J c I The Journal of Clinical Investigation

Modification of alternative messenger RNA splicing of fibroblast
growth factor receptors in human cardiac allografts during
rejection.

XM Zhao, ..., T KYeoh, G G Miller

J Clin Invest. 1994;94(3):992-1003. https://doi.org/10.1172/JCI117466.

Research Article

Accelerated coronary atherosclerosis in cardiac transplants (cardiac allograft vasculopathy, CAV) is characterized by
coronary intimal hyperplasia. Acidic fibroblast growth factor (aFGF) is a potent mitogen for vascular smooth muscle cells
and endothelial cells, and its expression is increased in cardiac allografts, suggesting it may play a role in the
pathogenesis of CAV. The activity of aFGF is dependent on binding to transmembrane receptors. To investigate whether
receptors for aFGF are also induced after transplantation, polymerase chain reaction, in situ hybridization, and
immunohistochemistry were used to analyze expression of four receptors for aFGF (FGFR1-FGFR4). Expression of
mRNA encoding extracellular immunoglobulin-like domains of FGFR1 was increased 35-fold in cardiac allografts
compared with normal hearts and was predominantly present in cardiac myocytes and vascular structures. Alternatively
spliced mMRNA that encodes transmembrane forms of FGFR1, which contain the signal-transducing tyrosine kinase
domains, was induced in allografts during rejection, in infiltrating cells, vascular structures, and myocytes. In vitro
experiments showed that differential expression of FGF receptor isoforms was induced by aFGF, and also by IL-6 and
TGF-beta, which are expressed in cardiac allografts during rejection. The results show that expression of both aFGF and
its receptors is altered in cardiac allografts and suggest that these events are important in the pathogenesis of CAV.

Find the latest version:

https://jci.me/117466/pdf



http://www.jci.org
http://www.jci.org/94/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI117466
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/117466/pdf
https://jci.me/117466/pdf?utm_content=qrcode

Modification of Alternative Messenger RNA Splicing of Fibroblast Growth
Factor Receptors in Human Cardiac Allografts during Rejection

Xiao-Ming Zhao,* William H. Frist,** Tiong-Keat Yeoh,* and Geraldine G. Miller*$
* Vanderbilt Transplant Center, Departments of * Thoracic Surgery and ® Medicine, Vanderbilt University School of Medicine, Nashville,

Tennessee 37232

Abstract

Accelerated coronary atherosclerosis in cardiac transplants
(cardiac allograft vasculopathy, CAV) is characterized by
coronary intimal hyperplasia. Acidic fibroblast growth fac-
tor (aFGF) is a potent mitogen for vascular smooth muscle
cells and endothelial cells, and its expression is increased
in cardiac allografts, suggesting it may play a role in the
pathogenesis of CAV. The activity of aFGF is dependent on
binding to transmembrane receptors. To investigate
whether receptors for aFGF are also induced after trans-
plantation, polymerase chain reaction, in situ hybridization,
and immunohistochemistry were used to analyze expression
of four receptors for aFGF (FGFR1-FGFR4). Expression
of mRNA encoding extracellular immunoglobulin-like do-
mains of FGFR1 was increased 35-fold in cardiac allografts
compared with normal hearts and was predominantly pres-
ent in cardiac myocytes and vascular structures. Alterna-
tively spliced mRNA that encodes transmembrane forms of
FGFRI1, which contain the signal-transducing tyrosine ki-
nase domains, was induced in allografts during rejection, in
infiltrating cells, vascular structures, and myocytes. In vitro
experiments showed that differential expression of FGF re-
ceptor isoforms was induced by aFGF, and also by IL-6 and
TGF-B, which are expressed in cardiac allografts during
rejection. The results show that expression of both aFGF
and its receptors is altered in cardiac allografts and suggest
that these events are important in the pathogenesis of CAV.
(J. Clin. Invest. 1994. 94:992-1003.) Key words: allograft
vasculopathy - heart transplantation ¢ atherosclerosis ¢ in-
terleukin-6 « transforming growth factor-g

Introduction

A form of accelerated atherosclerosis, termed cardiac allograft
vasculopathy (CAV),' is the leading cause of late death in
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heart transplant recipients and is estimated to affect > 40% of
recipients who survive over 4 yr after transplantation (1-3).
Improvements in immunosuppressive treatment have had little
impact on CAV (1, 2, 4-9), thus, this lesion is a major impedi-
ment to the long-term success of heart transplantation.

CAV differs from native atherosclerosis in its diffuse, con-
centric involvement of both small and large vessels and the
rapidity with which it develops after transplantation (1, 3, 10).
The mechanisms underlying CAV are not well understood. Im-
munologic injury is suspected to play an important role in the
development of CAV (11); although controversial, increasing
clinical evidence supports a correlation between allograft rejec-
tion episodes and occurrence of CAV (1, 2,4-9). Conventional
risk factors for native atherosclerosis have not been well corre-
lated with CAV (1, 2, 4-9, 12).

The histologic appearance of CAV typically demonstrates
marked proliferation and hyperplasia of vascular smooth muscle
cells (SMC) and endothelial cells (EC) with minimal intimal
disruption (3, 10). These findings suggest that growth factors
for SMC and EC may contribute to the pathogenesis of the
disease. Fibroblast growth factors (FGF) and PDGF are be-
lieved to be important cofactors in the genesis of native athero-
sclerosis in which myointimal proliferation also occurs, but in
a much more circumscribed fashion (13-16). Experiments re-
ported recently have shown directly that in vivo introduction
of a gene construct encoding acidic FGF (aFGF) into intimal
cells of normal porcine iliofemoral arteries resulted in rapid and
striking vascular SMC proliferation and vascular stenosis (17).
Earlier studies, using a canine ischemia model, found that aFGF
induced vascular SMC proliferation, similar to that seen in
CAV, only in areas of ischemic injury (18). Data from other
laboratories have demonstrated expression of basic FGF in hu-
man cardiac allografts (19). These results thus provide strong
support for the hypothesis that growth factors, including aFGF,
are important in the smooth muscle hyperplasia that is an inte-
gral part of atherosclerosis in transplanted hearts.

Our recent studies in transplanted human hearts have shown
that expression of aFGF is increased significantly in the majority
of cardiac allografts shortly after transplantation (20, 21). Hu-
man T cells, which are invariably present within allograft myo-
cardium, also may be a source of aFGF (20). Thus, in human
cardiac allografts, increased production of aFGF may be directly
mitogenic for vascular SMC, and immunologic injury rather
than ischemia may play a role in augmenting response to aFGF.
Responsiveness to aFGF is dependent upon binding of this li-
gand to high affinity FGF receptors (FGFR). Changes in re-
sponse to aFGF, therefore, could be mediated by alterations in
expression of its receptors.

