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Abstract—Wall shear stress (WSS) is an important stimulus INTRODUCTION

in vascular remodelling and vascular lesion development.

The current methods to assess and predict the risk associated The wall shear stress (WSS) is the frictional force
with specific unsteady WSS consider the WSS mean values or per unit of area exerted at the interface of the flowing

the presence of reverse phases described by the oscillatory
shear index. Recent evidence has shown that the accuracy of
these methods is limited, especially with respect to the venous

blood and the endothelium. WSS is a potent stimulus
that is capable of evoking varying phenotypes in

environment. Unsteady WSS are characterised by several endothelial cells (EC).*** Both in-vivo and in-vitro
features that may individually affect endothelial cells. Con- observations have demonstrated the existence of two
sequently, we assessed the effects of averaged WSS major pathways that may activate EC as a response to

(TAWSS), temporal WSS gradient (TWSSG), maximum
WSS (WSS peak) and reverse phase (OSI) by applying
different WSS profiles to venous EC in-vitro, using a real-

different WSS waveforms. These two pathways are
involved in inducing EC quiescence conferring a pro-

time controlled cone-and-plate cell-shearing device for 24 h. tective effect on endothelium or EC activation and
We found that TWSSG and WSS peak affect cell elongation pro-inflammatory signalling causing endothelium dys-
and alignment respectively. We also found that the WSS function, inflammation and pro-thrombotic effects.”

waveforms with a peak of 1.5 Pa or higher significantly
correlate with the induction of a protective phenotype. Cell
phenotype induced by these high peak waveforms does not

Physiologically, EC quiescence participates in vascular
homeostasis while EC activation can be eclicited by

correlate to what is predicted by the hemodynamic indices acute or chronic change in blood flow in order to re-
currently used. The definition of reliable hemodynamic establish physiological perfusion.'? The extent these
indices can be used to inform the computational models mechanisms are involved in the adaptations of venous
aimed at estimating the hemodynamic effects on vascular

tissues used as grafts in surgical procedures remains to
be elucidated.

Studies focused on the arterial context and in par-
ticular on the development of atherosclerotic lesions
have shown that vascular lesions are preferentially lo-
cated in certain vascular geometries where curvatures
or branches cause low and disturbed hemodynamic
patterns.”* From these observations, researchers de-
fined the arterial unidirectional, laminar WSS (> 1-
1.5 Pa) as protective. On the contrary, low WSS (< 0.4
Pa) and the presence of reverse phases in which the
Address correspondence to M. T. Walsh, School of Engineering, blood changes the flow direction, have been defined as

Bernal Institute, University of Limerick, Limerick V94 T9PX, Ire- atheroprone due to their possible role in inducing
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remodelling.
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atherosclerotic plaque growth and instability.*
Numerous in-vitro experiments have demonstrated
that idealised steady or unsteady WSS based on these
definitions are capable of evoking an alternative EC
phenotype. EC exposed to different WSS waveforms,
experience a different activation state that is funda-
mental to flow-induced vessel remodelling and vascular
lesion formation which can be established within 24 h
of the flow onset in-vitro." In particular quiescent EC
exhibit high levels of Kriippel-like factors 2 and 4°>*?
(KLF-2 and KLF-4), two proteins involved in the
cytoskeletal remodelling® with positive effects on
vasodilation, anti-inflammatory and anti-thrombotic’
responses. Conversely, activated EC show nuclear
localisation of nuclear factor kB'® (NF-kB) and high
expression of pro-inflammatory signals such as inter-
leukin 8 (I1-8)'® and adhesive molecules such as vas-
cular cell adhesion molecule 1 (VCAM-1).°

The majority of the studies focused on arterial-like
conditions in terms of WSS magnitude. The mechano-
biology of venous tissues has been only partially ad-
dressed. Venous conduits are commonly used for
example in coronary or peripheral bypass surgery and
arteriovenous fistulae, used for vascular accesses in
hemodialysis patients. Post procedure, venous tissues
are exposed to mechanical stimuli typical of the arterial
context. The stimuli have been demonstrated to be
involved in the tissue remodelling and in the abnormal
growth of neo-intimal hyperplasia causing the stenosis
of the vessels®® and ultimately the failure of the surgical
intervention.

