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Abstract

Bypass graft failure occurs in 20-50% of coronary and lower extremity bypasses within the 

first-year due to intimal hyperplasia (IH). TSP-2 is a key regulatory protein that has been 

implicated in the development of IH following vessel injury. In this study, we developed a 

biodegradable CLICK-chemistry gelatin-based hydrogel to achieve sustained perivascular delivery 

of TSP-2 siRNA to rat carotid arteries following endothelial denudation injury. At 21 days, 

perivascular application of TSP-2 siRNA embedded hydrogels significantly downregulated TSP-2 

gene expression, as well as other associated mediators of IH including MMP-9 and VEGF, 

ultimately resulting in a significant decrease in IH. Our data illustrates the ability of perivascular 

CLICK-gelatin delivery of TSP-2 siRNA to mitigate IH following arterial injury.
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At 21 days following vessel denudation TSP-2 is upregulated and significant intimal hyperplasia 

is observed. Following application of TSP-2 siRNA embedded CLICK-gelatin, TSP-2 is 

downregulated and a significant decrease in intimal hyperplasia is observed.

Introduction

Atherosclerotic cardiovascular disease affects more than 18.3 million people in the United 

States, has an estimated global adult prevalence rate of 9.8%, and commonly manifests 

as peripheral arterial disease (PAD) or coronary artery disease (CAD) (1-3). PAD can 

lead to limb threatening ischemia as disease severity worsens, resulting in lower extremity 

rest pain, non-healing ulcers, gangrene, and ultimately limb loss unless a revascularization 

procedure is successfully performed (4, 5). Similarly, revascularization is indicated when 

CAD results in unstable angina or myocardial infarction (6, 7). Autologous vein is the 

gold standard conduit for surgical lower extremity bypass surgery and the leading conduit 

used for coronary artery bypass surgery (8, 9). However, 20-40% of lower extremity vein 

grafts and 20-50% of coronary bypasses suffer from conduit failure within the first year 

(10-13). The pathophysiology of bypass graft failure has been linked to the development 

of intimal hyperplasia (IH), which can occur throughout vein grafts, but predominates at 

the distal graft anastomosis of prosthetic bypass grafts (14-16). Anastomotic IH is likely 

triggered by iatrogenic injury to the vessel wall at the time of surgery and changes in 

biomechanical stress following bypass, which damages the integrity and function of the 

arterial endothelial cell (EC) and medial smooth muscle cell (SMC) layers. On a molecular 

level, this results in maladaptive changes in vascular gene expression that culminate 

in a phenotypic transformation of endothelial cells from quiescent to inflammatory and 

prothrombotic, and of smooth muscle cells from contractile to migratory and secretory (15, 

17, 18). Ultimately, smooth muscle cell migration from the media to the intima coupled 

with excessive cell proliferation of extracellular matrix leads to the development of IH. 

Histologically, several markers have been identified to identify the pathologic development 

of IH such as Ki-67, a marker for cell proliferation, CD31 and VEGF-R2, markers for 

adventitial neovascularization, and MMP9, a maker for vascular injury and inflammation 

(19-22). However, despite the understanding of IH as a key culprit of graft failure, minimal 
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scientific and translational progress has been made to successfully target the key regulators 

of graft failure and improve bypass graft patency (23, 24).

We previously identified a heightened and sustained upregulation of thrombospondin-2 

(TSP-2) at the distal bypass graft anastomosis in canine models following bypass surgery 

(25). TSP-2 is an extracellular matrix protein that is a key modulator in the pro-atherogenic 

switch of both EC and SMC phenotypes and is a key regulator in the development of 

IH (25-27). We have therefore sought to downregulate TSP-2 expression in both EC and 

SMC layers of the vessel wall. In previous in vitro studies, we demonstrated successful 

transfection of TSP-2 siRNA in human aortic smooth muscle cells with protein knockdown 

up to 30 days (27). Using in vivo rat models, we demonstrated upregulation of TSP-2 

gene and protein expression following injury-induced arterial IH, that was reduced by 

intraluminal delivery of TSP-2 siRNA along with a decrease in the severity of IH lesions 

at 21 days (28). However, this method of intraluminal delivery of TSP-2 siRNA directly 

into the vein graft is short-lived, requires prolonged vein distension, which may lead to 

additional endothelial injury, and cannot be used to treat prosthetic grafts given its acellular 

nature. We, therefore, developed a novel biologic vascular gene delivery system, utilizing a 

biodegradable gelatin-based hydrogel. This hydrogel is applied extraluminally at the time of 

surgery, to direct sustained perivascular delivery of gene therapy to all layers of the arterial 

wall, such as TSP-2 siRNA.

The purpose of this study is to evaluate the efficacy of in vivo perivascular delivery of 

TSP-2 siRNA to the arterial wall using a tetrazine (Tz)-norbornene (NBr) CLICK-chemistry 

based hydrogel delivery platform in a rat carotid artery balloon angioplasty model. Specific 

objectives include confirming effective delivery of siRNA with knockdown of TSP-2 gene 

transcription and protein translation, as well as the ability to reduce the IH response 

following arterial injury. This study was designed and performed in anticipation of future 

translation for treatment of bypass grafts in large animal studies.

Materials and Methods:

siRNA design and transfection agent:

Rat-specific TSP-2 siRNA, nontargeting control siRNA, and human-specific GAPDH 

siRNA were obtained from Thermo Fisher Scientific (Waltham, MA, USA). 

Polyethylenimine (PEI; in vivo jetPEI/in vitro jetPRIME; Polyplus, Strasbourg, France) 

was used as the transfection reagent. Horizon Discovery (Lafayette, LA, USA) supplied 

the siGLO red transfection indicator. Information about siRNA and siGLO is provided in 

supplemental Table 1.

