
Bioengineered vascular grafts with a pathogenic TGFBR1 
variant model aneurysm formation in vivo and reveal underlying 
collagen defects

Ying Yang1, Hao Feng1,2, Ying Tang1,2, Zhenguo Wang3, Ping Qiu1, Xihua Huang1, Lin 
Chang3, Jifeng Zhang3, Yuqing Eugene Chen1,3,*, Dogukan Mizrak1,*, Bo Yang1,*

1Department of Cardiac Surgery, University of Michigan, Ann Arbor, MI 48109, USA

2Second Xiangya Hospital, Central South University, Changsha, 410011, China

3Department of Internal Medicine, University of Michigan, Ann Arbor, MI 48109, USA

Abstract

Thoracic aortic aneurysm (TAA) is a life-threatening vascular disease frequently associated with 

underlying genetic causes. An inadequate understanding of human TAA pathogenesis highlights 

the need for better disease models. Here, we established a functional human TAA model in 

an animal host by combining human induced pluripotent stem cells (hiPSCs), bioengineered 

vascular grafts (BVGs), and gene editing. We generated BVGs from isogenic control hiPSC-

derived vascular smooth muscle cells (SMCs) and mutant SMCs gene-edited to carry a Loeys-

Dietz syndrome (LDS)–associated pathogenic variant (TGFBR1A230T). We also generated hiPSC-

derived BVGs using cells from a patient with LDS (PatientA230T/+) and using genetically corrected 

cells (Patient+/+). Control and experimental BVGs were then implanted into the common carotid 

arteries of nude rats. The TGFBR1A230T variant led to impaired mechanical properties of 

BVGs, resulting in lower burst pressure and suture retention strength. BVGs carrying the variant 

dilated over time in vivo, resembling human TAA formation. Spatial transcriptomics profiling 

revealed defective expression of extracellular matrix (ECM) formation genes in PatientA230T/+ 

BVGs compared with Patient+/+ BVGs. Histological analysis and protein assays validated 

quantitative and qualitative ECM defects in PatientA230T/+ BVGs and patient tissue, including 

decreased collagen hydroxylation. SMC organization was also impaired in PatientA230T/+ BVGs 

as confirmed by vascular contraction testing. Silencing of collagen-modifying enzymes with small 

interfering RNAs reduced collagen proline hydroxylation in SMC-derived tissue constructs. These 

studies demonstrated the utility of BVGs to model human TAA formation in an animal host and 

highlighted the role of reduced collagen modifying enzyme activity in human TAA formation.
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INTRODUCTION

Thoracic aortic aneurysm (TAA) is among the leading causes of death in the United States, 

with surgical repair as the only effective treatment (1–4). Animal models have been used 

to study TAA for years and have provided key insights into the developmental origins of 

aortic smooth muscle cells (SMCs) and aneurysm-related signaling events (4–7). However, 

these studies have not yielded a major therapeutic advance in preventing or reversing human 

TAAs. This cross-species discrepancy highlights the need for a more predictive human 

cell-based disease model to capture the human aneurysm pathogenesis (8, 9). Human TAA 

studies have been limited to the examination of end-stage human aneurysmal tissue, which 

undergoes compensatory molecular and cellular changes during aneurysm progression. Lack 

of access to pre-aneurysmal human tissue from predisposed individuals further impedes our 

ability to discern early molecular events leading to TAA formation and further indicates the 

need to develop better disease models.

SMCs are the primary cell type that form the vascular wall and are essential to sustain 

arterial structure and function (9, 10). In response to pathogenic conditions and vascular 

injury, SMCs can undergo marked phenotypic and functional changes (10–14). Aortic SMCs 

have heterogeneous developmental origins based on their spatial location, and several forms 

of aortic diseases, including aneurysm and atherosclerosis, show regional specificity. Recent 

fate mapping studies in animal models confirmed that regional TAA manifestations are 

attributable to the embryonic origins of SMCs (9, 15–18). The integrity of the aortic wall 

relies on the interactions among SMCs, collagen, elastin, and other components of the 

extracellular matrix (ECM) (6). In addition, genes encoding collagen-modifying enzymes 

have also been implicated in aortic aneurysm, dissection, and rupture (19–22). However, 

compensatory changes in collagen quantity observed in some end-stage aneurysmal tissues 

complicate the interpretation of the role of collagen in TAA formation (23, 24).

Genetic predisposition plays a more dominant role in TAA compared with abdominal 

aortic aneurysm (6, 13). Pathogenic variants in genes involved in canonical transforming 

growth factor–β (TGF-β) signaling, including transforming growth factor–beta receptor type 

I (TGFBR1), cause Loeys-Dietz syndrome (LDS), a genetic disorder characterized by aortic 

root aneurysms (6, 25). An LDS mouse model demonstrated that Tgfbr1M318R/+ mutation 

disrupts SMCs derived from second heart field cardiovascular progenitor cells (CPCs) that 

are populated in the aortic root (15). In a previous study, we also identified a pathogenic 

TGFBR1 variant (TGFBR1A230T) causing aortic root aneurysm and aortic dissection in an 

LDS family (26). Our molecular characterization using human induced pluripotent stem 

cell (hiPSC) disease modeling revealed that TGFBR1A230T impairs SMC gene expression 

and function in a lineage-specific manner, affecting cardiovascular progenitor cell lineage 

SMCs (CPC-SMCs) (26). Although the lineage-specific molecular and cellular defects 

informed the etiology of LDS-associated aortic root aneurysms, this previous study was 

largely limited to two-dimensional monolayer cell cultures lacking relevant environmental 

cues such as hemodynamic stress and intercellular SMC communication defined by vascular 

geometry (26). Therefore, the production of implantable three-dimensional tissue constructs 

is necessary to make an improved human cell-based disease model (8).
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To investigate the molecular events leading to human aneurysm formation, we developed a 

human TAA model in an animal host by combining hiPSCs, CRISPR-Cas9 gene editing, 

and bioengineered vascular grafts (BVGs). This platform enabled us to capture features 

of aortic root aneurysm formation associated with the TGFBR1A230T variant. Here, we 

present evidence that collagen defects, likely caused by reduced collagen-modifying enzyme 

activity, contribute to the weaker mechanical performance of TGFBR1A230T BVGs in vivo 

and lead to BVG dilation.

RESULTS

TGFBR1A230T mutation impairs the mechanical properties of SMC-derived BVGs

To model aortic root aneurysm associated with the TGFBR1A230T mutation, we generated 

implantable BVGs using isogenic male TGFBR1+/+ (derived from a patient with no aortic 

abnormalities and denoted as control-I) and TGFBR1A230T/+ hiPSCs (Fig. 1A and fig. 

