
mdpi.com/journal/ijms

Special Issue Reprint

Arteriogenesis, Angiogenesis 
and Vascular Remodeling

Edited by 
Elisabeth Deindl and Paul Quax



Arteriogenesis, Angiogenesis
and Vascular Remodeling





Arteriogenesis, Angiogenesis
and Vascular Remodeling

Elisabeth Deindl
Paul Quax

Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester



Elisabeth Deindl

Walter-Brendel-Centre of

Experimental Medicine

Ludwig-Maximilians-Universität

Munich

Germany

Paul Quax

Einthoven Laboratory for

Experimental Vascular Medicine

Leiden University

Leiden

Netherlands

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) (available at: www.mdpi.com/journal/

ijms/special issues/Angiogenesis Remodeling).

For citation purposes, cite each article independently as indicated on the article page online and

using the guide below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-2052-8 (Hbk)

ISBN 978-3-7258-2051-1 (PDF)

https://doi.org/10.3390/books978-3-7258-2051-1

Cover image courtesy of Larissa Deindl

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

www.mdpi.com/journal/ijms/special_issues/Angiogenesis_Remodeling
www.mdpi.com/journal/ijms/special_issues/Angiogenesis_Remodeling
https://doi.org/10.3390/books978-3-7258-2051-1


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Paul H. A. Quax and Elisabeth Deindl
The Intriguing World of Vascular Remodeling, Angiogenesis, and Arteriogenesis
Reprinted from: Int. J. Mol. Sci. 2024, 25, 6376, doi:10.3390/ijms25126376 . . . . . . . . . . . . . . 1

Nathan K. P. Wong, Emma L. Solly, Richard Le, Victoria A. Nankivell, Jocelyne Mulangala
and Peter J. Psaltis et al.
TRIM2 Selectively Regulates Inflammation-Driven Pathological Angiogenesis without
Affecting Physiological Hypoxia-Mediated Angiogenesis
Reprinted from: Int. J. Mol. Sci. 2024, 25, 3343, doi:10.3390/ijms25063343 . . . . . . . . . . . . . . 6

Judith A. H. M. Peeters, Hendrika A. B. Peters, Anique J. Videler, Jaap F. Hamming, Abbey
Schepers and Paul H. A. Quax
Exploring the Effects of Human Bone Marrow-Derived Mononuclear Cells on Angiogenesis In
Vitro
Reprinted from: Int. J. Mol. Sci. 2023, 24, 13822, doi:10.3390/ijms241813822 . . . . . . . . . . . . . 22

Malaika K. Motlana and Malebogo N. Ngoepe
Computational Fluid Dynamics (CFD) Model for Analysing the Role of Shear Stress in
Angiogenesis in Rheumatoid Arthritis
Reprinted from: Int. J. Mol. Sci. 2023, 24, 7886, doi:10.3390/ijms24097886 . . . . . . . . . . . . . . 35

Suzanne L. Laboyrie, Margreet R. de Vries, Roel Bijkerk and Joris I. Rotmans
Building a Scaffold for Arteriovenous Fistula Maturation: Unravelling the Role of the
Extracellular Matrix
Reprinted from: Int. J. Mol. Sci. 2023, 24, 10825, doi:10.3390/ijms241310825 . . . . . . . . . . . . . 51

Dilara Z. Gatina, Ilnaz M. Gazizov, Margarita N. Zhuravleva, Svetlana S. Arkhipova, Maria
A. Golubenko and Marina O. Gomzikova et al.
Induction of Angiogenesis by Genetically Modified Human Umbilical Cord Blood Mononuclear
Cells
Reprinted from: Int. J. Mol. Sci. 2023, 24, 4396, doi:10.3390/ijms24054396 . . . . . . . . . . . . . . 71

Mariam Anis, Janae Gonzales, Rachel Halstrom, Noman Baig, Cat Humpal and Regaina
Demeritte et al.
Non-Muscle MLCK Contributes to Endothelial Cell Hyper-Proliferation through the ERK
Pathway as a Mechanism for Vascular Remodeling in Pulmonary Hypertension
Reprinted from: Int. J. Mol. Sci. 2022, 23, 13641, doi:10.3390/ijms232113641 . . . . . . . . . . . . . 90
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Vascular remodeling is a very general feature related to angiogenesis and arterio-
genesis, which are involved in neovascularization processes. Vascular remodeling is of
course a crucial element in development [1,2], but also in pathological vascular remodeling
processes such as atherosclerosis [3] and aneurysm formation.

