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Abstract

Objective—Pseudoaneurysms remain a significant complication after vascular procedures. We 

hypothesized that transforming growth factor-β (TGFβ) signaling plays a mechanistic role in the 

development of pseudoaneurysms.

Approach and Results—Aortic pericardial patch angioplasty was associated with a high 

incidence (88%) of pseudoaneurysms at 30 days, with increased smad2 phosphorylation in small 

pseudoaneurysms but not large pseudoaneurysms; TGFβ1 receptors were increased in small 

pseudoaneurysms and preserved in large pseudoaneurysms. Delivery of TGFβ1 via nanoparticles 

covalently bonded to the patch stimulated smad2 phosphorylation both in vitro and in vivo, and 

significantly decreased pseudoaneurysm formation (6.7%). Inhibition of TGFβ1 signaling with 

SB431542 decreased smad2 phosphorylation both in vitro and in vivo, and significantly induced 

pseudoaneurysm formation by day 7 (66.7%).

Conclusion—Normal healing after aortic patch angioplasty is associated with increased TGFβ1 

signaling, and recruitment of smad2-signaling may limit pseudoaneurysm formation; loss of 

TGFβ1 signaling is associated with formation of large pseudoaneurysms. Enhancement of TGFβ1 

signaling may be a potential mechanism to limit pseudoaneurysm formation after vascular 

intervention.
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Introduction

Aneurysms are categorized as either “true” aneurysms or “false” aneurysms, with false 

aneurysms typically known as “pseudoaneurysms” based on their appearance on imaging. 

Whereas most true aneurysms are the generally the result of inflammation with consequent 

destruction of all three layers of the vessel wall, a pseudoaneurysm is a typically the result of 

vessel trauma, with a focal wall disruption and localized extravasation of blood that is 

contained by surrounding tissue. Although a pseudoaneurysm can be an acute complication 

of vascular catheterization including injection from drug abuse,1, 2 pseudoaneurysms are 

also complications that appear after long term vascular device implantation,3, 4 including 

after the common use of prosthetic and biological patch angioplasty to close arteriotomies 

such as after carotid or femoral endarterectomy.5,6,7 Anastomotic pseudoaneurysms are 

likely to be inherent to the surgical technique of using sutures to close vessels, with the first 

case reported not long after an early description of the technique of aortic graft implantation 

in 1956.8 Although the incidence of anastomotic pseudoaneurysms is low, the prevalence of 

these pseudoaneurysms has increased as a result of the increase of vascular procedures.9 The 

incidence of anastomotic pseudoaneurysms after aortic surgery is approximately 1–5% and 

after carotid endarterectomy is approximately 0.3%.6,10 Surgical repair of pseudoaneurysms 

are frequently associated with high rates of morbidity and mortality, especially in the aorta 

and the carotid arteries.

We recently described a rat model of aortic patch angioplasty, implanting an acellular bovine 

pericardial patch into the infrarenal aorta, that is associated with a high frequency of 

pseudoaneurysm formation; all arteries showed some degree of degeneration and 

pseudoaneurysm formation by day 30.11 Since TGFβ regulates fibrosis and plays a role in 

true aneurysm formation,12–14 we hypothesized that TGFβ may be active after patch 

angioplasty and thus might be a mechanism that regulates the pathogenesis of 

pseudoaneurysms.
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Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

Pseudoaneurysm formation after aortic patch angioplasty

We used a rat model of pericardial patch angioplasty to assess pseudoaneurysm formation in 

the infrarenal aorta.15, 16 Only 12% (2/17) of the patches healed normally without 

pseudoaneurysm formation, whereas 88% (15/17) of the patches healed with aortic dilation 

and pseudoaneurysm formation (Figure 1A, 1B, 1C). A neointima formed on the luminal 

side of the implanted patch in both the normal healing group as well as in the group that 

developed pseudoaneurysms; intraluminal mural thrombus was characteristically formed in 

the group that developed into large pseudoaneurysms (Figure 1B). The lumen area varied 

widely among pseudoaneurysms (Figure 1C). Microscopic evaluation of the normal aorta 

and normal healing groups showed elastin fibers that were continuous without breaks, 

whereas in the small and large pseudoaneurysms the elastin fibers were discontinuous and 

broken in the residual aortic wall, especially in the large pseudoaneurysms (Figure 1D, 1E); 

however, both small and large pseudoaneurysms had little elastin in the pseudoaneurysm 

wall. Large pseudoaneurysms also had larger thrombus area, fewer smooth muscle cells, 

greater numbers of CD68+ cells, CD45+ cells and CD3+ cells, and less collagen deposition 

in the pseudoaneurysm wall compared to small pseudoaneurysms (Figure 1E, 1F; 

