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Adventitial delivery

of nanoparticles encapsulated
with 1o, 25-dihydroxyvitamin D,
attenuates restenosis in a murine
angioplasty model

Chuangqi Cai'?, Sreenivasulu Kilari, Chenglei Zhao*3, Avishek K. Singh?, Michael L. Simeon?,
Avanish Misra?, Yiging Li*, Edwin Takahashi®, Rajiv Kumar*®> & Sanjay Misra2**

Percutaneous transluminal angioplasty (PTA) of stenotic arteriovenous fistulas (AVFs) is performed

to maintain optimal function and patency. The one-year patency rate is 60% because of venous
neointimal hyperplasia (VNH) and venous stenosis (VS) formation. Immediate early response gene
X-1 (lex-1) also known as ler3 increases in response to wall shear stress (WSS), and can cause VNH/

VS formation in murine AVF. In human stenotic samples from AVFs, we demonstrated increased gene
expression of ler3. We hypothesized that 1a, 25-dihydroxyvitamin D;, an inhibitor of IER3 delivered as
1a, 25-dihydroxyvitamin D; encapsulated in poly lactic-co-glycolic acid (PLGA) nanoparticles loaded
in Pluronic F127 hydrogel (1,25 NP) to the adventitia of the stenotic outflow vein after PTA would
decrease VNH/VS formation by reducing /er3 and chemokine (C—C motif) ligand 2 (Ccl2) expression.

In our murine model of AVF stenosis treated with PTA, increased expression of ler3 and Ccl2 was
observed. Using this model, PTA was performed and 10-pL of 1,25 NP or control vehicle (PLGA in
hydrogel) was administered by adventitial delivery. Animals were sacrificed at day 3 for unbiased
whole genome transcriptomic analysis and at day 21 forimmunohistochemical analysis. Doppler

US was performed weekly after AVF creation. At day 3, significantly lower gene expression of ler3

and Ccl2 was noted in 1,25 NP treated vessels. Twenty-one days after PTA, 1,25 NP treated vessels
had increased lumen vessel area, with decreased neointima area/media area ratio and cell density
compared to vehicle controls. There was a significant increase in apoptosis, with a reduction in CD68,
F4/80, CD45, pro-inflammatory macrophages, fibroblasts, Picrosirius red, Masson’s trichrome,
collagen IV, and proliferation accompanied with higher wall shear stress (WSS) and average peak
velocity. IER3 staining was localized to CD68 and FSP-1 (+) cells. After 1,25 NP delivery, there was a
decrease in the proliferation of a-SMA (+) and CD68 (+) cells with increase in the apoptosis of FSP-1 (+)
and CD68 (+) cells compared to vehicle controls. RNA sequencing revealed a decrease in inflammatory
and apoptosis pathways following 1,25 NP delivery. These data suggest that adventitial delivery of
1,25 NP reduces VNH and venous stenosis formation after PTA.

Arteriovenous fistulas (AVF) are the preferred mode of hemodialysis vascular access in end stage renal disease
(ESRD) patients receiving hemodialysis'. In 2016, there were more than 726,331 patients with ESRD in the United
States, and the incident number of ESRD patients is expected to increase by 20,000 per year'. Several studies
have shown that the primary patency rate of AVF is poor—only 60% at one year'. Percutaneous transluminal
angioplasty (PTA) is the first line treatment for malfunctioning AVF caused by vascular stenosis®. After PTA,
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Figure 1. Increased ler3 gene expression in stenotic hemodialysis vascular access. (A) Representative
angiogram showing stenosis at the anastomosis of the brachial artery to cephalic vein. (B) The insertion of
Rosen wire across stenosis to sample the stenosis. (C) Angiogram of the stenosis after venous sampling. (D)
Angiogram of the stenosis after angioplasty. (E) There is a significant increase in the average gene expression
of Ier3 of stenotic AVFs compared to controls. Each data point in the scatter plot bar graph represents the
mean + SEM of 5 patients. Mann Whitney test was performed. Significant differences between groups are
indicated *p <0.05.

AVF restenosis develops due to restenosis caused by venous neointimal hyperplasia (VNH) resulting in poor
patency®*. As a consequence, therapeutic measures are needed to improve AVF patency following PTA. There is
an urgent need to develop other therapies that can be delivered locally to the vessel wall to reduce venous stenosis
(VS) formation after PTA to treat stenotic hemodialysis AVFs.

Venous neointimal hyperplasia occurs because of multiple factor including inflammation, uremia, hypoxia,
and shear stress leading to an increase in deposition of cellular and extracellular matrix in the intimal layer>.
Immediate early response 3 (Ier3) gene expression has been shown to be involved in vascular injury by causing
proliferation mediated by NF-kb pathway in response to shear stress®. We have previously reported that decreas-
ing ler3 (Immediate Early Response 3) gene expression is linked to reduction in VNH formation in ler3™~ mice
with AVF and CKD’. 1a,25(0OH),D; reduces Ier3 expression® and inhibition of Ier3 expression using a long-acting
inhibitor, 1a,25(OH),D; poly(lactic-co-glycolic acid) (PLGA) embedded in a thermosensitive Pluronic F127
hydrogel (1,25 NP) decreases VNH/VS formation in a murine animal model’.

The purpose of this study was to determine whether 1,25 NP delivered to the adventitia of the outflow vein
after PTA reduces subsequent development of VNH/VS formation. In the present study, we first determined the
gene expression of ler3 in the endothelium of VS in patients with AVF and compared it to matched non-stenotic
endothelial vein samples from the same patients using endovascular techniques’. It is known that the normal
endothelium expresses ler3'?, but the expression in stenotic endothelial cells from human AVFs is unknown. The
gene and protein expression of IER3 was determined in outflow veins removed from mouse model of PTA*. We
decreased Ier3 gene expression using 1,25 NP and the changes in VNH/VS were determined using histomor-
phometric analysis, immunohistologic changes, with hemodynamic changes assessed with Doppler ultrasound,
and gene expression®. Finally, we performed unbiased whole transcriptomic RNA sequencing with differential
gene expression analysis on outflow veins after PTA treated with 1,25 NP compared to controls'!. This paper
provides the rationale for performing large animal studies using adventitial delivery of 1,25 NPs in preventing
VNH after PTA for the treatment of stenotic hemodialysis AVFs.

Results
ler3 expression was significantly Increased in stenotic clinical AVFs by endovascular biopsy
and murine PTA treated vessels. The gene expression of ler3 in the endothelium of stenotic AVFs
is unknown. We performed endovascular biopsy of human stenotic AVFs prior to PTA procedures (N=5, 4
males, 1 female, average age=66+7 years old, Supplementary Table 1)'%. Samples were obtained from non-
stenotic veins of AVFs of each patient to serve as their own control. There was a significant increase in the mean
gene expression of ler3 in endothelial cells removed from stenotic AVFs compared to controls (stenotic AVFs:
19.2+18.8, control: 1.00 £ 0.04, average increase: 1920%, p <0.01, Fig. 1E).

The gene and protein expression of IER3 is unknown after PTA. This was assessed in the murine PTA model
in which an AVF stenosis is treated with PTA in mice with CKD (Supplementary Fig. 1). We determined the gene
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Figure 2. Decreased IER3 and CCL2 gene and protein expression in PTA plus 1,25 NP treated vessels. (A)
Representative IER3 and CCL2 staining at day 21 in the 1,25 NP treated outflow graft veins and vehicle control
veins, respectively. (B, C) At day 3, there was a significant decrease in the average gene expression of ler3

and Ccl2 of 1,25 NP treated GV's compared to vehicle controls, respectively. (D, E) Semiquantitative analysis
demonstrated significant decreases in the average IER3 and CCL2 indexes in 1,25 NP treated vessels compared
to controls. Each data point in the scatter plot bar graph represents the mean + SEM of 3-6 animals. Unpaired
t-test was performed. Significant differences between groups are indicated *p <0.05, **p <0.01, **p < 0.001. Cells
staining positive for IER3 and CCL2 are brown staining. L lumen, ADV adventitial; solid arrows, positive cells.
Scale bar is 50 pm.

and protein expression of IER3 in PTA treated graft veins (GV) compared to contralateral jugular veins (CV) at
3 and 21 days (Supplementary Fig. 2). At day 3, there was a significant increase in the average gene expression
of Ier3 (GV: 1.61£0.09; CV: 0.95 + 0.10; average increase: 69%, p <0.01, Supplementary Fig. 2E) and Ccl2 (GV:
2.09+0.37; CV: 0.80 +0.14; average increase: 161%, p <0.01, Supplementary Fig. 2F). At day 21, there was a sig-
nificant increase in IER3 (Supplementary Fig. 2A), CCL2 (Supplementary Fig. 2B) and CD68 (Supplementary
Fig. 2C) staining with a decrease a-SMA (Supplementary Fig. 2D) staining in GVs compared to CVs. Semi-
quantitative analysis demonstrated that there was a significant increase in the average IER3 (GV: 5.95+1.05;
CV:0.003 +£0.003; average increase: 198,233%, p<0.001, Supplementary Fig. 2G), CCL2 (GV: 1.66 +0.24; CV:
0.19+0.03; average increase: 774%, p <0.001, Supplementary Fig. 2H) and CD68 (GV: 9.29+1.70; CV: 1.30+0.07;
average increase: 615%, p <0.001, Supplementary Fig. 2I) staining with a decrease in the a-SMA (GV: 2.85+0.50;
CV: 4.85+0.36; average decrease: 41%, p <0.01, Supplementary Fig. 2]) in PTA treated vessels compared to CVs.

