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Declined regenerative potential and aggravated inflammation upon aging create an inappropriate environment
for arterial regeneration. Macrophages are one of vital effector cells in the immune microenvironment, especially
during biomaterials mediated repairing process. Here, we revealed that the macrophage autophagy decreased
with aging, which led to aggravated inflammation, thereby causing poor vascular remodeling of artificial grafts
in aging body. Through loading the autophagy-targeted drugs, rapamycin and 3-MA (3-methyladenine), in PCL
(polycaprolactone) sheath of the PGS (poly glycerol sebacate) - PCL vascular graft, the essential role of
macrophage autophagy was confirmed in regulating macrophage polarization and biomaterial degradation.
Moreover, the utilization of rapamycin promoted anti-inflammatory polarization of macrophage by activating
autophagy, which further promoted myogenic differentiation of vascular progenitor cells and accelerated
endothelialization. Our study elucidated the contribution of pharmacological manipulation of macrophage
autophagy in promoting regeneration of small caliber artery, which may pave a new avenue for clinical trans-

lation of vascular grafts in aging body.

1. Introduction

In vivo performance of vascular graft is profoundly influenced by
material properties, circulating blood and perivascular environment,
which are orchestrated locally via distinct cellular interactions within
the vascular microenvironment [1]. Perivascular adipose tissue (PVAT),
one indispensable component of this microenvironment, situates outside
the adventitial layer and surrounds the majority of systemic blood ves-
sels [2]. Vascular biology researches have revealed that abundant
vascular precursor cells (VPCs) and immune cells reside in the adven-
titial layer and PVAT [3]. A series of growth factors and cytokines
secreted by pro-inflammatory and anti-inflammatory cells regulate the
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differentiation of VPCs [4]. For example, PDGF-BB secreted by
anti-inflammatory macrophages can promote the myogenic differenti-
ation of vascular progenitor cells. The crosstalk between macrophages
and stem cells plays key role in myogenesis of vascular graft [5]. The
general strategy promoting vascular regeneration involves targeting
vascular precursor cells, enhancing endothelialization, and fabricating
bioactive biomaterials [6]. However, chronic inflammation caused by
most vascular biomaterials greatly restricts the effect of vascular
regeneration. Given the importance of an inflammation-mediated pro-
cess in transformation from vascular grafts into neoartery [7], endowing
vascular grafts with immunomodulatory property offers new approach
to promoting vascular regeneration.
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Poly glycerol sebacate-polycaprolactone (PGS-PCL) vascular graft is
a cell-free synthetic graft, which can transform into a vessel-like struc-
ture in situ by exploiting the host’s inherent regenerating capacity [8].
Despite successful regeneration of small caliber artery in young rats,
vascular remodeling of PGS-PCL graft is compromised and even failed
when it is implanted into the aging body [9,10]. Grafts’ occlusion,
rupture, dilation or aneurysm presented in aging body impeded the
progression of translational study. It has been revealed that inflamma-
tion accompanied with aging greatly influenced tissue repair [11,12].
For PGS-PCL composite grafts, both acute inflammations initiated by
fast degrading PGS and chronic inflammations caused by slow degrading
PCL cannot be resolved by senescent homeostatic mechanisms and may
even worsen with aging, which eventually results in adverse vascular
remodeling [5]. The rational design of biodegradable vascular grafts in
aging body remains to be investigated.

Our previous study revealed an interesting phenomenon that auto-
phagy of the recruited macrophages in graft was significantly activated
by the immunoregulatory peptides [5]. Autophagy is fundamental to
eukaryotic cell homeostasis [13] and is a critical cyto-adaptive response
to environmental stresses including starvation, ischemia, hypoxia and
infection [14,15]. For the pioneering macrophages, autophagy protects
them against stress of ischemia and hypoxia in grafts. It has been
demonstrated that the decreased autophagy in aged macrophages leads
to functional decline and aberrant inflammatory cytokine production,
which stressed significance of autophagy in the regulation of inflam-
mation associated with aging [16]. Autophagic dysregulation may be a
common pathway through which vascular aging and associated pa-
thologies develop [17], and administrating autophagy activators ap-
pears to reverse the arterial aging [18].

Macrophages, playing significant roles in innate and adaptive im-
munity, may typically polarize into the pro-inflammatory M1 and the
anti-inflammatory M2 phenotypes [19,20]. Recent evidences suggest
that autophagy can regulate macrophage M1/M2 polarization under
different inflammatory conditions [21]. It is reported that selective
autophagy induced NF-kB lysosomal degradation in hepatoma-derived
M2 macrophage differentiation [22]. However, the specific mecha-
nism by which autophagy regulates macrophage polarization has not
been fully elucidated. Emerging evidence reveals that the targeting
rapamycin (mTOR) pathway plays key roles in macrophage polarization
in mammalian [23-25]. mTOR is a major regulator of autophagy,
inhibiting mTOR may increase autophagy levels [26]. Inhibitory use of
rapamycin to mTORC1 or specific knockout of mTORC1 in macrophages
can polarize macrophages to M2, which may inhibit synovial inflam-
mation and delay the progression of osteoarthritis in mice [27,28].
Given the crucial roles of macrophages and autophagy in vascular aging,
as well as their correlation in biological activities, the aims of this work
were to clarify the role of autophagy in macrophage polarization and
their implications for vascular remodeling in aging bodies.

For regulating macrophage autophagy, two basic requirements need
to be satisfied: the microstructure of vascular grafts should be opening
for recruitment of the macrophages; adequately physicochemical sta-
bility should be acquired for drug loading and releasing. Currently, most
arterial substitutes are bioinert materials and exhibit limited host cell
infiltration [29,30]. Different from the slow-degrading bioinert mate-
rials, the fast-degrading porous PGS scaffold was favorable for rapid and
extensive infiltration of macrophages [10]. However, drug loading re-
mains a technical challenge for fast degrading elastic vascular grafts.
Conventionally, the fabrication of PGS porous elastomer contains two
critical processes: salt leaching ensures the sufficient removal of pro-
coagulant NaCl particles in the PGS core and heparin coating improves
thromboresistance [8]. Unfortunately, both of them may flow away the
loaded drugs before implantation. Here, we replaced NaCl with sodium
citrate which is a well-recognized anticoagulant, and can resistant
luminal clotting and maintain catheter patency [31]. The use of sodium
citrate avoids the drug-loss caused by salt leaching and heparin coating.
Base on the PGS-sodium citrate core, immunomodulatory vascular grafts
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were fabricated through incorporating autophagy-targeted drugs
(rapamycin and 3-MA) into PCL sheath of vascular grafts, and macro-
phage infiltration and autophagic alternation were analyzed. The
further regenerative potential of artery in aging rats were evaluated at
the state of autophagy inhibition and autophagy activation, in an effort
to identify the ideal candidate design for vascular grafts in aging body.

2. Materials and methods
2.1. Fabrication of the drug loaded vascular grafts

The vascular grafts were composed of PGS core and PCL/collagen
nanofibrous sheath as described previously [5]. In brief, the sodium
citrate tubes and the NaCl tubes were instilled with PGS respectively and
crosslinked at 150 °C for 24 h to obtain two different PGS cores. PCL (Mn
80 kDa; Aldrich, MO, USA) was dissolved in 2,2,2-trifluoroethanol at
14% weight/volume (w/v). Collagen (Collagen type I from bovine
Achilles tendon, Sigma) was dissolved in 1,1,1,3,3,3-hexafluoroisopro-
panol (HFIP) at 8% w/v. The rapamycin, 3-methyladenine (3-MA) and
trehalose were dissolved in de-ionized water with the same concentra-
tion (1 mg/ml). Then, rapamycin, 3-MA and trehalose solution were
mixed with collagen solutions at 4:1 (v/v) to acquire drug-mixed
collagen solution respectively. PBS was also mixed with collagen solu-
tions at 4:1 (v/v) as the control. The PCL solution (2.5 ml/h) and
drug-mixed collagen solution (1 ml/h) were co-electrospun onto the
rotating PGS core template at 120 rpm for 3 min. After that, the
PGS-NaCl cores with PCL-Col sheath were soaked in de-ionized water for
24h to ensure the completely removal of NaCl. Meanwhile, the
PGS-Sodium citrate cores with PCL-Col sheath were nebulized for 1 min
to obtain the elastomeric vascular grafts that were easy to suture.
Finally, these two kinds of composite grafts were sterilized by ultraviolet
radiation for 60 min and stored at —80 °C until use.

