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ABSTRACT

Animal-derived pericardium is the elective tissue employed in manufacturing heart valve prostheses. The
preparation of this tissue for biological valves production consists in fixation with aldehydes, which reduces,
but not eliminates, the xenoantigens and the donor cellular material. As a consequence, especially in patients
below 65-70 years of age, the employment of pericardium containing valve substitutes is not indicated due to
progressive calcification that causes tissue degeneration and recurrence of valve insufficiency.
Decellularization with ionic/non-ionic detergents has been proposed as an alternative procedure to prepare
aldehyde-/xenoantigen-free pericardium for biological valve manufacturing. In the present contribution we
optimized a decellularization procedure that is permissive for seeding and culturing valve competent cells
able to colonize and reconstitute a valve-like tissue. A high efficiency cellularization was achieved by
forcing cell penetration inside the pericardium matrix using a perfusion bioreactor. Since the
decellularization procedure was found not to alter the collagen composition of the pericardial matrix and
cells seeded in the tissue constructs consistently grew and acquired the phenotype of ‘quiescent’ VICs, our
investigation sets a novel standard in pericardium application for tissue engineering of ‘living’ valve

implants.
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1. INTRODUCTION

Calcific Aortic Valve Disease (CAVD) is one of the cardiac pathologies whose incidence is expected to
grow more in the future, due to the worldwide elevation of life expectancy. The current procedures to treat
CAVD consist in replacement with mechanical or biological substitutes (Schoen, 2008, Schoen and Gotlieb,
2016). Mechanical valves are manufactured with various materials, especially metal alloys, which provide
the advantage to make them structurally and mechanically unmodifiable. Mechanical valve substitutes have,
however, a major shortcoming in the need to treat patients with continuous anticoagulant administration to
prevent the formation of thrombi (David, 2013). This problem makes these valves unsuitable in elderly
patients, who may have a too high risk of bleeding (Head, et al, 2017). Bioprosthetic valves are
manufactured with biological materials such as complete valves (from porcine) or animal-derived
pericardium (from bovine or porcine) (Head, et al., 2017, Namiri, et al., 2017, Okamoto, et al., 2016, Yap, et
al., 2013). The advantage of this type of valve replacements consists in the lack of need to constantly
administer anticoagulation therapy. In addition, the adoption of minimally invasive procedures to implant
biological valves (the so called Trans Aortic Valves Implants, TAVI) manufactured with animal pericardium,
has greatly reduced the operative and post-operative complications, making these devices the preferred
option for old patients with CAVD (Nishimura, et al., 2014, Vahanian, et al., 2012).

Irrespective  whether pericardial-made prostheses are manufactured as conventionally or minimally
invasively implantable devices (Chacko, et al., 2013, Farias, et al., 2012, Johnston, et al., 2015), they are
‘xenografts’ whose integration in the host fail at mid-long term for lack of a complete immunological
compatibility and insufficient fixative detoxification. In fact, the treatment of the animal tissues with
aldehyde-based fixatives leaves exogenous immunoreactive biological material (e.g. DNA), xenoantigens
(e.g. the 1,3 a-Gal) and aldehyde residues which determine a chronic rejection, resulting into leaflet
inflammation/calcification and progressive deterioration of mechanical performance (Carpentier, et al., 1969,
Grabenwoger, et al., 1996, Schoen and Levy, 2005, Siddiqui, et al., 2009). Improvement of fixation methods
and treatment with agents that detoxify aldehyde residues and xenoantigens have been proposed as strategies
to improve the compatibility of the pericardium and reduce its calcification potential (Flameng, et al., 2014,
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Guldner, et al., 2009, Leong, et al., 2013, Lim, et al., 2012). Alternatively, decellularization procedures to
prepare xenoantigen-free acellular pericardium have been proposed. In these protocols, pericardium is
treated with hypotonic buffers and ionic/non-ionic detergents, such as SDS and TritonX-100 (Korossis, et
al., 2002, Mirsadraee, et al., 2006, Mirsadraee, ef al., 2007). Although these methods maintain a relatively
good mechanical performance, abolish the xenoantigen content (Boer, et al., 2012, Gardin, et al., 2015,
Ghodsizad, et al., 2014, Roosens, et al., 2016, Wong, et al., 2013), and reduce the tissue immunogenicity
(Paola, et al., 2017, Wong, et al., 2016), thus far there has been a limited employment of this approach at an

industrial scale for preparation of valve replacement devices (Horke, 2016).

