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Abstract

The replacement of small-diameter arteries remains an unmet clinical need. Here we investigated
the cellular remodeling of fibrotic conduits as vascular grafts. The formation of fibrotic conduit
around subcutaneously implanted mandrels involved not only fibroblasts but also the trans-
differentiation of inflammatory cells such as macrophages into fibroblastic cells, as shown by
genetic lineage tracing. When fibrotic conduits were implanted as vascular grafts, the patency was
low, and many fibrotic cells were found in neointima. Decellularization and anti-thrombogenic
coating of fibrotic conduits produced highly patent autografts that remodeled into neoarteries,
offering an effective approach to obtain autografts for clinical therapy. While autografts recruited
mostly anti-inflammatory macrophages for constructive remodeling, allogenic DFCs had more T
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cells and pro-inflammatory macrophages and much lower patency. Endothelial progenitors and
endothelial migration were observed during endothelialization. Cell infiltration into DFCs was
more efficient than decellularized arteries, and infiltrated cells remodeled the matrix and
differentiated into smooth muscle cells (SMCs). This work provides insight into the remodeling of
fibrotic conduits, autologous DFCs and allogenic DFCs, and will have broad impact on using
fibrotic matrix for regenerative engineering.

fibrosis; vascular graft; decellularization; inflammatory cells

Subject codes

Translational studies; cardiovascular surgery

Introduction

Vascular grafts are used as replacements for occluded arteries, especially those with multiple
and severe lesions, yet small-diameter vascular grafts have low success rate due to frequent
thrombus formation and clogging (1). To date, autologous artery and vein remain the gold
standard for the replacement of diseased blood vessels. However, many patients do not have
appropriate autologous grafts, and vein grafts have a 30~40% failure rate within 5 years (2).
Synthetic grafts, such as those made of ePTFE only had ~35% 6-month primary patency rate
even with anti-thrombogenic treatment (3). Nano- or micro-fibrous grafts made from non-
degradable or biodegradable synthetic polymers have shown some promising results with
antithrombogenic treatment or cell seeding to improve biocompatibility (4-12), but the long-
term effect of polymer degradation and the graft integration into the host tissue remained to
be addressed. On the other hand, scaffolds derived from native extracellular matrix (ECM)
have superior cellular compatibility and can be remodeled biologically (13-16). Recent
studies on allogenic decellularized vascular grafts made in bioreactor showed promising
results in arteriovenous access model (17,18), yet the primary patency of decellularized
allogenic grafts needs further improvement (19). Although autologous fibrotic conduits have
been explored as vascular grafts, the fibroblastic cells in autografts and the lack of anti-
thrombogenic modification are potential drawback for the autograft performance. In
addition, the cellular mechanisms of fibrotic conduit formation and graft remodeling need
further investigation to improve graft performance.

Here we developed and characterized fibrotic conduits as a source of vascular grafts, and
showed that autografts with decellularization and anti-thrombogenic modification had
excellent patency rate and could be rapidly remodeled into neoarteries. Autologous
decellularized fibrotic conduits (DFCs) is promising for patients who do not have
appropriate autologous vascular grafts. Furthermore, we elucidated the mechanisms of
cellular remodeling in fibrotic conduits and autografts/allografts, and demonstrated a critical
role of immune cells in these processes.
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Materials and Methods

Preparation of decellularized vascular grafts

To prepare decellularized vascular grafts, Teflon mandrels were implanted into the
subcutaneous pouches in the abdominal wall of Sprague-Dawley rats for 2, 3, 4, and 5 weeks
respectively. At each time point, the implants were removed and the outer layer tubular
connective tissues were detached from the Teflon mandrels. These fibrotic conduits were
decellularized in a series of detergents. Briefly, samples were washed thoroughly in 1M
NaCl, then treated with the zwitterionic 3-[(3-Cholamidopropyl) dimethylammonio]-1-
propanesulfonate-(CHAPS, Sigma) detergent solution (8mM CHAPS, 1M NaCl, 25mM
EDTA) for three times of 2 hours each. Decellularized native arteries underwent a further
decellularization in an ionic SDS (Fisher Scientific) detergent (1.8mM Sodium dodecyl
sulfate, 1M NaCl, 25mM EDTA). Both DFCs and native arteries were then subjected to a 16
hours benzoase nuclease (Sigma) treatment (90U/ml, 50mM Tris-ClI) before being
chemically conjugated with heparin. All samples were rinsed thrice with PBS and stored at
4°C for further use. All treatments were performed at room temperature.

Protein and DNA analysis of decellularized grafts

Rat studies

Each decellularized sample (2-cm long) was homogenized in C-tubes (Miltenyl Biotec) on
the gentle MACs dissociator (Miltenyl Biotec) with 300 uL of lysis buffer (G-biosciences)
supplemented with protease inhibitors (PMSF, NazVVO, and leupeptin). After centrifugation,
the supernatant was collected then quantified using the DC protein assay (Bio-Rad).
Samples (10 ug/well) were separated by SDS-PAGE (10% gel) and transferred onto PVVDF
membranes. The membranes were blocked in 3% non-fat milk and incubated at 4°C
overnight with primary antibodies against fibronectin (ab2413; Abcam, 1:2000), actin
(sc-1616; Santa Cruz, 1:1000), a-SMA (ab32575; Abcam, 1:5000), calponin-1 (ab46794;
Abcam, 1:10000), FSP1 (ab27957; Abcam, 1:1000), and GAPDH (ab8245; Abcam, 1:2000).
Membranes were incubated with HRP-conjugated IgG secondary antibodies (Santa Cruz
Biotechnologies, 1:2000), and protein bands were visualized using Western Lightning Plus-
Enhanced Chemiluminescence Substrate (Perkin Elmer Life & Analytical Sciences) on a
digital imager (Bio-Rad).