In this Special Issue, many aspects of vascular remodeling are addressed. Zebrafish are
an excellent model for studying blood vessel development [4,5]. The role of small GTPases
in vascular development in zebrafish is addressed by Urade et al. [6], who describe the role
of the small GTPase subfamilies in the development of the vascular system in zebrafish.
Critical processes in blood vessel development in zebrafish relate to vascular endothe-
lial growth factor (VEGF) signaling, Notch signaling, and bone morphogenetic protein
(BMP) signaling [7]. Impaired small GTPases can contribute to vascular remodeling [8].
Despite this importance, their regulatory role in vascular development is unclear. This
review discusses the role of the small GTPases along with their regulators in blood vessel
development in zebrafish [6].

Another group of small regulators of vascular remodeling are microRNAs. microR-
NAs are regulators for multifactorial processes such as angiogenesis, arteriogenesis, and
vascular remodeling [9,10]. Evidence on the regulation of vascular remodeling by various
microRNAs is still growing. Here, Wang et al. [11] studied the role of microRNA-30b in the
regulation angiogenesis. They show that miR-30b appears both necessary and sufficient
for IL21/IL-21R-mediated angiogenesis and may present a new therapeutic option to treat
peripheral arterial disease [12] if IL21R is not available for activation.

The stimulation of angiogenesis and neovascularization by different cells with a pro-
angiogenic character remains very attractive from a therapeutic point of view [13,14].
Gatina et al. focused on umbilical-cord-derived mononuclear cells and genetically modified
them using adenoviral constructs, adVEGF, adFGF2, and SDF1, and utilized adGFP as
a control. They showed that these genetically modified UBC-MC were able to induce
neovascularization in in vivo Matrigel plug tubule formations in mice [15].

Shear stress can generally be recognized as a crucial trigger in vascular remodeling
processes [16]. In this Special Issue, Motlana et al. [17] describe how a computational
fluid dynamics model can be used for analyzing the role of shear stress in angiogenesis in
rheumatoid arthritis, as it represents an important factor [18]; they show that the magnitude
of wall shear stress relates to the degree and extent of new blood vessel development.

Next to angiogenesis, arteriogenesis plays a crucial role in neovascularization [19,20].
However, the processes of angiogenesis and arteriogenesis, although different at regulatory
levels [21,22], cannot be regarded as non-related processes. Le Noble and Kupatt show,
very elegantly and convincingly, that these two processes, arteriogenesis and angiogenesis,

1



Int. J. Mol. Sci. 2024, 25, 6376

are two interdependent processes in development and disease [23]. They describe the mech-
anisms and signals that contribute to the synchronized growth of micro- and macrovascular
structures after ischemic challenges, as well as during development. They conclude that a
long-term successful revascularization strategy should aim to both remove obstructions
in the proximal part of the arterial tree and restore “bottom-up” vascular communication
based on striking similarities between micro- and macrovascular structures.

The induction of arteriogenesis is a process that attracts a lot of attention from the
clinical point of view in relation to peripheral arterial disease (PAD) patients [14,24], as
good therapeutic options are still lacking. The link with the immune system [25–27] and
the innate immune system, in particular [27–30], has raised a lot of attention with regard
to new therapeutic options. In this Special Issue, Götz et al. provide some compelling
data how cobra venom factor, known to be a very potent inhibitor of Complement Factor
C3 [31], is able to boost arteriogenesis in mice after femoral artery ligation, demonstrating
the role of the innate immune system in arteriogenesis [32]. Furthermore, the importance
of the adaptive immune system in arteriogenesis is shown in the study by Kumaraswami
et al. [33], who found an impaired arteriogenic response in mice deficient in Rag1, i.e.,
lacking both T cells and B cells. This is in line with previous work supporting the role of T
and B cells [25,34,35]. In this Special Issue, Wong et al. study the role of tripartite-motif-
containing protein 2 (TRIM2) in vascular remodeling and did not observe any effects on
blood flow recovery in a hind limb ischemia model of TRIM2-deficient mice, despite the fact
that TRIM2 knockdown in endothelial cells in vitro attenuated the inflammation-driven
induction of critical angiogenic mediators.

