
 

Inflammatory and regenerative processes in bioresorbable
synthetic pulmonary valves up to two years in sheep:
Spatiotemporal insights augmented by Raman
microspectroscopy
Citation for published version (APA):
de Kort, B. J., Marzi, J., Brauchle, E., Lichauco, A., Bauer, H., Serrero, A., Dekker, S., Cox, M. A. J., Schoen, F.,
Schenke-Layland, K., Bouten, C. V. C., & Smits, A. I. P. M. (2021). Inflammatory and regenerative processes in
bioresorbable synthetic pulmonary valves up to two years in sheep: Spatiotemporal insights augmented by
Raman microspectroscopy. Acta Biomaterialia, 135, 243-259. https://doi.org/10.1016/j.actbio.2021.09.005

Document license:
CC BY

DOI:
10.1016/j.actbio.2021.09.005

Document status and date:
Published: 01/11/2021

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://doi.org/10.1016/j.actbio.2021.09.005
https://doi.org/10.1016/j.actbio.2021.09.005
https://research.tue.nl/en/publications/bc10bf63-43e9-4bb1-b048-d0997b7f1341


Acta Biomaterialia 135 (2021) 243–259 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

Inflammatory and regenerative processes in bioresorbable synthetic 

pulmonary valves up to two years in sheep–Spatiotemporal insights 

augmented by Raman microspectroscopy 

B.J. De Kort a , b , J. Marzi c , d , e , E.M. Brauchle 

c , d , e , A.M. Lichauco 

a , b , H.S. Bauer f , A. Serrero 

f , 
S. Dekker a , M.A.J. Cox 

f , F.J. Schoen 

g , K. Schenke-Layland 

c , d , e , h , C.V.C. Bouten 

a , b , 
A.I.P.M. Smits a , b , ∗

a Department of Biomedical Engineering, Eindhoven University of Technology, Eindhoven, Netherlands 
b Institute for Complex Molecular Systems (ICMS), Eindhoven University of Technology, Eindhoven, Netherlands 
c NMI Natural and Medical Sciences Institute at the University of Tübingen, Reutlingen, Germany 
d Cluster of Excellence iFIT (EXC 2180) “Image-Guided and Functionally Instructed Tumor Therapies”, Eberhard Karls University Tübingen, Tübingen, Germany 
e Department of Biomedical Engineering, Eberhard Karls University Tübingen, Tübingen, Germany 
f Xeltis B.V., Eindhoven, Netherlands 
g Department of Pathology, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA 
h Department of Medicine/Cardiology, Cardiovascular Research Laboratories, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA 

a r t i c l e i n f o 

Article history: 

Received 17 May 2021 

Revised 18 August 2021 

Accepted 6 September 2021 

Available online 10 September 2021 

Keywords: 

Tissue-engineered heart valve (TEHV) 

In situ tissue engineering 

Endogenous tissue restoration 

Biomaterial 

Foreign body response 

Guided tissue regeneration 

a b s t r a c t 

In situ heart valve tissue engineering is an emerging approach in which resorbable, off-the-shelf available 

scaffolds are used to induce endogenous heart valve restoration. Such scaffolds are designed to recruit 

endogenous cells in vivo , which subsequently resorb polymer and produce and remodel new valvular tis- 

sue in situ . Recently, preclinical studies using electrospun supramolecular elastomeric valvular grafts have 

shown that this approach enables in situ regeneration of pulmonary valves with long-term functionality 

in vivo . However, the evolution and mechanisms of inflammation, polymer absorption and tissue regen- 

eration are largely unknown, and adverse valve remodeling and intra- and inter-valvular variability have 

been reported. Therefore, the goal of the present study was to gain a mechanistic understanding of the 

in vivo regenerative processes by combining routine histology and immunohistochemistry, using a com- 

prehensive sheep-specific antibody panel, with Raman microspectroscopy for the spatiotemporal analysis 

of in situ tissue-engineered pulmonary valves with follow-up to 24 months from a previous preclinical 

study in sheep. The analyses revealed a strong spatial heterogeneity in the influx of inflammatory cells, 

graft resorption, and foreign body giant cells. Collagen maturation occurred predominantly between 6 

and 12 months after implantation, which was accompanied by a progressive switch to a more quiescent 

phenotype of infiltrating cells with properties of valvular interstitial cells. Variability among specimens in 

the extent of tissue remodeling was observed for follow-up times after 6 months. Taken together, these 

findings advance the understanding of key events and mechanisms in material-driven in situ heart valve 

tissue engineering. 

Statement of significance 

This study describes for the first time the long-term in vivo inflammatory and regenerative processes 

that underly in situ heart valve tissue engineering using resorbable synthetic scaffolds. Using a unique 

combinatorial analysis of immunohistochemistry and Raman microspectroscopy, important spatiotempo- 

ral variability in graft resorption and tissue formation was pinpointed in in situ tissue-engineered heart 

valves, with a follow-up time of up to 24 months in sheep. This variability was correlated to heterogenous 

regional cellular repopulation, most likely instigated by region-specific differences in surrounding tissue 

and hemodynamics. The findings of this research contribute to the mechanistic understanding of in situ 
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. Introduction 

Surgical or interventional valve replacement is the standard of 

are treatment for most patients with severe symptomatic valvu- 

ar heart disease, and this treatment improves quality of life and 

rolongs survival. Surgical valve replacement with either mechan- 

cal or tissue valve substitutes (the latter composed of animal or 

uman tissue and thus often called bioprostheses) generally yield 

avorable long-term outcomes; survival is 50-70% at 10-15 years 

ollowing valve replacement [1] . Nevertheless, valve-related prob- 

ems necessitate reoperation or cause death in more than half of 

atients with substitute valves within 10-15 years postoperatively 

 2 , 3 ]. Mechanical valves induce platelet deposition and blood co- 

gulation, (i.e., thrombosis) necessitating lifelong anticoagulation 

o reduce the risk of prosthetic valve-related blood clots in pa- 

ients receiving them. In contrast, bioprostheses have low poten- 

ial for thrombosis. However, despite improvements in tissue treat- 

ents intended to enhance durability, bioprostheses frequently 

uffer structural valve degeneration, often resulting from calcifica- 

ion, which is particularly accelerated in children and young adults 

4] . 

Recently, the principle of in situ tissue engineering (TE), also 

nown as endogenous tissue restoration (ETR), has emerged as a 

romising alternative [5–7] . This approach utilizes the regenerative 

apacity of the human body to transform a resorbable polymeric 

mplant into a living functional valve, directly in its functional site, 

r in situ . The resorbable graft functions as a suitable valve imme- 

iately upon implantation, and subsequently serves as an instruc- 

ive template for progressive endogenous cell infiltration and tis- 

ue deposition [ 5 , 8 ]. Preclinical studies demonstrate the potential 

f in situ heart valve TE for pulmonary and aortic valve replace- 

ents using varying materials, such as decellularized xeno- and al- 

ogenic matrix (e.g. small intestine submucosa, SIS) [9–11] , in vitro 

ultured and decellularized matrices [12–15] , and degradable syn- 

hetic polymers [16–19] . 

With respect to degradable synthetic polymeric valves specif- 

cally, Kluin et al. previously demonstrated the proof-of-concept 

sing electrospun polycarbonate-bisurea based valves, which dis- 

layed sustained functionality up to 12 months when surgically 

mplanted in the pulmonary position in sheep [16] . In that study, 

he valves displayed progressive and heterogenous resorption of 

he synthetic scaffold material, accompanied with endogenous re- 

ellularization and neotissue formation from 6 months on. Tissue 

ormation was reported to develop both within the porous scaffold 

aterial and in the form of pannus overgrowth covering the lu- 

inal surfaces of the valve leaflets. In addition, feasibility of tran- 

catheter delivery of these valves was shown [16] . Using a similar 

pproach, Bennink et al. reported on the successful application of 

 resorbable supramolecular elastomeric valved conduit in the pul- 

onary position in sheep [17] . Recently, the first report on ongo- 

ng clinical trials using these valves has been published, showing 

ighly promising results when applied as pulmonary valved con- 

uits for right ventricular outflow tract reconstruction in pediatric 

atients [20] . 