Supplementary figure 1A, 1B). The greater number of CD68+ cells in large 

pseudoaneurysms were CD68- and iNOS- dual-positive cells, as well as CD68- and TNF-α-

dual-positive cells, consistent with M1 phenotype macrophages; there were similar numbers 

of CD68- and TGM2- dual-positive cells as well as CD68- and IL10- dual-positive cells 

(Supplementary figure 2A, 2B). Interestingly, there was increased proliferation and 

apoptosis in small pseudoaneurysms compared to normally healing arteries, but large 

pseudoaneurysms showed diminished proliferation and apoptosis, in both the wall and the 

patch neointima (Figure 1F, Supplementary figure 1A, 1C, 1D).

TGFβ1 signaling in pseudoaneurysms

Since pseudoaneurysms in this model have histological features similar to aneurysms, such 

as reduced collagen deposition and increased elastin disruption in the residual aortic wall as 

well as increased M1 macrophage infiltration (Figure 1, Supplementary Figures 1–2), and 

TGFβ1 signaling is associated with aneurysm formation,17 we determined whether TGFβ1 

signaling is present during pseudoaneurysm formation.

There was greater TGFβ1 expression in the wall of small pseudoaneurysms compared to 

normally healing aorta, but diminished TGFβ1 expression in large pseudoaneurysms 

compared to small ones (Figure 2A, 2B); TGFβ receptor 1 (TGFβR1) expression was 

similarly increased in pseudoaneurysms with maximal expression in small pseudoaneurysms 

(Figure 2A, 2C). Immunofluorescence confirmed the presence of TGFβ1- or TGFβR1-

positive cells in the walls of small pseudoaneurysms (Figure 2D–F). Thus, small 

pseudoaneurysms were associated with increased TGFβ expression and high cell turnover 
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and increased proliferation, whereas large pseudoaneurysms were associated with decreased 

TGFβ expression and low cell turnover and decreased proliferation (Supplementary Figure 

1C, 1D). Similarly, smad2 signaling was increased in small pseudoaneurysms (Figure 2G). 

Interestingly, TAK1 signaling was increased in both normally healing aortae as well as small 

pseudoaneurysms, but decreased in large pseudoaneurysms (Figure 2H). 

Immunofluorescence confirmed the increased smad2 signaling in small pseudoaneurysms, 

colocalized to vWF-, α-actin- and CD68-positive cells (Figure 2I–L; Supplementary Figure 

3); similarly, TAK1 was present in vWF-positive cells of normally healing aortae and small 

pseudoaneurysms (Figure 2I, 2M; Supplementary Figure 3). This data suggests that TGFβ1 

signaling is active after aortic patch angioplasty, with predominantly tak- signaling during 

normally healing and smad- signaling also present during formation of small 

pseudoaneurysms.

TGFβ1 inhibits pseudoaneurysm formation

Since our data suggests that development of large pseudoaneurysms is associated with 

reduced TGFβ1 signaling (Figure 2), but the TGFβR1 is still detectable in the aortic wall 

(Figure 2A–F), we hypothesized that activation of TGFβR1 might prevent development of 

large pseudoaneurysms after patch angioplasty. We previously showed that nanoparticles 

covalently bonded to pericardial patches can deliver therapeutic agents to the adjacent vena 

cava.18 We confirmed that this strategy could similarly deliver drugs to the aorta after aortic 

patch angioplasty. Nanoparticles containing rhodamine were bonded to patches and used for 

aortic patch angioplasty; as expected, rhodamine was delivered to the aortic wall, with 

increased delivery over 24 hours (Supplementary figure 4).

Nanoparticles were then loaded with TGFβ1 (NP-TGFβ1) and covalently bonded to 

pericardial patches; cumulative release of TGFβ1 from the patch in vitro was sustained for at 

least 5 days and then slowly decreased until 21 days (Figure 3A). NP-TGFβ1 induced 

phosphorylation of smad2 in endothelial cells in vitro, similar to native TGFβ1 (Figure 3B). 