2.2. Characterization of the drug loaded vascular grafts

Two different drug loaded vascular grafts (PGS-Sodium citrate core
and PGS-NaCl core) were characterized for structure and releasing
patterns of loaded drugs. The cross-sections and outer surface of sheath
were examined by Scanning Electronic Microscopy (SEM, Hitachi, s-
4800, Japan), and sheath thickness was measured as previously
described [10]. In addition, the nanostructure of these sheaths was
investigated by Atomic Force Microscope (AFM, Dimension Icon,
Bruker, USA). Next, we test the drug releasing patterns of these two
vascular grafts in vitro. Briefly, drug loaded vascular grafts (1 cm) were
incubated in RPMI-1640 (1 ml; containing 1% BSA) at 37 °C. At various
time points, 0.5 ml supernatant were removed from the chambers and
analyzed via high performance liquid chromatography (HPLC). The
initial drug Loading contents of these two vascular grafts (1 cm) were
calculated with the following equations:

Weol = W3min-pcLiCol-W3min-PCL
deg = [(Vdrug X Cdrug)/(VCOI X Ccol) X Wcol

The Wsmin-pcL/col is the weight of 3min-PCL/Col graft. The Wsmin-pcL
is the weight of 3min-PCL graft. Both of them were measured by an
electronic scale. The Wy is the weight of loaded drugs on 3min-PCL/
Col graft. The Wc, is the weight of spraying collagen on 3min-PCL/
Col graft. Vg means the volume of the drug (rapamycin or 3-MA) so-
lution, and V¢, means the volume of the collagen solution. Vg Vo =
1:4 as previously mentioned. Cgryg means the concentration of the drug
solution and Cgryg = 1 mg/ml as previously mentioned. Cco means the
concentration of the collagen solution and C¢, = 80 mg/ml.

2.3. Animal grouping and surgery

All procedures were approved by the Animal Experiments Ethical
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Committee of Fourth Military Medical University and complied with the
Guide for Care and Use of Laboratory Animals. Male Sprague Dawley
(SD) rats (Young: 10-12 weeks, weight = 350-400 g, n = 25; Aging:
18-25 months, weight = 550-600 g, n = 59) were purchased from the
fourth military medical university laboratory animal center (Xi’an). To
compare the effects of aging on vascular remodeling, 15 young and 15
aging rats were used for PGS-PCL vascular graft implantation respec-
tively. 7 rats from each group were harvested 2 weeks postoperatively
and another 8 after 6 months. Two weeks after implantation, three in-
dependent patent sample in each group were harvested for immuno-
fluorescence staining (VWF, CD68, CD206, and iNOS), western blotting
(LC3), and transmission electron microscopy (TEM). Six months after
implantation, three independent patent samples in each group were
harvested for immunofluorescence staining (Elastin, Collagen I, and
Collagen III), elastin and collagen quantification, and histological
staining (hematoxylin and eosin (H&E), Verhoeffe-Van Gieson (VVG),
Masson’s trichrome (MTS), and Alizarin red staining (ARS)).

To test the crucial role of macrophages, GFP+ (green fluorescent
protein positive) macrophages were transplanted on the grafts after
macrophage depletion. Clodronate liposomes (5 mg/ml, Netherlands)
were used to deplete the monocytes/macrophages in PVAT as reported
previously [5]. GFP + macrophages were derived from bone marrow
which isolated from the GFP-transgenic SD rats (Cyagen Biosciences
Inc., China). Matrigels containing GFP + macrophages were applied
surrounding the adventitia of rapamycin loaded grafts (n = 5). Totally
20 aging rats were assigned randomly into 4 groups. Group 1 (PBS):
Rapamycin loaded grafts were implanted with PBS liposomes injection.
Group 2 (Control): Rapamycin loaded grafts were implanted with
clodronate liposomes injection. Group 3 (GFP + Rapa): Rapamycin
loaded grafts were implanted with GFP + macrophages transplantation
after clodronate liposomes injection. Group 4 (GFP + PBS): Rapamycin
loaded grafts were implanted with GFP + macrophages transplantation
after PBS liposomes injection.

To evaluate the drug-loaded grafts in long term (6 months), totally
24 aging rats were assigned randomly into PBS, rapamycin and 3-MA
groups, 8 rats in each group. Besides, to evaluate the drug-loaded
grafts in short term (2 weeks), totally 18 aging rats were assigned
randomly into PBS, rapamycin, 3-MA and trehalose groups, 5 rats in
PBS, Rapa and 3-MA group and 3 rats in trehalose group. we performed
interpositional implantation in rat abdominal aortas as described before
[8]. In brief, rats were anesthetized by isoflurane inhalation (5% for
induction, then 2% for maintenance). A midline laparotomy incision
was performed before the abdominal aorta was isolated, clamped, and
transected. The vascular grafts (1.0 mm in inner diameter and 1.0 cm in
length) were sewed in an end-to-end fashion with 10 interrupted stitches
using 9-0 monofilament nylon sutures. No anticoagulation or anti-
platelet treatment was administrated postoperatively. All of the animals
were sacrificed by injection of overdose pentobarbital sodium (Sigma,
USA) at predetermined time-points (2 weeks and 6 months) after the
neoarteries were harvested for further experiments.

2.4. Histological analysis of the explanted vascular grafts

OCT-embedded (Sakura Finetek, CA, USA) explants were frozen
rapidly with liquid nitrogen and then cross sectioned into 6 pm thick
pieces. After fixing with 4% paraformaldehyde for 5 min, the sections
were stained with hematoxylin and eosin (H&E), Verhoeffe-Van Gieson
(VVG), and Masson’s trichrome (MTS). All histological images were
observed with an upright fluorescence microscope (DM6000B, Leica,
Germany) in brightfield or under polarized light. Polarized H&E images
from three different samples (n = 3) in each group at the designated time
points were used to quantify area of polymer residuals. The PCL re-
siduals visualized with polarized light presented as specific white bire-
fringence, while no birefringence on PGS. The PGS residuals visualized
with brightfield presented as slightly stained porous structure. The areas
of polymer residuals were measured using Image J software (NIH).
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Percentage of polymer residuals were calculated by following formulas:
Ppgs=S1/S; x 100%
PpCL:S3/S4 x 100%

Ppgs means the percentage of PGS residuals, S;is the area of PGS
residuals in H&E images, Sy is the area of PGS in the PGS-PCL grafts
before implantation. Ppcy means the percentage of PCL residuals. S3 is
the area of PCL residuals in polarized light images, and Sy is the area of
PCL sheath of original PGS-PCL grafts in polarized light image.

2.5. TEM imaging

Samples prepared for TEM were first cut into 2 mm? pieces and then
fixed overnight at 4 °C in PBS containing 2.5% glutaraldehyde. After
fixation in 1% OsO4 solution for 1 h at room temperature, these samples
were dehydrated with gradient ethanol solutions and embedded in
epoxy resin. Ultrathin sections (70-90 nm) were prepared with an ul-
tramicrotome (Leica Microanalysis) and stained with uranyl acetate/
lead citrate. The prepared sections were imaged under a transmission
electron microscope (JEM1400PLUS, Japan).