At least two of the four cloned receptors for aFGF, FGFR1
and FGFR2, exist in multiple isoforms due to alternative mRNA
splicing (22-27). This process, which occurs in a tissue-spe-
cific fashion in many eukaryotic cells, generates multiple



mRNA transcripts from a single pre-mRNA. In this manner,
diversity in protein structure and function is generated by ex-
pression of multiple isoforms from a single gene. In the case
of FGFR1 and FGFR2 genes, alternative splicing results in
receptors with different ligand affinities and distinct signaling
capacities (22, 23, 25-27). For example, isoforms of FGFR1
that are present in some normal tissues, including the heart (28,
29), lack the intracellular tyrosine kinase domain and hence
are incapable of transducing mitogenic signals. The function of
such receptors is not yet known.

In the present studies, we have used the reverse tran-
scriptase/polymerase chain reaction (RT/PCR), in situ hybrid-
ization, and immunohistochemistry to examine expression of
aFGF and FGF receptors in biopsies obtained from cardiac
allografts and normal donor hearts before transplantation. The
results demonstrate that expression of aFGF and one of the four
FGF receptors, FGFR1, is increased significantly in allografts
compared with normal hearts. In addition, an isoform of FGFR1
generated by alternative mRNA splicing that includes the tyro-
sine kinase domain is expressed in allografts during rejection
but is not found in normal hearts. These findings show that
transplantation and rejection episodes can modify the usual tis-
sue-specific patterns of alternative mRNA splicing to generate
proteins that are not expressed in the normal myocardium, and
we postulate that these events may also occur in the larger
coronary arteries during the development of CAV.

Methods

Myocardial biopsies from cardiac allografts and pretransplant normal
donor hearts. 20 myocardial biopsies from 20 heart transplant recipients
(mean age, 44*11 yr old; mean follow-up, 17+14 mo) and 5 biopsies
from 5 normal donor hearts before transplantation were analyzed for
expression of aFGF and FGF receptor genes by PCR. For controls,
myocardium from pretransplant normal donor hearts was obtained from
the right ventricle immediately after organ excision. Allograft myocar-
dial biopsies were obtained at the usual routine intervals after trans-
plantation to monitor transplants for histologic rejection and when clini-
cally indicated. Histologic examination and PCR studies on simultane-
ously obtained biopsies were performed independently. Of the 20
allograft biopsies studied, 14 showed no signs of rejection. Of the re-
mainder, four and two showed mild (grade I) and moderate (grades II
and III) rejection, respectively, using criteria established by the Interna-
tional Society for Heart Transplantation. 18 myocardial biopsies from
15 allografts and 3 normal hearts were studied by in situ hybridization
and immunohistochemistry (6 rejecting and 9 nonrejecting allografts).
One sample was obtained from autopsy material in a patient who died
with severe acute rejection. Biopsies were embedded in OCT compound
(Miles Laboratories Inc., Elkhart, IN) immediately after biopsy and
stored at —70°C until cutting. All patients participating in this study
received standard immunosuppression with cyclosporine, azathioprine,
and prednisone. The studies were approved by the Institutional Review
Board.

Human umbilical vein endothelial cell (HUVEC) culture. HUVECs
(Clonetics Corp., San Diego, CA) were grown on gelatin-coated plates
in endothelial cell growth medium (EGM; Clonetics Corp.), supple-
mented with 2% heat-inactivated FBS, 1 ug/ml hydrocortisone, 50 ug/
ml gentamicin, 50 pg/ml amphotericin B, bovine brain extract, and
10 ng/ml epidermal growth factor. Cultures were expanded by trypsin
treatment and subculturing at 1:5 split ratio. Cells from passage 3 or 4
were used in these experiments. After reaching 80% confluence, to
induce quiescence HUVECs were cultured for 72 h in growth factor—
free medium (EBM; Clonetics Corp.), supplemented with 10% FBS.
To test the effects of growth factors and cytokines on FGFR, quiescent
cells were treated with recombinant human aFGF (10 ng/ml), recombi-

nant human IL-6 (15 ng/ml), TGF-8 (1 ng/ml) (all from R&D Systems,
Inc., Minneapolis, MN ) or PMA (100 ng/ml; Sigma Immunochemicals,
St. Louis, MO) for 1, 2, 4, 8, or 12 h. Heparin (10 U/ml) was added
to medium with aFGF. Cells were harvested directly into lysis buffer
for RNA preparation.

Isolation of RNA from myocardial biopsy specimens and HUVECs.
Individual biopsies for RT/PCR were placed in sterile freezer vials
(Nunc, Roskilde, Denmark) and stored at —70°C until used for RNA
preparation. Total RNA was isolated from myocardial biopsy specimens
by the guanidinium thiocyanate-phenol chloroform method (30)-in 500
pl homogenization buffer. The RNA was dissolved in 10 ul diethyl
pyrocarbonate—treated distilled water for reverse transcription reaction.
RNA from HUVECs was isolated using Tri-Reagent (MRC, Cincinnati,
OH) as suggested by the manufacturer. »

