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Abstract

 

Based on successful induction of donor-specific unrespon-
siveness by alloantigenic stimulation in several animal mod-
els of acute rejection, we hypothesized that similar immune
manipulations would also inhibit the evolution of chronic
rejection and transplant vasculopathy. To induce immune
tolerance, DA rats received a PVG heart allograft and were
immunosuppressed with cyclosporine for 30 d. At day 100
the animals were challenged with a PVG aortic allograft af-
ter either 1 or 18 h of cold ischemia. 8 wk after the aortic
transplantation, the grafts were investigated for morpholog-
ical changes, infiltrating cells, apoptosis, and Fas–Fas
ligand expression. Control allografts showed advanced
transplant arteriosclerosis, whereas tolerance-induced aor-
tic allografts displayed reduced neointimal formation, less
medial atrophy, fewer apoptotic cells, and fewer Fas- and
FasL-expressing cells. Prolonged ischemic storage time did
not profoundly alter the morphological changes of the al-
lografts. Fas expression was found in T cells, macrophages,
vascular smooth muscle cells, and endothelial cells, whereas
FasL was expressed mainly by T cells and macrophages.
FasL mRNA expression was evident throughout the entire
allograft wall. In conclusion, induction of allospecific toler-
ance can effectively prevent transplant arteriosclerosis.
Cold ischemia damage does not abrogate the beneficial ef-
fect of tolerance, but creates a separate identity of mainly
endothelial lesions. Furthermore, Fas-mediated apoptosis
appears to be involved in the pathological lesions seen in
chronic rejection. (

 

J. Clin. Invest.

 

 1998. 101:2889–2899.)

 

Key words: chronic rejection

 

 

 

• 

 

arteriosclerosis 

 

• 

 

ischemia 

 

•

 

cyclosporine 

 

• 

 

Fas

 

Introduction

 

Chronic rejection constitutes a major problem in organ trans-
plantation. The main features of chronic rejection are vascu-
lopathy, interstitial fibrosis, and a gradual decline of organ
function. All vascularized organ transplants share these fea-
tures to varying degrees. The phenomenon of chronic rejection
has been linked to both immunological and nonimmunological
causes (1) and a synergistic relationship between several fac-
tors cannot be excluded. Chronic rejection of aortic allografts
is characterized mainly by luminal narrowing, medial atrophy,
and mononuclear cell infiltration. Syngeneic aortic grafts sub-
jected to a longer period of cold ischemia also show intimal le-
sions with smooth muscle cell (SMC)

 

1

 

 proliferation (2). Bone
marrow chimeras, made with the appropriate organ donor, do
not develop chronic rejection but do express only minimal le-
sions in the grafted tissue (3, 4). On the contrary, permanent
graft survival induced by immunosuppression does not protect
against development of chronic rejection (5, 6). Immunosup-
pressive treatment of aortic allograft recipients may delay, but
not prevent, the development of lesions compatible with
chronic rejection (7). Conflicting reports exist regarding the in-
fluence of pretreatment by antigen exposure protocols, with or
without immunosuppression, on chronic rejection in a subse-
quent graft (8–12). However, none of these reports have used
a graft type where the lesions can be assessed quantitatively.
An adequate model for quantitative and morphological mea-
surements is the aorta graft model, which also offers the possi-
bility to analyze mechanisms of vascular remodeling (13).

Despite an increasing number of studies suggesting that
cell-mediated immunity is important to allograft arteriopathy,
the influence by and the pathogenesis of graft cell death is un-
certain. New insights into the immunomodulatory mechanisms
by which T cells, central to the rejection process, kill target

 

cells have recently been provided. In vitro, CD4

 

1

 

 T cells in-
duce apoptosis of their targets via the Fas–Fas ligand (FasL)
signaling pathway, whereas CD8

 

1

 

 T cells kill target cells
mainly by the perforin-mediated pathway, and only to a lesser
extent by Fas-mediated mechanisms (14). FasL is a membrane
protein, which induces apoptosis by binding to its receptor, Fas
(CD95). Fas, a member of the TNF receptor family of pro-
teins, requires cross-linking either with Fas antibodies or with
cells expressing FasL to induce apoptosis (15). Since the Fas–
FasL interaction is an induction pathway for apoptosis of vas-
cular target cells, we hypothesized that the expression of FasL
on graft-infiltrating cells might play an important role in the ef-
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fector phase of allograft vasculopathy. Thus, SMCs and endo-
thelial cells expressing Fas may be targeted by activated and
graft-infiltrating FasL-positive T cells and macrophages. In-
creased numbers of apoptotic cells have been observed pre-
viously in organ transplants undergoing chronic rejection
(16, 17).

The primary aim of this study was to elucidate whether in-
duction of tolerance protects against the development of
chronic rejection and allograft vasculopathy. The fate of non-
immunosuppressed (control) aortic allografts was studied and
compared with grafts given to operationally tolerant animals.
To obtain information on contributing nonimmunologic fac-
tors, the grafts were subjected to a period of short (1 h) or long
(18 h) cold ischemia before implantation. Syngeneic grafts and
nontransplanted rat aortas served as further controls. 8 wk af-
ter transplantation the histomorphology of the aortic allografts
was analyzed quantitatively for intimal thickening, loss of me-
dial cellularity, and adventitial inflammation. Mononuclear
cell infiltrates were assessed for several T cell and macrophage
markers. To gain further mechanistic insight into the develop-
ment of lesions compatible with chronic rejection, the trans-
planted aortas were investigated for expression of Fas and
FasL on vascular cells and on graft-infiltrating cells at the pro-
tein and mRNA levels. In addition, vascular cell death and/or
nuclear damage were detected by in situ labeling of frag-
mented DNA using the in situ terminal transferase-mediated
dUTP nick end labeling (TUNEL) method (18).