Although these results are encouraging, unexplained and un- 

ontrolled adverse remodeling events such as loss of valve func- 

ion, due to valve thickening and shortening, have been reported in 

ubsets of valves in preclinical studies (reviewed in [7] ). For exam- 
m

244 
able synthetics, which is necessary to enable rational design of improved

ust clinical translation. 

 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

le, Uiterwijk and Smits et al. recently reported on the unexpected 

nd uncontrolled in situ remodeling of electrospun polycarbonate- 

ased supramolecular elastomeric valves with a predefined fiber 

lignment [21] . Despite showing sustained 12-month functional- 

ty of the valves, the organization of the endogenously formed 

ollagen unexpectedly could not be dictated using a bio-inspired 

nisotropic alignment of the synthetic scaffold fibers, and the pre- 

mposed mechanical anisotropy of the scaffolds was lost already 

fter 1 month in vivo [21] . Fioretta et al. reported on heterogene- 

ty in key in situ remodeling processes, such as cell infiltration, 

raft resorption and ECM deposition for minimally invasively im- 

lanted resorbable synthetic pulmonary valves in sheep, both be- 

ween valves, as well as between leaflets within the same valve 

 21 , 22 ]. So far, the regulation of the regenerative response in the

omplex in vivo environment remains poorly understood [23] , as 

ell as the role of inflammation therein. The reported variabil- 

ties in outcome emphasize the need for more in-depth knowl- 

dge of the events, kinetics and mechanisms involved in in situ 

E, in order to achieve effective tissue formation, limit the risk 

f unpredicted (maladaptive) remodeling and ensure safe clinical 

ranslation. 

The goal of this study was to map the long-term spatiotem- 

oral processes of polymeric graft resorption, scaffold-induced in- 

ammation and tissue regeneration in resorbable synthetic pul- 

onary valves in sheep. To that end, in-depth retrospective anal- 

sis was performed on explant material of a previously reported 

reclinical study [17] . In that study, supramolecular elastomeric 

eart valve grafts (Xeltis Pulmonary Valved Conduits, XPV, Xeltis, 

indhoven, Netherlands) were implanted at the pulmonary posi- 

ion in an ovine model with follow-up time up to 24 months (2 

onths N = 5, 6 months N = 5, 12 months N = 5, 24 months N = 2).

he supramolecular materials platform was chosen to allow easy 

nd independent tuning of mechanics and degradation [24] . To re- 

uce leaflet retraction as often reported for TEHVs [25–27] , a slow 

egrading polymer was chosen to provide retraction resistance un- 

il sufficient tissue maturation. The valves were designed with mi- 

or redundancy in coaptation area to provide robustness to short- 

ning. On a microstructural level, the valves consisted of relatively 

arge fibers (range 4-8 μm) with the aim to facilitate ingrowth of 

ells and capillaries. It was demonstrated that with this graft de- 

ign, safety and functionality remained acceptable throughout the 

ollow-up time, and clinical health, blood values and systemic tox- 

city were not influenced by the device. The grafts were populated 

y endogenous cells from 2 months on, in both the conduit and 

he leaflet of the valves. In order to advance the understanding of 

ow recruited cells and cellular interactions guide scaffold resorp- 

ion and tissue formation in vivo , in the present study, grafts from 

he previous in vivo study were analyzed using a comprehensive 

mmunohistochemistry (IHC) antibody panel [28] and Raman mi- 

rospectroscopy [ 29 , 30 ]. 

The antibody panel for IHC was previously developed and vali- 

ated and consists of antibodies to mark inflammatory cells, valvu- 

ar interstitial cells (VICs), and extracellular matrix components, 

uch as proteoglycans, collagens and elastic fiber-associated pro- 

eins [28] . Specifically, we assessed the presence and phenotype 

f inflammatory and VIC-like cells, paracrine signaling factors, en- 

othelialization and microvascularization, and extracellular matrix 

omponents related to collagen and elastin deposition. Comple- 

entary to that, Raman microspectroscopy was applied to mea- 

http://creativecommons.org/licenses/by/4.0/
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ure the local molecular composition of graft material and newly 

ormed tissue in various locations of longitudinal sections of the 

xplanted valves. Spectroscopic techniques are relatively simple, 

eproducible and nondestructive. Raman microspectroscopy is a 

ibrational spectroscopic technique that probes a specific chem- 

cal bond (or a single functional group), yielding molecular-level 

nformation of functional groups, bonding types, and molecular 

onformation, thus providing specific information about biochem- 

cal composition of tissue constituents and their microenviron- 

ents [ 31 , 32 ]. Specifically, we applied Raman microspectroscopy 

n longitudinal sections of the valve explants including conduit 

nd leaflet to assess the local chemical changes in the scaffold ma- 

erials, indicative of scaffold resorption, as well as the composition 

nd maturation of collagen in different regions of interest of the 

alved conduit and for various follow-up times (2, 6, 12, and 24 

onths). The measured trends on the molecular level were cor- 

elated to events on the cell and tissue level using IHC analysis, 

roviding new insights into the spatiotemporal events of inflam- 

ation, tissue formation and maturation, and scaffold resorption 

uring material-driven in situ heart valve tissue engineering. 

. Materials and methods 

.1. Valve design and in vivo study 

Explant material originates from a previously performed study 

for detailed study design [17] ). Briefly, the leaflets of a valved con- 
ig. 1. Overview of valve composition at implantation and explantation. A) Top view of t

he composite design with material 1 (conduit + leaflet) and material 2 (conduit only), an

n explanted valve (12 month example) with gross morphological photograph, indicating

hrough both the leaflet and conduit. Displayed is a Movat Pentachrome staining with ROI

f the leaflet, respectively. Photographs and Movat Pentachrome staining are adapted from

245 
uit were produced from polycaprolactone-based supramolecular 

olymer (electrospun polycaprolactone-ureidopyrimidinone; ePCL- 

Py), material 1 (fiber diameter 6-8 μm), which were connected 

o the conduit consisting of polycarbonate-based supramolecu- 

ar polymer (electrospun polycarbonate-ureidopyrimidinone; ePC- 

Py), material 2 (fiber diameter 4-6 μm) ( Fig. 1 A ). These fiber di-

meters were chosen with the aim to facilitate ingrowth of cells 

nd capillaries. Material 2 was designed to be more stiff when 

ompared to material 1, to provide robustness to the conduit, while 

aterial 1 was designed to be more flexible and absorb more 

lowly, to accommodate the mechanical requirements as well as an 

nticipated slower restoration process for the leaflets. The conduits 

ere implanted in the pulmonary position in adult Swifter sheep 

age 2-4 years, weight 60-90 Kg) and the valves were explanted for 

nalysis after 2 months (N = 5), 6 months (N = 5), 12 months (N = 5),

nd 24 months (N = 2) in vivo . The animal usage and study design

ere approved by the Test Facility’s Ethical Committee (Medanex 

elgium) for compliance with regulations and the Helsinki proto- 

ol. Furthermore, animal welfare was in compliance with the Di- 

ective 2010/63/ EU. 

.2. Tissue preparation 

The right ventricular outflow tract including the pulmonary 

alve was excised and fixed in 4% neutral buffered formalin solu- 

ion. The conduit was opened longitudinally and transmural spec- 

mens incorporating the leaflets and conduit wall were used for 
he electrospun valved conduit with schematic longitudinal cross-section, indicating 

d regions of interest (ROIs) for analysis as indicated. B) Representative example of 

 cutting plane through the center of the leaflet, resulting in a longitudinal section 

s for analysis as indicated. P and v indicate the pulmonary and ventricular surfaces 

 [17] . 
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urther analysis ( Fig. 1 B ). The specimens were dehydrated, em- 

edded in paraffin, and sectioned at 4 to 6 μm. Sections were 

e-paraffinized by washing 3 times 10 min with xylene and re- 

ydrated using a decreasing alcohol series. Subsequently, the sec- 

ions were washed with deionized water and afterwards phosphate 

uffered saline (PBS, pH 7.4, Sigma). 