CLICK-Hydrogel

For CLICK-gelatin polymer preparation, high bloom, low endotoxin Type A gelatin was 

modified with 3-(p -benzylamino)-1,2,4,5-tetrazine (Tz) and 5-norbornene-2-methylamine 

(Nb) in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 

(EDC) to produce Gelatin-Tz and Gelatin-Nb, respectively (Figure 1A,B). Gelatin polymer 

solutions conjugated with norbornene or tetrazine functional groups were combined in a 1:1 
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ratio in 1X phosphate buffered saline (PBS) to achieve a 5% (w/v) hydrogel. Cross-linking 

occurs via a tetrazine-norbornene CLICK-chemistry reaction when mixed, achieving rapid 

gelation within 10 seconds and avoids reactivity with loaded siRNA. PEI and siRNA were 

dissolved into CLICK-gelatin solutions prior to polymerization.

For CLICK-alginate polymer preparation, medium viscosity alginate (MVG, NovaMatrix) 

was modified with 3-(p -benzylamino)-1,2,4,5-tetrazine (Tz) and 5-norbornene-2-

methylamine (Nb) in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC) to produce Alginate-Tz and Alginate-Nb, respectively.

Cell culture and reagents

Human Aortic Endothelial Cells (HAoECs, Lonza, Walkersville, MD) passages 3 to 6 

were cultured in growth media consisting of Vasculife HAoEC basal medium supplement 

with Vasculife Life Factors kit (Lifeline Cell Technology, Walkersville, MD), 5% fetal 

bovine serum (Hyclone, Logan, UT), and Dulbecco’s Modified Eagle’s Medium (DMEM) 

consistent of low glucose, L-glutamine, and sodium pyruvate (Invitrogen, Carlsbad, CA). 

Assays were performed in 24-well plates (Corning, Lowell, MA) with initial seeding density 

of 25,000 cell per well.

siRNA Mediated in vitro Gene Knockdown

HAoECs were transfected 24 hours after plating using the transfection reagent, JetPEI 

(Polyplus, Strasbourg, France) and siRNAs targeting GAPDH (Thermo Fisher Scientific, 

Waltham, MA, USA). In vitro transfection was performed per the manufacturer’s protocol. 

The negative control group was untreated HAoECs (NT) and positive control group was 

HAoECs transfected with JetPEI + siGADPH in normal growth media (50nM). Treatment 

groups were HAoECs transfected with JETPEI + siGADPH in the presence of 500μL 

growth media containing 0.6mg of either alginate, CLICK-alginate-Tz, CLICK-alginate-

NBr, gelatin, CLICK-gelatin (Tz), or CLICK-gelatin (NBr) polymers. Transfection was 

allowed for 48 hours prior to cell harvest.

Animal Model and Surgical Procedure:

Protocols for this study were approved by the Institutional Animal Care and Use Committee 

at Beth Israel Deaconess Medical Center, and all animals were treated in compliance with 

the Guide for the Care and use of Laboratory Animals (NIH, Bethesda, MD, USA). Both 

male and female adult retired breeder Wistar rats (Charles River, Indianapolis, IN, USA) 

were used at an ideal weight of 450-500 and 325-350 g, respectively (n = 8 rats per group). 

Sample size was determined based on previous experience. One CCA was injured utilizing 

a balloon denudation model (14). Details about the balloon injury model are provided in the 

Supplementary Section. Following injury, the balloon-injured region of the CCA, measuring 

1cm approximately, was circumferentially coated with CLICK-gelatin infused with either 

nontargeting control siRNA with PEI (Control siRNA), anti-TSP-2 siRNA (TSP-2 siRNA) 

with PEI (both 7.5μM), or CLICK-gelatin alone. To assess siRNA delivery in vivo CLICK-

gelatin embedded with siGLO +PEI (7.5μM) was used. For denuded non-treated (NT) 

group, the common carotid was externally irrigated with saline following injury, and this 

served as overall positive control. After treatment, hemostasis was achieved, and the wound 
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was approximated in two layers with a running suture (5-0 Vicryl Plus). Extended-release 

Meloxicam was administered as postoperative analgesia (2mg/kg i.p). Rats transfected with 

siGLO were analyzed to determine depth of siRNA transfection in this model.

Tissue Harvest:

At 21 days after the surgical procedure, rats were placed under deep anesthesia. Dissection 

was carried out and the denuded CCA along with contralateral non-denuded CCA were 

then harvested and placed in 10% formalin at 4°C for 24 hours for further fixation. 

Before embedding in paraffin, the vessels were transferred to saline, and each CCA was 

cut at its midpoint, such that the analysis started at the midsegment of the denudation. 

Rats transfected with siGLO were harvested after 2d to prevent degradation of the Cy3 

fluorescence signal and these tissue samples were frozen in O.C.T. compound (Thermo 

Fisher Scientific) for frozen IF.

Quantitative real-time PCR

RNA was isolated from HAoEC culture using the RNEasy Mini kit (Qiagen Inc., Valencia, 

CA) for in vitro experiments. Similarly, for in vivo experiments, RNA was isolated from 

paraffin embedded tissues using the Recoverall Total Nucleic Acid Isolation Kit for FFPE 

(Thermo Fisher Scientific) and purified using an RNA Clean & Concentrator kit (Zymo 

Research, Irvine, CA, USA). RNA was quantified using a NanoDrop spectrophotometer. 

100ng of RNA from each sample was used for cDNA synthesis using an iScript 

cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Gene expression was quantified 

using quantitative real-time PCR (qRT-PCR). Human-specific primers for GAPDH and 

the housekeeping gene beta-actin (BA) as well as rat-specific primers for TSP-2 and 

the housekeeping gene, β2 macroglobulin (B2M), were obtained from Integrated DNA 

Technologies (Coralville, IA, USA). GAPDH and TSP-2 mRNA levels were normalized 

to BA and B2M expression, respectively, for each sample using the 2−DDCt method. For 

the in vivo studies, experimental groups were compared to non-denuded contralateral CCA. 

