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Purpose: Cryopreserved homografts for valve replacement surgeries face a major problem regarding their durability after implanta-
tion and decellularized pulmonary heart valves have raised as potential new generation substitute for these surgeries. The present study
aims to document the work performed for the safe implementation in public tissue banks of a new decellularization method for human
pulmonary heart valves, based on previous risk evaluation.

Methods: After assessing new preparation method associated risks, using EuroGTP-II methodologies, an extensive array of in vitro
studies were defined to validate the new technique, mitigate the risks and provide quality and safety data.

Results: Initial evaluation of risks using EuroGTP II tool, showed Final Risk Score of 23 (high risk), and four studies were devised to
mitigate identified risks: (i) tissue structure integrity; (ii) cell content; (iii) microbiological safety; and (iv) cytotoxicity evaluation in
final tissue preparation. Protein quantification, mechanical properties, and histological evaluation indicated no tissue damage, reducing
implant failure probability, while cellular content removal demonstrated a 99% DNA removal and microbiological control ensured
contamination absence. Moreover, in vitro results showed no cytotoxicity. Risk re-evaluation indicated a risk reduction to moderate
risk (Final Risk Score = 10), suggesting that further evidence for safe clinical use would be needed at pre-clinical in vivo evaluation to
mitigate remaining risks.

Conclusions: The studies performed and reviewed bibliography were able to significantly reduce the original level of risk associated
with the clinical application of this homograft’s preparation. However, additional in vivo studies and tissue stability tests are still
necessary to address the remaining risks associated with reagents’ effect on extracellular matrix and storage conditions, which could
influence implant failure, before the clinical evaluation procedures can be implemented to determine the efficacy and safety of the new
decellularized heart valves.
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Introduction
Valve replacement is a widely performed surgical procedure for treating diseased heart valves that cannot be managed

through other treatment options. Mechanical valves were first introduced in the 1940s, while xenografts and homografts
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were successfully implanted in humans in the 1960s. Human allogenic heart valves started to be used as a best available
substitute for dysfunctional heart valves, due to their optimal hemodynamical characteristics, their elevated resistance to
infections and longer durability compared to the valves of animal origin.' Initially, heart valves were freshly implanted
within 6-8 weeks” after being harvested and stored in the antibiotic cocktail,” but the establishment of the cryopreserva-
tion technique assured the increase of safety and availability of the homograft’s.® It is widely accepted that immune
reactions towards the donor cells trigger the inflammatory response that concludes in the deterioration and calcification of
the graft; therefore, this removal of cells pretends to decrease the immunogenicity of the tissue and barely promote its
degradation. Specifically, for young patients cryopreserved valves are not a definitive alternative to assure correct
functioning of the valve at long term, as the high activity of the immune system in these patients leads to the infiltration
of monocytes into the cryopreserved homograft matrix degrading collagen fibers and consequently calcifying the tissue
becoming dysfunctional® and requiring valve replacement reinterventions, which carry associated risks. Decellularization
is a technique that aims to completely eliminate, or at least reduce into a negligible level, the cellular components of the
donor, while preserving the extracellular matrix of the tissue using a combination of reagents and/or physical and
mechanical methods.®” Physical, chemical and/or enzymatic procedures are performed to ensure that the DNA is below
50ng/mg of dry tissue, while assuring the maintenance of the extracellular matrix; this threshold is reported by Crapo
et al, and is commonly considered the limit for decellularization, that should be confirmed by histology and the absence
of nucleic acid fragments longer than 200 base pairs.” As a result, once the graft is transplanted, there is a negligible, but
not inexistent immune response in the recipient.® These methods have to ensure that the quality and safety of the graft is
preserved. Over the last 15 years, several studies with various preparation methods and promising results have been
published with decellularized valves.”'* The main advantage of these allografts, apart from a good mechanical stability,
is that they were supposed to avoid generating an immunological response, avoiding the degeneration of the tissue and
enlarging their durability. Moreover, different studies showed successful early and mid-term performance of decellular-
ized pulmonary valve (dPV) allografts without calcification.'”'® In addition, there are some studies referring to the
incipient colonization of recipient cells into the homograft supporting of the tissue homeostasis and decreasing the
passive deterioration.” Furthermore, other studies highlight preliminary findings showing adaptive growth of the
pulmonary valve annulus through somatic growth.?’

European Tissue Establishments (TE) must comply with high-quality and safety standards according to the require-
ments of the European Union Tissues and Cells Directives (EUTCD) and the best practices defined by the European
Directorate for the Quality of Medicines & HealthCare (EDQM) to ensure a high level of health protection.23
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Cardiovascular tissue banking programs were established between the end of the 1960s and the 1990s all around
Europe® and their activities are constantly evolving in search of better care treatment for patients who require this
type of therapy. The main aim of a TE is to give the optimal solution to the surgeons for repair and/or replacement of
diseased valves and, for this reason, the continuous process improvements and new developments hold a paramount level
of interest and significance. However, the development of new tissue preparations may result in some risks due to
changes in the preparation process or associated with novel clinical application or indication. While allogenic heart
valves decellularization methods have not previously been developed in our TEs, these types of tissues have been

2528 and have demonstrated safety and effectiveness when implanted in

prepared and clinically used for a long time,
patients. Moreover, technical specifications outlined in the Tissue and Cell Monographs defined by the EDQM, and
categorize decellularized pulmonary valves as a standard therapy.”

