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Smooth Muscle Cell Proliferation and
Outward Remodeling
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BACKGROUND: Arteriovenous fistula (AVF) maturation failure is a main limitation of vascular access. Maturation is determined by
the intricate balance between outward remodeling and intimal hyperplasia, whereby endothelial cell dysfunction, platelet ag-
gregation, and vascular smooth muscle cell (VSMC) proliferation play a crucial role. von Willebrand Factor (vWF) is an endothe-
lial cell-derived protein involved in platelet aggregation and VSMC proliferation. We investigated AVF vascular remodeling in
vWEF-deficient mice and VWF expression in failed and matured human AVFs.

METHODS AND RESULTS: Jugular-carotid AVFs were created in wild-type and vVWF~~ mice. AVF flow was determined longitudi-
nally using ultrasonography, whereupon AVFs were harvested 14 days after surgery. VSMCs were isolated from vena cavae
to study the effect of vVWF on VSMC proliferation. Patient-matched samples of the basilic vein were obtained before brachio-
basilic AVF construction and during superficialization or salvage procedure 6 weeks after AVF creation. VWF deficiency re-
duced VSMC proliferation and macrophage infiltration in the intimal hyperplasia. VWF~- mice showed reduced outward
remodeling (1.5-fold, P=0.002) and intimal hyperplasia (10.2-fold, P<0.0001). AVF flow in wild-type mice was incremental over
2weeks, whereas flow in VWF~~ mice did not increase, resulting in a two-fold lower flow at 14 days compared with wild-type
mice (P=0.016). Outward remodeling in matured patient AVFs coincided with increased local VWF expression in the media of
the venous outflow tract. Absence of VWF in the intimal layer correlated with an increase in the intima-media ratio.

CONCLUSIONS: vWF enhances AVF maturation because its positive effect on outward remodeling outweighs its stimulating
effect on intimal hyperplasia.
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criterion standard of vascular access for hemodi-

alysis.! Compared with central venous catheters
and arteriovenous grafts, AVFs have better longevity
and fewer complications.?=* However, unassisted mat-
uration rates range from 60% to 79%.5 This results in
frequent vascular access-related interventions and
hospitalization in order to achieve, maintain, or restore
patency. Therefore, there is an urgent need to improve
AVF maturation.

The arteriovenous fistula (AVF) is considered the

AVF maturation depends on the ability of the ve-
nous outflow tract to adapt to the rapid increase in
pressure and flow upon AVF creation. Concordantly,
the luminal diameter of the vein needs to expand after
AVF placement in order to facilitate the increase in
blood flow created at the arteriovenous anastomosis.
This process is determined by the intricate balance
between outward remodeling (OR) of the vessel and
the degree of obstruction of the lumen by intimal hy-
perplasia (IH). One key player in both OR and IH is the
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CLINICAL PERSPECTIVE

What Is New?

e The von Willebrand Factor is an important media-
tor of the vascular response in arteriovenous fis-
tulas (AVFs) in the early phase after AVF surgery.

e von Willebrand Factor deficiency results in re-
duced vascular smooth muscle cell proliferation
and a decrease in macrophage infiltration, lead-
ing to impaired intimal hyperplasia and outward
remodeling, hindering AVF maturation in mice.

e In patients undergoing hemodialysis, von
Willebrand Factor expression in the medial
layer of the venous outflow tract is higher in
matured AVFs and accompanied by increased
walll thickening and outward remodeling, when
compared with nonmatured AVFs.

What Are the Clinical Implications?

e Nonmaturation of AVFs remains a significant
clinical problem for patients with end-stage kid-
ney disease treated with hemodialysis.

e Qur observations suggest that local von
Willebrand Factor-induced vascular smooth mus-
cle cell proliferation might be a valuable therapeu-
tic strategy aimed at improving AVF maturation.

Nonstandard Abbreviations and Acronyms

aSMA a-smooth muscle actin

AVF arteriovenous fistula

CCA common carotid artery

EC endothelial cell

IEL internal elastic lamina

IH intimal hyperplasia

I/M ratio intima/media ratio

OR outward remodeling

VSMC vascular smooth muscle cell
vVWF von Willebrand Factor

vascular smooth muscle cell (VSMC).8=° However, the
interplay between favorable VSMC proliferation that
enables OR, and detrimental VSMC proliferation that
causes IH, is an unknown process.

von Willebrand Factor (vWWF) is a multimeric glyco-
protein that is essential for blood clotting by binding
platelets and as carrier protein of circulating Factor VIII.1°
VWF is synthesized by megakaryocytes located in the
bone marrow and by endothelial cells (ECs) lining the
intima, but upon vascular damage, VWF can localize
subintimally in the vicinity of VSMCs."""> vVWF~~ mice
have reduced angiogenesis, arteriogenesis, wound
healing, and leukocyte infiltration,'®'* and it has been
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established in several animal models that VWF is in-
volved in intimal thickening."%® Moreover, previous
studies revealed that VWF is a potent inducer of VSMC
proliferation’™'” and inhibits gene expression of mature
nonmitotic VSMCs.'® Hence, vVWF might play an import-
ant role in the proliferation of VSMCs in AVFs and influ-
ence the degree of OR and IH. We hypothesized that
vWEF-deficient mice will present with reduced OR and
IH, affecting vascular remodeling and thereby AVF mat-
uration. In the present study we investigated the effect of
VWF deficiency on murine AVF vascular remodeling and
VWF expression levels in the intima and medial layer of
native veins and patient-matched AVFs obtained during
two-stage brachio-basilic surgery. We hereby assessed
whether VWF deficiency tips the scale in the intricate bal-
ance between OR and IH to achieve AVF maturation.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Animals and Study Design

