JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 8, NO. 7, 2023
© 2023 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN

COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER

THE CC BY-NC-ND LICENSE (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ORIGINAL RESEARCH - PRECLINICAL

Endothelium-Mimetic Surface )
Modification Improves

Antithrombogenicity and Enhances Patency
of Vascular Grafts in Rats and Pigs

Yongzhen Wei, PuD,>”* Huan Jiang, BS,>* Chao Chai, MD, Pei Liu, MS,® Meng Qian, PuD," Na Sun, MD,¢
Man Gao, MS,* Honglin Zu, MD,° Yongquan Yu, MD,’ Guangbo Ji, BS,” Yating Zhang, BS,® Sen Yang, MD,* Ju He, MD,*
Jiansong Cheng, PuD,* Jinwei Tian, MD, PuD," Qiang Zhao, PuD"

VISUAL ABSTRACT

VN : :
4 Lesion region
y \

HIGHLIGHTS

eNOS*

e TM and eNOS were identified as key
factors for the antithrombogenic function

ENOS* of the endothelium in human

atherosclerotic carotid arteries.

Non-lesion region

4 e Endothelium-mimetic surface

‘ Thrombomodulin (TM) and Nitric oxide (NO) increasing intervention modification of polycaprolactone vascular

U SRR fa et Activated grafts was carried out via immobilization
Thrombin "'&(Peg;c

Bioactive graft *apc of recombinant TM and an engineered

% Engineered
s :ﬁfm < 3%, b 'gaécaﬁgidase galactosidase responsible for the
e conversion of an exogenous NO prodrug.
< -9 *NO o Surface modification by TM and NO
Polycaprolacione ﬁéf o cooperatively enhanced the
) antithrombogenicity and patency of

Evaliation vascular grafts in rat and pig models.

Animal models Histology D D ? @
=4

W X & 7 * Endothelialization
prodrug% Regeneration * * ? smooth ____
2 i i * muscle -
= Intimal hyperplasia f regeneration

|
Rat

i ! Physiological S ;
carotid artery function D
replacement model > Contract[on* Relaxation *
Hemodynamic reconstruction
No o @ D@

<>
= 7 oD D
: >
3 / ! f ) !

s, Thrombus _Intimal (
J SVl hyperplasia

; Patency ""
Pig A
carotid artery w
replacement model 3/5 4/5 4/4 4/4 Disturbed flow

Wei Y, et al. J Am Coll Cardiol Basic Trans Science. 2023;8(7):843-861.

From the ®State Key Laboratory of Medicinal Chemical Biology, College of Pharmacy, Nankai University, Tianjin, China; ®State Key
Laboratory of Medicinal Chemical Biology, Key Laboratory of Bioactive Materials (Ministry of Education), Frontiers Science Center
for Cell Responses, College of Life Sciences, Nankai University, Tianjin, China; “Department of Radiology, Tianjin Institute of
Imaging Medicine, Tianjin First Central Hospital, School of Medicine, Nankai University, Tianjin, China; “Department of Cardiology,

ISSN 2452-302X https://doi.org/10.1016/j.jacbts.2022.12.009


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1016/j.jacbts.2022.12.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2022.12.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

844 Wei et al
Endothelium-Mimetic Surface Modification in Vascular Grafts

ABBREVATIONS
AND ACRONYMS

SUMMARY

2=SMA = a-smooth muscle

actin

EC = endothelial cell

eNOS = endothelial nitric

oxide synthase

EPR = electron paramagnetic

resonance

eSrtA = evolved

Staphylococcus aureus sortase

mutant

Gals = engineered -

galactosidase (A4-B-Gal'">%34)

MRI = magnetic resonance

imaging
NO = nitric oxide

PCL = polycaprolactone

PCNA = proliferating cell

nuclear antigen

SMC = smooth muscle cell

TM = thrombomodulin

WSS = wall shear stress

by-nc-nd/4.0/).

ardiovascular diseases remain a
leading cause of morbidity and mor-
tality." Bypass grafting has proven
successful in the treatment of cardiovascular
diseases, including coronary artery disease
and peripheral artery disease. Clinical prac-
tice for arterial bypass surgery continues to
use autologous vascular tissue harvested

from the patient as the gold standard. Nevertheless,
it requires a secondary surgical site to harvest the
donor graft and often has insufficient availability in
patients with widespread atherosclerotic vascular
disease.”

To address these issues, in situ tissue engineering
has received increasing attention as an off-the-shelf
alternative to current vascular grafts.>® Upon im-
plantation into the human body, the cell-free vascular
graft will be repopulated by the host cells and grad-
ually integrated into the autologous vascular tissue as
scaffold degradation proceeds.”® Unfortunately,
these cell-free vascular grafts suffer from low patency
due to the thrombosis in the early as well as middle/
late stages before they are fully endothelialized.'®
During the last 2 decades, various types of surface
modification strategies have been attempted to
improve the hemocompatibility of cell-free vascular
grafts.''> However, outcomes after long-term im-
plantation are far from satisfactory, and there are
limited data on the translational implications in
clinical trials.”® The fundamental problem is delayed
endothelial healing,'* because a competent and
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We first identified thrombomodulin (TM) and endothelial nitric oxide (NO) synthase as key factors for the
antithrombogenic function of the endothelium in human atherosclerotic carotid arteries. Then, recombinant TM
and an engineered galactosidase responsible for the conversion of an exogenous NO prodrug were immobilized
on the surface of the vascular grafts. Surface modification by TM and NO cooperatively enhanced the antith-
rombogenicity and patency of vascular grafts. Importantly, we found that the combination of TM and NO also
promoted endothelialization, whereas it reduced adverse intimal hyperplasia, which is critical for the mainte-
nance of vascular homeostasis, as confirmed in rat and pig models. (J Am Coll Cardiol Basic Trans Science
2023;8:843-861) © 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology
Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

functioning endothelial lining in the vascular lumen
plays an important role in maintaining vascular he-
mostasis and patency by both secreted agents (nitric
oxide [NO], prostacyclin, plasminogen) and
membrane-bound species (heparan sulfate, throm-
bomodulin [TM])."

Considering the key roles of the native endothe-
lium, we engineered vascular grafts with an
endothelium-mimicking surface to enhance graft
patency and regulate vascular homeostasis. First, the
key proteins involved in the pathology of athero-
thrombosis were identified by analyzing the human
atherosclerotic carotid artery. Then, TM and engi-
neered p-galactosidase (A4-B-Galf’3®34) (GalS), an
enzyme for NO prodrug conversion,'® were immobi-
lized on the surface of vascular grafts via evolved
Staphylococcus aureus sortase mutant (eSrtA)-medi-
ated reversible ligation."”” The antithrombogenic
properties were evaluated by in vitro and in vivo as-
says, and the results indicated that TM and NO
cooperatively enhanced patency and improved
vascular homeostasis in both rat and pig models.

