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Abstract Although Nobori®, with a bioresorbable polymer
and biolimus A9 abluminal coating, has unique characteris-
tics, few data exist regarding endothelialization early after
implantation. Fifteen Nobori® and 14 control bare-metal
stents (S-stent™) were implanted in 12 pigs. Histopathol-
ogy of stented segments, inflammation, and intimal fibrin
content was evaluated on the 2nd and 14th day after implan-
tation. On the 2nd day, endothelial cells were morphologi-
cally and immunohistologically confirmed on the surface
of both stents, although some inflammatory cells might be
involved. Stent surface endothelialization evaluated with a
scanning electron microscope showed partial cellular cover-
age in both stents. On the 14th day, neointimal thickness and
percentage of the neointimal area were significantly lower in
Nobori® than in S-stent™ (51.4 £ 4.5 vs. 76.4 & 23.6 um,
p <0.05 and 10.8 & 2.6 vs. 14.1 = 4.2%, p < 0.01). No sig-
nificant differences were found in these parameters on the
2nd day (17.3 & 14.9 vs. 26.7 £ 13.6 pm and 3.7 £ 3.0
vs. 6.7 £ 3.7%), in inflammatory and intimal fibrin content
scores. These results demonstrate that endothelialization
could occur early after Nobori® implantation with similar
inflammatory reaction to bare-metal stents, probably contrib-
uting to low frequency of in-stent thrombosis and restenosis.
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Introduction

Drug-eluting stents (DES) have been developed to inhibit
the response to vessel wall injury, which is mainly respon-
sible for restenosis after stent implantation [1-3]. As a
result, restenosis and target-vessel revascularization after
DES implantation were reduced to rates below 10% [4, 5].
Even in large-size coronary arteries, including the left main
coronary artery, DES reduce the risk for restenosis [6—8],
but may increase late thrombosis and delay arterial healing.
Incomplete endothelialization of the stent struts and posi-
tive vessel remodelling due to chronic inflammation might
cause this thrombosis; indeed, the persistence of a durable
polymer material on first-generation DES after completed
drug release might trigger an inflammatory response [9—
12]. This adverse event results in abrupt occlusion of the
implanted artery, with a high risk of sudden cardiac death
or myocardial infarction [13, 14]. Autopsies of patients
who died because of DES thrombosis within 30 days
after implantation suggest pathological disorders, such as
delayed neointimal healing, incomplete tissue coverage of
the stent struts, and chronic inflammation [9, 12, 13, 15,
16].

Nobori®, which are abluminally coated with a bioresorb-
able polymer [polylactic acid (PLA)], and the antiprolifera-
tive agent biolimus A9 reduce thrombosis by degradation
of the polymer over a period of 9 months [17, 18]. In a
long-term follow-up study, Nobori® was related to a signifi-
cant reduction in very late stent thrombosis and associated
composite clinical endpoints [19]. On the other hand, pre-
vious reports demonstrated that Nobori® implantation was
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non-inferior to and not different from everolimus-eluting
stent implantation based on 1-year clinical outcomes [20],
another report indicated that Nobori® was not superior to
first-generation DES [21]. One of the reasons for these
controversies can result from few data regarding endothe-
lialization and vessel response early after implantation.
Therefore, we compared the appearance of endothelializa-
tion after Nobori® and S-stent™ implantation by histologic
analysis and scanning electron microscope (SEM) in a por-
cine model.

Methods
Animal study protocol

The animal study was approved by the Animal Care and
Use Committee of Kanazawa University, and the experi-
ments were conducted according to the “Basic Guidelines
for Conduct of Animal Experiments” published by the
Ministry of Health, Labor and Welfare, Japan.

Nobori® (n = 15) and control S-stent™ (n = 14) were
implanted in 12 pigs (mean weight 29.4 £ 2.5 kg) that were
followed until the 2nd day or the 14th day (n = 3, each
timepoint and stent) after implantation. Nobori® (TER-
UMO Corporation, Tokyo, Japan) and S-stent™, a platform
of Nobori® (BIOSENSORS JAPAN, Tokyo, Japan), with
different characteristics were implanted: 11 (length 8 mm
and diameter 2.75 mm) and 4 (length 8 mm and diameter
3.0 mm) Nobori®; 7 (length 8 mm and diameter 3.0 mm);
and 7 (length 11 mm and diameter 3.0 mm) S-stent™. Both
types of stents were made of 316L stainless steel. Nobori®
is coated with Biolimus A9 which is a lipophilic analogue
of sirolimus.