S1A). To generate the BVGs, we modified previously published protocols (27, 28). Briefly, 

instead of SMCs derived from embryoid bodies, we used maturation medium–treated 

CPC-SMCs (M-SMCs) with enhanced myosin heavy chain 11 (MYH11) expression (fig. 

S1B). We seeded M-SMCs derived from TGFBR1+/+ and TGFBR1A230T/+ hiPSCs onto 

polyglycolide [polyglycolic acid (PGA)] mesh and cultured them in petri dishes in vitro 

(fig. S1C), which resulted in vessel-like BVGs after 8 weeks (fig. S1D). Both TGFBR1+/+ 

and TGFBR1A230T/+ BVGs appeared opaque at the end of the in vitro culture period (Fig. 

1B). Next, we characterized the mechanical properties of TGFBR1+/+ and TGFBR1A230T/+ 

BVGs using burst pressure, suture retention strength, and tensile tests. The TGFBR1+/+ 

BVGs demonstrated a burst pressure of 2324 ± 211 mmHg, comparable to that of the 

saphenous vein (29). However, the BVGs generated from two independent TGFBR1A230T/+ 

clones displayed significantly lower burst pressure (1385 ± 147 mmHg, 1300 ± 165 mmHg; 

P < 0.001) (Fig. 1C). Their suture retention strength was also significantly lower (0.86 ± 

0.08 MPa, 0.83 ± 0.09 MPa; P < 0.001) compared with that of the isogenic TGFBR1+/+ 

BVGs (1.31 ± 0.14 MPa) (Fig. 1D). In addition, we measured ultimate tensile stress of the 

BVGs by stretching tissue rings with custom rectangular loops and generated stress-strain 

plots. We observed lower ultimate tensile stress of TGFBR1A230T/+ BVGs (0.70 ± 0.07 

MPa, 0.66 ± 0.07 MPa) compared with their isogenic control BVGs (1.34 ± 0.14 MPa) and 

similar failure strain for both conditions (Fig. 1, E and F).

To verify that TGFBR1A230T BVG mechanical defects were independent of genetic 

background, we used CRISPR-Cas9 gene editing to generate TGFBR1A230T/+ lines using 

a different hiPSC control derived from a male participant with no aortic abnormalities 

(fig. S1E). We then generated BVGs from both isogenic control (denoted as control-

II) and mutant cells (Fig. 1G) and measured their mechanical properties. Consistently, 

TGFBR1A230T/+ BVGs generated from two independent clones (denoted as clone A and 

clone B) had weaker mechanical properties with lower burst pressure (TGFBR1A230T/+ 

clone A: 861 ± 181 mmHg; TGFBR1A230T/+ clone B: 895 ± 184 mmHg), suture retention 

strength (TGFBR1A230T/+ clone A: 0.51 ± 0.09 MPa; TGFBR1A230T/+ clone B: 0.51 

± 0.14 MPa), and ultimate tensile stress (TGFBR1A230T/+ clone A: 0.47 ± 0.09 MPa; 

TGFBR1A230T/+ clone B: 0.48 ± 0.10 MPa) values compared with their isogenic control 
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(burst pressure: 1712 ± 183 mmHg; suture retention strength 0.90 ± 0.09 MPa; ultimate 

tensile stress 0.80 ± 0.07 MPa) (Fig. 1, H to J). Reduction in mechanical performance 

of the TGFBR1A230T BVGs was consistent between independent hiPSC lines and clones 

confirming the pervasiveness of the mutation. Overall, these results demonstrated our ability 

to generate implantable BVGs and confirmed that the TGFBR1A230T mutation impairs BVG 

mechanical properties in vitro.

A human aneurysm model is established in vivo using BVGs carrying the TGFBR1A230T/+ 

mutation

To compare the in vivo performance of each BVG pair, we replaced one common carotid 

artery with TGFBR1+/+ BVG and the other common carotid artery with TGFBR1A230T/+ 

BVG in the same 3- to 4-month-old Foxn1RNU nude rat using an optimized cuff technique 

(Fig. 2A) (30, 31). The cuff served as a physical barrier between the host vessel and the 

BVG to reduce host cell migration onto the BVGs. We randomized the implantation side 

of TGFBR1+/+ and TGFBR1A230T/+ BVGs to control for the possibility of any left-right 

hemodynamic asymmetry in common carotid arteries that might affect the performance 

of the BVG (32). The animals received daily intraperitoneal enoxaparin injections to 

prevent thrombosis. Patent blood flow in both TGFBR1+/+ and TGFBR1A230T/+ BVGs after 

placement was confirmed by Doppler imaging (fig. S2A). The explanted TGFBR1+/+ and 

TGFBR1A230T/+ BVGs were patent with no signs of rupture or teratoma at week 8 after 

operation (fig. S2B). These results suggested that common carotid arteries of nude rats could 

support bilateral BVG implants and that both TGFBR1+/+ and TGFBR1A230T/+ BVGs were 

able to withstand the blood pressure during this 8-week period (fig. S2B).

After implantation, the in vivo patency and mid-vessel inner diameter change of the 

implanted BVGs were monitored by biweekly ultrasonography for 8 weeks. The cross-

section ultrasound images revealed a visible inner diameter difference between TGFBR1+/+ 

and TGFBR1A230T/+ BVGs at week 8, although they appeared similar at week 1 (Fig. 

2B). The inner diameter of TGFBR1A230T/+ BVGs gradually increased over time, with 

a nearly 30% dilation by week 8 (Fig. 2, C and D; n = 6 biological replicates). The 

quantification of the biweekly ultrasound images showed significant TGFBR1A230T/+ BVG 

dilation by week 8 compared with the isogenic TGFBR1+/+ BVGs (P < 0.01; Fig. 2C 

and figs. S3 and S4; n = 6 biological replicates). The quantifications were performed on 

five pairs of bilaterally implanted BVGs and two unilateral BVGs. The inner diameters 

of pre-implantation BVGs (week 0) were measured using a vernier caliper. TGFBR1+/+ 

BVGs slightly dilated by week 8, suggesting that control BVGs underwent remodeling to 

adapt to the in vivo factors including hemodynamic stress. However, TGFBR1A230T/+ BVGs 

continued to dilate significantly after 4 weeks (P < 0.05; Fig. 2D). These results suggested 

that the TGFBR1A230T mutation altered the ability of BVGs to withstand the strain from 

blood flow in nude rats leading to vessel dilation.