.3. Immunohistochemistry 

IHC was performed to evaluate the presence and pheno- 

ype of infiltrating inflammatory cells (inducible nitric oxide syn- 

hase, iNOS; CD64; CD163; CD44), VIC-like cells ( α-smooth mus- 

le actin, αSMA; embryonic form of smooth muscle myosin heavy 

hain, SMemb; vimentin; calponin), paracrine signaling factors (tu- 

or necrosis factor- α, TNF- α; interleukin-10, IL-10; transforming 

rowth factor- β1 , TGF- β1 ), endothelial cells (von Willebrand Fac- 

or, vWF), and extracellular matrix components (collagen 1, col- 

agen 3, (tropo)elastin, fibrillin-1, fibrillin-2) (Supplementary Table 

). Antibodies were selected from a previously developed sheep- 

pecific panel [28] and performed on all explant tissues as de- 

cribed. The dilutions and antigen retrieval methods per antibody 

re specified in Supplementary Table S1 and detailed staining pro- 

ocol is specified in the Supplementary Methods. Briefly, biotin- 

abeled secondary antibodies were used and after staining, slides 

ere either treated with SIGMA FAST TM BCIP/NBT (5-Bromo-4- 

hloro-3-indolulphosphate/Nitro blue tetrazolium, pH 9.5, Sigma) 

nd counterstained with nuclear fast red (Sigma) or treated with 

SAB Streptavidin and Nova Red chromogen and counterstained 

n Hematoxylin. For each stain, an appropriate negative and pos- 

tive control tissue was selected and included, being either ovine 

pleen or aortic valve tissue. After dehydration and coverslipping, 

he stained sections were digitally scanned by CVPath at 20X mag- 

ification (CVPath institute Inc, Gaithersburg, US). 

.4. Semi-quantitative analysis of stainings 

Semi-quantitative analysis was performed for specified regions 

f interest (ROIs), i.e. within the graft material of the tip (ROI1), 

id (ROI2) and base (ROI3) of the leaflet, the conduit (ROI4) 

f the pulmonary artery ( Fig. 1 A, B ), and the neotissue deposi-

ion onto the pulmonary artery. For each stained section, images 

1.0 0 0.0 0 0 μm 

2 ) were selected for the ROI, as well as an image

or counterstain reference and background reference using digital 

nalysis software (QuPath) [33] . The ROIs were exported to ImageJ 

oftware (NIH, Bethesda, MD, USA) which counted pixel intensi- 

ies and converted these to a histogram. Based on the intensity of 

he background and counterstain reference, thresholds were set in 

rder to determine the ranges for positive staining intensity and 

ounterstain intensity. The percentage of positive pixels was then 

etermined by dividing the number of pixels in the positive ex- 

ression range by the number of pixels in the positive and counter- 

tain region, therefore, excluding background signal and graft ma- 

erial. Data were expressed as boxplots including individual data 

oints using Prism software 5.0 (GraphPad Software, La Jolla, CA). 

 detailed protocol for the semi-quantitative analysis is specified 

n the Supplementary methods. 

.5. Raman microspectroscopy 

Raman images were acquired from de-paraffinized and rehy- 

rated tissue sections using a Raman microspectroscope (alpha300 

 WITec, UIm Germany). Samples were excited using a 532 nm 

aser and output laser power was 60 mW. Areas of 500 × 500 μm 

ere scanned in the following regions of interest: tip (ROI1), mid 

ROI2) and base of the leaflet (ROI3) and the material interface in 

he conduit (ROI4) ( Fig. 1 A, B ). The spectral maps were collected
246 
sing a line scanning mode (250 lines, 250 points/line, spectral ac- 

uisition time = 0.05 s/pixel), creating a pixel size of 2 × 2 μm. 

.6. True component analysis and principal component analysis of 

aman spectra 

Raman spectra represent a highly specific fingerprint, provid- 

ng molecular information on a sample [ 34 , 35 ]. Multivariate data 

nalysis tools are needed to access the comprehensive information 

rovided by the spectral features and to generate false color-coded 

ntensity distribution heatmaps from hyperspectral imaging maps. 

ere, we performed True Component Analysis (TCA) to map the 

ocation of scaffold components and biological tissue components 

n each sample. These components were then further analyzed for 

heir molecular composition using Principal Component Analysis 

PCA). Specifically, the scaffold material components as identified 

ith TCA were analyzed for chemical changes indicative of scaffold 

esorption and the biological tissue components were analyzed for 

ollagen formation and maturation. 

Image-based data analysis was performed using Project Five 

lus Software (WITec, Ulm, Germany). Of each image, data sets 

ere pre-processed using cosmic ray removal and shape back- 

round correction. The spectra were cropped (spectral range of 

50-3050 cm 

−1 ) and normalized to the area of 1. References spec- 

ra were measured of both non-implanted graft materials (Xeltis) 

nd biological components, including fibrin (human plasma, sigma 

ldrich #F5386), collagen 1 (lyophilized collagen 1 from porcine 

kin, EPC-elastin products, USA), erythrocytes, and blood compo- 

ents (the latter both extracted from the explant images them- 

elves). All Raman images were analyzed using TCA to identify 

nown biological and graft material components in the recorded 

xplant spectra based on the reference spectra (Supplementary Fig. 

1). The pixels that were recognized as similar spectra were as- 

igned to the same spectral component and visualized as intensity 

istribution heatmaps to localize the different molecular compo- 

ents. Additionally, single point spectra of material and collagen 

omponents were extracted and analyzed using principle compo- 

ent analysis (PCA) using Unscrambler X14.2 (Camo, Software, Nor- 

ay) to investigate molecular differences between the ROIs and 

etween timepoints. The PCA algorithm (NIPALS) allows to decom- 

ose the spectral information deciphering spectral similarities and 

ifferences into defined vectors – so called principal components 

PC). Thereby, PC-1 explains the most influencing spectral signa- 

ures, PC-2 the second most relevant information and so on. The 

C scores plot can support the visualization of a separation within 

he dataset. The underlying spectral information is indicated in the 

orresponding PC loadings plot identifying bands assigned to pos- 

tive score values as positive peaks and Raman shifts dominating 

n data with negative score values as negative loadings peaks. PC 

cores plots and loadings plots were employed to visualize differ- 

nces of in vivo material and collagen spectra at different ROIs and 

imepoints. 

. Results 

.1. Spatial heterogeneity in inflammatory cell influx with mixed 

henotypes 

The in vivo functionality and general morphological analysis of 

he valved conduits up to 12 months of implantation has previ- 

usly been reported by Bennink et al. [17] . In brief, the valves 

emonstrated sustained functionality in vivo up to 12 months 

ollow-up, with mild to moderate regurgitation. Gross morpho- 

ogical analysis showed generally pliable leaflets, with some local 

nomalies, such as focal leaflet thickening or rolling of the free 

dge of the leaflet (observed in 6 leaflets of 3 animals). Calcifi- 
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Fig. 2. Macrophage infiltration and polarization over time is region specific. A, B) Representative images of 2, 6, 12, and 24 month explants stained for general macrophage 

marker CD64, with whole-valve scans and higher magnification images of areas within the graft material of the conduit (location indicated by black boxes) showing that 

CD64 + macrophages localized within both leaflet and conduit graft material. Positive staining in purple, counterstain in pink. Scale bars, 500 μm for whole-valve scan, 

100 μm for zooms. C) Representative images of the pro-inflammatory marker inducible nitric oxide synthase (iNOS) and anti-inflammatory marker CD163 at the mid region 

of the leaflet (red boxes) and the conduit (blue boxes) of a 6 month explant showing mixed polarization with dominance of pro-inflammatory macrophages within the leaflet 

graft material and increased anti-inflammatory marker expression within the conduit material. Scale bar, 100 μm. D) Semi-quantification of immunohistochemical stainings 

(area 10 0.0 0 0 μm 

2 ). N = 5 for 2-, 6- and 12 months explants, N = 2 for 24 months explants, and N = 1 for quantification of the 24 months CD163 staining due to processing 

artifacts in the CD163 staining of one of the 24 months valves. 
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ation was reported to be rare with absence of conduit stenosis 

17] . The present study extends the depth of analysis of the speci- 

ens, including two additional explants with 24 months follow-up, 

o yield a deeper understanding of the processes involved. 