Patches covalently bonded with control nanoparticles (NP-control), without any TGFβ1, 

showed similar rates (83%) of pseudoaneurysm formation as patches without any 

nanoparticles (Figure 3C–E); however, patches bonded with TGFβ1-releasing nanoparticles 

showed significantly reduced pseudoaneurysm formation (1/15; 7%; p=0.0161) (Figure 3C–

E). Aortae treated with TGFβ1 showed minimal breaks in elastin, increased α-actin 

deposition, increased collagen immunoreactivity, fewer CD68-positive cells, fewer CD45-

positive cells, and fewer CD3-positive cells compared to control-treated aortae (Figure 3F–

L). In addition, aortae treated with TGFβ1 showed reduced numbers of CD68- and iNOS- 

dual positive cells, as well as reduced numbers of CD68- and TNFα-dual positive cells, 

without any change in the numbers of CD68- and TGM2- dual positive cells or CD68-and 

IL10- dual positive cells (Figure 4A, 4B). At 30 days there were similar rates of proliferation 

and apoptosis in control and TGFβ1-treated aortae (Supplementary Figure 5). Although 

Western blot of the whole vessel wall was unable to detect increased TGFβ1 in the aortae 

treated with TGFβ1, immunofluorescence showed significantly increased TGFβ1 (Figure 

5A–B); delivery of TGFβ1 increased expression of TGFβR1 (Figure 5A–B; Supplementary 

Figure 6) as well as increased phosphorylation of both smad2 and Tak1 (Figure 5C–F; 

Bai et al. Page 4

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Figure 6). These data suggest that delivery of TGFβ1 to the aortic wall after 

patch angioplasty prevents development of pseudoaneurysm formation.

Inhibition of TGFβ signaling stimulates pseudoaneurysm formation

Since increased TGFβ signaling is associated with reduced development of 

pseudoaneurysms (Figures 3, 4), we hypothesized that reduced TGFβ signaling will be 

associated with increased pseudoaneurysm formation. We encapsulated SB431542, a 

specific inhibitor of TGFβ type I receptor signaling,19 into nanoparticles (NP-SB431542); 

endothelial cells stimulated with TGFβ1 showed reduced smad2 phosphorylation in vitro 

with NP-SB431542 compared to NP-control (Figure 6A).

NP-SB431542 was covalently bonded to pericardial patches and used for aortic patch 

angioplasty. At 7 days, there were no pseudoaneurysms detectable in the control, NP-

control, or NP-TGFβ1 groups, but more than half of the aortae developed pseudoaneurysms 

with NP-SB431542 patches (p=0.0196, Figure 6B–D). In aortae treated with SB431542 

there were increased numbers of elastin fiber breaks and reduced α-actin and collagen 

density, as well as increased proliferation and apoptosis, e.g. cell turnover, in the aortic wall 

(Figure 6E–I; Supplementary Figure 7). Patch angioplasty with NP-SB431542 was also 

associated with increased numbers of CD68- and iNOS-dual positive cells and CD68- and 

TNFα-dual positive cells, e.g. M1-type macrophages, but similar numbers of CD68- and 

TGM2-dual positive cells and CD68- and IL10-dual positive cells (Figure 6J–M; 

Supplementary Figure 8). As expected, there was less TGFβ1 and TGFβR1 

immunoreactivity in the aortae treated with SB431542 but increased TGFβ1 and TGFβR1 

immunoreactivity with TGFβ1 treatment (Figure 6N, 6O; Supplementary Figure 7). 

Similarly, there were fewer phosphorylated-smad2-positive cells and fewer Tak1-positive 

cells in the aortae treated with SB431542 but increased phosphorylated-smad2-positive cells 

and Tak1-positive cells with TGFβ1 treatment (Figure 6P, 6Q; Supplementary Figure 7). 

These results suggest that reduced TGFβ signaling after pericardial patch angioplasty is 

associated with increased pseudoaneurysms, consistent with a role for TGFβ signaling in 

modulating pseudoaneurysm formation.

Discussion

We show that pericardial patch angioplasty in the rat aorta reliably induces 

pseudoaneurysms (88%) that have histological features of human pseudoaneurysms and true 

aneurysms (Figure 1). Successful healing of the surgical site is characterized by Tak1 

phosphorylation and small pseudoaneurysms are characterized by smad2 phosphorylation, 

whereas degeneration to large pseudoaneurysms is characterized by reduced TGFβ signaling 

(Figure 2; Supplementary Figure 9). Stimulation of TGFβ1 signaling decreases 

pseudoaneurysm formation (Figure 3), whereas inhibiting TGFβ signaling increases 

pseudoaneurysm formation (Figure 6). These results show that the TGFβ signaling pathway 

is a mechanism of pseudoaneurysm formation and suggest that modulation of this pathway 

may be a promising therapeutic strategy to prevent long term complications of vascular 

interventions.
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Pseudoaneurysm formation in humans is not rare after vascular surgery; although 

pseudoaneurysms are less common in modern practice compared with earlier decades, 

pseudoaneurysms continue to present as a late complication in 1% to 5% of cases.20, 10 