PatientA230T/+ BVGs form dilation in vivo compared with genetically corrected Patient+/+ 

BVGs

To confirm the in vivo dilation phenotype in patient-derived hiPSCs, we generated BVGs 

from a patient with LDS (PatientA230T/+) and genetically corrected (denoted as Patient+/+) 
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cells (Fig. 3A). Both PatientA230T/+ and Patient+/+ hiPSC-derived CPC-SMCs formed 

opaque BVGs (Fig. 3B). In vitro mechanical tests revealed that the Patient+/+ BVGs 

displayed a significantly higher burst pressure (P < 0.001; 1414 ± 122 mmHg) compared 

with PatientA230T/+ BVGs (758 ± 86 mmHg), with a nearly 80% increase (Fig. 3C). 

Consistently, the suture retention strength and ultimate tensile stress of the Patient+/+ BVGs 

(0.92 ± 0.07 MPa and 0.82 ± 0.05 MPa) were enhanced compared with the PatientA230T/+ 

BVGs (0.50 ± 0.07 MPa and 0.48 ± 0.05 MPa) (Fig. 3, D and E). The improved 

mechanical performance of Patient+/+ BVGs was further demonstrated with the stress-strain 

test (Fig. 3F). These results were consistent with the in vitro mechanical differences between 

TGFBR1+/+ and TGFBR1A230T/+ BVGs.

We next measured cell density, remaining PGA amount, and BVG thickness at multiple time 

points to better understand the in vitro mechanical differences between the PatientA230T/+ 

and Patient+/+ BVGs. The BVG thickness remained the same during the BVG generation 

(fig. S5A). We observed a gradual increase in cell density and a gradual decrease in 

the PGA amount by week 8 of BVG generation in both PatientA230T/+ and Patient+/+ 

BVGs, with no differences between the groups (fig. S5, B and C). To assess the ECM 

deposition, we performed a colorimetric hydroxyproline assay as a proxy to quantify 

collagen amount. Hydroxyproline content gradually increased in both groups over time; 

however, hydroxyproline content was significantly increased in Patient+/+ BVGs compared 

with PatientA230T/+ BVGs at 6 and 8 weeks (week 6, P = 0.032; week 8, P = 0.035; fig. 

S5D).

PatientA230T/+ and Patient+/+ BVGs were then implanted into the common carotid arteries 

of the nude rats, with the implantation side of the PatientA230T/+ and Patient+/+ BVGs 

randomized as described above (n = 6 biological replicates). The in vivo patency and 

inner diameter change were monitored by biweekly ultrasonography, which confirmed 

patent blood flow in both BVG groups (fig. S5E). The harvested PatientA230T/+ BVGs 

showed dilation along the vessel at week 8 (Fig. 3G). Ultrasound cross-section images 

also demonstrated dilation by week 8 after operation (Fig. 3H). The inner diameters of pre-

implantation BVGs (week 0) were measured using a vernier caliper. The quantification of 

inner dimeter change over time displayed a gradual inner diameter increase in PatientA230T/+ 

BVGs from an average of 1.94 mm at week 0 to 2.73 mm by week 8, a nearly 40% increase 

(Fig. 3, I and J, and figs. S6 and S7). The quantifications were performed on four pairs of 

bilaterally implanted BVGs and four unilateral BVGs. The Patient+/+ BVGs did not dilate 

in vivo, whereas the inner diameters of PatientA230T/+ BVGs showed a significant increase 

from week 2 to week 4 (P = 0.023) and continued to dilate up to week 8 (P < 0.001; Fig. 3J).

To begin to characterize the cell types in the BVGs, we first performed HLA-A (human 

leukocyte antigens) staining to quantify host cell invasion on both PatientA230T/+ and 

Patient+/+ BVGs over time. The majority of BVG cells at week 8 were of human origin 

(HLA-A+) (fig. S8, A and B). We also performed CD68 staining on the explanted BVGs to 

label monocyte lineage cells, particularly circulating macrophages (33). We detected CD68+ 

cells in both conditions, suggesting host immune cell infiltration by week 8 after operation 

(fig. S8C). CD68+ cells were significantly higher in PatientA230T/+ BVGs (P = 0.04; fig. 
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S8D), consistent with the finding that TAAs often present with inflammatory cells in the 

aortic wall media (34).

Spatial transcriptomics profiling reveals the molecular defects in PatientA230T/+ BVGs

To elucidate the molecular mechanisms underlying the dilation that occurred in 

PatientA230T/+ BVGs, we performed spatial transcriptomics profiling of two biological 

replicates of PatientA230T/+ and Patient+/+ BVGs explanted at week 8 after placement. To 

do this, the explanted BVGs were fixed in 4% paraformaldehyde solution and embedded in 

paraffin. Formalin-fixed, paraffin-embedded (FFPE; 5-μm thick) sections for each condition 

were placed on 10X Visium Spatial Gene Expression slides. The Visium FFPE probes 

targeting human genes revealed the gene expression patterns in each spatially barcoded 

spot (55 μm in diameter), which encompassed multiple cells capturing thousands of genes 

per sample (fig. S9A). We performed dimensionality reduction and unsupervised clustering 

using Seurat 4.2 (R package) to identify spatially resolved clusters and their distribution in 

two biological replicates of PatientA230T/+ and Patient+/+ BVGs (Fig. 4A) (35). We identified 

several clusters (denoted C1 to C7) with different gene expression patterns (data file S1). 

C1, C6, and C7 had overlapping marker expression with variable expressivity including 

the enrichment of potassium calcium-activated channel subfamily M alpha 1 (KCNMA1); 

therefore, they were colored similarly in different shades of red (Fig. 4A).

The resulting clusters exhibited differential distribution among the PatientA230T/+ and 

Patient+/+ BVGs (Fig. 4B and fig. S9B). C1 and C5 were more prevalent in the 

PatientA230T/+ BVGs (Fig. 4B). C2, enriched in the SMC marker transgelin (TAGLN), 

and C3, enriched in collagen-modifying enzymes including prolyl 4-hydroxylase subunit 

alpha 2 (P4HA2) and lysyl hydroxylase 1 (PLOD1), were the most abundant clusters in 

the Patient+/+ BVGs (Fig. 4B and data file S1). Thrombospondin 4 (THBS4)–enriched C4 

cluster marked the outer layer of BVGs from both conditions (Fig. 4, C and D), and THBS4 
deficiency increases aortic dissection risk (36). PatientA230T/+ BVG walls were mostly 

populated with C1, C6, and C5, enriched in the fibroblast marker fibulin 1 (FBLN1) (Fig. 

4, C and D). SMC-related clusters, C2 and C3, formed the wall of Patient+/+ BVGs but 

only labeled isolated regions in PatientA230T/+ BVGs (Fig. 4C). Examination of additional 

cluster markers supported cell identity differences between PatientA230T/+ and Patient+/+ 

BVGs (data file S1 and fig. S9C).