Despite cell therapy being regarded as a promising approach for inducing neovascular-
ization in PAD patients, many clinical trials using autologous bone marrow transplantation
to induce neovascularization have failed or yielded ambiguous results [36,37]. In an attempt
to unravel the effect of human-bone-marrow-derived mononuclear cells on angiogenesis,
Peeters et al. studied the effect of human mononuclear cells on angiogenic responses of
human cells in a large set of in vitro angiogenesis models. Despite their extensive studies,
in which proliferation, migration, tube formation and aortic ring assays were studied, none
of the conditions tested showed a pro-angiogenic effect of human-bone-marrow-derived
cells [38].

Another very important aspect of vascular remodeling is the formation and maturation
of arteriovenous fistulas (AVFs), required for vascular access in dialysis patients. It is
well known that these AVFs fail very frequently [39,40]. In this Special Issue, Laboyrie
et al. review the role of the extracellular matrix in AVF maturation. Moreover, they
examine the effect of chronic kidney failure on vasculature remodeling and ECM changes
post AVF surgery, and describe current ECM interventions to improve AVF maturation.
Furthermore, they discuss the suitability of ECM interventions as a therapeutic target for
AVF maturation [41].

Lastly, this Special Issue contains a paper by Anis et al. [42] that describes the vascular
remodeling processes in pulmonary hypertension; more specifically, how non-muscle
MLCK contributes to endothelial cell hyperproliferation in vascular remodeling in these
pathological processes.

Conclusions

In conclusion, in this Special Issue we hope to have demonstrated the broad role of
vascular remodeling in pathological and physiological processes, and we have illustrated
some of the complex regulatory mechanisms involved. Moreover, we discuss several
potential therapeutic targets for intervening in vascular remodeling.

Author Contributions: Conceptualization P.H.A.Q. and E.D.; writing—original draft preparation,
P.H.A.Q. and E.D.; writing—review and editing, P.H.A.Q. and E.D. All authors have read and agreed
to the published version of the manuscript.
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Abstract: Angiogenesis is a critical physiological response to ischemia but becomes pathological
when dysregulated and driven excessively by inflammation. We recently identified a novel angio-
genic role for tripartite-motif-containing protein 2 (TRIM2) whereby lentiviral shRNA-mediated
TRIM2 knockdown impaired endothelial angiogenic functions in vitro. This study sought to deter-
mine whether these effects could be translated in vivo and to determine the molecular mechanisms
involved. CRISPR/Cas9-generated Trim2−/− mice that underwent a periarterial collar model of
inflammation-induced angiogenesis exhibited significantly less adventitial macrophage infiltration
relative to wildtype (WT) littermates, concomitant with decreased mRNA expression of macrophage
marker Cd68 and reduced adventitial proliferating neovessels. Mechanistically, TRIM2 knockdown in
endothelial cells in vitro attenuated inflammation-driven induction of critical angiogenic mediators,
including nuclear HIF-1α, and curbed the phosphorylation of downstream effector eNOS. Con-
versely, in a hindlimb ischemia model of hypoxia-mediated angiogenesis, there were no differences
in blood flow reperfusion to the ischemic hindlimbs of Trim2−/− and WT mice despite a decrease
in proliferating neovessels and arterioles. TRIM2 knockdown in vitro attenuated hypoxia-driven
induction of nuclear HIF-1α but had no further downstream effects on other angiogenic proteins.
Our study has implications for understanding the role of TRIM2 in the regulation of angiogenesis in
both pathophysiological contexts.

