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Abstract

Background—The formation of coronary
artery neointima experimentally induced
in piglets after cardiac transplantation is
related to an immune-inflammatory
reaction associated with increased
expression of T cells and inflammatory
mediators (tumour necrosis factor ¢ and
interleukin 1f) and upregulation of
fibronectin. In vivo blockade of tumour
necrosis factor ¢ in rabbits after cardiac
transplantation results in reduced neoin-
timal formation. The objective of this
study was to investigate the hypothesis
that coronary restenosis after atherec-
tomy or percutaneous balloon angio-

plasty is associated with a similar
inflammatory cascade initiated by
mechanical injury.

Methods—Specimens taken at coronary
atherectomy were analysed from 16
patients. Nine had had the procedure
performed twice, firstly, to remove a pri-
mary lesion, and secondly, to remove a
restenotic lesion. Seven had percuta-
neous balloon angioplasty after removal
of restenotic tissue. Coronary atherec-
tomy specimens were analysed by
immunohistochemistry for the presence
of T cells, macrophages, major histocom-
patibility complex II, interleukin 1p,
tumour necrosis factor a, fibronectin,
and the receptor for hyaluronan medi-
ated motility. ‘

Results—The groups were clinically and
angiographically similar with equivalent
lumens before and after atherectomy.
Restenotic lesions had increased expres-
sion of tumour necrosis factor a and
fibronectin compared with the primary
lesions (P < 0:05 for both). There was
also a trend towards a greater number of
T cells and increased expression of inter-
leukin 18.

Conclusions—Restenosis is associated
with increased expression of tumour
necrosis factor ¢ and fibronectin, sug-
gesting that an immune-inflammatory
reaction probably contributes to neointi-
mal formation and may represent a form
of wound healing and repair secondary to
mechanical injury.

(Br Heart ¥ 1995;73:534-539)

Keywords: inflammatory cells; cytokines; matrix;

restenosis

The mechanisms underlying coronary artery
restenosis after percutaneous transluminal
procedures are poorly understood. Although
smooth muscle cell proliferation may play a
part, some reports suggest that it is not a
prominent feature of the lesion.? The role of
other factors associated with vascular injury
and repair, such as the production of extracel-
lular matrix and inflammation, should there-
fore be considered in restenosis.

We found that intimal thickening in the
ductus arteriosus is associated with smooth
muscle cell migration, which is related to
increased production of fibronectin and
expression of the receptor for hyaluronan
mediated motility.>* We also found that
neointimal formation in piglet coronary arteries
after cardiac transplantation is associated with
increased endothelial and smooth muscle cell
fibronectin synthesis induced by tumour
necrosis factor a and interleukin 14 after an
immune inflammatory reaction.>”’

We hypothesised that a similar immune-
inflammatory mechanism may occur in coro-
nary artery restenosis as a consequence of
mechanical injury. In this study, we compared
specimens taken at coronary atherectomy
from a select group of patients who had the
procedure twice—that is, for both primary
and restenotic lesions. We also studied
atherectomy specimens obtained from a clini-
cally similar group of patients who had
atherectomy for restenotic lesions after bal-
loon angioplasty.

Material and methods

CLINICAL DATA RELATED TO DIRECTIONAL
CORONARY ATHERECTOMY AND ANGIOGRAPHY
Atherectomy was performed on the basis of
clinical indications at the Toronto Hospital
and Sunnybrook Medical Center in Toronto,
Ontario, between July 1990 and August 1993
using the Simpson AtheroCath (Devices for
Vascular Interventions, Redwood, CA). The
protocol and informed consent for the
atherectomy procedure were approved by the
Human Ethics Review Committee of the
Toronto Hospital, the coordinating centre.
The 16 cases studied were retrospectively
selected to include the cohort of nine patients
who had had atherectomy performed twice:
initially to treat a primary lesion and subse-
quently to treat a restenotic lesion. The seven
other patients with restenosis who had
atherectomy after balloon angioplasty were
matched for age and clinical condition. The



degree of coronary artery stenosis before
atherectomy was assessed by quantitative
coronary analysis using the cardiac measure-
ment system (Medical Imaging Systems,
Neunen, the Netherlands), as previously
described.®

The cardiac medical history of the 16
patients was recorded with regard to the pres-
ence of coronary risk factors, clinical presen-
tation of the ischaemic episodes (stable or
unstable angina), site of the coronary artery
lesions, and the time since the primary proce-
dure. There was no uniform pharmacological
regimen before or after the procedure.