 

Methods

 

Animals and experimental design.

 

Details of the operative proce-
dures have been described elsewhere (2, 19). For allogeneic heart and
aortic transplantations, 200–300-g male PVG (RT1

 

c

 

) and DA (RT1

 

a

 

)
rats (Møllegaard Farm, Skensved, Denmark) were used as donors
and recipients, respectively. Heart grafts were transplanted hetero-
topically to the neck vessels of the recipients by using a nonsuture
technique (20). The recipient rats were treated with cyclosporine A
(CyA) (Sandoz AG, Basel, Switzerland) from days 0 to 30. CyA was
mixed with Intralipid (Pharmacia and Upjohn, Stockholm, Sweden)
and administered orally via a gastric feeding tube (model CH 05; Uno-
Plast, Hundested, Denmark) at a daily dose of 15 mg/kg, a dose that
produced permanent cardiac graft acceptance. At day 100, the DA
rats having beating cardiac allograft received a 10–15-mm long ortho-
topic aortic allograft from a PVG rat. Before aortic transplantation
the grafts were incubated in a cold preservation solution (21) for ei-
ther 1 or 18 h. Controls consisted of allogeneic (PVG to DA) and syn-
geneic (PVG to PVG) aortic grafts without prior heart allografting
and immunosuppression. To investigate the changes leading to trans-
plant vasculopathy, the aortic allografts were explanted 8 wk after the
placement of the aorta. Each group consisted of at least six rats. In
addition, nontolerant control allografts were removed at 2 or 24 h, or
2, 4, or 8 wk (at least three rats for each time point), and processed
for the study of kinetics of apoptotic changes. The animal experimen-
tation was approved by the local animal ethical committee, and han-
dling of animals conformed with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals (22).

 

Tissue preparation.

 

At the time of killing, the aortic grafts were
divided into two parts; one was stored at 

 

2

 

70

 

8

 

C (approximately one-
third of entire graft) and the other was fixed in 4% buffered formal-
dehyde and processed for embedment in paraffin (approximately
two-thirds of entire graft). The latter was then divided into three seg-
ments.

 

Morphometrical quantification of vessel layers.

 

Three 5-

 

m

 

m sec-
tions were taken from different levels of the paraffin-embedded
grafts and evaluated for morphometry. The sections were stained

with hematoxylin-eosin and analyzed blindly (by Levent M. Akyürek,
Department of Pathology, University Hospital, Uppsala, Sweden) at
a magnification of 20 using a conventional light microscope. A digi-
tized image of the aorta was transferred to a screen. In each section,
the areas within lumen, internal and external elastic lamina were cir-
cumscribed manually and measured. From these measurements, quo-
tients for the thickness of the intima (

 

Q

 

int

 

) and media (

 

Q

 

med

 

) were
calculated. 

 

Q

 

int

 

 indicates the relative thickness (%) of intima [

 

Q

 

int

 

 

 

5

 

intima

 

/(

 

lumen

 

 

 

1

 

 

 

intima

 

 

 

1

 

 

 

media

 

) 

 

3

 

 100], and 

 

Q

 

med

 

 indicates the rela-
tive thickness (%) of media [

 

Q

 

med

 

 

 

5

 

 

 

media

 

/(

 

lumen

 

 

 

1

 

 

 

intima

 

 

 

1

 

 

 

media

 

) 

 

3

 

100]. Therefore, a 

 

Q

 

int

 

 value of 0% indicates no intimal thickening
and a 

 

Q

 

int

 

 value close to 100% indicates a total occlusion of the lumen
by thickened intima. All image analysis processing was carried out on
a color display monitor (model TFS6705KW-SG; Silicon Graphics
Inc., Mountain View, CA) using the Silicon Graphics Computer Sys-
tems software (Silicon Graphics Inc.).

 

In situ TUNEL labeling.

 

After deparaffinization, the slides were
treated with proteinase K (Sigma Chemical Co., St. Louis, MO) (20
mg/ml) for 15 min at room temperature and washed in redistilled wa-
ter four times for 2 min. Slides were first incubated with 25 pmol
digoxigenin-11 dUTP and 5 U of terminal transferase in a buffer con-
sisting of 30 mM Trizma base, 140 mM sodium cacodylate, and 1 mM
cobalt chloride (pH 7.2) for 3 h at 37

 

8

 

C. Sections were then rinsed in a
solution containing 300 mM natrium chloride and 30 mM natrium ci-
trate (pH 7.2) for 15 min, and washed in redistilled water for 9 min.
Thereafter, sections were incubated with anti-digoxigenin antibody
(150 mU/ml), conjugated with alkaline phosphatase for 30 min at
room temperature, washed in a buffer (100 mM Trizma base, and 150
mM natrium chloride [pH 7.5]) for 20 min and equilibrated with an-
other buffer (100 mM Trizma base, 100 mM natrium chloride, and
50 mM magnesium chloride [pH 9.5]) for at least 2 min. The reaction
product was visualized by means of a color solution (Boehringer
Mannheim, Mannheim, Germany) containing 4-nitro blue tetrazo-
lium chloride and X-phosphate. The reaction was stopped by washing
in a buffer containing 10 mM Trizma base, and 10 mM EDTA (pH 8).
For negative controls, distilled water substituted for the TdT enzyme.
Sections of bone marrow, in which cells are known to undergo apop-
tosis, were used as positive controls. The interpretation of TUNEL
positivity was combined with the morphological analysis and Fas ex-
pression that is known to induce apoptosis upon binding to its ligand.
The TUNEL technique is able to detect apoptosis characterized by
cell shrinkage, pyknosis, budding, karyorrhexis, and apoptotic bodies
by staining fragmented genomic DNA (18).

