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Fibronectin (FN), expressed primarily by macro-
phages, endothelial cells, and smooth muscle cells,
represents an integral feature of the rejection re-
sponse in transplant recipients. Here we demonstrate
a unique pattern of cellular FN expression in rat re-
cipients of cardiac allografts rendered tolerant in an
infectious manner with either nondepleting CD4 mAb
or regulatory spleen cells. Unlike in rejecting con-
trols, cellular FN in tolerant hosts was restricted to
the graft vessels and no vascular cell adhesion mole-
cule-1 or intercellular adhesion molecule-1 expres-
sion could be found, supporting the role of FN in
leukocyte sequestration at the graft site. The lack of
myocardial FN in tolerant rats, despite dense macro-
phage infiltration, correlated with profound depres-
sion of Th1 (interleukin-2 and interferon-g) cyto-
kines. Treatment with CD4-depleting mAb prevented
tolerance induction and restored myocardial expres-
sion of FN in parallel with marked increase in the
expression of interleukin-2 and interferon-g mRNA/
protein. Furthermore, connective segment-1 peptide-
facilitated adjunctive blockade of FN-a4b1 interac-
tions in recipients conditioned with CD4 depleting
mAb, significantly depressed intragraft expression of
interleukin-2 and interferon-g mRNA/protein. Hence,
the lack of FN associated with infiltrating leukocytes
plays an important role in the maintenance of tolerance
in transplant recipients by depressing local expression
of Th1 cytokines that otherwise facilitate acute graft
rejection. (Am J Pathol 2000, 157:1207–1218)

Lymphocytes recirculate between blood and lymph until
the trigger of signals that stimulate their adhesion to
vascular endothelium or extracellular matrix (ECM) pro-
teins.1,2 To emigrate through vascular endothelium, lym-
phocytes must acquire strong adhesion interactions to
the vessel wall while resisting continuous sheer forces.3

The emerging relevance of lymphocyte-ECM interactions
to cell adhesion, migration, and positioning within spe-
cific tissue microenvironments emphasizes the role ECM
proteins may play in the functioning of the immune sys-
tem in both physiological and pathological conditions.1

Fibronectin (FN) is a key ECM protein involved in these
events. Indeed, the importance of FN in cell migration
and differentiation is underscored by the observation that
mice made null for this ECM protein die during embryonic
development.4,5 The role of FN in lymphocyte adhesion,
migration, and activation has been extensively stud-
ied.6–10 Circulating leukocytes, such as T cells, use b1
integrins for adhesion and migration through endothelial
cells as well as through distinct tissue microenviron-
ments.11,12 Thus, adhesion of T cells to FN occurs pri-
marily through a4b1 and a5b1 integrins, and it is regu-
lated by the engagement of T cell receptor (TCR)/CD3,
CD2, CD7, and CD28.13–15 The ability of the C-C chemo-
kines, such as RANTES, monocyte chemoattractant pro-
tein-1 (MCP-1), and macrophage inflammatory protein-1
(MIP-1) to induce integrin-dependent biding of T lympho-
cytes to FN has also been demonstrated.16–18 The fact
that TCR engagement up-regulates adhesion of T lym-
phocytes to FN highlights the importance of this protein in
host immune reactivity.

Major histocompatibility complex (MHC)-incompatible
organ allograft represents a useful in vivo experimental
system to examine the role of FN in the immune response
in which the effector phase is dependent on the migration
of alloreactive cells into the foreign tissue.19,20 In our
previous studies, we have shown markedly increased
deposition of FN in rat cardiac allografts in the early
post-transplant period.21,22 Interestingly, leukocytes infil-
trating rejecting cardiac allografts were preferentially de-
tected in close association with FN deposits. The prime
source of cellular FN in rejecting cardiac allografts were
macrophages in the myocardium and smooth muscle
and endothelial cells in the vessels.22,23 It has been
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demonstrated that IL-1b and tumor necrosis factor
(TNF)-a up-regulate FN expression in vitro by both endo-
thelial and smooth muscle cells.24,25 Indeed, in recipients
treated with anti-TNF-a antibody, we have shown that the
diminution in the number of infiltrating cells was corre-
lated with decreased FN accumulation.23 More recently,
we have documented that the blockade of in vivo inter-
actions between the connective segment-1 (CS1) splic-
ing domain of FN and its a4b1 receptors on circulating
cells, by using CS1 peptides, abrogated acute rejection
and prolonged cardiac allograft survival in rat recipi-
ents.26 Furthermore, the use of CS1 peptides effectively
prevented progressive allograft failure associated with
chronic rejection.27

The evidence for FN as an integral part of the host
allograft rejection cascade has prompted us to test our
hypothesis that acquisition and maintenance of toler-
ance, despite leukocyte infiltration observed in so-called
tolerant grafts, depend on the inhibition of cellular FN
expression. We have developed a model in which admin-
istration of RIB-5/2, a nondepleting anti-rat CD4 mAb,
abrogates otherwise accelerated (,36 hours) rejection of
cardiac allografts in presensitized rats and induces do-
nor-specific transplantation tolerance.28 RIB-5/2 is a
novel mouse mAb that exerts its effects by modulating
and blocking the CD4 antigen (Ag) on rat target cells.29

RIB-5/2 mAb therapy has also been highly efficient in
acute skin29 and renal30 allograft models in normal rats
not otherwise sensitized. The present study is the first to
document that, unlike in untreated accelerated or pro-
gressive late chronic cardiac allograft rejection, the main-
tenance of tolerance in CD4 mAb-conditioned recipients
results from the failure of graft-infiltrating macrophages to
express FN. The lack of FN expression in the myocardium
of tolerant hosts correlated with down-regulation of intra-
graft interleukin (IL)-2 and interferon (IFN)-g expression.
Furthermore, this study demonstrates an important role of
FN-a4b1 integrin interactions in the regulation of Th1-
type cytokine expression at the graft site. Although FN
expression was depressed in the myocardium of long-
term and well-functioning tolerant heart transplants, cel-
lular FN was up-regulated in the vessels in the absence of
intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1), supporting the role
of this ECM protein in the recruitment of mononuclear
cells (MNC) into the graft itself.