Although there are several animal models of true aneurysms, there has been no small animal 

model of pseudoaneurysm reported that reliably recapitulates human pseudoaneurysms; a 

rabbit model of traumatic pseudoaneurysm,21, 21 as well as pig models of arteriovenous graft 

and femoral pseudoaneurysm,22, 23 have been reported. Our small animal model of 

pseudoaneurysms is easily created with basic microsurgical skills and reliably creates 

pseudoaneurysms (Figure 1); since patch angioplasty is used clinically to prevent restenosis, 

it is not surprising that we also did not detect any restenosis in this model. In addition, the 

presence of disorganized extracellular matrix and macrophages mimics findings of human 

pseudoaneurysms.24 There are several animal models of true aneurysms, including Ang II 

infusion,25 periarterial calcium chloride,26, 27 pancreatic elastase infusion,26 as well as 

genetic mouse models of aneurysms.28 These models show characteristic wall destruction 

including elastin fiber disruption, collagen disorganization, and inflammatory cell 

infiltration.29, 30,31,32,33,34,35 Since our model of pseudoaneurysm shows some of these 

histological features, it may have applicability to aneurysm studies as well. However, we 

only performed this model in male rats. Female rats have smaller vessels than male rats, and 

we do not know whether these diameter differences will affect the development of 

pseudoaneurysms in this model; similarly there are sex differences in both human 

aneurysms,36, 37 as well as experimental models.38

Traditional risk factors for aneurysm formation include hypertension, smoking and other 

atherosclerotic risk factors.39,40,41 Recent studies have implicated the TGFβ signaling 

pathway in the pathogenesis of several genetic aneurysm syndromes.42,14, 28,43,44 In a mouse 

model, reduced TGFβ activity enhances aneurysm formation and rupture;45 overexpression 

of TGFβ limits plaque growth and prevents aortic dilation in apolipoprotein E-null mice.46 

Similarly, in a rat abdominal aortic aneurysm model, increased TGFβ1 stabilized aortic 

dilation.47,48,49 TGFβ receptor (TGFBR1 and TGFBR2) mutations promote aortic aneurysm 

formation, both in mice and humans.50,51,52, 53, 54 Smad2 mediates TGFβ receptor signaling 

and mutations in smad2 are associated with human artery aneurysm formation and 

dissections.55,56 As such it is not surprising that the TGFβ signaling pathway is active 

during pseudoaneurysm formation. Our findings that both the smad- as well as the tak- 

pathways appear to be active in aortic healing of patch angioplasty (Figure 2) suggest that 

these pathways are compensatory for surgical injury, and that loss of these pathways is 

associated with degeneration to large pseudoaneurysms (Figure 2; Supplementary Figure 9). 

Since expression of the TGFβ receptor is present, it is not surprising that activation of the 

receptor prevents development of pseudoaneurysms (Figure 3); however, since both smad- 

and tak- signaling is stimulated (Figure 5), it is not clear which pathway is predominant or 

critical. In addition, the disorganized structure of the pseudoaneurysm walls may lead to 

unusual patterns of expression and localization of these pathways compared to those present 

in normal vessel walls. However the role of the tak- pathway is not clear; TAK1-null mice 

die at embryonic day 11.5 with significant vascular defects.57 Nonetheless, TGFβ plays an 

important role during healing of surgical wounds, typically increasing collagen deposition as 

well as promoting accumulation of protein and DNA. 58–60 Thus the decreased incidence of 
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pseudoaneurysms in TGF-β-treated patches may be a result of increased tensile strength 

secondary to increased collagen synthesis (Figure 3, 6; Supplementary Figure 7).

Macrophages play a role in aneurysm formation, progression and healing.61 Macrophages 

were primarily present in the adventitia of the normally healing aortae; however, in large 

pseudoaneurysms that were associated with disordered wall architecture (Figure 1), 

macrophages could be seen in all layers (Figures 1D, 2I, 3F). M1 macrophages are initially 

recruited to the site of injury and produce proteases and proinflammatory cytokines, while 

M2 macrophages produce anti-inflammatory cytokines and extracellular matrix (ECM) 

components. M1 macrophages are required for formation of murine cerebral aneurysms;62 in 

humans, M1 macrophages are markedly increased in ruptured aneurysms.63 Conversely, 

injection of M2-polarized macrophages reduced aortic dilation after aneurysm induction.64 