Keywords: inflammation; ischemia; neovascularization; HIF-1α; eNOS

1. Introduction

Angiogenesis is the process in which new blood vessels are formed from pre-existing
vessels. It is crucial in many physiological contexts, such as in wound healing, and as
an adaptive response to hypoxia and ischemia [1]. However, imbalance in angiogenic
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regulation can cause deleterious effects, as it accelerates inflammation-driven pathologies,
as seen in atherosclerosis and cancer [2,3]. New vessels provide additional conduits for
the delivery of inflammatory cells and cytokines that promote atherosclerotic plaque
development and rupture. They also deliver the oxygen and nutrients necessary to sustain
tumor growth and serve as potential routes for metastatic spread [4].

Angiogenesis-associated conditions are highly prevalent globally, with cardiovascular
disease (CVD) and cancer among the leading causes of morbidity and mortality world-
wide. Current anti-angiogenic agents are limited, as they can interfere with physiological
angiogenic processes, while pro-angiogenic therapies can potentially exacerbate chronic
inflammation and inadvertently precipitate tumorigenesis [5,6]. Given the critical role of an-
giogenesis across such diverse pathologies, any agent capable of differentially modulating
angiogenesis in a context-specific manner would be of great therapeutic value.

We previously identified a novel angiogenic role for tripartite motif-containing protein 2
(TRIM2) [7]. Lentiviral short hairpin (sh)RNA knockdown of TRIM2 impaired endothe-
lial cell tubule formation in both hypoxia and inflammatory conditions in vitro [7]. We
have also shown that TRIM2 knockdown attenuates the ability of human coronary artery
endothelial cells (HCAECs) to migrate and proliferate in response to hypoxic and inflamma-
tory stimuli. However, whether these effects are translated in vivo, and what the molecular
mechanisms are underlying these, remains unknown.

In this study, we used CRISPR/Cas9-generated homozygous Trim2 null (Trim2−/−)
mice to evaluate the functional importance of TRIM2 in two well-validated models of
pathological inflammation-driven angiogenesis and physiological hypoxia-mediated an-
giogenesis, namely the periarterial cuff and hindlimb ischemia models, respectively. In
Trim2−/− mice, we report markedly attenuated infiltration of adventitial macrophages in
response to femoral artery cuff placement, when compared to wildtype (WT) littermates
concomitant with a reduction in mRNA levels of the macrophage marker cluster of differ-
entiation 68 (Cd68). Mechanistically, we show that TRIM2 knockdown in human coronary
artery endothelial cells (HCAECs) attenuates the induction of key mediators involved in
the classical inflammation-driven angiogenic signaling pathway, including nuclear translo-
cation of hypoxia-inducible factor (HIF)-1α and phosphorylation of downstream mediator
endothelial nitric oxide synthase (eNOS).

In contrast, we find no significant differences in blood flow reperfusion despite a
reduction in proliferating neovessels and arterioles in the ischemic hindlimbs of Trim2−/−

and WT mice. In vitro, while the hypoxia-mediated induction of HIF-1α was tempered
by TRIM2 knockdown, further downstream activation of angiogenic signaling proteins
were unaffected. These findings collectively highlight a novel role for TRIM2 in the regu-
lation of inflammation-driven angiogenesis and delineate the mechanistic basis for these
effects. We propose TRIM2 to be a potential therapeutic target for diseases driven by
pathological angiogenesis, unlimited by the usual adverse effects associated with inhibiting
physiological angiogenesis.

2. Results
2.1. Plasma Glucose and Lipid Concentrations Are Not Affected by TRIM2 Knockdown

Deletion of Trim2 from the tissues of Trim2−/− mice was confirmed by qPCR, with only
7.0 ± 4.6% and 1.7 ± 0.5% of residual Trim2 expression detected in the gastrocnemius mus-
cle and liver tissues of Trim2−/− mice, respectively (Supplementary Materials Figure S1).
All WT and Trim2−/− animals were monitored regularly pre- and post-operatively until
the conclusion of each study. This included the measurement of daily weights, which pro-
vided an opportunity to observe the mice for any major phenotypic differences that might
develop. We observed no obvious differences noted with respect to general neurological or
motor function, nor were there any clear differences in cardiovascular health. There were
no differences in total body weights at the conclusion of the periarterial cuff or hindlimb is-
chemia studies or the weights of various individual organs between WT and Trim2−/− mice
(Supplementary Materials Figure S2). As part of the phenotypic evaluation of Trim2−/−
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mice, plasma glucose and lipid levels were determined. These metabolic parameters were
invariably lower in Trim2−/− mice relative to WT mice, though no statistically significant
differences were observed (Table 1).