All swine were treated with aspirin (200 mg, Bayer,
Land Nordrheine-Westfalen, Germany) and clopidogrel
(300 mg, Sanofi Aventis, Gouda, The Netherlands) for pre-
procedure. Aspirin (200 mg) and clopidogrel (75 mg) were
administered daily until the end of the study. After being
anaesthetized with ketamine (20 mg/kg intramuscularly),
swine were maintained on general anesthesia with 2%
halothane and oxygen. During experimental procedure, we
carefully observed anesthesia situation to maintain appro-
priate sedation. Electrocardiogram and heart rate were
continuously monitored by a polygraph recording system
(OptiPlex755, Nihon-Kohden, Tokyo, Japan) throughout
the entire procedure. Heparin (5000 IU) was administered
via the left carotid artery through 7 Fr sheath, and 2000 IU
were injected every hour.

Stent deployment was performed by the method previ-
ously described previous report [22]. Briefly, stent delivery
catheters (6 Fr Heartrail II, JR-4.0 or AL-1.0, TERUMO)
were inserted through the sheath and were advanced over

the 0.035 guidewire to the left and right coronary artery ori-
fice. After coronary angiography, using intravascular ultra-
sound, the segments of the left anterior descending artery,
left circumflex artery, or right coronary artery were selected
to match available stent sizes. Repeated angiograms were
obtained immediately after stent implantation, which was
performed by inflation with nominal atm of each stent for
20 s. After stent implantation, we also performed intra-
vascular ultrasound to optimize coronary artery stenting
after procedures. Under these conditions, if necessary, we
performed balloon dilation to optimize coronary stenting.
Each animal received 2 or 3 Nobori® and S-stent™ in the
coronary artery. Each coronary artery was implanted with
a single stent. At the end of the study, the hearts were har-
vested and processed for SEM and histological analysis.
Under these condition, we controlled anesthesia not to
response animal pain.

Tissue preparation

The stented vessels and normal coronary artery were per-
fused with saline and perfusion-fixed with 4% formalde-
hyde. The stented and normal coronary artery vessels were
embedded in GMA resin and N, N-dimethyl aniline. Sec-
tions (5-6 um thick, for a total of 2 sections) were cut using
a cemented tungsten carbide knife (RM2245, Leica, Ger-
many), and stained with hematoxylin and eosin (New His-
tology Science Laboratory Corporation, Tokyo, Japan). The
sections were evaluated with an optical microscope (BZ-
9000, KEYENCE, Osaka, Japan).

Endothelialization was evaluated by staining with anti-
bodies against the von Willebrand factor (ab6994, abcam,
Cambridge, UK), VE-Cadherin (#2500, Cell Signaling
Technology, Danvers, MA, USA), and KDR/VEGFR2
(LS-C356165, LifeSpan BioSciences, Seattle, WA, USA).
The stented sections (examined and negative control) and
normal coronary artery sections (control) were rinsed 3
times with phosphate buffered saline (PBS) and treated
with target retrieval solution (S2031, Dako, Tokyo, Japan)
according to manufacturer’s instructions. The sections were
maintained at a sub-boiling temperature (30 min). There-
after, the sections were cooled on the bench (30 min) and
incubated in 5% normal goat serum blocking solution (143-
06561, Wako, Osaka, Japan)/0.3% TritonX-100 in PBS
(30 min) and protein block (X0909, Dako, Tokyo, Japan)
(30 min). The sections were labeled with anti-von Wille-
brand factor antibody at a dilution ratio of 1:400, followed
by Alexa Flour 594-conjugated anti-rabbit IgG antibody
(A-11037, ThermoFisher Scientific, Rockford, IL, USA) at
a dilution ratio of 1:1000, anti-VE-Cadherin and anti-KDR/
VEGFR2 at a dilution ratio of 1:400, followed by Alexa
Fluor 488-conjugated anti-rabbit IgG antibody (A-11034,
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ThermoFisher Scientific, Rockford, IL, USA) at a dilution
ratio of 1:1000.