RT and PCR. Total RNA isolated from myocardial biopsies, HU-
VECs, and control cultured human kidney endothelial cells (KEC,
kindly provided by Dr. T. O. Daniel, Vanderbilt University) was used
as template for cDNA synthesis with oligo dT and MMLYV reverse
transcriptase (GIBCO BRL, Gaithersburg, MD) as suggested by the
manufacturer. For HUVECs and KECs, 2 ug of total RNA of each
sample was used as template for cDNA synthesis. For myocardial biop-
sies, the amount of tissue was too small to allow quantitation of RNA,
therefore the total yield from each specimen was used as template for
cDNA synthesis in a final reaction volume of 25 ul, and 1 ul was used
for each PCR. The Oligo program (version 4.0; National Biosciences,
Plymouth, MN) was used to design some of the primers used, and
others have been reported previously. For FGF receptor 1, five pairs of
primers were used so that expression of various FGFR1 transcripts
generated by alternative mRNA splicing could be detected (see Table
I and Fig. 2). Primer pairs are identified by the extracellular Ig-like
domain or kinase domain they amplify. Primers for the second Ig-like
domain (primer II) and the antisense primers for exons that generate
the alternative second half of the third Ig-like domain (IIla, IIIb, and
IIIc) have been reported previously (24). Primer pairs Ia, IIIb, and
IIc use the same 5’ sense primer, which hybridizes to a sequence in
the acidic box, and antisense primers specific for the alternatively spliced
exons encoding the second half of the third Ig-like domain. Primer pair
K amplifies cDNA encoding the transmembrane and tyrosine kinase
domains. For the remaining FGF receptors (FGFR2, FGFR3, and
FGFR4), two pairs of primers were used. Primers designated ‘I’ am-
plify cDNA encoding the first extracellular Ig-like domain of each recep-
tor. Primers designated ‘‘K’’ amplify cDNA encoding the transmem-
brane and tyrosine kinase domains (see Table I and Fig. 2). Primers
for the constitutively expressed human glyceraldehyde-3-phosphate de-
hydrogenase gene (GAPDH; Clontech Laboratories, Inc., Palo Alto,
CA) were used as a positive control. PCR reactions were performed in
10 mM Tris/HCI, pH 8.3, 50 mM KCl, 1.5 mM MgCl,, 0.2 mM dNTP,
with 2 U of Taq polymerase (Perkin-Elmer Cetus Corp., Norwalk, CT).
Primers were added at a final concentration of 0.5 uM. Reactions were
carried out in a DNA Thermal Cycler (Perkin-Elmer Cetus Corp.) for
35 cycles including denaturing at 94°C for 1 min, annealing at 48—60°C
for 1 min, and extension at 72°C for 2 min for each cycle. PCR products
were analyzed on 2% ethidium bromide—stained agarose gels.

Quantitation of mRNA expression. For HUVEC RNA, PCR analyses
for each primer pair were performed using cDNA template derived
from 80 ng of total RNA. RNA from myocardial biopsies could not be
quantitated because of the small size of the biopsies (< 1 mm®). There-
fore, PCR studies on myocardial biopsies for each primer pair were
routinely performed with one-twentyfifth of the total cDNA (1 ul).
Initial experiments to detect expression of the first extracellular Ig-like
domain of FGFR1 showed that this transcript was present in both normal
hearts and allografts, but with much greater intensity in PCRs from
allografts. Previously described quantitative PCR methods require rela-
tively large amounts of cDNA since multiple PCRs are performed with
fixed amounts of cDNA and varying dilutions of competitor. The amount
of cDNA from the myocardial biopsies is rather limited, and the compet-
itor approach does not correct for difference in the size of the biopsies.
Therefore, the following alternative approach was used. The amount of
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Figure 1. In situ hybridization and immunohistochemistry of myocardial biopsies. A shows in situ hybridization. Upper panels (a, b, and c) show
biopsy from transplanted heart. Lower panels (d, e, and f) show biopsy from normal heart. a and d are negative controls hybridized with sense
probe for GAPDH; b and e are positive controls hybridized with antisense probe for GAPDH; ¢ and f are hybridized with antisense probe for
aFGF. All the probes were labeled with digoxigenin, and signals were detected by AP-conjugated antidigoxigenin antibody. Positive hybridization
is seen as blue precipitates. B shows immunohistochemistry stain. Upper panels (a and b) show biopsy from transplanted heart. Lower panels (¢
and d) show biopsy from normal héart. a and c are negative controls, stained with peroxidase-conjugated goat anti—mouse IgG antibody alone; b
and d are stained with monoclonal anti-aFGF and subsequently with peroxidase-conjugated goat anti—mouse IgG antibody. Positive peroxidase

reaction gives a brown color. X100.

FGFR1 cDNA was normalized to the amount of cDNA for GAPDH in
each biopsy. This was done by performing parallel PCRs for the first
Ig-like domain of FGFR1 and GAPDH on serial twofold dilutions of

cDNA from each biopsy to determine the highest dilution or titer of-

cDNA yielding a positive PCR for each message (see Fig. 3). Since
GAPDH mRNA is expressed constitutively, the highest dilution or titer
of GAPDH cDNA reflects the starting mRNA concentration. A numeri-
cal value for FGFR1 expression in each biopsy was derived from the
ratio of the last dilution giving a positive PCR for FGFR1 divided by
the last dilution giving a positive PCR for GAPDH. This value reflects
the amount of FGFR1 cDNA present per unit of GAPDH cDNA in
each biopsy.

In situ hybridization and immunohistochemistry. Myocardial biop-
sies used for histology were embedded in OCT compound (Miles Labo-
ratories Inc.) immediately after biopsy and stored at —70°C until cutting.
Sections were cut (6 um) and fixed in 3% paraformaldehyde/PBS. In
situ hybridization was performed using the In Situ Workstation (British
Bio-technology Products, Abingdon, UK) and solutions as recom-
mended by the manufacturer (21). Briefly, the slides were washed in
PBS three times after fixation and incubated in 2X SSC at 60°C for 10
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min. For proteolytic enzyme digestion to expose the target RNA in the
section, the slides were incubated with proteinase K (1 pg/ml; British
Bio-technology Products) at 37°C for 15 min, and the reaction was
stopped by fixing in precooled 0.4% paraformaldehyde/PBS for 20
min. After fixation, the slides were washed with PBS and subsequently
incubated with prehybridization solution containing 0.6 M salt, 30%
formamide, and 150 pg/ml sonicated salmon sperm DNA (British Bio-
technology Products) for 2 h. Digoxigenin-labeled probes were added
to fresh prehybridization solution (200 ng/ml), and hybridization was
carried out for 16 h at 37°C. Probes were single-stranded DNA oligonu-
cleotides labeled by 3' tailing with digoxigenin-11-dUTP and terminal
deoxynucleotide transferase (Boehringer Mannheim Corp., Indianapo-
lis, IN). The oligonucleotide probes used for in situ hybridization were
antisense aFGF (5'-cagaagagactggcagggggag) and antisense FGFR1
(5'-tgaaacattgacggagaagtaggtg) probes which hybridize to the first Ig-
like domain and to a sequence in the tyrosine kinase domain (5'-gttgta-
geagtattccagec). An antisense probe for GAPDH was used for each
sample as a positive control (5’-catgtgggccatgaggtccaccac) to ensure
that mRNA in myocardial biopsies was intact. A sense probe for
GAPDH (5'-tgaaggtcggagtcaacggatttggt) served as the negative control
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to demonstrate that hybridization was specific for RNA, and DNA was
not being detected. After hybridization, slides were washed sequentially
with 4, 2, and 0.2X SSC, all containing 30% formamide at 37°C, and
then with 0.1% Triton X-100/TBS. The slides were equilibrated in
Genius buffer 1 (150 mM NaCl, 100 mM Tris, pH 7.5) (Boehringer
Mannheim Corp.) for 5 min and blocked with Genius buffer 2 (150
mM NaCl, 100 mM Tris, pH 7.5, 2% blocking reagent; Boehringer
Mannheim Corp.) for 30 min. Alkaline phosphatase—conjugated sheep
polyclonal anti-digoxigenin Fab fragments (1.5 U/ml in Genius buffer
2; Boehringer Mannheim Corp.) were used to detect digoxigenin-labeled
probes. The slides were incubated with antibody for 2 h and washed
with Genius buffer 1. The slides were equilibrated in Genius buffer 3
(100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl,) for 5 min and
then incubated with NBT/X-phosphate substrate overnight to detect the
color change (nitroblue tetrazolium, 340 ng/ml in Genius buffer 3 plus
5-bromo-4-chloro-3-indolyl phosphate toluidinium, 180 ng/ml; Boeh-
ringer Mannheim Corp.) and subsequently counterstained with hematox-
ylin-eosin. Positive hybridization appears as a blue precipitate.