In a previous investigation from our laboratory (Vinci, et al., 2013) we proposed a modification of a standard
decellularization method (Mirsadraee, et al., 2006, Mirsadraee, et al., 2007), to obtain a complete cell
removal from the human pericardium. In that contribution, the immunological compatibility of the human
tissue was demonstrated by subcutaneous transplantation of the decellularized pericardium in
immunocompetent mice. The decellularization procedure was also shown not to alter the three dimensional
structure and the composition of the extracellular matrix, as well as the tissue mechanical behavior. When
the method was tested to assess the compatibility of the animal-derived pericardium for tissue engineering
applications (Santoro, et al., 2016), we found a complete removal of animal xenoantigens and the lack of
toxic residuals that could impair growing of aortic valve-derived interstitial cells the cell type naturally
deputed to valve tissue homeostasis and matrix renewal (Liu, et al., 2007a, Taylor, et al., 2003). Based on
these results, in the present contribution we employed a direct perfusion bioreactor to achieve an efficient
and homogeneous delivery of valve interstitial cells into the decellularized pericardium (Cioffi, et al., 2008,
Wendt, et al., 2003b). Our results showed an optimal growth of valve-derived cells inside the tissue, and a
partial maturation as a living leaflet tissue. Compared to less efficient (Dainese, et al., 2012) or technology
demanding approaches proposed in the literature to engineer completely recellularized valves (Converse, et
al., 2017, Ghodsizad, et al., 2014), our method appears an affordable and easily scalable procedure that may

be industrially implemented for generating living valve replacement tissue.
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2. MATERIALS AND METHODS

2.1 Porcine pericardium decellularization procedures

Parietal pericardial tissue was dissected from the left ventricle of pig hearts (10+2 months of age) donated by
a local slaughterhouse. Two different decellularization procedures were used and compared. The first, named
“SDS”, was previously described by us (Santoro, et al., 2016), the second, named “Triton”, is a refinement
of this protocol. Briefly, both procedures start with a first mechanical removal of fat tissue, followed by three
30 min washings in Ca’" and Mg’" free phosphate-buffered saline (PBS) containing protease inhibitors
(Aprotinin, 10 KIU mL™, Trasylol, Bayer, Germany) under continuous agitation. Cell lysis was achieved by
osmotic shock treating the tissue with hypotonic buffer (10 mM Tris-HCI; pH 8.0), supplemented with
protease inhibitors (Aprotinin, see above), for 16 h, under continuous agitation at 4°C. Samples following the
“Triton” protocol were additionally incubated for 24 h in 1% (v/v) Triton X-100 in MilliQ at room
temperature under continuous agitation, aiming to break lipid-lipid and lipid-protein interactions. To ensure
cell debris removal, both “SDS” and “TRITON” samples were repeatedly washed (3 washes, 30 minutes
each, in agitation) with MilliQ and incubated for 24 h in 0.1% (w/v) sodium dodecylsulphate (SDS) in
MilliQ at room temperature under continuous agitation. 90 minutes washings in MilliQ, were followed by a
30 min washing in PBS with Ca*" and Mg®" before incubation for 3h at 37°C in a reaction buffer containing
50 U mL" deoxyribonuclease I from bovine pancreas (DNase, Sigma-Aldrich, Germany) under agitation,
serving to nucleic acid material removal. After washing in MilliQ for either 24 (Triton) or 48 (SDS) hours
under agitation, samples were, finally, incubated for 72 hours at 4 °C in BASE 128 (AL.CHIL.MIA S.r.1.), an
EC certified decontamination medium containing an antibiotic/antifungal mixture (Gentamicin, Vancomycin,
Cefotaxime and Amphotericin B) approved for employment in Tissue Banking (Gatto, et al., 2013).
Mechanical response and biochemical composition of SDS- and Triton-treated decellularized samples were
then compared vs. the native tissue. Finally, 10 mm diameter circular patches of decellularized pericardium

were cut using a biopsy puncher and used for static or dynamic VICs seeding and culture.

2.2 Mechanical characterization
Uniaxial tensile loading (UTL) tests were performed on Native, SDS- and Triton-decellularized pericardium
from 10 donors (at least 2 samples per donor). To assess mechanical characteristics rectangular shaped
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specimens of 3 mm width were dissected with no preferential orientations, assuming pericardium isotropy.
The ends of the specimens were glued with cyanoacrylate adhesive in between of two sheets of sandpaper, to
facilitate uniform gripping and to avoid sample slippage. After mounting onto the clamps of the testing
machine (MTS System Corporation), samples were preloaded up to 0.01 N and preconditioned through
loading-unloading cycles (6 cycles) at 15% maximum strain with an elongation rate of 10 mm/min, until the
loading-unloading curves were almost superimposed. After tissue preconditioning, the specimens were
preloaded up to 0.01 N. The specimen initial length was measured and UTL test was conducted, at a constant
velocity of 10 mm/min, until specimen failure. UTL tests were performed at room temperature and the
specimens were maintained hydrated with PBS for the whole test duration. The thickness of each specimen
was measured by histological analysis from samples collected next to those used for mechanical tests. Stress
was calculated dividing the machine measured force by the resistant area (thickness times width). Strain was
calculated by normalizing the machine actuator displacement by the specimen initial length. From the
resulting stress-strain curves (o-¢), the biomechanical properties of the pericardial tissue were described by
means of elastic modulus (the 6-¢ curve slope) at low (E1) and high (E2) strain, as well as the maximum
tensile stress (Gmay)-

Perfusion tests were employed to evaluate and compare permeability properties of the tissues from 8 donors.
The apparatus used to perform the test is constituted of 2 coaxial stainless steel cylindrical parts, and a
capillary flow-meter with a resolution of 1 pl. Round-shaped tissue specimens, maintained in PBS at 4°C
until the test, were housed into the lower cylinder, over a polyethylene porous filter, and secured between
two gaskets. Fluid pressures ranging from 0.74 to 2.21 MPa were obtained using a vertical column filled
with different volumes of PBS. After tissue equilibration, time required to filter 5.00 mm’ for each pressure
was measured and the permeability factor K was calculated as defined by the Darcy’s Law.