Materials and Methods

Animals and Grafting Techniques

Male inbred adult rats (Harlan Sprague-Dawley, India-
napolis, IN) weighing 200 to 220 g were used. Lewis
(LEW; RTl) and Fisher (F344; RT1lvl) were recipients of
cardiac allografts from Lewis 3 Brown Norway F1 hybrids
(LBNF1; RT1l/n) and LEW donors, respectively. Brown
Norway (BN; RT1n) served as a source of sensitizing skin
grafts. LEW isografts served as controls. Orthotopic skin
grafts (3 3 3 cm) were placed bilaterally to appropriate
defects on the dorsal thorax of prospective recipients.

Donor hearts were transplanted to the abdominal great
vessels of the recipients by using standard microvascular
techniques, and their function was monitored by palpita-
tion. Rejection was defined as occurring on the day of
cessation of heartbeat and confirmed by histology.

Accelerated Rejection Model

LEW rats were sensitized with BN skin grafts (day 27),
followed 1 week later by transplantation of LBNF1 hearts
(day 0). These cardiac allografts are rejected in an ac-
celerated manner in ,36 hours, compared with 7- to
8-day acute rejection in untreated hosts.31 In this rat
model, the sequence of cellular and humoral immune
events31,32 is relevant to the clinical cases of graft rejec-
tion, in which patients are sensitized to MHC antigens
before transplantation.33

Tolerance Model

LEW rats were treated with RIB-5/2, a nondepleting anti-
rat CD4 mAb (5 mg/kg/day i.v.), at days 27 (the day of
skin graft), 24, 21, 0 (the day of LBNF1 heart transplant),
and days 1, 4, 7, 14, and 21 thereafter. This protocol
abrogates rejection at ,36 hours and results in perma-
nent (.200 days) acceptance of cardiac allografts in
sensitized rat recipients.28 RIB-5/2 mAb treatment in-
duces a true donor-specific tolerance, as evidenced by
the acceptance of secondary donor type (but not third
party) test allografts,28 depression of anti-donor antibody
responses,28 and lack of chronic rejection.34 The long-
term beneficial effects of RIB-5/2 mAb therapy contrast
with marginal prolongation of cardiac allograft survival
(about 11 days) in sensitized rat recipients treated with
BWH-4, a CD4-depleting mAb.32 RIB-5/2 mAb precipi-
tates a 53-kd polypeptide expressed on rat thymocytes
and splenocytes and defines an epitope on rat CD41 T
cells that is distinct from those recognized by W3/25 or
MRC OX-35 mAbs.29

Chronic Rejection Model

LEW hearts were transplanted to the abdominal great
vessels of F344 rats. A subtherapeutic dose of cyclo-
sporin A (1.5 mg/kg/day, i.m.) was administered for 10
days post-transplant. This therapy prevents early acute
rejection and increases the incidence of long-term (.100
days) allograft survival without abrogating cardinal fea-
tures of chronic rejection.35–37

Cell Transfer Studies and Host
Immunomodulation

Spleens were harvested from long-term (.100 days) RIB-
5/2 mAb-pretreated tolerant LEW recipients of LBNF1
cardiac allografts. Single erythrocyte-free cell suspen-
sions were prepared in RPMI-1640 medium, filtered
through cotton wool, treated with 0.83% hypotonic am-
monium chloride (pH 7.21), and extensively washed. In
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the first group, splenocyte suspensions (100 3 106 cells/
ml) were administrated i.v. into lightly total body g-irradi-
ated (450 R) syngeneic secondary LEW rats. These test
animals were challenged 24 hours later with a donor-
specific (LBNF1) cardiac allograft. This adoptive transfer
(AT) protocol induces indefinite (.200 days) survival of
cardiac allografts with features of infectious tolerance in
test recipients.28 In a second group, adoptively trans-
ferred test recipients were challenged with a depleting
anti-CD4 antibody (OX-36) at days 1 and 2 post-trans-
plant (2 mg/rat i.v.). This protocol prevents the develop-
ment of infectious tolerance and recreates rejection in
adoptively transferred test animals.28,38 In the third
group, in an attempt to block in vivo interactions between
FN and its a4b1 integrin receptor in rejecting cardiac
allografts, adoptively transferred secondary hosts were
given a course of synthetic CS1 peptides (1 mg/rat/day
i.v. 3 6 days) in concert with CD4-depleting OX36 mAb
(2 mg/rat i.v. 3 2 days). The CS1 peptides corresponding
to the full length of CS1 alternative splicing domain of FN
(25-mer, DELPQLVTLPHPNLHGPEILDVPST) were syn-
thesized on a Beckman System 990 peptide synthesizer
(Beckman Instruments, Inc., Fullerton, CA) as de-
scribed.39 These peptides specifically block the interac-
tions between FN and a4b1 integrins on MNC.40–42 Fi-
nally, a fourth control group received, instead of bioactive
CS1 peptides, a course of the scrambled version of the
FN peptides in which the last 10 residues were modified
(VIPDLTESPG).