For immunohistochemistry staining, samples were initially pro-
cessed as described above. After cutting and fixing, slides were treated
with 3% hydrogen peroxide/methanol for 20 min and then washed with
PBS. After 30 min of blocking with 5% BSA, slides were incubated
with anti-aFGF (15 pug/ml in 1% BSA/TBS) or anti-FGFR1 (1:100)
for 2 h at room temperature. The antibodies used for these studies
were mouse monoclonal anti-aFGF (UBI, Lake Placid, NY), mouse
monoclonal antibody directly against the first Ig-like domain of FGFR1
(M2F12, kindly provided by Dr. Wallace McKechan, Texas A and M
University, Houston, TX) (31), and rabbit polyclonal antibody to the
carboxy terminus of the tyrosine kinase domain of FGFR1 (E22K, a
gift from Dr. McKeehan) (31). After incubation and washing with PBS,
slides were then incubated with peroxidase-conjugated second antibody
(goat anti—mouse IgG, 1:200 in 1% BSA/TBS [UBI], or goat anti—
rabbit IgG, 1:500 dilution [ Southern Biotechnology, Birmingham, AL])
and subsequently stained with 3,3’-diaminobenzidine (Sigma Immuno-
chemicals) followed by counterstaining with hematoxylin.

Statistical analysis. Receptor gene expression in cardiac allografts
and normal donor hearts was compared by Wilcoxon rank test. Correla-
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tion of receptor gene expression with histological rejection and growth
factor gene expression was analyzed by Fisher’s exact test.

Results

Expression of aFGF mRNA and protein in cardiac allografts.
aFGF is a potent mitogen for SMC and EC. Our previous studies
using PCR have shown that expression of aFGF is markedly
increased in cardiac allografts and that human T cells can pro-
duce aFGF (20, 21). These results were confirmed using in situ
hybridization (Fig. 1 A) and immunohistochemistry (Fig. 1 B).
Positive controls with an antisense probe for GAPDH show that
mRNA is intact in biopsies from a cardiac allograft and normal
donor heart (Fig. 1 A, panels b and e). Negative controls with
a sense probe for GAPDH demonstrate that hybridization is
specific for RNA (Fig. 1 A, panels a and d). Hybridization with
an antisense aFGF oligonucleotide shows strong hybridization
in the allograft biopsy (Fig. 1 A, panel ¢) with little or no aFGF
mRNA detected in the normal heart (Fig. 1 A, panel ). aFGF
is found in myocytes, vessel walls, and infiltrating mononuclear
cells (data not shown). Immunohistochemistry (Fig. 1 B) con-
firmed that expression of aFGF mRNA (Fig. 1 A) results in
markedly increased production of aFGF protein in cardiac allo-
grafts compared with normal hearts (Fig. 1 B, panel b versus
panel d).

Expression of FGF receptor genes in cardiac allografts.
FGFs act by binding to high-affinity plasma membrane recep-
tors (22). Therefore, the finding that aFGF expression was
rapidly and stably increased after transplantation prompted us
to examine the expression of receptors that bind aFGF. Four
genes belonging to the FGF receptor family have been identified
in human tissues (FGFR1, FGFR2, FGFR3, and FGFR4) (22,
32-36). FGFR1 and FGFR?2 are expressed as multiple isoforms
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Table I. Primers Used for PCR*

FGFR1 5'-ATTCGGGATGTGGAGCTGGAAGTGC-3'
I 5'-TGAAACATTGACGGAGAAGTAGGTG-3'

5'-CTCTTCAGAGGAGAAAGAAACAGATA-3'

II 5'-CCGTACTCATTCTCCACAATGCA-3’
5'-CTCTTCAGAGGAGAAAGAAACAGATA-3'

Ma  5'-GACTGGCCCACGAAGACTGGTGCCAT-3’
5'-CTCTTCAGAGGAGAAAGAAACAGATA-3'

b 5'-TCTGGTGACAGTGAGCCA-3'
5'-CTCTTCAGAGGAGAAAGAAACAGATA-3’

Ic 5-CATCTCTTTGTCGGTGGTATTAACTCCA-3’
5'-GACAAAGAGATGGAGGTGCT-3’

K 5'-GTTGTAGCAGTATTCCAGCC-3’

FGFR2 5'-GGTCGTTTCATCTGCCTGGT-3'
I 5'-CCTTCCCGTTTTTCAGCCAC-3’
5'-GTCCATCAATCACACGTACCACCTG-3’

K 5'"-AATCATCTTCATCATCTCCATCTCT-3'

FGFR3 5'-GGGGCCCACTGTCTGGGTCAAG-3’
I 5'-GTCTTCGTCATCTCCCGAGGAT-3’
5'-GCAGCATCCGGCAGACGTACAC-3’

K 5'-GGCGGCCCGGTCCTTGTCAATG-3’

5'-CCTGTTGGGGGTCCTGCTGAGTGTG-3'
I 5'-CTTGCTGGGGGTAACTGTGCCTATT-3’
5'-GGCAGCATCCGCTATAACTACC-3'
K 5'-GCCACAGTGCTGGCTTGGTCAG-3'

