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Abstract

Graft arteriopathy, a leading cause of cardiac allograft fail-
ure, is associated with increased intimal smooth muscle cells,
inflammatory cells, and accumulation of extracellular ma-
trix. Wehypothesized that cellular fibronectin plays a piv-
otal role in the progression of the allograft arteriopathy by
directing the transendothelial trafficking of inflammatory
cells through interaction of the connecting segment-i (CS1)
motif with the very late antigen-4 (VLA-4) integrin, and
tested this in vivo using a blocking peptide. Cholesterol-
fed rabbits underwent heterotopic cardiac transplantation
without immunosuppression. The treatment group (n = 7)
received a synthetic CS1 peptide (1 mg/kg per d, subcutane-
ously), and the controls (n = 7) received an inactive peptide
(1 mg/kg per d, subcutaneously). At 7-8 d after trans-
plantation, hearts were harvested and sectioned for morpho-
metric analysis and immunohistochemical studies. Weob-
served a > 50% decrease in the incidence (P < 0.001) and
severity (P < 0.001) of donor coronary artery intimal thick-
ening in the CS1-treated compared with the control group.
These findings correlated with reduced infiltration of T cells
(P < 0.05), a trend toward decreased expression of adhesion
molecules (P < 0.06), and less accumulation of fibronectin
(P < 0.03). Our data suggest that the VLA-4-fibronectin
interaction is critical to the progression of the allograft arte-
riopathy by perpetuating the immune-inflammatory re-
sponse in the vessel wall. (J. Clin. Invest 1995. 95:2601-
2610.) Key words: vasculopathy * matrix * inflammation.
vascular rejection - transplantation

Introduction

The results of cardiac transplantation have been improved con-
siderably by the advent of better immunosuppression therapy,
but long-term survival is often limited by rapidly developing
coronary arteriopathy (1). The pathophysiology of this compli-
cation has been studied extensively and an immune-inflamma-
tory response is believed to be a cause of progressive coronary
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artery neointimal thickening. The process involves the recruit-
ment of inflammatory cells and release of soluble factors, i.e.,
cytokines and growth factors, leading to smooth muscle cell
migration and proliferation and deposition of newly formed
extracellular matrix (2-4). These soluble factors also modulate
the functional status of circulating immune-reactive cells and
the vascular endothelium, allowing interaction through the ex-
pression and activation of receptors and counterreceptors, i.e.,
intercellular adhesion molecule- I (ICAM- 1 and vascular cell
adhesion molecule-I (VCAM-1) (5, 6).

Various extracellular matrix components appear to have a
determining role in lymphocyte trafficking (7) through their
interaction with cell surface antigens, namely integrin receptors
(8), and the latter, in turn, exert synergistic effects on T cell
activation (9, 10) and cytokine release (10). The potential of
fibronectin, an extracellular matrix component, as a ligand for
lymphocytes has been extensively investigated (7, 8, 11-13).
The presence of receptors on lymphocytes that bind fibronectin
has suggested that this molecule plays a role in lymphocyte
adhesion (11). The a4,i1 (also called very late antigen-4
[VLA-4]) and a5f/h (also called VLA-5) integrins, present on
a variety of cells including lymphocytes, bind to specific sites
on the fibronectin molecule, i.e., the connecting segment-i
(CS1) motif present in an alternatively spliced (V) region (8,
14) and the arginine-glycine-aspartate (RGD) sequence present
in the cell adhesion domain (15-17), respectively. It has been
shown that interactions between fibronectin and inflammatory
cells, including eosinophils and monocytes as well as lympho-
cytes, enhance migration (16, 18-20). Fibronectin potentiates
lymphocyte proliferation (9, 15) and also prolongs eosinophil
survival in culture by triggering production of cytokines (21).

Takeuchi et al. (22) reported that increased expression of
VLA-4 molecules in peripheral blood lymphocytes of systemic
lupus erythematosus patients with vasculitis was associated with
enhanced adhesion to the CS1 motif of fibronectin in vitro.
Similar findings were published by Laffon and colleagues (23)
when they analyzed T cells from the inflamed synovium of
patients with rheumatoid arthritis. Since VLA-4 integrin recep-
tors are upregulated on inflammatory cells, a useful therapeutic
strategy may be to block VLA-4 interactions with its counterre-
ceptors on endothelial cell surfaces or with fibronectin, by spe-
cific antibodies or synthetic peptides. In this regard, Elices et
al. (24) have recently reported CSI-containing fibronectin iso-
forms on the synovial endothelium of rheumatoid arthritis pa-
tients and, also, that adhesion of T lymphoblastoid cells to this
endothelium could be abrogated either by an anti-a4 integrin

1. Abbreviations used in this paper: CS1, connecting segment-i; ICAM-
1, intercellular adhesion molecule- 1; TNF-asr, TNF-a soluble receptor;
VCAM-1, vascular cell adhesion molecule-i; VLA, very late antigen.
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antibody or by the CS1 peptide. In addition, CS1 peptide was
shown to decrease lymphocyte migration through high endothe-
lial venule cells, reinforcing a role for fibronectin in the recruit-
ment of these inflammatory cells (25).

