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Inhibition of TGF-8 by Gene Delivery does not Alter
the Neointima Area, but Enhances Inflammation in
In-Stent Stenosis of Pig Coronary Arteries

Ick-Mo Chung, MD

Department of Internal Medicine, Ewha Women s University, Seoul, Korea

ABSTRACT

Background : We have shown that extracellular matrix (ECM) rather than cell proliferation contributes to
in—stent restenosis. Transforming growth factor—4 (TGF-p4), a positive regulator of ECM deposition by
vascular cells, may be implicated in in—stent restenosis. We assessed if the blockade of TGF- 8 by catheter—
based local delivery of an adenovirus expressing a soluble form of TGF- £ type Il receptor (AdT A-ExR) can
inhibit stent—induced neointima. Methods : AdT 8-ExR was applied onto a coronary arterial segment of a pig
using an Infiltrator™, and either of adenovirus expressing S-galactosidase (AdLacZ) or PBS was applied
onto other remote segment of the same pig (n=10). Then, stents (n=20) were deployed in the treated arterial
segment. Results : Computer—based morphometric analysis 4 weeks after stenting showed no significant
difference in neointima area between the AdT 8-ExR-infected and control groups (AdLacZ and PBS).
However cell density of neointima was significantly increased in the AdT A-ExR group compared with
control group (3121 +331 vs 2812+183 cells/mm?, p<0.05). Notably, the AdT 8-ExR group had more extensive
CD3 positive T cell infiltration. In addition matrix metalloproteinase (MMP)1 expression and accumulation
of hyaluronan was greater in the AdT f#-ExR group. Cell proliferation rate was significantly increased in the
media of the AdT #—ExR group compared with control group (2.04+1.21% vs 1.18+1.06%, p<0.05). Conclusion :
Blockade of TGF- 4 by use of catheter—based local in vivo gene delivery did not alter neointima formation
significantly in our porcine coronary artery stent model, however it increased inflammation and pathological
changes that could promote lesion formation. (Korean Circulation J 2004;34(11):1022-1032)
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Introduction

Neointimal ingrowth rather than tissue remodeling
or stent recoil is thought to play a key role in restenosis
after stenting.” Studies of human coronary in-stent ne-
ointima suggest that the enhanced ECM accumulation

may be an important mechanism for the development
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of in-stent neointima.

The TGF- 3 expression is thought to increase ECM
accumulation. The level of TGF- 81 mRNA is increased
in arteries as early as 6 hours after injury,” and its exp-
ression is significantly higher in restenotic lesions com-
pared with primary lesions.” TGF- 3 1 up-regulates the
synthesis of various ECM components, such as prot-
coglycans, hyaluronan, fibronectin, and collagen.>>®
TGF- /1 also enhances ECM accumulation by down-
regulating plasminogen activators as well as by increa-
sing the plasminogen activator inhibitor.? Direct evi-
dence showing that TGF- 3 1 is involved in the develo-
pment of arterial lesion was reported."® Over-expres-



sion of the TGF- 3 1 promotes the formation of a neoin-
tima enriched with ECM,?” and withdrawal of TGF- 5 1
contributes to neointimal regression with increased apo-
ptosis.” Treatment of balloon injured arteries with neu-
tralizing anti-TGF- S8 1 antibodies reduced intimal hy-
perplasia.” In contrast, other studies suggested the role
of TGF- 3 in inhibition of inflammation and atherosc-
lerosis.”

Most cells express three types of TGF- 8 receptors
(type I, Il and 11I) on the surface, and type I and II re-
ceptors (T ARI and T 3 RII, respectively) are necessary
for all biological activity of TGF- 8.'9") TGF- 3 exerts
its effect by binding to heterodimeric complexes of T 3 RI
and T ARIL'Y™ T ARII is a transmembrane receptor of
serine-threonine kinase family, and can itself bind free
TGF- /3, whereas T SRI can only recognize TGF- /3
that is already bound with T 3 RIL'Y An adenoviral vector
expressing the ectodomain of T ARII (AdT 3 -ExR) spe-
cifically inhibits the function of the endogenous T S RII,
and inhibits action of TGF- 3, specifically TGF-8 1,
TGF- 33, and TGF- 3 5, but not TGF- 82."'% AdT 8 -
ExR can act as a specific dominant negative mutant of
T BRIL, thus preventing an interaction of the endo-
genous functional T 8 RII with T 3 RI.'"

In this study, we inhibited TGF- 8 using a catheter
based local in vivo delivery of AdT 8 -ExR in a porcine
coronary stent model. Blockade of TGF- 3 did not re-
duce in-stent neointima formation, although it did reduce
ECM formation to some extent. Furthermore, blockade
of TGF- /3 induced increases in T cell infiltration, MMP
1 expression, deposition of hyaluronan-rich ECM, and
medial cell proliferation rate, suggesting that inhibition
of TGF- 3 activity promotes inflammation in injured
arteries.

