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Abstract To investigate the poten- 
tial role of Transforming Growth 
Factor Pl  (TGFP1) in the pathogen- 
esis of chronic allograft rejection, we 
studied TGFPl expression in a rat 
aortic allograft model. mRNA and 
protein expression of total and en- 
dogenously active TGFPl were 
analysed in infra-renal orthotopic 
aortic syngeneic and allogeneic 
grafts and matched with the histo- 
logical appearances of the grafts, 2,4 
and 12 weeks post-transplantation. 
Serum levels of TGFPl were also 
measured. The level of TGFPl m 
RNA and protein expression ap- 
peared highest 2 and 4 weeks fol- 
lowing transplantation in both syn- 
geneic and allogeneic grafts, with 
significantly elevated levels of 
mRNA expression in the 2 week al- 
lograft specimens. These time- 
points correlate histologically with 

maximal inflammatory cell infiltra- 
tion of the grafts. By 12 weeks post- 
transplantation, TGFPl mRNA ex- 
pression is reduced in allogeneic 
grafts compared to syngeneic grafts. 
However, detectable levels of total 
and endogenously active TGFPl 
protein levels in the allografts ex- 
ceed those measured in the synge- 
neic grafts at this time point. These 
results demonstrate the complex ex- 
pression pattern of this growth fac- 
tor during the progression of chronic 
rejection and suggest an aetiological 
link between TGFPl and the pro- 
cess of accelerated graft atheroscle- 
rosis. 
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Introduction 

Chronic rejection is a significant cause of long-term al- 
lograft dysfunction and loss [3, 5 ,  131. The obstructive 
vascular lesion characteristic of this complex process 
progresses through endothelial cell activation, medial 
smooth muscle cell migration and progressive neointi- 
ma1 hyperplasia to eventually result in vascular oblitera- 
tion. 

In addition to its potent effects on cell proliferation 
and differentiation, TGFPl plays an active role in 
wound healing, tissue repair, and regulation of the im- 
mune response [26, 301. It provides a link between the 
processes by which cells or tissues respond to injury 

and initiate repair. In an immunological process such as 
chronic rejection, the early release of cytokines and 
growth factors including TGFPl from activated endo- 
thelial cells sets in motion a cascade of events that ulti- 
mately may determine the outcome of the allograft. Re- 
cent studies have demonstrated that TGFPl gene and 
protein expression is increased in human atherosclerotic 
lesions [19], particularly in lesions of luminal restenosis. 
TGFPl protein has also been detected in neointimal 
segments of balloon-injured rat carotid arteries after 
mechanical injury [16,38] and in aortic segments of hy- 
pertensive rats [27]. While most models of vascular me- 
chanical injury producing atherosclerosis implicate 
TGFPl in promoting or perpetuating the atherogenic 
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process, direct etiological links between TGFPl and the 
vascular lesions of chronic allograft rejection have not 
been defined. In one of the few studies examining the 
possible direct etiological role of TGFPl and chronic re- 
jection, Waltenberger et al. [35, 361, demonstrated ele- 
vated levels of TGFP protein and mRNA in chronically 
rejecting rat cardiac allografts. They concluded that 
this increased level of TGFP, which occurred at a de- 
layed stage in the time-course of chronic rejection, rep- 
resents a mechanism of “endogenous immunosuppres- 
sion” by graft infiltrating lymphocytes, prolonging the 
overall survival time of these allografts. This concept of 
a beneficial immunosuppressive effect of TGFPl is fur- 
ther supported by the documented prolongation of sub- 
cutaneous cardiac allograft survival in mice adminis- 
tered recombinant human TGFPl intraperitoneally 
[34]. However, direct evidence linking this growth factor 
to the development of accelerated graft atherosclerosis 
in a standardised vascular model of chronic allograft re- 
jection is lacking. Using a rat model of chronic aortic al- 
lograft rejection, we have studied the temporal expres- 
sion of TGFPl gene and protein in the transplanted vas- 
culature, as the process of chronic rejection evolves. 