2.6. Immunofluorescence staining

Immunofluorescence staining was performed as previously described
[5]. Smooth muscle cells were stained using mouse anti-SM-MHC
(Abcam, UK) primary antibodies. Endothelial cell staining was per-
formed using rabbit anti-vWF (Abcam, USA) primary antibody. The
vascular precursor cell was stained using rabbit anti-Sca-1 (Millipore,
Germany). For elastin and collagen staining, slides were incubated with
rabbit anti-Elastin (Abcam, UK), mouse anti-Collagen I (Abcam, UK) and
mouse anti-Collagen III (Abcam, UK). To observe inflammatory cells in
the explanted grafts, mouse anti-CD68 (Abcam, UK), rabbit anti-iNOS
(Abcam, UK) and rabbit anti-CD206 (Abcam, UK) were used as pri-
mary antibodies. After overnight incubated at 4 °C, slides were washed
twice with PBS solution and incubated with the respective fluorescein
isothiocyanate-conjugated secondary antibodies for 60 min at 37 °C. The
samples were observed using an Olympus Flu view 1000 confocal mi-
croscope (Japan). Tissue slides pretreated without a primary antibody
were used as negative controls. Cell populations were determined based
on cell counts from each image on six different parts (12, 2, 4, 6, 8, and
10 o’clock positions). Data were collected from three different samples
in each group. Details of the primary antibodies are listed in Table S1.

2.7. Cell culture

Bone marrow derived monocytes were obtained from the freshly
isolated bone marrow of the femur and tibia of 2 weeks old SD rats. The
monocytes were isolated using the differential adhesion method as
previously reported [32,33]. Macrophages were differentiated from
bone marrow derived monocytes in the presence of macrophage colony
stimulating factor (M-CSF, Peprotech) and then seeded on the PBS,
Rapa, and 3-MA loaded scaffolds. The circular scaffold was composed of
two parts, the lower PGS scaffold and upper PCL sheath. All of them
were 2 mm thick and 15 mm in diameter. After 7 days of culture, cells
adhered on the scaffolds were harvested for further analysis.

To investigate the crosstalk between macrophages seeded on drug-
loaded scaffolds and PVAT-derived Sca-1+ cells, rat PVAT-derived
Sca-1+ cells were cocultured with macrophages via the transwell sys-
tem (pore size, 0.4 pm; Thermo Scientific). After coculturing for 7 days,
Sca-1+ cells in the upper chamber were collected for further analysis.
Each experiment was repeated in triplicate at least three times.

2.8. Flow cytometry

In order to simulate a drug released scaffold microenvironment,
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macrophages were seeded (1 x 10°) on PBS, Rapamycin and 3-methyl-
adenine loaded PGS-PCL constructs respectively. After 36 h’ incubation,
the macrophages were collected following detachment using 0.25%
trypsin and rinsing with PBS, and apoptosis of cells in three groups were
analyzed through flowcytometry. In brief, macrophages were resus-
pended in 500 pl binding buffer, then were treated with 5 pl Annexin V-
FITC and 5 pl PI. After 15-min reaction at 25 °C, the mixture was
analyzed using a BD FACS Calibur™ flow cytometer and BD FACS
Diva™ 6.0 software (BD Biosciences).

To isolate the macrophages from the tissue in young and aging
groups, the sample of the tissue (2 x 5 mm) were minced in precooled
PBS and digested with Type I collagenase (2 mg/ml, Gibco, USA) for
30min at 37 °C to obtain single-cell suspension [34]. It was then incu-
bated with FITC-conjugated anti-CD68 (Abcam, USA) for 30 min. After
washing and resuspending with PBS, the immune-stained cells were
isolated by flow cytometry sorting and the purity of sorted cells was
examined by flow cytometry (BD Biosciences).

2.9. Western blotting

Total proteins in cell lysates and whole-tissue lysates were harvested
using a lysis solution, separated by 10% SDS-PAGE gels, and then
transferred to polyvinylidene difluoride membranes and blocked in 5%
nonfat milk. Subsequently, ATG5, LC3, p-mTOR/mTOR and p-AMPK/
AMPK antibodies were dropped onto the membranes and incubated
overnight at 4 °C. The membranes were then treated with a horseradish
peroxidase-conjugated secondary antibody and protein bands were
detected via enhanced chemiluminescence. Each experiment was per-
formed three times to achieve comparable results. Relative densities
were measured using Image J (version: 1.37v) software (Wayne Ras-
band). Details of the primary antibodies are listed in Table S1.

2.10. Autophagy flux assay

To confirm the induction or inhibition of macrophage autophagy
regulated by loading the autophagy-targeted drugs, macrophages were
infected with mRFP (mcherry red fluorescent protein)-GFP-LC3 (Han-
bio, China) for 72 h and then seeded on PBS, Rapa and 3-MA-loaded
scaffolds respectively. Images were obtained using the laser scanning
confocal microscope (Olympus, FV1000, Tokyo, Japan) and analyzed
using Image J software.

2.11. Statistical analysis

Statistical analyses were performed using SPSS software, version
18.0 (IBM, Chicago, IL, http://www.ibm.com). Continuous variables
were expressed as mean + standard deviation (SD). Comparison of
means between two groups was performed using the student t-test.
Differences between multiple groups were determined via one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc analysis.
p < 0.05 was considered statistically significant.

3. Results
3.1. Impaired vascular remodeling of PGS-PCL grafts in aging bodies

To evaluate the adverse effects of aging on arterial remodeling, we
implanted PGS-PCL grafts into the abdominal aortas of 15 aging rats and
15 young rats, respectively (Fig. S1a). Six months later, the patency rates
determined via necropsy is 85.71% (6 patent grafts/7 total grafts) in the
young group, and 66.67% (4/6) in the aging group (Table S1). To assess
endothelialization in two groups, 7 grafts in each group were harvested
at 2 weeks postoperatively. Different from the high endothelial cell (EC)
coverage of neoarteries in young group (53.76 + 9.76%), immunoflu-
orescence analysis showed that vWF staining in neoarteries of aging
group was scarce (18.75 + 6.33%) (Figure S 1b, c). Impaired
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endothelialization on the luminal surface is associated with poor graft
patency. Among patent grafts, severe aneurysmal dilatation occurred in
five grafts from aging group, while no aneurysm was detected in those
from young group (Fig. Sla, Table S1). Further histological analysis
showed distinct muscular remodeling between two groups (Fig. S1 d-k).
As revealed by H&E staining, grafts from aging group exhibited variant
wall thickness, and more dilated luminal areas as compared with those
from the young group (Figs. S1d and e). Elastic fibers, presented as black
stained with VVG, were evenly and circumferentially distributed in
neoarteries of young group (Fig. S1f). In contrast, few elastic fibers
formed in extracellular matrix (ECM) of neoarteries in aging group
(Fig. S1f). In accordance with VVG staining, immunofluorescent staining
confirmed that substantial elastin was circumferentially aligned in
young group, while elastin production was weak in newly formed ECM
of neoarteries from aging group (Fig. S1g). Quantitatively, the elastin
content was 5.39 + 1.09 pg/mg in the aging group, which was signifi-
cantly lower than that of young group (11.28 + 1.22 pg/mg, p < 0.05)
(Fig. S11). Masson’s trichrome staining showed overall distribution of
collagen fibers in two groups (Fig. S1h). Although no significant dif-
ference was detected between the collagen content in these two groups
(young vs. aging: 71.56 + 3.60 pg/mg vs. 68.41 + 5.30 pg/mg, p > 0.05)
(Fig. S1m), the main component in neoarteries of the aging group was
COL-IL, a major ECM component that represented fibrosis (Figs. S1j, k, n).
“Alizarin red” staining revealed that calcification, which was not
observed in the young group, occurred in vessel walls of aging-group
(Figs. Sli and o). These findings suggested impaired production of
elastin and aggravated fibrosis upon aging would cause severe aneu-
rysms or arterial calcification in the neoarteries from PGS-PCL vascular
grafts.