Studies focused on the side-to-end arteriovenous
fistula (AVF), have shown extremely disturbed hemo-
dynamic patterns at the anastomosis level and espe-
cially in the venous curvature.’**' These patterns
correlate with development of neo-intimal hyperplasia
that is the primary cause of AVF failure. Ideally, after
AVF creation, increased blood flow induces a chronic
change in the vascular tissue leading to an outward
remodelling capable of accommodating the newly
established blood flow.** Previous work'® demon-
strated that peak flow is specifically associated to the
radial artery remodelling in response to access cre-
ation. However, AVF failure due to stenosis is pref-
erentially located in the venous side of the anastomosis
and the effects of WSS peak on venous tissues have not
been addressed previously. Physiological WSS wave-
forms, especially those derived from complex geome-
tries exposed to development of neo-intimal
hyperplasia, are extremely unsteady and characterised
by velocity fluctuations at frequencies much higher
than the cardiac cycle frequency. Computational
studies focused on AVF have shown these frequencies

may reach 100 Hz.*® This leads to further questions
regarding how venous EC behave in response to pul-
satile WSS waveforms and to what extent cells can
react to the distinctive features of disturbed WSS
patterns.

The hemodynamic indices developed for the arterial
flows, such as the time-averaged WSS (TAWSS), the
oscillatory shear index®® (OSI) or the temporal WSS
gradient (TWSSG) should describe the vascular risk
associated with physiological WSS waveforms. These
indices consider only certain features of the WSS
waveforms and ultimately are not accurate in predict-
ing vascular lesion formation.?” Furthermore, venous
physiological flows and venous EC mechanotransduc-
tion have not been considered in the development of
these indices. The OSI index is defined as

B IfoTr_w’dt|>

OSI =0.5 1 1
' ( T W

where t,, is the WSS and T the time interval or the
cardiac period. TWSSG is defined as

TWSSG = max <d|TW|> 2)
dr
where 1, is the WSS and dt is an interval of time.

In general, venous tissues are exposed to low, quasi-
steady WSS*® ranging 0.1 to 0.6 Pa in-vivo. When ex-
posed to arterial flow, venous EC can sustain the new
hemodynamic conditions and induce the vessel
remodelling in order to establish a new equilibrium.
Despite the high failure rate of the AVF,** those that
succeed in the maturation process and sustain
hemodialysis demonstrate that it is possible for venous
tissue to durably adapt to the arterial context. To what
extent the theories of WSS mechanotransduction
derived from arterial studies apply to the venous con-
text, remain to be investigated. In particular, the role
of the rapid transients of WSS characterized by high
peak and low average on the venous EC phenotype has
not been previously addressed.

To address the specified problems, the role of WSS
features such as TAWSS, temporal WSS gradient
(TWSSG), maximum WSS (WSS peak) and reverse
phase (OSI, in the presence of a reverse phase), on EC
phenotype has been investigated. The waveforms
obtained have then been tested for their protective ef-
fects on venous EC in culture focusing on flow-induced
morphological adaptations and both gene and protein
expressions, known to be involved in vascular lesion
development. The overall aim is to systematically test
these features and evaluate their role in venous EC
activation and signalling.
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MATERIALS AND METHODS