Wehave demonstrated previously in vivo that an immune-
inflammatory response in donor coronary arteries was associ-
ated with increased expression of both fibronectin and IL-1p,
using a piglet heterotopic cardiac transplant model of induced
allograft arteriopathy (26). Further in vitro studies showed that
donor coronary artery endothelial and smooth muscle cells pro-
duced increased amounts of fibronectin which was regulated
by increased endogenous IL-1p (3, 4) and TNF-a (27). The
functional significance of this feature was pursued using a heter-
otopic cardiac transplant model in cholesterol-fed rabbits in
which anticytokine therapy, namely TNF-a soluble receptor
(TNF-asr), effectively decreased the incidence and severity of
graft arteriopathy (28). Mechanistically, this was associated
with decreased expression of fibronectin and a reduced immune-
inflammatory response, including downregulation of ICAM-1
and VCAM-1 expression (29), in the treated animals compared
with controls (28). Taken together these observations suggest
that the increased subendothelial fibronectin, in addition to its
potential role in directing smooth muscle cell migration (30),
may be responsible for trafficking of immune-inflammatory
cells through the vessel wall.

This study was, therefore, carried out to address in vivo,
using an experimental rabbit cardiac transplant model, the role
of fibronectin in mediating transendothelial lymphocyte traf-
ficking and in influencing the development and severity of the
accelerated graft arteriopathy. 1 wk after cardiac transplantation,
we observed a > 50% reduction in the number and severity of
allograft coronary artery lesions in a group of animals treated
with CS1 peptide compared with a control group, where a
scrambled (inactive) form of CS1 peptide was used. The de-
creased neointimal formation was associated with reduction in
T cell infiltration, expression of cell adhesion molecules, and
accumulation of fibronectin. Severe myocardial rejection, how-
ever, occurred despite CS1 treatment, suggesting qualitative
or quantitative differences in immune mechanisms. Thus, our
observations suggest that a novel adjunctive therapeutic ap-
proach, directed at blocking the interaction between integrins
and fibronectin, may be useful either in preventing the develop-
ment or limiting the severity of graft arteriopathy after cardiac
transplantation.

Methods

Experimental animal model
NewZealand White female rabbits (Charles River Lab., Saint Laurent,
Quebec, Canada) between 3.5 and 4 kg underwent heterotopic cardiac
transplant following an experimental protocol previously described (28,
31) and approved by the Animal Care Committee of The Hospital For
Sick Children, Toronto. The animals were unselected to favor an HLA-
mismatch, the host rabbits were Pasteurella-free, and the donors were
outbred animals. Both host and donor rabbits were fed Purina 5321-
0.5% cholesterol diet (Research Diets Inc., New Brunswick, NJ), a

strategy which has proven useful in accelerating the process of allograft
arteriopathy (31). The diet was commenced 4 d before the transplant
and continued in the recipient of the transplant until the completion of
the experimental period. The technique of heterotopic cardiac trans-

plantation has been described previously (28). Briefly, a vertical inci-
sion was performed in the anterior aspect of the neck of the recipient
rabbit and the left common carotid artery and the ipsilateral external

jugular vein were isolated. The cardiac allograft was placed in the neck
by anastomosing the aorta end-to-side to the recipient's carotid artery
and the pulmonary artery end-to-side to the recipient's external jugular
vein, after a total period of ischemia for the donor hearts of FF7E
30 min. Postoperative care was in compliance with the Principles of
Laboratory Animal Care formulated by the Canadian National Society
for Medical Research.