TGFβ signaling can regulate M2 polarization, suggesting one mechanism of aneurysm 

formation.65, 66 We found increased M1 macrophages in large pseudoaneurysms, but similar 

numbers of M2 macrophages compared to the normally healing aorta and small 

pseudoaneurysms (Figure 4; Supplementary Figures 2, 8); increased TGFβ signaling 

reduced the numbers of these M1 macrophages (Figure 4).67 However, in this model, there 

were very few M2 macrophages, and thus it is not clear whether prevention of TGFβ-

mediated suppression of pseudoaneurysm formation is truly related to reduced M1 or 

increased M2 type macrophages. Interestingly, some macrophages expressed p-smad2 

(Figure 2), delivery of TGFβ1 reduced the number of macrophages in the aorta wall, 

especially M1 type macrophages (Figures 4, 5E–F), and inhibition of TGFβ1 signaling was 

associated with increased number of M1 type macrophages (Figure 6J–K), suggesting a 

complicated relation between TGFβ and macrophages.68,65,69 For example, TGFβ regulates 

macrophage migration and polarization. 70, 65, 66 This data suggests that the protective 

effects of TGFβ1 may not be limited to endothelial or smooth muscle cells, and the TGFβ 
pathway in macrophages may also play a role in the formation of pseudoaneurysms.

In summary, rat aortic pericardial patch angioplasty induces pseudoaneurysms that mimic 

human patch angioplasty pseudoaneurysms. Normal healing after aortic patch angioplasty is 

associated with increased TGFβ1 signaling; loss of TGFβ1 signaling is associated with 

formation of large pseudoaneurysms. These results suggest that enhancement of TGFβ1 

signaling may be a potential mechanism to limit pseudoaneurysm formation after vascular 

intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

CD cluster of differentiation

IL interleukin

iNOS inducible nitric oxide synthase

NP nanoparticle

PCNA Proliferating cell nuclear antigen

TAK TGF-β-Activated Kinase

TGF transforming growth factor

TGM transglutaminase

TNF tumor necrosis factor
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Highlights

• A novel model of small animal pseudoaneurysm formation was established.

• TGFβ1 smad- and tak- pathways play a role in prevention of pseudoaneurysm 

formation after patch angioplasty.

• Delivery of TGFβ1 inhibits pseudoaneurysm formation, whereas inhibition of 

the TGFβ pathway stimulates early pseudoaneurysm formation.

• Stimulation of TGFβ1 signaling may be a potential strategy to prevent 

pseudoaneurysm formation after vascular interventions.
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Figure 1. Pseudoaneurysm formation after rat aortic pericardial patch angioplasty
A) Representative photographs of macroscopic features of pseudoaneurysms after rat aorta 

patch angioplasty at day 30; ruler marker, 1mm. B) Verhoeff–Van Gieson (VVG) staining of 

rat native aorta, patch angioplasty with normal healing and without pseudoaneurysm 

formation, small pseudoaneurysm formation and large pseudoaneurysm formation at day 30; 

P, pericardial patch; scale bar, 1mm. C) Heat map of the luminal area distribution after 17 rat 

aorta patch angioplasties (ratio, normalized to native aorta). Aorta, n=3; normal healing, 

n=2; small pseudoaneurysm, n=5; large pseudoaneurysm, n=10. D) Photomicrographs of the 

aorta, day 30 after patch angioplasty. First row, VVG staining of the residual aortic wall; 

second row, immunohistochemistry of the normally healing aortic wall or pseudoaneurysm 

wall stained for α-actin; third row, immunohistochemistry stained for CD68; fourth row, 

immunohistochemistry stained for CD45; fifth row, immunohistochemistry stained for CD3; 

arrow shows elastin breaks or positive cells; dashed line shows the demarcation of the media 

and adventitia; scale bar, 100 μm; L, lumen. E) Bar graphs showing elastin breaks per high 

power field (p=0.0004, ANOVA; *, p=0.005, vs. small; Tukey’s multiple comparisons test). 

Thrombus area (p=0.0247, ANOVA; *, p=0.0394, vs. small; Tukey’s multiple comparisons 

test). α-actin positive cell density (p=0.0004, ANOVA; *, p<0.003, vs. normal and small; 

Tukey’s multiple comparisons test). Number of CD68 positive cells (p=0.0001, ANOVA; *, 

p=0.0006, vs. small; Tukey’s multiple comparisons test). Number of CD45 positive cells 

(p=0.001, ANOVA; *, p=0.0022, vs. small; Tukey’s multiple comparisons test). Number of 

CD3 positive cells (p<0.0001, ANOVA; *, p=0.0001, vs. small; Tukey’s multiple 

comparisons test). Proliferation index in the pseudoaneurysm wall (p<0.0001, ANOVA; *, 
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p<0.0001, vs. normal; **, p<0.0001, vs. normal and small; Tukey’s multiple comparisons 

test). Apoptosis index in the pseudoaneurysm wall (p=0.0001, ANOVA; *, p=0.0003, vs. 

normal; **, p=0.0003, vs. small; Tukey’s multiple comparisons test). n=2–5.
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Figure 2. TGFβ pathway signaling during pseudoaneurysm formation
A) Immunoblot of TGFβ1 and TGFβ receptor 1 (TGFβR1) in the native aorta, normal 

healing without pseudoaneurysm, small pseudoaneurysms and large pseudoaneurysms. n=3. 