To decouple the key factors within the inherent
WSS features in-vivo, ten different idealised waveforms
were created (Fig. 1) to evaluate the effects of WSS
magnitude, temporal WSS gradient (TWSSG), WSS
peak and reverse phases on the EC in culture. Wave-
forms ranging in WSS magnitude from 0.5 to 2.5 Pa,
TWSSG from 2 to 20 Pa s ' and from 0 to 0.5 of
oscillatory shear index (OSI) value. The sinusoidal
waveforms (Sin 0.5, Sin 1.5 and Sin 2.5) have an OSI
value greater then 0, a magnitude peak ranging from
0.5 to 2.5 Pa and a reverse phase with a magnitude of
— 0.5 Pa. Pulsatile waveforms and their fast (F) or
very fast (VF) versions (Pul 0.5, Pul 0.5 F, Pul 0.5 VF,
Pul 1.5, Pul 1.5 F, Pul 2.5, Pul 2.5 F) have an OSI value
of 0, a peak magnitude ranging from 0.5 to 2.5 Pa and
no reverse phase. To evaluate the increase of TWSSG
at the same peak, the waveforms were modified to
approximately double the gradient of the initial
acceleration phases that ranges from 2 to 20 Pa s~ '. It
is important to notice that despite a significant peak
magnitude, all waveforms are characterised by a low

3

WSS average (0 to 0.8 Pa) due to the presence of the
reverse phase or of a long resting phase (0 Pa). All
waveforms have a frequency of 1Hz. Waveforms
characteristics are shown in the table of Fig. 1.

Pooled human umbilical vein endothelial cells
(HUVECGs) were purchased from Lonza (CC-2519,
Basel, Switzerland). Cells were expanded until 4th
passage on plates (Falcon, 150 mm TC-treated Cell
Culture Dish, Corning, Corning, USA) precoated with
1% bovine gelatine (G1393,Sigma, St. Louis, USA)
using Endothelial Cell Growth Basal Medium-2
(EGM-2, Lonza) supplemented with Endothelial Cell
Growth Medium-2 BulletKit (Lonza), 1% Ampho-
tericin B (A2942, Sigma-Aldrich) and 1% penicillin-
streptomycin (P4333, Sigma).

EC were exposed to different WSS stimuli for 24 h
using a real-time controlled cone-and-plate device (see
Supplementary information, SI). The cone is designed
with an angle of 0.5° to ensure laminar flows and avoid
the insurgence of secondary flows for all tested con-
ditions.** This allows for a controlled WSS delivered to
cell in culture.
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25 25
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2 2
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z 1 2 1
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TAWSS [Pa] 0 0.32 0.64 0.16 0.06 0.03 0.48 0.28 0.81 0.4
Peak WSS [Pa] 05 15 2.5 0.5 0.5 as 15 15 25 25
osl 05 0.17 0.1 0 0 0 0 0 0 0
TWSSG [Pa/s] 2 6 10 2 6 10 6 10 10 20

FIGURE 1.

Wall shear stress (WSS) waveforms tested on endothelial cells (ECS) in culture. In the table are reported the waveform

features of interest. Sin sinusoidal, Pul pulsatile, TAWSS time-averaged wall shear stress, OS/ oscillatory shear index, TWSSG

temporal wall shear stress gradient.
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FIGURE 2. Bright light microscopy images of HUVECs after 24 h of exposure to the different WSS stimuli. Each condition was
tested six times. Scale bar 50 um.
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FIGURE 3. CD-31 (PECAM) and F-actin immunofluorescence images of HUVECs after 24 hrs of exposure to the different WSS
stimuli. Scale bar 20 um. Each condition was tested three times. In the table are reported the numerical values of cell elongation
and fibres alignment expressed as mean = SD. The significance was established for p < 0.05. (a) Cell elongation of HUVECs
exposed to 24 h of different WSS patterns with * representing significance with respect to the Static, Sin 0.5, Sin 1.5, Sin 2.5, Pul 0.5,
Pul 0.5 VF, Pul 1.5, and Pul 2.5, # representing significance with respect to the Static, Sin 0.5, Sin 1.5, Sin 2.5, x representing
significance with respect to the Static, Sin 0.5, and Sin 1.5, + representing significance with respect to Static, Sin 0.5, Sin 1.5, Sin
2.5, and Pul 0.5 and open diamond representing significance with respect to the Static, Sin 0.5 and Sin 1.5. (b) F-actin fibres
alignment induced by 24 h of WSS stimuli with * representing significance with respect to the Static and to Sin 0.5, and #

representing significance with respect to the Static.