The treatment consisted of a synthetic CS1 tetrapeptide (VLA-4
inhibitor), containing the active sequence present in the fibronectin
molecule (32, 33), and a scrambled form of the same synthetic tetrapep-
tide, scrambled CS1 (control peptide), resulting in no inhibition of
VLA-4. Both peptides were synthesized at Cytel Corporation (San
Diego, CA). The exact sequence of the CS1 peptide (VLA-4 inhibitor)
is phenylacetic acid-Leu-Asp-Phe-d-Pro-amide and of the scrambled
CS1 (control) peptide is phenylacetic acid-Asp-Leu-Phe-d-Pro-amide.
The IC" (50% inhibitory concentration) of CS1 scrambled peptide for
in vitro inhibition of VLA-4 to CS1 is 0.2-0.5 pMand that for inhibition
of VLA-4 to VCAM-1 is 950 1M. It is known that the peptide CSl is
resistant to degradation by specific enzymes for at least 24 h at 370C.
Beginning the day of the transplant, the animals were randomized and
treated with either scrambled CS1 peptide (control group) 1 mg/kg
subcutaneously (s.c.) or the active form of CS1 peptide 1 mg/kg s.c.
The doses of the peptides were empirically extrapolated to the in vivo
model based on preliminary in vitro studies performed at Cytel Corpora-
tion. While it is still not possible to obtain serum levels for either
peptide, pharmacokinetic studies are currently being undertaken. No
other immunosuppression therapy was administered. The grafts were
monitored daily by palpation and maintained for 7-8 d, an end point
we had described previously which was associated with myocardial
rejection (impaired cardiac contractility) and development of the allo-
graft arteriopathy in this model (28). 14 animals in total were studied
in the control (n = 7) and CSl-treated (n = 7) groups.

Preparation of the hearts. The animals were killed using a lethal
dose of euthanol (480 mg intravenously) (MTC Pharmaceutical, Cam-
bridge, Ontario, Canada), host and donor hearts were removed, and the
coronary arteries were perfused with saline through the aorta and fol-
lowed by light fixation by perfusion with 2%paraformaldehyde (Sigma
Immunochemicals, St. Louis, MO). Because of previous descriptions
indicating that cardiac allograft arteriopathy in the rabbit was equally
distributed throughout the coronary circulation (34) and our own obser-
vations (28), the hearts were sectioned transversely from base to apex.
Different sections of the hearts were either saved in 10% formalin
(BDH Inc., Toronto, Ontario, Canada) for light microscopy studies or
immediately frozen in O.T.C. Compound Tissue Tek (Miles Inc., Elkart,
IN) for specific immunohistochemistry studies.

Grading of rejection. Tissue specimens from the donor hearts were
stained with hematoxylin and eosin for histological grading of rejection
according to a modified Billingham's criteria (35). The sections were
graded by one of the senior pathologists (Dr. G. J. Wilson) at the
Hospital For Sick Children without knowledge of whether the donor
hearts came from control or CS1-treated animals.

Quantitative assessment of host and donor coronary
arteries by light microscopy
Three different paraffin-embedded tissue sections from host and donor
hearts from both control and CS1-treated rabbits were stained by the
Movat pentachrome method for light microscopy. Morphometric analy-
sis was performed using a Zeiss microscope attached to a computer-
generated video analysis system (NuVision Software, Perceptics Inc.,
Knoxville, TN), as described previously (28). The number of vessels
with intimal lesions was counted in all three heart sections from each
experimental animal and was expressed as a percentage of total vessel
number. In the host hearts, 999 vessels in the control group and 1,054
vessels in the CS1-treated group were analyzed. In the donor hearts,
827 vessels in the control group and 617 vessels in the CS1-treated
group were analyzed. To determine the severity of intimal thickening,
the diameter of each traceable vessel in all three sections was measured,
and the coronary arteries were categorized as small (diameter < 100
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tim), medium (diameter > 100 < 500 ,m), and large (diameter > 500
Jsm). The degree of intimal thickening was then quantitatively assessed
in each vessel size category as previously described (36). The areas
encompassed by the outer medial layer (ML), the internal elastic lamina
(TEL), and lumen were measured in each affected vessel, and the area
of intimal thickening (IT) related to the vessel area was calculated by
the formula IT = TEL-lumen area/ML-lumen area x 100.

Immunohistochemistry studies
In all immunohistochemistry analyses, we compared coronary arteries
from host and donor hearts, with and without intimal thickening in the
different size ranges from control and CS1-treated groups. The relative
abundance of each specific antigen studied in the sections examined
was graded semiquantitatively as minimal (+ /-), little ( + ), moderately
abundant (+ + ) to very abundant (+ + +) by two investigators in our
laboratory. The final scoring was based on individual gradings which
reached 90% agreement.