This study was performed in compliance with Dutch
government guidelines, the Directive 2010/63/EU of
the European Parliament, and was approved by the
Institutional Committee for Animal Welfare at the Leiden
University Medical Centre. Adult C57BL/6J and B6.129S2-
Viwf mer (W knockout™) mice, aged 8 to 12weeks and
bred in our own facility, were used for the in vivo stud-
ies. For histological analysis, 9 VWF~~ mice (4 females)
and 9 wild-type (WT) mice 4 females) were included.
Ultrasound analysis was performed on 9 VWF~ and 6
WT male mice, because female VWF~~ mice had a higher
exsanguination rate during surgery and were less likely to
survive subsequent anesthesia during ultrasound analy-
sis. Before the surgery, the mice were anesthetized via
intraperitoneal injection of midazolam (5mg/kg, Roche),
medetomidine (0.5mg/kg, Orion), and fentanyl (0.05mg/
kg, Janssen) and received unilateral AVFs, as previously
described?® between the dorsomedial branch of the ex-
ternal jugular vein and the common carotid artery (CCA).
To prevent massive blood loss, human plasma-derived
VWEF (Wilfactin 1501U/kg, Sanquin) was administered in-
travenously to the AVF during surgery. After surgery,
anesthesia was antagonized with atipamezole (2.5mg/
kg, Orion) and flumazenil (0.5mg/kg, Fresenius Kabi).
Buprenorphine (0.1 mg/kg, MSD Animal Health) was given
after surgery to relieve pain.

Ultrasound Analysis

The Vevo 3100 LAZR-X Imaging System (FUJIFILM
Visual Sonics) coupled to a 50-MHz linear-frequency
transducer was used to longitudinally follow blood
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velocity and vessel diameter of the CCA of the AVF. The
mice were anesthetized with 4% isoflurane and placed
on the animal imaging platform where temperature,
heart rate, and respiration rate were monitored in real
time. During the experiments, anesthesia was main-
tained using a vaporized isoflurane gas system (1 L/min
of oxygen, 0.3L/min air, and 1.5% to 2.5% isoflurane).
The concentration of isoflurane was adjusted accord-
ing to the pedal reflex and respiration rate to ensure
adequate anesthesia. Measurements were performed
at baseline 1day before surgery, at t=0 immediately fol-
lowing surgery, 7 and 14 days. The number of animals
included varied per time point because of swelling and
wound crust formation hindering ultrasound measure-
ment (Minimum n=3).

Data were obtained using B-mode to identify
the anatomical region, EKV (ECG-gated Kilohertz
Visualization) to visualize vessel wall characteristics
such as diameter of the CCA, and pulsed wave color
mode to quantify the pulse-wave velocity. Quantification
was performed with measurements that were obtained
in between breathing cycles. The data were analyzed
using Vevo lab software. Flow rate was calculated from
pulse-wave velocity measurements and vessel diame-
ter of the CCA afferent to the anastomosis.

Murine Tissue Harvesting and Processing
Fourteen days after AVF surgery, the mice were an-
esthetized using an anesthetic mixture containing
midazolam (5mg/kg, Roche), medetomidine (0.5mg/
kg, Orion), and fentanyl (0.05mg/kg, Janssen) through
intraperitoneal injection. The thorax was opened and
flushed with 4% formalin through intracardiac perfu-
sion, whereafter the AVF was dissected and sub-
merged in 4% formalin overnight, then embedded in
paraffin. Tissue sections of 5um perpendicular to the
venous outflow tract of the AVF were collected with an
interval of 150 um as described before.?°

Plasma and the superior vena cava were collected
from mice 6 to 8 weeks of age; they were anesthetized
as described above and were euthanized by cervical
dislocation after tissue collection. Retro-orbital blood
was collected in EDTA tubes for the luminex assay and
in Eppendorfs supplemented with 9:1 sodium citrate
for cell culture purposes. The tubes were tumbled to
mix the blood and anticoagulant and spun down for
20minutes at 2000g, after which the plasma was col-
lected and frozen until further use. The superior vena
cava was flushed with PBS and connective tissue was
removed in vivo, after which the vein was dissected
and placed in PBS on ice.

Histology of Murine Tissue
Because most AVF occlusions occur in the venous out-
flow tract of the AVF, the first 3 venous cross sections
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downstream of the anastomosis with 150-um interval
were used for morphological and immunohistochemi-
cal analysis. Morphometric analysis of the murine AVFs
was performed using Weigert’s elastin staining and
aSMA (DAKO M0851) as a VSMC marker. Outward re-
modeling was studied by measuring the length of the
internal elastic lamina (IEL) in Caseviewer (3DHISTECH)
in Weigert’s Elastin stained samples. Tissue within the
IEL was defined as IH and determined using histoquant
software (3DHISTECH). Luminal area was calculated
by subtracting IH from the area within the IEL. aSMA-
positive tissue within the IH was determined using his-
toquant software. Thrombi were defined as anuclear
aSMA-negative tissue within the IH and calculated by
manual tracing using annotations in Caseviewer.