To measure DNA content, the tissue samples with or without decellularization were digested
in papain solution under high temperature (60°C for 24) and low pH conditions (for 24
hours). A DNeasy Blood & Tissue Kit® (Qiagen, Valencia, CA) was used to isolate DNA.
The DNA content was quantified by using a Quant-iT™ PicoGreen® Assay (Invitrogen,
Grand Island, NY), allowing the detection of DNA at an emission wavelength of 535 nm.
The DNA content is normalized by the dry weight of respective tissue samples.

Animal protocols approved by the Committee on Animal Care and Use at the University of
California, Berkeley and the University of California, Los Angeles following NIH guidelines
for the care and use of laboratory animals. Female Sprague-Dawley rats (body weight:
500-550g, Charles River Laboratories, Boston, MA) were used for experiments. For the
comparison of autografts and allografts, each rat was implanted with two Teflon mandrels to
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prepare DFCs, one being used as autografts and another one as allografts. Decellularized
native common carotid arteries were used for control group. Interpositional implantations
were performed in rat common carotid arteries. Briefly, a left neck incision exposed the
common carotid artery in rats anesthetized by isoflurane inhalation. The left common carotid
artery was cross-clamped, a 4-mm segment was transected and the graft (10 mm in length)
was inserted in the gap. End-to-end anastomosis with 9-0 nylon suture (AROSurgical,
Newport beach, CA) was used to connect grafts to the native artery. The artery lumen was
washed once with heparin solution during the period of surgery. Rats received no other
postoperative anticoagulation treatment. Doppler ultrasound was used to detect blood flow
and patency in grafts before explantation at various time points.

Lineage tracing of inflammatory cells in mouse model

Vavl-cre, FSP1-cre and ROSA26-enhanced yellow fluorescent protein (R26R-EYFP) mice
were purchased from the Jackson Laboratory. Male Vav1-cre mice were crossed with female
R26R-EYFP mice to generate Vav1-EYFP mice in which Vav1* cells (mainly hematopoietic
cells/macrophages) were labeled in EYFP to determine their fate such as trans-
differentiation into fibroblasts. Similarly, FSP1-EYFP mice were generated by breeding
FSP1-Cre and R26R-EYFP mice to label FSP1* fibroblasts. Genotyping was performed by
polymerase chain reaction according to the protocols provided by the Jackson Laboratory.
The transgenic mice of two months were used for experiments. Both male and female mice
were used, and no sex difference in lineage tracing was detected. Teflon mandrels were
implanted subcutaneously. After 1 week or 4 weeks, the Teflon mandrels were harvested for
the histological analysis of the fibrotic conduits around the mandrels.

Histological Analysis

Samples for histological examination were snap-frozen in optimal cutting temperature
(OCT) Compound (Tissue Tek), and sectioned to 8-um thickness. Immunofluorescence
staining was used to analyze the tissue sections with the following primary antibodies:
FSP-1, a-SMA, CD68, CCR7, CD163, CD206, CD3, CD4, FoxP3, CD19, CD31, CD34,
von Willebrand factor (vWF), Type | Collagen, Elastin, CNN1, SM-MHC. The information
of antibodies is summarized in Supplementary Table 1. Primary antibodies were incubated
overnight at 4°C followed by 1hr incubation with Alexa Fluor® 488- and/or Alexa Fluor®
546-conjugated secondary antibodies raised in donkey (Molecular Probes). Nuclei were
stained with 4', 6-diamino-2-phenylindole (DAPI; Invitrogen). As negative controls, no-
specific mouse or rabbit IgGs were used for staining procedure, showing no signals as
expected (Supplementary Fig. 1). Hematoxylin and eosin (H&E), Masson’s trichrome and
Verhoeff’s stainings were performed using the kits from American MasterTech Scientific.
Inc according to the manufacturer's instruction. Immunofluorescence images were captured
with a Zeiss confocal microscope (LSM710), bright-field images were recorded by light
microscope (Zeiss). Immunofluorescence images of the whole longitudinal graft were
captured with Nano Zommer (Fluorescence Unit L11600/L10387-0, Hamamatsu Photonics
K.K., Japan).

Biomaterials. Author manuscript; available in PMC 2022 January 01.
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En face immunofluorescence staining

The grafts were explanted and fixed with 4% paraformaldehyde for 30 minutes. Each graft
was cut into 4 slices longitudinally with “no-touch” technology. The samples were washed
with PBS, blocked with 1% donkey serum albumin solution, and incubated with primary
antibodies for CD34, CD31, and vVWF. After that, samples were incubated with Alexa-Fluor
488 or Alexa-Fluor 546 labeled secondary antibodies raised in donkey (Molecular Probes)
and nuclei stained with 4',6-diamino-2-phenylindole (DAPI; Invitrogen). Images were
collected on a confocal microscope.