Information about the reagents and primer sequences is provided in supplemental Table 1.

Histology

Paraffin-embedded tissues were sectioned into 6 μm cross-sections for histological staining. 

Verhoeff Von Giesson staining (Newcomer Supply, Middleton, WI, USA) was performed to 

identify the elastic lamina. ImageJ (Bethesda, MD, USA) was used to calculate the area of 

the intima and media layers of each CCA, which were subsequently used to calculate intima-

to-media (I/M) ratios as a marker of IH. Analysis included the same n=8 rats per group used 

for qRT-PCR analysis. Collagen deposition was assessed with Masson’s Trichrome stain 

and presented as a percentage of the total area. Prior to analysis, images were deidentified 

in order to allow for blinded assessment. Information about the reagents is provided in 

Supplemental Table 1.

Immunohistochemical analysis

Immunofluorescence (IF) staining was performed to assess siGLO delivery, as well as for 

TSP-2, matrix metalloproteinase 9 (MMP9), platelet endothelial cell adhesion molecule 
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(PECAM-1/CD31), and antigen Kiel 67 (Ki-67) protein expression. Immunohistochemistry 

(IHC) staining was performed for vascular endothelial growth factor receptor (VEGF-R2) 

and cluster of differentiation 68 (CD68) protein expression. Information about specific 

antibodies, reagents is provided in Supplemental Table 1. The expression levels for IHC 

and IF were determined by calculation with ImageJ software (Bethesda, MD, USA) for 

dissemination (percentage area of vessel with positive signal) and integrated density (sum 

of all pixel values with positive signal in an area). Contralateral CCA which were not 

denuded were used as the negative control group for these experiments. Prior to density and 

dissemination calculation images were deidentified in order to allow for blinded assessment 

of IHC signal. Positive staining of MMP9 was observed predominantly in the adventitia, and 

therefore only staining density was quantified.

TUNEL staining

In situ terminal deoxynucleotidyl transferase mediated dUTP nick-end labelling (TUNEL) 

was performed using an in-situ apoptosis kit (VasoTACS, Bio-Techne) to localize cells 

undergoing nuclear DNA fragmentation in paraffin-embedded sections according to 

manufacturer’s instruction. The presence of apoptotic cells was identified as dark nuclear 

staining. The images were captured at 100×, 200× and 400× magnification and number 

of positive apoptotic cells and bodies were determined utilizing ImageJ cell counter. 

Right CCA which were not denuded were used as the negative control group for these 

experiments. Images were deidentified and randomized prior to counting.

Statistical Analysis

All statistics were performed using GraphPad Prism (San Diego, CA, USA). T-tests were 

used to compare non-denuded contralateral CCA to denudation only CCA. One-way 

ANOVA with post-hoc Tukey tests were used for analysis comparing different denudation 

groups. Sample size determination was based on previous experiments and post hoc power 

analysis was conducted to ensure the chosen sample size was sufficient to provide a 

statistical significance of P<0.05 with a 90% probability. All tests were 2-sided, and data 

was considered statistically significant at P<0.05.

Results:

Study Design Rationale.

This study was performed to evaluate whether perivascular delivery of TSP-2 siRNA could 

prevent the development of IH in a rat common carotid artery (CCA). This objective 

was addressed by (i) testing the efficacy of GAPDH siRNA delivery to human aortic 

endothelial cells (HAoECs) using biocompatible hydrogels, namely alginate and gelatin, 

to determine the optimal delivery hydrogel polymer, ii) confirming in vivo perivascular 

delivery to rat CCA utilizing CLICK-gelatin embedded with siGLO (control siRNA with 

a Cy3 fluorescence tag), iii) inducing IH via balloon denudation injury of CCA, analyzing 

changes in TSP-2 gene and protein expression, and the impact of perivascular CLICK-

gelatin delivery of TSP-2 siRNA on the observed changes, iv) examining the impact of 

CLICK-gelatin delivery of TSP-2 siRNA on vascular injury/inflammatory pathways, and v) 

determining the extent of IH at 21 days following denudation in each experimental group.
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Gelatin versus alginate hydrogels for siRNA delivery

CLICK-chemistry was utilized to design hydrogels that would allow for rapid gelation 

without the need for external energy input, and thus reduce the risk of disrupting 

siRNA from polyethylenimine (PEI), an siRNA transfection agent (Figure 1A,B). Gelatin 

and alginate are two polymers that are widely used in medicine and have comparable 

biocompatibility profiles. To determine an optimal hydrogel polymer for siRNA delivery, 

we tested GAPDH mRNA expression following transfection with GAPDH siRNA in the 

presence of media containing gelatin or alginate polymers as well as their individual 

CLICK-modified components. GAPDH, a housekeeping gene, was utilized instead of TSP2 

due to its universal expression without need for cell stress or injury.

48 hours after GAPDH siRNA + PEI transfection, HAoECs that were transfected in 

media containing raw gelatin (0.24 ± 0.02), CLICK-Gelatin Tz (0.12 ± 0.02, p<0.001), 

and CLICK-Gelatin NBr (0.11 ±0.01, p<0.001) demonstrated significant reduction in 

GAPDH mRNA expression, compared to non-treated AoECs (NT) (Figure 1C). Transfection 

efficiency was no different for AoECs transfected in media containing gelatin (p=0.440), 

CLICK-gelatin Tz (p=0.994) or CLICK-gelatin NBr (p=0.999) compared with AoECs 

transfected with siGAPDH+PEI in normal growth media (0.06 ± 0.01). In contrast, there 

was no significant reduction in GAPDH mRNA expression following transfection in the 

presence of media containing alginate (1.03 ±0.07, p=0.999) or CLICK-Alginate Tz (1.13 ± 

0.06, p=904), except CLICK-Alginate NBr containing media (0.42 ± 0.07, p<0.001). Given 

the lack of interference of siRNA transfection in the presence of CLICK-gelatin polymers, 

CLICK-gelatin was selected as the optimal delivery platform for in vivo perivascular siRNA 

delivery.

siRNA transfection dissemination via CLICK-gelatin delivery

CLICK-gelatin siRNA transfection efficacy in vivo was assessed by quantifying the depth of 

siGLO epifluorescence.