Nuclei of Mac3* cells (BD Pharmingen, 550292)
were counted manually in 3 random fields of view (80x
magnification) from which the mean was calculated.
Proliferative VSMCs were detected by counting Ki67
(BD Pharmingen, 550609) and aSMA-positive cells
within the [EL and normalized to the aSMA-positive
area, which was defined using histoquant.

Luminex Assay

To verify the effect of VWF deficiency on Weibel-Palade
body (WPB)-stored proteins angiopoietin-2 (Ang-2),
IL-6, osteoprotegerin, and P-selectin, we performed a
magnetic luminex assay (BioTechne) on EDTA plasma
obtained from 9 WT and 5 vVWF~~ mice according to
manufacturer’s protocol. Dilutions of 1:3, 1:6, and 1:9
were analyzed in duplicate on a Bio-Rad Bio-Plex ana-
lyzer using the Bioplex Manager 6.0 software. Analyte
concentrations (pg/mL) were calculated using a 5-PL
logistic regression model based on a 6-point standard
calibration curve.

Murine VSMC Cell Culture and
Proliferation Assay

Primary venous VSMCs were isolated from the supe-
rior vena cava of WT and vVWF~~ mice without an AVF.
In a sterile flow cabinet, 12-well plates were coated
with 1% gelatin/PBS. The vena cava was cut longitudi-
nally and the endothelial monolayer scraped off using
sterile surgical forceps. Subsequently, the tissue was
dissected into explants of ~1 to 3mm. By placing a
sterile coverslip on top of the explants a vacuum was
created, keeping the explants in close contact with the
culture surface.

Cells were cultured in DMEM (Gibco) supplemented
with 20% fetal calf serum, 2 mmol/L t-glutamine, 100 U/
mL penicillin, and 100mg/mL streptomycin (penicillin/
streptomycin, Gibco) and new medium was added
after 7 days. Around 2 weeks after explant isolation, the
explants were removed and the cells were trypsinized,
replated, and cultured until 80% to 90% confluence,



Laboyrie et al

whereafter the cells were cultured overnight in DMEM
supplemented with 1% fetal calf serum and used to
measure proliferative capacity.

Murine VSMC Proliferation Assay

Venous VSMCs were trypsinized, counted, and resus-
pended in DMEM. Ten thousand cells were plated per
wellin a 96-well plate in a total volume of 100 uL DMEM
supplemented with 10% murine plasma of either WT
or VWF~~ mice. To verify the direct effect of VWF on
VSMCs, 10% VWF7~ plasma supplemented with
100ng/mL Wilfactin (Sanquin, The Netherlands) was
added to VWF~- and WT VSMCs. After 40 hours incu-
bation at 37 °C with 5% CO,, proliferation was quanti-
fied using the CyQuant Direct Cell Proliferation Assay
according to the manufacturer’s protocol (Thermo
Fisher Scientific). The experiment was performed in
biological n=3 to 6, in technical duplicates.

Patient Samples: Pre-Access Native

Vein and AVF Venous Outflow Tract and
Plasma

Five micrometer paraffin-embedded cross-sections
of matched pre-access veins and AVF tissue pairs of
patients with end-stage renal disease (ESRD) were ob-
tained from the University of Miami Human Vascular
Biobank. The study was performed according to the
ethical principles of the Declaration of Helsinki and
regulatory requirements at Jackson Memorial Hospital
and University of Miami. The ethics committee and
University of Miami Institutional Review Board ap-
proved the study. Thirty-eight patients who underwent
2-stage AVF creation at Jackson Memorial Hospital
or the University of Miami Hospital (19 with success-
ful maturation and 19 with anatomic maturation failure)
were selected from a total of 273 patients with tissue
pairs in the biorepository (189 matured, 84 failed).?"??
Anatomic maturation failure was defined as an AVF with
an internal cross-sectional luminal diameter <6mm as
determined intraoperatively using intravascular probes.
Random selection was performed using propensity
score matching while adjusting for age, sex, ethnic-
ity, diabetes, and predialysis status. Fifteen mature
AVFs and 16 failed AVFs were available for matched-
pair analysis. Patient characteristics can be found in
Table 1.

VWEF Is a Key Player in AVF Maturation

Human samples were stained with vVWF (DAKO
A0082), CD31 (DAKO M0823), and aSMA (DAKO
MO0851). The medial layer was defined as the area
between the IEL and external elastic lamina and de-
termined using Caseviewer. Positively stained tissue
was defined using Caseviewer’s Histoquant. Matched
pair analysis of native veins and AVFs (15 mature and
16 failed) was performed for IH area, OR (IEL perime-
ter), area of the medial layer, and luminal area. Intima/
media (/M) area ratio was calculated by dividing the
IH by the medial layer. The I/M ratio of 25 of 67 sam-
ples was previously analyzed.?> vVWF and CD31 co-
staining was performed on 5 patient-matched native
veins and AVFs of both outcome groups—20 samples
in total. Plasma samples from 8 patients with AVF fail-
ure and 10 with AVF maturation were collected during
surgery at the time of AVF creation and at superfi-
cialization through transposition. VWF antigen lev-
els in patient plasma were determined as previously
described.?®

Statistical Analysis

Graphpad Prism 8 was used to perform statistical
analysis. Normally distributed data are presented as
mean+SD. Nonparametric data are presented as the
median+interquartile range. Unpaired t test, 1-way
ANOVA, Wilcoxon matched-pairs signed rank test, and
Mann-Whitney U test (2-tailed) were used when ap-
plicable. P<0.05 is considered significant (*), **P<0.01,
**P<0.001, ***P<0.0001.