B) Bar graph shows the ratio TGFβ1: GAPDH (p=0.0096, ANOVA; *, p<0.02, vs. aorta, 

normal and large; Tukey’s multiple comparisons test) n=3. C) Bar graph shows the ratio 

TGFβR1:GAPDH (p=0.0004, ANOVA; *, p<0.02, vs. aorta, normal; **, p=0.0132, vs. 

small; Tukey’s multiple comparisons test); n=3. D) Immunofluorescence showing TGFβ1 

(green) and DAPI (blue); merged pictures of TGFβR1 (red) and DAPI (blue) in aortae and 

tissue with normal healing, small and large pseudoaneurysms; scale bar, 100 μm; n=2–5. E) 
Bar graph shows density of TGFβ1 (p<0.0001, ANOVA; *, p<0.0001, vs. normal and small; 

**, p<0.0001, vs. small; Tukey’s multiple comparisons test). F) Bar graph showing number 

of TGFBR1 positive cells in the vessel wall (p<0.0001, ANOVA; *, p<0.0001, vs. normal 

and small; **, p<0.0001, vs. small; Tukey’s multiple comparisons test); n=2–5. G) 
Immunoblot of phosphorylated and total smad2 in the native aorta, normal healing without 

pseudoaneurysm, small pseudoaneurysms and large pseudoaneurysms. Bar graph shows the 

ratio of phospho:total smad2 (p<0.0001, ANOVA; *, p<0.0001, vs. aorta and normal; **, 

p<0.0001, vs. small; Tukey’s multiple comparisons test) n=3. H) Immunoblot of 
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phosphorylated and total TAK1 in the native aorta, normal healing without pseudoaneurysm, 

small pseudoaneurysms and large pseudoaneurysms. Bar graph showing the ratio of 

phospho:total TAK1 (p<0.0001, ANOVA; *, p<0.0025, vs. aorta; **, p=0.006, vs. normal 

and small, Tukey’s multiple comparisons test) n=3. I) Merged immunofluorescence of the 

vessel wall in aorta, normal healing without pseudoaneurysm, small pseudoaneurysms and 

large pseudoaneurysms, day 30. First row, merge of vWF (green), p-Smad2 (red) and DAPI 

(blue); second row, merge of α-actin (green), p-Smad2 (red) and DAPI (blue); third row, 

merge of CD68 (green), p-Smad2 (red) and DAPI (blue); forth row, merge of vWF (green), 

TAK1 (red) and DAPI (blue); yellow arrows show dual positive cells; scale bar, 100 μm. 

n=2–5. J) Bar graph showing vWF and p-Smad2 dual positive cells in the aorta wall 

(p=0.004, ANOVA; *, p=0.0036, vs. normal; **, p=0.0009, vs. small; Tukey’s multiple 

comparisons test); n=2–5. K) Bar graph showing α-actin and p-smad2 dual positive cells in 

the wall (p<0.0001, ANOVA; *, p<0.0001, vs. normal; **, p<0.0001, vs. small; Tukey’s 

multiple comparisons test); n=2–5. L) Bar graph showing CD68 and p-smad2 dual positive 

cells in the wall (p<0.0001, ANOVA; *, p<0.0001, vs. normal; p<0.0001, vs. small; Tukey’s 

multiple comparisons test); n=2–5. M) Bar graph showing vWF and TAK1 dual positive 

cells in the aorta wall (p<0.0001, ANOVA; *, p<0.0001, vs. aorta; **, p<0.0001, vs. normal 

and small; Tukey’s multiple comparisons test); n=2–5.
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Figure 3. Delivery of TGFβ1 decreases pseudoaneurysm formation
A) In vitro elution curve showing TGFβ1 release from NP-TGFβ1 over 21 days. B) 
Immunoblot of phosphorylated and total smad2 in endothelial cells treated with control, NP-

TGFβ1 and TGFβ1; n=3. Bar graph shows the ratio of phospho:total smad2 (p<0.0001, 

ANOVA; *, p<0.0001, vs. control; Tukey’s multiple comparisons test). C) Verhoeff–Van 

Gieson (VVG) staining after aortic patch angioplasty (day 30) using patches treated with 

control, NP-control or NP-TGFβ1; P, pericardial patch; scale bar, 1 mm; n=6–15. D) Heat 

map of the luminal area distribution (ratio, normalized to native aorta) after aortic patch 

angioplasty (day 30) using patches treated with control, NP-control or NP-TGFβ1. E) Bar 

graph showing pseudoaneurysm formation in control, NP-control and NP-TGFβ1 patches, 

day 30.*, p=0.0161, Chi-square. F) VVG staining of the residual aortic wall and 

immunohistochemistry showing the pseudoaneurysm or aorta wall of the NP-control and 