To augment the conventional assessment by tissue morphol- 

gy of the presence and phenotype of infiltrating inflammatory 
247 
ells, sections were stained by immunohistochemical methods for 

he general macrophage marker CD64, as well as the pro- and 

nti-inflammatory markers iNOS and CD163, respectively, com- 

lemented with cytokine stainings for TNF- α, IL-10 and TGF- β1 

 Fig. 2 ). CD64 + macrophages were detected within the whole 

eaflet material, as well as the conduit. The distribution was het- 
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rogeneous with most abundant presence in the base region of 

he leaflet and in material 2 of the conduit wall, although the ex- 

end was variable between explants ( Fig. 2 A, B, D ). In the leaflet,

ess macrophages were detected in the mid region after 6 and 12 

onths when compared to the base and tip regions. However, an 

ncrease was seen in the mid region at 24 months ( Fig. 2 D ). Over

ime, macrophages generally remained present around and within 

emaining graft material, and macrophage presence diminished 

ith full graft resorption, as was seen for example in the base 

egion of the leaflet after 24 months. Macrophages were mainly 

resent within and close to the graft material. One 2 month ex- 

lant was exceptional in that respect, displaying erythrocyte-rich 

atrix in which many macrophages resided within the lumen of 

he neointima, suggesting that the influx of erythrocytes might be 

 cue for macrophage recruitment (Supplementary Fig. S2). 

In terms of macrophage polarization and general inflammatory 

tate, a mixed inflammatory profile of both pro-inflammatory and 

nti-inflammatory markers was detected throughout the implanta- 

ion time within the leaflet base and the conduit ( Fig. 2 C,D ). At

he tip and mid regions of the leaflet, however, macrophages pre- 

ominantly expressed iNOS but not CD163 at the 2-month time- 

oint. After 6 months, anti-inflammatory marker expression in- 

reased within the tip of the leaflet, whereas in the mid region 

his increase was less abundant. Expression of TNF- α and IL-10 

enerally correlated with the presence of iNOS + pro- and CD163 + 

nti-inflammatory macrophages, respectively. Additionally, TGF- β1 

Supplementary Fig. S3) was mainly detected within graft material 

n regions with ongoing inflammation. 

.2. Regional heterogeneity in graft resorption correlates with foreign 

ody giant cell formation 

Having established the heterogenous influx of inflammatory 

ells in the conduit and leaflet materials, we then analyzed the 

xtent of graft resorption and tissue formation in the different re- 

ions of the valve. To that end, Raman microspectroscopy was per- 

ormed in the specified regions of interest to acquire the molecular 

omposition in each area. The general local composition of scaffold 

aterials and biological components was determined via TCA. In 

rder to analyze graft resorption per material, the spectra of ma- 

erial 1 and 2 were distinguished from the biological spectra using 

CA (Supplementary Fig. S1). 

The spectra for material 1 and 2 were analyzed separately and 

ompared to the pre-implant composition of each material using 

CA. For the scaffold materials components, spectral changes were 

ainly dominated by an increasing 1123 cm 

−1 band with implan- 

ation duration in both material 1 and 2. The molecular assign- 

ent of this band is linked to C-O stretch vibrations and could be 

inked to an increasing contribution of alkyl-hydroxy groups refer- 

ing to a degradation of the polymer. The exterior region of the 

onduit, consisting of material 2, demonstrated major molecular 

lterations as seen as an increase in the 1123 cm 

−1 band. These 

pectral changes were already observed after 2 months, indica- 

ive of early resorption of material 2, followed by progressive re- 

orption over time (Supplementary Fig. S4). The resorption of ma- 

erial 1 was analyzed per region of interest ( Fig. 3 ). Multivariate 

nalysis of the spectra extracted from the scaffold material maps 

 Fig. 3 A, B ) and comparison of the average score values for each

nimal ( Fig. 3 C ) demonstrated the most significant variation in the 

pectral signature arising between non-implanted polymer mate- 

ial and implanted grafts. Corresponding loadings plots depicted 

he most influencing spectral features ( Fig. 3 D ). After 2 months, 

pectral differences were mainly assigned to intensity differences 

f the overall polymer spectrum, indicating general erosion of the 

aterial rather than molecular changes of the material. Resorption 

f material 1 after 2 months was most pronounced in the base 
248 
f the leaflet. 6, 12 and 24 months samples showed alterations in 

he chemical composition of the polymer with a major influence 

f an increasing band at 1123 cm 

−1 indicating polymer resorption, 

hich was most pronounced in the conduit region. Most variabil- 

ty in chemical composition amongst explants was present after 2 

nd 6 months of implantation. 

Within the identified areas with most pronounced graft resorp- 

ion, foreign body giant cells (FBGCs) were present in an inflamma- 

ory environment and remained present until full graft resorption, 

mplying a correlation between the presence of FBGCs and graft 

esorption. In the conduit and leaflet base regions, FBGCs were 

resent already after 2 months ( Fig. 4 A ). In the conduit, FBGCs 

ormed predominantly at the outer boundaries of the graft ma- 

erial, rather than inside the graft pores, encapsulating the graft 

aterial. In the base region of the leaflet, on the other hand, 

BGCs also formed within the pores of the microfibrous graft ma- 

erial ( Fig. 4 B ). Substantial variability in the overall number of 

BGCs was detected in the conduit and base regions, especially 

t 2 and 6 months ( Fig. 4 A ). Few FBGCs were present in the tip

nd mid regions of the leaflet at all timepoints, with a slight in- 

rease over time. Heterogenous expression of both pro- and anti- 

nflammatory markers, iNOS and CD163 respectively, were present 

n FBGCs ( Fig. 4 C ). 

.3. VICs transition towards a quiescent phenotype over time 

The presence and distribution of tissue producing cells was an- 

lyzed by immunohistochemical stainings for αSMA, SMemb and 

alponin, representing markers for (myo)fibroblast and VIC-like cell 

ctivation. At 2 months, many αSMA 

+ , SMemb + , and calponin 

+ 

ells were present within the layer of neotissue covering the graft 

aterials, as well as within the microporous graft material at the 

onduit and base regions specifically ( Fig. 5 A,D ). At this time point, 

Memb + and calponin 

+ cells were also present within the leaflet, 

hereas no αSMA 

+ cells were present in the leaflet. At 6 months, 

SMA 

+ cells had migrated towards the tip of the leaflet in most 

xplants ( Fig. 5 A ). At 12 and 24 months, the overall presence of

IC-like cells decreased, especially in the graft material and neotis- 

ue of the conduit and base regions. Moreover, a strong decrease in 

verall αSMA expression was observed between 6 and 12 months, 

ndicative of a more quiescent VIC-like phenotype ( Fig. 5 D ). How- 

ver, SMemb expression remained high over time. Vimentin and 

D44 expression was minimal in all explant at all time points, with 

xpression restricted to FBGCs within the graft material (Supple- 

entary Fig. S5). 

Heterogeneity in tissue deposition as well as presence and mor- 

hology of the VICs between explants and the ROIs within one ex- 

lant was seen ( Fig. 5 B, C ). Tissue deposition, and thus tissue thick-

ess, increased with time for all regions within the leaflet, with 

ost variability in the base region. Thickness of the neotissue in 

he conduit region stabilized after 6 months (Supplementary Fig. 