HISTOPATHOLOGY AND
IMMUNOHISTOCHEMISTRY OF THE
ATHERECTOMY SPECIMENS

Atherectomy tissue was fixed in 10% formalin
and embedded in paraffin. Sections were
stained with haematoxylin and eosin and
Movat pentachrome. The sections were
analysed by two observers (AIG, VCL) who
were unaware of the nature of the speci-
mens—for example, whether they were pri-
mary or restenotic lesions. Sections showed
the presence of plaque (intima) in all cases,
media in most cases, and, rarely, adventitia.
All analyses refer specifically to the plaque tis-
sue. ‘The presence of thrombosis was
recorded. The extent of fibrosis and cellularity
in the plaque was qualitatively graded as low,
moderate, or high.

Deparaffinised sections were used for all
immunoperoxidase staining procedures. To
determine the presence of inflammatory cells
and an immune reaction, monoclonal mouse
antihuman antibodies to major histocompati-
bility complex class II antigens (1:10 dilu-
tion), T cells (CD45 RO) (1:50 dilution), and
macrophages (leukocyte antigen L1) (1:50
dilution) (all immunoglobulin G from
Dakopatts Corporation, Carpinteria, CA)
were used. To assess expression of the
cytokines, interleukin 1, and tumour necrosis
factor a we used an affinity purified poly-
clonal rabbit antihuman immunoglobulin G
interleukin 18 antibody (1:200 dilution,
Endogen, Boston, MA) and a monoclonal
antihuman immunoglobulin G tumour necro-
sis factor a antibody (1:200 dilution, ascites
fluid, immunoglobulin G, from Sera-Lab,
Crawley Down, Sussex). Fibronectin was
identified using a monoclonal immunoglobu-
lin G, antihuman cellular fibronectin antibody
(1:500 dilution, ascites fluid, UBI, New York,
NY) which does not recognise plasma
fibronectin. Cells expressing the receptor for
hyaluronan mediated motility were localised
using a polyclonal antibody (1:1000 dilu-
tion).® Positive characterisation of smooth
muscle cells present in the tissue was per-
formed using a monoclonal antibody to a

actin in a 1:400 dilution (immunoglobulin

G,a, Sigma, St Louis, MO). After incubation
with the appropriate secondary antibodies, the
sections were developed with 3,3’-
diaminobenzidine (Sigma). Control sections
were treated with phosphate buffered saline
alone or with appropriate normal isotypic
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immunoglobulin G (Dakopatts Corporation).

As previously described,” the amount of
each specific antigen in the plaque was
semiquantitatively assessed (table) by three
independent observers INC, SM, MR) who
were blinded as described above. The scoring
system considered both the area of tissue
with positive staining and the intensity of
staining. A random sample of cases was also
reviewed by a fourth investigator (AIG), inde-
pendently, as an internal control mechanism.
An overall agreement of greater than 80%
of grading scores was achieved among the
readers.

STATISTICAL ANALYSIS

Results are expressed as means (SE).
Continuous variables of interest were assessed
in primary and restenotic lesions by analysis
of variance with post-hoc paired subgroup
testing performed by Neuman-Keul’s analysis
that took into account the P value correction
for multiple comparisons. The association
between restenosis and categorical variables
from the immunohistochemistry studies was
analysed with Fisher’s exact test. Differences
were considered significant if P < 0-05.

Results

CLINICAL AND ANGIOGRAPHIC
CHARACTERISTICS (MEAN (SEM)) OF THE
PATIENTS

All 16 patients were men, they were of com-
parable age at the time of restenosis and
primary atherectomy or percutaneous trans-
luminal coronary angioplasty (56 (4) and 60
(4), respectively). The incidence of risk fac-
tors for coronary artery disease and unstable
angina was similar. The time to reintervention
for restenosis was not significantly different:
197 (34) days after atherectomy (median 210)
and 107 (50) days after percutaneous translu-
minal coronary angioplasty (median 46) (P =
0-15), although it was longer after primary
atherectomy because one patient in the group
had reintervention at 390 days.