METHODS

Details of the materials and methods are available in
the Supplemental Appendix. The use of experimental
animals was approved by the Animal Experiments
Ethical Committee of Nankai University and con-
ducted according to the Guide for Care and Use of
Laboratory Animals.
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ANALYSIS OF HUMAN ATHEROSCLEROTIC LESIONS. Fresh
human carotid atherosclerotic lesion segments were
obtained from donor patients who underwent carotid
endarterectomy in Tianjin First Central Hospital with
Institutional Review Board approval (2021N106KY).
Informed consent was obtained from each patient
prior to surgery. The medical information of patients
is detailed in Supplemental Table 1.

STATISTICAL ANALYSIS. Statistical analysis was
performed with GraphPad Prism version 9.4.1
(GraphPad Software). Continuous data are presented
as the mean + SEM, and categorical data are
expressed as count and percentage. The statistical
details of experiment are provided in the figure
legend. The Shapiro-Wilk test was first used to assess
normal distribution. For data with a normal distri-
bution, comparisons between 2 groups were made by
unpaired 2-tailed Student’s t tests. A paired t test was
used for assessing the difference between the lesion
region and nonlesion region in the human athero-
sclerotic carotid artery. Comparisons among more
than 2 groups were made by 1-way or 2-way analysis
of variance followed by Tukey post hoc test for mul-
tiple pairwise comparisons. For data that were not
normally distributed, the Kruskal-Wallis test was
used for comparisons among multiple groups. Dif-
ferences were considered to be significant at a
P value <0.05.

RESULTS

THE EXPRESSION OF TM AND ENDOTHELIAL NO
SYNTHASE IN THE ENDOTHELIUM IS REDUCED IN
HUMAN ATHEROTHROMBOTIC LESIONS. Human
atherosclerotic carotid artery segments were first
collected and analyzed to identify the key proteins
involved in the pathology of atherothrombosis
(n =10) (Figure 1A; patient information is presented in
Supplemental Table 1). Histological staining revealed
evident morphological changes, including intima
hyperplasia, mineralization, and lipid accumulation
in tissues containing atherosclerotic lesions
compared with adjacent aorta tissues without lesions
(Figure 1B). Consistent with previous reports,18 we
observed that the expression of KLF2 (Kriippel-like
factor 2), a master regulator of shear stress-
responsive genes, is reduced in endothelial cells
(ECs) of human atherosclerotic lesions (Figure 1C).
More importantly, the expression of its downstream
targets, TM and endothelial nitric oxide synthase
(eNOS), was also downregulated, as determined by
both immunohistology (Figure 1C, Supplemental
Figure 1A) and flow cytometry (Figure 1D,
Supplemental Figure 1B).
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Therefore, it is reasonable to speculate that defi-
ciency of TM and eNOS mainly contributes to
thrombotic lesions in patients with atherosclerosis.
For this reason, surface modification of artificial
vascular grafts with both NO-generating enzymes and
TM is a straightforward and promising strategy to
mimic the antithrombogenic function of the native
endothelium, thus improving the long-term patency
of the graft.

FABRICATION AND CHARACTERIZATION OF VASCULAR
GRAFTS WITH  ANTITHROMBOGENIC  SURFACE
MODIFICATION. In the present study, eSrtA was
employed to reversibly immobilize bioactive mole-
cules on the surface of vascular grafts.'” In detail, a
recombinant TM fragment containing soluble extra-
cellular epidermal growth factor-like domains 4
through 6 and an LPETG motif (TMppgrg) was
expressed in Escherichia coli DE3. In the same way, an
LPETG peptide motif was added to the C-terminus of
GalS that could catalyze the decomposition of the NO
prodrug MeGal-NO to release unprotected NONOates,
which decompose spontaneously within several sec-
onds to yield 2 mol of NO per mole of NONOate
(Supplemental Figure 2).

In detail, vascular grafts that are surface enriched
with azide were fabricated by electrospinning of
polycaprolactone (PCL) doped with low-molecular-
weight PCLs end-capped with azide groups.’® As-
prepared tubular grafts were first modified by
alkynyl-terminated pentaglycine via click chemistry
(Supplemental Figure 3). N-terminal oligoglycine
nucleophiles were subsequently ligated to the LPETG
motif of TMyprrg and GalSyperg under the catalysis of
eSrtA to obtain a dual functionalized (PCL-TM and
GalS [PCL-TG]) vascular graft (Figure 2A). The cata-
lytic efficiency of eSrtA for peptides and proteins was
measured by high-performance liquid chromatog-
raphy and Western blotting, respectively (Figure 2B,
Supplemental Figure 4).

Scanning electron microscopy images showed that
electrospun vascular grafts had a well-defined fibrous
structure with an average fiber diameter of 2.41 +
0.36 um and pore size of 11.31 + 0.80 pum (Figure 2C,
Supplemental Figure 5A, Supplemental Table 2).
Surface modification did not alter the fiber
morphology or porous architecture; however, it
improved the surface hydrophilicity, as reflected by a
decreased contact angle (Supplemental Figure 5B).
The mechanical properties of the vascular grafts
before and after surface modification were compared
by tensile testing, and no evident changes were
detected (Supplemental Table 3,
Figure 5C).

Supplemental

845


https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009

846 Wei et al
Endothelium-Mimetic Surface Modification in Vascular Grafts

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 8, NO. 7, 2023
JULY 2023:843-861

FIGURE 1 The Expression of TM and eNOS in the Endothelium Is Reduced in Human Atherothrombotic Lesions
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(A) Schematic illustration of the carotid artery from atherosclerotic patients. (B) Representative hematoxylin and eosin (H&E), Von Kossa, and Oil red O staining images
of human carotid artery segments with and without atherosclerotic lesion (n = 10). Scale bars = 100 um (left), 50 pm (right). (C) The arterial endothelium was further
analyzed by immunofluorescence staining for CD31 (green) and KLF2 (red), eNOS (red), and thrombomodulin (red), respectively (n = 10). Nuclei were stained with DAPI
(blue). Scale bar = 10 um. (D) Representative images of flow cytometry assay and quantification of the percentage of endothelial nitric oxide synthase (eNOS)-positive
and thrombomodulin (TM)-positive cells within the CD31* cells (n = 10). Statistical significance was assessed by paired Student's t test. Data are expressed as

mean + SEM. **P < 0.01 and ***P < 0.001. KLF2 = Kriippel-like factor 2.

