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Editorial on the Research Topic
 Vascular and valvular tissue engineering: Treating and modeling vasculopathies and valvulopathies




Considerable progress has been made in recent years with the development of tissue-engineered heart valves and blood vessels. As these laboratory-based projects make translational steps toward the clinic, a new set of hurdles need to be negotiated. The articles in this Research Topic address some of the most imminent question regarding cardiovascular tissue engineering: what inspiration can we draw from native valvular and vascular development? How is the integration and remodeling of a tissue-engineered graft influenced by immunological or hemodynamic conditions? Can we use tissue engineering methodologies to engineer in vitro and ex vivo disease models to systematically unravel pathophysiological processes and the result of interventions?


Learning from and modeling biology

The main benefit of tissue-engineered substitutes is their intrinsic potential to grow and remodel in response to changing environmental conditions, analog to the native tissue that is being replaced. In-depth knowledge on the development and pathophysiological remodeling of native cardiovascular tissues is therefore indispensable. Starting from embryonic development, Henderson et al. provide an in-depth description on the state-of-the-art of (patho-)physiological development of the human arterial valves (i.e. semilunar; aortic and pulmonary valves). Importantly, they highlight that, while most of our knowledge regarding valve development is directly extrapolated from animal models, it is essential to also study these processes directly in humans; a challenge which is hampered by scarcity of donor material (Henderson et al.). When looking at postnatal valve remodeling, a quintessential characteristic is the capacity of the valves to remodel in response to changes in the hemodynamic loads. Van Hoof et al. review experimental and clinical data regarding pulmonary homograft remodeling after the Ross procedure, representing an extremely interesting study case, as it provides for a situation where a mature pulmonary valve is exposed to an extreme change in hemodynamic loads, being transplanted from the low pressure to the high pressure circulation.

Both these reviews highlight that there are still important knowledge gaps in our understanding of cardiovascular development and remodeling. Bioengineering and tissue engineering methodologies enable the development of ex vivo and in vitro tissue models to study cardiovascular remodeling and interventions in a mechanistic, well-controlled and potentially high-throughput manner, complementary to in vivo studies. In this context, Matos et al. describe the development of an ex vivo blood vessel culture setup in which vascular pathologies can be induced in a well-controlled biomimicking hydrodynamic environment. Chen et al. provide an overview of the literature with respect to bottom-up engineered in vitro models of atherosclerosis.



Translatable tissue engineering methods: Natural matrix-based valve replacements

Despite considerable technical progress in cardiovascular tissue engineering, the translational challenges that have hampered clinical use of tissue-engineered cardiovascular substitutes so far, have become increasingly evident. Rizzi et al. provide an opinionated review on the various methodologies for heart valve tissue engineering, specifically focusing on broad translational potential. They advocate for the potential of in situ tissue engineering approaches, given their inherent reduced costs and logistical complexity when compared to in vitro cultured methods, and particularly, the use of natural scaffolds (e.g., decellularized allografts/xenografts) as the most native-like constructs available to date (Rizzi et al.).

One of the most important considerations for the use of decellularized valvular grafts is to minimize or harness the immunological response to the allogeneic or xenogeneic tissue, to prevent acute immunological rejection and adverse tissue remodeling (e.g. calcification, accelerated matrix degradation). Meng et al. describe the use of Sevelamer and an alternative cross-linking method to reduce the risk of calcification of bioprosthetic valves based on cross-linked bovine pericardium. Nevertheless, cross-linking inherently limits cellular ingrowth and functional matrix remodeling, and thereby abolishes the regenerative potential of bioprosthetic matrices. This has cued the development of matrix decellularization as an alternative treatment to create non-immunological matrices whilst maintaining regenerative potential. Oripov et al. report on a clinical study in which early binding of antibodies to decellularized allografts was longitudinally quantified in 20 patients with repaired congenital heart disease (median age 18 years). Their main finding is that there was increased antibody binding in some patients who received a decellularized aortic allograft, who subsequently developed valve degeneration within 28 days post-operatively (Oripov et al.). In addition, they observed interesting potential influences of patient age, sex, and patient-donor sex mismatch on antibody binding risk, although larger patient cohorts would be needed to draw robust conclusions on this (Oripov et al.).

As an alternative approach to using decellularized native tissues as source for bioprostheses, the use of decellularized de novo in vitro engineered tissues is being pursued to create natural-based cardiovascular replacements without the need for donor tissue. Poulis et al. provide an interesting perspective on the role of macrophages in the process of tissue remodeling and their reciprocal interactions with the extracellular matrix. This is building on the notion that, instead of avoiding the inflammatory response to the implanted graft, its potential can be harnessed to trigger and coordinate functional tissue regeneration. The importance of the extracellular matrix is further emphasized in the review by Sajeesh et al., who elaborate on the use of stem cell-secreted extracellular vesicles as a source of immunomodulatory and pro-regenerative factors to enhance functional matrix regeneration.



Translatable tissue engineering methods: Using resorbable synthetic polymers for in situ tissue engineering

One of the downsides of natural-based cardiovascular grafts is the limited control over the structural and mechanical properties. Therefore, the use of resorbable synthetic polymers for regenerative cardiovascular grafts is being investigated, which offer relatively easy processing and a great level of control to engineer the ideal substitute. However, synthetic biomaterials lack the intrinsic bioactivity that is associated with the natural extracellular matrix. In an effort to combine the best of both worlds, Mudigonda et al. describe the development of a biohybrid scaffold material, consisting of decellularized pericardium coated with electrospun polycaprolactone-chitosan nanofibers to enhance mechanical strength and to improve cell homing.

One of the most critical challenges when using resorbable synthetic grafts for in situ tissue engineering is the balancing of resorption of the synthetic graft material with the formation of new tissue in situ, and to sustain function while the polymer is replaced by new tissue. Addressing this challenge, Tseng et al. report on the proof-of-concept for incorporation of carbon fibers into polycaprolactone heart valve scaffolds with the aim to sustain valve functionality while the polymeric mesh is replaced by new tissue. The balance between scaffold resorption and tissue formation is also addressed by Marzi et al., who report on the use of Raman microspectroscopy to characterize the extent and type of resorption of in situ tissue-engineered carotid artery grafts based on electrospun supramolecular elastomers implanted up to 12 months in sheep. Interestingly, they showed feasibility of measuring both the local scaffold degradation stage and the collagen maturation stage in the same location by obtaining the local molecular fingerprint using Raman microspectroscopy, thereby uniquely enabling the detailed and marker-free assessment of the local tissue-scaffold balance (Marzi et al.).

Taken together, the articles in this Research Collection address some of the most imminent current challenges pertaining to cardiovascular tissue engineering. Common denominators are the importance of cell-matrix interactions, inspired by the dynamism of native cardiovascular tissues, as well as immunological processes and the tailoring of biomaterials to modulate those. What is also apparent from this collection is that the scientific questions addressed within the tissue engineering field are increasingly converging with clinical and translational needs, rather than to be driven by technology push. These trends will accelerate translation of tissue engineering technologies and derivatives from bench to bed.
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Objective: Sevelamer hydrochloride is a phosphate binder used to treat hyperphosphatemia in chronic kidney disease (CKD) patients that can reduce valvular and vascular calcification. The aim of this study was to examine the effects of sevelamer treatment on calcification in bioprosthetic heart valves (BHVs).

Methods: Wister rats were randomly divided into three groups according to sevelamer intake and implantation (sham–sham operation; implant–implantation and normal diet, implant+S implantation, and sevelamer diet). Two kinds of BHVs—bovine pericardium treated with glutaraldehyde (GLUT) or non-GLUT techniques—were implanted in rat dorsal subcutis at 4 weeks. After implantation, sevelamer was administered to the implant+S group. The animals were executed at days 0 (immediately after implantation), 7, 14, 28, and 56. Calcium levels were determined by atomic absorption spectroscopy and von Kossa staining. Serum biochemistry analysis, Western blotting, real-time quantitative polymerase chain reaction, alkaline phosphatase activity measurement, histopathologic analysis, immunohistochemistry, and enzyme-linked immunosorbent assay were conducted to identify the anti-calcification mechanism of sevelamer.

Results: Non-GLUT crosslinking attenuates BHV calcification. Serum phosphate and calcium remained unreactive to sevelamer after a 14-day treatment. However, the mean calcium level in the implant+S group was significantly decreased after 56 days. In addition, the PTH level, inflammatory cell infiltration, system and local inflammation, and expression of Bmp2, Runx2, Alp, IL-1β, IL-6, and TNF-α were significantly reduced in the implant+S group.

Conclusion: Sevelamer treatment significantly attenuated the calcification of BHVs and had anti-inflammation effects that were independent from serum calcium and phosphate regulation. Thus, sevelamer treatment might be helpful to improve the longevity of BHVs.

Keywords: valvular heart disease, bioprosthetic heart valve, structural valve degeneration, sevelamer, anti-calcification


INTRODUCTION

Valvular heart disease (VHD) is a common disease accounting for substantial morbidity and mortality in developed countries. According to a study in 2006, the prevalence of VHD is 2.5% in the US population (1). So far, no drug treatment can improve the long-term outcome of VHD compared with its natural history, and valve replacement surgery is the first-line therapy for the patients (2). Approximately 2,80,000 valvular substitutes are now implanted worldwide each year, with a predicted increment to 8,50,000 per year by 2050 (3). Currently available prosthetic valves can be divided into mechanical heart valves (MHVs) and bioprosthetic heart valves (BHVs). Each of the valves has inherent limitations. MHVs are durable yet highly thrombogenic, which requires lifelong anticoagulation therapy. BHVs do not require anticoagulant therapy but their durability is limited due to the inevitable structural valve degeneration (SVD) (2).

SVD, including calcification, leaflet fibrosis, tear, or flail leading to degeneration and/or hemodynamic dysfunction, is an intrinsic permanent change of BHVs. The rate of SVD is 10–30% at year 10 and 20–50% at year 15. Approximately 74% of valve failure requiring reoperation arises from SVD (4). As of today, there is no Food and Drug Administration-approved therapy to control SVD. SVD is believed to depend on the mechanical properties of the valve and the immunologic and calcification process (3). The general mechanisms of the native valve and BHV calcification seem to be related. Calcium and phosphate in the blood can form crystal cores in BHVs, which play important roles in BHV calcification (5). These findings indicated that attenuating the calcification might prolong the durability of BHVs (3).

Sevelamer hydrochloride (Renagel), a crosslinked poly(allylamine hydrochloride), hereafter referred to as sevelamer, is a non-absorbed calcium-free and aluminum-free phosphate binder used for the treatment of hyperphosphatemia in end-stage renal disease (ESRD) patients. A previous study has shown that sevelamer can reduce the calcification of vasculature and naïve aortic valves in chronic kidney disease (CKD) animal models and patients (6, 7). In addition, observational studies reported that a 0.1 mmol/L increase in serum phosphate was associated with a 50% increase in the risk of naïve aortic valve calcification (8). Based on these findings, we hypothesized that sevelamer could attenuate BHV calcification by decreasing serum phosphate levels in patients with normal renal function. In this study, we used a subdermal implantation model of normal rats to evaluate the effects of sevelamer therapy on post-implantation tissue changes in commercially available BHVs.



MATERIALS AND METHODS


Materials

Commercial sevelamer hydrochloride (Renagel), a crosslinked poly(allylamine hydrochloride), was purchased from Sanofi. In addition, two kinds of commercial BHVs were kindly provided by the Peijia Medical Limited laboratory. Briefly, bovine pericardium (BP) sheets were treated with two different chemical treatment techniques as previously described (9): (a) BP sheets treated by glutaraldehyde (GLUT), and (b) BP sheets treated by an alternative, irreversible carbodiimide-based crosslinking chemistry (non-GLUT) (9). The rat diet was provided by Beijing HFK bioscience CO., LTD. containing 18% protein, 4% fat, 1.0–1.8% calcium, and 0.6–1.2% phosphorus. Sevelamer was administered together with the diet as a 3% w/w mix with animal chow as previously described (10).



Experimental Design

This animal study was performed according to the guidelines for animal care and approved by the Animal Care and Utilization Committee, Experimental Animal Center, Fuwai Hospital, National Center for Cardiovascular Diseases, China. Ninety healthy specific-pathogen-free (SPF) 4-week-old male Wister rats weighing 50 ± 2.51 g purchased from Beijing Vital River Laboratory Animal Technology Corporation were used in the present study. The rats were housed in a specific-pathogen-free animal facility at 25°C with a 12-h light/dark cycle. The rats had free access to chow diets and water. These rats were randomly assigned to three groups with 30 animals in each: sham group (standard diet), implant group (standard diet), and implant+S group (standard diet with 3% w/w sevelamer). One GLUT cusp and one non-GLUT BHV cusp were surgically implanted in the dorsal subcutis of rats of implant group and implant+S group. In each group, five to six rats were euthanized by tribromoethanol, and samples were harvested at the designated time points (days 0, 7, 14, 28, and 56).



Animal Operation

Four-week-old rats were euthanized by tribromoethanol (Sigma-Aldrich). One dorsal midline surgical incision was made, and two subdermal pockets were created on either side of the sagittal plane. For each rat of implant and implant+S groups, one GLUT and one non-GLUT BHV cusps (1 × 1 cm) were implanted and positioned to lie as flat as possible in each of the pockets. One sample was placed per pocket. The incision was closed with a surgical suture. For rats from the sham group, surgery was performed without implanting cusps. After surgery, 20,000 IU benzylpenicillin sodium was injected intramuscularly for injection prophylaxis for 3 days. After the designated period, the rats were euthanized by tribromoethanol. The whole blood was collected via post-cava. After clotting at room temperature, serum samples were obtained by centrifugation at 4,000 rpm for 30 min at 4°C and stored at −80°C until further analysis. The heart with the aortic root, kidneys, and thoracic aorta was harvested and fixed in 10% neutralized buffered formalin (Leagene Biotech, Beijing, China) for histological analysis. The BHV cusps and surrounding capsules were removed from the subdermal sites. The middle section was fixed in 10% neutralized buffered formalin for histological analysis. The remaining sections were placed immediately in liquid nitrogen and stored at −80°C as soon as possible for molecular analysis and quantitative calcium determination.



Serum Biochemistry

Serum phosphate, calcium, alkaline phosphatase (ALP), and creatinine were measured by the Center of Laboratory Medicine, Fuwai Hospital. Briefly, phosphate was determined with a phosphate test kit (molybdate method) (Biosino, Beijing, China). Calcium was determined with a calcium test kit (o-Cresolphthalein complexone, OCPC method; Biosino, Beijing, China). Phosphate and calcium were measured using an AU 5800 automatic analyzer (Beckman Coulter, USA). ALP was determined with the ALP kit (NPP substrate-AMP buffer method; Biosino, Beijing, China). Creatine was determined with creatinine kit (Jaffé method; Biosino, Beijing, China). ALP and creatinine were measured using a Hitachi LABOSPECT 008AS automatic analyzer (Hitachi, Tokyo, Japan).



Enzyme-Linked Immunosorbent Assay (ELISA)

Serum parathyroid hormone (PTH) interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) were detected by ELISA (R&D Systems, MN, USA for IL-1β, IL-6, TNF-α; Meimian, Wuhan, China for PTH), according to the manufacturer's instructions. Dilutions and determination of standards were performed according to the manufacturer's instructions. The amounts of inflammatory markers in each serum sample were determined by matching the optical density in solution at 450 nm with a standard curve.



Quantitative Calcium Determination

Quantitative calcium determination was performed by the Analytical Instrumentation Center, Peking University. Briefly, one section of each cusp (without surrounding connective tissue) was weighed and acid hydrolyzed in 6N Ultrex II HCl, dried under nitrogen gas, and resuspended in 6N Ultrex II HCl. Samples were centrifuged to remove the remaining particles and diluted in nano-filtered water. Calcium was analyzed using a prodigy 7 inductively coupled plasma-atomic emission (ICP-AES) spectrometer (Leeman, USA). Standards of calcium ions were prepared by diluting the commercial −1000 ppm ICP standards. The calibration was linear, with a maximum error of 5%. The solutions were diluted to appropriate concentration using 1% HNO3 (w/w). The intensity was obtained using a 10-s exposure, and the result was an average of three reads. Dilution ratios were used to calculate the calcium content of the sample, and values were normalized to dry sample weight.



Histopathologic Analysis

Histopathologic analysis was performed by the Pathology Department of Fuwai Hospital. Rat heart, kidney, aorta, and BHV cusps fixed in 10% neutralized buffered formalin were embedded in paraffin. Sections of 5-μm thickness were stained with hematoxylin and eosin (Leagene Tech, Beijing, China). Histopathologic evaluation was performed by two experienced pathologists. The evaluation criteria are described in the Supplementary Material.



Immunohistochemistry (IHC)

For IHC, endogenous peroxidase activity of paraffin-embedded sections was blocked with 0.3% hydrogen peroxide in methanol. Sections, each separated by 3–5 μm, were washed with PBS and incubated with rabbit anti-CD68 monoclonal antibody (Abcam, 1:500) to stain macrophages and rabbit anti-CD11b monoclonal antibody (Abcam, 1:500) to stain neutrophils at 4°C overnight. Specimens were then treated with a peroxidase conjugated goat anti-mouse secondary antibody (ZSGB Biotech, CA) and diaminobenzene substrate (ZSGB Biotech). Images were taken using a Leica DM 6000B microscope (Leica, Germany). The semi-quantitative analysis was performed by ImageJ analysis software.



Von Kossa Staining

Paraffined sections were washed with distilled water and incubated with 5% aqueous AgNO3 (Abcam) under ultraviolet light for 45 min, then treated with 2.5% sodium thiosulfate (Abcam) for 2 min, and finally incubated with 0.1% nuclear fast red (Abcam) for 1 min. Images were taken using a panoramic SCAN image system (3DHISTECH). The semi-quantitative analysis was performed by ImageJ analysis software.



Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNAs were isolated from BHV cusps with surrounding capsules using a RNeasy mini kit (Qiagen) following the manufacturer's instructions. Reverse transcription (RT) was performed using PrimeScript™ RT Master Mix (Takara, CA, USA). qPCR was performed with SYBR™ Green Master Mix (Applied Biosystems) and run on 7500 or QuantStudio 3/5 Real-Time PCR systems (Applied Biosystems). Rat Gapdh was used as internal control unless specified otherwise. RT-qPCR assay primers used in this study are listed in Table 1.


Table 1. qPCR primers used in this study.

[image: Table 1]



Western Blot

The proteins of BHV cusps and the surrounding capsules were extracted with RIPA Lysis Buffer (Beyotime). The proteins were boiled with SDS-PAGE sample loading buffer for 5 min. The samples were then loaded onto a NuPAGE Bis-Tris gel (Thermo) followed by electrophoresis and transferred onto PVDF membranes. Membranes were blocked with TBST containing 5% milk powder, incubated with rabbit anti-RUNX2, BMP2, and GAPDH (Abcam) antibodies overnight at 4°C. The membranes were then washed and incubated with HRP-labeled goat anti-rabbit secondary antibodies (Beyotime Biotech). Detection was done using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). The images were acquired using the FluorChem M system (ProteinSimple). Quantification analyses were performed using ImageJ analysis software.



ALP Activity Measurement

The proteins of BHV cusps and the surrounding capsule were extracted with RIPA Lysis Buffer (Beyotime). The ALP activity was measured with Alkaline Phosphatase Assay Kit (Beyotime) following the manufacturer's instructions. Briefly, certain dilutions of samples were incubated with para-nitrophenyl phosphate to produce p-nitrophenol in diethanolamine (DEA, pH 9.8) buffer. The amount of ALP activity in each serum sample was determined by matching the optical density in the solution at 405 nm with a standard curve. A series dilution of p-nitrophenol (10 mM) were used to create a standard curve.



Statistics

Continuous data were expressed as mean ± standard deviation (SD) and compared using Student's t-test (when two groups were compared) or one-way analysis of variance with Dunnett's or Tukey's multiple comparisons tests (when more than two groups were compared). Normal data distribution was checked using the Shapiro–Wilk test. Finally, categorical data were expressed as sample numbers and compared with Kruskal–Wallis one-way analysis of variance. A p-value < 0.05 for the two-sided test was considered statistically significant. All analyses were performed with IBM SPSS statistics 25 and GraphPad Prism 8.0.




RESULTS


Effect of Sevelamer on Serum Biochemistry and Body Weight

No difference was observed between the three groups in food intake and body weight (data not shown). No abnormality was observed in the heart, kidneys, and thoracic aorta of rats treated with sevelamer. No difference was observed between sham and implant groups in the concentrations of serum phosphate, calcium, calcium-phosphate product (Ca × P), ALP, PTH, and creatine, except for a transient increment of ALP at day 7 because of stress response to the implantation (Supplementary Figure 1).

Serum phosphate was significantly lower in the implant+S group than in the implant group at days 7 and 14. In contrast, serum calcium was significantly higher in the implant+S group than the implant group at days 7 and 14. Ca × P was decreased in the implant+S group at 7 days. At day 14, serum ALP and creatine was slightly lower in the implant+S group than in the implant group. All differences mentioned above disappeared after 28 days (Figures 1A–E). However, serum PTH decreased continuously in the implant+S group than in the implant group after 14 days (Figure 1F).


[image: Figure 1]
FIGURE 1. Difference of serum biochemistry parameters between the implant and implant+S groups at days 0, 7, 14, 28, and 56 after implantation. (A) Compared to implant and implant+S group concerning serum phosphate levels, serum phosphate level decreased transiently in implant+S groups in 7–14 days. (B) Comparison between the implant and implant+S group concerning serum calcium levels. Serum calcium level increases transiently in the implant+S group in 7–14 days. (C) Comparison between the implant and implant+S group concerning serum calcium-phosphate product; serum calcium-phosphate product level decreased transiently in the implant+S group at 7 days. (D) Comparison between the implant and implant+S group concerning serum ALP. (E) Comparison between the implant and implant+S group concerning serum creatine. (F) Comparison between the implant and implant+S group concerning serum PTH level; serum PTH was decreased continuously in the implant+S group after 14 days. N = 4–6, data are mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.




Effect of Sevelamer on Calcium Levels in the Implants

The calcium level was quantified by ICP-AES. The calcium level of GLUT BHVs was significantly higher than that of non-GLUT BHVs in the implant group after 56 days (GLUT vs. non-GLUT calcium: 47.44 ± 25.49 vs. 19.89 ± 7.95 μg/mg), suggesting that non-GLUT linking BHV implantation resulted in fewer valvular calcification. Accordingly, we evaluated the effect of sevelamer in rats implanted with GLUT and non-GLUT linking BHVs. Furthermore, BHVs of the implant group had a higher calcium level than that of the implant+S group (Figures 2A,B). The implant+S group showed significantly lower levels of de novo BHV calcification at all measured time points from 7 to 56 days. Heavy calcification on BHVs in the implant group was verified by von Kossa staining 56 days after implantation (Figure 2C). von Kossa staining of BHVs in the implant+S group showed less calcification after implantation (Figure 2C). These results were confirmed using a quantitative analysis (Figure 2D).


[image: Figure 2]
FIGURE 2. Calcium deposition analysis of BHVs between the implant and implant+S group. (A) Calcium levels of GLUT BHVs between the implant and implant+S group, at days 0, 7, 14, 28, and 56 after implantation. (B) Calcium level of non-GLUT BHVs between the implant and implant+S groups at days 0, 7, 14, 28, and 56 after implantation. (C) Representative images and quantification of von Kossa staining and hematoxylin–eosin (HE) staining of BHVs in implant and implant+S groups 56 days after implantation; scale bars represent 400 μm. (D) Quantification of von Kossa staining of BHVs in implant and implant+S groups 56 days after implantation. GLUT represents GLUT BHVs in the implant group, GLUT+S represents GLUT BHVs in the implant+S group, non-GLUT represents non-GLUT BHVs in the implant group, and non-GLUT+S represents non-GLUT BHVs in the implant+S group. N = 4–6, data are mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.




Effect of Sevelamer on the Expression of Osteoblast Markers in the Implants

RT-qPCR revealed that Runx2 and Bmp2 mRNA expression were higher in BHVs of the implant group than the implant+S group on the 56th day after implantation (Figures 3A,B, 4A,B). Western blot confirmed these changes in protein level (Figures 3D–F, 4D–F). In addition, the ALP activity measure showed that BHVs of the implant group have a higher ALP activity than those of the implant+S group (Figures 3C, 4C) on the 56th day after implantation.
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FIGURE 3. Expression of osteoblast and inflammatory markers of non-GLUT BHVs in implant and implant+S groups 56 days after implantation. (A,B) Sevelamer reduces Runx2 and Bmp2 mRNA levels. (C) Sevelamer reduces ALP activity. (D–F) Protein expression of RUNX2 and BMP2 quantification analysis (E,F) and representative blotting (D). (G–I) mRNA expression of IL-1β (G), IL-6 (H), and TNF-α (I) decreased in the implant+S group. N = 3 for Western blot, N = 4 for RT-qPCR, N = 5 for ALP activity. non-GLUT represents non-GLUT BHVs in the implant group, and non-GLUT+S represents non-GLUT BHVs in the implant+S group. Data are mean ± SD, *p < 0.05, **p < 0.01.
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FIGURE 4. Expression of osteoblast and inflammatory markers of GLUT BHVs in implant and implant+S groups 56 days after implantation. (A,B) Sevelamer reduces Runx2 and Bmp2 mRNA levels. (C) Sevelamer reduces ALP activity. (D–F) Protein expression of RUNX2 and BMP2 quantification analysis (E,F) and representative blotting (D). (G–I) mRNA expression of IL-1β (G), IL-6 (H), and TNF-α (I) decreased in the implant+S group. N = 3 for Western blot, N = 4 for RT-qPCR and ALP activity. GLUT represents GLUT BHVs in the implant group, and GLUT+S represents GLUT BHVs in the implant+S group. Data are mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.




Effect of Sevelamer on the Local and Systematic Inflammatory

RT-qPCR showed that BHVs of the implant group have higher levels of the inflammatory marker, including IL-1β, IL-6, and TNF-α, than those of the implant+S group on the 56th day after implantation (Figures 3G–I, 4G–I). After 56 days of implantation, IL-1β, IL-6, and TNF-α in serum were significantly increased in the implant group than the sham group (Figures 5A–C). However, sevelamer significantly suppressed the increments of IL-1β, IL-6, and TNF-α in serum (Figures 5A–C). Pathological analysis and immunohistochemistry showed that BHVs of the implant group have higher levels in degeneration, granulation tissue invasion, neutrophils, and macrophages than that of the implant+S group at day 56 after implantation (Table 2; Figures 2C, 5D–H).


[image: Figure 5]
FIGURE 5. Inflammatory markers in serum and macrophage/neutrophil infiltration in BHVs in implant and implant+S groups 56 days after implantation. (A–C) Serum level of IL-1β (A), IL-6 (B), and TNF-α (C) increased in the implant group and attenuated by sevelamer. (D–H) Macrophage and neutrophil infiltration in BHVs and attenuated by sevelamer, and representative images (H) and quantification analysis of IHC staining; scale bars represent 100 μm (D–G). GLUT represents GLUT BHVs in the implant group, GLUT+S represents GLUT BHVs in the implant+S group, non-GLUT represents non-GLUT BHVs in the implant group, and non-GLUT+S represents non-GLUT BHVs in the implant+S group. M/Ma represents macrophage, and N/Neut represents neutrophil. N = 4, data are mean ± SD, *p < 0.05, ***p < 0.001.



Table 2. Histopathologic analysis of non-GLUT BHVs in implant and implant+S groups after 56 days of implantation.
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DISCUSSION

Studies have reported that sevelamer can lower serum phosphate concentration and thus attenuate the progression of cardiovascular calcification in both CKD animal models and real-world patients (11, 12). The present study demonstrated that 3% w/w sevelamer supplementation in chow diet was sufficient to reduce bioprosthesis calcification in subdermal BHV implantation rat models. However, sevelamer did not significantly affect the levels of serum phosphate, calcium, calcium-phosphate products, serum ALP activity, and creatinine in rats implanted with non-GLUT linking BHVs at day 56 of treatment, but caused transient fluctuations of these parameters between days 7 and 14. Our further research confirmed that this anti-calcification function may resort to decreasing PTH levels, attenuating local and system inflammatory and downregulating factors in the calcification signaling pathway, including BMP2, RUNX2, and ALP.

As sevelamer is not absorbed from the gut, it cannot induce hypophosphatemia and direct effects on the vascular system. Our study showed that sevelamer does not affect body weight and food intake, corroborating previous studies (13). Bone parameters were not measured in this study, but according to the literature, sevelamer cannot reduce bone density (5, 14). Since sevelamer cannot be absorbed in the gut and cannot induce hypophosphatemia and hypocalcemia, we can conclude that sevelamer is a safe treatment to attenuate BHV calcification.

Approximately 20% of cardiac surgery is used to treat VHD, and about half of the valve replacements use BHVs (15). BHVs are recommended strongly especially in patients with high bleeding risk and young women contemplating pregnancy (2). Up to now, three basic types of BHVs exist: xenografts, homografts, and autografts. Xenografts account for most of BHVs since biomaterials of animal origin are widely available. Most commercially available BHVs are fabricated out of porcine aortic valve leaflets or BP sheets crosslinked with glutaraldehyde (GLUT). GLUT crosslinking can make BHVs resistant against enzymatic degradation and reduce tissue antigenicity. However, GLUT-crosslinked BHVs experience failure due to calcification or degeneration within 10–20 years and seem to fail faster in younger patients (15). BHV calcification shares some general mechanisms with native aortic valve calcification involving passive and active mechanisms. The passive mechanism prosthesis-related dystrophic calcification is due to precipitation of calcium phosphate on cell debris and fibrous. The active mechanism means valvular infiltration of cell or cell elements (calcium-binding proteins, macrophage, T lymphocyte, and matrix metalloproteinase). Several studies have suggested an association between inflammation, reactive oxygen species, thrombogenicity, coagulation, and calcification. Mechanical stress and cyclic loading are more likely to cause BHV calcification than native valves because, structurally, BHVs are different from native valves. The immune response to xenograft antigens such as galactose-α-1,3-galactose (α-Gal) and N-glycolylneuraminic acid (NeuGc), which are not expressed in humans, contributes to BHV calcification. Clinical studies also documented the relationship between BHV calcification and impaired lipid metabolism (3, 5).

GLUT crosslinking does not stabilize components such as elastin and glycosaminoglycans (GAGs) of extracellular matrix (ECM), making BHVs rigid and more prone to mechanical calcification degeneration than normal valves. Calcification has been shown to originate at devitalized cells and damaged ECM components (4). We test a new generation of non-GLUT BHVs provided by Peijia Medical Ltd. These BHVs use an alternative, irreversible carbodiimide-based crosslinking chemistry to stabilize more of the ECM component such as elastin and GAGs and produce stronger and more compliant BHVs (9). In our study, non-GLUT BHVs are less prone to calcification than traditional GLUT BHVs in subdermal implantation animal models, demonstrating that non-GLUT BHVs may be more durable heart valve implants in future.

A previous study has reported that 1% w/w sevelamer did not show any effect on serum phosphate in normal rat and normal rats treated with 3% w/w sevelamer showed a significant decrease in serum phosphate in 2–8 days (11). Since many studies chose 3% w/w sevelamer to treat rats (6, 11, 13), we decided to follow these studies. However, dosages of sevelamer should be screened in further studies to find an optimal dosage. Several studies showed that sevelamer has no effect on serum phosphate and calcium level of normal rat models after weeks of treatments (6, 13). A clinical study also failed to detect a significant decrease in serum phosphate level in patients with aortic stenosis using sevelamer for 6 weeks (8). These studies are consistent with our finding that sevelamer can only cause a transient decrease of serum phosphate levels in normal rats. Serum phosphate decreased transiently after sevelamer treatment in 7–14 days. Meanwhile, serum calcium increased to maintain the calcium-phosphate product. However, these changes disappear after 14 days. A clinical study showed that phosphate excretion from urine reduced during sevelamer treatment periods in the non-CKD population (8). We speculated that serum calcium and phosphate returning to the normal level could be attributed to renal and endocrine regulation. Our study found that PTH levels in the implant+S group consistently decreased after 14 days. Calcium and phosphate in the blood can support the growth of calcium phosphates on cell debris and fibrous components of BHVs, although serum calcium and phosphate are unchanged during most periods of sevelamer treatment. Sevelamer's influence on phosphate metabolism may affect the passive mineralization of BHVs, which needs further studies.

A relationship between inflammation and calcification has been demonstrated in many studies (3, 5). Macrophage is the most found immune cell in BHVs, whereas T lymphocytes and B lymphocytes, neutrophils, and eosinophils are less frequent. The macrophage can produce matrix metalloproteinases (MMPs), reactive oxygen species, multiple cytokines, and chemokines to promote calcification. Besides local inflammation, system inflammation also plays an important role in BHV calcification. C/T genotype of the rs 2229238 polymorphism within the IL6R gene has been proved to be associated with an increased risk of severe BHV calcification, as the genotype was significantly associated with a higher IL-6 level (16). Previous studies have shown that sevelamer can decrease serum levels of C-reactive proteins in CKD patients (17, 18). Sevelamer-treated uremic rats have less interstitial fibrosis and inflammation (13). Our study found that sevelamer can reduce macrophage and neutrophil infiltration in BHVs and inflammatory cytokine levels, including IL-1β, IL-6, and TNF-α. Serum IL-1β in both BHVs and serum suggested that sevelamer can attenuate local and system inflammation. The anti-inflammation effect may explain the reason for the anti-calcification effect of sevelamer. In addition, a marked reduction of calcium deposition and lower expressions of osteoblast markers such as BMP2, RUNX2, and ALP in mRNA and protein levels were found in the sevelamer-treated group.

The relationship between BHV calcification and impaired lipid metabolism has also been documented. A clinical study showed that increasing serum cholesterol levels are associated with increased BHV calcification. The odds ratio for valve explanation was 3.9-fold higher in patients with serum cholesterol levels higher than 200 mg/dl (19). Animal studies showed that statin significantly attenuated calcification of bovine pericardial valves in a subcutaneous rat model (20). However, no clinical data supported the anti-calcification effects of statin in BHVs. Dysfunctional BHVs display a considerable lipid deposition and foam cells. Oxidized LDL (low-density lipoprotein) can be produced by reactive oxygen species released by infiltrating neutrophils and macrophages (3). Studies have confirmed that sevelamer can reduce total and low-density lipoprotein cholesterol (LDL-C) levels. Wilkes et al. reported a 35.9% decrease in serum LDL-C in hemodialysis patients treated with sevelamer (21). Sevelamer can also attenuate oxidative stress (22). However, our subdermal implantation model used a widely used rat without a gene modification strain, with a normal diet. Thus, it is a limited model to study the effect of sevelamer on BHV calcification resorting of regulation lipid metabolism. Sevelamer also has pleiotropic effects such as decreasing the phosphaturic hormone fibroblast growth 23 (FGF23), which is secreted by osteocytes and osteoblasts in response to oral phosphate loading and is associated with the development of endothelial dysfunction and cardiac hypertrophy in CKD (23) and regulation of the expression of cell cycle proteins (6), among other effects. More studies are required to explore the mechanism of the anti-calcification effect of sevelamer in BHVs.

Several techniques are being developed to avoid BHV calcifications (5, 15, 24), including a new crosslinking method to stabilize more ECM components, a decellularization technique to eliminate cellular debris, proper heart valve tissue sources from gene knockout animals with no immunological antigens, such as α-Gal and NeuGc, and new implantation techniques. However, considering that millions of BHVs have already been implanted, a therapy for BHV calcification prevention is required. Currently, there is no FDA-approved treatment to manage BHV calcification. Apart from a statin, anticoagulant therapy, immunosuppressive therapy, and MMP inhibitors under exploration to prevent BHV calcification (3), our study provided a new choice to prevent BHV calcification. However, more studies are needed to prove the effect.



LIMITATION AND CONCLUSION

This study has several limitations. First, we used a subcutaneous animal model that is different from the blood circulation model. However, this is the traditional first step when developing tissue-engineered heart valves in the rat, which is an animal model that is considerably easier and less expensive than the larger animal models. Second, we only used two types of BHVs and one dosage of sevelamer. More commercial BHVs and dosages of sevelamer need to be tested in the future. Third, sevelamer has many effects besides the anti-inflammatory action. More studies are needed to identify these effects on the prevention of BHV calcification. Finally, the relationship between the animal model and clinical outcomes has not been established. More clinical studies, including randomized controlled trials, are needed to prove the clinical value of sevelamer in the prevention of BHV calcification.

In conclusion, sevelamer treatment significantly attenuated the calcification of BHVs in a subcutaneous rat model and had anti-inflammation effects, which are independent from serum calcium and phosphate regulation. Thus, our results suggest that sevelamer treatment might be helpful for the prevention of BHV calcification.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by the animal care and utilization committee, experimental animal center, Fuwai hospital National Center for Cardiovascular Diseases, China.



AUTHOR CONTRIBUTIONS

ZL and EZ contributed to the design and manuscript preparation of this study. ZM and QL contributed to the animal experiment, molecular study, and data collection. LZ contributed to the ICP-AES experiment. YW is an expert in valvular heart disease field who gave knowledge support to the study. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (NSFC) (81700405) and China Scholarship Committee (CSC) award 201406210335 to EZ, from NSFC (91339103) to YW, Capital health development scientific research program (W01-ZD-02_W_2019) to YW, and from Special Research Fund for Central Universities, Peking Union Medical College (3332018052) to ZL.



ACKNOWLEDGMENTS

We thank Yuyan Xiong, Wence Shi, and Ruijie Tang from State Key Laboratory of Cardiovascular Disease, Fuwai Hospital and Fei Zhao from Blood Disease Hospital, Chinese Academy of Medical Science, for their assistance with the animal operation.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2021.740038/full#supplementary-material



ABBREVIATIONS

VHD, valvular heart disease; MHV, mechanical heart valve; BHV, bioprosthetic heart valve; SVD, structural valve degeneration; CKD, chronic kidney disease; ESRD, end-stage renal disease; BP, bovine pericardium; GLUT, glutaraldehyde; ALP, alkaline phosphatase; RUNX2, RUNX family transcription factor 2; BMP2, bone morphogenetic protein 2; IL-1β, interleukin 1 beta; IL-6, interleukin 6; TNF-α, tumor necrosis factor-alpha; PTH, parathyroid hormone; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LDL-C, low-density lipoprotein cholesterol.



REFERENCES

 1. Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-Sarano M. Burden of valvular heart diseases: a population-based study. Lancet. (2006) 9540:1005–11. doi: 10.1016/S0140-6736(06)69208-8

 2. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP 3rd, Gentile F, et al. 2020 ACC/AHA Guideline for the management of patients with valvular heart disease: a report of the American college of cardiology/American heart association joint committee on clinical practice guidelines. Circulation. (2020) 143:e72–227. doi: 10.1161/CIR.0000000000000923

 3. Kostyunin AE, Yuzhalin AE, Rezvova MA, Ovcharenko EA, Glushkova TV, Kutikhin AG. Degeneration of bioprosthetic heart valves: update 2020. J Am Heart Assoc. (2020) 9:e018506. doi: 10.1161/JAHA.120.018506

 4. Capodanno D, Petronio AS, Prendergast B, Eltchaninoff H, Vahanian A, Modine T, et al. Standardized definitions of structural deterioration and valve failure in assessing long-term durability of transcatheter and surgical aortic bioprosthetic valves: a consensus statement from the European Association of Percutaneous Cardiovascular Interventions (EAPCI) endorsed by the European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS). Eur Heart J. (2017) 45:3382–90. doi: 10.1093/eurheartj/ehx303

 5. Badria AF, Koutsoukos PG, Mavrilas D. Decellularized tissue-engineered heart valves calcification: what do animal and clinical studies tell us? J Mater Sci Mater Med. (2020) 12:132. doi: 10.1007/s10856-020-06462-x

 6. Maizel J, Six I, Dupont S, Secq E, Dehedin B, Barreto FC, et al. Effects of sevelamer treatment on cardiovascular abnormalities in mice with chronic renal failure. Kidney Int. (2013) 3:491–500. doi: 10.1038/ki.2013.110

 7. Block GA, Spiegel DM, Ehrlich J, Mehta R, Lindbergh J, Dreisbach A, et al. Effects of sevelamer and calcium on coronary artery calcification in patients new to hemodialysis. Kidney Int. (2005) 68:1815–24. doi: 10.1111/j.1523-1755.2005.00600.x

 8. Wald DS, Chambers J, Bestwick J P., Wald N. J. (2019). Randomized crossover trial of phosphate-binding medication on serum phosphate levels in patients with aortic stenosis. Clin. Ther. 10, 2066–2072.e2. doi: 10.1016/j.clinthera.2019.08.004

 9. Tam H, Zhang W, Infante D, Parchment N, Sacks M, Vyavahare N. Fixation of bovine pericardium-based tissue biomaterial with irreversible chemistry improves biochemical and biomechanical properties. J Cardiovasc Transl Res. (2017) 2:194–205. doi: 10.1007/s12265-017-9733-5

 10. Cozzolino M, Dusso AS, Liapis H, Finch J, Lu Y, Burke SK, et al. The effects of sevelamer hydrochloride and calcium carbonate on kidney calcification in uremic rats. J Am Soc Nephrol. (2002) 9:2299–308. doi: 10.1097/01.ASN.0000025782.24383.0D

 11. Nagano N, Miyata S, Obana S, Eto N, Fukushima N, Burke SK, et al. Renal mineral handling in normal rats treated with sevelamer hydrochloride (Renagel), a noncalcemic phosphate binder. Nephron. (2001) 3:321–8. doi: 10.1159/000046093

 12. Chertow GM, Burke SK, Raggi P. Sevelamer attenuates the progression of coronary and aortic calcification in hemodialysis patients. Kidney Int. (2002) 1:245–52. doi: 10.1046/j.1523-1755.2002.00434.x

 13. Finch JL, Lee DH, Liapis H, Ritter C, Zhang S, Suarez E, et al. Phosphate restriction significantly reduces mortality in uremic rats with established vascular calcification. Kidney Int. (2013) 6:1145–53. doi: 10.1038/ki.2013.213

 14. Mathew S, Lund RJ, Strebeck F, Tustison KS, Geurs T, Hruska KA. Reversal of the adynamic bone disorder and decreased vascular calcification in chronic kidney disease by sevelamer carbonate therapy. J Am Soc Nephrol. (2007) 1:122–30. doi: 10.1681/ASN.2006050490

 15. Manji RA, Ekser B, Menkis AH, Cooper DK. Bioprosthetic heart valves of the future. Xenotransplantation. (2014) 1:1–10. doi: 10.1111/xen.12080

 16. Ponasenko AV, Khutornaya MV, Kutikhin AG, Rutkovskaya NV, Tsepokina AV, Kondyukova NV, et al. A Genomics-based model for prediction of severe bioprosthetic mitral valve calcification. Int J Mol Sci. (2016) 17:1385. doi: 10.3390/ijms17091385

 17. Nikolov IG, Joki N, Maizel J, Lacour B, Drüeke TB, Massy ZA. Pleiotropic effects of the non-calcium phosphate binder sevelamer. Kidney Int Suppl. (2006) 105:S16–23. doi: 10.1038/sj.ki.5001994

 18. Goldberg DI, Dillon MA, Slatopolsky EA, Garrett B, Gray JR, Marbury T, et al. Effect of RenaGel, a non-absorbed, calcium- and aluminium-free phosphate binder, on serum phosphorus, calcium, and intact parathyroid hormone in end-stage renal disease patients. Nephrol Dial Transplant. (1998) 9:2303–10. doi: 10.1093/ndt/13.9.2303

 19. Farivar RS, Cohn LH. Hypercholesterolemia is a risk factor for bioprosthetic valve calcification and explantation. J Thorac Cardiovasc Surg. (2003) 4:969–75. doi: 10.1016/S0022-5223(03)00708-6

 20. Lee S, Kim DH, Youn YN, Joo HC, Yoo KJ, Lee SH. Rosuvastatin attenuates bioprosthetic heart valve calcification. J. Thorac. Cardiovasc. Surg. (2019) 3, 731–41.e1. doi: 10.1016/j.jtcvs.2018.12.042

 21. Wilkes BM, Reiner D, Kern M, Burke S. Simultaneous lowering of serum phosphate and LDL-cholesterol by sevelamer hydrochloride (RenaGel) in dialysis patients. Clin Nephrol. (1998) 6:381–6.

 22. Phan O, Ivanovski O, Nguyen-Khoa T, Mothu N, Angulo J, Westenfeld R, et al. Sevelamer prevents uremia-enhanced atherosclerosis progression in apolipoprotein E-deficient mice. Circulation. (2005) 18:2875–82. doi: 10.1161/CIRCULATIONAHA105.541854

 23. Koiwa F, Kazama JJ, Tokumoto A, Onoda N, Kato H, Okada T, et al. Sevelamer hydrochloride and calcium bicarbonate reduce serum fibroblast growth factor 23 levels in dialysis patients. Ther Apher Dial. (2005) 4:336–9. doi: 10.1111/j.1744-9987.2005.00293.x

 24. Bonetti A, Marchini M, Ortolani F. Ectopic mineralization in heart valves: new insights from in vivo and in vitro procalcific models and promising perspectives on noncalcifiable bioengineered valves. J Thorac Dis. (2019) 5:2126–43. doi: 10.21037/jtd.2019.04.78

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Meng, Li, Zhang, Zhang, Liu and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 24 December 2021
doi: 10.3389/fcvm.2021.793898






[image: image2]

Biocompatibility and Application of Carbon Fibers in Heart Valve Tissue Engineering

Yuan-Tsan Tseng1,2, Nabil F. Grace3, Heba Aguib1,2,4, Padmini Sarathchandra2, Ann McCormack1, Ahmed Ebeid4, Nairouz Shehata4, Mohamed Nagy4, Hussam El-Nashar4, Magdi H. Yacoub1,2,4, Adrian Chester1,2 and Najma Latif1,2*


1Heart Science Centre, Magdi Yacoub Institute, Harefield, United Kingdom

2Imperial College London, National Heart and Lung Institute, London, United Kingdom

3Centre for Innovative Materials Research, Lawrence Technological University, Southfield, MI, United States

4Biomedical Engineering and Innovation Laboratory, Aswan Heart Centre, Aswan, Egypt

Edited by:
Philippe Sucosky, Kennesaw State University, United States

Reviewed by:
Craig Simmons, University of Toronto, Canada
 Peter Zilla, University of Cape Town, South Africa

*Correspondence: Najma Latif, n.latif@imperial.ac.uk

Specialty section: This article was submitted to Heart Valve Disease, a section of the journal Frontiers in Cardiovascular Medicine

Received: 12 October 2021
 Accepted: 29 November 2021
 Published: 24 December 2021

Citation: Tseng Y-T, Grace NF, Aguib H, Sarathchandra P, McCormack A, Ebeid A, Shehata N, Nagy M, El-Nashar H, Yacoub MH, Chester A and Latif N (2021) Biocompatibility and Application of Carbon Fibers in Heart Valve Tissue Engineering. Front. Cardiovasc. Med. 8:793898. doi: 10.3389/fcvm.2021.793898



The success of tissue-engineered heart valves rely on a balance between polymer degradation, appropriate cell repopulation, and extracellular matrix (ECM) deposition, in order for the valves to continue their vital function. However, the process of remodeling is highly dynamic and species dependent. The carbon fibers have been well used in the construction industry for their high tensile strength and flexibility and, therefore, might be relevant to support tissue-engineered hearts valve during this transition in the mechanically demanding environment of the circulation. The aim of this study was to assess the suitability of the carbon fibers to be incorporated into tissue-engineered heart valves, with respect to optimizing their cellular interaction and mechanical flexibility during valve opening and closure. The morphology and surface oxidation of the carbon fibers were characterized by scanning electron microscopy (SEM). Their ability to interact with human adipose-derived stem cells (hADSCs) was assessed with respect to cell attachment and phenotypic changes. hADSCs attached and maintained their expression of stem cell markers with negligible differentiation to other lineages. Incorporation of the carbon fibers into a stand-alone tissue-engineered aortic root, comprised of jet-sprayed polycaprolactone aligned carbon fibers, had no negative effects on the opening and closure characteristics of the valve when simulated in a pulsatile bioreactor. In conclusion, the carbon fibers were found to be conducive to hADSC attachment and maintaining their phenotype. The carbon fibers were sufficiently flexible for full motion of valvular opening and closure. This study provides a proof-of-concept for the incorporation of the carbon fibers into tissue-engineered heart valves to continue their vital function during scaffold degradation.

Keywords: carbon fibers, biocompatibility, heart valve, tissue engineering, biomaterials, composite, adipose-derived stem cells


INTRODUCTION

Tissue-engineered heart valves offer the potential to overcome the limitations of current prosthetics. The success of tissue-engineered heart valves rely upon several factors: first, the scaffold material being strong and flexible enough to withstand the hemodynamic cycle of loading and unloading at a frequency corresponding to a range of heart rates during rest and exercise. Second, the construct needs to be receptive to the population by cells either seeded during in vitro production of the valve or following implantation. Last, the scaffold should be biodegradable to allow the replacement of the own extracellular matrix (ECM) of the hosts. However, the process is highly dynamic and species dependent (1). Rapid cellular ingrowth and ECM deposition are often observed in animal models, but these observations typically fail to be observed in humans (1–4). Therefore, the potential risk for scaffold degradation and fatigue to occur prior to sufficient laying down of functional ECM leads to structural failure of the constructs.

Textile support as part of heart valve leaflets has been proposed previously by our group and others (5–9). However, most of the literature has been focused on reinforcement of the leaflet with mono- or multifilament yarns, which will still suffer from creep, fatigue, and unpredictable degradation over time. To ensure the stability of the construct during the remodeling process, we have assessed the suitability of incorporating carbon fibers into tissue-engineered heart valves to reinforce the biodegradable scaffold. The carbon fiber is a thin fiber between 5 and 20 μm in diameter composed of mostly carbon atoms. It has been used in the repair of damaged tendons and ligaments to provide additional support and strength during surgical repair and regeneration (10–12). More recently, the carbon fibers have been used to provide additional strength in scaffold materials used for bone, cartilage, and trachea tissue-engineered constructs (13–17). The low density and high strength properties of the carbon fibers, which are also flexible and have complete elastic recovery after unloading, give them excellent fatigue resistance (18). This profile of mechanical properties makes them good candidates for inclusion in scaffolds for heart valve tissue engineering.

The carbon fibers are usually combined with other polymers to reinforce the strength to weight ratio of the composite. This often required surface enhancement on the chemically inert carbon fiber surface that improves its chemical bonding and adhesion between the carbon fibers and matrix. Plasma oxidization is a simple and residue-free surface activation technique for the carbon fibers; thus, the focus of this in-vitro study was to investigate the biocompatibility of the carbon fibers in their pristine and plasma oxidized forms with human adipose-derived stem cells (hADSCs) to determine how binding of cells to the carbon fibers can be maximized. We have assessed the flexibility of the carbon fibers with respect to the motion of tissue-engineered valve cusps in a pulse duplicator. We envisage these findings that will provide a rationale for further studies into the use of carbon fibers as a part of composite scaffold to provide strength and durability of the engineered tissue.



MATERIALS AND METHODS


Carbon Fibers

The carbon fibers used in this study were produced by the treatment of a polyacrylonitrile (PAN) precursor, with pyrolysis, surface treatment, and sizing processes (Toray Carbon Fibers Europe, Paris, and France). The size and shape of the carbon fibers were analyzed with a scanning electron microscope (SEM) to assess the uniformity of size and shape. For experiments with cells, the carbon fibers were sterilized by incubating in 70% ethanol for 1 h followed by washing in sterile phosphate-buffered saline (PBS) three times prior to cell seeding.



Plasma Oxidation

The carbon fibers were mounted on a 24-well CellCrown™ 24 (Scaffdex Oy, Finland) and treated with plasma oxidation at 0.16 mbar oxygen (Diener Electronic, Germany). The carbon fibers were exposed to 30 W for 10, 20, and 30 min, which were compared to 30 min of 90 W. All the following analysis and cell seeding were performed within 24 h of plasma oxidization treatment.



Cell Culture

The hADSCs were purchased from Lonza (PT-5006; Lonza, Switzerland) and cultured in a culture medium comprising adipose-derived stem cell basal medium, 10% fetal calf serum (FCS), 1% L-glutamine, and 0.1% gentamicin–amphotericin B (ADSC Growth Medium BulletKitTM, PT-4505; Lonza, Switzerland). The cells were fed every 3 days and subcultured at 90% confluency.



Cell Seeding

The hADSCs (3 × 105 cells) were simultaneously cultured on the pristine and plasma oxidized (30 W) carbon fibers (fixed on CellCrown™ 24) for 3 weeks under rotatory seeding at 10 rpm with a rotator (Bibby Scientific, UK) as described previously (19). In addition, the hADSCs (5,000 cells) were seeded on coverslips and cultured for 3 weeks as a control. At the end of this period, the coverslips and the carbon fibers were washed twice in PBS and fixed in 4% paraformaldehyde for 10 min. The fixative solution was removed with three rinses of PBS. The carbon fibers were removed from the CellCrown™ 24. Cells on coverslips and the carbon fibers were permeabilized with Triton X-100 (0.5% v/v in PBS) for 3 min and washed two times in PBS-Tween (PBS-T) (0.1% v/v). Cells were blocked using 3% (w/v) bovine serum albumin (BSA) and incubated with primary antibodies [alpha smooth muscle actin (α-SMA) (Dako, US), vimentin (Dako, US), calponin (Dako, US), SM22 (Abcam, US), vinculin (Sigma-Aldrich, US), Ectodysplasin A (EDA)-fibronectin (Dinova, Germany), alkaline phosphatase (Sigma-Aldrich, US), CD44 (BD Pharmingen™, US), osteocalcin (Abcam, US), CD105 (Abcam, US), CD90 (Dinova, Germany), CD31 (Dako, US), SRY-Box transcription factor 9 (Sox9) (R&D Systems, US), and peroxisome proliferator-activated receptor gamma (PPARγ) (Abcam, US)] in BSA 1.5% w/v for 1 h. After thorough washing in PBS-T, the cells were incubated with secondary antibodies for 1 h, washed 3 times during 5 min in PBS-T, and incubated 10 min with 4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, US). Cells were washed again twice in PBS-T and mounted on glass slides in the PermaFluor Aqueous Mounting Fluid (Beckman Coulter, Fullerton, California, USA). Observations were performed with an inverted confocal microscope (Zeiss, LSM 510 Meta Inverted).



Scanning Electron Microscopy

The hADSCs grown on coverslips and the carbon fibers were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for at least 2 h followed by two buffer washes. Specimens were then postfixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h. After two buffer washes, specimens were dehydrated through ascending series of ethanol starting from 25 to 100%. Then, the specimens were chemically dried using hexamethylenedizilasine (HMDS), mounted on SEM stubs, and coated with gold/palladium. Images of the carbon fibers with and without cells were taken on JEOL JSM-6010LA analytical scanning microscope. hADSCs on coverslips and the carbon fibers were added to aluminum sample holders with carbon tape, air dried overnight, and coated with gold/palladium. An energy dispersive X-ray analyzer energy dispersive spectroscopy (EDS) (JEOL JED-2300 X-ray Microanalysis System) was used to investigate the surface structure of the carbon fibers.



Proliferation Assay

After 3 weeks of cell seeding with the carbon fibers, proliferation assays were carried out with the CellTiter 96® Aqueous Non-radioactive Cell Proliferation Assay Kit (Promega G-5421, US) by adding 20 μl of (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)/phenazine methosulfate (PMS) solution with 100 μl of dulbecco's modified eagle medium (DMEM) on cells. Plates were incubated for 1 h at 37°C, 5% carbon dioxide (CO2), and the absorbance was read at 490 nm.



Mechanical Testing

Samples of the carbon fibers between 3 and 5 mm in length [measured using a caliper (Mitutoyo, Japan)] and cross-sectional area measured by SEM (JEOL JSM-6010LA) were subjected to uniaxial tensile testing (TA Electroforce TestBench, Minnesota, USA) at a speed of 0.1 mm/s. For each condition, 4 repeated samples, cut longitudinally, were measured. The resulting stress strain curve was fitted with six-order polynomial trend line. The gradient of elastic modulus was taken from the steepest curve.



Analysis of Cusp Movement/Hinge Mechanism

It is well known that the carbon fibers suffer from brittle snap when bend in 90° angles against the direction of the carbon fibers; therefore, motion analysis of a human heart valve was conducted. The Aswan Heart Science Center Ethics Committee approval and informed consent were obtained to use the CT images from a normal adult individual (female, aged 54 years). The hinge range of movement of the aortic valve was measured using CT images (Siemens Somatom definition flash dual source multislice CT machine with retrospective ECG gating, slice thickness 0.6 mm, pitch 0.18, and gantry rotation time 0.28 s). Three-dimensional (3D) segmentation was used to reconstruct cusp and sinus shape (Mimics Innovation Suite 21 research edition, Materialize NV, Leuven, Belgium). The segmented model was rotated to visualize the leaflet and sinus side perpendicular to the leaflet and sinus plane (side view).

Three nadir points of the three sinuses were determined and a plane representing the annular plane was created (Figure 5C). A cross-section through the middle of the cusp as a vertical plan (perpendicular to the annular plane) was marked to each sinus and the movement of the cusp and sinus wall to this vertical plan was tracked at five points of the cardiac cycle (0, 10, 20, 30, and 40%) covering the complete systolic phase.

To identify the movement of the hinge, the angles and radii of each cusp and sinus were measured. The radii (R) of the best fit circles are recorded and curvature is calculated by the relation k = 1/R. A plane (Pp) perpendicular to the annular plane (Pa) through each of the nadirs was created to measure the angle of the tangent of each cusp at the nadirs to Pp and, thus, track its movement.



Bioreactor Testing

To demonstrate their utility and functionality in a tissue-engineered valve construct, the carbon fibers were sutured using a standard needle into the hinge region of the jet-sprayed nanofibrous polycaprolactone (PCL) scaffold (20). The carbon fibers were not incorporated into the jet-spraying process because they are not compatible with the spinning process. In addition, carbon fibers are only required at regions of high stress to alleviating the stress on the nanofiber scaffold. The nanofibrous scaffolds were first constructed into a 3D functional valve root using a preparatory process (patent pending) followed by suturing the carbon fibers along the hinge to the belly region and halfway up toward the coapting edge in a defined spatial manner (5 equally spaced markers were used as a guide in the center of this region). Each strand consists of 50 individual carbon fibers. The carbon fibers were tethered on the outside edge of the commissure and a running stitch was stitched following the marked parallel lines (Figure 6). We sutured the carbon fibers in the radial direction to demonstrate the worst-case scenario in the carbon fiber movement in the radial direction. Valve roots with and without the embedded carbon fibers were subjected to a hydrodynamic pulmonary profile as set in ISO 5840 (20 mm Hg mean pressure, 70 bpm, 5 L/min cardiac output, and 35% systolic duration) using the Aptus® Bioreactors (Aptus Bioreactors, USA). High speed camera (500 frames per second) (Sony, Japan) was used to capture the opening and closure of the valve over cardiac cycles. The relative geometric orifice area was calculated using in-house matrix laboratory (MATLAB) code based on the percentage of the observed opened area over the maximum observable viewing area.



Statistical Analysis

Data were tested for normality using the Kolmorogov–Smirnov test and the Shapiro–Wilk test. A two-tailed t-test was used to test the means between the different groups using the GraphPad Prism software, US. p < 0.05 was considered as statistically significant.




RESULTS


Scanning Electron Microscopy Demonstrates the Carbon Fibers of Uniform Diameter and Structure

The topology of the carbon fibers showed a uniform, smooth, and solid structure. It consisted of numerous individual carbon fibers (Figure 1A) with a uniform diameter of 7 μm. The carbon fibers had no visible defects such as cracks, pits, or splits, and no pores (Figure 1C). The cross-section of the carbon fibers showed a solid structure with no internal pores, although some staggering was observed due to uneven cutting and fracturing (Figure 1B).


[image: Figure 1]
FIGURE 1. Scanning electron microscopy (SEM) images of uniform diameter and smooth surface of the carbon fibers. Images of the pristine carbon fibers as shown in (A) 1,000X, (B) 2,000X, and (C) 10,000X magnification show the pristine carbon fibers. Images of the carbon fibers with various oxygen plasma treatment, where (D) 10 min plasma oxidation at 30 W, (E) 20 min plasma oxidation at 30 W; (F) 30 min plasma oxidation at 30 W; (G) 30 min plasma oxidation at 90 W. Surface remains smooth up to 30 min of the oxygen plasma treatment at 30 W, but significant itching was observed with 90 W treatment. (H) shows the EDS analysis of the carbon fibers surface with the increase in oxygen content with increasing the time of plasma oxidation and the wattage.




Plasma Oxidation Disrupts the Smooth Surface of the Carbon Fibers

Plasma oxidation modified the carbon fibers with an oxide surface layer. The EDS showed oxygen mass increased from 1.4 to 2% with increased treatment time from untreated to 30 min at 30 W (Figure 1H). This treatment maintained the smooth surface of the carbon fibers without any signs of damage (Figures 1C–F). However, an enhanced wattage to 90 W showed the surface becoming rough with random indentations (Figure 1G) and a marginal enhancement of oxide formation to 2.1%. Therefore, it is concluded that 30 min of 30 W plasma oxidation could be administered without any damage to the surface of the fibers. This level of plasma oxidation was used in subsequent cellular experiments with carbon fibers.



Morphology of the hADSCs on Coverslips and the Carbon Fibers

The hADSCs were able to attach and spread on the carbon fibers in an aligned and elongated manner, along the length of both the pristine and plasma oxidized carbon fibers (Figures 2A–D). In addition, the hADSCs were able to wrap around a single carbon fiber as well as form a sheet of the hADSCs across the multiple fibers. Morphology of the hADSCs on the single carbon fibers was dissimilar to the hADSCs cultured on coverslips in such that they were elongated and spindly. The hADSCs grown on coverslips showed the typical flattened, spread out morphology with numerous filopodia extending from the cell surface. On reaching confluency, the hADSCs made good contact between adjacent cells with some overlapping of cells (Figure 2F).


[image: Figure 2]
FIGURE 2. The SEM images of the cultured human adipose-derived stem cells (hADSCs) on the pristine carbon fiber at a magnification of 1,000X (A) and 2,000X (B). (C,D) Show the cultured hADSCs on the plasma oxidized carbon fiber at a magnification of X1,000 and X2,000, respectively. (E) shows the proliferation (MTS) assay of the hADSCs on the pristine and plasma oxidized carbon fibers (**significant different with p < 0.05 base on the two-tailed t-test). (F) shows the SEM image of the control hADSCs on the coverslip at a magnification of X2,000.




Cell Colonization to the Carbon Fibers

Cell colonization of the hADSCs on the pristine and plasma oxidized carbon fibers was performed with and without dynamic seeding. Static seeding of 3 × 105 hADSCs to the carbon fibers resulted in poor adhesion, which was not quantifiable (not shown). This is most likely due to the settling of the hADSCs on the bottom of the well with little contact time to the carbon fibers. The dynamic seeding improved the contact time of cells to the carbon fibers resulting in quantifiable colonization. The MTS assay showed the cell colonization on the pristine carbon fibers (mean cell number 32,662, SD 1,609), which was further significantly improved by plasma oxidation (mean cell number 41,558, SD 1,982), p ≤ 0.05 (Figure 2E). The detected cell numbers in the non-plasma- and plasma-treated carbon fibers are 30 and 40 K, respectively. Therefore, the attachment efficiency is <10%, as there would be some proliferation.



The Phenotype of the hADSCs on the Carbon Fibers

Immunostaining was used to compare the phenotype of the hADSCs grown on coverslips, the pristine carbon fibers, and the plasma oxidized carbon fibers (Figures 3, 4). CD44 and CD105 were highly expressed on the hADSCs in all the 3 formats. CD90, another marker of mesenchymal stem cells, showed strong expression on both forms of the carbon fibers. The intermediate filament protein vimentin showed consistent staining of the hADSCs on all the formats.
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FIGURE 3. Single or dual immune staining of classic markers of the hADSCs on coverslips (control), the carbon fibers, and the plasma oxidized carbon fibers cultured over 3 weeks, where blue is nuclei stained with 4,6-diamidino-2-phenylindole (DAPI) immunostaining. The top row is a secondary negative control, row 2 shows positive green staining on CD44 and negative red staining of osteopontin, row 3 stains positive for CD105 marker (green) and negative staining for alkaline phosphatase (ALP) (red), row 4 stains positive for CD90 marker (green), and row 5 stains positive for vimentin marker (green).
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FIGURE 4. Single or dual immune staining of classic markers of the hADSCs on coverslips (as control), the carbon fibers, and the plasma oxidized carbon fibers cultured over 3 weeks, where blue is stained with DAPI immunostaining. The top row shows positive α-SMA (green) and SM22 (red) staining, row 2 shows positive EDA-fibronectin staining (green), row 3 shows positive calponin (green) staining, row 4 shows negative for CD31 (green) and Sox9 (red) staining, and row 5 shows positive vinculin (green) and negative for PPAR-γ (red).


Differentiation of the hADSCs was assessed by using markers for myofibroblastic, adipogenic, chondrogenic, and osteogenic differentiation. The hADSCs on coverslips showed weak homogeneous expression of SM22 (<20%) and a very low incidence of α-SMA (<10%) -positive hADSCs showed stress fiber staining. This expression was slightly higher between coverslips and the carbon fibers (Figure 4), indicating a low level of myofibroblastic activation. EDA-fibronectin, an early marker of myofibroblastic differentiation, showed enhanced expression on the untreated carbon fibers, but a similar low expression on the oxidized carbon fibers. Calponin showed a marked increase in expression on the untreated carbon fibers. There was no expression of CD31 on the hADSCs in any format; however, Sox9 showed weak expression in the hADSCs on the carbon fibers. There was no expression of PPARγ, osteopontin, or alkaline phosphatase. The expression of vinculin was enhanced on the carbon fibers (Figure 4).



Mechanical Properties of the Carbon Fibers

The mechanical testing of the carbon fibers was performed with multifiber strands to mimic the application scenario. Stress/strain curves were generated (Supplementary Figure 2) using the carbon fibers in the longitudinal direction with the mechanical properties shown in Table 1. The stress-strain curve showed an initial toe region, which might have resulted due to the initial straightening of the multiple carbon fibers strands. The modulus of elasticity, ultimate tensile stress, and failure strain of the carbon fibers were 140 (±4.14), 3.52 (±0.11), and 0.039 Gpa (±0.0036), respectively.


Table 1. Mechanical properties of the carbon fibers measured and human heart valve from literature.

[image: Table 1]



Analysis of the Range of Movement of Cusps and Sinuses

An example of a normal human valvular root stained with Alcian blue is shown in Figure 5A. The cusp of the valve is hinged onto the sinus wall as part of its structural support. Changes in the angles of each cusp and sinus over the cardiac cycle were measured in the region as shown in Figures 5B, 6C. It showed that the cusps—non-coronary cusp (NCC), right coronary cusp (RCC), and left coronary cusp (LCC) had a greater range of motion of 9–70° compared to a limited range of motion, 30–48°, for the coronary sinuses (Table 2).