Next, we performed differential gene expression analysis comparing the PatientA230T/+ and 

Patient+/+ BVGs using Seurat 4.2 (R package) (data file S1). TGFBR1A230T variant impaired 

the expression of SMC contraction genes, including smoothelin (SMTN) and TAGLN in 

the PatientA230T/+ BVGs (P-adjusted < 0.001; data file S1). Using gene set enrichment 

analysis, we also identified Reactome pathways up-regulated in each condition (Fig. 4E) 

(37). PatientA230T/+ BVGs were enriched in injury- and repair-related gene sets, including 

interferon signaling and DNA repair (Fig. 4E). ECM organization, collagen formation, 

collagen-modifying enzymes, and elastic fiber formation gene sets showed enrichment in 

the Patient+/+ condition [false discovery rate (FDR) < 0.001; data file S1]. Consistently, 

several enzymes involved in the hydroxylation of proline and lysine residues on collagen

—including P4HA2, prolyl 3-hydroxylase 1 (P3H1), PLOD1, PLOD2, and lysyl oxidase 
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(LOX)—were significantly enriched in Patient+/+ BVGs (P-adjusted < 0.001; data file 

S1). Increased TGF-β signaling in the Patient+/+ BVGs compared with the PatientA230T/+ 

BVGs supported the persistent effect of the TGFBR1A230T variant in vivo (Fig. 4E). In 

addition, respiratory electron transport and citric acid cycle gene sets were enriched in the 

Patient+/+ condition, suggesting enhanced mitochondrial function (FDR < 0.001; data file 

S1). To visualize collagen-related expression changes, we plotted spatial expression profiles 

of P4HA2, P3H1, PLOD1, and collagen type I alpha 1 chain (COL1A1), which revealed 

uneven distribution and lower expression of these markers in PatientA230T/+ BVGs (Fig. 4F). 

Overall, these data suggested potential ECM defects underlying PatientA230T/+ BVG dilation 

in vivo.

Orthogonal validations confirm ECM defects in explanted PatientA230T/+ BVGs

To validate the ECM expression defects in the PatientA230T/+ BVGs, we first assayed 

collagen quality in PatientA230T/+ and Patient+/+ BVGs before and after implantation. To 

distinguish thick and better aligned collagen fibers (shown in orange-red birefringence) from 

thin collagen fibers (green birefringence), we performed picrosirius red stainings enhanced 

with polarized light (Fig. 5A) (38, 39). We did not detect differences in thick versus thin 

collagen fiber ratio between the pre-implantation PatientA230T/+ and Patient+/+ BVGs (Fig. 

5, A and B). The explanted PatientA230T/+ BVGs showed significantly lower thick/thin fiber 

ratio compared with the Patient+/+ BVGs (P = 0.006; Fig. 5B and fig. S10A), suggesting 

qualitative collagen differences between the harvested PatientA230T/+ and Patient+/+ BVGs. 

To understand the pathological relevance of this finding, we performed picrosirius red 

stainings on aneurysmal root samples of patients from LDS families carrying SMAD3 
pathogenic variants and the LDS patient whose PatientA230T/+ hiPSCs were modeled in Fig. 

3 (Fig. 5C) (40). The collagen fibers appeared disorganized in the aneurysmal root samples 

with lower thick/thin collagen fiber ratio compared with the non-aneurysmal aortic roots 

(Fig. 5, C and D, and fig. S10B), supporting the findings in the BVGs.

Elastin is the major component of elastic fibers, fragmentation of which is a hallmark 

of human TAA (41). HiPSC-derived SMCs have very low elastin (ELN) expression in 

two-dimensional monolayer cultures, a major limitation of the hiPSC disease modeling 

(42). Next, we checked the spatial expression of several genes contributing to elastic 

fiber assembly (13, 43, 44), including fibrillin-1 (FBN1), fibulin-5 (FBLN5), and 

elastin microfibril interfacer 1 (EMILIN1) in PatientA230T/+ and Patient+/+ BVGs. ELN, 
FBN1, FBLN5, and EMILIN1 were down-regulated in PatientA230T/+ BVGs (Fig. 5E). 

Immunohistochemical analysis also revealed significantly weaker ELN staining in the 

explanted PatientA230T/+ BVGs compared with the Patient+/+ BVGs (P < 0.001; fig. S11A). 

The spatially resolved expression of these genes also showed regional overlap, indicating 

their coexpression in the same BVG areas (Fig. 5E). We then performed FBN1 and ELN 

costaining, which confirmed weaker FBN1 and ELN staining in PatientA230T/+ BVGs and 

FBN1 and ELN colocalization in the BVGs (Fig. 5F). However, mature elastic fibers 

were not detected in either BVG condition, similar to previous studies involving hiPSC-

SMC– or primary SMC-derived tissue-engineered vessel grafts (28, 45, 46). Overall, these 

data suggested that in vivo factors failed to promote the expression of key elastic fiber 
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assembly genes in the PatientA230T/+ BVGs; however, the conditions were also suboptimal 

for organized elastic fiber formation in the Patient+/+ BVGs.

PatientA230T/+ BVGs exhibit reduced collagen-modifying enzyme activity and vascular 
contractility

Next, we performed additional stainings and functional assays to further characterize the 

differences between PatientA230T/+ and Patient+/+ BVGs. MYH11+ SMCs were present in 

both PatientA230T/+ and Patient+/+ BVGs, and the top marker of C4, THBS4, labeled the 

outer layer of the BVGs from both conditions (Fig. 6A). We speculate that the THBS4+ 

cell population could also be important in adapting to the hemodynamic environment in 

vivo, given the known role of THBS4 in vascular remodeling (36). To examine how the 

changes in SMC contraction markers such as TAGLN translated into SMC function in 

the Patient+/+ BVGs, we tested the vascular contraction of the BVGs using a myograph 

system (47). To accomplish this, BVG rings were prepared from both pre-implantation and 

explanted BVGs and were incubated in a myograph chamber. Contraction and relaxation of 

the BVG rings were induced using serotonin hydrochloride (5-HT) and sodium nitroprusside 

(SNP), respectively (Fig. 6B) (47–49). Consistent with the changes in SMC marker gene 

expression, vascular contraction was significantly impaired in the explanted PatientA230T/+ 

BVGs, suggesting inferior SMC function and organization (P = 0.017; Fig. 6B). Vascular 

contractions were weak in both PatientA230T/+ and Patient+/+ pre-implantation BVGs, likely 

because of poor SMC alignment in vitro in the absence of hemodynamic cues (Fig. 6B).