The bioactivity of the functional molecules (TM
and A4-B-Gal™%3%) immobilized on the vascular
grafts was further assessed. Immobilized TM was
responsible for anticoagulant activity via the alter-
ation of thrombin substrate specificity (Figure 2D).
The results showed that PCL-TG vascular grafts
could catalyze activated protein C generation in a
solution of protein C and thrombin (Figure 2D), and
the TM immobilized on the PCL-TG was quantified
with a density value of 0.72 + 0.06 pg/mm?
(Supplemental Figure 6). To evaluate the catalytic
activity of immobilized GalS for the conversion of
the NO prodrug, NO release behavior was evaluated

using a Griess assay. PCL-GalS and PCL-TG vascular
grafts exhibited catalytic activity that was similar to
that of free GalS at a concentration of 0.01 mg/mL
(Figure 2E) and the density of GalS immobilized on
the PCL-TG was 0.12 + 0.02 pg/mm? (Supplemental
Figure 6).

PRECISE AND TARGETED DELIVERY OF NO TO
VASCULAR GRAFTS IN VIVO. In vivo NO release
catalyzed by enzymes immobilized on the vascular
grafts was evaluated in a rat carotid artery replace-
ment model. The prodrug MeGal-NO was adminis-
tered via tail vein injection, and when it reached the
site of the functionalized vascular graft, immobilized
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FIGURE 2 Fabrication and Characterization of Antithrombogenic Modified Vascular Grafts
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(A) Fabrication of antithrombogenic modified vascular grafts via surface immobilization of thrombomodulin (TM) and engineered B-galactosidase (A4-B-Gal"3634)
(GalS) catalyzed by evolved Staphylococcus aureus sortase mutant (eSrtA). (B) Apparent kinetic parameters of eSrtA. Data are expressed as mean + SEM. (n=3).

(C) Representative image of the electrospun vascular graft (scale bar = 2 mm) as well as the microstructure observed by scanning electron microscopy (scale

bar = 20 um) before and after modification. (D) Schematic illustration of activated protein C (aPC) generation from the TM immobilized surface. The production of aPC
from vascular grafts was detected using an enzymatically digestible chromogenic assay. (E) Schematic illustration depicting the conversion of nitric oxide (NO)
prodrug (MeGal-NO) into NO under the catalysis of surface-immobilized GalS. Releasing curves illustrating the generation of NO from the NO prodrug (0.03 mg/mL) by
the vascular grafts. Free GalS at different concentrations (0, 0.001, 0.01 mg/mL) was used as a control. Data are expressed as mean + SEM. n = 3. PBS = phosphate-
buffered saline; PC = protein C; PCL = polycaprolactone.

GalS could catalyze the conversion of MeGal-NO into
NO (Figure 3A). Local NO generation by the implanted
vascular grafts was evaluated using an electron
paramagnetic resonance (EPR) assay using Fe-DETC

as the spin-trapping reagent (Figure 3B). A stronger
triplet with a central g value of 2.041 and hyperfine
splitting of 12.78 G (DETC),Fe-NO adduct was
observed on the EPR spectrum of the extracts from
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FIGURE 3 In Vivo Catalytic Property and Rechargeability of the Enzymes Immobilized on the Surface of Functionalized Vascular Grafts
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(A) Schematic Illustration representing the in situ conversion of NO prodrug into NO under the catalysis of GalS immobilized on the surface of vascular grafts.

(B) Representative electron paramagnetic resonance (EPR) spectra reflecting NO generation within the vascular grafts in the presence of (DETC)2Fe. (C) NO levels in
the native artery and vascular grafts were determined by the quantitation of (DETC)2Fe-NO complex using TEMPO (n =3). (D, E) Schematic illustration and experi-
mental schedule for the detection of in vivo rechargeability of enzymes immobilized on the graft surface in a rat abdominal aorta replacement model. (F) In situ NO
releasing property of functionalized vascular grafts was monitored using an NO-sensitive electrode. (G) The activities of GalS and TM on the functionalized vascular
grafts were further analyzed after explantation (n = 3-4). Statistical significance was assessed by 1-way analysis of variance followed by Tukey's post hoc analysis. Data
are expressed as mean + SEM. ***P < 0.001. S.C. = subcutaneous; other abbreviations as in Figure 2.
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PCL-TG vascular grafts than those from control PCL
vascular grafts. Further quantitative analysis showed
that the NO level in the vascular grafts was closely
related to the concentration of the prodrug, whereas
those in native blood vessels (the carotid artery next
to the distal end of implanted vascular grafts) did not
show detectable difference among 3 groups
(Figure 3C). Because the terminal elimination half-life
(t1/2) for MeGal-NO was 1.2 hours,'® NO generation
from the vascular grafts is not continuous, and a
higher level of NO generation could be obtained
during the first couple of hours after drug adminis-
tration. All these results indicate that PCL-TG
vascular grafts allow the precise and controlled de-
livery of NO and that local generation of exogenous
NO from vascular grafts cannot alter the systemic NO
level to induce adverse effects.

RECHARGEABILITY OF ENZYMES IMMOBILIZED ON
THE SURFACE OF VASCULAR GRAFTS. The revers-
ible immobilization of bioactive molecules on the
oligoglycine-modified surfaces of vascular grafts was
evaluated (Supplemental Figure 7A), and the results
indicated that repeated cleavage and ligation of GalS
and TM could be achieved by eSrtA. Notably, the
bioactivity of GalS and TM on the vascular grafts
remained unchanged after 3 cycles of cleavage and
ligation (Supplemental Figure 7B). To visualize the
distribution of immobilized TM or GalS, we further
performed His staining for PCL-TM and PCL-GalS
grafts. Uniform distribution of TM or GalS was
observed on the graft surface. The signal of immobi-
lized motifs (GalS or TM) remained unchanged even
cycles
(Supplemental Figure 7C).