48 hours after siGLO delivery via CLICK-gelatin to the denuded artery (Figure 2A), 

fluorescence microscopy demonstrated significant penetration of siGLO in the adventitia, 

with some penetration into the media (Figure 2B,C).

Effect of arterial denudation on TSP-2 gene and protein expression, and IH

TSP-2 gene expression was measured by quantitative real-time PCR (qRTPCR) at 21 days 

after the injury procedure and treatments. To confirm model validity, TSP-2 gene and protein 

expression, and development of IH was first compared between non-denuded CCA and 

denuded NT CCA at 21 days (N=8 per group).

21 days after denudation, TSP-2 gene expression was significantly up-regulated in denuded 

NT group (66.71, ± 60.08) compared with non-denuded CCA (1.00 ± 0.3; p<0.001), which 

was also reflected with increase in TSP-2 protein expression (Figure 3A,B). At 21 days, 

the intima/media area ratio was significantly increased in denuded NT CCA (1.36, ± 0.14) 

compared with non-denuded CCA (0.074, ± 0.003; p<0.001) (Figure 3C,D), confirming the 

validity of this IH model.
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Effect of TSP-2 siRNA transfection on TSP-2 gene expression

To investigate the impact of TSP-2 siRNA perivascular delivery utilizing CLICK-gelatin 

on TSP-2 gene expression in vivo, CCA were analyzed at 21 days after denudation and 

treatment with CLICK-gelatin, CLICK-gelatin + control siRNA, or CLICK-gelatin + TSP-2 

siRNA. PCR data are normalized to non-denuded CCA and expressed as fold change. 

Non-denuded CCA was the negative control (n=8) and denuded untreated CCA (denuded 

NT, n=8) was the positive control. Experimental groups were as follows: denuded CCA with 

CLICK-gelatin alone (n=8), denuded CCA with CLICK-gelatin + control siRNA (n=8), and 

denuded CCA with CLICK-gelatin + TSP-2 siRNA (n=8).

At 21 days, there was a significant reduction in TSP-2 mRNA expression in the CLICK-

gelatin + control siRNA (4.11, ± 1.78, p=0.002), and CLICK-gelatin + TSP-2 siRNA 

(1.01 ± 1.26; p<0.001) groups compared with the denuded NT (66.7 ± 21.2) CCA group 

(Figure 4A). CLICK-gelatin + TSP-2 siRNA group had a significant decrease in in TSP-2 

expression compared with CLICK-gelatin + control siRNA (p=0.004) group (Figure 4B).

Effect of TSP-2 siRNA transfection on TSP-2 protein expression.

At 21 days, TSP-2 protein expression was compared between denuded NT, CLICK-gelatin 

alone, CLICK-gelatin + control siRNA, and CLICK-gelatin + TSP-2 siRNA groups by 

Immunofluorescence (IF) (n=4 per group). Quantification of TSP-2 protein expression was 

based on density and dissemination of the fluorescence signal in the CCA.

Compared with the denuded NT CCA (87.2 ± 10.7) at 21 days, TSP-2 protein density 

was significantly reduced in vessels treated with CLICK-gelatin + control siRNA (55.4 

± 9.46, p=0.026), and CLICK-gelatin + TSP-2 siRNA treatment (23.9 ± 4.91, p<0.001) 

(Figure 5A,B). Additionally, TSP-2 protein density was significantly reduced in the CLICK-

gelatin + TSP-2 siRNA treatment, compared with CLICK-gelatin + control siRNA groups 

(p=0.027) (Figure 5A,B). In terms of dissemination area, CLICK-gelatin + TSP-2 siRNA 

(0.362 ± 0.0454, p<0.001) groups were associated with a significant decrease in TSP-2 

protein expression, compared to denuded NT (1.46 ± 0.244). CLICK-gelatin + TSP-2 siRNA 

was also associated with a decrease in TSP-2 protein dissemination, compared with CLICK-

gelatin + control siRNA (1.13 ±0.148, p=0.007) (Figure 5A,C).

Effect of TSP-2 siRNA transfection on regulation of MMP-9

MMP9 protein expression was investigated because it is an extracellular matrix remodeling 

protein that is impacted downstream by TSP-2 expression and is known to play a role in 

vascular injury.

We analyzed MMP-9 protein expression at 21 days by IF (n=4 per group).

At 21 days, compared with the denuded NT (139 ± 13.0 ) group, the CLICK-gelatin + 

control siRNA (87.9 ± 10.9, p=0.021) and CLICK-gelatin + TSP-2 siRNA(44.7 ± 6.73, 

p<0.001) treatment groups resulted in a significant reduction in MMP-9 protein density 

(Figure 6A,B). Additionally, MMP-9 expression was significantly lower in CLICK-gelatin + 

TSP-2 siRNA group, compared to CLICK-gelatin + control siRNA (p=0.043) groups (Figure 

6A,B).
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Effect of TSP-2 siRNA transfection on regulation of CD31 and VEGF-R2

CD31 (IF) and VEGF-R2 (immunohistochemistry) expression at 21 days (n=4 per group) 

following denudation was investigated to determine the role of TSP-2 siRNA in regulating 

adventitial neovascularization.