Previous studies showed that that the endothelial
activation state and the expression of several genes are
regulated by flow exposure within 24 h.'?%4%47 How-
ever, the upregulation of KLF-2 and KLF-4, two
fundamental genes that induce the protective (quies-
cent) phenotype in endothelial cells can also be de-
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tected within 24 h***® and to our knowledge there are
no results that showed endothelial cells KLF-2
upregulation detectable only after exposure longer
than 24 h. Furthermore, Small GTPases transient
activation is resolved within 2 h.*’ These proteins, in
the presence of KLF-2, control the alignment of the
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cytoskeleton. This event appears crucial for the
induction of the quiescent phenotype.** KLF-2 over-
expression causes downstream events that are ex-
tremely important for the regulation of the vascular
tone and the paracrine signalling within 7 days.**?

EC exposed to different flow conditions were stained
for CD31 (or platelet endothelial cell adhesion mole-
cule, PECAM-1), f-actin, NFkB-3 and KLF-2,
according to manufacturer instructions (see SI). Each
condition was replicated three times. Identification of
morphological changes in the ECs was performed
through the digital analysis of the immunofluorescence
images as previously described.”> CD-31 staining
images were used to evaluate the individual cell elon-
gation, quantified as the ratio between the major and
the minor axes (Fig. 3a), by using CellProfiler software
(3.1.5, Broad Institute, Cambridge, MA). The F-actin
alignment process was quantified by using the Orien-
tationJ plugin (EPFL, Lausanne, Switzerland) of the
image processing software ImageJ (National Institutes
of Health, Bethesda, MD). Alignment of fibres was
considered to be significant within + 10° with respect
to the flow direction (see SI). Data are presented as
percentage of fibres aligned.

For gene expression, RT-PCR was performed as
previously described'® (see SI). Selected genes were
quantified using three technical replicates and each
WSS condition was tested three-to-five times. Delta-
delta-Ct analysis was used to determine gene expres-
sion fold change induced by WSS stimulation com-
pared to the static control.

Post exposure to WSS stimuli or static conditions,
the protein levels were obtained using Western Blot
technique (see SI). Proteins levels were evaluated using
a Fluorescence Western Blot analysis system (Odyssey
Fc Imager, LI-COR Biosciences, Ltd., UK) and nor-
malized over GAPDH expression levels. Each condi-
tion was tested three-to-five times.

The presented results are expressed as the mean +
standard deviation (SD). Data were evaluated using
one-way ANOVA, and differences among groups were
established using a post hoc Bonferroni’s multiple-
comparisons test (Prism, GraphPad Software, La Jol-
la, CA). The significance was established for p < 0.05.

RESULTS

HUVECs have been successfully exposed to differ-
ent WSS waveforms for 24 h. The described experi-
mental method maintained sterility and viability of the
cell cultures.

As expected,’>?® we found that HUVECs mor-
phology was diversely affected by the different WSS
waveforms (Fig. 2). EC exposed to WSS show a more

uniform and continuous distribution of CD-31 (Fig. 3)
protein at the cell junctions in comparison to the static
flow. Furthermore, ECs exposed to sinusoidal WSS
profiles show an increasingly organised and tight cell
junction with the increase of the magnitude peak. No
major differences are observable in cells exposed to
different pulsatile WSS.

As expected, F-actin distribution was also affected
by the different flow conditions (Fig. 3). Static con-
trols show f-actin filaments distributed mostly at the
cell periphery and randomly organized. EC exposed
to Sin 0.5 show a distribution that is similar to the
static control. However, these EC show what appear
to be an immature formation of stress fibres within
the cell body. By increasing the WSS peak in the
presence of a reverse phase (Sin 1.5 and Sin 2.5) F-
actin distribution becomes more structured but only
partially organized. ECs exposed to pulsatile WSS
profiles, show an organized cytoskeleton, with fully
formed stress fibres crossing the cell body as previ-
ously described in the bumper-car mechanotransduc-
tion model.**

The quantified cell morphology show that EC ex-
posed to pulsatile WSS waveforms are generally more
elongated compared to exposure to sinusoidal WSS or
maintained in static culture (Fig. 3a). The results were
statistically significant for all the pulsatile conditions
and the Sin 2.5 waveform if compared to the static
control. We found that by doubling the TWSSG at the
same peak magnitude, we induced a further significant
elongation in all but Pul 0.5 VF, a waveform with a
TWSSG that is four times higher than the original Pul
0.5, where EC have a reduced elongation compared to
those exposed to Pul 0.5 or Pul 0.5 F.