Histology and Immunohistology

Hematoxylin/eosin and immunoperoxidase stainings
were used for assessment of myocardial and vascular
preservation, as well as detection of inflammatory cell
infiltration/activation, cellular FN, and adhesion mole-
cules.21–23 The presence of cytokine gene products was
demonstrated by immunostaining using the method of
Anderson et al.43 Briefly, cardiac tissues were fixed in
buffered formalin or embedded in Tissue Tec OCT com-
pound (Miles, Elkhart, IN), snap-frozen in liquid nitrogen,
and stored at 270°C. Serial cryostat sections (5 mm)
were fixed in acetone or 2% paraformaldehyde for cell or
cytokine detection, respectively. Endogenous peroxi-
dase activity was blocked by incubating the slides with
1% H2O2 in phosphate-buffered saline. Normal heat-in-
activated donkey or rabbit serum (10%) were used for
blocking. Primary mouse antibodies against rat FN
(IST-9, does not cross with plasma FN; Accurate Chem-
ical, Westbury, NY), VCAM-1 (courtesy of Dr. R. Lobb,
Biogen, Inc., Cambridge, MA), ICAM-1 (CD54, Harlan

Bioproducts for Science, Indianapolis, IN), T cells (TCR-
a/b chains, R73, Harlan), monocytes/macrophages (ED1,
Harlan), and CD25 (IL-2 receptor (IL-2R); ART-18; cour-
tesy of Dr. T. Diamantstein, Berlin, Germany) were added
at optimal dilutions. Antibodies against rat IL-2 (R&D
Systems, Minneapolis, MN) and IFN-g (DB-1, Harlan)
were added at optimal concentration (0.5–5.0 mg/ml) in
phosphate-buffered saline/saponin and incubated over-
night. Bound primary antibody was detected using bio-
tinylated donkey anti-mouse IgG and streptavidin perox-
idase-conjugated complexes obtained from DAKO
(Carpinteria, CA) or using biotinylated rabbit anti-goat
IgG followed by application of avidin-biotin complex
(Vector Laboratories). The control sections were per-
formed by replacing the primary mAb with either dilution
buffer or isotype-matched control immunoglobulin. The
peroxidase reaction was developed with 3,3-diamino-
benzidine tetrahydrochloride (Sigma, St. Louis, MO). The
sections were evaluated blindly by counting the labeled
cells in triplicates by within 10 high-power fields per
section. Some antigens were analyzed in a semiquanti-
tative fashion where the relative abundance of each one
was judged as negative (2), minimal (6), little (1), mod-
erately abundant (11), or very abundant (111).

Competitive Template Reverse Transcriptase-
Polymerase Chain Reaction (CT RT-PCR)

For evaluation of cytokine gene expression, cardiac
grafts were harvested and the cellular RNA was prepared
by the guanidinium thiocyanate-cesium chloride method.
CT RT-PCR from total RNA was performed as de-
scribed.44 Briefly, RNA was reverse-transcribed into
cDNA in 40 ml of reaction mixture containing 200 ng of
total RNA. Quantification of cytokine cDNA derived from
this RNA was carried out using multispecific control frag-
ment as an internal standard for competitive PCR. First,
the cDNA samples to be compared were equilibrated
according to their b-actin cDNA content. Then, the rela-
tive concentration of cytokine cDNA in each sample was
estimated from the concentration of control fragment
DNA that achieved equilibrium between its own amplifi-
cation and that of the target cDNA. The level of cytokine
gene expression was measured in arbitrary units (AU)
per ml of cDNA. One AU was defined as the highest
dilution of the control fragment that yielded a detectable
amplification product under the conditions used. Control
RT-PCR without template DNA was performed in all ex-
periments to exclude contamination. As an additional
control, reverse transcriptase was omitted from the reac-

Table 1. Immunohistochemical Analysis of Intramyocardial Infiltrating MNC in Rat Cardiac Allografts

Feature Naı̈ve ACCR 24 h CR 120 d RIB-Rx. 40 d RIB-Rx. 120 d ISO 120 d

T cells 5 6 1 76 6 23 80 6 17 39 6 23 22 6 10 4 6 4
Mono/Mac 15 6 2 156 6 60 170 6 41 108 6 13 47 6 9 15 6 7
IL-2R1 cells — 49 6 9 43 6 8 3 6 1 1 6 1 —

Immunoperoxidase staining analysis of cardiac grafts from sensitized recipients undergoing acute rejection (ACCR 24 h) and chronic rejection (CR
120 days), RIB-5/2 mAb-treated hosts (RIB-Rx; day 40 and day 120) and isografts (ISO; day 120). The results are expressed as mean 6 SD of stained
cells in 10 HPF/section/rat. n 5 3–4 rats/group.
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tion mixture during cDNA synthesis to prove the absence
of genomic DNA. The sense and antisense primer se-
quences derived from rat CD3, CD25, IL-2, IFN-g, IL-4,
IL-10, and b-actin cDNA were used as described.30

