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Abstract

Venous stenosis, secondary to venous neointimal hyperplasia (VNH), at the arteriovenous
anastomosis (AV) is a major etiology of vascular access failure in AV fistulas (AVF) and AV
grafts (AVG). Recently, our group has reported that severe VNH also occurs prior to vascular
access placement. The objective of this study was to perform a comparison of the cellular
phenotypes within the neointima from veins collected from subjects at the time of new vascular
access creation and stenotic veins from subjects with failed AVGs and AVFs.

Vein samples, collected at the time of new access surgery, and stenotic vein segments, collected at
access revision, were evaluated for expression of a-smooth muscle actin (SMA), vimentin, and
desmin within the neointima, and quantified using semi-quantitative scoring.

Within the neointima, the majority of cells from vein samples collected at the time of new access
surgery were contractile smooth muscle cells, and veins from stenotic AVF and AVG were
predominately myofibroblasts.

Our results suggests the possibility of different mechanistic pathways in response to vascular
injury that occurs prior to vascular access creation vs after access creation, and that divergent
therapeutic approaches may be needed for treating vascular injury in these two settings.
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Introduction

Venous neointimal hyperplasia (VNH) at the AV anastomosis is a major cause of AVF and
AVG failure after vascular access creationl 2, Recently, several studies have also reported
that VNH is present at different severities prior to new vascular access creation3-5,
suggesting that significant vascular injury from uremia and vascular complications of
advanced chronic kidney disease (CKD) occurs before vascular access placement. A major
feature within the VNH from stenotic AVF and AVG and preexisting VNH are smooth
muscle cells and myofibroblasts? 3 7. Understanding the differences in the composition of
cellular phenotypes within the neointima may provide valuable information on how cells
proliferate, migrate, and transform before and after AV access creation; and may influence
the approach to the development of targeted therapies that can be administered prior to and
after AV access creation. Thus, the aim of this study was to perform a comparison of
cellular phenotypes from venous tissue samples collected from subjects at the time of new
vascular access creation and stenotic vein samples collected from subjects with failed AVF
and AVG.

Subjects and Methods

Specimen Collection and Processing

Institutional Review Board approval was obtained to conduct this study. Vein samples were
collected from subjects who had: (1) new vascular access creation and (2) surgical revision
for a failed vascular access. Discarded tissue from the venous segments of 25 AVF and 8
AVG were collected at the time of vascular access revision surgery. 63 vein samples from
patients requiring new vascular access placement were additionally collected.

For collection of vein segments at the time of new vascular access surgery, an approximately
8-10mm circumferential segment of vein was removed near the planned anastomosis site in
each patient and immediately fixed in formalin. Each venous tissue sample, fixed in
formalin, was embedded and cut into 2-3 tissue blocks of 3—-4 mm thickness using
previously described techniques? 8. Each piece was paraffin-embedded and then sliced into
4um sections for histological and immunohistochemistry studies. For collection of vein
segments from stenotic AVF and AVG, discarded samples from the venous segments of
AVF and AVG were collected at the time of vascular access revision surgery, fixed in
formalin, embedded using standard techniques, and histologic and immunohistochemistry
studies performed as previously described? 7.

Histological and Immunohistochemistry Studies

Sections from each tissue block were evaluated for expression of alpha-smooth muscle actin
(SMA, DAKO; 1A4, 1:200), desmin (DAKO; 1:100), and vimentin (DAKO V9, 1:200)
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using immunohistochemistry techniques previously described? 3: 7. A brown color on the
specimen indicated a positive stain. Negative controls were performed with each assay, by
omitting the primary antibody. In addition, positive control tissue (lymph node, small bowel,
tonsil or artery) was used to document the efficacy of each antibody.

Semiquantitative Immunohistochemical Scoring Analysis

Immunohistochemistry was performed to assess cellular phenotypes within the neointima by
staining for SMA, desmin, and vimentin. Sections were graded, using a semiquantitative
scoring scale from 0 to 4, which indicated the percentage of total cells that were positive for
the specific marker in different regions of the vessel wall (0 indicates 0-10% positive; 1+ =
11-25% positive; 2+ = 26-50% positive; 3+ = 51-75% positive and 4+ = 76-100%
positive) as previously published? 3. Mean values for the cellular markers for all patients
were calculated. These markers were used to identify the relative contributions of
myofibroblasts and contractile smooth muscle cells, by using the schema described in table
1.