Materials and methods 

Infra-renal orthotopic aortic transplantation. In a modification of 
the previously described method, [17] we performed orthotopic 
allotransplantation of approximately 1 cm infra-renal aortic seg- 
ments in MHC disparate, high responder rat strains, ACI 
(RTla) to Lewis (RT1’) (Harlan Sprague-Dawley, Indianapolis, 
USA). All rats were maintained according to NIH guidelines 
and project protocols were approved by the University of Wis- 
consin Animal Care Committee. Syngeneic, (Lewis to Lewis) 
aortic transplants were performed as controls. At least 6 allogen- 
eic and 4 syngeneic transplants were performed for each time in- 
terval examined. Following sacrifice of the animals, aortic grafts 
were retrieved 2, 4;and 12 weeks post-transplantation. A 5 mm 
mid-section of each graft was formalin fixed, (10% buffered for- 
malin) and the remainder of the graft was immediately snap-fro- 
zen in liquid nitrogen. The formalin fixed grafts were paraffin 
embedded and 6 p.M cross-sections were stained with haematoxy- 
lin and eosin. Histological sections were examined under fluores- 
cent light (412nm) where the intima is readily distinguished 
from the medial layer by autofluorescence of the internal elastic 
lamina. Using a computer digital analysis system (Image 1, Uni- 
versal Image Inc., Calif., USA), the mean intimal area of each 
graft was determined by tracing the internal elastic lamina and 
intimal - lumen interface. The intimal area was then calculated 
by subtracting the nonoccluded luminal area from the area inside 
the internal elastic lamina. Three readings were obtained for 
each graft to obtain an average area, expressed as squared mi- 
crons. The mean intimal area (pM2) for each experimental group 
examined (2, 4, 8, 12, and 24 weeks post-transplantation) is rep- 
resented graphically in Fig. 1. 

Blood was drawn from animals at the time of aortic graft re- 
trieval 2,4, and 12 weeks post-transplantation. Serum was extract- 
ed from whole clotted blood following centrifugation and immedi- 
ately stored at -70°C. 

Reverse Transcription - Polymerase Chain Reaction (RT-PCR). 
RNA extraction was performed from snap-frozen, homogenised 
aortic samples by the single step method of acid guanidium thiocy- 
anate phenol chloroform extraction [4]. Six allogeneic and 4 synge- 
neic samples were analysed for each of the three time points post- 
transplantation of 2, 4, and 12 weeks. mRNA from three “native” 
untransplanted aortas was also reverse transcribed for control pur- 
poses. The quantity of RNA obtained and the level of protein con- 
tamination in each sample was estimated by measuring absorbance 
of the sample at  wavelengths of 260 nm and 280 nm, respectively. 
The mRNA was reverse transcribed into cDNA using Superscript 
reverse transcriptase and oligo dT followed by RNAase H treat- 
ment, under conditions recommended by the manufacturer (Gibco 
BRL, Life Technologies, N. Y., USA). Oligonucleotide primers for 
TGFPl were designed from the published rat TGFPl sequence 
[21]. These primers amplify a cDNA fragment of 297 base pairs 
(bp) length, extending from 1267 bp to 1564 bp of the gene se- 
quence. 

Sense 5’ C TTC AGA TCC ACA GAG AAG AAC TGC (25 
Mer) 

Antisense 5’ CAC GAT CAT GTT G G A  CAA CTG CTC C 
(25 Mer) 

cDNA equivalent to 200 ng of untranscribed RNA was ampli- 
fied in a volume of 50 p1 using 1.25 U Taq DNA polymerase (Per- 
kin Elmer, Roche Inc., N. J., USA), 10 mM Tris HCI (pH 8.3), 
50 mM potassium chloride, 0.2 mM dNTP (Phamacia Biotech, 
N.J., USA), 1.2 mM magnesium chloride, 0.5 pM of each of the 
two primers in HOTStart tubes. All PCR reactions included a pos- 
itive and negative control sample - in the case of the positive con- 
trol, cDNA from mitogen activated (Coizcavalin A )  activated rat 
lymphocytes was used as template cDNA, while in the negative 
control, RNAase free water was substituted instead of template 
cDNA. The following cycle parameters were employed: denatur- 
ing 94 “C for 60 s; annealing 63 “C for 60 s and extension 72 “C for 
60 s. The oligonucleotide primers for the ribosomal protein S26, 
amplifying a 326 bp fragment of this gene located between 51 bp 
and 377 bp [Illwere used as an internal standard. 

Sense 5’ TCG TGC CAA AAA GGG CCG 
(18 Mer) 

Antisense 5’ GCT CCT TAC ATG GGC TTT GGT GG 
(23 Mer) 

Amplification conditions for these primers were identical to 
those described above. To calculate the ratio of TGFbllS26 in the 
linear response range, amplification of cDNA was employed over 
a range of three different cycles:- TGFPI: 26, 28 and 30 cycles, 
S26: 22,24 and 26 cycles, using a Perkin-Elmer Cetus Thermal Cy- 
cler. 