Characterization of inflammatory cells. To characterize the presence
of an immune-inflammatory reaction in the allograft coronary arteries
in both groups studied, we performed immunoperoxidase staining using
monoclonal antibodies to rabbit MHCclass II antigens and rabbit T
cells (a kind gift from Dr. Peter Libby, Brigham and Women's Hospital,
Boston, MA), and also to rabbit macrophages (RAM 11; Dako Corp.,
Carpinteria, CA). The sections were air dried for 2 h, fixed in acetone
for 20 min, and rinsed with Dulbecco (D)-PBS (Gibco, Burlington,
Ontario, Canada)/0.1% BSA (Boehringer-Mannheim, Mannheim, Ger-
many). Endogenous peroxidase activity was blocked by immersing the
sections in D-PBS/0.1% BSA + 3%hydrogen peroxide (BDH) for 30
min. After a nonspecific blocking step using 10% normal goat serum
(Sigma Immunochemicals), the antibodies were applied to the sections
for 1 h at a 1:10 dilution at room temperature. The sections were then
rinsed, incubated with goat anti-mouse peroxidase-conjugated second-
ary antibody (Bio-Rad Laboratories, Richmond, CA) at a 1:50 dilution
at room temperature for 45 min, and developed with 3,3'-diaminobenzi-
dine (DAB) (Sigma Immunochemicals) for 10 min. Control sections
were treated with normal mouse isotypic IgG (Dako Corp.).

Immune-detection of cellular adhesion molecules. To assess the in-
fluence of CS1 treatment on the expression of adhesion molecules in
allograft coronary arteries, we performed immunoperoxidase staining
for ICAM-1 and VCAM-1 on frozen sections of both host and donor
hearts from the control and the CS1-treated groups. Monoclonal antibod-
ies for ICAM-1 (mAb Rb2/3) and to VCAM-1 (mAb Rbl/9) were
kindly supplied by Dr. Myron Cybulsky (Brigham and Women's Hospi-
tal) and were used at a concentration of 1:10 for 1 h at room temperature.
The procedure for immunostaining was essentially the same as described
above.

Assessment offibronectin. Fibronectin expression in coronary arter-
ies of host and donor hearts from both control and CS1-treated groups
was determined by performing immunoperoxidase staining using frozen
sections. A monoclonal antibody anti-cellular fibronectin (Chemicon
International, Inc., Temecula, CA) was used at a dilution of 1:100 for
1 h at room temperature, and the remaining details of the immunohisto-
chemical procedure were essentially the same as described above. This
antibody does not recognize plasma fibronectin.

Statistical analysis
The data are expressed as mean±SEM in Results and in the figure
legends. In analyses related to the incidence and severity of lesions from
both control and CS1-treated groups, the Student's t test was used to
test significance. The correlation among categorical variables from the
immunohistochemistry studies, considered positive if > + in the two
groups (control and CS1-treated), was analyzed using Fisher's exact
test. Differences were considered significant if P < 0.05.

Results

Morphometric analyses of host and donor coronary arteries.
Using light microscopic morphometric analysis applied to Mo-
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Figure 1. Effect of CS1 peptide treatment on the number of coronary
arteries with intimal lesions in both host and donor hearts. The vast
majority of vessels with intimal thickening were seen in small (diameter
< 100 mm) and medium (diameter > 100 < 500 Mm) size coronary

arteries. The number of affected vessels in the CS1-treated group was
significantly reduced compared with the control (scrambled CSI) group
(P < 0.001 for small size vessels and P < 0.05 for medium size
vessels), where a total of 617 vessels and 827 vessels, respectively,
were analyzed. In the host coronary arteries, no differences were seen
in both groups for small and medium size vessels, where a total of
1,054 vessels in the CS1-treated group and a total of 999 vessels in the
control group were analyzed.

vat pentachrome-stained histologic sections, we observed a
similar small proportion of coronary arteries with intimal thick-
ening in host hearts from both control (scrambled peptide) and
CS1-treated groups (10±1 and 12±2% SEM, respectively)
(Fig. 1). In donor hearts from the control group, however,
87±4% SEMof the vessels had intimal thickening, whereas
in the CS1-treated group only 35±2% SEMwere affected (P
< 0.001 for small size vessels and P < 0.05 for medium size
vessels) (Fig. 1). The proportion of coronary arteries with inti-
mal thickening, in CS1 and control groups, was similarly distrib-
uted in the small (5 100 tm diameter) and medium (> 100
5 500 Mmdiameter) size ranges; however, the large coronary
arteries (> 500 Amdiameter) were mostly spared.