In vivo rechargeability was further evaluated
12 weeks after the implantation of vascular grafts into
the infrarenal abdominal aortas of rats (Figures 3D and

after several of cleavage and ligation

3E). The efficiency of cleavage and ligation steps was
evaluated by using a fluorescence probe, MeGal-
DDAO (Supplemental Figure 8). Results showed that
the cleavage and ligation of GalS and TM can also be
achieved after 12 weeks of implantation. In situ NO
generation from the vascular grafts implanted in the
rats was assessed with an NO-sensitive electrode. In
the control group, the NO signal decreased rapidly
within 1 week and almost disappeared by 2 weeks
after implantation. In contrast, the de novo func-
tionalized surface retained a high level of catalytic
activity; that is, the signal was >50% after 2 weeks
(Figure 3F). Then, the vascular grafts were explanted
at the indicated time points, and the bioactivity of
GalS and TM immobilized on the vascular grafts was
measured (Figure 3G). The results demonstrated that

Wei et al
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the bioactivity of both GalS and TM remained rela-
tively high for up to 3 months due to cyclic cleavage
and ligation, whereas the bioactivity of the control
grafts decreased consistently with time.

It is worth noting that the residual enzyme activity
of GalS was higher than that observed in situ. This is
because the prodrug circulated and only contacted
the inner surface of the vascular graft in the in situ
assay, while the explanted graft was fully immersed
in the prodrug solution in the ex vivo assay; hence,
more enzyme was available within the graft wall to
catalyze NO release.

TM AND NO COOPERATIVELY ENHANCE SURFACE
HEMOCOMPATIBILITY OF VASCULAR GRAFTS. In vivo
hemocompatibility of the vascular grafts was first
evaluated in rat carotid artery replacement models.
Three days after implantation, all the grafts were
collected, and the acute thrombotic response on the
grafts was evaluated (Figure 4A). Hematoxylin and
eosin and periodic acid-Schiff staining showed that
the surfaces of the dual functionalized (PCL-TG)
vascular grafts were clean compared with those of the
other graft types, in which acute fibrin thrombi had
formed (Figure 4B). Fibrinogen deposition on the
vascular grafts was further tested by enzyme-linked
immunosorbent assay (Figure 4C). Platelet-leukocyte
aggregation, an integral process underlying the
interaction between platelets and leukocytes, is
recognized as a key contributor to thrombosis. Scan-
ning electron microscopy images also showed that
surface modification by TM and GalS markedly
reduced platelet-leukocyte aggregation, with PCL-TG
vascular grafts being the most effective (Figures 4D
and 4E).

Generally, the formation of thrombi is closely
related to thrombin activation and platelet aggrega-
tion. Hence, the effect of TM and NO on thrombin
activation was investigated using a known protein
solution containing fibrinogen. As shown in Figure 4F,
the absorption exhibited an initial rise followed by a
plateau. The initial rate and final optical density are
shown in Supplemental Table 4. The polymerization
of fibrinogen was markedly inhibited by TM but
moderately inhibited by NO, suggesting that TM is
more capable of neutralizing thrombin than NO. The
inhibitory effect was more pronounced in the group
treated with TM and NO, indicating that they exerted
a cooperative effect. A platelet aggregation assay
showed that collagen-induced aggregation of human
platelets was evidently delayed after NO treatment,
and this delay could be further synergistically
enhanced by TM (Figure 4G). In contrast, TM alone
had a lower capacity to inhibit platelet aggregation
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FIGURE 4 TM and NO Cooperatively Enhance Surface Hemocompatibility of Vascular Grafts In Vivo and In Vitro
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than NO. All these results showed that TM and NO
effectively reduce thrombosis via cooperative mech-
anisms (Figure 4H). The results were in line with
those of the in vivo assay.

The hemocompatibility of vascular grafts was
further evaluated by an ex vivo arteriovenous shunt
assay in hyperlipidemic rats (Supplemental
Figure 9A) in order to mimic the vessel grafting in
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patients with chronic disease in clinical setting.”
Interestingly, less thrombus formation was observed
in the dual functionalized vascular grafts (PCL-TG)
than in the other 2 graft types (PCL-TM and PCL-GalS
vascular grafts) (Supplemental Figures 9B and 9C).
TM suppressed platelet adhesion to some degree, and
more pronounced inhibition was observed in the PCL-
GalS and PCL-TG groups due to NO supplementation
(Supplemental Figure 9D). In brief, both platelet
adhesion and platelet activation were significantly
reduced in the PCL-TG group compared with the
other 3 groups (Supplemental Figures 9E and F).

ANTITHROMBOGENIC SURFACE MODIFICATION
ENHANCES ENDOTHELIALIZATION AND REDUCES
INTIMAL HYPERPLASIA IN RATS. Tissue regenera-
tion in vascular grafts were further evaluated in a rat
model of carotid artery replacements after 1 month
implantation. Histological analysis (Figures 5A and 5B)
revealed severe luminal narrowing in the PCL-TM
group due to intimal hyperplasia. In contrast, exog-
enous NO supplementation effectively inhibited the
adverse intimal remodeling. Instead, a well-defined
layer of neointima with proper thickness was seen
on the luminal surface of the PCL-TG grafts.
Endothelial coverage on the luminal surface was
first observed by scanning electron microscopy.
Compared with the other 3 graft types, PCL-TG grafts
demonstrated rapid endothelialization at 1 month;
the lumen was almost completely covered with
cobblestone-like ECs, and very few bare fibers could
be identified in the middle portion of the graft
(Supplemental Figure 10). Immunofluorescence
staining showed that luminal coverage of CD144* and
CD31" cells was both significantly higher in the PCL-
TG group than in the other 3 groups at 1 month
(Figures 5C and 5D, Supplemental Figure 11). The re-
sults were further supported by en face staining for
CD31 and CD144 (Figure 5E). Vascular smooth muscle
regeneration was assessed by costaining for a-smooth
muscle actin (¢-SMA) and MYH11, which are markers
of contractile proteins. The PCL-TG group showed
enhanced smooth muscle regeneration at 1 month, as
characterized by a well-organized layer of a-SMA™
MYH11" smooth muscle cells (SMCs) that were cir-
cumferentially aligned in a fashion similar to the
media of the native artery. Furthermore, the number
of «-SMA* MYH11" cells was markedly enhanced in
the PCL-TG group compared with other groups
(Figure 5F). In contrast, fewer double-positive cells
could be identified in the PCL-TM group despite the
increased number of a-SMA™ cells, indicating that
most of these SMCs maintained proliferative pheno-
type. Flow cytometry assay revealed that TM alone
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decreased the percentage of a-SMA' CNNi' cells
relative to total cells digested from explanted
vascular grafts at 1 month (Supplemental Figure 12).