Table 1. Plasma glucose and lipids measured in WT and Trim2−/− mice.

Plasma Parameter WT (N = 23) Trim2−/− (N = 23)

Glucose (mM) 14.5 ± 0.3 14.0 ± 0.4
Total cholesterol (mg/dL) 256.3 ± 7.4 239.7 ± 7.2
HDL cholesterol (mg/dL) 122.2 ± 4.1 118.2 ± 4.4
LDL cholesterol (mg/dL) 134.1 ± 6.0 121.5 ± 5.7

Triglycerides (mg/dL) 100.4 ± 7.6 97.0 ± 6.2
Data are shown as mean ± SEM.

2.2. Trim2 Deletion Inhibits Infiltration of Adventitial Macrophages and Attenuates Angiogenic
Responses to Inflammation In Vivo

In the periarterial cuff study, CD68+ macrophage infiltration into the adventitia of
cuffed arteries was markedly reduced in Trim2−/− mice (33.9 ± 10.2% vs. WT: 100.0 ± 27.4%,
p < 0.05, Figure 1a). Furthermore, Trim2−/− mice had fewer CD31+ vessels in the adventitia
of cuffed arteries (73.0 ± 12.8% vs. WT: 100.0 ± 10.7%, Figure 1b), though this difference
did not reach statistical significance (p = 0.1221). Notably, Trim2−/− mice had significantly
fewer Ki67+CD31+ proliferating neovessels (40.5 ± 10.5% vs. WT: 100.0 ± 16.4%, p < 0.01,
Figure 1c). However, no differences were observed in the presence of CD34+ endothelial tip
cells (Figure 1d). The intima-to-media ratio, a measure of inflammation-driven neointima
formation, was similar between WT and Trim2−/− mice (Figure 1e).
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sponses. Femoral arteries were sectioned for immunohistochemical detection of adventitial (a) CD68+

macrophages (brown staining, red arrowheads), (b) CD31+ neovessels (brown staining, red arrow-
heads), (c) Ki67+CD31+ proliferating neovessels (brown and red dual staining, red arrowheads) and
(d) CD34+ endothelial tip cells (brown staining, red arrowheads). (e) Masson’s trichrome staining
was performed to assess intima-to-media ratio. Representative images of cuffed artery sections from
WT and Trim2−/− mice were taken at 40× magnification. Scale bars: 50 µm. Results are mean ± SEM.
* p < 0.05, ** p < 0.01 using unpaired Student’s t-test.

Together with reduced macrophage infiltration, there was attenuated induction of
key inflammatory markers at 24 h post-surgery in the cuffed arteries of Trim2−/− mice.
Firstly, comparison between WT and Trim2−/− mRNA levels of cuffed arteries showed
a significant decrease in Cd68 mRNA expression in the Trim2−/− animals (55.9 ± 13.0%
vs. WT: 100.0 ± 12.6%, p < 0.05, Figure 2a), consistent with the CD68+ macrophage
staining. However, no differences were observed in Ccl2 (Figure 2b) and Rela (Figure 2c)
levels. We also assessed if global Trim2 knockout attenuates the extent of cuff-induced
inflammatory response. When compared to their respective non-cuffed control arteries,
there was a 42-fold increase in Cd68 mRNA levels in the cuffed arteries of WT mice
(p < 0.0001, Figure 2d). Cuff placement also induced Cd68 expression in Trim2−/− mice;
however, the extent of stimulation was less pronounced (30-fold, p < 0.001). We observed a
similar pattern with Ccl2 mRNA levels such that cuff placement induced a 200-fold increase
in Ccl2 in WT mice while there was a 150-fold induction in Trim2−/− mice (Figure 2e). WT
and Trim2−/− had similar levels of Rela induction (Figure 2f).