Q*L

K=a+np

2.3 Cell and static tissue Culture
Primary aortic valve interstitial cells (VICs) were obtained by enzymatic isolation from explanted porcine
aortic valves (10+£2 months of age) as previously described (Santoro, et al., 2016). Cells were cultured up to

four passages in standard culture dishes, in DMEM (Lonza) containing 150 U mL™" penicillin/streptomycin
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(Sigma—Aldrich), 2mM L-glutamine (Sigma—Aldrich) and 10% fetal bovine serum (HyClone, Thermo
Scientific). For static culture, the 10 mm diameter pericardium samples were fixed to silicone holders and
housed into 6 wells plates. 1.50 E+5 cells were seeded onto each sample, by gently pipetting 50 pl of cell
suspension. 2 hours after seeding, 2 ml of complete medium were added to the well, and culture was
performed up to 7 days, before dividing each sample in 2 half, respectively, to perform MTT staining or

immunofluorescence staining of cross-sections.

24 Bioreactor culture

After the decellularization procedure, the pericardium was washed abundantly with sterile PBS to ensure
BASE.128 removal. 10 mm diameter patches were obtained using sterile biopsy puncher and were housed
into bioreactor chambers, by means of a silicone holder (Figure 1), leaving 8 mm diameter of the sample
free to allow fluid flow and preventing lateral leakage. After assembly, 10 ml of cell suspension, containing
6.5 E+05 VICs, were injected into each bioreactor using the “injection site” as shown in Figure 1L.
Oscillatory flow was then started. Flow rate during this phase was optimized in preliminary experiments
performed on SDS pericardium, by applying a seeding flow rate of 0.03 mL min”', 3 mL min"' and 6 mL min’
' for 24 hours (Figure S2). On the basis of these results, recellularization procedure was established. This
consisted in an initial seeding phase (72 hours) at a high (3 mL min™) flow rate, followed by a culturing
phase, lasting up to 14 days, at a low flow rate (0.03 mL min). During cell seeding and the following
culturing phases, a reversing flow protocol was applied. This consists in producing an alternate motion of 3
ml medium in both directions across the tissue (Figure 1L), that ensures to maintain the patches always in
contact with medium and to maximize gas/nutrient supply. Culture medium was partially (6 mL) substituted
every 72 hours. At the end of the period, dynamically recellularized samples were harvested, and either
destined to MTT assay, or fixed to perform histological sectioning. MTT staining was performed by
incubating samples in 400 pL of 1.2 mM MTT [3(4,5- dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide] solution at 37°C for 3 h. After incubation, images of both sides of the in vitro cellularized

pericardium were acquired with Stemi 2000-C Stereo Microscope (Carl Zeiss, Germany).

2.5 Histological sectioning, staining, and immunofluorescence
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Pericardium samples, before and after decellularization/recellularization, were fixed in 4% PFA and
embedded in paraffin. Histological sections (4 um thick) were cut and subsequently dewaxed and stained
with either Verhoeff-Van Gieson, Hematoxylin and Eosin (H&E) or Masson’s trichrome staining and
acquired using an Axioscop optical microscope (Carl Zeiss, Germany). Cell distribution in the pericardium
was assessed by DAPI (Sigma—Aldrich) nuclei staining. Cell counting was performed by a semi-automated
method using ImageJ Software (National Institute of Health, USA). Immunofluorescence analysis were
performed on recellularized samples, following unmasking procedure with Sodium Citrate Buffer (10mM,
0.05% Tween-20, pH6.0) at 100°C, permeabilizeation (1% v/v Triton X-100 in PBS-BSA 3% w/v) and
incubated with anti-Vimentin (Rabbit, Cell Signalling) and anti-aSMA (Mouse, DAKO) antibody for 16
hours at 4°C. After incubation with secondary antibodies (AlexaFluor 633 and AlexaFluor 488, Life
Technologies) for 1 hour at room temperature and DAPI (DAKO) counterstaining, images were acquired
with an Apotome fluorescence microscopes (Carl Zeiss, Germany) and Laser Scanning Confocal Microscope

(Carl Zeiss, Germany).

2.6 Biochemical characterization and mass spectrometry analysis

Lipids were extracted from homogenized tissue in TNES buffer using the Folch method (Folch, et al., 1957).
Cholesterol concentration was measured using an enzymatic assay (Allain, et al., 1974) and normalized for
dry tissue weight. For total protein quantification, an extraction buffer containing Tris 0.1M Ph 7.6 and SDS
4% was used. Homogenization was performed with Ultraturrax at 24000 rpm for 30 seconds on ice followed
by sonication (10 seconds twice power 6 on ice) and heating at 95°C for 3 min. Equal amounts of proteins
from Native, SDS and Triton samples (15ug) were separated by 12% polyacrylamide gel electrophoresis
after dilution in Laemmli buffer (Laemmli, 1970) and stained with the Colloidal Blue method (Banfi, ef al.,
2009). For label-free quantitative mass spectrometry (LC-MS"), the protein extracts were precipitated with
the Protein precipitation kit (Calbiochem, MerckMillipore, Milan, Italy), according to the manufacturer’s
instructions. Protein pellets were then dissolved in 25 mmol NH4HCO3 containing 0.1% RapiGest (Waters
Corporation, Milford, MA, USA) and digested as previously described (Brioschi, et al., 2013). LC-MS*
analysis was performed as previously described and analyzed using Progenesis QIP including normalization