Serum changes in kidney and liver function in 1,25 NP and vehicle control animals. We
assessed the changes in blood urea nitrogen (BUN), creatinine, ALT, AST, total bilirubin, and calcium after local
delivery of 1,25 NP or vehicle control to the outflow veins by measuring. There was no significant difference in
these assessments at day 3 and 21 after 1,25 NP delivery compared to vehicle controls (Supplementary Table 2).

ler3 gene and protein expression is significantly decreased in 1,25 NP treated vessels com-
pared to vehicle controls. In order to examine the therapeutic effect of IER3 inhibition in PTA treated
vessels, we delivered 1,25 NP or vehicle to the adventitial layer of the outflow vein immediately after PTA (Sup-
plementary Fig. 1 and Fig. 2). At day 3, the average gene expression of Ier3 and Ccl2 was significantly decreased
in the 1,25 NP treated vessels compared to vehicle controls (ler3: 1,25 NP: 0.30+0.15, vehicle: 1.61+0.08,
average decrease: 81%, p <0.01, Fig. 2B; Ccl2: 1,25 NP: 0.27+0.12, vehicle: 2.09 +0.30, average decrease: 87%,
p<0.05, Fig. 2C). At day 21, there was a significant decrease in the average IER3 (1,25 NP: 1.75£0.18, vehicle:
2.38+0.20, average decrease: 26%, p <0.05, Fig. 2A, D) and CCL2 (1,25 NP: 0.94£0.11, vehicle: 1.66 +0.24, aver-
age decrease: 43%, p <0.05, Fig. 2A, E) staining in 1,25 NP treated vessels compared to vehicle controls. We next
performed co-staining of IER3 with CD68, FSP-1, and a-SMA on tissue sections from day 21 vessels for both
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Figure 3. Murine outcomes in 1,25 NP treated vessels. (A) Representative H and E sections from vehicle

and 1,25 NP treated AVFs at day 21, respectively. In 1,25 NP AVFs compared to vehicle controls, there was
significant increase in the average lumen vessel area (B), but decrease in N/MA ratio (C) and neointimal cell
density (D). There was increase in the average outflow venous diameter in 1,25 NP group mice (E). At day 21
after PTA plus 1,25 NP delivery, there was a significant increase in the average peak velocity (F) and wall shear
stress (G) compared to controls. Each time point represents the mean + SEM of 5-6 animals. Two-way ANOVA
with Bonferroni’s correction was performed in (E-G). (B-D) were performed with unpaired ¢ test. Significant
differences between vehicle and 1,25 NP treated vessels are indicated *p <0.05, **p <0.01. N/M neointima area/
media area; ADV adventitia, L lumen. Scale bar is 50 pm.

groups (Supplementary Figs. 3A-F). We observed that IER3 staining was decreased in the CD68 (+) and FSP-1
(+) cells in the 1,25 NP treated vessels compared to vehicle controls.

Positive vascular remodeling of 1,25 NP treated vessels compared to vehicle controls. The
outflow venous patency and peak velocity (PV) were determined weekly by using Doppler ultrasound. There was
improved patency observed in 1,25 NP treated vessels (89%) compared to vehicle control group (78%). Twenty-
one days after PTA, histomorphometric analysis was performed on paraffin embedded H and E stained sections
(Fig. 3A). The average lumen vessel area of 1,25 NP treated vessels was significantly increased compared to vehi-
cle controls (1,25 NP: 38,697.37 + 7401.21 um?, vehicle: 14,967.31 +2099.02 um?, average increase: 259%, p < 0.05,
Fig. 3B). The average neointima/media area ratio (N/M) was significantly decreased in the 1,25 NP treated ves-
sels compared to vehicle controls (1,25 NP: 0.42+0.04, vehicle: 0.76 £0.06, average decrease: 45%, p <0.001,
Fig. 3C) with no difference in the neointima area. Additionally, the average cell density in the neointima was
significantly reduced in the 1,25 NP treated vessels compared to vehicle controls (1,25 NP: 20,115.90+1161.25 /
mm?, vehicle: 25,511.37 +1645.19 /mm?, average decrease: 21%, p < 0.05, Fig. 3D). The diameter of outflow veins
was measured intraoperatively after AVF placement, at pre- and post-PTA, and at sacrifice (Fig. 3E). Twenty-one
days after PTA, there was no difference in the average diameter of the outflow vein between the 1,25 NP group
and vehicle control group (Fig. 3E).

There is an increase in the average peak velocity (PV) and wall shear stress (WSS) of 1,25 NP
treated vessels compared to vehicle controls.  Peak velocity of the blood through the outflow vein was
determined using Doppler US. Before PTA, there was no significant difference in the average PV between the
two groups (Fig. 3F). At day 21, after PTA, the average PV was significantly higher in the 1,25 NP treated vessels
compared to vehicle controls (1,25 NP: 105.73 +4.38 cm/s, vehicle: 26.07 £ 8.91 cm/s, average increase: 406%,
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p<0.001, Fig. 3F). At day 21, the average WSS was significantly higher in the 1,25 NP treated vessels compared
to vehicle controls (1,25 NP: 326.58 +20.86 dynes/cm?, vehicle: 83.84 +27.63 dynes/cm?, average increase: 390%,
p<0.001, Fig. 3G).

There was an increase in the contractile SMCs with a decrease in the synthetic phenotype
with a decrease in FSP-1 in 1,25 NP treated vessels compared to vehicle controls. Venous
neointimal hyperplasia is characterized histologically by the accumulation of smooth muscle cells (SMCs) in
the intima and media®. The presence of SMCs was determined using a-SMA. There were increased cells stain-
ing positive for a-SMA in the neointima of the outflow vein of the 1,25 NP treated vessels compared to vehicle
group (Fig. 4A) with a significant increase in the average a-SMA index (1,25 NP: 6.98 +0.82, vehicle: 2.85+0.50,
average increase: 245%, p<0.01, Fig. 4C). We wanted to assess if the a-SMA increase was due to contractile or
synthetic MSCs. MHY 11 staining was performed and this showed that there was decrease in the MYH11 index
in 1,25 NP vessels compared to vehicle controls (1,25 NP: 3.39+0.76, vehicle: 0.97 +£0.29, average increase: 349%,
p<0.05, Fig. 4D). In order to determine the presence of contractile vascular SMCs, we performed double stain-
ing for a-SMA (+)/MHY11 (+). There was an increase in the co-staining for a-SMA (+)/MYH11 (+) cells in 1,25
NP treated vessels (Fig. 4G, left panel) compared to vehicle controls (Fig. 4F, left panel). These data suggest that
there is more contractile VSMC in 1,25 NP treated vessels compared to vehicle treated vessels.

The presence of synthetic SMC phenotype was determined using vimentin, MMP-2, and MMP-9 staining
(Supplementary Fig. 5). The synthetic phenotype is associated with increased fibrosis due to collagen secretion.
In 1,25 NP treated vessels compared to control vehicles, there was a significant reduction in vimentin (1,25
NP: 17.5+2.31, vehicle: 29 +2.93, average decrease: 40%, p <0.05, Supplementary Fig. 5C), MMP-2 (1,25 NP:
2.81%0.65, vehicle: 5.90 +0.44, average decrease: 52%, p <0.05, Supplementary Fig. 5D), and MMP-9 staining
(1,25 NP: 0.53+0.12, vehicle: 1.16 £0.08, average decrease: 54%, p <0.01, Supplementary Fig. 5E). These data
suggest that there is less synthetic VSMC in 1,25 NP treated vessels compared to vehicle treated vessels.