The quantification of f-fibres direction shows an
amplified aligned structure with the increase of WSS
peak (Fig. 3b). Pulsatile conditions with a peak of 1.5
or 2.5 Pa induced a significant increase in alignment
with respect to the static control and with respect to
Sin 0.5. Pulsatile waveforms Pul 0.5 F, Pul 0.5 VF the
Sin 2.5 profile results were only significant respect to
the static controls. No differences were found with
increasing TWSSG and the presence of a sinusoidal
phase prevented the reorganization if compared to the
waveforms having the same peak but lacking in the
reverse phase.

We set out to examine the expression of genes
coding for proteins involved in EC quiescence or
activation and in the endothelial to mesenchymal
transition (EndMT). Tested WSS profiles induced
different regulations of several genes (Fig. 4) possibly
involved in the flow-induced vascular lesion develop-
ment.

To evaluate EC activation in terms of activation or
quiescence, we stained for KLF-2 and NFkB-3 (p65) to
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determine if different WSS profiles affect the expres-
sion and distribution of these proteins (Fig. 4).

ECs used as static control present a very weak KLF-
2 signal located in the cell nuclei. ECs exposed Sin 0.5,
show a slightly higher signal, not preferentially located
in the nuclei. Post-exposure, ECs show the accumula-
tion of KLF-2 protein in the nuclei, but still persistent
in the cell body. Interestingly, all sinusoidal conditions
induced a high dotted-shape signal nearby the cell
nuclei, not present in the other conditions. ECs ex-
posed to pulsatile waveforms have a positive signal
preferentially located in the cell nuclei. Staining
intensity was higher for profiles with a peak of 1.5 and
2.5 Pa compared to those stimulated at 0.5 Pa. Fur-
thermore, Pul 0.5 VF-induced KLF-2 is very similar to
the static. Consistent with the results of immunofluo-
rescence analysis, KLF-2 gene expression up-regulated
(Fig. 4a) after exposure to waveforms with a peak of
1.5 Pa or higher. Among 0.5 Pa profiles, only Pul 0.5
elicited an upregulation of KLF-2 gene. The increase in
TWSSG caused a decrease in KLF-2 expression but
not significant. The presence of a reverse phase did not
reduce the gene expression if compared to the wave-
forms with the same positive peak. The quantification
of KLF-2 protein expression (Fig. 4b) showed similar
results if compared to the gene expression. We found
that KLF-2 is upregulated by the waveforms with a
peak of 1.5 Pa or higher. Pul 0.5 resulted the only 0.5
waveforms capable of inducing an upregulation of the
protein even if to a lower level if compared to higher
peak profiles. Interestingly, the presence of a reverse
phase significantly increased the expression of this
protein for WSS profiles with a peak of 1.5 Pa or
higher.

As expected, flow-induced NF-kB expression in-
duced by pulsatile profiles caused a nuclear translo-
cation of the protein compared to the static controls
(Fig. 4). Furthermore, as expected, Sin 0.5 did not
induce the protein translocation and, surprisingly,
neither did Sin 1.5 nor Sin 2.5. For protein quantifi-
cation, we performed Western blotting. NFkB-3 gene
expression (Fig. 4c) resulted similar after the exposure
to all flow conditions and not significantly different if
compared to the static controls. Similarly, NFkB-3
protein expression (Fig. 4d) resulted not affected by
any flow conditions or by the static culture.