3.2. Aging-induced reduction of autophagy and increase of pro-
inflammatory macrophages polarization

Given that autophagy is closely related to aging, we evaluated the
autophagy levels of macrophages from the neoateries of the aging and
young groups. TEM images showed the typical autophagosomes in
homing cells of young group, while few autophagosome could be
detected in the homing cells of aging group (Fig. S2a). Meanwhile,
macrophages from the native arteries and neoarteries in aging and
young groups were isolated via flow cytometric sorting. The purity of
CD68" macrophages could be 90% and even higher (Fig. S2b). Subse-
quently, the LC3 protein levels of sorted macrophages were detected by
WB. As shown in Fig. S2¢, LC3II/I in neoarteries of aging group was
significantly reduced as compared with that in young group at 2 weeks
(Figs. S2¢ and d). Furthermore, we also detected the p62 protein levels
of the sorted macrophages. P62 is considered to be a substrate in auto-
phagic degradation, and the activation of autophagy usually causes a
decrease in the p62 level [35]. Western blot confirmed that p62
expression of neoarteries in aging group was significantly up-regulated
as compared with that in young group at 2 weeks (Figs. S2c and e).
Taken together, aging may compromise autophagy in recruited macro-
phages in vascular grafts.

Besides, the polarization of macrophages was analyzed by iNOS/
CD68 and CD206/CD68 co-immunofluorescence staining. As shown in
Fig. S2f, the ratio of iNOS+/CD68+ cells significantly increased as
compared with that in young group, while the ratio of CD206+/CD68+
cells was decreased (Figs. S2f and g). The predominant proportion of
iNOS positive (pro-inflammatory) macrophages in aging group indi-
cated an exacerbated pro-inflammatory polarization of macrophages at
2 weeks (Figs. S2f and g). These results suggested a positive correlation
between decreased macrophage autophagy upon aging and pro-
inflammatory polarization of macrophages.
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3.3. The PGS-sodium citrate scaffold provides a stable drug-released
platform for fast-degrading vascular grafts

The PGS-PCL grafts is composed of a PGS-salt mixing tube and an
ultrathin electrospun sheath wrapping outside. In order to obtain
appropriate drug loading efficiency and antithrombogenicity, sodium
citrate was used instead of NaCl during the preparation of PGS-salt
mixing tube. Owing to the anticoagulant effect of sodium citrate,
grafts in sodium citrate group were treated without any water immer-
sion procedure including salt leaching and heparinization (Fig. 1a).
After nebulization treatment for 1 min, the sodium citrate incorporated
vascular graft acquire adequate elasticity, which was conducive to su-
turing (Fig. 1b and c). As shown in Fig. 1d, grafts in sodium citrate group
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exhibited a sustained-release profile compared with NaCl group
(Fig. 1d). The cumulative release reached 45.72 + 8.69% of the total
loading amount in sodium citrate group, whereas much lower releasing
profile presented in NaCl group (11.06 + 2.68% of the total loading
amount). The cross-sections and outer surface of sheath examined by
SEM revealed the porous PGS and the partial degradation of the collagen
fibers (Diameter: 310 + 98 nm) in the grafts of NaCl group (Fig. 1e). In
contrast, grafts without water immersion (Fig. 1f) procedure contained a
large number of sodium citrate particles and clearly identified collagen
nanofibers (Diameter: 510 + 77 nm) (see Fig. 1i).

Atomic force microscopy (AFM) revealed the surface roughness of
grafts in NaCl group significantly decreased as compared with the so-
dium citrate group (Fig. 1g, h, i). Due to the filling of dissolving collagen
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Parameters Porous PGS Sheath Sheath surface PCL fiber Collagen fiber
Thickness (um) Thickness(um)  Roughness(um) (nm) (nm)
Nacl 247.12+23.66 19.41+£3.17 3.97+0.41 1170+£109 310198
Sodium citrate = 258.91+18.27 22.07+1.79 4.89+0.17 1050+131 510177

Fig. 1. Comparison of NaCl and sodium citrate in vascular grafts fabrication. (a) Schematic illustration for the fabricating process of vascular grafts. (b)
Photographs of sodium citrate incorporated PCL/Col-PGS grafts after 1 min nebulizing. (c) Suture retention and elastic moduli of grafts. (PGS-NaCl core with PCL-Col
sheath after 24 h salt leaching vs. PGS-Sodium citrate core with PCL-Col sheath after 1 min nebulizing, n = 5 independent samples). (d) Releasing profile of drug from
grafts in sodium citrate group (red) and NaCl group (blue) (n = 3 independent samples). (e, f) SEM images showed the cross sections, detailed microstructure and
PCL/Col fibers distribution of grafts in two groups. Yellow arrows mark the sodium citrate particles. Red arrows mark the collagen fibers. Green arrows mark the PCL
fibers. (g, h) 3D images show the surface roughness of sheathes from NaCl group (f) and sodium citrate group (g) through atomic force microscopy (AFM). (i) The
structural parameters of these two grafts were summarized (n = 5 independent samples). Data was presented as the mean + SD for each group. For ¢, significance was

determined by student t-test. *: p < 0.05, **: p < 0.01.
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fibers, the surface of grafts in NaCl group appeared smoother thus re-
duces the contacting area on perivascular tissues, which may limit the
effects of the drug. Notably, the presence of sodium citrate avoided
disruption of collagen fibers and eliminated drugs loss during prepara-
tion, therefore provided a suitable drug-loaded platform for the fast-
degrading vascular grafts.

3.4. GFP + macrophages ameliorated the potential of vascular
regeneration after macrophage depletion

In our previous study, we constructed a peptide-loaded PCL sheath to

a

Rapamycin loaded graft

GFP+ macrophages transplantation
+ Rapamycin loaded graft
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modulate the polarization of macrophages, thereby improving vascular
remodeling. During the limited peptide release time, a substantial
infiltration of perivascular adipose (PVAT)-derived macrophages was
observed in the PCL sheath [5]. We supposed that PVAT-derived mac-
rophages are the indispensable mediators between pharmacological
manipulation and vascular remodeling. To verify aforementioned
speculation, rapamycin loaded vascular grafts were implanted in aging
rats after depleting PVAT-derived macrophages. First, we tested the ef-
ficiency of depletion via comparing the number of recruited macro-
phages in Rapa loaded grafts after PBS and clodronate injection at two
weeks post-implantation (Fig. S3). Results of CD68 immunostaining
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Fig. 2. GFP 4+ Macrophages ameliorated the potential of vascular regeneration after macrophage depletion. (a) Schematic illustration of macrophage
depletion via clodronate injection and GFP + macrophages transplantation in three groups. (b) HE staining of grafts from control, GFP + Rapa and GFP + PBS groups
at 2 weeks postoperatively. (¢) Comparing patency rates of control, GFP + Rapa and GFP + PBS groups at 2 weeks post-implantation (n = 5 independent samples). (d,
e) Quantification of GFP + cells and CD206+ cells in neoarteries of control, GFP + Rapa and GFP + PBS groups at 2 weeks post-implantation. (f) Representative
immunofluorescence images of neoarteries show CD206,/GFP-double-positive cells in control, GFP + Rapa and GFP + PBS groups at 2 weeks post-implantation. DAPI
was used to counterstain the nuclei. L: lumen. Data was presented as the mean + SD for each group. For d, e, significance was determined by student t-test. #: p >

0.05, **: p < 0.01.
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showed the number of macrophages in Rapa loaded grafts after clodr-
onate injection was significantly decreased as compared with Rapa
loaded grafts after PBS injection (p < 0.01), which confirms the validity
of clodronate injection.