FGFR4

* For each pair, the 5’ sense primer is listed first.

generated by alternative mRNA splicing (22-27). As shown
in Fig. 2, full length FGFR1 is comprised of a signal peptide,
three extracellular Ig-like domains, transmembrane, and intra-
cellular tyrosine kinase domains (Fig. 2 b). Three alternative
exons encoding the second half of the third Ig-like domain (1Ia,
IIIb, and IlIc) have been identified in genomic DNA. Usage of
one of these alternative exons (exon 5, encoding IllIa) results
in a secreted form of FGFR1 (Fig. 2 a). Inclusion of either
exon 6 (encoding IITb) or exon 7 (encoding IMlc) in the FGFR1
transcript results in transmembrane forms of FGFR1 that pre-
sumably also include kinase domains capable of signal transduc-
tion (Fig. 2, b and c). Both ITIb and IIIc variants bind aFGF
with high affinity, although receptor isoforms with IIIb have a
50-fold lower affinity for basic FGF than does the Illc form
(24, 25). In addition, isoforms containing one and two Ig-like
domains (Fig. 2 ¢) have been reported (22). The extracellular
domains are responsible for ligand binding, specificity, and af-
finity, while the intracellular tyrosine kinase domain is required
for signal transduction and mitogenesis. Expression of FGFR
isoforms varies in different tissues and with different members
of the FGFR family (28, 29). Normal hearts have been reported
to express isoforms of FGFR1 containing only extracellular
domains (e.g., Fig. 2 a) while skin and some tumor cells express
isoforms with both extracellular and intracellular domains (e.g.,
Fig. 2, a-c) (28).

In the following experiments, two pairs of primers (I and
K, Table I, Fig. 2) were used for each of the four FGF receptor
genes (FGFR1-4) to detect expression of isoforms with and
without kinase domains. The I primers detect transcripts that
include the first extracellular Ig-like domains (e.g., Fig. 2, a
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and b) of each FGF receptor, and the K primers amplify tran-
scripts that include the tyrosine kinase domains of each receptor
(e.g., Fig. 2, b and c). For FGFR1, four additional primer pairs
were used to identify expression of the second Ig-like domain
(primer pair IT) and the three alternative exons encoding the 3’
end of the third Ig-like domain (primer pair IIla, IIb, Iic).
All of the primer pairs span at least one intron and therefore
do not amplify genomic DNA (Fig. 2).

Preliminary experiments (not shown) using primer I for
FGFR1 (FGFR1-I) demonstrated that transcripts encoding the
first extracellular Ig-like domain of FGFR1 were detected in
both allografts and normal donor hearts. However, the bands in
PCRs from allografts were much brighter than those with nor-
mal hearts, suggesting there were quantitative differences in
expression of this mRNA. Therefore, the amount of FGFR1-I
cDNA was compared with the amount of GAPDH cDNA pres-
ent in each biopsy by performing PCRs on serial twofold dilu-
tions of cDNA to obtain a ratio of FGFR1-I cDNA per unit
of GAPDH cDNA. This approach also corrects for potential
differences in the amount of starting mRNA due to differences
in the size of the biopsies. An example of such a titration using

‘primers for FGFR1-I and GAPDH is shown in Fig. 3. In this

biopsy, a final dilution of 1:32 of the starting cDNA yielded
the last positive PCR for both GAPDH and FGFR1-I cDNA
amplified by primer I, giving a ratio of 1. Similar titrations were
performed for the remaining biopsies as shown in Table II
(column 5). There was a 35-fold increase in FGFR1-I tran-
scripts in allografts compared with normal donor hearts while
the amounts of GAPDH cDNA were not significantly different
in allograft biopsies compared with biopsies from normal donor
hearts (P = 0.75). The mean FGFR1-I/GAPDH ratio was
2.41+2.02 in allograft myocardial biopsies and 0.07+0.04 in
pretransplant hearts (P < 0.001, Wilcoxon rank test) (Table
II, column 5). There was no correlation between the FGFR1-
I/GAPDH ratio and diagnosis of histological rejection.

As shown in Fig. 2, alternative splicing of FGFR1 may lead
to transcripts that either include (Fig. 2, a and b) or lack (Fig.
2 c) the first Ig-like domain detected by PCR with primer I.
However, most isoforms of FGFR1 are believed to include the
second Ig-like domain. PCRs with primer II to detect expression
of transcripts including the second Ig-like domain were positive
in all of the normal hearts and in 19 of the 20 allografts tested
(Fig. 4, FGFR1 (II), and Table II, column 6). These results are
consistent with the data presented above that show expression of
transcripts including FGFR1-I in all biopsies. As we had ob-
served initially with the PCRs using primer I for FGFR1, PCRs
with primer II also showed that the bands with cDNA from
allografts were considerably brighter than those found with
cDNA from normal hearts. The greater intensity of PCR bands
found for the second Ig-like domain suggests that transcripts
including this domain are also increased in allografts compared
with normal hearts.

Alternative usage of exons encoding the 3’ half of the third
Ig-like domain determines whether the transcript results in a
secreted form of FGFR1 or one that is anchored in the mem-
brane and potentially capable of mediating the actions of aFGF
via the kinase domain (Fig. 2). PCRs were performed with
primer pairs specific for each of these exons and the kinase
domain of FGFR1 (Fig. 4, rows 2-5). Transcripts encoding
the secreted form of FGFR1 were present in 19 of 20 allografts
and in all 5 normal hearts (primer II/Ila, Fig. 4, and Table II,
column 7). In contrast, transcripts including the transmembrane



MW Dilutions of cDNA Primer Position
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Un 1:4 1:16 1:32 1:641:128 1:256 1:512
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Figure 3. Quantification of FGFR1 mRNA in myocardial biopsies. Representative agarose gel electrophoresis of parallel PCRs for the extracellular
first Ig-like domain of FGFR1 (FGFR1-1) and GAPDH on serial twofold dilutions of cDNA from an allograft biopsy. A numerical value for
FGFR1-I expression per unit of GAPDH c¢DNA in each biopsy was obtained from the ratio of the last dilution giving a positive PCR for FGFR1-
I divided by the last dilution giving a positive PCR for GAPDH. Un, undiluted cDNA; FGFRI (1), extracellular first Ig-like domain of FGFR1;
position of the primers used in PCR is indicated.