of protein abundance considering all the identified proteins (Brioschi, et al., 2014, Roverso, et al., 2016).
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Collagen quantification was performed by Sircol soluble collagen (Biocolor) colorimetric assay. Portions
(around 45 mg) of frozen tissue (4 donors) were reduced in small pieces by Tissue Pulverizer (Bessman),
then collected, weighted and digested over-night at 4 °C in 1 mL of pepsin 0.1 mg/ml and 0.5 M acetic acid
solution. The colorimetric reaction was analyzed with absorbance reading at 555 nm on Tecan Infinite M200
PRO spectrophotometer. Absolute values were calculated from interpolation with a curve generated by an
internal standard and normalized for dry tissue weight (mg). For Western Blot Analysis, tissue slices from 4
different donors were weighted, minced into small pieces (around 1 mm’) and homogenized with Ultraturrax
in Tris 0.1M Ph 7.6 and SDS 4% buffer as described above. After the sonication, samples were centrifuged
at 13000 rpm for 10 minutes and the supernatant was collected. Following protein concentration
determination (Pierce™ BCA Protein Assay Kit, Thermo scientific), 2.5 pg of total protein solution into
Laemmli buffer was heated at 95 °C and run into a pre-casted 4-12% gradient polyacrylamide gel (BioRad).
Collagen Type I solution (2.5 pg) from rat tails (Sigma) was loaded and run as a positive control. Proteins
were then transferred to a nitrocellulose membrane (25 mM Tris, 190 mM Glycine, 20% Methanol, SDS
0.02% for 2h at 100 V). Non-specific binding was blocked by incubation with 5% non-fat dried milk in PBS.
Overnight incubation at 4 °C with anti-Collagen primary antibodies (Rabbit, Abcam) was followed by
incubation for 20 minutes at room temperature with secondary antibodies (LI-COR). Band densitometry was

acquired by Odyssey (LI-COR).

2.7 Statistical analysis and data clusterization

All values in bar graphs are represented as mean + standard error. Differences among experimental groups
were assessed by Graph-Pad statistical software. The type of statistical tests and the number of the replicates
included in the analyses are specified in the figure legends. Proteomics data clusterization was performed by

MeV software with the normalized protein abundance data.
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3. RESULTS

31 Definition of an optimized pericardium decellularization process for valve tissue engineering
applications

Our previous investigations showed that treatment of pericardium with decellularizing agents abolishes the
immunological rejection into an immunocompetent environment (Vinci, et al., 2013), and is permissive for
cell culturing using valve-derived interstitial cells (Santoro, et al., 2016). Since static cell seeding does not,
in general, allow a consistent and reproducible colonization, especially in the inner layers (Dainese, et al.,
2012, Namiri, et al., 2017), we speculated that the adoption of a perfusion bioreactor (Wendt, et al., 2003a)
might improve efficiency and reproducibility of the process. In the initial part of the work, we therefore
designed the strategy to drive cells in the whole pericardium according to conditions already established for
synthetic fibrous scaffolds (Santoro, et al., 2010). A direct perfusion bioreactor (U-CUP) was chosen to this
aim (Wendt, et al., 2003a). Indeed, the working principle and the performance of this system have been
extensively described to enable cell seeding into three-dimensional scaffolds by continuous perfusion of a
cell suspension through the scaffold pores. The oscillating direction of the culture medium is automatically
controlled by the movement of a syringe pump. Based on the same principle, homogeneous culture
conditions and mass transfer (gas and nutrients supply and waste removal) are guaranteed in the whole
scaffold volume during long term culture. Figure 1 shows the phases of tissue preparation from the
dissection of the LV parietal pericardium (A-B) to the cutting of the 1 cm diameter patches (D-E) to be
mounting into the holders (F), and final bioreactor assembly (G-K). A schematic representation of the
bioreactor working principle is provided into panel L.

For setting the VICs cellularization method, we used pericardium decellularized with the SDS-based
protocol previously published by us (Santoro, et al., 2016). As shown in Figure S2, the MTT staining of the
recellularized patches exhibited a uniform cell distribution on both sides of the patches only in samples that
were subject to a 3 ml/min flow rate. On the other hand, the lack of a sufficient cell number in the inner
layers prolonging culture time up to 7 days (not shown) suggested a sub-optimal seeding efficiency, likely
due to an insufficient permeability of the tissue. In line with this hypothesis, permeability tests showed an
insufficient permeability of the SDS-based decellularized tissue that resulted more permeable compared to