RESULTS

VWF Enhances Outward Remodeling and
Intimal Hyperplasia

To investigate how the VWF influences AVF matura-
tion, we created an end-to-side carotid-jugular AVF
in VWF-deficient (vVWF~) and WT mice. Two weeks
postsurgery, the AVFs were collected and morpho-
metric analysis of the murine AVF venous outflow
tract was performed using Weigert’s elastin stain-
ing for vessel circumference (left Figure 1B and 1C)
and aSMA as a VSMC marker (right Figure 1B and
1C). aSMA-negative and anuclear lesions were de-
fined as thrombi. The IEL perimeter of unoperated
external jugular veins was comparable between WT

Table 1. Characteristics of Patients With End-Stage Renal Disease Who Underwent 2-Stage Brachio-basilic Arteriovenous
Fistula Surgery and Were Included for Histological Analysis
Average age Sex (% Ethnicity Previous
(years+SD) female) (% Black) Diabetes (%) ASCVD (%) Pre-dialysis (%) AVF (%) Smoking (%)
Failed (N=19) 57.45+11.95 40 60 50 50 35 15 40
Mature (N=19) 58.80+15.72 40 40 70 45 35 30 25

ASCVD indicates atherosclerotic cardiovascular disease; and AVF, arteriovenous fistula.
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and VWF~~ mice at +1200um (Figure 1A). At 14 days
after AVF surgery, VWF~~ mice had a 1.5-fold smaller
IEL perimeter compared with WT mice (Figure 1D,
P=0.002). Total IH surface area in VWF~~ mice was re-
duced 10.2-fold compared with WT mice (P<0.0001).
Within the IEL, the aSMA-positive area in VWF~~ mice
was 8.1-fold smaller than in WT mice (P=0.0002).
Almost no thrombi were present in the VWF7~ AVF,
with a mean area of 4um?, whereas thrombi in WT
mice occupied 2868um? (P<0.0001). There was
a 1.4-fold reduction in luminal area of VWF~~ mice,
although this finding did not reach statistical signifi-
cance (P=0.10).

vWF-Deficient Mice Do Not Show
Incremental AVF Flow

Ultrasonography was performed on the AVFs at base-
line, postsurgery at 0, 7, and 14 days post AVF creation
to determine AVF functionality in terms of blood flow in
the CCA, proximal to the site of anastomosis (Figure 2A).
WT and VWF/~ mice had comparable flow at base-
line. Flow rate in the WT mice increased over 2 weeks
post-AVF creation, with a 1.3-fold increase at 7 days
(P=0.057) and 2.55-fold at 14 days (P=0.016) compared
with the AVF flow volume at baseline (Figure 2B). AVF
flow remained constant in VWF~- mice over 2weeks
post-AVF creation, congruent with the low degree of

VWEF Is a Key Player in AVF Maturation

OR. At t=14days, flow in the AVFs of VWF~~ mice was
two-fold lower than in WT mice (P=0.008).

VWF Deficiency Affects Weibel Palade
Body Proteins

WPBs are the storage granules of ECs, of which VWF
is a pivotal component. To verify whether deficiency of
VWEF affects the systemic release of WPB-stored pro-
teins angiopoietin-2 (Ang-2), IL.-6, osteoprotegerin and
P-selectin, we performed a luminex assay on plasma
obtained from unoperated WT and vVWF/~ mice. IL.-6
was undetectable in the plasma of both groups (data
not shown) and no difference was observed in Ang-2
levels (Figure 3A). Systemic levels of P-selectin (3-fold,
P=0.007) and osteoprotegerin (2.9-fold, P=0.001)
(Figure 3B and 3C) expression were significantly en-
hanced in VWF~~ mouse plasma.

vWF~- Mice Exhibit Less Mac3* Cells in
the Intimal Hyperplasia

Similar to VWF, transmembrane protein P-selectin is
involved in leukocyte recruitment and adhesion. To in-
vestigate the effect of VWF deficiency combined with
increased systemic levels of P-selectin on local re-
cruitment of inflammatory cells and IH formation, we
performed a double-staining for macrophage marker
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Figure 1. VvWF deficiency leads to reduced outward remodeling and intimal hyperplasia following AVF surgery.

Representative images of baseline vena jugularis, scale bar=50pum (A) and AVFs stained using Weigert’s Elastin (left) and aSMA
staining (right) from a WT (B) and vVWF~~ (C) mouse AVF. Inlays illustrate IH in closer detail, including a thrombus in Figure 1B. The
perimeter was measured by lining the internal elastic lamina (IEL); thrombi were defined as aSMA-negative anuclear tissue. The
stainings were quantified and presented as median+IQR (interquartile range) (D). OR (outward remodeling) was calculated using the
IEL perimeter in Weigert’s Elastin stained samples, IH was defined as the tissue within the IEL. xSMA-positive tissue within the IH was
determined using histoquant software. Thrombi were manually traced. Luminal area was calculated by subtracting the IH from the area
within the IEL. Scale bar is 100 um. N=9 per group. Statistical significance between groups was determined using the Mann-Whitney U
test **P=0.002, ***P<0.001, ****P<0.0001. AVF indicates arteriovenous fistula; IEL, internal elastic lamina; IH, intimal hyperplasia; IQR,
interquartile range; OR, outward remodeling; aSMA, a-smooth muscle actin; vWF, von Willebrand Factor; and WT, wild type.
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Figure 2. VvWEF deficiency leads to reduced AVF flow 14days post-AVF creation.