 

Quantification of number of apoptotic cells and adventitial cellu-
larity.

 

The number of apoptotic cells was quantified blindly by in situ
TUNEL technique using morphometrical analysis. The sections were
analyzed at a magnification of 20 using a conventional light micro-
scope. Some reference pixels representative for positive in situ
TUNEL-labeling were marked on a digitized image of the aortic graft
sections. These reference pixels were manually counted on the screen
in an area that was as large as the screen could provide (at least one
third of the entire section). Separated reference pixels were consid-
ered as one apoptotic cell regardless of total numbers of pixels repre-
senting the apoptotic cell. At different time points medial cells were
manually counted on the microphotographs of a high-power field
(

 

3

 

200) that covered approximately one-third of the entire allograft
section. The percentage of TUNEL-positive medial cells was sepa-
rately calculated by dividing the number of TUNEL-positive cells by
the total number of cells obtained from graft sections stained with
van Gieson. Final data were expressed as mean

 

6

 

SEM values.
Similarly, some reference pixels were marked for either nuclei of

the cells or background in the adventitial layer that was separated
from the intima and media on the screen. This analysis was per-
formed on hematoxylin-eosin–stained sections. The ratio of the total
number of pixels for nuclei to background resulted in the relative ad-
ventitial cellularity. Final results were given as mean

 

6

 

SEM values.

 

Collagen detection by Picrosirius staining.

 

To investigate fibrotic
changes of the aortic and heart transplants, Picrosirius red staining
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was applied in routine histopathology as described previously (23).
Picrosirius red, a strong anionic acid dye, stains collagen by reacting,
via its sulphonic acid groups, with basic groups present in the collagen
molecule.

 

Primary antibodies.

 

The polyclonal antibodies M-20 (1:100) and
Q-20 (1:80) (Santa Cruz Biotechnology Inc., Santa Cruz, CA) were
used against the Fas (24) and FasL (25) proteins, respectively. The
mAbs W3/25 (1:1,200), which detects CD4

 

1

 

 cells, OX8 (1:1,000),
which labels CD8

 

1

 

 T cells, ED1 (1:3,200), which recognizes mono-
cyte-derived macrophages (Serotec Laboratory, Oxford, UK),
smooth muscle–specific anti-

 

a

 

 actin (1:1,400), which labels 

 

a

 

-actin–
containing SMCs (Dakopatts Laboratory, Copenhagen, Denmark),
and antiproliferating cell nuclear antigen (PCNA) (1:500; Dakopatts
Laboratory [26]) were used as described previously (2). The last two
antibodies were applied on formalin-fixed and paraffin-embedded
tissue samples.

 

Immunohistochemistry.

 

5 

 

m

 

m frozen midgraft sections of all aor-
tic samples were fixed in 100% cold acetone, rinsed in PBS, and
stained immunohistochemically as follows. Sections of the grafts were
incubated at 4

 

8

 

C overnight with the primary antibody diluted in PBS
containing 0.1% BSA. Biotinylated swine anti–rabbit Ig (1:80; Dako-
patts Laboratory) or biotinylated rat-absorbed anti–mouse Ig (Vec-
tor Lab., Burlingame, CA) in PBS containing 0.1% BSA and 2% rat
serum was subsequently applied. The avidin–biotin detection system
was used (ABComplex/HRP; Dakopatts Laboratory). The reaction
was visualized with 3,3

 

9

 

-diaminobenzidine and 0.03% H

 

2

 

O

 

2

 

. Sections
were lightly counterstained with Mayer’s hematoxylin and mounted
with cellulose triacetate (Coveraid; Sakura Finetechnical Co., Ltd.,
Tokyo, Japan).

An irrelevant antibody E11 (1:100) directed against the calcium
binding receptor of human parathyroid cells (2) and omission of pri-
mary antibody served as negative controls. These control slides were
invariably immunohistochemically negative. W3/25, OX8, and ED1
mAbs appropriately labeled control rat spleen sections, whereas
PCNA properly recognized control human tonsil cells.

 

Combined immunohistochemistry and TUNEL.

 

To investigate
whether SMCs are apoptotic, the formalin-fixed paraffin-embedded
sections were first stained with an antibody against the smooth mus-
cle–specific 

 

a

 

-actin. The sections were rinsed with 0.1 mol/liter of gly-
cine-HCl buffer (pH 2.2) for 60 min to remove unbound primary and
secondary immune complexes. The apoptotic cells were then de-
tected using in situ TUNEL technique on the same section. Counter-
staining was performed with methyl green. Sections were also stained
separately using single-label immunohistochemistry and in situ
TUNEL. Staining pattern and intensity were found to be similar to
that of the corresponding labeling in the double staining.

 

Immunohistological analysis.

 

The number of positive cells in the
intima, media, and adventitia was scored on a scale ranging from 

 

2

 

 to

 

111

 

 where 

 

2

 

 indicates an absence of positively stained cells and

 

111

 

 indicates a heavy infiltration of positive cells. This scoring scale
is related to the number of positively stained cells and not to the
staining intensity of the antigen expression by an individual cell. Eval-
uation was performed regardless of the thickness of the intima, me-
dia, and adventitia. Scoring was done by two investigators (Levent M.
Akyürek [Department of Pathology, University Hospital, Uppsala,
Sweden] and Cecilia Johnsson [Department of Transplantation Sur-
gery, University Hospital, Uppsala, Sweden]), blinded to the experi-
mental conditions. In the event of disagreement, the sections were re-
examined until a common quantification was obtained. The final
semiquantitative evaluation is presented (see Table I). The percent-
age of immunostained PCNA-positive cells was calculated by divid-
ing the number of immunostained PCNA-positive cells by the total
number of cells obtained from microphotographs of graft sections
stained with van Gieson.