The degree of stenosis was similar when the
primary atherectomy or percutaneous translu-
minal coronary angioplasty was performed
(67-4% (4'0%) and 63:3% (3-2%), respec-
tively). The degree of restenosis after atherec-
tomy was 67-7% (45%) and after
percutaneous transluminal coronary angio-
plasty 63-5% (4-3%). The percentage of
residual diameter stenosis after the atherec-
tomy for restenosis was also similar: 26:3%
(7-4%) and 28-9% (5-2%), respectively.

HISTOPATHOLOGY AND
IMMUNOHISTOCHEMISTRY

There were no significant differences in the
relative amounts of fibrosis or cellularity when
comparing primary atherectomy tissue with
the restenotic lesions after atherectomy and
balloon angioplasty. The four cases in which
thrombus was evident all presented with
unstable angina (3/9 primary lesions and 1/7
restenotic lesions after balloon angioplasty).
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Immunoperoxidase staining for T cells (A, B, C), tumour necrosis factor a (D, E, F), and fibronectin in specimens at coronary artery atherectomy from a
primary lesion (A, D, G), a restenotic lesion after atherectomy (B, E, H) (both from the same patient) and a restenotic lesion after balloon angioplasty
(C, F, I). Negative T cell staining was observed in the primary lesion (A), whereas several positive cells were observed in both restenotic lesions (B, C).
Similarly, more intense staining for tumour necrosis factor a was observed in the restenotic lesions (H, I) both cellularly and extracellularly than in the
primary lesion (G). The expression of tumour necrosis factor a. seemed to be associated with inflammatory cells and smooth muscle cells as judged by
results on light microscopy. Mild staining for fibronectin was observed in the primary lesion (G), whereas more intense staining was observed in both
restenotic lesions (H, I). Original magnification % 40 with x 100 under oil tmmersion for all insets. Note: arrows are examples of positive staining for

peroxidase.

Thrombus was not evident, however, in seven
additional patients with unstable angina, but
fresh microthrombi might have been lost dur-
ing the procedure or on retrieval of tissue, or
both.

The pattern of immunostaining observed
for major histocompatibility complex class II
antigens was similar in all specimens. The
numbers of T cells were increased in
restenotic lesions compared with primary
lesions. None of the nine cases of primary
lesions showed more than mild staining,
whereas in five of the 16 cases of restenosis
(3/9 after atherectomy and 2/7 after percuta-
neous transluminal coronary angioplasty),
showed moderate to intense staining.
Specimens from six of the nine patients who
had repeat atherectomy showed increased
staining for T cells in the restenotic lesions
compared with the primary lesions. Only one
of the nine primary lesions showed more than
mild staining for macrophages, whereas four
of the 16 cases of restenosis (two out of nine
after atherectomy and two out of seven after
percutaneous transluminal coronary angio-
plasty) showed moderate to intense staining.
Also, in four of the nine patients who had
repeat atherectomy macrophages stained
darker in the restenotic lesions than in the pri-

mary lesions. In all specimens examined, the
pattern of immunostaining for T cells and
macrophages was mostly focal (figure and
table).

Staining for tumour necrosis factor a was
significantly higher (> mild) in restenotic than
in primary lesions (P < 0-05). Only one out of
nine primary lesions showed more than mild
staining for tumour necrosis factor a, whereas
nine out of 16 cases of restenosis (4/9 after
atherectomy and 5/7 after percutaneous trans-
luminal coronary angioplasty) had moderate
to intense staining. In patients who had repeat
atherectomy, staining for tumour necrosis fac-
tor a was more intense in seven out of nine
restenotic lesions than in the primary lesions
(figure and table).