High Performance Liquid Chromatography and Operating Condi- 
tions. Quantitative analysis of PCR products was performed using 
High Performance Liquid Chromatography (HPLC) as previously 
described [9]. The HPLC system used in this study consisted of 
the Hewlett Packard 1050 Series Quaternary pump, autosampler 
and VW detector. The analytical column was a TOSOHaas TSK- 
GEL DEAE-NPR column. Each sample consisted of 60 p1 of 
25 mM Tris-HC1 (pH 9.0) and 40 p1 of PCR product. Ninety-five 
microlitres of this total volume was injected. The two solutions 
used for the mobile phase were: Reservoir A: 1 M NaCl and 
25 mM Tris HCl (pH 9.0) and Reservoir B: 25 mM Tris-HC1 (pH 
9.0). The gradient programmme employed was as follows: 
25 % 4 4 %  A in 30 s, 44%-52% A in 5 min, 52%-54% A in 
2 min, 54%-60% A in 17 min, 60%-100% A in 1 min, 100% A 
for 2 min, 100 %-25 % A in 13 min, then 25 % A for 10 min. The 
total injection-to-injection time was 50 min. The column was oper- 
ated at ml/min at room temperature and the detector was set at 
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260 nm. Quantitation of the PCR products was obtained following 
integration of the peak area. The ratio of TGFPZ / S26 was deter- 
mined for each sample by dividing the peak area obtained when 
TGFpl cDNA was amplified at 26 cycles by the peak area value 
obtained when S26 cDNA was amplified at 22 cycles. This was re- 
peated when TGFPl cDNA was amplified at 28 cycles and S26 
cDNA was amplified at 24 cycles and finally, when TGFPl cDNA 
was amplified at 30 cycles and S26 was amplified at 26 cycles. 
From the three figures thus generated, a mean value for each indi- 
vidual sample was calculated. The mean TGFPl : S26 ratio 
(+ SEM) for each experimental group is represented graphically 
in Fig.2. Following amplification, 5 p1 of each PCR product was 
also analysed on a 2 YO agarose gel, stained with 0.1 pg/ml ethidium 
bromide. TGFPl amplification products from syngeneic and allo- 
geneic aortic samples at the time intervals 2,4, and 12 weeks post- 
transplantation were assessed. The TGFPl amplification signal in- 
tensities were measured using a computer digital system. A digital 
image of the gel following electrophoresis was made, reversed, 
and the intensity of the signals measured by digital analysis using 
an arbitrary gray scale (white = 1; black = 256) to calculate the 
mean signal intensity for each group (Table 1). 

Immunocytochemistry. Six allogeneic and 4 syngeneic grafts, allo- 
cated to one of the three post-transplantation time points exam- 
ined, (2, 4, and 12 weeks) and 3 untransplanted “native” aortas 
were subjected to immunological analysis using primary antibody 
directed against the active form of the TGFPl protein: Sections 
(6 pM) of aortic grafts were deparaffinised in xylene ( x 2) and hy- 
drated in graded alcohol solutions (100%; 95%; 70%; 50%; 0%). 
Non-specific protein binding was blocked by incubation with 2 YO 
bovine serum albumin (BSA) in phosphate buffered saline (PBS) 
(10 mM sodium phosphate pH 7.3,150 mM NaCl) solution. A pri- 
mary chicken anti-human TGFPl antibody (20 pg/ml diluted in 
0.2% BSA / PBS) (R&D Systems, Minneapolis Minn., US) was ap- 
plied to the sections overnight at 4°C. Isotype controls were pro- 
vided by incubating the sections with a Chicken IgY antibody, 
(Promega, Wis., USA) at the same concentration. The slides were 
then washed in PBS, prior to quenching of endogenous peroxidase 
activity with 3 YO hydrogen peroxide in water for 30 min. The sec- 
ondary antibody, a horseradish peroxidase (HRP) conjugated rab- 
bit anti-chicken IgG (Sigma ImmunoChemicals, St. Louis, Mo., 
USA) was added at a dilution of 1:lOOO in PBS for 60 min. 3,3 di- 
aminobenzidine tetrahydrochloride (DAB) (Sigma Immuno- 
Chemicals, St. Louis, Mo., USA) was used as the substrate chro- 
mogen and allowed to develop for 10 min. The sections were brief- 
ly counterstained with haematoxylin. 