Given the pivotal roles of macrophages in vascular remodeling, we
sought to transplant GFP + macrophages on PBS or rapamycin loaded
graft after macrophages depletion. Matrigel containing GFP + macro-
phages were applied around the adventitia of PBS or rapamycin loaded
vascular grafts respectively (Fig. 2a). Two weeks later, HE staining of the
explants revealed collapsed lumens with irregular cellular arrangement
suggested inappropriate vascular remodeling in control group (Fig. 2b).
Five occluded grafts in the control group claimed the irreplaceable role
of PVAT-derived macrophages in pharmacologically manipulated
vascular remodeling (Fig. 2c). Surprisingly, the patency rate of rapa-
mycin loaded graft reached 60% (3/5) after transplanting GFP + mac-
rophages, which was significantly higher than that of control group (0%,
0/5) (Fig. 2c). Meanwhile, neoarteries in “GFP + macrophages” trans-
planting group (GFP + Rapa and GFP + PBS) presented normal cell
recruitment and routine PGS degradation at 2 weeks (Fig. 2b). Immu-
nofluorescence staining showed no difference between GFP + Rapa
group and GFP + PBS group in the amount of recruiting GFP + mac-
rophages (Fig. 2d and f, p < 0.05). Massive GFP-expressing macro-
phages were positive for CD206 in GFP + Rapa group, indicating the
anti-inflammatory polarization of the transplanted macrophages at 2
weeks (Fig. 2e and f). Furthermore, the number of CD206+ anti-
inflammatory macrophages in GFP + Rapa group was much higher
than GFP + PBS group. These results suggested that loading rapamycin
did not affect macrophages recruitment, while significantly promoted
the anti-inflammatory polarization of recruited macrophages.

3.5. The evaluation of pharmacological manipulation of macrophage
autophagy

To examine the autophagic influx in cells migrating into vascular
grafts, co-immunostaining of CD68, vWF, a-SMA and CD3 respectively
with LC3 was performed in harvested grafts at 2 weeks postoperatively.
Obviously, LC3 was positively detected in PBS and Rapa groups, while 3-
MA significantly inhibited its expression (Fig. 3a, d, g). Rapa group
presented the higher ratio of LC3 positive cells as compared with PBS
group, suggesting promoting role of loaded Rapamycin in autophagy of
homing cells (Fig. 3c, i). Co-immunostaining of LC3 with CD68, vWF, a-
SMA and CD3 respectively further revealed identity of cells in which
autophagy were induced (Fig. 3a, d, g). Interestingly, LC3 positive cells
were predominantly CD68" macrophages, cell counting and analysis
suggested 42.61 + 9.88% of CD68" macrophages were LC34 (Fig. 3b
and c). In contrast, few vVWF + endothelial cells, CD3" T cells and only
minority (8.34 + 4.91%) of a-SMA + cells were positively stained with
LC3 (Fig. 3¢, f, i and Figs. S4a—c). This finding suggested that the mac-
rophages are the main effector of Rapamycin, and autophagy was pre-
dominantly occurred in macrophages. The macrophage ratio in the
neoarteries were further assessed by flow cytometry. No significant
difference appeared among three groups in ratio of macrophage
(Figs. S5a and b, p > 0.05). The results of flow cytometric analysis
showed that over 90% of the cells were macrophages after separation
(Figs. S5c¢ and d). The isolated macrophages from digested tissues were
collected for identifying markers involving in autophagy through
Western blot. Western blot confirmed that p62 expression of macro-
phages in the 3-MA was significantly up-regulated as compared with
that in the PBS group at 2 weeks, while it was obviously down-regulated
in Rapa group (Figs. S5e and f). Meanwhile, LC3 protein and autophagy-
related protein 5 (ATGS5) are autophagosomes markers, and both of them
exhibited up-regulated expression in the Rapa group (Figs. S5e, g, h). In
contrast, LC3-II/LC3-I and ATGS levels decreased significantly in the 3-
MA group (Figs. S5e, g, h). LC3-II/LC3-I levels in the Rapa group
elevated following downregulation of p-mTOR levels, confirming that
rapamycin positively regulated autophagy through inhibiting mTOR
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(Figs. S5e and 1i).

In order to verify the pharmacological manipulation of macrophage
autophagy in vitro, rat bone-marrow derived macrophages were seeded
on PBS, rapamycin and 3-MA loaded scaffolds, respectively. TEM images
showed the typical autophagosome formation in macrophages seeded in
PBS and Rapa groups, while no autophagosomes formed in macrophages
from 3-MA group (Fig. 4a). Inmunofluorescent staining of LC3 showed
the green fluorescence signals were mainly distributed in the nuclear
regions of the PBS and 3-MA groups (Fig. 4b). In contrast, macrophages
in the rapamycin group exhibited intense LC3 signals in the cytoplasm
(Fig. 4b). Translocation of LC3 from the nucleus to the cytoplasm in-
dicates activation of autophagy [36]. Furthermore, we used a tandem
fluorescence mRFP-GFP-LC3 reporter system to monitor the autophagic
flux in macrophages being seeded on the three drug-loaded scaffolds
(Fig. 4c). Consistent with the data acquired from the in vivo study, the
marked increase of both autophagosomes and autolysosomes was pre-
sented in macrophages seeded on Rapa grafts. (Fig. 4c and d). In
contrast, both autophagosomes and autolysosomes in macrophages on
3-MA grafts significantly decreased. Western blotting was performed to
compare autophagy-related protein levels among three groups. As ex-
pected, LC3-1I/LC3-I level of macrophages from Rapa group was
significantly increased as compared with PBS group (Fig. 4e and f). In
addition, the utilization of 3-MA significantly reduced LC3-II/LC3-I level
in macrophages (Fig. 4e and f). These results confirmed the efficacy of
drug-loaded scaffolds in manipulating macrophage autophagy in vitro.

It has been reported that autophagy may facilitate cell survival in
adverse microenvironments, such as inflammation and hypoxia, and
inhibiting autophagy may promote apoptosis [37]. Considering the
closely relationship between autophagy and apoptosis, we further
examine the apoptosis of macrophages seeded into the different scaf-
folds (PBS, Rapa and 3-MA). Flow cytometry assay showed the apoptotic
rates of macrophages in Rapa group were 3.87 + 0.89%, which was not
statistically different with PBS group (3.28 + 1.09%, p > 0.05) (Figs. S6a
and b). In contrast, apoptotic rate in 3-MA group (6.41 + 1.37%)
appeared significantly increased as compared with the other groups (p <
0.05) (Figs. S6a and b). These results suggested that autophagy induced
by the released rapamycin less influenced the macrophage apoptosis,
while 3-MA administration may increase the macrophage apoptosis.

3.6. Pharmacological manipulation of macrophage autophagy modulates
the degradation of vascular grafts

To investigate the effect of modulating macrophage autophagy on in-
vivo material degradation, we analyzed the harvested neoarteries of
PBS, Rapa, and 3-MA loaded grafts at 2 weeks and 6 months after im-
plantation. HE staining for slides from “2 weeks” time-point revealed
that porous PGS almost degraded in PBS and Rapa group (PBS vs Rapa:
16.12 + 3.67% vs 14.89 + 2.01%, p > 0.05), which was consistent with
our previous studies [8]. Interestingly, degradation of PGS graft was
significantly delayed in 3-MA group, circular PGS residue was visible
and occupied luminal part of the graft (Fig. 5a, c). According to the
reported methods, polarized light images were used to visualize the
distribution of PCL fibers [38-40]. The messy, loose bright fibers were
frequently observed in remodeling PBS graft, which was consistent with
the poor tissue remodeling in this group (Fig. 5b). In contrast, compactly
and circularly arranged PCL fibers were observed in Rapa and 3-MA
groups, while no significant difference was detected in degradation of
PCL sheath among three groups (Fig. 5d, p > 0.05). Through 6 months,
PGS has completely degraded in all groups (Fig. Se, g), PCL sheath in all
groups progressively degraded, and only about 3% of original PCL
sheath remain visible in PBS and Rapa groups (Fig. 5f, h). In contrast,
3-MA slightly compromised PCL degradation through 6 months, which
resulted in the 12.36 + 3.17% of PCL residue (Fig. 5f, h). These results
indicated that the inhibition of macrophage autophagy obviously
delayed the in-vivo material degradation.
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3.7. Pharmacological manipulation of macrophage autophagy alters the
macrophage inflammatory phenotype