Methods

Materials

Antibodies against soluble human T S RII IgG (a
fluorescein isothiocyanate (FITC)-conjugated, rabbit
polyclonal), human CD3 (T cell marker, rabbit polycl-
onal), human « -actin (SMC marker, mouse monoc-
lonal), and human proliferating cell nuclear antigen

(PCNA) (cell proliferation rate marker, mouse mono-

clonal) were purchased from Dako, Carpinteria, CA.
Mouse monoclonal anti-human MMP1 and rabbit poly-
clonal anti-porcine TGF- 8 | were purchased from On-
cogene, Cambridge, MA and Cell Sciences, Norwood,
MA, respectively. Biotinylated anti-mouse IgG and anti-
rabbit IgG were purchased from Dako. The Vectastain
Eite ABC kit (Avidin DH and biotinylated horse-radish
peroxidase H reagent) was purchased from Vector Lab.,
Burlingame, CA. DAB (3, 3’-diaminobenzidine tetrahy-
drochloride) and other chemicals were purchased from
Sigma (St. Louis, MO).

Recombinant adenovirus vector

Replication-defective E1- and E3- recombinant ade-
novirus expressing either an entire ectodomain of the
TGF- 8 type II receptor fused to the human immuno-
globulin Fc portion (AdT 8-ExR) or S -galactosidase
(AdLacZ) under a CA promoter (composed of cytome-
galovirus enhancer and chicken £ -actin promoter) was
constructed as described previously.'¥ AdT 4 -ExR-in-
fected cells secrete soluble TGF- 3 type II receptor
(T BRID, which inhibits TGF- 3 signaling by binding
TGF- 8. Adenovuruses were propagated and titered
in HEK 293A cells, and were prepared by ultracentri-
fugation in cesium chloride gradient to yield concent-
rations of the order of 10°—10'° plaque forming unit
(pfu).

Local intravascular gene delivery and stent deploy-
ment

A total of thirteen large white female pigs (2—3 mo,
25-30 kg) were used for this study. Ten pigs under-
went coronary artery intravascular gene delivery with
subsequent intracoronary stent deployment. Briefly, ani-
mals took 100 mg/d Aspirin and 75 mg/d Clopidogrel
24 hours prior to the procedure and continued to take
these until sacrifice. Before anesthesia, pigs subjected
to intramuscular injection of Atropine (0.04 mg/Kg),
Xylazine (2 mg/Kg), and Ketamine (10 mg/Kg) . Anes-
thesia was induced by inhalation of 2.5% Enflurane.
Heparin 6,000 IU was injected intravenously, and an 8
F Judkins right coronary artery (RCA) guide catheter
was inserted through the left carotid artery. Two coron-
ary arterial segments feasible for intravascular delivery
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using a 3.0—3.5 mm Infiltrator™ (Interventional Tech-
nologies, San Diego, CA) were selected for angiop-
lasty by a blinded operator. One arterial segment was
injected with AdT 8-ExR (1% 10° pfu), and the other
with either AdLacZ (1% 10° pfu) or PBS. After gene
delivery, a Palmaz-Schatz coronary stent was deployed
in each treated arterial segment (9—11 atm, balloon/
artery@ 1.1). After stent deployment, left carotid artery
was ligated.

Three pigs were used for the analysis of efficiency
of gene transfection at 1 week after gene delivery. To
identify optimal titer of adenoviral vector for effective
gene transfer, three different titers of AdT B -ExR (1 X
108, 5108, and 1% 10° pfu in 400 (1 PBS) and two
different titers of AdLacZ (2.5 107 and 2.5 X 10® pfu
in 400 #L PBS) were randomly injected into each arte-
rial segments.

Three pigs died during angioplasity to vascular com-
plications, thus seven pigs were sacrificed 4 weeks
after stenting for the pathological analysis. Coronary
arteries for the analysis of gene transfection were snap-
frozen in liquid nitrogen, and divided into two pieces:
one embedded in OCT for cryostat sectioning and the
other kept —70°C until RNA assay. The stented arterial
specimens were pressure-fixed in situ with 4% formal-
dehyde, excised from the porcine heart, and divided
into two segments by cutting the bridge portion of the
Palmaz-Schatz stent. One bisected arterial specimen
with higher degree of stenosis underwent tissue proces-
sing with Kulzer Histotechnik 8100 (Heraeus Kulzer,
Germany) for morphometric analysis, and the other bis-
ected specimen was embedded int paraffin for patho-

logical staining.

Reverse transcription polymerase chain reaction (RT-
PCR)

Total RNA from each arterial segment was isolated
using RNeasy mini kit (Qiagen, Germany). Total cDNA
synthesized from 2 g of total RNA was amplified for
35 cycles at 94°C for 30 s, 54°C for 1 min, and 72°C
for 1 min. The primer sets for T ARII (5’-ACA TCG
TCC TGT GGA CGC GTA-3’ and 5’-CTA GCA ACA
AGT CAG GAT TGC-3’), or 28S rRNA (5’-TTA AGG
TAG CCA AAT GCC TCG-3’, and 5’-CCT TGG CTG
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TGG TTT CGC T-3) were used for amplification of
450 bp and 102 bp fragments, respectively. Similarly,
total RNA was isolated from the adenovirus-infected
(6 and 60 moi) cultured rat arterial smooth muscle
cells using Trizol (Gibco, Grand Island, NY) to study
the effect of AdT /3 -ExR on the expression of connec-
tive tissue growth factor (CTGF) mRNA. The PCR
primer sets for CTGF (5’-CGC CTG TTC TAA GAC
CTG T-3’ and 5’-GAA AGC TCA AAC TTG ACA
GG-3’) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (5°-TCA TTG ACC TCA ACT ACA TGG
T-3’ and 5’-CTA AGC AGT TGG TGG TGC AG-3’)
were used for amplification of 420 bp and 370 bp frag-
ments, respectively. PCR products were separated on a
1.2% agarose gel, stained with ethidium bromide, and
analyzed using an image analyzer (Bioprofil, Viber Lour-
mat, France) .