At 21 days, CLICK-gelatin + control siRNA (65.5 ± 7.98, p=0.005), and CLICK-gelatin 

+ TSP-2 siRNA treatment (26.7 ± 1.82, p<0.001) significantly reduced neovascularization, 

represented by density of CD31, in adventitia compared to the denuded NT group (107 ± 

12.8) (Figure 7A,B). This reduction was particularly evident in vessels treated with CLICK-

gelatin + TSP-2, which also demonstrated a significant reduction in CD31 expression 

compared to CLICK-gelatin + control siRNA (p=0.009) group (Figure 7A). Correlating with 

reduced adventitial neovascularization, there were significantly fewer VEGF-R2 expressing 

cells in CLICK-gelatin + TSP-2 siRNA group (16.3 ± 4.85, p<0.001), and CLICK-gelatin 

+ control siRNA groups (46.4 ± 3.20, p<0.001), compared with the denuded NT (104 

± 11.7) group (Figure 8A,B). VEGF-R2 expressing cells were significantly lower in the 

CLICK-gelatin + TSP-2 siRNA group, compared with the CLICK-gelatin + control siRNA 

(p=0.01) groups.

Effect of TSP-2 siRNA transfection on macrophage infiltration

To identify inflammatory events, we examined CCA for infiltration of macrophages at 21 

days after transfection by immunostaining for CD68 antigen. Data are expressed as CD68+ 

integrated density.

21 days after denudation there was a significant decrease in macrophage infiltration in 

CLICK-gelatin + TSP-2 siRNA (9.5 ± 1.0, p<0.001) and CLICK-gelatin + control siRNA 

(26.4 ± 6.4, p=0.005) groups compared to denuded NT group (48.2 ± 3.3; Figure 9A). 

CCA treated with CLICK-gelatin + TSP-2 siRNA also demonstrated a significant reduction 

in macrophage infiltration compared to CLICK-gelatin + control siRNA (p=0.020). 

Representative images of macrophage infiltration are depicted in Figure 9B.

Effect of TSP-2 siRNA transfection on cellular proliferation

Cell proliferation is a key event in the development of IH. Immunostaining for Ki-67, a 

marker of cellular proliferation, was performed in all CCA at 21 days. Data are presented as 

integrated density of fluorescent signal and percentage of proliferating cells per total CCA 

area.

21 days after denudation cell proliferation, represented by Ki-67 signal density, was 

significantly reduced in CLICK-gelatin + TSP-2 siRNA treated groups (5.4 ± 2.2) compared 

to denuded NT group (54.7 ± 18.6, p=0.011; Figure 10A). Percentage of proliferating cells 

was also significantly reduced in CLICK-gelatin + TSP-2 siRNA treated groups (0.1 ± 

0.03%) compared to denuded NT group (1.4 ± 0.5%, p=0.018; Figure 10B). There was no 

significant difference between CLICK-gelatin + TSP-2 siRNA and CLICK-gelatin + control 

siRNA in either density (23.0 ± 12.1, p=0.306) or percentage area (0.6 ± 0.1%, p=0.614) of 

proliferating cells. Representative images of cellular proliferation are depicted in Figure 10.
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Effect of TSP-2 siRNA transfection on cell apoptosis

SMC and EC apoptosis has been linked with induction of vascular remodeling and SMC 

migration, thus contributing to IH formation (29, 30). Apoptotic cells were determined via 

TUNEL staining a 21 d. Data are presented as total number of apoptotic cells/bodies.

21 days after denudation, there was a significant decrease in the number of apoptotic cells 

in CCA treated with CLICK-gelatin + TSP-2 siRNA (11.3 ± 2.2) compared to denuded NT 

(109.3 ± 22.1, p=0.001) and CLICK-gelatin + control siRNA (62.3 ±12.7, p=0.037) groups. 

Representative images of cellular proliferation are depicted in Figure 11B.

Effect of TSP-2 siRNA transfection on collagen deposition

Given that a significant proportion of the final IH lesion is made up of collagen, collagen 

deposition was measured using Masson’s Trichrome stain at 21 days (n=4 per group). Data 

are presented as area of collagen stained in intima as percentage of entire area of vessel.

21 days after denudation, CLICK-gelatin + TSP-2 siRNA treated groups (26.8 ± 3.9%) 

demonstrated significant reduction in collagen deposition compared to denuded NT group 

(53.5 ± 7.5%, p=0.002) (Figure 12A,B). Although there was no statistical reduction in 

collagen deposition in CLICK-gelatin + TSP-2 siRNA treatment compared to CLICK-

gelatin + control siRNA (39.9 ± 1.7%, p=0.08) groups, there was a trend towards decreased 

collagen deposition expression in the CLICK-gelatin + TSP-2 siRNA group (Figure 12A).

Effect TSP-2 siRNA transfection on IH

The effects of TSP-2 silencing on IH were evaluated by measuring intima/media area ratios 

of specimens stained using Verhoef-Van Giesson stain at 21 days (n=8 per group).

The CLICK-gelatin + TSP-2 siRNA treatment group (0.591 ± 0.108) demonstrated a 

significant reduction in the intima/media area ratio compared to the denuded untreated 

(1.42, ± 0.0594; p<0.001), and CLICK-gelatin + control siRNA treated groups (1.19, ± 

0.108; p=0.003) (Figure 13A,B). There was no statistical difference in intima/media ratio 

between the denuded untreated group, and the CLICK-gelatin + control siRNA treated 

groups (p=0.243) (Figure 13A).

Discussion:

In this study we demonstrated that siRNA can be successfully delivered to suppress a 

target gene using a perivascular CLICK-gelatin hydrogel delivery system. Specifically, we 

found that perivascular delivery of TSP-2 siRNA results in a decrease in IH and associated 

collagen deposition at 21 days following arterial injury in a rat carotid angioplasty model. 