NP-TGFβ1 patches, day 30; first column, EVG staining; second column, 

immunohistochemistry stained for α-actin; third column, immunohistochemistry stained for 

collagen; fourth column, immunohistochemistry stained for CD68; fifth column, 

immunohistochemistry stained for CD45; sixth column, immunohistochemistry stained for 

CD3; dashed line shows the demarcation of the media and adventitia; scale bar, 100 μm; 
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n=4–15. G) Bar graph showing number of elastin breaks per high power field in control, NP-

control and NP-TGFβ1 patches, day 30 (p=0.0005, ANOVA; *, p<0.001, Tukey’s multiple 

comparisons test); n=4–6. H) Bar graph showing α-actin positive cell density; p=0.0004, 

ANOVA; *, p<0.0008, Tukey’s multiple comparisons test; n=4–6. I) Bar graph showing 

collagen density (p<0.0001, ANOVA; *, p<0.0001, Tukey’s multiple comparisons test); 

n=4–6. J) Bar graph showing numbers of CD68 positive cells (p=0.0002, ANOVA; *, 

p<0.001, Tukey’s multiple comparisons test); n=4–6. K) Bar graph showing the CD45 

positive cells (p=0.0059, ANOVA; *, p=0.0096, Tukey’s multiple comparisons test); n=4–6. 

L) Bar graph showing the CD3 positive cells (p<0.0001, ANOVA; *, p=0.0001, Tukey’s 

multiple comparisons test); n=4–6.
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Figure 4. Delivery of TGFβ1 diminishes M1 type macrophages
A) Immunofluorescence analysis of the vessel wall and patch neointima after rat aorta patch 

angioplasty, day 30; upper row, NP-control; lower row, NP-TGFβ1. Merge of CD68 (green), 

iNOS (red) and DAPI (blue); CD68 (green), TNFα (red) and DAPI (blue); merge of CD68 

(green), TGM2 (red) and DAPI (blue); merge of CD68 (green), IL10 (red) and DAPI (blue); 

N, patch neointima; L, lumen; yellow arrows showing the dual positive cells; scale bar, 100 

μm; n=3. B) Bar graphs showing CD68 and iNOS dual positive cells in the vessel wall (*, 

p=0.0005; t-test) and patch neointima (*, p=0.0024; t-test); CD68 and TNFα dual positive 

cells in the vessel wall (*, p=0.0019; t-test) and patch neointima (*, p=0.0104; t-test); CD68 

and TGM2 dual positive cells in the vessel wall (*, p=0.0257; t-test) and patch neointima (*, 

p=0.0161; t-test); CD68 and IL10 dual positive cells in the vessel wall (p=0.3739; t-test) and 

patch neointima (p=0.3739; t-test); n=3.
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Figure 5. Delivery of TGFβ1 increases Smad2 and TAK1 phosphorylation in vivo
A) Immunoblot of TGFβ1 and TGFβR1 in the NP-control and NP-TGFβ1 patches. n=3. Bar 

graphs show the ratio of TGFβ1 (p=0.1679, t-test) or TGFβR1 (p=0.0114, t-test) to 

GAPDH; n=3. B) Immunofluorescence of NP-control and NP-TGFβ1 patches showing 

TGFβ1 (green) and DAPI (blue); merged pictures of TGFβR1 (red) and DAPI (blue) in 

tissue in the NP-control and NP-TGFβ1 patches; scale bar, 100 μm; yellow arrows showing 

the positive cells. n=3. Bar graphs show density of TGFβ1 (*, p<0.0001, t-test); TGFβR1 

positive cells (*, p=0.0002, t-test); n=3. C) Immunoblot of phosphorylated and total smad2 

after aorta patch angioplasty using NP-control or NP-TGFβ1 patches, day 30; n=3. Bar 

graph shows the ratio of phospho:total smad2 (*, p<0.0001, t-test); n=3. D) Immunoblot of 

phosphorylated and total TAK1 after aorta patch angioplasty using NP-control or NP-

TGFβ1 patches, day 30; n=3. Bar graph showing the ratio of phospho:total TAK1 (*, 

p=0.0087, t-test); n=3. E) Immunofluorescence showing the vessel wall after aorta patch 

angioplasty using NP-control or NP-TGFβ1 patches, day 30; First column, merge of vWF 

(green), p-Smad2 (red) and DAPI (blue); second column, merge of α-actin (green), p-Smad2 

(red) and DAPI (blue); third column, merge of CD68 (green), p-Smad2 (red) and DAPI 