The Good Practices for demonstrating safety and quality through recipient follow-up (EuroGTP II) methodology
emphasizes the criticality of assessing potential risks associated with significant changes in the procedures, tissue
preparations, or clinical application.””=° It proposes a systematic methodology, utilizing a risk-based mechanism and
an Interactive Assessment Tool (IAT), to define pre-clinical and clinical evaluations of Substances of Human Origin
(SoHO)*'*? required for designing studies to ensure the safety and quality of new tissue preparations. Since 2019,
European TEs have utilized the EuroGTP II methodology to identify, assess, and mitigate risks linked to the advancement
of new preparation techniques and modifications to existing processes.*>** This standardized approach has enabled the
quantification of risk levels associated with innovative SOHO, the implementation of uniform strategies to minimize these
risks, and the establishment of appropriate clinical assessments to demonstrate safety and efficacy.®

The current investigation addresses the necessary steps for safely implementing a new decellularization protocol for
pulmonary valve (PV) into our TE’s regular procedures. These steps include assessing novelty, conducting risk
evaluations, designing and executing studies to mitigate identified risks. We included the results of the studies performed
to develop an efficient and efficacious decellularization process for PV, which allows the removal of the cellular content,
maintaining the composition and structure of the extracellular matrix. The novel preparation method consists of a two-
step procedure that uses gentle reagents to remove almost completely donor’s DNA, while maintaining the structure and
function of the homograft. It allows for minimal tissue handling and manipulation, and its integration into the routine
activities of our TE maintaining aseptic procedures, thus makes it an affordable therapy, suitable for the public healthcare
system.

Materials and Methods

Risk Assessment

The EuroGTPII risk-assessment methodology has been described elsewhere.*® Briefly, it consists of three steps: the new
product is characterized to properly evaluate the novelty (Step 1); the risks associated with the novelty are identified and
quantified through a risk assessment (Step 2). The results of this assessment provide a Final Risk Score that was used to
define the extent of the studies (Step 3) required to safely implement the novel therapy or technique. In this work only,
the in vitro studies required to safely implement tissue preparation into a clinical setting are addressed. The use of
EuroGTPII methodologies is supported by the use of an IAT (http://tool.goodtissuepractices.site).

Validation and Pre-Clinical Studies

Based on the results of the risk assessment, the following pre-clinical validation studies were proposed and performed.

I. Donor Selection Criteria: For tissue banking purposes, heart-beating (brain death), non-heart-beating, and
exitus donors are screened for heart valve donation. A comprehensive evaluation is conducted to identify any
contraindications, including medical and social history, serological and microbiological tests for transmissible
diseases, physical examination, and autopsy findings when applicable. Mandatory serology tests include HIV,
hepatitis B and C, syphilis, HTLV, and nucleic acid testing for HIV, hepatitis B and C, and hepatitis E.
Additional tests, such as for Trypanosoma cruzi or West Nile Virus, may be included depending on the donor’s
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II.

II1.

Iv.

V.

origin, travel history, and the epidemiological context.”” These practices aligned with the EU standards for

donation of substances of human origin defined in the EDQM Guide, European and national regulations.

Tissue retrieval: Hearts were procured from 24 human cadaveric donors after obtaining informed consent from

their relatives. They were retrieved opening the thoracic cavity via sternotomy preserving the aortic arch and

pulmonary branches as long as possible,”’ placed in a sterile container with transport media and refrigerated
until processing. After processing, those PV not acceptable for clinical implantation, but suitable for this study
and with informed consent for research purposes, underwent the process of decellularization or where used as
standard fresh or cryopreserved control tissues. The 24 donors were divided in 4 groups of analysis (fresh VP,
cryopreserved VP, fresh decellularized VP and cryopreserved decellularized VP). Ethics committee approval
was issued by the Hospital Vall d’Hebron (Barcelona) Research Ethics Committee for Medicinal Products

(RECm); PR (BST) 315/2019. Donor screening included, but was not limited to, a review of complete social

and medical history, physical examination of the donor, serological and microbiological testing during retrieval

according to national directives, and autopsy findings if applicable, as well as any other relevant information.

Macroscopic evaluation: Before the decellularization process, the tissue was inspected following the standard

procedure of our TEs looking for atheroma, calcifications, fenestrations or any features that could invalidate

the tissue for the in vitro assays described in the following sections. After decellularization, tissue was
evaluated again to ensure that the process did not affect the structure macroscopically.

Quantitative and qualitative methods.

¢ Residual DNA quantification: Biopsies of the arterial wall, leaflets, and myocardium were taken from six
independent donors per group (N). Each tissue sample was evaluated in triplicate (n). Briefly, the samples
were lyophilized before DNA extraction that was obtained using a commercial kit (QIAamp DNA Mini Kit
— Quiagen, 51304). Briefly, 10 mg of lyophilized decellularized tissue or Smg of lyophilized native tissue
were weighted, lysed in 200 pl ATL buffer with Proteinase K for 24h at 56°C, and the resulting solution
passed through the affinity column. Two serial 200 uL elutions were used to elute the DNA from the
columns. The amount of DNA was quantified by spectrophotometry using the PicoGreen commercial kit
(Thermo Fisher, P11496) and measured on the Triad Multi-Mode Microplate Reader (Dynex Technologies).
The tissue was considered decellularized if its DNA content was below 50 ng /mg dry tissue.