We also further characterized collagen defects. First, human Pro-COL1A1 enzyme-linked 

immunosorbent assay (ELISA) on the explanted BVGs revealed significantly lower 

COL1A1 abundance in the PatientA230T/+ BVGs (P = 0.002; Fig. 6C). We performed 

immunostainings for collagen-modifying enzymes, P4HA2 and PLOD1, which had stronger 

labeling in the explanted Patient+/+ BVGs consistent with the gene expression differences 

(Fig. 6A and fig. S11, B and C). To measure the prolyl hydroxylase enzyme activity in 

the BVGs, we performed the hydroxyproline assay. Post-implantation BVGs appeared to 

have higher hydroxyproline content compared with the pre-implantation BVGs in both 

PatientA230T/+ and Patient+/+ BVGs, confirming ECM remodeling in vivo (Fig. 6D). Both 

pre-implantation and post-implantation PatientA230T/+ BVGs had lower hydroxyproline 

content compared with the Patient+/+ BVGs, suggesting impaired collagen modification in 

PatientA230T/+ BVGs in vitro and in vivo (Fig. 6D).

To assess the functional effects of prolyl hydroxylases P4HA2 and P3H1 on CPC-SMC–

derived collagen, we conducted gene silencing experiments using small interfering RNAs 

(siRNAs). We seeded PatientA230T/+ and Patient+/+ CPC-SMCs around agarose molds to 

allow them to form tissue rings, which have higher collagen content compared with two-

dimensional cell cultures (50). We treated the tissue rings with nontargeting control siRNA 

pool or experimental siRNAs targeting either P4HA2 or P3H1 for 8 days (fig. S11D). Both 

P4HA2 and P3H1 siRNA-treated Patient+/+ samples did not form strong tissue rings and had 

lower hydroxyproline content compared with the control (P < 0.05; Fig. 6E). Overall, these 

data suggested that reduced collagen quality and quantity may be attributed to impaired 
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collagen-modifying enzyme activity in the PatientA230T/+ BVGs and that these enzyme 

defects were a determinant of BVG performance in vivo.

DISCUSSION

In this study, we developed a human aneurysm model by comparing hiPSC-derived BVGs 

carrying an LDS-associated TGFBR1A230T mutation with their isogenic controls in nude 

rats. The TGFBR1A230T mutation impaired the mechanical properties of both PatientA230T/+ 

and TGFBR1A230T/+ BVGs. This is consistent with our previous study that demonstrated 

reduced tensile strength in mutant tissue rings (26). Although the collagen fiber ratio 

was similar in the pre-implantation BVGs, we detected less thick collagen fiber in the 

explanted PatientA230T/+ BVGs, suggesting that in vivo BVG remodeling was impaired by 

the TGFBR1A230T mutation. Introduction of mechanical stretching by bioreactors increases 

the mechanical performance of tissue-engineered blood vessels and improves collagen 

synthesis (28, 46, 51, 52). Thus, we speculate that mechanical stimulation from blood 

flow through the BVGs led to improved collagen synthesis and maturation as well as SMC 

alignment and function in the Patient+/+ BVGs but that these processes were impeded in 

the PatientA230T/+ BVGs, ultimately resulting in the gradual dilation of the PatientA230T/+ 

BVGs.

The aortic root is mostly populated with CPC-SMCs, which have been associated with 

aortic root aneurysm formation in animal model studies (9, 15). Our previous study 

also demonstrated that TGFBR1A230T mutation impairs contractile gene expression and 

function in CPC-SMCs, sparing neural crest stem cell–derived SMCs, that populate the 

ascending aorta (26). In this study, we observed that vascular contraction was impaired 

in the explanted PatientA230T/+ BVGs, and gene expression data suggested mitochondrial 

dysfunction in PatientA230T/+ BVGs. Reduced mitochondrial respiration was previously 

reported in Tgfbr1M318R/+ SMCs, patient-derived fibroblasts carrying pathogenic variants 

in TGFBR2 or SMAD3, Fbn1c1039g/+ Marfan syndrome (MFS) mouse model, as well 

as aortic biopsies from patients with MFS (53–55). Mitochondrial decline may play a 

role in the functional SMC defects observed in PatientA230T/+ BVGs. Vascular contraction 

derangements could impair the ability to adapt to the hemodynamic environment in vivo and 

contribute to vessel dilation and potentially rupture (56).

TGF-β signaling regulates SMC differentiation and vascular homeostasis as well as ECM 

remodeling by regulating collagen synthesis (15, 57–61). SMAD3 is a key downstream 

effector of TGF-β signaling, and its deficiency reduced thick collagen fiber (collagen type 

I) abundance in aortic walls in a mouse model (62), consistent with these findings. Collagen 

type I provides structural support to ECM, conferring tensile strength, and its degradation 

is linked to connective tissue fragility in patients with aortopathies (63, 64). Furthermore, 

Col1a1Δ/Δ mice have a substantially higher risk of aortic dissection and rupture, suggesting 

that the integrity of the aortic wall depends on adequate type I collagen content (65). 

Likewise, COL3A1 mutations can cause vascular Ehlers-Danlos syndrome (vEDS). vEDS 

is characterized by fragile aortic walls leading to sudden thoracic descending aortic rupture 

that is usually not preceded by aortic dilatation (66–68). Non-aneurysmal descending aortic 

rupture is also reported in some MFS after previous prophylactic aortic root and ascending 
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aorta repair (69). Among the elastic fiber formation genes tested, FBN1 encodes a primary 

component of the microfibril scaffold and is the causative gene for MFS, an inherited 

disorder causing aortic root complications (44). In addition to its canonical role in elastic 

fiber assembly, FBN1 can also form an independent network with collagen. Mutations in 

ELN rarely cause aortic rupture, implicating the involvement of collagen derangements 

in FBN1-associated aortopathies (70–72). In addition to our data showing a link between 

TGF-β signaling and ECM regulation, phenotypic characteristics of LDS, MFS, and vEDS 

imply a common signature of collagen defects underlying regional manifestations of TAA, 

dissection, and rupture as well as the distinct contributions of collagen subtypes to disease 

severity and susceptibility.

We also detected lower expression of collagen modifying lysyl and prolyl hydroxylase 

enzymes including P4HA2, P3H1, and PLOD1 in PatientA230T/+ BVGs compared with 

the Patient+/+ group, and a hydroxyproline assay confirmed impaired prolyl hydroxylase 

enzyme activity in the PatientA230T/+ BVGs. PLOD1 catalyzes the hydroxylation of lysine 

residues on collagen, and aortas from Plod1−/− mice show degenerated collagen fibrils 

leading to aortic rupture (19, 20). Pathogenic variants in PLOD1 are associated with 

the kyphoscoliotic type of EDS typically characterized by hyperextensible skin and joint 

tissue (73, 74). Several studies have identified inactivating PLOD1 variants in families with 

TAA and dissection (75, 76). Similarly, prolyl hydroxylase enzymes, including P3H1 and 

P4HA2, catalyzing the hydroxylation of proline residues are critical for collagen triple 

helix formation and fiber stability. Prolyl hydroxylase deficiency can cause osteogenesis 

imperfecta, which is also associated with aortic root dilatation (21, 22). A recent report 

also recommended cardiovascular screening for patients with osteogenesis imperfecta (77). 