 

In situ hybridization for FasL mRNA.

 

Two aortic allografts from
the tolerance-induced group and two allogeneic controls as well as a
nontransplanted aortic segment were selected. Two 5-

 

m

 

m, formalin-
fixed paraffin-embedded sections of each aortic sample were at-

tached to slides (SuperFrost/Plus; Menzel-Gläser, Germany). RNA
probes were synthesized on the basis of the published cDNA se-
quence of rat FasL (25). The in vitro transcription was performed us-
ing the DIG RNA labeling kit (Boehringer Mannheim) following the
manufacturer’s instructions. After linearization of the plasmid with
HindIII, the antisense probe was transcribed in vitro by T3 RNA
polymerase. The sense probe was transcribed by T7 RNA polymerase
after linearization with ApaI. Sections were treated with proteinase K
(100 

 

m

 

g/ml) and acetylated with 0.1 triethanolamine buffer (pH 8.0)
containing 0.25% acetic anhydride (Sigma Chemical Co.). Slides were
incubated with prehybridization buffer (4

 

3

 

 SSC containing 50%
deionized formamide) for 30 min. Hybridization was done with 0.5 

 

m

 

l
of the RNA transcription mixture of either the antisense or the sense
probe in 30 

 

m

 

l of hybridization buffer overnight at 55

 

8

 

C. The hybrid-
ization buffer contained 2

 

3

 

 SSC, 50% formamide, 10 mM DDT, 1
mg/ml tRNA, 1 mg/ml sheared ssDNA, and 10 mg/ml BSA. Slides
were briefly rinsed in 2

 

3

 

 SSC, and washed in 0.2

 

3

 

 SSC twice for 30
min. After RNase treatment (100 

 

m

 

g/ml) for 30 min at 37

 

8

 

C the slides
were washed and incubated with anti-digoxigenin AP (Boehringer
Mannheim). Development was done with a substrate solution con-
taining naphtol AS-MX phosphate, dimethylformamide, 0.1 M Tris
buffer, 1 M levamisole, and fast-red salt as chromogen (Sigma Chem-
ical Co.). The slides were finally counterstained with Mayer’s hema-
toxylin and mounted.

 

Reverse transcription and PCR amplification.

 

Frozen aortic grafts
were used for total RNA isolation using the method of Chomczynski
and Sacchi (27). The aortic tissues were homogenized with a Polytron
tissue homogenizer (InterMed, Roskilde, Denmark). Individual
grafts from allogeneic controls, tolerance-induced allografts, synge-
neic control grafts, and nontransplanted abdominal aortas were
pooled, three in each group, and total RNA was quantitated by spec-
trophotometry at 260 nm. On the basis of the published cDNA se-
quence of rat FasL, the antisense (5

 

9

 

 AAG CGA GGC GGC CTT
NAG GGA G 3

 

9

 

) and the corresponding sense primer (5

 

9

 

 GCA TCG
CGC AGC TAT CGG AGA A 3

 

9

 

) were designed for PCR (25).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a house-
keeping gene, served as a control. All reagents were obtained from
Clontech Laboratory Inc. (Palo Alto, CA). Total RNA was incubated
with 10 mM of each dNTP, 10 U Moloney murine leukemia virus re-
verse transcriptase, 20 U RNasin, and 2 

 

m

 

M oligo-dT in reverse tran-
scriptase buffer and incubated at 42

 

8

 

C for 1 h. After denaturation at
95

 

8

 

C for 5 min, the synthesized cDNA was subjected to a 40-cycle
PCR, with an annealing temperature of 60

 

8

 

C. The PCR mix con-
tained 0.4 

 

m

 

M of each primer, 200 

 

m

 

M of each dNTP, 2 U 

 

Taq

 

 poly-
merase in PCR buffer, and 2 mM MgCl

 

2

 

. All PCR products were run
on a 1.5% agarose gel stained with ethidium bromide (0.5 

 

m

 

g/ml).

 

Statistical analysis.

 

All statistical calculations were performed us-
ing the StatView™ program (Abacus Concepts, Inc., Berkeley, CA).
ANOVA analyses of contingency tables were used for statistical com-
parisons between control and tolerance-induced aortic allografts, aor-
tic layers (intima, media, and adventitia), and ischemia times (1 and
18 h). If this test showed a significant heterogeneity of all groups, we
further compared tolerance-induced aortic allografts with control al-
lografts by applying the Bonferroni–Dunn test. Statistical significance
was accepted at the 95% confidence level.

 

Results

 

Nonimmunosuppressed, nonpretreated animals receiving aortic
allografts (control) with short (1 h) cold ischemia.

 

The control
aortic allografts showed advanced lesions of transplant arterio-
sclerosis, characterized by excessive intimal thickening, promi-
nent loss of medial cellularity, disruption of internal elastic
lamina, and heavy adventitial inflammatory reaction (Fig. 1)
(see Fig. 3 

 

A

 

). The intimal thickening consisted of intimal
SMCs, monocyte-derived macrophages, and T cells (Table I).
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These control allografts contained 1,075

 

6

 

283 apoptotic
cells per mm

 

2

 

 (Fig. 2), whereas a few single apoptotic endothe-
lial cells were detected in nontransplanted normal aortas.
Comparison of serial sections stained for T cells or monocyte-
derived macrophages, and in situ TUNEL suggested that the
main proportion of the apoptotic cells were graft-invading
mononuclear cells. Also, some SMCs in the intima and media
were apoptotic, which was confirmed by double-labeling with
in situ TUNEL and smooth muscle anti-

 

a

 

 actin antibody for
SMCs (Fig. 3 

 

C

 

).