To evaluate further the activation state of EC ex-
posed to different flow conditions, additional genes
involved in the vascular tone control and in the pro-
inflammatory pathways were quantified (Fig. 5). We
found that nitric oxide synthase 3 (NOS-3 or e-NOS), a
precursor of nitric oxide that is a potent vasodilation
agent, gene expression was upregulated by all flow
conditions. WSS peak, TWSSG and the presence of a
reverse phase did not affect the expression. KLF-4
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FIGURE 4. KLF-2 and NFkB-3 (p65) immunofluorescencep
images of HUVECs after 24 h of exposure to the different
WSS stimuli. Scale bar 20 ym. (a to d) Gene expression fold
change vs. the static control presented in an arbitrary unit
(a.u) for RT-PCR results and the protein expression vs.
GAPDH expression control in a.u. (a) KLF-2 RT-PCR results
with * representing significance with respect to Sin 0.5, Pul
0.5, Pul 1.5, Pul 0.5 F and Pul 0.5 VF. # representing
significance with respect to Sin 0.5, Pul 0.5, Pul 0.5 F and
Pul 0.5 VF, and Sin 2.5. open diamond representing
significance with respect to Pul 2.5 (b) KLF-2 WB results
with * representing significance with respect to the Static. #
representing significance with respect to the Sin 0.5. x
representing significance with respect to the Sin 2.5. +
representing significance with respect to the Sin 1.5. (c)
NFkB-3 RT-PCR results. (d) NFkB-3 WB results.

gene expression resulted upregulated by WSS wave-
forms with a peak of 1.5 Pa or higher and by Pul 0.5.
No effects of varying TWSSG and reverse phase were
found. Vascular adhesion molecule 1 (VCAM-1) and
Interleukin-8 (I1-8) were downregulated by all condi-
tions but Pul 0.5 VF. In particular, WSS profiles with a
peak of 1.5 Pa or higher showed lower levels of these
genes if compared to 0.5 Pa profiles. These results are
significant if compared to Pul 0.5 VF. Both TWSSG
and the reverse phase showed limited effects on the
expression of the genes coding for these proteins.

Finally, markers of EndMT were quantified in terms
of genes and proteins expression (Fig. 6). Cluster of
differentiation 31 (CD-31 or PECAM), an endothelial
identity marker, resulted significantly upregulated by
Pul 1.5 F and Pul 2.5 F (Figs. 6a and 6b). The
expression of this gene resulted in limited effects by
different flow conditions compared to static controls.
No differences were found for the expression of the
cluster of differentiation 144 (CD144 or VE-Cadherin)
and von Willebrand factor (vVWF) (Figs. 5c and 5f),
two endothelial identity markers. The «-SMA gene and
protein expression, a marker of EndMT, was consis-
tently upregulated by all flow conditions if compared
to the static controls (Figs. 6c and 6d). However, no
significantly differences were found among EC exposed
to different WSS waveforms.

DISCUSSION

Endothelial cells control acute vascular tone and
chronic vascular remodelling. These processes are
regulated to maintain physiological mechanical stresses
within the vascular system. EC possess different
mechanisms to detect distinct features of flow profiles
and regulate vessel physiology and remodelling
accordingly.”

Numerous in-vivo and in-vitro evidences report OSI
as a poor predictor of atherosclerotic lesion develop-
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FIGURE 5. Gene expression fold change vs. the static control presented in an arbitrary unit (a.u) for RT-PCR results. (a) KLF-4 RT-
PCR results with * representing significance with respect to Sin 0.5, Pul 0.5, Pul 0.5 F and Pul 0.5 VF. # representing significance
with respect to Sin 0.5, Pul 0.5 F, and Pul 0.5 VF. § representing significance with respect to Sin 0.5, Pul 0.5 F and Pul 0.5 VF. (b)
eNOS-3 RT-PCR results. (c) vVWF RT-PCR results. (d) VCAM-1 RT-PCR results with * representing significance with respect to Sin
2.5, Pul 1.5, Pul 1.5 F and Pul 2.5. (e) IL-8 RT-PCR results with * representing significance with respect to Sin 2.5, Pul 1.5, Pul 2.5 and

Pul 2.5 F. (f) CD-144 (VE-Cadherin) expression.

ment in arteries.’'*> However, several computational
studies performed in realistic AVF geometries still re-
port OSI index in the analysis,'* therefore we consid-
ered this index to describe our WSS patterns.