Venous stenosis formation can occur because of differentiation of fibroblasts to SMCs'®. We assessed the pres-
ence of fibroblasts by staining for fibroblasts specific protein-1 (FSP-1). There were more cells staining positive
for FSP-1 in the vehicle control tissues compared to 1,25 NP treated vessels (Fig. 4A, B). There was a significant
reduction in the average FSP-1 index of 1,25 NP treated vessels compared to vehicle controls (1,25 NP: 1.36 £0.38,
vehicle: 4.23 +0.84, average decrease: 68%, p <0.05, Fig. 4E). We performed staining for fibroblast activation pro-
tein-1 (FAP-1) to determine if the fibroblasts were activated and observed no difference in the staining between
both groups (Supplementary Fig. 4). In order to determine if FSP-1 cells also colocalized to a-SMA, we performed
double staining for a-SMA (+)/FSP-1 (+) cells. There was no difference in the co-staining for FSP-1 (+)/a-SMA
(+) cells in 1,25 NP treated vessels (Fig. 4G, right panel) compared to the vehicle controls (Fig. 4F, right panel).

Adventitial delivery of 1,25 NP decreases inflammation. RT-PCR data showed a decrease in the
gene expression of Ccl2 and this has been linked to inflammation (Fig. 2C). We performed CD68, F4/80, CD45,
iNOS (M1), and Arg-1 (M2) staining to determine the changes in vascular inflammation after 1,25 NP treatment
compared to vehicle controls. There were more CD68 and iNOS (+) cells in the vehicle controls compared to
1,25 NP treated vessels (Fig. 5A). The average CD68 staining (1,25 NP: 5.96 + 1.58, vehicle: 11.65+ 1.14, average
decrease: 49%, p <0.05, Fig. 5B), F4/80 staining (1,25 NP: 0.88 £ 0.1, vehicle: 2.57 £0.53, average decrease: 66%,
P <0.05, Supplementary Fig. 6C) and CD45 staining (1,25 NP: 0.72 £0.09, vehicle: 4.08 + 1.21, average decrease:
82%, p<0.01, Supplementary Fig. 6D) were significantly decreased in 1,25 NP treated vessels compared to con-
trol vehicles. Because F4/80, CD45, or CD68 (+) cells can differentiate into MHY11 (+) cells, we performed
costaining for CD68(+)/MHY11(+), F4/80(+)/MHY11(+), or CD45(+)/MHY11(+) (Supplementary Fig. 7). We
did not observe differentiation of F4/80, CD45, or CD68 into MHY11(+) cells.

We determined M1 staining by performing iNOS staining and observed that the average iNOS staining (1,25
NP: 4.77 £1.12, vehicle: 8.18 £0.71, average decrease: 42%, p < 0.05, Fig. 5C) were significantly decreased in the
1,25 NP treated vessels compared to vehicle controls at day 21. There was no significant difference for Arg-1
staining at day 21 (Supplementary Fig. 4). We determined the average M1/M2 ratio in the 1,25 NP treated vessels
compared to vehicle controls and there was no difference (Fig. 5D).

Because local delivery of 1,25 NP delivery caused a transient increase in serum calcium concentration, we
assessed the presence of calcification by performing Alizarin Red staining. We observed no evidence of calcifica-
tion in both groups (Supplementary Fig. 4).

There was reduced collagen staining in 1,25 NP treated vessels. Increased fibrosis has been iden-
tified in failed AVF specimens and experimental rodent PTA model'!. We performed Picrosirius red, collagen,
and Masson’s trichrome staining to determine the fibrotic changes 21 days after PTA in 1,25 NP treated vessels
and in vehicle controls. Most of the Picrosirius Red and collagen IV staining was observed in the neointima and
media area in both groups (Fig. 6A). Picrosirius red staining indicated that there is a significant reduction in col-
lagen 1 (yellow) and There was a significant reduction in the average collagen 1 staining in the 1,25 NP treated
vessels compared to vehicle controls (1,25 NP: 17.03 +2.39, vehicle: 25.6 +2.26, average decrease: 33%, p <0.05,
Fig. 6B) and average collagen 3 staining (green) in the 1,25 NP treated vessels compared to vehicle controls (1,25
NP: 34.9+6.48, vehicle: 62.5+7.39, average decrease: 44%, p<0.05). There was a significant reduction in the
average collagen IV staining in the 1,25 NP treated vessels compared to vehicle controls (1,25 NP: 29.34 +2.53,
vehicle: 37.13 + 1.55, average decrease: 21%, p <0.05, Fig. 6C). Finally, we performed Masson’s trichrome staining
and observed a significant reduction in 1,25 NP treated vessels compared to vehicle controls (1,25 NP: 23.3+2.8,
vehicle: 50+ 3.8, average decrease: 53%, p<0.01, Supplementary Fig. 8).
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Figure 4. a-SMA, MYH11, and FSP-1 staining in 1,25 NP treated vessels. (A and B) Representative images for negative control
(IgG), a-SMA, MYH11, and FSP-1 staining are shown in vehicle controls and 1,25 NP treated vessels. (C-E) Semiquantitative analysis
showed a significant increase in the average a-SMA (p <0.05), MYH11 (p <0.05), but decrease in FSP-1 (p <0.05) indices in 1,25 NP
treated vessels compared to vehicle controls, respectively. (F, G) Co-staining of a-SMA (+)/ MYH11 (+) and FSP-1 (+)/MHY11 (+)
staining was performed in both groups at day 21. There are more a-SMA (+)/MYHI1 (+) cells in 1,25 NP vessels compared to vehicle
controls. Each data point in the scatter plot bar graph represents the mean+ SEM of 5-6 AVF mice. Unpaired ¢-test was performed.
Significant differences are indicated *p <0.05. (A, B) Cells staining positive for a-SMA, MYH11 and FSP-1 are brown staining. (F, G)
Green color indicates positive a-SMA staining. Red color indicates MYH11 or FSP-1 positive staining. Blue color indicates positive
staining for nuclei. ADV adventitia, L lumen; solid arrows, positive cells; dashed red line, positive stained area. Scale bar is 50 pm.
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Figure 5. Inflammatory cells staining in 1,25 NP treated vessels. (A) Representative slides for negative control
(IgG), CD68, and iNOS staining are shown in vehicle controls and 1,25 NP treated vessels. There is increased
CD68 and iNOS (+) cells in the vessel controls compared to 1,25 NP treated vessels. (B-D) Semi-quantitative
analysis showed a significant decrease in the average CD68 (p <0.05) and iNOS (p <0.05) indices, but no
difference in the average M1/M2 (p>0.05) index in 1,25 NP treated vessels compared to vehicle controls.

Each data point in the scatter plot bar graph represents the mean + SEM of 4-6 AVF mice. Unpaired ¢-test was
performed. Significant differences are indicated *p <0.05. Cells staining positive for CD68 and iNOS staining are
brown. ADV adventitia, L lumen; solid arrows, positive cells. Scale bar is 50 um.

There is reduced Ki-67 with increased TUNEL staining in 1,25 NP treated vessels. Morpho-
metric analysis showed decreased cell density after adventitial delivery of 1,25 NP. We determined whether
this reduction was due to a decrease in cellular proliferation (Fig. 7A). After 1,25 NP delivery, Ki-67 (+) cells
were mainly observed in the media and adventitial layers. Semiquantitative analysis for cells staining (+) for
Ki-67 demonstrated a significant reduction in 1,25 NP treated vessels compared to vehicle controls (1,25 NP:
3.82+0.98, vehicle: 7.59 £0.91, average decrease: 50%, p < 0.05, Fig. 7B). Next, we performed TUNEL staining in
the two groups to determine the changes in apoptosis. At day 21 post PTA treatment, TUNEL (+) staining was
mainly observed in the neointima and media of 1,25 NP and vehicle control vessels. The average TUNEL stain-
ing was significantly increase in the 1,25 NP treated vessels compared to vehicle controls (1,25 NP: 11.25+1.54,
vehicle: 4.88+1.35, average increase: 331%, p<0.05, Fig. 7C). We performed cleaved caspase 3 staining and
semiquantification was performed. This showed a significant increase in the average activated caspase 3 stain-
ing in 1,25 NP treated vessels compared to vehicle controls (1,25 NP: 14.47 +0.45, vehicle: 5.71£0.71, average
increase: 353%, p <0.05, Supplementary Fig. 9).