The severity of the lesions, judged by the area of intimal
thickening as a proportion of total vessel area, was similar in
host coronary arteries from both control and CS1-treated groups
(12±1 and 12±1% SEM, respectively) (Fig. 2). Intimal thick-
ening in donor coronary arteries from control animals was three
times more severe than that in host vessels, i.e., 36±2% SEM
of total vessel area. In the CS1-treated group, intimal thickening
was only 16±2% SEM(P < 0.001) (Fig. 2). A similar reduc-
tion in the severity of intimal lesions in the CS1-treated com-
pared with the control group was observed in both small ( < 100
Amdiameter) and medium (> 100 < 500 sm diameter) size
vessels. Representative examples of coronary arteries in the
host, donor control, and donor CS1-treated animals are shown
in Fig. 3, A-C, respectively. In addition, Fig. 4 A is representa-
tive of extensive intimal thickening affecting small vessels in
the control group which contrasts with Fig. 4 B, representing
a markedly attenuated intimal lesion in small vessels in the
CS1-treated group.

In contrast to the normal appearing myocardium in host
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Figure 2. Effect of CS1 peptide treatment on the severity of coronary
artery intimal lesions as assessed by intimal thickening (as percentage
of total vessel area) related to vessel size in both host and donor hearts.
There was significant reduction in the severity of intimal thickening in
both small (diameter s 100 mm) and medium (diameter > 100 r 500
,im) size vessels of CS1-treated animals, compared with the control
(scrambled CSl) group (P < 0.001), and that approached host levels.
No differences in both groups were seen in host vessels, where the
severity of intimal lesions was similarly low.

hearts (Fig. 3 D), myocardial rejection was of equal severity
in donor control and donor CS1-treated hearts as judged by
extensive lymphocytic infiltration and myocyte necrosis, hemor-
rhage, and fibrosis (Fig. 3, E and F, respectively).

Immune-inflammatory markers in the coronary arteries. Im-
munohistochemical studies were performed to compare expres-
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sion of MHCclass II molecules, T cells, and macrophages in
host and donor coronary arteries from control and CS1-treated
groups. Host coronary arteries were negative for these inflam-
matory markers. Fig. 5, A and D, shows examples of negative
immunostaining for MHCH and T cells, respectively. In donor
hearts, however, there was enhanced expression of these mark-
ers of inflammation, albeit differing markedly in intensity in
both control and CS1-treated animals. In five out of seven con-
trol animals, increased expression for MHCII molecules ( ++
to +++) was observed in donor coronary arteries (Fig. 5 B),
whereas in the CS1-treated group immunostaining in only two
out of seven animals was abundant (++), and was minimal
(+, ±) or negative (-) in the remainder (Fig. 5 C) (Table I).
While the difference in MHCexpression was not reflected in
statistical significance, we were able to show that CSI treatment
significantly decreased the presence of T cells in the coronary
arteries (Fig. 5 F). While five out of seven animals in the
control group showed positive immunostaining of + ± to + + ±,
only one of seven CS1-treated animals showed > + (+ +) ex-
pression (Fig. 5 E) (P < 0.05) (Table I). Of note is the observa-
tion that the infrequent T cells observed in the CS1-treated
group appeared to be mostly on the luminal surface (Fig. 5 F)
and also in the adventitia (Fig. 5 H) with few cells seen infiltrat-
ing the vessel wall. Onthe other hand, the control group showed
an increased proportion of T cells infiltrating the vessel wall
(Fig. 5 E, arrow), as well as present on the luminal surface
(Fig. 5 E) and adventitia (Fig. 5 G). Macrophages were seldom
observed in the host coronary arteries, and their presence in
donor coronary arteries of both groups was also low, with no
appreciable differences observed (Table I). However, macro-
phages were abundant around veins, at sites of intense myocar-
dial infiltration of other inflammatory cells such as T cells, and
this was associated with a similar degree of rejection in both
CS1-treated and control groups.

--fla.'

Figure 3. Representative photomicrographs of Movat pentachrome staining of coronary arteries in the host, donor control (scrambled CS1), and
donor CSl-treated groups. The normal-appearing host vessel (A) contrasts with the affected vessel showing a concentric intimal lesion (B) in the
control (scrambled CS1) group and a more normal appearing artery in the CS1-treated group (C). Normal-appearing myocardium could be
appreciated in host hearts (D), which contrasts with severely rejected myocardium observed in both control (E) and CS1-treated groups (F). Note
the presence of inflammatory cells. Original magnifications of 40 (A-C) and 10 (D-F).
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% Figure 4. Representative photomicro-
graphs of Movat pentachrome stain-
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i nary arteries from CSI-treated ani-

t58 mals (B).

with intimal thickening and with reduced severity of the lesions
in the control group (Table I).