Fas and FasL protein (Fig. 4 

 

C

 

) were strongly expressed in
the areas of intimal and adventitial mononuclear inflammation
of the control aortic allografts (Table I). Almost all apoptotic
cells were located to the area of Fas expression. Staining of se-
rial sections suggested the FasL-positive cells to be CD4

 

1

 

 T
cells, CD8

 

1

 

 T cells, and monocyte-derived macrophages in the
subendothelial and deep intimal thickening. Intimal SMCs, lo-
cated adjacent to the vascular lumen in the neointima and me-
dial SMCs, strongly expressed the Fas protein, whereas a weak
FasL protein expression was simultaneously detected in serial
sections of these grafts. Since there was a strong Fas protein
expression in SMCs and endothelial cells, and induction of

Figure 1. Parameters indicating the grade of allograft vasculopathy in 
the rat aortic transplants. Intimal thickening and medial thickness in 
aortic grafts are presented as quotients that indicate the relative 
thickness of aortic intimal (Qint) (A) and medial (Qmed) (B) layers as 
described in Methods. Immune tolerance significantly improved all 
these parameters. There was significant intimal thickening and 
marked reduction in the medial layer of native aortic grafts. The 
number of adventitial cells significantly decreased in the tolerance-
induced aortic allografts. Adventitial cellularity was contributed 
mainly by a heavy infiltration of mononuclear inflammatory cells (C). 
Data are expressed as mean6SEM. *P , 0.05 and **P , 0.0001 for 
native allografts versus tolerance-induced allografts. ANOVA was 
measured with a Bonferroni-Dunn test.

 

Table I. Immunohistochemical Stainings of Aortic Grafts

 

Antibodies

Control
allograft
(

 

n

 

 

 

5

 

 8)

Tolerance-
induced

allografts
(

 

n

 

 

 

5

 

 8)

Control
syngeneic

grafts
(

 

n

 

 5 4)

Intima M-20 (Fas) 11/111* 1/11 11

Q-20 (FasL) 1/11 2/1 1

W3/25 (CD41 cells) 11 2/1 2

OX8 (CD81 T cells) 1/11 2/1 2/1

ED1 (Mo/Mø) 1/11 2/1 2

Media M-20 (Fas) 11 1/11 1/11

Q-20 (FasL) 1 2/1 2/1

W3/25 (CD41 cells) 1/11 2/1 2/1

OX8 (CD81 T cells) 1/11 2/1 2

ED1 (Mo/Mø) 1/11 2 2

Adventitia M-20 (Fas) 11/111 2/1 1

Q-20 (FasL) 11/111 2/1 2/1

W3/25 (CD41 cells) 11/111 1 1

OX8 (CD81 T cells) 1/11 2/1 2/1

ED1 (Mo/Mø) 11 2/1 2/1

*An arbitrary scale ranging between 2 and 111 was used blindly for
the semiquantitative evaluation of immunoperoxidase staining. Note
that an increased number of graft-infiltrating T cells and macrophages
as well as Fas- and FasL-expressing cells in aortic control allografts com-
pared with tolerance-induced allografts and syngeneic control grafts.

Figure 2. Apoptotic cell death in the entire aortic graft wall. Num-
bers of apoptotic cells detected by in situ TUNEL technique are 
fewer in the tolerance-induced aortic grafts when compared with con-
trol native allografts. Results are expressed as mean6SEM and com-
pared by ANOVA. *P , 0.05 for native versus tolerance-induced al-
lografts.
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apoptosis in these cells requires cross-linking with cells ex-
pressing FasL, we have chosen FasL for further investigations
at the mRNA level. Comparisons of serial sections, stained for
cell type–specific markers, suggested that most FasL mRNA–

expressing cells were CD41 cells, CD81 T cells, and monocyte-
derived macrophages. However, some SMCs also expressed
FasL protein and FasL mRNA.

Nonimmunosuppressed, nonpretreated animals receiving aor-

Figure 3. Comparison of histomorphological picture 
and in situ TUNEL positivity between native and tol-
erance-induced aortic allografts. Note an excessive in-
timal thickening, prominent loss of medial cellularity, 
and heavy medial and adventitial inflammatory infil-
tration (A), as well as an increased number of apop-
totic cells in a native aortic allograft (B). Double
labeling with in situ TUNEL and smooth muscle
a-actin antibody suggested that some of the apoptotic 
cells are SMCs in the intima and media. They are in-
dicated by arrows (C). In contrast to native allografts, 
there is less thickened neointima and an almost nor-
mal-appearing medial layer in a tolerance-induced 
aortic graft (D). The same graft contains less apop-
totic cells (E) as quantified by image analysis. Red 
reference pixels represent TUNEL-positive apoptotic 
cells, whereas green pixels indicate background (F). 
The arrowhead denotes the internal elastic lamina 
bordering the intimal and medial layers. Magnifica-
tion, 200 (A, B, D–F) and 400 (C).