Immunoperoxidase staining for interleukin
18 was no more than mild in all of the primary
lesions, whereas five out of 16 cases of
restenosis (4/9 after atherectomy and 1/7 after
percutaneous transluminal coronary angio-
plasty) showed moderate to intense staining.
Four of the nine patients who had repeat
atherectomy showed greater immunoperoxi-
dase staining for interleukin 1 in the
restenotic lesions than in the primary lesions.
In all of the specimens studied the pattern of
immunostaining for interleukin 15 and
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Summary of immunohistochemical features according to lesion rype
Major Tumor Receptor for
hi; iparibili t hyaluronan
Case No* T cells Macrophages complex factora  Interleukin 18 Fibronectin motility marker
Primary lesion .

1 + - - + - + + -

2 - + - + - + + -

3 + + - + - + +

4 - - - + - - -

5 - + - - - + -

6 + - - + - + -

7 + + - + - + -

8 - - + + + + -

9 + + + - + + + + +

R is after direcrional atherectomy
10 - + - + - + -
11 + - - ++ - ++ +
12 ++ - - ++ - ++ -
13 + ++ - + - ++ +
14 +++ ++ + CH4+ 4+ + +++
15 +++ + - + ++ +++ ++
16 - + - + - +++ -
17 + - - + + ++ +
18 - + - +++ +++ + -
R is after per transl; I coronary angioplasty

19 + +++ - - - + + +
20 + - = = = + =
21 + + - ++ + + + + +
22 ++ + + +++ ++ ++ ++
23 + - - + + + + + -
24 + + + + - ++ + + + +
25 + + + - + + + + + +

*Cases No 1 and 10, 2and 11, 3 and 12, 4 and 13, 5 and 14, 6 and 15, 7 and 16, 8 and 17, 9 and 18 are lesions from patients direc-

tional coronary atherectomy twice.

Grading system: (— ), negative; (£ ), minimal; (+), mild; (+ +), moderate; (+ + +), high.

tumour necrosis factora seemed to be
associated with smooth muscle cells, inflam-
matory cells, and the extracellular matrix
(table).

Immunostaining for fibronectin was signifi-
cantly greater in restenotic than in primary
lesions (P < 0-:05). Only two of the nine pri-
mary lesions showed more than mild staining,
whereas 11 of the 16 restenotic lesions (6/9
after atherectomy and 5/7 after percutaneous
transluminal coronary angioplasty) showed
moderate to intense staining. In five of the
nine patients who had repeat atherectomy the
restenotic lesions stained more strongly for
fibronectin than did the primary lesions. In all
specimens the pattern of fibronectin accumu-
lation observed was both diffuse and focal and
present in areas of both low and high cellular-
ity (figure and table).

None of the nine primary lesions showed
more than mild staining for the receptor for
hyaluronan mediated motility, whereas three
of the 16 restenotic lesions (2/9 after atherec-
tomy and 1/7 after percutaneous transluminal
coronary angioplasty) had moderate to
intense staining. The pattern of staining for
the receptor for hyaluronan mediated motility
was usually focal, associated with cells which
seemed to be both smooth muscle cells (posi-
tive staining for a actin; especially obvious in
those with a motile elongated phenotype) and
inflammatory cells (as judged by cell markers
previously described), but the receptor for
hyaluronan mediated motility was also evi-
dent in the extracellular matrix (table).

Discussion

In this study of restenosis we had the opportu-
nity to compare primary and restenotic lesions
from patients who had had atherectomy twice,
as well as restenotic lesions from patients who

had percutaneous transluminal coronary
angioplasty. Although the number of patients
was small, comparison of tissue from the same
patients before and after restenosis circum-
vents some of the difficulties related to indi-
vidual variability. We found a significant
increase in the presence of the inflammatory
mediator tumour necrosis factor a and in the
accumulation of the extracellular matrix com-
ponent fibronectin. Increases in immunos-
taining for other markers of inflammation, T
cells, macrophages, and interleukin 14 and for
the receptor for hyaluronan mediated motility
were observed in both types of restenotic
lesions, although significance was not
achieved. This may reflect the small number
of patients studied, the fact that only one
point in time in this dynamic process was
assessed, and that other pathophysiological
mechanisms are important. Although techni-
cally inevitable, another potential limitation of
this study may be related to the fact that
atherectomy specimens may include not only
restenotic tissue but also part of the adjacent
primary lesion. This was less of a confounding
factor in the group of patients who had had
atherectomy twice and served as their own
controls.