Immunohistochemical staining

Imunohistochemical staining was done on serial sec-
tions as described previously.” Briefly, after deparaff-
inization, endogenous peroxidase activity was blocked
with 0.3% H,0, in methanol. Slides were incubated
with primary antibodies as described. The frozen arterial
segment sections were dried, placed in PBS for 10 min,
and incubated with primary antibodies. Biotinylated anti-
mouse IgG or anti-rabbit IgG was incubated as a secon-
dary antibody, and further stained with avidin-conju-
gated peroxidase and DAB. Hyaluronan labeling was
done with biotinylated hyaluronan binding protein.
Transfected coronary arterial segments with AdLacZ
subjected to cryostat section at 20 #m thickness. Exp-
ression of /3 -galactosidase was evaluated by incubation
with the substrate S-bromo-4-chloro-3-indolyl- 3 -D-
galactoside (X-gal : Sigma, St. Louis, MO). Tissue sec-
tions were subsequently counterstained with hema-
toxylin-eosin

Pathological analysis

The cross-sectional areas of the proximal and distal
portions of the bisected stented arterial segments were
measured with computerized digital morphometry soft-
ware (Optimas 6.5). The areas bound by the luminal
surface (lumen area), the internal elastic lamina (IELA),
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the external elastic lamina (EELA) and stent (stent area)
were measured at the minimal luminal area. Neointima
area (IELA-lumen area), media area (EELA-IELA),
and percent stenosis ([neointima area/IELA] X 100)
were calculated. The extent of vessel wall injury induced
by stent was calculated as mean injury score determined
by Schwartz et al (mean injury score=sum of weights
for each wire/number of coil wires present) .'> Modified
Movat pentachrome stain'® was used to identify ECM
components. Collagen was identified in the picrosirius
red-stained sections from paraffin-embedded tissue with
polarized light on Olympus BX51 light microscope.
The proportional area of either collagen or hyaluronan
in each vessel layer was measured by analyzing at least
3 microscopic fields (X 100) with Optimas 6.5 image
software. To estimate semi-quantitatively the extent of
distribution of CD3 positive T cells, we categorized the
extent of T cells into three scores: one for CD3 positive
cells <10% of total cells, two for =10% and <50%, three
for >50%.

Statistical analysis

All data are expressed as mean*SD, and all sta-
tistics were calculated by use of SPSS 11.0 for Windows.
Comparisons of the continuous variables between two
groups were made by Wilcoxon signed ranks test. A
value of p<0.05 indicates statistical significance.

Results

Identification of the infected human TZRII gene

Two coronary arterial segments, proximal and distal
left anterior descending artery (LAD), from a pig were
injected with two different titers of AdT 3 -ExR. One
week after gene delivery, the levels of mRNA or protein
of T B RII were determined from each arterial segment.
As shown in Figure 1 (A), RT-PCR products of T 4 RII
mRNA from distal LAD injected with AdT 8 -ExR of
1x10° pfu showed a definite single band, whereas
proximal LAD injected with that of 5 10% pfu showed
a faint band. Neither mid LAD nor other remote arteries

m-LAD p-LAD

Adlacz

AdT 8 -ExR

Figure 1. RT-PCR analysis for detection of a transferred T 8 RIl mMRNA in each porcine coronary arterial segments (A).
The amplified RT-PCR gene product from the distal LAD injected with 1107 pfu AdT 8-ExR was shown as a definite
band of ~450 bp, whereas a faint band was shown by that from proximal LAD injected with 5x 108 pfu AdT 8-ExR.
Adjacent mid LAD did not have any this fransgene product. Immunohistochemical staining with a FITC-conjugated
rabbit anti-human IgG showed multiple dispersed immunofluorescent positive particles (marked as arrows) of T A RIlin
distal LAD injected with 5x 108 pfu AdT 8-ExR (B), but not in remote coronary artery (C). Artery injected with 2.5x 108
pfu AdLacZ showed pB-galactosidase (dark blue color) around media and adventitia identified by histochemical
staining with X-gal (D). Arrow indicates exteranl elastic lamina. Counter staining with hematoxylin-eosin. AdLacZ: ad-
enovirus expressing A -galactosidase, AdT 5 -ExR: adenoviral vector expressing the ectodomain of the type Il TGF- 3
receptor, TARI: TGF-8 type Il receptor. Bars=50 xm. LAD: left anterior descending artery, FITC: fluorescein isothio-
cyanate.
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revealed any detectable band. RT-PCR products of 28S
RNA from each arterial segments had a band of equal
density, verifying a quantitative nature of transfected
gene delivery.