Limited evidences are provided for the venous
context since in-vitro experiment using HUVECs fo-
cused on arterial derived WSS.>® A lack of under-
standing of the role of specific hemodynamic
parameters in the failure of AVF served as the moti-
vation for this study.

After WSS exposure, morphological adaptations
show that EC exposed to pulsatile waveforms elongate
more than those maintained static or exposed to
sinusoidal WSS. By increasing the WSS peak, it is
possible to induce elongation further. Increasing the
TWSSG also induces a significant increase in elonga-
tion. However, this seems not to depend on a specific
gradient. F-actin fibres alignment depend on WSS
peak more than on TWSSG. Alignment achieved by
ECs exposed to WSS waveforms with a peak of 1.5 Pa
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or higher significantly increased in compared to Pul 0.5
profile. The presence of a reverse phase reduced the
levels of alignment compared to pulsatile counterparts.
However, F-actin fibres alignment showed an increas-
ing alignment trend with increasing WSS peak, being
significant for Sin 2.5 despite the presence of the re-
verse phase.

In terms of EC phenotype, the peak of the WSS
waveforms is the main feature in inducing a protective
effect in ECs in culture. KLF-2 ad KLF-4 are two
known flow-induced proteins involved in ECs quies-
cence, cytoskeleton remodelling and are therefore
considered’ protective. Both KLF-2 and KLF-4 were
up-regulated by waveforms with a peak of 1.5 Pa or
higher. This up-regulation was consistently indepen-
dent of the reverse phase (OSI value) or the TWSSG. It
is important to note that high levels of gene and pro-
tein expression were found after exposure to wave-
forms averaging less than 0.5 Pa, a low value
previously related to the atheroprone phenotype in EC.
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FIGURE 6.

(a—d)Gene expression fold change vs. the static control presented in an arbitrary unit (a.u) for RT-PCR results and the

protein expression vs. GAPDH expression control in a.u. (a) CD31 RT-PCR results with * representing significance of Pul 2.5F with
respect to Pul 0.5 and Pul 1.5. # representing significance of Pul 1.5F with respect to Sin 0.5, Pul 0.5, Pul 0.5F and Pul 1.5. (b) CD-31

WB results. (c) a-SMA RT-PCR results. (d) «-SMA WB results.

It is also worth noting that in terms of localisation,
KLF-2 shows a unique distribution in ECs stimulated
with sinusoidal WSS, while after pulsatile shear and in
static control (with a lower intensity), KLF2 appears
to be strictly located at the nuclear level. EC exposed
to sinusoidal waveforms have a dotted-shape
localization adjacent to the nuclei. Very few studies
have described endothelial cell KLF-2 immunofluo-
rescence in vitro'! and further studies are required to
confirm the phenomenon and to relate this localisation
to a specific biological significance.

Regarding pro-inflammatory gene expression, we
found no differences in the expression of the p-65
subunit of NFkB (NFkB-3). The localisation of this
protein however is strongly affected by the nature of
WSS waveforms and it is in agreement with previous
findings'® that show how protective WSS induces the
translocation of the protein from the nucleus pre-
venting the activation of pro-inflammatory pathways.
Sinusoidal WSS, on the contrary, did not affect NF-kB

localisation with respect to the static control. While
this was expected for Sin 0.5, it was not for Sin 1.5 and
especially Sin 2.5. This is also in contrast with the levels
of KLF-2 that show high expression in both Sin 1.5
and Sin 2.5. This distribution may be related to the
shortened time of WSS exposure or an additional
biological effect, and thus remains to be elucidated.

In general, the protective effect of high-peak WSS
patterns is further confirmed by the downregulation of
adhesion molecule VCAM-1 and pro-inflammatory
signal 1L-8.%7-*® On the contrary, these genes resulted
up-regulated by waveforms with a peak of 0.5 Pa. In
this case, the increase of TWSSG caused an increased
expression, significantly stronger for Pul 0.5 VF.