e Extracellular matrix biomolecules quantification: Biopsies of the arterial wall, leaflets, and myocardium
were taken from six independent donors per group (N). Each tissue sample was evaluated in duplicate (n).
The quantification was performed by colorimetric testing of total collagen and elastin, as structural proteins,
and of glycosaminoglycans (GAGs) as carbohydrate structure. For all tests, 5 mg of lyophilized tissue (from
both native, as control, and decellularized samples) were weighed, and quantification was performed using
the following kits according to manufacturer’s instructions: the Sircol™ Soluble Collagen assay kit (Bicolor
life science assays, S1000) for total collagen (acid-soluble and pepsin-soluble) testing; the Fastin™ Elastin
assay kit (Bicolor life science assays, F2000) for clastin (a-clastin after acid treatment) testing; and the
Blyscan™ Glycosaminoglycan assay kit (Bicolor life science assays, B1000) for total glycosaminoglycans
(GAGs; sulphated GAG content after papain extraction). All of them are dye-binding methods and
absorbance was read with an Epoch microplate spectrophotometer (Biotech) at 570 nm (collagen), 513
nm (elastin), and 656 nm (GAGs). The results are presented as pg of specific protein/mg dry weight tissue.

¢ Histological structure: 2 histological sections of approximately 1x0.5 cm of the arterial wall and the
myocardium were performed for 3 independent donors. The samples were fixed in a 4% formaldehyde
solution at 4°C ON. Subsequently, two washes were performed with phosphate-buffered saline (PBS) and
the samples were preserved in 30% EtOH. Each sample was dehydrated, embedded in paraffin and cut
transversely at 5 um intervals, creating sections that were transferred into slides. The sections were stained
with Hematoxylin-Eosin, Masson’s Trichrome and Verhoeff-Van Gieson staining. Images were taken from
each slide using the bright-field microscope Axio Scope Al (Zeiss) with the AxioCam MRc5 camera.

Biomechanical properties: Two different assays were performed to analyze the biomechanical properties of the

decellularized pulmonary valves: uniaxial biomechanical assay and hydrodynamic assay.
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¢ Uniaxial biomechanical assay: 2 arterial wall samples from six independent donors (one longitudinal and

one transversal; Figure 1b) were subjected to increasing uniaxial stress until breakage by means of a

universal tensile strength tester (Instron 3366), which measures the resistance of the tissue to a controlled

force. Bone-shaped samples measuring 2x4 cm were prepared and secured as previously described,*® to test

2 cm of the tissue (Figure 1d). The specific thickness of each sample was measured using a micrometer

before stretching. The samples were preconditioned at a speed of 12 mm/min until reaching a load of 0.5 N,

which was defined as the unstretched length (Lo). Subsequently, the samples were stretched at a speed of

12 mm/min until breakage (Figure 1c), and the mechanical properties of each sample were determined from

the stress-strain (o-g) curve. The mechanical properties analyzed included maximum load (N), Young’s

modulus (N/mm), stiffness (N/mm?), and elongation at maximum load (%).
¢ Hydrodynamic assay: Two different tests were performed using 3 fresh decellularized PV and 3 cryopre-
served PV as control.

I. Hydrodynamic behavior I: Complete pulmonary valves were used to perform a competence test was
performed under static pressure to check each valve’s occlusion performance under physiological
pressures. The proximal part of the pulmonary artery, of the valve to be tested, was adjusted to a semi-
rigid tube connected to an elevated water tank. Valve closing competence was assessed by measuring the
leakage rate for 1 minute at several heights mimicking physiological pressures (Figure 2).

Grip section

Figure | Samples processing to perform uniaxial mechanical assay. (a) Decellularized pulmonary valve (b) longitudinal and transversal bone-shape samples. (c) bone-shape
samples after stretching and (d) schematic diagram of bone-shaped-samples Anchorage on tensile strength tester before stretching.

Valve
Measurement Test

Pulsatiles
Pumps

Figure 2 Schematic view of test bench for hydrodynamic analysis. (a): the height of the water column is modified to adjust it to different physiological pressures for the
leaking test. (b): Sketch of the closed flow circuit to assess the hemodynamic pressure response of the valves.
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II. Hydrodynamic behavior II: Complete pulmonary valves were used to evaluate valve behavior under
physiological (pulsatile flow) conditions. The valves were placed into a bioreactor and its ends were
adjusted to a closed, recirculating, water circuit. This circuit consists of 3 pulsatile pumps connected in
series, controlled by a computer capable of operating at different physiological regimes and a feed tank
preheated to approximate blood temperature. We tested the valves at 60, 90 & 120 bpm, ensuring a
constant flow rate around 5 L/min while monitoring the pressure range to mimic physiological pressure
drops in the valves. 2 Millar 5F catheters were positioned at the inlet and outlet of the valves to measure
upstream / downstream pressures. Signals were captured using a Texas Inc acquisition card and
processed using custom algorithms written in MATLAB (Figure 2).

Cytotoxicity assay: The cytotoxicity study was performed following the cell culture model defined in the
directive of ISO 10993-5. The method evaluates indirectly whether, after decellularization protocol, it remains
any residual chemical components in the matrix, which could produce a cytotoxic effect. The extract of the
decellularized arterial wall and myocardium biopsies were prepared, after the washing protocol (5 serial 2-
minute washes with 500 ml of 0.9% NacCl), as described in ISO 10993—-12. The extracts were prepared with
100 mg of tissue submerged in DMEM medium for 24 h at 37 °C. The extract was loaded on a monolayer of
3T3-J2 subconfluent cells seeded 24 h previously at a cell density of 20,000 cells/well. Finally, the viability
assay was performed after 24 h using WST-1 reagent (Abcam), measuring the absorbance at 480 nm. The
calculations were expressed as a percentage with respect to a negative control of cytotoxicity, the cell culture
medium. The assay also includes a positive cytotoxicity control, a latex extract. Tissue is considered
biocompatible and non-cytotoxic if obtained cell viability is equal to or greater than 70%.