native tissue only at the highest tested pressures (Figure 2A). In order to increase the permeability of the
10
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tissue, thus making it more suitable to be perfused, we set a new decellularization protocol, which included
incubation with TritonX-100, a non-ionic detergent that specifically breaks the lipid-lipid and lipid-protein
interactions without denaturing the extracellular matrix (Seddon, et al., 2004), after the SDS phase. Figure
2A shows that the addition of TritonX-100 to the decellularization procedure determined an increase in the
permeability of the tissue vs. Native controls at all the tested pressures (fold change 5.0842.33; 6.05+2.93;
6.66+3.17; 7.56+3.54, mean+SE, n=8, from lowest to highest pressure values as indicated in the figure,
respectively). The enhancement in tissue permeability induced by TritonX-100 incubation caused, as
estimated by the Darcy low, a one-fold decrease in the hydraulic velocity in the pericardium, both during
seeding and culture phases. To monitor the structure of the Triton-treated pericardium, a histological
evaluation of the tissues was performed by conventional staining methods. Results of Verhoeff-Van Gieson
(Figure 2B), hematoxylin/eosin and Masson trichrome staining (Figure S3) showed a substantial structural
integrity of the matrix fibers in Triton-decellularized vs. the two other conditions, although the tissue
appeared more swollen, consistently with a higher porosity. In keeping with these results, thickness of the
samples treated with the Triton-containing procedure was higher than that of the two controls (fold change
0.9940.07 and 1.314+0.08; n=10 for SDS and Triton treatments vs. Controls, respectively; Figure 2C).
Finally, to assess whether the addition of Triton to decellularization procedure compromised the tissue
mechanical performance, we conducted Uniaxial Tensile Loading (UTL) tests. The three parameters (E1, E2
and 6,,,x) that were derived from traction tests showed a similar behavior in all tested conditions (Figure

20).

3.2 Biochemical characterization of the decellularized characterization reveals complete removal of
cellular proteins without affecting extracellular matrix components

The previous results showed that addition of an incubation step with Triton to the SDS-based
decellularization method increased permeability without jeopardizing the structure and the mechanical
resistance of the pericardial matrix. On the other hand, since the composition of the extracellular matrix is
crucial to ensure an optimal growth of valve cells, we investigated the effects of the decellularization method
on the total proteins and collagen content. We completed this analysis with the assessment of the lipids
components and a quantitative mass spectrometry-based investigation. The results of total protein

quantification indicated a significant decrease into either SDS- and Triton-based decellularization methods
11
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content, especially in the low molecular weight component (Figure 3A). This decrease was similar in Triton-
and SDS-based treatments, suggestive of a similar efficiency of the two methods at removing cellular
proteins.

The analysis of collagen content by Sircol Red and Western blotting showed that the total amount of
collagen I, the main pericardium matrix component, was not reduced by none of the treatments (Figure 3B).
Furthermore, the mass spectrometry approach followed by unsupervised clusterization analysis (Figures 3C
and D) indicated a change in the relative protein composition between the untreated and the treated samples.
This determined an increase in the relative amount of collagenous structural matrix component (with
exception of Coll4Al), and a parallel reduction of cellular proteins and proteoglycans matrix component
(see Tables 1 and S1 for data on relative abundance of the matrix related protein components and description
of the identifiable proteins, respectively). Finally, the assay of cholesterol content revealed a significantly
lipid decrease only in Triton-treated samples (Figure 3B). Taken together, these results suggest that Triton-
based decellularization does not affect the major structural and mechanical component of the tissue, but

determines an increased tissue permeability by efficient lipids removal compared to the SDS treatment.

3.3 Perfusion-driven seeding ensures physiologic growth of valve interstitial cells inside the
decellularized pericardium

The lower local velocity in the inner layers of the pericardium was supposed to favor a more homogeneous
and efficient cell seeding, by better supporting cell adhesion and survival, and reducing the shear stress on
the cells, without jeopardizing mass transfer inside the tissue. A final recellularization procedure was
therefore established including an initial VICs oscillatory seeding phase for three days at 3 ml/min flow
rate(v=1 mm/s), followed by a tissue maturation phase (still under oscillatory flow) at 0.03 ml/min (v=10
um/s) (Santoro, et al., 2012). Under these conditions, according to MTT staining, a constant VICs increase
occurred inside the entire pericardium volume (Figure 4A). The analysis of transversal tissue sections of the
recellularized Triton-treated pericardium, followed by nuclei counting, confirmed a substantial and constant
VICs growth (Figure 4 B-C). Remarkably, the presence of cells inside the tissue indicated the robustness of
the recellularization protocol. To confirm the effectiveness of the recellularization process, an analysis of the
VICs phenotype inside the recellularized tissue was performed by immunofluorescence. In this analysis,

staining with antibodies recognizing Vimentin and aSMA, two markers of VICs and ‘activated’ VICs under
12
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standard culture conditions (Porras, et al., 2017) (Figure S4) were performed to discriminate between cells
that may have a self-renewal vs. a pro-pathologic phenotype. Figure 5A shows representative images of the
cells inside the pericardium at the three considered time-points. In addition to reveal a robust growing of the
cells that tended to progressively invade the tissue from the surface, an evident downregulation of the aSMA
was observed, especially in cells colonizing the inner portion (Figure 5B). These results are consistent with a

growth of the cells inside the decellularized matrix with a quiescent phenotype (Porras, et al., 2017).
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4. DISCUSSION

The results of the present investigation show an unprecedented efficiency of cell seeding inside
decellularized pericardium to generate fully cellularized valve-like tissue endowed with a self-renewal
potential. Although the approach is not novel, our work sets a new standard in valve tissue engineering
compared to existing literature. In fact, previous investigations showed insufficient cells growth throughout
the tissue depth due to the limited cell penetration (Dainese, et al., 2012, Ghodsizad, et al., 2014, Liu, et al.,
2016). In our view, the key elements that contributed to this results were: the i) adoption of an optimized
decellularization procedure based on sequential incubation of the pericardium into SDS and TritonX-100
solutions and ii) the employment of a standardized cellularization procedure based on oscillatory forced
perfusion, which enabled a full penetration of cells inside the tissue, followed by a phase of tissue
maturation.