Enzyme Linked Immunoabsorbant Assay (ELISA). A TGFPl 
ELISA System kit to measure soluble active TGFPl was obtained 
from Promega, Madison, Wis., USA. EIA / RIA A/2 plates (Co- 
star, Cambridge, Mass., USA) were coated overnight at 4°C with 
25 yl monoclonal anti-TGFpl IgG primary antibody (1:lOOO dilu- 
tion in carbonate buffer, pH 9.7). After blocking with 1X block 
buffer at 37°C for 35 min, 25 p1 of sample (diluted in the sample 
buffer provided) was added to the wells. A standard curve was 
generated by performing 2-fold serial dilutions of the standard 
TGFp1 antigen (diluted 1 ng/ml to 62.5 pg/ml). The plate was in- 
cubated for 2 h at room temperature (RT) with shaking and then 
washed extensively with washing buffer (0.05% Tween 20 in 
PBS) and PBS. Rabbit anti-TGFpl antibody (25 @/well at 1:lOOO 
dilution) was added and incubated at RT (1 h, with shaking). 
Following further washing, the anti-rabbit- HRP antibody con- 
jugate (25 pl/well at 1 : l O O O  dilution) was added for a further 
hour at RT with shaking. A colour reaction was developed by 
the addition of 25 pl of the chromogen substrate TMB 

Table 1 Mean signal intensity of TGFPl amplification products. 
Signal intensity data were analysed using ANOVA followed by 
Fisher’s protected least significant difference procedure. A P value 
less than 0.05 was considered significant 

~~ 

Group Mean signal P a  Pb 
intensitv (f SD) 

Normal 101.8 k 19 
12 week allogeneic 97.55 k 16 0.84 
12 week syngeneic 156.7 f 27 0.0138 
4 week allogeneic 
4 week syngeneic 191.0 f 21 0.0006 
2 week allogeneic 
2 week syngeneic 177.0 k 13 0.003 

a A statistically significant difference was noted between mean sig- 
nal intensity in all groups except the 12-week allogeneic group and 
the native aortas 

When the mean signal intensities between time-matched allo- 
geneic and syngeneic grafts at a given time-point post-transplanta- 
tion was compared, a significant difference was detected only at 
the 12-week interval 

0.0015 

o‘oo22 0.3899 

o’ooo6 0.6860 

173.9 f 42 

185.0 f 44 

(3,3’,5,5’tetramethyIbenzidine)/hydrogen peroxidase to  each well. 
Colour development was stopped after approximately 4 min by 
the addition of 25 yl 1 M phosphoric acid to each well. The differ- 
ence in absorbance was measured at 450nm on a EL, 800NB 
plate reader (Biotek Instruments Inc., Vt., USA). To measure to- 
tal TGFpl in the serum samples, acid activation was performed 
as follows: 1 p1 of 1 N HCI was added to SO pl of the serum (dilut- 
ed 1:5 in PBS) sample, and incubated at RT for 15 min. The acid 
was then neutralised by the addition of 1 yl 1 M NaOH. Acid-ac- 
tivated samples were assayed after a further 1 : lOO dilution in sam- 
ple buffer. 

A modified ELISA technique was performed on the harvested 
aortic grafts. Following retrieval 2, 4, and 12 weeks post-trans- 
plantation, each graft sample was immediately frozen in liquid ni- 
trogen and ground to a fine powder using a mortal and pestle. 
The powdered tissue was stored at -70°C. Prior to performing 
the ELISA, the powdered graft was solubilised by homogenisa- 
tion in 100 pl of a 2X lysis buffer (4% Triton X100, 10 mM Tris 
(pH 8), 150 mM NaCI, 2 pg/ml soybean trypsin inhibitor, 200 pM 
each of N-a-p tosyl-1-lysyl chloromethylketone (TLCK), p-tosyl- 
1-arginine methyl ester (TAME), tosyl-l-phenylalanylchlorome- 
thane (TPCK) and 20 pM phenylmethane sulphonyl flouride 
(PMSF) (Sigma, Immuno Chemicals, St. Louis, MO, USA) ) at 
4°C. After 30 min, samples were centrifuged and the supernatants 
removed for analysis. The supernatants were diluted to a final 
concentration of 190 in sample buffer prior to addition to the 
plate. Acid activation was performed on samples of the superna- 
tants as described above. These samples were diluted to a final 
concentration of 1: 50 before addition to the plate. A standard 
curve was generated by performing serial dilutions of the stan- 
dard antigen (diluted 1 ng/ml to 62.5 pg/ml) in sample buffer 
with 0.2 YO detergent added. 