Statistical Analysis

Results

The distribution of study variables was characterized according to means + S.E. and
proportions. Semi-quantitative score analyses were performed using ANOVA. A p value
<0.05 was considered to be statistically significant. All statistical analyses were performed
using JMP® 9.0 (Cary, NC) statistical software package.

Patient Population

Clinical information was available for 28 samples (9 grafts and 19 fistulas) from the stenotic
vein sample group. Among the AVFs, 8 were radiocephalic, 6 were brachiocephalic, and 5
were basilic vein transpositions. Among the 63 vein samples collected at the time of new
access creation, 35% came from subjects who had advanced CKD not currently on
hemodialysis and over 90% of vein specimens had pre-existing VNH present.

Analysis of Cellular Phenotypes from Vein Samples Collected at Time of Surgery vs
Stenotic AVFs and AVGs

Our semiquantitative cellular phenotype scoring showed similar distributions of SMA,
vimentin, and desmin from advanced chronic kidney disease (CKD) non-dialysis subjects
and prevalent end stage renal disease (ESRD) subjects, respectively, 2.38+0.21 vs 2.47+0.30
(p=0.799), 1.64+0.29 vs 1.72+0.22 (p=0.834), and 2.14+0.30 vs 1.79+0.23 (p=0.360),
suggesting similar cellular phenotypes from vein specimens from advanced non-
hemodialysis CKD subjects and prevalent ESRD subjects. The next sections describe the
analysis of cellular phenotypes comparing vein samples collected at time of new vascular
access surgery with vein samples from stenotic AVFs and stenotic AVGs.

Analysis of Cellular Phenotypes in AVFs—Using semi-quantitative cellular
phenotyping scoring within the neointima the scores for SMA, vimentin, and desmin,
between vein tissue collected at the time of surgery vs. vein tissue obtained from stenotic
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AVF were 2.37+0.14 vs 3.60+0.22 (p<0.0001), 1.68+0.16 vs. 2.84+0.23 (p=0.0002), and
1.96+0.15 vs. 0.24+0.20 (p<0.0001), respectively (see Figure 1). The majority of cells
within the neointima from vein samples collected at the time of surgery were, therefore,
SMA +ve and desmin +ve contractile smooth muscle cells (Figure 2), while stenotic veins
from AVFs were predominately SMA +ve and vimentin +ve myofibroblasts (Figure 3).
Figure 3 describes the histology of representative vein sample from a stenotic AVF vein
sample and demonstrates the presence of predominately myofibroblasts within the
neointima.

Analysis of Cellular Phenotype in AVG—We also performed semi-quantitative
scoring for SMA, vimentin, and desmin from vein tissue collected at time of surgery vs
stenotic vein samples from failed AVGs. Semi-quantitative scores for SMA, vimentin, and
desmin, between vein tissue collected at the time of new access surgery vs. downstream vein
tissue from stenotic AVGs were 2.37+0.14 vs 3.752+0.16 (p=0.0013), 1.68+0.16 vs.
2.50+0.27 (p=0.049), and 1.96+0.15 vs. 0.38+0.18 (p=0.0006), respectively (Figure 4). In
keeping with the results from the analyses above, the majority of cells within the neointima
from the vein samples collected at the time of surgery are SMA +ve and desmin +ve
contractile smooth muscle cells, compared to stenotic veins from AVGs which were
predominately SMA +ve and vimentin +ve myofibroblasts, similar to stenotic veins from
AVF.

Discussion

Our results from this study show that the predominant cellular phenotype within the
neointima of veins from failed vascular accesses is primarily composed of SMA+ve,
vimentin +ve, and desmin -ve myofibroblasts, while the predominant cellular phenotype
within the neointima of veins obtained at the time of new access creation is primarily SMA
+ve, desmin +ve, vimentin —ve contractile smooth muscle cells. Understanding the identity
of the cells that populate the neointima in both settings is important because it may: (1)
provide novel information about the response to different vascular injuries prior to and after
vascular access creation and (2) lay the groundwork for development of future therapies to
improve vascular access dysfunction that target specific cellular phenotypes in these two
different settings.