Effect of VWF deficiency on AVF blood flow was determined in the common carotid artery (CCA) afferent to the anastomosis (A). AVF
blood flow in the CCA was calculated with the diameter of the CCA using EKV obtained data and blood velocity obtained in PW color
mode (B). Ultrasound measurements were performed 1day before surgery (baseline), immediately postsurgery (t=0), and at t=7 and
t=14days. Data are presented as medianzinterquartile range, n=6 WT and 9 vWF~- mice. Statistical significance between groups
was determined at timepoint t=14days, and between baseline and t=14days in WT mice using the Mann-Whitney U test. *P=0.016,
**P=0.008. AVF indicates arteriovenous fistula; EKV, ECG-gated Kilohertz Visualization; PW, pulsed wave; vVWF, von Willebrand Factor;
and WT, wild type.

Mac3 and aSMA. Compared with WT mice (Figure 4A),
AVFs of VWF~~ mice (Figure 4B) have a 37% reduc-
tion in expression of Mac3* cells in the IH (Figure 4C),
P=0.006.

VWF Enhances VSMC Proliferation

To assess the effect of VWF expression on VSMC pro-
liferation, sections from the venous outflow tract of
AVFs from WT (Figure 5A) and vVWF~~ mice (Figure 5B)
were stained for Ki67 and aSMA. Double-positive
cells within the IH were counted and normalized to
the aSMA-positive area. Compared with WT mice,

vWF~~ mice showed an 82% decrease in proliferating
Ki67* VSMCs in the IH (Figure 5C, P=0.0002).

To verify the direct effect of VWF on VSMC prolifera-
tion, VSMCs were grown from explants of the superior
vena cava and stimulated with murine plasma to sim-
ulate in vivo conditions. Compared with WT VSMCs
exposed to WT plasma, vWF-deficient plasma induced
less proliferation in both WT and vWF~~ VSMCs (0.6-
fold and 0.5-fold, Figure 5D), which was rescued by
addition of human plasma—derived VWF (Wilfactin).
A nonsignificant 1.5-fold upregulation was observed
when VWF~~ VSMCs were stimulated with Wilfactin in
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Figure 3. Luminex analysis of systemic WPB protein expression.

The effect of VWF deficiency on Weibel-Palade body (WPB)-proteins angiopoeitin-2 (A), P-selectin (B), and osteoprotegerin (C) was
determined in 1:3 diluted EDTA plasma from n=9 WT and 5 vVWF~- mice using a 5-PL logistic regression model. Data are presented
as medianzinterquartile range. Statistical significance between groups was determined using the Mann-Whitney U test. **P=0.007,
***P=0.001. VWF indicates von Willebrand Factor; and WT, wild type.
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Figure 4.

Intimal hyperplasia in the AVF of vVWF~- mice displays fewer Mac3* cells.

Immunofluorescent staining for nuclei (blue), xSMA (red), and Mac3 (yellow) of an AVF of a WT (A) and vVWF~~ (B) mouse, with a higher
magnification inlay of part of the IH. The IEL is traced in white, scale bar=100um. Nuclei of Mac3* cells were counted manually per
field of fiew and quantified for n=7 per group (C). Data are presented as mean+SD, **P=0.006, statistical significance between groups
was determined using unpaired t test. aSMA indicates a-smooth muscle actin; AVF, arteriovenous fistula; IEL, internal elastic lamina;
IH, intimal hyperplasia; vVWF, von Willebrand Factor; and WT, wild type.

addition to VWF-deficient plasma alone (P=0.09), indi-
cating a trend of VSMC proliferation because of rescue
of VWF deficiency.

VWF Resides in the IH and Vasa Vasorum
of Patients With ESRD

Human pre-access native veins and pair-matched ve-
nous AVF samples were obtained from patients with
ESRD undergoing 2-stage brachio-basilic AVF surgery.
We observed VWF expression in the IH of both mu-
rine (Figure 6A) and human AVFs (Figure 6B). Human
AVFs show VWF and CD31 co-expression in the vasa
vasorum in the tunica media (medial layer) and tunica
adventitia (asterisk, Figure 6B). Expression of vWF
not in the vicinity of CD31-positive ECs was also ob-
served in the tunica media of a mature AVF (arrow in
Figure 6B). No difference in systemic VWF antigen
levels were observed in samples obtained during the
first procedure—AVF surgery—(1.31+0.69 1U/mL in pa-
tients with an AVF that would mature; 1.58+0.691U/
mL in patients with an AVF that would fail) and during
the second procedure—superficialization of the ba-
silic vein—(mature AVF: 1.36+£0.551U/mL; failed AVF:
1.35+0.551U/mL).