Furthermore, we demonstrated reduction of TSP-2 gene and protein expression at 21 days 

following TSP-2 siRNA transfection. TSP-2 siRNA transfection also led to a significant 

decrease in MMP-9 protein expression, neovascularization, inflammation, proliferation, and 

cell death.

These findings expand on our prior work demonstrating the ability of intraluminal arterial 

delivery of TSP-2 siRNA to effectively modulate MMP-9, a protein known to play a role in 
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IH (31, 32). Our current work similarly demonstrates effective silencing of TSP-2 at 21 days 

from a perivascular approach, resulting in a decrease in its downstream targets including 

MMP-9. Whereas we did not find a statistically significant reduction in I:M ratio using 

our prior transient intraluminal delivery methods, this novel perivascular delivery using a 

CLICK-gelatin delivery system resulted in a more significant reduction in IH after arterial 

injury. These findings support the need for sustained TSP2 suppression following initial 

injury, which can be achieved using a biodegradable gelatin-based hydrogel. Furthermore, 

this perivascular approach avoids the need for intraluminal siRNA transfection with vessel 

distention, which can lead to inadvertent toxicity and loss of ECs and SMCs (33-35). An 

external biologic delivery system is also more compatible with use in prosthetic materials 

given its ability to be applied perivascularly around a vessel anastomosis.

TSP-2, which is primarily produced by SMC and fibroblasts, has been described to be an 

important modulator of cell-matrix interactions and regulator of SMC and EC proliferation 

(27, 36). TSP-2 role in increasing SMC proliferation, a key step in the formation of IH, 

has been clearly described (37, 38). Our study suggested that downregulation of TSP-2 

inhibits this dysregulated proliferation of cells, as demonstrated by the decrease of Ki-67 

in CCA treated with CLICK-gelatin + TSP-2 siRNA. Further supporting inhibition of 

cell proliferation as an important mechanism of TSP-2 downregulation in attenuating IH 

formation. TSP-2 has been shown to regulate the pro-atherogenic switch of EC and SMC 

phenotypes, thus playing a crucial role in the development of IH (26). This effect of TSP-2 

is likely achieved through its modulation of extracellular matrix proteins such as MMP-9. 

MMP-9 has been demonstrated to be upregulated by TSP-2, enhancing cell migratory 

potential, leading to SMC migration and replication (39-41). Therefore, we hypothesize that 

regulation of MMP-9 expression following injury is likely modulating the cellular response 

leading to IH. Our data supports this model of IH development since TSP-2 silencing led to 

a statistically significant decrease in MMP-9 expression and decrease in IH at 21 days.

In addition to modulating cell migratory potential through its effect on MMP-9 expression, 

TSP-2 siRNA may also play a protective role against IH by decreased adventitial 

neovascularization. Adventitial revascularization has been associated with increase in 

neointima thickness in stenotic vein grafts and angioplasty models (42-44). Furthermore, 

pathological neovascularization, has also demonstrated to play a role in the recruitment of 

inflammatory cells, leading to high intimal macrophage content, contributing to IH (45, 

46). The decrease in adventitial neovascularization demonstrated by TSP-2 knockdown in 

this study is likely modulated via MMP-9. MMP-9 has been implicated in recruitment 

of endothelial cells and proliferation associated with angiogenesis through its role in the 

transforming growth factor beta pathway and in mobilizing VEGF from the ECM (47, 

48). In fact, MMP-9 has been shown to possess a positive correlation with the degree 

of neovascularization in carotid plaques (48). Given the association of neovascularization 

with presence and progression of IH and atherosclerosis, it is possible that prevention 

of neovascularization, via decrease in MMP-9, is another pathway through which TSP-2 

siRNA reduces IH (49-51).

Furthermore, TSP-2 siRNA also affects monocyte and macrophage infiltration. In the 

CLICK-gelatin + TSP-2 siRNA group, we observed a decrease in CD68 expressing cells 
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compared to our control groups. Macrophages contribute to the formation of IH via 

multiple mechanism, from local inflammation and foam cell transformation to production of 

proinflammatory cytokines, such as IL-1, IL-18 and TNF-a, and matrix metalloproteinases, 

which degrade the basement membrane (52-54). TSP-2 acts as a competitive antagonist 

of TSP-1 mediated TGF-ß1 activation (55). Therefore, by silencing TSP-2, there is an 

increase in activated TGF-ß1, which results in the decrease in proinflammatory macrophage 

phenotype, and suppression of macrophage migration, as suggested in our study (28, 56). 

However, given previous studies demonstrated the paradoxical stimulatory and inhibitory 

nature of TGF-ß on macrophages, further studies are needed to better understand the 

mechanisms of TSP-2 in macrophage regulation (57, 58).

TSP-2 siRNA also appears to prevent apoptosis in CCA following denudation. 

Thrombospondin family proteins, particularly TSP-1, have been shown to induce apoptosis 

(59, 60). TSP-2’s specific role in controlling apoptotic pathways remains controversial, with 

some studies suggesting TSP-2 may not play a role at all in apoptotic pathways or in 

inhibiting apoptosis (61, 62). Our results however appear to support TSP-2 role in inducing 

apoptosis as previously demonstrated in vitro by Koch et al and Bartoli et al where TSP-2 

induced apoptosis via activation of caspase 3 (63, 64). This reduction in apoptosis may 

play an important role in TSP-2 silencing leading to reduction of intimal hyperplasia. This 

could possibly happen due to the decrease in cell death preventing a cellular overresponse 

that leads to the formation of the neointimal lesion (65, 66). Additionally, the reduction 

in vascular SMCs apoptosis also prevents the rapid decrease in vessel wall cellularity that 

typically follows acute injury, and thus preventing the migration of SMCs to the intima, an 

important step in intimal hyperplasia formation (65).