[image: Figure 5]
FIGURE 5. Cross-section through a normal human valvular root stained with Alcian blue (blue) and Sirius red (pink) showing the expression of glycosaminoglycans (blue) and collagens (pink), respectively (A). The cusp is on the left and the sinus is on the right side. Overlaid CT images through a cross-section of a normal human valve at different phases of the systolic cycle (between 0 and 40% of the cardiac cycle is shown) (B) and angles, which were measured for all the 3 cusps and sinuses [non-coronary cusp shown in (C)].



[image: Figure 6]
FIGURE 6. The ventricular view of a tissue-engineered valve root without the carbon fiber (left) and a prototype of a tissue-engineered valve root incorporated with the carbon fiber (right) along the hinge area (A). Sample images of the opening and closure of a control valve root (B) and the carbon fiber embedded valve root (C) through a cardiac cycle in a pulse duplicator. The corresponding graph shows the tracking of their geometric orifice area (GOA) through a cardiac cycle. Both types of valves show a similar maximum GOA at around 60%.



Table 2. The angle of the cusps and sinuses formed to the perpendicular line going through the nadir of the annulus at different phases of the cardiac cycles.

[image: Table 2]

Measurements of the radii of the sinuses and cusps during valve opening and closure, and, consequently, of the curvature, showed a maximum range of 0.09–0.50 for the LCC and 0.08–0.15 for the corresponding sinus, left coronary sinus (LCS) (Table 3). Curvature was similarly greater for the NCC and RCC compared to their corresponding sinuses.


Table 3. Radius (mm) of the first third of cusp mid-curve and sinus mid-curve.
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Carbon Fiber Reinforced Cusp and Geometric Orifice Area of the Valve

To demonstrate the proof-of-principle that the carbon fibers can be embedded into PCL-sprayed nanofibers and maintained normal valvular cusp function, functional PCL nanofibrous heart valve roots with and without the carbon fibers (Figure 6A) were subjected to hydrodynamic testing in a pulse duplicator. The geometric orifice area at the end of the systolic phase in the model without the carbon fibers was 65% and this was very similar to the model with the carbon fibers at 62%. Both the models closed fully in the diastolic phase (Figures 6B,C).




DISCUSSION

In a load-bearing application such as the heart valve, biodegradable materials present a significant challenge in balancing the rate of polymer degradation vs. the continued mechanical function of the construct (2). Therefore, a strategy that incorporates the carbon fibers into the tissue-engineered constructs to ensure the continued function is proposed in this study.

Carbon fiber is a well-established material that is currently used in the construction industry such as suspension bridges for its superior strength, fatigue resistance, durability, flexibility, and elastic recovery. Thus, strategic incorporation of the carbon fibers into a biodegradable scaffold can ensure the continued load-bearing function of the targeted tissue. In addition, previous in-vitro and in-vivo studies on the other carbon fibers have yielded controversial results showing that the carbon fibers induced the growth of new tissue (11, 22) and other studies yielded opposite results (23, 24). Bone, ligaments, and tendon application have been previously the main focus of biocompatibility studies for carbon fibers. With the increased interest in regenerative medicine and tissue engineering, the interaction of the carbon fibers with stem cells is now relevant but has not been tested. In this study, we demonstrate that the carbon fibers are compatible with the hADSCs, support ECM deposition as evidenced by the expression of EDA-fibronectin, have superior strength, and are flexible enough to allow the free movement of the valve cusps when stitched into a tissue-engineered valve construct from the sinus wall, across the hinge region and into the belly of the cusp. This study has shown the potential use of these carbon fibers in heart valve tissue engineering.

We chose to examine the biocompatibility of the carbon fibers with the hADSCs since these cells are good candidates in seeding scaffolds for in-vitro tissue engineering strategies (25). In addition, the differentiation capacity of the hADSCs permits these cells to serve as an indicator for conditions that may favor the expression of adipogenic, chondrogenic, and osteogenic cell phenotypes (26). The hADSCs were able to adhere to the smooth surface of the pristine carbon fibers as shown with the SEM images and the MTS assay (Figure 2). Furthermore, the number of cells adhering could be significantly enhanced by prior activation of the surface by plasma oxidation, a process that leads to the production of acid oxides on the surface of the carbon fibers that enhances surface hydrophilicity, thereby enhancing surface activation energy suitable for matrix bonding (27).

The hADSCs that were cultured onto the carbon fibers retained their stem cell phenotype with no evidence of differentiation into adipogenic, chondrogenic, osteogenic, or endothelial cell phenotypes, However, there was some myofibroblastic differentiation with upregulation of α-SMA, calponin, and EDA-fibronectin. The plasma oxidized carbon fiber reduced this level of activation. The lack of differentiation to other phenotypes indicates that the cells are essentially inert to the carbon fibers as previously reported (28). With respect to in vitro heart valve tissue engineering, the use of hADSCs and the carbon fibers may prove useful especially, as the hADSCs were shown to retain their phenotype and specific differentiation can be induced and guided by the application of growth factors, peptides, and compounds. We have previously shown that using an active lysine-threonine-threonine-lysine-serine (KTTKS) peptide motif enhanced the secretion of ECM components (29) and using specific motifs can drive the expression of tissue-specific ECM proteins. Combining surface activation with plasma oxidation, the carbon fibers can be easily linked to specific bioactive peptides or biomolecules through carbodiimide chemistry.

The native heart valves have mechanical stiffness in the range of 1 to 2 MPa in the radial and 10 to 20 MPa in the circumferential directions, with ultimate tensile stress (UTS) of 0.4 MPa in the radial and 2.6 MPa in the circumferential directions (21, 30, 31) as shown in Table 1 and a typical polymeric porous scaffold used in heart valve tissue engineering has significantly lower mechanical stiffness in the range of 3 to 6 MPa and UTS in the range of 0.4 to 0.7 MPa (31) due to its porous nature to allow for cell colonization. Furthermore, tissue-engineered scaffolds suffer from further deterioration during long implantation periods due to biodegradation and repetitive stress. The engineering application of carbon fibers has been used extensively as a reinforcement component in composite materials due to their ultra-high strength. Therefore, the carbon fiber could be used to form part of a composite scaffold to reinforce it. Mechanical testing of the carbon fibers showed them to have an extremely high modulus of 140 GP (±4.14) and ultimate tensile strength at 3.52 Gpa (±0.11) in the direction of the carbon fibers. These fall in the range of the other carbon fibers produced from PAN and mesophase pitch (MPP) (32).

Despite the high modulus of the carbon fibers, one important design constraint with the carbon fibers was that they became brittle and snapped if they were forced to bend at a sharp 90° angle. This has been reported previously when used in reconstruction for chronic anterior cruciate ligaments, where they found that the carbon fibers broke under twisting or angular forces (33). The brittleness of the carbon fibers at a sharp 90° angle could be a design constraint for heart valve tissue engineering. As a first step, we calculated the angle between the sinus wall and the valve cusp varied during the opening and closing phases of the valve. CT-based analysis of the movement of the aortic cusps in relation to each corresponding sinus showed a great range of movement of the cusps and a maintained curvature at the hinge area, despite the significant changes in angles in the hinge area. These calculations showed that the angle between the sinus wall and each of the three valve cusps did not exceed a 90° angle. Furthermore, as a proof-of-principle, the embedding of carbon fibers across the radial direction of the tissue-engineered heart valve showed that the geometric orifice area and leaflet motion of a tissue-engineered valve in a bioreactor were unaffected by the incorporation of the carbon fibers. In this configuration, the carbon fibers utilized the sinus wall as a pillar in a suspension bridge to transfer the load on the valvular cusp during the diastolic phase, while allowing the heart valve to open without significant obstruction.

This study establishes the potential utility of the carbon fibers in tissue-engineered heart valves. There remain several additional studies that are required to assess if the carbon fibers will provide any benefit to the durability and function of tissue-engineered heart valves. The carbon fibers used in this study were sewn into the cusps in a radially orientated line across the width of the cusp; these carbon fibers may not necessarily be the optimal width apart or in the best orientation. Further studies are required to establish the potential long-term benefits of the reinforcement of scaffold material on the durability and functions of tissue-engineered heart valves both in vitro and in vivo studies. This study has used one cell type to assess the biocompatibility of the carbon fibers. Previous studies have also shown the carbon fibers to be compatible with cells, but this may be dependent upon the types of carbon fiber used (34–36). Assessment of the cellularization of scaffold materials containing the carbon fibers in vivo will be the ultimate test of biocompatibility.



CONCLUSION AND FUTURE STUDY

In this study, we demonstrated that the carbon fibers can be populated by the hADSCs without stimulating their differentiation. The carbon fibers were sufficiently flexible to be incorporated into an in vitro functioning tissue-engineered heart valve without restricting the motion of the cusps. Further study is required to optimize the carbon fiber distribution/pattern and embedding method in order to optimize their potential to enhance the durability and hemodynamic performance of tissue-engineered heart valves.
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Atherosclerosis is the primary cause of hardening and narrowing arteries, leading to cardiovascular disease accounting for the high mortality in the United States. For developing effective treatments for atherosclerosis, considerable efforts have been devoted to developing in vitro models. Compared to animal models, in vitro models can provide great opportunities to obtain data more efficiently, economically. Therefore, this review discusses the recent progress in in vitro models for atherosclerosis studies, including traditional two-dimensional (2D) systems cultured on the tissue culture plate, 2D cell sheets, and recently emerged microfluidic chip models with 2D culture. In addition, advanced in vitro three-dimensional models such as spheroids, cell-laden hydrogel constructs, tissue-engineered blood vessels, and vessel-on-a-chip will also be covered. Moreover, the functions of these models are also summarized along with model discussion. Lastly, the future perspectives of this field are discussed.
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INTRODUCTION

Cardiovascular disease (CVD) is the severest global health concern and the primary leading cause of mortality in the United States, resulting primarily from atherosclerosis (1, 2). In vivo models, ranging from rats to pigs to non-human primates, have been employed as the gold standard to explore valuable insights into atherosclerosis and predict novel drug safety and efficacy for atherosclerosis treatment (3, 4). However, current in vivo atherosclerosis models suffer issues, such as inevitable interspecies differences in the genome, biological varieties, limited genetic variability, and low throughput. In particular, large-sized in vivo atherosclerosis model development requires a costly high-fat diet, genetic manipulation, and extensively long induction time, leading to a prolonged life cycle of pharmaceutical research with increased expense (3). In addition, these issues in large animal models also have hindered the widespread use of these systems in research. In contrast, the induction of atherosclerosis models in small animals, such as mice and rabbits, is cheaper and less time consuming; however, these models commonly develop atherosclerotic lesions in carotid arteries and aortic arches, different from the patients who often develop atherosclerosis in their coronary arteries (3, 4). Given these unsolved issues, there is a high chance that the newly discovered lead compounds showing therapeutic efficacy in the animal models would fail to demonstrate comparable efficacy in patients. In comparison to in vivo models, in vitro models provide great opportunities to assess drug efficiency and toxicity as well as explore biological mechanisms in a reproducible, economical, high throughput, and controllable manner (5, 6). Those advantages render them valuable platforms for atherosclerosis-associated mechanistic investigations and new therapy development.

In vitro models are usually classified into 2D and 3D models. The traditional in vitro 2D models generally refer to the monolayer of cells created by seeding cells on the tissue culture plates (TCP) followed by cell culture in a static condition. In this system, the cells usually adhere and spread on the flat surface. Due to their high availability and low cost, such systems are the most widely used to evaluate drug efficacy and toxicity and study biological processes. In addition to the traditional 2D systems, cell sheet tissue engineering and microfluidic technology have brought about tissue-engineered 2D cell sheets and microfluidic chips with 2D culture to improve the recapitulation of the human physiological and pathological environment (7–9). However, despite being more advanced than traditional 2D systems, both models still cannot faithfully replicate the human pathophysiology, thereby encouraging more advanced in vitro models. An ideal in vitro system should emulate the 3D human tissue architecture with proper cellular components and disease features. Therefore, a considerable effort has been made to develop in vitro 3D models with structures that mimic human 3D tissues for modeling pathological processes for elucidating disease development and new drug evaluation, ranging from cancer (10), the blood-brain barrier (11, 12), neurodegenerative diseases (13), cardiac fibrosis (14), to atherosclerosis (15).

In this review, we summarize the recent progress in in vitro models for atherosclerosis studies, including 2D in vitro models, such as traditional 2D cultures on TCP, 2D tissue-engineered cell sheets, and newly emerging microfluidic chip models with 2D culture. Moreover, we discuss the state-of-the-art in vitro three-dimensional (3D) models in the context of spheroids, cell-laden hydrogel constructs, tissue-engineered blood vessels (TEBVs), and vessel-on-a-chips (Figure 1). Pathology of atherosclerosis is also included to facilitate understanding of these models and their applications for mechanistic studies. Lastly, we also highlight the future perspectives of this field.


[image: Figure 1]
FIGURE 1. (A) Schematic showing the disused in vitro models for atherosclerosis studies in the review. (B–G) Examples of data regarding different in vitro models covered in the review: (B) Endothelial cells (ECs) (top) and Smooth muscle cells (SMCs) (bottom) stained with EC and SMC phenotype markers in 2D transwell model. (C) 2D cell sheet (left) that expresses fibronectin (right). (D) 3D microfluidic vessel on a chip (left) made of green fluorescence protein-expressing human umbilical vein endothelial cells (right). (E) SMC spheroid (top) and EC/SMC spheroid (bottom). (F) 3D SMC laden hydrogel constructs (left) and stained with SMA-α (right, green). (G) 3D tissue-engineered blood vessels (left) and stained with monocytes and LDL (right). Adapted, with permission from (16) (B), (17) (C), (18) (D), (19) (E), (20) (F), and (21) (G).




PATHOLOGY OF ATHEROSCLEROSIS

Atherosclerosis, a chronic inflammatory disease, results in plaque formation within the intimal layer of arteries (22). Several risk factors can increase the likelihood of atherosclerosis development. The most well-known is low-density lipoprotein cholesterol (LDL-C). Typically, atherosclerosis is initiated by the passage of LDL-C through arterial endothelium and accumulates within the intima, which induces endothelial dysfunction with adhesion molecule expression, an essentially biological process for atherosclerosis initiation (Figure 2A) (23). Similar to LDL-C, an abnormal and turbulent flow within the arterial lumen also elevates the risk of atherosclerosis by inducing adhesive molecule expression (24). High-density lipoprotein cholesterol (HDL-C) is inversely related to the risk of developing atherosclerosis; however, evidence suggests no protective role for HDL-C against atherosclerosis (25). The seemingly futile behavior could be due to compositional and functional modifications of HDL-C by inflammatory mediators (26). Other risk factors may include hypertension, chronic kidney disease, aging, and hyperglycemia (27).


[image: Figure 2]
FIGURE 2. This scheme illustrates the development of an atherosclerotic plaque from left to right in a longitudinal section of an arterial vessel: (A) Upon activation by metabolic or inflammatory triggers, endothelial cells express adhesion molecules (Ad. mol.) that promote the recruitment of monocytes (Mono); (B) Monocyte differentiate into macrophages (Macro) and uptake Ox-LDL, leading to foam cell formation; (C) Macrophage (Macro) and foam cells eventually die and fall apart, thereby forming a necrotic core; (D) Advanced, vulnerable plaques can rupture and thereby form an arterial thrombus. Adapted, with permission, from (23) (A–D).


Although there is controversy, the most prevalent theory describes the progression of atherosclerosis strongly depending on the activation of the inflammatory response; thus, circulating monocytes, critical players within innate immunity playing a crucial role in inflammation activation. Specifically, those monocytes are responsible for infiltrating the lesion site, differentiating into macrophages, and internalizing oxidized LDL (Ox-LDL) that gives rise to foam cells, the primary cellular components found in the plaque, thereby triggering an inflammatory reaction (Figure 2B) (23, 28). Additionally, some evidence suggests that macrophages may locally proliferate to accelerate foam cell genesis (29). As the disease progresses, a fatty streak composed of aggregated foam cells forms in the lesion and further aggravates the inflammation. As the disease advances by increased inflammation, an atheroma may grow in the lesion and becomes increasingly fibrous. With the inflammation continuously becoming severe, local cells undergo apoptosis. The intense inflammatory response in the plaque may be mitigated if efferocytosis occurs, whereby macrophages clear apoptotic cells; however, in most cases, as the atherosclerotic plaque advances, macrophages experience cellular reprogramming that restrains their efferocytotic capacity. As more and more apoptotic cells fail to be removed, a necrotic core forms within the lesion (Figure 2C) (23, 30).

In addition to monocytes and macrophages, smooth muscle cells (SMCs) play a vital but paradoxical role in atherosclerosis by either advancing or protecting disease progression. Since SMCs are not terminally differentiated, they undergo phenotype transition in an atherosclerotic environment. The phenotype variations of SMCs may implicate a loss of contractility, reduced SMC contractile markers, increased proliferation and migration of SMCs (31), and upregulated production of proteoglycans. It is worth noting that SMCs can express macrophage and endothelial cell markers instigating ambiguity among the atherosclerotic players. Additionally, recent studies showed that SMCs could transform into macrophage-like cells, internalize Ox-LDL, and become foam cells (31, 32), thus contributing to the generation of the necrotic core and promoting atherosclerosis progression. Despite that, SMC phenotypes can also produce a fibrous cap that stabilizes the plaque, reduces the risk of rupture, and prevents thrombus formation. Without such stabilization, the plaque may rupture, leading to thrombosis that often occurs in advanced stages of atherosclerosis (Figure 2D) (23). In addition, SMCs present within the atheromatous plaque may form a mineralized matrix resulting in calcium deposits. Early microcalcifications have been shown to destabilize the plaque, while more extensive calcifications serve as a stabilizing component to the atheroma (33, 34).



IN VITRO 2D MODELS FOR ATHEROSCLEROSIS STUDIES

2D in vitro models are essential for studying the pathology of various diseases and drug evaluation, which have been extensively used for decades. The most common 2D in vitro models are single-cell culture systems, which contain only one type of cell component observed in the atherosclerotic plaque, such as ECs, SMCs, macrophages, and foam cells. Single-cell cultures have been used to assess new types of therapeutics, such as microRNA (35, 36) and exosomes (37, 38), and investigate mechanistic studies associated with atherosclerosis. However, recently they have been widely applied for evaluating the efficacy of drug-loaded delivery systems for treating atherosclerosis due to the issues observed in free drug administration (Table 1). Despite the wide use of single-cell models, single-cell models may not be sufficient to obtain a reliable prediction for therapeutic efficacy in patients due to their inability to mimic the native structure of vessels and features of human plaques. Thus, to gain significant insights into therapeutic efficacy and atherosclerosis pathogenesis, single-cell models are commonly used along with in vivo models.


Table 1. Summary of in vitro 2D single-cell culture model and its specific function for evaluating drug delivery system for atherosclerosis.
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In addition to the single-cell culture systems, research has been focused on developing co-culture models for atherosclerosis-associated studies. The co-culture systems include direct cell-to-cell and indirect transwell co-cultures. It was reported that, as far back as 1986, various cell types involved in atherosclerosis pathology—including ECs, SMCs, and macrophages—were used in various direct and indirect co-culture studies to create blood vessels for examining inflammation and its role in atherosclerosis (59–63). Furthermore, with the advancement of the engineering approach, considerable efforts have been made to develop advanced in vitro 2D systems, where cells are seeded in 2D scaffolds or microfluidic chips for better mimicry of the physiology and pathology of atherosclerosis environment. In this section, we summarize these systems.



SINGLE-CELL MODEL

Single-cell models have been widely used for assessing drug delivery systems due to their high availability and ease of fabrication. These single systems include only macrophages, SMCs, ECs, or foam cells (Table 1). One of the applications of these single-cell systems in the drug delivery field is to evaluate the cellular uptake of those systems. In one study, Schwendeman et al. developed a single-cell model composed of THP-1 monocytes differentiated macrophages to evaluate the cellular uptake of these DiD dye-labeled synthetic high-density lipoproteins (DiD-sHDL) (41). It was shown that 99% of macrophages showed DiD positive after 2 h incubation with the particles. In addition to macrophages, other cell types, such as TNF-α treated HUVECs and mouse vascular smooth muscle cells (VSMCs), have also been employed to demonstrate the efficient cellular uptake of DiD labeled macrophage membrane functionalized biomimetic nanoparticles and Cy5 labeled β-cyclodextrin nanoparticles, respectively (44). Besides, the Liu group reported the development of single-cell systems composed of either HUVECs, RAW cells, or foam cells to investigate the cellular binding of platelet mimicking nanoparticles to these cells. Using these single-cell systems, they found those platelet mimicking nanoparticles showed strong binding to foam cells in contrast to no binding to other types of cells (51).

The anti-atherosclerotic function of a therapeutic loaded drug delivery system is dependent on the effects of these drug delivery systems on several critical biological processes strongly associated with macrophages or macrophage-derived foam cells, such as ROS generation, foam cell formation, and cholesterol efflux, and inflammation resolution (Table 1). Thus, macrophages have been widely used to evaluate the drug delivery system's effect on these processes. One typical example is using the macrophages to evaluate the regulation of the cholesterol efflux and influx resulting from drug delivery systems by Ghosh et al. They showed that the simultaneous delivery of siRNA and LXR ligand via mannose-functionalized dendrimeric nanoparticles (mDNPs) could significantly decrease cholesterol content in the macrophages (42). In addition, macrophages in the plaque have been demonstrated to express ca2+/calmodulin-dependent solid protein kinase (CaMKIIγ) and suppress the efferocytosis receptor, thereby leading to plaque necrosis and efferocytosis suppression. Macrophage systems have been used to investigate the drug delivery system's effect on efferocytosis and plaque stability. For checking the effect of siRNA nanoparticles on efferocytosis, bone marrow-derived macrophages were incubated with siRNA-loaded nanoparticles by the Shi group. It was shown that the CaMKIIγ expression was significantly decreased by the siRNA-loaded nanoparticles, thus increasing macrophage efferocytosis and plaque stability (55). Besides enhancing efferocytosis, the induction of inflammation resolution by therapeutic-loaded drug delivery systems is also investigated for treating atherosclerosis. One typical example demonstrated by the Scott group, where the macrophages were treated with the anti-inflammatory nanocarriers, celastrol-loaded nanocarriers, showed significantly less production of TNF-α than those untreated ones (45).

In addition to evaluating therapeutic loaded drug delivery systems, single-cell models have been applied to explore the mechanism associated with atherosclerosis pathogenesis. For instance, ECs have been used to evaluate various pathophysiological stimuli, such as pro-inflammatory cytokines, hemodynamic forces, hypercholesterolemia, and hypertension, on endothelial dysfunction, inflammation, and cellular senescence in atherogenesis (24, 64–70). In addition, Single-cell systems composed of SMCs or monocytes have been used to assess these stimuli' effects on SMC phenotype change, monocyte differentiation, and foam cell formation, which may be a critical process in developing atherosclerosis (71–80). Table 2 summarizes some recent typical single-cell model examples of atherosclerosis mechanism exploration.


Table 2. Some examples in recent studies using a single-cell model for atherosclerosis mechanism exploration.
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CO-CULTURE SYSTEMS


Direct Cell-to-Cell Interaction

Direct cell-to-cell interaction involves the culture and seeding of different cell types either on top of one another or next to each other with direct contact on TCP. This type of co-culture system has been used to study cell interaction and adhesion influenced by specific factors involved in the pathogenesis of atherosclerosis. For example, Goldschmidt-Clermont et al. developed a co-culture system consisting of vascular smooth muscle cells (VSMCs), monocytes, and macrophage colony-stimulating factor (M-CSF), to investigate macrophage activation and adhesion to VSMCs. Their results showed significant adhesion and clustering of M-CSF activated macrophages on the VSMCs and a VSMC apoptosis rate up to 60% (96). Later, Natarajan et al. expanded upon using diabetic VSMCs and the monocyte system to study diabetic condition impact on monocyte adhesion and atherosclerosis development. Through such a co-culture model, they found that monocyte binding on VSMCs was significantly higher in the presence of glucose in a dose-dependent manner, indicating diabetes may promote atherogenesis (97). Changes in VSMC phenotype due to vascular injury play a critical role in developing atherosclerotic lesions. Thus, in another study, Panitch et al. developed a hyperplastic cell co-culture model to the close mimicry of vascular injury and studied vascular injury's effect on SMC phenotype changes. For creating the injury model, a low density of ECs was seeded onto aortic smooth muscle cells (ASMCs). Utilizing this model, they showed that incomplete endothelialization resulted in switching the phenotype of ASMCs from healthy and contractile to an uncontrolled proliferative state, which plays an essential role in promoting atherosclerotic lesion development (98).

Besides that, using 2D co-culture systems, many studies have examined the correlation between chronic multi-bacterial infections, such as periodontal bacteria, and their impact on atherosclerosis development (99–102). Specifically, Yamamoto et al. created a co-culture of monocytes and human umbilical vein endothelial cells (HUVECs). They demonstrated that introducing Porphyromonas gingivalis (P. gingivalis), a common bacterium in periodontal infections, to a co-culture led to a significant increase in monocyte attachment to HUVECS and inflammation (103). To further study this risk factor, Huck et al. examined P. gingivalis and its modulatory effects on EC apoptosis using a co-culture system composed of P. gingivalis and activated ECs. It was found that EC metabolic activity and cell viability significantly decreased when ECs were co-cultured with P. gingivalis (104). Also, establishing a co-culture system composed of A. Actinomycetemcomitan and EC, Lafaurie et al. showed the human coronary ECs incubated with A. actinomycetemcomitans generated a severer pro-inflammatory environment compared to the controls (105). These studies discussed here demonstrated that the co-culture models are crucial tools for analyzing chronic multi-bacterial infections and studying their effects on the risk factors for atherosclerosis, including inflammation, EC apoptosis, and monocyte adhesion.

Apart from mechanistic studies, 2D co-culture models have also been employed to evaluate potential treatments for atherosclerosis; nevertheless, they are not as popular as single-cell culture. One recent associated study was shown by Porrini et al., where the authors investigated the effects of polyphenols on atherosclerosis initiation using a co-culture inflammatory model composed of HUVECs, THP-1 cells, and TNF-α (106). Moreover, the Wong group reported a similar study, where the authors developed a human microvascular endothelial cell (HMVEC) and THP-1 cell co-culture system to demonstrate the remarkable efficacy of miR-146a-loaded microparticles on EC inflammation and monocyte adhesion on HMVECs (107). In another study, Li et al. also created EC and THP-1 co-culture systems to show that the newly developed peptide-based high-density lipoprotein (pHDL) could inhibit THP-1 cell adhesion and achieve a similar inhibition effect human HDL (108). Thus, these studies demonstrated an in vitro EC/monocyte platform for testing potential treatments for suppressing atherosclerosis initiation.



In-direct Transwell Co-culture

Unlike direct co-culture, the indirect co-culture model utilizes transwells, providing a platform to investigate cellular responses by secretory pathways and cytokine production. The model utilizes a well plate with transwell inserts, where at least one cell type is grown on the transwell membrane filter insert or the bottom of the well of the plates.

Studies utilizing the transwell indirect co-culture model aim to explore the non-contact interactions between ECs, monocytes, and SMCs, thereby gaining a deeper understanding of atherogenesis. For instance, Natarajan et al. examined direct and indirect interactions of THP-1 cells with VSMCs using a transwell model. In this study, THP-1 cells were cultured with HVSMCs at the bottom of the well plate or in the transwell insert alone. The binding of VSMCs to THP-1 cells in the well plate led to increased Akt phosphorylation and THP-1 proliferation. In contrast, the THP-1 cells alone in the transwell insert did not show increased proliferation. This finding demonstrated that physical contact of monocytes and VSMCs might represent a critical mechanism accounting for abnormal accumulation of monocytes in the plaque, a crucial step leading to the development of atherosclerosis (109). A similar study performed by Maffia et al. demonstrated a new 2D co-culture transwell model to investigate the interaction among three key cell players in atherosclerosis development without any direct cell-cell contact. The model consisted of THP-1 in the well as well as SMCs and ECs on the underside and upper surface of the transwell insert, respectively. Findings showed that soluble factors released from ECs/THP-1 along with SMCs promoted CDH5 expression, indicating that the co-culture systems could improve the EC junction integrity (16). Similarly, Lee et al. used a transwell model to examine how the glycolaldehyde-induced advanced glycation end products (glycol-AGEs) would affect the proliferation and inflammation of SMCs. The transwell system was created by seeing SMCs in the well plate and then co-culturing HUVECs and THP-1 cells in the transwell insert. Interestingly, using this system, it was found that SMC proliferation and inflammatory cytokine production were increased upon adding glycol-AGEs in the co-culture system, while no differences were observed in the SMC-only group. Thus, this study suggested that a transwell co-culture system was of great importance for evaluating the effects of a specific compound on cell proliferation and inflammation for atherosclerosis research (110).

Various research groups have reported using transwell models to study the effects of interactions between ECs and monocytes on trans-endothelial migration, promoting atherosclerosis development. For instance, Hajishengallis et al. incorporated a transwell co-culture model to investigate monocyte adhesion and migration under chemoattractant-induced inflammatory conditions induced by P. gingivalis (111). For making this model, a confluent monolayer of HUVECs was first seeded in the transwell insert and cultured with THP-1 cells transfected with human CD14 and P. gingivalis. By utilizing such a system, substantial evidence showed that the activation of the CD11b/CD18 receptors by P. gingivalis increased THP-1 cell adhesion to the HUVECs and improved the THP-1 migration rate and amount through the confluent HUVEC layer to the well plate (111). In addition, to study the development of foam cells from peripheral blood mononuclear cells (PBMCs) in an atherogenesis environment, Muller et al. created a unique transwell model with HUVECs, TNF-α, and LDL in a transwell insert and PBMCs in the well plate. Through this specifically designed system, the authors found that TNF-α activated HUVEC led to a modification of LDL into Ox-LDL and resulted in the formation of foam cells derived from PBMCs (112). The study demonstrated the significance of using the transwell system to understand foam cell formation's mechanism in an early stage of atherosclerosis.



2D Cell Sheets

As discussed in the previous sections, many co-culture methods have been established for studies of cell-cell interactions; however, culture plate surfaces do not adequately mimic extracellular matrix (ECM) conditions, therefore impacting the cell behaviors (113). In contrast, native scaffolds with a unique avenue to overcome these limitations have been used in developing tissue-engineered 2D cell sheets (114). Taking decellularized ECM scaffolds as examples, they can provide a biocompatible and physiological mimicking environment necessary for cell adhesion, migration, proliferation, tissue morphogenesis, differentiation, and eventual homeostasis (17, 115, 116). In addition to decellularized ECM, scaffolds made by collagen and fibrin, the predominant structural proteins within the ECM, also allow cell adhesion and growth, cell-matrix interaction, and tissue function regulation, which have also been employed for cell sheet fabrication. One interesting study was conducted by the Kim group, where the authors generated cell sheets by decellularizing carotid arteries first, then using the obtained ECM from the arteries for bone-marrow cells (BMCs) seeding and differentiating the BMCs into EC and SMCs (117). In addition to carotid arteries, Choi et al. created decellularized ECM from human adipose tissue and utilized it to fabricate cell sheets with fibroblasts, SMCs, chondrocytes, and ECs (118–120). Those sheets mimic the cell components of an artery, which may serve as great tools for exploring atherosclerosis development mechanisms. Although decellularized ECM was shown to generate cell sheets in these studies, 2D models using decellularized ECM for atherosclerosis models are limited by mechanical stability, batch-to-batch variability, and ECM content qualification (121).

In addition to decellularized ECM, other scaffolds have also been used to develop cell sheets that can partially mimic artery structure. For instance, Wong et al. seeded VSMCs on degradable, tyramine-conjugated carboxymethyl cellulose and alginate hydrogel scaffold to create patterned VSMC cell sheets that could be stacked in alternating angles to mimic the native arterial medial layer (122). Kim et al. also made SMC cell sheets by seeding SMCs on dishes coated with a thermo-responsive polymer film composed of polyurethane acrylate, glycidyl methacrylate, polyethylene terephthalate with amine-terminated poly (N-isopropyl acrylamide) (PIPAAm) (123). Because of the temperature-responsive property of PIPAAm, the cell sheets could be detached by reducing the culture temperature (123). PIPAAm based approach has been widely used for cell sheet fabrication, which was discussed in the previous review (124). Nevertheless, because of the long detachment process and high cost of PIPAAm coated dishes, polystyrene has been investigated as a cost-effective alternative to fabricating the pre-vascularized SMC sheets (125). Although cell sheets have not been employed as in vitro models for atherosclerosis-related application, they hold great potentials for atherosclerosis research due to their layered structures with cellular components similar to the tunica intima and media of the human artery.



2D Microfluidic Chips

Recently, advanced in vitro systems, microfluidic chips, which combine micro-analysis and dynamic culture, have emerged as innovative platforms for various applications, ranging from life sciences research to drug screening and analysis (7, 8). Compared to conventional 2D systems on TCP, microfluidic chips have distinct advantages, such as enhanced sensitivity, continuous monitoring and feedback, the inclusion of flow, and continuous medium supply, making them promise candidates for conducting research associated with atherosclerosis. Generally, microfluidic devices can be classified into 2D or 3D models, dependent on the culture methods. However, in this section, we only summarize the 2D microfluidic chips (126). The 3D microfluidic chips will be discussed in the later 3D model section.

Endothelium plays an essential role in maintaining vessel functions, vascular integrity, and homeostasis. Dysfunctional endothelium with high permeability is regarded as one of the hallmarks of atherosclerosis initiation (127). Modeling functional endothelium in vitro is particularly important to improve our knowledge of atherogenesis at the molecular level. Thus, tremendous efforts have been devoted to the rational design of endothelium-on-a-chip to understand the effects of various factors on EC function. For instance, Jiang et al. developed an endothelium-on-a-chip to investigate the effects of shear stress, glucose, LDL on reactive oxidative species (ROS) production and EC function in the early atherosclerosis stage. To generate a model to closely mimic the hyperglycemia or hyperlipidemia environment in the atherosclerosis prone area, ECs were seeded in the chip to form an endothelium-like monolayer, followed by treating the EC layer with glucose or LDL under low fluid shear stress and cyclic stretch, respectively. Using this model, the authors found that the ECs seeded on the hyperlipidemia chip model showed a sharper decrease of VE-cadherin level than the ECs exposed to the same condition but cultured on the peri dish (128). This observation indicated a more pronounced cellular response from the chip model than the peri dish model, demonstrating the advantages of using chip models for atherosclerosis studies. Also, to investigate the effects of two ECM proteins, fibronectin and collagen, on endothelial inflammation, Gweon et al. created a microfluidic EC chip model by incorporating fibronectin or collagen-coated polyacrylamide hydrogel onto a chip followed by EC seeding (129). An interesting result was obtained by using this model—the ECs on fibronectin hydrogel showed a more disrupted barrier, higher permeability, and less prominent cellular elongation and orientation than the ECs on collagen-coated hydrogel upon shear stress (129). In addition, in a recent study, an endothelium-on-a-chip with specially designed ridged-shaped patterns was developed by Baratichi et al. to explore how disturbed flow affected the EC orientation, size, and nuclear shape using an endothelium-on-a-chip with specially designed ridged-shaped patterns (Figure 3A) (130). This unique design allowed the system to generate disturbed flow with low shear stress between the ridges on the chip. With the application of such system, it was revealed that, under the disturbed flow generated by the chip, EC stress fiber orientation was perpendicular to the flow, in great contrast to the ECs exposed to laminar flow or static condition, of which the fibers showed alignment along with the flow or no specific pattern, respectively (Figure 3B). Additionally, the disturbed flow was found to increase the nucleus circularity index of the cells but decrease the nucleus area compared to the laminar or static flow (130). This study demonstrated the great value of endothelium-on-a-chip for studying the hemodynamic force effect on ECs. In another study, Liu et al. endeavored to use an endothelium-on-a-chip model, and ICAM-1 modified nanoparticles for real-time evaluation of TNF-α triggered endothelium activation. This chip system included two channels separated by a semi-permeable membrane for seeding cells and activating endothelium, allowing the real-time monitoring of ICAM-1 expression on the activated endothelium by analyzing the amount of ICAM-1 antibody-modified NPs binding to the endothelium-on-a-chip. The study showed the great potential of using endothelium-on-a-chip for real-time atherosclerosis mechanism study (132).
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FIGURE 3. (A) The process of assembling the main block and the PDMS substrate with ridge obstacles, with the inset showing the zoomed-in PDMS substrate. (B) A confluent layer of HAECs cultured under (i) laminar flow, (ii) disturbed flow, and (iii) static condition, following which the actin cytoskeleton was labeled with Atto 565-phalloidin. (C) Diagram of the co-culture model. (D) Foam cell formation after being treated with atorvastatin and LDL at different concentrations. Adapted, with permission from (130) (A,B) and (131) (C,D). **P < 0.01.


Monocyte recruitment by dysfunctional endothelium promotes atherosclerosis progression. The design of endothelium-on-a-chip to elucidate the mechanism of monocyte-endothelium interaction has attracted increasing research interest. An example was demonstrated by Hou et al., who developed a constriction controllable endothelium-on-a-chip to investigate the monocyte attachment to the ECs stimulated by 50 or 80% constriction conditions (132). Remarkably, the authors demonstrated that the THP-1 cell attachment to the ECs was strongly dependent on constriction (132). In another study, Jeon et al. designed an endothelium-on-a-chip model to explore the interaction between THP-1 cells and ECs upon lipopolysaccharide (LPS) stimulation. Utilizing such a chip, the authors found that LPS could induce a longer migration distance of THP-1 through endothelium (133).

Along with elucidating the crucial factors regulating EC function and interaction between ECs and monocytes, the endothelium-on-a-chip has also been employed to evaluate nanoparticle behaviors in an atherosclerosis environment. For example, in one study, an endothelium-on-a-chip system was developed to evaluate the translocation of lipid-hybrid nanoparticles over dysfunctional endothelium (134). Dysfunctional endothelium was induced by treating the endothelium-on-a-chip with TNF-α and controllable shear stress. Notably, using this chip system, the authors found that the nanoparticles could translocate through the dysfunctional endothelium but were excluded by the healthy endothelium. Notably, the in vitro data obtained from the chip system was well-correlated with the result observed in vivo, indicating that the in vitro chip model can predict nanoparticle behavior in vivo (134). Likely, Jiang et al. demonstrated the combined use of endothelium-a-chip models and animal models to evaluate the potential of using platinum-NPs to treat atherosclerosis. The in vitro chip model results showed great consistency with the in vivo model's data, which demonstrated that the antioxidant property of platinum-NPs that scavenged hyperlipidemia induced ROS in ECs in vitro and decreased the expression of vascular cell adhesion protein 1 (VCAM-1) in vivo (128). These studies discussed here showed a good promise of the endothelium-on-a-chip system to study the nanomedicine effect on dysfunctional endothelium.

Apart from the simple chip systems only including ECs, Ding et al. established a stretchable microfluidic chip model composed of VSMC layer, HUVEC layer, foam cells, LDL, and a non-uniform stretched chip film to investigate the efficacy of atorvastatin and associated underlining molecular mechanism (Figure 3C). The stretching was induced by the manual deformation of the chip film where the cells were cultured, thus, generating an atheroprone-like microenvironment with disturbed shear stress. Using this model, the authors found that atorvastatin (50 ng/mL) significantly inhibited foam cell formation (Figure 3D), reduced ROS, and led to an up-regulation or down-regulation of crucial genes associated with atherosclerosis. More importantly, based on these data generated by utilizing the model, the authors proposed an appealing working mechanism of atorvastatin in atherosclerosis (131). This study demonstrated that endothelium-on-a-chip could not only be applied for drug evaluation but also a mechanistic investigation related to atherosclerosis development.




IN VITRO 3D MODELS FOR ATHEROSCLEROSIS STUDIES

Traditional in vitro 2D platforms for atherosclerosis studies are limited to 2D, lacking physiological 3D structure observed in in vivo and failing to provide proper pathological compositions of human atherosclerotic plaque. In addition, 2D culture also has issues with substrate topography and stiffness (135). Therefore, the data obtained from the 2D culture system may provide misleading information regarding the safety and efficacy of the lead compound. In contrast, 3D culture, which has emerged as a helpful approach, can generate cell constructs that recapitulate the 3D structure of the organ with more naturally grown ECM, thus providing better EMC-cell and cell-cell interaction and allowing appropriate cell behaviors observed in in vivo (126, 136). Moreover, the 3D models can improve the predictability of therapeutic toxicity and sensitivity. It has been reported that the drug response of the 3D model is different from that of the 2D model; significantly higher drug resistance has been observed in the 3D model compared to 2D models (10). Given their unique advantages, developing in vitro 3D models has been of growing interest for atherosclerosis modeling and drug testing. Generally, in vitro 3D models can be developed by bio-fabrication, an approach that generates organized structures with biological function using living cells, cell aggregates, biomaterials, and bioactive molecules via bio-assembly or bio-printing followed by tissue maturation (137).



IN VITRO 3D SPHEROIDS

3D spheroid is three-dimensional cellular aggregates that approximately resemble a sphere, increasingly being utilized to evaluate therapeutics because of its better similarity to natural tissue than 2D culture systems. The formation of spheroid cultures involves extracellular matrix fibers with a ligand motif, such as tripeptide Arg-Gly-Asp, and their binding with integrin membrane proteins on the cell surface (138). This binding is essential as it allows the numerous cells to aggregate and facilities the binding of homophilic cadherins between cells, resulting in solid adhesion and compaction of the cell mass, leading to a spheroid formation (138). Several fabrication methods have been used to develop spheroid culture over the past several decades. One of the earliest methods used is the hanging drop method (139), in which cells aggregates form when inverting a plate with a suspension of cells. A centrifuge (140) or a spinner flask has been applied to force cells to assemble into cell aggregates to form spheroids (19, 141). Spheroids have also been produced by culturing a suspension of cells on a non-adherent substrate, forcing the cells to form spheroids (142). It should be noted that, as a result of spheroid formation, the gene expression (143, 144), metabolism (145), and cellular motility differentiation (146–148), and polarity of cells (149) within the spheroid culture were found different from that of monolayer cultures in 2D. With more accurate mimicry of structures of native tissue than traditional 2D monolayer cultures, spheroid models have been increasingly utilized for studying and modeling atherosclerosis.

As stated earlier, foam cells are differentiated macrophages that uptake lipids, the main cellular component in atherosclerotic plaque. In recent years, scientific efforts have focused on the generation of foam cell spheroid model to investigate the effects of specific compounds on foam cell formation and associated inflammation. For example, using a 3D spheroid model of foam cells, Nguyen et al. demonstrated that foam cell formation could be significantly decreased by dexamethasone (Dex) and fluocinolone acetonide (FA), but FA was more effective than Dex (150). Hydroxyl beta-cyclodextrin (HBCD) is a polysaccharide that increases cholesterol efflux and solubility. In another study, Kwan et al. used the foam cell spheroid model to evaluate the efficacy of co-delivery of HBCD and sirolimus loaded poly-co-lactic-co-glycolic acid microparticles (mc-PLGA-MPs) on foam cell formation under ultrasound stimulation (151). These studies shed light on the utility of the foam cell spherical model for atherosclerosis studies.

VSMC is another significant factor that affects arterial wall thickening, promotes atherosclerotic plaque formation, and regulates atherosclerotic plaque stability. Therefore, a study reported by Chun et al. demonstrated the effects of membrane-type 1 matrix metalloproteinase (MT1-MMP) on mouse VSMC proliferation using 3D spheroid models composed of mouse VSMCs with silenced MT1-MMP gene (152). Their results demonstrated that MT1-MMP gene, when silenced, remarkably increased the proliferation of mouse VSMCs in this 3D model; while using a 2D model, minimal effects of such gene on VSMC proliferation was observed. This study potentiated the importance of using 3D spheroid models to investigate biological processes associated with atherosclerosis other than 2D models. Furthermore, the focal adhesion kinase (FAK) has been reported to control the proliferation of VSMCs through N-Cadherin and is significant to cell adhesion. Then, Vaidyanathan et al. created a spheroid VSMC model to study the focal adhesion FAK gene and the regulation of its downstream genes, such as Rac, Rho, and Cdc42, aiming to identify potential pathways to treat neointima formation (153). By quantifying the expression of Rac and Rho in the VSMC spheroids, the authors found that FAK-Rac-N-cadherin or FAK-Rho-N-cadherin are necessary for VSMC spheroid formation, which might be considered a future target for treating atherosclerosis-related neointima formation (153).

The models demonstrated above have focused on developing an early atherosclerosis model with one type of cell component; however, it is worth noting that atherosclerosis is a chronic inflammatory disease encompassing various stages. When it comes to an advanced atherosclerosis model, Weber et al. pioneered an in vitro spheroid pseudo-atherosclerotic plaque composed of a spheroid core and a layer of myofibroblasts surrounding the core to emulate the late-stage atherosclerotic lesion, human fibroatheroma (15). Specifically, two types of pseudo-atherosclerotic plaque, b- and t-plaques, were developed using blood-derived myeloid cells and THP-1 cells for core fabrication. In addition to monocytes, their spheroid cores were also filled with collagen, lipid matrix with macrophages, and dendritic cells. It was found that the cell population distribution between the t-plaques and b-plaques was similar, including main components such as monocytes, macrophages, activated dendritic cells, plasmacytoid dendritic cells. Nevertheless, their components differed from human carotid plaques, primarily composed of activated dendritic cells and plasmacytoid dendritic cells (15). Moreover, native carotid plaques showed significant down-regulation of pro-inflammatory and remodeling genes than pseudo-plaques (15). Although this may be the most cohesive in vitro spheroid atherosclerosis model, age, sex, or genetic predisposition has not been taken into account.



IN VITRO 3D CELL-LADEN HYDROGEL CONSTRUCTS

Cell-laden hydrogel constructs are composed of growth factors, hydrogels, and cells, providing a 3D in vitro environment beneficial for studying atherosclerosis. In contrast to the 2D cell sheet fabricated by seeding cells on a 2D scaffold, the cell-laden hydrogel system is usually fabricated by embedding cells into 3D hydrogel matrices with growth factors followed by static or dynamic culture (154). Notably, cell-laden hydrogel construct can be developed with desirable geometries, sizes, and compositions, thus providing an environment allowing cells to behave similarly to in vivo (154). With respect to atherosclerosis applications, cell-laden hydrogel constructs implement a 3D in vivo mimicking model to observe cellular interactions and pathophysiology and permit lower cost, improved controllability, and higher throughput compared to animal models.

An ideal hydrogel for fabricating a cell-laden hydrogel system should be biodegradable and biocompatible with good porosity and high-water content. It also should enable cell growth, proliferation, and migration by allowing the diffusion of nutrients throughout the scaffold (155). As previously mentioned, collagen is the predominant structural protein within the ECM (20, 156). Thus, to date, the cell-laden collagen hydrogel construct has been the most widely used for elucidating the effect of a particular factor on monocyte attachment. For example, Chiu et al. created a model composed of a collagen gel, ECs, and SMCs to study the influence of SMCs on inflammation and monocyte adhesion for atherosclerosis development (157). The SMC-laden collagen hydrogel was fabricated by embedding SMCs within the collagen hydrogel and seeding an EC monolayer over the SMC-laden hydrogel. Additionally, in another study, the SMC-laden collagen hydrogel was utilized to elucidate the roles of SMCs and flow in leukocyte adhesion and transmigration (157). In addition, due to the ability to mimic vessel intima-media structure mimicking, EC-seeded SMC-laden collagen-based hydrogel construct was used to model earthy atherosclerosis by the Hou group in a recent study. The authors induced EC dysfunction and SMC migration by treating the cell-hydrogel construct with IL-1β, TNFα and Ox-LDL. Notably, the SMC migration into the EC layer could be easily quantified using such a system, which cannot be achieved through a traditional transwell assay. Moreover, the potential of this system as a drug screening tool was demonstrated by the atheroprotective effect of vitamin D, and metformin was observed when tested using this model (158). However, the main limitation of this study is that the EC layer is not monolayer and is as thick as the SMC layer, and lacks tunica adventitia. In another case, the Teo group manipulated the monocyte-laden collagen hydrogel construct with low or high densities to resemble the early or late-stage atheroma atherosclerotic tissues to study the ECM (collagen) effects on macrophage behaviors in these two environments. To generate the construct, THP-1 cells were first embedded within the collagen hydrogel with Ox-LDL, then differentiated into macrophages and activated into pro- (M1) and anti-inflammatory (M2) phenotypes. By detecting the inflammatory cytokines produced by the model, the authors found that M1 macrophages, M2 macrophages, and THP-1 monocytes showed different responses in high and low tissue density hydrogel construct (159).

Besides collagen hydrogels, a fibrin gel-based model was used to model early atherosclerosis by the Vahl group. Briefly, SMCs were encapsulated into the fibrin gel first, and ECs were seeded onto the SMC-laden fibrin gel to form an EC seeded SMC-laden fibrin construct; then, lipoproteins and monocytes were added to the culture to induce atherogenesis and foam cell formation. Additionally, this model was used to study atherosclerosis development for up to 6 weeks, indicating its long-term stability. This study demonstrated an autologous in vitro vascular model for studying the development of early atherosclerotic lesions (160). Similarly, by using 3D engineered SMC-fibrin construct of a specific geometry, Vogel et al. discovered that the balance between metalloproteinase (MMP) and their inhibitors are flow-dependent—high shear stress could protect the de novo ECM, whereas low shear stress would cause SMC proteolytic activity leading to more collagen, less elastin, and shifted SMC phenotype (161). This study demonstrated the potential of using cell hydrogel construct for evaluating hemodynamic force effect on cells associated with atherosclerosis development.



IN VITRO 3D VESSEL BASED SYSTEMS


Tissue-Engineered Blood Vessels (TEBVs)

Over the past decade, significant advancements in tissue engineering, regenerative medicine, biomaterials, and cell biology enabled the fabrication of tissue-engineered blood vessels (TEBVs) as vascular grafts for treating atherosclerosis. Until recently, TEBVs have emerged as valuable models for studying atherogenesis or developed into in vitro atherosclerosis platforms that replicate the key features of atherosclerosis, offering an alternative to 2D and animal models for atherosclerosis and associated therapy studies.

In the case of TEBV fabrication, TEBVs have been developed by seeding vascular cells in biodegradable polymeric scaffolds. For instance, Arai et al. developed single-layered TEBV by seeding fibronectin and gelatin-coated mouse smooth muscle cells on poly-(L-lactide-co-ε-caprolactone) (PLCL) scaffold followed by maturing tissue in a perfusion system. The resultant TEBVs achieved similar mechanical properties to that of native arteries. Similarly, Lissy et al. created 2-layered TEBVs by seeding ECs and SMCs on PCL conduit with controllable wall thickness and shear stress (162). In addition to the seeding strategy, cell sheet technology has also been used as an alternative approach. For instance, single-layered TEBVs were created by the Germain group by rolling the fibroblast cell sheets into a vessel-like structure. Then, the cell sheets were fabricated by culturing fibroblasts on TCP for 1 month. With the results from single-layered TEBV, the same group also developed a multi-layered TEBV using decellularizing a single-layered TEBV followed by seeding SMCs and ECs in the decellularized TEBV and maturing the TEBV in a bioreactor (163). Besides this, an innovative strategy was unrevealed by Rolle et al. recently, where the authors developed spatially controlled TEBV by fusing SMC ring units into a vessel structure with heterogeneous compositions similar to those observed in intimal hyperplasia or atherosclerosis. In particular, the human aortic SMCs (hAoSMC) ring units were self-assembled structures by culturing hAoSMCs in agarose molds. Then, the TEBV was created by threading the hAoSMC ring units on a mandrel and then culturing the mandrel with ring units in a static condition, followed by a dynamic environment using a bioreactor (164). Although some TEBVs have been generated by seeding cells on 2D scaffolds followed by rolling and maturing of the vessel structure, we still discuss them in the 3D section as those TEBVs provide a 3D vessel shape.

For atherosclerosis-associated applications, 2-layered TEBVs were developed by the Truskey group to demonstrate that PCSK9 might affect atherogenesis, independent of LDL. Apart from PCSK9, the same group also explored the effect of oxidative stress on inflammation and senescence on vascular cells using a 2-layered TEBV composed of endothelium and fibroblast layers. The data generated from the model suggested that oxidative stress promoted atherosclerosis by increasing vascular cell inflammation (165–167). Likely, Chen et al. developed a 2-layered EC-SMC TEBV. Using an imaging chamber, the authors observed the real-time dynamic process of leukocyte recruitment and penetration through the endothelium into the intima using the developed TEBV. This study was the first demonstration of the real-time monitor for in vitro pathogenesis, which enable a more thorough investigation of drug effects on cellular behavior in a micro-physiological system for understanding atherosclerosis pathogenesis (168).

Although significant early attempts were made with the design of TEBVs without curvature, recently, the interest in developing branched TEBVs for disease studying has been grown, attributed to the fact that different vascular geometries leading to varied flow patterns may significantly affect atherogenesis. One typical example was demonstrated by the Leong group, where the authors constructed a branched TEBV to study the flow pattern effect on atherogenesis. They found that the athero-prone region (branched side outlets) demonstrated more monocyte adhesion than other areas (169). In another study, Cardinal et al. developed an angulated TEBV that mimics the bent human vessel to study the stent effects on atherogenesis in athero-prone regions (170). The TEBV was developed by seeding HUVECs on the expanded polytetrafluoroethylene tubular scaffold with bent geometry. The authors found a significantly reduced endothelialization on the stented TEBV compared with the un-stented control (170). These studies demonstrated that an in vitro TEBV platform with controllable geometry could mimic the athero-prone condition of the artery, which is well-suited for future intravascular device evaluation.

Compared to TEBV, TEBVs with atherosclerotic features, later referring as diseased TEBVs, have brought more enthusiasm to the field. However, due to the complexity of atherosclerotic plaque, only a few studies have developed diseased TEBVs with some key features of atherosclerosis. One representative example was demonstrated by Hoerstrup et al., who fabricated a 2-layered diseased TEBV by seeding vascular cells on a biodegradable tubular scaffold and adding LDL and inflammatory cells under high/low shear stress. The diseased TEBV platform demonstrated early atherosclerosis features such as monocyte attachment and LDL (21). Besides 2-layered diseased TEBV, Truskey et al. endeavored to fabricate a 3-layered TEBV (ECs, SMCs, and dermal fibroblast, from inside to outside) and induced early atherosclerosis using LDL with/without TNF-α (18). Their method maintained the vascular cell phenotype and early atherosclerosis symptoms in the TEBV, including endothelial activation, vasoactivity, monocyte accumulation, foam cell formation, and macrophage polarization. Moreover, they used this model to test the effects of LDL, lovastatin, and P2Y11 inhibitor (NF157) on disease progression and found that lovastatin can block the altered vasoactivity and NO production induced by eLDL and TNF-α (18). Therefore, this diseased TEBV could be used to study specific vascular functions that might be challenging to evaluate in vivo. Similarly, in another study, Cho et al. fabricated atherosclerotic three-layered vascular construct conduits with tunable geometry (stenosis and tortuous structure), a monolayer of the confluent endothelium, and condensed SMC layers using cell printing technology (Figures 4A–C). Significantly, the turbulent flow in the TEBVs with stenosis and tortuous structure and co-culture of SMCs and ECs led to higher endothelial dysfunction LDL accumulation (Figure 4D), foam cell formation (Figure 4E), and THP-1 cell recruitment (Figure 4F), hallmarks of early atherosclerosis compared to other conditions. These results indicated the importance of athero-prone vascular structure and the co-existence of vascular cell types to generate atherogenesis in the model. Remarkably, the authors showed the significant role of TEBV in atherosclerosis drug testing by demonstrating that atorvastatin efficacy for atherosclerosis was observed in the TEBV, including endothelial dysfunction, monocyte recruitment, LDL oxidization, and uptake, and improvement of free cholesterol efflux. Hence, this study substantiated the TEBV as a promising tool for biomedical applications, including pathological study and novel drug identification and evaluation (171).
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FIGURE 4. Construction of a novel in vitro atherosclerotic model from geometry-tunable artery equivalents engineered via in-bath coaxial cell printing. (A) By programming the printing path and moving speed, triple-layer arterial constructs with controlled geometries were achieved, including (i) regular straight, (ii) stenotic, and (iii) tortuous models. (B) (i) Confluent endothelium and (ii) dense smooth muscle tissues were generated in the constructed artery equivalents on day 7, regardless of the designed geometries (Scale: 200 μm). (C) The distributions of a monolayer endothelium surrounded by compartmentalized smooth muscle cells and fibroblasts (white dashes) are distinguishable (D) Quantification of LDL accumulation, (E) foam cells, and (F) adhered THP-1 cells. SE: steady-flow model containing only ECs; SEC: steady-flow model containing ECs and SMCs/fibroblasts; TE: turbulent-flow model containing only ECs; TES: turbulent-flow model containing EC and SMS/fibroblasts. Adapted, with permission from (171). *P < 0.05; **P < 0.005.




Vessel-on-a-Chip

Vessel-on-a-chip is one type of organ-on-a-chip (OOC) system, which has aroused significant interest in researchers working in the field of atherosclerosis studies. Notably, an OOC system is a biomimetic in vitro microfluidic platform developed by combining cell biology, microfluidic technology, biomaterial science, and tissue engineering. Typically, an OCC system possesses an engineered architecture built in a chamber of a micron-sized electron fluidic chip, recapitulating the micro-physiological environment and architectures of functional human organs (172, 173). The chamber can be connected to a pump with a controlled flow rate and shear stress (174). In other cases, critical features of certain human diseases in a specific tissue can be induced in the OCC for modeling disease (175). Compared to traditional 2D static cultures, OOC systems provide a dynamic environment with more accurate vascular physiology, morphology, and response. Furthermore, high throughput capacity is a compelling feature of OOC systems in comparison to animal models, which is important for reducing the R&D cost (176). Therefore, OOC systems, particularly vessel-on-a-chip, have emerged as cost-effective platforms to fundamentally study biochemical and metabolic processes, investigate cellular responses during atherogenesis, and evaluate the therapeutic efficacy and safety for atherosclerosis (177). Hence, in the following section, we overview the recent progress in this field.

Vessel-on-a-chip comprises a vessel-like structure on a chip with or without disease features. Vessel-on-a-chip systems have been fabricated by seeding cells on a fiber scaffold. For instance, to tackle the issues commonly observed in vessels developed in static conditions, such as endothelium shedding and irregular orientation, the Li group fabricated a chip by seeding ECs on a highly oriented electrospun poly(ε-caprolactone fibers) scaffold. The ECs grown on the chip showed improved endothelialization under perfusion and achieved alignment under a flow similar to natural vessel endothelium (178). Besides direct seeding cells on a scaffold, vessel-on-a-chip has also been made by fabricating cell-laden constructs and seeding cells on the hybrid constructs. For example, Khademhosseini et al. fabricated by constructing fibroblast and SMC laden-gelatin methacryloyl gel, followed by seeding ECs on the SMC-laden construct through perfusion (179). After 3 days of perfusion, the vessel showed a confluent endothelium layer, with significantly better barrier function than the vessel without an EC layer (179). This vessel-on-a-chip system is highly applicable for drug safety screening because of its three-layered structure and perfusion system. In another study, Li et al. reported their blood-vessel-on-chip with controllable vessel structures (straight, wavy, or helical) to mimic various blood vessel physiological environments. First, the authors fabricated hollow microfiber with a straight, wavy, or helical structure by controlling the flow rate, injection device radius, and fluid composition of each channel. Then, a fully covered endothelium layer was achieved by seeding HUVECs in the inner surface of collagen and alginate-coated hollow microfibers. Additionally, a proof-of-concept test was conducted to show that this cell-laden microfiber could be fabricated into a vessel-on-a-chip (180).

Although the progress of significance toward the development of vessel-on-a-chip systems has been made, most studies have focused on the generation of non-diseased vessel-on-a-chip with limited applications, with only one study demonstrating the development of atherosclerotic vessel-on-a-chip. In this study, Hoerstrup et al. induced atherosclerosis on a chip with tissue-engineered arteries (hiTEV) made from cells derived from human-induced pluripotent stem cells (hiPSCs) (181). To generate the hiTEV, the authors firstly induced SMC, EC, and macrophage-derived from hiPSCs and showed that the hiPSCs-derived SMCs and ECs could express SMC contractile phenotype markers and endothelial phenotype markers. Then, the authors fabricated two-layered hiTEV by seeding hiPSC-derived SMCs in the biodegradable tubular-shaped conduits carrying fibrin scaffold and cultured, followed by seeding the hiPSC-derived ECs in the inner lumen of the conduits on a microfluidic chip. It was found that the matured hiTEV was composed of endothelium and SMC layer with good expressions of EC and SMC phenotype markers, respectively. Furthermore, plaque-like structures were induced in the hiTEV after the vessel was treated with hiPSC derived macrophages and LDL. The authors also found that populations of dendritic cells for conducting antigen-presenting, ECs, and macrophages from the tissue-engineered plaque showed resemblance to those found in native plaque. Notably, the transcription expression of ECM assembly and remodeling of tissue-engineered plaques also displayed similarity to native plaques (181). Although this model emulated the native plaque closely, some limitations and drawbacks existed. For instance, hiPSC derived cells did not possess aged but fetal-like cell phenotype, while atherosclerosis occurred in young and older adults. Secondly, T and B cells play essential roles in atherosclerosis development; however, T and B cells were not included in the developed model. In addition, the applications of such a system were not demonstrated in the study.

Vessel-on-a-chip systems have been applied to investigate the biological process associated with atherosclerosis and evaluate the safety of specific compounds. For example, Joore et al. designed tubular vessels-on-a-chip to study monocyte adhesion to endothelium. The tubular vessels were fabricated by seeding human coronary artery ECs into collagen gel and culturing the cell-gel complex using perfused flow. The authors showed that after being treated with TNF-α, the vessels expressed significant ICAM-1 proteins and recruited significant monocytes. Moreover, using this model, the authors found that aerosol extract was far less toxic than cigarettes exact to the endothelium by showing that aerosol extract induced significantly lower expression of ICAM-1 and monocyte adhesion (182). In another study, Li et al. reported the generation of an endothelial carotid artery model using EC and gelatin (183). More importantly, this study demonstrated the first tuning fork-shaped artery (Figure 5A), which was composed of four parts able to mimic the common carotid artery (CCA), internal carotid artery (ICA), external carotid artery (ECA), and carotid sinus (CS), respectively (Figure 5A). In addition, a perfusion loop consisted of a medium, and a pump was used to generate a flow for this model (Figure 5B). Interestingly, when the flow was applied, the laminar flow in the CCA region changed into a disturbed flow with lower WSS in CS regions because of its curvature structure. However, when the flow reached the ICA and ECA regions, it transformed into laminar flow with higher WSS. Due to the chip's unique design leading to various flow conditions in different chip areas, the authors were able to study the hemodynamics effect, such as wall shear stress (WSS), on ECs. Remarkably, they found that the ECs in the chip showed different responses to the flow changes. In the ECA region, the EC becomes elongated and aligned following the flow direction, whereas, in the region of CS, the ECs demonstrated a round shape and are more disorganized (Figure 5C). In addition, an endothelialized monolayer was found to form in the region of ECA (Figures 5D,E). Moreover, the expression of ICAM-1 and VCAM-1 in the CS region was more significant than that in the ECA region (Figures 5F,G). In addition, the WSS was found to increase the nitric oxide production in the system with time (Figure 5H). Also, a decreased expression of ZO-1, the primary EC tight junction marker, was observed in CS regions compared to the ECA region (Figure 5I) (183). This study demonstrated an example of creating and using a vessel-on-a-chip of unique characteristics to investigate the hemodynamic force effect on crucial cellular components associated with atherogenesis, which is not feasible in most other in vitro systems that depend on static culture.
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FIGURE 5. (A) Gelatin-based carotid artery model. (B) Actual assembled carotid artery system. (C) ECs morphology in Region ECA after dynamic experiment 8, 16, and 24 h or ECs in Region ECA. ECs morphology in Region CS after dynamic experiment 8, 16, and 24 h. (D,E) Distribution of ECs in cross-section of Region ECA (The white arrows point in the direction of flow). (F–I) The expression of ICAM-1 (F) and VCAM-1 (G) was studied in the Regions ECA and CS after 24-h perfusion experiment; (H) The vasoactive substances NO; (I) Expression of ZO-1 was studied in the Regions ECA and CS after 24 h perfusion. Adapted, with permission from (183). *P < 0.05; ***P < 0.001.





CONCLUSION AND FUTURE PERSPECTIVES

A considerable number of in vitro models have been developed as potential platforms for studying atherosclerosis mechanisms and exploring new treatment, ranging from a traditional 2D single-cell culture system on TCP (Tables 1, 2) to advanced 3D TEBVs and vessel-on-a-chip models (Table 3). The advantage of using in vitro systems for drug evaluation is that the disease indicators, risk levels, and the determination of efficacy and toxicity of specific drug treatment can be studied with reduced cost, time, and resources before advancing to complicated in vivo models or clinical studies. This review discusses each system and associated studies in detail and summarizes the advantages, limitations, and future perspectives of each in vitro system (Table 4). Although, by far, the established in vitro models are not yet capable of fully modeling human atherosclerosis, these models, particularly the 3D models, show excellent potential for improving atherosclerosis research and revolutionizing the drug development process.


Table 3. Summarization of the models, cell types, and biological processes studied using in vitro 2D culture systems and in vitro 3D systems covered in the current review.
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Table 4. Summarize the features, advantages, application, challenges, and future directions of models discussed in the review.
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Due to the ease of creation, traditional in vitro 2D models, including single-cell culture and direct or indirect co-culture models on TCP, have been widely used to evaluate drug delivery systems and conduct a mechanistic investigation for atherosclerosis. Still, these models have some limitations in the aspects related to closely resembling physiological structures in vivo and promoting adequate development of ECM interactions, thus leading to improper regulation of cell signaling and behaviors and making it challenging to translate data to animal and human studies. In addition to these problems, indirect culture systems also suffer a notable drawback of insufficient cell attachment to the surface of trans wells.

Taking advantage of cell sheet engineering, a more advanced in vitro 2D cell sheet model has been developed to mimic the layered structure of the artery wall. The 2D cell sheets include EC, SMC single layer, or EC-SMC bilayer sheets, showing great potential for evaluating drug toxicity and developing new atherosclerosis models. However, 2D cell sheets, mainly made from a scaffold-free approach, suffer drawbacks of low mechanical property and spontaneous contraction and shrinkage. In addition to cell sheet models, with the recent advancement of microfluidic technology, endothelium-on-a-chip has been created to provide an improved in vitro environment to study the mechanism associated with endothelial dysfunction and monocyte attachment. Even though substantial evidence has shown that endothelium-on-a-chip systems had brought new insights into atherogenesis, such a system by far can only be applied to study biological processes in the early atherosclerosis stage. However, atherosclerosis is a complicated process, sequentially transiting from early to the advanced stage as inflammation increases, and only advanced atherosclerosis may drive severe cardiovascular disease. Thus, it is imperative to develop advanced-stage atherosclerosis models to facilitate the development of therapeutic options with improved efficacy for treating late-stage atherosclerosis.