Figure 4. FasL mRNA ex-
pression in a native aortic al-
lograft 8 wk after transplan-
tation, revealed by in situ 
hybridization using digoxi-
geninlated riboprobes. Com-
pare the histomorphology 
and in situ TUNEL-positivity 
from the same graft in Fig. 3, 
A and B, respectively. Anti-
sense hybridization shows la-
beling of neointimal cells and 
medial vascular cells (A). 
Sense hybridization is nega-
tive (B). Comparison of FasL 
mRNA expression with 
FasL protein expression in 
the same graft (C). Arrow-
head denotes internal elastic 
lamina bordering the intimal 
and medial layers. Magnifica-
tion, 400.
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tic allografts (control) with long (18 h) cold ischemia. In gen-
eral, prolongation of the cold ischemia time of the aortic al-
lografts did not alter the histomorphology of the grafts as com-
pared with grafts with a short (1 h) cold ischemia time.
However, adventitial cellular infiltrate was less prominent in
the group with longer ischemia. Additionally, an increased col-
lagen production, indicating fibrotic changes, was observed in
the adventitial layer of these grafts when compared with the
group with 1 h of ischemia. There were no differences between
short and long ischemia times in Fas or FasL expression or the
number of TUNEL-labeled cells. Neither were there any dif-
ferences in the number of infiltrating T cells and macrophages
between grafts with short and long ischemia times in any layer
of the aortic allograft wall, thus, these groups were combined
and are presented together in Table I. A FasL mRNA band
was clearly detectable in these allografts. Although the reverse
transcriptase-PCR used in this study was not quantitative,
FasL mRNA expression was strongest in the allograft controls
(Fig. 5, lane 3) compared with tolerance-induced allografts
(Fig. 5, lane 4), syngeneic controls (Fig. 5, lane 5), and non-
transplanted aortas (Fig. 5, lane 2). The control housekeeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
was expressed in all groups studied (Fig. 5).

Tolerant animals receiving aortic allografts with short (1 h)
cold ischemia. Analysis of the aortic graft morphology re-
vealed that tolerant animals displayed less intimal thickening
(3.661.6 versus 19.062.3%, P , 0.0001) (Fig. 1) but a thicker
medial layer (51.662.2 versus 32.861.8%, P , 0.0001) (Fig. 1)
than the control allografts. The total number of medial cells
was almost twofold greater than that found in the control al-
lografts (20165 versus 108635, P , 0.01). The number of infil-
trating T cells and monocyte-derived macrophages in these
grafts was considerably lower than in the control allografts. In
fact, the pattern was comparable with that seen in the synge-
neic aortic grafts (Table I). Also, the number of apoptotic cells
was significantly lower in the tolerance-induced aortic grafts
than in control allografts (3116213 versus 1,0756283 cells per
mm2, P , 0.05) (Fig. 2). In addition, Fas and FasL protein ex-
pression was significantly lower after tolerance induction (Fig.
6, A and B).

Tolerant animals receiving aortic allografts with long (18 h)
cold ischemia. Prolonged cold ischemic time yielded only mi-
nor changes of graft morphology, with one important excep-
tion, that of intimal thickening. Thus, the intima was thicker in
grafts subjected to 18 h of ischemia than in those with an
ischemic time of 1 h (8.261.8 versus 3.661.6%). The findings
were similar to what was observed in syngeneic grafts (see be-
low). It is important to note that the inflammatory cell inva-

sion was of the same minimal character as that of tolerant ani-
mals with a short cold ischemia time.

Graft morphology of the cardiac allograft used to induce tol-
erance. Comparison of cardiac allografts with nontransplanted
normal hearts by Picrosirius red staining, a marker of fibrotic
changes and collagen production, indicated increased fibrotic
changes in the myocardium and coronary vessel wall. Histolog-
ical examinations of hematoxylin-eosin–stained sections of the
transplanted hearts, explanted 160 d after transplantation, did
not show proliferative vascular changes in the majority of the
coronary vessels. However, endotheliitis and focal invasion of
inflammatory cells in the medial layer was occasionally seen.
In the myocardium, focal mild inflammatory infiltrates consist-
ing of mononuclear cells could be observed. A slight en-
docarditis was seen in some cases.

Syngeneic aortic grafts. In syngeneic grafts, prolonged cold
ischemia time (18 h) resulted in an intimal thickening compa-
rable with that seen in the tolerance-induced aortic allografts
(11.361.8 versus 8.261.8%) (Fig. 1). The number of adventi-
tial inflammatory cells, in situ TUNEL-positive apoptotic cells
(Fig. 2), and cells expressing Fas or FasL (Table I) were similar
in the syngeneic and the tolerance-induced allogeneic group.
Thus, the relative adventitial cellularity was 4.560.9% in syn-
geneic grafts and 3.461.1% in tolerance-induced allografts
(Fig. 1) and the number of in situ TUNEL-positive apoptotic
cells was 433640 and 3686150, respectively (Fig. 2).

Kinetics of apoptosis during the development of allograft ar-
teriosclerosis. This part of the study was performed in nontol-
erant control aortic allografts with 1 h of cold ischemia at dif-
ferent time points (2 h to 8 wk). Apoptotic endothelial cells
were observed as early as 2 h after allograft transplantation,
and 8 wk after transplantation almost 50% of the intimal cells
were apoptotic (49.067.0%) (Fig. 7, A–H). At this time point
13.863.7% of the intimal cells were proliferating (i.e., PCNA-
positive) (Fig. 7 I). In the medial layer, the proportion of apop-
totic cells increased in the early posttransplantation period,
reaching a peak after 2 wk when 93.766.2% of the cells were
TUNEL-positive (Fig. 8). However, the medial cellularity was
reduced over this time period (Fig. 7, B, D, and F), and at the
late stage of allograft vasculopathy only a few medial SMCs
were viable (Fig. 7, G and H). At all time points studied (2 h to
8 wk after transplantation) medial PCNA-positive (by mor-
phology) SMCs were observed in the allografts. At least every
10th medial cell was PCNA-positive. After 4 wk a heavy infil-
tration of mononuclear inflammatory cells was observed in the
medial layer. These cells contributed to the increased medial
cellularity as well as to the increased numbers of apoptotic and
proliferating cells (Fig. 7, G–I).