To investigate the effect of modulating macrophage autophagy on
macrophages polarization, we analyzed the polarization of macrophages
seeded in PBS, Rapa and 3-MA loaded grafts in vitro (Fig. 6a). Immu-
nofluorescence staining revealed the predominant proportion of
CD206+ macrophages in Rapa loaded scaffolds, indicating the anti-
inflammatory responses (Fig. 6b, d). Meanwhile, more than 80% mac-
rophages in 3-MA loaded scaffolds were iNOS+, indicating typical pro-
inflammatory transition. The similar trend was showed in the homing
macrophages of PBS, Rapa and 3-MA loaded grafts in vivo. Immuno-
fluorescent results showed a predominant proportion of iNOS+ (pro-
inflammatory) macrophages in the 3-MA group, while majority of
macrophages in the rapamycin-incorporated grafts presented typical
anti-inflammatory transitions at 2 weeks (Fig. 6e and f). The findings
suggested that the activation of autophagy promotes the anti-
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inflammatory polarization of macrophages while impaired autophagy
promotes pro-inflammatory polarization of macrophages.

Trehalose is well-known as mTOR-independent autophagy inducer.
To examine the direct effect of autophagy on polarization of anti-
inflammatory macrophage, trehalose was loaded on the graft and
cocultured with macrophages. Representative images of GFP-LC3 and
RFP-LC3 fluorescence staining showed autophagosomes and autolyso-
somes in macrophages seeded on the trehalose loaded graft, which was
significantly increased as compared with the PBS group (p < 0.05)
(Figs. S7a and b). Furthermore, the number of autophagosomes in
trehalose group was slightly lower than that in the Rapa group, which
suggests a lower autophagy level. We further examined whether treha-
lose influenced macrophage polarization toward the anti-inflammatory
phenotype. Immunofluorescence results showed the proportions of
CD206+ macrophages in trehalose group were much higher than that in
the PBS group (61.39 + 7.91%, p < 0.05), while lower than that in the
Rapa group (p < 0.05) (Figs. S7c—e). Next, 3 trehalose loaded vascular



W. Chen et al. Bioactive Materials 11 (2022) 283-299

PGS/Col-PCL

c = 100 d <
2 <
E 80- ik z #
s S 80 T
S 60 2
(2]
1 -
© 40 3
S 204 u= 20
N o
g o g ° -
< PBS Rapa 3-MA b PBS Rapa 3-MA

g

o

bt
o

I
kS

=
9

=
>

PBS Rapa 3-MA

Area of PGS scaffold (%)

k%

[
o

-
@

o

PBS Rapa 3-MA

Area of PCL sheath (%)
H*

Fig. 5. Pharmacological manipulation of macrophage autophagy modulates grafts’ degradation. (a) H&E staining of the neoarteries in PBS, Rapa and 3-MA
groups at 2 weeks postoperatively, original PGS-PCL graft as control. Black arrows mark the region of residual PGS scaffold. (b) Polarized light images from the
neoarteries in PBS, Rapa and 3-MA groups at 2 weeks, and original PGS-PCL graft. White arrows mark the region of residual PCL scaffold. (e) H&E staining of the
neoarteries in PBS, Rapa and 3-MA groups at 6 months postoperatively. Black arrows mark the region of residual PGS scaffold. (f) Polarized light images from the
neoarteries in PBS, Rapa and 3-MA groups at 6 months postoperatively. White arrows mark the region of residual PCL sheath. (¢, d, g, h) Quantitative comparison of
the residual PGS, and PCL sheath area (%) (residual area/total area before implantation) among different groups. Area was identified and quantified from H&E
staining and polarized images. L: lumen. Data was presented as the mean + SD for each group. For ¢, d, g, h, significance was determined by one-way ANOVA
followed by Tukey’s post hoc analysis. #: p > 0.05, **: p < 0.01.

292



W. Chen et al.

4 3-MA loaded PGS-PCL PBS loaded PGS-PCL
D NSy
1]
& <= (8
3-MA Rapa
Pro-inflammatory
macrophage Macrophage
| -..
o
m
n_ ...
®© ...
Q.
]
D: -..
< -..
=
c g = d fe =
3 5%
gs S.E
= 2

PBS Rapa 3-MA PBS Rapa 3-MA

Bioactive Materials 11 (2022) 283-299

Macrophage Autophagy

Rapa loaded PGS-PCL

.

. 2
2

’s;b

Autophagosome

[ 3

Anti-inflammatory
macrophage

4007 mm PBS [ Rapa EH 3-MA
*%

300+
Sk

2004

100+

0

CD68 iNOS CD206

|
o
(3]
(4
2
=
[7]
o
Q.
Y
<]
[
[
K]
£
=}
4

Fig. 6. Pharmacological manipulation of macrophage autophagy modulates the polarization of macrophages. (a) Schematic illustration of polarization of
macrophages seeded on PBS, Rapa and 3-MA loaded scaffolds. (b) Immunofluorescence staining of CD68 (red), iNOS (green) and CD206 (green) in macrophages
seeded on PBS, Rapa or 3-MA loaded scaffolds. (¢, d) Quantification of iNOS+/CD68+ cells and CD206+/CD68+ cells in macrophages seeded in PBS, Rapa and 3-MA
loaded scaffolds (n = 3 independent samples). (e) Representative immunofluorescent staining of iNOS, CD206 and CD68 in neoarteries of PBS, Rapa and 3-MA loaded
grafts at 2 weeks post-implantation. (f) Quantification of CD68", iNOS+ and CD206+ cells in PBS, Rapa and 3-MA loaded grafts respectively at 2 weeks post-
implantation. (n = 3 independent samples). L: lumen. Data was presented as the mean + SD for each group. For ¢, d, f, significance was determined by one-way

ANOVA followed by Tukey’s post hoc analysis. #: p > 0.05, **: p < 0.01.

grafts were implanted in the arteries of aging rat. At 2 weeks after im-
plantation, 2 grafts were patent (Figs. S7f and g). As immunofluores-
cence staining shown, macrophages in the neoarteries of trehalose
groups presented dominant proportion of CD206+ subset (iNOS vs
CD206: 32.17 + 4.13 vs 59.69 + 7.92%) and suggesting the anti-
proinflammatory polarization (Figs. S7h and i). These results further
confirmed that the activation of autophagy promotes the anti-
inflammatory polarization of macrophages.

3.8. Pharmacological manipulation of macrophage autophagy modulates
endothelial coverage of vascular graft

In order to present the endothelial coverage on different sites (suture

293

site, quarter site and mid site), frozen longitudinal sections of neo-
arteries in PBS, Rapa and 3-MA groups at 2 weeks postoperatively were
used for vVWF immunofluorescence staining. As shown in Fig. 7a—d, the
EC coverage at suture site in Rapa group (90.84 + 6.67%) was similar to
PBS group (92.61 + 7.09%, p > 0.05), while EC coverages on the quarter
and mid regions the of Rapa graft were both significantly increased as
compared with the controls (quarter site: 81.91 + 9.82% vs 58.62 +
10.11%, mid site: 76.83 + 9.54% vs 43.77 + 11.85%, p < 0.05). ECs
from the autologous blood vessels at both ends of the graft can prolif-
erate and migrate to the luminal surface of graft, therefore the EC
coverage on suture sites was not statistically different between Rapa and
PBS group (Fig. 7b). However, Rapa grafts presented significant
increased ECs coverage in the other two sites, indicating that adequately
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elevated macrophage autophagy was beneficial to graft’s endotheliali-
zation (Fig. 7c and d). Different from Rapa and PBS group, in the luminal
layer of 3-MA group, substantial remnants of the PGS material were
visible (Fig. 7a). The compromised degradation induced by 3-MA
resulted decreased ECs coverage at three sites as compared with the
PBS group (suture site: 63.34 & 11.79% vs 92.61 + 7.09%, quarter site:
81.91 + 9.82% vs 5.21 + 1.76%, mid site: 4.37 + 2.98% vs 43.77 +
11.85%, p < 0.05) (Figure b-d).