Thanks to the advancement in tissue engineering and microfluidic technologies and the innovation of biomaterials, the fabrication of 3D in vitro models that recapitulate the physiological architecture and provide a pathological environment better than 2D models has become a reality. 3D in vitro models discussed in the review include spheroid, cell-laden hydrogel constructs, TEBV, and vessel-on-a-chip. Although the spheroid system has become a new breakout for cancer drug screening, to date, the development of the spheroid model for atherosclerosis is still in its infancy, and its application is limited. This is possibly due to its limited capability to faithfully mimic the layered structures of an atherosclerotic vessel. The most impressive spheroid system developed so far can only replicate the features of atherosclerotic plaque, not the vessel wall structure. In addition to the spheroid models, cell-laden hydrogel models have also been created for atherosclerosis studies. In contrast to the spheroid model, the distinctive advantage of the cell-laden hydrogel system is its ability to recapitulate layered structures similar to the human vessel wall. In comparison to the 2D cell sheets, the cells embedded in the layered cell-laden hydrogel behave more closely to those observed in vivo. Among the cell-laden hydrogel systems, collagen and fibrin-based cell-laden hydrogels are the most widely used models due to their ECM mimicking property. Although significant progress in developing cell-laden collagen and fibrin hydrogel models is highly encouraging, these systems still have drawbacks of poor reproducibility issues, lack of homogeneity, and insufficient mechanical properties. It is, therefore, worth exploring a new method to improve the reproducibility and homogeneity of cell-laden hydrogel constructs in the future. In addition, the incorporation of cell-laden collagen into microfluidic devices to generate more advanced atherosclerosis models can also be an exciting future direction. Besides, future focus can move toward the development of a cell-laden hydrogel model with improved disease features using hydrogel scaffolds made from other biomaterials, such as alginate, chitosan, hyaluronic acid, gelatin, or poly(ethylene glycol), to overcome current limitations.

With respect to in vitro 3D models, TEBVs and vessel-on-a-chip systems are the most prominent systems with the greatest complexities and physiological relevance, which can reproduce vessel structures and provide a disease-like spatial environment with controlled mechanical stimuli. In addition, both systems empower potent tools allowing for real-time imaging and investigating multifaceted biological processes and mechanisms contributing to atherosclerosis. However, different from vessel-on-a-chip, which is limited to drug screening, TEBVs can be fabricated to possess the actual vessel size, thereby offering an opportunity to evaluate medical devices. Although the recent achievement in TEBV and vessel-on-a-chip systems is highly encouraging and has significantly contributed to atherosclerosis studies, some limitations remain. For instance, (1) vessels in some studies were made with the mouse, dermal, or venous cells instead of human inflammatory and arterial cells; (2) most of the vessels developed were single or double-layered vessels, lacking the fibroblast layer; (3) it is still challenging to create vessel structure composed of a complete monolayer of the endothelium in vessels; (4) no studies have explored an approach for the induction of advanced atherosclerotic plaques. Therefore, future studies may focus on several vital perspectives, such as how to (1) fabricate a 3-layered vessel wall using human artery cells and (2) how to create advanced atherosclerotic features including calcification necrotic core and thrombosis in the vessels. Such advanced systems will significantly impact the development of new therapeutics for treating late atherosclerosis. In addition, with the substantial improvement in stem cell technology, future research can also explore whether the incorporation of hiPSC isolated from the patient will create a system faithfully mimicking atherosclerosis for personalized precision medicine. It is also important to address whether including immune cells (T and B cells) would generate an improved disease system. Besides that, it is imperative to explore how to produce TEBV and vessel-on-a-chip models on a large scale with excellent reproducibility. In addition, how to achieve commercialization and translation of these systems for medical end-users remain to be achieved. Moreover, the standardization of the manufacturing process of those models still needs to be performed in the near future. Lastly, in addition to the use of drugs as a therapeutic approach for atherosclerosis, medical devices such as drug-eluting stents (DESs) and drug-coated balloons (DCBs) have also been developed to treat in-stent restenosis associated with atherosclerosis. However, current commercially available DES and DCBs are found to have their issues; thus, a new coating design for improving the performance of these medical devices is needed. As aforementioned, most in vitro models have been developed for drug screening, with no study reporting in vitro systems suitable for assessing new coating designs for medical devices. Hence, developing powerful in vitro models for the effective evaluation of medical devices with a novel coating material is vital and should be regarded as a future research focus.
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Abnormalities in the arterial valves are some of the commonest congenital malformations, with bicuspid aortic valve (BAV) occurring in as many as 2% of the population. Despite this, most of what we understand about the development of the arterial (semilunar; aortic and pulmonary) valves is extrapolated from investigations of the atrioventricular valves in animal models, with surprisingly little specifically known about how the arterial valves develop in mouse, and even less in human. In this review, we summarise what is known about the development of the human arterial valve leaflets, comparing this to the mouse where appropriate.
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ANATOMY AND NOMENCLATURE OF THE MATURE ARTERIAL (SEMILUNAR) VALVES

Abnormalities of the arterial valves (sometimes known as the semilunar valves), including bicuspid aortic valve and leaflet dysplasia, are amongst the commonest congenital anomalies (1, 2). Although they may be asymptomatic at birth and thus missed during neonatal health checks, they do predispose to severe cardiovascular disease, including valve stenosis, regurgitation, calcification, and thoracic aortic aneurysm in later life (2). Thus, understanding their aetiology is of great interest. The arterial valves sit between the aorta and pulmonary trunk and their respective left and right ventricular outflow tracts in both human and mouse hearts, and are structurally very similar (3–5) (Figures 1, 2). These valves are complex structures that are composed of more than just the three moving leaflets. They also include the hinges that attach the leaflets to the wall, the commissures that are the points of apposition of the leaflets close to the wall, and the sinuses, which are the pockets that form between the leaflets and the wall. The regions of the wall that lie immediately upstream of the hinges (on the ventricular side) are called the interleaflet triangles (Figure 1). For the purposes of this review, we will refer to the coronary leaflets of the aortic valve (and their homologues in the pulmonary valve) as the right and left leaflet, and the non-coronary leaflet of the aortic valve as the posterior leaflet (its homologue in the pulmonary valve is the anterior leaflet). There have been several excellent reviews over recent years that have described in detail how the arterial valves develop based on studies in animal models (7–12). It is not our intention to extensively re-review the mouse, chicken, or zebrafish literature, but to instead focus on what is known directly from studies carried out with human material, relating this to key studies in animal models for perspective. The aim is to highlight some of the seminal work that has been done in the past, suggest what still needs to be done, and speculate on how this helps or hinders our understanding of one of the main congenital abnormalities of the arterial valves, bicuspid aortic valve (BAV).


[image: Figure 1]
FIGURE 1. Cartoon illustrating the components of the mature aortic valve. Dotted lines denote longitudinal and cross-sections through the valve complex. L, left; R, right; P, posterior.



[image: Figure 2]
FIGURE 2. Timeline of mouse and human aortic valve development. Mouse and human outflow cushions and valves (stained with haematoxylin and eosin) are anatomically similar and follow a similar pattern of development. There is some variation between similarly Carnegie-staged human embryos such that, for example, CS16 embryos can be matched to mouse hearts at both E11.5 and E12.5. At 8 post-conception weeks of gestation, the human heart is similar to a mouse embryo shortly before birth, although it is still the first trimester. The human histology images were provided by the Joint MRC / Wellcome Trust (MR/R006237/1) Human Developmental Biology Resource (www.hdbr.org) (6). Mouse embryos were obtained from mice maintained according to the Animals (Scientific Procedures) Act 1986, United Kingdom, under project licence PPL 30/3876. All experiments were approved by the Newcastle University Ethical Review Panel. ao, aorta; aos, aortic sac; ca, coronary artery orifice; d-oftc, distal outflow tract cushions; hg, hinge; lf, leaflet; p-oftc, proximal outflow tract cushions; pt, pulmonary trunk.




ENDOCARDIAL TO MESENCHYME TRANSITION AND CUSHION FORMATION

The first and probably best understood process required for the development of the cardiac valves is the process of endocardial to mesenchyme transition (EndMT). This process, which has mostly been studied in mouse and chicken, has been reviewed extensively (7–12). In its primitive state, the heart tube consists of an outer layer of the myocardium, with an inner lining of the endocardium. Between these two cell layers is a layer of extracellular matrix (ECM), often known as cardiac jelly. This ECM is an essential component of the forming and mature valve leaflets, with the knockout of ECM components found in the early cushions, such as Hyaluronan and Versican, resulting in acellular cushions in mouse embryos [e.g. (13, 14)]. During the process of EndMT, endocardial cells change their epithelial-like phenotype into a mesenchymal one and migrate into the cardiac jelly to form primitive endocardial cushions (sometimes referred to as ridges). Whilst the regulation of the localisation and mechanisms of this complex process are beyond the scope of this review, some key points are relevant here. Cushions are first seen in the developing mouse outflow tract at about embryonic day (E)10, approximately 12 hours after they are seen in the atrioventricular canal. The cushions are cellularised between E10 and E11.5 by EndMT in the proximal region, which is regulated by Bone Morphogenetic Protein (BMP), Transforming Growth Factor beta (TGFβ), and Notch signalling [reviewed in (7–12)], and neural crest cells (NCCs) migrating into the distal cushions (described in more detail below). By E12.5, valve mesenchymal cells derived from both populations are found throughout the length of the cushions, thus contributing distally to the valve leaflets and proximally to the cushions that will give rise to the outlet septum (7–12).

Much less is specifically known about the early stages of cushion formation in the human heart. The outflow cushions are first apparent at the end of the 4th week of human gestation (CS10-13; 5-6mm crown-rump length; CRL. See Table 1 legend for explanation of staging used throughout this manuscript). Maron and Hutchins (1974) (16) saw cushions at approximately 33 days post conception (dpc; CS15) with Hutchins et al. (17) reporting the presence of outflow cushions in more than half of 32 dpc (CS14) hearts and all 33 dpc (CS15) hearts; these were recognised as taking on a spiralling configuration from their first appearance (18). There do not appear to be any studies directly investigating EndMT using cushion explant culture in human embryos. However, it was shown (19) that Nuclear Factor Of Activated T Cells 1 (NFATC1), which appears to repress EndMT in mice (20–22), was absent from nuclei of valve endocardial cells (VECs) of embryos at 4 weeks of gestation, but then appeared in the nuclei of these cells of embryos at 4–6 weeks (CS13-17) of gestation (19). This suggests that the absence of NFATC1 may allow VECs to undergo EndMT prior to 4 weeks of gestation. This correlates with when the outflow cushions first become apparent but, as in mice, may be important for repressing EndMT during the next phase when the cushions expand and septation occurs. Interestingly, the repressive effects of Vascular Endothelial Growth Factor A (VEGFA) on EndMT (23) also appear to be conserved (19).


Table 1. Staging criteria for human embryos.

[image: Table 1]



NCC, OUTFLOW TRACT SEPTATION, AND VALVE DEVELOPMENT

Outflow tract septation is intimately involved in arterial valve formation through shared progenitor cell lineages, cushions, and timing of events. These progenitor lineages include EndMT-derived cells (which in the outflow tract originate in the second heart field; SHF) and NCCs. The NCCs are a progenitor population that play a crucial role in the process of outflow tract septation; in their absence, septation does not occur [reviewed in (24–26)]. Whilst NCCs form smooth muscle cells in the developing walls of the great arteries and are important in cardiac innervation, it may be that their role in outflow septation is mainly as a ‘filler,’ acting to bulk out the outflow cushions to bring them into contact and thus allow fusion; the majority of NCCs in the proximal part of the cushions die by apoptosis shortly after septation occurs (12, 27). It has been recognised that outflow tract septation cannot be initiated before the formation of the 6th pharyngeal arch arteries (28), which does not occur until approximately 32 dpc [CS14 or 6–8 mm; (29)]. The aorta and pulmonary blood flows are separated by around the end of the 5th week of gestation (CS15-16; 9 mm CRL) (16), with the initiation of outflow septation apparent in most 37 dpc embryos (CS16; 11–14 mm CRL) (17). Kramer (15) showed that this septation produces the precursors of the right and left leaflets of the forming arterial valves, with the parietal main outflow cushion contributing to the left leaflets of the aortic and pulmonary valve and the septal cushion contributing to the right leaflets. Notably, at least in the mouse, both EndMT-derived cells and NCCs are abundant in the left and right leaflets of the aortic and pulmonary valves at comparable and later stages of development (30, 31). Fusion of the main cushions separates the channels of the aorta and pulmonary trunk and subsequent separation of the aorta from the pulmonary trunk in a plane perpendicular to the line of cushion fusion results in the formation of two, free-standing arterial trunks with their distinct valves. The aortic and pulmonary valves are approximately lateral to one another at 37 dpc (CS16), with the pulmonary valve only slightly more cranial. This is much exaggerated by 48 dpc (CS19) with, similarly to mouse, the pulmonary valve positioned more superior and anterior (16) (anterior and ventral in the mouse).

Although it is accepted that NCCs are crucial for human outflow tract development as they are in birds and mice [reviewed in (24, 25)], there is limited information available, at least in part because of the difficulty in labelling this progenitor cell population in the human heart. It has been shown, using AP2α as a marker, that NCCs are found within the distal outflow cushions at 33 dpc [CS15; (32)]. This expression was downregulated by 37 dpc (CS16) of development and thus could not be used to track them within the developing arterial valves. However, the characteristic condensed mesenchyme within the outflow cushions, which is shown to be made up of NCCs in the mouse, is apparent in the human outflow cushions from approximately 32 dpc (CS14) (33).



FORMATION OF INTERCALATED LEAFLET VALVE SWELLINGS

The intercalated leaflet valve swellings (ICVSs; sometimes referred to as intercalated valve cushions) that are the precursors of the anterior and posterior leaflets of the arterial valves were first noted in human embryos (15) and are seen clearly in cross sections through the outflow tract at 33 dpc (CS15; 9 mm CRL) as lateral bulges within the outflow wall; they have since been described in the mouse at comparable stages of development (E10.5-E12.5). Kramer (15) recognised during his original observations that the ICVSs contribute solely to the valve leaflets and do not play roles in outflow tract septation. Moreover, he recognised that they are distinct from the main outflow cushions; this has since been confirmed by studies in mouse (31). The ICVSs of human embryos were also discussed by Thompson et al. (34) who described them as midline cellular condensations close to the myocardial rim, although he did not recognise their role in valve formation. He noted, however, that the ‘condensations’ were less distinct in other species, including the rat and chicken (34). Of note, care should be taken when using the word ‘condensations’ with respect to the ICVSs, as this could lead to confusion with the more frequently referred to condensations of NCCs that occur in the main outflow cushions (see above). More recently, and after a gap of more than 20 years, several authors have recognised the ICVSs in mouse and human embryos and have begun their molecular characterisation (31, 32, 35, 36). This has shown that they lie at the boundary between the SHF-derived myocardium (proximally) and SHF-derived smooth muscle cells (distally) within the walls of the outflow vessels at E10.5-E12.5 (human 28–33 dpc; CS13-15) (31, 35). In terms of their cellular origin, it has been shown that whilst there are small numbers of EndMT-derived and NCC-derived cells within the ICVSs, the majority of cells at these early stages express Isl1, a marker of undifferentiated SHF-derived cells, suggesting that they have a different origin (directly differentiating from SHF progenitors) to the majority of cells in the main outflow cushions that are formed by EndMT and the immigration of NCCs (31, 32).



CUSHION EXPANSION TO FORM ARTERIAL VALVE PRIMORDIA

Once the relevant progenitor lineages have contributed cells to the mesenchyme in the mouse heart, they undergo a period of proliferation that results in rapid cushion growth (as shown in Figures 2, 3), with too much [e.g. (37, 38)] or too little [e.g. (39, 40)] cell division associated with defects in the leaflets as development proceeds. More than 60% of outflow cushion mesenchymal cells express proliferation markers during the 4th week of human development, with the levels falling gradually to <20% after the 10th week of gestation (19). RNASeq analysis suggested that this might be regulated by MYC proto-oncogene (MYC), a known regulator of cell cycle progression. Thus, as in the mouse, there is rapid proliferation leading up to the period when cushions remodel into valve leaflets (see below) (19).


[image: Figure 3]
FIGURE 3. Cartoon illustrating morphological changes in outflow cushion/valve formation. The outflow cushions first appear at CS12-14 (equivalent to mouse E10-E11). Between CS15-18, the distal parts of the cushions remodel to form the valve precursors. From CS19 onwards, these valve precursors are sculpted to produce the thin valve leaflets with the sinus behind. Blue denotes the outflow wall. Red denotes the endocardium.


As well as its early roles in supporting EndMT, ECM also appears to be important for remodelling of the cushion/valve mesenchyme. Knockout of the ECM component Perlecan in mice results in excessive numbers of cells within the outflow cushions, resulting in cushion hyperplasia and dysplastic arterial valve leaflets (41). Similarly, Versican, which is essential for early cushion formation, also plays an essential role during later remodelling stages of cushion to valve morphogenesis. If Versican cleavage is impaired by knockout of the matrix metalloprotease ADAMTS5, then the arterial valve leaflets become dysplastic, with abnormal deposition of other matrix components including Collagen and Elastin (42). In the human heart, CD44 (Hyaluronan receptor) has been found in cushion mesenchyme cells at 4 weeks of gestation (approximately CS13) and slightly later in valve endocardium (19). Elastin staining using specific antibodies was seen from 7 weeks of gestation (CS19-20) in the developing arterial valve leaflets (although at lower levels than in the arterial wall) and already showed evidence of stratification, being more abundant on the ventricular side of the forming leaflets (43). Elastin expression declined with gestational age. RNASeq showed enrichment for a number of other microfibril-associated proteins, including Fibronectin, Fibrillin 2 and 3, Fibulin 2,4 and 5, LOX, and Emilin, in first trimester valve tissue, with Fibronectin and Fibrillin 1–3 found by immunohistochemistry from 4 weeks (43).

Recently, there has been much interest in the potential role of cilia in the development and maintenance of valve leaflets, largely because of the association between mutations in cilia-associated genes and human valve defects [e.g. (44)]. Primary cilia are small projections of the membrane with a microtubule core, which are implicated in cell signalling and mechano-sensing (45). Currently, there do not appear to be any published studies characterising cilia in human embryonic or foetal arterial valve leaflets; this is an area that would benefit from further work.



VALVE SCULPTING

Once the cushions have formed and outflow tract septation is underway (from approximately E12.5 in mouse; CS16 in human), the distal parts of the main cushions remodel to form the arterial valve leaflets and are distinct from the proximal cushions that will remodel to form the outlet septum of the ventricular outflow tracts (Figures 2, 3). During this process of leaflet remodelling, the details of which remain unclear, the bulky, primitive valve precursors (cushions and ICVSs) are sculpted into thin fibrous leaflets, connected to the vessel wall by hinges that delineate the sinuses (Figure 3). A number of mouse mutants have been described as having thickened, abnormally shaped (dysplastic) leaflets [for example (41, 42, 46–49)]. The leaflets in these mutants are characterised by having excessive cell numbers and/or abnormalities in the ECM; if this leads to the cushions being pushed against one another, it can result in BAV (42, 49). However, in most cases, the pathomechanisms leading to valve dysplasia are unclear. Thus, these sculpting stages of arterial valve development remain the least well-understood but may be the most relevant to human disease.

Since the arterial valve leaflets form from the distal ends of the outflow cushions (15, 50), it may be possible to determine where they will form from as early as 33 dpc (CS15) as the lumen narrows and the overlying endocardium takes on a distinct cobble-stone appearance. However, at 37 dpc (CS16), the mesenchyme of the distal cushions, where the leaflets will form, swells relative to the more proximal regions of the cushions (33). The first appearance of valve structures from the cushions is at approximately 41 dpc (CS17), with the sinuses first apparent as shallow depressions between the arterial wall and the developing valve (16) (Figures 2, 3). At this stage, it was also observed that the VECs on the arterial side of the leaflet are cuboidal whereas those on the ventricular side are flattened (16), suggesting responses to differential blood flow patterns. This was later confirmed using molecular markers [CD31; (19)]. At this stage, the forming valves have a considerable length within the middle part of the septating outflow tract, coinciding with the boundary between the arterial and ventricular components (33). By around the 50th day of gestation (CS20), the sinus walls are becoming apparent but are still surrounded by a cuff of the myocardium, whilst by 52 dpc (CS21; 23mm CRL), the leaflets are short and thick with only a slit-like sinus. At the same time, the cellular density of the leaflets is increasing. By the end of the 8th week of gestation (CS23), the leaflets appear longer and are more delicate (16) (see Figures 2, 3). The leaflets continue to become more refined as development proceeds.



MATURATION OF THE ARTERIAL VALVE LEAFLETS

At the same time as the leaflets are sculpting, they are also maturing in respect to their cellular and extracellular components. Mature valve leaflets contain valvular interstitial cells (VICs) that are derivatives of the cushion mesenchyme. These VICs reside within three layers, characterised by distinct ECM profiles: the fibrosa (on the arterial side of the leaflet), composed mostly of Collagens; the spongiosa, made up mostly of Proteoglycans; and the ventricularis, which contains Elastin fibres. The leaflets are also covered by a specialised endocardial layer (VECs) (51). Animal studies have shown that abnormalities in, for example, matrix remodelling enzymes can disrupt the stratification of the valve leaflets during development (42, 51), whereas in other models [e.g. (51, 52)], the leaflets are initially stratified, but become disorganised and myxomatous as the animals age. The timing of leaflet stratification in human embryos is rather unclear as in the limited studies that have been carried out, there are large gaps between stages. One study suggested that the arterial valve leaflets lose their homogeneous character in the 60 mm CRL foetus (approximately 12 pcw), with Collagen fibrils apparent in the proximal parts of the leaflets and in the subendocardial region of their ventricular side (16). Analyses of more mature valves were carried out in this study (16), however, CRL was used to determine the maturity of the samples, which is not generally considered to be reliable after 80 mm due to a high degree of variation between foetuses. Thus, the precise staging of larger foetuses from this study has to be interpreted with caution. Collagen fibres increased in the leaflets of the 90 mm foetus (approximately 14 pcw) and by 100 mm (approximately 14.5 pcw), a distinct subendocardium, with elastic fibres in the ventricular side, was observed. Collagen continued to increase in the 100 mm and 125 mm foetus (approximately 16 pcw). The valve leaflets began to take on a mature structure in the 150 mm foetus with a dense collagenous middle layer and looser connective tissue on the ventricular side of the leaflets (16). Analysis of human hearts from 14 gestational weeks (using Movat's pentachrome staining) indicated that, at this earliest stage, the valves were homogeneous with no clear layers apparent. At these stages, the valves were mainly composed of Proteoglycans, with limited Collagen and Elastin (52). By 20 weeks, a bilaminar structure was observable, but the mature trilaminar structure was not apparent until 36 weeks of gestation. It was also noted that VIC density decreased in the 2nd and 3rd trimesters, and this was matched by a decrease in proliferation from approximately 26% in the second trimester, to only 6% in the third trimester; by this stage, most of the proliferation was close to the arterial side of the leaflets. The second trimester foetal valve leaflets had a myofibroblast-like appearance and expressed high levels of proteolytic enzymes such as Matrix metalloproteases (MMPs); these decreased with advancing gestational age (53).



THE APPEARANCE OF THE CORONARY ARTERIES

Coronary arteries were seen in the left and right sinuses of the aortic valve during the 6th week of human development (CS18) (17). This was confirmed recently (33) with data showing that the left coronary artery is first seen at CS18, whereas the right coronary artery was only seen a few days later at CS19. Notably, it has been suggested that apart from the association of the coronary arteries with the right and left leaflets of the aortic valve only, the aortic and pulmonary valves appear morphologically similar until birth (16).



ARTERIAL VALVE MALFORMATIONS – GENETIC CAUSES?

Congenital malformations of the arterial valves are very common and include valves with abnormal numbers of leaflets, including unicuspid, bicuspid, and quadricuspid variants, and valve leaflet dysplasia, in which the leaflets are typically thickened and/or shortened (1, 2). In the case of BAV, which is by far the most common abnormality, a similar range of leaflet patterns has been observed in human and mouse, including apparent fusions between the left and right and right and posterior (non-coronary) leaflets; fusions between the left and posterior leaflets are rare in humans (1, 2). Moreover, it has been suggested that BAV can also result from the absence of a leaflet, presumably the posterior leaflet derived from the ICVS, as an absence of one of the main outflow cushions would prevent outflow tract septation (12, 31, 54). A well-recognised feature of bicuspid valves is the presence or absence of a raphe, presumed to represent a fusion seam, which in some cases is associated with a notch or an asymmetry suggesting a third leaflet formed during development, but fused with one of the others. Studies in animal models have suggested that leaflet fusion occurs because the cushions or leaflets are pushed against one another resulting in their fusion, either because they are hyperplastic or misplaced, with the raphe being what remains of the endocardium at the fusion seam e.g. (49, 54). Although it is commonly stated that 85–90% of human BAVs have a raphe (1, 2), recent studies suggest that as many as 25% may have no raphe (55). This implies that in these cases, either the fusion seam is completely remodelled and cannot be seen, or the leaflet primordium may have been missing throughout development. All of these abnormalities predispose the valves to stenosis and/or regurgitation, and to degeneration in later life. Interestingly, there appear to be differences in the patterns of abnormalities seen in populations from different ethnic groups. For example, studies from Europe and the United States have suggested that approximately 85% of non-syndromic patients with BAV present with a common left-right leaflet (1, 2). In contrast, studies from Japan and South Korea suggest that the left-right pattern may be found in <60% of East Asian patients with BAV, with a common right-posterior leaflet increasing in prevalence in this population (56, 57). Common left-posterior leaflets are rare in any population. Although this requires further investigation, this suggests that there may be a genetically inherited predisposition to particular types of malformation. Recent studies have also suggested that genetic syndromes can be associated with different patterns of leaflet fusion. For example, whilst Turner and DiGeorge syndromes most commonly present with a common left-right leaflet, Down syndrome is associated with a common right-posterior leaflet (58). Together, these data suggest that there is likely to be a genetic element to leaflet patterning.

There have been several large (and small) studies that have sought to establish the genetic causes of BAV and aortic stenosis in the human population [for example (59–67)]. Despite some success [most notably in the case of ROBO4; (68)], many of these studies have taken a targeted-sequencing approach based on data from studies of animal models and/or filtered the large numbers of gene variants obtained from exome sequencing based on whether the gene is known to play a role in heart/valve development. Thus, these studies are heavily reliant on the quality of the data from previous genomic studies and from cardiovascular developmental biology using animal models.

There are many good examples of mouse gene knockouts that result in valve dysplasia and/or BAV [for example (30, 31, 42, 49, 63, 68–73)] and also in other species such as the Syrian hamster (54, 74, 75). These animal models have given essential insights into how disruption of different developmental mechanisms, genes, and signalling pathways can lead to different types of BAV and valve dysplasia (Figure 4). For a comprehensive overview of this topic, we recommend several excellent reviews where these have been summarised (12, 54, 79, 80). It should be noted that only rarely (68) has the mouse been used to model human BAV gene variants, confirming their pathogenicity, and thus it remains unclear in the majority of cases whether the gene variants observed are directly and specifically causative for BAV.


[image: Figure 4]
FIGURE 4. Timeline illustrating the timing of gene activity (based on developmental process disrupted) in mouse models of BAV. Mouse models included are those for which mechanistic studies have been carried out to understand why BAV develops. Notch 1 (31, 71); eNOS (69, 76, 77); Brg1 (78); ROCK (30); GATA5 (70); GATA6 (63); ALK2 (72); Jag1/2 (31, 71); Krox20 (49), ADAMTS5/Smad2 (42).


Although each of the different patterns of BAV has been reported in mouse models, there appears to be an under-representation of the left-right fusion pattern relative to the human population, and an over-representation of the cases where there appears to be an absence of the posterior leaflet, with no visible raphe in the remaining leaflets. Some of these differences may be explained by a lack of detailed description of the tiny mouse leaflets, where a raphe may be difficult to see. It could also be that the nature of most mouse models, where genes are ‘knocked out’ and are therefore non-functional may lead to different effects on cell behaviour. Point mutations may alter the function of the associated genes in more subtle ways, perhaps altering interactions with binding partners leading to gain of function rather than loss of function phenotypes. Alternatively, most human BAV series involve adult patients and it may be that this is not fully representative of the full spectrum of anomalies. For example, a study of babies under 3 months of age with critical aortic stenosis revealed different leaflet and commissure patterns to those of older children (81). Whether this is a maturity issue or reflects a failure of survival of babies with the severest phenotypes is not clear, but it does suggest that an analysis of only adults may miss some phenotypic variations. It is also possible that there are biological differences between mouse and human arterial valve development and anatomy. Some minor differences are apparent (Figure 2), but whether these are enough to explain the reported differences in aortic valve phenotypes between mouse and human remains unclear.

There is a great interest in the idea of using zebrafish to model human BAV gene variants, despite the zebrafish aortic valve naturally having only two leaflets; there is no pulmonary valve in fish as there are no lungs. There would be enormous advantages of using the zebrafish to model BAV variants, as it develops externally, is easy to manipulate physically and genetically, and lack of dependence on a functional cardiovascular system for the first 5 days of its development, coupled with its transparency as a larva, makes it ideal for live imaging of the developing heart and for investigating the more genetically intractable effects of, for example, blood flow on valve development (82). However, this major anatomical difference between fish and mammals means that it is not easy to directly correlate abnormal phenotypes in the zebrafish valve with the human phenotype. Despite this, aortic stenosis and/or regurgitation across the aortic valve has been used as supportive evidence for gene variant significance (68, 83, 84). The use of zebrafish to model BAV is also currently hampered by a lack of clarity about whether the zebrafish arterial valve develops in the same way as the mammalian valve. For example, do the same progenitor lineages contribute to the aortic valve in mammals and fish, and does EndMT plays a crucial role in zebrafish as it does on mouse? Elucidation of these issues will improve our understanding of the key features of valve development and will help to establish whether zebrafish can be a useful model for understanding how gene variants in human patients can lead to the well-recognised pathology.

Much is known about arterial valve development from animal models, although there are still some areas, particularly relating to the sculpting of the leaflets and the maturation of their supporting structures, that remain to be clarified. In terms of understanding the extent to which knowledge from animal studies can be applied to human arterial valve development, we still do not have a detailed timeline of how the arterial valves develop in the human embryo/foetus, particularly in the period from 8 to 40 weeks of gestation. Although the samples are limited, it will be important to establish when the key events take place and to establish the maturity of the human foetal and neonatal arterial valves relative to what we see in rodents. In terms of morphogenetic mechanisms, remarkably little is known specifically about these processes in human embryos. Although direct extrapolation from mouse to human is routine, we still do not know if cardiac progenitor populations make the same contributions in mouse and human. This is hampered by the difficulties in carrying out lineage tracing experiments in human embryos, although this could be overcome by the development of specific markers for differentiated NCCs and EndMT-derived cells. Alternatively, tracking somatic mutations as a form of lineage tracing is becoming a reality and may solve the issue (85). Extending from this, we do not know whether the same mechanisms that seem to underpin the patho-development of BAV in mice, for example, hypercellularity of the cushions/leaflets or absence of the ICVS, are similarly of relevance in humans. Thus, whilst it is likely that the basic mechanisms are similar, there may be crucial differences that limit the usefulness of animal models for studying both normal and abnormal valve development and disease. Whilst the possibility of offering genetic counselling for isolated BAV may seem some way off, and anyway may not be considered appropriate for a malformation that is frequently asymptomatic for much of life, it would be useful to understand the link between BAV and adult cardiovascular disease. This might allow us to stratify patients with BAV into groups who would be likely to go on to develop calcified leaflets or thoracic aortic aneurysms, perhaps based on the leaflet pattern or the nature of the progenitor lineage that was disrupted, and those in which this is unlikely. This would allow targeted drug interventions and perhaps influence surgical decisions about whether to replace the aortic valve with the patient's own pulmonary valve (as in the Ross procedure), rather than a porcine, synthetic, or metallic valve. It is only with further analysis of scarce human embryos that we will properly be able to address these important issues.
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Understanding Pulmonary Autograft Remodeling After the Ross Procedure: Stick to the Facts
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The Ross, or pulmonary autograft, procedure presents a fascinating mechanobiological scenario. Due to the common embryological origin of the aortic and pulmonary root, the conotruncus, several authors have hypothesized that a pulmonary autograft has the innate potential to remodel into an aortic phenotype once exposed to systemic conditions. Most of our understanding of pulmonary autograft mechanobiology stems from the remodeling observed in the arterial wall, rather than the valve, simply because there have been many opportunities to study the walls of dilated autografts explanted at reoperation. While previous histological studies provided important clues on autograft adaptation, a comprehensive understanding of its determinants and underlying mechanisms is needed so that the Ross procedure can become a widely accepted aortic valve substitute in select patients. It is clear that protecting the autograft during the early adaptation phase is crucial to avoid initiating a sequence of pathological remodeling. External support in the freestanding Ross procedure should aim to prevent dilatation while simultaneously promoting remodeling, rather than preventing dilatation at the cost of vascular atrophy. To define the optimal mechanical properties and geometry for external support, the ideal conditions for autograft remodeling and the timeline of mechanical adaptation must be determined. We aimed to rigorously review pulmonary autograft remodeling after the Ross procedure. Starting from the developmental, microstructural and biomechanical differences between the pulmonary artery and aorta, we review autograft mechanobiology in relation to distinct clinical failure mechanisms while aiming to identify unmet clinical needs, gaps in current knowledge and areas for further research. By correlating clinical and experimental observations of autograft remodeling with established principles in cardiovascular mechanobiology, we aim to present an up-to-date overview of all factors involved in extracellular matrix remodeling, their interactions and potential underlying molecular mechanisms.
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INTRODUCTION

The aortic valve opens and closes continuously, upwards of 100,000 times per day. Smooth functioning of the valve throughout a lifetime is enabled by its innate remodeling ability (1). Yet, the valve may need to be replaced in cases of unrepairable aortic valve disease, as, for example, in the setting of a bicuspid aortic valve. Especially in young adults with a long life expectancy, an aortic valve substitute should optimally restore aortic root biomechanics and hemodynamic function.

Disappointing outcomes of the first prosthetic valves led to the search for biological alternatives and in 1962, Donald N. Ross commenced implanting aortic valve homografts in patients (2). The lack of availability of homografts in all sizes, the lack of growth potential in children, and their limited durability prompted the quest for a living valve alternative (3). In the Ross procedure, first performed in a patient in 1967, the diseased aortic valve is replaced by the patient's own pulmonary valve and a pulmonary homograft is implanted in the pulmonary position (Figure 1) (5). As the so-called pulmonary autograft is a native tissue substitute, it offers an excellent hemodynamic profile and resistance to endocarditis without the need for anticoagulant therapy (6, 7). This translates into superior exercise capacity and freedom from valve-related complications when compared to mechanical or bioprosthetic valve replacement (8–10). Therefore, the Ross procedure is the only aortic valve replacement that can restore long-term survival and quality-of-life to that of the age-matched population (11–13). Yet, due to a perceived risk of increased operative mortality and the fear of complex reoperations on two valves, there remains skepticism toward the procedure (14, 15).


[image: Figure 1]
FIGURE 1. The 3 main techniques of the Ross procedure. 1. Freestanding root replacement technique with implantation of the entire pulmonary root into the left ventricular outflow tract. 2. Subcoronary technique: implantation of the pulmonary valve only within the native aortic annulus. 3. Autologous/native inclusion technique with implantation of the pulmonary autograft within the native aortic wall to prevent dilatation. Figure reproduced from Sievers (4), journal ceased publication no permission could be requested.


The Ross procedure presents a fascinating mechanobiological scenario. After devascularizing the autograft, it is placed in the systemic circulation and suddenly exposed to a five- to eight-fold greater blood pressure. In the freestanding root technique (Figure 1.1), the pulmonary autograft often dilates immediately (16). Nevertheless, many patients have a well-functioning neo-aortic valve multiple decades post-operatively, indicating a living, remodeling valve (17, 18). As the aorta and pulmonary root share a common embryological origin, the conotruncus, several authors have hypothesized that the pulmonary autograft has the innate ability to remodel into an aortic phenotype (19–22). Unfortunately, there are few data on successfully remodeled tissue. Rather, most ex vivo studies on human autografts evaluated tissue acquired at reoperation and even detailed histological reports of well-functioning autografts are scarce. Therefore, the adaptive mechanisms of the pulmonary autograft are poorly understood. It appears, however, that stress-shielding the pulmonary autograft using meticulous surgical technique, blood pressure control, or external support may further promote adaptation to the systemic circulation (19, 23).

Previous clinical studies and animal models have shown an increase in collagen in both autograft walls and leaflets (24–26). Remodeling of collagen, a key mechanism in cardiovascular biology that can increase tensile stiffness and strength, is also seen in pulmonary hypertension, systemic hypertension and aortic aneurysms (27–29). Therefore, it is likely an essential component of successful remodeling after the Ross procedure. Additional mechanisms such as an increase in cell-extracellular matrix (ECM) connections or collagen cross-linking may contribute to autograft remodeling, but have not yet been identified for the Ross procedure. Proteomic characterization of dilated autografts suggests a unique (mal)adaptive process that differs from that of ascending aortic aneurysms (30). Because all mechanisms aiming to restore tissue stress levels have the greatest chance of succeeding before overt dilatation, the early remodeling phase appears crucial. Furthermore, it is uncertain whether the pulmonary valve has a greater inherent remodeling ability than the wall, or if the wall is just more likely to suffer maladaptation in the freestanding Ross procedure because it sits unrestrained.

Prior reviews on the Ross procedure have focused mainly on patient selection and surgical technique yet speculate about autograft remodeling (19, 23). Nevertheless, long-term success of the Ross procedures relies in the first place on a living, remodeling autograft. Therefore, a comprehensive understanding of autograft adaptation and its determinants is needed so that we can identify patient-specific strategies to promote remodeling and make the pulmonary autograft a permanent aortic valve substitute. Starting with a comparison between the pulmonary artery and aorta, we review autograft mechanobiology in relation to the distinct clinical failure mechanisms. Furthermore, we evaluate the evidence regarding strategies to promote pulmonary autograft adaptation. By correlating clinical and experimental observations of autograft remodeling with established principles in cardiovascular mechanobiology, we aim to present an overview of factors involved in ECM remodeling and their interactions. Simultaneously, we aim to indicate unmet clinical needs, gaps in current knowledge, and areas for further research.



SURGICAL TECHNIQUES OF THE ROSS PROCEDURE

The Ross procedure was first performed with the scalloped pulmonary autograft implanted in subcoronary position, avoiding the need for coronary reimplantation (Figure 1.2) (31). The freestanding root replacement technique was introduced in 1974, once reimplantation of the coronary arteries became technically feasible (3). As this iteration is more reproducible and applicable over a wide range of anatomies, it is the most commonly used today (32). Furthermore, this technique enables neo-aortic root expansion during somatic growth in children.

Upon realizing the risk of dilatation with the root technique, the autologous inclusion technique was introduced whereby the autograft is included within the native aortic wall (Figure 1.3). Although this technique reliably prevents dilatation, it is not applicable in cases of severe size mismatch (16, 18, 33). Prosthetic external support also has the potential to prevent neo-aortic dilatation and is nowadays most commonly performed by placing the autograft within a cylinder of Dacron vascular graft (Figure 2B) (34–36). The long-term effect on reoperation rate and mechanobiological adaptation have yet to be determined (13). The use of external subvalvular annuloplasty and sinotubular junction (STJ) stabilization in patients with an enlarged annulus or STJ was introduced in a systematic fashion by Ismail El-Hamamsy (Figure 2A) (19). Using this “tailored approach” combined with strict blood pressure control, it appears possible to mitigate dilatation while avoiding the potentially deleterious hemodynamic and histological effects of total external support (37).
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FIGURE 2. Most commonly used strategies to externally support the freestanding pulmonary autograft. (A) External subvalvular annuloplasty and sinotubular junction (STJ) stabilization in patients with risk factors for autograft dilatation. (B) Wrapping of the entire autograft within a cylinder of vascular tube graft. Figure adapted with permission from Mazine et al. (19).




CLINICAL FAILURE MECHANISMS

Clinical autograft failure, and subsequent reoperation, can be related to wall dilatation, leaflet degeneration, or both. Occurring exclusively after the root replacement technique, non-structural valve degeneration is defined as greater than moderate aortic regurgitation (AR ≥ 3/4) caused by dilatation or autograft wall dilatation beyond 50 mm, with or without associated AR (38). Structural valve degeneration, defined as greater than moderate AR caused by leaflet degeneration or prolapse, is the most common mode of failure for the subcoronary technique, yet it can occur in all variations of the Ross procedure (38). An overview of possible failure patterns, based on anatomical site and underlying mechanism, and correlation with the functional classification of AR as proposed by the group of El Khoury is shown in Figure 3 (39). As the wall and leaflets can degenerate concomitantly, combinations of the described mechanisms are possible, depending on the specific failure phenotype.
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FIGURE 3. Classification of the failure mechanisms of the Ross procedure and correlation with El Khoury's functional classification of aortic regurgitation. AR, aortic regurgitation; SVD, structural valvular degeneration; NSVD, non-structural valvular degeneration. Illustrations adapted with permission from Boodhwani et al. (39).


In expert hands, durability of the subcoronary technique may exceed that of the root replacement technique, without the risk of dilatation. As a leader in his field, Dr. Hans-Hinrich Sievers reports excellent freedom from reoperation of 89.8% at 20 years post-operatively (17). On the other hand, by maximally respecting leaflet anatomy and relations, the root replacement technique has early superiority over the subcoronary and inclusion techniques (18). For any technique, imperfect surgical implantation may result in early AR, progressive in nature due to increased leaflet stress, and potentially lead to early technical failure.

For the root replacement technique, initial elastic dilatation occurs immediately upon release of the aortic cross-clamp due to the pulmonary artery's compliance (Figure 5) (40, 41). Furthermore, up to 60% of the dilatation that is present at 1 year manifested prior to hospital discharge (42). An intuitive hypothesis dictates that in patients with pronounced early dilatation, in itself leading to thinning of the wall, a cycle of pathological remodeling is initiated as the autograft is not permitted to adapt; dilatation begets dilatation (37). Progressive annular or STJ dilatation is known to cause leaflet malcoaptation with a central regurgitant jet (Figure 3) (39, 43, 44). Isolated autograft sinus dilatation on the other hand, is less likely to lead to AR (45).

Although chronic dilatation, related to tissue remodeling, appears to be a slow process in most patients, autograft diameter will exceed 40 mm in up to 50% of patients at 12 years post-operatively (33, 46). At 15 years, up to 24% of patients will require a reoperation for non-structural valve degeneration (13, 32, 38, 47). For the root replacement technique, risk factors for dilatation and subsequent reoperation are pre-operative isolated AR, a large aortic annulus, size mismatch between aortic and pulmonary annulus, pre-existing aortic dilatation, younger age, male sex and post-operative hypertension (13, 32, 38, 47, 48). These variables should be kept in mind when selecting candidates for the Ross procedure (19).

While less straightforward than for genetically determined aortic aneurysms, there appears to be an association between autograft diameter and dissection. Pulmonary autograft dissection has been described in at least 9 cases, occurring between 5 and 18 years after index surgery at an autograft diameter of 54–64 mm (49–57). All patients presented with aortic insufficiency related to a bicuspid aortic valve (BAV) at initial operation. Furthermore, a common feature was pronounced early or sudden dilatation, for example during pregnancy, indicating compromised mechanical homeostasis. In 6 out of 9 cases, the dissection originated in the non-coronary cusp, possibly related to elevated local wall stress. As all dissections were localized without crossing suture-lines, most were incidental findings on imaging, and histopathological assessment confirmed the subacute-to-chronic nature of these dissections (51, 53, 54). In one case, the non-coronary sinus ruptured (56). The critical size threshold for reoperation, when the risk of dissection exceeds the risk of reoperation, is still uncertain. It seems that the risk of autograft dissection or rupture is very low for a diameter below 50 mm, indicating that the decision to reoperate for dilatation should be tailored individually.



AUTOGRAFT CHARACTERISTICS

A thorough understanding of pulmonary autograft mechanobiology begins with studying the differences between the pulmonary and aortic root. As both vessels have the same embryological origin, the conotruncus, their basic histological composition and anatomy are initially similar (58). Due to diverging hemodynamic conditions post-natally, after the ductus arteriosus closes, the aorta and pulmonary artery and their respective valves develop distinct microstructural and mechanical properties (59).


Surgical Anatomy

Both arteries are said to arise from an “annulus,” but the shape of the ventriculo-aortic junction does not constitute a true circle. The aortic root has a crown like band of fibrous tissue at its base with the ventriculo-aortic junction embedded centrally in the heart and inserted on both the atrioventricular valves and the thick left ventricular myocardium (Figure 4). The pulmonary root on the other hand, has no fibrous annulus and originates from the right ventricular infundibulum, a freestanding rim of muscle seated on the right ventricle and septum (61). Both valves consist of three semilunar leaflets, inserted on the annulus in a crown like fashion and meeting at the level of the STJ, forming the commissures (60, 61).
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FIGURE 4. The aortic annulus (red crescent) is embedded within the fibrous skeleton of the heart whereas the pulmonary annulus (blue crescent) consists of a freestanding rim of infundibular muscle lifting the pulmonary leaflets away from the interventricular septum. LVOT, left ventricular outflow tract; RVOT, right ventricular outflow tract. Figure adapted with permission from Ho (60).


In healthy individuals, the aortic STJ diameter is 10–15% smaller than the annulus diameter and ±25% smaller than the maximal sinus diameter (62, 63). Furthermore, the pulmonary valve diameter is about 2 mm greater than that of the aortic valve and both are closely related in height (64). However, in patients undergoing the Ross operation, the relation between pulmonary artery and aorta may be distorted.



Microstructure of the Wall and Valve

Both arteries possess a tunica media rich with elastin, endowing the wall with resilience and elastic recoil, and a tunica adventitia consisting primarily of thick collagen fibers, providing strength (58). Compared to the pulmonary artery, the aorta has a thicker wall with a greater content of structural proteins. Furthermore, its tunica media has a greater number of elastic laminae which are more organized with a denser weave (61, 65–67). As most functional elastic fibers are assembled before adulthood, they are susceptible to mechanical fatigue and proteolytic degradation. Collagen fibers, on the other hand, have a short half-life and are subject to constant turn-over in response to changes in wall stress (27). Therefore, via the action of mainly fibroblasts, the adventitia plays a crucial role in maintaining mechanical homeostasis. The tunica media consists of concentric elastic laminae interspaced with reticular collagen and smooth muscle cells (SMCs), the latter making up ~35% of the wall by dry weight. Finally, a modest amount of glycosaminoglycans contributes to compressive stiffness and likely mechanosensing. Because the contractile filaments of the SMCs are connected to elastic fibers by focal adhesions, forming so-called elastin-contractile units, the SMCs are the main mechanosensing cells of the tunica media (68). While SMCs are typically considered to have either a contractile or synthetic phenotype, with the latter representing a matrix-remodeling function, it seems that these are two ends of a spectrum (69, 70). Furthermore, the SMC population in the aortic and pulmonary media is inhomogenous with cells from various lineages possessing different matrix-producing abilities in response to changes in wall stress or hypoxia (71).

The aortic and pulmonary leaflets, or cusps, are richly innervated and capable of actively responding to changes in mechanical load (19, 72, 73). The cusps are delineated by endothelium on both the arterial and ventricular side. Their core consists of three layers: the collagen-rich fibrosa on the arterial side, the central spongiosa consisting mainly of glycosaminoglycans, and the ventricularis on the ventricular side, rich in elastin sheets (60). Valvular endothelial cells play an important role in the valve's response to changes in flow-induced shear stress by modulating inflammation, calcification, and ECM remodeling (72, 74). They are different from vascular endothelial cells due to their high proliferation rate, unique gene expression profile and orientation perpendicular to blood flow (72). Valve interstitial cells (VICs), present in all three layers of the leaflet, are the primary matrix remodeling cells that maintain structure and function. The mechanical environment of the VICs is sensed by, amongst others, mechanosensitive ion channels (21). When compared to pulmonary VICs, aortic VICs are stiffer and display a greater ability to contract the ECM (75). Additional functional differences include the greater potential for a pro-inflammatory and pro-osteogenic response in aortic VICs, indicating why valve calcification is common in the aortic valve yet rare in the pulmonary position (76).



Aortic and Pulmonary Root Biomechanics

The pulmonary autograft undergoes a radical change in environment after the Ross procedure due to differences in hemodynamic conditions. The blood pressure in the aorta is around 120/80 mmHg at rest whereas that in the pulmonary artery is around 25/10 mmHg (77). In the healthy pulmonary and aortic root, blood flow is laminar with sinus vortices behind the leaflets, acting as low-pressure zones to facilitate smooth opening and closing (78, 79). The blood flow acceleration and peak velocity in the aorta are approximately double that of the pulmonary root (80). Furthermore, powerful left ventricular contractions subject the aortic root to cyclic elongation and torsional deformation (81). Sufficient aortic distensibility is required to reduce cardiac workload and provide diastolic coronary flow (82). Cyclic expansion of aortic root volume is nearly twice that of the pulmonary root (37.7 vs. 20.9 %), with the greatest distension occurring at the STJ and commissures (82).

Both arterial walls display non-linear mechanical behavior and are most compliant in their physiological pressure ranges because their ECM components are deposited and interlinked at vessel-specific levels of transmural pressure and stretch. At physiological arterial pulsatility, the mechanical load is carried mainly by elastic fibers. With increasing distension, collagen fibers are recruited and the artery stiffens (66, 70). As the pulmonary sinuses are most compliant within the physiological transmural pressure range of 0-30 mmHg, the greatest diameter changes are seen in this range (Figure 5). Beyond 30 mmHg, proportionally less distension is seen with increasing pressures as the wall stiffens (40, 83). Therefore, once exposed to systemic pressures after the Ross procedure, and before any remodeling takes place, the autograft wall will behave significantly stiffer than the aorta, evident by a steeper incline of the pressure-diameter curve (Figure 5) (40, 66, 84, 85).
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FIGURE 5. Pressure-diameter behaviors for the healthy aortic and pulmonary root illustrating non-linear mechanical behavior. In the aortic pressure range of 80–120 mmHg (dotted lines), the pulmonary artery behaves very stiff, evident by the steep incline. Figure recreated using data available in the article by Nagy et al. (40).


The leaflets of the semilunar valves are exposed to flexural and shear stress in systole and tensile and compressive stress in diastole (1). To accommodate this complex cyclical loading, the leaflets are highly anisotropic: they are stiffer in the circumferential than axial direction, related to the circumferential orientation of collagen fibers as opposed to axially oriented elastin bundles (1, 86). Due to the trans-aortic pressure drop of 60–100 mmHg, the autograft leaflets will suddenly experience a far greater tensile and compressive stress on their arterial surface post-operatively. While the microstructure of pulmonary and aortic leaflets is similar, the latter are typically 50–60% thicker and contain more collagen (87, 88). The mechanical properties of both valves also seem to be similar, yet discrepancies in testing protocols between different studies make it challenging to draw definitive conclusions (86, 87, 89, 90). It seems nonetheless that the pulmonary valve is mechanically sound as an aortic valve substitute, given it is implanted symmetrically with perfect coaptation.



Implications for Surgical Technique

The relation between annular and STJ dimensions determine leaflet coaptation (39, 43, 44). A dilated aortic annulus (≥27 mm) may indicate an underlying connective tissue problem. Furthermore, in cases of size mismatch, implantation of the autograft within a larger aortic annulus may impart additional pre-stretch. To ensure that the leaflets remain constrained within the aortic annulus, the autograft should be implanted deep within the annulus so that it can benefit from support of the fibrous skeleton of heart. In patients with a large annulus, an external annuloplasty using a band of prosthetic material may be indicated to further stabilize the annulus (19).

There are regional biomechanical differences within both arterial walls: the ascending aorta and main pulmonary artery are more compliant than their respective sinuses due to a greater elastin content (61, 66). Furthermore, because aortic expansion during the cardiac cycle is most pronounced at the level of the commissures, the STJ is at risk for dilatation after the freestanding root Ross (82). The autograft must be trimmed distally, leaving at most 2 mm of pulmonary wall above the commissures. In patients with pre-operative aortic dilatation, the STJ can be stabilized using a prosthetic interposition graft (91). Externally supporting the STJ with a resorbable band of polydioxanone (PDS) has shown to reduce the incidence of neo-aortic regurgitation in children, further confirming the importance of the STJ.

There appear to be no histological or biomechanical differences between the 3 pulmonary sinuses (66). However, during autograft harvesting, the left-facing, septal autograft sinus is stripped of most of its adventitial tissue where it is adherent to the aorta. In the freestanding Ross, this sinus is therefore usually placed in the left coronary sinus so that it benefits from support of the surrounding heart structures (91).




CONDITIONS AFFECTING AUTOGRAFT PROPERTIES

The underlying pathology forming the clinical indication for the Ross procedure may affect the pulmonary autograft characteristics. In the general population, degenerative aortic valve stenosis in the elderly is the primary indication for valve replacement (92). BAV disease, characterized by abnormal fusion of the aortic leaflets so that only 2 functional leaflets exist, is of special interest to the Ross procedure. While BAV occurs in 0.5–1.2% of the population, it is present in up to 74% of patients undergoing the Ross procedure as it typically manifests at a younger age than degenerative aortic stenosis (32, 38, 93).

Histological features in the aortic wall of BAV include SMC apoptosis and degeneration of ECM (94). While there is evidence for a genetic basis, increased leaflet stress and abnormal flow patterns influence both the development of BAV and its clinical manifestation (95). For the aorta and pulmonary root, both the leaflets and the cells populating the sinus walls are derived from neural crest and second heart field lineages (96). This provides a developmental link between pathologies affecting the leaflets and sinus walls like the aortic dilatation in up to 50% of patients with BAV disease (97). Neural crest cells, implicated in BAV and congenital aortic stenosis, are less commonly seen in the pulmonary than in the aortic root in murine embryological studies (96). This may explain why anatomic pulmonary valve anomalies, precluding use as an autograft, are rare (incidence of 0.1%) and usually associated with other congenital heart defects (98–100).

While de Sa et al. observed degenerative histological features in the main pulmonary artery of BAV patients (101), the association between aortic and pulmonary degenerative features was not confirmed by other groups (94, 102). Furthermore, when assessed by planar biaxial mechanical testing, there is no difference in mechanical properties of the pulmonary artery according to aortic valve phenotype (67). On the other hand, when assessed in vivo by echocardiography, elastic properties of the pulmonary artery are impaired with a correlation between aortic and pulmonary stiffness and diameter in BAV patients (103, 104).

Importantly, the presence of BAV in itself is not a risk factor for autograft failure or dilatation after the freestanding Ross. There are, however, risk factors for dilatation that are associated with BAV and may indicate an underlying connective tissue anomaly, such as aortic insufficiency, a large aortic annulus, or pre-operative aortic dilatation (13, 47, 48). This is in keeping with the observation that the aortic and main pulmonary artery walls of patients with predominantly AR are more compliant than those of patients with predominantly aortic stenosis or mixed stenosis/regurgitation (67). Furthermore, all described cases of autograft dissection occurred in patients with BAV disease. These data highlight the importance of understanding autograft mechanobiology to guide patient selection and predict the risk of dilatation.

Marfan syndrome (MFS) is the most common genetic form of thoracic aortic aneurysm disease, caused by pathogenic variants of the microfibrillar protein fibrillin-1, an ECM component acting as scaffold for elastin, as well as contributing to TGF-β signaling (105). The aorta of patients with MFS is susceptible to dissection or rupture because of its increased stiffness and impaired remodeling ability. MFS and other genetically driven aortopathies are a contra-indication for the Ross procedure because the underlying histologic anomalies, medial degeneration with elastic fiber fragmentation and loss of SMCs may also affect the pulmonary wall (106). Indeed, arterial elastic properties are impaired in MFS, and patients have a larger pulmonary artery diameter with an aneurysm in up to 15.3% (107). If the pulmonary artery of these patients potentially cannot withstand pulmonary pressures, it does not appear fit for use as an aortic autograft.



CLINICAL EVIDENCE FOR AUTOGRAFT REMODELING

In 2006, Sir Magdi Yacoub wrote: “An evolutionary point in the Ross operation is the inherent capacity of the autograft to adapt to the new environment by altering its structure and physical properties” (108). The potential longevity of the pulmonary autograft, several decades in many patients, strongly supports this notion (17, 18). If the autograft leaflets would not remodel and function simply as passive structures, it is highly unlikely that they would be able to withstand the systemic circulation for several decades.

For the freestanding Ross, it seems that repetitive supraphysiological distension of the pulmonary autograft may lead to progressive wall damage, while also eliciting a mechanobiological response. Clinical explants of autograft walls acquired within the first 3 months after the Ross procedure show SMC loss and fragmented elastic fibers yet also an increase in myofibroblasts (24). Late explants acquired at reoperation for dilatation show fragmentation of elastic fibers and deposition of mucoid material as well as hyperplastic intimal remodeling, marked adventitial fibrosis and an increase in synthetic SMCs and myofibroblasts (24, 25, 109–112). Yacoub et al. investigated dilated autograft wall samples with a mean implantation period of 14.1 ± 4.1 years and contrary to previous studies, they observed a seemingly well-remodeled and revascularized arterial wall with preserved architecture and a mixture of increased organization of elastic lamellae and degenerative features (20). Table 1 provides an overview of the main histological reports evaluating autograft samples acquired from patients and their key findings.


Table 1. Overview of the main histological reports evaluating autograft samples acquired from patients and their key findings (20, 24, 25, 109–111, 113).
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Based on in vivo imaging at 1–5 years post-operatively in adults and children who underwent the Ross procedure as a root technique, the pulmonary autograft sinuses appeared significantly stiffer than the native aorta of healthy controls (85, 114, 115). Stiffening of the pulmonary autograft wall upon dilatation is easily explained by the non-linear mechanical behavior of the intramural constituents, and is likely an inevitable early consequence of the Ross procedure. On the other hand, mechanical testing of dilated, “failed” autograft walls shows that they are not only less stiff than healthy aorta, they are also less stiff than normal pulmonary root at aortic and pulmonary pressure ranges, respectively (116, 117). An artery's mechanical behavior in vivo is determined by its inherent material stiffness but also by its structural stiffness, related to its anatomical configuration and pre-stretch. As it is uncertain if the described mechanical tests of each unique arterial sample were performed at representative levels of in vivo pre-stretch, it is challenging to correlate the mechanical data of these studies with expected in vivo behavior. It is unknown if long-term ECM remodeling can restore autograft stiffness to normal values in well-functioning autografts. Furthermore, the long-term implications of wall stiffness on valve and ventricular function remain uncertain.

Several investigators had the opportunity to investigate autograft leaflets explanted at reoperation, transplantation or at autopsy. While leaflets usually retained their typical trilayered architecture, increased leaflet thickness mainly due to the apposition of an extra layer of tissue/pannus on the ventricular side was consistently observed in multiple reports of both failed and well-functioning valves (20, 24, 25, 109, 113). This layer was characterized by intimal hyperplasia, dense collagen and the presence of myofibroblasts and matrix-remodeling enzymes. Even in “failed” autografts, overall leaflet architecture and microstructure were rather well-preserved while the autograft walls exhibited pronounced degeneration. The excellent freedom from reoperation for the subcoronary and inclusion techniques, with some patients surviving 44 years after surgery, support the notion that the pulmonary leaflets may adapt better than the wall (17, 18, 20).



EXPERIMENTAL EVIDENCE FOR AUTOGRAFT REMODELING

One might argue that animal models are not clinically relevant as they often use young, healthy animals and short implantation times compared to the development of clinically relevant autograft dilatation. Nevertheless, they provide the opportunity to study the early adaptation mechanisms in seemingly well remodeled autografts. Table 2 shows an overview of all animal models relevant to the Ross procedure and their main findings. In an ovine model of a main pulmonary artery interposition graft in the descending aorta, pulmonary architecture was well-preserved in some areas while vascular atrophy was observed in others. A proportion of explanted tissue samples exhibited aorta-like mechanical behavior during biaxial tensile testing, indicating the pulmonary artery's ability to remodel (84, 118, 119). In a similar animal model using resorbable external support, Nappi et al. suggest that a “neovessel” developed with an increase in elastic wall components (120). This finding is in stark contrast to findings by Schoof et al., who noted preservation of the typical pulmonary arterial microstructure in pigs (26). While new elastin can be produced during adulthood, it is uncertain to what extent these new fibers can contribute to mechanical adaptation, and to what extent the data by Nappi et al. can be extrapolated to humans (27).


Table 2. Overview of animal models relevant to the Ross procedure with main findings (22, 26, 84, 118–124).
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In a porcine model of the freestanding Ross procedure, Schoof et al. reported a revascularized wall lacking degenerative features after 10 months. Furthermore, enlarged and rearranged SMCs were seen alongside adventitial fibrosis (26, 121). In the longest experimental evaluation to date, Tudorache et al. observed preservation of typical tri-layered leaflet histology with normal cellular distribution at 22 ± 2.7 months in lambs after the freestanding Ross procedure. Unfortunately, they did not investigate the dilated autograft wall or ECM remodeling of the valve (122). Our group recently developed an ovine model of the Ross procedure performed as a freestanding root replacement (123). Preliminary histological evaluation is consistent with previous clinical and experimental explant studies (Figure 6). Future work will include a comprehensive evaluation of autograft mechanobiology with analysis of hemodynamic parameters, imaging, histology, gene expression response and mechanical testing of explanted tissues.
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FIGURE 6. Representative longitudinal sections through the sinus and leaflets of the pulmonary artery and aorta of a sheep weighing 60 kg. Also shown are the pulmonary autograft and homograft at 6 months post-operatively in a sheep who underwent the Ross procedure (weighing 43 kg at operation). Neo-vascularization in the base of the pulmonary autograft leaflet (white arrowhead) and added collagen on the adventitial side of the sinus wall (black arrowhead). The arterial wall and leaflet of the pulmonary homograft are thin and acellular. Elastica Von Gieson staining. Adapted with permission from Van Hoof et al. (123).




DISCUSSION


Understanding Pulmonary Autograft Adaptation


ECM Damage and Remodeling

Insight into the underlying mechanisms can be gained by correlating established principles of arterial mechanobiology with changes observed in the pulmonary autograft. In physiological conditions, SMCs and adventitial fibroblasts are stress-shielded mainly by elastic fibers. Upon completion of the freestanding Ross procedure, the autograft wall dilates, resulting in a 5- to 10-fold greater circumferential wall stress (126). As the elastic fibers become stretched and the mechanical load is transmitted to previously underrecruited collagen fibers, the artery behaves stiffer (28). This disruption of baseline stress values prompts a response to restore mechanical homeostasis. Via cell-ECM and cell-cell connections, cells sense the stress acting on the ECM. Changes in the mechanical environment are translated into intracellular signals via specific mechanotransduction pathways, inducing the production of ECM proteins, adhesion molecules and matrix metalloproteinases (MMPs) (70). Figure 7 provides an overview of known and potentially involved mechanisms of ECM remodeling.
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FIGURE 7. Overview of established and potentially involved mechanisms of pulmonary autograft wall remodeling in the Ross procedure. The + indicates an adaptive response, — indicates maladaptive remodeling. IEL, internal elastic lamina; SMC, vascular smooth muscle cell; ECM, extracellular matrix; MMP, matrix metalloproteinase; TGFβ, transforming growth factor β; (M)FBR, fibroblast/myofibroblast.


Fibroblasts located mainly in the adventitia are among the first to be activated by overdistension (127). These fibroblasts proliferate, and via the release of growth factors, induce the differentiation of SMCs from the contractile to the synthetic phenotype. Fibroblasts differentiate into myofibroblasts by the influence of transforming growth factor β (TGF-β) and mechanical stresses (69, 128). Collagen is deposited at the newly imposed mechanical load while existing fibers are removed by MMPs or modulated, for example by changing collagen cross-linking patterns (27). Increased adventitial collagen is observed in all autograft samples acquired at reoperation and in all animal studies, suggesting a common mode of remodeling in both failed and well-adapted autografts. This form of ECM remodeling is a crucial part of arterial homeostasis in arterial aging, pulmonary arterial hypertension and aneurysm development (27, 129, 130). Elevated myofibroblast, MMP1, MMP13 and TGF-β levels are seen in clinical autograft explants at over 10 years post-operatively (24, 25, 30, 109). This persistent ECM remodeling likely indicates the inability to restore the homeostatic state.

As regeneration of elastic fibers is limited, certainly in comparison with collagen, they are susceptible to mechanical fatigue by repetitive overdistension. Currently, the threshold pressure or diameter which causes acute elastic damage is unknown. In an ex vivo inflation set-up, the main pulmonary artery became susceptible to damage upon acute exposure to a transmural pressure beyond 60 mmHg, with pressures above 100 mmHg likely to induce collagen damage as well (131). Because this study by Wang et al. employed previously frozen porcine pulmonary arteries, it is uncertain if these data can be extrapolated to the Ross procedure in humans. Previous studies of dilated, explanted pulmonary autografts show fragmented elastin fibers and an increase in synthetic-type smooth muscle cells. As the stress in SMCs is typically concentrated at focal adhesions, connecting the cytoskeleton to surrounding elastic fibers, it seems likely that damage to the elastic-contractile units occurs (68). Besides representing a change in mechanical properties, elastic fiber fragments have a signaling function by inducing SMC proliferation and a phenotype switch, and will undergo proteolytic degradation by MMPs and cathepsins (28, 132).

Immediately after the Ross procedure, autograft leaflets are exposed to elevated shear, compressive and tensile stresses. Furthermore, aortic root dilatation may contribute to cusp stretching. It is likely that collagen production plays an important role in valve remodeling in response to increased stress, as it does in the wall, with an important role for VICs in the cusps (133). Previous histological studies suggest successful leaflet adaptation to the systemic circulation, with increased cusp mass mainly due to the apposition of an extra layer of fibrous tissue on the ventricular cusp side (20, 24, 25, 109). While this suggests improved mechanical properties, there are no data to support this. The absence of the degenerative features which are seen in dilated autograft walls could indicate a greater ability of the leaflet to adapt to the systemic circulation. By preventing excessive deformation and providing reciprocal support, good leaflet coaptation in the early phase after the Ross procedure likely protects the cusps from acute ECM damage, thereby permitting adaptation. Endothelial to mesenchymal transition may also play a role in maintaining leaflet integrity (1).



Blood Flow, Shear Stress, and the Endothelium

Endothelial hyperplasia is consistently observed in wall samples explanted late after the Ross procedure (20, 25). This feature, commonly seen in aortic aneurysms, suggests remodeling in response to elevated shear or intramural stress (134). Furthermore, endothelial cells of explanted autograft valves express Ephrin B2. While this may indicate a stable systemic VEC phenotype, it cannot be excluded that these cells migrated from the native aorta or endocardium (24).

Among all aortic valve substitutes, blood flow patterns are closest to normal after the Ross operation (7, 41). In BAV disease, abnormal flow patterns with elevated wall shear stress associate with aneurysm progression and focal elastin degeneration (135). The changes in flow and shear stress that occur in the pulmonary autograft, upon transposition from pulmonary to aortic position, have not been quantified. Therefore, the role of abnormal flow patterns, pre-existent or related to neo-aortic regurgitation which develops later, on autograft remodeling remains unknown.



Ischemia and Inflammation

As their wall is thicker than 0.5 mm, the external layers of the pulmonary sinuses are supplied by vasa vasorum (136). Disruption thereof during autograft harvesting may lead to damage or impair remodeling. Both in a porcine model of the Ross procedure and in clinical explant studies, a well-revascularized arterial wall with normal to slightly increased presence of vasa vasorum in the tunica media and adventitia was seen (20, 25, 26). The magnitude of this contribution and the role of neovascularization in mechanobiological adaptation after the Ross procedure are unknown. The autograft leaflets are likely less affected by ischemia as they are supplied by diffusion from both the aortic and ventricular side.