Matured AVFs Show Increased
Expression of vWF in the Venous Tunica
Media

Matured AVFs (Figure 7A) have a thicker tunica media
compared with failed AVFs (Figure 7B). vVWF colocal-
ized with CD31* cells in the vasa vasorum of both
failed and mature AVFs (Figure 7A, indicated with an
asterisk), or with aSMA, indicated by arrowheads
in a mature AVF sample (Figure 7A). When studying
maturation outcome parameters, the median increase
in intimal area was not significantly different in the
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pair-matched samples of patients with matured versus
failed AVFs (Figure 7C; IH 2.1 versus 1.7 mm?, respec-
tively, P=0.67).The increase in IEL perimeter, medial
area, as well as luminal area in patients with matured
AVFs was significantly larger when compared with pa-
tients with failed AVFs (median perimeter 5.4 versus
2.7mm, P=0.022; medial area: 2.7 versus 0.6mm?,
P=0.009; luminal area: 1.8 versus 0.7 mm?, P=0.016).
In addition, the increase in I/M ratio was smaller in pa-
tients with matured AVFs (0.2) when compared with
patients with failed AVFs (0.7, P=0.01), because of re-
duced thickening of the medial area in failed AVFs,
indicating the importance of OR in human AVF matu-
ration. The wall thickening and OR in matured AVFs
coincided with 167% (P=0.03) increase in VWF ex-
pression in the medial layer of pre-access veins to ma-
ture venous AVF samples, but not in patient samples
of failed AVFs (Figure 7D).

Failed AVFs Express Less VWF in the
Intimal Layer

In both samples from mature and failed AVFs, absence
of VWF lining the IH was observed. This was often at
sites with increased IH (Figure 8A), whereas little IH was
observed at sites with VWF lining the intima (Figure 8B).
We observed a reduction of VWF* intima from the na-
tive vein to the venous AVF outflow tract in both patient
groups (Figure 8D), with a significant 3.6-fold reduc-
tion in failed AVF samples compared with mature AVFs
(P=0.04). The intimal hyperplasia to medial layer (/M)
ratio increased from the native vein to the venous
AVF sample (Figure 8C) with 2.6-fold in mature AVFs
(P=0.02) and 4.0-fold in failed AVFs (P=0.0001). With no
significant difference in IH between the 2 groups, and
significant wall thickening in matured AVFs (Figure 7C),
the high fold increase in I/M ratio in native veins to
failed AVFs is caused by inefficient wall thickening. We
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Figure 5. Characterization of proliferating VSMCs in the IH at 2weeks post AVF creation and in vitro.

Immunofluorescent staining for nuclei (blue), Ki67 (red), and «SMA (green) in a WT (A) and vVWF~~ mouse (B). The IEL is traced in white.
Ki67+*/aSMA* cells, examples indicated with an arrow, within the IH were counted manually and normalized to the aSMA-positive area
within the IH. Scale bar=20um. Data are analyzed by the Mann-Whitney U test and presented as medianzinterquartile range, n=9 per
group (C). VSMCs from WT (left 3 bars) and vVWF~/~ (right 3 bars) mice were stimulated with 10% murine plasma of WT or vWF~~ mice
+100ng/mL Wilfactin (see box legend) for 40hours, after which proliferation was measured. Data are presented as mean+SD, n=3 to
6. Statistical significance between WT VSMCs stimulated with WT plasma (control) and other experimental conditions was determined
using 1-way ANOVA and Dunnett’s multiple comparisons test ***P<0.001, ****P=0.0001 (D). IEL indicates internal elastic lamina; IH,
intimal hyperplasia; aSMA, a-smooth muscle actin; VSMCs, vascular smooth muscle cells; vVWF, von Willebrand Factor; and WT, wild

type.

hypothesized that VWEF lining the intima might correlate linear regression (Figure 8E) and showed that when the
with decreased I/M ratio because of VWF production VvWF* intimal layer is disrupted, the I/M ratio increases
to induce thickening of the tunica media. The I/M and (P=0.0017 for matured AVFs and P=0.0264 for failed
VWF* intima of AVFs were negatively correlated using AVFs).

Figure 6. VvWF resides in the intima and medial layer.

Representative immunofluorescent staining for vVWF (red) in a wild-type murine AVF (A) and in a matured AVF of a patient with
end-stage renal disease at superficialization (B). Endothelial cell marker CD31 is stained in the human AVF in green, nuclei in blue.
The white dashed line signifies the IEL (internal elastic lamina), and the gray line indicates the EEL (external elastic lamina). Scale
bar=20um in (A) and 50um in (B). AVF indicates arteriovenous fistula; IH, intimal hyperplasia; and vVWF, von Willebrand Factor.
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Figure 7. Morphometric and vWF expression analysis of samples from patient with ESRD.

Analysis of ESRD pair-matched samples of pre-access native veins and venous AVF outflow tracts obtained during 2-stage brachio-
basilic AVF surgery. AVF failure was defined as having an internal cross-sectional luminal diameter <6 mm. Representative sample
of a mature (A) and failed AVF (B). Scale bar=50um, star indicates a vessel in the vasa vasorum, aSMA*/VWF* staining is indicated
with arrowheads. The inner white line signifies the IEL, and the outer gray line signifies the external elastic lamina (EEL). Pair-matched
analysis of increase in IH area, delta (A) OR (perimeter in mm), area of the medial layer, the intima/media (//M) ratio, and luminal size
was calculated by subtracting the pre-access venous parameters from the patient-matched AVF. N=15 pair-matched samples from
matured AVFs and 16 pair-matched failed AVFs. Statistical significance between groups was determined using the Mann-Whitney
U test (C). VWF* tissue in the medial layer was quantified in immunofluorescently stained samples and normalized to the area of
the medial layer. Statistical significance was determined using Wilcoxon matched-pairs signed rank test (D). Data are presented
as medianzinterquartile range. *P<0.05, **P<0.01. AVF indicates arteriovenous fistula; ESRD, end-stage renal disease; IEL, internal
elastic lamina; IH, intimal hyperplasia; OR, outward remodeling; aSMA, a-smooth muscle actin; and vWF, von Willebrand Factor.