Immunofluorescent staining for soluble T 3 RII cor-
onary artery injected with 5 < 10° pfu AdT 3 -ExR sh-
owed multiple dispersed immunofluorescent positive
T 8 Rll-antibody complexes (Figure 1B). On the other
hand, neither remote coronary arteries nor remote tho-
racic aorta showed any discernable immunofluorescent
particles (Figure 1C). These results suggest that succ-
essful local catheter-based delivery of soluble T 3 RII
was accomplished.

Efficiency of gene transfection was also confirmed
by X-Gal staining of [ -galactosidase in two coronary
arterial segments injected with two different titers of
AdLacZ (2.5 % 107 pfu and 2.5 X 10® pfu) . The expres-
sion of /3 -galactosidase was shown in around outer
media and adventitia in the arterial segment injected
with AdLacZ of 2.5 X 10%pfu (Figure 1D), but not in
the segment with 2.5 X 10 pfu (figure not shown) .

The effect of AdT B -ExR on CTGF mRNA in cultured
rat arterial SMCs

There are CTGF-dependent and CTGF-independent
signaling pathways activated by TGF- 3, and CTGF
functions as a downstream mediator of TGF- 3 in fibro-
blastic cells.'” We analyzed to know if the expression
of CTGF mRNA in cultured rat arterial SMCs can be
affected by either AdT /3 -ExR or AdLacZ. The expres-
sion of CTGF mRNA was inhibited by AdT 3 -ExR at
moi 60 (Figure 2). Therefore AdT 8 -ExR can down-

regulate CTGF expression, thereby inhibiting ECM
synthesis.

The effect of blockade of TGF- 3 on morphometric
parameters

Seven pairs (AdT 8 -ExR and control group) of cor-
onary arteries from seven pigs were analyzed for the
comparison of morphometric parameters, as summarized
in Table 1. Both AdLacZ and PBS treated arteries were
pooled together as a control group. Cell density of neo-
intima was significantly greater in the AdT 3 -ExR group
than in control group (3,121£331 vs 2,812+ 183 cells/
mm?, p<0.05) . However there was no significant diffe-
rence in lumen area, intima area, percent area stenosis,
area ratio of intima to media, or adventita area between
the AdT 8 -ExR and control group.

Table 1. Comparisons of morphometric parameters
between two groups

AdT B -ExR Control
(n=7) (n=7)
Lumen (mm?2) 3.73+£1.39 420+0.98 NS
Infima (mm?) 2.02+0.92 2.06+0.37 NS
Media (mm2) 1.83+0.41 1.90+0.60 NS
Adventitia 4.17+338 3.56+4.18 NS
(mm?2)
Intima/media 1.13+0.52 1.19+0.51 NS
Area stenosis 36+15 35+8 NS
Stent (mm?2) 5.72+0.70 599+1.04 NS
EELA (mm?2) 7.61+£1.22 8.15+1.26 NS
Intima CD 3121+33] 2812+183  <0.05
Injury score 0.93+0.31 0.80+0.33 NS

CD: cell density (cells/fmm?), EELA: external elastic lamina
area; % area stenosis= (neointima area/IEL area) X 100.
Data are expressed as mean=SD

) AdLacz AT B -ExR
—virus
6 moi 60 moi 6 moi 60 moi
GAPDH o . i —

Figure 2. Inhibition of CTGF mRNA in cultured rat arterial SMCs transfected with AdT 8-ExR. Rat arterial SMCs were
transfected with either AdT 3 -ExR or AdLacZ at two different concentration (6 and 60 moi). After incubation for 48
hours, total RNA was extracted and subjected to RT-PCR as described in method. Signals of 420 bp for CTGF and 370
bp for GAPDH are shown. CTGF: connective tissue growth factor, AdT 3 -ExR: adenoviral vector expressing the ecto-
domain of the type Il TGF- Breceptor, AdLacZ: adenovirus expressing B -galactosidase, GAPDH: glyceraldehyde-3-

phosphate dehydrogenase, SMCs: smooth muscle cells.
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Figure 3. Effects of blockade of TGF-3 on the pathological characteristics. A pair of porcine coronary arteries
treated with either AT 5-ExR or AdLacZ (control) are shown. Adjacent sections were stained. Hematoxylin-eosin (HE)
staining shows an increase in inflammatory cells (mostly round nucleus cells and macrophages) at around stent struts
and adventitial in the AT B -ExR artery (B, C) compared with control artery (A). Higher magnification of inflammatory
cells are shown in aninset (B). Immunohistochemical staining identified CD3 positive T cells o be a main component
of these inflammatory cells. CD3 positive cells were more abundant in the AdT8-ExR artery (E, F) compared with
control artery (D). Movat staining shows glycosaminoglycans (blue color) to be the main ECM component of ne-
ointima (G, H). Proximal reference artery (PRA) had thin infimal and adventitial layers (1) . Hyaluronan detected with
hyaluronan binding protein was expressed moderately in neointima of control artery (J), however its expression in
AdT B-ExR artery was more abundant in around neointima and adventitia enriched with inflammatory cells (K, L).
Expression of MMP1 was localized in neointima and media of control artery (M), on the contrary its expression in AdT
B-ExR artery was also additionally found in inflammatory cell-rich adventitia (N, O). *: marks the site of higher
magnification. NI: neocintima, M: media, A: adventitia, PRA: proximal reference artery, HA: hyaluronan. counterstaining
with hematoxylin. AdT 8 -ExR: adenoviral vector expressing the ectodomain of the type Il TGF- freceptor, AdLacZ:
adenovirus expressing [ -galactosidase, TGF- 8 transforming growth factor- 8, ECM: extracellular matrix, MMP1:
matrix metalloproteinase 1. Bars=100 zm.
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The effect of blockade of TGF-# on pathological
characteristics
Infiltration of inflammatory cells was more marked