Goffin et al. observed a disappearance of dendritic cells in an explanted autograft of a 14-year old patient who died of unrelated causes (113). While these accessory immune cells play a role in regulating early ECM remodeling, the significance of this finding is uncertain (127). In vitro, repetitive overstretching of valvular endothelial cells leads to an upregulation of inflammatory pathways (74). However, there is no evidence for relevant inflammatory activity or calcification in samples explanted several years after the Ross procedure.



Molecular Mechanisms Warranting Further Research

A recent study by Chiarini et al. suggests a unique maladaptive process in the autograft which differs from that of aortic aneurysms (30). They compared the proteomic signature of the tunica media of dilated autografts, acquired 8–16 years post-operatively, against that for normal PA, aorta and aortic aneurysm samples. An upregulation of paxillin, a key component of focal adhesions, was observed. As the integrin-containing focal adhesions mechanically link the ECM and actin cytoskeleton, their finding may represent abnormal cytoskeleton remodeling and impaired mechanotransduction (70). Vimentin, a component of the SMC cytoskeleton, was also upregulated, confirming the activation of pathways involving synthetic SMCs. A downregulation of MAGP1 was seen, suggesting impaired elastic fiber buildup. They also found evidence of a disturbed JAG1-Notch1 signaling, potentially impeding tissue remodeling by limiting cell-cell interactions. Unfortunately, it is unknown if the observed proteomic changes represent a cause or consequence of maladaptation and repetitive overdistension.

In the general population, pulmonary artery aneurysm is a rare entity, reported only 8 times in 109,571 autopsies and mainly associated with pulmonary arterial hypertension in the setting of congenital heart disease (130, 137). There are yet several molecular pathways implied in thoracic aortic aneurysms which are also involved in the development of pulmonary arterial hypertension and pulmonary artery aneurysm. Analogous with BAV disease, a combination of hemodynamics and underlying molecular pathways likely impair mechanoregulation in both the aorta and pulmonary artery (130). With regards to collagen integrity, deficiencies in the following proteins are relevant: biglycan (an ECM component regulating collagen formation) and collagen 3 α1 chain (implied in Ehlers-Danlos Syndrome type IV). For elastic fibers: fibrillin-1 (elastic fiber core glycoprotein with signaling function, implicated in MFS) and fibulin 4 (regulation of elastic fiber assembly). Reduced expression of lysyl oxidase, a collagen and elastin cross-linking enzyme, also leads to mural degeneration. For the actin cytoskeleton, proteins like smooth muscle α-actin and filamin A are relevant. With regards to mechanoregulation, TGF-β receptors (implicated in Loeys-Dietz syndrome) and Notch1 (impaired signaling seen in dilated autografts) are implicated (130). These interesting associations provide insight into possible underlying mechanisms of pulmonary autograft maladaptation. Finally, the role of mechanosensitive ion channels should be explored (21).




Strategies to Prevent Pulmonary Autograft Dilatation


Antihypertensive Treatment

Undoubtedly, blood pressure is one of the main determinants of remodeling. As early remodeling is crucial to avoid initiating a vicious cycle of pathological remodeling, strict blood pressure control (systolic pressure <110 mmHg) is advocated by many experts starting immediately post-operatively and continued for 6–12 months (19). While there is currently no direct evidence for an effect on dilatation, reoperation rate or histological outcome, aggressive blood pressure control appears justified as there are many indirect arguments that antihypertensive medication can improve autograft remodeling. In ascending aortic aneurysms, hypertension is associated with aneurysm growth rate as well as dissection (138). While the decrease in wall stress is non-linearly related to blood pressure lowering, antihypertensive treatment can achieve a marked reduction in wall stress, even in patients with mildly elevated blood pressure. Therefore, even in patients with normal or slightly elevated blood pressure, antihypertensive treatment can achieve a marked reduction in wall stress. In the Ross procedure, this could make the difference needed to allow autograft adaptation.

The underlying idea is to gradually expose the autograft to aortic pressures. There is anecdotal evidence that preoperative pulmonary arterial hypertension pre-conditions the autograft by promoting ECM organization (65). In animal models of pulmonary hypertension, thickness of the tunica media is increased (29). This concept is further supported by numerical simulations of saphenous vein remodeling when used as arterial bypass graft, whereby gradual loading improves remodeling (139).

In both MFS and after the Ross procedure, a repetitive cycle of overdistension occurs in an arterial wall at risk for pathological remodeling (140). Aortic stiffness is inherently increased in MFS. Similarly, the pulmonary autograft wall behaves stiffer than the aorta at systemic pressures, at least before remodeling (84). By lowering blood pressure and the force and velocity of ventricular contraction, beta-blockers reduce aortic wall stress, thereby lowering the risk of aortic dissection in patients with MFS and potentially enabling the wall to heal. Angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers reduce blood pressure and aortic stiffness (105). In murine models of MFS, prenatal initiation of angiotensin II receptor blockers has the potential to prevent pathological remodeling and aortic dilatation. As this effect is related to hemodynamic and vasomotor changes as well as the interference with TGF-β signaling, it may be of interest to the Ross procedure (141).



Mechanobiology of External Autograft Support

The technical considerations of currently used strategies to prevent autograft dilatation were recently reviewed by Chauvette et al. (23). While it is uncertain at this point what the best strategy is, external support should be biocompatible in terms of geometry, compliance and tissue reaction. The primary goal of external support is to stabilize root dimensions; this will inevitably reduce distensibility, and therefore circumferential wall stress and strain. Repetitive strain is crucial to arterial homeostasis, just as mechanical loading is essential for the maintenance of bone density and skeletal muscle mass (142). In a landmark study, Courtman et al. banded the infrarenal abdominal aorta in rabbits, thereby reducing local strain. At 6 weeks, they observed apoptotic loss of 30% of SMCs and a 45% reduction of medial area. No endothelial cell loss was seen, nor was neo-intimalization impaired in animals undergoing banding and endothelial balloon denudation (143). In an experiment involving iliac artery wrapping in baboons, a tighter wrap induced more ECM loss and SMC atrophy (144). These banding studies indicate that excessive stress-shielding, so that cells experience low tensile stress, is undesirable. This is analogous to applying a tight cast to a fractured leg without allowing movement of the limb, resulting in muscle and bone atrophy (142). Furthermore, damage induced by compression between the wrap and pulsatile blood flow cannot be excluded. Numerical simulations of prosthetic external support of the descending aorta indicate the potential of external support to ameliorate the arterial homeostatic response to elevated pressure, and also point to stiffness of the support material as a crucial determinant of remodeling (145). It seems that the autograft needs to feel just the right amount of stress in order to heal after being devascularized during the operation, and subsequently remodel.

Any type of prosthetic external support induces a tissue reaction, influenced by the material, presence of a coating and porosity. Early cellular inflammation soon shifts to a foreign body giant cell reaction, characterized by macrophages and giant cells attempting to encapsulate the implanted material (146). For external support, porosity is one of the most important parameters. A porous material will permit the ingrowth of a fibrotic neo-adventitia and blood vessels, thereby enabling the transport of oxygen and nutrients through the material (147, 148). Furthermore, the graft will become anchored to the arterial wall, forming a composite. A non-biodegradable low-porosity material, on the other hand, will prevent tissue ingrowth and elicit the formation of a thick sheath of fibrosis, potentially further increasing arterial stiffness (148, 149). As the inflammatory reaction induced by the graft is situated in the peri-adventitia, its contribution to vascular remodeling is unknown.


Autologous Inclusion Technique

In the autologous inclusion technique (Figure 1.3), the autograft is sutured into the aortic annulus and then included within the native aortic wall, which is reduced or enlarged to achieve the desired dimension (18). From an anatomical and biomechanical point of view, this technique optimally preserves functional aortic root integrity and compliance. The native aorta naturally augments the autograft's structural properties to withstand systemic pressures, though without a detailed analysis of changes in wall stress from homeostatic values. While this technique is technically challenging, an exceptionally low incidence of significant root dilatation and reoperation can be achieved (18). To our knowledge, there are no histological reports of autografts explanted after the inclusion technique.



Dacron Vascular Prosthesis

The autograft can be included within a segment of Dacron vascular tube or Valsalva graft before implantation into the aortic annulus (Figure 8A), stabilizing neo-aortic dimensions up to 5 years post-operatively (34–36). While this may seem a straightforward and reproducible technique, it risks distorting the autograft and preventing it from settling into its natural post-operative shape. As a microporous and sealed graft allows limited tissue ingrowth, seroma formation, erosion and graft migration have been a great concern for conventional aortic wrapping of aneurysms using the same material (151, 152). Because the rigid, woven material impairs pulsatility, there are also concerns about elevated leaflet stress and abnormal flow patterns, as evidenced by 4D MRI studies after valve-sparing root replacement (79). Finally, vascular atrophy seems inevitable with this stiff material due to excessive stress-shielding (148). To date, these complications have not been reported for the supported Ross procedure.


[image: Figure 8]
FIGURE 8. (A) Pulmonary autograft wrapped with a cylinder of microporous Dacron graft. (B) Personalized external aortic root support implant fashioned from porous, soft mesh. Figure adapted with permission from Carrel et al. (34) and Treasure et al. (150).




Personalized External Aortic Root Support

In Personalized External Aortic Root Support (PEARS), a soft, custom-made mesh is used to stabilize a moderately dilated aortic root with at most mild AR, primarily in patients with MFS (153). The porous support (Figure 8B) becomes well-incorporated into a neo-adventitia and stabilizes root dimensions (148, 150, 154–156). Subsequently, the risk of dissection is mitigated by avoiding repetitive overdistension. Pepper et al. had the opportunity to histologically examine the aorta of a patient with MFS who underwent PEARS and later died of unrelated causes. The supported region of his aorta showed a normal tunica media whereas the unsupported aortic arch showed features of Marfan syndrome, suggesting that the external support allowed the aorta to heal (156).

This flexible, porous material that conforms to aortic anatomy holds great promise for the Ross procedure and has currently been applied in nearly 50 patients (157). In conventional aortic PEARS, the support is modeled using the patient's pre-operative aortic CT scan. The challenge in the Ross procedure has been to predict external support morphology based on pre-operative imaging, as the pulmonary autograft changes shape and dilates immediately upon exposure to aortic pressures. In an ovine model of a pulmonary artery interposition graft in the descending aorta, the mesh material used in PEARS successfully stabilized dimensions at 2 months after allowing some initial dilatation. All supported samples showed thinning of the media with SMC atrophy (119). While this atrophy may be an inevitable consequence of stress-shielding, it indicates that improvements to the material's mechanical properties are possible. Furthermore, a major difference with conventional aortic PEARS is that the pulmonary autograft is devascularized during the operation, and external support may influence healing and the development of vasa vasorum.



Resorbable Materials

If protection during the early phase, when the risk of dilatation is greatest, will promote appropriate pulmonary autograft remodeling, external support might not be required permanently. One could envision a composite external support, partially consisting of resorbable material, gradually resorbing and allowing some initial dilatation while the degree of support decreases. A similar strategy is used to promote in vivo neovessel development using biodegradable tissue engineering scaffolds (158).

The clinical use of resorbable support was already described in 1993 by Moritz et al., who used a VICRYL® mesh composed of polyglactin 910. Unfortunately, data on the effect on dilatation is not available (159). Nappi et al. designed a composite support consisting of a resorbable polydioxanone mesh interwoven with fibers of expanded polytetrafluoroethylene, the latter allowing gradual expansion but serving as permanent support. They used this material as support for a pulmonary artery interposition graft in the descending aorta of 10 growing sheep. At 6 months, dilatation was effectively prevented and the material was well-incorporated without marked inflammatory changes (22). Unfortunately, their report lacks reliable measurements of wall thickness, protein fractions, elastin integrity and mechanical testing to confirm remodeling. While composite resorbable support holds great promise to prevent neo-aortic root dilatation, like in the Ross procedure, its clinical implementation is currently not justified.




Remaining Questions and Future Perspectives


Understanding and Promoting Pulmonary Autograft Remodeling

The available evidence indicates that the pulmonary autograft can become a permanent solution for a wide range of patients. Several fundamental questions remain to be answered before this can become reality (Table 3). Besides the universally observed collagen remodeling by myofibroblasts and synthetic type SMCs, it is unknown which mechanoregulation pathways enable some autografts to withstand systemic conditions for several decades. Candidate mechanisms include changes in collagen cross-linking or an increase in cell-ECM connections.


Table 3. Remaining fundamental questions and unmet clinical needs regarding pulmonary autograft remodeling after the Ross procedure.

[image: Table 3]

A greater understanding of the relation between patient characteristics and autograft remodeling may identify biomarkers or cardiac imaging features related to autograft maladaptation. This will enable us to define in which patients the autograft's innate remodeling ability will likely suffice to withstand systemic conditions, and in whom additional measures are needed to guarantee adaptation. A pre-operative in vivo assessment of the pulmonary autograft using dynamic imaging studies may indicate whether a patient is a good candidate for the Ross procedure. Serial post-operative imaging studies evaluating changes in stiffness may identify patients at risk for excessive dilatation or reoperation (85, 114, 115). As in aortic aneurysms, localized changes in shear stress may signal underlying elastin degradation (135). In patients with congestive heart failure, excessive myocardial collagen cross-linking indicates undue cardiac stiffness and associates with adverse clinical outcome. This collagen cross-linking can be quantified non-invasively on blood samples or based on the urinary proteome (160). Furthermore, diastolic left ventricular function can be predicted based on the urinary proteome in individuals without heart failure (161). Similarly, serial biochemical studies in patients before and after the Ross procedure might identify biomarkers to guide patient selection or confirm the presence of maladaptation in the post-operative setting.

In vitro culture of a pulmonary artery in a bioreactor may provide valuable insights into the timeline of early remodeling and the role of shear stress, pre-stretch at implantation and acute hypertension. Large animal models also hold great promise to evaluate whether current strategies to prevent dilatation—external support and antihypertensive treatment—promote remodeling, either by modifying the mechanical environment or by interfering with molecular pathways (123). To assess whether the autograft remains viable—capable of healing and regulating its mechanical properties—active mechanical testing of freshly explanted leaflets and wall would be required (162). A rat model with heterotopic implantation of the pulmonary root of a syngeneic donor animal into the abdominal aorta would allow a serial evaluation of adaptation in the first post-operative months at a lower cost.

By providing data on microstructure, mechanical properties, geometry, hemodynamics and the underlying pathways, experimental models can enable numerical simulation of autograft remodeling (163, 164). Subsequently, the ideal conditions for remodeling, or conversely, the risk of dissection, could be identified in so-called in silico trials (165). Until now, available computational studies have mainly confirmed important in vivo observations, such as the importance of STJ dimensions on wall and leaflet stress (126, 163, 166, 167). It has proven very challenging to mathematically simulate the complex torsional deformation of the aortic root which results in spiraling blood flow and flow vortices behind leaflets (41).




Preventing Autograft Dilatation in the Freestanding Ross Procedure

Notwithstanding its clinical use since 2004, several questions about prosthetic external support of the autograft sinuses should be resolved (36). First, concerns about the deleterious hemodynamic effects on the left ventricle and autograft leaflets should be addressed by echocardiographic and 4D flow MRI studies. Second, once placed in the aortic position, optimal autograft geometry must be clearly defined. Quantitative comparison of pre-operative and post-operative imaging in patients undergoing the Ross procedure might yield a predictive algorithm for ideal autograft geometry and subsequent external support configuration.

The mechanical properties of external support should be determined by how much stress-shielding is needed in each phase of remodeling. To this end, the timeline of changes in mechanical properties should be evaluated in clinical imaging studies and in an animal model. Finally, polymer materials are required which truly augment the autograft. Even the best currently used polymer materials, including resorbable ones, are relatively stiff and inelastic (119). Therefore, the mechanical behavior will be dominated by the external support, potentially leading to excessive stress-shielding and deleterious hemodynamic effects. Polyglycerol sebacate (PGS) is a promising new resorbable elastomer which has been used as tissue-engineered vascular grafts to serve as scaffold for cellularization (168). More futuristic options include a bioengineered matrix of collagen and elastin, containing growth factors, or even seeded with stem cells, immediately optimizing mechanical properties while promoting autograft incorporation into the aortic root (169).





CONCLUSIONS

Long-term clinical success of the Ross procedure relies on a well-functioning, living valve integrated into an aortic root having a normal hemodynamic profile. From this point of view, the subcoronary and autologous inclusion technique may be superior to the freestanding root technique, yet the latter is applicable over a wider spectrum of cardiac anatomy and is more surgically reproducible. All evidence indicates that the autograft valve is suited to withstand the systemic circulation and remodel, given that it is implanted symmetrically with stable annular and STJ dimensions over time. Therefore, one of the key surgical principles of the Ross procedure is to ensure that the proximal autograft is constrained within the native aortic annulus. The autograft sinuses, on the other hand, sit unrestrained after a freestanding Ross procedure and are at risk of dilating and subsequently causing the valve to fail. The currently available evidence indicates that the pulmonary autograft wall is not capable of truly achieving mechanical homeostasis and remodeling into an aortic phenotype. Perhaps the aortic and pulmonary root have diverged too far apart after arising from a common embryological origin.

Protecting the autograft during the early adaptation phase is crucial to avoid initiating a sequence of pathological remodeling. Therefore, strict blood pressure control during the first 6–12 post-operative months is justified to reduce wall and leaflet stress. Adequate patient selection is critical and the surgical technique should be tailored individually, aiming to minimize the amount of wall tissue exposed to aortic pressures. While external autograft support may stabilize root dimensions, its efficacy should be measured by a reduction in reinterventions, without negatively affecting valve or left ventricular function.

Remodeling of the ECM with mainly the production of additional collagen is a common feature in both autograft walls and leaflets. A distinct feature of autograft leaflets is the apposition of an extra layer of tissue on the ventricular side, resulting in increased leaflet thickness. Future studies should pinpoint the remodeling processes in well-remodeled and externally supported autografts. Several molecular pathways are proposed. To this end, animal models or bioreactor studies should include a comprehensive mechanobiological assessment at different time-points consisting of microstructural evaluation, transcriptional and proteomic characterization, mechanical testing of tissue samples and dynamic imaging studies with complete hemodynamic profile.

Numerical simulations of tissue growth and remodeling may aid in distilling the ideal conditions for autograft adaptation. Subsequently, a patient-specific strategy for autograft protection and external support could be determined, and the indications for the Ross procedure might be expanded. Widespread clinical implementation of the PEARS concept for the Ross procedure is greatly anticipated because of the many advantages over microporous vascular grafts. Future innovations to external support may include the use of resorbable materials or bio-engineered scaffolds to augment the autograft's mechanical properties and guide remodeling.
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Objective: To investigate the feasibility of a hybrid material in which decellularized pericardial extracellular matrix is functionalized with polymeric nanofibers, for use as a cardiovascular tissue substitute.

Background: A cardiovascular tissue substitute, which is gradually resorbed and is replaced by host's native tissue, has several advantages. Especially in children and young adults, a resorbable material can be useful in accommodating growth, but also enable rapid endothelialization that is necessary to avoid thrombotic complications. In this study, we report a hybrid material, wherein decellularized pericardial matrix is functionalized with a layer of polymeric nanofibers, to achieve the mechanical strength for implantation in the cardiovascular system, but also have enhanced cell honing capacity.

Methods: Pericardial sacs were decellularized with sodium deoxycholate, and polycaprolactone-chitosan fibers were electrospun onto the matrix. Tissue-polymer interaction was evaluated using spectroscopic methods, and the mechanical properties of the individual components and the hybrid material were quantified. In-vitro blood flow loop studies were conducted to assess hemocompatibility and cell culture methods were used to assess biocompatibility.

Results: Encapsulation of the decellularized matrix with 70 μm thick matrix of polycaprolactone-chitosan nanofibers, was feasible and reproducible. Spectroscopy of the cross-section depicted new amide bond formation and C–O–C stretch at the interface. An average peel strength of 56.13 ± 11.87 mN/mm2 was measured, that is sufficient to withstand a high shear of 15 dynes/cm2 without delamination. Mechanical strength and extensibility ratio of the decellularized matrix alone were 18,000 ± 4,200 KPa and 0.18 ± 0.03% whereas that of the hybrid was higher at 20,000 ± 6,600 KPa and 0.35 ± 0.20%. Anisotropy index and stiffness of the biohybrid were increased as well. Neither thrombus formation, nor platelet adhesion or hemolysis was measured in the in-vitro blood flow loop studies. Cellular adhesion and survival were adequate in the material.

Conclusion: Encapsulating a decellularized matrix with a polymeric nanofiber coating, has favorable attributes for use as a cardiovascular tissue substitute.

Keywords: biomaterial, tissue engineering, xenogeneic, cardiovascular, extracellular matrix


INTRODUCTION

Cardiovascular surgical procedures often require tissue reconstruction, and appropriate materials for this purpose are lacking. Autologous tissue from the patient would be the most ideal, but such materials are scarcely available and are variable in quality. Thus, non-autologous or fully synthetic materials are needed to fulfill this gap, with the most ideal material being one that gradually resorbs and integrates into the host's body (1). This is especially desirable in children undergoing cardiac surgery where long-term durability, hemocompatibility, and implant remodeling are essential to withstand pulsatile hemodynamics and somatic growth.

There is currently a dearth of such materials and this gap is acknowledged by the scientific community (2–5). Currently, glutaraldehyde-fixed bovine pericardium (Glut BP), that was introduced in the 1970s is utilized for its hemocompatibility and mechanical strength. This material is used widely, both as surgical patches and as leaflets in prosthetic heart valves (6). Glutaraldehyde, a common fixative, makes the BP inert to bioactivity and hydrophobic and increases its mechanical strength by crosslinking collagen fibers in the BP, making it suitable for use in the cardiovascular system. However, it also can promote tissue calcification and lead to structural deterioration of the material over time (7, 8). Glycation and albumin infiltration into these materials has also been shown to occur, leading to non-calcific tissue deterioration as well (9). These shortcomings make it less than ideal for long-term efficacy and host integration (1, 4, 6, 10, 11).

To overcome these challenges, glutaraldehyde-free, detergent-based decellularized pericardia have been introduced. Though of superior immunogenicity, these tissues lack adequate mechanical strength for use in the cardiovascular system (12). Cell seeding and in-vitro mechanical preconditioning were tried, but such attempts have also not yielded tangible outcomes that could improve their clinical translation (13, 14). The failure mechanisms are often attributed to weak mechanical properties, residual detergents, and remnant cellular materials that cause structural degeneration and calcification and prevents active remodeling (15–17). Synthetic grafts made from polymers, such as Gore-Tex and Dacron, have gained significant use in the past few decades due to excellent mechanical properties, and some success in achieving hemocompatibility (2, 3, 18). However, the immune response elicited by these grafts creates fibrosis and calcification, reproducing the challenges observed with currently used materials (19).

Recently, a distinct in-situ tissue engineering approach has gained traction, in which synthetic materials that are inert at the time of implantation, but remodel and are resorbed in situ are being used. These are made from biodegradable supramolecular polymers, which elicit a host immune response, but gradually breakdown and are replaced by the own tissue of the host (12, 20, 21). Successful remodeling of these materials is dependent on the chemical nature of the material, its porosity and surface profile that enables cellular attachment, degradation profile in relation to the host tissue formation, and hemocompatibility. Tissue engineered materials so far have been very promising in animal models with short and intermediate follow-ups (22–25) and some of these materials are being tested preclinically with some success (24, 26). Though the preclinical results are promising, the long-term immune response and mechanistic studies that elucidate long-term fibrotic phenotypes are unknown (1). One of the main challenges for designing a desired acellular biomaterial is to achieve a balance between scaffold degradation and neotissue formation without eliciting unfavorable chronic immune and fibrotic response (15, 22, 27, 28).

Hybrid tissue engineering is a more recent approach, in which instead of using a fully synthetic degradable scaffold, a combination of two materials is used. Often, one of the materials is a synthetic polymer that baits cells from the host, in a programmed manner and the second material is another natural polymer or a native decellularized matrix that provides a 3-dimensional scaffold for the cells to hone into and thrive (29–35). Combining synthetic and natural polymers allows programmed mechanical properties, but is susceptible to enzymatic degradation over time (6, 30). On the contrary, combining synthetic polymers with natural decellularized tissues, provides adequate and tunable mechanical strength and also a native tissue architecture that is highly conducive for cellular honing and proliferation (29, 31, 33–40). Porcine heart valve tissue constructs that were modified with biopolymers improved their in-vivo mechanical stability, antithrombogenicity, remodeling, and prevented calcification (31, 40, 41). We previously adapted the hybrid tissue engineering approach to fabricate a planar hybrid biomaterial with multiple applications for cardiovascular reconstruction. We modified BP, which is widely used as a cardiovascular replacement (42, 43) with a biodegradable [polycaprolactone (PCL):chitosan (Ch)] polymer blend to construct a biohybrid material (44). The concept was deduced to a prototype by using non-degradable decellularized BP, with a detergent mixture that removed all the cells, but preserved the extracellular matrix (ECM) architecture. This native ECM core was then overlaid with a matrix of PCL:Ch using an electrospinning technique to deposit nanofibers onto the matrix core in a directionally aligned manner. The hypothesis is that the polymeric mesh restores mechanical function of the pericardia lost due to the decellularization process, and thus is more suitable to evolving cardiovascular mechanical environments. The polymeric mesh will also hypothetically act as a non-thrombogenic, bioactive layer that enables cellular adhesion that precedes cellular infiltration and ultimately, gradual polymer degradation as seen in another scaffold using the same synthetic polymer blend (25). In this study, we report extensive in-vitro characterization of this biohybrid material, its mechanical strength using a variety of testing methods, hemocompatibility in blood flow loops with high and low shear stresses and flow disturbances, biocompatibility, and feasibility of this hybrid composite material as a potential cardiovascular replacement material.



MATERIALS AND METHODS


Matrix-Polymer Composite Material (Biohybrid)

Bovine pericardium was sourced from a commercial vendor (Collagen Solutions, Eden Prairie, Minnesota, USA) and the biohybrid material was prepared. The pericardium was decellularized with 2% sodium deoxycholate [D6750; Sigma-Aldrich, St. Louis, Mosby, USA; average molecular weight (MW) 1,200–5,000] for 48 h, followed by 1% sodium deoxycholate for 24 h, and treatment with DNase (D4527; Sigma-Aldrich, St. Louis, Mosby, USA) and RNase (R6513; Sigma-Aldrich, St. Louis, Mosby, USA) for 2 h at 37°C, in a shaker incubator (Model 420; Orbital shaker, Forma Scientific, USA). Acellularity was confirmed by DNA estimation, histology [H&E and 4,6-diamidino-2-phenylindole (DAPI) staining], and scanning electron microscopy (SEM). Twelve percent PCL (Catalog # 440744, Sigma-Aldrich, St. Louis, Mosby, USA, molecular weight 70,000–90,000) and 1% Ch (Catalog # 417963, Sigma-Aldrich, St. Louis, Mosby, USA, molecular weight >1,00,000) blend was prepared in a mixture of 80:20 trifluoroacetic acid (TFA) (L06374, Alfa Aesar, USA) and dichloromethane (DCM) (39116, Alfa Aesar, USA). The polymer solution was then electrospun onto a 10 cm × 12 cm decellularized pericardial core mounted on a rotating mandrel. Polymer fibers (134.68 ± 49.4 nm) were deposited in the circumferential direction on the fibrosa side of the decellularized pericardium, 3 h upto at room temperature, until a thickness of about 70 μm was achieved. The sample was then neutralized in 0.5 M NaOH for 10 min for the free amine of Ch to interact with the decellularized tissue. The sample was then washed in distilled water and preserved in 70% ethanol. Detailed protocols for each method are described in Supplementary Section 1.0.



Mechanical Integrity of the Decellularized Core and Core-Polymer Interaction

Efficacy of decellularization and its structural integrity were assessed by staining with Masson's trichrome, Verhoeff's Van Gieson, and alcian blue stains. Quantitative estimation of DNA, collagen, elastin, and glycosaminoglycans (GAGs) was performed with DNA Estimation Kit (PureGenome™ Tissue DNA Extraction Kit, Millipore Sigma, USA), Hydroxyproline Assay (MAK008, Sigma-Aldrich, St. Louis, Mosby, USA), Fastin™ Elastin Assay (F2000, Biocolor, UK), and Dimethylmethylene Blue (DMMB) Assay, respectively, using techniques reported earlier (44). Detailed protocols for each step are described in the Supplementary Section 1.1. Polymer-core interface was examined with SEM and molecular interactions were quantified with Fourier transform infrared spectroscopy spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). FTIR spectra were recorded for PCL, Ch, PCL-Ch blend, decellularized BP, and the biohybrid samples to identify the differences in their functional groups. XPS was used to determine the elemental and chemical composition of each material. Sample preparation techniques and details of each method are provided in Supplementary Section 1.2.



Core-Polymer Peel and Shear Strength

Strength of the polymer-core interaction was quantified by using two methods—a custom setup to measure the tangential peel force required to delaminate the polymer off the decellularized core and a second experiment in which tubes of the material were prepared and mounted into a flow loop to induce shear stress on the polymer. Details of both the setups are provided in Supplementary Section 1.3. The peel force was plotted against time and the instance of peeling was defined as a point when a sharp change in the force-displacement curve was observed. Peel strength was then calculated as the load imposed tangentially at the time of peel, to the longitudinal cross-sectional area of the material (width × length). In the flow experiments, a shear stress of 15 dynes/sq cm was imposed on the inner walls of the tube made from this material, with a glycerin-water mixture with viscosity equivalent to that of blood. The conduits were exposed to flow for 24 h, after which they were removed and examined with SEM. In another experiment, the conduit was constricted to form a 50% stenosis, to create high velocity flow through the channel and downstream recirculating zones and the experiment was repeated.



Mechanical Testing

Unconstrained uniaxial testing was performed on untreated BP (n = 7), decellularized BP (n = 7), and the biohybrid material (n = 7). A dog-boned shape die (W: 5 mm × L: 30 mm) was used to cut uniform samples, oriented so the polymer fibers were aligned with the loading direction. Thickness of the samples were measured at multiple regions with a digital caliper and averaged to get an estimated sample thickness. Prior to testing, graphite markers were placed on the sample for optical strain measurements. The sample was mounted in a universal testing machine (Test Resources 100Q, Shakopee, Minnesota, USA) and preconditioned for 10 cycles, with 50% of maximum strain in the elastic region for 10 cycles. The samples were then loaded to failure at a strain rate of 10 mm/min. From the resultant stress-strain data, the uniaxial ultimate tensile strength (UTS), ultimate tensile extensibility (UTE), and the tangential moduli at the upper and lower response regions were calculated and compared between the groups. Constrained uniaxial testing was also performed on a biaxial mechanical testing system (CellScale Biomaterials Testing, Waterloo, Ontario, Canada) with 6 mm × 6 mm samples mounted by using rakes. Sample thicknesses were measured as described above. Four graphite optical markers were placed on the surface of the sample for optical strain measurements, and the samples were immersed in phosphate-buffered saline (PBS) maintained at 37°C throughout testing. All the tissue samples underwent 7 cycles of preconditioning, until hysteresis was absent. The samples were then constrained (fixed) in one direction (axial/circumferential) and then loaded to 10 and 20% strain in the orthogonal direction while recording force and marker positions. The green strains were measured, and the 2nd Piola-Kirchoff stress was calculated. Lastly, samples were loaded equibiaxially by stretching the samples to 10% strain in both the directions uniformly while recording force and optical marker locations to measure green strain and calculate 2nd Piola-Kirchoff stress. Data were fit to a Fung's exponential strain energy function through minimization of an objective function to estimate best fit model parameters. The relationship between the axial and circumferential directions was assessed by using Fung's model coefficients to calculate an anisotropy index (AI), where a value of 1 would indicate the tissue was isotropic and values closer to 0 would suggest increasing material anisotropy. Further details can be found in Supplementary Section 1.4.



Cell Adhesion Study

Porcine mitral valve interstitial cells were isolated and seeded onto the material to assess their attachment to the surface. Though human valve cells would be ideal, we did not have access to these materials. Porcine mitral valves were used to isolate cells to in view of future animal testing of the biohybrid and due to complexity to procure normal human valves. Techniques used to isolate the cells are described in Supplementary Section 1.5. Forty-eight hours after seeding the cells onto the material, the materials were fixed and stained with rhodamine phalloidin and DAPI. Retainment and viability of cells were observed under a microscope (Axioscope A1, Carl Zeiss Microscopy, LLC, USA).



Hemocompatibility

Hemocompatibility of the bio-hybrid and decellularized BP was assessed by percentage hemolysis assessment assay, clot formation assay, and platelet adhesion assays. Fresh porcine whole blood was collected with ethylenediaminetetraacetic acid (EDTA) (1.6 g/l) and maintained under constant agitation. Porcine blood was used as human blood to the desired volumes was not available. For hemolysis studies, sterile samples were incubated with 5 ml whole blood for 30 min at 37°C. One cc of blood was sampled at baseline and at the end of the experiment and percentage hemolysis was calculated as (free Hb/total Hb) × 100. To assess clot formation, the decellularized BP and the biohybrid samples were incubated in constantly agitated whole blood at 37°C for 30 min. Clot formation was assessed visually. For platelet adhesion assay, platelets were isolated from 30 ml whole blood by centrifugation at 2,000 rpm for 12 min and the supernatant was centrifuged at 5,000 rpm for 15 min. The platelet pellet was resuspended in 2 ml of platelet-poor plasma and 500 μl of platelet suspension was added to the samples. Samples were kept in shaker incubator for 30 min at 37°C at 100 rpm, fixed in formalin for 30 min, and stored in 70% ethanol. SEM was used to image adhered platelets on the surface of these materials.



Statistical Analysis

Statistical analysis was performed in GraphPad Prism software version 7 (GraphPad Software Incorporation, San Diego, California, USA). All the data were tested for normality by using the Shapiro–Wilk normality test. The untreated BP, decellularized BP, and the biohybrid groups were compared by using the Wilcoxon matched-pairs signed rank test for collagen, GAG, and elastin estimation. For DNA estimation data, a paired t-test was used for comparison between the untreated and decellularized groups. For the uniaxial and biaxial mechanical testing, one-way ANOVA was used to test the differences between the three groups tested. All the p < 0.05 were considered as statistically significant.




RESULTS

The bio-hybrid scaffold was fabricated by electrospinning PCL-Ch nanofibers onto the rough side of decellularized BP. The three groups of materials used for in-vitro experiments (untreated BP, decellularized BP, and the biohybrid) were characterized by gross morphology and surface characteristics, as shown in Figure 1. The untreated BP had a fibrous appearance both in the gross observation and electron microscopy, which also showed the presence of cells (Figure 1—Step I). The decellularized BP had fibrous structure on electron microscopy and in gross morphology and appeared blanched due to the treatment with detergent. Gross observation of the biohybrid showed a smooth glistening surface and the presence of polymer nanofibers in SEM (Figure 1—Step III). The detailed characterization of the polymer nanofibers has been reported previously (44).


[image: Figure 1]
FIGURE 1. The biohybrid composite fabrication steps by using bovine pericardium (BP). Step I—intact BP is divided into three portions for processing and first portion is left untreated. Right panel shows gross examination and scanning electron microscopy (SEM) image of the untreated BP showing the fibrous side; step II—second portion of the sac is decellularized by using sodium deoxycholate. Right panel shows gross examination of the decellularized BP that shows a blanched appearance due to the detergent and SEM shows the absence of cells on the fibrous side; and step III—coating of polycaprolactone:chitosan polymer layer on the decellularized BP by electrospinning. Right panel shows gross examination of the biohybrid showing a smooth surface after polymer coating and SEM image showing presence of nanofibers on the top surface of BP.



Decellularization of BP and ECM Characterization

Decellularization was a prerequisite for the fabrication of the bio-hybrid scaffold and decellularized BP was analyzed for acellularity and ECM integrity as shown in schematic Figure 2A. H&E and DAPI staining showed the absence of nuclei in the decellularized BP compared to the untreated BP (Figures 2A–F). DNA content significantly decreased after decellularization from 158.6 ± 115.1 to 49.06 ± 41.1 ng/mg (p < 0.05) in the untreated BP and decellularized BP, respectively (Figure 2D). Major ECM components were preserved after decellularization and after biohybrid fabrication as shown by histology and ECM assays (Figures 2G–K). Collagen did not significantly decrease after decellularization and the hybrid tissue fabrication (Figure 2G). Collagen was quantified at 5.6 ± 0.58, 5.0 ± 0.64, and 5.5 ± 0.44 μg/mg in the untreated BP, decellularized BP, and the bio-hybrid, respectively. Collagen retention was also seen in trichrome staining indicated by blue fibrils, as shown in Figures 2G–I. Similarly, elastin and GAG did not significantly decrease (Figures 2J–O) after fabrication of the bio-hybrid. GAG and elastin concentration were 58.9 ± 43.31, 74.29 ± 58.79, and 59.14 ± 63.39 μg/mg and quantified as 8.73 ± 2.48, 8.84 ± 3.83, and 5.43 ± 1.7 μg/mg in the untreated BP, decellularized BP, and the bio-hybrid, respectively. Figures 2B–F show the reduction of nuclei in the decellularized BP in comparison to the untreated BP, both quantitatively and qualitatively. Large variability was observed in the ECM protein components due to the heterogenicity in the pericardia between animals, and the relatively smaller sample size. Such heterogeneity was reported by other studies as well (43, 45).


[image: Figure 2]
FIGURE 2. Characterization of the untreated BP and decellularized BP by using histopathology and biological estimation of extracellular matrix proteins. (A–C) Schematic representation of the characterization and H&E staining showing absence of cells in the decellularized BP. (D–F) Quantification of total DNA showing significant reduction in the decellularized BP and 4,6-diamidino-2-phenylindole (DAPI) staining showing absence of DNA in the decellularized BP. (G–I) Quantification of collagen showing no reduction of collagen in the decellularized BP and the biohybrid and trichrome staining showing presence of collagen represented by blue color in the decellularized BP. (J–L) Quantification of glycosaminoglycans (GAGs) showing no significant reduction of GAGs in the decellularized BP and the biohybrid and Alcian blue staining showing presence of GAG represented by cyan color in the decellularized BP. (M–O) Quantification of elastin showing no significant reduction of GAGs in the decellularized BP and the biohybrid and Verhoeff's Van Gieson staining showing presence of elastin represented by black fibers in the decellularized BP.




Polymer-Tissue Interface Characterization

Scanning electron microscopy images of the untreated BP, decellularized BP, and the biohybrid are shown in Figures 3A–C. Bovine pericardial surface depicts cells integrated with the fibers (Figure 3A), whereas decellularization removed the cells while preserving the matrix architecture (Figure 3B). The biohybrid surface depicts nanofibers overlaid on the core and covering it (Figure 3C). The individual polymer blend nanofibers electrospun on aluminum foil are approximately 134.68 ± 49.4 nm (data not shown here) that fuse during the hybrid tissue preparation to form thicker fibers. Figures 3D–F depict the interface between the polymer and the matrix core and a SEM image of the cross-section depicting adherence of the polymer to the underlying matrix core. XPS results of each of the materials are shown in Figure 3G, which provide elemental analysis in a quantitative manner. In the bio-hybrid material, new peaks corresponding to C=O, C-O, and C-N were observed, which were not seen in the decellularized BP alone or the polymer blend alone. FTIR data in Figure 3H depict the spectra of the newly formed chemical bonds between the polymer and the underlying ECM. Two new peaks at 1548.8 and 1638.2 cm−1 corresponding to the amide groups and two new peaks at 877.1 and 1044.2 cm−1 corresponding to C–O–C stretch were measured.
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FIGURE 3. Polymer-tissue interface characterization in the biohybrid composite. (A–C) SEM images of the untreated BP, decellularized BP, and the biohybrid showing the presence of cells in the untreated BP, absence of cells in decellularized BP, and coating of electrospun polymer nanofibers on the decellularized BP in the biohybrid composite, (D–F) photograph of the biohybrid composite showing lifting of polymer from the decellularized BP followed by SEM images of the cross-sectional views of the biohybrid showing presence of polymer fibers at the interface without separation at the interface, (G) carbon scanning of the biohybrid, decellularized BP, and polycaprolactone:chitosan blend by X-ray photoelectron spectroscopy showing difference in binding energy corresponding to peaks C=C, C=O, C-O, and C-N in the biohybrid, and (H) Fourier transform IR spectroscopy of polycaprolactone, chitosan, blend, the biohybrid, and decellularized BP showing unique peaks in the biohybrid corresponding to changes in the C=C, C=O, N-H, and C-H groups.




Peel Strength of the Bio-Hybrid

Results of the peel strength and shear-induced delamination experiments are shown in Figure 4. The load required to peel the polymer from the surface of the matrix core is given in Figure 4A from the four distinct bio-hybrid samples ranging from 40 to 75 g, with an average force of 56.13 ± 11.87 mN/mm2 g required to delaminate the polymer. The samples induced with two different shear stress conditions are shown in Figure 4B, depicting the cylindrical sample with and without a constriction. SEM images of the luminal surfaces of the decellularized BP and the biohybrid, with and without flow, are shown in Figure 4C and Supplementary Figure 1. At 15 and 30 dynes/cm2 of shear stress, disarray of the decellularized fibers was observed, with higher damage associated with higher shear rates. In the bio-hybrid, the polymer nanofibers did not peel or disrupt, but formed a more uniform layer on the tissue, aligned along the flow direction. In either case, the polymer was not delaminated from the underlying pericardium.
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FIGURE 4. Peel strength of the polymer in the biohybrid. (A) Peel profile of the biohybrid composite showing the load measured to peel the polymer in the biohybrid from the decellularized BP by using a customized setup where the polymer was peeled by using a clip attached to a weight hanger and a pulley, (B) image of the biohybrid composite conduit subjected to low shear and high shear (a portion of sample constricted to about 50% of original diameter) experienced by a normal artery (15 dynes/cm2) in a continuous flow loop, and (C) SEM images of the decellularized BP samples subjected without any shear (without flow), low (15 dynes/cm2) and high shears (30 dynes/cm2) showing extent of damage of the extracellular matrix fibers due to the shear. SEM images of the biohybrid samples subjected without any shear (without flow), low and high shears showing non-delamination and smoothening of the polymer surface when subjected to shear.




Mechanical Testing of the Biohybrid Composite Material

Unconstrained uniaxial mechanical testing of the untreated BP, decellularized BP, and the bio-hybrid samples did not show any difference in the ultimate tensile strength (untreated BP: 18,000 ± 4,200 kPa, decellularized BP: 20,000 ± 6,600 kPa, and the bio-hybrid: 20,000 ± 6,600 kPa), as shown in Figure 5A. However, there was a significant increase in the tensile extensibility (Figure 5B) of the biohybrid compared to the untreated BP (untreated BP: 18 ± 3.7%, decellularized BP: 23 ± 9%, and the bio-hybrid: 35 ± 2%). While constraining the samples by 10% in the axial direction and stretching in the circumferential direction to 10%, the bio-hybrid material had an increased upper and lower tangential moduli compared to BP and decellularized BP [bio-hybrid upper tangent modulus (UTM) and lower tangent modulus (LTM) = 3,071 ± 693 and 1,481 ± 289 KPa; decellularized BP UTM and LTM = 930 ± 370 and 467 ± 174 KPa; and untreated BP UTM and LTM = 435 ± 129 and 200 ± 42 KPa], but was not evident when constraining the sample by 20% or when constrained in the circumferential direction and loaded in the axial direction for either condition (Figure 6). Results from equibiaxial testing are shown in Figures 5C,D, which highlight the native intraspecimen variability in mechanical response of BP that leads to samples with large variations in mechanical properties, which limited statistical findings. Supplementary Figure 3 depicts the biaxial stress strain curves for all the samples tested. The Fung model was appropriately fitted to each individual data sets with an average root mean square error (RMSE) of 9.49 ± 2.53 kPa, 11.11 ± 9.97 kPa, and 13.74 ± 15.22 kPa for the untreated BP, decellularized BP, and the bio-hybrid materials, respectively. Decellularization of BP trended toward an increase in material anisotropy (AI: 0.32 ± 0.15) compared to untreated BP (AI: 0.55 ± 0.21), although not statistically significant. Deposition of the PCL/Ch nanofibers on the biohybrid appeared to partially restore the AI of the material (AI: 0.45 ± 0.25) to that of BP prior to decellularization, although not statistically significant (Table 1).
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FIGURE 5. In-vitro mechanical properties of the untreated BP, decellularized BP, and the biohybrid composite. (A,B) Uniaxial tensile strength (kPa) and uniaxial tensile extensibility ratio of the materials showing no difference in the tensile strength and a significant increase in the extensibility in the biohybrid, (C,D) equibiaxial (10%) testing of the three groups showing a stiffer response of the biohybrid in both the circumferential and longitudinal directions and similar response of the fresh BP and decellularized BP, (E,F) step biaxial testing with 10% strain in the direction of testing showing stiffer response of the biohybrid than the other two groups in both the directions whereas the decellularized BP is more compliant in the circumferential direction, and (G,H) step biaxial testing with 20% strain in the direction of testing showing stiffer response of the biohybrid in the circumferential direction followed by the untreated BP and decellularized BP and longitudinal direction shows stiffer response of the decellularized BP with absence of aligned polymer nanofibers in the biohybrid.
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FIGURE 6. Biaxial upper tangent modulus (UTM) and lower tangent modulus (LTM) of the untreated BP, decellularized BP, and the biohybrid samples from equibiaxial and step biaxial tests. (A–C) UTM in the circumferential direction; (D–F) LTM in the circumferential direction; (G–I) UTM in the longitudinal direction; and (J–L) LTM in the longitudinal direction. Data are represented as mean ± SD. p < 0.05 was considered to be statistically significant.



Table 1. Fung model parameters and anisotropy metric.
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Biocompatibility and Hemocompatibility of the Biohybrid

The in-vitro biocompatibility of the bio-hybrid composite is shown in Figures 7B,C where the bio-hybrid and decellularized BP showed similar and better attachment of porcine valve interstitial cells whereas the untreated BP (Figure 7A) showed less attachment of cells seen visually on these samples. Figures 7D–H show in-vitro hemocompatibility of the bio-hybrid by using three different tests. The bio-hybrid and the decellularized BP samples did not show any hemolysis (0 g/dl) of cells upon agitating with fresh blood as shown in Figure 7D. Clots did not form on the decellularized BP and the bio-hybrid samples demonstrating unchanged hemocompatibility of the bio-hybrid with the addition of polymer to the decellularized core (Figures 7E,F). Additionally, there was minimal platelet adhesion on the bio-hybrid in comparison to the decellularized BP core as shown in the SEM images (Figures 7G,H).
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FIGURE 7. In-vitro biocompatibility and hemocompatibility studies of the decellularized BP and the biohybrid composite. (A–C) In-vitro biocompatibility of the untreated glutaraldehyde-fixed BP, decellularized BP, and the biohybrid by cell adhesion assay. Cell adhesion of porcine valve interstitial cells showing good attachment on the decellularized BP and the biohybrid samples compared to untreated glutaraldehyde-fixed BP, (D) percentage hemolysis of cells on the decellularized BP and the biohybrid showing no hemolysis on both the samples when incubated with fresh porcine blood for 30 min, (E,F) clot formation assay showing no clots on both the decellularized BP and the biohybrid samples after 30 min of incubation with blood, and (G,H) SEM images of the decellularized BP and the biohybrid incubated with platelets showing very minimal platelet adhesion on the biohybrid compared to the decellularized BP.





DISCUSSION

Data from this study demonstrate the feasibility of the bio-hybrid composite for use as a cardiovascular tissue substitute. Combining a non-reactive, base material such as decellularized ECM with native three-dimensional structure, with a reactive and slowly biodegrading polymeric covering, it provides a new approach for potential in-situ cardiovascular tissue engineering. Though this study does not demonstrate in-vivo results in support of this claim, the ex-vivo measurements demonstrate good mechanical strength of the layered scaffold, biocompatibility that is evident from cellular adhesion and viability, and hemocompatibility from minimal platelet adhesion in blood flow loops. Altogether, this ex-vivo data demonstrate the potential feasibility of this new approach.

The choice of the two materials used in this study builds upon current clinical knowledge supporting the use of these materials independently in the cardiovascular system. Glutaraldehyde-treated BP is currently the gold standard in cardiac surgery, as it has good mechanical strength and stability, adequate shelf-life, and non-thrombogenicity (42, 46–48). Despite these favorable characteristics, structural deterioration and calcification are observed, primarily due to the host immune response to the glutaraldehyde fixative and the cells within the tissue (6, 48, 49). This issue was addressed previously, by decellularization of the BP, reducing the total DNA content, and maximizing the native ECM protein content such as collagen, elastin, and GAGs (50–52). Despite these measures, the mechanical strength upon decellularization is lessened, with uncontrolled material anisotropy from changes in the fiber architecture and alignment (53). Structural degradation of the decellularized material is a risk, decreasing its use in the cardiovascular system. In the bio-hybrid material, under uniaxial loading, increased material extensibility along the fiber direction was observed, without significant bulk stiffening. When constrained in the axial direction with a 10% stretch and loading in the circumferential direction (fiber direction), the material appeared to stiffen. When the axial stretch was increased to 20%, this stiffening was not observed, suggesting that the polymer fibers were either reoriented to bear load or damaged at these loads. It is likely that reorientation had occurred at higher loads, as we did not observe any damage to the polymeric layer. The in-vitro scaffold stability and degradation of the decellularized BP and the bio-hybrid were previously studied by us and demonstrated that both the materials did not degrade significantly in stimulated physiological conditions (37°C, pH 7.0) for up to 30 days (44, 54). Also, the ultimate tensile strength of human cardiovascular tissue in uniaxial tension ranges from 1 to 3 MPa and the bio-hybrid scaffolds with the 70 μm thick polymer layer is significantly stronger as seen in Figure 5 (55, 56). With a degradation of about 7% in 30 days [from our previous study (54)], we assume that the biohybrid will most likely remain stable and allow ECM remodeling when implanted in vivo, similar to other cardiovascular tissue replacement biomaterials (21, 57, 58). The in-vivo degradation is likely to differ from in-vitro conditions due to the complex interplay of immune response, expression of matrix degradation enzymes, and macrophage expression that is absent in in-vitro experiments (58). It is known that synthetic biomaterials are known to experience chronic inflammatory response and the decellularized tissues are less immunogenic, but are weaker and more susceptible to structural degradation. Bio-hybrid scaffold material that has a non-degradable bovine pericardial core (degradation time about 10 years) with a biodegradable polymer coating (PCL degradation time is about 2 years) would possibly experience intermediary inflammatory response and provide enough duration for matrix remodeling as cardiovascular substitute material similar to the other hybrid scaffolds (23, 25, 58–61). Previous work has shown that PCL:Ch vascular grafts, by using similar concentrations of the polymers, showed good vascular remodeling (25); however, this has not been studied as a cardiovascular replacement tissue. FTIR and XPS data in this study demonstrate that the polymeric layer also formed bonds with the underlying collagen proteins in the decellularized matrix, which may promote anchoring of both the layers and reorientation under loading. Hydrogen bond formation between the hydroxyl group of Ch and the ester group of PCL were observed, which, in turn formed amide linkage between the PCL:Ch and decellularized core as shown in XPS and FTIR (Figure 3).

Polycaprolactone was chosen, as it is Food and Drug Administration (FDA)-approved synthetic polymer with tunable mechanical properties, hydrophobicity that inhibits platelet attachment and slow degradation making it suitable for use in the cardiovascular system. However, the inherent hydrophobicity does not enable cellular attachment and, thus, promote in-situ host tissue engineering of the scaffold (59). Ninety percent deacetylated Ch at a very low concentration (1%) was added to PCL, increasing its hydrophilicity to an extent that cellular infiltration and survival may be possible. Ch has a structure similar to native GAGs, which may provide the moieties required for cellular adhesion and further infiltration. Recently, PCL-Ch small-diameter vascular grafts, with high concentrations of Ch, were used successfully in sheep up to 6 months (25).

The polymer could be overlaid on the matrix in several ways, but electrospinning provided an approach that can create a 3-dimensional surface topography that would enable cellular attachment (44, 54). Electrospinning was preferred than commonly used dip coating for polymer-tissue combination due to the potential damage from organic solvents (41, 55). Additionally, the polymer deposition on the BP in this study in its native 3D form negates the risk of degeneration and calcification that has been otherwise seen previously in cryopreserved tissues (56, 62). The coating of a biocompatible polymer on decellularized tissue would act as an immune barrier to antigenic proteins present after decellularization that has shown to be beneficial to improve cellular adhesion and mechanotransduction that, in turn, improves in-vivo remodeling (31, 40, 41). Nanofiber-microdimension architecture has been shown by others to improve cellular adhesion with stronger attachment in comparison to the smoother biomaterial surfaces due to higher surface to volume ratio and similar 3D topography of natural tissues leading to enhanced deposition of ECM proteins (63, 64). We, thus, chose to electrospun PCL:Ch nanofibers (134.68 ± 49.4 nm) to mimic the surface similar to natural ECM fibers that fuse to form around 300 to 500 μm fibers during the bio-hybrid processing that allowed excellent cellular attachment and alignment on the bio-hybrid compared to the decellularized BP and untreated BP (Figure 7). While this investigation was limited to this specific polymeric blend, other polymers that are combined with small molecules can be used in the future for specific targeted outcomes.

With the specified modifications to the pericardial preparation, in-vitro biocompatibility studies showed better cellular attachment onto the bio-hybrid (Figure 7). The cellular attachment is likely from the hydrophilicity that the PCL:Ch blend imparts, which is not seen in the PCL-based biomaterials (59). The biohybrid material also exhibited adequate in-vitro hemocompatibility with no hemolysis or clot formation, and minimal platelet attachment when the material was agitated in blood (Figure 7). The hemocompatibility of the polymeric blend can be attributed to the hydrophobicity of the PCL and smooth surface of the polymer that does not allow the platelets to adhere. Such behavior was shown by others using this PCL:Ch combination for vascular tissue engineering (25, 65). In a dynamic in-vitro setup, the polymer layer did not delaminate when subjected to shear equivalent to that of a normal artery in a closed flow loop setup (Figure 4), suggesting its use as a cardiovascular replacement material. The lack of polymer delamination in the flow loop setup correlated with data from the peel strength experiments, which confirmed that adhered polymer layer in the bio-hybrid could withstand physiological flow (Figure 4). The biocompatible and hemocompatible bio-hybrid material with a time-bound degradable polymer layer (since PCL has a degradability of around 2 years in vivo) is hypothesized to provide a favorable interface to attract cells and at the same time provides matrix stability over the first few weeks to months after implantation that may redirect it toward remodeling and not fibrosis.

From a translational perspective, the proposed bio-hybrid composite material has several benefits, with a strong decellularized core that provides the mechanical strength for the tissues, while the degradable polymeric sacrificial layer that can enable anisotropy, acute and short chronic immune response until degradation, and cellular honing is achieved. This ensures that as the scaffold remodels, adequate mechanical strength to sustain the hemodynamic forces is available. Thus, the proposed material could be used in high pressure environments as well, such as for patching the carotid artery after endarterectomy, as arterial grafts in children, and potentially as valve leaflets as well. The clinical relevance of this material as a patch or shaped into different implants and their functional efficacy requires long-term studies in animals, which is our next step.



STUDY LIMITATIONS

As with any experimental study, some limitations should be considered. The materials and methods used in this study are off-the-shelf materials and custom build devices and, thus, are not built per good manufacturing practices (GMPs) standards. Thus, a higher degree of variability between samples is observed. Moreover, there is inter- and intraspecimen variability in native BP, which makes batch processing inconsistent and limits statistical findings of material responses. In future, the most homogenous region of BP will be considered for making the bio-hybrid. Secondly, the in-vivo large animal studies are needed to study the immune response along with long-term efficacy and remodeling. Lastly, the efficacy of the bio-hybrid can be better explained when compared to commercially available glutaraldehyde fixed and decellularized tissues that are used clinically.



CONCLUSION

The proposed bio-hybrid approach to combine a natural decellularized pericardium, with polymeric nanofibers, has adequate mechanical strength, biocompatibility and hemocompatibility, making it a potentially translatable cardiovascular tissue substitute.
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The absence of pharmacological treatments to reduce or retard the progression of cardiac valve diseases makes replacement with artificial prostheses (mechanical or bio-prosthetic) essential. Given the increasing incidence of cardiac valve pathologies, there is always a more stringent need for valve replacements that offer enhanced performance and durability. Unfortunately, surgical valve replacement with mechanical or biological substitutes still leads to disadvantages over time. In fact, mechanical valves require a lifetime anticoagulation therapy that leads to a rise in thromboembolic complications, while biological valves are still manufactured with non-living tissue, consisting of aldehyde-treated xenograft material (e.g., bovine pericardium) whose integration into the host fails in the mid- to long-term due to unresolved issues regarding immune-compatibility. While various solutions to these shortcomings are currently under scrutiny, the possibility to implant fully biologically compatible valve replacements remains elusive, at least for large-scale deployment. In this regard, the failure in translation of most of the designed tissue engineered heart valves (TEHVs) to a viable clinical solution has played a major role. In this review, we present a comprehensive overview of the TEHVs developed until now, and critically analyze their strengths and limitations emerging from basic research and clinical trials. Starting from these aspects, we will also discuss strategies currently under investigation to produce valve replacements endowed with a true ability to self-repair, remodel and regenerate. We will discuss these new developments not only considering the scientific/technical framework inherent to the design of novel valve prostheses, but also economical and regulatory aspects, which may be crucial for the success of these novel designs.
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HEART VALVE PATHOLOGY: BIOLOGICAL CAUSES AND CURRENT SOLUTIONS


Calcific Disease of the Aortic Valve

Heart valve pathologies have been described as a cause of disability and death since the seventeenth century. They still remain today a relevant contributor of loss of physical comfort and reduction of longevity and result in a considerable socio-economic burden (1, 2). Diseases of the cardiac valves can be divided into two main categories, namely congenital pathologies (e.g., the malformation of the aortic and pulmonary valves, the Ebstein's Anomaly, the Fallot tetralogy or the bicuspid aortic valve), with an impact especially during the neonatal period and infancy, and acquired pathologies which, depending on the etiology, can have an impact at all ages (i.e., the rheumatic or the infectious heart valve disease) or in the elderly (e.g., calcification of the mitral and aortic valves) (1, 3, 4). In this framework, a major contribution to the increase in the overall impact of cardiac valves pathologies worldwide is the rapid increase of conditions leading to the aortic valve (AoV) stenosis, specifically “calcific aortic valve disease” (CAVD)-a disease correlated primarily to aging (1, 3, 5, 6) with an important sex-related component (7). We will refer below to prostheses to treat CAVD, considering that those employed to treat other pathologies are very similar in design and performance.

The AoV is composed of three leaflets, each of which comprises three laminas: the fibrosa, the spongiosa and the ventricularis, each with different structural and mechanical characteristics. The fibrosa, the layer associated with the outflow, or aortic, side of the leaflet, is predominantly composed of collagen fibers arranged circumferentially in parallel bundles and crossing with a typical “χ” geometry at the leaflet “belly” portion, surrounded by a matrix rich in elastin (8) (Figure 1). This is the layer that confers the maximal resistance of the leaflets to the compression forces acting on the aortic side, when the valve closes in diastole, and which can reach 80–120 mmHg (8). The ventricularis, the layer associated with the inflow side of the leaflet and facing the ventricular cavity, is a curvilinear structure mostly composed of elastin fibers oriented along the radial direction (Figure 1). The recoiling of these fibers supports the closure of the valve during the transition from systole (valve open) to diastole (valve closed) in the cardiac cycle (9). The spongiosa, finally, contains primarily glycosaminoglycans, a material with relatively low elastic modulus and an essential isotropic structure, which provide the deformability function of the valve leaflets and which serve to absorb the excessive mechanical forces (10). The three AoV layers are populated by specialized fibroblast-like cells, the so-called valve interstitial cells (VICs) (11). Although they are present in each of the valve layers, VICs are mostly abundant in the spongiosa, where they contribute to repair the abundant extracellular matrix continuously exposed to mechanical workload. VICs have heterogeneous phenotypes depending on the developmental and pathologic status of the valve (12).


[image: Figure 1]
FIGURE 1. The figure illustrates the structure of the aortic valve and that of the different layers composing the three leaflets. The upper left drawing represents an aortic valve in the open position. The large area in red encircles a complete leaflet to show (in the lower left panel) the fine structure of the collagen fibers that are arranged circumferentially and which cross at the level of the “belly” region starting from the commissures. The small area encircling the tip of the cusp leads to an “exploded” view of the fine structure of the three leaflets layers with - ordered from the aortic side (top) to the ventricular side (bottom) - the fibrosa, the spongiosa and the ventricularis with their main “interstitial” cellular and matrix components. On the two sides of the leaflets a layer of valve endothelial cells is lined up to cover the basal membrane.


The evolution of aortic valve pathology begins with the occurrence of micro-ruptures of the endothelial layer covering the leaflets, especially on the outflow surface of the valve, due to perturbations of the shear forces. As with the initial events of atherosclerosis, these ruptures cause lipid infiltration and recruitment of inflammatory cells (13–15). This, in turn, determines a release of inflammatory cytokines and an oxidative stress burst that lead to pathological activation of the resident VICs whose functions are altered under these conditions. Specifically, these cells participate directly in the inflammatory process by responding via Toll-like receptors 2/4 to inflammatory signaling and, in turn, secreting an array of inflammatory cytokines (16). VICs also undergo a modification in their phenotype from one of matrix-repairing to one of matrix accumulating/remodeling with the potential to cause thickening of the leaflets-the so-called valve “sclerotic” phase-which is considered the first pathologic event in valve disease (13). The phase of AoV sclerosis persists in a clinically silent fashion until the beginning of the more rapid phase of valve calcification, characterized by transformation of VICs into calcific cells. These “osteoblastic” VICs have the ability to secrete initially small, but subsequently larger, calcific nodules that progressively deform the leaflet structure (17). This causes variations in the motion of the leaflets, incomplete valve closure at diastole and regurgitation with ensuing compromisation of heart function. While inflammatory signaling is generally connected to the initial VICs matrix remodeling activity in the sclerotic phase, transformation from “activated” to osteoblastic “VICs” has been also linked to mechanical factors. In this respect, it has been hypothesized that the progressive hardening of the matrix surrounding VICs due to their remodeling activity prompts the activation of mechanosensitive-dependent pathways setting progression of the cells toward a calcific phenotype (18, 19).



Clinical Options for Valve Replacement

Until the beginning of the current century, surgical aortic valve replacement (SAVR) has been considered the elective option for surgical treatment of heart valve pathologies. Although highly effective, this is an invasive procedure requiring temporary cardiac arrest and extracorporeal circulation, which exposes patients to complications and side effects (20). For the majority of patients, the choice of the replacement device for SAVR is either a mechanical or a bioprosthetic valve. In a minority of patient's other options are adopted. These include the recuspidalization with autologous pericardium (the so-called Ozaki procedure) or transposition of the autologous pulmonary valve into the aortic position with replacement of the pulmonary valve with an aortic homograft-the Ross procedure adopted commonly for infants and children with congenital valve defects/stenosis and young adults (21–25).

A recent novel possibility to restore the functionality of a diseased aortic valve with reduced peri-procedural side effects involves trans-catheter aortic valve replacement (TAVR). This technology, exploiting the pliability of pericardial tissue, allows deployment of a completely functional prosthesis using a minimally invasive procedure. These valves are currently approved for patients with severe, symptomatic aortic stenosis in all surgical risk categories given the favorable outcomes in the postoperative period (26, 27). Despite that TAVRs are based on a novel design and can be implanted with enormously lower risks, they still carry severe problems related to structural deterioration analogous to that of bioprosthetic grafts. For this reason, they are rarely implanted in patients younger than 60–65 years of age in accordance with the guidelines (28).




POLYMERIC VS. TISSUE-ENGINEERED VALVE REPLACEMENTS

Given the shortcomings of contemporary valve replacements, over the years, innovative designs have been sought using different approaches and manufacturing philosophies with the aim, in certain cases, to maximize the ease and minimize the cost of the approach (i.e., polymeric valves, PVs), and in other cases to ensure the maximal biocompatibility (tissue engineered heart valves, TEHVs). We will discuss these two approaches separately, highlighting advantages and drawbacks.


Polymeric Valves

Polymeric valves are manufactured with elastomeric polymers by a simple fabrication procedure using molds. Typically, the process involves “injection molding” whereby synthetic (e.g., polyurethane or polystyrene) (29, 30) or natural polymers (e.g., fibrin) (31) are injected into tri-leaflet molds that give rise to complete sutureless valves, and can be readily mounted onto posts for implantation. This design provides advantages including easy scalability, low cost, natural hemodynamic performance and a relatively high long-term durability comparable to that of mechanical prostheses (32). On the other hand, when employed in animal valve replacement studies, polymeric valves, at least initially, did not lead to encouraging results due to calcification, thrombus and fibrous capsule formation, resulting in implant failure (33–35). Despite these shortcomings, in 2010, Quintessenza et al. (36) published a clinical study performed on 126 patients surgically treated with bicuspid pulmonary polytetrafluoroethylene (PTFE) valves. In particular, two types of valves with different thicknesses were used; the first was made with porous 0.6 mm PTFE while the second with non-porous 0.1 mm PTFE. Six patients treated with the porous PTFE valves needed reoperation due to leaflet calcification. In contrast, non-porous valves were less prone to stenosis as the lack of porosity prevented cellular in-growth and thickening (37). Moreover, 0.1 mm PTFE valves were characterized by higher leaflet mobility and lower transvalvular gradients (36). Stasiak et al. (29) recently introduced the so-called Poli-Valve (38)-a styrene triblock copolymer valve obtained by injection molding. This technique, besides being inexpensive and highly reproducible, appears to allow an optimal anisotropic distribution of forces on the leaflets and the polymeric fibers (39, 40) resulting in maximal mechanical durability due to a similar collagen fiber orientation to that of native heart valve tissue (39). The valve was bench-tested and validated according to ISO standards. Moreover, preliminary ex vivo and short-term in vivo feasibility tests were done, showing a good biocompatibility in the absence of mechanical failure and regurgitation. The lack of long-term tests in vivo still raises the question as to whether these valves offer an advantage over the most advanced mechanical replacements, in particular concerning the need for anti-coagulation therapies to prevent formation of thrombi on the surface of the leaflets.



First Generation TEHVs: Advantages and Drawbacks

The general strategy to derive living replacements resembling native tissues was introduced in 1993 by Langer and Vacanti (41). These Authors, in their initial proposition of tissue engineering, defined three essential steps consisting of, (i) to seed autologous or allogenic-compatible cells inside scaffolds pre-fabricated with biocompatible/biodegradable materials, (ii) to enable tissue formation in bioreactors by exposing the tissue constructs to controlled mechanical loading and, (iii) to promote final tissue maturation, exploiting the ability of the pre-seeded cells to interact with circulating cells to complete the final evolution of the tissue constructs toward native leaflets (41). If induced to mature with appropriate instructing stimuli, the tissue constructs could therefore have regeneration and growing capacity. In the valve pathology scenario, this ability to grow would be especially indicated for use in pediatric patients, for whom the possible failure of the implants is compounded by the inability of the new valve to grow with the individual, making continuous surgical procedures necessary (42).