3.9. Pharmacological activation of macrophage autophagy effectively
promotes long-term muscular remodeling of vascular grafts in aging bodies

To examine the myogenic differentiation of homing progenitors in
remodeling grafts, immunofluorescence staining and Western blot
analysis against a-SMA and SM-MHC were performed. As shown in
Fig. 8a, early recruitment of a-SMA + cells were detected predominantly
at adventitial side of the Rapa loaded grafts at 2 weeks, while recruited
a-SMA + cells were significantly reduced in PBS and 3-MA group, which
suggested that Rapamycin may attenuate poor mobilization of myogenic
cells in aging body (Fig. 8a—c). At 6 months, cells positively stained
a-SMA and SM-MHC both increased in PBS loaded grafts and penetrated
the whole vessel wall, although it was still fewer and sparser than that in
Rapa loaded grafts (Fig. 8d—f). The 3-MA loaded grafts remain less
myogenic through 6 months, as was characterized by scarce of a-SMA+

and SM-MHC + cells (Fig. 8d-f). Western blot analysis confirmed the
trend revealed in immunofluorescent images, Rapamycin loaded in PGS-
PCL grafts enhanced recruitment of myogenic cells at 2 weeks, and
promoted differentiation into SMCs through 6 months (Fig. 8g-1).
Fibrotic response of the grafts was also characterized by immunostain-
ing with fibroblast surface protein (FSP) antibody. As shown in
Figure 8m, FSP + cells increased significantly through 2 weeks to 6
months, especially in PBS and 3-MA groups. These cells distributed in
adventitia layer as well as on luminal side, suggesting the trend of vessel
wall fibrosis with aging. In contrast, the FSP + cells dramatically
decreased in Rapa group, both at 2 weeks and 6 months, suggesting
antifibrotic effect of Rapamycin in vascular grafts (Fig. 8m-o).

The long-term patency determined by necropsy was 87.50% (7/8) in
Rapa group, which is much higher than that in PBS group (62.5%, 5/8)
(Fig. S8g). However, the loading of 3-MA significantly decreased
patency rate (37.5%, 3/8, Fig. S8g). H&E staining showed that a large
amount of undegraded PCL remained in the lumens of 3-MA loaded
grafts at 6 months (Fig. 3e). The undegraded material distributed evenly
and formed a three-layer sandwich with extremely dense ECM fibers and
less cellularization, which could be regarded as scar tissues encapsulate
the residual materials (Fig. 3e). Immunofluorescence results confirmed
that the main component in 3-MA loaded grafts was COL-I, one of the
main constituents of scar tissue (Fig. S8e). Further “Alizarin red”
staining revealed that ossification or calcification occurred in the vessel
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followed by Tukey’s post hoc analysis. #: p > 0.05, *: p < 0.05, **: p < 0.01.

walls of 3-MA loaded grafts (Fig. S8c), which shared the same location
with the residual PCL (Fig. 3e). In contrast to the adverse remodeling
noted in the 3-MA group, histological examination presented signifi-
cantly improved muscular remodeling in the Rapa group. Neoarteries in
Rapa group presented a homogeneous, continuous muscular structure
characterized by closely packed, regularly arranged collagen and elastic
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fibers (Figs. S8a—f). Immunofluorescent staining confirmed that appro-
priate amounts of collagen III and elastin, typical markers of muscular
arteries, were the major components of ECM in the Rapa group
(Figs. S8hj). In addition, immunofluorescent staining and Western blot
analysis of neoarteries harvested at 2 weeks presented significantly
higher ratios of phospho-AMPK (p-AMPK) to AMPK in the Rapa group
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than in the PBS group, while the 3-MA group exhibited a slightly lower
p-AMPK/AMPK value than the PBS group (Figs. S9a—c). AMPK activa-
tion is an important representation of enhanced differentiation of
myogenic stem cells [34]. The cellular AMPK activation in Rapa group at
2 weeks confirmed the crucial role of macrophage autophagy in initial
muscular remodeling of graft. These findings indicated that adminis-
trating the autophagy activator rapamycin in vascular grafts rejuve-
nated endogenous elastin production from SMCs in aging individual,
while the autophagy inhibitor 3-MA exacerbated graft fibrosis and
calcification.

3.10. Pharmacological activation of macrophage autophagy promotes the
myogenic differentiation of Sca-1+ stem cells in vitro

Macrophages, seeded on PBS, Rapa, and 3-MA incorporated scaffolds
respectively, were cocultured with Sca-14+ stem cells (Fig. S10a).
Myogenic differentiation of Sca-14+ stem cells was revealed by
increasing numbers of SM-MHC —+ cells (Fig. S10a). Quantitatively, the
number of SM-MHC positive cells was significantly higher in Rapa group
than that in PBS group at 14 days, while few SM-MHC positive cells were
observed in the 3-MA group (Figs. S10b and c). These results confirmed
that myogenic differentiation of Sca-1+ stem cells could be effectively
promoted through activating macrophage autophagy.

4. Discussion

Declining regenerative potential and aggravated inflammation upon
aging create inappropriate environment for arterial regeneration. The
decreased autophagy observed in aged macrophages contributes to their
functional decline and aberrant inflammatory cytokine production [16].
It’s known that impaired autophagy would guide pro-inflammatory
polarization of macrophages [41], which was also observed in our
study. Early infiltrating macrophages in grafts from aging group pre-
sented compromised autophagy and manifested a distinct
pro-inflammatory phenotype with elevated iNOS + macrophages. The
pro-inflammatory polarization of macrophages compromised the
recruitment and differentiation of progenitor cells [42] and eventually
leads to poor vascular remodeling. On the contrary, macrophage po-
larization towards anti-inflammatory phenotype attenuate inflamma-
tion and favored tissue regeneration [43]. Moderate activation of
autophagy suppresses pro-inflammatory polarization, promotes
anti-inflammatory polarization, and alleviates inflammatory reactions
[44,45]. Therefore, constructing anti-inflammatory microenvironment
via manipulating macrophages autophagy is expected to be an efficient
approach to rescuing impaired vascular remodeling in aging body. To
prove this, autophagy-targeting drugs rapamycin and 3-MA were loaded
on the PCL sheath of the vascular grafts. As a result, activation of
autophagy by rapamycin drives the polarization of macrophages to-
wards an anti-inflammatory state and simultaneously amends the
impaired vascular remodeling in aging bodies. Conversely, inhibition of
autophagy by 3-MA aggravates the pro-inflammatory macrophage po-
larization in aging bodies and finally lead to severe arterial fibrosis and
calcification. These results confirmed pivotal roles of macrophages
autophagy in modulating the graft’s immune microenvironment and
offer alternative strategy for materials modification. Moreover, regu-
lating the perivascular immune microenvironment significantly ame-
liorates aging induced defective regeneration. To the best of our
knowledge, applying rapamycin as immunomodulatory agent to
improve regenerative potential of aging body, is new to vascular
substitutes.