6). The morphology of cells was found to vary depending on the 

ocal ECM composition and structure, with elongated cells detected 

n regions that were rich in fibrillar collagen 1, and rounded cells 

n regions with more dense, collagen 3-rich matrix (Supplemen- 

ary Fig. S7). Biglycan and TGF- β1 expression tended to correlate to 

alponin and α-SMA expression, suggesting these cells to be pre- 

ominant producers of these proteins (Supplementary Fig. S7). 

.4. Collagen maturation between 6 and 12 months of implantation 

ith limited elastogenesis 

Having established the spatiotemporal patterns in the pheno- 

ype of tissue-producing cells, we then assessed the composition 

nd maturation of the endogenously produced tissue. To that end, 

he fingerprint region of the biological component of the Raman 
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Fig. 3. Raman analysis of in vivo resorption of pulmonary valve implant material 1. A) Movat Pentachrome stained base region of a 2 month explant and respective true 

component analysis (TCA) map of material 1 of this specific region (TCA component of material 1 depicted in red). B) Material 1 spectra were compared for different leaflet 

regions (ROI1-4) and non-implanted material (PV) after 2, 6, 12, and 24 months using principal component analysis (PCA) scores plot. For each PCA, spectra of the same valve 

are indicated with the same symbol shape. C) Comparison of ROI-specific average principal component (PC) score values (from B) for each timepoint indicated the biggest 

discrepancy between implanted and non-implanted material and a tendency towards the strongest resorption in the conduit region. D) Corresponding loadings plots for PCs 

as indicated. After 2 months, mainly differences in overall polymer signature and intensity were detected. The 6, 12 and 24 month timepoints highlighted a significant band 

at 1123/1127 cm 

−1 increasing upon polymer resorption. 
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pectra was analyzed for collagen maturation, in combination with 

mmunohistochemical analysis. Overall, there was progressive tis- 

ue deposition in the TEHVs, in the form of pannus formation on 

he blood-contacting surface of the graft material as well as tis- 

ue formation in between the microporous graft fibers as seen in 

he TCA images ( Fig. 6 A , Supplementary Fig. S8). PCA analysis of

he Raman spectra in the tip and mid regions of the leaflet re- 

ealed a predominant shift in PC scores between 2 and 6 months, 

ndicating that collagen deposition within the graft material in 

hese regions was mostly detected from 6 months on ( Fig. 6 A, 

 ). The loading plots revealed that changes over time within the 

eaflet tip and mid regions were dominated by increasing peaks at 
249 
60, 940 and 1250 cm 

−1 assigned to the C-C collagen backbone 

s well as to hydroxyproline, which are mainly linked to overall 

ollagen content ( Fig. 6 A, B ). In contrast, the PC scores for the

eaflet base and conduit regions showed a more gradual shift be- 

ween time points, which indicates that collagen was already de- 

osited at 2 months, followed by gradual maturation over time 

 Fig. 6 C, D ). In the leaflet base, implantation-time dependent find- 

ngs were observed, with an increasing influence of the amide I 

and around 1660 cm 

−1 , referring to 3D structural changes due to 

lterations of α-helix and β-sheet contribution which are present 

n more stable collagen structures [36] ( Fig. 6 C ). The tissue within

he conduit indicated slightly different molecular alterations com- 
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Fig. 4. Overview of foreign body giant cell (FBGC) formation over time. A) FBGCs within each ROI (1,0 0 0,0 0 0 μm 

2 ) were counted in immunohistochemical images (from 

CD44 staining), with highest presence in the leaflet base and conduit. B) FBGCs (CD44 staining, positive staining in dark purple), indicated by arrows, within the micropores 

of the graft material of the base region and the outer layer of the conduit material after 2 months of implantation. Dashed lines indicating the tissue-graft interface. Scale 

bars, 100 μm. C) Heterogeneity between in pro- and anti-inflammatory marker expression, iNOS and CD163 respectively, in formed FBGCs, indicated by arrows, in the conduit 

of a 2 month explant. Positive staining in purple, counterstain in pink. Scale bars, 100 μm. 
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ared to the other regions, with collagen signatures dominated 

y (hydroxy-)proline at early timepoints, whereas at later time- 

oints signal intensities assigned to amide I (1664 cm 

−1 ) and III 

1250 cm 

−1 ) as well as the C-C backbone (1450 cm 

−1 ) increased 

 Fig. 6 D ). 

To evaluate the extent of collagen maturation specifically, the 

igh wavenumber regions of Raman spectra were analyzed, as 

hown in Supplementary Fig. S9. A strong shift in the PC scores 

as detected between 6 and 12 months in the base and mid re- 

ions of the leaflet, as well as the conduit. Peaks at 2855, 2877 

nd 2955 cm 

−1 characteristic for mature collagen type 1 [37] were 

trongest after 12 and 24 month of implantation in these regions, 

ndicating maturation occurred predominantly between 6 and 12 

onths. This maturation was confirmed at the protein level by im- 

unohistochemical stainings for collagen type 1 and 3 ( Fig. 7 A,B ). 

pecifically, the immunohistochemical analysis showed a gradual 

ncrease in collagen type 1 within the graft material over time 

 Fig. 7 A ). In addition, a layer of collagenous neotissue was cover- 

ng the graft material in the conduit region, as well as the base 

nd mid regions of the leaflet ( Fig. 7 B ). Tissue deposition on the

eaflet tended to occur predominantly on the ventricular side at 

arly time points, progressing from the base region to the mid re- 

ion of the leaflet. The layers of neotissue were rich in collagen 3 

nd low in collagen 1 after 2 months of implantation, while over 

ime, collagen 1 expression increased. This was accompanied by 

he formation of more aligned, fibrous organization, indicating col- 

agen maturation, particularly in the neotissue covering the leaflet 

 Fig. 7 B ). Within the graft material in the base region, the colla-

en had a random orientation, while the neotissue at the conduit 

onsisted of more dense collagenous tissue, when compared to the 

eaflet ( Fig. 7 B ). 
250 
In addition to collagen fibers, the endogenous formation of a 

ature elastic fiber network in the valves was assessed. Prema- 

ure elastic fibers were detected at 24 months, most often located 

ear the conduit region, as well as the leaflet base region, both 

t the ventricular and pulmonary side ( Fig. 8 A ). In all explants, 

tropo)elastin was highly expressed within the layer of neotissue 

 Fig. 8 B ). In some 6- and 12-month valves, fibrillin 2 was expressed

ithin these regions. However, (tropo)elastin expression generally 

id not colocalize with the microfibrillar proteins fibrillin 1 or 2, 

oth of which are necessary to form mature elastic fibers, as also 

vident from control staining of native sheep aortic valve tissue 

 Fig. 8 C ). 

.5. Endothelialization and microvascularization within the 

icroporous graft material 

vWF staining was performed to study endothelialization and 

icrovascularization. After 2 months, vWF expression was present 

t the luminal surface of the neotissue layer deposited on the con- 

uit, with higher expression on the proximal side of the valve 

ompared to the distal side (Supplementary Fig. S10). Sparse ex- 

ression was detected at the surface of the neotissue layer formed 

t the base region of the leaflet, predominantly at the pulmonary 

ide and to lesser extent on the ventricular side. After 12 months, 

he endothelial layer was more pronounced, with expression of 

WF on the neotissue of the whole leaflet, on both the pulmonary 

nd ventricular side. From 12 months on, generally, vWF expres- 

ion could be detected over the entire valve surface. The endothe- 

ial cell appearance was similar between earlier and later time- 

oints, with no clear indications of competition with interstitial 

ells. 
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Fig. 5. Valvular interstitial cell (VIC) phenotype shifts towards quiescent state over time. A) Overview of α-smooth muscle actin ( αSMA) expression in representative explants 

at 2, 6, 12, and 24 months. Over time, presence of αSMA + cells decreased and remaining αSMA + cell localized close to endothelium. Positive staining in brown, nuclei in 

blue. Scale bars, 500 μm. B) and C) Heterogeneous αSMA, calponin and embryonic smooth muscle myosin heavy chain (SMemb) expression in areas with neotissue deposition 

onto the conduit after 6 months (B) and 24 months (C) of implantation. Locations indicated with black and red boxes in A. Calponin and Smemb; positive staining in purple, 

counterstain in pink. Scale bars, 100 μm. D) Semi-quantification of αSMA, calponin and SMemb staining within the leaflet Tip, Mid and Base regions, in the Conduit and in 

the layer of neotissue deposited onto the graft material in the conduit (Tissue). 
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Additionally, vWF was detected within and close to the mate- 

ial of the conduit at all time points, indicating the formation of 

icrovasculature within the microporous graft material (Supple- 

entary Fig. S11). In the leaflet, no microvessels were detected 

ithin the 2- and 6-months explants. However, the development 

f microvessels within the leaflet was evident in the 12 months 

xplants, with microvessels formed at the base and mid regions 

f the leaflet. After 24 months, some microvessels were also 
l

251 
resent at the tip region of the leaflet. Additionally, larger blood 

essels were present within the neotissue layer over the whole 

eaflet. 