Mechanical Testing

Fresh graft segments of 1 mm in diameter and 1.5-2 mm in width were prepared and
subjected to uniaxial tensile testing in the radial direction using an Instron 5544 tester
(Instron, Canton, MA) as described previously. Briefly, two 0.3mm-diameter stainless steel
wires were placed through the lumen of the ring segment of the graft and loaded in between
the grips. Each segment was extended at a rate of 0.1 mm/sec until failure and the applied
force and deformation was recorded via Bluehill software (Instron). The elastic modulus was
calculated based on the applied load, deformation, and dimensions (thickness and width) of
the graft segments; the ultimate tensile strength was recorded as the peak stress prior to
failure. Suture tension of DFCs, native common carotid arteries, and 9-0 suture were also
tested. Burst pressure was measured as previously described (MFCS™-EZ microfluidic flow
control system, Fluigent, Germany).

Electron microscopy imaging

For scan electron microscopy (SEM), the vascular grafts were fixed, dehydrated and dried
according to the previous protocol. All specimens were mounted on aluminium stubs using
sticky carbon taps and coated with a thin layer of Au/Pd (approximately 2 nm thick) using a
Gatan ion beam coater. Images were recorded with a Hitachi TM-1000 scanning electron
microscope. For transmission electron microscopy (TEM), all fixed samples were pretreated
and sliced according to TEM standard protocol. The stained ultrathin sections were
examined on a FEI Tecnai transmission electron microscope and recorded via a SIS Mega
View IlI high resolution CCD camera.

Collagen and Elastin quantification

Collagen and elastin content of the grafts were measured and quantified using respectively
the Sircol™ soluble collagen assay and Fastin™ Elastin Assay Kit (both from Biocolor, UK)
under manufacturer's instruction.

Mini-pig studies
Female mini-pigs (weighing 25-30 kg) were used a large animal model. Teflon mandrels (4
mm in diameter) were implanted subcutaneously for 4 weeks to generate fibrotic conduits,
decellularized, conjugated with heparin, and used as autologous or allogenic DFCs. The
DFCs were implanted as interpositional vascular grafts in carotid arteries. After 1-month
implantation, the patency of the grafts was examined by computed topography angiography.

Biomaterials. Author manuscript; available in PMC 2022 January 01.
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Statistical Analysis

Results

All the data were analyzed using Graphpad Prism 7.0 and expressed as mean * one standard
deviation (SD). Student’s t-test was used for two-sample statistical comparison, while one-
way analysis of variance (ANOVA) followed by Tukey’s test was used for groups greater
than two A value of p< 0.05 was accepted as statistically significant.

Involvement of fibroblasts and macrophages in the formation of fibrotic capsule tissues

To generate fibrotic conduits, we implanted Teflon mandrels subcutaneously into rats. The
robust fibrotic tissue formation resulted in a tubular structure with sufficient mechanical
strength within 2-4 weeks. Various cells contributed to fibrotic capsule formation.
Fibroblasts (fibroblast-specific protein 1-positive/ FSP1*) and myofibroblasts (smooth
muscle a-actin-positive/a-SMA*) were found in the tissue capsule during the 4-week
remodeling period (Fig. 1a).

Immune responses were found to play an important role in fibrotic capsule formation (20).
Macrophages, T cells and B cells were recruited as early as day 3 but showed different
temporal kinetics (Fig. 1b-e). To determine the phenotype of macrophages, the samples were
stained for CD68 (pan-macrophage cell surface marker), CCR7 (pro-inflmmatory
macrophage marker) or CD163 (anti-inflammatory marker). CCR7* macrophages reached
highest level at day 3, mostly found at the interface of the capsule tissue and the mandrel,
indicating a foreign-body response at the early stage, and then gradually disappeared after
day 7. In contrast, the number of CD163* anti-inflammatory macrophages reached the peak
around day 7, indicating the initiation of constructive remodeling of the capsule tissue.
Staining for CD206, another anti-inflammatory macrophage marker, showed colocalization
with CD163 (Supplementary Fig. 1), so we used either CD163 or CD206 to identify anti-
inflammatory macrophages in the following studies. CD3™ T cells, CD4" T helper cells or
FoxP3* regulatory T cells also showed a peak level at day 7. Few B cells were found in
capsule tissues.