in the AdT 8 -ExR group compared with control group

CD3 Positive score

Control AdT B-ExR

Figure 4. Comparison analysis of the distribution of T cells
with use of a score to estimate the proportion of CD3
positive cells semi-quantitatively (1: positive cells <10% of
total cells, 2: =10% and <50%, 3: =50%). The AdT3-ExR
group had significantly larger extent of CD3 positive cells
compared with control. Data are mean=SD. *: p<0.05,
AdT B-ExR: adenoviral vector expressing the ectodomain
of the type Il TGF- Sreceptor.

70
UJ PRA
= Control
% W AdTBEx-R
60 *
*
]
8¢ 50 .
C
9]
=
5 | ;
2
3 40
S
<
k)
g 30
[s]
ko]
5
£ 20
S
Q
o
[+
10l T T | T
0 %
Intima Media Adventitia

as shown in Figure 3 (A, B). The inflammatory cells
were present throughout the tissue, but accumulated
especially at around stent struts and adventitia (Figure
3C). Immunohistochemical staining identified CD3
positive T cells as the main component of inflammatory
cells (Figure 3D-F), while the rest were composed of
macrophages, eosinophils, and multinucleated giant cells
(Figure 3C). T cell distribution in the AdT 3 -ExR group
was significantly larger than that of control group (Figure
4). In general, « -actin positive smooth muscle cell
(SMC) was the predominant cell type in neointima and
media of both groups, and most of these SMCs were
TGF- 81 positive by immunohistochemical staining
(figure not shown) .

Movat staining identified that glycosaminoglycans
were the predominant ECM component in the in-stent
neointima in both AdT B -ExR and control groups
(Figure 3G, H). Hyaluronan, detected by hyaluronan
binding protein, was abundantly expressed in stented
arteries (Figure 3J, K), whereas its expression was
scarce in proximal reference artery. The accumulation
of hyaluronan was diffuse and variable, but tended to
be increased in neointima especially near the stent strut

and in adventitia containing many inflammatory cells

77 O PRA
N [ Control

6 4 ( \ W AdT B ExR
8 5
o
¢
54 *
'~§ N
L 3+
£
a
T 2
|

'| —

0 T

Neointima Media

Figure 5. The effect of of T RIl on the proportional area
of hyaluronan in each layer. The proportional areas of
hyaluronan in all three arterial layers were significantly
larger in the AT A-ExR group compared with control
group. Data are mean=*S8D. *: p<0.05, AdT 3-ExR: ade-
noviral vector expressing the ecto-domain of the type I
TGF- Breceptor, TARI: TGF- 3 receptor type Il, PRA: proxi-
mal reference artery.
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Figure 6. The effect of TARIl on cell proliferation rate in
stented arteries. The cell proliferation rates of neointima
and media in AdT 8 -ExR group were significantly higher
than those of PRA group and control group, respectively.
Data are mean=SD. *: p<0.05, AdTS8-ExR: adenoviral
vector expressing the ecto-domain of the type Il TGF- A3
receptor, TARI: TGF-3 receptor type I, PRA: proximal
reference artery.
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(Figure 3L). Proportional areas of hyaluronan in all
three layers of AdT 3 -ExR arteries were significantly
increased compared with those of control arteries (Figure
5). Polarizing microscopy on picrosirius-red stained
slides was used to estimate collagens content. Areas of
collagen in all three layers were not significantly diff-
erent between the AdT 3 -ExR and control group. (figure
not shown). The expressions of MMP1 in neointima
and media were similarly increased in both AdT 3 -ExR
and control groups, however its expression in adventitia
tended to be higher in the AdT 5 -ExR group containing
many inflammatory cells (Figure 3M—0).

Cell proliferation rate, as measured by PCNA index
(PCNA positive cells/total cells (X100 (%)), was in-
creased in the media of the AdT /3 -ExR group compared
with that of control group (2.04£121% vs 1.18%
1.06%, p<0.05) , however there was no significant differ-
ence in intimal cell proliferation rate between two

groups (Figure 6).
Discussion

Blockade of TGF- 3 did not alter neointima area in a
pig in stent model of restenosis. On the other hand, a
key determinant of stent restenosis, ie vascular inflam-
mation was affected. An increase in cell density without
any area change shown in neointima of arteries treated
with TGF- 3 blockade probably reflect modest decrease
in ECM formation. If an inhibition of ECM accumu-
lation was the sole mechanism by blockade of TGF- S,
then less neointimal area with higher cell density, com-
pared with control group, would be an expected out-
come. Pathological analysis of stented arteries treated
with TGF- 3 blockade showed increases in hyaluronan-
rich ECM and in MMP1 expression in association with
T cell infiltration, all of which could promote cell mig-
ration and, together with an increase of medial cell
proliferation rate, lesion growth. These findings illus-
trate why blockade of TGF- /4 by gene transduction
promotes or does not change rather than inhibits events
associated with neoinitmal growth in stent restenosis.