Negative control sections were labeled with Rabbit IgG,
Isotype Control (ab172730, abcam, Cambridge, UK) at a
dilution ratio of 1:400, followed by Alexa Flour 594-conju-
gated anti-rabbit IgG antibody and Alexa Fluor 488-conju-
gated anti-rabbit IgG antibody at a dilution ratio of 1:1000.
In addition, all sections were labeled with anti-a Smooth
Muscle Actin (A2547, SIGMA, Saint Louis, MO, USA)
at a dilution ratio of 1:2000, followed by Alexa Fluor
488-conjugated anti-mouse IgG2a antibody (A-11001,
ThermoFisher SCIENTIFIC, Rockford, IL, USA) and
Alexa Fluor 568-conjugated anti-mouse IgG2a antibody
(A-21134, ThermoFisher SCIENTIFIC, Rockford, IL,
USA) at a dilution ratio of 1:2000. Nuclei were stained
with DAPI (D1306, Molecular Probes, Life Technologies,
Carlsbad, CA, USA) at a dilution ratio of 1:3000.

Immunofluorescence images were obtained using a
custom confocal microscope based on an inverted IX70
microscope (Olympus, Tokyo, Japan) equipped with an
UPLSAPO x60/NA1.35-0il objective, a confocal laser unit
(CSU10, Yokogawa, Tokyo, Japan), an electron multiplying
charge-coupled device digital camera (iXon, Andor, Bel-
fast, Northern Ireland), and a Light engine (Lumencor, Inc,
Veaverton, OR, USA).

The stented vessels for SEM were fixed with 2.5% gluta-
raldehyde containing PBS for 2 h and subsequently treated
with a series of dehydration steps using graded ethanolic
aqueous solutions (50, 70, 90, 99, 99, and 99% ethanol,
10 min each step), freeze-dried in t-butyl alcohol, and then
sputter-coated with platinum. SEM images were observed
using SEM-EDX (Hitachi-Hitechnologies, Tokyo, Japan)
and JSM-5400 (JEOL, Nagoya, Japan) at an acceleration
voltage of 10 kV.

Histological analysis

Histological analysis of the neointima was performed by
an experienced observer (M.M). Histological evaluation
included the measurement of neointimal thickness and
the percentage of neointimal area. Morphometric analysis
of the inflammation, injury (graded as scores 0-3), and
intimal fibrin content scores (graded as scores 1-3) was
also assessed. These parameters were calculated accord-
ing to the previous reports method [23, 24]. The sum of
these scores for each segment was divided by the total
number of struts in the examined section. Neointimal
thickness was measured above the stent and over the stent
struts (each mid-portion), and averaged in that cross sec-
tion. Neointimal areas were measured around the stent
and above the inner membrane. The percentage of neoin-
timal area was defined as 100 x neointimal area/stent
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area [25]. The histological parameters were measured
with digital morphometry.

Statistical analysis

All data are expressed as mean =+ standard deviation
(SD). The parameters (neointimal thickness, percentage
of neointimal area, inflammatory score, fibrin content
score, and injury score) were compared using the non-
parametric method: Wilcoxon rank-sum test for the 2nd
day and 14th day for each groups. A p value <0.05 was
considered statistically significant (JMP software, SAS
Institute Inc, Cary, NC, USA).

Results

Nobori® and S-stent™ were successfully implanted in the
coronary arteries of 12 swine. All animals survived after the
procedure and remained healthy until the end of the study.

Neointimal coverage

On the 2nd day, both Nobori® (n = 1) and S-stent™
(n = 1) were partly covered with a thin tissue, such as the
neointima, although their surfaces seemed to be still rough
(Fig. la, b). Both stents were covered with multiple cells
layer, including spindle and round cells, and inflamma-
tory cells, such as monocytes and blood cells aggregated
surrounding stent (Fig. lc, d, arrows). Remarkably, we
morphologically characterized endothelial cells on both
Nobori® and S-stent™ surfaces (Fig. 1c, d, insets). These
cells were immunohistologically positive for staining with
anti-von Willebrand factor antibody, anti-VE-Cadherin, and
anti-KDR/VEGFR?2 (Fig. 2) as well as normal coronary
artery sections suggesting that endothelialization could
occur at early phases. Negative control sections that were
stained with non-immuno IgG did not give positive signals
(data not shown).

On the 14th day, both Nobori® (n = 2) and S-stent™
(n = 1) were completely covered with endothelial layer
which surface was smoother than on the 2nd day (Fig. 3a,
b). Nobori® stent struts still contained inflammatory cells
(Fig. 3c, inset), although these cells were seldom observed
in S-stent™. Interestingly, smooth muscle cells, which
were rarely found in Nobori®, were present in S-stent™
(Fig. 3d, inset).