Flow cytometry assay was also performed to
identify proliferative cells from ECs (CD31") and SMCs
(«-SMA™) by combined with proliferating cell nuclear
antigen (PCNA) staining (Figure 5G). TM modification
significantly increased the proliferation of vascular
cells, that is, the percentage of CD31"PCNA™" and o-
SMA* PCNA"' cells were both increased compared
with the control PCL group due to the mitogenic ac-
tivity of TM. Therefore, it is an important factor
contributing to the endothelialization, whereas
overproliferation of SMCs leads to the intimal hy-
perplasia in the PCL-TM graft. This is in line with
previous studies showing that local overexpression of
TM can prevent early vein graft failure by inhibiting
thrombosis but fails to reduce late failure generally
caused by intimal hyperplasia.

On the other hand, the influence of NO on EC
proliferation is dose dependent; within an appro-
priate dosage range, exogenous NO also promoted EC
proliferation and exhibited a synergistic effect with
TM, as evidenced by in vitro experiments
(Supplemental Figure 13). In the case of high dosage,
EC proliferation was evidently inhibited due to the
toxicity of NO, while TM provided a protective effect
against cell death.

The cooperative effect of TM and NO on endothe-
lialization has also been supported by in vitro assays,
including cell adhesion, migration, and tube forma-
tion of ECs (Supplemental Figure 14). To further
elucidate the underlying mechanism, we investigated
the activation of ERK and AKT pathway in ECs, which
have been shown to be involved in the proliferation
and migration of ECs.”>*> The phosphorylation of
ERK and AKT were assessed by Western blotting after
0 to 60 minutes of NO or TM stimulation
(Supplemental Figures 15A and 15B). Both NO and TM
can activate ERK and AKT signaling, whereas treat-
ment with ERK inhibitor (PD98059) and AKT inhibitor
(LY294002) inhibited cell migration and proliferation
induced by TM or NO stimulation (Supplemental
Figures 15C and 15D), indicating that ERK and AKT
signaling pathways were required for EC proliferation
and migration induced by TM or NO.

As an important signaling molecule, NO also
demonstrated a regulatory effect on SMC differenti-
ation; it could promote the transition of SMCs into a
contractile phenotype that showing low proliferation
capability at both high and low dosage (Supplemental
Figure 16). Despite the contradictory roles that TM
and NO played on the SMC proliferation, combination
of them also exhibited an inhibitory effect; thus,
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reduced intimal hyperplasia was observed in the PCL-
TG grafts accordingly.

The expression levels of proteins related to SMCs
(MYH11, ITGA7, 2-SMA, CNN1, and SM22) and ECs
(vascular endothelial growth factor receptor, eNOS,
CD144, and vascular endothelial growth factor A)
were analyzed by Western blotting (Figure 5H). All
these results indicate that TM and NO cooperatively
promoted endothelialization, whereas it reduced
adverse intimal hyperplasia, which is critical for the
maintenance of vascular homeostasis, unlike the
surfaces modified by TM or NO alone (PCL-TM and
PCL-GalS) (Figure 5I).

ANTITHROMBOGENIC FUNCTIONALIZED SURFACES
INDUCE FUNCTIONAL TISSUE REGENERATION
AFTER LONG-TERM IMPLANTATION. Long-term im-
plantation in rats further demonstrated that tubular
morphology of the grafts has been well maintained
and no stenosis or dilation occurred at 3 months.
Importantly, the average thickness of neotissue was
markedly higher in the PCL-TG group than in other
groups (Figures 6A and 6B). Endothelialization was
evaluated by immunofluorescence staining with
CD144 and eNOS antibodies (Figure 6C). TM and NO
cooperatively enhanced competent and functional
endothelial regeneration with highest luminal
coverage of CD144"eNOS™ cells obtained in the PCL-
TG group. Vascular smooth muscle maturation was
assessed by costaining for CNN1 and MHC (major
histocompatibility complex), which are markers of
contractile proteins. Compared with the other groups,
the PCL-TG group showed enhanced regeneration of
contractile smooth muscle at 3 months, as character-
ized by a well-organized layer of CNN1"™ MHC" SMCs
that were circumferentially aligned in a fashion
similar to the media of the native artery (Figure 6D).

The physiological vasomotor function of vascular
grafts explanted at 3 months was tested by standard
dual-wire myography (Figure 6E). Compared with the
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other groups, the PCL-TG group showed significantly
enhanced vasoconstriction in response to KCl and
adrenaline. The contraction could be subsequently
inhibited by vasodilation after acetylcholine treat-
ment. All these results indicate that the regenerated
vascular tissue holds potent vasomotor function.

The effect of surface modification on the chronic
inflammatory response after long-term implantation
was also investigated. Infiltration of T cells and
macrophages within the vascular grafts post-
implantation was detected by using CD3 and CD68
antibodies, respectively. Results showed that surface
modification did not affect the infiltration of T cells or
macrophages (Supplemental Figure 17). In addition,
TM and NO alone or in combination could effectively
promote the polarization of macrophages towards a
protective anti-inflammatory (M2) phenotype, as
evidenced by the reduced density of iNOS™ M1 mac-
rophages and increased density of CD206% M2 mac-
rophages in the modified vascular grafts (PCL-TM,
PCL-GalS, PCL-TG). It was further confirmed by the
expression of proinflammatory cytokines (inter-
leukin-1p and tumor necrosis factor a) (Supplemental
Figure 18).2628

ANTITHROMBOGENIC SURFACE MODIFICATION
ENHANCES PATENCY AND IMPROVE HEMODYNAMIC
PERFORMANCE OF VASCULAR GRAFTS IN PIGS. The
patency and healing performance of functionalized
vascular grafts were further evaluated in a preclinical
large animal model (Figure 7A). Clinically relevant-
sized vascular grafts (3.8 mm in diameter and 4 cm
in length) were implanted into the bilateral carotid
arteries of pigs in an end-to-end fashion (Figure 7B).
Blood circulation was re-established, and continuous
turbulent flow was detected by color Doppler ultra-
sonography immediately after anasto-
mosis (Figure 7B).