Discussion

The main finding in this work was the evidence of ameliorated
allograft vasculopathy by induction of immune tolerance. The
tolerance induction through heart allografting and temporary
immunosuppression largely prevented persistent mononuclear
cell infiltrates of subsequent aortic allografts. Prolonged expo-
sure to ischemia (18 h instead of 1 h) did not alter the inflam-
matory pattern in the aortic grafts of the tolerant animals.

Although the underlying mechanisms associated with toler-
ance induction are not completely clear, antigen-specific sup-
pressor T cell development (28) and functional clonal deletion
(29) may both have an impact on this process. Experimentally,

Figure 5. FasL mRNA expression revealed by reverse transcriptase 
PCR. All tissues were rapidly chilled and kept at 2708C. Ethidium 
bromide–stained 1.5% agarose electrophoresis gel. Lane 1, DNA lad-
der; lane 2, nontransplanted abdominal aortas; lane 3, allograft con-
trols; lane 4, tolerance-induced allografts; lane 5, syngeneic controls; 
and lane 6, control with dH2O.
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Figure 6. Serial immunohistochemical staining of a tolerance-induced rat aortic allograft for the localization of Fas (A) and FasL (B) expression 
8 wk after transplantation. Fas is expressed mainly by CD41 (C) and CD81 (D) T cells, monocyte-derived macrophages (Mo/Mø) (E), and SMCs 
(F), whereas a strong FasL expression is shown by CD41 and CD81 T cells, and monocyte-derived macrophages. Arrowhead denotes internal 
elastic lamina bordering the intimal and medial layers. Immunoperoxidase staining was counterstained with Mayer’s hematoxylin. Magnifica-
tion, 400.
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acute rejection of islet cell, kidney, and small bowel allografts
have been prevented by various tolerance induction protocols
(30–32). However, the impact on chronic rejection and trans-
plant vasculopathy has not been specifically investigated in a
quantitative fashion. Tolerance induction by hematopoietic
chimerism is a promising approach both in preventing chronic
rejection and in avoiding long-term maintenance immunosup-
pression (4). However, our study shows that it may not be nec-
essary to use such extensive measures to modulate the immune
response. Instead it may be sufficient to use appropriate im-
munosuppression and antigen exposure to achieve suitable cir-
cumstances for graft acceptance and attenuation of chronic re-
jection. In this experimental setting it was sufficient to use
CyA for immunosuppression, but in a human setting other im-
munosuppressive protocols may be needed. The type of anti-
gen exposure may also be critical. Thus, blood transfusions,
sufficient to prevent acute rejection, did not prevent future
chronic rejection (8).

The contribution of several nonimmunologic factors, like
cold ischemia, to the development of chronic rejection is de-
bated (33). In our study, tolerance induction prevented persis-
tent mononuclear cell infiltrates. Thus, the tolerance-induced
allografts resembled syngeneic grafts in the sense that both

contained significantly fewer T cells and macrophages than
aortic allograft controls. Our finding argues against two hy-
potheses that have been previously put forward: that ischemia,
per se, induces inflammation and that ischemia acts in synergy
with immunological factors to aggravate chronic rejection. At
least when prolonged ischemia is used as a prototype for non-
immunologic factors, additive effects of immunological and
nonimmunological causes could not be observed. Instead, an
apparent noninflammatory neointimal thickening was ob-
served. We therefore conclude that the immunologic and non-
immunologic contributions to chronic rejection lesions are sep-
arate phenomena, although a transient inflammation in the
ischemic grafts could not be excluded with this study protocol.
We actually observed a reduced adventitial inflammation in
control aortic allografts subjected to prolonged ischemia.
However, we do not interpret this result to suggest that pro-
longed cold ischemia is protective. On the contrary, the ad-
vanced adventitial fibrosis observed in these grafts may reflect
a more rapid destructive process of the adventitia.

The experimental design of this study also provided ideal
circumstances for further analysis of the nature of the immu-
nologic damage occurring in control allografts. The clear-cut
morphologic differences between aortic grafts of nontolerant