Discussion

In this study, we describe the positive effect of a synthetic
tetrapeptide, a short form of the CSI peptide, in interfering with
the development of experimental graft arteriopathy in vivo by
specifically blocking the interaction between the a4f61 integrin
receptor with the cell-associated matrix protein fibronectin. This
peptide may also interfere with the transendothelial lymphocyte
migration that is dependent on the interaction with the VCAM-
1 receptor on endothelial cell surfaces, albeit at much higher
doses than those effective in blocking binding to fibronectin
(37, 38). Wewere able to show a decrease in both the incidence
and severity of allograft coronary artery lesions in the CS1-
treated compared with the control group, despite the fact that
severe myocardial rejection was similar in both groups. More-
over, we observed a significant reduction in the infiltration of
T cells in coronary arteries associated with a marked decrease in
subendothelial fibronectin accumulation. Trends toward reduced
expression of cell adhesion molecules (ICAM-1 and VCAM-
1) were also observed. These results indicate that blocking the
initial interaction between fibronectin and T cells alleviates the
subsequent cytokine-mediated upregulation of fibronectin
which we have shown contributes to the intimal thickening
(26, 28). In addition, CS1 may directly block vascular smooth
muscle fibronectin interaction and interfere with their migration
into the subendothelium (30). This novel strategy which targets
integrin receptors that are upregulated on the surface of im-
mune-reactive cells, and expressed on vascular smooth muscle
cells (39, 40), by blocking their interaction with cellular fibro-
nectin, suggests an adjuvant therapeutic approach which may
be useful in preventing or reducing the severity of graft arte-
riopathy.

The rabbit cardiac allograft model has been useful in study-
ing a variety of pathophysiologic mechanisms either related to
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Figure 5. Representative photomicrographs of immunoperoxidase staining for MHCII (A-C) and T cells (D-H) in host and donor coronary

arteries from both control (scrambled CSl) and CS1-treated groups. Negative staining was seen in most host vessels for both MHCII (A) and T
cells (D). The expression of MHCII was more intense in some of the control animals, especially where intimal thickening was pronounced (B,
arrow), compared with the CS1-treated group (C). In the control group, T cells were abundant both on the endothelial surface and infiltrating the
vessel wall (E, arrow). The presence of T cells was significantly reduced in the CS1 group, and when seen on the coronary arteries they were

mostly adherent to the endothelial surface (F). T cells could also be seen in the adventitia of coronary arteries in both CS 1-treated (H) and control
groups (G). Original magnifications of 40 (A-F; insets at an original magnification of 100) and 100 (G and H).

the process of myocardial rejection or to the development of
graft arteriopathy (31, 41). Despite the accelerated time course

of the arteriopathy in this model (28, 31), the rabbit allograft
arterial lesions resemble those observed in human allografts
(41) and, therefore, the model offers the advantage of investi-
gating, within a relatively short period of time, the pathophysio-
logic factors likely to be involved. It is the lack of immunosup-
pression that results in a shorter experimental time frame of 7-
8 d as formerly described in this model (28, 31), since our

previous studies have shown that neointimal thickening is not
prominent in animals that are immunosuppressed (28).

A hypercholesterolemic diet was also introduced in the rab-
bit cardiac allograft model to further hasten the development
of the arteriopathy (31), since rabbits have low systemic choles-
terol levels (42), and also to more closely simulate the clinical
setting, since hyperlipidemia is one of the risk factors accelerat-
ing the appearance of intimal lesion in human cardiac allografts
(1, 43). The effect of a 0.5% cholesterol diet in the rabbit is
reflected in increased circulating lipid levels (31), as well as

the induction of early intimal lesions in host vessels, as judged

by an average of 10-12% of vessels affected and a similar
degree of vessel area with intimal thickening (12%). Further-
more, we have observed fatty infiltration of the myocardium in
rabbit allografts subjected to this diet (28).

The upregulation of integrin receptors, i.e., VLA-2, VLA-
4, and VLA-6, has been shown in lung and heart biopsies of
transplant patients undergoing episodes of rejection (44, 45).
In addition, increased expression of matrix proteins bearing in
their structure ligands for some of these integrins, i.e., fibronec-
tin and laminin, was reported in rejected cardiac (46) and renal
(47) allografts. These studies suggest that matrix could be in-
volved in the recruitment of immune-reactive cells. Since the
process of inflammatory cell emigration into tissues involves
expression of adhesion molecules, e.g., ICAM-1, VCAM-1, and
P- and E-selectins on the endothelium (48, 49), there is increas-
ing evidence that matrix proteins might further contribute by
encouraging transendothelial migration and positioning.