Results

Intramyocardial Leukocyte Infiltration in Tolerant
Hosts

CD4-targeted therapy with nondepleting RIB-5/2 mAb
(103 between day 27 and 21) abrogated accelerated
rejection at ,36 hours and induced indefinite (.200
days) survival of LBNF1 cardiac allografts in presensi-
tized LEW rat recipients (n 5 8), consistent with our
previous findings.38 We analyzed infiltrating MNC in car-
diac transplants harvested during the induction (day 40)
and maintenance (day 120) phase of CD4 mAb-induced
tolerance by histology and immunohistology (Table 1). Car-
diac allografts undergoing accelerated rejection (ACCR)
harvested at 24 hours from untreated sensitized recipi-
ents, as well as cardiac allografts undergoing chronic
rejection harvested at 120 days, cardiac isografts, and
native hearts served as controls. Cardiac specimens
from RIB-5/2 mAb-treated recipients at 24 hours after
transplantation morphologically resembled native hearts
with minimal MNC infiltration.45 First, we confirmed our
previous findings38 by demonstrating that unlike rejecting
transplants, those in tolerant hosts (day 40 or 120)
showed good preservation of histological detail, with no
infarcts, myocardial necrosis, or signs of vascular dis-
ease. However, despite myocardial preservation, long-
term cardiac allografts in tolerant hosts were character-
ized by persistent MNC infiltration. Hence, the number of
intramyocardial infiltrating MNC cells at day 40 in the
treated group (T cells, 39 6 23; monocytes/macro-
phages, 108 6 13) was comparable to that in untreated
rejecting controls (ACCR 24 hours: T cells, 76 6 23;
monocytes/macrophages, 156 6 60; CR 120 days: T
cells, 80 6 17; monocytes/macrophages, 170 6 41). In
long-term (120 days) cardiac allografts of CD4 mAb-
treated recipients, both infiltrating T cells (22 6 10) and

monocytes/macrophages (47 6 9) were somewhat de-
creased, as compared with rejecting controls (P , 0.04
and P , 0.06, respectively). However, despite such de-
creased cell numbers, tolerant grafts remained densely
infiltrated as compared with respective long-term (120
day) isograft controls (T cells, 4 6 4, monocytes/macro-
phages, 15 6 7; P , 0.02 and P , 0.04, respectively).
CD4-targeted therapy profoundly depressed MNC acti-
vation, as evidenced by decreased frequency of infiltrat-
ing IL2R1 cells in tolerant hosts at day 40 (3 6 1) or day
120 (1 6 1), and contrasted with untreated rejecting
ACCR (49 6 9) and CR (43 6 8) controls (P , 0.009 and
P , 0.002 respectively).

FN Expression and Associated Adhesion
Molecules in Tolerant Hosts

Our earlier immunohistochemical and laser scanning mi-
croscopy studies have shown that infiltrating MNC local-
ize selectively in FN-rich interstitial and perivascular ar-
eas of rejecting cardiac allografts.21,22 Further, results of
our in situ hybridization and immunocytochemistry stud-
ies have shown that endothelial cells, smooth muscle
cells, and macrophages represent the prime FN produc-
ers during the rejection response.22,23 In the present
study, the expression of FN and associated adhesion
molecules VCAM-1 and ICAM-1 in well-functioning car-
diac allografts of tolerant hosts was contrasted with those
in rejecting transplants. Unlike in rejecting (24 hours)
controls, in which vascular expression of FN, VCAM-1
and ICAM-1 was high (11/111; Table 2 and Figure 1, A
and B), cardiac allografts in tolerant hosts showed mod-
erate vascular FN deposition (1/11; Table 2 and Figure
1, E and I), whereas VCAM-1 and ICAM-1 were both
negative (Table 2 and Figure 1F). Cardiac isografts
showed very weak deposition of FN in the vessels (6),
comparable to naı̈ve hearts,22 and ICAM-1 and VCAM-1
expression were both negative (Table 2). In contrast with
the observed up-regulation of the vascular FN expres-
sion, graft-infiltrating macrophages in CD4 mAb-treated
tolerant hosts failed to express FN (Figure 1, H and J). As
can be seen in Figure 1, C and G, cardiac allografts in

Table 2. Immunohistochemical Analysis of Vascular Expression of Cellular FN, VCAM-1, and ICAM-1 in Rat Cardiac Allografts

Feature ACCR 24 h CR 120 d RIB-Rx. 40 d RIB-Rx. 120 d ISO 120 d

FN 11/111 111 11 1/11 6
VCAM-1 11/111 11 2 2 2
ICAM-1 11/111 111 2 2 2

Immunoperoxidase staining analysis of cardiac grafts from sensitized recipients undergoing rejection (ACCR 24 h and CR 120 days), RIB-5/2 mAb-
treated hosts (RIB-Rx; day 40 and 120) and isografts (ISO; day 120). Staining intensity was evaluated semiquantitatively on a scale from 2 (negative)
to 111 (strong); n 5 3–4 rats/group.