The present study also demonstrates effective TSP-2 siRNA transfection, with silencing of 

the TSP-2 gene at 21 days after siRNA delivery using CLICK-gelatin. Although perivascular 

delivery presents a clear advantage in terms of localized and sustained delivery and reduced 

graft injury, it may pose a logistic issue intraoperatively. Commercial gelatin hydrogels are 

not compatible with our gene therapy platforms due to cross-reactivity with the biologics 

during the crosslinking gelation process, while other forms of gel-based delivery mechanism 

often require external energy input, which may not be feasible and likely unsafe in an 

intraoperative setting. Our use of CLICK-gelatin eliminates the need for external energy 

input and relies on copper-free, inverse electron-demand Diels-Alder (IEDDA) CLICK 

reactions between Tz and NBr (67). Furthermore, CLICK-gelatin exhibits rapid gelation and 

high degree of chemo-selectivity, ensuring surgical application while preserving integrity of 

biologics. Additionally, as demonstrated in this study, gelatin is a superior siRNA delivery 

polymer compared with other commonly used polysaccharides such as alginate. This is 

likely explained by competing strong negative charges from the alginate compound, which 

competes with negatively-charged siRNA to complex with positively-charged PEI (68). 

Therefore, for delivery of siRNA complexes, neutrally charged polysaccharides such as 

gelatin should be preferred. This novel method of perivascular siRNA does not require 

any modifications of surgical techniques or graft materials and would likely not increase 

operating room time significantly, making it a promising delivery mechanism for vascular 

gene therapy.
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Contrary to expectation, we did not visualize siRNA transfection into the tunica intima 

in this study. Most of the signal visualized using siGLO transfection was limited to the 

adventitia with some penetration into the media. Given the decreasing visualization quality 

of siGLO after 24 hours, and the maximum siRNA transfection occurring at 48 hours 

post-delivery, it is possible that transfected cells in the intima were not adequately visualized 

(69, 70). However, it is more likely that due to the increased length of penetration that is 

required utilizing a perivascular delivery system, as opposed to intraluminal delivery, and the 

short half-life of the siGLO red fluorophore, signal may have degraded prior to reaching the 

inner most layer of the vessel. However, the significant reduction in IH seen at 21 days using 

perivascular delivery of TSP-2 siRNA, which was not previously seen with intraluminal 

delivery, suggests that perivascular delivery can lead to clinically favorable outcome of 

reduction in IH. Since TSP-2 is primarily produced by SMCs and fibroblasts, targeting the 

adventitia and media layers where these cells are found may be of greater importance.

CLICK-gelatin, independent of TSP-2 siRNA use, also appeared to decrease TSP-2 mRNA 

expression and protein expression, as well as decrease adventitial neovascularization, 

although this did not ultimately result in a significant reduction of IH at 21 days. These 

findings in the CLICK-gelatin only group were unexpected but are likely related to the 

interaction between the gel and the vasa vasorum, which are blood microvessels that 

penetrate the adventitia and the outer media, supplying them with nutrients and oxygen, 

and are known to play an important role in the vessel response to injury and development 

of atherosclerosis (71). The perivascular application of the CLICK-gelatin likely disrupts 

the function of the vasa vasorum by obstruction, potentially interfering with the delivery 

of cell signals, and thus leading to a reduction in TSP-2 expression and neovascularization 

seen in our study. Furthermore, an “outside-in” hypothesis of vascular remodeling where the 

adventitial fibroblasts play a key role in responding to inflammatory signals and modulating 

responses and adventitial cell migration into the neointima during the inflammatory period 

has been described (44, 72, 73). The CLICK-gelatin hydrogel, which is in direct contact 

with the adventitia is likely to be disrupting this process, leading to the downregulation 

of inflammatory signals following vascular injury. A similar response pattern has been 

previously demonstrated with the use of external stents in vein grafts (74, 75).

This study has limitations that should be addressed. First, the balloon angioplasty model is 

used to mimic the changes that lead to IH and restenosis of grafts following lower extremity 

bypass and may not perfectly reflect the changes that occur after surgical manipulation 

of diseased vessels. However, this model provides important proof-of-concept results that 

will be implemented in future studies using large animal models of lower extremity 

revascularization which are currently ongoing. Additionally, our study only evaluated IH 

development at 21 days. It has been shown that it may take up to 3 months for the maximum 

development of IH and differ based on animal size, therefore the impact of IH modulation 

by TSP-2 siRNA may differ at a longer time point and on the model used (76). However, we 

expect that early changes in the cell biology related to IH development targeted by TSP-2 

siRNA would suppress the overall response leading to similar reduction in IH at longer time 

points. Perivascular delivery may also lead to non-specific delivery to surrounding tissues. 

In our experiment CLICK-gelatin containing siRNA was applied circumferentially around 

the vessel, which also puts it in contact with surrounding perivascular and subcutaneous 
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tissue, therefore some siRNA would have also been delivered to these tissues as opposed 

to the vessel, thus reducing the amount actually delivered to the intended target. Additional 

studies to optimize CLICK-gelatin siRNA delivery, including changes in the CLICK-gelatin 

to improve its adherence to vascular tissue and the addition of an impermeable backing to 

promote unidirectional delivery, are currently ongoing.