In our study, we investigated the potential role of the interac-
tion between the VLA-4 integrin and the CS1 motif in the
fibronectin molecule in modulating inflammatory cell traffick-
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Table I. Morphometric and Immunohistochemical Findings in Allograft Coronary Arteries from Individual Cholesterol-fed Rabbits

Coronary arteries
Myocardial

rejection Number of vessels Severity of IT
Animal Treatment grade MHCII T cells Macrophage ICAM-l VCAM-l FN with IT (% total) (% vessel area)

1 CS1 3 + + ± + ± + 33% 20%
2 CS1 3 ++ + + + + + 32% 14%
3 CS1 3 ++ ++ + + ± + 47% 21%
4 CS1 3 + + - + - - 32% 11%
5 CS1 3 - + - + - - 36% 20%
6 CS1 3 + ± ± + + - 25% 11%
7 CS1 3 + + - + + + 41% 18%

8 CTRL 3 +++ ++± ++ ++ ++ ++± 95% 40%
9 CTRL 3 + + + - - - 67% 24%

10 CTRL 3 ++ ++ + ++ ++ ++± 95% 38%
11 CTRL 3 ++ ++ + ++ 75% 33%
12 CTRL 3 ++ ++ ++ ++ ++ 89% 37%
13 CTRL 3 ++ ++ ++ ++ ++ ++ 98% 40%
14 CTRL 3 + + + + + ++ 94% 39%

FN, fibronectin; IT, intimal thickening; CS1, CS1 peptide; CTRL, control (scrambled CS1 peptide); -, _, +, +, +++, negative, minimal, little,
moderately abundant, and very abundant, respectively.

ing and in the development of the experimentally induced graft
coronary arteriopathy. A synthetic CS1 tetrapeptide derived
from the 25-mer sequence of the alternatively spliced CS1 motif
in the fibronectin molecule, markedly decreased the number and
reduced the severity of coronary artery intimal lesions in treated
rabbits compared with a control group that received a scrambled
form of the tetrapeptide CS1. Treatment with CS1 peptide did
not appear to influence the number of host vessels with lesions
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or their severity, which were similarly low in the two groups
studied. These latter findings differ from previous reports using
other drugs, i.e., dehydroepiandrosterone (36) and angiopeptin
(50), to abrogate graft arteriopathy in that those agents also
reduced changes in host vessels and this might indicate a more
selective effect related to the pathophysiology of the graft arte-
riopathy. The lack of host-related effect may, however, reflect
the shorter time frame over which we assessed the development
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Figure 6. Representative photomicrographs of immunoperoxidase staining for ICAM-1 (A-C) and VCAM-1 (D- F) in host and donor coronary
arteries of both control (scrambled CS1) and CS1-treated groups. Host coronary arteries were mostly negative for the expression of ICAM- 1 and
VCAM-1 (A and D, respectively). In the control group, there was increased expression of both ICAM-1 and VCAM-1 associated with endothelial
cells but also with intimal cells where intimal thickening was observed (arrows in B and E, respectively). There was marked reduction on the
expression of both ICAM-1 and VCAM-1 in the CSl-treated group (C and F, respectively), where only some positive endothelial cells could be
seen. Original magnification of 40; insets at an original magnification of 100.
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Figure 7. Representative photomicrographs of immunoperoxidase staining for cellular fibronectin in host and donor coronary arteries from both
control (scrambled CSl ) and CSl-treated groups. The accumulation of cellular fibronectin was minimal in host vessels, as seen under low and high
magnifications (A and D, respectively). There was intense immunostaining in the control donor coronary arteries not only in the subendothelial
space (closed arrow) but also throughout the medial layer (open arrow) (B). Higher magnification is seen in E. In contrast, immunostaining for
cellular fibronectin was reduced in the CSl-treated group (C and F) and was of similar intensity to that seen in host vessels. (A and D). Original
magnifications of 40 (A-C) and 100 (D-F).

of intimal lesions, i.e., 1 wk without immunosuppressive ther-
apy in this report versus 5-6 wk in the presence of immunosup-
pressive therapy in the aforementioned studies.

The expression of MHCclass II molecules, which we de-
scribed previously as part of the immune-inflammatory reaction
in the allograft vessels after heterotopic heart transplantation
(26, 28), was observed in both CS1-treated and control groups.
This suggests that CS1 peptide may not have completely sup-
pressed the process of antigen presentation occurring in the
setting of an allograft response (51). That the transendothelial
infiltration of T cells was, however, effectively reduced in vivo
in the CS1-group provides evidence, for the first time, of a
functional role for cellular fibronectin in the trafficking of in-
flammatory cells in graft arteriopathy. This is supported by our
recent in vitro studies using an endothelial-smooth muscle cell
coculture system, in which we have shown that fibronectin regu-
lates lymphocyte transendothelial migration (52).