The natural history of vascular access dysfunction likely involves a series of progressive
vascular injuries before and after vascular access creation. After creation of an AVF and
AVG, two major processes are believed to play important roles in vascular access
dysfunction in response to increased blood flow and hemodynamic shear stress: (1)
inadequate vasodilation in the venous segment of the anastomosis (particularly critical in
AVF non-maturation) and (2) development of aggressive VNH®. However, recently, the role
of vascular injury to the vein prior to AV access creation, from factors such as uremia and
vascular complications of CKD, has been the focus of a number of investigations,
particularly in the pathophysiology of AVF maturation3-5 10, Our results suggests that vein
specimens collected at the time of new vascular access surgery demonstrated a
predominance of contractile smooth muscle cells in the neointima, while those collected
from failed AVF and AVG demonstrated a predominance of myofibroblasts. Thus, it is
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possible that different vascular injuries before and after vascular access creation may lead to
the predominance and acquisition of different cellular phenotypes seen within the neointima.
Furthermore, while our results demonstrate a predominance of contractile smooth muscle
cells from vein segments collected at the time of new access surgery and myofibroblasts
from vein segments of failed AVF and AVGs, we also found a mix of different cellular
phenotypes within the venous neointima (myofibroblasts and contractile smooth muscle
cells) from each group. Therefore, it is possible that some level of phenotypic switching
occurs both within the neointima from veins collected at the time of new vascular access
surgery and from stenotic veins from failed AVF and AVG, demonstrating the plasticity of
myofibroblasts and contractile smooth muscle cells.

While our group of vein samples collected at the time of new vascular access creation
included both advanced CKD non-hemodialysis subjects and prevalent ESRD subjects, the
staining patterns and scoring for SMA, vimentin, and desmin were similar when comparing
these two groups, suggesting similar cellular phenotypic characteristics and possibly a
similar cellular response to vascular injury for both of these groups of vein samples
collected prior to vascular access creation. In addition, vein specimens collected from the
stenotic AVFs and AVGs also showed similar staining patterns and scoring with one another
for the same cellular markers, SMA, vimentin, and desmin, possibly suggesting a similar
cellular response to vascular injury after AV access creation in both AVF and AVG.

The potential implications of different cellular phenotypes within the neointima from veins
collected at the time of new vascular access creation and from stenotic failed AVF and AVG
are that: (1) vascular injuries prior to vascular access creation (from factors such as uremia,
oxidative stress, and inflammation) and during and after vascular access creation (from
factors such as hemodynamic sheer stress, surgical injury, and routine needle cannulation)
may lead to different cellular phenotypic switching patterns and biological response to
vascular injury and (2) therapies to treat vascular access dysfunction may need to differ
before and after vascular access creation. The majority of research to-date in vascular access
dysfunction from experimental and clinical studies has primarily focused on the events and
biology that result after placement of an AV access, specifically, alteration in blood flow,
vessel vasodilation, and hemodynamic sheer stress patterns. Furthermore, the main
biological mechanisms examined in vascular access dysfunction after AV access creation
has focused on mediators of oxidative stress and inflammation!1: 12, These mediators are
believed to play a major role in adventitial fibroblast activation and migration and cellular
transformation into contractile smooth muscle cells and myofibroblasts, which later
synthesize extracellular components that lead to neointimal hyperplasia formation13-15,
Recently, the role of vein health prior to vascular access creation and its role in AVF
maturation has become an emerging area of research in this field. Initial results from the
multicenter National Institutes of Health Hemodialysis Fistula Maturation (HFM) Study has
reported that 87.8% of samples examined to date (n=204; total planned enroliment 600
subjects) have VNH present prior to AVF creation, and within the neointima all contained
the presence of myofibroblasts and/or contractile smooth muscle cells!0. Furthermore, a
recent clinical study by Owens et. al. reported that impairment of vascular health and
endothelial function in CKD Stage 1V and V patients receiving new AVF, as measured by
brachial artery flow-mediated vasodilation, was associated with decreased arterial
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remodeling and final venous lumen diameter attained at three months!®. The mechanisms
that lead to endothelial dysfunction and pre-existing VNH are likely a consequence of
factors such as uremia, oxidative stress, and inflammation, and remain poorly understood,;
and may be critically important in understanding vascular access maturation and
development of future stenosis. Further investigation is needed to determine whether
modulation of endothelial function prior to vascular access creation can improve AVF
maturation and prevent AVG stenosis and whether the type of therapies administered prior
to vascular access creation may need differ from those administered after vascular access
creation. A recent example of the potential importance of therapies to modify the vascular
endothelium and to improve vascular remodeling prior to AV access creation comes from an
experimental study by Janardhanan et al.1’. This study demonstrated that systemic delivery
of an anti-oxidant and anti-inflammatory agent, simvastatin, given prior to AVF creation in
uremic mice, reduced neointimal hyperplasia formation and expression of oxidative stress
and inflammation genes, and decreased migration and proliferation of a-SMA positive cells
(contractile smooth muscle cells and myofibroblasts)!’.