Microbiological assessment: Microbiological tissue samples were taken in each step of the decellularization
protocol and included in thioglycolate broth media (28410, Biomerieux) for aerobic/anaerobic growth or liquid
samples from transport media are inoculated in BD BACTEC™ PLUS-Aerobic/F Medium (BD Bioscience,
442192) and BD BACTEC™-Lytic/10 Anaerobic/F Medium (BD Bioscience, 442265) for aerobic and
anaerobic growth and fungi detection. Solid samples in thioglycollate tubs were incubated for 30 days at
37°C and its turbidity is checked daily; when samples presumed positive were sub-cultured in aerobic and
anaerobic agar plates for microorganism identification. Liquid samples were inoculated in blood culture bottles
BD Bactec™ System and incubated at 37°C for 5 to 7 days. Through fluorescent technology, the system detects
the presence of microbial growth within the bottles. If no changes were identified after 5 days, the culture was
considered negative. If a shift in the medium was detected by infrared spectrophotometry monitor, indicating
the generation of carbon dioxide, the system was issued a positive alert meaning there was microorganism
growth. In such instance sub-cultured in aerobic and anaerobic agar plates was carried out for microorganism
identification.

Statistical analysis: The PRISM software version 5.00 (GraphPad Software, San Diego CA, USA, GraphPad®)
was used for statistical analysis. Results are presented as the mean + standard deviation (MD + SD) or median
and interquartile range obtained from five independent donors per group and three independent values per
donor (see Supplemental Table 1). The non-parametric two-tailed Mann-Whitney test was used and p values

less than 0.05 (p<0.05) were considered statistically significant.

Results
Initial Risk Assessment

The first

step of EuroGTP-II risk-assessment methodology was to evaluate the novelty of the new product, answering the

proposed questions. The novelty involved with this new tissue preparation is related to the new processing method

required
After

to obtain dPV, which will need to be validated according to the specifications of the new tissue.
novelty evaluation, the risks and their associated consequences for the recipients were evaluated. The rationale

and scoring obtained are recorded in Table 1, as a result of the algorithm used in the interactive tool. This initial
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Table | Assessment of Risk Associated

with the Implementation and Clinical Use of dPV

Risk factors Does | Justification Risk PR | RR | Risk
it consequences (%) | score
apply?

Preparation | Processing and | Yes The main risk of decellularization process is the probability of not accomplishing the complete Unwanted 15 10 15

process environment removal of the cellular content, which could lead to unwanted immunogenicity. immunogenicity

Considering the duration and the complexity of the decellularization procedure, we consider that | Disease 18 | 0 18
the risk of tissue contamination is possible. transmission
Reagents Yes The decellularization process requires several additional reagents, which have been priory used by | Implant Failure 48 [0
BTB for other procedures. However, it is possible that the reagents used may damage the structure
of the tissue, increasing the risk of implant failure in the recipient.
Adding different solutions during the preparation process, may increase the risk of tissue Disease 8 0
contamination during processing, comparing with the current processing protocol. transmission
We consider that the residual concentrations of all the reagents used in the procedure may produce | Toxicity / 30 | O
an adverse effect in the recipient. In terms of carcinogenicity, considering that the reagents includes | Carcinogenicity
an authorized drug, we considered it unlikely.
Reliability of Yes The reagents used may affect the reliability of testing at different stages of processing Disease 4 0 4
microbiology transmission
testing
Storage Yes The storage method may damage the structure of the decellularized tissue. Implant Failure 36 |0
conditions

Preliminary Score (X individual risk scores)

Combined Risk Value ((Preliminary Score x Highest Possible Score)/((Max S X Max P x Max D) x Number of applicable risk consequences) = (159 x 4500)/(100 x 7)

1022

Final Risk Score ((Combined Risk Value %100)/ Highest Possible Score)

Notes: Adapted from the EuroGTP-II guidelines (EuroGTP-II, 20I9).36 Green: Low risk level, Orange: Moderate risk level, Red: high risk level.
Abbreviations: D, detectability; P, probability; PR, potential risk; RR, risk reduction; S, severity.
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assessment indicated a high level of risk (Final Risk Score = 23), suggesting that more evidence is needed to support safe
and effective use of this new tissue preparation.

In vitro Pre-Clinical Validation Experiments
For the mitigation of the potential risk consequences identified in Table 1, a set of specific in —vitro studies for process
validation were proposed, which were divided in the following categories:

Evaluation of tissue structure: macroscopic evaluation, main extracellular matrix (ECM) components quantification,
mechanical assay and histology, for the mitigation of implant failure due to structure damage related to the reagents.
Fresh and cryopreserved decellularized PV were compared to fresh and cryopreserved PV.

Evaluation of cell content after decellularization: DNA quantification, for the mitigation of unwanted immunogenicity
due to insufficient removal of cellular content.

Evaluation of the microbiology during the process, for the mitigation of disease transmission due to inclusion of
different solutions and/or the duration and complexity of the procedure.

Evaluation of final product cytotoxicity, for the mitigation of toxicity/carcinogenicity related to the eventual residual
concentrations of the used reagents.

Evaluation of Tissue Structure: Macroscopic Evaluation, Main ECM Components Quantification, Mechanical
Assay and Histology

After decellularization, all tissues were evaluated macroscopically to ensure its good quality, obtaining a tissue with clean
white artery and slightly brown myocardium (Figure 1a). With the intention of reducing the risk of structure damage
provoked by the used reagents, main ECM biomolecules®® were quantified for the PV wall, leaflet and myocardium
(Figure 3) to assure their preservation after the decellularization process. No significant differences after decellularization
for collagen, the majority structural protein, neither elastin nor GAGs were observed. Decellularized samples were
compared to both fresh and cryopreserved samples presenting a clear variability between donors.