We wanted to identify the phenotype of the proliferative and apoptotic cells (Supplementary Figs. 10 and
11). Next, we performed co-staining of a-SMA, FSP-1 and CD68 with Ki-67 and TUNEL. There was decreased
staining of Ki-67 (+)/a-SMA (+) and Ki-67 (+)/CD68 (+) cells in the 1,25 NP treated vessels (Supplementary
Figs. 10D and 10F) compared to vehicle controls (Supplementary Figs. 10A and 10C). There was no difference
in the co-staining of Ki-67 (+)/FSP-1 (+) cells in both groups (Supplementary Figs. 10B and 10E). With respect
to TUNEL staining, there were more TUNEL (+)/FSP-1 (+) and TUNEL (+)/CD68 (+) observed in 1,25 NP
treated vessels (Supplementary Figs. 11E and 11F) compared to vehicle controls (Supplementary Figs. 11B and
11C). After 1,25 NP delivery, there was a decrease in the proliferation of a-SMA (+) and CD68 (+) cells with an
increase in the apoptosis of FSP-1 (+) and CD68 (+) cells compared to vehicle controls.
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Figure 6. Fibrosis staining in 1,25 NP treated vessels. (A) Representative slides for Picrosirius red and collagen
IV staining. Picrosirus red staining was visualized under polarized light, which distinguish collagen-I (yellow
color) and collagen-III (green color). There is more collagen deposition in the media and neointimal area

of vehicle controls compared to 1,25 NP treated vessels. (B) Semi-quantitative analysis showed a significant
decrease in the average collagen-I and collagen-III (p < 0.05) indices in 1,25 NP treated vessels compared

to vehicle controls. (C) Semi-quantitative analysis showed a significant decrease in the average collagen IV
(p<0.05) index in 1,25 NP treated vessels compared to vehicle controls. Each data point in the scatter plot

bar graph represents the mean + SEM of 5-6 AVFs. Unpaired ¢-test was performed. Significant differences are
indicated *p <0.05. ADV adventitia, L lumen. Scale bar is 50 pum.

Whole genome sequencing using RNA sequence with pathway analysis. We performed whole
transcriptome RNA sequencing with differential gene expression analysis in 1,25 NP or vehicle treated outflow
veins after PTA treatment. A heat map of the differential gene expression in 1,25 NP or vehicle controls at an
average fold change > 1.5 (upregulated, Fig. 8A) or <0.75 (downregulated, Fig. 8B) with a P<0.05 is shown.
There were 311 genes that were up regulated and 873 genes that were down regulated in 1,25 NP treated outflow
vein compared to vehicle. Panther analysis identified that the most affected signaling pathways associated with
the up regulated genes included Wnt signaling, cadherin, and inflammation (Fig. 8C). Similarly, in the down-
regulated genes, Panther analysis demonstrated that the top three signaling pathways that were involved were
CCKR, inflammation, and apoptosis (Fig. 8D).

Discussion

In the present study, we demonstrated that there is increased gene expression of IER3 in endothelial samples
removed from patients with stenotic AVFs. There was increased gene and protein expression of IER3, CCL2,
and CD68 staining after PTA of VS in mice with AVF and CKD compared to control veins. Adventitial delivery
of 1,25 NP to the outflow veins after PTA resulted in a significant decrease in the average gene expression of Ier3
and Ccl2. This was accompanied with positive vascular remodeling with as increased lumen vessel area, reduced
N/M ratio and reduced cell density in the neointima at day. We observed that IER3 staining was decreased in
cells staining (+) for CD68 and FSP-1 in the 1,25 NP treated vessels compared to vehicle controls. This was
accompanied with a significant decrease in proliferation, inflammatory cellular phenotypes (CD68, F4/80, and
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Figure 7. Proliferation and apoptosis staining in 1,25 NP treated vessels. (A) Representative slides for negative
control, Ki-67 and TUNEL staining. There is more proliferation and less apoptosis in the vehicle controls
compared to 1,25 NP treated vessels. (B, C) Semi-quantitative analysis demonstrated a significant decrease in
the average Ki-67 index (p <0.05) and increase in the average TUNEL index (p <0.05) in 1,25 NP treated vessels
compared to vehicle controls. Each data point in the scatter plot bar graph represents the mean + SEM of 4-6
AVF mice. Unpaired t-test was performed. Significant differences are indicated *p <0.05. (A) Positive staining is
brown color. L lumen; black arrows indicate positive cells. Scale bar is 50 um.

CD45 (+), pro-inflammatory iNOS staining), FSP-1, fibrosis as assessed using Masson’s trichrome, collagen stain-
ing, and Picrosirius red), with an increase in contractile VSMCs with decrease in synthetic VSMCs. There was a
decrease in proliferation and increase in apoptosis after 1,25 NP delivery. We assessed which cells had decreased
proliferation and increased apoptosis and found that there was a decrease in the proliferation of a-SMA (+) and
CD68 (+) cells with increase in the apoptosis of FSP-1 (+) and CD68 (+) cells. There was an increase in aver-
age peak velocity and WSS in the 1,25 NP treated vessels compared to vehicle controls. Finally, unbiased whole
transcriptomic analysis with RNA sequencing and Panther analysis was performed to identify the mechanisms
involved with 1,25 NP delivery and we observed that inflammatory and apoptotic pathways were involved.
Previous studies have shown that there is increased expression of Ier3 and Ccl2 in stenotic experimental and
human failed AVFs, and it was localized to the adventitia”'%. [ER3 expression has been shown to localize to the
endothelium'. A recent study described the use of endovascular biopsy to obtain venous samples from stenotic
AVFs’. We took advantage of this approach and determined the gene expression of ler3 prior to PTA treatment in
patients with stenotic hemodialysis AVFs. We observed a significant increase in average gene expression of Ier3 in
stenotic endothelial cells compared to patient matched endothelial cells from non-stenotic veins from the same
AVFE. Because the expression of Ier3 and Ccl2 after PTA of AVF is unknown, we investigated the expression of
Ier3, Ccl2 in our mouse model of PTA of VS and found that gene expression of Ier3 and Ccl2 increases after PTA.
Genetic deletion of Ier3 in mice with AVF and CKD demonstrated a reduction in VS/VNH formation’. 1a,
25(0OH),D; is an inhibitor of IER38. Previous work from our lab has shown that Ier3 expression is reduced with
the adventitial delivery of 1,25 NP accompanied with a gene expression of Ccl2”. We postulated that adventitial
delivery of 1,25 NP after PTA of outflow veins would have significant decrease in Ier3 and Ccl2 gene expres-
sion. We observed this and were able to localize the cells expressing IER3 by immunofluorescent technique by
performing double staining for CD68 and FSP-1 cells which reside in the adventitia. There was reduced staining
of IER3 in 1,25 NP treated vessels in particular cells staining positive for CD68 and FSP-1. Taken collectively,
this implies that 1,25 NP treatment after PTA reduces the expression of IER3 in CD68 (+) inflammatory cells.
Restenosis after PTA can lead to a decrease in the lumen vessel area and VNH/VS. We assessed for this pos-
sibility by assessing vascular remodeling using histomorphometric analysis in 1,25 NP treated vessels compared
to control controls. There was a significant increase in the average lumen vessel area with a decrease in N/M
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Figure 8. Whole transcriptome analysis using RNA sequencing with differential gene expression and Panther
analyses. Unbiased whole transcriptome analysis using RNA sequencing from AVF outflow veins after PTA
treated with vehicle controls compared to 1,25 NP. (A) Heat map depicting all the genes that are 1.5 fold up or
(B) 0.75 fold down in outflow veins treated with 1,25 NPs compared to vehicle controls. (C) is Panther analysis
of differentially regulated genes and in (D) shows analysis of downregulated genes.

ratio and cell density in the neointima. These observations are consistent with our previous study in murine
AVFs in which we administered 1,25 NP to adventitia of the outflow vein’. Because WSS and blood flow velocity
have been hypothesized as factors leading to the development of VNH associated with AVF', the changes in
PV and WSS after PTA were determined. A previous study from our lab showed differences in WSS after PTA
compared to control vessels and in this model, increased PV and WSS are seen in vein segments with positive
vascular remodeling'®. In the present study, we extended these results by performing Doppler US to assess the
hemodynamic function of the AVE We observed a significant increase in the average PV and WSS in 1,25 NP
treated vessels compared to controls. The present model has increased WSS in the outflow vein in part due to the
angle of the anastomosis, which is approximately 90 degrees and this angle has been shown to cause increased
shear stress when compared to an angle of 45 degrees!’.
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Angioplasty can lead to VS formation due to an increase in a-SMA (+) cells accompanied with inflammatory
cells and fibrosis. We assessed for changes in SMCs by staining for a-SMA. There was an increase in a-SMA
staining in 1,25 NP treated vessels compared to controls. There are different phenotypes of SMCs. We assessed for
the presence of contractile SMC phenotype by staining for MHY11 and synthetic SMCs by staining for vimen-
tin, MMP-2, and MMP-9 staining'®. Synthetic smooth muscles cells are hypothesized to cause restenosis after
vascular injury'®. Several cytokines have been shown to be involved including transforming growth factor-p*°.
We observed an increase in MHY 11 (+) cells, which colocalized with a-SMA in 1,25 NP treated vessels. We next
assessed for the presence of synthetic SMCs, and observed a significant reduction in in vimentin, MMP-2, and
MMP-9 staining in 1,25 NP treated vessels compared to controls. The mechanism of how 1,25 NP modulates the
phenotype of SMC by increasing the contractile SMCs while reducing synthetic SMCs is not well understood.