The innate autophagic potential of macrophages is essential to the
host remodeling of biodegradable materials. We have previously
claimed that in vivo degradation of PGS is closely related to the recruited
macrophages, but the concrete mechanism remains uncertain [5].
Interestingly, this study revealed that PGS degradation significantly
delayed once 3-MA was loaded in PCL sheath, and autophagy of
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recruited macrophages was significantly suppressed. Phagocytosis and
autophagy of macrophages are typically dedicated to degradation of
substrates from extrinsic and intrinsic origins [46]. It was shown that
macrophages lacking autophagy failed to degrade engulfed cargo [47],
and produced macrophage migration inhibitory factors [48].
Macrophages-mediated material degradation is an energy consuming
action while autophagy favors ATP provision in ischemic conditions
[49]. For those macrophages pioneering the degradation of the porous
PGS, adequate autophagy is essential to their survival in scaffolds. 3-MA,
the inhibitor of cellular autophagy, disrupted the energy supply for
macrophages and halted the recruitment of macrophages to PGS thus
caused the delayed material degradation. Our study also revealed
enhanced thrombosis inside PGS tube and decreased patency rate when
3-MA impeded PGS degradation. Combined with our previous studies,
we failed to acquire the evidence that the endothelial cells could adhere
on PGS lumen, while endothelialization was realized by adhesion of ECs
on the luminal side of PCL sheath [8]. Timely degradation of PGS relying
on macrophage autophagy is indispensable for the rapid endotheliali-
zation of PGS-PCL graft. Collectively, macrophage autophagy has been
found manipulating grafts degradation in this study, which may be the
new target for rational design of vascular grafts.

Prevalent strategies for improving host remodeling of vascular grafts
are loading chemotaxis factors of vascular forming cells such as VEGF or
peptides to improve ECs adhesion [50,51]. ECs proliferation, migration,
and adhesion are known to be regulated through a complex signaling
network [52]. The effect of loading single growth factor is rather
limited. Our study confirmed extensive promoting roles of constructing
anti-inflammatory microenvironment in accelerating endothelialization
and improving muscular remodeling in aging body, which suggested
superiority over the single effect of loading growth factors. The utili-
zation of rapamycin increased the number of anti-inflammatory mac-
rophages in the perivascular microenvironment via activating
autophagy. Anti-inflammatory macrophages are proven to secrete
multiple growth factors, such as VEGF, VEGF-C and -D, PDGF, and TGF-
[53,54], that meet the complex needs of endothelialization. As the
result, the anti-inflammatory perivascular microenvironment created by
rapamycin was conducive to rapid endothelialization of the graft and
improved graft patency rate. In contrast, the utilization of 3-MA
aggravated the pro-inflammatory polarization of macrophages in
aging bodies. Several studies have demonstrated that IL-1 and trans-
forming growth factor secreted by pro-inflammatory macrophages can
destroy tight junctions of endothelial cells, and excessive secretion of
IL-8 may impair endothelial tube growth [55,56]. Therefore, compro-
mised endothelialization in the 3-MA group may be partly attributed to
pro-inflammatory microenvironment. Furthermore, a large number of
AMPK-activated cells were shown around the rapamycin loaded PCL
sheath in aging bodies. AMPK activation is known to be an important
feature of enhanced differentiation of myogenic stem cells [34]. In
consistence with such dogma, six months in vivo results in present study
revealed that neoarteries in rapamycin loaded grafts produced adequate
amount of elastin and COL-III closing to native artery, and the incidence
of aneurysms was significantly reduced. Recent studies suggest that
age-related regenerative defects may result from miscommunication
between immune cells and tissue stem cells, as well as an accumulation
of proinflammatory mediators in the tissue [57]. The keys to reversing
the aging process of stem cells and rejuvenating tissues will be therapies
that not only stimulate tissue stem cell self-renewal but also target in-
flammatory mediators accumulating with age.

Vascular calcification, an irreversible pathologic change in aging
vessels, is significantly aggravated in neo-artery when autophagy in-
hibitor 3-MA is loaded in grafts. Macrophage autophagy play a critical
role in the degradation and recycling of long-lived/damaged intracel-
lular material [58,59]. Inhibiting macrophage autophagy led to the
overabundance of cellular debris and cytotoxic material, which is a
paramount contribution to the exacerbated calcification. In our study,
administrating rapamycin rejuvenated the senescent macrophages via
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activating autophagy and significantly enhanced the clearance ability of
macrophage to handle vascular calcification in aging bodies. Further-
more, progression of vascular calcification is closely related to macro-
phages [60], which is the dominant cells in immune microenvironments
of PBS and 3-MA groups. Osteoblastic differentiation of vascular smooth
muscle cells is a major event of vascular calcification [61], Chronic
inflammation caused by pro-inflammatory macrophage impairs the
normal development of VSMCs [62] and pro-inflammatory macrophage
can directly release oncostatin M (OSM) to promote the differentiation
of VSMCs into osteoblastic phenotypes [63]. Conversely,
anti-inflammatory macrophage can inhibit the osteogenic conversion of
VSMCs [64] and secrete anti-inflammatory factors as well as phagocy-
tize necrotic fragments and apoptotic cells to prevent the formation of
calcified nucleation sites [65]. Anti-inflammatory polarization activated
by rapamycin created an anti-inflammatory microenvironment that
effectively suppressed vascular calcification in aging bodies. Different
from the limited success achieved to promote regeneration by directly
loading the M2-type macrophage polarization factor like IL-4, the
loading of autophagy inducer rapamycin comprehensively activates
multiple necessary functions of macrophages involved in the regression
of vascular calcification. This pro-regenerative microenvironment
dominated by autophagy-activated macrophages provides long-lasting
improvement in aging-induced defective regeneration, which may give
new insights for rational design of vascular grafts in aging bodies.

As shown in our previous study, “perivascular adipose tissue (PVAT)-
derived macrophages” has been identified as the main effector cells for
the drug loaded on PCL sheath [5]. The recruitment of bone
marrow-derived monocyte is an indispensable source for the supplement
and accumulation of macrophages in adipose tissue, especially during
inflammation [66,67]. The perivascular adipose tissue is rich in capil-
laries, which may enable the migration of circulating monocytes into the
tissue around the vascular grafts. In this study, bone marrow derived
GFP -+ macrophages efficiently recovered potential of vascular remod-
eling after original PVAT-macrophages were killed, therefore confirmed
the major contribution of circulating macrophages in regeneration
mediated by PVAT derived macrophages. According to the degradation
patterns of PGS-PCL grafts, the degradation of PGS was mainly regulated
by macrophages derived from circulating blood at the initial remodeling
stage. When PGS layer completely degrade, PCL layer alone will restrict
the infiltration of cells from circulating blood due to the compact fibril
structure. Therefore, macrophages derived from PVAT are the main
sources involving in long-term vascular remodeling around the PCL
sheath. In order to efficiently act on the recruited macrophages from
these two sources, we loaded the autophagy-regulated drugs in the
collagen fiber of PCL/Col sheath. Electrospinning collagen may preserve
molecular structure of drugs, avoid possible damage during covalent
binding process. Moreover, the inclusion of collagen fibers in PCL
nanofibers provided increased porosity and favored the adhesion and
spreading of cells [5]. However, due to rapid degradation of collagen,
the loaded drugs are quickly released within a short releasing period. To
prolong the pharmacological effect, entrapping the drugs in liposomes
should be explored in further study. Due to good biocompatibility and
biodegradability, slow-release potential, and strong tissue affinity [68],
liposomes may enable autophagy targeted drugs to exert long-term
effects.

5. Conclusion

In this study, we successfully ameliorate aging induced compromised
vascular regeneration through manipulating macrophage autophagy,
and confirmed the roles of macrophage autophagy in degrading PGS/
PCL grafts and anti-inflammatory macrophage polarization. Rapamycin
was shown to hold the potential as a safe and potent agent for anti-
inflammatory therapy of vascular grafts. Our work develops a new
anti-inflammatory therapeutic strategy based on autophagy-induced
anti-inflammatory polarization which may pave a new avenue for
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clinical translation of vascular grafts in aging bodies.
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