/6J mice were vessel donors and CBA/J mice were recipients. Both groups
received intraperitoneal anti-CD4 and anti-CD8 monoclonal antibodies (250 pg/week for 5
weeks). Group C recipients, however, were transplanted with vessels from C57BL/6J PAI-1
knockout mice. Animals were killed at 50 days. Transplanted aortas were removed and
intimal areas calculated using morphometric analysis.

Results: Group A (mean intimal area 6,421 + 8,507 um?) demonstrated very little IP in
comparison to the other groups. IP was significantly higher in Group B (mean intimal area
56,357 + 35,629 um?) than Group A (p = 0.008). Group C (mean intimal area 281,995 +
123,279 um?) demonstrated significantly more intimal proliferation than either Groups A or
B (vs B, p = 0.003; vs A, p < 0.001). The significance of these results is maintained if
intimal thickness is measured as a stand-alone reference for the intimal response.

Conclusions: Lack of PAI-1 expression in donor tissue greatly exaggerates the extent of
IP after allogeneic transplantation and suggests that PAI-1 is important in limiting the

early phase of AVD. J Heart Lung Transplant 2003;22:515-518.

Impaired fibrinolytic activity clearly influences the
development of allograft vascular disease (AVD).'
Despite this, the regulation of this system after trans-
plantation and the relative contribution of individual
fibrinolytic proteins to AVD are poorly characterized.
As in native coronary artery disease (CAD), fibrin and
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thrombus deposition in the microcirculation and the
proliferative and migratory phase of the neo-intimal
development are directly influenced by the relative
state of the fibrinolytic system.®™' Cellular compo-
nents of the vascular wall, in particular endothelial
cells (ECs) and smooth muscle cells (SMCs), are the
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major sites of synthesis of fibrinolytic proteins, tissue
plasminogen activator (tPA), urokinase (uPA) and
PAI-1. Our current level of knowledge of this system’s
relationship to AVD stems from in vivo determina-
tions of plasma samples and by in situ analysis of tissue
samples taken from diseased allografts.'™ Only a few
animal studies exist that have isolated the fibrinolytic
system to determine its role in the development of
AVD. In the present study, we demonstrate the relative
importance of PAI-1 in the early development of AVD
by utilizing specific fibrinolytic protein knockout mice
as donors in a well-established animal model of AVD.

METHODS
Animals

Male mice were bred and maintained in the animal
resources facility at the University of Alabama at
Birmingham at 25°C with 12-hour light/dark cycles.
The American Association for Accreditation of Lab-
oratory Animal Care accredits our facility. All pro-
cedures were performed by the investigators in
accordance with The Guide for the Care and Use of
Laboratory Animals, published by the National In-
stitute of Laboratory Animal Resources and the
National Institute of Health (NIH Publication No.
85-23, revised 1985).

Transplantation Procedure

We utilized C57BL/6J mice as donors and CBA/J mice
as recipients. This strain combination reproducibly
produces vascular disease consistent with chronic re-
jection in other mouse models of transplantation.'*!
All mice were 12 to 16 weeks of age. We performed
the aortic transplantation technique, as previously
described.'*" Briefly, donor and recipient mice were
anesthetized with an intraperitoneal injection of 0.12
to 0.16 ml per 20 g of ketamine/xylazine (ketamine
[100 mg/ml] 1.74 ml and xylazine [100 mg/ml] 0.26 ml,
in 8.52 ml of phosphate-buffered saline). A section of
donor thoracic aorta was isolated and dissected,
flushed and placed in chilled phosphate buffered saline
(PBS). The infra-renal recipient aorta was transected
between 2 vascular clamps (B-1 Clamp, S&T Co, Swit-
zerland), followed by end-to-end anastomosis of the
donor aorta to the recipient’s abdominal aorta using a
10-0 nylon suture (Accurate Corp, Westbury, NY) via
an interrupted technique. A single surgeon using an
operating microscope with 20X magnification (Nikon
Stereo SMZ800) performed the operations.

Experimental Groups

Three groups of mice were analyzed at 50 days
post-transplant. Each group contained 6 mice.
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Group A consisted of negative intimal proliferation
controls and utilized the C57BL/6J strain as both
recipients and donors; Group B consisted of positive
intimal proliferation controls and utilized the CBA
strain as recipients and the C57BL/6 strain as do-
nors; Group C was the experimental group and
utilized the CBA strain as recipients and C57BL/6
PAI-1 knockouts as donors. Animals that died peri-
operatively were eliminated from the study and
replaced. Immunosuppression consisted of weekly
anti-CD4 and anti-CD8 monoclonal antibodies (250
pg) administered intraperitoneally for 5 weeks."?

Morphometric Analysis

Vessels from control and experimental groups were
perfusion-fixed in 10% buffered formalin. Vessels
were then embedded in paraffin and serially sectioned
for morphometric analysis. Tissue was stained with
hematoxylin and eosin (H&E) and elastic van Gieson.
Morphometric analysis of each arterial ring segment
was performed with a computer-based Bioquant II
morphometric system. Intimal area (IA) was calcu-
lated by subtracting lumen area from the area encir-
cled by the internal elastic lamina (IEL). The areas
were calculated from the internal diameter (ID) and
the lumen diameter (LD) using the formula: 4 = 7.
Three sections of each vessel were examined and
measurements averaged for statistical analysis.