2.3. Inflammation-Induced Activation of Angiogenic Signaling Mediators Is Attenuated by TRIM2
Knockdown In Vitro

To understand the mechanistic basis for the effects observed in vivo, we examined
the modulation of several key angiogenic signaling mediators in vitro following lentivi-
ral shRNA knockdown of TRIM2 in HCAECs. Comparison of TNFα-stimulated cells
alone showed that nuclear NF-κB p65 protein levels was 30% lower in shTRIM2 cells
(70.1 ± 29.0%, Figure 3a) when compared to shControl cells (100.0 ± 26.1%), but this
did not reach statistical significance (p = 0.4952). However, nuclear HIF-1α protein levels
were significantly lower in shTRIM2 cells (32.9 ± 8.3% vs. shControl: 100.0 ± 25.4%,
p < 0.05, Figure 3b). No differences were observed in either PHD3 protein levels (Figure 3c).
Interestingly, while no differences were observed in VEGFA protein levels (Figure 3d),
TRIM2 knockdown in vitro augmented VEGFR2 activation (142.4 ± 13.4% vs. shControl:
100.0 ± 10.5%, p < 0.05, Figure 3e). No differences were observed in p38 MAPK phosphory-
lation (Figure 3f); however, eNOS phosphorylation was significantly attenuated (shTRIM2:
63.5 ± 9.3% vs. shControl: 100.0 ± 8.5%, p < 0.05, Figure 3g).
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to 36B4 and WT non-cuffed arteries. Results are mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 using unpaired Student’s t-test or two-way ANOVA with Bonferroni’s post hoc analysis.

We also compared the extent of TNFα-induced inflammatory response when compared
to respective baseline (No TNFα) controls. In shControl-transduced cells, inflammatory
stimulation with TNFα significantly increased nuclear NF-κB p65 (p < 0.05, Figure 3h).
While nuclear NF-κB p65 levels were also higher in TNFα-stimulated shTRIM2 cells, this
did not reach statistical significance (p = 0.1999) when compared to its respective non-
stimulated control. Strikingly, nuclear HIF-1α levels were significantly reduced in shTRIM2
cells when compared to TNFα-stimulated shControl cells (p < 0.05, Figure 3i). TNFα also
significantly induced protein levels of PHD3 (p < 0.01, Figure 3j) and VEGFA (p < 0.05,
Figure 3k) in shControl cells. However, these inflammatory-driven inductions were not
seen with TRIM2 knockdown. VEGFR2 phosphorylation was reduced in response to TNFα
stimulation in both shControl and shTRIM2 cells (Figure 3l). No differences were observed
with p38 MAPK phosphorylation irrespective of conditions (Figure 3m). TRIM2 knockdown
significantly reduced eNOS activation compared to both unstimulated shTRIM2 cells and
TNFα-stimulated shControl cells (p < 0.05 for both, Figure 3n).

2.4. Trim2 Deletion Does Not Affect Angiogenic Responses to Ischemia In Vivo

In the hindlimb ischemia study, there were no differences between Trim2−/− and
WT mice in their capacity for blood flow reperfusion, as monitored by longitudinal laser
Doppler imaging (Figure 4a). WT and Trim2−/− mice were indistinguishable in their motor
functions and the appearance of their distal limbs throughout the study.

Angiogenic responses to ischemia were further assessed histologically in the distal
gastrocnemius muscle of the ischemic hindlimbs (Figure 4b). In Trim2−/− mice, the density
of CD31+ neovessels relative to the number of myocytes was increased (133.5 ± 9.5%,
p < 0.05) when compared to that of WT mice (Figure 4c). However, the density of α-SMA+

arterioles relative to the number of myocytes was not different between the ischemic
hindlimbs of Trim2−/− and WT mice (Figure 4d). Interestingly, the number of Ki67+CD31+