The structure was also evaluated in terms of biomechanical properties (Figure 4). The values obtained for maximum
load, Young’s modulus, deformation at maximum load and stiffness of the analyzed tissue remain constant without
significant differences between dPV and the native tissues. Thus, the intrinsic mechanical properties of the pulmonary
artery are maintained after decellularization treatment. It is important to notice that there is a variability between donors.
However, all the results obtained are within the same range, for both longitudinal and transversal measures, which
implies that there are no significant differences between the analyzed groups (fresh PV vs dPV from fresh valve and
cryopreserved PV and dPV from cryopreserved valve). In all cases, the mechanical properties analyzed are maintained in
the same range, comparing with cryopreserved tissue, the actual gold standard.

In terms of hydrodynamic analyses, we performed i) a competence test to measure the leakage rate of the valves
under physiological pressures (Figure 5) and ii) a pulsed flow test to evaluate the hydrodynamic behavior of the valve
ring. A pressure range of 10-60 mmHg was analyzed. The PVs analyzed had good closure performance at several
pressures, being moderately functional, although it varies depending on the donor: the average leakage flow at 10mmHg
was 21.8 mL/min for the cryopreserved native valves and 36.2 mL/min for the decellularized ones. At higher pressures
(60 mmHg) the leakage flow was 73.73 mL/min for the cryopreserved native valves and 126.76 mL/min for the
decellularized ones. The difference between the two blocks does not refer to the protocol, but to the valves per se.
With the analyzed results, no differences were observed between blocks, since the values obtained are in the same range.
Among the 6 PV analyzed (3 cryopreserved and 3 cryopreserved decellularized), one of decellularized valves has an
initial leakage flow at 10mmHg three times higher than the leakage flow of the cryopreserved native valves, while the
other two valves of this block are in the same range. In addition, one of the cryopreserved native valves has a leakage
flow an order of magnitude below the rest of the tissues. It would be necessary to increase the number of valves analyzed

to address the variability associated with the donor.
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Figure 3 ECM biomolecules quantification. (Al) collagen pulmonary artery, (All) elastin pulmonary artery, (Alll) GAGs pulmonary artery, (Bl) collagen leaflets, (BIl) elastin
leaflets, (BlIl) GAGs leaflets, (Cl) collagen myocardium, (CIl) elastin myocardium and (Clll) GAGs myocardium. Each graphic includes the results for native tissue (fresh or
cryopreserved) and decellularized tissue (from fresh or cryopreserved). For the statistical analysis a non-parametric test Mann-Whitney double-tail has been performed with
a minimum of N=5 and n=2. Significance level is p<0.05.

On the other hand, the results of the functional test, demonstrate an excellent aperture in dynamic mode without
apparent head loss between the entrance and the exit in all the analyzed valves. In average, the pressure loss between the
entrance and the exit of the analysed valves was 3.96 + 2.84 mmHg, with an opening time of 374 + 651 ms at 60bpm.
These values were 4.51 = 6.84 mmHg & 183 £+ 318 ms at 90 bpm and 3.21 £ 2.32 mmHg & 72 + 59 ms at 120bpm.
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Figure 4 Biomechanical properties, obtained with uniaxial tensile test. For each heart valve group (N=5 each group) samples of two directions (longitudinal and transversal)
were evaluated. (a) Comparison of different PV conditions in terms of Maximum load, Young Modulus, Elongation at rupture and Stiffness. (b) Strain-stress curve for longitudinal
samples and (c) Stress-strain curves for transversal samples. Values are given as mean with standard deviation. PV, pulmonary heart valve; dPV, decellularized heart valve. For the
statistical analysis a non-parametric test Mann-Whitney double-tail has been performed with a minimum of N=5. Significance level is considered for p<0.05.

These results are in agreement with the founds in the literature.*” A functional example can be found in the Supplemental
Figure 1.

Additionally, histological samples were prepared to stain the tissues with three different staining’s (Figure 6).
Specifically, pulmonary artery and myocardium were analyzed. Hematoxylin-Eosin preparations present dark blue cell
nuclei staining for the native tissues, but it does not appear for the dPV. Masson trichromic shows that collagenous
structure is maintained after processing. Moreover, elastic structure is maintained after decellularization process as

evidenced by Verhoeff-Van Gieson staining. A complete panel of histology can be found in the Supplemental Figure 2.
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Figure 5 Competence test under static pressure of cryopreserved and cryopreserved decellularized pulmonary valves at a pressure range of 10-60mmHg. Continuous line
(—--) states for cryopreserved tissues. Dotted line (‘) states for decellularized tissues from cryopreserved samples.

Evaluation of Cell Content After Decellularization: DNA Quantification

With the aim to reduce the risk related to the cellular content removal, DNA was quantified after decellularization for all
tissues comprising the homografts accomplishing DNA content below 50 ng DNA/mg dry tissue (Figure 7). The amount
of native tissue DNA varies between 1.000 and 10.000 ng/mg dry tissue, depending on the tissue (artery, myocardium or
leaflet), its origin (fresh or cryopreserved) and the donor. Tissues which were cryopreserved previous decellularization
present the lowest DNA quantity. Moreover, myocardium tissue is harder to decellularize, maintaining a quantity around
19,65 + 13,43 ng/mg dry tissue after decellularization. In any case, the proposed protocol accomplishes a 99% of genetic
material elimination. Agarose gel (data not shown) confirmed the absence of remaining fragments bigger than 200 bp.