Collagen-modifying enzymes are not limited to collagen hydroxylases. ADAMs family 

metalloproteinases have also been implicated in aortic aneurysm formation (78, 79). Among 

the dysregulated metalloproteinases in PatientA230T/+ BVGs, ADAM metallopeptidase with 

thrombospondin type 1 motif 2 (ADAMTS2) is a procollagen N-propeptidase promoting 

collagen fiber assembly and is implicated in EDS (80). These results support a role for 

collagen-modifying enzyme defects in aortic root aneurysms associated with impaired TGF-

β signaling.

This study does have several limitations. To establish a disease model, we produced 

BVGs under static conditions. We acknowledge that BVGs generated with pulsatile stress 

have better mechanical performance (28, 46, 51, 52). However, our TGFBR1+/+ BVGs 

demonstrated high burst pressures, which we attribute to a higher CPC-SMC proliferation 

capacity and an optimized CPC-SMC maturation process. In addition, the PGA material 

was not fully degraded in the pre-implantation BVGs consistent with previous reports 

(81); however, the remaining material amount was not different between PatientA230T/+ and 

Patient+/+ BVGs. We used BVGs for the purpose of generating a human aortic aneurysm 

model, and we acknowledge that there are more sophisticated approaches for off-the-shelf 

BVG production (27, 28, 82). In addition, although we used a modified dual-cuff technique 

instead of suture anastomosis to decrease the direct contact between BVGs and host vessel, 

we still observed substantial host cell accumulation by week 8, affecting our ability to 

monitor aneurysm features for longer periods of time. Our BVGs also lacked organized 

elastic fibers, which is a fairly common issue in tissue-engineered blood vessel studies 
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(27, 28, 46). Numerous strategies have been developed to improve tropoelastin and mature 

elastin expression in BVGs with limited success, indicating the need to understand the 

molecular basis of ELN expression and mature elastic fiber formation (83–87).

Despite these challenges, this BVG-based human aortic aneurysm model has the potential 

to provide insights into the early molecular events leading to TAA formation. By modeling 

LDS-associated aortic root aneurysms, we observed a convergence of TGF-β signaling 

defects and ECM deficiencies paralleling those found in other syndromes, such as MFS, 

EDS, and osteogenesis imperfecta. ECM network defects could be a key driver of TAA 

formation by compromising aortic wall integrity and disrupting mechanotransduction, 

leading to SMC dysfunction.

MATERIALS AND METHODS

Study design

The objective of this study was to establish a human aneurysm model by using BVGs 

carrying a LDS-associated pathogenic variant TGFBR1A230T to mimic human TAA 

formation. We compared knock-in hiPSC-derived CPC-SMCs carrying the TGFBR1A230T 

mutation with their isogenic controls and PatientA230T/+ CPC-SMCs with patient-corrected 

cells (Patient+/+). Mechanical studies including burst pressure and suture retention strength 

were performed on the BVGs in vitro. An in vivo human aneurysm model was established 

by implanting control and experimental BVGs into the common carotid arteries of nude 

rats. The inner diameter change of the BVGs was monitored using ultrasonography. The 

BVGs were harvested at week 8 after placement, and spatial transcriptomics profiling was 

performed to investigate the molecular and cellular defects. The findings were validated by 

quantitative and qualitative assays in BVGs and human aortic root samples. The experiments 

were performed according to the protocols approved by the Institutional Review Board at the 

University of Michigan (HUM00096079 and HUM00054585). All animal experiments were 

performed under the protocols approved by the Institutional Animal Care & Use Committee 

(PRO00011590) of the University of Michigan according to the National Institutes of Health 

guidelines, in collaboration with Unit for Laboratory Animal Medicine of University of 

Michigan. Detailed descriptions of additional experimental procedures and materials are 

available in Supplementary Materials and Methods and tables S1 to S3. Individual-level 

data for the main and supplementary figure column plots are included in data file S2. 

Detailed numbers of biological replicates are listed in the figure legends and data analysis 

sections to demonstrate biological reproducibility. We did not use statistical analysis to 

predetermine sample sizes. Animal enrollments to different groups were randomized. The 

ultrasound analyses were blinded, and all biweekly ultrasound data were included in the 

quantifications. We also included additional BVGs for molecular and cellular analyses, such 

as histological evaluations and vascular contraction assay and colored Doppler images, that 

were not monitored by biweekly ultrasonography.

hiPSC generation, and CRISPR-Cas9 gene editing

The hiPSCs were generated as described previously (26). TGFBR1 was targeted using 

CRISPR-Cas9 gene editing. The TGFBR1A230T/+ lines from control-I hiPSCs were 
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generated previously (26). The TGFBR1A230T/+ line using a different male hiPSC control 

(generated from a 41-year-old male with no aortic abnormalities), denoted as control-

II, was generated as follows. Single guide RNA [sgRNA; obtained from Integrated 

DNA Technologies (IDT)] with the sequence 5′-CCACGAACGTTCTTCTCTAG-3′ was 

used to target the adjacent downstream of TGFBR1 c.688G. Two single-stranded 

oligodeoxynucleotides (ssODNs) (obtained from IDT) were designed to induce the TGFBR1 
c.688G > A (p.Ala230Thr) mutation and TGFBR1 c.688A>G (p.Thr230Ala) correction by 

homology directed repair. To form the RNP complex, 10 μg (60 pmol) of S.p. HiFi Cas9 

nuclease V3 (obtained from IDT) and 210 pmol of sgRNA were first incubated together for 

10 min at room temperature. Two million hiPSCs were electroporated with the RNP mixture 

using Celetrix electroporation system (Celetrix) with the following program: V set (630 V), 

T set (30 ms), P num (1 N), and P int (1 ms). Transfected hiPSCs were seeded on Corning 

GFR Matrigel-coated 60-mm dishes in TesRE8 medium (STEMCELL Technologies, catalog 

no. 05990) and cultured until visible clones were formed. Two heterozygous clones with 

the TGFBR1 c. G688A mutation were selected for further experiments. ssODNs without the 

mutation were used to correct the TGFBR1 gene in hiPSCs derived from patients with LDS. 

All generated clones were confirmed by Sanger sequencing.