Figure 1. Immunohistochemical analysis of FN and VCAM-1 expression in rat cardiac allografts. LBNF1 cardiac allografts in LEW rats undergoing accelerated
rejection (ACCR) at 24 hours (A2D) and surviving long-term at day 40 (E2H) and day 120 (I and J) in tolerant rats after treatment with nondepleting CD4 (RIB
5/2) mAb. LEW cardiac allografts in F344 rats served as long-term controls undergoing chronic rejection (CR) at day 120 post-transplant (K and L). Analysis of
serial cryostat sections showed moderate to high deposition of cellular FN in the vessels of rejecting (A and K) and tolerant (E and I) cardiac allografts. Allografts
of tolerant recipients lacked endothelial VCAM-1 expression (F), in contrast with elevated VCAM-1 expression during rejection (B). Both rejecting and CD4
mAb-treated groups were characterized by extensive MNC infiltration, consisting primarily of macrophages (C and G). In cardiac allografts undergoing ACCR (D)
or CR (L), infiltrating MNC were labeled and/or were associated with cellular FN. In contrast, macrophages in cardiac allografts of tolerant hosts failed to express
FN (H and J). Arrows indicate positive labeling. Original magnifications, 3100 (A, B, and L), 3230 (C, D, G, H, J, and L), and 3300 (E, F and I).
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both untreated rejecting and RIB-5/2-treated tolerant re-
cipients were considerably infiltrated, primarily by mono-
cytes/macrophages. However, in contrast with high ex-
pression of FN by macrophages in rejecting grafts
(111), macrophages infiltrating functioning cardiac al-
lografts in tolerant rats failed to express FN (Figure 1, D,
H, and J).

To demonstrate that FN expression is an ongoing myo-
cardial feature of nontolerant long-term grafts, we evaluated
the expression of this ECM protein in control recipients
undergoing chronic rejection. We used an established
model in which LEW cardiac allografts undergo progres-
sive chronic rejection in F344 rat recipients pretreated
with a low, subtherapeutic dose of cyclosporin A. Indeed,
unlike long-term cardiac allografts in CD4 mAb-pre-
treated tolerant recipients, those undergoing chronic re-
jection and harvested at 120 days showed markedly
enhanced expression of cellular FN in both vascular and
myocardial compartments (111; Table 2 and Figure 1,
K and L). Up-regulation of FN deposition in the chronic
rejection group correlated with enhanced endothelial
VCAM-1 and ICAM-1 expression.

FN Expression by Macrophages Is Required for
Allograft Rejection

To document the functional significance of the lack of FN
expression by macrophages in cardiac allografts of tol-
erant recipients, we evaluated FN expression after recre-
ation of rejection in this transplant model. Since we were
unable to abolish tolerance in original RIB-5/2 mAb-
treated hosts,28 we have used a model of infectious
adoptively transferred tolerance. We have recently doc-
umented that spleen cells from long-term RIB-5/2 mAb-
pretreated engrafted hosts adoptively transfer donor-
specific unresponsiveness in an infectious manner into
new sets of secondary test recipients, and that such a
tolerant state can be broken by challenging adoptively
transferred recipients with OX-36, a depleting CD4 anti-
body.28,38 In fact, animals treated with OX-36 mAb (2
mg/rat i.v. on days 1 and 2 post-transplant) reject their
transplants within 7 days. First, we analyzed the pattern
of MNC infiltration, FN deposition, and VCAM-1/ICAM-1
expression in long-term (day 80) LBNF1 test cardiac
allografts that have been rendered tolerant in an infec-
tious manner by regulatory cells from original CD4 mAb-
pretreated recipients. Indeed, both tolerant CD4 mAb-
pretreated hosts and adoptively transferred hosts
showed comparable results, with moderate to high in-
tramyocardial MNC infiltration and minimal cellular acti-
vation (AT: T cells, 25 6 2; monocytes/macrophages,
68 6 4; IL-2R1 cells, 1 6 1) (Table 3), moderate vascular
expression of FN (AT; 11) and negative expression of
VCAM-1 (AT; 2) (Figure 2, A and B) and ICAM-1 (AT; 2)
(not shown). The tolerant state in AT hosts was also found
to be associated with the failure of graft-infiltrating mac-
rophages to express FN. Abrogation of tolerance and
recreation of graft rejection following infusion of CD4-
depleting (OX-36) mAb, as shown in Table 3, was ac-
companied by a significant increase in intramyocardial

MNC infiltration and cellular activation (AT1OX-36; T
cells: 44 6 2; monocytes/macrophages: 138 6 57; IL-
2R1 cells 44 6 10). Unlike in untreated AT recipients,
interstitial macrophages in those receiving OX-36 mAb
readily expressed FN (1/11; Figure 2C). Moreover, rec-
reation of rejection was associated with a further up-
regulation of FN deposition (11/111) and VCAM-1
(11/111) and ICAM-1 (11/111) expression in the
vessels (Figure 2, D and E).

Increased Deposition of FN Is Accompanied by
Up-Regulation of Th1-Type Cytokines at the
Graft Site

To address a possible link between intragraft FN expres-
sion and cytokine release, we have used CT RT-PCR and
immunohistology techniques to analyze the expression of
cytokines at mRNA and protein levels in different cardiac
transplant groups. We have previously shown that intra-
graft IL-2 and IFN-g levels are very low in RIB-5/2 mAb-
treated hosts at 24 hours and 7 days after transplanta-
tion.38,45 In our present study, the levels of mRNA coding
for both IL-2 and IFN-g were profoundly depressed in
long-term tolerant recipients (P , 0.005) as compared
with grafts rejected in an accelerated manner (Figure 3A)
or with those undergoing chronic rejection (not shown).
The immunohistochemical analysis confirmed the trans-
lation of mRNAs into relevant proteins (Figure 5, A, B, E,
and F). This marked decrease in Th1-type cytokine ex-
pression in tolerant hosts was accompanied by a lack of
FN expression by infiltrating macrophages. In addition, in
agreement with our immunohistological findings, CD3
mRNA levels were elevated in rejecting controls as well
as in well-functioning CD4 mAb treated hosts at both 40
and 120 days post-transplant (Figure 3A). The 24-hour
cardiac allografts in RIB-5/2 mAb-treated rats show only
modest level of CD3 mRNA expression,45 consistent with
our present histological observations.