forms of the third Ig-like domain were detected only in allo- grafts, and 6 of these were biopsies showing rejection. Tran-
grafts (primers II/IIIb and II/HIIc, Fig. 4, and Table II, columns scripts including ITIb were found in 5 of 20 allografts, 3 with
8 and 9). mRNAs including Illc were found in 8 of 20 allo- rejection and 2 without. Transcripts that include the kinase do-

Table Il. FGF Receptor Gene Expression in Cardiac Allografts and Pretransplant Hearts

FGFR1
Patient number Age Tx* Rjxn* grade FGFR1-I' GAPDH I Ila L) IIic K
yr mo
1 16 40 0 4.00 (256/64) + + - - -
2 14 48 IB 0.13 (2/16) + + + + +
3 53 5 0 2.00 (128/64) + + - - -
4 14 72 0 4.00 (128/32) + + + + -
5 59 58 0 2.00 (32/16) + + - - -
6 59 11 0 4.00 (64/16) + + + - -
7 46 35 0 2.00 (16/08) + + - - -
8 50 64 0 4.00 (64/16) + + - + -
9 56 40 0 4.00 (64/16) + + - - -
10 39 24 0 0.25 (2/8) - - - - -
11 35 6 0 1.00 (32/32) + + - - -
12 53 33 0 4.00 (64/16) + + - - -
13 49 20 0 1.00 (16/16) + + - - -
14 18 5 IB 0.50 (16/32) + + - + +
15 13 70 IA 1.00 (16/16) + + - + +
16 12 10 IIA 4.00 (64/16) + + + + +
17 50 "8 IA 1.00 (16/16) + + - + -
18 55 14 0 8.00 (128/16) + + - - -
19 45 8 IB 1.00 (64/64) + + + + +
20 50 9 0 0.25 (8/32) + + - - -
Mean 39 + 33 29 + 45 2.41 + 2.02! 19/20" 19/201 5/20" 8/201 5/20"
1 PreTx** 0.06 (1/16) + + - - -
2 PreTx 0.13 (8/64) + + - - -
3 PreTx 0.02 (2/32) + + - - -
4 PreTx 0.02 (2/128) + + - - -
5 PreTx 0.06 (2/32) + + - - -
Mean 0.07 + 0.04" 5/5% 5/51 o/5' o/5! o/51

I P < 0.001 (Wilcoxon rank test). # FGFR1-I/GAPDH is the ratio of FGFR1-I cDNA relative to cDNA for GAPDH as described in Methods and
Fig. 3. Numbers in parentheses are last dilution of cDNA yielding a positive PCR for FGFR1-I/last dilution yielding a positive PCR for GAPDH.
* Months after heart transplantation. * Histological rejection on simultaneously obtained biopsy. 1 Number of biopsies positive for gene expression.
** Biopsies from normal donor hearts before transplantation.
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Figure 4. Expression of FGFR1 isoforms in myocardial biopsies. Representative agarose gel electrophoresis of RT/PCR from myocardial biopsies.
Position of each primer pair is indicated at the right. PCR products amplified with different primers from the same biopsy are displayed in the same
lane from top to bottom. Lane MW, DNA molecular weight marker; lanes /-5, myocardial biopsies with histological rejection; lanes 6—10,
myocardial biopsies without histological rejection; lanes 1/—15, myocardial biopsies obtained from normal donor hearts before transplantation; lane
16, positive control KEC; FGFRI (II), second extracellular Ig-like domain of FGFR1; FGFRI (1l/Illa), amplifies sequence present in the third
Ig-like domain of secreted form of FGFR1; FGFRI (I1/1lb), amplifies sequence encoding alternative third Ig-like domain (IIIb) in membrane-
spanning form of FGFR1; FGFRI (1I/1lic), amplifies cDNA encoding alternative third Ig-like domain (IIlc) in membrane-spanning form of FGFR1;
FGFRI; (II/K), amplifies cDNA encoding transmembrane and intracellular tyrosine kinase domains of FGFR1.

main also were found only in allograft biopsies, and all of these
were from patients with acute rejection (primer K, Fig. 4, Table
II, column 10). Positive PCRs for the kinase domain were
always associated with a positive PCR for one or both trans-
membrane forms of the third Ig-like domain, although some
PCRs positive for IIIb or IlIc did not amplify with primer pair
K. Thus, secreted forms of FGFR1 were present in normal
hearts as well as allografts, while transmembrane forms of
FGFR1 were found only in allografts, and detection of the ki-
nase domain was correlated with rejection. '
Three other members of the FGF receptor family that bind
aFGF have been cloned (FGFR2-FGFR4), and their expres-
sion in cardiac allografts was also studied in these experiments.
Primers amplifying the first extracellular Ig-like domains
(primer I) and intracellular tyrosine kinase domains (primer K)
were designed for each receptor based on published sequences
(32, 35, 36). Transcripts encoding the first extracellular Ig-like
domain of FGFR3 (FGFR3-I) were detected in 17 of 20 allo-
graft biopsies and in 3 of 5 normal donor hearts (data not
shown). There was no significant difference in FGFR3-I expres-
sion between allografts and normal hearts (P = 0.2, Fisher’s
exact test). Transcripts encoding the tyrosine kinase domain of
FGFR3 were not identified in either allografts or normal hearts.
FGFR2 and FGFR4 mRNAs were not found in either normal
hearts or allografts using these techniques (data not shown).
Detection of FGFRI isoforms in cardiac allografts by in
situ hybridization and immunohistochemistry. We next investi-
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gated the cell types expressing FGF receptor 1 isoforms using
in situ hybridization and immunohistochemistry. Tissues from
15 cardiac allografts (6 rejecting and 9 nonrejecting) and 3
biopsies from normal donor hearts were hybridized with 2 oligo-
nucleotide probes for FGFR1 to detect expression of FGFR1
isoforms. Probe I hybridizes to mRNA encoding the first Ig-
like domain, and probe K is complementary to a sequence in the
tyrosine kinase domain. Sense and antisense probes for GAPDH
were used as negative and positive controls, respectively.