Generation of BVGs

To generate BVGs, we differentiated hiPSCs to CPC-SMCs. For CPC-SMC differentiation, 

CPCs were digested by Accutase, centrifuged, and seeded with the density of 1.5 × 104 

cells/cm2 in CPC-SMC medium [Dulbecco’s modified Eagle’s medium (DMEM)/F12, B27, 

1% penicillin-streptomycin, 1-thioglycerol (400 μmol/liter), TGF-β1 (2 ng/ml), and platelet-

derived growth factor–BB (10 ng/ml)] and incubated for 5 days as previously described 

(26). To obtain M-SMCs, CPC-SMCs were digested by Accutase, centrifuged, and seeded 

with the density of 1.5 × 104 cells/cm2 in SMC maturation medium [DMEM/F12, 10% fetal 

bovine serum (FBS), and 1% penicillin-streptomycin] and incubated for 3 to 4 days until 

they reach 80 to 90% confluency.

BVGs were generated by culturing M-SMCs on biodegradable PGA-based scaffold as 

reported previously (45, 46). The PGA mesh sheet (Confluent Medical Technologies Inc.) 

was cut to 1 cm by 4 cm and sewn around silicon tubing (2.0-mm outer diameter) to obtain 

a PGA scaffold. The PGA scaffold was first treated with 1.0 N sodium hydroxide (NaOH, 

Sigma-Aldrich) for 1 min, washed in deionized water three times, and immersed in 70% 

ethanol for 30 min. The scaffolds were then installed onto the needles in a 10-cm dish and 

dried overnight in a biological safety cabinet with the blower on and ultraviolet light off. 

The PGA scaffold was then coated with Matrigel (0.05 mg/mL) for 30 min and dried in 

a biological safety cabinet for 30 min. M-SMCs were seeded onto tubular PGA scaffold 

with the density of 15 million cells/ml and cultured in BVG medium [DMEM medium 

supplemented with 20% FBS, TGF-β1 (2 ng/ml), epidermal growth factor (0.5 ng/ml), basic 

fibroblast growth factor (10 ng/ml), Humulin (0.13 U/ml), 1% penicillin-streptomycin with 

additional proline (50 μg/ml), glycine (50 μg/ml), alanine (20 μg/ml), and CuSO4 (3 ng/ml)]. 

After 1 week, the BVG media supplemented with ascorbic acid (50 μg/ml) was replaced 

twice a week. After 4 weeks of culture, the concentration of FBS was changed to 10%. After 
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8 weeks of culture, the BVGs were harvested under sterile conditions for in vitro mechanical 

tests and animal studies.

Implantation of BVGs into nude rats

To establish an in vivo animal model, we transplanted the BVGs as an interposition graft 

into the common carotid artery of Foxn1RNU nude rats (strain code: 316, Charles River 

Laboratories). Experiments were performed on 3- to 4-month-old male nude rats. BVG 

pairs derived from TGFBR1+/+ and TGFBR1A230T/+ hiPSCs as well as PatientA230T/+ and 

Patient+/+ hiPSCs were implanted into the common carotid arteries of nude rats. Left and 

right common carotid arteries were carefully exposed and replaced with BVGs using a 

modified end-to-end cuff technique (30, 31). After heparin was administrated intravenously, 

the common carotid artery was clamped proximally and distally, 3 to 4 cm apart. The 

common carotid artery was then divided in the middle between the clamps. An end-to-end 

anastomosis was made between the common carotid artery and BVG segments of 2 mm 

in inner diameter and 2 cm in length. The end-to-end rejoining was made by a 4-mm-long 

polyvinyl tube with a 1.1-mm diameter. The proximal part of the carotid artery was inserted 

into the tube, and the intimal side of the artery was everted. To fix the everted artery, 

another polyvinyl tube was inserted around the native artery and ligated using a 4-0 thin 

thread. Last, the cuff-mounted carotid artery was inserted into one end of BVGs. The same 

procedure was performed at the other end of BVGs with the other end of carotid artery. The 

BVG was flushed with saline solution before the graft was tied. The degree of anastomosis 

patency was confirmed by visualizing the pulsatile bright red blood flow in the transplanted 

BVGs after the vascular clamps were released. After confirmation of blood flow and 

hemostasis, the wound area was closed. We also performed unilateral BVG implantations for 

quantification purposes. The animals were monitored for 8 weeks. Enoxaparin was injected 

intraperitoneally daily to prevent thrombosis during the 8-week period (3 mg/kg). Although 

enoxaparin injections were efficient, we observed a rare complication of unilateral blood clot 

in one bilateral BVG implantation. In addition, we observed that BVG length was subjected 

to change during the 8-week period because of in vivo remodeling.

Statistical analysis

The quantitative BVG and tissue ring data were presented as means ± SD with at least 

four biological replicates. We conducted a Shapiro-Wilk normality test before all analyses. 

When analyzing more than two groups that were normally distributed, we tested for equal 

variance using the Brown-Forsythe test. If the STDs were not significantly different, we 

performed one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test 

to compare the mean of each column. When analyzing more than two groups that are not 

normally distributed, we performed nonparametric Kruskal-Wallis test with Dunn’s multiple 

comparisons test. When analyzing only two datasets that were normally distributed, we 

used the two-tailed unpaired t test. If the variances were significantly different (F test), 

we conducted the two-tailed unpaired t test with Welch’s correction. When analyzing two 

datasets that are not normally distributed, we used unpaired Mann-Whitney test. P < 0.05 

was considered statistically significant. The statistical analyses were performed using the 

recommended tests by GraphPad Prism 9 Software.
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Fig. 1. TGFBR1A230T mutation impairs the mechanical properties of SMC-derived BVGs in 
vitro.
(A) Schematic illustration of BVG generation using hiPSC-derived SMCs through CPC 

lineage. TGFBR1+/+ and TGFBR1A230T/+ M-SMCs were seeded onto biodegradable 

PGA-based mesh and cultured for 8 weeks in vitro. Created with BioRender.com. 

(B) Representative images of BVGs derived from isogenic control-I TGFBR1+/+ and 

TGFBR1A230T/+ (two independent clones) SMCs after 8 weeks of in vitro culture. The 

mechanical properties including burst pressure (C), suture retention strength (D), and 
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ultimate tensile stress (E) of TGFBR1+/+ and TGFBR1A230T/+ BVGs were measured 

(one-way ANOVA with Tukey’s multiple comparisons test; n = 6 biological replicates). 

(F) Representative stress-strain plots from TGFBR1+/+ and TGFBR1A230T/+ BVGs. (G) 

Representative images of BVGs generated from isogenic control-II TGFBR1+/+ and 

TGFBR1A230T/+ (two independent clones) CPC-SMCs after 8 weeks of in vitro culture. 

The mechanical properties including burst pressure (H), suture retention strength (I), 

and ultimate tensile stress (J) of control-II TGFBR1+/+ and TGFBR1A230T/+ BVGs were 

measured (one-way ANOVA with Tukey’s multiple comparisons test; n = 6 biological 

replicates).
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Fig. 2. Establishing an in vivo human aneurysm disease model using TGFBR1A230T/+ BVGs 
implanted into nude rats.
(A) Left: Schematic illustration of the disease model established by BVG implantation 

into the common carotid arteries of nude rats using an optimized cuff technique. 