The vessel wall remodels to PTA by changes in fibrosis and deposition of extracellular matrix and thus reduc-
ing fibrosis and collagen formation after PTA and therefore this is a potential therapeutic strategy for improving
outcomes. We assessed changes in fibrosis and collagen deposition by performing picrosirius red, Masson’s
trichrome, and collagen staining after 1,25 NP treatment compared to controls. We observed a reduction in
Picrosirius red (staining of collagen 1 and 3), Masson’s trichrome, and collagen 4 staining. These results imply
that less constrictive remodeling is occurring after 1,25 NP treatment and this is allowing for improved positive
vascular remodeling.

Because fibroblast to smooth muscle differentiation can cause to VS formation in murine AVE we assessed
the presence of fibroblasts using FSP-1 staining'®. We observed a reduction in FSP-1 staining in 1,25 NP treated
vessels compared to controls. This is consistent with previous study in murine AVFs using 1,25 NP”. Several
studies have demonstrated that reduced FSP-1 staining is associated with improved vascular remodeling in
experimental AVFs?’. Moreover, there was no difference in FAP-1 staining indicating 1,25 NP treatment had no
effect on fibroblast activation.

It is well known that angioplasty can lead to vascular injury, which causes inflammatory cells including mac-
rophages and monocytes to accumulate in the vessel wall'>?!. We assessed for the presence of inflammatory cells
by performing staining for CD68 in PTA treated vessels compared to contralateral control veins. There was an
increase in CD68 (+) cells in PTA treated vessels. Studies have demonstrated that reducing inflammation after
vascular injury caused by PTA or stent placement is associated with improved patency?>*. We next assessed the
presence of inflammatory cells by performing staining for CD68 (+), F4/80 (+), CD45 (+) cells. We observed
that there was a significant reduction in CD68 (+), F4/80 (+), CD45 (+), and iNOS (+) cells in 1,25 NP treated
vessels compared to controls. These findings are consistent with prior studies that showed that reducing CD68
(+) cells after PTA was associated with improved vascular remodeling and lumen vessel area??.

Several studies have shown that ler3 gene expression is involved with apoptosis®. We assessed for changes in
apoptosis by performing TUNEL and cleaved caspase 3 staining after 1,25 NP treatment. We observed a signifi-
cant increase in cells staining positive for TUNEL and cleaved caspase 3 staining. We further performed double
staining to identify which cells were affected. Meanwhile there was increased TUNEL staining in both FSP-1 and
CD68 (+) cells. Since we observed changes in apoptosis, we assessed proliferation by performing Ki-67 stain-
ing and observed it was significantly reduced in 1,25 NP treated vessels compared to vehicle controls. Next, we
determined the phenotype of the cells undergoing proliferation and observed that proliferation was decreased
in CD68, FSP-1, and SMCs in 1,25 NP treated vessels. We have previously reported that 1,25 NP decreases pro-
liferation and increases cell death as assessed by TUNEL staining’. Collectively, these data imply that reduced
proliferation with increase in apoptosis results in a decrease in cell density with a reduction in FSP-1 and CD68.

The potential changes in kidney and liver function after 1,25 NP delivery was evaluated by performing liver
function test assessment measuring AST, ALT, total bilirubin and BUN and creatinine levels. Systemic admin-
istration of 1a,25(OH),D; can cause hypercalcemia”. In the present study, there was no difference between all
these serologic measures at day 3 and 21 after delivery in the 1,25 NP and vehicle control groups.

Adventitial delivery of 1,25 NP has several advantages. It allows for the delivery of drug to the vessel wall with
increased concentration and without the wash out of the drug as would be seen with endothelial delivery using
drug coated balloons or stents?. Adventitial delivery is superior to systemic delivery as it reduces non-target
delivery of the drug during the first pass effect by the liver?®. We have utilized this approach for delivering cells,
lentiviral agents, and drugs to the vessel wall for reducing vascular injury and VS formation”'*¢%,

Finally, an unbiased whole transcriptomic analysis using RNA sequencing with Panther analysis was per-
formed to identify mechanisms of 1,25 NP treatment. There were 311 genes that were upregulated and 874 genes
that were downregulated after 1,25 NP delivery compared to vehicle controls. Panther analysis demonstrated
that inflammatory pathways were involved in the upregulated genes and apoptotic pathways were involved in
the down-regulated genes.

There are several limitations of the present study. First, we used a single dose; and thus, the effects of higher
dose or multiple doses should be evaluated in the future. Second, these results need to be corroborated by using
a larger animal model, as the murine model may not be the same as the clinical scenario. Changes in WSS and
PV can occur as result of blood flow and mechanical factors. Drug treatment using 1,25 NP likely did not have
a direct effect on WSS and PV changes. Rather, the changes in WSS and PV reflect the effects of 1,25 NP on
reducing VNH.

In conclusion, we demonstrate that adventitial delivery of 1,25 NP to the outflow vein after PTA in a murine
model results in a decrease in IER3 gene and protein expression. This was localized to CD68 (+) and FSP-1 (+)
cells which have decreased proliferation and increased apoptosis. This leads to a reduction in pro-inflammatory
macrophages, venous neointimal hyperplasia, accompanied by a decrease in cell proliferation and venous fibrosis
with positive vascular remodeling. The clinical importance of this study is that this that it provides rationale for
local drug delivery using 1,25 NP for improving interventional outcomes in hemodialysis patients after PTA.
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Materials and methods

Patient population and endovascularbiopsy. Mayo Clinic Institutional Review Board (IRB18-009466)
approval was obtained prior to conducting the present study. All experiments were performed in accordance
with relevant guidelines and regulations. Informed written consent was obtained from all patients with dys-
functional AVFs requiring an interventional procedure prior to performing endovascular biopsy of the stenosis
and non-stenotic veins. Only patients > 18 years old were enrolled. A total of 5 patients (1 Female) underwent
an angiogram with PTA of an AVF stenosis. The patient demographics and location of stenosis are presented
(Supplemental Table 1). An angiogram was performed to identify a stenosis (Fig. 1A). Once the stenosis was
identified, a 5F glide catheter (Boston Scientific, Natick, MA) was advanced across the stenosis carefully using a
0.035" glide wire (Terumo Medical Corporation, Tokyo, Japan). The glide wire was removed and a 0.035” Rosen
wire (Cook Inc., Bloomington, IN) was advanced and used to gently cross the stenosis multiple times (Fig. 1B).
The tip of the wire was withdrawn into the Glide catheter and removed as a unit. The tip of the wire was cut and
placed in an RNA free plastic tube with 1 ml of lactated Ringer’s solution and placed on ice and saved for cell
isolation and qRT-PCR analysis (see later). Figure 1C shows an angiogram prior to biopsy and Fig. 1D is after
biopsy. A portion of non-stenotic vein from the fistula was sampled in an identical fashion to serve as control.

Endothelial cell sorting. The wire fragment was removed and centrifuged at 1000 RPM for 10 min at 4 °C.
The cell pellet was washed 3 times with 1 ml of PBS with 1% BSA. The pellet was resuspended in 100 pl of PBS
with 1% BSA. CD31 (+) endothelial cells were sorted using magnetic beads. We added 10-ul of CD31 antibody
(cat# 555444, BD Biosciences) to the cell suspension and it was incubated for 15 min at 4 °C. Next, anti-mouse
IgG coupled magnetic beads (10ul, Cat# S1431S, New England Bio labs) were added to the suspension and CD31
(+) cells were sorted out. cDNA was synthesized directly using SuperScript III Cells Direct cDNA Synthesis Kit
(cat# 18080200, Thermo Fischer).

Mice study. Approval was obtained from the Mayo Clinic Institutional Animal Care and Use Committee
prior to performing any experiments. All experiments were performed in accordance with relevant guidelines
and regulations. All the authors complied with the ARRIVE guidelines experiments.