Interestingly, after 7 days, we observed that some CD206* or CCR7* macrophages
expressed FSP1, a fibroblast marker (Supplementary Fig. 2). To directly test whether
macrophages could trans-differentiate into fibroblastic cells, we performed lineage tracing
experiments by implanting Teflon mandrels subcutaneously in Vavl- EYFP mice in which
the cells derived from Vav1* hematopoietic cells were labeled by EYFP. As shown in Figure
2, most EYFP* cells in fibrotic tissue were positive for CD45 (hematopoietic marker), CD68
(pan-macrophage marker), CCR7 and CD206, suggesting that macrophages were a major
population of EYFP* cells. Interestingly, after 7 days, many EYFP* cells expressed FSP1
(Fig. 2), a fibroblast marker, but not CD31, an endothelial cell (EC) marker; and a small
percentage of cells next to the surface of the mandrel expressed a-SMA, a myofibroblast
marker (Fig. 2), implying that inflammatory cells could trans-differentiate into fibroblast-
like cells and participate in the remodeling of fibrotic capsule tissues. Furthermore, at 4
weeks, most Vavl-EYFP cells became FSP1+ and SMA+ (Supplementary Fig. 3).
Consistently, when we implanted Teflon mandrels subcutaneously in FSP1-EYFP mice, we

Biomaterials. Author manuscript; available in PMC 2022 January 01.
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found that macrophages (CD68*) became EYFP™ at day 7, suggesting a trans-differentiation
into fibroblast-like cells (Supplementary Fig. 4).

Cells in fibrotic conduits were involved in neointima formation

After 4 weeks, fibrotic conduits were harvested as vascular grafts. Fibrotic conduits with
cells were previously used as arteriovenous graft with acceptable patency due to high flow
rate and a drastic pressure drop from artery to vein; however, for other artery replacement,
significant thrombosis and neointima formation were observed for autologous grafts
containing fibrotic cells (21,22). In our study, we found that the patency rates of fibrotic
conduits were 4 out of 9 after 2 weeks and 1 out of 9 after two months. An example of
fibrotic conduit before and right after implantation is shown in Supplementary Figure 5a-b.
In some cases, the grafts were clogged at early stage by day 14, possibly due to thrombus
formation (Supplementary Fig. 5¢). In patent grafts, some SMCs can be observed after 4
weeks (Supplementary Fig. 5d). To determine whether the fibrotic cells were involved in
neointima formation, we made fibrotic conduits by implanting the cylindrical Teflon
mandrel subcutaneously into transgenic Sprague-Dawley rats (n=6) expressing green
fluorescence protein (GFP) (Fig. 3a). The gross appearance of a fibrotic conduit right after
explantation is shown in Fig. 3b. These grafts with GFP* cells were then implanted into
wild-type Sprague-Dawley rats with the immunosuppression using Cyclosporin A (CyA, 6
mg/kg, Novartis Pharma AG, Switzerland). The graft was explanted 4 weeks later, showing
neointima formation (Fig. 3c), and ~86% of neointimal cells were GFP* (Fig. 3d). Although
it remained to be determined whether and how these fibrotic cells contributed to
immunogenic responses, proliferative cell population and/or matrix deposition, our findings
suggested that removing fibrotic cells could improve patency, which also offered an
additional benefit of making the grafts available-off-the-shelf.

Decellularization of fibrotic conduits

Detergents of various strengths and properties have been used to remove cells and
extracellular components from tissues. lonic detergents such as sodium dodecy! sulfate
(SDS) can lyse cells efficiently, but may damage ECM, leave behind residues, and
compromise cell-ECM interactions. Since newly formed fibrotic ECM were not as dense as
that in native artery, we used milder zwitterionic detergent (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) to decellularize the
fibrotic tissues. The overall experiment procedure for the preparation, implantation and
characterization of DFCs is shown in Fig. 4a. Following the explantation of the fibrotic
conduits, we used a CHAPS-based solution to decellularize the grafts, which preserved the
ECM structure, as shown in Fig. 4b-f. Histological analysis indicated that decellularization
with CHAPs preserved the major structural collagen (Fig. 4c-d). Elastin was not observed in
fibrotic tissues, either before or after decellularization (Fig. 4e-f). This decellularization
process completely removed cell nuclei (Fig. 4g-h) and major cellular proteins (Fig. 4i) in
the fibrotic tissue. Quantitative DNA detection showed that DNA content dropped 0.05
mg/myg (tissue dry weight) after decellularization (Supplementary Fig. 6). High
magnification scanning electron microscopy (SEM) of the decellularized grafts showed that
DFCs had less dense fibers of ECM on both inner (Fig. 4j) and outer (Fig. 4K) surface,
which is advantageous for cell infiltration compared to the densely packed ECM in
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decellularized thoracic aorta (Supplementary Fig. 7). Indeed, interpositional transplantation
of decellularized thoracic aorta into carotid artery showed neointima in the lumen but little
cell infiltration into the dense ECM (Supplementary Fig. 7e), which could compromise the
remodeling and integration of the decellularized thoracic aorta.

Mechanical properties of fibrotic conduits

To determine the implantation time and decellularization process on the mechanical
properties of fibrotic conduits, we compared the pre- and post-decellularization mechanical
properties of grafts that were implanted subcutaneously for 2-5 weeks. We observed a
significant increase in the Young’s modulus and ultimate tensile strength (UTS) of grafts
with time and a plateau after 4 weeks, suggesting that 4-week implantation was sufficient
(Fig. 41, m). In addition, the decellularization process did not significantly alter the Young’s
modulus and UTS (Fig. 4l, m). Thus, only grafts formed at 4-week time point were used for
further studies. The suture retention of the DFC was significantly higher than the break force
of a 9-0 suture although it was lower than that of the native artery (Fig. 4n).