In vitro Strategy

During the years, several TEHVs manufactured with the classical tissue engineering approach [that we cite here as the “in vitro strategy” (32)] have been developed using various materials and manufacturing procedures. Particularly important in the scenario of this first type of valve replacement is the polymer deposition, or electrospinning technique (Figure 2). Electrospinning allows deposition of polymeric fibers by exploiting the ability of electric fields to direct these fibers onto rotating mandrels or planar/curvilinear surfaces (43). Given that the manufacturing process is performed by extruding liquid polymers through nozzles with different diameters, the dimension of the fibers, and the porosity of the scaffolds can be easily controlled. Moreover, by adjusting the rotation speed and/or the motion of the spotting surfaces, the orientation of the fiber deposition can be adjusted, thus allowing one to mimic, to a certain extent, the mechanical properties of the natural leaflets, thus allowing the scaffold to offer resistance to mechanical forces inherent to valve motion (44–46).


[image: Figure 2]
FIGURE 2. Schematics of the electrospinning procedure. A liquid polymer solution is loaded into a syringe mounted into a syringe-pump and set to flow at defined rates through a nozzle of variable diameters (depending on the operational needs). The application of strong electric field allows the polymer to deposit onto a collector, consisting of a rotating mandrel or, as shown, a rotating plate onto which a non-woven scaffold can be manufactured due to solvent evaporation and solidification of the polymer fibers. Scaffold properties, such as porosity, fiber dimension and thickness can be easily adjusted by varying the dimension of the nozzle, the extrusion speed, the intensity of the electric field and the rotation speed of the collector.


A first remarkable biodegradable polymeric material that was tested to produce electrospun meshes for assembly of valve scaffolds was polyglicolic acid (PGA). For example, in 1995, Shinoka et al. (47) manufactured a single leaflet valve constructed from non-woven PGA mesh sheets. The synthetic valve was seeded with ovine fibroblasts and endothelial cells, and then cultured up to 10 weeks. Initial in vivo tests performed on in vitro cell-seeded PGA scaffolds in lambs indicated absence of stenosis, especially when cells used to populate the scaffolds where autologous. In a more recent study, published in 2011, Schmidt et al. (48) tested a tri-leaflets synthetic pulmonary valve implanted in sheep using minimally-invasive surgery. The valve was fabricated starting from nonwoven PGA meshes coated with poly-4-hydroxybutyrate (P4HB) using a heat-application welding technique. Scaffolds were then cultured in vitro with autologous myofibroblast and endothelial cells using dynamic bioreactors. In vivo tests confirmed adequate tissue formation and proper opening and closing of the valve.

In subsequent years, combinations of other polymers have been assessed to fabricate functional TEHVs. One example is the valve developed by Gottilieb et al. composed by a mixture of PGA and poly-L-lactic acid (PLLA) fibers. The valve was assembled commencing with non-woven sheets containing PGA and PLLA fibers in a 1:1 ratio bonded by manual and machine needle punching. The scaffold was subsequently seeded with ovine bone marrow cells and cultured for 4 weeks prior to in vivo implantation (49). Valve insufficiency was, however, noted after 6 weeks. Moreover, although valve conduit diameter remained stable up to 20 weeks post-implantation, increasing valve regurgitation, corresponding to decreasing cusp length over time, was observed. The application of Hasan et al. (50) of a blend of polycaprolactone (PCL) and PLLA is of particular interest as it combined the high stiffness and the mechanical properties of PCL with the cell adhesive properties of PLLA, with cell-spreading and metabolic activity providing encouraging results.

The general and major shortcoming in the use of bioabsorbable materials such as PCL, PLLA or PGA is the failure to maintain a constant leaflet geometry and mechanical coherence, which results in retraction and thickening of the leaflets and valve insufficiency and regurgitation (49, 50). One of the most striking examples of this effect was described by Hoerstrup et al. (51) with respect to a valve composed by electrospun sheets of PGA coated with P4HB using a welding technique. Even if adapted for minimally invasive procedures, the scaffold design was insufficient to maintain a mechanical coherence over time after in vivo implantation, with general deterioration of the geometry and an overall thickening of the leaflets (48) which caused regurgitation and insufficiency (48).

The “retraction” and “compaction” effects of TEHVs manufactured with biodegradable materials are mainly cell-mediated, and derive from the uncontrollable matrix degrading activity of the pre-seeded cells, or the cells recruited from the circulation (mainly monocytes/macrophages). While cell-mediated degradation can be reduced by optimizing the mechanical and surface characteristics of the polymers (e.g., stiffness, rigidity, wettability) and/or by performing functionalization of the electrospun fibers with natural or synthetic materials, an important factor is also the influence of mechanical load transmission from the scaffold to the cells. In fact, the unequal distribution of the strain forces on the curvilinear structure of the aortic valve leaflets, i.e., from the belly of the leaflet to the commissures (8), creates zones where the leaflet experiences maximal compression forces and other zones where forces are significant lower. Given the general mechano-sensitivity of adhering cells and, more in particular, that of the cells generally employed in valve tissue engineering (e.g., mesenchymal cells, valve cells, and fibroblasts) (19, 52) and the propensity of these cells toward a matrix remodeling and “pulling” phenotype when subjected to mechanical stress (53, 54), an essential component in TEHVs design is the possibility to achieve a mechanical adaptation of the cells to the microenvironment. According to findings by Cox et al. (55) this condition may be achieved, at least in part, by exposing TEHVs constructs to controlled mechanical stimulation, which may promote maturation of the tissue with a native distribution of collagen fibers and a lower propensity to remodel over time after implantation. The combination of natural with synthetic polymers could, finally, prevent a precocious onset of the maladaptive cellular responses observed in TEHVs manufactured with bio-absorbable non-woven materials, thus enabling the possibility to obtain structures with more stable and constant mechanical properties (56). However, the lack of long-term studies (49) and of an exhaustive knowledge of the cell-material interaction, nowadays excludes the transfer of these engineered valves to clinical practice.



In-situ Strategy

The second approach for generating TEHVs is the so-called “in situ strategy,” which exploits the ability of the human body to promote new tissue formation starting from an acellular implant due to the recruitment of circulating cells. In this setting, the postoperative adhesion of autologous cells to the scaffolds is a crucial event expected to provide a structure with performances as similar as possible to that of the native valves (57–59). An example of this approach is the electrospun valve fabricated by Kluin et al. (60) using a novel supramolecular elastomer; bis-urea-modified poly-carbonate (PC-BU). The function of the valve manufactured under these conditions was studied in vitro, while cellular recruitment and new tissue formation were evaluated during a long-term follow-up (12 months) in ovine model. Both phases of the study produced satisfactory results. In fact, the valves exhibited good functionality in terms of leaflets mobility, and did not show major signs of stenosis and thrombus and maintained a stable geometry and good cellular colonization in vivo.

Another example of an in situ TEHV is that recently developed by Coyan et al. (61). The scaffold was fabricated using a double component deposition (DCD) electrospinning strategy employing poly- (ester carbonate urethane)-urea (PCUU) as a material. With this procedure, the authors were able to obtain valves with a broad range of geometries suitable for stentless, stented and transcatheter applications (62). The valves were evaluated 24 h post implantation in a porcine model. Immediate postoperative analyses showed good valve kinematics and, at explant, no sign of stenosis, structural deterioration or thrombus was observed, even if the absence of a long-term study prevented full assessment of the effective regenerative potential of this PCUU valve.

An interesting in vivo study published by Emmert et al. (63) exploited a valve that combined both in vitro and in situ approaches. Briefly, a tri-leaflets heart valve was fabricated commencing with non-woven PGA sheets coated with P4HB as previously described (51). The scaffold was then seeded with ovine vascular derived cells and cultured in a dynamic bioreactor for 4 weeks. Before being implanted, the valve was decellularized to obtain a structure suitable, as much as possible, for re-colonization by autologous cells (64). At the end of the follow-up period (12 months), the valve exhibited good performance and tissue remodeling comparable to that of the native aortic valve.

Currently, concordance is lacking on the best approach to be followed given the pros and the cons of the two approaches. In fact, while the in vitro approach seems more appropriate to keep the phenotype of the cells under control until tissue maturation is complete, it requires complicate and time-consuming tissue engineering procedures which need to be performed in compliance with the rules for good manufacturing practice (GMP), and additionally necessitates huge monetary investments inappropriate for the increasing demand. In contrast, in situ TEHVs, which lack a living component, could be produced with an off-the shelf strategy at enormously lower costs and could be easily implemented into the market. The shortcoming of this approach is that the efficiency of the in situ recellularization and tissue maturation is less controllable, given the anticipated patient-to-patient variability due to the effects of age, risk conditions and pathological settings, which could lead to a variable degree of inflammation and failure (65).




Second Generation of TEHVs: New Materials and Designs

In view of the growing awareness of the maladaptive interactions between cells and scaffolds used to produce TEHVs, more complex manufacturing concepts are now emerging based on more systematic views of the cells/scaffolds interactions (66) and the recognition of the role of the forces dominating cellular mechanosensitivity of the cells (20, 67). Central to this second-generation design is the change from scaffolds made of randomly interleaved fibers, to a design that is more compliant with the distribution of the strain and compression forces acting in the kinematics and mechanical loading of the natural valves. The idea underlying this new concept derives from the evidence that the natural ECM fibers in the valve are deposed from the very beginning of valve development mainly with anisotropic patterns instructed by mechanical forces, and that the cells residing within the anisotropically deposited fibers are adapted to maintain a quiescent phenotype (Figure 1) (68). In order to achieve this aim, one of the current trends is to manufacture scaffolds with oriented deposition of ECM components (e.g., collagen) by mechanically forcing cells to deposit fibers according to defined geometric patterns, and/or to employ polymers that can be deposited with anisotropic patterns in 3D. A further step in this biomimicry approach is the attempt to implement the natural tri-layered valve structure in scaffold design. An example of this new design has been provided by Masoumi et al. where a three-layer scaffold included an anisotropic fibrous layer deposited between two coatings of electrospun fibers. Cells were then seeded in an attempt to obtain a fully engineered heart valve with layers resembling the native structure of the aortic valve tissue (69). Despite the fact that the resulting valve differed from the native valve in its organization of the ECM (for example, that an anisotropic layer of PGS represented the highly isotropic spongiosa layer), this type of scaffold gave good results when mechanical performance and maintenance of cellular viability was considered (70). Unfortunately, the lack of in vivo translation of this valve to date does not allow inferences on its behavior in a living organism. In a second example, Eslami et al. (71) employed a hydrogel made with a mixture of methacrylated hyaluronic acid and methacrylated gelatin, into which mitral valve interstitial cells were incorporated followed by its incorporation into a PGS-PCL electrospun scaffold. The author's speculated that this approach produces a more favorable environment for the remodeling of the ECM by the cells after in vivo implantation of the valve. Indeed, encasing cells into hydrogels before seeding a scaffold might mitigate the matrix digestion/remodeling activity of the cells and at the same time would favor the de novo deposition of matrix without affecting the mechanical function of the PGS-PCL layer. This may be particularly interesting considering that the behavior of the cells (and the resultant activation status) can be potentially modulated by mechanical tuning of the hydrogels characteristics, thereby crucially contributing to maintain them in a quiescent/self-renewing phenotype.

Numerous efforts toward the production of valve scaffolds with anisotropic mechanical characteristics have been made using novel fabrication techniques. For example, in a recent study by Wunner et al. (72) a polymeric scaffold with a highly controlled microarchitecture was manufactured using an “electrowriting” technique, which involves high voltage guided printing of a solvent-free, melted polymer onto a laterally sliding aluminum collector. Using this approach, the authors were able to orientate the polymeric fibers (made with medical grade PCL) to mimic that of the collagen and elastin fibers of the natural valve, resulting in a mechanical behavior comparable to that of native valve leaflet (73). Another method that has been exploited with the same aim has been developed by Moreira et al. (74) who introduced textile reinforcements into a scaffold containing a thin valve electrospun layer and fibrin cell-laden gel to confer anisotropic resistance against the forces acting in the valve motion cycle, which resembled the arrangement of collagen bundles of the native fibrosa layer. Preliminary bench testing of the resulting valve after 21 days dynamic conditioning, proved that mechanical stimulation enhanced matrix deposition (in particular collagen) by the cells, thus showing the versatility of a “mixed” fabrication approach to elaborate a design that more closely resembled the natural valve architecture. The utility of a tailored deposition of valve scaffolds fibers is, however, still under question, especially from the perspective of long-term scaffold remodeling after in vivo implantation. In fact, for example, Uiterwijk et al. (75) showed that the orientation of the collagen fibers in in situ TEHVs that were manufactured with isotropic or anisotropic fibers deposition and implanted for 1 year in sheep did not resemble the original arrangement of the fibers in the scaffold, but was instead dictated by the prevailing mechanical forces after implantation. While the authors concluded that the fiber's anisotropic deposition is insufficient to dictate the way the scaffold-populating cells mechanically adapt and deposit new matrix components, it has been discussed that other factors, such as the relatively rapid degradability of the scaffold and inflammatory response, may contribute to override any instructive signals provided by the original geometry of the implant (76).

Finally, a promising technology that is still in its infancy but will undoubtedly provide a decisive future impact in cardiovascular medicine, is that of three-dimensional (3D) printing of valve scaffolds or direct bioprinting of valve leaflets using cell-laden polymers (77). The advantage of this manufacturing technology is that 3D printing/bioprinting allows deposition of matrix components with precise patterning and also exploits a layer-by-layer positioning of materials and cells with a high control of the output geometry (with μm accuracy). Potentially, given the possibility to translate the actual geometry of valves via imaging system data (i.e., CT-scan), this technique could be used for personalized manufacturing of valves tailored to the individual patient with maximal hemodynamic performance and adaptability (78). Despite these advantages, 3D printable materials or, in particular, bio-printable hydrogel/cellular mixtures still suffer from the lack of mechanical strength (79–81), especially with respect to the need to withstand an intense mechanical workload. In keeping with this conclusion, for example, the collagen Type I bioprinted valve described by Lee and co-authors (77) was efficiently cellularized with human endothelial cells, but its mechanical characteristics were insufficient to meet the standards required for mitral and aortic valves in vivo. While other valve-specific printable polymers are currently undergoing investigation, including methacrylated hydrogels, such as gelatin and hyaluronic acids (82), and PEG-DA hydrogels (83), further work is necessary to improve the mechanical characteristics of 3D/bioprinted valves to produce realistic alternatives.




RECELLULARIZATION OF DECELLULARIZED NATURAL TISSUES

Considering the above highlighted shortcomings of fully engineered TEHVs resulting from the combination of cells with artificial scaffolds, a further strategy that still has appealing features for engineering living valves, is to introduce human cells de novo into decellularized animal-derived materials, such as entire valves or pericardium. Prompted by remarkable examples such as the re-engineering of decellularized whole hearts (84), this strategy appears a realistic alternative, especially when considering the possibility to engineer tissues with full regeneration capacity and maximal biocompatibility for use in pediatric and young patients. The advantage of tissue decellularization includes the possibility of employing animal scaffolds already endowed with mechanical characteristic that closely resemble that of diseased tissues. For heart valve engineering, for example, porcine valves and porcine/bovine pericardium are elective materials either for the maximal mechanical compatibility (especially with respect to valves) and the easiness of valve manufacturability (especially for pericardium). Before being employed in a tissue engineered construct, the decellularized materials need to meet specific requirements to ensure maximum immunological compatibility once implanted into the human body. In this respect, a principal element that needs to be addressed is the problem of xenoantigens, which is an overarching problem in the use of bioprosthetic valves as it is in vascularized solid organ xenotransplantation. Chemical cross-linking (using glutaraldehyde), which is normally performed to prepare bioprosthetic tissue for use in valve replacement procedures, fails to fully quench the immunogenicity thereof, including DNA and other cellular xenoantigens, such as Alpha-Gal (galactose-α-1,3-galactose) which, together with reactive aldehyde residues themselves, eventually lead to progressive deterioration of the valve (85, 86). In order to avoid the presence of xenoantigens, one possibility includes decellularization using ionic and/or non-ionic detergents (87, 88). Another possibility involves the use of “humanized” valve tissue through the generation of genetically engineered donor animals (89). Indeed, since the majority of human antibodies against the porcine material bind to the αGal epitope (90), the use of pigs with a knockdown in the GGTA-1 locus (GTKO) would not give rise to xenograft rejections due to the αGal epitope (91). Genetic ablation of other antigens, such as that encoding the SDa blood group or the N-glycolyl neuraminic acid offer potential advantages (91–94). The problem of residual immunogenicity of decellularized tissues is, however, not entirely resolved. In fact, there is a residual possibility of long-term rejection of decellularized tissues due to the persistence of residual contaminants deriving from the detergents employed, presence of ECM components that are not removed by the decellularization procedure and permanence of cellular debris not completely removed by post-decellularization washing procedures (95). This shortcoming might be overcome by elaborating a quality control system and toxicologic assessment of the decellularized material in view of clinical translation.

A second element to be considered in the employment of decellularized materials is the strategy to re-introduce the cells inside such scaffolds. In this respect, several unsuccessful attempts in the past have been performed based on culturing cells on the surface of the decellularized matrices (96, 97). The drawback of this approach is that decellularized matrices are mostly impervious to invasion by cells from the surface due to low porosity and permeability thereof. In this context our group developed a decellularization method for pericardium based on the employment of ionic and non-ionic detergents that both maintained the structural integrity and mechanical resistance of human (87) and porcine (98) pericardium and abolishes xenoantigens in the latter. Interestingly, when valve cells were statically cultured on the surface of the decellularized porcine pericardium, only minimal penetration was observed (98). In contrast, the increase in tissue permeability following decellularization rendered the tissue perfusable with an oscillating perfusion bioreactor (88), which led to a homogeneous distribution of the cells throughout the entire depth of the construct thereby effecting valve-like tissue maturation (99). Despite the lack, as yet, of confirmation of total biological compatibility of the recellularized tissue or the scalability of the method, the approach seems amenable to generate a fully engineered, personally tailored (for example, using recipient mesenchymal cells), living valve for selected classes of patients (e.g., infants/children and young adults).



CONCLUSION

The present review describes past and present approaches in conceiving TEHVs and summarizes the current drawbacks that need to be overcome. While more historical design of TEHVs failed to consider the morphological design of matrices, which resulted in leaflets retraction/compaction and, thus, eventual failure, the overall trend emerging from more recent studies of new designs serves to elucidate the strict correlation between maintenance of proper cellular mechanosensitivity and the correct mechanical adaptation/maturation of the engineered tissues in vivo. This last consideration also underlines the urgent need of a more integrated work between engineers and biologists to come up with a systematic design of scaffolds and fine-tuning of material characteristics to minimize the cell-mediated effects in scaffolds remodeling. In the context of modern valve tissue engineering, decellularized matrices still appear promising for TEHVs fabrication, despite the potentially high manufacturing costs which may limit their availability and use in well-suited recipient classes.
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Marker-Independent Monitoring of in vitro and in vivo Degradation of Supramolecular Polymers Applied in Cardiovascular in situ Tissue Engineering
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The equilibrium between scaffold degradation and neotissue formation, is highly essential for in situ tissue engineering. Herein, biodegradable grafts function as temporal roadmap to guide regeneration. The ability to monitor and understand the dynamics of degradation and tissue deposition in in situ cardiovascular graft materials is therefore of great value to accelerate the implementation of safe and sustainable tissue-engineered vascular grafts (TEVGs) as a substitute for conventional prosthetic grafts. In this study, we investigated the potential of Raman microspectroscopy and Raman imaging to monitor degradation kinetics of supramolecular polymers, which are employed as degradable scaffolds in in situ tissue engineering. Raman imaging was applied on in vitro degraded polymers, investigating two different polymer materials, subjected to oxidative and enzymatically-induced degradation. Furthermore, the method was transferred to analyze in vivo degradation of tissue-engineered carotid grafts after 6 and 12 months in a sheep model. Multivariate data analysis allowed to trace degradation and to compare the data from in vitro and in vivo degradation, indicating similar molecular observations in spectral signatures between implants and oxidative in vitro degradation. In vivo degradation appeared to be dominated by oxidative pathways. Furthermore, information on collagen deposition and composition could simultaneously be obtained from the same image scans. Our results demonstrate the sensitivity of Raman microspectroscopy to determine degradation stages and the assigned molecular changes non-destructively, encouraging future exploration of this techniques for time-resolved quality assessment of in situ tissue engineering processes.

Keywords: Raman imaging, carotid implantation, tissue-engineered vascular grafts (TEVG), guided tissue engineering, resorption


INTRODUCTION

Current cardiovascular grafts are limited in their ability to replace native tissue. Hemodynamic changes require to adapt continuously, which is difficult to be artificially reproduced (1). As a result, complications often occur due to incompatibility between the native tissue and the grafted material (2). Tissue engineered grafts have been considered as promising cardiovascular replacements, but require time for cell harvesting, conditioning and production of rigid matrix, which is why these are not applicable for off-the-shelf usage (1). In situ tissue engineering or endogenous tissue restoration might be the solution, as in this method a degradable biomaterial is implanted in the patient to temporarily function as both, graft and scaffold for endogenous cells, directing regeneration directly at the intended site in the body (3). Biomaterials applied in in situ tissue engineering range from polymer scaffolds to in vitro generated matrices and decellularized xeno- or allografts (4–6). Over time the biomaterial will degrade, while matrix is produced by the cells that infiltrate and populate the scaffold. These two processes should happen at similar rates to preserve the integrity of the graft. Here, supramolecular materials enable the introduction of different molecular groups and so allow for tailoring of material characteristics, including degradation rates and mechanisms (7). Supramolecular materials can form stacks, as hydrogen bonds are formed between the supramolecular groups, which are non-covalent and therefore dynamic (7). This also enables integration of specific functional groups in a polymer. Under ideal conditions all biomaterial will degrade and a living tissue will remain with the ability to grow and adjust to its environment (8).

Implanted biomaterials degrade due to several processes, namely (1) enzymatic hydrolysis, also called enzymatic degradation when catalyzed by enzymes such as protease and esterase; (2) oxidation caused by reactive oxygen species (ROS) and (3) physical deterioration caused by water absorption (9). The immune system influences both enzymatic and oxidative degradation by way of macrophages and other activated immune cells, which secrete enzymes and ROS when in contact with the biomaterial scaffold (10). On a molecular level, hydrolytic degradation occurs when water molecules substitute ester bonds in a polymer (9). This causes breaking of the polymer chains and results in smaller polymer segments. In oxidative degradation, oxygen-comprising free radicals such as hydroxide or superoxide radicals react with the polymer (9). Especially, methylene protons next to functional groups in the polymer backbone are sensitive to hydrogen extraction, ultimately resulting in chain scission (or possibly cross-linking) of the degraded polymer. Typical molecules generated in oxidative degradation are water, carbon dioxide, and oligomeric chains with hydroxyl chain ends and/or carboxylic acid chain ends. Tissue engineered grafts will be constantly load-bearing during the transition from biomaterial to tissue. Accordingly, an appropriate degradation rate is of utmost importance for the success of the in situ procedure (9). Therefore, there is a need for tailoring the degradation kinetics of the used scaffold material. Furthermore, the biocompatibility and potential cytotoxicity of degradation products are an essential safety aspect of biodegradable polymers (11). Thus, unraveling the mechanisms of polymer degradation and potential byproducts on a molecular level and correlating in vitro observations to in vivo processes is highly relevant for the design of successful implant materials providing long-term functionality as well as biocompatibility and immunocompatibility.

Methods to assess graft degradation in vitro, include scanning electron microcopy (SEM), gel permeation chromatography (GPC) or thermal and mechanical analyses to determine morphological changes and polymer integrity and have been thoroughly applied to study polymer degradation (10, 12, 13). These methods can similarly be applied for the analysis of in vivo degradation but require extensive sample processing or the removal of the implant material from the surrounding tissue and often do not allow to obtain spatially resolved information. Gaining spatial information on the local material degradation is highly important given that scaffold degradation is subject to strong spatiotemporal heterogeneities, due to differences in local microenvironment such as variations in cell influx or local hemodynamic loads (14, 15).

For more than two decades, material science employs Raman spectroscopy, but in the field of biological tissues this laser-based technique is relatively new (16, 17). Raman microspectroscopy is of great interest for both in vitro and in vivo applications due to its non-invasive nature and ease of sample preparation in comparison to more conventional methods, as it is label-free. Similar to infrared spectroscopy, which has been applied in a few studies to investigate in vitro as well as in vivo polymer degradation (18–20), Raman microspectroscopy allows for the non-destructive detection of molecular changes in both, synthetic as well as biological molecules, and in addition enables the simultaneous visualization of their spatial distribution in Raman imaging setups. In comparison to local polymer degradation, extracellular matrix formation and cellular infiltration in in situ tissue engineering can be studied at a spatial resolution by histological methods (21, 22), and were also in the focus in previous publications on in situ tissue-engineered heart valves and carotid implants, where Raman imaging was implemented as complementary method to routine histochemical and immunofluorescence staining (5, 15).

The aim of this study is to gain a better understanding of in vivo degradation pathways of supramolecular polymers which are promising candidates for in situ tissue engineering. Raman microspectroscopy and imaging were established in combination with multivariate analysis to assess degradation in situ and avoid further sample destruction by preprocessing steps. Molecular fingerprints of oxidative and enzymatic degradation were determined in fast and slow degrading polymer composites and transferred for the analysis of in vivo degradation in a carotid implant in a sheep model monitored over a period of 12 months.



MATERIALS AND METHODS


Polymer Scaffolds and Films

Polycaprolactone2000-Bisurea (PCL-BU) material (SyMO-Chem, Eindhoven, The Netherlands) and Poly(hexamethylene-) carbonate-Ureido-Pyrimidinone (PC-UPy) material (Xeltis, Eindhoven, The Netherlands) were prepared and electrospun to form tubular scaffolds of 6–23 mm inner diameter. Scaffolds were fabricated in a climate-controlled electrospinning cabinet (IME Technologies, Geldrop, The Netherlands) according to the electrospinning method described previously by Pabittei et al. (23). Films were prepared by dissolving PC-UPy in HFIP, followed by casting the solution in a petri dish and dried at 37°C in a vacuum oven. Scaffolds and films were gamma sterilized.



In vitro Degradation
 
PCL-Bisurea Scaffolds

Samples for the in vitro study were degraded following methods previously described by Brugmans et al. (10). In brief, circles with a diameter of 8 mm were punched from the electrospun material (n = 3 per treatment). Prior to the degradation process, meshes were centrifuged at 4,500 rpm in purified water for 10 min to wetten the material and remove air bubbles. The material was enzymatically degraded by incubation at 37°C in 0.5 mL enzyme for either 12 or 36 h. The enzyme solution consisted of a 100x dilution of 10 U/mL cholesterol esterase from bovine pancreas (C-3766, Sigma–Aldrich, Saint Louis, US) in PBS. Cholesterol esterase is present in native serum, secreted by activated macrophages and known to be more dominant for the cleavage of urethane bonds than other secreted enzymes (24, 25). Oxidative degradation was done in a 2 mL oxidative degradation solution. The oxidative solution consisted of 20% hydrogen peroxide (#216763, Sigma–Aldrich) and 0.033 M cobalt(II) chloride (#232696, Sigma–Aldrich) in purified water. Hydrogen peroxide and cobalt(II) chloride undergo a Haber–Weiss reaction, creating reactive hydroxyl radicals, which react with the material (26). Incubation times of the scaffolds in oxidative solutions were 2.5 and 5 days. As control, samples were exposed to PBS for 12 and 36 h. The oxidative solutions were changed every 2.5 days to maintain a constant concentration of radicals.



PC-UPy Films and Scaffolds

Scaffolds were punched to 25 x 5 mm strips (n = 4 per timepoint). Films were cut to 1 x 1 cm samples (n = 1). Scaffolds were centrifuged at 4,500 rpm in purified water for 3 min. The scaffold and film were degraded using oxidative degradation with 50 wt% H2O2 (Honeywell) at 50°C for 2, 5 and 20 days. The oxidative solutions were changed every 3 days to maintain a constant concentration of radicals. The reaction was stopped by washing the samples with RO water and 1.3 M Na2SO3 solution.




Degradation Analysis

For routine degradation analysis, the mass averaged molecular weight (Mw) of three samples per condition were determined, by dissolving them in dimethylformamide (DMF) (Sigma-Aldrich) followed by gel permeabilization chromatography (GPC) analysis. This analysis was performed on a Varian/Polymer Laboratories PL-GPC 50, using DMF with 10 mmol/L lithium bromide as eluent and maintaining the temperature of the equipment at 50 °C. Furthermore, scaffold fiber morphology was visualized with scanning electron microscopy (SEM, Quanta 600F; Fei, Hillsboro, OR) to assess scaffold damage after in vitro degradation.



In vivo Degradation

Tissue sections of PC-UPy grafts were obtained from an in vivo study of a carotid implant in a sheep model (27). The animal study was conducted in compliance with ethical regulations and the Helsinki protocol. Furthermore, animal welfare was in compliance with the Directive 2010/63/ EU. PC-UPy scaffolds were implanted in 6 female Ile de France sheep (age 8–9 months, weight 45–90 kg at implantation) in the interposition of the carotid artery at IMMR (Paris, France). All animals received a 6–7 mm inner diameter, 3–5 cm long PC-UPy graft. The follow-up was 6 (n = 3) and 12 months (n = 3). All animals received Enoxaparin treatment (3000–4000IU SC/BID) until day 90 and Aspirin (125 mg IM/QD) until sacrifice. Patency was 100% at 6 months (n = 3) and 12 months (n = 3) follow-up with no indications of stenosis. After the endpoint of the study the explants were fixed in 4% neutral buffered formalin. The specimens were dehydrated, embedded in paraffin, and sectioned at 4 to 10 μm (performed by CVPath Institute Inc., Gaithersburg, US). For orientation in the section and to define relevant regions for Raman imaging, overview staining via Movat Pentachrome were provided as well as von Kossa stains to detect calcifications (Supplementary Figure 1). Based on histochemical images, histo-scores were defined for semi-quantification of matrix degradation and collagen infiltration as previously described by Brugmans et al. (28). Histo-scores for polymer absorption, collagen infiltration and calcifications as well as the definition of score values are described in Supplementary Figure 2.



Raman Microspectroscopy

An inverse Raman microspectrometer (alpha 300R, WITec GmbH, Ulm, Germany), equipped with a 532 nm laser diode, was employed for all measurements with laser output power set to 50 mW for spectral acquisition (600 gr/mm, ±10 wavelengths).

Measurements of in vitro degraded scaffolds were performed using a 50x objective (LD EC Epiplan-Neofluor HD DIC 50x/0.55, Zeiss, Oberkochen, Germany). The integration time per spectrum was set to 0.2 s. For each sample, a minimum of three ROIs was chosen based on bright field images. Dimensions of the selected ROIs were 100 x 100 μm at a spatial resolution of 1 x 1 μm.

All measurements of in vivo degraded samples were performed with a 63x water-immersion objective (W Plan Apochromat 63x/1, Zeiss). Prior to Raman measurements, the tissue sections were deparaffinized and kept hydrated in PBS. Raman images were acquired from defined regions (500 x 500 μm, 2 x 2 μm/pixel, 0.05 s/pixel) within the implanted material and neointima, as well as the material-luminal tissue interface for the 12 months samples (Figure 1). ROIs were defined in histology overview images (Movat-Pentachrome stain performed by CVPath Institute Inc., Gaithersburg, US) and transferred to unstained sections for Raman imaging. To avoid processing artifacts (e.g. by deparaffinization), in vitro degraded PC-UPy reference materials (see section In vitro Degradation) were additionally embedded, sectioned and deparaffinized before Raman imaging at the same conditions as the tissue sections to allow a direct comparison.


[image: Figure 1]
FIGURE 1. Overview of analyzed scaffolds and regions of interest (ROIs). PC-UPy scaffolds were implanted in a sheep model. FFPE sections of 6-month (A,B) and 12-month (C,D) explants were analyzed. ROIs for Raman imaging (B,D) were defined in Movat-Pentachrome stained sections (A,C) (provided by CVPath). In 6-month samples scaffold material (1) and lumen (2) were distinguished, in 12-month samples scaffold material (1), material-tissue interface (2) and neointimal lumen (3) were defined as ROIs.


For spectral processing, WITec Project FIVE (5.3) software was used. Raman data was preprocessed by employing cosmic ray removal, cropping the spectra to the range between 300 and 3000 cm−1, baseline-correction (shape algorithm) and normalization (Area under the curve = 1). Intensity distribution heatmaps at 1444 cm−1 were generated from non-normalized in vitro PC-UPy degradation data and compared by mean gray value analysis in ImageJ (Fiji).



Data Analysis
 
True Component Analysis

Processed images were analyzed using True Component Analysis (TCA), which aims to demix the different components in the measured spectra to find individual spectral components within the spectral dataset. Thus, it enables to generate false-color coded intensity distribution heatmaps based on different underlaying spectral information in each pixel of the spectral maps. Spectra of non-degraded control material were used as reference.



Principal Component Analysis

Single spectra of the scaffold polymer component as well as the collagen component were exported using Project FIVE software by generating an image filter of the TCA heatmaps. From each sample, a minimum of 100 spectra were randomly selected and exported to The Unscrambler X 10.3 (CAMO Software, Oslo, Norway). Principal component analysis (PCA) models were calculated for in-depth comparison of RM datasets of all conditions. PCA enables extraction of vector-dependent score values and loading spectra, which describe the spectral variances of a data set and depict the irregularities in a single Raman spectrum (29). PCA was performed employing the non-linear iterative partial least squares algorithm as described previously (30). All principal components (PCs) were screened for changes in Raman shifts found in the fingerprint regions of Raman spectra of the scaffold polymer or collagens. Outliers in PCA were determined using Hotelling T2 test and excluded.




Statistical Analysis

Statistical analysis was performed in Graph Pad Prism 9. Data are presented as mean ± standard deviation. Data were tested for Gaussian distribution (Shapiro-Wilk) and statistically compared using one-way ANOVA and Tukey test or Kruskal-Wallis and Dunn's test for multiple comparisons. P values < 0.05 were considered statistically significant.




RESULTS


Polymer Scaffolds Exhibit Characteristic Raman Signatures

Raman spectra of non-degraded electrospun PCL-BU and PC-UPy (Figure 2) were acquired and served as references to identify degradation-dependent spectral changes. Generic molecular structures for UPy and BU building blocks and relevant functional groups susceptible to degradation are described in Figure 2A. For PCL-BU (Figures 2B,D), a distinction could be made between the fingerprint regions resulting from the PCL chains and the urea blocks. When considering the PCL bands, peaks assigned to the C-C vibrations of the C-COO group (862 and 942 cm−1), skeletal stretching (1,067 and 1,098 cm−1), deformation vibrations of the CH2 groups (1,303 and 1,442 cm−1) and vibrations caused by C=O vibration (1,728 cm−1) were identified (31). The fingerprint regions of the urea can be assigned to NCO and NCN vibrations (606 cm−1) and N-H stretching at 1,615 cm−1 (32). The Raman spectrum of PC-UPy (Figures 2C,E) demonstrates assignments to the UPy blocks especially at 695 and 1,659 cm−1. Spectral resonance typical for the PC chains is reflected by C-COO (960 cm−1) and C=O groups (1,734 cm−1), skeletal stretching (1,067 cm−1) as well as CH2 deformations (1,309 and 1,444 cm−1). An overview of the most relevant bands and their molecular assignments is given in Table 1.


[image: Figure 2]
FIGURE 2. Supramolecular building blocks and Raman spectra of scaffold polymer references. (A) Generic molecular structure of ureido pyrimidine polycarbonate (PC-UPy) and bisurea polycaprolactone (PCL-BU) including their molecular groups susceptible to degradation. PCL-BU (B,D) and PC-UPy (C,E) exhibit characteristic Raman signatures with bands assigned to their different building blocks.



Table 1. Relevant PCL-BU and PC-UPy peaks and their molecular assignments.

[image: Table 1]



Comparison of Oxidative and Enzymatic in vitro Degradation in PCL-BU Scaffolds

First, the effect of different degradation mechanisms was investigated on PCL-BU material. PCL-BU was selected as it was previously reported that this material is susceptible to both enzymatic and oxidative degradation (10). Electrospun PCL-BU scaffolds underwent oxidative degradation using H2O2/CoCl2 or enzymatic degradation by cholesterol esterase. Raman images were acquired at three different timepoints for each of the degradation procedures and analyzed by True Component Analysis (TCA) to generate intensity distribution heatmaps by fitting the non-degraded PCL-BU reference spectrum. In oxidative degradation, TCA of PCL-BU scaffolds allowed to visualize the fiber structures with no significant changes in fiber morphology over degradation time. However, for the 5 day degraded scaffolds, there was no good fit with the PCL-BU reference spectrum and an additional TCA component (light green) was identified (Figure 3A). TCA with the PCL-BU reference spectrum was also applied to generate Raman images of the enzymatically degraded scaffolds. Here, a clear change in fiber morphology to less and also thinner polymer fibers was observed (Figure 3B). Moreover, TCA identified a new spectral component (pink), starting to appear after 12 h of degradation at a spot wise localization. The two new spectral components were compared to the PCL-BU reference spectrum and showed changes in signal intensities in the Raman peaks at 606, 862, 1,107, 1,615 and 1,728 cm−1 (Figure 3C) but also in the overall spectral pattern, especially in the wavenumber range between 800 and 1,200 cm−1 (Figure 3D). New peaks which were either just present as spectral shoulder of another band or not expressed at all in the non-degraded PCL-BU spectrum were identified, i.e. at 910 and 1,039 cm−1 upon oxidative degradation and 992 and 1,121 cm−1 upon enzymatic degradation.


[image: Figure 3]
FIGURE 3. Oxidative and enzymatic degradation in PCL-BU scaffolds. (A) TCA heatmaps of electrospun PCL-BU scaffolds at 0, 2 and 5 days of oxidative degradation. Scale bar equals 50 μm (B) TCA heatmaps of electrospun PCL-BU scaffolds at 0, 12 and 36 h of enzymatic degradation. (C) Average Raman spectra identified by TCA. blue—PCL-BU; light green—signature in 5d oxidatively degraded PCL-BU fibers; pink—signature appearing after 12 h of enzymatically degraded PCL-BU fibers. Labeled peaks correspond to bands with changes in peak intensity. (D) Zoom into the 800–1,200 cm−1 Raman shift range.




Monitoring of Oxidative in vitro Degradation in PC-UPy Scaffolds

Raman microspectroscopy was then performed on in vitro degraded PC-UPy polymer films and electrospun scaffolds to determine the sensitivity of Raman microspectroscopy to investigate polymer degradation (Figure 4). Given that PC-UPy is barely susceptible to enzymatic degradation in vitro (33), the samples for this material were degraded by exposure to H2O2. TCA, with the non-degraded PC-UPy as reference spectrum, allowed for the mapping of the non-degraded material within the samples (Figure 4A). Control PC-UPy films showed a homogenous distribution of the Raman signal which decreased after 2 and 5 days within the degradation solution as quantified by the mean gray value intensity (GVI, Figure 4B). TCA images of electrospun control and degraded PC-UPy scaffolds expressed a good fit to the PC-UPy reference spectrum and showed tendencies toward a less dense fiber network after 5 days, as also reflected in the mean GVI (Figure 4B) but no further morphological differences. Therefore, a defined number of single spectra were randomly extracted from the TCA maps and analyzed by principal component analysis (PCA) to determine minor spectral changes and investigate the molecular composition of the degraded samples. The PC-1/PC-3 scores plot showed a clear separation of the spectral information derived from non-degraded, but also between day-2 and day-5 degraded polymer fibers. Control spectra clustered in the negative PC-1 scores range, whereas degraded samples clustered in the positive PC-1 range, with the strongest shift in day-5 scaffolds (Figure 4C). The PC-1 loadings plot served to interpret the molecular changes that are assigned to the observed degradation time dependent separation (Figure 4D). The further a data point clusters at the positive PC scores range, the more pronounced are the bands which are described as positive peaks in the loadings. Data clustering in the negative scores range, exhibit stronger assignments to bands which are negative peaks in the corresponding loadings plot. Here, the bands at 695 (UPy) and 1,107 cm−1 (C-C, skeletal stretch) decreased upon degradation, whereas an increase was observed for the bands at 956 (C=O), 1,121 (C-O-C, ether groups), 1,309 (CH2 twisting) and 1,743 cm−1 (C=O).


[image: Figure 4]
FIGURE 4. Comparison of oxidative in vitro degradation of film and electrospun PC-UPy polymers. (A) TCA images of polymer films (upper row) and electrospun scaffolds (lower row) at 0 (d0), 2 (d2) and 5 (d5) days of oxidative in vitro degradation. Scale bar equals 50 μm (B) Mean gray value intensities (GVI) of the PC-UPy polymer film and electrospun fiber intensity distribution heatmaps. Data are represented as mean ±SD; n = 3, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001. (C) PC-1/PC-3 scores plot of a PCA performed on single extracted spectra from electrospun fibers (A) demonstrates a degradation time-dependent shift in the Raman signature. (D) The PC-1 loadings plot indicates relevant peaks for the spectral separation.




Molecular Characterization of in vivo Degradation of PC-UPy Scaffolds

Tissue sections of an in vivo study, where PC-UPy based electrospun scaffolds were implanted as carotid replacement in a sheep model, were investigated by Raman imaging. Spectral maps of the scaffold region (ROI1) of 6-month (Figure 5A) and 12-month explants (Figure 5B) were analyzed by TCA. In addition to a strong signal originating from the PC-UPy polymer, TCA allowed to localize and identify collagens, cells and fibrin depositions according to characteristic spectral signatures (Figure 5C). Whereas two of the 6-month explants showed a major contribution of the polymer fibers, in one explant (6.3) a strong collagen ingrowth was observed. Similarly, one of the 12-month implants (12.1) resulted in strong PC-UPy contributions compared to the other two 12-month explants, where the polymer assignments appeared less dense. Even though differences were visible between 6- and 12- month image distributions, 12-month explants still showed major assignments to polymer materials. Semi-quantitative analysis of polymer resorption was performed and defined in Histo-Scores, indicating a score of 25-50% matric absorption after 12 months (Supplementary Figure 2). In addition to morphological differences, spectra from the TCA images were extracted and analyzed by PCA to investigate molecular changes in PC-UPy polymer fibers upon in vivo degradation and to compare them to in vitro degradation. Therefore, a PCA including spectra from in vitro as well as in vivo degraded scaffolds was conducted. In vitro data were extended by an additional timepoint after 20 days of oxidative degradation. The PC scores plot demonstrated a degradation time dependent shift toward increasing PC-3 score values with progressing degradation time and showed a close overlay of in vivo and in vitro degraded samples (Figure 5D). Comparison of the PC score values (Figure 5E) demonstrated a clustering of the 6-month samples within the range of the 2-day in vitro degraded samples, whereas 12-month samples were overlapping with the 5-day degraded samples. In accordance with the TCA images, the signatures of the 12.1. explant resembled rather the composition of the 6-month explants. An explant-wise comparison including an overview of the statistical testing is provided in Supplementary Figure 3. The PC-3 loadings plot (Figure 5F) allows to interpret the underlaying molecular changes. Polymer fibers at later degradation stages, clustering at higher PC-3 ranges, were assigned to more pronounced bands at 1,121 (C-O) and 1,685 cm−1 (Amide, urethane), whereas signatures of non-degraded and early-stage degraded samples, clustering in the negative PC-3 range, had a higher contribution of the peaks at 695 and 1520 cm−1 (both UPy).


[image: Figure 5]
FIGURE 5. Raman analysis of in vivo degradation of PC-UPy scaffolds. TCA Raman images of (A) 6-month and (B) 12-month explants; light green—PC-UPy, blue—collagens, light red—fibrin, white—cells, each image represents the explant from another animal, scale bar equals 250 μm (C) Identified TCA Raman spectra could be assigned to polymer and biological signatures. (D) Spectra extracted from in vivo degradation were compared to in vitro degradation by principal component analysis. (E) PC-3 scores indicated a degradation time dependent shift with 6 and 12-months in vivo samples clustering in the range between 2 and 5 day in vitro degraded samples, n = 3, mean score values ± SD (F) Underlaying spectral changes are explained by the PC-3 loadings plot.




In vivo Tissue Remodeling Correlates to Polymer Degradation

Raman histopathology enables the simultaneous detection and analysis of both, polymer and biological components, within the same tissue section and without the need for extensive sample processing or staining. In addition to polymer degradation at the implant material, the surrounding tissue was analyzed at three different regions—in between the scaffold fibers, at the polymer-tissue interface and in the neointima at the lumen (Figure 6A). The three-layer separation was only significantly expressed in the 12-month explants, whereas the 6-month explants were separated to the scaffold site and the luminal tissue layer. In one of the 12-month samples (12.1) it was only possible to distinguish scaffold and lumen region (Supplementary Figure 4). The major extracellular matrix component identified in the adjacent tissue layers were collagen fibers as indicated in the TCA Raman images (Figure 6B). Single spectra were extracted from the TCA images for further in-depth analysis of collagen fiber maturity and integrity. PCAs were performed comparing collagen signatures of the same ROI at different timepoints and among different ROIs for the same timepoint. PCA of collagens infiltrating the scaffold region (Figure 6C) showed a shift from negative PC score values in 6-month spectra to positive PC score values in 12-month samples. However, both groups demonstrated data from one animal (6.3 and 12.1) clustering rather with the data from the other timepoint. A similar trend was shown for the collagens of the luminal tissue layer after 6 and 12 months of implantation (Figure 6D). The corresponding loadings plots (Supplementary Figures 5A,B) describe relevant peaks that explain the implantation time dependent changes in collagen fibers between 6 and 12 months. Both loadings indicate similar molecular changes in the scaffold and luminal region that are assigned to increased bands at 853, 935 (proline), 1,244 (amide III, ß-sheet), 1,422 (CH2 deformation) and 1,639 cm−1 (amide I) in 12-month explants and increased bands at 1,003 (phenylalanine), 1,310 (amide III, α-helix) and 1,690 cm−1 (amide I) for 6-month data. Separate PCAs were performed to compare collagens of the scaffold and luminal region at 6 months (Figure 6E) as well as collagens from scaffold, interface and luminal region at 12 months after implantation (Figure 6F). Six-month data clustered closely together with no significant difference between the regions for any of the calculated PCs, whereas 12-month data demonstrated a shift between collagen signatures from the implant region to collagen spectra derived from the interface and luminal region. However, also here no statistical significance was reached due to the heterogeneity among the animals. Peaks that contributed to the spectral differences were elaborated by the corresponding PC loadings plot (Supplementary Figures 5C,D) and could be assigned to differences in proline (853 cm−1), amide III (1,240 cm−1), the collagen backbone (960 and 1,440 cm−1) and the amide I conformation (1,660 cm−1).


[image: Figure 6]
FIGURE 6. Tissue maturation and collagen infiltration in carotid grafts. (A) Raman images were acquired from additional regions at the explant lumen (ROI3) and the interface (ROI2, only in 12-month samples), as defined in consecutive sections stained for Movat Pentachrome. (B) TCA intensity distribution heatmaps including collagen (blue), PC-UPy (light green) and cells (white) signatures; scale bar equals 250 μm. Extracted collagen spectra were compared by PCA for (C) 6 vs. 12-month scaffold region (ROI1), (D) 6 vs. 12-month luminal region (ROI3), (E) scaffold vs. luminal region in 6-month samples and (F) scaffold vs. interface vs. luminal region in 12-month samples; data are represented as mean score values ± SD, n = 3.





DISCUSSION

Understanding the degradation of implants prospering from the recipient's endogenous regenerative capacity via in situ tissue engineering is of high relevance for the design and success of novel implant devices for cardiovascular replacements. In this study, Raman microspectroscopy was proposed as a complementary method to conventional analyses such as SEM or GPC analyses to study and evaluate local polymer degradation, as it allows to access information on the molecular composition and can be performed without extensive sample processing, i.e. on tissue sections which are already prepared for histological analyses. Compared to destructive techniques such as chromatographic, mechanical or thermal analyses which have been reported for the investigation of in vivo polymer degradation (34, 35) and rather allow to assess the overall condition and characteristics of an implant material, Raman imaging obtains molecular-sensitive and spatially resolved information on the sample composition.

We have previously reported on the use of Raman microspectroscopy as a complementary method to evaluate the local balance between scaffold degradation and neotissue formation in in situ tissue-engineered heart valves (15) and arteries (5). In the current study, we specifically investigated whether the modus of degradation (i.e. enzymatic or oxidative) could be distilled from in vivo samples. To that end, Raman microspectroscopy was implemented to investigate different aspects of in vitro degradation such as the influence of the selected polymer, degradation over several timepoints as well as oxidative and enzymatically induced degradation. To further study the effect in native tissue, material degradation was monitored using Raman imaging on carotid explants of an in vivo sheep study.

Two different polymers were investigated for the in vitro study to assess the robustness of Raman spectroscopy to investigate degradation throughout different polymer materials. The two supramolecular polymer composites PC-UPy and PCL-BU were applied as model substances, as they are potential candidates for tissue engineering approaches (10, 36, 37) and provide different degradation kinetics. In general, PC-based polymers have been shown to degrade slower than PCL-based polymers (38). Despite similarities arising from similar molecular groups and assignments to skeletal vibrations of the polymer backbone, the Raman signatures of both polymers were significantly different, which in the future would also allow to discriminate oxidative processes in various other polymer materials applied in tissue engineering and simultaneously analyze implants composed of more than just one polymer.

Raman imaging of the degraded scaffolds allowed for the non-destructive visualization of the fiber morphology. Unlike SEM, which can only assess the fiber morphology, Raman spectroscopy allows for molecular imaging, investigating the molecular composition of the sample. Effects of oxidative degradation in PC-UPy polymers were less pronounced than in PCL-BU scaffolds but are in accordance with the slower degradation kinetics of PC-based polymers (38). Whereas changes in molecular composition upon PC-UPy degradation were only detectable via in-depth multivariate comparison by PCA, degradation in PCL-BU was already reflected in TCA images with a significantly different spectral signature of the polymer fibers after 5-day oxidative degradation. These data correlate with findings from an in vivo study of PCL-BU-based carotid implants in a rat model which showed highly accelerated degradation (39).

Degradation mechanisms for UPy and PCL based materials have been reported to be rather oxidative than hydrolytic (10, 33), therefore the in vitro degradation mainly focused on oxidative processes. However, an enzymatic degradation step via cholesterol esterase was included for PCL-BU and compared to oxidative degradation. In addition to differences in fiber morphology, TCA images identified degradation-dependent spectral signatures which demonstrated different distribution patterns between oxidative and enzymatic degradation. The hypothesis here is that in enzymatic degradation entire molecules are cleaved, causing surface erosion which will decrease the fiber diameter and identify degradation-specific spectral changes at local spots. In contrast, the molecules in the oxidatively treated samples are believed to remain in place, while fiber length is reduced, which will not affect the fiber diameter but the overall molecular composition and spectral signature of the fibers. These conclusions are further supported by conventional degradation analyses by SEM and GPC (Supplementary Figure 6), where changes in fiber morphology are more pronounced in enzymatic degradation, but fiber density and composition, reflected by changes in the molecular weight, is rather observed in oxidative degradation. Furthermore, different molecular assignments of the TCA components appeared upon degradation. Compared to non-degraded PCL-BU, the spectrum in oxidatively degraded scaffolds showed a shift of the intensity ratios of the different building blocks. BU-related peaks (606, 1,615 cm−1) decreased, whereas bands assigned to the skeletal vibrations and PCL ester groups (1,067, 1,107, 1,728 cm−1) increased. This phenomenon can be assigned to relative changes in the polymer composition, as oxidative processes degrade the bisurea bonds first, resulting in higher contributions of the PCL-related bands to the overall polymer signature. Additional peaks occurring at 910 and 1,039 cm−1 could potentially be assigned to newly formed carboxyl groups derived from ester or urethane moieties and have been reported in correlation with a relative increase in crystallinity observed upon PCL degradation, which starts at the amorphous regions of the polymer (40). The degradation-specific spectrum in enzymatic degradation showed opposite spectral shifts. Here, a strong decrease of PCL-related bands, especially carbonyl (1,728 cm−1) and ester (865 cm−1) groups, was observed as well as a relative increase of the N-H band (1,615 cm−1) and the shoulders at 992 and 1,121 cm−1. This signature is fully in line with ester hydrolysis taking place in the PCL-moieties of the fibers.

Following in vitro degradation, in vivo degradation of PC-UPy was assessed in 6 and 12-month carotid explants from a sheep model. Direct comparison to spectra from in vitro oxidative degradation supported the previous findings of Brugmans et al. (10) that oxidative mechanisms dominate in the degradation process for this material. Spectral signatures of 6-month in vivo data clustered closely with the 2-day in vitro degradation whereas 12-month spectra rather resembled the molecular composition of 5-day in vitro degraded samples. In addition to this overall trend, Raman spectroscopy also allowed to determine the individual degradational state for each explant. For each of the groups, an outlier explant was identified, rather clustering with the other explantation timepoint. Explant 6.3 showed an advanced degradation compared to the other 6-month samples, whereas spectra from explant 12.1 clustered closer to the 6-month or 2-day in vitro degraded samples. However, these observations are in line with the corresponding Raman and histology images, which show an advanced polymer degradation and collagen infiltration for explant 6.3 as well as a dense polymer network and no separation into a material interface and luminal layer for explant 12.1., supporting the sensitivity of Raman spectroscopy to characterize a sample's molecular composition.

Degradation-dependent spectral changes as defined in the loadings plots, were similar between in vitro and in vivo analyses. Most robustly, degradation was assigned to a decrease in UPy related bands (695, 1,520 and 1,734 cm−1) and an increase in the 1,121 cm−1 peak. The assignment of the 1,121 cm−1 peak has not been fully defined yet, but had already been reported in a previous study on degradation of a pulmonary valve implants (15). Moreover, the in vivo degraded samples were assigned to a more pronounced 1,685 cm−1 band which corresponds to the amide in urethane groups, potentially indicating a UPy degradation product. Overall, these results suggest that in vivo, PC-UPy degradation is dominantly induced by oxidative pathways to which the UPy bonds are more susceptible than the PC chains.

This study demonstrates the potential of Raman microspectroscopy and imaging to further advance in situ tissue engineering. Supramolecular polymers can be synthesized to customize topography, durability, strength and degradability of a graft (38, 41). Further insights on molecular degradation mechanisms that can be modeled and characterized in vitro, have been shown to serve as reference measurements that can be transferred to define in vivo degradation pathways and could allow to tailor and design polymer materials that form implants with a better in vivo longevity. In addition, the identification of degradation-time dependent spectral changes can serve as an in vivo readout to monitor and spatially resolve polymer degradation in situ. First studies for in vivo Raman spectroscopy have been realized through endoscopic setups (42, 43), and could be transferred in the future to assess the performance and degradation of in situ tissue-engineered implants marker-independently and in vivo.

The in vivo follow-up in the presented study monitored PC-UPy polymers over a timeline of 12 months, but not over the complete degradation period. Whereas PCL-BU grafts demonstrated highly accelerated degradation in vivo, resulting in scaffold absorption after 60 days in an arterial graft (39), PC-UPy scaffolds even did not show complete absorption after 2 years as a pulmonary valve graft in a sheep model (15). However, over time, neotissue was formed and initial inflammation was reduced (15, 28, 44), demonstrating more advanced absorption and the absence of a chronic inflammatory response or severe calcifications. These promising results paved the way for the initiation of first clinical trials for PC-UPy based cardiovascular grafts (45).

One additional important feature of Raman imaging is that it enables to simultaneously assess collagen infiltration and polymer degradation within the same region of a sample. The balance between polymer degradation and tissue deposition and maturation is very important for the outcome of in situ tissue engineering; too slow degradation may lead to chronic inflammation and fibrotic encapsulation, while too rapid degradation (i.e. before sufficient neotissue has formed to take over the mechanical loads), will lead to structural failure (46). Scaffold degradation in vivo is an active cellular process driven by inflammatory cells such as macrophages and foreign body giant cells, which also play a role in the coordination of tissue formation and maturation (47). This makes that scaffold degradation and tissue formation is dependent on the local influx and activation of cells and the local hemodynamic and biochemical environment, rather than a homogeneous time-dependent process. For example, Wissing et al. showed that macrophage-driven scaffold degradation is dependent on the scaffold microstructure (48) as well as hemodynamic loads (49). In vivo, Uiterwijk et al. observed a rapid unexpected accelerated remodeling of heart valve scaffolds with a bioinspired scaffold microstructure when implanted in sheep (50). Fukunishi et al. reported on species-dependent degradation rates of vascular grafts when implanted in rats or sheep (51). These reports emphasize the unpredictability of scaffold degradation and the tremendous value of accurately characterizing scaffold degradation and tissue formation simultaneously and locally in various regions of interest in a sample.

Therefore, in the present study, collagen spectra were extracted from the TCA images of the scaffold regions and compared to collagen signatures of newly formed tissue layers. Conventional methods to assess collagen deposition include histochemical or immunohistochemical staining (5) or can even be marker-independent when imaging collagen autofluorescence in SHG microscopy (4). In contrast to quantitative information, these methods are limited in their capability to address qualitative changes in structural composition of collagen fibers. Here, Raman spectroscopy has already been shown to be sensitive to changes in collagen fibers upon aging, tissue degradation or foreign body response (52–54) and was applied in this study to determine collagen maturation at different explantation timepoints and explant regions. Comparison between 6 and 12-month explants showed similar results in molecular changes for collagens between the polymer fibers and in the lumen. Upon implantation duration, collagen specific peaks assigned to proline, the collagen backbone and amides increased, whereas early-stage explants had a stronger phenylalanine peak assigned to proteins in general. Moreover, shifts in the amide I and amide III bands occurred which indicate different 2D and 3D structural orientation in α-helices and β-sheets, i.e. the prominent amide I shoulder at 1,690 cm−1 observed in 6-month samples can be linked to immature collagen crosslinks (55). Raman imaging of explant tissues served as a proof-of-principle experiment to study in vivo degradation, in combination with collagen maturation, and correlate it to observations of in vitro degradation. Sample heterogeneity was observed in this relatively small dataset in this study. Nevertheless, the ratios between polymer degradation and collagen infiltration and maturation were consistent throughout all samples, as the 6-month explant with faster polymer degradation kinetics simultaneously showed a more advanced collagen remodeling, same as for the slower degrading 12-month sample. These results encourage the further application and evaluation of PC-UPy scaffolds as carotid graft replacement.



CONCLUSION

In this study, we have demonstrated the suitability of Raman microspectroscopy to investigate morphological and molecular changes during degradation of PCL- as well as PC-based supramolecular polymer composites. Raman imaging enables molecular sensitive in situ visualization of polymer degradation, overcoming the current limitations of conventional techniques. Characteristic peaks allowed to monitor degradation kinetics of different polymers and could distinguish oxidative and enzymatic degradation processes. Furthermore, partially degraded PC-UPy material could be identified and analyzed in in vivo degraded carotid implants, and was indicative of the predominant occurrence of oxidative degradation pathways. These findings underline the potential of Raman microspectroscopy and imaging to track the spatiotemporal progression of degradation and tissue maturation. The marker-independent accessibility of both, polymer and biological structures, open up a broad potential for in situ monitoring of tissue-engineered materials and will be further investigated in the future.
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The extracellular matrix (ECM) represents a complex and dynamic framework for cells, characterized by tissue-specific biophysical, mechanical, and biochemical properties. ECM components in vascular tissues provide structural support to vascular cells and modulate their function through interaction with specific cell-surface receptors. ECM–cell interactions, together with neurotransmitters, cytokines, hormones and mechanical forces imposed by blood flow, modulate the structural organization of the vascular wall. Changes in the ECM microenvironment, as in post-injury degradation or remodeling, lead to both altered tissue function and exacerbation of vascular pathologies. Regeneration and repair of the ECM are thus critical toward reinstating vascular homeostasis. The self-renewal and transdifferentiating potential of stem cells (SCs) into other cell lineages represents a potentially useful approach in regenerative medicine, and SC-based approaches hold great promise in the development of novel therapeutics toward ECM repair. Certain adult SCs, including mesenchymal stem cells (MSCs), possess a broader plasticity and differentiation potential, and thus represent a viable option for SC-based therapeutics. However, there are significant challenges to SC therapies including, but not limited to cell processing and scaleup, quality control, phenotypic integrity in a disease milieu in vivo, and inefficient delivery to the site of tissue injury. SC-derived or -inspired strategies as a putative surrogate for conventional cell therapy are thus gaining momentum. In this article, we review current knowledge on the patho-mechanistic roles of ECM components in common vascular disorders and the prospects of developing adult SC based/inspired therapies to modulate the vascular tissue environment and reinstate vessel homeostasis in these disorders.
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INTRODUCTION

The structural and functional homeostasis of mammalian organs is maintained by support provided by their connective tissue components comprising of a three-dimensional network of cells and ECM (1, 2). The ECM provides support and anchorage for the parenchymal cells, and regulates cell fate processes including cell survival, proliferation, adhesion, and migration (3). Fibroblasts resident within most connective tissues, are the primary cell types responsible for secreting the interstitial ECM, which further determines tissue architecture, stiffness and flexibility. Neo-assembly and remodeling of ECM structures mostly occur during fetal development and during the organ differentiation stage. In adulthood, ECM remodeling is usually associated with wound healing and matrix regeneration/repair, following an injury stimulus and subsequent inflammation cascade (4). This is also typical of cardiovascular (CV) disease conditions, which involves some degree of ECM degradation and remodeling, resulting in loss of tissue elasticity and fibrotic tissue formation (5). Both these aspects can lead to impaired tissue and organ function (6). Therapeutic strategies aimed at attenuating adverse fibrotic responses and in stimulating biomimetic ECM regeneration and repair in CV disorders are of prime significance. However, this is still at a nascent stage owing to an incomplete understanding of the activation mechanism, regulation, and modulation of ECM regenerative and reparative processes (6, 7). Challenges include the intrinsically poor matrix regenerative capacity of adult vascular tissues, which primarily contain stable (slow renewing/remodeling) cells, and the limited capability of adult vascular cells to synthesize and organize elastic fibers, and their inability to replicate the biocomplexity of developmental elastic matrix assembly (8–12). In this article, we review current knowledge on how ECM changes serve as the etiological basis for vascular disease manifestations and the prospects of developing SC-based ECM regenerative therapies to reverse vascular pathophysiology.



ECM COMPOSITION AND STRUCTURE IN THE VASCULAR WALL

The walls of healthy blood vessels exhibit a lamellar structure, with the concentric layers variably containing endothelial cells (EC), smooth muscle cells (SMC), and fibroblasts distributed in a layer-specific ECM milieu (13). Medium-sized muscular arteries and large elastic arteries exhibit 3 distinct tissue layers, namely tunica intima, tunica media, and tunica adventitia (Figure 1). The tunica intima lines the blood vessel lumen and comprises a monolayer of ECs that organize along blood flow and are anchored on a proteoglycan (PG) rich basement membrane that separates these cells from the underlying mesenchymal tissues. ECs regulate thrombosis, fibrinolysis, leukocyte adhesion and extravasation, and also serve to regulate vascular tone through their signaling of SMCs in the underlying medial layer. The middle layer, the tunica media, is separated from the innermost tunica intima layer by internal elastic lamina, a dense layer of concentric elastic fibers generated by intervening SMCs. The tunica media layer accounts for the bulk of the vessel wall thickness in the muscular and elastic arteries and is the chief determinant of mechanical compliance of the wall. The tunica media is composed of circumferentially arranged elastic lamellae, interspersed with SMCs, matrix collagens, microfibrillar glycoproteins, PGs, and amorphous ground substances. In this specific arrangement, the cells and the ECM play major roles in mechano-sensing and in providing force resistance with direct implications to maintenance of vascular wall homeostasis. More broadly, the tunica media is the primary load bearing layer of the vessel at physiologic blood pressures, but it also provides the vessel compliance to accommodate changes to blood flow toward regulating blood pressure. The outermost tunica adventitia, also called the tunica externa, is separated from tunica media by the external elastic lamina. The tunica adventitia is composed of compact (closer to tunica media) and looser (toward outer edge) collagenous ECM, fibroblasts, perivascular nerves, lymphatic vessels, vasa vasorum, and inflammatory cells. However, the exact composition of this layer depends on arterial size and their function. The tunica adventitia serves to prevent vessel over-expansion and rupture at super-physiologic blood pressures and anchor the vessels to the surrounding tissue/organs.


[image: Figure 1]
FIGURE 1. Anatomical structure of blood vessel from transverse (A) and longitudinal (B), (C) views. Tunica media of blood vessel shows aligned circumference of SMCs following herringbone helical arrangement, and tunica intima form straight cell alignment. FBs, fibroblasts; SMCs, smooth muscle cells; ECs, endothelial cells. Double-headed arrow, blood flow direction. Reprinted from Wang et al. (14), with permission from IOP Publishing Ltd.


The ECM secreted by vascular cell types (SMCs, fibroblasts, and less so, ECs) allows the vessel wall to adapt to mechanical forces encountered. The mechanical and viscoelastic properties of the vessel wall (i.e., high resilience, low hysteresis, and non-linear elasticity) are mostly imparted by 3 main structural ECM components: elastic fibers, collagen fibers, and large aggregating PGs (3, 13) (Figure 2).


[image: Figure 2]
FIGURE 2. Key elements of the arterial wall and vascular extracellular matrix components. Reprinted from Barallobre-Barreiro et al. (5), with permission from Elsevier.



Elastin in the Vessel Wall

Elastin is the chief protein constituent of elastic fibers, and accounts for ~90% of its composition by mass (15, 16). Elastic fibers provide stretch and recoil properties to soft, pliable tissues of vertebrates, including in blood vessels. Elastin also play a critical role in influencing the phenotype and cell fate processes of interacting cell types, primarily, the SMCs (17). Elastin is formed through the multimerization and subsequent cross-linking of its hydrophobic monomers, called tropoelastins (18) (Figure 3).


[image: Figure 3]
FIGURE 3. Tropoelastin synthesis, binding with elastin-binding protein (EBP), transport, release of EBP, assembly with fibulins, binding to microfibrils, lysyl oxidase-mediated cross-linking, and final formation of an elastic fiber with microfibrils.


In the aorta, elastin is predominantly produced by medial SMCs, though adventitial fibroblasts and ECs also exhibit limited elastogenic capacity. The process of elastic fiber neo-assembly is initiated during fetal development, and this serves as counterbalance to the mechanical forces acting on the forming vascular conduits, to enable their elastic recoil. Repeated stretch and relaxation cycles allow the tropoelastin monomers to polymerize through a process termed as coacervation (19). Tropoelastin isoforms demonstrate a specific pattern of the molecular arrangement, in which hydrophobic regions alternate with hydrophilic cross-linking domains containing lysyl residues (20). The proximity of lysine residues further allows covalent cross-linking, through oxidative deamination facilitated by lysyl oxidase (LOX), to form linkages called desmosines and isodesmosines. This process, directed by arranging hydrophobic and hydrophilic sequences in the tropoelastin molecule determines the intermolecular alignment in the protein and leads to the formation of durable and metabolically inert cross-linked tropoelastin arrays (21, 22). Mature elastic fibers are formed by deposition and aggregation of these crosslinked tropoelastin coacervates on microfibrillar pre-scaffolds which are laid down by cells in the extracellular space (23). These microfibrillar pre-scaffolds are mainly composed of heterogeneous glycoproteins (such as fibrillin-1 and fibrillin-2), microfibril- associated glycoproteins (MAGP1 and MAGP2) and latent transforming growth factor β (TGF-β)-binding proteins. The interaction of these microfibrils with chondroitin sulfate PGs (e.g., versican, biglycan, and decorin) and other proteins present at the elastin–microfibril interface or at the cell surface–elastic fiber interface, known as elastin microfibril interface-located proteins (EMILINs), also serves to play a role in elastogenesis process (24).