An increase in T cell infiltration was observed espe-
cially at around adventitia and stent strut in the AdT 3 -
ExR group, in which MMP1 tended to be highly exp-

ressed. At least three factors in our experiment, such as
adenoviral vector,' angioplasty induced vascular in-

120 could

jury,' and inhibition of TGF- 3 signaling,’
induce inflammation. Adenoviral gene delivery can in-
duce host cellular and humoral immune response and
dose-dependent inflammation, which in turn can adver-
sely affect gene expression.'® Inflammation also tends
to be aggravated with high degree of vascular injury.'”
However the significance of TGF- 8 blockade probably
outweighs other factors in our study, since the infiltrated
T cells were much more in the AdT 3 -ExR group com-
pared with control group. Our data supports the notion
that TGF- 3 has an anti-inflammatory property.”?®
Blockade of TGF- 3 with use of a neutralizing antibody
in apo E-deficient mice induced an aggravation of in-
flammatory reaction, such as infiltration of macrophages
and T cells, activation of NF- £ B, and increased arterial
lesion size compared with control group.” An anti-in-
flammatory property of TGF-/ results from a compe-
titive interaction between Smad proteins, downstream
effectors of TGF- 3 1, and NF- ¥ B known as the central
transcriptional control mediator of vascular inflamma-
tion. Smad proteins inhibit transcriptional NF-x B
activity by blocking the association of cAMP response
element-binding protein-binding protein, present in
endothelial cells, with p65/NF- x B.2”

Hyaluronan is a high molecular weight polysaccharide,
and is implicated in various biological processes in-
cluding cell migration and proliferation, tumor invasion,
angiogenesis, and wound healing.*"’ Hyaluronan, found
in human in-stent neointima especially at early period
(<6 mo) after stenting,” can serve as a sustrate for
leukocytes and promote leukocyte adhesion and there-
fore can be considered a proinflammatory component
of ECM. Hyaluronan may significantly contribute to the
formation of neointima®” and vascular remodeling®”
after angioplasty. Hyaluronan can stimulate the loco-
motion of SMCs mediated by specific receptor. Migra-
ting and proliferating SMCs organized pericellular
matrices enriched with hyaluronan and versican, and
interference with the binding of hyaluronan to the cell
surface by use of hyaluronan oligosaccharides can in-
hibit SMC proliferation and migration.m Hygroscopic
property of hyaluronan may promote intimal thickening
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by expanding the tissue space into which cells can mi-
grate easily. Since TGF- 8 1 can stimulate the synthesis of
hyaluronan, a decrease in hyaluronan would be an
simple expectation by the AdT 8 -ExR treatment. How-
ever hyaluronan was unexpectedly more abundant in
all three vascular layers of the AdT 3 -ExR group com-
pared with control group. This finding is consistent
with previous studies that hyaluronan expression can
be enhanced by proinflammatory cytokines. Expression
of hayluronan on microvascular endothelial cells can
be inducible by the proinflammatory cytokines, such as
TNF- 3 and IL-1 /A, which in turn can enhance CD44-
dependent adhesive interaction between circulating T
cells and endothelial cells thus promoting extravasation
of inflammatory cells.””

No significant change in collagen content by AdT 3 -
ExR shown in our study might reflect that collagen
content does not change significantly at early period
after angiplasty, and this observation is consistent with
previous report that collagen becomes the dominant
ECM component by replacing early hyaluronan and
proteoglycan rich loose ECM at later period (>6mo)
after angioplasty.?’

Inflammatory cells are known to be important sources
of MMPs in a wide variety of inflammatory conditions,
and inflammatory mediators can stimulate the expres-
sion and activation of MMPs and other proteases,
which in turn can facilitate the proteolytic degradation
of matrix, promote cell migration, thus contributing to
the development of neointima and plaque instability.
Cellular interaction between T cells and VCAM-1 posi-
tive endothelial cells is known to be able to induce 72-
kD gelatinase in T cells.”¥ TGE- 8 1 typically inhibits
expression of MMPs including MMP1.> The abundant
expression of MMP1 in the area of T cell accumulation
in the AdT 8 -ExR group supports the aforementioned
interaction between inflammation and MMP produc-
tion.

Only a few studies have been published for the effect
of blockade of TGF- £ on a balloon injured artery®'?*®
and on a Apo E deficient artery.” But its effect on stent
restenosis is not known well yet. Interference of TGF-
B inhibited loss of lumen area in balloon injured arteries

mainly by decreasing negative vascular remodeling.'??%
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However the effect of inhibition of TGF-53 on the
newly developed lesion area was diverse: a decrease

$12) ) or an increase in

in, no significant change in,*
lesion size.” In addition, the effects of blockade of
TGF- /3 on adventitial collagen area are also contra-
dictory. An increase in collagen content was noted in
porcine coronary arteries,”® whereas a decrease was
observed in rat carotid arteries.'”