Histological analysis
There were no significant differences in the neointimal

thickness and percentage of neointimal area between
Nobori® (n = 6) and S-stent™ (n = 6) on the 2nd
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Fig. 1 Representative elec-
tronmicroscopic and histo-
logic images of Nobori® and
S-stent™ on the 2nd day after
implantation. As observed by
scanning electron microscope,
Nobori® (a) and S-stent™ (b)
were partly covered with thin
tissues, such as neointima,
although their surfaces were
still rough. Inflammatory cells
and blood cells in Nobori®

(¢) and S-stent™ (d) (arrows)
were also present together with
endothelial-like cells on the
surfaces (c, d, inser)

day (17.3 & 14.9 vs. 26.7 £ 13.6 um and 3.7 &+ 3.0 vs.
6.7 £ 3.7%, respectively) (Fig. 4a, b). On the 14th day, the
neointimal thickness and percentage of neointimal area
of Nobori® (n = 6) were 51.4 + 4.5 pm and 10.8 £ 2.6%
and those of S-stent™ (n = 6) were 76.4 £ 23.6 um and
14.1 £4.2% (p < 0.05, p < 0.01) (Fig. 4a, b). This suggests
that neointima proliferation in Nobori® was lower than in
S-stent™, although both stent struts were completely cov-
ered with neointima on the 14th day.

No significant differences in inflammatory (1.3 £ 0.1
vs. 1.3 £+ 0.3), fibrin content (2.5 £ 0.2 vs. 2.3 £+ 0.2),
and injury (0.10 & 0.10 vs. 0.10 £ 0.20) scores between
the 2 groups (n = 6, each stent) were observed on the 2nd
day (Fig. 5a—c). Interestingly, inflammatory (1.4 £ 0.1
vs. 1.2 £ 0.2, p < 0.05) and fibrin content (1.7 £ 0.5 vs.
1.1 £ 0.1, p < 0.01) scores were significantly higher in
Nobori® (n = 6) in S-stent™ (n = 6) on the 14th day,
although no significant difference in injury scores
(0.15 £ 0.09 vs. 0.20 £ 0.15) between the 2 groups was
detected (Fig. Sa—c).

Discussion

The major findings of our study were the following: (1)
SEM on the 2nd and 14th days after implantation showed
similar tissue coverage on the Nobori® and S-stent™ struts;
(2) endothelial-like cells appeared not only on S-stent™

Nobori®

but also on Nobori® at an early phase after implantation;
and (3) histological analysis on the 14th day showed that
neointima proliferation in Nobori® was lower than in
S-stent™. These results suggest a possible mechanism for
the low frequency of in-stent thrombosis and late in-stent
restenosis in Nobori®.

Autopsy studies of patients implanted with first-gen-
eration DES showed that stent thrombosis is frequently
associated with incomplete endothelialization of the stent
struts and vessel walls [9]. Direct exposure of the strut sur-
faces to the blood stream may result in stent thrombosis,
because the functional endothelial layer is known to exhibit
antithrombotic and anticoagulant function via secretion of
factors inhibiting platelet aggregation [26]. In our study,
endothelialization of Nobori® occurred on the 2nd day,
and endothelial cells were present in both Nobori® and
S-stent™., SEM images showed similar endothelial cover-
age above Nobori® and S-stent™ struts.

In contrast to other DES, Nobori® are abluminally coated
with biolimus A9, which probably enhances endothelializa-
tion at an early phase. On the 14th day after implantation,
Nobori® stent struts were completely covered with neoin-
tima. Importantly, neointimal thickness and percentage of
neointimal area were effectively inhibited by biolimus A9,
even though the biolimus A9 was present only on the vessel
wall side of the stent struts. Previous reports showed longi-
tudinal neointimal formation and endothelialization in por-
cine and human coronary arteries. The response to healing

@ Springer



1248

Heart Vessels (2017) 32:1244-1252

Fig. 2 Immunohistological
findings of cells on the stent
surfaces on the 2nd day after
implantation. In both Nobori®
and S-stent™, endothelial-like
cells were positive for staining
with anti-von Willebrand factor
(b, ¢, red), anti-VE-Cadherin
(e, f, green), and anti-KDR/
VEGFR2 (h, i, green) as well as
normal coronary artery (a, d, g)

after placement of the coronary stent in a human coronary
artery is 5—6 times longer than in a porcine coronary artery
[27-29]. Our experimental time course of 2 and 14 days
after implantation in swine may correspond to a reasonable
approximation of 10 days and 3 months in humans, respec-
tively. Therefore, we guess that neointimal proliferation
on Nobori® starts within 10 days, and endothelialization
completes within 3 months after implantation in humans.
Our data demonstrate that endothelialization occurred at
an early phase, offering the advantage of shorter dual anti-
platelet therapy period than those of other DES.