The patency of the implanted grafts was first
monitored by computed tomography and

FIGURE 5 Continued

(A) H&E staining of vascular grafts explanted at 1 month. Scale bars = 1 mm (top), 100 um (bottom). (B) Quantification of the neointima thickness and
lumen area based on H&E staining (n = 6). (C) Immunofluorescence staining of cross-sections by CD31 (green). Scale bars = 1 mm (top), 100 pm (bottom).
(D) The regeneration of endothelium was further quantified by determining the coverage of CD144" cells and CD31" cells on the luminal surface at
different sites (suture, quarter, and middle) (n = 6). (E) En face staining of CD31 (green) and CD144 (red) showing enhanced endothelialization in PCL-TG
vascular grafts compared with other groups at 1 month. Scale bar = 20 um. (F) Immunofluorescence staining by a-smooth muscle actin («-SMA) (green)
and MYH11 (red). Scale bar = 100 pum. The number of a-SMATMYH117 cells within the neotissue was further quantified (n = 6). (G) Representative images
of flow cytometry assay and quantification of the percentage of CD31" proliferating cell nuclear antigen (PCNA)-positive and 2-SMA™ PCNA™ cells in total
cells digested from explanted vascular grafts (n=6). (H) Representative Western blot showed expression levels of smooth muscle cell (SMC)- and
endothelial cell (EC)-related proteins in explanted vascular grafts. (I) Mechanistic summary of the synergistic effect of TM and NO on vascular
regeneration and remodeling. Statistical significance was assessed by 1-way analysis of variance followed by Tukey's post hoc analysis (B, D, G) or Kruskal-
Wallis test with Dunn's multiple comparisons (F). Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. VEGFA = vascular
endothelial growth factor A; VEGFR = vascular endothelial growth factor receptor; other abbreviations as in Figures 1 and 2.
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FIGURE 6 Antithrombogenic Surface Modification Induces Functional Tissue Regeneration After Long-Term Implantation in a Rat Model
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ultrasonography (Figure 7C, Supplemental Figure 19)
at different time points (weeks 1, 2, and 4). In general,
PCL-GalS and PCL-TG vascular grafts (4/4 and 4/4)
showed higher levels of patency than PCL and PCL-
TM vascular grafts (3/5, 3/4) (Figure 7D).

The reason for the occlusion in the PCL and PCL-
TM groups was also analyzed by magnetic resonance
imaging (MRI). Images from occluded PCL grafts
showed hyperintensity in T1 and hypointensity in T2,
indicating the formation of thrombi. In contrast, a
specific signal consisting of 2 distinct layers appeared
in the occluded PCL-TM grafts. The outer layer, which
was in direct contact with the luminal surface,
demonstrated hypointensity in T1 and hyperintensity
in T2, indicating intimal hyperplasia. The other layer
exhibited hyperintensity in T1 and hypointensity in
T2, indicating thrombosis (Supplemental Figure 20A).
It is reasonable to deduce that TM first induces
intimal hyperplasia, consequently leading to hemo-
dynamic changes and thrombus formation. Histolog-
ical analysis of the explanted vascular grafts at
1 month further confirmed these findings
(Supplemental Figure 20B). The lumens of the
occluded PCL grafts were entirely filled with thrombi.
In contrast, a thick neointimal layer rich in a-SMA™
cells was observed between the thrombus and graft
wall in the PCL-TM group (Supplemental Figure 20C).

The patent vascular grafts were further investi-
gated by MRI (Figure 7E). Although some grafts in the
PCL and PCL-TM groups remained patent, the lumens
of the grafts were also occupied by mural thrombi
(hyperintensity in T1 and hypointensity in T2, indi-
cated by the red arrowhead) and intimal hyperplasia
(hypointensity in T1 and hyperintensity in T2, indi-
cated by the yellow arrow) to a certain degree. How-
ever, both the formation of mural thrombi and intimal
hyperplasia were evidently inhibited in the PCL-GalS
and PCL-TG groups due to supplementation with the
NO prodrug. It is worth mentioning that a signal with
hyperintensity in T1 and hyperintensity in T2, which
was attributed to the normal vascular regeneration
(indicated by the green arrow), was detected on the
luminal surface of the PCL-TG grafts.
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Blood flow patterns and local hemodynamic pa-
rameters have been widely associated with the
remodeling of vascular grafts. We use time-of-flight
MRI to construct 3-dimensional computational
models (Figure 7F). Hemodynamic parameters,
including velocity, viscosity, wall shear, and wall
pressure, were examined based on time-of-flight
angiography (Figure 7G, Supplemental Figure 21).
Disturbed blood flow with a low velocity was
observed in the PCL group. Although both the PCL-
TM group and PCL-GalS group displayed a higher
flow rate than the PCL group, disturbed blood flow
was evident at locations near the proximal anastomic
site. In contrast, the PCL-TG group exhibited a
laminar flow profile, particularly a high flow speed.
Viscosity, as the main determinant of wall shear
stress (WSS), has been demonstrated to be a power-
ful predictor of thrombus formation. The PCL-TG
group had a lower and more homogeneous viscosity
than the other groups. Another critical hemodynamic
variable that triggers vascular remodeling post-
implantation is WSS. Vascular graft areas with low
or oscillating WSS are most prone to the develop-
ment of atherosclerotic plaques. Interestingly, PCL-
TG grafts showed a higher WSS than the other
groups, suggesting that antithrombogenic surface
modification promotes the desired hemodynamic
adaptation.

ANTITHROMBOGENIC SURFACE MODIFICATION
ENHANCES ENDOTHELIALIZATION AND REDUCES
INTIMAL HYPERPLASIA IN PIGS. Hematoxylin and
eosin staining was first performed to evaluate the
vascular regeneration and remodeling in pigs. Serious
intimal hyperplasia was identified in the PCL-TM
vascular grafts, in contrast to the beneficial tissue
regeneration in the PCL-TG group, as evidenced by a
layer of neotissue with a well-defined structure
(Figure 8A, Supplemental Figure 22). Quantitative
analysis further confirmed that the lumen area of the
PCL-TM group was significantly lower than those of
other groups (Figure 8B). Endothelialization was
further demonstrated by immunofluorescence
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FIGURE 6 Continued

(A) Experimental schedule for the evaluation of vascular regeneration in functionalized vascular grafts. (B) H&E staining images showing the regeneration of neotissue
in vascular grafts at 3 months. Scale bars = 500 um (top), 100 um (bottom) (n =6). (C) Endothelium regeneration was confirmed by eNOS (red) and CD144 (green)
co-immunofluorescence staining of the cross-section of explanted vascular grafts at 3 months postimplantation. Scale bar = 100 um. The number of CD144" eNOS™
cells was further quantified (n = 6). (D) Cross-sections of vascular grafts explanted at 3 months were stained by MYH11 (red) and CNN1 (green). Scale bar = 100 pm.
The number of CNN1* MYH11™ cells within the neotissue was further quantified (n =6). (E) The physiological functions of the vascular grafts explanted at 3 months
were assessed by wire myography. Drugs were added where indicated by symbol. Responses of the explanted grafts to KCL, adrenaline, and acetylcholine were
analyzed (n = 3). Statistical significance was assessed by 1-way analysis of variance followed by Tukey's post hoc analysis. Data are expressed as mean =+ SEM.