The exact causes for the discrepancies in neointima
area, collagen content, inflammation profiles, and pro-
liferation rates in ours and other studies are not clear.
As a possible factor to explain these discrepancies, a
context dependent property of TGF-/ should be in
consideration. TGF- 3 exerts bifunctional effects that
are dependent upon the context, in which the particular
cell encounters the TGF- 8 signaling.”” In our data,
cell proliferation rate of the AdT 8 -ExR group was
significantly increased, compared with control group,
in media. TGF- 8 can affect cell proliferation differ-
ently at different settings. TGF- 8 1 inhibits cell proli-
feration either by extending G2 phase or by arresting
in G1 phase.”™ But other in vitro data showed that cell
proliferation was affected in a different way by different
doses of TGF- 8 1. Data of other in vivo studies are
also confusing. Either exogenous infusion of TGF- 81
or adenovirus mediated TGF- A 1 transfection” increased
cell proliferation rate in rat neointima. However, similar
to our study, inhibition of TGF- 3 signaling tends to in-
crease, though not significant, cell proliferation rate in
intima of balloon injured artery.'”” SMC proliferation
can also be affected by degradation of collagen. Human
newborn arterial SMCs plated on monomeric type I
collagen proliferate in responding to platelet-derived
growth factor, whereas SMCs grown on polymerized
type I collagen are arrested in the G1 phase of the cell
cycle owing to upregulation of cyclin dependent kinase
2 inhibitors.*® Therefore enhanced MMP1 expression
in the AdT 8 -ExR group might promote degradation
of collagen, which in turn could increase cell prolife-
ration rate.

Our experiment has other several limitation factors.
Drug delivery using an Infiltrator™ may induce a vas-
cular injury causing dissection, intramural thrombosis,

and vasospasm. In addition, host immune response and

Korean Circulation J 2004;34(11):1022-1032



dose-dependent inflammatory and cytopathic effects
can inhibit adenoviral gene delivery and target gene
expression.'® Therefore these methodological problems
might affect vascular tissue response, thus may comp-
licate the interpretation of the effects of inhibition of
TGF- 5.

In conclusions, blockade of TGF S signaling using
a catheter-based gene transfer of a soluble T SRII could
not inhibit in-stent neointima formation, although it
reduced ECM formation modestly. Pathological pro-
perty characterized by increases in T cell infiltration,
MMP1 expression, medial cell proliferation, and ECM
enriched with hyaluronan, induced by blockade of
TGF- 2, might contribute to lesion progression and
offset modest benefit provided by inhibition of ECM

formation.

H Acknoewledgments
This study was supported by the Ewha Women’s University
Medical School Alumni Grant 1999 and the Korean Society
of Circulation Industry and Academy Grant 99-5. We thank
Dr. Ki-Bum Lee (Ajou University Medical Center, Suwon,
Korea) for histological processing of stented artery. We also
appreciate Dr. Hikaru Uneo (Department of Biochemistry
and Molecular Pathophysiology, University of Occupational
and Environmental Health, Kitakyusyu, Japan) and Dr.
Youngmi K Pak (Asan Institute for Life Science, University

of Ulsan) for preparanon of adenoviral vectors.

REFERENCES

1) Hoffmann R, Mintz GS, Dussaillant GR, Popma JJ, Pichard
AD, Salter LF, et al. Patterns and mechanism of in-stent
restenosis: a serial intravascular ultrasound study. Circula-
tion 1996,94:1247-54.

2) Chung IM, Gold HK, Schwartz SM, Ikari Y, Reidy MA,
Wight TN. Enhanced extracellular accumulation in reste-
nosis of coronary arteries after stent deployment. J Am Coll
Cardiol 2002;40:2072-81.

3) Majesky MW, Lindner V, Twardzik DR, Schwartz SM, Reidy
M. Production of transforming growth factor & I during
repair of arterial injury. J Clin Invest 1991;88:904-10.

4) Nikol S, Isner JM, Pickering G, Kerney M, Leclerc G, Weir
L. Expression of transforming growth factor- & 1 is increased
in human vascular restenosis lesions. J Clin Invest 1992;90:
1582-92.

5) Keski-Oja J, Raghow R, Sawdey M, Loskutoff DJ, Pos-
tlethwaite AE, Kang AH, et al. Regulation of mRNA for type
1 plasminogen activator inhibitor;, fibronectin, and type I
procollagen by transforming growth factor- 5. J Biol Chem
1988;263:3111-5.

6) Nabel EG, Shum L, Pompili VJ, Yang Z, San H, Shu HB,
et al. Direct transfer of transforming growth factor & I gene

into arteries stimulates fibrocellular hyperplasia. Proc Natl
Acad Sci U S 4 1993:90:10759-63.

7) Schulick AH, Taylor AJ, Zuo W, Qiu CB, Dong G, Wood-
ward RN, et al. Overexpression of transforming growth
factor 5 1 in arterial endothelium causes hyperplasia, apo-
ptosis, and cartilaginous metaplasia. Proc Natl Acad Sci
USA 1998;95:6983-8.

8) Wolf YG, Rasmussen LM, Ruoslahti E. Antibodies against
transforming growth factor- 51 supress intimal hyperplasia
in a rat model. J Clin Invest 1994,93:1172-8.

9) Mallat Z, Gojova A, Marchiol-Fournigault C, Esposito B,
Kamate C, Merval R, et al. Inhibition of transforming growth
Jactor- /& signaling accelerates atherosclerosis and induces
an unstable plaque phenotype in mice. Circ Res 2001;89:
930-4.