Tropoelastin molecules are rich in hydrophobic amino acid residues and are amenable to robust crosslinking. Thus, fully polymerized mature elastin is practically insoluble in aqueous environments, metabolically inert, and extremely resistant to thermal and chemical onslaught (15, 17). For these reasons, elastin has an estimated half-life of about 40 years and under optimal conditions, might be expected to last over the normal human life span. However, defects in vascular elastic fibers or their assembly, either driven by genetic factors and/or disease/injury can compromise the biomechanics and biochemical regulation of vascular cells leading to the adverse remodeling characteristic of several vascular disorders (25).

Deregulation of vascular SMCs impairs their ability to switch between a differentiated phenotype (also referred as “contractile”) and dedifferentiated phenotype (also referred as “synthetic”). Differentiated vascular SMCs exhibit high levels of contractile gene expression and demonstrate low levels of proliferation, migration and ECM synthesis, while the dedifferentiated state is often linked to increased rates of proliferation, migration and production of ECM (26). Upon injury, SMCs acquire a dedifferentiated state to promote vessel repair and cells return to a non-proliferative phenotype once the injury is resolved. Phenotype modulation of vascular SMCs is critical to maintaining vessel wall homeostasis. Several physiological and non-physiological stimuli can deregulate the vascular SMC phenotype switch, contributing to the initiation and progression of several vascular disorders.

Differently, chronic proteolytic breakdown of elastic fiber structures due to localized imbalances between elastin degrading matrix metalloproteases (e.g., MMPs 2, 9) and their inhibitors (tissue inhibitors of MMPs, TIMPs), with increased levels of the former, can also lead to the same adverse remodeling outcomes (27). In the latter situation, the pathological scenario is exacerbated by the generation of elastic fiber breakdown products, elastin derived peptides (EDPs), which contrary to intact elastic fibers, promote a differentiated SMC phenotype characterized by increased cytokine and MMP release, reduced cell contractility and increased proliferation, enhanced intracellular calcium ion uptake, and apoptosis, all of which enhance vascular ECM breakdown via positive feedback (28).



Collagen in the Vessel Wall

Collagen is one among the major structural components of the ECM that provide integrity and stability to the vascular wall (29). Collagens are typically transcribed and secreted by fibroblasts as a precursor, procollagen, which undergoes several post translational modifications and LOX-mediated crosslinking to form triple helical collagen superstructures (30). Collagens with their unique architectural compositions and polypeptide α-chains curled around each other resulting in the formation of triple helix structure, can form intricate ECM networks. Additionally, collagens also contain non-triple-helical domains, which usually serve as the attachment sites for other ECM proteins. Collagens vary by the length of these amino acid repeat motifs, and this permits the formation of supramolecular aggregates that can arrange into varying geometric networks to allow functional diversity. The supramolecular assembly of collagen fiber bundles is further directed through a combination of tissue-specific matrix macromolecules, such as fibronectin and PGs, cell surface integrins, and intracellular forces.

The major collagens in large elastic arteries are the fibrillar collagens (types I, III, V) that provide structural/biomechanical functions. Non-fibrillar collagens (type IV and VI), which form part of the basement membrane, are involved in anchoring and organizing fibrillar collagens and have cytoprotective roles (31). Collagen type I (70–75%) and type III (20–25%) are the prominent subtypes found in human arterial wall, while type V accounts for 1–2% of total collagen content. Fibrillar collagens are enzymatically cross-linked during deposition stage via LOX and LOX–like proteins and small leucine-rich proteoglycans (SLRPs) contain collagen-binding domains. This allows the formation of a protein coat on the surface of the fibrils and further protects them from protease degradation (32). The interaction of fibromodulin with collagen cross-linking sites further activates LOX–like proteins and enhances collagen cross-linking process. Thus, collagen plays a key role in maintaining structural integrity of the vessel wall and impaired collagen metabolism has been associated with several CV inflammatory conditions (33).



Proteoglycans in the Vessel Wall

PGs composed of protein cores that are decorated with glycosaminoglycan (GAG) side chains (34). GAGs are linear, anionic, unbranched polysaccharides made up of repeating disaccharide units and are divided into two groups: sulfated (e.g., chondroitin sulfate, heparan sulfate, and keratan sulfate) and non-sulfated (hyaluronic acid) GAGs. Often, GAG chains are attached to a single protein core and may link at one end to another GAG resulting in the formation of a huge macromolecule. Despite of their small constituting fraction in the normal arterial wall, studies have shown that interaction of GAGs/PGs aggregates with other ECM constituents play a key role in maintaining the bio-mechanical properties of the vessel wall.

PGs are extremely diverse in size, shape and chemistry, and their structure is based on their core proteins, location, and GAG composition. PG content in ECM of normal vascular tissue is low, however this dramatically increases in almost all stages of vascular diseases. PGs accumulate largely in lesions of the vasculature that are prone to disease initiation and are frequently coincident with early phases of atherosclerotic lesion formation through the retention of cholesterol-rich lipoproteins (35). PGs are also involved in ECM related metabolic processes and crosstalk with other inflammatory cells that extravasate to the subendothelial regions (36).




ECM DEGRADATION AND REMODELING

The vascular ECM is critical to maintain vascular wall integrity, to impart tensile strength, viscoelasticity, elastic recoil and compressibility to the vessel wall. The ECM also plays a key role in regulating the phenotype and cellular fate of vascular cell types, through the distinct properties of its different constituents (4, 5, 7). ECM degradation and remodeling are hallmarks of several vascular diseases, including hypertension and arterial stiffness, atherosclerosis (AS), and aortic aneurysms (AA; Table 1).


Table 1. List of major vascular disorders caused by ECM degradation and remodeling.

[image: Table 1]


Arterial Stiffness and Hypertension

Arterial stiffness, also referred as arteriosclerosis, is one of the earliest clinically detectable manifestations of impaired vascular ECM remodeling (37). Altered collagen metabolism is often considered as the major contributor to the pathogenesis of arterial stiffness (38). Remodeling of the arterial wall is mainly driven by collagenases or MMPs and stiffened vessels usually show increased deposition of collagen and higher expression of MMPs. These vessels also have fragmented and reduced elastin content, disorganized endothelium, and infiltrated macrophages and other mononuclear cells (37). Calcium deposition within the arterial wall increases with increased elastic matrix breakdown and generation of bioactive EDPs increases with growing age, contributes to wall stiffening (39). The proportion of senescent cells within the vasculature also increases with age and this further exacerbates the state of chronic inflammation. Thus, the combination of chronic inflammatory events with reduced cross-linked elastin content, accompanied by the elevated levels of activated MMPs and other proteases can seriously compromise the integrity of the elastin-collagen networks and the basement membranes (39). The compensatory increase in collagen production at this stage, directed toward restoring the integrity of vessel wall, often results in the formation of poorly organized and highly cross-linked (stiffer) collagens.

Arterial stiffness increases with advancing age and is associated with a higher risk of developing hypertension (38). However, vascular stiffening and hypertension appear to be bidirectionally associated (40). High blood pressure may induce vascular damage and accelerate the artery stiffening process, while aortic stiffening increases pressure pulsatility and affects systolic blood pressure (40). The chronological relationships between vascular stiffness and blood pressure remain ambiguous, whether with the cause-effect relationship between vascular stiffness and hypertension or vice versa yet to be completely elucidated (41). Nevertheless, the clinical combination of hypertension and arterial stiffness marks a major step toward the development of serious CV complications.



Atherosclerosis

AS is a common cause of coronary artery disease and stroke and is a leading cause of morbidity and mortality worldwide (42). AS refers mainly to the lipid deposition that occurs within lesions around the tunica intima, followed by the migration and proliferation of SMCs from the tunica media layer. These events subsequently lead to the formation of atherogenic lesions or fibroid plaque lesions. Even though the exact reason for AS plaque formation is currently unknown, experimental and clinical evidence suggest that AS is a chronic inflammatory disease (42–45). Hypercholesterolaemia is considered one of the main causes of AS formation; an increase in plasma cholesterol levels alter arterial endothelial permeability and allows the accumulation of lipids, especially low-density lipoprotein cholesterol (LDL-C) particles, to the arterial wall (43). At this stage, blood leukocytes (primarily lymphocytes and monocytes) migrate and adhere to the damaged ECs, further express vascular adhesion molecule-1 (VCAM-1) and selectins (43). Once attached, these cells produce inflammatory factors, promoting monocytes differentiation into macrophages and leads to the formation of foam cells by engulfing oxidized LDL particles. Uptake of lipid particles makes macrophages less mobile and promotes the accumulation of these lipid-laden cells in the intimal layer (43, 44). These foam cells maintain their metabolic activity and further releases a variety of cytokines and other inflammatory mediators (45). Together with damaged ECs, these foam cells initiate an inflammatory cascade to promote the proliferation of vascular SMCs toward a synthetic pro-atherogenic phenotype and supports their trans-endothelium migration. Under normal physiological conditions moderate proliferation of SMCs is associated with healthy vascular wall repair, however excessive activation is often associated with senescence, secondary necrosis, ECM formation and fibrosis. Thus, SMC proliferation and migration play a critical role in the arterial remodeling associated with AS (46).

Recent studies have indicated the role of PGs and GAGs in orchestrating AS progression (36). According to the response-to-retention hypothesis, the key initiating early event in AS is binding of cholesterol-containing lipoprotein particles to newly accumulated intimal PGs, in particular versican and biglycan, results in the gradual lipid deposition in the subintimal space (47). Accumulation of versican is seen in early stages of AS and this predisposes the vessel to lipoprotein retention (65). Peripheral literature also suggests that versican build up is detrimental to tropoelastin production and fiber assembly, and their accumulation occurs mainly in response to aging, hypertension, and other vessel injury (66). Thus, pro-atherogenic stimuli affecting versican expression or its GAG composition could contribute to plaque formation and alter ECM state to in turn trigger changes to phenotypes of contacting vascular cells (67).

In AS, ECM remodeling is considered a critical step in development and progression of the condition, the dynamic interactions between the multitude of cell types and molecular mechanisms involved in regulating the matrix remodeling process are still not fully understood (46). In AS, infiltrating leukocytes are known to release certain proteases that degrade the ECM, and lead to changes in the tissue milieu allowing SMC proliferation and plaque growth (68). AS plaques can alternate between stable and susceptible states depending on this internal environment. Lesions with large lipid core and thin fibrous cap, with higher macrophage infiltration, are usually unstable and prone to rupturing (69–71). Once formed, SMCs maintain stability of AS plaque through secretion of interstitial collagen and MMPs secreted by the activated macrophages can effectively degrade this interstitial collagen and other ECM proteins (69). This makes the AS plaques vulnerable for rupture leading to arterial occlusion, resulting in the formation of major CV complications, including myocardial infraction (MI) and stroke (71). Collectively, these indications clearly suggest that ECM and related proteins play a critical role in the formation and progression of AS disease.



Aortic Aneurysms

Aortic aneurysms involve progressive enlargement or bulging of the aorta that has the propensity to expand and rupture (48). The most common forms of aortic aneurysms are abdominal aortic aneurysms (AAA) and thoracic aortic aneurysms (TAAs). AAAs, the more prevalent form of aortic aneurysm, are typically associated with advanced age and AS, with risk factors including hyper-cholesterolaemia, hypertension and/or diabetes (49). On the other hand, TAAs occur in all age groups and are more closely associated with hereditary factors and do not necessarily show close association with major identified risk factors for CV disease (e.g., hyper-cholesterolaemia, hypertension, diabetes etc.) (59).



Abdominal Aortic Aneurysms

AAAs are localized, focal dilatations of the abdominal aorta, the segment between the renal bifurcation and iliac bifurcation (48). An aortal expansion qualifies as an AAA if the diameter of the abdominal aortal segment increases to at least one and half times the original diameter of the healthy vessel (48). The etiology of AAAs is multifactorial (e.g., chronic hypertension, AS, smoking, or vasculitis), but in general, the pathophysiology involves breakdown and loss of aortal wall ECM structures resulting in gradual wall thinning, weakening, and ultimate rupture (50). Histology of clinical AAA tissues show infiltration of leukocytes, degradation of ECM structures, particularly the elastic matrix, and the depletion and apoptosis of medial SMCs to be the major pathological hallmarks of AAAs (51, 52). Although the mechanisms of the disease formation is unknown, studies on animal models of this disease have indicated localized injury stimulus-incited infiltration of inflammatory and immune cells (macrophages, neutrophils, mast cells, T and B lymphocytes) into the abdominal aorta wall (53). These infiltering cells chronically overexpress cytokines and ECM proteases (mostly MMP-2 and 9) and cause medial SMC apoptosis and ECM degradation with gradual loss of aortic wall integrity. Thus, the destructive pathological remodeling of aorta in AAA involves four interrelated factors, namely (a) chronic inflammation of the outer wall of aorta along with neovascularization and upregulation of proinflammatory cytokines, (b) hyper-production and dysregulation of matrix degrading enzymes, (c) progressive destruction of elastin to generate bioactive EDPs, and of collagen and (d) apoptosis of medial SMCs incited by the EDPs (54, 55).

ECM degradation in AAAs occurs due to a chronic imbalance between elastolytic proteases (MMP2 and MMP9), generated by pro-inflammatory macrophages infiltrating the injured aorta wall, and their natural inhibitors, the TIMPs. SMCs in the healthy adult vascular wall are of contractile phenotype and are intrinsically deficient in their capacity for elastin synthesis and have impaired ability to assemble mature elastic fibers (56). Further, diseased SMCs are even less amenable to new elastic fiber assembly and moreover, the degraded state of pre-existing fibers which are critical to the new fiber assembly process is a serious impediment to any prospects of new elastic fiber generation (57).

The decrease in total aortal elastin content in the vessel wall due to chronically upregulated proteolytic activity is compensated by the cellular deposition of collagen in response to enhanced flow-induced stresses encountered by SMCs in the thinning vessel wall. While adult cells, more so, diseased vascular cells, are intrinsically deficient in their ability to generate elastic matrix, and have impaired ability to assemble mature elastic fibers, vascular SMCs and fibroblasts readily and exuberantly regenerate collagen (58). This compensatory collagen deposition mechanically stabilizes the weakened aorta wall for short term thereby delaying AAA rupture. However, the continued degradation of elastin and generated EDPs incite SMC apoptosis, a positive stimulus for proteolytic breakdown of collagen matrix. The resulting imbalance between collagen synthesis and breakdown ultimately leads to fatal hemodynamic stress-induced wall rupture. Thus, early intervention in this pathophysiologic sequence of events to restore elastin homeostasis in the AAA wall could hold potential to slow or regress AAA growth to rupture (58, 72).



Thoracic Aortic Aneurysms and Dissections

Thoracic aneurysms are classified as aortic root or ascending aortic aneurysms (60). The common characteristic of TAADs involves cystic medial degeneration, which manifests as degenerated elastic fibers, disorganized collagen fibers, and accumulated PGs, besides a contractile to activated phenotype switch of medial SMCs, and later apoptosis of these cells (60). In healthy vessels, vascular SMCs maintain ECM homeostasis by maintaining a perfect balance between secreted proteases (MMPs) and their inhibitors (TIMPs). However, in the TAAD wall, MMPs are chronically overexpressed, causing accelerated ECM degradation. The bioavailability of cytokines and growth factors involved in signaling pathways that regulate ECM homeostasis, which are sequestered in the ECM in its latent form (e.g., TGF-β), are also enhanced (61). These pathological events progressively lead to the weakening of the aortic wall, and further reduce their ability to endure the biomechanical forces imposed by pulsatile blood flow and blood pressure.

TAADs typically demonstrate a classical Mendelian inheritance with high or complete penetrance. This possibly suggest the contribution of a single gene defect in the progression of TAADs. TAADs can be further classified into syndromic presentations that demonstrate characteristics of a systemic connective tissue disorder [e.g., Marfan syndrome (MFS), Loeys–Dietz syndrome (LDS)], and non-syndromic presentations (e.g., isolated familial TAAD syndrome). MFS is a typical heritable autosomal-dominant disorder caused by mutations in a structural glycoprotein fibrillin 1, which is a major component of the microfibrils critical to elastic fiber assembly (62). These mutations result in a decrease in the amount of elastin in the aorta wall and lead to the disorganization of elastic fibers. Moreover, dysfunctional fibrillin-1 microfibrils impair the sequestration of TGF-β1 in the ECM and this causes an increased bioavailability of TGF-β1. As a consequence, the aorta exhibits progressively lower ability to stretch and recoil and increased wall stiffness and dilatation (63). Presenting similar manifestations as MFS, LDS is linked to heterozygous mutations of the TGF-β receptors I & II (TGF-βR1 and TGF-βR2), suggesting non-involvement of TGF-β1 early signaling (64). Cystic medial degeneration in absence of overt connective-tissue disorders, now referred as familial TAA syndrome, is caused mostly through defect in ACTA2 gene which encodes smooth muscle α2 actin. Mutation in ACTA2 leads to vascular SMCs with disorganized and aggregated actin filaments, and subsequently impairs their cellular adaptation to local mechanical stress in the aortic wall (60).




STEM CELLS FOR VASCULAR TISSUE REPAIR

SCs represent a unique population of undifferentiated cells which are capable of extensively differentiating into different tissue and cell types (73). They are characterized largely by their ability to self-renew, clonality and potency, but this can vary depending on the type of SCs (74). SCs are increasingly studied in the context of use as model systems to understand cellular mechanism involved in the disease progression, and for their utility in the treatment of a spectrum of disease conditions such as CV disorders, diabetes mellitus, chronic myeloid leukemia, cirrhosis, pulmonary fibrosis, inflammatory bowel disease and disorders of the nervous system (73, 75–77).


Types of Stem Cells

SCs are classified broadly based on origin as embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) and adult SCs (74). ESCs are pluripotent in nature and their unlimited proliferation potential makes them excellent choice for regenerative therapy. However, their use raises several ethical issues and direct use of undifferentiated ESCs for tissue transplant pose potential tumorigenicity concerns. iPSCs are SCs generated by genetically reprogramming adult somatic cells to form an “ESC-like state” and they share similar characteristics with ESCs in terms of morphology, proliferation, and their ability to differentiate into cells of all three germ layers in culture (78). Use of iPSCs raises minimal ethical concerns and change be excellent choice for tissue regeneration and repair.

Adult SCs are the common cell type for therapy and tissue repair, specifically for CV disorders, largely due to their anti-inflammatory properties as well as tissue repair capabilities (75). Transplantation of adult SCs has shown to restore damaged organs in vivo and initiate revascularization of the ischemic cardiac tissue through differentiation and generation of new specialized cells (75, 77). Moreover, use of adult SCs has been associated with minimal ethical concerns. The advantage of adult SCs in the clinics and evidence supporting their therapeutic effectiveness in regeneration and repair, makes them suitable choice for therapeutic applications. MSCs are widely used adult SC type for regenerative therapeutics (76, 77). MSCs are multipotent adult cells with the potential to differentiate into multiple cell types like osteoblasts, chondrocytes, myocytes, adipocytes, etc. (76). Mesenchyme refers to the embryonic loose connective tissue derived from the mesoderm and develops into hematopoietic and connective tissue. MSCs are mostly isolated from the bone-marrow tissues but can be obtained from other sources such as umbilical cord, endometrial polyps, menses blood and adipose tissues (75–77).




STEM CELL THERAPY FOR MAJOR VASCULAR DISORDERS


Stem Cell Treatments for Atherosclerosis

SCs, specifically MSCs, have been shown to impart strong anti-inflammatory and immunomodulatory responses against pathological events centric to vascular diseases, such as AS (79, 80). Considering AS as a chronic inflammatory disease linked to dysregulation of the immune system, an MSC-based therapy could exert protective effects on the progression of AS (81). A growing body of evidence suggests that transplanted MSC can modulate cytokine and chemokine secretion, reduce endothelial dysfunction, promote regulatory T cell function, decrease dyslipidemia, and stabilize vulnerable plaques in the AS region (82–84). Table 2 summarizes key recent animal studies that investigated therapeutic benefits of MSCs in animal models of AS.


Table 2. Animal studies involving use MSCs for treatment of Atherosclerosis.

[image: Table 2]

Undifferentiated MSCs have the capacity to modulate and reduce inflammation and can alter immune cell components within AS plaques to alleviate inflammation (83). The protective properties of MSCs on AS lesions have been largely attributed to the secretion of various anti-inflammatory mediators (80). Transplantation of BM-MSCs into AS lesions in various animal models has been found to result in increased secretion of anti-inflammatory cytokines, including Interleukin-10 (IL-10) and TGF-β1, while the production of pro-inflammatory cytokines, such as IL-1β, IL-6, and Tumor Necrosis Factor (TNF-α), was reduced (Table 2). MSC treatment enhanced IL-10 secretion, which further promoted anti-atherogenic effects primarily by inhibiting macrophage activation, MMPs, and pro-inflammatory cytokines (84). TGF-β1 secretion by MSCs also caused the induction of CD4+CD25+Foxp3+ regulatory T (Treg) cells from non-regulatory cells and also suppressed the proliferation of NK cells in Apolipoprotein E (−/−) (ApoE−/−) mice AS model (85). The increased ratio of Tregs over CD4+ T cells in turn promoted macrophage differentiation toward the M2 phenotype, and thereby reduced monocyte infiltration and inflammatory response in the plaque region (85). These results clearly indicate the beneficial anti-AS role played by MSCs, via (a) reducing pro-inflammatory responses, (b) promoting anti-inflammatory environment, and (c) mitigating monocyte recruitment to the lesion site.

Endothelial dysfunction is one of the earliest events in AS initiation (89). MSCs have been shown to successfully restore endothelial function by halting atherogenesis (90). Expression of the vasodilator molecule endothelial nitric oxide synthase (eNOS) locally in the injured vessel wall is responsible for the production of vascular nitric oxide (NO), and this often is associated with AS progression. MSC transplantation has been reported to attenuate AS by improving EC function via the Akt/eNOS pathway by upregulating IL8 and Macrophage Inflammatory Protein (MIP)-2 in ApoE−/− mice (90). Since IL-8 is an important pro-atherogenic cytokine involved in the early stages of plaque formation, this study implies the importance of proper timing of cell therapy to be able to prevent growth of an early plaque.

Hyperlipidemia is another well-established risk factor for AS formation and studies have revealed that MSC treatment can reduce lipid levels in various hyperlipidemic animal models (91, 92). MSCs seems to have indirect effect on cholesterol metabolism through immune modulation, however the exact mechanism remains vague. MSC treatment has been effective in reducing plasma cholesterol level in low-density lipoprotein-receptor knockout mice (LDLR−/− mice) due to reduction in very-low-density-lipoproteins (VLDLs) levels (92). This was attributed mainly due to the reduced activation of Kupffer cells, which express mediators promoting VLDL secretion. MSC treatment was effective in reducing SREBP-1c expression, a transcription factor involved in fatty acid biosynthesis, and an increase in PPAR-α expression, a transcription factor modulating fatty acid β-oxidation (93). Overall, this study suggests that MSC administration lowers serum lipid levels and might subsequently reduce lipid accumulation in plaques. MSC-mediated anti-inflammatory signaling appears to be the mechanism behind lipid reduction via altered lipid metabolism, however further studies are required to validate these observations.

MSCs have the potential to treat advanced AS plaque lesions through the regeneration of the inner endothelial lining and collagen fiber formation in the vessel wall (94, 95). MSC transplantation stabilized vulnerable plaques in AS rabbit model through immune modulation, by reducing the expression of pro-inflammatory cytokine TNF-α and IL-6 and by increasing IL-10 expression (86). Moreover, the expression of MMPs (MMP-1, MMP-2, and MMP-9) within the lesion was reduced upon MSC transplantation, suggesting that MSCs may protect the ECM and further stabilize the lesion (86). These studies do indicate that MSC treatment can reduce plaque vulnerability by decreasing the regional collagen degradation by inhibiting local protease activity. The apoptosis of vascular ECs, SMCs, and macrophages also contribute to formation, development, and rupture of AS plaques. MSC treatment reduced apoptotic cells within the plaque region, suggesting that MSCs may increase plaque stability (87).

Current strategy of using MSCs as a therapeutic option for AS treatment involves their use as a post-injury treatment approach, exploring the immunomodulatory properties and plaque stabilization effect of MSCs (79–81). Given the broader spectrum of therapeutic responses, MSC treatment might provide an atheroprotective effect and could change the ECM microenvironment to modulate or mitigate early progression of AS (81). Future studies must address the impact of vessel site-specific and temporal differences in the ECM milieu that contribute to AS disease progression. Recent studies have revealed that PGs and pendant GAGs orchestrate AS progression by initiating the binding and retention of atherogenic lipoproteins in the artery intima, leading to foam cell formation (35). Studying the impact of SC treatment in PG remodeling by degrading enzymes at different stages of AS might be interesting and could be used as an early intervention strategy. Likewise, elastin degradation peptides, elastokinaes, effects as modulators of macrophage functions during atherogensis (44) and anti-proteolytic effects of MSCs could be beneficial in reducing local proteolytic activity in the plaque region.



Stem Cell Therapy for Abdominal Aortic Aneurysm Treatment

AAA pathophysiology is driven mainly by the progressive degradation and loss of ECM structures in the aorta wall, a process driven by the chronic inflammatory milieu in the tissue (48, 49). Therefore, successful AAA treatment strategy must attenuate inflammation, inhibit proteolytic activity, and provide an active stimulus to tropoelastin synthesis and elastic fiber assembly and crosslinking in the aneurysm wall (10). Almost all elastin regenerative repair strategies explored so far are focused on reversing or attenuating adverse signaling pathways or mitigating MMP overexpression within the AAA wall, with limited or no direct emphasis on addressing either poor elastogenesis and ECM regeneration (Table 3). The poor elastin generation capability of terminally differentiated adult SMCs limits their use in cell therapy (106). In this context, SCs represent a viable alternative that could be useful for regenerative tissue repair. Vascular elastin is primarily synthesized and deposited during fetal and neonatal developmental stages in tissue microenvironments rich in stem/progenitor cells. Hence it is reasonable to hypothesize that SCs or their SMC-like derivatives would retain higher elastin production and matrix assembling capabilities than adult aortic cells or AAA-SMCs. An MSC- based treatment approach has demonstrated some promise in attenuating inflammatory processes and proteolytic activity and to stimulate elastogenesis.


Table 3. Animal studies involving use MSCs for treatment of Abdominal Aortic Aneurysm.
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The anti-inflammatory and pro-matrix regenerative properties of MSCs were evaluated in several investigations, using different AAA animal models. These studies are summarized in Table 4. In a seminal study by Hashizume et al. murine MSCs attenuated enzyme activities of both elastolytic MMP2 and MMP9 and reduced production of inflammatory cytokines (i.e., TNF-α) by murine macrophages (96). These cells also stimulated elastin synthesis by murine aortal SMCs in culture. Further in vivo studies on male angiotensin II (Ang II) infused ApoE−/− mice demonstrated that MSC implantation via laparotomy was effective in downregulating the expression of MMPs, IL-6, Monocyte Chemoattractant Protein-1 (MCP-1), and TNF-α, and also in upregulating Insulin-like Growth Factor-1 (IGF-1) and TIMP-1. Since laparotomy for localized cell delivery to the AAA wall was invasive, BM-MSCs were delivered via the intravenous (I.V.) route into an AngII-induced AAA mouse model (97). In this study, multiple BM-SMC dosing events caused a significant decrease in AAA diameter at the ascending and infrarenal levels, relative to sham controls. Reduction in AAA growth was also associated with decreased macrophage infiltration and suppressed MMP-2 and MMP-9 activity in the AAA tissues, as well as enhanced preservation of elastin content in the AAA wall. BM-MSC treatment also reduced levels of the inflammatory cytokines, IL-1β and MCP-1, and increased expression of IGF-1 and TIMP2 in the AAA wall. In a separate study, Blose et al. showed that periadventitial delivery of Adipose derived MSCs (AD-MSCs) to be effective in slowing AAA progression and in preventing fragmentation of the elastic lamelle in a mouse elastase-perfusion model of the disease (98). Effectiveness of SC therapy to re-establish the mechanical properties of damaged abdominal aorta was attempted using a AAA model. Results from these studies suggest that BM-MSC treatment was effective in stabilizing the geometry of AAAs, improving wall stiffness, and decreasing stress variations in the arterial wall of rat AAA model (99). Wen et al. also showed I.V. administration of Umbilical Cord MSCs (UC-MSCs) was effective in attenuating aneurysmal expansion, reducing elastin degradation and fragmentation, inhibiting MMPs and TNFα expression, and to promote contractile phenotype of SMCs in the AAA wall of elastase-induced rat model (100).


Table 4. Animal studies for treatment of vascular disorders using SC-derived exosomes.
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A study by Davis et al. showed BM-MSCs derived from female mice to be more effective in attenuating AAA growth in elastase perfused AAA mice model, compared to MSCs derived from male mice, suggesting sex-related differences in SC characteristics and behavior (101). However, this observation has been very inadequately studied and requires further in-depth assessment. Akita et al. on the other hand compared the therapeutic effects of allogeneic and autologous MSC on Ang II- ApoE−/− model of AAAs as an attempt to create an “off-the-shelf” product as required in clinical practice (112). They observed that both allogeneic and autologous MSCs had comparable effect in terms of reducing chronic inflammation and aortic dilatation.

Despite the promise of SC therapy for AAA treatment (113), a comprehensive and systematic characterization of the elastogenic capabilities of SCs and their effects on the various steps and processes involved in the complex process of elastogenesis (i.e., elastin precursor synthesis, precursor recruitment and cross-linking, and fiber assembly and organization into superstructures) by healthy and diseased SMCs is lacking. Our research focuses on developing strategies for restoring ECM homeostasis in matrix-compromised vessels, as in the AAA wall, which involves providing a stimulus for on-site regeneration of mature elastic fibers, a deterrent to proteolytic breakdown of existing fibers, and restoring a healthy SMC phenotype. Our earlier investigations using elastase infusion injury rat AAA model provided evidence that neointimal remodeling within aneurysmal tissue is associated with new elastin deposits (114). However, these structures are nascent, do not exhibit the characteristics of mature elastic fibers, and more so, are transient in their presence. The lack of maturity of these structures was suggested to be related to deficient deposition of the fibrillin micofibrils that serve as vital pre-scaffolds on which tropoelastin coacervates get crosslinked toward forming mature elastic fibers. In separate work, we investigated SMC-like cells (BM-SMC) of a defined phenotype differentiated from BM-MSCs, for their effectiveness in (a) augmenting elastic fiber assembly in cultures of aneurysmal SMCs isolated from our elastase injury rat model, and (b) restoring elastic matrix homeostasis in the AAA wall in vitro (115, 116). Our cell culture studies showed that BM-SMCs exhibited superior elastogenicity compared to their parent cell (BM-MSCs; Figure 4) and provided pro-elastogenic and anti-proteolytic stimuli to cytokine injured aneurysmal SMCs in culture (117–119). Further, in vivo studies suggested that both BM-MSCs and BM-SMCs downregulated expression of several inflammatory and pro-apoptotic cytokines that are upregulated in the AAA wall in the elastase injury rat AAA model, which contributes to accelerated elastic matrix breakdown and suppression of elastic fiber neoassembly, repair and crosslinking (102). Our results also indicated significant improved deposition of thick and matured elastic fibers in the AAA wall upon treatment with the BM-SMCs, whereas the elastic fibers were thinner and fragmented in the BM-MSC-treated and saline-treated (control) animals with AAAs (102). This study demonstrated the promise of using an BM-MSC-derived cells of an SMC lineage for matrix regenerative cell therapy to reverse the pathophysiology of proteolytic disorders such as AAAs.


[image: Figure 4]
FIGURE 4. Transmission electron micrographs showing significantly greater density of forming elastic fibers in cBM-SMC cultures, and less so in rBM-SMC cultures relative to RASMC cultures. The elastic fibers were composed of fibrillin microfibrils (white arrows) laid down as a prescaffold onto which amorphous elastin (red arrows) was deposited and crosslinked. The RASMC cultures contained mainly amorphous elastin deposits. Very few amorphous elastin deposits and no fiber-like structures were seen in EaRASMC cultures. Reprinted from Dahal et al. (117), with permission from Mary Ann Liebert, Inc.


Overall, MSC therapy was effective in reducing inflammation and ECM degradation at the AAA wall site, through the secretion of several anti-inflammatory cytokines, protease inhibitors and ECM synthesis stimulators (97–100). MSC treatment was also effective in regressing the growth of already-formed AAAs (97, 98, 102, 113). However, with AAA therapy, it is critical to identify specific strategies and mechanisms that are conducive for the repair and assembly of native vascular elastic matrix with high efficiency and fidelity to the fiber assembly process. Future research should focus on understanding the exact healing mechanism of MSCs under AAA conditions, and further assess their impact on the repair and regeneration of ECM components.



Stem Cell Therapy for Thoracic Aortic Aneurysm and Dissection Treatment

Although SC therapy could play a significant role in tissue repair associated with TAAD, with their ability to attenuate proteolytic activity and improve elastogencity, few studies have addressed this topic. Shen et al. have demonstrated the abundant presence of SCs in the TAAD tissues obtained from patients with descending thoracic aortic aneurysms and with chronic descending thoracic aortic dissections (120). They also observed the differentiation of SCs into SMCs, fibroblasts, and inflammatory cells within the diseased aortic wall and this might suggest the reparative and destructive role of SCs in TAADs. MSC therapy was used to immunomodulate vascular inflammation and remodeling through altering microRNA (miRNAs) expression profile to attenuate TAA formation (121). Descending TAA was induced by topical elastase application in C57BL/6 mice and MSC treatment was effective in attenuating T-cell, neutrophil and macrophage infiltration and prevented elastic degradation to mitigate vascular remodeling. This study also demonstrated miRNA modulating ability of MSCs that are linked to reduce leukocyte infiltration and vascular inflammation to mitigate the aortic diameter and TAA formation in mice. Even though the study outcome was promising, further in-depth investigations are required to evaluate the anti-proteolytic and pro-regenerative benefits of SCs under TAA conditions.




STEM CELL-INSPIRED APPROACHES FOR TREATMENT OF COMMON VASCULAR DISORDERS

It was originally assumed that SCs regenerate/repair the damaged/diseased regions by homing to the respective locations, engrafting, and subsequently differentiating into mature, functional cells (76, 77). However, this classical hypothesis was confronted by outcomes from studies indicating that SCs are neither engrafted adequately nor retained long enough to explain the tissue replacement/repair process (122). According to a more recent hypothesis, SCs largely employs alternate modes of tissue repair through secretion of paracrine signaling factors, such as cytokines and chemokines, hormones, and extracellular vesicles (EVs) (123–125). These secreted factors, collectively referred as secretome, can be found in the SC culture medium usually mentioned as conditioned media (CM) (126). SC derived CM has been demonstrated to exert several therapeutic benefits by modulating the local immune responses to inhibit inflammation, stimulating ECM remodeling, and decrease cell apoptosis and fibrosis (126). Exosomes seems to be a critical CM component and exosomes derived from therapeutically relevant SC source represent biological functions like the parent cells, by facilitating tissue regeneration/repair through transferring active biomolecules such as peptides, proteins and RNAs to the damaged cells/tissues (122, 123).



STEM CELL DERIVED EXOSOMES FOR VASCULAR TISSUE REPAIR

Exosomes, specifically ones derived from MSC sources, have enormous benefits in a variety of diseases and injuries through the secretion of proteins and RNAs that they contain (127). Specifically, MSC-derived exosomes have been investigated for their potential for vascular regeneration and repair, and for treating diseases such as ASs, AAs, stroke, pulmonary hypertension, and septic cardiomyopathy (128–131).


Biogenesis and Secretion of Exosomes

The term extracellular vesicles (EVs) are used to broadly describe distinct sub-types of extracellular secretions comprised of small bilayer lipid membrane vesicles (132–134). EVs can be classified into three major sub-types based on their mechanism of biogenesis, and size (135). Exosomes, typically in the range of 40–150 nm diameter, are vesicles derived from an endosomal origin and released into the extracellular space following fusion of multivesicular bodies with the plasma membrane. Microvesicles, which are larger in size compared to exosomes (100–1,000 nm diameter), are vesicles that bud out directly into the extracellular space from the plasma membrane without fusion with multivesicular bodies (135). Exosomes and microvesicles are active vehicles for inter-cellular communications, as they are released and taken up by living cells. On the other hand, apoptotic bodies (>800 nm diameter) arise directly from the outward blebbing of the plasma membrane of cells undergoing apoptosis. These particles do not typically participate in cellular communication process (135). Although size is often used to generically classify these sub-types of EVs, exosomes are considered to exhibit diameters of >100 nm and microvesicles to exhibit diameters <100 nm. However, there is a lack of consensus on a strict size cut-off for classifying EVs (136). Several studies have indicated the role of exosome-mediated intercellular communications in maintaining the homeostasis of CV systems, and SC derived exosomes have emerged as an important disease diagnosis/prognosis marker for CV disease and also as a regenerative tool (128, 130).



Stem Cell Derived Exosomes for Treating Arterial Stiffness and Hypertension

In a study by Feng et al. EVs (exosomes) obtained from iPSC-MSC were used as treatment option for aging-associated arterial stiffness and hypertension (137). I.V. administration of EVs significantly attenuated aging-related arterial stiffness and hypertension, and enhanced endothelium-dependent vascular relaxation and arterial compliance in old male C57BL/6 mice. EV treatment also prevented elastin degradation and collagen I deposition (fibrosis) in older mice and promoted expression of sirtuin type 1 (SIRT1), and endothelial nitric oxide synthase (eNOS) protein expression in aortas. Substantiating this observation, Monroe et al. has reported the capability of MSC-EVs in ameliorating pathological vascular ECM changes in congenital diaphragmatic hernia (CDH)-associated pulmonary hypertension in pregnant rats (138). These studies provide a strong rationale for studying therapeutic potential of SC derived EVs for aging-related vascular diseases and potentially opens new prospect for a non-pharmacological intervention strategy.



Stem Cell Derived Exosomes for Treating Atherosclerosis

SC-derived exosomes can regulate the incidence and progression of AS and could overcome the limitations associated with conventional AS treatment strategies. MSC-derived exosomes are reported to have an anti-atherosclerotic role (139), whereas exosomes derived from non-stem cell sources, such as neutrophils, macrophages, ECs or vascular SMCs, have a multifaceted role (140, 141).

Studies with AS experimental models clearly suggest that exosomes derived from the MSC source had prominent anti-atherosclerotic effect (107–109, 142) (Table 4). These studies largely focus on the immunomodulatory effect of MSC derived exosome on AS models. MSC-exosomes treatment decreased the AS plaque area in ApoE−/− mice model and greatly reduced the infiltration of macrophages into the plaques, suggesting their anti-atherosclerotic effect. Exosomes were also effective in inducing macrophage polarization toward M2 phenotype via up-regulation of miR-let7 (107). Exosomal miRNAs seems to play a vital role in exerting the therapeutic outcomes on AS models (142). Ma et. al. showed that MSC-derived exosomes containing miR-21a-5p promoted M2 polarization of macrophages, and reduced plaque area and macrophage infiltration by targeting KLF6 and ERK1/2 signaling pathways, in an AS model of ApoE −/− mice fed on a high-fat diet (108). On the other hand, treatment with miR-145-rich MSC-exosomes downregulated expression of Junction Adhesion Molecule A (JAM-A, also known as F11R overexpressed in patients with AS) in human umbilical vein endothelial cells (HUVECs) and further reduced AS plaque area in vivo on AS model of ApoE −/− female mice fed on high-fat diet (109). AD-MSC-derived exosomes restrained the expression of miR-324-5p in a HUVEC lesion model, and this is expected to protect ECs against AS progression (143). miR-100-5 mimic-transfected UC-MSC derived exosomes inhibited inflammatory response in eosinophils via a FZD5/Wnt/β-catenin pathway and alleviated AS progression in an ApoE −/− mouse model (144).

Effect of AD-MSC derived CM in ameliorating AS in Ldlr−/− mice was evaluated and results from this study demonstrated that I.V. injection of MSC-CM suppressed expression of cell adhesion molecules (CAMs) and reduced AS plaque area (87). EVs isolated from these CM also demonstrated immunomodulatory effect under in vitro experimental conditions, suggesting the prominent role of EVs in the cell secretome (104). MSC-CM treatment has also shown to inhibit VSMC calcification through the blockade of the bone morphogenetic protein-2 (BMP2)-Smad1/5/8 signaling pathway (145). From these studies it can be assumed that MSC-derived secretomes have prominent anti-atherosclerotic role, however, further in-depth investigations are required to confirm this observation. In addition, role of MSC secreted factors in ECM regulation under AS conditions remains unknown and needs further assessment.



Stem Cell Derived Exosomes for Treating Aortic Aneurysm

MSC-derived exosomes were evaluated as a therapeutic tool for the mitigation of aortic inflammation and vascular remodeling during AAA formation, as summarized in Table 4. Macrophage derived exosomes are involved in the pathogenesis of AAAs by increasing the MMP-2 expression in VSMC via JNK and p38 pathways (146). However, limited studies performed on AAA animal models have demonstrated the pro-regenerative and anti-proteolytic effects of MSC derived exosomes. The therapeutic effects of MSC-exosomes on AAA formation caused by AS were evaluated in an Ang II-infused ApoE −/− mouse model. The MSC exosomes significantly attenuated AAA progression, reduced expression of pro-inflammatory cytokines and induced M2 phenotype in macrophages (110). The study also confirmed the suppression of elastic lamellae destruction in the aortic wall through MSC-exosome intervention. Spinosa et.al demonstrated that administration of MSC-EVs (exosomes) in an elastase-treated AAA mouse model caused significant attenuation of aortic diameter, reduced expression of proinflammatory cytokines, and decreased elastic fiber disruption, compared with untreated mice (111). The authors further elucidated the role of miR-147 in mediating inflammatory responses in murine aortic tissues treated with elastase. EVs derived from MSCs transfected with a miR-147 mimic attenuated aortic diameter, inflammation, and leukocyte infiltration in elastase-treated mice. Differently, transfection with an miR-147 inhibitor was ineffective in attenuating AAA progression (111).

CM derived from BM-MSC cultures were utilized to treat AAA animal models (AngII-induced AAA in ApoE−/− mice). The results from this study suggest that MSC-CM moderates AAA growth by potentially regulating macrophage polarization and through immunomodulation (147). Use of BM-MSC-CM obtained from male mice failed to attenuate AAA growth in elastae-perfused mice, compared to untreated group, whereas female mice derived BM-MSC-CM was effective in reducing aneurysm growth (101). However, this observation needs further validation.

Owing to evidence of the paracrine pro-elastogenic and anti-proteolytic effects of MSC, we explored the regenerative and anti-proteolytic potential of human BM-MSC derived EVs (exosomes) in cytokine-injured cultures of SMCs isolated from the elastase injury induced rat AAAs (148) (Figure 5). Apart from their strong anti-proteolytic effect, the BM-MSC-generated EVs provided effective pro-regenerative cue through the deposition of mature elastic fibers (Figure 6). Additionally, EVs demonstrated superior pro-regenerative and anti-proteolytic effect compared to MSC derived CM and CM depleted with EVs failed to demonstrate any regenerative benefits, in our study. This clearly demonstrates that EVs are necessary component in SC secretions responsible for imparting elastic matrix regenerative and anti-proteolytic properties. Thus, from these limited studies it can be assumed that exosomes recapitulate the therapeutic properties of their parent SCs and may be used as putative surrogate for conventional cell-based therapy.
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FIGURE 5. Schematic summarizing a stem cell inspired approach for vascular elastic matrix repair involving delivery of stem cell exosomes.



[image: Figure 6]
FIGURE 6. Effects of EV(exosomes)/conditioned media (CCM)/conditioned media depleted with exosome (CCM-D) treatment on elastic fiber ultrastructure. Transmission electron micrographs showing elastic fiber formation (red arrows) in EaRASMC cultures treated with EVs/CCM/CCM-D. TC and CCM-D treated cell layers contained very few sporadic deposits of elastin and no fibers. Reprinted from Sajeesh et al. (148), with permission from Elsevier.





LIMITATIONS OF USING STEM CELL BASED THERAPY FOR VASCULAR DISORDERS

Despite the significant advances in SC therapy, there are numerous unresolved issues that impede the clinical use of different SCs types including (a) ethical issues concerning use of ESCs, (b) potential tumorigenesis, (c) immune rejection, (d) quality control in sourcing and scale up issues, (e) their uncertain phenotypic state and fate in vivo, and (f) challenges to their localized delivery to the site of tissue repair (149). Even with many clinical reports and ongoing clinical trials, the long-term safety and efficacy of SC-based treatments, remain rather vague (150, 151). MSCs are often composed of a heterogeneous mix of different cell population and MSCs from different sources also show variations in their therapeutic efficacy (151, 152). These differences arise largely due to the variation in donors (autologous vs. allogeneic, age, sex, genetics, environmental factors, etc.), different administration routes, dosages, epigenetic reprogramming and senescence followed by culture expansion and cryopreservation (152). Lack of standardized products is a serious impediment for the clinical application of MSCs therapy and limit their therapeutic potential. Systemic administration of MSCs is another major challenge, following reports of MSC entrapment in the microvasculature or lung, usually referred as pulmonary first- pass effect, causing deleterious consequences (153). To overcome these limitations, implementation of good quality control systems is required, and more standardized protocols are mandatory for cell culture and their differentiation, expansion, and cryopreservation.

Efforts should be also made to capitalize the paracrine signaling pathways, as an effort to develop a cell-free approach for regenerative therapeutics. While exosomes promise unparalleled advantages over cell-based therapy (122), their future clinical translation is contingent on overcoming several critical impediments. Lack of standardized method for the collection, isolation, and analysis of exosomes is a significant barrier for the comparability and reproducibility of the results (154). Their variable composition and presence of large number of bioactive agents might induce undesirable effects (155). Site specific delivery of exosomes remains another major challenge to tackle. I.V. administrated exosomes usually have short half-life in the body and are quickly cleared by immune cells and specific strategies must be devised to home exosomes to the pathological sites (156). Implementation of a standardized approach is required for isolation, purification and analysis of exosomes, and precise understanding of their interaction with damaged tissues is required for their potential application.

Another limitation in studying in chronic immunometabolic vascular diseases is the fact that most of these diseases evolve in humans over a period through the involvement of several organs and immune cell type (157). Animal models frequently used to study these diseases are generated in a short time frame and have variations in their metabolism and other inflammatory responses. Most of these vascular diseases are multifactorial in nature and many physiological processes contribute for their progression. Models generated of small laboratory animals (rats, mice etc.) might provide some valuable insights (158, 159), however these models have certain limitations in assessing the exact immunomodulatory responses imparted by SC therapy and their long-term implications. Additionally, most of these studies have not evaluated the impact of SC treatment in ameliorating pathological ECM changes associated with vascular disorders, which is critical toward the re-instatement normal vascular hemostasis. Future studies should aim to identify and establish new triggers and mechanisms involvement in vascular disease development and be more adaptive for evaluating novel treatment approach that accelerate translational cardiovascular research.



SUMMARY AND FUTURE OUTLOOK

Changes in the vascular ECM microenvironment is pervasive across a wide spectrum of vascular disorders. In many instances, these changes have been shown to drive the progressive pathophysiology of these disorders through signaling feedback. Our comprehensive understanding of the dynamic interplay between altered ECM state and dysregulation of vascular cell signaling provides new insight that might guide toward development of new treatment approaches to either prevent or to actively regress these vascular pathophysiologies.

Recent advancement in SC technologies have brought MSCs to progress closer to clinical applications for disease therapy and tissue reconstruction, even though challenges might seem daunting. The immunomodulatory effect of SCs at vascular injury sites, followed by ECM regenerative effect induced via secretion of growth factors have demonstrated efficacy not only in prevention of diseases but also in the regression of damaged vascular tissues. This synergistic immunoregulatory effect combined with matrix regenerative abilities of SC-based and inspired products may help in developing novel therapeutic strategies for preventing and treating vascular disorders. The clinical translation of these therapeutic strategies is however conditional on progress in addressing key challenges associated with the clinical translation of SC technology.
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Routine interventions such as balloon angioplasty, result in vascular activation and remodeling, often requiring re-intervention. 2D in vitro models and small animal experiments have enabled the discovery of important mechanisms involved in this process, however the clinical translation is often underwhelming. There is a critical need for an ex vivo model representative of the human vascular physiology and encompassing the complexity of the vascular wall and the physical forces regulating its function. Vascular bioreactors for ex vivo culture of large vessels are viable alternatives, but their custom-made design and insufficient characterization often hinders the reproducibility of the experiments. The objective of the study was to design and validate a novel 3D printed cost-efficient and versatile perfusion system, capable of sustaining the viability and functionality of large porcine arteries for 7 days and enabling early post-injury evaluations. MultiJet Fusion 3D printing was used to engineer the EasyFlow insert, converting a conventional 50 ml centrifuge tube into a mini bioreactor. Porcine carotid arteries either left untreated or injured with an angioplasty balloon, were cultured under pulsatile flow for up to 7 days. Pressure, heart rate, medium viscosity and shear conditions were adjusted to resemble arterial in vivo hemodynamics. Tissue viability, cell activation and matrix remodeling were analyzed by immunohistochemistry, and vascular function was monitored by duplex ultrasound. Culture conditions in the EasyFlow bioreactor preserved endothelial coverage and smooth muscle organization and extracellular matrix structure in the vessel wall, as compared to static culture. Injured arteries presented hallmarks of early remodeling, such as intimal denudation, smooth muscle cell disarray and media/adventitia activation in flow culture. Duplex ultrasound confirmed continuous pulsatile blood flow conditions, dose-dependent vasodilator response to nitroglycerin in untreated vessels and impaired dilator response in angioplastied vessels. The scope of this work is to validate a low-cost, robust and reproducible system to explore the culture of native and injured large arteries under pulsatile flow. While the study of vascular pathology is beyond the scope of the present paper, our system enables future investigations and provides a platform to test novel therapies and devices ex vivo, in a patient relevant system.

Keywords: bioreactor and 3D culture, ex vivo culture, organotypic culture model, vascular remodeling, balloon angioplasty, blood vessel


INTRODUCTION

Vascular disease is often caused by narrowing or occlusion of blood vessels leading to decreased blood supply to important organs like the heart or brain, or to the extremities. Revascularization procedures are common interventions aimed at re-establishing blood supply to compromised tissues. Typically, a guidewire is passed through an accessible artery to reach the narrowed area and a balloon is deployed to reopen the lumen. While the immediate effect on blood flow is readily achieved, the intervention damages the blood vessel wall which triggers a cascade of acute inflammatory and regenerative responses that result in intimal hyperplasia and vascular remodeling (1). The vascular remodeling commonly leads to re-stenosis and ultimately occlusion of the intervened vessels (2). In order to maintain patency in the long term, many times additional devices like stents or balloons coated with anti-proliferative drugs are used on the intervened vessels. Clearly, a better understanding of the processes that underly the vascular response to injury and remodeling is key to develop effective treatments to improve long-term patency of revascularization procedures (1).

Largely, experiments aimed at investigating these mechanisms are conducted in small animals (mice, rats, rabbits), upon mechanical injury of a large artery or interposition of a stent (3). Besides the obvious ethical concerns, small rodent experiments have limited predictive capacity, resulting in the development of sub-optimal therapeutic strategies, leaving this critical medical need unmet (4). In vitro strategies for the study of vascular remodeling focus on 2D culture of vascular cells (typically smooth muscle cells) or the static culture of rings obtained from blood vessels, the latter importantly incorporates an element of intact extracellular matrix component, which is critical in the remodeling process [for an example (5)]. Interestingly, some groups have demonstrated the successful use of flow bioreactors simulating the in vivo hemodynamic conditions, to culture blood vessels ex vivo and study vascular pathophysiology (6–9). This pioneering work has demonstrated the importance and feasibility of a functional and physiological ex vivo approach to vascular remodeling; however, these studies present some limitations that reduce their translational power and reproducibility, which we aim to address with the present work.

In this study, we developed an open-source 3D printed and economical bioreactor (EasyFlow) which enables the multiplex culture of blood vessels from large animals in small volumes of medium. Furthermore, we have optimized conditions of flow, shear stress, pressure, pulsatility and viscosity to closely mimic the hemodynamic forces applying to an artery in vivo. We comprehensively characterized the effect of pulsatile flow culture and endovascular injury on the survival, activation and function of vascular resident cells by histology, immunofluorescence and by Doppler ultrasound vasoreactivity measurements.

This work will demonstrate the reproducible application of ex vivo bioreactor culture for large animal blood vessels, enabling the long-term culture of healthy vessels and the study of pathological mechanisms. Importantly, the open-source nature of our design enables effortless transfer of the system to other labs and reproducibility, promoting the reduction of the use of animals in vascular studies.



MATERIALS AND METHODS


Ethics and Sample Preparation

Carotid arteries were obtained from 4–6 weeks old piglet at The Pirbright Institute, Pirbright, UK. Animal procedures were carried out under the Home Office Animals (Scientific Procedures) Act (1986) and approved by the Animal Welfare and Ethical Review Board (AWERB) of The Pirbright Institute. The animals were housed in accordance with the Code of Practice for the Housing and Care of Animals Bred.

Pigs were euthanized by an overdose of 10 ml pentobarbital (Dolethal 200 mg/ml solution for injection, Vetoquinol UK Ltd). All procedures were conducted by Personal License holders who were trained and competent and under the Project License PPL70/8852.

Upon exsanguination the neck was opened from the chest cavity to the base of the skull to expose the common carotid artery separating into the right and left carotid artery. Arteries were excised using a no-touch technique to minimize stress to the vascular tissue. Fresh tissue was immediately placed in pre cooled transport media Dulbecco's Modified Eagle's Medium (DMEM) + 20% fetal bovine serum (FBS) + 2% penicillin and streptomycin (P/S) + 1% Amphotericin B (Amp). Tissue was washed two times in transport media and placed on ice for transportation.

Following arrival tissue was transferred into laminar hood where further preparation took place. The excess connective tissue was removed in a Petri dish using precision surgical equipment, avoiding any strain to the vessel. Once cleaned, the vessel was placed in new container and washed in transport media (2 × 20 min at 4°C), followed by short term storage in DMEM + 10% FBS + 1% P/S + 1% Amp at 4°C.

For each preparation, a sample of 2–4 mm was collected at the time of preparation, as a control.



Easy Flow Design and Production

The EasyFlow insert was produced by additive manufacturing which enables for complex design choices to be manufactured with high reproducibility. The CAD model of the system was prepared using Autodesk Fusion 360 (Autodesk® Fusion 360™ 2.0.5818). Printable file is available in Supplementary File 1.

In planning the design, the major criteria considered were user experience, ease of handling, adaptability and reusability. MultiJet Fusion 3D printing allowed us to create fine inner structures within a space-efficient design and therefore maintain a compact outer structure. The manufacturing was outsourced to an external provider (ProtoLabs), which produced EasyFlow by Polyamide 12 (HP 3D High Reusability PA 12) Black MultiJet Fusion built in 80 μm layers, requiring no additional finish. Considering the constantly expanding list of materials available for manufacturing, the proposed design can be manufactured with alternative materials as long as the additive method resembles a Selective Laser Sintering or Stereolithography type manufacturing.



EasyFlow System Set Up

Details of the EasyFlow bioreactor system are presented in Figure 1 and in the Result section, in details.


[image: Figure 1]
FIGURE 1. EasyFlow system characteristics and setup. Cross-sectional view of the EasyFlow insert visualizing the inner structure and interconnectivity of the reaction space contained within a 50 ml centrifuge tube (A). Schematic of the perfusion loop which includes the EasyFlow bioreactor accommodating the porcine carotid artery, a reservoir, the peristaltic pump, and acquisition system (B). A simplified connection map and true image of system identifying the key elements of the perfusion loop (C).


The EasyFlow insert consists of a 3D printed part that fits as a lid of a 50 ml standard centrifuge tube. The hexagonal EasyFlow insert presents 6 inlet and outlet ports, creating two separate circulations inside and outside the blood vessel, which is lodged in its adaptor (Figure 1A).

The bioreactor system is composed by three main parts: a peristaltic pump (Heidolph, PD 5201, 523-52010-00-2) mounting a 4-cassette head (Heidolph, Multichannel Pump Head C8, 524-40810-00), an EasyFlow insert lodging the blood vessel sample and an equivalent EasyFlow functioning as media reservoir (Figure 1B). The two inserts are connected through a series of tubes. Most of the components are connected with transparent silicon tubing (RS Components, RS PRO Silicone Transparent Silicone Tubing, 3.2 mm Bore Size, 667-8444). Larger bore peristaltic pump-compatible tubing (RS Component, Verderflex Verderprene Yellow Process Tubing, 6.4 mm Bore Size, 125-4042) were used in the pump head. Unidirectional flow is ensured by check valves (Cole-Parmer, Masterflex PVDF and Viton® Barbed Check Valve, 3/16-inch, WZ-98766-50) added downstream the peristaltic pump, and pressure is stabilized by a pressure dampener system created with a syringe loaded with liquid and air. To increase baseline pressure low bore tubing (RS Components, RS PRO Silicone Transparent Silicone Tubing, 0.8 mm Bore Size, 667-8432) was used downstream of the artery. To regulate resistance, an additional clamp (Cole-Parmer, Flow Control Clamps, 08028-00) was applied downstream of the resistance tubing. Sterile gas exchange is enabled by the presence of outlets mounted with sterility filters (Sarstedt, Syringe filter, Filtropur S, PES, pore size: 0.2 μm, 83.1826.001) (Figure 1C).

The system was monitored by pressure sensors downstream of the sample-containing EasyFlow (Parker, SciLog SciPres Pressure Sensor Luer Connection, SCIPRE080699PSX), and through repeated Duplex ultrasound imaging performed with Logiq V2 (GE Healthcare).

To assure the aseptic environment necessary for the long-term incubation of tissues, all components were sterilized by autoclaving. Elements of the circulation system were assembled under a laminar flow hood and primed with perfusion media (DMEM + 10% FBS + 1% P/S + 1 % Amp + 3% Dextran). The circulation system was inspected for leaks, and any bubble trapped in the system was removed by flowing media across the system.

Previously harvested and cleaned tissue was then placed in the EasyFlow unit. Depending on the internal diameter of the vessel segment, an adequate barb connector was selected to facilitate the connection to the perfusion system, typically for porcine carotid arteries 2.4 or 1.6 mm ID connectors were used (Cole-Parmer, Female luer x 5/32" hose barb adapter, 45501-06). The length adaptor within EasyFlow is ultimately adjusted to create a minimal stretch on the longitudinal axis (Figure 1A).

Once the tissue was secured using surgical vessel bond (Vessel Loop Maxi, SKU: AR-722), the residual air was removed from the newly assembled segment before sealing the system. A sterile syringe containing 3 ml of air and 1 ml of media is connected to the port situated above the artery. This addition serves as a pressure dampener assuring that there is no extreme pressure effecting the artery. Following complete assembly, the system is sealed and transferred it to the incubator (5% CO2 at 37°C). Circulation was connected to the peristaltic pump (Figure 1C) and primed overnight with low flow conditions (5 rpm). This allows system equilibrium and enables troubleshooting while minimizing unnecessary strain to the tissue. Flow was gradually increased (+1 rpm every 60 min) until the setpoint is achieved (14 rpm). The pressure of the system is constantly monitored safeguarding the vessel from any extreme condition. Once the final pump speed is reached, resistance upstream of the blood vessel is adjusted by incrementally tightening the downstream screw clamp until satisfactory pressure was reached within the system.



Balloon Injury Procedure

A standard peripheral artery angioplasty balloon catheter (Cook Medical, Advance® 35 LP Low 4 mm) was inserted into the artery. With a standard in deflator pump the balloon was inflated with phosphate buffer saline (PBS) to 6 atm and the pressure was maintained for 3 min, akin to the procedure performed during peripheral arterial angioplasties. After deflation, the balloon was extracted, the tissue rinsed and placed in the perfusion system for culture, or static culture as a control.



Artery Culture in Flow or Static Conditions

Healthy and balloon injured arteries were cultured for 7 days in static or flow conditions. In static culture, 2–4 mm long tissue segments are submerged in medium (DMEM + 10% FBS + 1% P/S + 1% Amp) in Petri dishes, and incubated at 5% CO2, 37°C. Every 3 days 50% of the media was replaced with fresh media.

Perfusion cultures were performed using the EasyFlow bioreactor system, as described above, on segments of 2–4 cm of length. The system is filled with ~100 ml of perfusion media (DMEM + 10% FBS + 1% P/S + 1 % Amp + 3% Dextran). Of note, the addition of dextran exclusively to the flow culture media ensures the appropriate viscosity of the medium which in turn affects the shear stress, while avoiding reducing the diffusion of oxygen in the static cultures, that would represent a limiting factor for the culture. The peristaltic pump is set at the final speed of 14 rpm which, due to the 4 rolls mounted on the peristaltic pump, is equivalent to 56 pulse/min. This pump setting corresponds to 35 ml/min volumetric flow rate (Supplementary Figure 1A) and an average stroke volume of 0.6 ml (calculated as volumetric flow rate/pulse rate). To assure that the tissue is not subject to extreme pressure conditions generated by the peristaltic movement, a pressure dampener was introduced to maintain fluctuations within the physiological range (60–120 mmHg), these values were monitored across the entire experiment in one second intervals, using a pressure acquisition system (Supplementary Figure 1B). Lastly, conceptually similar to a heart valve and to maintain “diastolic pressure,” a one-way valve was introduced after the peristaltic pump (Figure 1C).

Samples in flow were monitored at day 3 and 7 by Duplex ultrasound imaging. At the end of the culture period, all samples were processed for histology and en face staining.



Doppler Ultrasound Imaging and Vasoreactivity Assay

Ultrasound images of the incubated arteries were obtained with a standard clinical vascular ultrasound machine with a 10 MHz linear array transducer (LOGIQ V2, GE Healthcare). Briefly, ultrasound gel was applied to the outside of the bioreactor to minimize acoustic impedance, compensate for surface incongruencies between probe and bioreactor and allow angulation of probe to obtain an insonation angle of <60°. After clear longitudinal images were obtained, the position of the ultrasound probe and B-Mode settings were adjusted until clear vessel borders with typical M and I lines were visible, and several cine video loops were acquired and saved as video files for off-line analysis. Flow velocity measurements were performed with pulsed wave Doppler. The sample volume was placed at the center of the perfused artery, insonation angle adjusted to <60° and angle correction applied. Image analysis was performed offline with an automated edge detection software (Brachial analyzer, Medical Imaging Applications). The luminal diameter was measured on video loops over several pulsation cycles. Each diameter measurement represents the average diameter over 0.5–1.0 cm vessel area. The maximal diameter was designated systolic diameter and minimal diameter as diastolic diameter. Volumetric flow rate (Q) was calculated as follows:
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Where [image: image] is the mean Flow Velocity and A is the Cross-sectional Area, calculated as π(mean diameter/2)2 and mean diameter = (maximal diameter + minimal diameter)/2.

In our setup, the mean diameter of the artery was 1.2 mm and a mean velocity of ~50 cm/s (Figures 4A,B, and Supplementary Figure 1C) and this resulted in a calculated volumetric flow rate of ~35 ml/min within the artery, which confirms the calibration values obtained empirically Supplementary Figure 1A).

Wall shear stress (WSS) was estimated as:

[image: image]

The viscosity of the perfusion medium (μ) was estimated at 0.035 dyn*s/cm2 (10). Intimal media thickness was also measured with this software over the same vessel segment on the far side as the distance between lumen-intima (I line) and media-adventitia interface (M line).

For the functional vasoreactivity assay, syringes containing 1 ml of nitroglycerin solutions were prepared, with concentration ranging from 10−9 to 1 M. These concentrations were calculated so that added to 100 ml of medium contained in the bioreactor, they yielded final concentrations ranging from 10−11 and 10−2 M. Nitroglycerin boluses were injected in order of increasing concentration and the reaction of the blood vessel was recorded with a delay of 1 min, once the vessel normalized the next bolus was injected.



Histological Preparations

Portions of freshly isolated (control) and cultured arteries were fixed in 4% PFA (Paraformaldehyde, Santa Cruz Biotechnology) overnight (O/N) at 4°C. Fixed samples were either used for whole tissue en-face staining or were further processed for histological analysis.

To establish the maintenance of a continuous endothelial layer facing the lumen and quantify the effect of flow on the alignment of the cells, en-face staining was performed on samples washed with PBS and permeabilized with 1v/v% TritonX-100 in PBS for 15 min. Tissues were blocked overnight at 4°C in 20v/v% goat serum in PBS and then incubated with primary antibody solution (CD31, Abcam-ab28364, 1:50) overnight followed by goat anti-Rabbit Alexa Fluor 488® (Thermo Fisher Scientific) secondary antibody diluted 1:200 and Phalloidin-iFluor 594 (Abcam- ab176757) for 1 h at 37°C. Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, Merck) for 10 min at room temperature. Tissues were laid flat and mounted with Fluoromount G (Invitrogen eBioscience Fluoromount G, Thermo Fisher Scientific). Imaging was performed with Nikon Eclipse Ti A1-A confocal laser scanning microscope, obtaining stack images at 40X along the Z-axis.

For histology, tissues were washed with PBS and incubated overnight in 30w/v% sucrose (Sigma-Aldrich) solution in PBS. Following sucrose incubation, samples were embedded in OCT Compound (Agar scientific) in an Iso-Pentane bath cooled using liquid nitrogen. Frozen samples were stored at−80°C until later use. Samples were cryo-sectioned along the transverse plane, obtaining 5 μm thick sections. Sections were collected on microscope slides in quadruplicate, where sections were separated by at least 250 μm.

Immunofluorescent staining was performed on prepared sections to quantify luminal coverage, medial integrity and the extent of proliferation. Tissue sections underwent antigen retrieval in a water bath at 80°C for 30 min in tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA Solution, pH 9.0) followed by blocking for 1 h at room temperature with 20v/v% goat serum (Sigma-Aldrich) in PBS. Primary antibodies against CD31 (Abcam-ab28364) diluted 1:200, and Proliferating cell nuclear antigen (PCNA, Sigma Aldrich-MABE288) diluted 1:100 were incubated overnight at 4°C.

Appropriate Goat anti-Mouse and Goat anti-Rabbit Alexa Fluor® (Thermo Fisher Scientific) secondary antibodies 488 and 567 diluted 1:200 were incubated for 1 h at 37°C. Following secondary antibodies, Human α-Smooth Muscle Actin (SMA) Alexa Fluor® 647-conjugated antibody (R&D Systems- IC1420R) diluted 1:200 was introduced for 1 h at 37°C. Nuclei were stained with DAPI (Merck) for 10 min at room temperature. Incubation with 0.1 w/v % Sudan Black (Sudan Black B, Santa Crus Biotechnology) in 70% ethanol for 10 min at room temperature was performed to reduce tissue autofluorescence. Slides were then mounted in Fluoromount G (Invitrogen eBioscience Fluoromount G, Thermo Fisher Scientific) and imaged with Nikon Eclipse Ti A1-A confocal laser scanning microscope. Tile images were obtained at 20X to capture the whole tissue section where possible.