*P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations as in Figures 1 and 2.
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FIGURE 7 Antithrombogenic Surface Modification Enhances Patency of Vascular Grafts in a Pig Model
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staining with CD31 antibody (Figure 8C, Supplemental
Figure 23). Similarly, TM and NO cooperatively
enhanced endothelialization with highest luminal
coverage of CD31" cells obtained in the PCL-TG group
(Figure 8D). Interestingly, the expression of KLF2 and
its downstream genes (eNOS and TM) in ECs was also
upregulated in the PCL-TG vascular grafts compared
with other 3 groups due to the improved hemody-
namics that is crucial for endothelial homeostasis via
regulating endothelial function (Figure 8D).

Vascular smooth muscle regeneration was first
assessed by a-SMA staining (Figure 8E, Supplemental
Figure 24). The area of «-SMA™ cells was markedly
higher in the PCL-TM group than in the other 3
groups, indicating intimal hyperplasia (Figure 8F).
The regeneration of functional smooth muscle was
further investigated by double immunofluorescence
staining of a-SMA and the more specific markers of
SMCs (MYH11 and CNN1). A well-organized layer of
double-positive SMCs was observed in the PCL-TG
vascular graft in contrast to other groups, especially
the PCL-TM and PCL groups (Figure 8E). Quantitation
of a-SMA* MYH11* and a-SMA™ CNN1* cells further
confirmed enhanced regeneration of contractile
smooth muscle in the PCL-TG group (Figure 8F). ECM
secretion of regenerated neotissue was also evaluated
by Masson’s trichrome staining. The results revealed
that more muscle fibers formed in the PCL-TG group
than that in other 3 groups (Figure 8G).

DISCUSSION

Thrombosis is a complex process that involves pro-
tein and cell adsorption, thrombin formation, and
platelet activation and aggregation; therefore, surface
modifications targeting only one aspect of thrombosis
pathogenesis are unable to provide sufficient antith-
rombogenic efficacy.?® The vascular endothelium is
an ideal antithrombogenic surface that is pivotal for
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maintaining the long-term patency of native blood
vessels.'* Mimicking the functions of the endothe-
lium on the graft surface is the most direct and
effective approach to reduce thrombogenicity and
thus improve the patency of vascular grafts. In this
regard, recent attention has been given to engineer-
ing endothelium-mimetic surfaces/interfaces on
artificial blood vessels. However, the regenerated
endothelium is always incompetent and exhibits
poorly formed cell junctions and reduced expression
of antithrombotic molecules and NO production,"
which often leads to late graft thrombosis.

Our results first demonstrated that endothelial
dysfunction was common in the atherosclerotic le-
sions of patients undergoing carotid endarterectomy
and was mainly attributed to reduced expression of
TM and eNOS.

NO generated by eNOS is an important signaling
molecule that regulates multiple physiological pro-
cesses, including the activation and adhesion of leu-
kocytes, platelet aggregation, thrombus formation,
and endothelial integrity.>®*" Clinical studies have
shown that impairment of NO production may
contribute to the development of atherothrombotic
syndromes.>*>* It has been reported that endothelial
NO production is closely related to 5-year graft
patency in patients receiving coronary artery bypass
grafting.>* Several studies have proven that low
levels of NO produced by saphenous veins compared
with that produced by arterial conduits may
contribute to early graft failure.?*3°

TM, a thrombin receptor expressed on ECs, is
involved in activation of the anticoagulant protein C
pathway during blood coagulation.?” The risk of
arterial thrombosis is increased approximately 5
times in patients with a mutation in the promoter
region of the TM gene.?® Clinical observations suggest
that TM-mediated activation of protein C may be
physiologically important in vessels with low flow

FIGURE 7 Continued

(A) Experimental schedule for the evaluation of the vascular graft in a pig model. (B) Implantation of the vascular graft to replace a segment of porcine
carotid artery via interrupted anastomosis. The graft patency was detected by color Doppler ultrasonography after surgery. (C) Representative computed
tomography angiographic images of patent vascular grafts. The implanted vascular grafts are indicated by red dotted lines. (D) The patency rate of
vascular grafts at 1 month (n = 4 or 5). (E) Magnetic resonance imaging (MRI) of patent vascular grafts. The sagittal images (left) were scanned by 3-T
MRI using curved planar reconstruction (CPR). The reconstruction line was traced along the course of the carotid artery. Yellow dotted lines indicate the
lumen of implanted vascular grafts. T1 and T2 maps of the vascular grafts in the cross-section at the specified location (blue dotted line in CPR) are shown
on the right, respectively. Contrast-enhanced (CE) images were obtained after a delay of 15 minutes following intravenous administration of contrast
agent. Vascular remodeling was revealed through comparing the contrast enhanced images with non-contrast-enhanced (NCE) images in T1 and T2
phases. Red arrowheads indicate the mural thrombus. Yellow arrows indicate hyperplastic intima in the vascular grafts, while green arrows indicate the
neotissue within the graft wall. (F) Time-of-flight MR angiography of vascular grafts at 1 month. (G) Hemodynamic reconstruction of vascular grafts.
Velocity, viscosity and wall shear were analyzed based on the time-of-flight MR angiography. I.V. = intravenous; abbreviations as in Figures 1 and 2.

857


https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009
https://doi.org/10.1016/j.jacbts.2022.12.009

858

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 8, NO. 7, 2023
JULY 2023:843-861