Implantation patency and endothelialization of DFCs

Since collagen-based ECM is highly thrombogenic, we conjugated heparin to the surface of

the fibrotic conduits to form an anti-thrombogenic coating. As shown in Figure 4o, the grafts
in phosphate buffered saline (PBS) under flow condition still retained ~70% of heparin after
7 days, and no difference was observed for DFCs and decellularized arteries.

To assess the /n vivo performance of DFCs as vascular grafts, we implanted the grafts into
rat carotid arteries by anastomosis. First, we examined the long-term graft patency at
multiple time points for both autologous and allogenic grafts. Representative gross image of
an implanted autologous DFCs is shown in Fig. 5a, and ultrasound imaging was used to
determine the patency of the DFCs (Fig. 5b). The cross-section and longitudinal section of
patent grafts at 90 days post implantation are exemplified in Fig. 5¢ and Fig. 5d respectively.
We found that autologous DFCs had much higher patency (94.1%, 16 patent grafts/17 total)
than allogenic DFCs (52.9%, 9 patent grafts/17 total grafts) at 90 days (Fig. 5e, Movie 1).
This overall graft patency was also higher than the previous reported grafts made with
similar approach but with no decellularization (23). Similarly, the patency rates for 14 and
28 days were 88% (6/7) and 100% (7/7) for autologous DFCs, respectively, compared to the
patency rates of allogenic DFCs at 71% (5/7) and 57% (4/7) (Supplementary Fig. 8).
Significant neointima formation was only found in 12% of autografts, as exemplified in
Supplementary Figure 9. Furthermore, long-term studies showed excellent patency of
autografts at 180 days (100%, n=7). DFCs were mechanically stable upon implantation, and
there was no significant increase in the luminal cross-section area of DFCs, suggesting that
there was no aneurysmal dilation for up to 180 days post implantation (Fig. 5f, Movie 2).

To investigate whether patent DFCs had rapid endothelialization on the luminal surface of
the grafts, en face and cross-section staining for ECs was performed (Fig. 5g-k, m-q). Near
anastomotic sites, mature ECs could migrate from the adjacent arteries (Fig. 59, m). ECs
formed a monolayer to cover the inner surface of the autografts after day 14 (Fig. 5i-k).
Staining of VWF also showed consistent EC lining on the inner lumen of the graft (Fig. 50-
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). In contrast, allogenic DFCs had incomplete endothelialization at day 14, and EC
monolayer still did not fully form in some region at day 28 (Supplementary Fig. 10). In the
middle section of the grafts, CD34*/CD31* cells were observed at day 7 (Fig. 5t),
suggesting that CD34* endothelial progenitor cells (EPCs) from the blood stream attached to
the luminal surface, which differentiated into ECs (CD31%) (day 14, Fig. 5u, v). These
results suggest that ECs might migrate from the adjacent native arteries and that CD34"*
EPCs could be recruited from the blood stream.

Involvement of inflammatory cells in the remodeling of vascular wall

Remodeling

Inflammatory responses play an important role in vascular graft patency and remodeling.
The number CD68* macrophages was not significantly different between autologous and
allogenic DFCs at days 3 and 14, but there were more CD68™ cells in autologous DFCs at
day 28 (Fig. 6a, b, ¢). Macrophage was absent after the completion of remodeling at day 90
(data not shown). Close examination showed that autologous DFCs had more CD163*
macrophages while allogenic DFCs had more CCR7* macrophages (Fig. 6a, d, €), and the
increase of CD163" macrophages at day 28 accounted for the increase of CD68* cells,
implying the constructive remodeling of autografts. In addition, significantly more T cells
(CD3*) were observed in allografts at days 3, 14, 28, indicating a strong adaptive immune
response to allogenic grafts (Fig. 6b, f, g). Furthermore, we found a significant increase in
CD4" and FoxP3™ cells in the allogenic DFCs at day 3 (Fig. 6b, g, h), indicating that these T
cells might modulate a foreign body response to allografts (24), possibly caused by the
allogenic proteins and DNA residue in decellularized matrix.

of ECM in DFCs

To evaluate ECM remodeling in autologous DFCs, we stained samples explanted at days14,
28, 90 and 180 post-implantation for collagen and elastin, the major ECM components
accounting for the mechanical strength of blood vessel. While only a loose fibrous mesh of
collagen and elastin was observed initially at 14 days (Fig. 7a), ECM fibers increased at days
28 and 90 (Fig. 7b, ¢), and showed a mature organized structure of densely layered collagen
and elastin in an interconnecting lamellar network at day 180 (Fig. 7d), similar to that in
native arteries (Fig. 7e). We further quantified the contents of collagen and elastin, and
found no significant difference between regenerated arteries and native arteries (Fig. 7f); in
addition, the elastin/collagen ratio was also similar (Fig. 7g). We then performed mechanical
tests on neoarteries remodeled from autologous DFCs at 90 days post implantation, and
found similar Young’s modulus (Fig. 7h) and UTS (Fig. 7i) between the neoarteries and
native arteries. Before implantation (Day 0), DFCs had a significantly lower burst pressure
but /n vivo remodeling eventually resulted in neoarteries capable of withstanding burst
pressures similar to native arteries (Fig. 7j). No calcification was observed in autologous
DFCs for up to 3 or 6 months post-implantation (Supplementary Fig. 11). Immunostaining
and transmission electron microscopy (TEM) analysis at day 90 also showed the presence of
a basement membrane below the newly formed endothelium, similar to that in native artery
(Supplementary Fig. 12). On the other hand, allografts, if patent, also had similar
remodeling of collagen and elastin (Supplementary Fig. 13a-b). However, calcification was
present in allografts after 90 days (Supplementary Fig. 13c), which could contribute to the
low efficiency of allografts.
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Cellular remodeling in the wall of DFCs