Protein Assay. Because of the small size of the graft samples, it was 
not possible to accurately estimate the weight of the tissue analy- 
sed. However, to prevent variability due to discrepancy in sample 
quantity, the total protein concentration of each sample was deter- 
mined by a modification of the Micro BCA protein assay (Pierce, 
Rockford, Ill., USA) as previously described [6]. Samples that 
yielded undetectable levels of total protein were excluded from 
TGFPl analysis. 
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lntimal Hyperplasia ( F ~ )  Post-Transplantation 

400000 

Allogeneic Aortic Grafu 

Syngeneic Aortic Grdk 

Time Post-Tnluplantation 
(weeks) 

* Intimal Hyperplasia in Aflogeneic v's Syngeneic Grcll'Ls p < 0.05 

Fig.1 The development of neointimal hyperplasia (area pm2) in 
aortic allogeneic and syngeneic grafts post-transplantation. * Inti- 
ma1 hyperplasia in allogeneic vs syngeneic grafts P < 0.05 

Statistical Analysis. The mean concentration of both endogenously 
active and total TGFPl present in serum was calculated for each 
experimental group, and statistical analysis was carried out using 
a two-tailed Student's t-test to compare groups. Signal intensity 
data were analysed using ANOVA followed by Fisher's protected 
least significant difference procedure. A P value less than 0.05 
was considered significant. 

Results 

Infrarenal orthotopic aortic transplantation 

Using this rat model of infra-renal orthotopic aortic 
transplantation, the histological features of chronic re- 
jection manifested by accelerated intimal hyperplasia 
and medial cell depletion are consistently reproduced 
by 12 weeks post-transplantation in the allografts. In 
contrast, syngeneic grafts maintain cellular integrity in 
the medial layer and develop minimal intimal hyperpla- 
sia (Fig. 1). In the early phase (2 weeks) post-transplan- 
tation, allogeneic grafts undergo acute cellular rejec- 
tion, characterised by dense inflammatory cell infiltra- 
tion predominantly localised to the adventitial layer of 
the graft. A milder cellular infiltration of the syngeneic 
grafts at this time-point is attributed to the normal re- 
sponse to surgical trauma. 

TGFPl gene expression in transplanted aortic grafts 

In the experimental group used to determine the level 
of TGFPl mRNA, 1 animal in the 4-week allogeneic 
group died in the second week post-transplantation and 

Ratio of TGFBl I S26 eDNA in dlogeneic and syngeneic 
aortic transplants as determined by 
High-Performance Liquid Chromatography Analysis 

20 ' ' ~  T 

Time Post Transplantation 
(Weeks) 

Fig.2 Ratio of TGFDl:S26 cDNA in allogeneic and syngeneic aor- 
tic transplants as determined by quantitative high pressure liquid 
chromatography demonstrating an increased level of TGFPl 
cDNA in the early allogeneic grafts which declines with time 
post-transplantation 

was therefore excluded from analysis. Two samples in 
the 12 week syngeneic group were found to have low 
signal intensity when amplified with both the S26 inter- 
nal standard and TGFPl primers. This finding was 
therefore attributed to sub-optimal RNA preparation, 
and replacement transplants were performed, bringing 
the total number of animals in this group to 7. 

As can be seen in Fig. 2, the ratio of TGFPl : S26 was 
increased in allogeneic transplants compared to time- 
matched syngeneic aortic grafts, harvested 2 weeks 
post-transplantation (9.2 f 7.0 vs 1.05 f 0.1). By 4 weeks 
post-transplantation, the differences in TGFPl gene ex- 
pression between allogeneic and syngeneic grafts is less 
evident and has returned to levels observed in native 
aortic tissue. However, the TGFPl: S26 ratio remains 
higher in allogeneic grafts compared to syngeneic grafts 
(0.89 * 0.5 vs 0.26 f 0.2). These time-points correlate 
histologically with maximal inflammatory cell infiltra- 
tion of the grafts and presumably maximal expression 
of the TGFPl gene. 

By 12 weeks post-transplantation, the pattern of the 
TGFPl expression is actually reversed, with the ob- 
served ratio of TGFPl : S26 expression in the syngeneic 
grafts actually exceeding that observed in the allografts 
(0.97 5 0.5 vs 0.55 f 0.19) at this time point. This obser- 
vation was again confirmed by measurement of the gel 
electrophoresis TGFPl signal intensity (Table 1) alloge- 
neic grafts (97.55 * 16.5) vs syngeneic grafts 
(156.7 f 27). This difference reached statistical signifi- 
cance with a P value of 0.0015. This post-transplantation 
time point is associated histologically with a well-estab- 
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Fig.3 Immunohistochemical 
staining of paraffin embedded 
sections of a 1-month syngene- 
nic graft (B) and a 3-month al- 
logeneic graft (D) stained with 
anti-TGFpl antibody which 
specifically detects the active 
form of the protein. The nega- 
tive isotype controls for each 
section are shown in A and C 

lished neointimal layer in the allogeneic grafts and with 
a reduced number of smooth muscle cells in the medial 
layer [28]. 