Despite the fact that there appear to be distinct sites on the
a4,f1 integrin receptor which bind to CS1 and VCAM-1 ( 18),
binding with CS1 can interfere with a4p1-VCAM-1 interac-
tion, although at doses severalfold higher than those required
to block binding to fibronectin (37). Thus, the possibility that
some of the beneficial effect seen in vivo with the CS1 peptide
could be related to blockade of lymphocyte a4pil-VCAM-1
interaction on endothelial cell surfaces is unlikely, given the
dose of compound used. Our in vitro data would suggest, how-
ever, that in this setting the effect of CS1 serves primarily to
block interaction with fibronectin. That is, we have shown that
CS1 and RGDpeptides were equally effective and did not act
synergistically in blocking transendothelial migration of lym-
phocytes in response to IL-1f3 stimulation of vascular smooth

muscle cell fibronectin production (52). Had CS1 additionally
blocked a4,61 interaction with VCAM-1, then one might have
expected a greater inhibitory effect than with RGDalone.

On the other hand, given the efficacy with which CS1
blocked the neointimal thickening in coronary arteries, it is
tempting to speculate that it interfered not only with the traf-
ficking of inflammatory cells into the subendothelium but also
with the migration of smooth muscle cells from the media into
the intima. That is, the a4131 integrin which binds the CS1
peptide is also expressed on smooth muscle cells (17, 39, 40)
and we (30) and others (53) have shown that interaction
through integrin receptors with fibronectin is critical to smooth
muscle cell migration. In the CS1-treated group, smooth muscle
cells were less evident in the intima, correlating with fewer
vessels affected and less severe lesions. Indeed, Choi and col-
leagues (53) have recently shown experimentally that the use
of peptides which bind to the avf33 integrin abrogates the RGD-
dependent smooth muscle cell migration and reduces neointimal
hyperplasia.

Treatment with the CS1 peptide tended to reduce expression
of both ICAM-1 and VCAM-1 on the endothelium of the allo-
graft coronary arteries. These results were similar to our previ-
ous findings using TNF-a blockade (TNF-asr) to attenuate the
appearance of graft arteriopathy (52). Thus, it is likely that
decreased trafficking of subendothelial inflammatory cells may
result in reduced expression of cytokines and less induction
of adhesion molecules. A similar mechanism may explain the
reduced fibronectin accumulation in the coronary arteries of
CS1-treated rabbits. In this regard, we have reported previously
that fibronectin is upregulated by increased endothelial and
smooth muscle cell production of cytokines, i.e., IL-11I and
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TNF-a (3, 4, 27), and it is likely that release of these cytokines
from inflammatory cells leads to their induction in vascular
cells (2).

Macrophages were observed less frequently in the donor
coronary arteries of both experimental groups, and this is in
keeping with our previous in vivo studies in rabbits and piglets
in which macrophages were not a prominent early feature of
the accelerated graft arteriopathy. Kuwahara et al. (42) have
reported the presence of macrophages in vascular lesions from
rejected rabbit cardiac allografts at 2 and 3 wk after transplanta-
tion, with only lymphocytes evident after 1 wk. Lipid-laden
macrophages are certainly evident in coronary arteries in pa-
tients that develop graft arteriopathy years after cardiac trans-
plantation (54). Macrophages were also seen at venular sites
among the clusters of inflammatory cells, including T cells,
infiltrating the rejected myocardium in both CS1-treated and
control groups, findings similar to those demonstrated in other
studies (55). The expression of adhesion molecules was also
intense at these venular sites. This would indicate that different
qualitative or quantitative factors are responsible for myocardial
rejection and graft arteriopathy. Thus, this supports our previous
experience with the TNF-asr which preferentially also blocked
graft arteriopathy but not myocardial rejection, as well as clini-
cal experience showing that graft arteriopathy occurs despite
immunosuppressive therapy and absence of acute episodes of
rejection (56).

In summary, we have used specific reagents to show that
the reduction of an accelerated form of graft arteriopathy, in-
duced in cholesterol-fed rabbits after cardiac transplantation,
can be achieved by blockade of the interaction between VLA-
4 integrin and cell-associated fibronectin. Wepropose that this
halts the subsequent cytokine-dependent cascade of events re-
sulting from activated T cell subendothelial trafficking and posi-
tioning. The latter involves upregulation of adhesion molecules
and further induction of fibronectin expression. Treatment with
CSl specifically blocked vascular changes, since myocardial
rejection was as severe in this group of animals as in the control
group. Therefore, it is possible that targeting the interaction
between fibronectin and VLA-4 on immune-inflammatory cells
may offer adjuvant therapies effective in preventing graft arte-
riopathy.
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