Cell infiltration is a major determinant of graft remodeling. Histological evaluation of the
autologous grafts explanted at days 14, 28, 90 and 180 showed a time-dependent cell
infiltration. At day 14 (Fig. 8a), there was an infiltration of small percentage of SMCs
positive for a-SMA, calponin-1 or smooth muscle myosin heavy chain (sSmMHC). After 28
days, cell numbers continued to increase, with more SMCs (Fig. 8b). Similar to the that
during the formation of subcutaneous fibrotic tissues, we found evidence that some
macrophages near the lumen of the grafts trans-differentiated into SMCs (Supplementary
Fig. 14). On the other hand, allografts, if patent, also showed similar cell infiltration into the
wall (Supplementary Fig. 10). Remodeling was largely completed by 90 days post-
implantation (Fig. 8c), with layers of SMCs as the major cell type in the wall, and there was
an organized layered structure by 180 days post-implantation (Fig. 8d), closely resembling
the tunica media in a native artery (Fig. 8e). Most importantly, no obvious neointima was
observed in the patent samples. This is in contrast to the decellularized thoracic aorta
samples where few cells were observed to have infiltrated into the vessel wall even after 90
days of implantation, although there was a significant neointima formation (Supplementary
Fig. 7e).

Further examination of longitudinal sections of the autologous DFCs showed that host cell
infiltration and matrix remodeling had occurred throughout the entire length of the graft by
90 days post-implantation (Fig. 8f). The representative image of the full length of the DFC
and the magnified images of the anastomoses and mid-graft at day 90 demonstrated the
presence of a continuous band of SMCs and a layer of ECs throughout the length of the
graft. In addition, pericytes and vasa vasorum were also observed around the outer graft
wall. To gain a deeper understanding of the temporal occurrence of cellular events associated
with the formation of vasa vasorum, we studied samples at 28, 90 days post-implantation,
respectively. We observed ECs in the outer graft wall at 28 days (Supplementary Fig. 15a),
while the mature vasa vasorum were observed at 90 days with perivascular cells
(Supplementary Fig. 15b). We quantified the number of microvessels that had developed
around the outer surface of the graft at day 90 and found no significant difference between
the autologous DFC-derived neoartery and native arteries (Fig. 8g). The formation of vasa
vasorum around DFCs might facilitate the remodeling throughout the length of the graft.

In vivo patency of DFCs in mini-pig model

To investigate whether DFCs have similar patency in a large animal model, we implanted
autografts or allografts into the carotid arteries of mini-pigs. As shown in Supplementary
Figure 16, autografts had a higher patency (9 out of 10) in comparison to allografts (6 out of
10) at 1-month time point, consistent with the trend in the rat model. These results also
demonstrated the potential of DFCs for clinical applications.

Discussion

Autologous DFCs demonstrate higher patency than allogenic DFCs, and show more
effective remodeling than decellularized arteries, which offers a promising graft source for
patients who do not have appropriate autologous vascular grafts and otherwise would need
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peripheral arterial therapy or tissue/organ-specific treatment (26,27). For clinical practice,
the procedure will involve three-steps for autografts: (1) subcutaneous implantation of a
Teflon mandrel to generate customized size of an autologous fibrotic conduit, (2) retrieve the
fibrotic conduit for decellularization and anti-thrombogenic modification, and (3) implant
the DFC as a vascular graft. The formation of fibrotic conduits /7 vivo is more robust than
the matrix synthesis in cell culture, resulting in a tubular structure with sufficient mechanical
strength within 4 weeks. Since fibroblasts in fibrotic conduits participate in thrombosis and
neointima formation (21, 28-31), fibrotic conduits were decellularized by using a CHAPS-
based protocol that removed the cells but retained the ECM structure and mechanical
property. These DFCs have newly synthesized ECM that is less dense than native arteries
and allow efficient cell infiltration and remodeling.

The investigation on inflammatory cells revealed that macrophages play an important role in
the formation of fibrotic conduits and the remodeling of vascular grafts. Interestingly,
lineage tracing studies suggest that macrophages may trans-differentiate into fibroblastic
cells and contribute to fibrotic tissue formation as early as day 7, and similar mechanism
may also contribute to SMC formation during vascular remodeling. This potential cell type
conversion is well correlated with the decrease of macrophages after day 7 and the
constructive remodeling in fibrotic tissues, consistent with our finding on the role of bone
marrow cells in fibrotic tissue formation (47). One major difference in immune responses to
autografts and allografts was the higher CD163* macrophages and lower CCR7*
macrophages in autografts, which could result in different remodeling process; in addition,
allografts had higher level of T cell recruitment, all of which may contribute to the
significant difference in the patency rate of autografts and allografts. Whether
immunomodulation can improve the patency of allogenic DFCs remained to be investigated.