Statistical Analysis

Numeric data are expressed as mean * SD. Statis-
tical analysis was performed using the STATGRAPH-
ICS statistical program (Statistical Graphics Corp,
Rockville, MD) and t-tests. The differences were
considered statistically significant at p < 0.05. Data
on IA and intimal thickness (IT) are presented.

RESULTS

Representative sections from each of the 3 groups of
mice (defined in Methods) are shown in Figure 1.
Group A (mean IA 6,421 + 8,507 um?, mean IT 4.3 +
5.8 wm) demonstrated very little intimal proliferation
in comparison to the other groups. Intimal prolifera-
tion was significantly higher in Group B (mean IA
56,357 + 35,629 wm?, mean IT 72 = 69 wm) than
Group A (IAp = 0.008, IT p < 0.01). Group C (mean
IA 281,995 = 123,279 wm?, mean IT 151 = 52 wum)
demonstrated significantly more intimal proliferation
than either Groups A or B (IA: vs B, p = 0.003; vs A,
p <0.001;IT: vs Bor A, p < 0.01). The differences in
IA are noted in Figure 2. Therefore, the lack of PAI-1
expression in donor tissue greatly exaggerates the
extent of intimal proliferation after allogeneic trans-
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FIGURE 1 Representative sections from each group of
mice. (A) Group A. (B) Group B. (C) Group C.

plantation and suggests that PAI-1 is important in
limiting this early form of AVD.

DISCUSSION

The intima remains the most affected portion of the
vessel wall in AVD. Intimal thickening confined to
proximal/mid-regions of the epicardial coronaries is
the most common morphologic feature seen at <1
year after transplantation and is due to an increase in
extracellular matrix as well as the proliferation and
migration of SMCs.'*~2° Impaired fibrinolytic activity
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FIGURE 2 Differences in intimal area between groups.

Benza et al. 517

may be integral to the development of this pathogenic
intima.

Impaired fibrinolysis has an important role in the
pathogenesis of native and transplant atherosclero-
sis.!~>21"23 Transplant patients with AVD have signif-
icantly higher mean circulating tPA and PAI-1 antigen
levels than patients without AVD.*> Similarly, severity
of AVD correlates positively with increased levels of
PAI-1 and tPA antigen.** Labarrere et al. demon-
strated in biopsies from cardiac transplant recipients
that depleted arteriolar SMC tPA correlated with graft
failure and AVD.? In addition, certain genetic variants
of the PAI-1 gene carried in the donor tissue may
influence the early development of this disease.”*
Therefore, perturbations in the balance of this system
that occurs after transplantation may promote AVD.

As alluded to earlier, abnormal fibrinolytic activity
may lead to the development of an abnormally thick
neo-intima after transplantation. In this regard, vascu-
lar injury, secondary to the transplant procedure,
results in the activation of this system and increased
plasmin activity, a process similar to that which occurs
after percutaneous transluminal coronary angioplasty
(PTCA).'>* This heightened activity is localized to
both the lumen and wall of the injured vessels and
involves a complicated interplay between tPA, uPA
and PAI-1. Each of these components may then
influence the extent of vascular remodeling after this
initial injury via their actions on metalloproteinase or
plasminogen activation (plasmin generation).

Plasmin plays a pivotal role in normal and patho-
genic cellular functions related to CAD, including
matrix remodeling and cellular migration of
SMCs,?>% early fibrin deposition and initiation of
atherogenesis.®** Plasminogen knockout mice?’ ex-
hibit decreased migration of SMCs after injury to
vessels that may protect against vasculopathy. PAI-1 is
a key regulator of plasmin generation induced by
either tPA or uPA. Increased PAI-1 is associated with
CAD risk factors®?’ as well as atherosclerotic plaque
regions and vessels.”=** Paradoxically, PAI-1 can also
inhibit the mitogenic effect of tPA on SMCs’ and
deficiencies of this protein can accelerate the rate of
SMC migration and neo-intima formation after inju-
1y.° Thus, the degree of neo-intima formation appears
regulated by changes in the rate of SMC migration,
which may be influenced by PAI-1’s action on plasmin
proteolysis. This mechanism is further supported by
observations that the neo-intimal response to arterial
injury in PAI-1-deficient mice is mitigated primarily
through an effect on SMC migration.*!* Thus, these
observations strongly support the following 2 notions.
First, PAI-1 plays an early inhibitory role in arterial
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neo-intima formation after arterial injury. Second, this
inhibition is likely related to PAI-1’s affect on altering
the rate of SMC migration. Our work and the work of
others support the hypothesis that factors that affect
the dynamic balance of the fibrinolytic system, partic-
ularly PAI-1, may contribute significantly to the inti-
mal proliferative response after vascular injury. The
present study, however, suggests that PAI-1 may also
have a regulatory role in limiting the intimal response
early after transplantation. Future studies will expand
on these initial observations and define the time
course of change of PAI-1 and other fibrinolytic com-
ponents, both mRNA and protein, in this and other
knockout systems. We will make use of various immu-
nohistologic and molecular techniques to define these
relationships and determine how each component
influences the other and intimal development after
transplantation.
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