We recognize that our study has several limitations. First, this is a single-center study and
our results may not generalize to all medical centers. Second, the vein samples that represent
the stenotic vein group are not from the same patient vein collected at the time of initial
access surgery. However, we do believe that collectively our stenotic vein samples are an
accurate representation of the histology of vascular access failure. Third, we do not have
data on previous venipunctures and intravenous line placements, including peripherally
inserted central catheters, and recognize that these factors are potentially important
etiologies of vascular injury and neointimal hyperplasia development, particularly prior to
access creation. However, all patients receiving a new vascular access have pre-operative
vein mapping or venography as standard of care, and vessels with inadequate size and
detected stenosis at an imaging level are not used for access creation in our practice. In
addition, the presence of at least some degree of preexisting VNH in over 85% of a large
sample size in the ongoing National Institutes of Health HFM study suggests that this is
more likely to be a true biological response to injury as compared to an iatrogenic, site-
specific problem.

Conclusions

Our results (a) demonstrate that the predominant cellular phenotype within the neointima
from vein specimens collected at the time of initial vascular access creation are contractile
smooth muscle cells while those from failed vascular accesses are myofibroblasts, (b)
underscore the need to improve the understanding of the pathophysiologic changes that
result from vascular injury prior to and after access creation and the need to better elucidate
the role contractile smooth muscle cells and myofibroblasts play in this process, and (c)
suggest that targeting of specific cellular phenotypes and phenotypic switching before and
after AV access creation could serve as potential future novel therapies that improve
vascular access dysfunction.
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Figure 1. Comparison of Cellular Phenotypeswithin the Venous Neointimain Stenotic AVF (only) and Vein Collected at the Time of
Surgical Access Creation

The predominant cellular phenotype within the neointima of vein samples collected at time of new access surgery (pre) were
SMA (+), Desmin (+) contractile smooth muscle cells, while in vein segments from stenotic AVF were predominately, SMA(+),
vimentin (+) myofibroblasts.
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Figure 2. Cellular Phenotyping of Neointimal Cells from Representative Vein Samples Collected at Time of New Surgery
The expression of (a) a-SMA, (b) vimentin, and (c) desmin within sequential sections of a patient with pre-existing neointimal

hyperplasia. The majority of cells within the neointima are SMA (+), vimentin (=), and desmin (+) contractile smooth muscle
cells. Arrows show representative areas with SMA(+) and desmin (+) staining within the neointima. Note panel (b) with very
little vimentin staining.
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Figure 3. Cdlular Phenotyping of Neointimal Cells from Representative Vein Sample from Stenotic AVF
The expression of (a) and (b) a-SMA, (b) vimentin, and (c) desmin within sequential sections of a patient with a failed AVF.

Note the presence of aggressive venous neointimal hyperplasia. The majority of cells within the neointima are SMA (+),
vimentin (+), and desmin (=) myofibroblasts. Arrows show representative areas that SMA(+) and vimentin (+) staining within
the neointima. Note panel (d) with minimal desmin staining.
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Figure 4. Comparison of Cellular Phenotypeswithin the Venous Neointima in Stenotic AVG (only) and Vein Collected at the Time of
Surgical Access Creation

The predominant cellular phenotype within the neointima of vein samples collected at time of new access surgery (pre) were
SMA (+), Desmin (+) contractile smooth muscle cells, while in vein segments from stenotic AVG, collectively were
predominately, SMA(+), vimentin (+) myofibroblasts, similar to stenotic AVFs.
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Table 1
Scheme for Cellular Phenotyping

SMA Vimentin Desmin

SMC + - +
Myofibroblasts + + _
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