Then, to address a possible functional correlation be-
tween macrophage-derived FN and cytokine release at
the graft site, we analyzed IL-2 and IFN-g mRNA levels
after recreation of graft rejection in adoptively transferred
test recipients (Figure 3B). Rats infused with spleen cells
from tolerant hosts show basal intragraft Th-1 type cyto-
kine levels at day 7.38 However, OX-36 mAb-induced

Table 3. Immunohistochemical Analysis of Intramyocardial
Infiltrating MNC in Cardiac Allografts of Adoptively
Transferred Secondary Tolerant versus Rejecting Hosts

Feature AT AT 1 OX36

T cells 25 6 2 44 6 2*
Mono/Mac 68 6 4 138 6 57*
IL-2R1 cells 1 6 1 44 6 10**

Cardiac allografts were harvested from test rat recipients following
transfer of spleen cells from RIB-5/2 mAb-treated tolerant hosts (AT) or
from rat recipients undergoing cardiac allograft rejection after adjunctive
infusion of CD4 depleting mAb (AT 1 OX36). The results are expressed as
mean 6 SD of stained cells in 10 HPF/section/rat. n 5 2–3 rats/group.

*P , 0.05
**P , 0.001
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abrogation of the tolerant state prompted a 2.5-fold and
fivefold increase in the level of mRNA coding for IL-2 and
IFN-g, respectively, in parallel with enhanced FN expres-
sion. Interestingly, we did not find a correlation between
FN expression and Th2-type cytokine program. We con-
firmed our previous findings,38 by demonstrating that
intragraft expression of IL-4 mRNA was virtually abol-
ished, and that of IL-10 mRNA (P , 0.0005) was de-
pressed after RIB-5/2 mAb therapy as compared with the
respective rejecting controls. However, in marked con-
trast with the latter group, the levels of mRNA coding for
IL-4 and IL-10 were greatly increased (P , 0.0001) in
recipients that were adoptively made tolerant by spleen
cells, as compared with the respective rejecting con-
trols. All together, these observations led us to postu-
late that FN expressed by macrophages might have a
regulatory role in Th-1 type IL-2 and IFN-g expression
at the graft site.

Blockade of FN-a4b1 Integrin Interactions
Depresses Intragraft Th1-Type Cytokine
Program

Finally, we examined the role of interactions between FN
and its a4b1 integrin receptor on cellular events and
Th1-type cytokine programs at the graft site. In an at-
tempt to block FN-a4b1 integrin interactions in rejecting
cardiac allografts, adoptively transferred recipients of
test cardiac allografts were conditioned with a course of

Figure 2. Immunohistochemical analysis of FN and VCAM-1 expression after abrogation of the infectious tolerance pathway. Representative immunohistochem-
ical analysis of LBNF1 cardiac allografts in LEW recipients after adoptive transfer of spleen cells from tolerant RIB-5/2 mAb-pretreated hosts (A and B), and after
adjunctive treatment with a depleting CD4 (OX36) mAb that abrogates the ability of spleen cells to confer tolerance (C2E). Analysis of cryostat serial sections
showed moderate and negative staining for FN in the vessels and myocardium, respectively (A). VCAM-1 expression was negative in cardiac allografts of tolerant
recipients (B). Abrogation of tolerance was accompanied by myocardial expression of cellular FN (C) and up-regulation of FN (D) and VCAM-1 (E) expression
in the vessels. Arrows indicate positive labeling. Original magnifications, 3200 (A2C), and 3160 (D and E).

Figure 3. CT RT-PCR-assisted analysis of intragraft mRNA coding for CD3,
CD25, IL-2 and IFN-g. A shows mRNA levels in sensitized ACCR recipients, in
RIB-5/2 mAb-treated hosts (RIB-Rx; at day 40 and 120), and in control cardiac
isografts (day 120). B shows mRNA levels in recipients after transfer of
infectious tolerance by spleen cells from RIB 5/2 mAb-treated hosts (AT) and
in recipients undergoing rejection following adjunctive infusion of CD4-
depleting mAb (AT 1 OX36). OX36 mAb-induced abrogation of the tolerant
state prompted 2.5-fold and fivefold increase in the level of IL-2 and IFN-g
mRNA expression, respectively. Each value represents the mean 6 SD of 2 to
3 analyses of 2 to 3 tissue samples/group.
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synthetic CS1 peptides (1 mg/rat/day i.v. 3 6 days) in
concert with CD4-depleting mAb (OX36; 2 mg/rat i.v. 3 2
days). Control recipients received adjunctive scrambled
peptides instead of bioactive CS1 peptides. The
CS12a4b1 integrin blockage decreased the number of
intragraft T cells by 1/3 (76 6 15 vs. 120 6 27, P , 0.04),
without significantly affecting infiltrating macrophages
(.200 in both groups), and IL-2R1 cells (45 6 4 vs. 73 6
22) (not shown). We then used CT RT-PCR to test for the
expression of mRNA coding for T cells, IL-2R1 cells, IL-2,
and IFN-g (Figure 4). Adjunctive infusion of CS1 peptides
reduced the level of transcripts for CD3 (P , 0.05) with-
out affecting IL-2R mRNA expression, confirming our im-
munohistochemical findings. However, the blockade of
FN-a4b1 integrin interactions markedly depressed intra-
graft expression of Th1-type cytokines. As shown in Fig-
ure 4, IL-2 and IFN-g mRNA levels in CS1 peptide-treated
recipients decreased by factors of 2.8 (P , 0.05) and 3.4
(P , 0.02), respectively. The immunohistology analysis
confirmed the translation of intragraft mRNAs into rele-
vant proteins (Figure 5, C, D, G, and H).