In two previous reports published by our group (Santoro, et al., 2016, Vinci, et al., 2013), a SDS-based
decellularization process was adopted to remove cellular content and improve the immunocompatibility of
human- and animal-derived pericardium for valve tissue manufacturing. While this method proved effective
for removing xenoantigens and reduce the foreign body reaction after tissue transplantation, it was not yet
thoroughly tested to produce an acellular scaffold suitable for valve engineering applications. Compared to
the studies originally reporting the pericardium decellularization methods (Mirsadraee, et al., 2006,
Mirsadraee, et al., 2007), we focused our attention to demonstrate the acquisition of permeability by the
tissue following decellularization. In fact, we reasoned that only by enabling a substantial mass transport,
able to vehicle cells and nutrients/oxygen inside the cell free tissue over the culture time, we might achieve
an effective colonization and maintenance of the cells in the inner layers. In one of our reports, in particular,
we already in part substantiated the observation that the SDS-based decellularization increases the
permeability of the pericardium, even though we did not test appropriately this issue (Santoro, et al., 2016).
The results presented here (Figure 2A) extend those observations by showing that treatment with only SDS
did not increase significantly the permeability of the pericardium if not at the highest applied pressures, thus
making the tissue unsuitable to be efficiently recellularized at low pressure values. In keeping with this

result, the bioreactor-based recellularization of the tissue decellularized with the SDS method was not
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efficient to ensure a robust penetration of the cells inside pericardium in a wide range of applied flow rates
(Figure S2), thus calling for a further refinement of the decellularization method.

The addition of an incubation step with a solution containing TritonX-100 helped us to improve the
decellularization efficiency by removing part of the lipids present in the tissue (Figure 3B). By destroying
the interactions with proteins (Seddon, et al., 2004), the removal of lipids from the tissue caused a
remarkable increase in permeability compared to native and SDS samples (Figure 2A). On the other hand,
the evidence that the Triton method did not reduce the collagen content and the resistance to traction
(Figures 2-3 and Table 1) shows that the method is potentially suitable to ensure a maximal resistance to
mechanical stress typical of the opening/closing cycles of the natural valve. Thus, in addition to completely
removing the a-GAL xenoantigen ((Santoro, et al., 2016) and Figure 2B), and reducing the propensity to
induce calcification due to extensive lipids removal (Roosens, et al., 2016, Rossi, et al., 1990), our method
preserves the innate resistance of the pericardium tissue to mechanical stress and enables efficient
cellularization with recipient-derived cells, which would not be rejected as non-self by recipient hosts.

As discussed in the previous sections, the increase in tissue permeability was only one of the two critical
features to succeed in ensuring a substantial growth of valve derived-cells inside the pericardium. In fact, the
seeding performed using simple static culture did not allow consistent and controllable VICs homing into the
decellularized tissue (Santoro, et al., 2016) (Figure S2). Based on our previous experience on perfusion-
based cellularization of large scaffolds (Santoro, et al, 2010), and on the reported advantage of mass
transport through scaffolds to generate large engineered tissues (Wendt, et al., 2005, Wendt, et al., 2003a),
we exploited the characteristics of a perfusion culture system to force penetration of VICs inside the
pericardium matrix and observe, for the first time, their behavior. Remarkably, our results (Figure 5)
indicated a marked downregulation of the activated VICs marker aSMA only in cells that grew inside the
matrix and not those covering the two surfaces. While this result is consistent with the reversibility of VICs
activation process (Schroer and Merryman, 2015), it also highlights the fundamental role of these cells as
possible ‘mechanosensors’, which may act in detection of local matrix stiffness at the crossroad between
self-renewal or pathologic progression of valve tissue (Chen, et al., 2009, David Merryman, 2010, Fisher, et
al., 2013, Liu, et al., 2007b, Ma, et al., 2017, Wang, et al., 2014, Yip, et al., 2009). In this respect, it will be
interesting to determine whether cells colonizing the inner pericardium layers will contribute to novel matrix

15

http://mc.manuscriptcentral.com/term



oNOYTULT D WN =

10

11

12

13

14

Journal of Tissue Engineering and Regenerative Medicine Page 16 of 30

F. Amadeo et al., R1 Recellularization of animal pericardium for valve engineering

deposition and to mechanical maturation of the matrix itself, and thus to establish specific cell mechanics
criteria to be met in order to manufacture artificial valve tissue endowed with self-regeneration capacity
(Parvin Nejad, ef al., 2016, Pesce and Santoro, 2017).