In summary, we demonstrated the promising ability of CLICK-gelatin perivascular delivery 

of TSP-2 siRNA to successfully suppress TSP-2 expression and effectively modulate 

MMP-9, limiting the development of IH in a rat carotid angioplasty model.
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Figure 1. 
CLICK-Gelatin synthesis and physical characterization and siRNA transfection efficacy in 

vitro. a) Gelatin polymers were modified with norbornene (NB) and tetrazine (Tz) groups 

and spontaneously formed stable crosslinked CLICK-Gelatin when combined. b) Gel-NB 

and Gel-Tz polymers can be dissolved rapidly at room temperature in PBS, mixed, and 

applied to intended target prior to hydrogel formation. C) Relative gene expression of 

GAPDH following GAPDH siRNA transfection at 48 hrs. Fold change in GAPDH mRNA 

expression normalized to nontreated (NT) ECs at 48hrs and compare to positive control (no 

gel), and all experimental groups. Data are presented as means +/− SEM; n = 6. *P ≤ 0.05.
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Figure 2. 
siGLO delivery and expression at 48hrs after CLICK-Gelatin mediated perivascular delivery. 

A) Delivery of siGLO embedded CLICK-Gelatin to rat CCA following denudation. B,C) 

Representative images of effective siGLO delivery to a rat CCA tunica adventitia and media 

48hrs following denudation and perivascular delivery of CLICK-Gel embedded with siGLO. 

D,E) Contralateral CCA represented as negative control. Images were stained for siGLO 

(red epifluorescence), nuclei (blue), and elastic lamina (green autofluorescence). White 

boxes represent area of magnification. Original magnification, x200 (A,C), x400 (B,D). 

Scale bars, 100 μm (A,C) and 50μm (B,D).
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Figure 3. 
Effects of Denudation in Rat Carotid Artery. A) TSP-2 protein and B) mRNA expression 

and C,D) development of IH at 21d following balloon denudation of CCA. Data are 

presented as means +/−SEM; n = 8. *P ≤ 0.05.
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Figure 4. 
Relative gene expression of TSP-2. Fold change in TSP-2 mRNA expression normalized to 

nondenuded contralateral CCA at 21 d and compared across all groups (A), and treatment 

only groups and negative control group B). Data are presented as means +/−SEM; n = 8. *P 

≤ 0.05.
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Figure 5. 
TSP-2 protein expression. A) Representative images at 21 d of all denuded CCA stained 

for TSP-2 protein (red), nuclei (blue), and elastic lamina (green autofluorescence). B,C) 

Quantification of TSP-2 protein expression in all groups at 21 d on the basis of density 

(B) and dissemination area (C). Data are presented as means +/−SEM; n = 4. Original 

magnification, x100. Scale bars, 200 μm. *P≤ 0.05.

Mota et al. Page 23

FASEB J. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
MMP-9 protein expression. Quantification of MMP-9 protein expression in all groups at 21 

d on the basis of integrated density (signal strength), (A). Data are presented as means 

+/− SEM; n = 4. B) Representative images at 21 d of all denuded CCA stained for 

MMP-9 protein (red), nuclei (blue), and elastic lamina (green autofluorescence). Original 

magnification, x400. Scale bars, 20 μm. *P≤0.05.
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Figure 7. 
CD31 protein expression. Quantification of CD31 protein expression in all groups at 21 

d on the basis of density scores (A). Data are presented as means +/− SEM; n = 4. B) 

Representative images at 21 d of all denuded CCA stained for CD31 protein (red), nuclei 

(blue), and elastic lamina (green autofluorescence). Original magnification, x200. Scale 

bars, 100 μm. *P≤0.05.
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Figure 8. 
VEGF-R2 expression. Quantification of VEGF-R2 expression in all groups at 21 d on the 

basis of density scores (A). Data are presented as means +/− SEM; n = 4. C) Representative 

images at 21 d of all denuded CCA stained for VEGF-R2 (brown), nuclei (blue). Original 

magnification, x200. Scale bars, 20 μm. *P≤ 0.05.
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Figure 9. 
CD68 expression. Quantification of CD68 expression in all groups at 21 d on the basis of 

density scores (A). Data are presented as means +/− SEM; n = 4. C) Representative images 

at 21 d of all denuded CCA stained for CD68 (brown), nuclei (blue). Original magnification, 

x200. Scale bars, 20 μm. *P ≤ 0.05.
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Figure 10. 
Ki-67 protein expression. Quantification of Ki-67 protein expression in all groups at 21 d on 

the basis of density scores (A). Data are presented as means +/− SEM; n = 4; Ki-67 protein 

expression in all groups at 21 d on the basis of density (A) and dissemination area (B). . C) 

Representative images at 21 d of all denuded CCA stained for Ki-67 protein (red), nuclei 

(blue). Original magnification, x100. Scale bars, 200 μm. *P ≤ 0.05.
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Figure 11. 
Effect of Click-gelatin with TSP-2 siRNA on apoptosis. Quantification of apoptosis as 

determined by Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 

staining at 21 d. (A) Data are presented as means +/− SEM; n = 4. C) Representative images 

at 21 d of denuded CCA stained for DNA fragmentation (black). Scale bars, 50 μm. *P ≤ 

0.05.
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Figure 12. 
Collagen deposition. A) Quantitative analysis of collagen deposition in all groups at 21 d 

expressed as a percentage of total area of the cross-section. Data are presented as means 

+/− SEM; n = 4. B) Representative images at 21 d of Masson’s Trichrome–stained denuded 

CCA in all groups. Collagen (blue); cytoplasm, keratin, and muscle (red); and nuclei (black). 

Original magnification, x100. Scale bars, 20 mm. *P ≤0.05.

Mota et al. Page 30

FASEB J. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
Morphometric analysis of A) Intima/media area ratios in all groups at 21 d. Data are 

presented as means +/− SEM; n = 8. B) Representative cross-sections at 21 d of all groups. 

Sections were stained with Verhoef-van Giesson. Intima was defined by the area between 

lumen and inner elastic lamina, whereas the area between the inner and outer elastic lamina 

represents the media. Original magnification, x40. Scale bars, 20 μm. *P≤0.05.
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