Hematoxylin and Eosin (H&E), and Masson's trichrome staining (MT) were used to estimate the overall maintenance of the tissue structure, at a cellular and extracellular matrix level. These stainings were outsourced to the Veterinary School Pathology Centre at the University of Surrey, and performed by an automated staining system (VIP® 6 Vacuum Infiltration Processor). Immunohistochemical assays for Caspase 3 (1:1,000, R&D systems, AF835), PDGFR-β (Santa Cruz Biotechnology, sc-374573, 1:100) and Vimentin (1:5,000 Dako, Ref M0725, Clone V9, 1:5,000) were similarly outsourced to Veterinary Diagnostic Services, School of Veterinary Medicine, University of Glasgow. Primary antibodies were followed by HRP-conjugated secondary antibody and DAB (3,3′-Diaminobenzidine) staining and counter-staining with hematoxylin. Staining was performed in the Dako Autostainer system. Slices were dehydrated and mounted with Cellpath Mounting Media (SEA-1604-00A).

Whole slice imaging was performed on the NanoZoomer 2.0-HT slide scanner by Hamamatsu.



Image Analysis

All acquired images were processed in ImageJ v1.53c (FiJi). Custom macros were composed to facilitate image analysis. Where necessary, vessel wall areas (lumen, intima, media, adventitia) were defined manually and stored as Regions of Interest (ROIs). Resulting ROIs were used to define tissue dimensions and to measure signals specific to the predefined areas.



Quantification of Cell Activation

The quantification of PCNA was performed on the fluorescent images collected by confocal microscopy. Tile images covering the cross section of the tissue were obtained to measure distribution of PCNA across the tissue for each section (three sections/sample). PCNA+ nuclei counts were normalized against the total number of DAPI+ nuclei within each area.

To define the spatial distribution of PCNA+ cells, images were converted into distance maps where orthogonal distance of each nucleus from the lumen was calculated. Each distance was further normalized against the thickness of the tunica media, to account for differences in tissue morphology between specimens. Individual distance values were organized into a histogram representing the relative frequency of PCNA+ cells against the relative distance from the lumen.



SMA Quantification in Immunofluorescence Samples

SMA intensity in the media was quantified on the immunofluorescence samples by selecting three random, uniformly sized, representative areas within the media of each section. The average signal intensity was quantified in each of the selected areas, and normalized by the total area selected.



Signal Quantification in Histological Samples

For histological staining, whole tissue sections were loaded on ImageJ to measure specific signal expression. First an ROI was defined by high-pass gaussian filter to identify the total area of the section. Using a series of user-defined color thresholds, the specific antigen signal was selected and extracted from the image. The area of specific signal was measured and normalized toward the total tissue area.



Tissue Coherence Analysis in Using Masson's Staining

Histological samples prepared with Masson's trichomic staining were used to analyze the coherence of the tissue. Three random, uniformly sized, representative regions were selected to perform the analysis. In each region, the area occupied by the tissue vs. the empty spaces were measured and normalized toward the total area of measurement.



Endothelial Coverage Quantification

The quantification of endothelial coverage was performed on the fluorescent images obtained by confocal microscopy. To quantify the coverage, the fraction of CD31-expressing lumen over the total length of the portion of lumen perimeter captured in each picture was calculated in vessel cross-sections.



Fiber Alignment

Fiber orientation was quantified in the en-face confocal images compressed into a Z-Max projection. In each picture, three random areas were selected and a vector map of the Phalloidin signal was generated using OrientationJ (ImageJ/FiJi plugin) to obtain the local orientation of the signal within the selected area. Resulting vector values were organized into a histogram to represent the relative frequency of angular orientations, where zero is the representative value of fibers perpendicular to the flow direction.



Statistics

Experiments were repeated in 3 to 5 biological replicates. In some analyses, individual samples have been excluded due to poor quality of the preparation or staining.

Difference among groups were evaluated using one-way ANOVA or Kruskal–Wallis test, based on results from normality tests, followed by Fisher's LSD post-hoc test (GraphPad Prism 8.1.2). A value of p < 0.05 was considered as statistically significant. Data are presented as mean ± SD.




RESULTS


Design and Specifications of the EasyFlow Bioreactor Insert

The resolution of MultiJet fusion 3D printing enabled the efficient and cost-effective production of the EasyFlow insert, incorporating detailed features, and producing a non-porous surface. The resulting product is biocompatible and autoclavable multiple times. The insert is designed to fit as the lid of a 50 ml centrifuge tube, creating a versatile and self-contained bioreactor for vascular culture (Figure 1A). The EasyFlow insert is hexagonal in shape and incorporates the following functional features: de-bubbler to remove any air bubbles trapped in the system, 6 inlet/outlet ports creating the potential for 2 separate circulations (inner circulation-going through the vessel sample, and outer circulation-to exchange medium in the tube), and extra access ports for sensors, gas/pressure exchange, and endovascular probes or catheters (Figure 1A).

The EasyFlow system was created as a self-contained, off-the-shelf solution for a wide range of experimental setups, and therefore was designed to maximize the included features, while maintaining a compact design. The hexagonal shape provides ideal internal space to position the necessary features, and enables to spatially distribute the connectors externally, allowing easy handling and setup, and offering enough space flexibility to connect external components.

The blood vessel is accommodated in an adjustable adaptor, through barb connectors of interchangeable size (Figure 1A and Supplementary Video 1). Once the bioreactor containing the sample is sealed, it can be connected to an equivalent bioreactor functioning as a medium reservoir and to a peristaltic pump, though medical grade tubing (Figures 1B,C). EasyFlow is amenable to Doppler imaging, the probe can be applied directly to the to the exterior wall of the centrifuge tube, enabling longitudinal monitoring of the changes in hemodynamic forces and the structural/functional response of the blood vessel (Figure 1B). Additional features are added to the system to improve the performance, such us one-way valves to ensure unidirectional flow, pressure dampener to regulate the system pressure, and gas exchange filters (Figure 1C). Thanks to these features, we ensure that the blood vessel cultured within EasyFlow would experience physiological “heart rate” (56 pulse/min) and “blood pressure” (60–120 mmHg). To maintain the simplicity of use, pulsatility was imparted by the rotation of the peristaltic pump. Pressure measurements were recorded from a pressure sensor downstream from the artery every second (Figure 1 and Supplementary Figure 1B), and adjusted manually by regulating the clamp tightness according to the continuous pressure readings obtained. The media used in our culture was enriched with dextran, to obtain a media viscosity similar to that of human blood (0.035 dyn/sec*cm2 or 3.5 cP).



EasyFlow Culture Preserves Extracellular Matrix Organization and Tissue Homeostasis

Next, we tested how the EasyFlow environment impacted on cellular physiology and ultrastructural components, by performing en face staining, immunofluorescence imaging and histology in porcine carotid artery segments cultured in EasyFlow or in static culture for 7 days, and compared them to their freshly isolated segments that were used as “untreated” controls.

Hematoxylin and eosin staining revealed that the overall structure of the tissue was preserved during culture under flow conditions. In particular, the vessel wall layers appear unaltered, and no remodeling was observed (Figure 2A). Some of the samples cultured in static presented a distinct displacement of the intima, and loss of structure in the media and adventitia (Figure 2A).
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FIGURE 2. Histological evaluation of porcine carotid arteries cultured in EasyFlow or static conditions. Hematoxylin and Eosin staining H&E (A) and Masson's Trichomic staining MASSON'S, (B) of freshly isolated carotid artery tissue (CONTROL) and samples cultured for 7 days in EasyFlow (PERFUSION) or static culture (STATIC). Scale bars= 500 μm. Quantification of tissue coherence is displayed in the bar graph (C), n = 5. All data are mean ± SD. One-Way ANOVA analysis was performed, *p ≤ 0.05.


Extracellular matrix provides the mechanical support and elasticity necessary for blood vessels to perform their function, cell apoptosis and abnormal activation may affect this structure, weakening the vessel wall. We visualized the collagen content by Masson's trichrome staining and confirmed the maintenance of the extracellular matrix organization in tissues cultured in EasyFlow, while static culture produced a visible loss of tissue integrity (Figure 2B). These observations were reflected in the quantification of tissue coherence which indicated an increase in tissue disarrangement in static cultured samples (Figure 2C).

Immunofluorescence staining revealed the finer changes in cell distribution. Both endothelial coverage of the lumen and expression of smooth muscle actin in the media were slightly reduced in the static condition, as compared to the flow culture, although not to a significant level (Figures 3A–C). These modest changes were reflected by the histological analysis of apoptosis and proliferation. Staining for the apoptosis marker Caspase-3, indicated no significant increase in cell death following culture, although a trend is clearly visible in 3/5 static culture samples (Figure 3D). Quantification of the overall percentage of PCNA+ cells revealed a slight increase in proliferation over culture, but no significant differences compared to the control (Figure 3E). We also detected a decrease in Vimentin+ cells in the static culture, potentially reflecting a loss of adventitia (Figure 3F), and an overall maintenance of PDGFRβ+ expression (Figure 3G).
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FIGURE 3. Immunofluorescence analysis of cultured carotid arteries indicates better tissue preservation in flow. Immunofluorescence staining of freshly isolated arteries (d0, Control/CRT), EasyFlow (Perfusion/BR) and static cultured arteries (Static/S) at day 7, showing expression of endothelial marker CD31, smooth muscle marker smooth muscle actin (SMA), and proliferation marker proliferating cell nuclear antigen (PCNA). Nuclei are stained with DAPI. Representative confocal images are displayed in composites and by individual marker in montage (A). Lumen is identified (L), Scalebar = 500 μm. Quantifications of lumen coverage (B), SMA intensity (C), apoptosis caspase 3, casp-3, (D), proliferation PCNA (E), vimentin VIM (F) and platelet-derived growth factor receptor beta PDGFRβ (G) are displayed in the bar graphs, n = 3–5. All data are mean ± SD. One-Way ANOVA analysis was performed, *p ≤ 0.05, **p ≤ 0.01. En-Face representative images showing endothelial coverage (CD31), stress fiber (Phalloidin), and nuclei (DAPI) in samples cultured for 7 days in perfusion or static (H). Fiber alignment is quantified as vector distribution and plotted in histogram representing the relative frequency (y) against the angle (x), where zero is perpendicular to the flow direction (Orientation). An ideal normal distribution of values is represented in green over the histogram (h). Scalebar = 100 μm.


Next, en face staining was performed to better visualize endothelial coverage and media organization. Overall, en face staining revealed a good luminal coverage in both culture conditions (Figure 3H), however the intensity of the expression of CD31 and the cell organization of cultured samples appeared to differ from the freshly isolated control. This could also represent an artifact of the en face tissue processing which is affected by the tissue stiffness and integrity. On the other hand, culture in flow produced more organized structures in the media, which were comparable to the native tissues, while static culture conditions led to fiber disarray (Figure 3H).

Taken together these results indicate that culture of porcine arteries in pulsatile flow conditions helps maintaining appropriate cellular organization and structural integrity.



EasyFlow Can Be Monitored Using Ultrasound, Revealing Culture Conditions Resembling in vivo Hemodynamics and Physico-Mechanics

We applied an ultrasound probe to the wall of the centrifuge tube, and investigated the mechanical parameters to which the cultured artery was subjected in the bioreactor. By Doppler/Duplex analysis, we established that the carotid arteries within EasyFlow were exposed to physiological arterial hemodynamic conditions. The average diameter of arteries after 7 days of culture under pulsatile flow was 1.24 ± 0.32 mm (“systolic”) and 1.19 ± 0.30 mm (“diastolic”). The ‘peak systolic velocity' was 52 ± 13 cm/s and ‘mean velocity' was 44 ± 8 cm/s, resulting in an estimated volumetric luminal flow of 33 ± 16 ml/min (11) and wall shear stress of 10.1 ± 2.8 dyn/cm2 (12) (Figures 4A,B). The average IMT was 0.32 ± 0.08 mm. Overall repeated measurements of vessel diameter showed that there was an average deviation (AD) of 0.00 ± 0.03 mm between two independent automated measurements of four vessel (Figure 4C). These measurements support that EasyFlow provides reproducible ex vivo hydrodynamic conditions that resemble in vivo hemodynamics and physico-mechanics.


[image: Figure 4]
FIGURE 4. Ultrasound evaluation of native and angioplastied carotid arteries after culture reveal in vivo relevant culture conditions and impairment after injury. Representative ultrasound image of an artery in culture (A), highlighting the morphological parameters captured (B). Mean value (MVal) and average deviation (AD) of vessel parameters in flow culture at day 7. IMT, intima media thickness; PSV, peak systolic velocity; MV, mean velocity; WSS, wall shear stress; Systolic, maximal pulsatile diameter; Diastolic, minimal pulsatile diameter (n = 4). Bland Altman plot shows the consistency of repeated measures within the samples (C). Healthy Perfusion (D) and angioplastied Balloon (E) arteries were cultured for 3 and 7 days in EasyFlow and their systolic and diastolic diameter, the intima-media thickness (IMT), and their dose-response to endothelial-independent vasodilator nitroglycerin (F) were quantified by Doppler ultrasound, n = 2–4.




EasyFlow Cultures Are Amenable to Endovascular Balloon Procedures

The study of vascular pathology ex vivo has the potential to reduce and replace the number of animals used as models, providing results that are more physiologically relevant and may have scope to improve the patient care.

We performed balloon injury in porcine carotid arteries before culturing them for 7 days in flow conditions. An important advantage of the EasyFlow system is the ability to monitor the structural changes and functionality of the vessel longitudinally, by Doppler ultrasound. Here, we used it to determine the luminal diameter and intima media thickness and luminal flow within the artery, providing a closer estimate of the hemodynamic environment within the vessel. We also investigated functional response of the vessel wall to increasing doses of the endothelium-independent vasodilator nitroglycerin. Ultrasound showed that at day 3 the diameter of the vessels was significantly greater after angioplasty as compared to control (systolic: 1.17 ± 0.52 mm vs. 2.79 ± 0.12 mm, p = 0.026, diastolic: 1.09 ± 0.52 mm vs. 2.47 ± 0.04 mm, p = 0.044). While control retained the diameter at day 7, injured arteries significantly decreased diastolic diameter (control:1.19 ± 0.30 mm, p = 0.779; angioplasty: 1.44 ± 0.60 mm, p = 0.041). There were no significant changes in luminal flow (Figures 4D,E, Supplementary Videos 2, 3). We leveraged on our ability to monitor the blood vessel in culture by ultrasound to quantify tissue remodeling using clinically relevant readouts. Intima-Media thickness (IMT) is considered a gold standard for the prediction of subclinical vascular remodeling and propensity to atherosclerosis in patients. We performed a preliminary analysis by measuring IMT in B-mode images, and showed that after injury there was an increase in IMT. While IMT remained stable between day 3 and 7 in control (0.27 ± 0.04 mm and 0.32 ± 0.08 mm, p = 0.355), it was decreased as compared to control in angioplastied arteries at day 3 (0.15 ± 0.01) and increased at day 7 (0.38 ± 0.06 mm) (Figures 4D,E). We also compared the vascular response of the injured and control arteries cultured in flow. This identified a loss of 60–70% endothelium-independent vasodilator response upon stimulation with increasing doses of nitroglycerin (Figure 4F).

Next, we compared the ultrastructural effect of culturing injured arteries in static and flow conditions by histology, immunofluorescence and en face staining. As expected, balloon injury determined a significant loss of cells and disorganization in the extracellular matrix in the intima and the medial layers, as shown in the H&E and Masson's trichrome staining (Figure 5A). The effect of the injury was dramatic in tissues cultured in static, likely due to the poor preservation in these conditions. In arteries cultured in flow conditions, the damaged media after injury corresponded to 21.7 ± 11.6% of the total vessel wall. In order to visualize the spatial effect of the injury, we quantified the distribution of nuclei within the vascular wall in culture, with or without injury. Results show that in non-injured samples, the static culture determined a baseline reduction of cell number in the media, and that the balloon injury almost completely abolished cells in these samples (Figure 5B). In flow conditions, we observed a striking loss of cells close to the lumen upon injury, and an accumulation of cells in the distal part of the media, at the junction with the adventitia (Figure 5B). En face staining confirmed that balloon injury provoked extensive endothelial denudation in both culture system and that the alignment of the F-actin fibers was lost in the flow culture, as a result of extension damage (Figures 5C,D). Immunofluorescence analysis confirmed the significant loss of endothelial coverage, and a mild reduction in medial SMA expression in vessels cultured in flow after injury, which is likely due to large areas of damage produced in the media (Figures 6A–C).


[image: Figure 5]
FIGURE 5. Immuno-histological evaluation of angioplastied carotid arteries after culture reveal functional and structural damage. Injured vessels were cultured in EasyFlow (Perfusion Injury) or in static conditions (Static Injury) for 7 days and analyzed by Hematoxylin and Eosin staining (H&E) and Masson's Trichomic staining (MASSON'S) (A). Scale bars = 500 μm. Distribution of DAPI+ nuclei across the vessel wall is quantified in freshly isolated arteries (CRT), healthy and injured arteries cultured for 7 days in EasyFlow (BR and BRB, respectively) or static conditions (S and SB, respectively) (B). En-Face representative images showing endothelial coverage (CD31), stress fiber (Phalloidin), and nuclei (DAPI) in samples cultured for 7 days in perfusion or static after injury (C). Fiber alignment is quantified as vector distribution and plotted in histogram representing the relative frequency (y) against the angle (x), where zero is perpendicular to the flow direction (Orientation). An ideal normal distribution of values is represented in green over the histogram (D). Scalebar = 100 μm.
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FIGURE 6. Immunofluorescence evaluation reveals tissue injury and activation following balloon angioplasty and culture in flow. Following injury, tissues were cultured for 7 days in either perfusion (Perfusion Injury) of static conditions (Static Injury) and then stained for the endothelial marker (CD31), smooth muscle marker (smooth muscle actin, SMA), and proliferation marker (proliferating cell nuclear antigen, PCNA). Nuclei are stained with DAPI. Representative confocal images are displayed in composites and by individual marker in montage (A). Lumen is identified (L), Scalebar= 500 μm. Quantifications of lumen coverage (B), SMA intensity (C), and proliferation PCNA (D) are displayed in the bar graphs, n = 3–5. All data are mean ± SD. One-Way ANOVA analysis was performed, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Distribution of proliferating cells (PCNA+) in relation to their relative distance to the lumen is plotted for freshly isolated arteries (CRT), healthy and injured arteries cultured in EasyFlow (BR and BRB, respectively) or static conditions (S and SB, respectively) (E).


Taken together these results show that EasyFlow cultured arteries subjected to endovascular damage present areas of cell loss and functional impairment, but maintain overall structural integrity.



Injured Arteries Cultured in EasyFlow Present Signs of Remodeling

In vivo, vascular injury leads to extensive apoptosis and cell replacement, which triggers the activation of the vascular wall progenitor niche and the synthetic switch of vascular smooth muscle cells. Pathological remodeling generally follows, with the formation of fibrosis, neointimal growth or atherosclerotic plaques.

We analyzed the arteries cultured for 7 days in static or EasyFlow post-injury. Overall proliferation was uniquely increased in the injured samples cultured in flow (Figure 6D), and the PCNA+ cells were mainly localized at the interface between the media and the intima, and in the luminal side of the media (Figures 6A,E). Proliferating cells mainly co-expressed SMA, and were found largely in undamaged area of the media (Figure 7ai), however we also detected a unique population of proliferative SMA+ cells, separated from the injured media, and located beneath the lamina elastica (Figure 7aii). It was also possible to identify the occasional proliferative CD31+ cell in the intima (Figure 7ai) and the adventitia (Figure 7aiii). Organized microvascular structures can also be observed penetrating the media after injury (Figure 7a, red arrowhead), as well as infiltrating mono-nucleated cells which could potentially represent resident immune cells (Figure 7a, orange arrowhead).


[image: Figure 7]
FIGURE 7. Balloon angioplasty stimulates early remodeling in EasyFlow cultured arteries. Representative confocal images of the arterial wall following injury and flow culture (a) reveals proliferation (proliferating cell nuclear antigen, PCNA, magenta) of smooth muscle cells (smooth muscle actin, SMA, white) in the proximity of the injured media (ai). In the lumen area, individual proliferating (PCNA+) smooth muscle cells (SMA+) and endothelial cells (CD31+, green) are located either side of the lamina elastica (aii). In the adventitia, proliferative endothelial cells (CD31+) line the microvasculature of the vasa vasorum (aiii). White arrowheads indicate proliferative cells. Across the vessel wall, groups of infiltrating cells display PCNA+ nuclei (orange arrowheads), and small blood vessels sprout from the adventitia toward the media (red arrowhead). Nuclei are stained with DAPI, Scale bar= 100 μm. Smooth muscle cells near the injury area display high expression levels of SMA white (b), Vimentin (c), and PDGFRβ (d). Scale bars = 100 μm.


Immunostaining also revealed that in the border zone near the medial damage, smooth muscle cells strongly expressed SMA, Vimentin and PDGFRβ (Figures 7b–d). This indicates that smooth muscle cells in these areas were provoked into the synthetic phase by the injury.

Our results showed that culture under flow better recapitulate the early characteristics of post-injury vascular remodeling, as compared to static culture, and that early hallmarks of activation and remodeling can be identified in flow cultures by histology and ultrasound imaging.




DISCUSSION

In this study we presented a 3D printed bioreactor that is economical to produce, easily transferable to other labs and enables small volume cultures and multiplexing. EasyFlow cultures can be imaged longitudinally by Doppler ultrasound, enabling the monitoring of flow conditions and tissue integrity in a non-invasive manner. Using EasyFlow bioreactor, porcine carotid arteries can be cultured in pulsatile flow conditions closely resembling the mammalian arterial circulation. When compared to static cultures, tissue integrity and organization was superior in flow cultures. Endovascular balloon injury provoked intimal denudation and media damage, also detected by Doppler ultrasound imaging. After injury, samples cultured in EasyFlow showed increased proliferation in the media and adventitia, and overexpression of smooth muscle markers near the injury. A small population of highly proliferative SMA+ cells was also observed at the intima/media interface. Samples cultured in static were instead significantly compromised and did not show signs of activation.

The study of vascular physiology and pathology is often pursued with the use of moderate severity animal models such as carotid ligation or wire injury, in some case presenting genetic mutations to emulate specific co-morbidities such as diabetes [db/db mice: homozygous for the diabetes-inducing spontaneous mutation (Leprdb)] and hypercholesterolemia (apolipoprotein E knockout mice; ApoE-/-) (3). These in vivo experiments are routinely supported by in vitro work to help elucidate mechanistic insights, using static monocultures of vascular cells, which struggle to recapitulate the physiologically relevant mechanical cues and the interaction with other cell types.

Despite these limitations, these models delivered great insights in the understanding of the mechanisms of vascular homeostasis and the patterns associated with common diseases, such as atherosclerosis and restenosis (13). The striking physiological differences have however determined disappointing outcomes for some of the therapeutic approaches in clinical settings, sparking new interest in large animal models for these diseases (14). However, ethical and economic implications associated with this type of animal work demands new solutions.

Vascular bioreactors have been developed both at commercial level and in-house to provide a suitable physiological environment to maintain blood vessels in culture or enhance the maturation of tissue engineered constructs.

In this study, we present a 3D printed bioreactor that enables the culture of blood vessels within a 50 ml centrifuge tube, enabling small volume cultures and multiplexing. Previous work has demonstrated the feasibility and practicality of a bioreactor designed to fit as a lid of a 50 ml tube, however our system is distinctive as the whole insert is created entirely by 3D printing (15, 16).

EasyFlow's open-access design allows simple uptake by other labs, and the adjustable vessel compartment enables customization to different vessel sizes and tissue sources by simply exchanging the barbed connectors and adjusting the length adapters.

Dynamic bioreactors supply culture conditions that are as close as possible to the in vivo environment experienced by the blood vessel in its natural location. Pump revolution rate was adjusted to impose a “heart rate” of 56 beats/min to simulate resting heart rate and continue pressure monitoring confirmed a physiological range of 60–120 mmHg, which is compatible to the average healthy blood pressure in the human population. Common carotid arteries experience a mean flow velocity of 15–43 cm/s (end diastolic-peak systolic) and a wall shear stress in the range of 6–21 dyne/cm2 (17, 18). EasyFlow culture conditions provide a in vivo relevant environment in the culture, with a mean flow velocity of 44 ± 8 cm/s, resulting in a calculated volumetric flow rate of 33 ±16 ml/min and a mean wall shear stress of 10.1 ± 2.8 dyne/cm2, which are comparable to the arterial flow forces in vivo. It is important to highlight that more sophisticated systems for the regulation of the pressure loop, and the shape of the pressure curve exist and have been developed for specific bioreactor applications. While EasyFlow is a more simplified version, this is a compromise that fulfills the critical characteristic of an end-user friendly system (15, 16).

In addition, we modified the medium composition to simulate the viscosity of blood (3.5–5.5 cP), this parameter closely affects the shear stress experienced by vascular cells in flow, according to the Hagen-Poiseuille equation (18).

Our in-depth consideration and characterization of the conditions and forces acting on the vessel in culture is uncommon in previously published studies (9, 19–21). Importantly, these forces were initially estimated by calculation, but also verified within the cultured blood vessel by Doppler ultrasound imaging. While few examples exist in literature, we present a uniquely exhaustive application of the Doppler ultrasound method to a bioreactor culture. This analysis enables direct comparison with large animal and patient studies, and allows to visualize vessel structure and functionality over time (22).

When compared to static culture, EasyFlow cultured arteries demonstrated an overall better maintenance of tissue integrity and structure. In particular, the organization of the smooth muscle cells and the extracellular matrix were closer to the native tissue. Interestingly, we did not detect a critical difference in lumen coverage, apoptosis or activation of the vessel wall in the two culture systems. This is not completely unexpected as the static culture was designed to replicate the vessel ring culture, with tissue specimens of 2–5 mm in length (5, 23–25). Previous studies have demonstrated that static culture of rings can be extended up to 56 days, and can be induced to form neointima post-injury, although we did not detect such a growth in our samples (24). Samples cultured in flow were instead much longer (2–4 cm), and would not likely have survived in static culture due to limited oxygen and nutrient diffusion. We purposely elected to compare our flow culture system with the vessel ring model as this represents the most standardized and user-friendly whole vessel culture system currently available. By demonstrating that EasyFlow can not only achieve similar (or better) survival of much larger portions of the vessel, but also incorporate mechanical factors that provide crucial stimuli absent in the static culture, we effectively propose a superior and equally ingenuous solution for blood vessel culture.

After verifying the feasibility of a pulsatile culture using EasyFlow, we assessed the effect of injury in the flow cultures. We delivered the injury before setting up the static or flow culture, but it is important to note that, thanks to the multiple access ports available on EasyFlow, the catheter-mediated balloon injury could potentially be implemented on the mounted sample at any point of the culture, without disturbing the system.

In vivo, mechanical damage and flow disruption, accompanied by damage to the medial layer (for example by large balloons), results in smooth muscle cells activation, proliferation and migration into the intima layer, contributing to the thickening of the vessel wall and effectively narrowing the lumen (restenosis) (26, 27). Adventitial cells, such as resident progenitor cells and pericytes, macrophages and fibroblasts also become activated after injury, releasing cytokines and growth factors and migrating toward the lumen; their contribution to neointimal lesions and the mechanisms associated with it are still highly debated (28, 29).

Following balloon application and flow culture, we observed significant damage to the intima and media layers of the tissue, which is comparable to what reported in similar animal models where intima denudation and early media apoptosis drive the regeneration process (30). In addition, the surviving smooth muscle cells in the media responded to the injury by initiating a robust proliferative response. This is akin to the results obtained after 1 week in rabbit iliac arteries, even in terms of percentage of proliferative cells (roughly 4%) (31). Other hallmarks of early remodeling included the upregulation of contractile proteins in the smooth muscle cells adjacent the injury, and the proliferation of cells in the adventitia.

Interestingly, we did not observe the formation of neointima. This is likely due to the limited timeline of the experiment, as usually neointima forms in vivo after at least 2 weeks in rabbits, a typical model for vascular remodeling (31). However, we cannot exclude that large animals may react differently to angioplasty injury. For example, in vivo studies in pigs failed to detect significant reduction in lumen area even 2–4 weeks after balloon injury (32, 33).

On the other hand, previously published ex vivo work demonstrated that flow culture of porcine arteries is amenable for detection of restenosis 7 days after placement of a stent, this could be due to the smaller damage provoked by the stent as compared to the balloon, and the permanence of the ‘stimulus' as the stent remains in place after intervention (6). Similarly, low impact stimulation such as non-physiological low flow and intima denudation reportedly led to formation of neointima in vessels cultured under flow (6, 9).

After balloon injury, the loss of contractility in the vessel wall was quantifiable in the ultrasound profile at baseline levels and following challenge with vasoconstrictors. In addition, we were able to quantify an increase in IMT, a commonly used clinical indicator of remodeling (34). In samples cultured for 7 days after vascular injury IMT was increased, a measure that is associated with increased risk of stenosis-atherosclerosis in patients.

One critical characteristic of EasyFlow is that its open-source 3D printed nature enables easy adoption by other labs, and encourages reproducibility (see Supplementary File 1 for printing file). This is fundamentally different from previously proposed systems, which were either based on commercially available bioreactors or in house-built systems (6–9, 15, 16). Furthermore, bioreactors often leverage on the use of specialized glassware fitted with homemade connectors (6, 9) or more complex arrangements (7, 8), the details of which are regularly insufficiently described and designs undisclosed. The EasyFlow insert fits as the lid of a common laboratory 50 ml centrifuge tube, removing the need for specialized glassware. This approach was previously successfully proposed by Piola et al. (16) as the receptacle for their pulsatile pressure culture system for arterial conditioning of bypass vein material. EasyFlow entirely 3D printed design and simplified yet in vivo relevant culture conditions offer an improved off-the-shelf simplicity, uncommon in previously developed systems. The compactness of the EasyFlow insert enables multiplex cultures within a normal incubator where different flow/pressure conditions or interventions can be run independently by connecting each bioreactor/reservoir pair to a separate pump head. Many other designs are bulkier (6, 9) or driven by a single pump, limiting the options for parallel comparisons. In addition, EasyFlow uses small volumes of medium (~100 ml), similar to previously developed small volume bioreactors (15, 16), but much lower as compared to other published systems which required up to 500 ml (8), although in many cases the total volume of medium is not explicit and therefore cannot be compared (6, 9). Lower volume experiments (~50 ml) are also possible with EasyFlow by establishing a recirculating system without the addition of the reservoir, enabling low-cost pharmacological studies. Lastly, commercial bioreactors exist (i.e., VABIO by LifeTec and 3DCulturePro by TA Instruments) and represent a practical solution to many users. The limitation is the cost, which is upward of £10 K, and the rigidity of the design. Even with the outsourcing of the 3D printing, the reusable EasyFlow inserts can be produced cheaply (< £100 per piece), a price that can be further reduced if in-house 3D printing is available. The multiple ports on the EasyFlow insert also permits customization by offering inlets for additional sensors and other specific applications.

This proof of principle study demonstrated with an in-depth characterization of the quality of the tissue after culture, which is uncommon in other engineering-focused papers (7, 8), the suitability of EasyFlow for pulsatile culture of large animal arteries and the study of pathological processes. Overall, our study highlighted the scientific relevance of our ex vivo model and the versatility for both basic and interventional studies.
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Objectives: Decellularized homograft valves (DHV) appear to elicit an immune response despite efficient donor cell removal.

Materials and methods: A semiquantitative Dot-Blot analysis for preformed and new recipient antibodies was carried out in 20 patients following DHV implantation on days 0, 1, 7, and 28 using secondary antihuman antibodies. Immune reactions were tested against the implanted DHV as well as against the stored samples of 5 non-implanted decellularized aortic (DAH) and 6 pulmonary homografts (DPH).

Results: In this study, 20 patients (3 female and 17 male patients) were prospectively included, with a median age of 18 years and an IQR of 12–30 years. Six patients received DPH and 14 received DAH. The amount of antibody binding, averaged for all patients, decreased on post-operative days 1 and 7 compared to pre-operative values; and on day 28, antibody binding reached close to pre-operative levels (16.8 ± 2.5 on day 0, 3.7 ± 1.9 on day 1, 2.3 ± 2.7 on day 7, and 13.2 ± 3.7 on day 28). In comparison with the results in healthy controls, there was a higher amount of antibody binding to DAH than to DPH. The mean number of arbitrary units was 18.4 ± 3.1 in aortic and 12.9 ± 4.5 in pulmonary DHV (p = 0.140). Male patients exhibited higher antibody binding to aortic DHV than female patients (19.5 ± 2.1 vs. 1.6 ± 6.7). The p-value calculation was limited, as only two female patients received DAH. There was no correlation between the amount of overall antibody binding to DHV with respect to donor age (Kruskal–Wallis test p = 0.550). DHV recipients with a sex mismatch to the donor showed significantly less antibody binding (6.5 ± 1.8 vs. 13.7 ± 1.8; p = 0.003). Our main finding was an increase in antibody binding in younger patients receiving decellularized aortic allografts. This increase was higher in patients with early degeneration signs but was not specific to the individual DHV implanted nor previous DHV implantation. Antibody binding toward explanted DHV was significantly increased in implicating antibody-mediated DHV degeneration.

Conclusion: Serial assessment of tissue-specific antibody binding revealed an increase in some patients within 4 weeks after surgery, who subsequently developed early signs of allograft degeneration. Further studies with larger sample sizes are needed to confirm the prognostic relevance of increased antibody activity in addition to targeted research efforts to identify the molecular agents triggering this type of antibody response.
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Introduction

Decellularized homografts are currently the only clinically applied tissue-engineered heart valves and have shown superior performance in comparison with conventional cryopreserved allografts in a recent meta-analysis for pulmonary valve replacement. Reoperation rates in 1,418 patients who underwent outflow tract reconstructions with decellularized heart valves (DHV) were significantly lower than in the 2,725 patients who received conventional allografts (4.8 vs. 7.4%; pooled risk ratio (RR) 0.55, 95% CI: 0.36 to 0.84; p = 0.0057) (1).

Despite almost complete decellularization, documented by standard microscopy and very low residual DNA content, DHV seem to elicit an immune response that appears to be stronger in younger recipients, indicated by progressing valve dysfunction (2). This has been observed especially in decellularized aortic homografts (DAH) recipients and may be explained by the fact that aortic homografts are considerably thicker, thereby potentially carrying more antigenic material. Classic T-cell-mediated immune response, considered to be the leading mechanism for the usually relatively slow mode of degeneration in cryopreserved heart valves, may not be the key mechanism in DHV degeneration.

In an initial analysis of immune reactions to DHV in children and young adults, we did not find significant changes in peripheral cell counts, which were followed up to 3 years after implantation, for mature T-(CD3 +), B-(CD19 +), and natural killer-(CD16 + /CD56 +) cells and for T helper-(CD4 +) and cytotoxic T-cell-(CD8 +) subsets (3). In a systematic in vivo recellularization analysis of explanted DHV and biopsy material, we did not observe classic T-cell infiltration, even in the case of an adult patient following a Ross procedure with rapid degeneration of his pulmonary DHV (4). This led to the hypothesis that DHV degeneration may be predominantly antibody-mediated, based on the observed temporal increase in DHV-specific IgG levels in 14 patients following decellularized DHV (5) and the results of a newly developed Dot-Blot technique for decellularized porcine heart valves (6). These results indicated substantial binding of preformed human antibodies to decellularized xenogeneic heart valves with considerable variance in the individual immune response toward specific porcine samples.

In our initial analysis of preformed antibody binding to DHV in healthy controls with no known contact with allogeneic tissue, we observed that DHV bind preformed recipient antibodies, which might elicit an immune response. There was considerable interindividual heterogeneity and also wide variation between specific individual decellularized human specimens. Age played an important role, as expected, with a higher immune response in younger individuals (7). Significantly higher binding of preformed antibodies was observed in male subjects. These findings correlated with a recent study from Netherlands on the outcome of standard cryopreserved pulmonary homografts, which described considerably poorer outcomes in male patients (8).

The purpose of the current analysis was to measure antibody binding to DHV in patients with repaired congenital heart disease. Our aim was to (1) compare the amount of baseline preformed antibody binding in patients who had received different patch material and different heart valve substitutes to levels of antibody binding in healthy controls, and (2) to analyze the early impact of DHV implantation in these patients using the Dot-Blot test and echocardiography.



Materials and methods


Study design and patient selection

The study was registered with and approved by the local ethics committee (EC No. 7871_BO_S_2018). Patients were not selected randomly, but 20 consecutively operated patients receiving a decellularized homograft in the period October 2019 to May 2020 were included following informed consent provided by the patients or the parents. Since 2008, there have been a total of 199 implantations of decellularized aortic homografts and 236 implantations of decellularized pulmonary homografts at Hannover Medical School.

A serial assessment of the individual in vivo immune response toward decellularized homograft valves (DHV) was performed using a Dot-Blot technique at 4 time points: pre-operation, post-operation on day 1, before discharge at day 7, and at day 28. Five patients opted against attending the last session of the blood withdrawal due to the potential risk of COVID-19 infection in the pandemic situation of autumn 2020.

Individual antibody binding for each patient was measured at the above outlined time points using stored samples of 5 non-implanted decellularized aortic (A1–A5) and 6 non-implanted pulmonary homografts (P1–P6). In 18 patients, it was possible to acquire tissue samples from the implanted DHV at the time of the operation, allowing these samples to be included in the serial assessments. In four patients who underwent DHV exchange or explantation, the assessment also included samples from the explanted allograft. In one of these patients, a retained DAH sample prior to implantation was also available.

Patient characteristics are displayed in Table 1. Patient No. 20 underwent a bilateral lung transplantation 18 months prior to a DAH procedure and was therefore on an immunosuppressive medication regimen. None of the other included patients were receiving immunosuppressive medication, e.g., steroids, at the time of operation and 6 months prior to the surgery. In addition, none of the patients suffered from metabolic syndrome, diabetes mellitus, or acquired heart disease, such as systemic or pulmonary hypertension or coronary heart disease.


TABLE 1    Patient cohort characteristics.

[image: Table 1]

All 20 patients underwent echocardiographic follow-up over a mean period of 16.0 ± 4.7 months following DHV implantation.



Decellularized homografts

The decellularized homografts used in this study were processed by corlife oHG,1 a Hannover-based tissue establishment. The decellularization process comprised approximately 30 different steps using a detergent-based, non-cryopreservation approach as described previously (9). Pulmonary allografts were treated under shaking conditions with a solution of 0.5% sodium deoxycholate (Sigma) and 0.5% sodium dodecyl sulfate (Carl Roth) for 36 h at room temperature. Homografts were washed with 0.9% NaCl solution and stored at 4°C until implantation. Histologically, each homograft was assessed after processing, and the residual dsDNA content was measured before and after processing prior to final release, the upper limit for release being 25 ng/ml. Reference samples of all homografts were stored for at least 1 year according to German law.

The non-implanted homografts used in this study were procured by the European Homograft Bank (EHB), Clinic St. Jean, Brussels (Material Transfer Agreement 180718); the implanted homografts were procured by the EHB and the Deutsche Gesellschaft für Gewebetransplantation (DGFG Hannover).



Dot-Blot technique

The DHV tissues (approximately 500 mg pulverized tissue) were solubilized using collagenase II digestion, dotted on nitrocellulose membranes, and exposed to human serum. Bound human serum antibodies were detected using antihuman secondary antibodies, enabling detection with an ECL reagent. The assay was conducted as previously published with minor modifications (7).

Decellularized homograft valvess were dotted in triplicates (10 μg/dot in 200 μl TBS), and a dilution series of human serum (1:16.000 to 1:512.000) serving as the standard was placed in duplicates on each membrane. Loaded glutaraldehyde (Polysciences Inc., Warrington, FL, United States) fixed and blocked membranes were incubated in human serum (1:400), diluted in 10% non-fat dry milk/TBS at 4°C overnight. Bound antibodies were detected by applying goat antihuman IgG, IgA, IgM-HRP secondary antibody diluted at 1:50,000 and ECL substrate (PerkinElmer, Waltham, MA, United States). Chemiluminescence signals were imaged with the ChemiDoc imager (Bio-Rad, Hercules, CA, United States; applied software settings: “chemi Blot,” 26 photos, 56 s exposure time, accumulation signal mode) and densitometrically quantified (in arbitrary units) with Image Lab 5.0 software (Bio-Rad, Hercules, CA, United States).



Test reproducibility and statistics

Technical triplicates were generated for all Dot-Blots in this study. The experimental variance was assessed using Cronbach’s Alpha as an estimate for Tau-equivalent reliability. Cronbach’s Alpha is a function of the number of items in a test, the average covariance between item pairs, and the variance of the total score. A reliability score greater than 0.8 indicates good internal consistency; a Cronbach’s Alpha >0.9 indicates excellent consistency.

The test robustness and reproducibility of the established Dot-Blot method have been extensively tested in decellularized xenogeneic heart valves (6). The resulting interassay variance of 9.5% and the intra-assay variance of 9.2% showed that the test is highly reproducible. As the binding of the secondary antihuman antibodies after decellularization can lead to false-positive results due to remaining donor antibodies in the DHV, we introduced a baseline by loading a membrane with DHV that was not exposed to patient serum and subtracted the result for this membrane from each specific serum-incubated specimen. The negative values after baseline subtraction observed in some cases can be explained by steric overlays between remaining donor antibodies and serum antibodies.

We included all medians of the arbitrary antibody-binding units that resulted from matching triplicates of sera of the 20 DHV recipients at the 4 standardized time points with 11 samples of DHV non-implanted test valves and 18 samples of the implanted valves. In two patients, it was not possible to extract material from the implanted valve without causing valve function impairment.

SPSS 27 (IBM Corporation, Somer, NY, United States), MedCalc (Statistical Software version 20.015 from MedCalc Software bv, Ostend, Belgium; 2020)2 and GraphPad Prism 5.0a (GraphPad Software, San Diego, CA, United States) were used for statistical analyses. Summaries of numeric data are given as means and standard errors of the mean or median and interquartile range; we used 2-sided Student’s t-tests and the Mann–Whitney or Kruskal–Wallis tests (as appropriate) for univariate comparisons and binary logistic regression to analyze statistical significances and weights of factors, respectively. Differences were considered to be statistically significant for values of p ≤ 0.05.




Results

In the current study, 20 patients, with a median age of 18 years and an interquartile range of 12–30 years, were prospectively included. The group was not balanced with respect to sex and included 3 female and 17 male patients. Six patients received DPH and 14 received DAH. Fifteen patients (75%) had undergone at least one previous surgical procedure, and one patient had received bilateral lung transplantation. Four patients (20%) had already obtained a decellularized allograft in the past. Five patients did not return for the blood sampling on day 28 due to the potential risk of infection during the third wave of the 2020 COVID-19 pandemic. The study cohort characteristics are described in Table 1.


Comparison of overall antibody binding to healthy controls

The amount of preformed antibodies which bound to DHVs preoperatively were higher in males than in the sera of female patients. The mean number of arbitrary units was 7.6 ± 4.7 (SEM, standard error of mean) in female patients and 18.5 ± 2.9 in male patients (p = 0.060).

The low number of female patients (n = 3) limited the comparison to healthy controls. The data for healthy controls were taken from our previous publication (7). However, pre-operative antibody binding in male patients was almost identical to healthy male controls (18.0 ± 3.0), whereas female controls had higher antibody binding (13.6 ± 3.2).

In addition to the results in healthy controls, there was a higher amount of antibody binding to aortic DHVs compared with pulmonary DHVs in the study cohort. The mean number of arbitrary units was 18.4 ± 3.1 in aortic DHV and 12.9 ± 4.5 in pulmonary DHV. This did not reach statistical significance (p = 0.140), and a robust comparison was hindered by the low number of implanted pulmonary DHV (n = 6).

Male patients exhibited higher antibody binding to aortic DHV than female patients (19.5 ± 2.1 vs. 1.6 ± 6.7). The p-value calculation was, however, limited by the fact that only two female patients received DAH, a ratio in line with the threefold higher incidence of aortic valve disease in male patients.

Figure 1 provides an overview of generally unspecified antibody binding pre-operatively and in comparison with the results in healthy controls. Please note the different age categories in the control group, which included participants over 18 years of age.
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FIGURE 1
Comparison of preformed antibody binding in minced decellularized allograft samples between healthy controls and patients who had received decellularized allografts according to sex, age, and valve position. Data from healthy controls were taken from our previous publication (7). Please note the different age categories in healthy controls, which were all over 18 years of age. Asterisks indicate statistical significance.




Correlation of baseline antibody binding according to donor age and recipient blood group

There was no correlation between the amount of overall antibody binding with respect to donor age, calculated using the Kruskal–Wallis test, with a p-value = 0.550.

Figure 2A shows the high level of variance in antibody binding between the 18 implanted decellularized allografts and the respective donor age. Interestingly, DHV recipients with sex mismatch to the donor showed significantly less antibody binding (6.5 ± 1.8 vs. 13.7 ± 1.8; p = 0.003), as seen in Figure 2B.
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FIGURE 2
(A) Correlation of baseline antibody binding in patients who had received decellularized allografts according to donor age. (B) Antibody binding in patients with and without a sex mismatch to the DHV donor. (C) Antibody binding in patients differentiated by recipient blood group.


Decellularized homograft valves recipients with blood group O showed significantly more antibody binding (median; IQR 11.6; −5.6 to 35.5) than A (p < 0.001; −7.7; −25.2 to 9.3) and B (p < 0.031; 9.1; −15.5 to 18.3), as seen in Figure 2C.



Development of antibody-binding amounts within the first month after decellularized homograft valves implantation in correlation to age, valve position, and echocardiographic follow-up

The amount of antibody binding, averaged for all patients, decreased on post-operative days 1 and 7 compared with pre-operative values and returned to levels close to pre-operative values on post-operative day 28: 16.8 ± 2.5 on day 0, 3.7 ± 1.9 on day 1, 2.3 ± 2.7 on day 7, and 13.2 ± 3.7 on day 28. DHV recipients with previous procedures showed less antibody binding in general (no previous operation 15.9 ± 36.5, 1 previous operation 7.9 ± 44.2, and 2 previous operations 9.2 ± 21.6).

Figures 3A,B exhibit the development of individual antibody binding for the overall study cohort, differentiated by age, valve position, prior DHV implantation, and echocardiographic signs of early degeneration.
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FIGURE 3
(A) Individual antibody binding of each patient against 12 solubilized decellularized valves. The lines connect the averages of all triplicate medians, displayed as arbitrary units, of each patient. The black line shows the average antibody binding of the whole study cohort at the respective time points. (B) Individual antibody binding for all 20 patients differentiated by age, valve position, prior DHV implantation, and echocardiographic signs of early degeneration. Broken lines indicate the patient post-lung transplantation.


Four patients, 3 following DAH implantation and 1 following DPH implantation, developed echocardiographic signs of early degeneration, such as cusp thickening, enhanced echogenicity, and/or mild flow acceleration during follow-up, which was 16.0 ± 4.7 months for the whole study group. All 4 patients were under 18 years of age (13.8 ± 1.6 years.), two of whom had received a decellularized allograft in the past (1 DAH, 1 DPH).

The antibody binding (median values of all triplets, in arbitrary units) did not differ significantly between recipients under and over 18 years: the median value under 18 years was 7.9 (IQR-12.2 to 29.0) and over 18 years was 5.3 (IQR-12.8 to 22.6); p = 0.602, Mann–Whitney U-test.

Figure 4 provides a graphical comparison of the amount of antibody binding to the DHV implanted in the patient and graphical illustrations of the 5 non-implanted decellularized aortic and 6 non-implanted pulmonary test valves. The middle column shows the antibody binding to the implanted DHV, the left column displays the antibody binding to aortic test valves, and the right column displays the antibody binding to pulmonary test valves. Patients who exhibited early signs of degeneration are shown in red, and patients without degeneration are shown in blue. Results are also differentiated by age of the patients, prior DHV implantation, and valve position as outlined on the right side of the figure. A key finding is an increase in antibody binding in younger patients receiving decellularized aortic allografts. This increase was enhanced in patients with early degeneration signs, but this effect was not specific to the implanted DHV nor linked with previous DHV implantation.
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FIGURE 4
Antibody binding to implanted DHV (middle column) and test valves (left column-aortic, right column pulmonary) differentiated by age (superior block), valve position (middle block), and prior DHV implantation (inferior block). In each graph, the results for patients with signs of early degeneration are marked in red, and blue indicates no degeneration at the last follow-up.


In a stepwise logistic regression, attached as Supplementary Material, aortic position (odds ratio 3.216) and a previously implanted DHV (odds ratio 12.326) were the only significant factors relevant for the occurrence of early degeneration.



Antibody binding toward explanted degenerated decellularized homograft valves samples and decellularized homograft valves retention samples prior to implantation

In four patients, antibody binding to an explanted degenerated decellularized allograft was analyzed. In three of these patients, the amount of antibody binding to the explant was compared with the amount of binding to the newly implanted DHV. In patient no. 21, who had previously undergone a double semilunar valve replacement, a mechanical aortic valve replacement was performed due to DHV degeneration after 60 months. In this patient, who did not volunteer for the serial follow-up study, we were able to compare the results from the explanted aortic allograft with a retained decellularized sample prior to implantation. Figure 5 shows significantly increased antibody binding to the explanted DHV and lower binding to the non-implanted sample, indicating an antibody-mediated DHV degeneration.
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FIGURE 5
Antibody binding in patients with previous DHV and with new decellularized allografts replacing the degenerated previously implanted grafts (patients 7, 11, 15). The amount of antibody binding to one DAH retention sample 60 months after implantation and in the explanted degenerated DAH is also shown (patient 21).




Test reproducibility

All tests were performed by one experimenter (FO). Technical triplicates were generated for all Dot-Blots. Experimental variance, as assessed by Cronbach’s α for Tau-equivalent reliability, was 0.979, indicating technical consistency. The interquartile range of the difference to the triplicate mean was −13.3 to 13.8 arbitrary units.




Discussion

Decellularized allogeneic heart valves have shown markedly less antigenicity than cryopreserved allogeneic heart valves, e.g., no detectable donor-specific HLA antibody response, measured by Luminex-based single beads assay, was observed after implantation of decellularized allografts (10, 11). Decellularized allografts nevertheless appear to elicit a low-grade immune response as evidenced by the diminishing freedom from explantation after 10 years among patients in the ESPOIR Registry for decellularized pulmonary homografts (12, 13).

In healthy controls, we were able to show that preformed antibodies binding to decellularized human heart valves (DHV) are present even without previous exposure to allogenic material with high variability between individuals (7). In the current serial assessment study of antibody binding in patients undergoing heart valve replacement with DHV, we did not observe any influence in terms of donor age on the amount of patient-specific antibody binding to several different decellularized donor tissues. Regarding ABO blood type, we saw a higher amount of binding in recipients with blood group O, which, however, may be biased by the over-proportional prevalence of this blood group among the included patients.

The analysis of sex-specific factors for higher immunogenicity of DHV in male patients was limited in the current study as there were only 3 female patients among the 20 study participants. The finding of reduced antibody binding in patients with sex mismatch to the donor was unexpected and needs further analysis, in particular in the light of increasing recognition of sexual dimorphism in the immune system (12). In our study of preformed antibody binding in healthy controls, we also examined the impact of sex mismatch but did not find any clear links (unpublished data). In the serum of female control subjects, there was lower antibody binding in mismatch situations, whereas in the serum of male control subjects, higher results in mismatch situations were observed.

There was no significantly increased antibody binding observed in the overall antibody binding pre-operatively in the four patients who had previously received a decellularized allograft. When we tested these four patients post-operatively for antibody binding to their explanted homografts, we saw markedly increased antibody binding to their explanted decellularized allografts (two aortic and two pulmonary), which we believe strongly implicates an antibody-mediated immune reaction as a co-factor in decellularized allograft degeneration.

One of these patients, a female patient who had undergone a double semilunar valve replacement with decellularized allografts and, subsequently, explantation of the degenerated aortic allograft, was also tested against a retained sample of the decellularized aortic allograft, which had been implanted 5 years earlier. Interestingly, there was only mild antibody binding toward the non-implanted test samples, but a very strong reaction toward the explanted and degenerated aortic allograft, which shows the de novo synthesis of antibodies directed toward the aortic allograft after implantation.

During a serial assessment of the individual antibody binding levels at the first month after implantation, we noticed an increase in particular in patients following the implantation of decellularized aortic allografts. This finding indicates early activation of the humoral immune system of patients receiving decellularized allografts and correlates with our findings of higher rates of midterm degeneration in decellularized aortic allografts compared with pulmonary allografts (2, 13).

The amount of antibody binding was not higher in patients with prior DHV explantation. There, however, was a significantly increased amount of antibody binding after 28 days in 4 patients who, during the 19.8 months (maximum) follow-up available to date, showed mild echocardiographic signs of degeneration, such as cusp thickening and increased echogenicity of vascular parts. All 4 patients were under 18 years of age (13.8 ± 1.6 years.), which highlights the importance of age with respect to early degeneration of biological heart valves. As two of these patients previously received a DHV, the previous implantation appears to be a risk factor for early degeneration during logistic regression.

Unfortunately, this increased antibody binding was not specific to the implanted allograft, and we were unable to demonstrate a correlation between the pre-operative antibody binding to implanted grafts and poorer early echocardiographic results in subsequent follow-up. As one of our leading goals was to enable and optimize pre-operative matching, this was a disappointing finding. The binding intensity of the currently tested antibody assays seems to indicate rather than provide a prediction of degeneration.

These results, however, are based on a small cohort of 20 patients with a limited follow-up so far. We are currently trying to establish a lateral flow test kit to replace the elaborate Dot-Blot for a clinical study of the antibody-mediated immune response following implantation of a decellularized allograft. We are also analyzing the activation of several chemokines and cytokines after the implantation of decellularized allografts to further characterize the individual immune response pathways that may ultimately lead to graft degeneration. Ideally, such analyses should also include T-cell-mediated response. Such information, however, may be impossible to obtain as serial biopsies in delicate structures such as heart valves cannot be justified ethically given the overall good performance of decellularized allografts. Despite positive findings in terms of good recipient cell repopulation (4), we postulate that, in the early post-operative period, when the graft surface has not yet been fully covered by endothelial cells, the relatively open matrix of the decellularized tissue also may be penetrable by humoral antibodies, which could bind to the matrix and subsequently induce a T-cell and B-cell response or the activation of macrophages.

We hypothesize that the so-called matrikines, specific peptides of the extracellular matrix which may become visible to the immune system after processing, are the leading target for the innate and acquired immune system (14). We do not believe that cell surface proteins or protein fragments are the specific targets of preformed and new antibodies, as we quantitatively assessed these types of proteins (e.g., ULBP-4, NT5E, Siglec-9, Nectin-2) before and after decellularization and demonstrated their absence after the process (unpublished data). Further Western-blot analysis of explanted, degenerated decellularized homografts may be an option to identify the major binding domains of preformed and newly synthesized antibodies. Once there is a better understanding of the molecular mechanisms behind the immunological activation occurring after implantation of decellularized human heart valves, the opportunity may arise to silence the respective antigens before implantation (11). As the field of xenotransplantation is rapidly evolving, new initiatives using decellularized xenogeneic heart valves will likely play a role in the future (15), possibly in combination with autologous stem cell recellularization using induced pluripotent stem cells (iPS) (16, 17). Our group already has started to use decellularized heart valves from genetically modified pigs in primate models for pulmonary valve replacement.



Limitations and conclusion

A limiting factor for the study was the low number of patients who could be included in the study due to the nature of homografts as a rare resource. This factor also limited the number of decellularized non-implanted tissue samples in comparison with the individual antibody binding.

Direct comparison of the results of antibody binding with healthy controls has technical limitations resulting from the variance in these complex experiments with the utilized biological test materials, e.g., such as different batches of secondary human antibodies. Direct comparison with the healthy controls was limited by different age and sex distribution within both groups.

Another limitation is the lack of long-term correlations of the early immunological activation, as evidenced by increasing antibody binding, with long-term DHV durability. We anticipate further insights in this regard in the future based on the ongoing follow-up of study participants.

In conclusion, serial assessment of tissue-specific antibody binding after implantation of decellularized allografts revealed increased antibody binding within 4 weeks after surgery in some patients, who subsequently developed early signs of allograft degeneration. Studies with a larger sample size are needed to confirm the prognostic relevance of antibody increase for valve performance and durability. In addition, specific research efforts to identify the molecular agents triggering this type of antibody response are required to understand the underlying processes.
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In situ heart valve tissue engineering approaches have been proposed as promising strategies to overcome the limitations of current heart valve replacements. Tissue engineered heart valves (TEHVs) generated from in vitro grown tissue engineered matrices (TEMs) aim at mimicking the microenvironmental cues from the extracellular matrix (ECM) to favor integration and remodeling of the implant. A key role of the ECM is to provide mechanical support to and attract host cells into the construct. Additionally, each ECM component plays a critical role in regulating cell adhesion, growth, migration, and differentiation potential. Importantly, the immune response to the implanted TEHV is also modulated biophysically via macrophage-ECM protein interactions. Therefore, the aim of this review is to summarize what is currently known about the interactions and signaling networks occurring between ECM proteins and macrophages, and how these interactions may impact the long-term in situ remodeling outcomes of TEMs. First, we provide an overview of in situ tissue engineering approaches and their clinical relevance, followed by a discussion on the fundamentals of the remodeling cascades. We then focus on the role of circulation-derived and resident tissue macrophages, with particular emphasis on the ramifications that ECM proteins and peptides may have in regulating the host immune response. Finally, the relevance of these findings for heart valve tissue engineering applications is discussed.
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Introduction

Every tissue in the body has distinct extracellular matrix (ECM) composition, that arises from a unique combination of up to ∼300 different ECM (e.g., collagen subunits, proteoglycans and glycoproteins) and ECM-related protein components (e.g., secreted factors and ECM regulators) (1). The main role of the ECM is to provide structural support to each tissue type and organ. In addition, each ECM component also plays a direct role in controlling cell adhesion, regulating cell growth, migration, proliferation, and differentiation potential (2); the native heart valve ECM being no exception.

Due to the distinct three-layer ECM composition, the heart valve leaflet structure is able to withstand constant pressure changes during the cardiac cycle (3, 4). The ventricularis or atrial is side of the leaflets, those which are exposed to pulsatile shear stress, are composed of radially oriented elastin fibers and provide the elastic recoil needed for when the valve opens and closes (5). The middle layer, or spongiosa of the valve, is comprised of proteoglycans such as chondroitin sulfate, glycosaminoglycans, and sparsely packed collagen fibers, all of which mitigate compression forces when the valve is closed (6). The circumferentially aligned, densely packed, collagen-rich (mainly collagen 1 (COL1), but also COL3) fibrosa layer is situated at the outflow tract and is the main structure that provides strength and stiffness necessary for valve sufficiency (7).

Because the ECM is the core component of heart valve functionality, diseases that abrogate ECM function, such as genetic conditions (8–11) and calcific aortic valve disease (CAVD) (12, 13), can disrupt normal valve performance and often warrants valve replacement. CAVD is the most common valve disease and is a progressive degeneration ranging from non-obstructive valve thickening to severe valve calcification, which may result in impaired leaflet movement and eventually leading to valve stenosis (12, 13). CAVD development is an active inflammatory process that culminate with the release of matrix metalloproteinases (MMPs) and cathepsins that drive pathogenic ECM remodeling and calcium deposition (14, 15). This may result in severe valve insufficiency and/or stenosis that will ultimately necessitate replacement.

In most cases, treating these severe conditions requires a valve replacement procedure (16), either using mechanical or bioprosthetic valves, as extensively reviewed elsewhere (17, 18). Despite the remarkable heart valve prosthesis evolution (19), in particular with the advent of transcatheter techniques (20), several clinical and societal dilemmas remain (Box 1). Importantly, current clinical-grade heart valve replacement solutions lack the ability to remodel, repair and/or grow upon implantation, determining a high incidence of reoperation to replace the valve implant, in particular in the young cohort (<60 years old) (21).


BOX 1  Remaining clinical and societal implications for heart valve therapies.

• Heart valve replacement procedures of severely dysfunctional valves, either using mechanical or bioprosthetic valves, is expected to reach 850,000 implants annually by 2050 (22).

• Patients receiving a mechanical valve are subjected to life-long anticoagulant treatment to prevent thrombosis (23).

• For elderly patients, current guidelines recommend a bioprosthetic valve generated from glutaraldehyde-fixed xenogenic tissue (e.g., porcine valves or bovine pericardium). This prosthesis has an improved hemodynamic profile, reducing the need for anti-coagulation therapy (24).

• Bioprostheses have residual immunogenicity (i.e., xenogenic alpha-gal epitopes) that can cause chronic inflammation upon implantation (25, 26). This leads to degenerative failure, and limited durability of the prosthesis, causing the need for multiple re-interventions in the young (21, 24, 27).

• European health care costs for patients having a heart valve replacement exceed €1 billion annually (28).



In situ heart valve tissue engineering has been proposed as a promising solution to achieve “next-generation” heart valve prostheses with the potential for life-long durability (18). Remarkably, tissue engineered heart valves (TEHVs), manufactured using either decellularized allogenic/xenogeneic valves or bioresorbable polymer-based valves, have reached clinical translation (29–35). While wound healing and the foreign body response are amongst the most hypothesized mechanisms behind the integration and remodeling of TEHVs (36–38), less attention has been given to the role of ECM proteins in regulating remodeling upon implantation. Therefore, the aim of this review is to describe what is currently known about the interactions and signaling networks occurring between ECM proteins and macrophages, and how these interactions may impact the long-term in situ remodeling outcomes of tissue engineered ECM (TEM)-based implants. First, we provide an overview of in situ heart valve tissue engineering approaches with a particular focus on TEM-based TEHVs (section “In situ heart valve tissue engineering”). Then, we briefly summarize the fundamentals of the wound healing and remodeling cascades, specifically examining two of the first responders to injury, circulation-derived macrophages and resident tissue macrophages (RTMs) (section “The role of macrophages in tissue remodeling”). We then discuss the role of ECM proteins, such as collagens (COL), fibronectin (FN), and their corresponding peptides, in regulating the macrophage response, with particular emphasis on the implications for remodeling mechanisms (section “Immunoregulation of extracellular matrix proteins”). Finally, the relevance of these findings for heart valve tissue engineering applications is discussed by proposing examples of scaffold functionalization using ECM or ECM-related proteins to regulate the host immune response toward adaptive remodeling (section “Discussion: Relevance for in situ heart valve tissue engineering”).



In situ heart valve tissue engineering

In situ tissue engineering relies on the regenerative potential of the recipient’s body to integrate and remodel an implanted off-the-shelf available construct. The scaffold used for this approach should withstand the native mechanical environment immediately upon implantation, favor host cell adhesion, migration and proliferation, support ECM production, and allow for adaptive remodeling toward a native-like functional living tissue (18, 36).

To achieve this, a multitude of different tissue engineering strategies have investigated distinct scaffold materials that ensure functionality and remodeling of the implanted TEHV, as extensively reviewed elsewhere (18). Briefly, TEHVs utilizing decellularized homografts have shown favorable long-term performance and limited in situ cell repopulation in clinical trials (30, 39–42). However, maladaptive remodeling phenomena (i.e., fibrosis and calcification) and not favorable long-term outcomes (i.e., 51% of freedom from reoperation at 10 years compared to 80% for standard cryopreserved allografts) have been reported (43–45).

TEHVs manufactured from decellularized xenografts have been associated with controversial results, with marked discrepancy between preclinical and clinical studies. Briefly, preclinical investigations in large animal models showed promising performance of xenograft-based TEHVs, with cellular infiltration throughout the tissue thickness (46). However, clinical trials were mostly unsuccessful, with signs of maladaptive remodeling [i.e., fibrosis, leaflet thickening, calcification, lack of cellularization, and chronic inflammation (47–53)], that may have caused the observed valve insufficiency and/or stenosis.

The functionality and remodeling potential of bioresorbable polymeric valves, which are compatible with surgical and transcatheter implantation techniques, were first demonstrated in large animal models (54–59). Within these studies, the valves showed acceptable functionality for up to 12 months, rapid cellularization, ECM deposition and progressive scaffold reabsorption (56, 58). Clinical translation of this approach is currently ongoing. A first pulmonary valve conduit design was evaluated in 12 pediatric patients [Xplore-1 study (34)], but moderate-to-severe pulmonary valve regurgitation was observed in 11 out of 12 patients (60). A retrospective analysis of the implanted conduits revealed leaflet thickness heterogenicity, with the leaflets being thinner in the commissural area. Therefore, the leaflet design was modified to achieve a more homogeneous thickness distribution. The improved of pulmonary valve conduit design has been then implanted in six children [Xplore-2 study (35)]. In this trial, moderate pulmonary valve regurgitation was reported for only 1 patient at the 12 months follow-up (60). In addition, 1 patient developed rapidly progressing stenosis and required conduit replacement (60). Given the mixed outcomes of these two clinical trials, as well as the reported intra-valve and inter-valve differences in remodeling and incomplete scaffold reabsorption after 1 year in preclinical studies (56, 58, 61–63), further data with longer follow-up time points are needed to determine the true clinical value of this approach. Alternatively, in vitro grown human cell-derived tissue engineered matrices (TEMs) have been recently proposed as a promising material to fulfill the need for an easily accessible and an off-the-shelf option for TEHV development (64, 65).

TEMs are obtained by in vitro culture of human fibroblast-like cells [e.g., human dermal fibroblasts or vascular-derived myofibroblasts (64–68)] on a biodegradable scaffold [i.e., fibrin gel or poly-4-hydroxybutirate (P4HB) coated polyglycolic acid (PGA) (64, 67–70)] for a pre-determined amount of time to have sufficient deposition of ECM proteins. After culture, the tissue is decellularized to ensure immunocompatibility and grant off-the-shelf availability, while also preserving the ECM structure (66). The resulting TEM can then be used to manufacture off-the-shelf available TEHVs to replace (pulmonary or aortic) heart valves with promising acute performance (64, 65), and sustained functionality, up to 1 year (67), with host cell repopulation, endothelialization, integration, and remodeling potential over time being consistently observed (67, 68, 70–74).

TEMs can be described as complex materials, comprised of a multitude of ECM proteins, minimal amounts of residual DNA that may remain from the decellularization process, and possibly bioresorbable polymer remnants (64, 65, 67, 68, 70, 71, 74). Upon implantation, each of these TEM components have a potential impact on the immune response to the implant and, thus, will contribute to its remodeling process (75); the ECM proteins being no exception. Generally, the ECM components of a TEM implant are considered for their mechanical properties (64, 71). Importantly, ECM proteins also have significant biocompatible properties that can guide cell behavior (76), and can potentially regulate macrophage polarization upon implantation.