Discussion

We report here the results of our comprehensive studies
on the role of FN during the acquisition of tolerance in a
well-defined rat cardiac allograft model, and demonstrate
a unique pattern of FN expression that may be pivotal to
long-term transplant acceptance. The principal findings
of this work are as follows. First, myocardial macro-
phages failed to express FN despite dense graft infiltra-
tion in tolerant hosts. Second, moderate deposits of FN
were readily detectable in the allograft vessels in the
absence of VCAM-1 and ICAM-1 expression. Third, fail-
ure of FN expression by infiltrating macrophages was
associated with depressed levels of intragraft IL-2 and

IFN-g. Fourth, recreation of acute rejection after depletion
of putative CD4 regulatory T cells that maintain infectious
tolerance in this model, was correlated with up-regulated
expression of FN by macrophages and Th1-type cyto-
kines by graft infiltrating MNC. Finally, blockade of FN-
a4b1 integrin interactions after adjunctive treatment with
synthetic CS1 peptides significantly reduced intragraft
IL-2 and IFN-g mRNA/protein expression in animals given
CD4-depleting mAb.

The role of interactions between b1 integrins and ECM
proteins in regulating lymphocyte adhesion, migration,
and activation is well established.13,46 Although most of
the attention has been focused on integrins activity rather
than their ligands, the variations in ECM composition may
also play an important regulatory role. Indeed, there is
good evidence that ECM protein binding can modulate
integrin expression.47,48 We have previously reported
that up-regulation of FN expression is a very early feature
triggered by transplantation of MHC-incompatible organ,
and that infiltrating MNC preferentially accumulate in in-
terstitial and perivascular areas of rejecting cardiac
transplants.21 Moreover, there is a molecular heteroge-
neity in the FN found in cardiac allografts, where incor-
poration of the splicing domains EIIIA, EIIIB, and V have
distinct temporal and spatial distribution patterns during
rejection.22 The V domain that includes the CS1 region, a
sequence recognized by a4b1 integrin, is known to me-
diate lymphocyte adhesion.11,12 We also demonstrated
that FN is expressed primarily by macrophages in the
myocardium and by endothelial and smooth muscle cells
in the arteries of cardiac allografts.22,23 Indeed, en-
hanced expression of FN has been reported in a number
of pathological states, including cutaneous wounds,49,50

vascular intimal proliferation, myocardial infarctions, hy-
pertensive arteries,51,52 glomerulonephritis,53 and liver
fibrosis.54 The present study corroborates and extends
our earlier findings by documenting that local synthesis of
cellular FN occurs in the myocardium and in the vessels
of cardiac allografts undergoing accelerated or chronic
rejection. The observation that macrophages failed to
express FN despite high number of these cells in long-
term grafts of tolerant hosts represents direct evidence
for an active role of FN in the rejection cascade. The
demonstration of increased FN expression and the ab-
sence of ICAM-1 and VCAM-1 in the vessels during the
acquisition of transplantation tolerance supports the role
this ECM protein may play in the recruitment of MNC at
the graft site.21,23,55,56 Interestingly, the pattern of FN
expression in tolerant grafts was comparable to that in
cardiac isografts. In the latter model, there is an initial
up-regulation of FN expression in the vessels in the ab-
sence of VCAM-1, which correlates with intragraft ap-
pearance of scattered MNC, and negative staining for
cellular FN in the myocardium.22 These observations

Figure 5. Immunohistochemical analysis of IL-2 and IFN-g expression in rat cardiac allografts. Examination of IL-2 (A2D) and IFN-g (E2H) shows that the
tolerant state in RIB-5/2 mAb-treated hosts at 120 days was accompanied by basal staining for Th1 cytokines (B and F). In contrast, recipients undergoing chronic
rejection showed dense expression of both IL-2 and IFN-g (A and E). Adoptively transferred recipients undergoing rejection of test cardiac allografts after infusion
of CD4-depleting mAb (OX36) showed moderate levels of Th1 cytokines (C and G). This contrasted with only mild IL-2 and IFN-g deposition (D and H) after
adjunctive course of CS1 peptides (OX36 1 CS1). Original magnifications, 3100 (A, B, E2H) and 3270 (C and D) (n 5 2). Arrows indicate positive labeling,
and enlargements of those areas are included in the upper right insets of B, F, G, and H (original magnifications, 3420).