WSS waveforms with a peak of 0.5 Pa showed to
have peculiar effects. Pul 0.5 profile induced a relative
protective phenotype by inducing a limited up-regula-
tion of KLF-2 and KLF-4. This can be reversed by the
presence of a 0.5 Pa reverse phase and furthermore by
increase of the TWSSG. Despite TWSSG only par-
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tially affected cell elongation and alignment, exposure
to Pul 0.5 F and especially Pul 0.5 VF caused a strong
KLF-2 downregulation and an increased expression of
pro-inflammatory signals such as IL-8 and VCAM-1.
It is worth noticing that Sin 0.5 and Pul 0.5 VF present
similar low protective activity in terms of KLF-2,
KLF-4 and NF-kB expression. However, Pul 0.5 VF
showed higher expression for IL-8 and VCAM-1
resulting more susceptible even at higher TAWSS and
lower OSI in comparison to Sin 0.5. This is probably
due to the lack or the insufficient stimuli for EC to
establish a clear preferential direction. However, a
comprehensive explanation for these results remain
unfulfilled.

EndMT causes ECs to switch phenotype to a more
proliferative and secretory state becoming myofibrob-
lasts.'*** Subsequently, myofibroblasts are the main
cellular component of neo-intimal hyperplasia even
though it remains unknown which vascular cells are
responsible for the dysregulated growth of the vascular
wall. The retention of the endothelial identity by EC
exposed to different flow conditions is shown by the
stable expression of gene coding for CD-31, CD-144
and vWF, three markers of the endothelial pheno-
type®” that are not affected by the experimental con-
ditions. This aspect however is in contrast with the up-
regulation of the -SMA, a marker for EndMT that is
observed for gene and protein expression, even if not
statistically significant.. It is worth noting that all the
experiments were conducted in the absence of exoge-
nous TGF-f that is usually used to study EndMT in-
Vitro.

A WSS feature that is only partially addressed in
this work but that can be important in understanding
the role of hemodynamics in vascular pathologies is the
frequency content of WSS profiles. Feaver and col-
leagues showed that is possible to reverse the protective
effect of unidirectional WSS patterns by increasing the
magnitude of higher frequency component.”' The in-
crease in TWSSG is only a component of the increase
of frequency content. We showed that increasing
TWSSG without affecting the overall pattern fre-
quency does not have significant effects on ECs. Fur-
ther research activities need to address systematically
the WSS frequency content effects on EC.

In conclusion, when assessing the effects of unsteady
WSS profiles, the previously considered atherogenic
TAWSS threshold should be reconsidered and reduced
significantly, at least for venous EC. This study fo-
cused on the response of venous EC to specific
hemodynamic parameters of AVF. The actiology of
atherosclerosis and other flow-induced arterial
pathologies is very different from the causes of stenosis
in venous tissues connected to arterial vasculature.
Direct relation between flow induced venous remod-
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elling and arterial lesions development requires careful
consideration. We demonstrated that WSS profiles
averaging 0.28 Pa (Pul 1.5 F) is capable of inducing a
strong KLF-2 and KLF-4 up regulation. Similarly,
waveforms with an average of 0.16 Pa (Pul 0.5) induce
the upregulation of protective genes even if to a lower
extent. Only Sin 0.5 and especially Pul 0.5VF failed to
induce the protective EC phenotypes. These results
indicate that both reverse phase and time-averaged
WSS might yet provide information about the risk
associated with specific WSS waveforms but both in-
dices must be considered in conjunction with addi-
tional components of the stimuli and especially with
the WSS peak. Considering clinical aspects, arteriove-
nous fistula’s venous tissues that do not display an
increase in diameters within 24 h predict the failure of
the vascular access in almost 60% of the cases.''

By informing computational models with accurate
prediction of the downstream effects of hemodynamics
on vascular biology, it will be possible to assess and
predict the outcome of vascular pathologies in a non-
invasive and precise fashion.
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