Eighteen C57BL/J6 male mice (Jackson Laboratories, Bar Harbor, ME) aged 6-8 weeks were housed at 12/12 h
light/dark cycles, 22 °C, and 41% relative humidity with access to food and water ad libitum. Mice were randomly
assigned to vehicle or 1,25 NP group (Supplementary Fig. 1). Mice were anesthetized using a combination of
ketamine (100 mg/kg) and xylazine (10 mg/kg) administered by intraperitoneal injection prior to all procedures.
Before surgery, one dose of buprenorphine-SR (0.05-0.1 mg/kg body sc) was administered for pain relief.

Encapsulation of 1a,25(0H),D; in nanoparticles composed of PLGA and loaded in a Pluronic
F127 Hydrogel. 1a,25(0OH),D; was encapsulated into nanoparticles composed of PLGA using the interfa-
cial method and loaded into Pluronic F127 hydrogel as described previously by our laboratory’. Briefly, 100 mg
of PLGA (Sigma-Aldrich, St. Louis, MO) and 0.1 mg of 1a,25(OH),D; (Tocris Bioscience, Bristol, UK) was dis-
solved in 10-mL of acetone. Then, the solution was added drop wise to 500 mL of deionized water at constant
stirring. After particle formation, the organic solvent was evaporated and the PLGA nanoparticles were dried by
lyophilization. The dried PLGA nanoparticles were dispersed in an aqueous solution to make a 200-uM solution.
For vehicle controls, an equivalent amount of PLGA particles without 1a,25(0OH),D; was used. A 40% aqueous
solution of Pluronic F-127 (Sigma-Aldrich, St. Louis, MO) was prepared under sterile conditions at 4 °C. An
equal portion of PLGA particles in water and equal portion of 40% Pluronic F-127 gel was mixed to obtain a final
concentration of 100 pM, 1a,25(OH),D;-PLGA nanoparticles in 20% hydrogel. We have previously showed that
by day 3 and 28 the cumulative releases of 1a,25(0OH),Ds in our 1,25 NP drug was 40% and 80%, respectively’.

Surgical creation of murine model.  Chronic kidney disease was created by surgical ligation of the arte-
rial blood supply to the upper pole of the left kidney accompanied by removal of the right kidney. We have used
and described this model previously*!11¢** (Supplementary Figs. 1A,B). Four weeks later, an AVF was created by
connecting the end of the right external jugular vein to the side of the left common carotid artery using an 11-0
nylon suture (Aros Surgical Instruments Corporation, Newport Beach, CA). Two weeks later, the diameter of
the jugular vein was measured intraoperatively and PTA was performed using a 1.25 mm by 6-mm long balloon
inflated to 14-atmospheres for 30-s (Medtronic Sprinter Legend, Minneapolis, MN)*. Next, 10-uL of either 1,25
NP in hydrogel or control vehicle (PLGA without 1,25 NP in hydrogel) was layered circumferentially onto the
adventitia of the outflow vein for a length of 6-mm.

Blood urea nitrogen (BUN), creatinine (Cr), aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), total bilirubin, and calcium assay. Blood was removed to determine the kid-
ney function, liver function tests, and calcium concentration at sacrifice at day 3 and 21 after PTA as described
elsewhere®. A QuantiChrom Urea Assay Kit (BioAssay Systems, Hayward, CA) and Mouse Creatinine Assay Kit
(Crystal Chem, Elk Grove Village, IL) were used to determine the serum BUN and Cr, respectively. The Preven-
tive Care Profile Plus rotor (Abaxis, Union City, CA) was used in a Vetscan VS2 machine (Abaxis, Union City,
CA) to determine the AST, ALT, total bilirubin, and calcium levels>!.

Doppler ultrasound (US) examination. As described previously, a high-frequency 20-MHz transducer
probe (Doppler Flow Velocity System, INDUS Instruments, Houston, TX) was used to evaluate the AVF patency

and blood flow velocity*!16*. Eight consecutive cycles were recorded. Murine peak velocity data were analyzed
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using a Doppler signal processing workstation (Doppler Flow Velocity System version 1.627, INDUS Instru-
ments) in the murine peripheral blood flow mode. The average WSS was calculated by the equation WSS=4nV/r,
where 1) is blood viscosity, V is velocity (m/s), and r is the radius obtained from intraoperative measurements of
the outflow vein (m). The viscosity of blood was assumed to be constant at is the viscosity (0.00345 4 N s m™2)2.

Murine tissue collection and processing. At 3 days after PTA, mice were sacrificed for gene and RNA
sequencing expression analysis, and the outflow vein samples were stored in RNA later solution (Qiagen, Hilden,
Germany). Twenty-one days after PTA, we dissected the outflow veins and fixed the tissue in 10% formalin rea-
gent (Fisher Scientific, Pittsburgh, PA) using a non-pressurized method of fixation. The vessels were analyzed
for histomorphometric and immunobiological analyses. Each vessel was embedded in paraffin lengthwise as
described previously. Typically, an average of 60-80 consecutive 4-um sections were obtained per outflow vein
per animal for analysis.

RNA isolation and cDNA synthesis. RNA was isolated using miRNeasy kit (Qiagen) from all mice tissue
samples and cDNA was synthesized using iScript kit (BioRad, Hercules, CA) according to the manufacturer’s
instructions.

Quantitative real time polymerase chain reaction (QRT-PCR). The endothelial cells were isolated
from each patient’s sample and analyzed for gene expression of ler3 using quantitative real time polymerase
chain reaction (QRT-PCR) as described previously?. At day 3, 1,25 NP or vehicle treated murine outflow veins
were analyzed for gene expression of Ier3 and Ccl2. The primer design information is shown in Supplementary
Table 3. All qRT-PCRs were performed using an iTaq universal SYBR Green Master Mix (BioRad) in a C1000
thermal cycler equipped with a CFX96 Real Time System (BioRad) and cq values were measured using BioRad
CFX Manager software (BioRad). The Acq values of human were normalized to 18S. For mouse vein samples,
Acq values were normalized to TBP1 and the fold change in gene expression was calculated using the 2~(44CT)
method.

RNA sequencing and bioinformatics analysis. Whole transcriptomic mRNA-Seq was performed at
the Mayo Clinic Medical Genome Facility®’. RNA libraries were prepared using the TruSeq RNA sample kit
V2 (Illumina, San Diego, CA) following the manufacturer’s protocol. mRNA libraries were loaded into flow
cells (TruSeq v3 paired-end flow cells; Illumina) at concentrations designed to generate 100 million total reads/
sample following Illumina’s standard protocol using the Illumina cBot and TruSeq Paired end cluster kit ver-
sion 3. The flow cells were then sequenced on HiSeq 2000/2500 using the TruSeq SBS sequencing kit version 3
(Illumina) and the data was collected using HiSeq data collection version 2.0.12.0 software. Base-calling was per-
formed using Illumina’s RTA version 1.17.21.3. Data analysis was further performed using the MAPRSeq v.1.2.1
system, the Bioinformatics Core standard tool, TopHat 2.0.6 and Feature Counts software''. Gene expression
was standardized to 1 million reads and normalized for gene length (reads per kilobase pair per million mapped
reads, RPKM). The mRNAs with a fold change of > 1.5 and <0.75 and an average RPKM > 0.01 were considered
up regulated and down regulated, respectively, in 1,25 NP treated or vehicle control tissue. A student t-test was
performed and the difference in the fold change was considered statistically significant if p <0.05. The mRNA
list was then uploaded to Gene-E (https://software.broadinstitute.org/ GENE-E) to create a heat map. PANTHER
(http://pantherdb.org/) was performed for pathway analysis.

Immunohistochemistry and immunofluorescence staining. Staining was performed on paraffin-
embedded outflow vein sections from 1,25 NP and vehicle treated groups following the EnVision (Dako, CA)
method with a heat-induced antigen-retrieval step'®. The primary antibodies used are listed in Supplementary
Table 4. Peroxidase activity was visualized using 3,3’-diaminobenzidine as chromogen. Immunoglobulin G
(IgG) stained slides served as negative controls. Prolong Gold anti-fade reagent with DAPI (Invitrogen, Eugene,
OR) was used for nuclear staining and mounting for immunofluorescence staining.

TUNEL, Masson'’s trichrome, Picrosirius red and Alizarin Red S staining. TUNEL staining was
performed on paraffin-embedded sections to evaluate apoptosis according to the manufacturer’s instructions
(TACS 2 TdT DAB in situ Apoptosis Detection Kit, Thermo Scientific, Waltham, MD). Slides without TdT
enzyme were used as negative controls'®. Picrosirius red (Sigma-Aldrich, St. Louis, MO) staining was performed
to evaluate for vascular fibrosis and collagen 1 and 3 by analyzing the slides under polarized light Alizarin Red S
(Spectrum, Gardena, CA) staining was performed to evaluate for vascular calcification. Masson’s trichrome was
performed as described previously on unstained paraffin embedded sections'®.