The results are shown in Fig. 5. Negative (Fig. 5 A, panels
a and d) and positive (Fig. 5 A, panels b and ¢) control hybrid-
izations were similar in biopsies from allografts (Fig. 5 A,
panels a and b) and normal hearts (Fig. 5 A, panels d and
e). Hybridization with probes for FGFR1 demonstrated that
expression of mRNA encoding the first extracellular Ig-like
domain of FGFR1 was markedly increased in the majority of
cardiac allografts (Fig. 5 A, panel ¢), but minimal in normal
hearts (Fig. 5 A, panel f). These results are consistent with the
quantitative analysis by PCR showing a 35-fold increase in
cardiac allografts of mRNA transcripts that include the first Ig-
like domain (Table II). In allograft biopsies, the distribution
and intensity of FGFR1 isoforms detected by the I probe were
similar in biopsies from rejecting and nonrejecting hearts. In
contrast, higher levels of mRNA encoding the tyrosine kinase
domain of FGFR1 were present in rejecting biopsies compared
with nonrejecting biopsies (Fig. 5 B, panel b, rejecting, and q,
nonrejecting). In the nonrejecting biopsy (Fig. 5 B, panel a),



Figure 5. In situ hybridization of FGFR1 mRNA in myocardial biopsies. A shows in situ hybridization of first extracellular Ig-like domain of
FGFRI1. Upper panels (a, b, and c) show biopsy from transplanted heart (nonrejecting). Lower panels (d, e, and f) show biopsy from normal
heart. a and d are negative controls hybridized with sense probe for GAPDH; b and e are positive controls hybridized with antisense probe for
GAPDH,; ¢ and f are hybridized with antisense probe for the first extracellular Ig-like domain of FGFR1. B shows in situ hybridization for
intracellular tyrosine kinase domain of FGFR1. a shows nonrejecting allograft biopsy hybridized with antisense probe for the intracellular tyrosine
kinase domain of FGFR1; b shows rejecting biopsy hybridized as for a. All probes were labeled with digoxigenin, and signals were detected by

AP-conjugated antidigoxigenin antibody. X 100.

virtually no hybridization was seen with probe K for the kinase
domain, while in the rejecting biopsy hybridization was mark-
edly increased and was found in yascular structures, infiltrating
cells, and cardiac myocytes (Fig. 5 B, panel b). mRNA encod-
ing tyrosine kinase—containing isoforms was not detected by in
situ hybridization in normal hearts (data not shown).
Expression of FGF receptor 1 protein was confirmed by
immunohistochemistry. Two antibodies, M2F12, directed at the
first extracellular Ig-like domain, and E22K, recognizing the
carboxy terminus of the tyrosine kinase domain (31), were
used. The results are shown in Fig. 6. Controls with second
antibody alone were negative for both the allograft (Fig. 6 A,
panel a) and the normal heart (Fig. 6 A, panel ¢). Expression
of the first Ig-like domain of FGFR1 was increased in the major-
ity of cardiac allografts compared with normal hearts (Fig. 6
A, panel b versus panel d). As seen previously by in situ hybrid-
ization, increased expression of tyrosine kinase—containing iso-
forms of FGFR1 was found in rejecting biopsies compared with
nonrejecting biopsies (Fig. 6 B, panel b versus panel a).

Regulation of FGF receptor gene expression by aFGF and
cytokines expressed during cardiac allograft rejection. The ex-
periments described above demonstrated that expression of
aFGF and secreted forms of its receptor, FGFR1, is rapidly
increased in human hearts after transplantation. In addition,
rejection episodes result in further alterations in expression of
this receptor, with production of transmembrane kinase-con-
taining isoforms that are not found in normal hearts. We found
previously that IL-6 and TGF-£ are induced in cardiac allografts
during rejection (20, 37), suggesting that these molecules might
be involved in the regulation of alternative splicing of FGFR1
that occurs during rejection. Since vessel walls in cardiac allo-
grafts show increased expression of aFGF and FGFR1 isoforms
(Figs. 1, 5, and 6), we used HUVECS in an in vitro system to
examine regulation of FGF receptor expression by IL-6 and
TGF-4.

We found that HUVECs cultured in usual growth factor—
containing medium express all of the known FGF receptors,
including tyrosine kinase—containing isoforms of FGFR1 and
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Figure 6. Inmunohistochemistry studies for FGFR1. A shows immunohistochemistry stain for extracellular portion of FGFR1. Upper panels (a and
b) show biopsy from transplanted heart (nonrejecting). Lower panels (¢ and d) show biopsy from normal heart. a and c are negative controls
stained with peroxidase-conjugated second antibody alone; b and d are stained with monoclonal antibody against first Ig-like loop of FGFR1
(M2F12) and subsequently stained with peroxidase-conjugated second antibody. B shows immunohistochemistry stain for intracellular portion of
FGFRI1. a shows nonrejecting allograft biopsy, and b shows rejecting biopsy stained with antibody against carboxy terminus of tyrosine kinase
domain of FGFR1 (E22K) and subsequently stained with peroxidase-conjugated antibody. X100.

FGFR4 (data not shown). Therefore, to study the effects of
aFGF, IL-6, and TGF-£ on resting cells, the HUVECs were
rendered quiescent by culture in growth factor—free medium
for 72 h as described in Methods. Cells cultured in this manner
were viable and expressed only low levels of FGFR1 and
FGFR3 transcripts that included the first Ig-like domains but
not the kinase domains (Fig. 7, and data not shown). Quiescent
HUVECs were treated with aFGF, IL-6, TGF-3, or PMA as a
positive control, for the indicated times and analyzed for FGFR
gene expression by RT/PCR. The results are shown in Fig.
7. aFGF rapidly induced expression of FGFR1 isoforms that
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included both the first extracellular Ig-like domain [FGFR1(I)]
and the tyrosine kinase domain [FGFR1(III/K)]. It had less
pronounced effects on expression of two other FGF receptors,
FGFR2 [FGFR2(I)] and FGFR3 [FGFR3(1)] (Fig. 7), with
no induction of kinase-containing isoforms of these receptors
(data not shown). IL-6 induced delayed expression of FGFR1
isoforms containing the first extracellular domain [FGFR1(I)],
and only transient expression of kinase-containing isoforms of
this receptor [FGFR1 (III/K)]. Its most pronounced effect was
induction of FGFR3 extracellular domains [(FGFR3(I)]. The
most dramatic induction of FGFR1 transcripts that include the
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Figure 7. Effects of aFGF and cytokines on FGFR expression in HUVECs. Agarose gel electrophoresis of RT/PCR from HUVECs. Position of
the primers is indicated. PCR products amplified for each sample are shown in the same lane. Lane MW, DNA molecular weight marker; aFGF,
HUVEC:S treated with aFGF (10 ng/ml) for 1, 2, 4, 8, or 12 h; IL-6, HUVECs treated with IL-6 (15 ng/ml) for the time indicated; TGF-8, HUVECs
treated with TGF-# (1 ng/ml) for the time indicated; PMA, HUVECs treated with PMA (100 ng/ml, 4 h); QEC, quiescent HUVECs, cultured in
growth factor—free medium for 72 h; FGFRI (I), extracellular first Ig-like domain of FGFR1; FGFRI (IlI/K ), transmembrane and tyrosine kinase
domains of FGFR1; FGFR2 (1), extracellular Ig-like domain of FGFR2; FGFR3 (I), extracellular Ig-like domain of FGFR3.