Persistent inflammatory responses in first-genera-
tion DES may lead to impaired endothelial function

@ Springer

S-stent™

Stent 20um

and in-stent thrombosis [10, 11, 13]. In contrast, lower
inflammatory response in the stented segments and rapid
recovery of endothelial function in the Nobori® com-
pared with first-generation DES were observed 1 month
after implantation in a porcine coronary model [30]. Fur-
thermore, minimal inflammation response was observed
with Nobori® at 1-6 month follow-ups [31, 32], probably
because the drug was completely released from the pol-
ymer coating 69 months after implantation (data from
TERUMO). In our study, there were no significant dif-
ferences in inflammatory and fibrin content scores on the
2nd day, although these parameters on the 14th day were
slightly higher in Nobori® than in S-stent™. With regard
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Fig. 3 Representative elec-
tronmicroscopic and histo-
logic images of Nobori® and
S-stent™ on the 14th day after
implantation. As observed by
scanning electron microscope,
Nobori® (a) and S-stent™ (b)
were completely covered with
neointima, and their surfaces
were smoother than those on the
2nd day (a, b, inset). Both stent
struts were completely covered
with an endothelial layer (c, d).
Inflammatory cells were still
observed in Nobori® (c, inset),
although smooth muscle cells
instead of inflammatory cells
were observed in S-stent™ (d,
inset)
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Fig. 4 Quantitative analysis of neointimal thickness and percent-
age of neointimal area. Both neointimal thickness and percentage of
neointimal area were significantly greater in S-stent™ (n = 6) than in

to inflammatory cells and fibrin deposition, biolimus A9
showed high inflammatory and fibrin content scores and
inflammatory reaction in Nobori®, as a biological reac-
tion against PLA degradation products. On the other
hand, no significant differences were detected in inflam-
matory and fibrin content scores on the 2nd day, suggest-
ing high biocompatibility of Nobori® in the early phase.

Nobori®

S-stent™

b % **

% Neointimal area

2nd day

14th day

B S-stent™

Nobori® (n = 6) 14th day after implantation, although no significant
differences were observed in these parameters between the 2 groups
(n = 6, each) on the 2nd day; *p < 0.05, **p < 0.01

Implication and limitations

The present study provides important implications for
development of coronary stents. In terms of early endothe-
lialization of the stent surface, the enhanced method to
capture the endothelial progenitor cells can be an alterna-
tive way for effective endothelialization [33]. Actually,
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Fig. 5 Quantitative analysis of inflammatory, fibrin content, and
injury scores. There were no significant differences in inflamma-
tory, fibrin content, and injury scores between Nobori® (n = 6) and
S-stent™ (n = 6) on the 2nd day after implantation. On the 14th

we previously reported that VEGF-coated metal stent
could capture endothelial progenitor cells to enhance early
endothelialization in an experimental model [22].

Our study has some limitations. First, since we only
studied healthy swine not suffering from arteriosclerosis,
our data revealed vessel response to stents in healthy condi-
tions. However, even under these conditions, early endothe-
lialization in Nobori® may explain the mechanism of low
frequency of in-stent thrombosis. Second, we identified
endothelial cells by immunohistological staining. Under
these conditions, one might speculate the possible contami-
nation of inflammatory cells which appeared in response
to stent implantation. However, it is highly possible that
the newly appeared cells were endothelial cells because of
positive for 3 different antibodies which were confirmed
in control and negative control. Third, the time points
were only the 2nd and 14th day after stent implantation.
At the end of the study, we observed higher inflammatory
response in Nobori® than in S-stent™. Although this might
be derived from the reaction against PLA degradation prod-
ucts, it is still unclear how long these reactions may last in
Nobori®. Although long-term studies already showed mini-
mal inflammatory reaction in Nobori® as well as in BMS
3—15 months after implantation [34], we should performed
to confirm these findings.

Conclusions

Our study demonstrated that endothelialization could occur
early after Nobori® implantation with similar inflammatory
reaction to BMS. The neointimal proliferation was effec-
tively inhibited in Nobori® on the 14th day after implanta-
tion, suggesting low frequency of in-stent thrombosis and
restenosis.
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day, inflammatory and fibrin content scores were greater in Nobori®
(n = 6) than in S-stent™ (n = 6), although the injury score was not
different between the 2 groups; *p < 0.05, **p < 0.01
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