. Discussion 

Within this study we aimed to gain more insight into the 

ong-term in vivo inflammatory and regenerative processes in in 
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Fig. 6. Raman microspectroscopic analysis of collagen maturation. True Component Analysis (TCA) mapping shows the localization of spectra linked to collagen (blue), ma- 

terial 1 (red) and material 2 (white) for the leaflet tip (A), mid (B), base (C) and conduit (D) regions. Principal Component Analysis (PCA) was performed on the collagen 

component from the TCA to study collagen maturation with time of implantation. Displayed are the Principal Component (PC) score plots (middle column) and the corre- 

sponding loadings plots (right column) for each ROI. Differences in leaflet tip and mid regions were mainly linked to the overall collagen content indicated by bands at 860, 

940 and 1250 cm 

−1 assigned to the C-C collagen backbone and hydroxyproline. In the base and conduit additional structural changes related to shifts in the amide I band 

(1660 cm 

−1 ) were observed, indicating collagen maturation. 
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itu TEHVs based on resorbable supramolecular elastomers. En- 

bled by a combination of Raman microspectroscopy and IHC, the 

ain findings of this study are that: (1) inflammatory cells, and 

acrophages in particular, infiltrated the grafts in all regions, with 

 heterogenous location-dependent phenotype; (2) the resorption 

f the synthetic graft material was strongly location-dependent, 

ith most rapid resorption in the conduit and leaflet base regions, 
252 
nd correlated with the presence of FBGCs; (3) collagen matura- 

ion was effectuated predominantly between 6 and 12 months of 

mplantation, which coincided with a switch to a more quiescent 

IC-like phenotype; (4) microvessels formed throughout the mi- 

roporous graft material, forming a potential source for cell influx. 

oreover, substantial valve-to-valve variability in the spatiotempo- 

al distribution of cells, tissue and graft resorption was detected, 
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Fig. 7. Spatiotemporal heterogeneity in collagen deposition and maturation. A) Representative images of immunohistochemical staining of Collagen 1 within graft material 

of the leaflet and conduit. Collagen 1 within the conduit material became more fibrillar over time compared to the leaflet. Scale bars, 100 μm. B) Representative images of 

collagen 3 and collagen 1, showing variations in composition and organization of collagen in the neotissue of the leaflet, base and conduit after 12 months of implantation. 

Scale bars, 100 μm. For all images, positive staining in dark purple, counterstain in pink. 
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ith most pronounced variability noted in specimens following 

mplantation of 6 and 12 months. A schematic overview of the key 

ndings is shown in Fig. 9 . 

One of the most important challenges for in situ heart valve 

issue engineering, is to maintain the balance between graft re- 

orption and neotissue formation. The mechanical properties of 

he valve at any time during the regenerative process are deter- 

ined by the combination of the remnant graft material and the 

ewly formed tissue. Too fast graft resorption (i.e. before sufficient 

eotissue formation is formed) could lead to mechanical failure 

e.g. leaflet tearing). Too slow resorption, on the other hand, could 
253 
ause a persistent foreign body response, resulting in progressive 

ccumulation of fibrotic tissue, eventually leading to valve stiffen- 

ng and malfunctioning [38] . Within this study, Raman microspec- 

roscopy analysis uniquely enabled the precise characterization of 

he local molecular composition of both neotissue and graft ma- 

erial simultaneously in the same location. In heterogeneous sam- 

les, such as biological samples, the accuracy of this technique is 

nfluenced by the defined spatial resolution. In this study, we used 

 pixel size of 2 × 2 μm. Thus, the analysis mainly focused on 

ajor sample structures such as collagens and the implant mate- 

ial. By combining the Raman data with comprehensive immuno- 
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Fig. 8. Elastic fiber network formation in 24 month explant. A) Movat pentachrome staining showing mature elastic fibers in black in a 24 month explant. Elastic fiber 

network formation mainly occurred near the lumen of the base region (Red and Blue zooms) and conduit (Black zoom). B) Antibody staining of the corresponding regions 

with (tropo)elastin, fibrillin 1 and fibrillin 2 (positive staining in purple and counterstain in pink), indicating a high expression of (tropo)elastin, but limited fibrillin 1 and 

fibrillin 2 expression. C) Positive control of the staining on native sheep aortic valve. Scale bars, 100 μm. 
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istochemical visualization, we were able to correlate the tempo- 

al changes in graft resorption and tissue maturation with the local 

resence of specific cellular populations. 

Interestingly, our findings revealed that regions with most pro- 

ounced graft resorption, were also the most active regions of tis- 

ue formation. At the cellular level, scaffold resorption was asso- 

iated with the presence of macrophages and FBGCs. This sug- 

ests a role for these cells in degrading the synthetic graft material 

hrough eliciting reactive oxygen species (ROS) [ 39 , 40 ], although 

he relative contributions of individual macrophages and FBGCs in 

raft resorption remain unclear. In addition, these regions were 

lso rich in activated tissue-producing cells that had phenotypic 

eatures in common with VICs. Importantly, it was observed that 

acrophages cleared from regions in which the scaffold had been 

ompletely resorbed, thereby preventing a chronic inflammatory 

nvironment and chronic presence of activated VIC-like cells. These 

ndings are in line with recent data for vascular grafts suggests 

hat the regenerative response is driven by inflammation [41–43] . 

acrophages, in particular, are thought to be instrumental cellular 

layers in the processes of graft resorption and tissue formation 

s they have a dual function: on the one hand, macrophages gov- 

rn tissue formation via cross-talk to tissue-producing cells [44–

6] , while on the other hand, macrophages dictate graft resorption 

hrough oxidative and enzymatic pathways [ 47 , 48 ]. Dependent on 

he mechanism of stimulation, macrophages undergo phenotypic 

odulation and secrete a variety of paracrine factors by which 

hey regulate the behavior of tissue-producing cells (e.g. differ- 

ntiation, migration and proliferation) and thus the deposition of 

ew extracellular matrix [ 44–46 , 49 ]. Overall, these findings suggest 

hat macrophages and FBGCs are hinging cell types in maintaining 
254 
he local balance between graft resorption and tissue formation, 

hereby safeguarding structural integrity of the valve despite the 

trong spatial heterogeneities in the rates of tissue formation and 

raft resorption as observed. 