Evaluation of the Microbiology During the Process

There was no evidence of bacterial or fungal growth on either the thioglycolate media or the blood culture for any of the
samples taken during the process. Thus, the designed processing is microbiologically safe since all quality controls that
monitor in the microbiology of the process were negative.

Evaluation of Final Product Cytotoxicity

The cytotoxicity assay to assess the cytotoxic potential of remaining components from the decellularization process and
the decellularized matrix was performed using the extracts of pulmonary wall and myocardium of fresh, cryopreserved
and fresh decellularized heart valve tissue. The results of the quantitative analyses for the cell viability are in line with the
definition of cell toxicity given by ISO 10993-5, considering a reduction of cell viability by more than 30% as cytotoxic.
As shown in Figure 8, the mean cellular viability for all tissue processing groups is above 70%, indicating that the
decellularized matrix has no cytotoxic effects.

Final Risk Assessment

After analysing the results of the proposed in vitro studies, a re-evaluation using EuroGTP II IAT was conducted to assess
the extent of risk mitigation (see Table 2). As described in previous section, four studies were proposed to mitigate the
risks originally identified: (i) evaluation of integrity of tissue structure; (ii) evaluation of cell content, (iii) evaluation of
the microbiology safety and (iv) evaluation of cytotoxicity in the final tissue preparation. The rationale and scoring
obtained for each risk factor considering the results obtained are recorded in Table 2, which also includes the percentage
of risk reduction to adjust the score based on external data (comprising published literature and unpublished data from
external sources). In terms of cellular content removal, it was demonstrated a 99% removal of DNA content. Despite the
perceived low risk, since the cryopreserved heart valves being implanted have historically contained cellular contents
without eliciting significant reactions, reducing the DNA below the threshold of 50 ng/mg dry tissue, according to
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Figure 6 Tissue structure evaluation by histology (20x). Sections of arterial pulmonary wall and myocardium of 2 different conditions (fresh and fresh-decellularized tissue)
stained with Haematoxylins-Eosin (H&E), Masson Trichrome (MS’s) and Verhoeff-Van Gieson (VH) staining. [A]Staining of pulmonary wall from two distinct conditions using
H&E; [B] Staining of pulmonary wall from two distinct conditions using MT’s; [C] Staining of pulmonary wall from two distinct conditions using VH; [D] Staining of
myocardium from two distinct conditions using H&E; [E] Staining of myocardium from two distinct conditions using; [F] Staining of myocardium from four distinct conditions
using VH. A complete panel of tissue structure evaluation by histology of the four reported conditions (cryopreserved, cryopreserved-decellularized, fresh and fresh-
decellularized) are included in supplementary information.

previous publications, decreases the probability from possible to rare. Additionally, protein quantification, mechanical
analysis, and histology revealed no tissue damage, further decreasing the likelihood of implant failure from possible to
unlikely. Regarding disease transmission, a microbiological quality control process has been implemented, enabling
confirmation of the absence of contamination and enhancing the ability to detect it promptly if it occurs prior to issuing
tissues for transplant. These findings have significantly enhanced our ability to detect any potential contamination to a
very high level. Furthermore, the in vitro results have shown no cytotoxicity, thereby reducing the probability of graft
toxicity in vivo to rare levels.
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Figure 8 Cytotoxic assay. Cell viability of 3T3 cells (murine fibroblast) incubated for 24 hours with tissue extract prepared from fresh (N=4), decellularized (N=5), and fresh
decellularized (BTB, N=3) pulmonary heart valve tissue. Cell viability is expressed as percentage relative to the negative control (culture medium) as 100% of viability.
Positive cytotoxic control prepared with 0.1% Triton X-100, V/V) results to 0.8% of viability. Experiments were performed as technical triplicates using a density of 10.000
cells per well.

Discussion

Current options for pulmonary valve replacement include homografts, xenograft-based valves, and mechanical valves.
Mechanical valves require lifelong anticoagulant therapy, which limits their use in younger patients and women of
childbearing age. Xenografts are potentially more accessible and cost-effective alternative; however, their use is limited
by the risk of acute immune responses. These responses often lead to accelerated calcification, significantly shortening
the functional lifespan of the valve.’>>® Homografts, on the other hand, demonstrate superior performance in terms of
durability and resistance, making them less susceptible to infections. Their low immunogenicity significantly reduces the
risk of calcification, contributing to greater longevity.’’ However, their primary limitation lies in their restricted
availability, as the supply of donated human grafts remains nowadays insufficient to meet clinical demand. Nowadays,
the use of decellularized cardiac valve allografts in clinical practice is on the rise, but their high cost and limited
accessibility makes them unaffordable for some public health systems and inaccessible for patients. Nowadays, different
options of dPV can be found commercially such as CryoValve® SynerGraft (SG) from Cryolife® which uses SyneGraft
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Table 2 Reevaluation of the Risk Linked to the Implementation and Clinical Application of dPV Following in vitro Testing