Wei et al
Endothelium-Mimetic Surface Modification in Vascular Grafts

FIGURE 8 Antithrombogenic Surface Modification Promotes Endothelialization and Reduces Intimal Hyperplasia of Vascular Grafts in a Pig Model
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(A) Representative H&E staining images showing the lumen area of vascular grafts explanted at 1 month. Scale bars = 2 mm (top), 200 um (bottom). (B) Quantification
of the lumen area based on H&E staining. (C) Immunofluorescence staining of cross-sections by CD31. Scale bar = 100 pum. Endothelialization was further confirmed by
immunofluorescence staining for CD31 (green) and KLF2 (red), eNOS (red), and thrombomodulin (red), respectively. Nuclei were stained with DAPI (blue). Scale
bars = 10 um. (D) The regeneration of endothelium was quantified by determining the coverage of CD31" cells on the luminal surface at different sites (suture, quarter,
and middle). The number of CD31" KLF2*, CD31" eNOS™", and CD31" TM™ cells was further quantified. (E) Immunofluorescence staining of cross-sections by a-SMA
(green). Scale bar = 100 um. Smooth muscle regeneration was further analyzed by immunofluorescence staining for ¢-SMA (green) and MYH11 (red) and CNN1 (red),
respectively. Nuclei were stained with DAPI (blue). Scale bar = 20 um. (F) The area of a-SMA™ cells as well as the number of a-SMA* MYH11" and a-SMA " CNN1" cells
were quantified. (G) The secretion of collagen within the graft wall was analyzed by Masson staining. Scale bar = 100 pm. Statistical significance was assessed by
1-way or 2-way analysis of variance followed by Tukey's post hoc analysis. Data are expressed as mean - SEM. PCL group (n = 3); PCL-TM group (n = 3); PCL-GalS
group (n = 4); PCL-TG group (n = 4). *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations as in Figures 1 and 2.
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rates.>® A comparative study showed that the damage
to vein grafts during harvest and storage results in a
marked decrease in the ability to activate protein C,
which contributes to early graft thrombosis.*°

In this regard, supplementation of NO and TM to
vascular grafts could recapitulate the antithrombotic
function of the native endothelium in the early stage
and promote the regeneration of endothelium after-
ward to guarantee the long-term patency of vascular
grafts. In detail, a recombinant TM fragment and
engineered galactosidase, a bump-and-hole-modified
enzyme for a NO prodrug,'® were co-immobilized onto
vascular grafts under the catalysis of eSrtA in the
present study. We found that TM and NO can syner-
gistically inhibit thrombin activation and platelet
adhesion and aggregation in both in vitro and in vivo
assays. The patency of dual-modified (PCL-TG)
vascular grafts was markedly improved in a clinically
relevant porcine model, whereas mural thrombus and
intimal hyperplasia caused occlusion of PCL and PCL-
TM grafts. Furthermore, compared with TM or NO
alone, TM and NO exerted antithrombogenic effects
via distinct mechanisms, leading to cooperative ef-
fects. TM forms a high-affinity complex with
thrombin, thus inhibiting the interaction of thrombin
with procoagulant substrates. On the other hand, NO
inhibits platelet adhesion, aggregation, and the for-
mation of leukocyte-platelet aggregates mainly via
the NO/cGMP signaling pathway.*' Collectively, these
results suggest that the combination of TM and NO
inhibits multiple aspects of thrombosis.

In addition to the anticoagulation function, TM has
also been accepted as a key angiogenic factor, and
proangiogenic functions of TM are preserved in the C
loop of the fifth epidermal growth factor-like
domain.**** Recent studies have further demon-
strated that TM plays a vital role in maintaining the
vascular integrity and quiescence of vascular ECs.**
NO is also a key factor involved in neo-
vascularization.**>*® During the process of angiogen-
esis, NO not only induces endothelial migration and
proliferation, but also modulates the secretion of
other angiogenic factors.*” As a result, the combina-
tion of TM and NO demonstrated a synergistic effect
on enhancing endothelialization of vascular grafts, as
confirmed in both rat and pig models.

While TM is an EC membrane-bound anticoagulant
protein expressed in normal arteries, SMCs also ex-
press large amounts of TM that influences SMC
behavior and induces neointima formation after
vascular injury.*® The TM expression in atheroscle-
rotic lesions may be associated with promotion of
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atherosclerosis through its mitogenic activity in
SMCs.*° In this study, severe intimal hyperplasia was
observed in the PCL-TM grafts because the recombi-
nant TM fragment (epidermal growth factor-like do-
mains 4-6) used in this study preserves the function
related to mitogenic activity.?” In contrast, NO
secreted by native endothelium is an important
contributor to the quiescence of SMCs; it effectively
inhibits SMC proliferation after vascular injury by
both cGMP-dependent pathway and NO-induced
post-translational modifications.’® Finally, the com-
bination of TM and NO promoted the regeneration of
functional smooth muscle and inhibited intimal hy-
perplasia and the subsequent restenosis.

STUDY LIMITATIONS. First, only a short period of
observation was performed in large animal models. A
long-term follow-up is needed in the future to further
reveal the clinical potential of the vascular grafts.
Second, animal studies were conducted by using
healthy animals, which is inconsistent with the pa-
tients requiring bypass surgery in clinical setting. It is
known that patients experience chronic diseases
exhibit a diminished healing regeneration capacity.
For example, the endothelial healing rate in the
vascular graft could be slow in diabetic patients due
to the dysfunctional migration and proliferation of
endothelial cells in neighboring blood vessels. Third,
although drugs can be delivered via central venous
catheters for several weeks after bypass surgery, it is
still likely to cause damages or undesirable side ef-
fects due to the multiple drug administration after
the surgery. For this reason, delivery modality needs
to be further optimized to develop safe (noninvasive)
strategies that are more appropriate for clinical ap-
plications. Last, whether better outcomes can be
achieved by modulating the dose of NO at different
periods after graft implantation remains to be
addressed in a larger scaled study.

CONCLUSIONS

In summary, we found that eNOS and TM are 2
important factors for the antithrombogenic function
of the native endothelium and that deficiency of
these proteins contributes to the development of
thrombotic lesions in patients with atherosclerosis. In
addition, 2 bioactive molecules, TM and GalS, which
could catalyze the release of NO from the prodrug,
were successfully immobilized on the surface of
vascular grafts by an eSrtA-mediated ligation proto-
col. In vitro and in vivo assays both demonstrated
that TM and NO exerted a synergistic effect to inhibit
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thrombosis. As a result, patency and hemodynamic
performance were improved in a clinically relevant
porcine model. Interestingly, the antithrombogenic
surface also promoted endothelialization while
reducing adverse intimal hyperplasia through the
cooperation between TM and NO.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: TM
and eNOS were key factors for the antithrombogenic
function of the endothelium in human arteries. Sur-
face modification via immobilization of recombinant
TM and an engineered galactosidase cooperatively
enhanced the antithrombogenicity and patency of the
vascular grafts.

TRANSLATIONAL OUTLOOK: Additional preclini-
cal studies are required to determine whether biomi-
metic surface modification is beneficial in graft
patency and vascular homeostasis after long-term
implantation. Assessments on the biosafety of the
vascular grafts in human are also needed as a prelude
to clinical trials.

E-mail: jiansongcheng@nankai.edu.cn.
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