One of the most important findings of this study is the spatial 

eterogeneity in cellular phenotypes, tissue formation and scaf- 

old resorption. So far, the knowledge on in situ heart valve tissue 

ngineering using resorbable synthetic scaffolds has been largely 

peculative and predominantly based on studies on in situ tissue- 

ngineered vascular grafts, which have a less complex geometry 

nd hemodynamic environment. The spatial variability as observed 

ay be explained by: (1) the different sources and rates of cell 

nflux in the different regions, and (2) an influence of the local 

emodynamic loads. With respect to the former, the exact source 

nd routes of cellular influx could not be identified from this ret- 

ospective study, and are topic of active investigation. In previous 

tudies on valvular and vascular grafts, three main routes of cel- 

ularization have been identified: (i) (early) influx of circulatory 

ells [ 25 , 50 ], (ii) tissue overgrowth originating from the native ar- 

erial wall [ 16 , 22 ], and (iii) transmural ingrowth of inflammatory 

ells and microvasculature [ 26 , 51 , 52 ]. Within the present study, all

hree routes seemed to play a role in the regenerative process. Af- 

er 2 months, macrophages, predominantly of a pro-inflammatory 

henotype, were present within the leaflet especially near the tip, 

uggesting a likely origin from the circulation. Correspondingly, 

apid cellularization of the leaflets of acellular valvular implants 

as been previously reported already 5 h [25] and 15 h [50] post- 

mplantation, proposing that these cells originate from the blood. 

issue formation at later time-points was observed both in be- 

ween scaffold fibers, as well as deposited on the luminal surfaces, 
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Fig. 9. Schematic overview of essential processes involved in in situ heart valve regeneration. After 2 months, macrophages had infiltrated the graft material of both the 

leaflet and conduit. In the conduit, a microvasculature was already forming, providing an additional cell source. αSMA + cells migrated from the conduit towards the tip 

of the leaflet over time, depositing collagen 3-rich tissue. The deposited collagenous tissue became more mature through 6-12 months, accompanied by a decrease in 

αSMA + cells within this timeframe. Graft resorption was most pronounced in the leaflet base and conduit correlating with a high presence of FBGCs in an inflammatory 

environment, eventually causing successive resorption within these regions after 24 months. Inflammation had resolved in regions with complete graft resorption. Areas 

with ongoing inflammation were high in TGF- β1 , collagen 1 and biglycan. Areas in which αSMA + cells localized underneath the endothelium were high in calponin + cells, 

(tropo)elastin, collagen 3 and TGF- β1 . Zooms indicate the regenerative process over time within the leaflet base region specifically. After 2 months, macrophage and VIC- 

like cell infiltration and FBGC formation was observed. Between 6 and 12 months of implantation, tissue deposition and graft resorption increased, with enhanced tissue 

maturation and decreased presence of activated VIC-like cells. Additionally, from 12 months onwards elastic fiber formation was seen in the neotissue within this region. 

After 24 months, complete graft resorption was accompanied with resolution of inflammation within the leaflet base region. 
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rogressing from the leaflet base. Within the conduit, immune cell 

nfiltration occurred most probably through transmural migration 

nd neovascularization. Interestingly, calponin and SMemb positive 

ells were present within leaflet after 2 months, whereas αSMA 

+ 

ells were not found within the leaflet material but seemed to mi- 

rate from the neotissue of the wall over the leaflet material with 

ime, accompanied by tissue deposition from the wall to the leaflet 

ip with time. The exact origin of the tissue-producing cells re- 

ains unknown, however these results suggest that, similar to the 

nfiltrating immune cells, these cells originate from various sources 

nd from various precursor cells. In this respect, interesting phe- 

omena were observed in the neotissue layers near the lumen, 

ith progressively more αSMA and calponin positive cells present 

irectly underneath the endothelium. This correlated with high 

evels of TGF- β and biglycan and deposition of collagen 3, which 

ould indicate endothelium-to-mesenchymal transition (EndMT) 

 53 , 54 ]. It is known that VEC-VIC interaction is very important for

alve homeostasis. In adult valves, limited EndMT is taking place, 

nd this process can contribute to replenish the VIC population 

s part of physiological valve remodeling [53] . However, increased 

ndMT in adult valves is often associated with pathological remod- 

ling [55] . For the analyzed explants, it remains debatable whether 

he process of EndMT is in fact ongoing, and if so, if it is lead-

ng to pathological remodeling or is simply part of the necessary 

ound healing response for example as an additional source of tis- 

ue producing cells. When studying cellularization routes, it must 

e stressed that biases in the animal model should be considered 

hen translating optimal graft design towards human application. 

issue overgrowth is suggested to be more excessive within the 

vine model when compared to humans and typically, native ovine 

eaflets have a higher cellularity, more defined valvular layers and 
255 
 lower amount of elastin [ 28 , 56 ]. Moreover, Dekker et al. recently

emonstrated that healthy native ovine valves display a higher 

xpression of activated VICs when compared to human valves 

28] . 

In addition to differences in cell influx, the spatial patterns 

n inflammation and tissue formation also suggest an important 

ole for the heterogeneous local hemodynamic loads, as for ex- 

mple the leaflet base region is exposed to high strains and 

ifferent shear stress profiles when compared to the conduit. 

hear stresses have been shown to play a dominant influence on 

he recruitment of monocytes to electrospun scaffolds [ 57 , 58 ]. In 

ddition, both macrophages and tissue-producing cells, such as 

myo)fibroblasts and VICs, are known to be highly mechanosen- 

itive [ 59 , 60 ]. In vitro studies have demonstrated cyclic strain to 

nfluence macrophage polarization [ 61 , 62 ]. Moreover, cyclic strain 

ecreased degradative activity of macrophages within a bioma- 

erial [62] . Additionally, both cyclic stretch and shear stress in- 

uence the cross-talk between (myo)fibroblasts and macrophages, 

nd by that affecting tissue deposition [63] . Recent in vivo stud- 

es have shown the importance of hemodynamics in inflammation- 

riven in situ tissue regeneration of vascular grafts [64–66] and 

alves [14] . Moreover, in accordance with the present findings, 

otta et al. recently reported on the importance of hemody- 

amic loads, in particular cyclic stretch, on the inflammation and 

n situ regeneration of de novo engineered extracellular matrix- 

ased TEHVs [67] . In order to enable better prediction of in situ 

mal)adaptive remodeling, hypothesis-driven studies have been fo- 

using on macrophage and tissue-producing cell behavior and 

he influence of their microenvironment such as graft design 

e.g. porosity, surface chemistry), as well as mechanical loading 

 14 , 21 , 60 , 63 , 66 , 68 , 69 ]. 
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Interestingly, the FBGC formation in the conduit region tended 

o localize around the outer boundaries of the graft material, rather 

han within the pores of the highly porous graft material as was 

bserved in the leaflet material. This difference may be a conse- 

uence of the differences in hemodynamics between the moving 

eaflet versus the static conduit wall. Alternatively, subtle differ- 

nces in microstructure, e.g. fiber diameter (material 1: 6-8 μm, 

aterial 2: 4-6 μm) and pore size, between leaflet material 1 and 

onduit material 2 may have played a role. Fiber diameter and pore 

ize are design parameters known to influence cell infiltration and 

broblast activation, as well as macrophage polarization [ 68 , 70 , 71 ].

enerally, a relatively large fiber diameter (in the range of sev- 

ral micrometers) and pore size facilitates cell influx and induces 

 more favorable inflammatory response, characterized for example 

y a favorable M2/M1 macrophage ratio, when compared to small- 

ber ( < 1 μm) scaffolds [ 72 , 73 ]. Moreover, Wissing et al. previously

howed that resorption of microfibrous scaffolds by macrophages 

s dependent on the scaffold microstructure [40] . In vitro FBGC for- 

ation is known to be regulated by multiple factors, such as cell 

ensity, material chemistry and structure, and interleukin-4 (IL-4) 

timulation, with the latter being recently suggested to be most 

mportant [ 39 , 74 , 75 ]. In the leaflet base and conduit regions more

ransmural migration of macrophages is occurring and more M2 

acrophages, known to secrete IL-4, are present alongside iNOS 

ositive macrophages, when compared to the mid and tip region of 

he leaflet. Possibly, this contributes to a higher presence of FBGCs 

n the base and wall region. 