Created with BioRender.com. Right: Representative images of implanted TGFBR1+/+ 

and TGFBR1A230T/+ BVGs in nude rats at week 0 and week 8 post-operation. (B) 

Representative ultrasound cross-section images, showing the inner diameters of TGFBR1+/+ 

and TGFBR1A230T/+ BVGs at week 1 and week 8. The inner diameters (C) and the inner 

diameter change (unpaired t test; n = 6 biological replicates; *P < 0.05, **P < 0.01, and 

***P < 0.001) (D) of the implanted TGFBR1+/+ and TGFBR1A230T/+ BVGs were monitored 

for 8 weeks by ultrasonography (one-way ANOVA with Tukey’s multiple comparisons test; 

n = 6 biological replicates). N.S., not significant.
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Fig. 3. PatientA230T/+ BVGs have weaker mechanical performance in vitro and dilate over 8 
weeks in vivo.
(A) Schematic illustration of BVG generation using PatientA230T/+ and patient-corrected 

Patient+/+ hiPSC-derived SMCs. M-SMCs were seeded onto PGA-based mesh and cultured 

for 8 weeks in vitro. Created with BioRender.com. (B) Representative images of BVGs 

from PatientA230T/+ and Patient+/+ hiPSC-derived SMCs after 8 weeks of in vitro culture. 

The mechanical properties including burst pressure (C), suture retention strength (D), 

and ultimate tensile stress (E) of PatientA230T/+ and Patient+/+ BVGs were measured 
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(unpaired t test; n = 8 biological replicates). (F) Representative stress-strain plots from 

the PatientA230T/+ and Patient+/+ BVGs. (G) Representative images of the explanted 

PatientA230T/+ and Patient+/+ BVGs at week 8 post-operation. (H) Representative ultrasound 

images showing the inner diameters of PatientA230T/+ and Patient+/+ BVGs in nude rats at 

week 1 and week 8. (I and J) Inner diameters (unpaired t test; n = 6 biological replicates; 

*P < 0.05, **P < 0.01, and ***P < 0.001) and the inner diameter change of the implanted 

PatientA230T/+ and Patient+/+ BVGs (one-way ANOVA with Tukey’s multiple comparisons 

test; n = 6 biological replicates) were monitored for 8 weeks by ultrasonography.
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Fig. 4. Spatial transcriptomics profiling reveals ECM defects in PatientA230T/+ BVGs.
(A) Uniform Manifold Approximation and Projection (UMAP) visualization of different 

clusters (C1 to C7) in the merged spatial transcriptomics dataset. Related C1, C6, and C7 

clusters are colored in different shades of red because they exhibited overlapping marker 

expression with variable expressivity. One of the top enriched genes is highlighted for 

each cluster. (B) Fraction of different clusters (C1 to C7) in each sample demonstrating 

their cluster composition. Two biological replicates of the PatientA230T/+ and Patient+/+ 

BVGs were analyzed. R1, replicate 1; R2, replicate 2. (C) Spatial distribution of different 
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clusters in two replicates of PatientA230T/+ and Patient+/+ BVGs. Each circle corresponds to 

a barcoded spatial spot (55 μm in diameter), and the size of the spots was adjusted by Seurat 

to improve visualization. (D) Violin plots showing normalized expression of enriched cluster 

markers. (E) Gene set enrichment analysis using the Reactome Pathway Database showing 

the enrichment of different gene sets in PatientA230T/+ versus Patient+/+ comparison ranked 

by normalized (Norm.) enrichment score. (F) Spatially resolved normalized expression of 

P4HA2, P3H1, PLOD1, and COL1A1 in two biological replicates of PatientA230T/+ and 

Patient+/+ BVGs.
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Fig. 5. Characterization of ECM defects in PatientA230T/+ BVGs using histological analysis.
(A) Picrosirius red stainings of pre-implantation (week 0, top) and explanted (week 8 

after operation, bottom) PatientA230T/+ and Patient+/+ BVGs. The images were taken under 

a polarizing filter, where thick fibers are orange/red birefringence and thin fibers are 

green birefringence. (B) Quantification of the thick/thin fiber ratios of pre-implantation 

(week 0) and explanted (week 8) BVGs (unpaired t test; n = 6 biological replicates). (C) 

Representative picrosirius red stainings of aortic root samples from the patient carrying the 

TGFBR1A230T variant and a control with no aortic abnormalities. (D) Quantification of 
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the thick/thin fiber ratios of root samples from non-aneurysmal controls and patients from 

LDS families (unpaired t test; n = 3 biological replicates). (E) Spatially resolved expression 

of ELN, FBN1, FBLN5, and EMILIN1 in the PatientA230T/+ and Patient+/+ BVGs. (F) 

Co-immunostainings for ELN (green) and FBN1 (purple) on PatientA230T/+ and Patient+/+ 

BVGs with 4′,6-diamidino-2-phenylindole (DAPI; blue) staining.
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Fig. 6. PatientA230T/+ BVGs display reduced collagen-modifying enzyme activity and vascular 
contractility.
(A) immunostainings for MYH11, THBS4, P4HA2, and PLOD1 in explanted PatientA230T/+ 

and Patient+/+ BVGs at week 8 after placement. (B) Top: Contraction change in pre-

implantation (week 0; n = 6 biological replicates; Mann-Whitney test) and explanted 

BVGs (week 8 post-operation; n = 4 biological replicates; unpaired t test with Welch’s 

correction). Bottom: A representative plot showing vascular contraction and relaxation of 

explanted BVGs in response to 5-HT and SNP, respectively. (C) Pro-COL1A1 quantification 

of explanted PatientA230T/+ and Patient+/+ BVGs (Mann-Whitney test; n = 6 biological 

replicates). (D) Hydroxyproline quantifications of the pre-implantation (week 0; n = 5 

biological replicates; Mann-Whitney test) and explanted (week 8; n = 5 biological replicates; 

unpaired t test) PatientA230T/+ and Patient+/+ BVGs. (E) Relative hydroxyproline content of 

PatientA230T/+ and Patient+/+ tissue rings treated with nontargeting (control siRNA), P4HA2, 
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or P3H1 siRNA (PatientA230T/+ comparison: one-way ANOVA with Tukey’s multiple 

comparisons test; n = 6 biological replicates; Patient+/+ comparison: Kruskal-Wallis test with 

Dunn’s multiple comparisons test; n = 6 biological replicates). The average PatientA230T/+ 

value treated with control siRNA was set to 1.
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