proliferating neovessels was significantly decreased in Trim2−/− mice (51.6 ± 7.9% vs. WT:
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100.0 ± 15.7%, p < 0.05, Figure 4e). We also observed a decrease in Ki67+α-SMA+ arterioles
in Trim2−/− mice (56.4 ± 9.3% vs. WT: 100.0 ± 15.4%, p < 0.05, Figure 4f).
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Figure 3. Inflammation-induced activation of angiogenic signaling mediators is attenuated by
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Figure 4. Trim2 does not affect angiogenic responses to ischemia in vivo. Wildtype (WT) and
Trim2−/− mice (N = 10/group) underwent ligation and excision of the left femoral artery and vein.
(a) Blood flow reperfusion was measured by laser Doppler imaging over 10 days. Representative
images show high (red) to low (blue) blood flow in the ischemic (ISC) and non-ischemic (NON)
hindlimbs. Laser Doppler perfusion index (LDPI) was calculated as the ratio of flow in the ISC:NON
hindlimbs. (b) Representative sections taken across the medial plane of the ischemic gastrocne-
mius muscles of WT and Trim2−/− mice taken at 20× magnification showing CD31+ neovessels
(red/purple staining, arrows), α-SMA+ arterioles (green staining, arrowheads) and laminin-stained
basement membrane of the muscle fibers (blue staining). (c) The density of CD31+ neovessels per
myocyte, normalized to WT mice. (d) The density of α-SMA+ arterioles per myocyte, normalized
to WT mice. Immunofluorescent co-staining was performed to detect (e) Ki67+CD31+ proliferating
neovessels and (f) Ki67+α-SMA+ proliferating arterioles. Scale bars: 100 µm. Results are mean ± SEM.
* p < 0.05 using unpaired Student’s t-test.
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2.5. TRIM2 Knockdown Attenuates Hypoxia-Mediated Induction of Nuclear HIF-1α, PHD3 and
VEGFA but Not Downstream Signaling Pathways In Vitro

In vitro, comparison of shTRIM2 and shControl cells exposed to hypoxia showed that
TRIM2 knockdown significantly reduced nuclear HIF-1α protein levels (31.8 ± 9.3% vs.
shControl: 100.0 ± 25.3%, p < 0.05, Figure 5a), with no differences observed in PHD3,
VEGFA and activation of VEGFR2, p38 MAPK and eNOS (Figure 5b–f). We then compared
the extent of hypoxic induction when compared to respective baseline controls. Under
hypoxic conditions, nuclear HIF-1α levels were significantly reduced in shTRIM2 cells
(44 ± 13%, p < 0.05, Figure 5g) when compared to hypoxia-stimulated shControl cells
(138 ± 35%). Hypoxia also significantly increased PHD3 (p < 0.05, Figure 5h) and VEGFA
(p < 0.05, Figure 5i) protein levels in shControl cells relative to their respective normoxia
controls. However, these hypoxia-driven inductions were not observed in shTRIM2 cells.
Meanwhile, VEGFR2, p38 MAPK and eNOS phosphorylation was unaffected by TRIM2
knockdown in HCAECs in hypoxia (Figure 5j–l).
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HCAECs were incubated in normoxia or hypoxia (1.2% O2, 6 h). Protein levels of (a) nuclear HIF-1α,
(b) PHD3, (c) VEGFA, (d) Phospho:Total VEGFR2, (e) Phospho:Total p38 MAPK and (f) Phospho:Total
eNOS, presented as percent change relative to hypoxia-stimulated shControl cells. Protein levels of
(g) nuclear HIF-1α, (h) PHD3, (i) VEGFA, (j) Phospho:Total VEGFR2, (k) Phospho:Total p38 MAPK
and (l) Phospho:Total eNOS, presented as percent change relative to normoxia shControl cells. Dotted
lines separate noncontiguous lanes from the same gel. The cropped blots are used in the figure,
and the full blots are presented in Supplementary Materials Figures S5 and S6. Each experiment
was conducted at least three times independently with triplicates for each condition. Results are
mean ± SEM. * p < 0.05 using unpaired Student’s t-test or two-way ANOVA with Bonferroni’s post
hoc analysis.