Localisation of active TGFPl expression by Immunocy- 
tochemistry. Analysis of TGFPl immunocytochemistry 
performed on the transplanted aortic grafts demonstrat- 
ed specific staining for the active form of TGFPl protein 
in the endothelial layer of the grafts at all time points. 
This staining was also predominant in the adventitial 
layer of allografts. In the 12 week allografts, high levels 
of TGFPl staining were noted in those cells of the neo- 
intima adjacent to the lumen of the vessel, but not 
throughout the entire neointima (Fig. 3). 

ELISA of TGFPl protein expression in serum and trans- 
planted grafrs. Results of TGFPl serum analysis derived 
from three independent experiments are represented in 
Fig. 4. The level of endogenously active TGFPl was sig- 
nificantly elevated in the serum of animals with alloge- 

neic grafts at 2 weeks post-transplantation compared to 
syngeneic controls ( P  = 0.004). However by 4 weeks 
post-transplantation, the serum levels of endogenously 
active TGFPl have declined and are similar in both syn- 
geneic and allogeneic animals. At the 12-week-time 
point, the level of endogenously active TGFPl is actual- 
ly lower in the allogeneic animals compared to the syn- 
geneic animals ( P  = 0.019). At this time point, a distinct 
neointimal layer has developed in the allografts. In con- 
trast, the total level of TGFPl in serum shows little vari- 
ation between allogeneic and syngeneic animals at any 
of the time-points examined. 

When the level of TGFPl protein was examined by 
ELISA in the actual graft tissue, detectable TGFPl lev- 
els ( > 62.5 pg/ml) were found in both graft types [allo- 
geneic (6 of 6) and syngeneic (2 of 4)], 2 weeks post- 
transplantation (Table 2). Intergroup variability in the 
2 week syngeneic grafts was due to variations in the lev- 
el of TGFPl in the grafts, rather than the level of total 
protein analysed. By 4 weeks post-transplantation, de- 
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Serum TGFBl E L S A  Analysis 

Time Interval Post-transplantation 

Fig.4 Serum levels of total and endogenously active TGFPl mea- 
sured by enzyme-linked immunosorbent assay 2,4, or 12 weeks 
post-aortic transplantation. 2W A110 vs Syn (total) P < 0.085; 2W 
A110 vs Syn (active) P < 0.004"; 4W A110 vs Syn (total) P < 0.974; 
4W A110 vs Syn (active) P<O.821: 12W A110 vs Syn (total) 
P < 0.288; 12W A110 vs Syn (active) P < 0.019* 

Table 2 Expression of TGFPl protein in transplanted aortic grafts 

Endogenously active TGFpl 

2WAllo 2WSyn 4WAllo 4WSyn 12WAllo 12WSyn 
616" 214 616 214 616 014 
Total TGFbl 
2WAllo 2WSyn 4WAllo 4WSyn 12WAllo 12WSyn 
616 214 416 214 616 114 

a The number of animals in each experimental groupltotal number 
of animals in each group with detectable levels (> 62.5 pglml) of ei- 
ther endogenously active or total TGFPl in their transplanted 
grafts as determined by ELISA. Allogeneic grafts had more read- 
ily detectable levels of TGFPl at all time points examined com- 
pared to time matched syngeneic controls 

tectable TGFPl levels had decreased in both groups, be- 
ing found in 4 of 6 allogeneic, compared to only 2 of 4 
syngeneic transplants. At 12 weeks post-transplanta- 
tion, this trend was still evident, with detectable levels 
of total and endogenously active TGFPl levels in 6 of 6 
allografts. Only 1 of 4 syngeneic grafts analysed had de- 
tectable levels of active TGFPl at this time point. The 
level of both total and active TGFPl in non-transplant- 
ed native aortas was non-detectable by this assay. 

Discussion 

The infrarenal aortic transplant model is unique among 
experimental animal models of chronic rejection in that 

it allows specific focus on the immunological targeting 
and response to injury by the vessel wall itself - a pro- 
cess fundamental to the development of chronic rejec- 
tion. Without immunosuppression, these transplants un- 
dergo a short acute inflammatory episode (acute rejec- 
tion) predominantly affecting the adventitia which re- 
solves spontaneously within the first month. This acute 
adventitial inflammation is significantly more pro- 
nounced in allogeneic grafts compared to that of synge- 
neic grafts and is characterised by dense lymphocytic in- 
filtration. In allografts, the acute inflammatory episode 
is followed by a chronic type of inflammation associated 
with progressive loss of SMC from the media, and the 
development of a distinct concentric neointimal layer 
with significant ECM deposition. This histological le- 
sion characteristic of chronic rejection is fully estab- 
lished by 12 weeks post-transplantation. 