In conclusion, the present work establish an efficient and potentially industrially scalable method to obtain a
substantial growth of valve competent cells in animal-derived pericardium with the potential to be employed

in the manufacturing of living tissue for valve replacement therapies.
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Figure Legends.

Figure 1. Description of the pericardium processing. After the dissection from the pig hearts left
ventricles (A), the parietal pericardium was further dissected and decellularized as described in the materials
and methods (B-C). It is evident the change in the color of the tissue due to removal of blood and cell
content. Patches with a lcm diameter of were cut from the tissue with a biopsy puncher (D) and then
mounted into the bioreactor holders (E-H). After joining the holders to the bioreactors circuits (I), the
assembled bioreactors were placed onto a rack for transfer into the culture incubator, and connection to the
peristaltic pump (J-K). Note in panel J the injection of the cells into the bioreactor that was operated by a
syringe. (L) Schematic representation of the bioreactor working principle. The pericardium sample is
clamped in the chamber, allowing medium to flow only through the patch. Culture medium and cell

suspension are injected through the injection site, and the alternate reverse flow is controlled by a syringe

pump.

Figure 2. Permeability, structural, antigenic and mechanical characterization of the pericardium. (A)
Permeability of the tissue was plotted as a function of the applied pressure. The SDS-based decellularization
determined an increase in permeability of the tissue compared to the untreated pericardium only at the
highest pressure levels. By contrast, the Triton-treated pericardium exhibited higher values at all the
considered pressures compared to Native or SDS-decellularized samples. Statistical significance of grouped
data comparison was determined by two ways ANOVA with Bonferroni post-hoc analysis (P < 0.05
indicated by *, n=8) and by pairwise Student’s t-test for comparisons at each pressure level (P < 0.05
indicated by #, n=8) (n=8). Data are plotted as means with standard errors. (B) Histological appearance and
antigenic characterization of Native, SDS-treated and Triton-treated pericardium. Upper panels show the
results of Verhoeff/Van Gieson staining of the tissues (arrows indicate cell nuclei), while the lower panels
the immunofluorescence staining with the nuclear dye DAPI and an antibody recognizing the pig aGAL
(Santoro, et al., 2016). Note the complete removal of the nuclei in the decellularized samples in all panels,
and that of the major pig xenoantigen (green fluorescence) in the lower. (C) The morphometric evaluation of
the samples thickness (graph a) revealed a significant increase in the Triton-treated samples compared to the
other two conditions, possibly due to increase in tissue porosity and permeability. Data (n=10 donors) are
plotted as means with standard errors. Mechanical characterization by UTL tests (graphs b-d) allowed to
determine the resistance to traction of the native and the decellularized samples. None of the parameters in
these tests differed significantly between treatments. This, in keeping with our previous results (Santoro, et
al., 2016, Vinci, et al., 2013) indicates that the two decellularization methods did not affect pericardium
mechanical characteristics. * indicates by P < 0.05 by one way ANOVA (repeated measures) with a

Newman Keuls post-hoc comparison (n=10).

Figure 3. Protein and lipid analysis of decellularized pericardium. (A) SDS-PAGE of total proteins
extracted from native, SDS- and Triton-decellularized pericardium. As it is evident by the electrophoretic run

and the protein quantification by Colloidal Blue, a similar extent proteins removal (especially in the low
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molecular weight range) was observed by both decellularization methods. * indicates P < 0.05 by one way
ANOVA (repeated measures) with a Newman Keuls post-hoc comparison (n=3). (B) Collagen content
evaluation performed by Sircol (upper graph) and Western Analysis (middle picture) showed that the two
decellularization methods did not impact on the overall collagen content. By contrast, the cholesterol content
was sharply reduced by the Triton-, but not the SDS-, based decellularization method. * indicates by P <
0.05 by one way ANOVA (repeated measures) with a Newman Keuls post-hoc comparison (n=4 and 6 for
Sircol red collagen determination and cholesterol content, respectively). (C) The heatmap shows the results
of the unsupervised clusterization analysis of all the detectable proteins by quantitative mass-spectrometry
analysis. This showed a clearly different protein representation in SDS and Triton-treated vs. the untreated
samples. The analysis indicated the existence of two clusters in which proteins were overrepresented in
decellularized vs. native samples and vice versa (See also Table S1 for a full detail on proteins identity and
significance of data comparison). (D) Graphic representation of the clusterized data of the protein relative
abundance representing extracellular matrix components (details in Table 1), as detected by mass-
spectrometry in pericardial samples. The protein identity is indicated according to ENSEMBL and
UNIPROT databases annotation. The heatmap shows that decellularization treatment caused a variation in
the abundance of matrix-specific proteins, with a substantial elevation of the collagen species (except for

Collagen12), and an abatement of the proteoglycan content.

Figure 4. Adoption of a bioreactor-based perfusion cell seeding enhances cellularization efficiency and
growth of VICs in Triton-treated pericardium. (A) MTT staining of semilunar Triton-treated pericardial
patches cellularized and matured in perfusion bioreactor. The increment in MTT color staining on both sides
of the patches denotes a substantial growth of cells over the time of tissue culture. (B-C) DAPI staining in
transversal sections of recellularized patches was employed to assess VICs growth inside the recellularized
tissue. Cells quantification denoted a robust and constant increment of the cell number in the patches. *
indicates by P < 0.05 by one way ANOVA (repeated measures) with a Newman Keuls post-hoc comparison
(n=4).