With respect to the temporal process of tissue formation and 

aturation, in situ tissue engineering has been postulated to mir- 

or the wound healing cascade [5] . Interestingly, Raman TCA anal- 

sis suggested the presence of fibrin-like tissue, tightly surround- 

ng the synthetic graft fibers, in both graft materials at all time- 

oints (Supplementary Fig. S12). Within these regions, erythro- 

ytes and overlap with blood components could also be detected, 

oth inside graft material and the neotissue surrounding the graft 

aterial. It is interesting to further define this structure, as fib- 

in is thought to be deposited as part of the early host response 

76] and to serve as a template for new tissue formation similar 

o the preliminary matrix in physiological wound healing [77] . Im- 

ortantly, we detected that collagen maturation developed mainly 

etween 6 and 12 months after implantation. The immunohisto- 

hemical stainings revealed a transition from a more collagen 3 to 

 more collagen 1 dominated tissue, which is similar to physiolog- 

cal wound healing. Notably, the maturation of the tissue was ac- 

ompanied by a switch in the phenotype of the VIC-like cells to a 

ore quiescent αSMA 

− phenotype. Possibly this switch was facili- 

ated by changes in the local inflammatory environment. In healthy 

dult valves mainly quiescent VICs, marked by e.g. vimentin, reside 

ithin the leaflet [ 78 , 79 ], with subpopulations of smooth mus- 

le cells and myofibroblasts [ 78 , 80 ]. Surprisingly, vimentin positive 

ells infiltrated only very sparsely in the explants, whereas in the 

ative sheep aortic valve used as positive control, many cells ex- 

ressing vimentin were present. It is unclear what the cause of 

his lack of vimentin expression is. Especially at early timepoints, 

SMA and calponin positive cells were abundantly present within 

he explants. The presence of these activated fibroblasts is typically 

ssociated with pathological remodeling and excess tissue deposi- 

ion [81] . However, for in situ TE these cells are essential to facil-

tate endogenous tissue deposition. We believe it is essential that 

ver time these cells return to their quiescent state to prevent fi- 

rosis and leaflet contraction, as previously seen in many in vitro 

issue-engineered heart valves [ 27 , 82 ]. The marked decrease in the 

resence of αSMA and calponin positive cells over time, accom- 

anied with the maturation of the tissue and the resorption of the 

caffolds, indeed suggests that the regenerative response in the ex- 

lants was moving towards a state of tissue homeostasis, rather 
256 
han pathological remodeling. However, longer follow-up times are 

arranted to investigate the functionality and composition of the 

alves upon complete resorption of the graft materials. 

The formation of elastic fibers was detected only at late 

imepoints, with mature elastic fibers mainly detected after 24 

onths of implantation. In native heart valves, the elastin net- 

ork is formed at the very early life stages and remains func- 

ional throughout a lifetime, with little to no new elastin forma- 

ion [83] . Similar to previous studies, sparse mature elastic fiber 

ormation was detected, although not yet comparable to the na- 

ive elastic fiber network [ 16 , 84 ]. In all valves, (tropo)elastin was

xtensively produced, whereas the expression of the microfibril- 

ar network protein fibrillin 1 and fibrillin 2 was very sparsely de- 

ected. This suggests that the bottleneck for new elastic fiber for- 

ation might not be the production of tropoelastin and the for- 

ation of elastin as such, but rather the presence and/or assembly 

f network proteins. We speculate that the abundant presence of 

nflammatory cells leads to a proteolytic environment of elastases 

nd matrix metalloproteinases (MMPs) that may inhibit elastoge- 

esis [85] . This may also explain why elastic fiber assembly was 

nly detected at late time points, at which the inflammatory envi- 

onment had locally resolved in graft-free regions. The latter was 

ecently reported by Duijvelshoff et al., who demonstrated a trend 

f mature elastic fiber regeneration in resorbable synthetic en- 

ovascular stents in pace with a reduction in macrophage presence 

86] . 

Finally, even within this very homologous test group of healthy, 

oung sheep, variability was seen between explants of each time 

oint. Most variability in tissue formation, as well as inflammation 

nd graft resorption, between the valves tended to occur in the 

rst 6 months. Within this timeframe, many processes are ongoing, 

nfluencing the timing and extend of other processes involved in 

ndogenous tissue regenerative cascade. Potential sources of vari- 

bility might be minor variabilities in the surgical procedure at im- 

lantation or through differences in host immunological state [8] . 

easonably, more variation can be expected when translating to- 

ards more heterogenous patient populations [ 87 ]. 

The findings of the present study provide several important in- 

ications for future clinical translation. Overall, the present find- 

ngs regarding tissue formation and maturation suggest that scaf- 

old resorption of in situ TEHVs should be relatively slow to al- 

ow for sufficient mature and functional tissue formation prior to 

ull scaffold resorption. Perhaps more importantly, the scaffold de- 

ign should facilitate maintenance of the balance between resorp- 

ion and tissue formation by the cells in order to deal with spatial 

eterogeneities that are observed in the complex heart valve ge- 

metry. Appropriate microstructural and mechanical design is key 

n that respect, where the microstructure should be chosen with 

ufficient pore size for ingrowth of cells and capillaries, and spa- 

iotemporal heterogeneity between the conduit and leaflet regions 

n particular should be considered. It should be emphasized that 

ome of the current findings may be specific to the sheep model, 

nd may occur differently in patients. From a translational point- 

f-view patient-centered research is essential [88] . These consider- 

tions may become even more important when translating to the 

ortic position due to the more stringent, less-forgiving hemody- 

amic environment. Moreover, given that aortic valves are mostly 

mplanted in adult or elderly patients, stronger inter-patient vari- 

bility is to be anticipated. Patient-specific sources of variability 

or this patient population are proposed to include co-morbidities, 

uch as diabetes, and sex- and age-related changes, medications 

nd environmental factors [ 8 , 87 , 89 ]. Dedicated research is neces-

ary to determine if patient-specific graft design is necessary and 

ow immunomodulatory graft design should be optimized to en- 

ure safe and robust clinical translation to various patient popula- 

ions. 
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imitations 

This study has several limitations. One important limitation is 

hat this was a retrospective study and only endpoint data mea- 

urements were used in this study. Therefore, it remains specu- 

ative which early events could have led to certain downstream 

emodeling. Spectral analysis of Raman data was performed only 

ithin the graft material. As longitudinal analysis of a single valve 

as not possible, variability between selected areas could occur 

ue to resorption of graft material, especially in the base region, 

ausing variability in outcome. Moreover, local scaffold resorption 

ould not be reliably quantified as resorption of supramolecular 

olymers is a complex process with multiple potential functional 

mplications (e.g. fiber swelling, changing mechanical properties 

 47 , 90 ]) which is challenging to measure in explant material. Qual- 

tative analysis of scaffold resorption by SEM (e.g. in terms of fiber 

leavage, erosion) as previously described [ 16 , 21 ] could not be per-

ormed with the samples available. Additionally, intense signal and 

lose material interactions, such as fibrin, might cause noise in the 

pectrum. A more detailed pixel size could be used to overcome 

his limitation, however, here we opted for compromising on the 

inimal pixel size in order to enable scanning of various larger re- 

ions within the valve. Another limitation of this study is the lim- 

ted sample size. However, there are only few studies on long-term 

n vivo implantations of resorbable synthetic heart valves available 

o date, so despite the limited sample numbers, the presented in- 

ormation represents a valuable contribution to our understanding 

f in situ heart valve tissue engineering. 

onclusion 

With these analyses, we uncovered new insights in the endoge- 

ous tissue restoration response regarding infiltration and pres- 

nce of immune cells and tissue forming cells and their correla- 

ion to graft resorption and neotissue formation and maturation 

ver time. Our findings show important spatial heterogeneities in 

he regenerative process, most likely as the combined effect of het- 

rogeneous cellular repopulation mechanisms and heterogeneity in 

he local hemodynamic loads, which may fuel the rational design 

f improved grafts. To fully understand the in situ regenerative re- 

ponse, more in-depth, comprehensive in vivo analysis and mech- 

nistic in vitro work with focus on the role of proposed regulators 

f regeneration including inflammation, local extracellular matrix, 

raft design, and especially local hemodynamics and the down- 

tream effects thereof are warranted. However, to ensure robust 

linical translation, a holistic approach is needed, focusing not only 

n the graft properties, but also on implant-independent, patient- 

pecific factors. 
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