TGFPl has a potent effect on the proliferation and 
differentiation of a variety of cell types and is also rec- 
ognised as one of the most potent stimulators of extra- 
cellular matrix deposition [l, 20, 26, 301. Because of its 
unique role as an immunomodulatory agent, we have at- 
tempted to study the expression of this growth factor at 
a local and systemic level in this animal model of chron- 
ic rejection. Results from this series of experiments 
highlight the complex expression patterns of this growth 
factor during the pathogenesis of chronic vascular al- 
lograft rejection. Using techniques designed to specifi- 
cally detect the biologically active form of the 
TGFPl molecule, we have demonstrated elevated levels 
of circulating active TGFPl within the first 2 weeks 
post-transplantation in the serum of animals undergoing 
aortic allograft transplantation (Fig. 4). This time inter- 
val is also associated with increased mRNA and protein 
levels of the growth factor at a local level within the 
grafts themselves, predominantly in the allografts. At 
the later time interval of 4 weeks post-transplantation, 
circulating levels of TGFPl and mRNA appear to equil- 
ibrate in the allogeneic and syngeneic environments. By 
12 weeks post-transplantation, serum levels of TGFPl 
in the syngeneic animals actually exceed those found in 
animals with allografts. However, within the grafts, lev- 
els of both total and bioactive TGFPl protein are sus- 
tained at a detectable level in 6 of 6 of the allografts ex- 
amined 12 weeks post-transplantation, compared to 
only 1 of 4 syngeneic grafts. Conversely, the mRNA ex- 
pression is decreased in the allogeneic grafts, compared 
to the syngeneic grafts at this time point. 

The apparent dichotomy between the levels and ac- 
tions of TGFPl present in the systemic circulation, and 
that present at a local level, has been previously de- 
scribed: In an experimental arthritis model, local intra- 
articular administration of TGFPl drives the inflamma- 
tory response, whereas systemic administration inhibits 
the same response [31]. The exact mechanism underly- 
ing this observation remains unclear. However, it has 
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been suggested that TGFPl can exert a gradient effect: 
high levels of the growth factor at a specific site attracts 
inflammatory cells to the area and activates them. Con- 
versely, relatively high levels of circulating TGFPl may 
reduce local inflammation by drawing inflammatory 
cells out of a localised area into the vasculature. Trans- 
lated into the context of this model of chronic allograft 
rejection, high local levels of TGFPl in the immunolog- 
ically activated allogeneic graft may act as a chemoat- 
tractant for more inflammatory cells, thereby perpetuat- 
ing immune-mediated insult to the allograft. In animals 
with syngeneic grafts, the relatively higher circulating 
levels of TGFPl may draw inflammatory cells away 
from the graft site into the circulation. However, it still 
remains unclear why serum levels of endogenously ac- 
tive TGFPl remain elevated in animals with syngeneic 
grafts some 12 weeks post-transplantation, compared 
to control animals that did not undergo transplantation. 

The source of TGFPl present within the recently 
transplanted aortic grafts (2 and 4 weeks post-trans- 
plant) is likely to be partially derived from circulating 
cells, especially platelets, and infiltrating inflammatory 
cells attracted to the site of the immune response [30]. 
However, by 12 weeks post-transplantation, the 
TGFPl mRNA levels in the allografts is reduced. This 
is in contrast to the detectable protein levels 
( > 62.5 pg/ml) in these grafts which remain higher than 
in the time matched syngeneic grafts. This finding ini- 
tially appears to be contradictory. However, the neointi- 
ma1 layer with its associated extracellular matrix is well 
established in allogeneic grafts at this time point post- 
transplantation. Previous studies have demonstrated 
the ability of extracellular matrix components, particu- 
larly the proteoglycans, decorin, endoglin and betagly- 
can to bind the latent TGFPl protein and act as a reser- 
voir for the molecule [25]. We postulate that binding of 
TGFPl to these proteoglycans in the extracellular ma- 
trix may initiate a negative feedback effect on protein 
TGFPl synthesis and therefore cause mRNA levels in 
the graft to decline. This “negative feedback loop” 
would be more evident in allografts which have well-de- 
veloped neointimal layers. Hence, in 12-week-allo- 
grafts, detectable levels of TGFPl protein remain high- 
er but mRNA levels are reduced, compared to syngene- 
ic grafts which do not exhibit a well defined neointima. 
This reservoir of TGFPl in the neointima may in turn 
act to attract further inflammatory cells into these allo- 
geneic grafts, thereby potentiating the immune response 
and driving exracellular matrix production. 