Risk factors Does it Justification Risk PR | RR (%) Risk
apply? consequences score
Preparation | Processing Yes After decellularization DNA quantity is below the threshold (50ng/mg | Unwanted 5 954194146 0.25
process and dry tissue), decreasing the possibility of unwanted immunogenicity immunogenicity
environment . . o . . . 14, FVTB internal validation
After validation the risk of contaminating the grafts during processing | Disease 6 50" 3
has not been observed. Moreover, several microbiological controls transmission
have been added during processing which allow to confirm the
absence of contamination, and increase the detection it in case it
occurs before issuing tissues for transplant.
Reagents Yes The decellularization process requires several additional reagents, Implant Failure 32 | 2544347
which have been priory used in our TE for other procedures. The
results obtained after in vitro evaluation do not present any damage
of the tissue structure.
Adding different solutions during the preparation process, may Disease 2 25°0-52
increase the risk of tissue contamination during processing, transmission
comparing with the current processing protocol. However, the used
reagents are sterile or are filtered before their use and several
microbiological controls have been included during processing
After validation, we have not observed any cytotoxicity in the vitro | Toxicity / 10 | 95344465354 0.5
studies performed. carcinogenicity
Reliability of Yes The reagents used may affect the reliability of testing in different Disease 2 25 (external test reliability 1.5
microbiology stages of processing. NaCl and enzymatic treatment does not seem to | transmission validation has been performed
testing affect our ability to detect contamination. The use of antibiotics and for the decellularization
their impact on the reliability of testing have been validated for other reagents)
processes, and does not represent a risk.
Storage Yes The storage method may damage the structure of the decellularized | Implant Failure 36 | 0
conditions tissue.
Preliminary Score (X individual risk scores) 66.25
Combined Risk Value ((Preliminary Score x Highest Possible Score)/((Max S x Max P x Max D) X Number of applicable risk consequences) = (66.25 x 4500)/(100 x 7) 425.89
Final Risk Score ((Combined Risk Value x100)/ Highest Possible Score) 10

Notes: Adapted from the EuroGTP-Il guidelines (EuroGTP-II, 2019).3¢ Green: Low risk level, Orange: Moderate risk level, Red: high risk level.
Abbreviations: D, detectability; P, probability; PR, potential risk; RR, risk reduction; S, severity.
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technology and has received the premarket notification from the US Food and Drug Administration,***>® CardioPure HV

3961 and Espoir PV from Corlife.®*® In this context, as TE, we consider it

from Tissue Regenix using dCell technology
crucial to be capable of addressing this clinical requirement in order to ensure accessibility of this product to the wider
population. During the last years, EuroGTPII methodologies have highlighted the importance of anticipating associated
risks related with changes applied to specific processes.*'****36%* This work pinpoints the risks associated with the
clinical application of a newly developed process for the decellularization of PV grafts for valve replacement, enabling us
to evaluate the consequences and overall risk level. The resulting initial risk assessment yielded a Final Risk Score of 23,
indicating a high-risk level, and dictating the necessary extent of studies for ensuring the safety and efficacy of dVP
grafts through pre-clinical and clinical evaluations.

The initial strategy for mitigating the risk associated with the newly developed procedure involves gathering
additional evidence to support the safe and effective utilisation of the new product, followed by implementing risk
mitigation measures. Within this framework, an in vitro validation was conducted to mitigate the risk associated with the
process, consisting of pre-clinical in vitro evaluation studies tailored to tackle risks. Multiple in-vitro studies were
proposed to target each specific risk encompassing unintended immunogenicity, implant failure, disease transmission, and
toxicity/carcinogenicity. The forthcoming studies will involve pre-clinical in vivo evaluation using animal models.

The primary goal of decellularization is to remove cellular components, protecting ECM structure from the direct and
semi-direct pathways, limiting allorecognition to the indirect pathway, which is less prone to trigger acute rejection.
Consequently, decellularized ECM scaffolds are noted for their higher biocompatibility and lower rejection rate compared
to alternative implants.®® Through the proposed in vitro analysis, it can be concluded that the proposed process effectively
eliminates 99% of DNA across all analysed tissues (pulmonary wall, myocardium, and leaflets), with the remaining DNA
consistently below the threshold (50ng/mg dry tissue). These findings align with prior publications utilising various
decellularization protocols for human valve decellularization. For instance, Vafaee et al reported more than 97% of DNA
elimination (<20 ng/mg) using a 10 days protocol combining hypotonic solutions, detergents and nuclease digestion for
cryopreserved human valve decellularization,** while Top et al reported a negligible residual DNA content (<7 ng/mg) with an
average loss of 99.5% for human aortic valves using TRICOL protocol.'* The TRICOL protocol includes Triton X-100 as a
decellularization agent. However, due to its toxic effects on aquatic organisms, it has been added to the European
Authorization list of REACH. Consequently, since 2021, its use is prohibited unless authorized by the authorities or exempt
from authorization.®®®” Additional studies have assessed the reduction of DNA in heart valves of animal origin, consistently
observing a significant decrease in DNA content across all analysed tissues.'”***® Other studies, demonstrate cellularity
removal through other techniques such as microscopic examination®” or PCR.*? In light of these studies, the proposed protocol
offers several advantages, including cost-effectiveness and enhanced scalability, attributed to the shorter procedure duration
and the absence of detergents, which also addresses environmental concerns.

Importantly, as balance of DNA elimination it is paramount to maintain the ECM structure. Although since 2022 till now,
multiple publications have appeared regarding decellularized heart valves implantation in humans, most of them showing

promising results,*’

there is no extensive in vitro bibliography regarding decellularization protocol’s effect on ECM
structure. Implant failure was identified as a consequence of ECM alteration due to two risk factors: reagents and preservation.
This study addresses the decellularization process itself rather than the preservation method, thereby concentrating solely on
the assessment of reagents. Research indicating adverse alterations in ECM architecture commonly employed aggressive
decellularization methods,”® while gentler protocols can strike a balance between removing cellular components and
preserving ECM structure.