Morphometric and image analysis. We analyzed 3-5 outflow veins per animal per group for histomor-
phometric analysis. Sections were stained for Hematoxylin and Eosin (H and E) to assess venous remodeling.
Images were digitized to capture a minimum of 1936 x 1460 pixels covering one entire cross-section utilizing an
M2 Microscope (Carl Zeiss) with an Axiocam 503 color camera (Carl Zeiss). These slides were analyzed using
ZEN 2 blue edition version 2.0 (Carl Zeiss) as described elsewhere®!"'%3, We measured the lumen vessel area,
neointima, media, and adventitia areas, along with cell density in each of the layers.

Semiquantification of immunobiological stains and immunofluorescent stains. Sections that
were stained with immunobiological stains and immunofluorescent stains were digitized to capture a minimum
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of 1936 x 1460 pixels covering one entire cross-section utilizing an M2 Microscope (Carl Zeiss) with an Axiocam
503 color camera (Carl Zeiss). These slides were analyzed using ZEN 2 blue edition version 2.0 (Carl Zeiss) as
described elsewhere®''%%, Staining index was obtained by number of positive cells/ total number of cells x 100.

Statistical analysis. Results are presented as the mean + SEM. Statistical differences were tested by using
either a one-way or two-way analysis of variance (ANOVA) followed by an unpaired Student ¢ test with post
hoc Bonferroni’s correction. The level of significance was set at NS p>0.05, *p <0.05, **p <0.01, ***p <0.001 or
*p<0.0001. GraphPad Prism version 8 (GraphPad Software Inc., La Jolla, CA) was used for all statistical analysis.

Data availability

The RNA seq dataset generated during and analyzed during the current study will be made available on the GEO
website at https://www.ncbi.nlm.nih.gov/geo once the manuscript has been published. The remaining datasets
generated during and/or analyzed during the current study are not publicly available due to because of the mul-
tiple different immunohistologic measurements, gene expression, serum, and histomorphometric analyses but
are available from the corresponding author on reasonable request.

Received: 20 June 2020; Accepted: 16 February 2021
Published online: 26 February 2021

References

1. Saran, R. U. S. et al. Annual data report: Epidemiology of kidney disease in the United States. Am. J. Kidney Dis. https://doi.
0rg/10.1053/j.ajkd.2019.09.003 (2019).

2. Al-Jaishi, A. A. et al. Patency rates of the arteriovenous fistula for hemodialysis: A systematic review and meta-analysis. Am. J.
Kidney Dis. 63, 464-478. https://doi.org/10.1053/j.ajkd.2013.08.023 (2014).

3. Trerotola, S. O., Lawson, J., Roy-Chaudhury, P,, Saad, T. F. & Lutonix, A. V. C. T. I. Drug Coated Balloon Angioplasty in Failing
AV Fistulas: A Randomized Controlled Trial. Clin ] Am Soc Nephrol 13, 1215-1224, doi:https://doi.org/10.2215/CJN.14231217
(2018).

4. Cai, C. et al. Evaluation of venous stenosis angioplasty in a murine arteriovenous fistula model. J. Vasc. Interv. Radiol. 30, 1512-
1521.e1513. https://doi.org/10.1016/j.jvir.2018.11.032 (2019).

5. Brahmbhatt, A., Remuzzi, A., Franzoni, M. & Misra, S. The molecular mechanisms of hemodialysis vascular access failure. Kidney
Int. 89, 303-316. https://doi.org/10.1016/j.kint.2015.12.019 (2016).

6. deLaval, B. et al. Thrombopoietin promotes NHE] DNA repair in hematopoietic stem cells through specific activation of Erk and
NF-kappaB pathways and their target, IEX-1. Blood 123, 509-519. https://doi.org/10.1182/blood-2013-07-515874 (2014).

7. Brahmbhatt, A. et al. The role of Iex-1 in the pathogenesis of venous neointimal hyperplasia associated with hemodialysis arterio-
venous fistula. PLoS ONE 9, €102542. https://doi.org/10.1371/journal.pone.0102542 (2014).

8. Im, H.J,, Craig, T. A., Pittelkow, M. R. & Kumar, R. Characterization of a novel hexameric repeat DNA sequence in the promoter
of the immediate early gene, IEX-1, that mediates lalpha,25-dihydroxyvitamin D(3)-associated IEX-1 gene repression. Oncogene
21, 3706-3714. https://doi.org/10.1038/sj.onc.1205450 (2002).

9. McGregor, H. et al. Endovascular biopsy and endothelial cell gene expression analysis of dialysis arteriovenous fistulas: A feasibility
study. J. Vasc. Interv. Radiol. 29, 1403-1409.e1402. https://doi.org/10.1016/j.jvir.2018.04.034 (2018).

10. Feldmann, K. A, Pittelkow, M. R., Roche, P. C., Kumar, R. & Grande, J. P. Expression of an immediate early gene, IEX-1, in human
tissues. Histochem. Cell Biol. 115, 489-497. https://doi.org/10.1007/s004180100284 (2001).

11. Cai, C. et al. Differences in transforming growth factor-betal/BMP7 signaling and venous fibrosis contribute to female sex differ-
ences in arteriovenous fistulas. . Am. Heart Assoc. 9, €017420. https://doi.org/10.1161/JAHA.120.017420 (2020).

12. Macdonald, R. G., Panush, R. S. & Pepine, C. J. Rationale for use of glucocorticoids in modification of restenosis after percutaneous
transluminal coronary angioplasty. Am. J. Cardiol. 60, 56B-60B. https://doi.org/10.1016/0002-9149(87)90486-3 (1987).

13. Yang, B. et al. Adventitial transduction of lentivirus-shRNA-VEGF-A in arteriovenous fistula reduces venous stenosis formation.
Kidney Int. 85, 289-306. https://doi.org/10.1038/ki.2013.290 (2014).

14. Juncos, J. P. et al. MCP-1 contributes to arteriovenous fistula failure. J. Am. Soc. Nephrol. 22, 43-48. https://doi.org/10.1681/
ASN.2010040373 (2011).

15. Misra, S. et al. Increased shear stress with upregulation of VEGF-A and its receptors and MMP-2, MMP-9, and TIMP-1 in venous
stenosis of hemodialysis grafts. Am. J. Physiol. Heart Circ. Physiol. 294, H2219-2230. https://doi.org/10.1152/ajpheart.00650.2007
(2008).

16. Cai, C. et al. Therapeutic effect of adipose derived mesenchymal stem cell transplantation in reducing restenosis in a murine
angioplasty model. J. Am. Soc. Nephrol. 31, 1781-1795. https://doi.org/10.1681/ASN.2019101042 (2020).

17. Hull, J. E., Balakin, B. V., Kellerman, B. M. & Wrolstad, D. K. Computational fluid dynamic evaluation of the side-to-side anasto-
mosis for arteriovenous fistula. J. Vasc. Surg. 58, 187e181-193e181. https://doi.org/10.1016/j.jvs.2012.10.070 (2013).

18. Bennett, M. R,, Sinha, S. & Owens, G. K. Vascular smooth muscle cells in atherosclerosis. Circ. Res. 118, 692-702. https://doi.
org/10.1161/CIRCRESAHA.115.306361 (2016).

19. Owens, G. K., Kumar, M. S. & Wamhoff, B. R. Molecular regulation of vascular smooth muscle cell differentiation in development
and disease. Physiol. Rev. 84, 767-801. https://doi.org/10.1152/physrev.00041.2003 (2004).

20. Kilari, S. et al. The role of MicroRNA-21 in venous neointimal hyperplasia: implications for targeting miR-21 for VNH treatment.
Mol. Ther. 27, 1681-1693. https://doi.org/10.1016/j.ymthe.2019.06.011 (2019).

21. Chinetti, G. et al. Activation of proliferator-activated receptors alpha and gamma induces apoptosis of human monocyte-derived
macrophages. J. Biol. Chem. 273, 25573-25580. https://doi.org/10.1074/jbc.273.40.25573 (1998).

22. Walter, D. H. et al. Statin therapy, inflammation and recurrent coronary events in patients following coronary stent implantation.
J. Am. Coll. Cardiol. 38, 2006-2012. https://doi.org/10.1016/s0735-1097(01)01662-x (2001).