kinase domain was seen with TGF-8 (Fig. 7). Addition of
TGF-f to quiescent HUVECSs resulted in sustained expression
of these mRNAs [FGFR1(III/K)] beginning within 1 h and
continuing throughout the 12 h. Interestingly, although it in-
duced similar prolonged expression of the first extracellular
domain of FGFR3 [FGFR3(I)], only modest increases in ex-
pression of the first Ig-like domain of FGFR1 were found. None
of the proteins tested resulted in increased expression of FGFR4
or tyrosine kinase—containing isoforms of FGFR2 or FGFR3
(data not shown).

Discussion

Accelerated coronary atherosclerosis in transplanted hearts
poses serious limits to the long-term success of heart trans-
plantation. In native coronary vessels, advanced atherosclerosis
has been described as the end result of an inflammatory, fibro-
proliferative response to a variety of endothelial injuries (38).
Macrophages, T cells, cytokines, and vascular smooth muscle
growth factors are clearly part of the response to injury of
vascular intima in native atherosclerosis (16, 39, 40). In cardiac
allografts, T cells, which are continually present even in the
absence of rejection (20, 37), figure prominently in the vasculo-
pathy and are probably the major effectors of immunologic
injury. In contrast to the usual exogenous sources of endothelial
injury in native atherosclerosis, e.g., hypercholesterolemia,
smoking, hypertension, etc., in cardiac allografts, donor class I
and class II MHC antigens are themselves the targets of allore-
active T cells. This may in part explain both the high frequency
of CAV and the poor correlation of CAV with conventional risk
factors for coronary artery disease. The histological differences
between atherosclerosis of native coronary arteries and the rap-

idly progressive lesions of vessels in transplanted hearts there-
fore may reflect these differences in the source and mechanisms
of endothelial injury or dysfunction.

Our studies show that expression of aFGF is rapidly in-
creased in human hearts after transplantation. The data pre-
sented here further suggest that transplantation alters respon-
siveness to aFGF both through increased expression of FGF
receptors and particularly during rejection by modification of
alternative splicing that results in the presence of isoforms not
found in normal hearts. Both aFGF and its receptors are ex-
pressed diffusely and are found in vessels as well as myocytes
and infiltrating lymphocytes. These results are compatible with
the clinical and pathological features of CAV and its distinction
from atherosclerosis of native coronary vessels.

Mechanisms controlling growth factor effects in tissues may
be complex and could include both regulation of growth factor
expression and regulation of growth factor activity through
changes in the number or function of their receptors. Studies
reported by Casscells et al. (41) have demonstrated that balloon
injury of rat arteries resulted in an increase in FGF receptors
in vascular smooth muscle cells, and that SMC proliferation
could be inhibited by a basic FGF—saporin conjugate. Banai et
al. (18) demonstrated increased intramyocardial vascular prolif-
erative responses to aFGF after ischemic injury. Together with
our data, the results suggest that changes in FGF receptor ex-
pression may mediate the vascular response to a variety of
insults including ischemic and immunologic injury.

Both the structure and function of FGF receptors are compli-
cated due to the presence of multiple genes in the FGFR family
and extensive alternative mRNA splicing leading to numerous
isoforms of the proteins (22). The experiments reported here
show that differential expression of particular alternatively
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spliced transcripts of FGFR1 occurs in cardiac myocytes and
vessels of allografts in vivo. The in vitro experiments with
endothelial cells show that alternative splicing may be regulated
by aFGF and cytokines, although expression of FGFR1 by endo-
thelial cells was not demonstrated in cardiac allografts in vivo.
Expression of FGFR1 isoforms that include only the extracellu-
lar Ig-like domains, present at low levels in normal hearts (Table
II, Figs. 3—6) (28), is markedly increased in the majority of
cardiac allografts. In contrast, transmembrane isoforms of
FGFR1 that include the tyrosine kinase domains and may trans-
duce growth signals are not present in normal hearts and are
increased in cardiac allografts during rejection (Table II, Figs.
4-6). The functions of these distinct isoforms in vivo cannot
be deduced from our data, particularly since mRNAs amplified
by the K primers may include one isoform that does not auto-
phosphorylate (23). Nonetheless, the majority of these isoforms
will have normal tyrosine kinase activity. In some biopsies,
amplification of exons encoding IIIb or Illc domains was not
accompanied by positive PCR for the kinase domain. This prob-
ably reflects different efficiencies of these primer pairs, but
could suggest there are other patterns of alternative splicing.
The presence of such transmembrane isoforms in two biopsies
without rejection on simultaneous histology may reflect the fo-
cal nature of rejection.

The novel expression of FGF receptor tyrosine kinase iso-
forms in association with rejection episodes suggests that events
occurring during these episodes may alter normal patterns of
alternative mRNA splicing. We have found that expression of
IL-6 and TGF-£ is induced in 60-75% of allograft biopsies
during rejection (20, 37), and similar results have been reported
recently in animal models of heart transplantation (42). In vitro
experiments (Fig. 7) demonstrate that both these factors, but
particularly TGF-8, strongly induce expression of tyrosine ki-
nase—containing FGFR1 transcripts in endothelial cells. These
results support the hypothesis that factors produced during re-
jection may modify normal patterns of mRNA splicing and in
doing so alter responsiveness to aFGF.

We hypothesize that the induction of FGF receptor synthesis
in the myocardium of transplanted hearts indicates that similar
processes may be occurring in the SMC of larger vessels nor-
mally affected by CAV. We suspect that the immune processes
that induce synthesis of aFGF and its receptors within the myo-
cardium are also occurring within the walls of larger vessels,
since endothelial cells and smooth muscle cells can express
class II MHC antigens and, therefore, would be targets of the
same immune T cells recognizing these antigens within the
myocardium. If, as we believe, changes in aFGF production
and FGFR expression are important in the genesis of cardiac
allograft vasculopathy, prevention of CAV will require interrup-
tion of the autocrine and paracrine effects of this growth factor.
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