The role of macrophages in tissue remodeling

The remodeling of a tissue engineered construct is a highly complex and dynamic process characterized by the interaction of different immune cells with the implant, followed by the release of cytokines to further attract immune and specialized cells to the injury/implantation site (75). Little is known about the remodeling following an injury in native heart valve leaflets. Animal studies indicate surgically wounded valves remodel by recruiting activated macrophages, myofibroblasts, and endothelial cells that contribute to the deposition of proteoglycans and secretion of MMPs (77–79). Eventually, as a result of this healing cascade, a collagen-rich fibrous tissue is formed and, over time, the valve leaflet is re-endothelialized (79). Macrophages have been repeatedly reported as early responders that govern wound healing and remodeling processes by secreting growth factors, chemokines and cytokines [e.g., transforming growth factor beta (TGFβ), fibroblast growth factor (FGF), platelet derived growth factor (PDGF) and vascular endothelial growth factor (VEGF) (80)] as extensively reviewed elsewhere (81, 82). This occurs also in the heart valves, where by secreting TGFβ and FGF, macrophages play a key role in activating valvular interstitial cells (VICs), to favor proliferation and migration during valve repair and remodeling (83). However, aberrant TGFβ stimulation is also the first step to pathogenic fibrosis and/or osteogenesis, potentially leading to fibrotic valve stenosis and calcific valve disease (84). Therefore, there is a fine balance between the signaling molecules secreted by macrophages that are needed to decide the fate between fibrosis and regeneration of both native and TEHVs, making these cells one of the key players in the repair and remodeling cascades.

Importantly, it is very likely that the host response to an implanted engineered valve will substantially differ from the innate remodeling following an injury, in particular if an implant leads to the chronic activation of immune cells and foreign body response. After 2–4 weeks from implantation, the surface properties of the implant will modulate the foreign body reaction, by affecting protein adsorption and early responding immune cells adhesion, thereby affecting the inflammatory cascade and the subsequent cellular recruitment and activation on the implant (85). Although it is currently difficult to predict the human immune response to implanted material, we present an overview of circulation-derived and resident tissue macrophages’ role in host immune response in the following sections. Traditionally, all macrophages were considered to be derived from the bone marrow through circulating monocytes (section “Circulation-derived macrophages”) (Figure 1A). More recently, it has been established that resident tissue macrophages (section “Resident tissue macrophages”) are derived from embryonic progenitors and can persist and proliferate throughout adulthood (86) (Figure 1B).
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FIGURE 1
Origin and function of macrophages and their corresponding cell models. (A) Circulation-derived monocytes (CD14Hi/CCR2+), activated by C-C motif chemokine ligand 2 (CCL2) and C-X-C chemokine ligand 3 (CXCL3) from cells at the wound site, differentiate to macrophages (Mφs). When in contact with cell debris and ECM fragments, Mφs polarize to M1 to induce clearance of the damaged cells/proteins. M1- Mφs secrete pro-inflammatory factors to attract ECM producing stromal cells and restore tissue integrity. Over time, to resolve inflammation, Mφs polarize to M2. M2-Mφs secrete anti-inflammatory factors that favor remodeling and restore tissue integrity. (B) Resident tissue macrophages (RTMs) are derived from C-Myb– hematopoiesis in the yolk-sac and reside in native fetal tissues, but persists into adulthood. Upon tissue damage, RTMs are activated by damage associated molecular patterns (DAMPs) and polarize to M1. M1-RTMs secret pro-inflammatory cytokines that recruit circulating monocytes and neutrophils, but then quickly polarize to the M2 state to promote tissue restoration and homeostasis. (C) Immortalized leukemic cells THP-1 and U937 are used to model peripheral blood-derived monocytes and Mφs. M1 polarization is induced by lipopolysaccharides (LPS), interferon (IFN)-γ with subsequent pro-inflammatory cytokine production interleukin (IL)-12, IL-6, IL-1β, and tissue necrosis factor (TNF)-α. M2 polarization is induced by IL-4 and IL-13 with subsequent production of IL-10, IL-8, CCL18, CCL12 and transforming growth factor (TGF)β. (D) iMφs are a proposed model of RTMs in vitro. Their C-Myb independent ontogeny is similar to RTMs and have shown to polarize in a similar manner to the M1 (LPS, IFN-γ) and M2 (IL-4, IL-13) states. EB, embryoid body; iNOS, inducible nitric oxide synthase; iPSCs, induced pluripotent stem cells; LPS, lipopolysaccharides; MCP-1, monocyte chemoattractant protein 1; MHC-II, major histocompatibility complex class II; PMA, protein kinase C activator.



Circulation-derived macrophages

Circulation-derived macrophages originate from monocytes (carrying markers CD14Hi, CCR2+ and CSFR2+) that circulate in a dormant steady state and are products of hematopoiesis (87, 88). Circulating monocytes are attracted to the surface of a wounded area and/or implant, where they differentiate to macrophages (87, 88) (Figure 1A). These macrophages remove cell debris as well as clear foreign materials (82). In addition, they enable collagen deposition in the injured area, or on the implanted biomaterial, in order to induce tissue restoration and support further immune cell and fibroblast recruitment via cytokine release (88, 89).

The cytokines secreted in the early stages of wound healing are highly dependent on the biochemical cues present in the wound or on the surface of the implanted material. Several determinants, such as the presence of cell debris, external pathogens, ECM proteins, and foreign materials (i.e., bioresorbable polymers), can impact whether the circulation-derived macrophages display a pro- or anti-inflammatory phenotype (90). Pro-inflammatory polarization, primarily comprised of M1 sub-populations, enables the formation of multinucleated foreign body giant cells (FBGCs) with the intent to engulf and clear any foreign material and remove cellular debris. Normally, when M1 macrophages have concluded the clearance of cell debris and foreign bodies, further M1 polarization is not required and the cells repolarize into an anti-inflammatory state, generally known as the M2 state. Anti-inflammatory polarization is comprised primarily of M2 (e.g., M2a, M2b, M2c, and M2d) macrophage subgroups, and promotes tissue regeneration by secreting anti-inflammatory cytokines such as interleukin 10 (IL-10), IL-4, IL-1Ra and growth factors like TGFβ1, thereby attracting fibroblasts to restore tissue integrity (91, 92). Both M1 and M2 are considered dynamic states and with inherent plasticity that depends on the stimulation they receive from their surrounding environment or the presence of paracrine factors (92), thereby enabling the spontaneous initiation and resolution of inflammation. Importantly, macrophages guide de novo ECM synthesis by recruiting ECM producing α-smooth muscle actin (αSMA)-positive cells, but also by directly depositing ECM proteins (89, 93). ECM production by macrophages is primarily influenced by polarization toward the M2 subgroups (92). In vitro studies have showcased the direct production of collagens (COLVI and COLVIII) from stimulated monocytes and macrophages (94), as well as glycosaminoglycans and α-elastin in a strain-dependent manner, identifying macrophages as direct regulator of ECM turnover and synthesis (95). In vivo studies focusing on the cardiac wound healing response demonstrated that macrophages can directly deposit collagen in scar formation upon cardiac injury (96), further highlighting the role of macrophage-ECM crosstalk that should to be taken into consideration for TEHV implantation. M2 macrophages also enable ECM production and turnover at the wound/implantation site indirectly. For example, IL-10 and TGFβ1 secretion recruits and activates fibroblasts leading to ECM deposition in a myocardial infarction model (97). Furthermore, the paracrine effects of TGFβ1, PDGF, and MMP secretion have been shown to activate ECM producing cells, such as fibroblasts, to favor tissue repair and remodeling (96). However, the regulation of direct collagen synthesis from M2 macrophages remains unclear.

Thus, adaptive or maladaptive remodeling of a tissue engineered implant is a complex process highly dependent on the inflammatory response and, more specifically, on macrophage polarization. In the case of TEM-based cardiovascular implants, a multitude of ECM proteins such collagens, glycoproteins and proteoglycans are in direct contact with the circulation-derived macrophages through a network of signaling proteins such as integrins (85). These interactions may impact the long-term remodeling outcomes of in situ regeneration, and will be further detailed in section “Immunoregulation of extracellular matrix proteins.”



Resident tissue macrophages

While circulation-derived macrophages originate from blood monocytes, resident tissue macrophages (RTMs) can originate from: (a) embryonic development, independent of hematopoiesis, and from (b) infiltrating monocytes that arise from bone marrow hematopoiesis in adulthood (98). Compared to circulation-derived macrophages, for RTMs from embryonic origin, primitive and transient hematopoiesis is c-Myb independent (99) (Figure 1B). In adulthood, RTMs reside in all tissues and are responsible for tissue homeostasis and immune surveillance with distinct functions specific for each tissue’s microenvironment (100). However, the exact origin of adult RTMs and the mechanisms of RTMs maintenance within the adult tissue are currently not clearly defined (101).

RTMs possess self-renewal capacity and, upon tissue injury, are rapidly activated by signals released from damaged cells (i.e., calcium, ATP, H2O2, and DNA) (100). As the first responders in the wound healing cascade due to their proximity to injured tissue, activation of RTMs enables immediate pro-inflammatory cytokine release (i.e., tissue necrosis factor (TNF)-α, inducible nitric oxide synthase (iNOS), and IL-1β), which then recruits neutrophils and monocytes (102). As soon as RTMs initiate the pro-inflammatory response, they start producing ECM in order to recover tissue integrity and provide supportive matrix for cell infiltration (102). Due to their constant interaction with ECM, RTMs play an integral role in tissue remodeling for in situ regeneration (88). In addition to circulation-derived macrophages, RTMs may also play a role in remodeling implanted materials. When a foreign material, like the hTEM, is implanted, RTMs may be capable of infiltrating into the implant from adjacent tissues, including the heart muscle and vascular wall. Whether RTMs promote or resolve rapid inflammation and signal adaptive tissue remodeling upon contact with TEM-based implants, still remains to be further explored in the future. In terms of TEHVs, cells are known to infiltrate the implant from the arterial wall (38). However, whether RTMs may undergo such migration has not been elucidated to this date.

The role of macrophages in cardiovascular tissue development, homeostasis, and disease, has been recently examined mostly murine models, as reviewed elsewhere (103). In regards to heart tissue, cardiac-resident macrophages play a key role in homeostasis as well as in limiting damage extension following a cardiac injury, resulting in necrotic and apoptotic cell clearance, promotion of angiogenesis and reduction of inflammation (98). In the heart valve, CD45+ cells identified in the leaflet were originally hypothesized to differentiate toward VICs (104). However, further analyses have identified an immune population with macrophage characteristics in these CD45+ cells (105, 106). In addition, adult and developing heart valves have revealed the presence of multiple immune cell populations with characteristic markers of RTMs (106–108). Similar to cardiac RTMs, valvular RTMs have a role in tissue homeostasis, and have been associated to ECM remodeling, aging, and disease (106–108). Harnessing the characterization of these cell types in native heart valves, as well as in TEHVs, would greatly improve our understanding of in situ regeneration and remodeling.

Although RTMs have been thoroughly investigated and characterized through lineage tracing experiments in mouse models, their detailed function has not been elucidated for every organ system in humans (109). In humans, the functional characterization of these cells has been limited primarily because RTMs are challenging to isolate, due to the minimal number available in the tissues (109). The use of macrophage cell models is therefore currently being proposed as a solution to combat these challenges (section “In vitro macrophage models”).



In vitro macrophage models

Macrophage behavior in vitro has been investigated through a variety of cell lines isolated from human donors. Peripheral blood mononuclear cells (PBMCs) are the most accessible source of macrophages and have been studied extensively to assess the early steps of the remodeling cascade, early ECM production as well as material immunocompatibility in the cardiovascular tissue engineering field (95, 110–115); their advantages and disadvantages have been extensively reviewed elsewhere (116). However, human monocytes and monocyte-derived macrophages lack in vitro proliferation potential, leading to the constant need for new donor material (87). This disadvantage coupled with the inter-donor variability prompted researchers to use immortalized cell lines from a similar origin, such as leukemic immortalized monocytes THP-1 and U937 cells (87, 117) (Figure 1C). Compared to PBMCs, the high proliferation rate of these cell lines make them a practical source to study monocyte and macrophage function and differentiation, manifested by their broad in vitro applications for immune modulation approaches and in the cardiovascular tissue engineering field (117–119). However, there have been highlighted differences between THP-1 and PBMCs. Some suggest to limit the use of THP-1 cells when studying polarization, as THP-1 cells have a bias toward phagocytosis and the M1 phenotype (116, 120). Moreover, the malignant genetic background of these immortalized cells puts their application relevance into question. Especially as in vivo studies would still be required to validate any in vitro experiments using immortalized cell lines.

Due to RTMs paucity in tissues and limited availability of human donor materials, isolation in large numbers has been an unconquered milestone. Recently, iPSC-derived macrophages (iMφs) produce c-Myb independent macrophage-like cells from yolk sac-like structures (Figure 1D) and have been proposed to accurately mimic RTM biology in vitro (121–124). So far, due to their plasticity and adaptation potential to environmental stimuli, tissue specific resident-like iMφs such as alveolar-like, brain tissue resident-like (microglia-like), skin resident Langerhans-like, and liver resident Kuppfer-like iMφs have been successfully produced (123, 125, 126). However, research is still ongoing into iMφs that are functionally similar to cardiovascular RTMs. The use of iMφs may prove to be valuable for in vitro modeling of RTMs in wound healing and remodeling processes, specifically for in situ regeneration approaches.




Immunoregulation of extracellular matrix proteins

The multi-step process of remodeling is not only controlled biochemically by cytokines, but also biophysically by cell-ECM interactions (76, 127). Hence, implants manufactured from decellularized ECM, such as TEMs, may actively influence immune cell (i.e., macrophages) behavior via integrin- or non-integrin mediated signaling.

Integrin-mediated cell-ECM interactions occur when transmembrane integrin receptors, such as focal adhesions, physically bind to different ECM components and lead to signal transduction mechanisms (2, 128, 129). These connections allow cells to perceive changes in the ECM microenvironment (e.g., composition, stiffness, and orientation), as well as to migrate through the ECM (130). TEM-based TEHVs have been reported to contain ECM proteins like collagens (COLI and COLIII), FN, as well as glycosaminoglycans (64, 65), therefore having a potential role in regulating macrophage response (64, 65), which should be further investigated.

Non-integrin mediated cell-ECM interactions are observed in the presence of bioactive ECM peptides or epitopes, also known as matrikines or matricryptins, generated by ECM fragmentation (2, 131). Both matrikines and matricryptins refer to ECM peptides that are usually not exposed in intact and mature ECM fibers, but that are able to regulate cellular activity when exposed after degeneration. These ECM sites become available only after structural or conformational alterations (i.e., enzymatic degradation, self-assembly, denaturation, cell-mediated mechanical forces, and adsorption to surfaces) to the ECM proteins (132). In the field of tissue repair and regeneration, it is possible to identify these ECM transformations at the site of tissue injury, suggesting that the consequent exposure of specific ECM peptides may provide new signaling cues to regulate immune cells and tissue restoration (132). It is to be expected that these protein and relative fragments are also similarly present at the site of implantation of a tissue engineered implant, as well as they may be contained in a TEM-based valve replacement. Importantly, these molecules form a class of damage-associated molecular patterns (DAMPs) that activate immune (e.g., macrophages) and differentiated (e.g., fibroblasts) cells via toll-like receptor (TLR2 and TLR4) signaling (133). This alerts the immune system to tissue damage and initiates tissue repair (2, 76, 134, 135). Among the ECM peptides discovered to be capable of acting as DAMPs, there are those derived by FN, fibrinogen, versican, and heparan sulfate. Overall, these peptides engage with multiple pattern recognition receptors and initiate a pro-inflammatory response (136). As an example, biglycan and decorin have been reported to be capable of both generating a pro-inflammatory response in macrophages by interacting with TLR2 and TLR4, as well as promoting an anti-inflammatory response critical for the resolution of inflammation (137–139). In addition, bioactive ECM fragments from the basement membrane have been identified in both healthy and diseased hearts, and associated to cardiac disease (140). An example is endostatin, one of the most investigated peptides derived from enzymatical cleavage of COLXVIII. Endostatin is mostly known for its anti-angiogenic properties, but also anti-fibrotic and anti-tumor effects, via the reduction of anti-inflammatory cytokine (e.g., IL-4, IL-10, IL-13, and VEGF) expression and of M2 polarization (141).

In the following sections, we will discuss what is known about the effect that ECM proteins (such as collagen and FN, that have been found in TEM-based TEHVs) and ECM-derived peptides have on macrophages and their relevance for repair and remodeling mechanisms (Figure 2).
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FIGURE 2
Schematic representation of wound healing outcomes after tissue injury. (A) In normal wound healing cascades, resident tissue macrophages (RTMs) and circulation-derived macrophages (Mφs) are attracted to the damaged area. When in contact with cell debris and ECM fragments, RTMs and Mφs polarize to the M1 state and produce pro-inflammatory cytokines. After the initial pro-inflammatory response, M2 polarization with progressive resolution of the inflammation occurs. Among other stromal cells, fibroblasts are recruited to site to restore tissue integrity. (B) In the presence of a high amounts of ECM fragments, peptides, cell debris and/or DNA remnants, prolonged M1 polarization with limited or absent M2 transition occurs. This results in a chronic pro-inflammatory stimulation that leads to the production of unorganized collagen-rich ECM by the activated fibroblasts (myofibroblasts) and may cause tissue fibrosis. GAGs, glycosaminoglycans; RGD, Arg-Gly-Asp.



Macrophage/collagen interactions

Collagens are the most abundant proteins in the human body (142) and one of the major components of in vitro grown TEMs. Collagens provide structural and mechanical properties to the tissue, while also playing an important role in controlling and regulating immune cells (143). In this regard, macrophages have been shown to be key players in controlling collagen homeostasis by contributing to collagen degradation and turnover (144), but also collagen synthesis in vitro and in vivo (e.g., tissue fibrosis during heart repair) (96, 144).

The immunomodulatory effect of collagen is a consequence of the different ligands that can be recognized by immune cells [e.g., integrins, discoidin domain receptors, immunoglobulin-like receptors, and mannose receptors (88, 96)]. These interactions have been reported to increase cell adhesion and integrin expression in both innate and adaptive immune cells (145), and reduce the inflammatory response of macrophages via the leukocyte-associated immunoglobulin-like receptor 1 (LAIR-1 or CD305) (146, 147). In addition, macrophage migration and mechanosensing in a fibrillar collagenous matrix is controlled by α2β1 integrin binding and stretch-activated channels, resulting in macrophage migration toward the source of a dynamic force, such as the substrate deformation caused by contractile fibroblasts in the tissue (146, 148, 149). Finally, in vitro studies showed that macrophage infiltration into collagen-based substrates is impacted by collagen architecture (150). Taken together, these findings suggest that collagen structure and organization in tissue engineered products, such as TEM-based TEHVs, may influence adhesion, infiltration and migration of macrophages, and potentially mediating the host’s inflammatory response.



Macrophage/fibronectin interactions

FN is a large glycoprotein that can be either present in a soluble [e.g., plasma FN (129)] or non-soluble form (e.g., cellular or tissue FN) that is produced by cells such as fibroblasts and endothelial cells (151). FN fibrils are required for the deposition of collagen and for the binding of glycosaminoglycans, thereby becoming a fundamental protein to ensure ECM remodeling during the wound healing cascade (152). FN, also one of the main ECM components of TEM-based implants, has been reported to influence the adhesion, migration, and apoptosis of monocytes and fibroblasts, among other cells (151, 153). Monocyte differentiation into macrophages was enhanced when FN-coated surfaces were used, suggesting an important role for integrin-mediated adhesion in macrophage differentiation (154, 155). FN has also demonstrated influence of macrophage polarization toward a pro-inflammatory state, characterized by increased phagocytosis activity (155, 156). In addition, the pro-inflammatory effect was further elicited in macrophages that interacted with both collagen and FN, a situation that simulates cases of tissue damage where numerous ECM proteins are exposed or fragmented (157).

Based on these results, it is expected that TEM-based TEHVs, derived by in vitro culture of fibroblast-like cells, have high non-soluble FN content that may therefore influence macrophage polarization toward a pro-inflammatory status. This will lead to the recruitment and activation of more immune cells and ECM-producing αSMA+ cells, similar to what is commonly observed in a wound healing response (81, 82). In theory, macrophages will then play a key role in attracting fibroblast-like cells to stimulate TEM-based TEHV remodeling (83).



Macrophage/extracellular matrix-derived peptide interactions

ECM-derived peptides are bioactive sites of ECM proteins such as collagens, FN, and elastin, also referred to as matrikines and matricryptins. Peptides may either be generated by direct ECM damage (e.g., upon injury), or be exposed in immature ECM proteins (e.g., in a remodeling tissue) (2, 131). Importantly, these peptides are considered DAMP molecules that may have the potential to activate immune cells and/or stromal cells (e.g., fibroblasts) to initiate tissue repair through influencing cell migration, adhesion, and differentiation both in vitro and in vivo (2, 76, 134, 135).

RGD (Arg-Gly-Asp) is an integrin-binding peptide that results from exposed collagen, FN, vitronectin, and osteopontin proteins upon conformational changes as its active domain becomes apparent only upon substrate denaturation of collagens (158, 159), or absorption of FN and vitronectin (160). In areas of tissue injury, FN fibrils were shown to have an increased affinity for the exposed RGD sites of denatured collagens. It is hypothesized that this specific ECM composition, with abundance of exposed RGD sites as both proteins carry this sequence, is recognized by the immune system as a unique wound signal (161). Hence, it is not surprising that macrophages are affected by the presence of RGD domains, which stimulate the adhesion and M2 polarization both in vitro and in vivo (162). On the other hand, macrophage adhesion and fusion to FBGCs is supported by the presence of RGD peptides in combination with another FN-derived peptide, PHSRN (Pro-His-Ser-Arg-Asn) (163), which suggests that a combination of matricryptins—that could be found in a site of tissue injury—may be important in regulating a pro-inflammatory response. Finally, the inflammatory profile of macrophages and consequent fibrotic tissue formation could be mitigated when the RGD-binding integrins were blocked using specific antibodies (147), once again suggesting a pro-inflammatory effect of this peptide. Taken together, these results indicate a very active but controversial role of the RGD peptide in modulating macrophage response and polarization, making this peptide an interesting target for biomaterial functionalization (149).

VGVAPG (Val-Gly-Val-Ala-Pro-Gly) is an elastin-derived peptide that becomes exposed upon elastase and MMP12 digestion of elastin fibers. This peptide has repeatedly been shown to have chemotactic properties for monocytes, macrophages, and fibroblasts (164–166), and is also involved in ECM degradation via regulation of MMP expression (167). Specifically, the presence of elastin-derived fragments is associated with increased proliferation and decreased elastin synthesis in vascular smooth muscle cells (168). In addition, the VGVAPG peptide increased smooth muscle cell migration through the elastic lamina, thereby leading to intimal hyperplasia (168, 169). Elastin is one of the key components of vascular, valvular and heart tissue, highlighting the importance of these results for clinical translation in the cardiovascular field.

PGP (Pro-Gly-Pro) is a matricryptin derived from COL1 that plays an important role in mediating inflammation. This peptide has sequence and structural homology with one of the domains on alpha chemokines and, therefore, can mimic their chemotactic effect in inflammation models (160, 170, 171). Some bioactive ECM peptides are also involved in ECM synthesis and remodeling. Among these, the peptide GHK (Gly-His-Lys) was reported to favor wound healing and skin regeneration when combined with copper ions (Cu2+), by stimulating collagen turnover, modulating MMP activity, and attracting immune cells to the wound (172).

Taken together, these studies highlight the importance of ECM and ECM-derived peptides in regulating the early steps of the inflammatory response by directly affecting macrophages (summarized in Figure 2). Because collagens and FN are among the main components of the TEM, the presence of such peptides should be carefully evaluated to better understand the intricated steps of tissue remodeling upon implantation. The possibility of using ECM proteins and fragments to favor the TEHVs in situ remodeling potential may be an interesting strategy to influence the remodeling cascade as well as favor tissue integration and adaptive remodeling of the implant, as further discussed in section “Discussion: Relevance for in situ heart valve tissue engineering.”




Discussion: Relevance for in situ heart valve tissue engineering

The importance of ECM proteins in regulating macrophage behavior and, therefore, the consequent remodeling cascade should be considered when developing a TEHV. Macrophages are the primary mediators of host engraftment and will drive the response to the different biomaterials implanted (142), potentially deciding the fate of TEHV remodeling. Based on this, researchers are continuing to investigate ways to improve the remodeling of TEHVs with in situ regenerative potential.


Improving the characterization of decellularized tissue engineered matrices-based tissue engineered heart valves

Originally developed to achieve an off-the-shelf available immunocompatible product and to limit leaflet retraction observed in autologous cell-based TEHVs (173–175), decellularized TEM-based TEHVs have been developed. However, the TEM-based TEHVs have been reported to undergo adverse remodeling in chronic studies implanted in sheep, with leaflet thickening and shortening caused by fusion of the leaflet to the wall, and resulting in severe valvular insufficiency within 24 weeks after implantation (68, 73, 74). A possible explanation for this outcome was obtained by using computational modeling to simulate stress and strain distribution on the valve leaflet. Sanders et al. showed that the simplified geometry of TEM-based TEHVs led to radial leaflet compression when subjected to physiological (pulmonary) pressure conditions (176). Based on this, further computational simulation was used to identify an improved valve geometry that could counteract the observed leaflet retraction (176). To impose this geometry, TEM-based TEHVs were manufactured using a constraining bioreactor insert during tissue culture and tested in a preclinical sheep model (67). Upon implantation, the TEHVs demonstrated in vivo performance for up to 1 year, and underwent native-like remodeling. Remarkably, no signs of adverse remodeling (i.e., leaflet thickening or leaflet-wall fusion phenomena) were observed (67). The morphological evaluation was indicative of functional native-like remodeling, with thin and shiny leaflets, complete integration within the adjacent native pulmonary artery wall, and formation of a neo-sinus. On a microscopic scale, the authors reported extensive cellular repopulation of the entire valve, improved matrix composition with elastin deposition, as well as reorganization of the collagen fibers (67). Taken together, these results indicate that valve geometry is one of the key factors in ensuring long-term TEHV function. In a subsequent study, Motta et al. investigated how the computational-inspired TEHV geometry could impact the host cell response and, therefore, tissue remodeling (177). Focused on macrophages, αSMA-positive cells, and endothelial cells as key players of the remodeling cascade, the authors found that compared to the first simple, non-physiological geometry (74), the remodeling of computational modeling-inspired TEHVs having a physiological-like design had negligible amounts of macrophages and αSMA-positive cell infiltration, had the absence of thickening, and showed rapid endothelialization (177).

However, we can hypothesize that, other than TEHV geometry, also TEM composition may influence macrophage response and, therefore, the remodeling cascade, as summarized in Figure 3. We have previously described how ECM composition and integrity can play a role in regulating macrophage response (section “Immunoregulation of extracellular matrix proteins”). In addition, the presence of scaffold remnants may induce a foreign body response, with macrophage activation and possibly fusion to form FBGCs, as reviewed elsewhere (178). Finally, residual cellular components (i.e., DNA), may influence macrophage response and, therefore, the remodeling cascade, as detailed below.
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FIGURE 3
Hypothetical mechanisms involved in the remodeling of tissue engineered matrix (TEM)-based implants. TEM composition may be a crucial parameter in determining the remodeling potential of TEM-based implants. Resident tissue macrophages (RTMs) and circulation-derived macrophages (Mφs) are key mediators of the inflammatory process. Once in contact with TEMs, RTMs and Mφs may start a pro- or anti-inflammatory signaling by polarizing between M1 and M2 states, respectively. The sustained presence of polymer remnants, ECM fragments, and double stranded DNA (dsDNA) residues from incomplete decellularization, may lead to pro-inflammatory stimulation of RTMs and Mφs with consequent M1 polarization with the release of pro-inflammatory factors. This pro-inflammatory state may lead to the activation of fibroblasts into myofibroblasts, with the consequent production of a collagen-rich ECM, similarly to what is observed in tissue fibrosis (maladaptive remodeling). In contrast, TEMs having intact ECM proteins (e.g., COLs, FN, GAGs) as well as low amounts of dsDNA after optimal decellularization, may determine a short pro-inflammatory phase followed by M1 polarization resolution and transition to the M2 state. M2 RTMs and Mφs may help with provisional matrix formation. Recruited fibroblasts populate the implant and produce organized ECM until resolution of the inflammation occurs (adaptive remodeling). αSMA, alpha smooth muscle actin; COLs, collagens; FN, fibronectin; GAGs, glycosaminoglycans; IL, interleukin; RGD, Arg-Gly-Asp; TGF, transforming growth factor; TNF, tissue necrosis factor.


The immunocompatibility of biomaterials made from decellularized (native or in vitro grown) tissues may be affected by the degree of decellularization, as the presence of cell debris may influence the immune response upon implantation. Decellularization protocols, as reviewed elsewhere (179, 180), generally aim at lysing resident cells to drastically reduce the immunogenic components of the starting tissue (i.e., DNA remnants) using a combination of chemical, physical, and enzymatic reactions, all while preserving the ECM. However, complete removal of all cellular components has not been shown so far. The presence of several antigens and/or DAMPs released from lysed cells (e.g., calcium-binding proteins, DNA, ATP, chromatin, nuclear proteins), which has been reported to potentially cause an adverse immune response upon implantation (181). Therefore, decellularized tissues should comply with the quantitative criteria described in 2011 (182): no visible cell nuclei in H&E or DAPI staining; double stranded DNA content < 50 ng/mg of dry tissue; and DNA remnant size < 300 base pairs. It has been shown that residual cellular debris, such as DNA, mitochondria and cell membrane proteins, can promote a pro-inflammatory M1 macrophage phenotype both in vitro and in vivo (183). This is particularly striking as clinical-grade biological decellularized tissues have great variations in the amount of retained cell remnants, a parameter that may cause differences in the tissue remodeling outcome upon implantation and device efficacy (184). Indeed, the DNA amount and degree of fragmentation within decellularized tissues was reported to influence macrophage phenotype both in vitro and in vivo, with a more effective decellularization being associated with a shift from an M1 to M2-like phenotype (185, 186).

On the other hand, extensive decellularization protocols can alter the three-dimensional structure of the ECM proteins [i.e., glycoproteins, proteoglycans, fibrinogen and fibronectin domains, tenascin c, etc. (136)], thereby creating further DAMPs (187). Therefore, maintaining the integrity of ECM proteins upon decellularization is important to ensure not only sufficient mechanical properties of the tissue, but also to promote an anti-inflammatory effect (185).

Several in vitro studies have investigated how decellularized native tissues can modulate macrophages polarization. For example, ECM scaffolds obtained from decellularized porcine small intestine submucosa (SIS) proved to favor a M2-like macrophage phenotype, with anti-inflammatory and pro-remodeling characteristics (183, 186, 188). On the other hand, dermal tissue-derived ECM scaffolds promoted a pro-inflammatory M1-like phenotype (183). However, the cause of macrophage polarization variation on the different substrates was not clarified. Importantly, macrophage polarization is often not quantitatively apparent in vivo and results may differ significantly between pre-clinical and clinical data (186). In this regard, the clinical use of decellularized porcine, SIS-based or valve-based, TEHVs resulted in severe adverse events for pediatric applications (47, 53). Remarkably, such an adverse effect was not observed during pre-clinical investigations in sheep models (189–192), as extensively reviewed elsewhere (18). These results suggest that decellularized xenograft-based valvular replacements may still contain α-galactose (25), a pro-inflammatory epitope that, particularly in pediatric patients, may have caused the adverse inflammatory response resulting in valve calcification and degeneration (47, 53). Therefore, independent of tissue origin, xenograft material may elicit a strong inflammatory response with detrimental consequences.

Taken together, these results highlight the limitations of both in vitro and in vivo preclinical models and suggest the need for an improved testing platform to assess immunocompatibility of decellularized products.



Extracellular matrix-based functionalization of bioresorbable polymeric tissue engineered heart valves

Among the different types of TEHVs with in situ remodeling potential, polymer-based TEHVs have generated considerable interest and their clinical translation is currently ongoing with however, mixed outcomes so far, as discussed in section “In situ heart valve tissue engineering.” While conceptually, such materials may have multiple advantages (e.g., reasonable cost, scalability, tenability of degradation, mechanical properties and architecture), long-term safety and efficacy of this concept, especially when the initial polymer is fully resorbed, remains to be elucidated.

Nevertheless, researchers are constantly trying to improve their polymer-based scaffolds by promoting cell recruitment and endogenous tissue formation. One way to achieve this goal is to implement microstructural design features (i.e., pore size or polymer fiber orientation) to resemble native ECM architecture of the heart valve (62, 193), as reviewed elsewhere (38). Scaffold microarchitecture can be further combined with polymer functionalization using ECM proteins and ECM-derived molecules (55, 194). It was found that non-covalent scaffold functionalization was successfully achieved by developing a hybrid polymer, which combined the durability of synthetic polymers with the biocompatibility of gelatin (55). By using a cell-free rapid jet-spinning manufacturing process, the resulting TEHV had not only mimicked the fibrous, anisotropic architecture of the native leaflet with the synthetic polymers, but also had enhanced implant biocompatibility that favored cellular attachment and infiltration with the use of gelatin. These gelatin-functionalized TEHVs have been successfully implanted in an acute sheep model, demonstrating functionality in vitro as well as in vivo (55). However, long-term comparative studies are needed to understand the benefits of gelatin functionalization may have on the remodeling potential of this hybrid TEHV.

Considering its significant role in mediating macrophage function, FN has been frequently used in biomaterial surface modification to favor implant integration and cell adhesion (142). However, the impact of FN pre-adsorption in controlling macrophage adhesion and cytokine release is often overruled by the material surface chemistry, thereby suggesting the need to better understand the macrophage response to both the material and the proteins that are immobilized on the material (195).

To date, there are no other studies where bioresorbable polymeric TEHV functionalization was evaluated in large animal models. However, in the cardiovascular field, a multitude of growth factors in combination with ECM proteins have been proposed to favor tissue integration and remodeling, as extensively reviewed elsewhere (194, 196). For example, VEGF was demonstrated to significantly inhibit the formation of calcifications in valve interstitial cells, whereas TGFβ1 stimulated calcific nodules in vitro (197). Remarkably, the use of FN coating proved to significantly reduce calcification formation despite TGFβ1 administration (197). These results suggest that, to limit the risk of calcifications, specific ECM proteins and growth factors, like FN and VEGF, can be combined to functionalize scaffolds for TEHV applications. Heparin and IL-4 have also been proposed to functionalize polymer. In vitro results showed that this functionalization effectively promoted M2 macrophage polarization and created an anti-inflammatory environment in electrospun scaffolds (112). Similarly, the use of a cytokine cocktail (i.e., IL-10 and prostaglandin-E2) was shown to promote tissue integration and to polarize macrophages into M2 pro-healing phenotype, thereby decreasing adverse immune reactions (198), suggesting a potential use of an IL-4 and IL-10 combination to improve material integration and performance.

The use of peptides to functionalize scaffolds for cardiovascular applications has been extensively reviewed elsewhere (149, 199, 200). Peptides such as RGD and REDV are mostly used to favor endothelialization of the construct, as the sequences can be specifically recognized by the endothelial cells (199, 200). However, as discussed in section “Macrophage/extracellular matrix-derived peptide interactions,” their impact on macrophage adhesion and polarization should be further investigated. A stromal cell derived factor 1α (SDF1α)-derived peptide has been proposed as a potential chemokine to attract monocytes and progenitor cells and to modulate tissue remodeling. In vitro studies using SDF1α-derived peptides for polymer functionalization showed reduced expression of inflammatory factors, indicating a reduction in inflammatory signaling. In vivo implantation of these scaffolds as rat abdominal aorta interposition grafts showed increased presence of macrophages after 7 days, thereby suggesting the potential role SDF1α-derived peptides may have in modulating the immune response (201). However, scaffold functionalization still comes with some limitations, such as the need to ensure the functionality of the bioactive molecule included and the reduced shelf-life of the product due to diffusion of the included protein (55).




Conclusion

ECM proteins are a potent tool for the immunoregulatory function upon implantation of a tissue engineered heart valve. A multitude of studies suggest the potential role of ECM and ECM-related proteins in regulating macrophage polarization both in vitro and in vivo. However, their effect on the adaptive or maladaptive remodeling of TEM-based TEHVs should be further considered. Based on these observations, several functionalization approaches for bioresorbable polymeric TEHVs, either using ECM proteins, cytokine/growth factor cocktails, cells capable of secreting ECM-related cytokines, or ECM-derived peptides, have been evaluated both in vitro and in vivo. However, to this date, none of these approaches have reached clinical translation.

The pre-clinical use of TEM-based TEHVs for pulmonary applications has shown great potential, and their translation to aortic application is awaited. A full understanding of how ECM-based biomaterials specifically engage with the host tissue has not yet been fully elucidated. However, it is crucial to determine how the host responds to the implanted TEM-based biomaterial based on its protein composition, ECM architecture, and 3D structure, to ensure safe clinical translation. In particular, guidelines on what potential contaminants should be completely eliminated or a threshold for potential immunogenic proteins should be outlined and standardized. In addition, extensive ECM characterization of the final product, including identification of pro-inflammatory ECM components and DAMPs, should be performed. With consistent material production and comprehensive regulations on decellularized biomaterials, TEM-based TEHVs may soon become the next-generation heart valve prosthesis.
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Patient no. Sex Age (years) Valve Indication Blood group Follow-up

1 M 15 Aortic Stenosis, first AVR O+ 15 months, DAH echogenicityt
2 M 11 Aortic Stenosis, first AVR A— 15 months, DAH intact

3 M 16 Pulmonary Regurgitation, redo DPH A+ 13 months, DPH echogenicityt
4 M 14 Pulmonary Regurgitation, first PVR A+ 10 months, DPH intact

5 M 11 Aortic Stenosis, first AVR A+ 18 months, DAH intact

6 M 9 Aortic Regurgitation, first AVR O+ 14 months, DAH echogenicityt
7 M 6 Aortic Stenosis, redo DAH O - 23 months, DAH intact

8 F 17 Pulmonary Regurgitation, first PVR B+ 17 months, DPH intact

9 M 16 Aortic Stenosis, first AVR O+ 18 months, DAH intact

10 M 15 Aortic Stenosis, redo DAH O+ 13 months, DAH echogenicityt
11 M 20 Pulmonary Regurgitation, redo DPH A+ 17 months, DPH intact

12 M 19 Pulmonary Regurgitation, first PVR A+ 20 months, DPH intact

13 F 21 Aortic Stenosis, first AVR O+ 24 months, DAH intact

14 M 46 Aortic Regurgitation, first AVR O+ 16 months, DAH intact

15 M 30 Pulmonary Stenosis, fourth PVR O+ 13 months, DPH intact

16 M 20 Aortic Stenosis, first AVR O - 25 months, DAH intact

17 M 30 Aortic Stenosis, first AVR O+ 12 months, DAH intact

18** M 44 Aortic Stenosis, first AVR O - 12 months, DAH intact

19 M 41 Aortic Regurgitation, first AVR O+ 20 months, DAH intact

20* F 29 Aortic Regurgitation, first AVR A+ 15 months, DAH intact

Pat *20 underwent bilateral lung transplantation 18 months prior to DAH, Pat **18 underwent chemotherapy 6 months prior to DAH.

DAH, decellularized aortic homograft; DPH, decellularized pulmonary homograft; AVR, aortic valve replacement; PVR, pulmonary valve replacement.
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Gene

BMP2
RUNX2
IL-1p
TNF-e
IL-6
GAPDH

Forward

TCTGGAAGCTGTGGGATAGA
GACTGTGGTTACCGTCATGGC
ATGGCAACTGTCCCTGAACTCAACT
GCAGATGGGCTGTACCTTATC
GTTGCCTTCTTGGGACTG
GGAGTCTACTGGCGTCTTCAC

Reverse

GAGGAGCCTGTGGAGAAATAC
ACTTGGTTTTTCATAACAGCGGA
CAGGACAGGTATAGATTCAACCCCTT
GAAATGGCAAATCGGCTGAC
ACTGGTCTGTTGTGGGTG
ATGAGCCCTTCCACGATGC

Runx2, RUNX family transcription factor2; Bmp2, bone morphogenetic protein 2, IL-1p, interleukin 1 beta; IL-6, interfeukin 6; TNF-a, tumor necrosis factor-alpha; Gapdh,

glyceraldehyde-3-phosphate dehydrogenase.
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Disease

Hypertension and
arterial stiffening
(Arteriosclerosis)
Atherosclerosis

Abdominal Aortic
Aneurysm

Thoracic Aortic
Aneurysm

Etiology

Acquired

Acquired

Acquired

Genetic

Features

Altered collagen metabolism, higher MMP expression, reduced amount of elastin or compromised fiber
assembly, altered ECM composition, generation of elastin derived peptide etc. causes arterial stiffening
and leads to hypertension and other complications.

Chronic inflammation, infitration of lipids and macrophages, accumulation of PGs, degradation ECM
components in the aortic wallleads to formation of AS plaque. Leading cause for myocardial infraction and
stroke.

Infittration of inflammatory cells, chronic over expression of MMPs (MMP 2 and 9) cause medial SMC
apoptosis and ECM degradation, destruction and fragmentation of elastic fibers in the arterial wall.
Compensatory collagen deposition mechanically stabiizes weakened aortic wall, but eventually leads to a
fatal hemodynamic stress-induced wall rupture.

Abnormalities in elastin-associated microfibrils caused dysfunctional FBN1 gene and increase tissue level
of TGF-B, leads to breakdown of elastin.
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AS model

Ldl—/~ mice, with high
fat diet

ApoE~/~ mice

ApoE~/~ mice

New Zealand rabbits,
LN2 frostbite AS model

L/~ mice, with high
fat diet

Japanese big-ear white
rabbits with high fat diet

MSC source
BM-MSC (mice)

Skin-derived MSCs
(mice)

BM-MSC (ApoE-KO

mice)
BM-MSC (rabbit)

CM from AD-MSC

UGC-MsC

Major outcomes with MSC treatment

Reduction in effector T cells, circulating monocytes and serum CCL2 levels. Reduced
dyslipidemia in mice.

S-MSCs capable of migrating to AS plaque and selectively taking up residence near
macrophages. Reduced the release of the TNF-a and increased the expression IL10 in the
plaque region.

Redluced the size of AS plaques 3 months after treatment. Atheroprotective role by enhancing
the number and function of Tregs and inhibiting the formation of macrophage foam cells.
Downregulation of plasminogen activator inhibitor 1 (PAI-1), and MMP-9 after 4 weeks of MSC
transplantation.

Serum hs-CRP, TNF-a and IL-6 were significantly down-regulated, whereas IL-10 was
significantly up-regulated. Formation of abundant collagen fibers at the plaque rupture areas.
Suppression of macrophages accumulation, downregulation of MAPKs and NF-kp leading to
M1/M2 polarization, downregulation of CAM and JNK phosphorylation with CM treatment.

Downregulated apoptosis and proliferation of arterial cells. EC density increased in treated group.

Reduced levels of TNF-a and IL6.
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AAA model

Angllinfused
ApoE-/-mice
Angll infused
ApoE-/-mice
PPE C57BL/6 mice
Angllinfused
ApoE-/-mice
PPE-SD Rat

Angll infused ApoE-/-
mice

PPE-SD rat

Cacly infused rat
PPE C57BL/6 mice

Angll infused ApoE~/~
mice

MSC source

BM-MSC (mice)

BM-MSC (mice)

AD-MSC (mice)

BM-MSC (mice)

UC-MSC (human)

Allogenic and
Autologous
BM-MSC (mice)
BM-MSC and
BM-SMC (rat)

AD-MSC (mice)

AD-MSC (humar)

BM-MSC (mice)

Major outcomes with MSC treatment
Reduced MMP2, TNF-a, IL-6, and MCP-1. Increased elastin expression.

Reduction in aortic diameter. Reduced MMP2, MMP9, IL-18, IL-6, and MCP-1 levels.
Preservation of aortic elastin content, increase in IGF1 and TIMP2.

Reduced aortic diameter.

Less fragmented elastin versus saline controls.

Reduced aortic diameter. Reduced MMP2/9 expression, inhibited infitration of M1 macrophages
and preserved elastin.

Reduced aneurysmal expansion, reduced elastin degradai
expression.

, inhibited MMPs and TNF-a

No major difference between allogenic and autologous MSC in reducing chronic inflammation
and reduced aortic dilation.

BM-MSG and BM-SMG downregulated expression of several inflammatory and pro-apoptotic
cytokines.

Deposition of thick and matured fivers were observed with BM-SMG treatment in the AAA wall
thinner and fragmented fiber

Reduced MMP2 and MMP9 expression

Increased elastin expression

Reduced aortic expression and plelotropic immunomodulatory effects,

No aortic engraftment following LV, paracrine effects following lung engraftment

Regulation of the NF-«B, Smad3, and Akt signaling pathways.
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Disease/animal
model

AS/ ApoE-/- mice

AS/ ApoE-/- mice

AS/ ApoE-/- mice

AAA caused by AS/
Angllinfused ApoE-/-
mice

AAA/ Blastase
induced mice model

MSC source for
exosome isolation/
exosome isolation
method

BM-MSC (mice)/ UC
method
BM-MSC

UC-MSC (human)/UC
method

BM-MSC (mice)

UC-MSC (human)/UC
method

Major outcomes with exosome treatment

Selective uptake of IV injected MSC-exosomes by macrophages in pladue region, reduced plaque
area and induced M2 macrophage polarization through miR-let7/HMGAZ/NF-KB pathway.
Exosomes containing miR-21a-5p promoted M2 polarization of macrophages, reduced plaque area
and macrophage infitration by targeting KLF6 and ERK1/2 signaling pathway.

miR-145-rich exosomes downregulated JAM-A, reduce AS plaque in vivo.

Attenuated AA progression decreased expression of IL-18, TNF-a, and MCP-1, and expression of
IGF-1 and TIMP-2 increased. Also induced M2 macrophage phenotype and suppressed elastic
lamelia destruction.

Reduction in aortic diameter, reduced expression of pro-inflammatory cytokines, increase in « SMC
expression and decreased elastic fiber disruption.

References

(107)

(108)

(109)

(110)

(111





OPS/images/fcvm-09-879977/fcvm-09-879977-g003.gif





OPS/images/fcvm-09-879977/fcvm-09-879977-g004.gif





OPS/images/fcvm-09-879977/fcvm-09-879977-g005.gif
Collfree.

Stom Cell
Propagation

Elastic
Lamolize

Non-tumorigenic
Nonimmoncgonic

Proiastogonic
Antproteonic
Faciors

Conditioned medi

Fiber formation
4ECM degradation

Apoptosis






OPS/images/fcvm-09-879977/fcvm-09-879977-g006.gif





OPS/images/fcvm-09-879977/fcvm-09-879977-g002.gif
CENTRAL ILLUSTRATION: Key Elements of the Arterial Wall and Vascular
Extracellular Matrix Components.

comminin @ o @t

P N 77

Colisgen Eastn  Mplonn  Proteoglan  ECM Protesses
EndothlBlCell VasulrSmooth  Lamina Elastica
e cat nerns

Barallobre-Barreiro, J. et al. J Am Coll Cardiol. 2020;75(17):2189-203.






OPS/images/fcvm-09-829120/fcvm-09-829120-t002.jpg
Model

Pulmonary (valve)
interposition graft
in the descending
aorta

Ross procedure

References

Lower etal. (124)

Nappi et al. (22, 120)

Vanderveken et al.
(118, 119)

Pillsbury et al. (125)
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Animal

Sheep

Sheep

Pig

Sheep

Objective

Feasibiity study.

Dilatation, remodeling,
resorbable and composite
external support.
Dilatation, remodeling,
mechanical properties,
porous mesh support.
Feasibiity study.

Dilatation in growing

animals, tissue remodeling.

Dilatation, valve function,
cellular characterization.

SMC, smooth muscle cell. Adapted with permission from Van Hoof et al. (123).

Follow-up

Upto 12
months

6 months

6 months

12-14
months.
10 months

20 months

Main findings

The pulmonary valve and artery can withstand the
systemic circulation.

Resorbable support prevents excessive dilatation,
enables diameter increase in proportion to somatic:
growth. Wall erosion undemeath stiff materials.
Remodeling in line with earlier studies. Support halts
dilatation yet with risk of vascular atrophy. Mechanical
adaptation in some samples.

‘The subcoronary Ross procedure is technically feasible.

Increase in size along with somatic growth. Wall:
revascularized, typical architecture preserved, SMC's
enlarged, collagen increase. Valve: enlarges more than
can be explained by merely somatic growth.

Valve: native cel distribution, neovascularization in leaflet
base, trilayered architecture preserved.
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Understanding pulmonary autograft remodeling

Mechanotransduction and -regulation mechanisms in wall and valve
Established mechanism: collagen deposition
Additional mechanisms which determine (maljadaptation?
Cel-cell or cel-ECM adhesions
Collagen cross-linking
Role of endothelial cels, shear stress and blood flow?
Timeline of adaptation? Is it ever complete?
What defines (mal)adaptation?

Aorta and PA have common embryological origin ~> Can the autogratt truly
develop aorta-like microstructure and mechanical properties?

Have they diverged too far apart? Is any observed remodeling merely a
coping mechanism, leading to a new equiliorium at best?

Risk of dissection in dilated autograft—criteria for reintervention?

Are pulmonary leaflets better suited than wall to withstand systemic
conditions?

Different innate remodeling ability? Related to distinct mechanical loading?

Strategies to improve autograft longevity and adaptation

Ideal conditions for autograft?
Geometry: sinus/cusp orientation, proportions annulus-sinus-STJ,
How much stress is ideal/acceptable for wall and leaflet?
Blood pressure target?
How much autograft wall dilatation is desirable or can be tolerated?
Threshold for damage —start of pathological cycle of remodeling?
Optimizing patient selection
Can we go beyond anatomical and demographic variables?
In vivo quantification of arterial properties and autograft (mal)adaptation
Mechanical properties: stiffness, elasticity > Imaging
Biological processes: collagen cross-linking, ... > Biomarkers
> Pre-operative: predict dilatation, guide patient selection
> Post-operative: identify maladaptation, risk of reoperation/dissection
External support
Can we reduce the reintervention rate without collateral damage?
Risk of erosion, serorma formation, graft migration?
Effect on LV and leaflet stress?
Ideal material properties? Role for resorbable materials?
Outcome of PEARS for the Ross operation?
Antihypertensive treatment
Effect on reintervention rate?
Hemodynamic effect vs. direct influence on remodeling pathways?
Other strategies to pharmacologicaly influence remodeling?





OPS/images/fcvm-09-807255/crossmark.jpg
©

2

i

|





OPS/images/fcvm-09-807255/fcvm-09-807255-g001.gif





OPS/images/fcvm-09-829120/fcvm-09-829120-g006.gif





OPS/images/fcvm-09-829120/fcvm-09-829120-g007.gif
[ Shesuen T

Tunica mada
i o ek

o o

Pumonary stagat
o sisonme

Prw—

<
<

<,

Gap Bovumtion n IELE
s moerssss

Comon o €M remodeing

e fagmentaion
ot s donpied?
SyrbecpesvCs

i oo remoselog?
ol marcoroacions 17

excesproteoue sy
Py

(s srovre yoe s
Ctuganremodeing
a9

,





OPS/images/fcvm-09-829120/fcvm-09-829120-g008.gif





OPS/images/fcvm-09-829120/fcvm-09-829120-t001.jpg
References

Goffin et al. (113)

Takkenberg et al. (111)

Ishizaka et al. (110)

Rabkin-Akawa et al.
(24)

Schoof et al. (25)

Mookhosk et al. (109)

Yacoub et al. (20)

Sample origin

Autopsy after death from
ventricular arthythmia
=1

Reintervention (aortic
homogratt) for dilatation
with AR (0 = 1),
Reintervention for dilatation
with AR (0 = 4)
Reintervention for dilatation
with AR (0 = 4),
transplantation (1 = 3),
autopsy (1= 2).

Reintervention for dilatation
with AR (1 = 26),
reintervention for AR after
subcoronary Ross (0 = 2),
autopsy after freestanding
Ross (1=2).

Reintervention for dilatation
with AR (n = 10), for
isolated dilatation (1 = 1).

Reintervention for dilatation
With AR (0 = 7), for AR after
subcoronary Ross (1 = 1),
autopsy after subcoronary
Ross (1 = 1), autopsy after
freestanding Ross (n = 1).

AR, aortic regurgitation; SMC, smooth muscle cell.

Timing

1.5 years

7 years.

1,3,4,and 8
years.

3early (2-10
weeks) and 6 late
(2.5-6 years).

Mean 6.1 3.1
years, range
0.4-11.7 years.

Median 11, range
7.3-15.4 years.

Freestanding:
mean 14 £ 4
years.
Subcoronary: 42
and 44 years.

Wall

Normal elastin and SMC
architecture. Disappearance of
dendritic cels.

Focal interruption of elastin
fibers, intimal hyperplasia,
fibrosis.

Elastin fragmentation,
mucopolysaccharide deposition.
Early: elastin fragmentation,
granulation tissue. Late: fibrosis,
loss of normal SMCs, elastin and
collagen without inflammation o
calcification.

Elastin fragmentation,
mucopolysaccharide deposition,
adventital ibrosis, myofibroblast
presence and SMC hypertrophy,
intimal hyperplasia.

Mixture of adaptation (increased
number of continuous elastic
fibers), and disarray (elastin
fragmentation and scarce
collagen in between). Notable
presence of vasa vasorum in
outer tunica media and
adventitia.

Valve

Thickening of ventricular aspect of leaflets
with large numbers of fibroblasts.
Disappearance of denditic cells.

Trilayered architecture preserved yet
leaflets thicker due to pannus with intimal
hyperplasia and myofibroblasts on
ventricular side of cusp. Reduction of
myofibroblast and MMP-13 counts in early
vs. late explants.

Trilayered architecture preserved yet
leaflets thicker due to apposition of extra
tissue layer on ventricular side of cusp with
intimal hyperplasia, myofibroblasts,
collagen and elastin. Similar features in
non-failed explant acquired at autopsy.
Failed subcoronary implants: grossly
disturbed architecture.

Trilayered architecture preserved yet
leaflets thicker due to apposition of fibrous
tissue on ventricular side. Ventricularis
contains myofibroblasts and cells positive
for MMP1, IL-6 and TGF-B. Increase in
collagen fiber density. Evidence of ongoing
remodeling at 10 years.

Trlayered architecture preserved yet
leaflets thicker due to apposition of tissue
on ventricular side, containing elastin,
collagen, glycosaminoglycans Thickness
of fibrosa layer increased to that of aortic
valve. Subcoronary: architecture distorted,
calcifications.
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c a a a RMSE (kPa) Al

Fresh BP 528.9 + 650.22 11.56 + 24.19 7.06 +15.89 1294295 9.49 £2.53 0.55 £ 0.21
Decellularized BP 19058.2 + 46137.75 412+ 4.15 117 £1.03 0.26 £0.22 11.11£9.79 0.32+0.15
Biohybrid 278.42 + 302.94 2533 +48.76 578 £7.83 1.92 £331 13.74 £15.22 0.45 £ 0.25

Fung exponential model parameters and anisotropy index (Al) for the each experimental group. RMSE is the root mean square error. Data are presented as mean + SD.
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Model

Direct cell-to-cell Interaction (2D)

In-direct Transwell Co-culture (20)

Cell Sheet (2D) (Decelularized ECM)

Cell Sheet (Polymer Scaffold)
Microflidiic Chip (2D)

Spheroid (3D)

Cell-laden Hydrogel Construct (3D)

Tissue-engineered Blood Vessel (3D)

Vessel-on-a-chip (3D)

Cell types

VSMGs, monocytes, ECs

Monocytes, HUVECS, bacterium

ECs, THP-1s
SMCs, THP-1s

SMCs, ECs, THP-1s.

ECs and SMCs differentiated from
BMCs; fibroblast, SMCs, ECs,
chondrocytes

SMCs

ECs (endothelium-on-a-chip), THP-1s

Mutti-layer including SMCs, ECs, and
foam cells

Foam cells
SMCs

Myeloid cells, THP-1s, macrophage,
denditic, myofibroblasts

ECs, SMCs, monocytes neutrophil in
collagen gel
THP-1s in collagen gel

ECs, SMCs, monocytes
ECs, fibroblasts, or SMCs (2-layered
vessels)

ECs, monocytes (branched geometry)
ECs, SMCs, monocytes, fibroblasts

ECs, SMCs

ECs, SMCs, and macrophages

Model function (biological process)

To study the effect of diseased conditions (M-CSF,
diabetic, or vascular injury) on atherosclerotic
development, including macrophage activation/adhesion
t0 VSMC, or SMC phenotype switch

To study the impact of bacterial infection on
atherosclerosis development (inflammation and EC
apoptosis)

To evaluate potential atherosclerosis treatment

To study the significance of physical contact between
SMC and monocyte for atherosclerosis development

o study the interactions between different cell types and
their effects on atherogenesis.

To mimic the native ECM component to improve
vascular cel spreading and prolferation.

To partially mimic arterial structure

To observe endothelial response, inflammation, and
interaction with monocytes during atherosclerosis.

To evaluate the effect of nanomedicine on dysfunctional
endothelium

To study the mechanism of atorvastatin under the
atherosclerotic condition

To evaluate therapeutic effects on atherosclerosis
To study SMC remodeling during atherosclerosis
To emulate late-stage fibroatheroma

To mimic early atherosclerosis and study the effect of
SMG on monocyte adhesion

To study ECM effect on macrophage behavior under
early and late atherosclerosis

To study early atherosclerosis development

o study the mechanism of atherogenesis or drug
screening

To study the endothelial behavior in the athero-prone
region

To mimic key early atherosclerotic plaque features for
mechanism study or drug screening

To mimic the natural vascular features on a chip with
controlled geometry

To emulate atheroscierotic plaque on a chip
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Model

Single-cell
Systems (2D)

Direct Co-culture
(20)

In-direct Transwell
Co-culture (2D)
Cell Sheet (2D)

Microfluidic Chip
(20)

Spheroid (3D)

Cell-laden
Hydrogel
Construct (3D)

Tissue-engineered
Blood Vessel (3D)

Vessel-on-a-chip
D)

Features

Seeding only one cell type ina
tissue cuiture plate (TCP)

Direct cell-to-cell seeding of
multicel types in a TCP

Cells seeded in a TCP and
trans-well inserts

Layered structure seeded on
the 2D scaffolds or no scaffolds

Endothelium seeded on a chip
with a flow

Cellular aggregates to provide
3D structures

Cells embedded within
hydrogel scaffolds

Models reproducing native
vessel structure and size with
or without disease features

Models reproducing vessel
structures with or without
disease feature ona
micro-sized chip

Advantages

High availability
Easy to make
Cost-effective

High reproducibilty
High throughput

Better mimicking the vascular
wall structure than other

2D systems.

Relatively easy to fabricate

Micro-analysis
Providing continuous

Applications

- Evaluation of drug and drug delivery
system
- Mechanistic studies

- Study of cell-cell interaction
and adhesion

- Study of cellular responses via secretory
pathways and cytokine production

- Potential for therapeutic evaluation

- Potential for studying cell-cell interaction

- Mechanistic studies
- Nanomedicine evaluation

monitoring and medium supply - Allowing real-time imaging

Enhanced sensitivty
Dynarmic culture
Relatively easy to make

Providing spherical structures
Advanced plaque

Abiity to provide an ECM
mimicking environment
provided by the scaffold
relatively easy to make

Allowing controlled stimuli
Providing partially vessel-ike
structure

Dynamic culture

Providing similar size to that of
native vessels

Allowing controlled stimuli and
real-time imaging

Providing partially

vessel-like structure

Dynamic culture

- Mechanistic studies

- Mechanistic studies

- Drug evaluation
- Mechanistic studies

- Potential for medical device evaluation
- Allowing real-time imaging

- Appiicable for drug screening
- Mechanistic studies
- Allowing real-time imaging

Challenges

- Fail to mimic the native plaque

composition and vascular structure

- Difficulty mimicking native physiological

structures and proper development of
cellular interactions with ECM

Prone to spontaneous shrinkage or
contraction
Lacking adequate mechanical properties

- More expensive than TCP

based systems

Require additional types of equipment,
such as pumps, tubing, and connectors

- Not adequately model 3D native

environments

- Costly

- Limited capability or function in

‘comparison to native tissue
Faiing to provide the layered
vascular structure

Low quantity of spheroids

- Difficult to reproduce
- Poor mechanical properties.

- Majority are not developed using arterial

cells
Lacking the fibroblast layer
Challenging to have a monolayer of
endothelium

Failing to induce advanced
atherosclerotic plaques

Expensive and difficult to reproduce
Time-consuming

Expensive and difficult to reproduce

- Additional equipment to create a

dynamic microenvironment
Lacking three-layered structures
Time-consuming

Inability to provide actual size vessel for
medical device evaluation

Limited to drug screening

Directions

Creating a co-culture system

Using ECM-mimicking scaffold

Improving cell attachment

Using ECM mimicking scaffold
Increasing mechanical property through
other types of scaffolds

Exploration of applications of

such systems

Using ECM mimicking scaffold
Using multiple vascular cells observed in
the placue

Large production of this model

Increase  mechanical
reproducibiity
Controling the properties of hydrogels
Using these systems for

various applications

Producing three-layered vessel

Using arterial cells or stem cells
Incorporating T and B cells in the system
Large  scale  production  for
pharmaceutical use

Improving reproducibilty

Providing advanced plaque

properties and
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Model

Macrophage

SMC

EC
Foam cell

Model function (biological process studied)

To evaluate drug delivery system targeting ability to plaque
To evaluate drug delivery system effects on macrophage polarization

To evaluate drug delivery system effects on cholesterol removal (efflux)

To evaluate drug delivery system effects on inflammation resolution

To evaluate drug delivery system effects on Reactive oxygen species generation
To evaluate drug delivery system effects on nitric oxide production

To evaluate drug delivery system effects on efferocytosis and phagocytosis

To evaluate celular uptake of drug delivery system

To evaluate drug delivery system effects on cellular apoptosis

To evaluate drug delivery system effects on foam cell formation

To evaluate drug delivery system effects on the cellular prolfferation

To evaluate drug delivery system effects on foam cell formation

To evaluate the cellular uptake of drug delivery systems

To evaluate the cellular uptake of drug delivery systerms

To evaluate cellular binding of drug delivery systems.

To evaluate drug delivery system effects on cholesterol removal (efflux)

To evaluate drug delivery system effects on inflammation resolution
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Model Biological process

Macrophage Efferocytosis or/and phagocytosis, or pyroptosis

Cellular senescence

Lipid uptake or/and foam cell formation

Inflammation

EC Pyroptosis

Inflammation or/and Apoptosis

Cell senescence

SMC Phenotypic modulation

Model function

To study the effect of allele G of rS9349379, an intron of PHACTR1 gene, on
impairing the efferocytosis in human atherosclerotic lesional macrophages
To explore whether GATA2 overexpression can impair macrophage
phagocytosis and efferocytosis

To study the mitochonciial outer membrane protein effect on inhibiting
macrophage pyroptosis resulting from Ox-LDL.

To explore the mechanism of formation of senescent macrophages during
atherosclerosis and whether LPS can induce macrophage senescence

To investigate the direct role of IgE on
macrophage-sterol-responsive-network gene expression and foam cell
formation

To study the refationship between the phenotype-specific difference of
macrophages and their abilty of LDL uptake, cellular cholesterol levels, and
cholesterol eflux.

To explore whether the inhibition of bromodomain-containing protein 4
could prevent lipid accumulation in senescent macrophages

o study the function of the RAC1 gene on regulating inflammatory cytokine
secretion and lipid uptake of macrophages

To explore the underlying mechanism of vascular inflammation effect on the
foam cell formation derived from marchpane, mainly focusing on the role of
NOSH in macrophage lipid up take

To investigate whether the role of TREML4 in human macrophages and the
pathogenesis of atherosclerosis

To investigate whether NOS1 could enhance the pro-inflammatory cytokine
secretion by macrophages

To explore the molecular mechanism of FGF21 function against
atherosclerosis and the effect of FGF21 on suppressing proteins associated
with pyroptosis in HUVECS

To explore whether NLRP3 activation in ECs can promote atherosclerosis
development associated with diabetes

To study how disturbed flow regulating enzymes as well as ther roles in the
apoptosis and inflammation

To explore how exosome IncRNA GASS regulates apoptosis of HUVEGs in
atherosclerosis

To study whether the disturbed flow can induce HUVEC senescence and
associated pathway

o study the oxidized lipid effect and SMC phenotype changes

To study whether there are differences between Ox-LDL-loaded SMCs

in vitro and in vivo at a genetic level.
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LPS, Lipopolysaccharide; PHACTR1, Phosphatase and Actin Regulator 1; IgE, Immunoglobulin E; NOST, Nitric oxide synthase; IncANA, Long non-coding RNAs; FGF21, Fibroblast
growth factor 21; HUVECs, Human umbilical vein endothelial cells; GASS5, Growth Arrest Specific 5; ECs, endothelial cells; Ox-LDL, Oxidized lipoprotein.
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CS Somitestage Days postovulation  Crown rump length (mm)  Morphological landmarks

9 1-3 19-21 15-80 Head fold present

10 4-12 2 2085 Neural tube closing. First and second branchial arches visible

11 13-21 24 25-45 Rostral neuropore closing. Otic placodes present. Optic vesicles formed,

12 21-29 2 35 Upper limb buds appear. Rostral neuropore closed. Caudal neuropore closing. Otic
pits present. Three pairs of branchial arches visible.

13 30+ 28 46 Embryo has C-shaped curve. Caudal neuropore closed. Upper limb buds fiipper fike.

Four pairs of branchial arches visible. Lower limb buds appear. Ofic vesicies present.
Lens placodes distinct. Attenuated tai present.

14 32 57 Upper limbs paddie-shaped. Lens pits and nasal pits visible. Optic cups present.

15 33 7-9 Hand plates formed. Lens vesicies present. Nasal pits prominent. Lower limbs
paddie-shaped. Cervical sinuses visible.

16 37 11-14 Foot plates formed. Pigment visible in retina. Auricular hillocks developing.

17 41 11-14 Digital rays clearly visible in hand plates. Auricle hillocks outline future auricle of
external ear. Trunk beginning to straighten. Cerebral vesicles prominent.

18 44 13-17 Digital rays clearly visible in foot plates. Elbow region visible. Eyelids forming. Notches
between the digital rays in the hand.

19 475 17-20 Limbs extend ventrally. Trunk elongating and straightening. Midgut herniation
prominent. Prominent toe rays.

20 505 21-23 Upper fimbs longer and bent at elbows. Fingers distinct but webbed. Notches
between the digital rays in the feet. Scalp vascular plexus appears.

21 52 22-24 Hands and feet approach each other. Fingers free and longer. Toes distinct but
webbed. Stubby tail present.

22 54 2527 Toes free and longer. Eyelids and auricles or external ears more developed

23 565 28-30 Head more rounded and shows human characteristics. External genitalia stil have

sexless appearance. Distinct bulge still present in umbilical cord caused by herniation
of intestines.

(See http://hdbratias.org/staging-criteria/camegie-staging. tmi). Note on staging: The papers we have referenced use a range of staging methods, including Camegie Stages (CS),
days/weeks post conception (dpc/ocw), and crown-rump length (CRL). For comparative purposes and to aid understanding for the non-embryologist, these have been converted into
days/weeks post conception. Where relevant, the original staging method follows in italics.
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