Autologous DFCs enables rapid endothelialization within 2 weeks, in comparison to
incomplete endothelialization in allografts (Supplementary Fig. 10). There is evidence that
circulating EPCs contribute to the EC regeneration in addition to EC migration from
adjacent arteries at the proximal and distal ends (44). Additionally, generation of a basement
membrane is important to maintain the underlying SMCs quiescent to prevent intimal
hyperplasia (7). The cells recruited to the decellularized grafts appear to be heterogeneous,
including inflammatory cells, SMCs and other cell types such as fibroblasts and
mesenchymal stem cells (45). For example, we did observe a small percentage of C-kit*
perivascular cells were recruited to DFCs (data not shown) (25). During regeneration, ECs
may form a monolayer to suppress the activation and adhesion of platelets, monocytes and
other immune cells, but it is not clear whether EC could be fully functional by forming tight
junctions to regulate the permeability of macromolecules. Since cytokines released from
immune cells can increase EC permeability, it is likely that EC monolayer in the
regenerating grafts is partially permeable.

The infiltrated cells remodel ECM by depositing proteins such as type | collagen and elastin
and modifying the structure. At 90 days post-implant, examination of the graft reveals the
neoarteries derived from DFCs have mechanical properties similar to normal arteries in
Young’s modulus, UTS and burst pressure. The elastin to collagen ratio is 0.40+0.05,
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compared to 0.41+0.03 of native arteries. Since DFCs start with native ECM, there is
advantage over polymer grafts that require polymer degradation during remodeling process.

Previous studies on fibrotic conduits as vascular grafts include both cellular grafts and
acellular grafts (14,15,17,20,32-36). Although cellular fibrotic grafts are convenient to use,
especially as dialysis grafts that experience a high flow rate due to arteriovenous bypass, the
patency is much lower due to potential thrombus and neointima formation (10, 37, 38). By
using fibrotic conduits made in GFP transgenic rat model, we provide direct evidence that
fibroblasts in the fibrotic conduits are a major cell source in neointima hyperplasia. Some
studies remove cells by using detergents or even crosslinking chemicals, which do not show
effective cell infiltration (39,40,41). We have developed a protocol that significantly
improves the DFC performance. First, our protocol does not require SDS for
decellularization, avoiding the need for the harsh detergent which was previously suggested
to be associated with graft calcification. Secondly, cell infiltration into our DFCs is highly
efficient, indicating an excellent ECM structure and niche for host cell repopulation. Thirdly,
our DFCs demonstrate superior post-operative immune response., with a higher percentage
of anti-inflammatory macrophages participating in constructive DFC remodeling (24,42).
Fourthly, the formation of vasa vasorum in the outer layer of the DFCs allows efficient
transport of oxygen and nutrients to facilitates graft remodeling by providing necessary
nutrients (43).

In summary, the DFCs developed in this study show encouraging results in both rat and
mini-pig models. We envision DFCs can be used for the replacement of coronary artery,
peripheral arteries and AV shunts (46), which can be expanded to many other applications
such as the regeneration of bladder and ureter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Immune responses during fibrotic capsule formation around a subcutaneously implanted
Teflon mandrel. To make fibrotic conduits, Teflon mandrels were implanted into the
subcutaneous pouches in the abdominal wall of rats. The cross sections of fibrotic tissues at
days 3, 7 and 28 were analyzed by immunostaining and fluorescence microscopy, (a)
Immunostaining for fibroblast markers FSP1 (green) and a-SMA (red). Nuclei were stained
by DAPI (blue), (b) Immunostaining for CD68 (Pan-macrophage), CCR7 (M1 macrophage
r), CD163 (M2 macrophage), CD3 (T lymphocyte), CD4 (Helper T-cell subset), FoxP3
(Regulatory T-cell) and CD19 (B lymphocyte), (c) Percentage of CD68, CCR7 and CD163
positive cells. (d) Percentage of CD3, CD4 and FoxP3 positive cells, (e) Percentage of CD19
positive cells. Scale bars: 50 um. Lumen is marked with *. (n=6)
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Vav1-EYFP DAPI Merge

Figure 2.
Lineage tracing of inflammatory cell-derived cells in fibrotic capsule in transgenic mice.

Teflon mandrels were implanted subcutaneously in Vavl-cre/R26R-EYFP mice for 7 days.
The cross sections of fibrotic tissues were analyzed by immunostaining for CD45, CD68,
CCR7, CD206 (M2 macrophage), CD31, FSP1 or a-SMA (in red). Hematopoietic cell-
derived cells were labeled by EYFP Cell nuclei were stained with DAPI. Scale bar: 50 pm.
(n=3)
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Figure 3.
Contribution of cells in fibrotic conduits to neointima formation after implantation as a

vascular graft, (a) Fibrotic conduits were made by subcutaneous implanting Teflon mandrels
into GFP Sprague-Dawley rat for 4 weeks. The fibrotic conduits were implanted into the
carotid artery of Sprague-Dawley rats as vascular grafts with the administration of
Cyclosporin A (CyA, 6 mg/kg). (b) The vascular grafts were explanted after 4 weeks. (c)
Hematoxylin and eosin (H&E) staining of explanted a vascular graft. (d) Distribution of
GFP* cells in the neointima (labeled by NI). Scale bar: 50 pm. Lumen is marked with *,
(n=6)
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Figure 4.
Fabrication and characterization of DFCs. (a) Schematic showing the fabrication,