Figure 7. Kinetics of apoptosis in the allograft vessel wall 
during the development of chronic rejection. Control al-
lografts were explanted 2 and 24 h, and 2 and 8 wk after 
transplantation. The numbers of TUNEL-positive apop-
totic cells (A, C, E, and G) are compared with the total 
numbers of cells in respective graft sections stained with 
van Gieson (B, D, F, and H). Note the decreased medial 
cellularity and increased neointima formation over time. 
The number of PCNA-positive replicating cells (I) is also 
compared with the number of TUNEL-positive apoptotic 
cells (G) and the total cell number (H) in serial sections of 
a control allograft 8 wk after transplantation. Arrowhead 
indicates an apoptotic intimal cell in A and a proliferating 
neointimal cell in I. Arrow indicates an apoptotic medial 
cell in C and a proliferating medial cell in I. Magnifica-
tion, 200.
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and tolerant animals prompted us to use new investigative
tools to identify possible mechanisms of graft destruction.
Further observations suggested that the increased vascular
changes in the control allografts may be partly attributed to an
interference with the Fas–FasL– signaling pathway. Mononu-
clear inflammatory cells may interact with vascular endothe-
lium and SMCs in a paracrine fashion in the aortic allograft
wall, inducing apoptosis of the latter. Fas-mediated apoptosis
may also be induced within the mononuclear cell population
and the SMC population separately. We and others have re-
ported previously that myocyte proliferation, most likely
driven by growth factors, is a key element in the aorta allograft
model and in other situations of chronic graft rejection (34–
36). In this study we also observed PCNA-positive cells (most
likely at least partly SMCs) in the media of nontolerant al-
lografts 2 wk after transplantation. At this time the degree of
apoptosis, as detected by the TUNEL technique, was ex-
tremely high. The phenomenon seemed to persist, since large
amounts of PCNA- and TUNEL-positive cells were found also
8 wk after transplantation. Simultaneous occurrence of apop-
tosis and proliferation of SMCs may explain, particularly well,
the nature of the chronic rejection process, with emphasis on
chronic. Thus, we have two actively counteracting mechanisms
occurring at the same time with CD41 cells presumably medi-
ating apoptosis via the Fas–FasL system and a simultaneous
SMC proliferation. In support of this view, myocyte necrosis
was reported recently during the pathogenesis of proliferative
arterial vasculopathy (37, 38). Our in vivo data suggest that rat
aortic SMCs overexpress Fas during alloimmune reactions.
This increase in Fas expression may lead to significant apopto-
sis of myocytes.

Studies in models of arterial injury have demonstrated apop-
totic changes in the vessel wall within a few hours of injury (39,

40), something that we verify here also in the aortic allograft
model where we observed TUNEL-positive cells already 2 h
upon revascularization. 2 wk after transplantation, the medial
layer was almost acellular, a typical feature of allograft vascul-
opathy. Therefore, the proliferative properties of a few resid-
ing vital SMCs and/or new vascular SMCs replaced by host
cells may be important for sustained graft integrity after this
time point (41).

Apoptosis of cultured vascular SMCs is regulated, at least
in part, by protein kinases C and A, which are regulated by
antiapoptotic protooncogene Bcl-2 expression (42). Simulta-
neous exposure to TNF-a, IL-1, and IFN-g promotes apopto-
sis of cultured vascular SMCs (43). These proinflammatory cy-
tokines are certainly involved in the initiation and progression
of transplant vasculopathy (35). In vitro, nitric oxide is also re-
ported to induce upregulation of Fas expression and apoptosis
in SMCs via a cGMP-independent mechanism (37). Growth
factors, such as PDGF, bFGF, and IGF-1, which have been
demonstrated in aortic allografts, not only promote cell prolif-
eration and growth but are also known to counteract apoptosis
(44). Thus, a situation may be at hand, where SMCs in the vas-
cular wall are subjected to induction of apoptosis and counter-
acted by growth factors that also stimulate migration and
proliferation of SMCs. It is well known that within cells, arte-
riosclerosis-like changes interact in a complex way during the
development of allograft vasculopathy. Factors produced by
arterial wall cells can stimulate neighboring cells in a para-
crine, or themselves in an autocrine fashion. We have previ-
ously shown an induced expression of TGF-b family (36, 45)
and nitric oxide synthase isoforms (46) by allogeneic as well as
ischemic stimuli. Both molecules directly contribute to neointi-
mal lesion formation (47, 48) and have also been shown to me-
diate apoptosis in vascular endothelial cells, SMCs, and mac-
rophages in other models (37, 49–51). In contrast, other
proinflammatory mediators such as TNF-a and LPS, and cy-
tokines including GM-CSF, IL-4, and IFN-g, have been shown
to prevent spontaneous apoptosis, but had no effect on the ex-
pression of Fas or FasL in human monocytes and macrophages
(52). In the late stage of allograft vasculopathy, many of the in-
filtrating T cells and macrophages in the neointima and adven-
titia were apoptotic. They may, by then, have reached their
target and destroyed vascular cells. As a consequence, they ei-
ther have to leave the tissue or die. Since there is ever increas-
ing evidence from the literature that several factors such as
perforin, TNF-a, c-myc, p53, proteases related to IL-1b con-
verting enzyme, and BclXs act as mediators of apoptosis (53),
it is most likely that there is a complex system involved in the
regulation of apoptosis where the Fas–FasL interaction is one
of the critical modes for the CD41 cell–mediated immune sys-
tem to damage the SMCs.

In summary, this study shows that the development of
transplant arteriosclerosis in an in vivo model of chronic aortic
allograft rejection can be ameliorated by a mechanism of toler-
ance induction. The beneficial effect of tolerance is not abro-
gated by prolonged cold ischemia. Cold ischemia has such re-
sults in intimal thickening irrespective of the immune status of
the recipient, thus, both tolerant and syngeneic recipients dis-
play similar changes. Control allografts express the Fas–FasL
membrane proteins in vascular SMCs, endothelial cells, and
graft infiltrating mononuclear cells to a much higher degree
than grafts from tolerant animals, implying that SMC necrosis
and endothelial disruption, which are common in vessel wall

Figure 8. Kinetics of medial cellularity and apoptotic cells in nontol-
erant control aortic allografts. The control allografts were removed 2 
(n 5 3) and 24 (n 5 4) h, and 2 (n 5 3), 4 (n 5 4), and 8 (n 5 3) wk af-
ter transplantation. The total number of medial cells (circles) in graft 
sections stained with van Gieson was manually counted in a section 
that covered approximately one-third of the circumference of the
entire allograft section as described in Methods. The number of 
TUNEL-positive medial cells (squares) was counted in a similar way 
in parallel sections. Data are expressed as mean6SEM.
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remodeling in chronic rejection, are caused by immune reac-
tions.
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