10) Chen RW, Ebner R, Derynck R. Inactivation of the type Il
receptor reveals two receptor pathways for the diverse
TGF- /4 activities. Science 1993,260:1335-8.

11) ten Dijke P, Yamashita H, Ichijo H, Franzen P, Laiho M,
Miyazono K, et al. Characterization of type I receptors for
transforming growth factor /5 and activin. Science 1994,
264:101-4.

12) Smith JD, Bryant SR, Couper LL, Vary CP, Gotwals PJ,
Koteliansky VE, et al. Soluble transforming growth factor-
4 type I receptor inhibits negative remodeling, fibroblast
transdifferentiation, and intimal lesion formation but not
endothelial growth. Circ Res 1999;84:1212-22.

13) Sakamoto T, Ueno H, Sonoda K, Hisatomi T, Shimizu K,
Ohashi H, et al. Blockade of TGF- /& by in vivo gene transfer
of a soluble TGF- /5 type Il receptor in the muscle inhibits
corneal opacification, edema and angiogenesis. Gene Ther
2000;7:1915-24.

14) Ueno H, Li JJ, Tomita H, Yamamoto H, Pan Y, Kanegae Y,
et al. Quantitative analysis of repeat adenovirus-mediated
gene transfer into injured canine femoral arteries. Arterio-
scler Thromb Vasc Biol 1995:15:2246-53.

15) Schwartz RS, Huber KC, Murphy JG, Edwards WD, Camrud
AR, Vliestra RE, et al. Restenosis and the proportional
neointimal response to coronary artery injury: results in a
porcine model. J Am Coll Cardiol 1992,19:267-74.

16) Schmidt R. Wirtala J. Modification of Movat pentachrome
stain with improved reliability of elastin staining. J Histo-
tech 1996:19:325-7.

17) Grotendorst GR. Connective tissue growth factor: a me-
diator of TGF- 8 action on fibroblasts. Cytokine Growth
Factor Rev 1997,8:171-9.

18) Yang Y, Haecker SE, Su Q, Wilson JM. Immunology of gene
therapy with adenoviral vectors in mouse skeletal muscle.
Hum Mol Genet 1996,5:1703-12.

19) Farb A, Sangiorgi G, Carter AJ, Walley VM, Edwards WD,
Schwartz RS, et al. Pathology of acute and chronic coronary
stenting in humans. Circulation 1999;99:44-52.

20) Tedgui A, Mallat Z. Anti-inflammatory mechanisms in the
vascular wall. Circ Res 2001,88:877-87.

21) Evanko SP, Angello JC, Wight TN. Formation of hyaluronan-
and versican- rich pericellular matrix is required for pro-
liferation and migration of vascular smooth muscle cells.
Arterioscler Thromb Vasc Biol 1999;19:1004-13.

22) Travis JA, Hughes MG, Wong JM, Wagner WD, Geary RL.
Hyaluronan enhances contraction of collagen by smooth
muscle cells and adventitial fibroblasts: role of CD44 and

1031



implications for constrictive remodeling. Circ Res 2001,88:
77-83.

23) Mohamadzadeh M, DeGrendele H, Arizpe H, Estess P, Sie-
gelman M. Proinflammatory stimuli regulate endothelial
hyaluronan expression and CD44/HA-dependent primary
adhesion. J Clin Invest 1998:101:97-108.

24) Romantic AM, Madri JA. The induction of 72-kD gelatin-
ase in T cells upon adhesion to endothelial cells is VCAM-1
dependent. J Cell Biol 1994,125:1165-78.

25) Poncelet AC, Schnaper HW. Regulation of human mesangial
cell collagen expression by transforming growth factor- 5.
Am J Physiol 1998:275:F458-66.

26) Kingston PA, Sinha S, David A, Castro MG, Lowenstein PR,
Heagerty AM. Adenovirus-mediated gene transfer of a sec-
reted transforming growth factor /5 type II receptor inhibits
luminal loss and constrictive remodeling after coronary
angioplasty and enhances adventitial collagen deposition.

1032

Circulation 2001;104:2595-601.

27) McCaffrey TA. TGF- £s and TGF- & receptors in atheros-
clerosis. Cytokine Growth Factor Rev 2000, 11:103-14.

28) Grainger DJ, Kemp PR, Witchell CM, Weissberg PL, Met-
calfe JC. Transforming growth factor (5 decreases the rate
of proliferation of rat vascular smooth muscle cells by
extending the G2 phase of the cell cycle and delays the rise
in cyclic AMP before entry into the M phase. Biochem J
1994;299:227-35.

29) Battegay EJ, Raines EW, Seifert RA, Bowen-Pope DF, Ross
R. TGF- /8 induces bimodal proliferation of connective
tissue cells via complex control of an autocrine PDGF loop.
Cell 1990;63:515-24.

30) Koyama H, Raines EW, Bornfeldt KE, Roberts JM, Ross R.
Fibrillar collagen inhibits arterial smooth muscle cell pro-
liferation through regulation of Cdk2 inhibitors. Cell 1996,
87:1069-78.

Korean Circulation J 2004;34(11):1022-1032




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