modification and implantation of DFCs. (b) The gross appearance of a DFC before
implantation. (c-d) Histological analysis of the cross sections of DFCs by Masson’s
trichrome staining before (c) and after (d) decellularization, demonstrating the preservation
of collagen(blue). (e-f) Verhoeff’s staining before (e) and after (f) decellularization, showing
no elastin in the matrix. (g-h) DAPI staining of cross sections showing cells before (g) and
after decellularization (h). Scale bars: 100 pm in c-h. (i) Western blotting analysis of major
cellular proteins to further confirm that all cellular components were removed. (j-k) SEM
images of the inner (j) and outer (k) surface of a DFC. Scale bars: 50 pum. (I-m) Comparison
of mechanical properties of fibrotic conduits, including Young’s modulus (I) and ultimate
tensile strength (UTS) (m), before and after decellularization at 2, 3, 4 and 5 weeks. (n=9)
(n) Suture retention of DFCs at 4 weeks and native arteries. (n=6) #P < 0.05, DFC versus
9-0 suture. *P < 0.05, native artery versus DFC. (0) The amount of heparin conjugated on
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DFC and the decellularized native artery at day 0 and day 7 under flow conditions /n vitro.
Data represent mean £+ S.D.
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Figure 5.

Pagiency and endothelialization of the grafts at days 14, 28 and 90. (a-d) Patent grafts at day
90 after implantation, showing the gross appearance of a neoartery (a), the ultrasound
imaging of a graft (b), the cross-sectional structure (c), and longitudinal-sectional structure
(d). (e) Comparison of the patency rates of the autografts and the allografts at day 90 after
implantation. (f) Luminal area of remodeling grafts at different time points and native
common carotid arteries. Data represent mean + S.D. (g-r) Analysis of endothelialization by
immunostaining for EC markers in the grafts. £n faceimmunostaining for CD31 (red) (g-k)
and cross-sectional immunostaining for vVWF (red) (m-q) of the explanted grafts at days 14,
28 and 90 after implantation. Nuclei were stained by DAPI (blue). The staining of native
common carotid artery was as a positive control (1, r). Scale bars: 50 um. Lumen is marked
with *. (s-v) EPCs contributed to endothelialization of DFCs. £n-face staining of the

anastomotic site and mid-graft for CD34 (green) and CD31 (red) (red) at days 7 and 14 after
re-implantation. Scale bar: 50 um.
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Figure 6.
Comparison of the inflammatory responses in autografts and allografts. (a) Immunostaining

of cross-sections for macrophage markers at days 3, 14 and 28. (b) Immunostaining of
cross-sections for T cell markers at days 3, 14 and 28. Lumen is marked with *. Scale bars:
50 um. (c-h) Percentage of macrophages (c, d, €) and T lymphocytes (f, g, h) in the
autografts and the allografts (* P < 0.05, ** P < 0.01). Data represent mean + S.D. At least
15 fields of the same graft were pooled for cell counting. (n=5)
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Figure 7.
ECM remodeling of autografts. (a-d) The structure and contents of collagen and elastin at

days 14 (a), 28 (b), 90 (c) and 180 (d) after implantation were examined by histological
staining of cross sections. Collagen (blue) and elastin (black) were detected by Masson’s
trichrome and Verhoeff’s staining respectively. Specific immunostaining for collagen |
(green) and elastin (red) was also performed. Nuclei were stained by DAPI (blue). (e) The
staining of native common carotid artery was used as a positive control. Scale bars: 50 um
(a-e). Lumen is marked with *. (f-h) Comparison of mechanical properties of the neoartery
at 90 days with the native common carotid artery, including Young’s modulus (f), ultimate
tensile strength (g) and burst pressure (** P < 0.01, # P > 0.05) (h). (i, j) ECM contents of
the neoartery at day 90 and native common carotid artery were quantified. Data represent
mean + S.D. (n=5)
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Figure 8.
Re-cellularization in the wall of autografts. (a-e) Cell recruitment and SMC differentiation at

days 14 (a), 28 (b), 90 (c) and 180 (d) after implantation. The columns showed H&E
staining and immunostaining for a-SMA (green), Calponin-1 (red) and smMHC (green).
Nuclei were stained by DAPI (blue). The native common carotid artery was used as a
positive control (). Scale bars: 50 um. (f) Longitudinal examination of autografts at days 90
after implantation. The graft was split and cryosectioned longitudinally and stained for VWF
and smMHC. Lower left: magnified view of the anastomotic site; lower right: magnified
view of the mid-graft; middle: Arrows indicate vasa vasorum around the outer wall; the
dashed lines indicate the anastomotic sites. Scale bars in the lower panels: 50 um. (g) The
density of the microvessels around the graft at 90 days and that around the native common
carotid artery are compared (P > 0.05). Data represent mean = S.D. Lumen is marked with *.
HPS: high power field. (n=5)
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