Figure S. Histological and immunofluorescence-based characterization of the recellularized
pericardium patches. (A) Histological appearance of the Triton-treated recellularized pericardium during
the course of maturation in the perfusion bioreactor as detected by Hematoxylin/Eosin, Masson’s Trichrome
and Verhoeff/Van Gieson staining (upper, middle and lower panels, respectively). The pictures show that
cells progressively invade the tissue from the two surfaces. Note that none of the staining methods revealed a
change in the structure of the collagen fibers at any time during the course of tissue maturation inside the
culture system. (B-D) Low and high magnification of confocal-based imaging of porcine VICs colonizing
the pericardium at different culture time points (panel B: 3 days; panel C: 7 days; panel D: 14 days). Sections
were stained with antibodies recognizing Vimentin (red fluorescence) and aSMA (green fluorescence). As
shown in the panels, the culture into the oscillating perfusion system determined a progressive increase in the

cell content inside the tissue. Interestingly, cells differed for the expression of aSMA depending on their
22
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position in the constructs, with high levels in cells adhering to construct surface (white arrows) and low or
absent level in cells found inside the tissue (blue arrows). This latter finding suggests that VICs undergo a

transition from an activated to a quiescent phenotype when surrounded by pericardium matrix.

Table 1. Normalized abundance (NA: mean and standard deviation) of the extracellular matrix-related
proteins identified by mass spectrometry in Native, SDS- and Triton-treated pericardial samples (data also
clusterized in Figure 3D). Protein identity is indicated according to ENSEMBL/UNIPROT databases. Data
are representative of 3 independent donors. Pairwise comparisons significance was calculated by ANOVA

using the Progenesis Software.
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1
2

Native Native NN Triton Triton Native vs. Native vs. SDS vs.
3 Accessi Protein ID DS (S.D.
2 ceession TrOtem 1L (mean NA) SD)  (meanNA) SDSGD) eanNA)  (S.D) SDS Triton Triton
5
p K7GP55  Biglycan 16863.1 2501.2 8261.6 1429.6 4580.7 732.8 <0.0001 <0.0001  <0.0001
7
8 13LJX2 Col 1 Al 1676.1 324.8 1954.2 168.2 2383.4 494.6 <0.05 <0.001 n/s
?o F1SFA7 Col 1 A2 12986.9 2061.9 14074.0 1346.0 17413.4 4199.9 /s <0.001 n/s
:; FIRQI0  Col 12 Al 15959.8 6935.0 12952.7 1646.1 10061.5 1651.6 /s <0.05 <0.001
: j FIRQI2Z  Col 12 Al 1665.2 1061.8 981.2 378.2 742.6 150.2 /s n/s n/s
12 FIRZU6  Col 21 Al 1189.8 209.1 1043.0 211.9 1288.6 422.0 /s n/s n/s
1; FI1RYIS Col3 Al 4462.9 911.0 4552.4 621.3 6146.3 1711.3 /s n/s <0.01
;g 13LS72 Col 6 Al 8741.7 1350.8 9572.7 1265.6 8814.4 12245 /s /s n/s
;; QIT7A8  Col 6 Al 1903.1 461.2 33253 246.1 2623.1 602.5 <0.0001 <0.01 <0.01
;i QIT7A9  Col6 Al 4092.8 740.6 6606.2 1046.6 5773.3 860.3 /s /s /s
;Z 13LQ84 Col 6 A2 26275.6 4568.9 33652.1 4812.7 29312.9 4881.8 /s n/s /s
27 QIT7A4  Col 6 A3 6906.2 1356.2 10895.4 2267.4 9463.6 1165.9 /s /s /s
28
29 QIT7A5  Col 6 A3 15785.6 35173 24473.7 932.4 20734.4 3254.1 /s n/s n/s
30
31 F1SQ10 Decorin 36435.2 7098.8 20054.4 2431.5 11143.4 690.2 <0.0001 <0.0001  <0.0001
32
33 Dermatopo
34 F1RPVS5 i 1583.7 288.1 1180.3 147.1 779.7 198.2 <0.001 <0.0001  <0.001
35
36 Fibulin 5
37 F1SD87 Pouin 1002.1 184.7 610.7 117.5 4313 184.2 <0.0001  <0.0001  <0.01

Precursor
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F1SKM9 Galectin 1980.5 143.8 31.0 5.0 38 0.9 <0.0001 <0.0001 <0.0001
Lumikan
Keratan
F1SQ09 Sulfate 20751.7 2108.5 1809.7 149.5 1297.1 383.8 <0.0001 <0.0001 <0.01
Proteoglyca
n
F1S6B4 Prolargin 17213.9 6219.9 1345.0 163.4 927.7 104.0 <0.0001 <0.0001 <0.0001
F1SMI5 Tenascin 13245.4 2673.1 5557.9 2265.8 9464.1 967.8 <0.0001 <0.0001 <0.0001
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