More detailed examination of the role of TGFPl in 
the immune response of chronic rejection reveals a par- 
adox - on the one hand TGFPl appears to function as a 
“pro-inflammatory” molecule, exerting potent chemo- 
tactic stimulus for neutrophils, T cells, monocytes and fi- 
broblasts which respond to femtomolar concentrations 
of the growth factor. This is associated with up-regula- 

tion of endothelial adhesion molecules, also induced by 
the growth factor [32, 331. Moving to the allograft site, 
these cells become activated as they encounter higher 
(picomolar) concentrations of TGFPl. Monocytes are 
induced to secrete fibroblast growth factor, tumour ne- 
crosis factor, and interleukin 1 (IL1) and fibroblasts in- 
crease their synthesis of extracellular matrix proteins. 
TGFPl then appears to down-regulate these processes 
by inhibiting the functions of inflammatory cells, once 
they have been activated. TGFP1 inhibits interleukin 2 
(IL2)-dependent T cell proliferation of both CD4 and 
CD8 subsets [lo, 261. It also suppresses differentiation 
and proliferation of natural killer (NK) cells and lym- 
phokine activated killer cell (LAK) activity [34]. Apart 
from modifying the activation of macrophages via IL1 
expression, TGFPl also modulates the cytotoxicity of 
these cells by suppressing the release of hydrogen per- 
oxide and nitric oxide [29, 371. Further immunoregula- 
tory properties of TGFPl include inhibition of thy- 
mocyte proliferation and B cell proliferation and pro- 
duction of IgM and IgG [26,35]. 

While it is difficult to reconcile these obviously con- 
flicting events, the stimulatory and inhibitory effects of 
TGFPl are partly accounted for by the differential ef- 
fects of TGFPl on resting and activated cells. It appears 
that resting immature cells are stimulated by TGFP1, 
whereas activated representatives of the same cell popu- 
lations are inhibited by TGFPl [31,33]. Also local con- 
centrations of the growth factor in the presence or ab- 
sence of other cytokines influence its action. Thus 
TGFPl serves as a conversion factor or “biological 
switch” converting an active inflammatory site into one 
of persistent low-grade alloreactivity and deposition of 
extracellular matrix. 

While TGFPl can function either as an agonist or an- 
tagonist of cell proliferation and inflammation, it consis- 
tently and potently acts on cells, particularly fibroblasts, 
to induce the deposition of extracellular matrix. TGFP1- 
action on extracellular matrix deposition is mediated 
through its effect on synthesis [7,14,24], enzymatic deg- 
radation of extracellular matrix, [7, 121 and expression 
of extracellular matrix receptors on cells [8]. In the con- 
text of wound healing and repair, extracellular matrix 
deposition has obvious benefits. However, unopposed 
deposition of extracellular matrix, as occurs in athero- 
sclerosis or in chronic rejection, implicates TGFPl as 
perpetuating this pathological process. 

Therefore, as both an immunosuppressive and potent 
pro-inflammatory molecule, TGFPl orchestrates events 
vital to the initiation, progression and resolution of im- 
mune-mediated inflammatory responses. Attempts by 
other workers to influence the outcome of chronic al- 
lograft rejection by either altering the expression of 
TGFPl gene, [2, 15, 18, 221 direct administration of ex- 
ogenous TGFPl to transplanted animals, [23] or block- 
ing TGFPl receptor sites with antibodies, [38] have re- 
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sulted in widely varying results: claims that TGFPl a- 
meloriates and exacerbates the development of intimal 
hyperplasia in various transplantation models serve to 
underline the complex role of this growth factor in the 
pathogenesis of chronic rejection. 

In our experimental aortic model of chronic rejec- 
tion, the early expression of both total and endogenous- 
ly active TGFPl in the allogeneic grafts and the signifi- 
cantly elevated early (2 week) levels of active TGFPl 
levels in the serum of allotransplanted animals may be 
an important influencing factor in the ultimate develop- 
ment of chronic rejection - a process which displays dys- 
function in many areas putatively under the influence of 
this growth factor. While bearing in mind the complexity 
of such a process as chronic allograft rejection, and the 
fact that TGFPl is but one of a myriad of cytokines and 

growth factors potentially involved, it seems reasonable 
to suggest an etiological link between TGFPl and 
chronic rejection. However, the authors fully accept 
that the content of this work is primarily descriptive 
and in no way proves the etiological link between 
TGFPl and the development of chronic allograft rejec- 
tion. In an attempt to improve our understanding of 
the exact mechanism of this complex process, we have 
alterated the local expression of the TGFPl gene fol- 
lowing aortic transplantation, using adenoviral vectors 
and anti-sense gene technology. 
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