Different forms of vessel wall injury can
induce adhesion to the endothelium of
peripheral blood monocytes and T cells,
which subsequently invade the artery wall.!°!!
Whether these cells actively cause the vascular
lesion at a specific point in time may be diffi-
cult to assess,'? but the fact that, in our study,
the presence of cytokines (major T cell prod-
ucts) also seemed to be increased in restenotic
lesions would indirectly indicate that, at one
stage, T cells were modulating an inflamma-
tory-like cell response. Once present in vascu-
lar lesions, T cells can modulate the biological
activity of endothelial and smooth muscle



538

cells through expression of cytokines and
growth factors.!? !

Both increased tumour necrosis factor o
and interleukin 18 observed in restenotic

“lesions associated with T cells and macro-

phages, as well as smooth muscle cells,
may have a pathophysiological role in
influencing the development of vascular
lesions!?!® through paracrine or autocrine
mechanisms.®” * Our most recent experimen-
tal studies on the graft coronary arteriopathy
have suggested that there is reciprocal coin-
duction of tumour necrosis factor a and inter-
leukin 14'¢ and that both cytokines upregulate
endothelial and smooth muscle cell
fibronectin synthesis.®’!” Moreover, we
showed in vivo, that neutralisation of tumour
necrosis factor a activity in rabbits after car-
diac transplantation reduced both the severity
and number of coronary artery lesions and
this was associated with less inflammation and
reduced accumulation of fibronectin in the
vessel wall.'®* Although we did not perform
concurrent double labelling techniques to
confirm the source of tumour necrosis factor a
because of scarcity of tissue, light microscopy
showed that macrophages primarily and lym-
phocytes and smooth muscle cells to some
extent are involved in the expression of this
cytokine.

The increased cell associated fibronectin
observed in restenotic lesions may be related
to medial smooth muscle cell migration since
fibronectin can form a gradient that promotes
cell movement.'® The expression of the recep-
tor for hyaluronan mediated motility in
restenotic lesions may also be a marker of
heightened cell migration. Increased expres-
sion of the receptor for hyaluronan mediated
motility was seen at the tips of lamellipodia of
advancing cells, and polyclonal antireceptor
for hyaluronan mediated motility antibodies
blocks cell motility.?* In our previous studies
increased migration of ductus arteriosus
smooth muscle in vitro was dependent on
increased production of fibronectin and
increased expression of receptor for hyaluro-
nan mediated motility.* Accumulation of
fibronectin occurs even in early atheroscle-
rotic lesions?! and in piglet coronary arteries in
relation to cardiac allograft arteriopathy.’

Increased fibronectin may also induce
transendothelial migration and subendothelial
positioning of inflammatory cells in resteno-
sis. This is related to the binding of a4 f1 and
a5 Bl integrins to fibronectin at the connect-
ing segment-1 and the arginine-glycine-aspar-
tate sites respectively.?? Qur recent in vitro
observations using an endothelial and smooth
muscle cell coculture system support the
functional significance of fibronectin produc-
tion mediated by cytokines in the
transendothelial migration of lymphocytes.?
We further showed that in vivo blockade of
fibronectin interaction with T lymphocytes
significantly reduced coronary artery neointi-
mal formation in rabbit cardiac allografts.?

In summary, our observations suggest that
restenotic lesions represent, at least in part, a
form of wound healing and repair charac-
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terised by the presence of inflammatory cells,
expression of cytokines (tumour necrosis fac-
tor a and interleukin 1), and accumulation of
fibronectin. Although our observations char-
acterise an immune-inflammatory mechanism
in the pathogenesis of restenosis, recent studies
have implicated cytomegalovirus and inhibi-
tion of p53 activity in the proliferative
response in this process.” Thus, restenosis
probably is a multifactorial cascade affecting
different mechanisms at different levels. On
the basis of our observations therapeutic
strategies that block cytokine function or
inhibit fibronectin-lymphocyte interactions
could potentially interfere with one of the
steps in the progression of restenosis.
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