DISCUSSION

In this study we investigated the role of VWF in the pro-
cess of AVF maturation and observed that VWF defi-
ciency in mice impaired VSMC proliferation, macrophage
infiltration, and both OR as well as IH, which resulted in
the inability to increase AVF flow. Human AVF samples
showed no difference in systemic VWF plasma levels, but
we did observe a local increase in VWF* tissue in the me-
dial layer of matured AVFs, which did not occur in failed
AVFs. Secondly, we observed a correlation between
disruption of a VWF expression in the intimal layer and
increase in the I/M ratio, signifying the importance of VWF
production to promote OR. This suggests a potential role
for vVWF in AVF maturation in patients with ESRD as well.

Our study is the first to directly investigate the effect
of VWF depletion on murine AVF maturation. VWF is

J Am Heart Assoc. 2022;11:e024581. DOI: 10.1161/JAHA.121.024581

well known for its function in platelet aggregation and
venous thrombosis.?*~2% Indeed, previous studies illus-
trated that platelet inhibition causes reduction of IH in
mice.?” We observed that in our VWF-deficient mouse
model, systemic plasma levels of WPB-proteins P-
selectin and osteoprotegerin were significantly higher
than in WT mice. Osteoprotegerin is known to be
atheroprotective and anticalcific by inhibiting calcium
deposition in VSMCs,?® possibly positively affecting
AVF function in VWF~~ mice by reducing AVF stiffness.
vWEF-deficient mice are known to exhibit altered local
regulation of P-selectin through a reduction in both in-
tracellular storage and expression at the EC surface,
along with impaired leukocyte recruitment.™2% This re-
duction in inflammatory cells might also be because of
the reduction in vascular permeability and leukocyte
docking after loss of VWF and thereby vWF-platelet
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Figure 8. Relationship between disruption of vWF lining the intima and an enhanced I/M ratio.

Analysis of ESRD samples of pre-access native veins and venous AVF outflow tracts obtained during 2-stage brachio-basilic AVF
surgery. Absence of VWF lining the intimal layer was observed at sites with increased IH (A) while an intact VWF* intimal layer was
observed at sites with little IH (B). The dashed line signifies the IEL, vVWF is stained in red, elastin in turquoise, and nuclei in white.
Scale bar=50um. The ratio between intimal area and the medial layer (I/M) (C) and the percentage of vVWF* intimal layer in native veins
and AVFs were quantified (D) and correlated using linear regression (E). N=15 pair-matched samples from matured AVFs and 16 pair-
matched failed AVFs; data are represented as medianzinterquartile range. Statistical significance between groups was determined
using the Mann-Whitney U test; *P<0.05, ***P=0.0001. AVF indicates arteriovenous fistula; ESRD, end-stage renal disease; IEL,

internal elastic lamina; IH, intimal hyperplasia; I/M, intima/media ratio; and vVWF, von Willebrand Factor.

interaction.®®3" We indeed observed a reduction of
thrombi and Mac3* cells in the IH of VWF”~ mice,
possibly affecting production of matrix metalloprotein-
ases® and AVF wall thickening.3?

Besides inflammation and thrombus formation, vWF
is also involved in the development of aSMA* IH and
OR of the venous outflow tract of murine AVFs, with
an increase in expression. To verify that vWF promotes
VSMC proliferation in our murine model, we performed
an aSMA/Ki67 co-staining, which showed vWF/~
mice to have a significant 82% decrease in proliferating
aSMA* cells in the IH. This is reinforced by recent work
showing that vVWF induces proliferation and migration
of human arterial VSMCs through binding via its A2
domain to the LRP4-receptor, causing aVE3 integrin
signaling."” aVB3 integrin expression is upregulated in
the rabbit AVF, compared with control vessels,** and
inhibition of aVB3 reduced SMC invasion of a colla-
gen type | lattice,®® similar to migration through vessel
layers. These findings suggest that VB3 inhibition re-
sults in a reduction of IH and possibly thickening of the
medial layer. Furthermore, because VWF can bind to
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several growth factors through its A1 heparin binding
domain, VWF~~ mice present with decreased prolifer-
ation of aSMA*/CD45- cells.'”® These growth factors
include vascular endothelial growth factor-A, which
promotes VSMC proliferation,®®3”  platelet-derived
growth factor-BB, which induces VSMC phenotypic
switching, proliferation, migration, and IH,%8%° and C-
X-C motif chemokine 12, which helps recruit VSMCs.*°
Furthermore, arteries from patients with CADASIL
(Cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy) show vVWF
expression extending into the arterial wall, where vVWF
inhibits expression of mature contractile smooth mus-
cle cell markers such as SM22, SM-actin, calponin,
and smooth muscle myosin heavy chain, indicating
that VWF causes phenotypic VSMC switching towards
a proliferative profile.'®4! This provides support for the
role of VWF in inducing VSMC proliferation in the tunica
intima and tunica media of the AVF.