(blue); fourth column, merge of vWF (green), TAK1 (red) and DAPI (blue); L, lumen; 

yellow arrows show dual positive cells; scale bar, 100 μm; n=3. F) Bar graphs showing 

vWF-pSmad2 dual positive cells in the wall (*, p=0.0002, t-test); α-actin positive cells in the 

wall (*, p=0.0002, t-test); α-actin-pSmad2 dual positive cells in the wall (*, p=0.0127, t-

test); CD68 positive cells in the wall (*, p=0.0008, t-test); CD68-pSmad2 dual positive cells 

in the wall ( p>0.9, t-test); vWF-TAK1 dual positive cells (*, p<0.0001, t-test).
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Figure 6. Reduced TGFβ1 signaling increases pseudoaneurysm formation
A) Immunoblot of phosphorylated and total smad2 in endothelial cells treated with TGFβ1 

(5μmol/ml) as well as NP-control or NP-SB431542 (5 μmol/ml). Bar graph shows the ratio 

of phospho:total smad2 (*, p=0.0061, t-test); n=3. B) Verhoeff–Van Gieson (VVG) staining 

after aortic patch angioplasty (day 7) using patches treated with control, NP-control, NP-

SB431542, or NP-TGFβ1; P, pericardial patch; L, lumen; scale bar, 1 mm; n=6. C) Heat 

map of the aorta luminal area after patch angioplasty using control, NP-control, NP-

SB431542 and NP-TGFβ1 patches (day 7). D) Bar graph showing the pseudoaneurysm rate 

at day 7 (*, p=0.0196, Chi-square); n=6. E) Bar graph showing the elastin breaks of the 

residual aortic wall (p<0.0001, ANOVA; *, p<0.0004, vs. control, NP-control and NP-

TGFβ1 patches; Tukey’s multiple comparisons test). F) Bar graph showing the α-actin 

density (p=0.0175, ANOVA; *, p<0.047, vs. control, NP-control and NP-TGFβ1 patches; 

Tukey’s multiple comparisons test). G) Bar graph showing the collagen density (p=0.0016, 

ANOVA; *, p<0.0035, vs. control, NP-control and NP-TGFβ1 patches; Tukey’s multiple 

comparisons test). n=3. H) Bar graph showing the PCNA positive cells (p<0.0001, ANOVA; 

*, p<0.0001, vs. control, NP-SB431542 and NP-TGFβ1 patches; Tukey’s multiple 

comparisons test). n=3. I) Bar graph showing the cleaved caspase-3 positive cells (p<0.0001, 

ANOVA; *, p<0.0001, vs. control, NP-SB431542 and NP-TGFβ1 patches; Tukey’s multiple 

comparisons test); n=3. J) Bar graph showing CD68 and iNOS dual positive cells 

(p=0.0002, ANOVA; *, p<0.0004, Tukey’s multiple comparisons test), n=3. K) Bar graph 

showing CD68 and TNFα dual positive cells (p<0.0001, ANOVA; *, p<0.0001, Tukey’s 

multiple comparisons test); n=3. L) Bar graph showing CD68 and TGM2 dual positive cells 

(p=0.4411, ANOVA); n=3. M) Bar graph showing CD68 and IL10 dual positive cells 

(p=0.4411, ANOVA); n=3. N) Bar graph showing TGFβ1 density in control, NP-control, 

NP-SB431542 and NP-TGFβ1 patches, day 7 (p<0.0001, ANOVA; *, p<0.035, vs. control, 
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NP-control, NP-SB431542 patch; Tukey’s multiple comparisons test); n=3. O) Bar graph 

showing number of TGFBR1 positive cells in control, NP-control, NP-SB431542 and NP-

TGFβ1 patches, day 7 (p<0.0001, ANOVA; *, p<0.001, vs. control, NP-control patches; **, 

p<0.0001, VS. control, NP-control, NP-SB431542 patches; Tukey’s multiple comparisons 

test); n=3. P) Bar graph showing number of p-smad2 positive cells in control, NP-control, 

NP-SB431542 and NP-TGFβ1 patches, day 7 (p<0.0001, ANOVA; *, p<0.035, vs. control, 

NP-control patches; **, p<0.0001, VS. control, NP-control patches; Tukey’s multiple 

comparisons test), n=3. Q) Bar graph showing number of vWF and TAK1 dual positive cells 

in control, NP-control, NP-SB431542 and NP-TGFβ1 patches, day 7 (p<0.0001, ANOVA; *, 

p<0.0002, vs. NP-SB431542 patches; **, p<0.0004, VS. control, NP-control patches; 

Tukey’s multiple comparisons test), n=3.
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