In order to reduce this risk, the integrity of the ECM has been confirmed through a series of in vitro tests, including
histology, main ECM components quantification and mechanical assay. Histological evaluation through H&E, MT and
VH staining’s confirmed the preservation of structure, consistent with findings from other protocols used on human
valves as reported previously.'****¢ Although prior research has indicated the impact of detergent reagents on the protein
content,>® in this case protein quantification confirms the preservation of ECM, primarily made up of densely aligned
collagen fibres that provide structural strength, elastin that allows for stretch and retraction during the cardiac cycle, and
glycosaminoglycans (GAGs) that enable the relative movements between adjacent layers.*® For instance, Vafaee et al
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showed a reduction of GAGs,* while other studies confirmed elastin and collagen integrity through two-photon laser
scanning confocal microscopy within heart valve leaflets after decellularization through SynerGraft procedure.®

Mechanical behaviour of the obtained dPV was assessed to mitigate the risk of implant failure. Comparison between the
dPV and native tissue indicates that the tissue’s inherent mechanical properties remain within the same range post-
decellularization. This data contrasted with previous published protocols, where moderate changes in the maximum load
to failure of the tissues were recorded post decellularization.** On the other hand, results from hydrodynamic assay suggest
that the analysed valves exhibit satisfactory performance under static pressure and maintain excellent aperture in dynamic
mode without noticeable loss of load from entry to exit, as previously published by Desai et. al for dPV and aortic roots
using low concentration of SDS.®® CryoValve® SG demonstrated equivalent hydrodynamic performance with mean
systolic pressure gradients less than 5 mmHg at all flow conditions.** Additionally, the mechanical behaviour analysis of
acellular porcine pulmonary valve scaffolds showed minimal impact from various decellularization protocols.®®”°

Typically, decellularization agents are employed for their innate properties to disrupt cell membranes and eliminate cellular
content. However, if these agents persist within the tissue at elevated concentrations post-treatment, they may pose toxicity to
host cells, hindering cellular infiltration during recellularization processes, both in vitro and in vivo.” For example, detergents
such as TX100 or SDS which are commonly used in some decellularization protocols, have been related with a certain grade of
cytotoxicity. Bearing this concern in mind, we have systematically avoided theses detergents from our experimental protocol.®®
In this instance, the post-decellularization final washes applied to ensure the production of biocompatible tissue, consistent with
previously published protocols for decellularizing human valves.*> Moreover, multiple decellularization protocols applied for
different tissues have demonstrated the obtaining of biocompatible tissue.>®’'

Regarding disease transmission, three different risk factors were identified: processing and environment, reagents and
reliability of microbiology testing, so that various perspectives have been considered to assess the associated risk. It
appears evident that an increased number of process steps may elevate the risk of contamination. Nevertheless, the
approach outlined in this study commences with a decontamination step utilizing antibiotics, and the decellularization
protocol itself, conducted under aseptic conditions, acts as an indirect decontamination process.’®>* Following validation
in BST facilities, there have been no observed instances of graft contamination during processing, a trend similarly noted
in the Fondazione Banca dei Tessuti del Veneto (FBTV) facilities (internal validation, data not shown). Additionally,
consistent with previous studies,'* several microbiological controls have been incorporated throughout the process to
verify the absence of contamination and enhance detection in the event of occurrence before realising tissues for
transplant. In terms of reliability, internal validation was conducted to ensure that any potential microbial growth
could be detected using the specified method, thus mitigating associated risks.

Based on the results obtained from the in vitro studies and the available data, reassessment using the algorithm in the IAT
indicated a moderate level of risk (Final Risk Score = 10), suggesting the need for additional evidence to support the safe and
effective clinical application of this new tissue preparation. Considering the completion of feasible in vitro studies within the TE,
the proposal is to proceed with further pre-clinical in vivo evaluation to address and mitigate the remaining specific risks
identified, utilizing an animal model. Furthermore, the outstanding risk associated with implant failure related to tissue storage
will be tackled through additional in vitro studies aimed at demonstrating structural maintenance, thus reducing the risk score.
Those studies will provide data on tissue stability to help determine the best procedure for tissue packaging and storage, with the
aim of having decellularized valves readily available, aiming to achieve or maintain a longer shelf life than currently available.

Conclusion

The current investigation addresses the necessary steps for safely implanting a new decellularization protocol for PV into
our TE’s regular procedures. These steps include assessing novelty, conducting risk evaluations, designing and executing
studies to mitigate identified risks. EuroGTPII methodologies allow identifying and quantifying the risks associated with
the introduction of innovation in TE activities and thereafter implement a set of analysis to mitigate the risk, thereby
promoting transparency and expediting authorization procedures by competent authorities. The high level of risk
determined for the novel dPV preparation process led to a set of in vitro studies that helped to mitigate the potential
risk consequences and guaranty a safely implement tissue preparation into a clinical practice in a future. The in vitro
studies proposed were capable to diminish the risk related with unwanted immunogenicity, disease transmission, implant
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failure and toxicity, while the external sources of information reduced the overall risk score. After this study, the risk has
been reduced from high (23 risk score) to moderate risk (10 risk score). Therefore, the present work provides evidence
that dPVs can be obtained using the proposed protocol, maintaining the specifications described for the cryopreserved
pulmonary valves. This result is an affordable alternative for the health systems, and determines the feasibility of
preparing these tissues within traditional tissue establishment facilities, turning this SoHO preparation a valuable
therapeutic opportunity for EU patients in need.
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