Besides apical secretion into the circulation, ECs
can also secrete VWF basally into the subendothe-
lial matrix.*> We observed vVWF expression in aSMA*

10



Laboyrie et al

VWEF Is a Key Player in AVF Maturation

Wildtype mice

Outward remodeling facilitates
AVF flow increase

LIRS
=

=3

VSMC proliferation in vitro T
Ki67* VSMCs in IH

AVF flow increases over Outward remodeling
two weeks IH

Mature AVF

Medial VWF expression
Intact VWF intimagayer

ESRD patient matched samples

Native vein

VWF deficient mice

Inadequate vascular remodeling

) -
LT [

VSMC proliferation in vitro
Ki67* VSMCs in IH l

AVF flow remains

Outward remodeling
constant over two weeks IH

Failed AVF

No increase in medial VWF
Disrupted VWF intimal layer

Figure 9. Overview of the findings.

AVF indicates arteriovenous fistula; ESRD, end-stage renal disease; IH, intimal hyperplasia; VSMC, vascular smooth muscle cell; and

VWEF, von Willebrand Factor.

tissue in the tunica media, indicating that VWF might
directly influence VSMCs and switch them to a prolif-
erative state to enhance OR and wall thickening. This
illustrates the importance of the interplay between vWF
produced by the endothelial layer and VSMCs in AVF
maturation. Indeed, impaired endothelial functioning
pre-AVF creation is associated with decreased AVF re-
modeling and function in patients with ESRD.**44 This
corresponds to our observed correlation between loss
of VWF expression in the AVF endothelial intima and an
increase in the I/M ratio in ESRD patient samples.

A previous study in mice® observed high numbers
of dedifferentiated Ki67+ VSMCs in the IH 4 weeks after
AVF creation. Furthermore, matured MYH11*/Ki67-
VSMCs were mainly detected in the vascular wall, pro-
voking the statement that VSMCs have a dual function
in AVF remodeling: proliferative VSMCs aggravate IH,
while mature VSMCs facilitate wall thickening. We pos-
tulate, however, that VSMC proliferation is also required
in the medial layer to facilitate OR, but occurs primarily

J Am Heart Assoc. 2022;11:e024581. DOI: 10.1161/JAHA.121.024581

in the first 2 weeks after murine AVF creation, whereaf-
ter proliferation of VSMCs in the intima is still ongoing.*®
With both IH and OR reduction in our VWF~~ mice re-
sulting in a worse outcome in AVF functionality, this re-
inforces the current hypothesis that the degree of OR
is of greater importance than minimizing the degree
of IH. Indeed, patient-matched data did not indicate
differential increase in IH between matured and failed
AVFs, while matured AVFs showed more OR and wall
thickening than failed AVFs. This was accompanied by
a significant local upregulation of VWF expression in
the medial layer of mature AVFs, signifying the clinical
translation of our murine findings that vVWF might en-
hance OR in patients with ESRD.

Some aspects of our study, however, require fur-
ther discussion. Unlike the murine AVFs, the patient
samples have not been perfused with formalin as
the murine AVFs were, possibly affecting the analy-
sis of OR. Secondly, human plasma—derived VWF
was administered during AVF surgery to rescue VWF
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deficiency and prevent excessive blood loss. Human
plasma-derived VWF has a mean residence time of
~2.2hours in mice, thus affecting our model temporar-
ily.46 Moreover, we used a constitutive VWF knockout
model, which does not reflect biological variations in
humans, affects storage of WPB proteins, and could
have a broader impact on EC function. Lastly, since
the surgical procedure and ultrasound analysis com-
bined with VWF deficiency puts a strain on the mice,
our experiments have been performed in a model
without renal failure. Previous studies revealed that
chronic kidney disease significantly accelerates wall
thickening and IH in mice,*+*® but the composition of
the stenotic lesions in these mice seems comparable
with mice with normal kidney function.*” However, it is
unknown to which degree the murine IH process ex-
actly resembles human IH formation in the early phase
after AVF surgery.

In conclusion, we have shown the importance of
VWF in VSMC proliferation and the AVF maturation
process in mice, with human data reinforcing the im-
portance of an intact VWF* intima and medial VWF ex-
pression to facilitate OR and wall thickening (Figure 9).

To apply this knowledge clinically, further research
should be conducted on the origin of VSMCs that
cause OR, IH, and wall thickening, because cur-
rently there is no consensus about where the VSMCs
populating the IH originate from.”4®-%" Secondly, fu-
ture studies with inducible vVWF expression in a VWF-
knockout model would enhance the understanding of
the direct effect of VWF on vascular remodeling in AVF,
besides its effect on EC function. Moreover, because
systemic VWF will greatly enhance the risk of throm-
bosis, local delivery such as a slow-releasing gel or
targeted nanoparticles should be further investigated.
Most importantly, the time frame of VSMC prolifera-
tion that is involved in OR and wall thickening in ESRD
mice and patients should be studied to determine
the optimal treatment delivery. Knowledge of timing
and delivery of VWF will provide a solid background
to develop a promising VWF therapy to enhance AVF
maturation, thereby reducing the complication- and
intervention burden on the already fragile group of pa-
tients with ESRD.
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