23. Walter, D. H. et al. Statin therapy is associated with reduced restenosis rates after coronary stent implantation in carriers of the
PI(A2)allele of the platelet glycoprotein IIla gene. Eur. Heart J. 22, 587-595. https://doi.org/10.1053/euh;j.2000.2313 (2001).

24. Bilancio, A. et al. Inhibition of p110delta PI3K prevents inflammatory response and restenosis after artery injury. Biosci. Rep. 37,
66. https://doi.org/10.1042/BSR20171112 (2017).

25. Ohtani, K. et al. Blockade of vascular endothelial growth factor suppresses experimental restenosis after intraluminal injury by
inhibiting recruitment of monocyte lineage cells. Circulation 110, 2444-2452 (2004).

26. Kumar, R. et al. A novel vitamin D-regulated immediate-early gene, IEX-1, alters cellular growth and apoptosis. Recent Results
Cancer Res. 164, 123-134. https://doi.org/10.1007/978-3-642-55580-0_8 (2003).

27. Selby, P. L., Davies, M., Marks, J. S. & Mawer, E. B. Vitamin D intoxication causes hypercalcaemia by increased bone resorption
which responds to pamidronate. Clin. Endocrinol. Oxf. 43, 531-536. https://doi.org/10.1111/j.1365-2265.1995.tb02916.x (1995).

Scientific Reports |

(2021) 11:4772 | https://doi.org/10.1038/s41598-021-84444-x nature portfolio


https://www.ncbi.nlm.nih.gov/geo
https://doi.org/10.1053/j.ajkd.2019.09.003
https://doi.org/10.1053/j.ajkd.2019.09.003
https://doi.org/10.1053/j.ajkd.2013.08.023
https://doi.org/10.2215/CJN.14231217
https://doi.org/10.1016/j.jvir.2018.11.032
https://doi.org/10.1016/j.kint.2015.12.019
https://doi.org/10.1182/blood-2013-07-515874
https://doi.org/10.1371/journal.pone.0102542
https://doi.org/10.1038/sj.onc.1205450
https://doi.org/10.1016/j.jvir.2018.04.034
https://doi.org/10.1007/s004180100284
https://doi.org/10.1161/JAHA.120.017420
https://doi.org/10.1016/0002-9149(87)90486-3
https://doi.org/10.1038/ki.2013.290
https://doi.org/10.1681/ASN.2010040373
https://doi.org/10.1681/ASN.2010040373
https://doi.org/10.1152/ajpheart.00650.2007
https://doi.org/10.1681/ASN.2019101042
https://doi.org/10.1016/j.jvs.2012.10.070
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1152/physrev.00041.2003
https://doi.org/10.1016/j.ymthe.2019.06.011
https://doi.org/10.1074/jbc.273.40.25573
https://doi.org/10.1016/s0735-1097(01)01662-x
https://doi.org/10.1053/euhj.2000.2313
https://doi.org/10.1042/BSR20171112
https://doi.org/10.1007/978-3-642-55580-0_8
https://doi.org/10.1111/j.1365-2265.1995.tb02916.x

www.nature.com/scientificreports/

28. Edelman, E. R., Adams, D. H. & Karnovsky, M. . Effect of controlled adventitial heparin delivery on smooth muscle cell prolifera-
tion following endothelial injury. Proc. Natl. Acad. Sci. USA 87, 3773-3777. https://doi.org/10.1073/pnas.87.10.3773 (1990).

29. Hughes, D. et al. Adventitial transplantation of blood outgrowth endothelial cells in porcine haemodialysis grafts alleviates hypoxia
and decreases neointimal proliferation through a matrix metalloproteinase-9-mediated pathway—A pilot study. Nephrol. Dial.
Transplant. 24, 85-96. https://doi.org/10.1093/ndt/gfn433 (2008).

30. Cai, C. et al. Effect of sex differences in treatment response to angioplasty in a murine arteriovenous fistula model. Am. J. Physiol.
Renal. Physiol. 318, F565-F575. https://doi.org/10.1152/ajprenal.00474.2019 (2020).

31. Zhao, C. et al. Periadventitial delivery of simvastatin-loaded microparticles attenuate venous neointimal hyperplasia associated
with arteriovenous fistula. J. Am. Heart Assoc. 9, €018418. https://doi.org/10.1161/JAHA.120.018418 (2020).

32. Misra, S., Fu, A. A, Misra, K. D., Glockner, J. F. & Mukhopadyay, D. Evolution of shear stress, protein expression, and vessel area
in an animal model of arterial dilatation in hemodialysis grafts. J. Vasc. Interv. Radiol. 21, 108-115. https://doi.org/10.1016/j.
jvir.2009.09.024 (2010).

Acknowledgements
The authors acknowledge the assistance of Lucy Bahn, PhD, in preparation of this manuscript.

Author contributions

C.C,,C.Z,R.K, S.K. and S.M. designed the study; C.C., C.Z. and S.K. performed significant part of the experi-
ments; C.C. contributed to animal surgery; E.T. performed the human endovascular biopsies; C.Z., A.S., and S.K.
performed immunohistochemical analyses and PCR analyses; C.C., C.Z., S.K.,, M.S., AM,, RK, Y.L, and S.M.
contributed to data organization and discussion. C.C., E.T., S.K., and S.M. wrote the paper.

Fundin

This workgwas funded by NIH grants HL098967 and DK107870 (to Sanjay Misra) from the National Heart, Lung,
and Blood Institute and National Institute of Diabetes and Digestive and Kidney Diseases and RK (DK107870).
The NIH had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript. Authors declare that have no competing financial interests.

Competing interests

S.M. and R.K. have a patent issued on the use of 1,25 NP for preventing stenosis formation in hemodialysis AVF
(US 10,098,897 B2). C.C,, S.K, C.Z.,, A.S., M.S., A M, Y.L, and E.T. have no competing interests and do not
have any disclosures.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-84444-x.

Correspondence and requests for materials should be addressed to S.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:4772 | https://doi.org/10.1038/s41598-021-84444-x nature portfolio


https://doi.org/10.1073/pnas.87.10.3773
https://doi.org/10.1093/ndt/gfn433
https://doi.org/10.1152/ajprenal.00474.2019
https://doi.org/10.1161/JAHA.120.018418
https://doi.org/10.1016/j.jvir.2009.09.024
https://doi.org/10.1016/j.jvir.2009.09.024
https://doi.org/10.1038/s41598-021-84444-x
https://doi.org/10.1038/s41598-021-84444-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Adventitial delivery of nanoparticles encapsulated with 1α, 25-dihydroxyvitamin D3 attenuates restenosis in a murine angioplasty model
	Results
	Ier3 expression was significantly Increased in stenotic clinical AVFs by endovascular biopsy and murine PTA treated vessels. 
	Serum changes in kidney and liver function in 1,25 NP and vehicle control animals. 
	Ier3 gene and protein expression is significantly decreased in 1,25 NP treated vessels compared to vehicle controls. 
	Positive vascular remodeling of 1,25 NP treated vessels compared to vehicle controls. 
	There is an increase in the average peak velocity (PV) and wall shear stress (WSS) of 1,25 NP treated vessels compared to vehicle controls. 
	There was an increase in the contractile SMCs with a decrease in the synthetic phenotype with a decrease in FSP-1 in 1,25 NP treated vessels compared to vehicle controls. 
	Adventitial delivery of 1,25 NP decreases inflammation. 
	There was reduced collagen staining in 1,25 NP treated vessels. 
	There is reduced Ki-67 with increased TUNEL staining in 1,25 NP treated vessels. 
	Whole genome sequencing using RNA sequence with pathway analysis. 

	Discussion
	Materials and methods
	Patient population and endovascular biopsy. 
	Endothelial cell sorting. 
	Mice study. 
	Encapsulation of 1α,25(OH)2D3 in nanoparticles composed of PLGA and loaded in a Pluronic F127 Hydrogel. 
	Surgical creation of murine model. 
	Blood urea nitrogen (BUN), creatinine (Cr), aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin, and calcium assay. 
	Doppler ultrasound (US) examination. 
	Murine tissue collection and processing. 
	RNA isolation and cDNA synthesis. 
	Quantitative real time polymerase chain reaction (qRT-PCR). 
	RNA sequencing and bioinformatics analysis. 
	Immunohistochemistry and immunofluorescence staining. 
	TUNEL, Masson’s trichrome, Picrosirius red and Alizarin Red S staining. 
	Morphometric and image analysis. 
	Semiquantification of immunobiological stains and immunofluorescent stains. 
	Statistical analysis. 

	References
	Acknowledgements