Figure 4. CT RT-PCR-assisted analysis of intragraft mRNA coding for CD3,
CD25, IL-2, and IFN-g (day 6 post-transplant). Adoptively transferred sec-
ondary recipients undergoing rejection of cardiac allografts after infusion of
CD4-depleting mAb (OX36) are contrasted with those which received ad-
junctive course of synthetic CS1 peptides (OX36 1 CS1). The levels of mRNA
coding for IL-2 and IFN-g after infusion of CS1 decreased by a factor of 2.8
and 3.4, respectively. Each value represents the mean 6 SD of 2 to 3 analyses
of 2 to 3 tissue samples/group.
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suggest a role for VCAM-1-independent collateral adhe-
sion system(s) to mediate leukocyte sequestration at the
graft site.57 The ischemia/reperfusion injury is mostly re-
solved by 24 hours in cardiac isografts transplanted into
skin-sensitized rat recipients.21 Taken together, there is
evidence that mechanisms regulating FN expression are
likely to vary between individual cell types, and FN ex-
pressed by different sources may have different func-
tional roles. Indeed, our present observation that MNC
accumulate in the myocardium in the absence of cellular
FN in tolerant hosts indicates a role for this ECM protein
that is unrelated to cell migration or tissue positioning.
The demonstration that i) treatment with a nondepleting
CD4 mAb induced tolerance in our transplant model;
ii) tolerant state could be then transferred to new cohorts
of test recipients in an infectious manner by CD41 regu-
latory T cells, and iii) depletion of these regulatory T cells
abrogated infectious tolerance pathway, points to allo-
reactive regulatory CD4 cells as potential regulators of
FN expression. Furthermore, our observation that en-
hanced FN expression up-regulates production of IL-2
and IFN-g indicates that FN by itself may play an active
role in cellular activation. Our results are consistent with
the idea that FN exerts synergistic effects on T cell acti-
vation by acting as a co-stimulator for both CD41 and
CD81 T cells through TCR9,58 and cytokine release. For
example, the density of immobilized CD3 or TCR mAb
required to induce degranulation and tyrosine phosphor-
ylation of cellular proteins by CD81 T cells is about
10-fold lower in the presence of FN.9 Several studies
have also shown that adhesion to FN activates tyrosine
phosphorylation of several T cell proteins.9,59,60 The pro-
duction of IL-2, IFN-g, and tumor necrosis factor-a are
also stimulated in vitro by interactions between CD41
cells and FN.61–64 Indeed, it has been reported that
binding of CD41 cells to ECM proteins, most likely
through conformational changes resulting in better pre-
sentation to their receptor, may in turn enhance cytokine
activity.65–67

To address the role of FN-a4b1 integrin interactions in
our transplant model, we administered CS1 peptides into
recipients in which tolerance had been abrogated and
cardiac allograft rejection recreated after treatment with a
CD4-depleting mAb. Adjunctive infusion of bioactive CS1
peptides not only reduced the number of infiltrating MNC,
but also diminished intragraft IL-2 and IFN-g expression,
consistent with the regulatory role of FN in Th1-type cy-
tokine network.26 Our results corroborate previous re-
ports showing that CS1 peptides partially inhibited T cell
migration to skin inflammatory areas in a murine contact
hypersensivity model,68 and interrupted multiorgan cel-
lular infiltration in transforming growth factor-b1-deficient
mice.69 Moreover, CS1 splicing variant of FN has also
been implicated in the pathology of rheumatoid arthri-
tis.70 As CS1 motif was selectively expressed in the en-
dothelium of rheumatoid arthritis synovium, treatment
with CS1 peptides abrogated the binding of T lympho-
blastoid cells to RA synovial sections.71 Moreover, CS1
peptides inhibited leukocyte recruitment and resulted in
partial attenuation of acute inflammatory response, with
almost complete blockade of chronic inflammation in an

erosive rat model of polyarthritis.42 Treatment with CS1
peptides prevented the development of accelerated cor-
onary arteriopathy and reduced T cell infiltration in heart
transplants of cholesterol-fed rabbits.55 Finally, we have
recently showed that treatment of rats with CS1 peptides
not only abrogated acute rejection,26 but also prevented
the development of chronic rejection27,72 in rat cardiac
allograft recipients.

In addition to the CS1 binding domain, FN has other
active sites, such as KLDAPT, a recently described li-
gand for activated a4 integrins,73 or the RGD domain, the
ligand for a5b1.74 In a5-null cells plated on FN, aV inte-
grins can compensate functionally the loss of a5b1 in
focal contacts.75 It is also becoming appreciated that
integrins are promiscuous, ie, an individual integrin can
bind different ligands. For example, adhesion of B lym-
phocytes to FN is mediated exclusively by the interaction
between a4b1 and the CS1 domain.76 However, antigen
activation can induce a4b1 integrin expression on B cells
to recognize the RGD domain.77 These data show the
flexibility of a4b1 integrin in recognizing other domains in
the FN molecule, and support the important role this ECM
protein may play in an array of lymphocyte biological
functions.

It remains to be determined how different cell types
regulate FN expression in vivo. Although transforming
growth factor-b1 is well known to increase FN expression
by fibroblasts, its role in modulating FN expression in
other cell types remains unclear.78,79 Our present results
suggest a participation of the CD4 cell in the regulation of
FN expression by macrophages; however, the signals
involved in the communication T lymphocytes and mac-
rophages toward FN expression remain unknown. Future
studies on regulation of FN expression by different cell
types, in particular macrophages, should provide much
needed functional criteria for the design of novel thera-
peutic strategies.
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