3. Discussion

Dysregulated angiogenesis crucially underpins a wide range of chronic and debilitat-
ing diseases including atherosclerotic CVD and cancer. TRIM2 has emerged as a promising
novel target that may differentially modulate both inflammation-driven pathological angio-
genesis and hypoxia-stimulated physiological angiogenesis, as our previous studies have
demonstrated impaired endothelial tubule formation in HCAECs with TRIM2 knockdown
in vitro [7]. Here, we report markedly reduced adventitial macrophage infiltration follow-
ing Trim2 deletion in a murine periarterial cuff model of inflammation-driven angiogenesis,
concomitant with reduced proliferating adventitial neovessels and attenuated the induc-
tion of the inflammatory response. Correspondingly, we find that TRIM2 knockdown in
HCAECs suppresses the TNFα-driven induction of several classical angiogenic mediators,
particularly nuclear HIF-1α and reduced activation of the eNOS angiogenic signaling path-
way. Trim2 deletion, however, did not alter the capacity for blood flow reperfusion nor the
extent of neovascularization in the murine hindlimb ischemia model despite a reduction in
proliferating neovessels and arterioles. While TRIM2 knockdown in vitro suppressed the
hypoxia-driven stimulation of nuclear HIF-1α, it did not affect downstream expression and
activation of pro-angiogenic signaling pathways.

Our findings, particularly from the periarterial cuff model and the mechanistic studies,
are consistent with our previous work showing the inhibition of inflammation-induced en-
dothelial tubule formation after TRIM2 knockdown [7]. The reduction in CD68+ macrophage
infiltration into the inflamed arteries of Trim2−/− mice suggests that TRIM2 may be in-
volved in broader mechanisms of inflammatory activation, which enhance vessel growth by
stimulating a wealth of pro-angiogenic growth factors and mediators [8]. The concomitant
reduction in Cd68 mRNA levels in the cuffed arteries of Trim2−/− mice further support the
idea that TRIM2 plays a key role in regulating inflammation-driven pathological angiogen-
esis, particularly in the early stages of macrophage recruitment to the site of injury. The
reduction in proliferating adventitial neovessels in the cuffed arteries of Trim2−/− mice
is reflective of this. This was associated with a trend towards reduced total neovessels.
Had the study duration been extended beyond 3 weeks, it could be hypothesized that a
larger reduction in adventitial neovessels would be observed, as the blunted macrophage
response would lead to fewer pro-angiogenic factors being released. No differences were
observed in the presence of CD34+ endothelial tip cells. The intima-to-media ratio, though,
which assesses the formation of a thickened neointima as an ‘outside-in’ response to ad-
ventitial inflammation, was not affected by Trim2 deletion, indicating that the reduction in
adventitial neovessels was a specific effect on angiogenesis and not a consequence of the
development of a smaller neointimal or media. Furthermore, recent clinical studies have
identified TRIM2 as a potential oncogene in human cancer cell lines including colorectal
carcinoma, epithelial ovarian carcinoma and osteosarcoma [9–11]. These observations fit
with a postulated role for TRIM2 in inflammation-driven angiogenesis, a hallmark of cancer
development and progression.

Our findings also suggest a potential mechanistic pathway by which TRIM2 may be
directing angiogenic responses to inflammation. Direct comparisons of TNFα-stimulated
cells in vitro showed a significant reduction in nuclear HIF-1α levels and eNOS activation.
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Intriguingly, when compared to their respective baseline unstimulated controls, we found
that the extent of inflammatory induction of nuclear NF-κB, PHD3 and VEGFA were less
pronounced in shTRIM2 cells. Under stimulation with cytokines like TNFα, it is possible
that TRIM2, functioning as a ubiquitin ligase [12], may contribute to the stabilization and
nuclear translocation of the transcription factors NF-κB and HIF-1α, likely by promoting
proteasomal degradation of their cytosolic inhibitors, such as PHD3 in the latter case [13].
These transcription factors, in turn, promote VEGFA expression, which activates endothelial
cell migration and tubule formation through numerous intracellular pathways [14,15],
including the phosphorylation of p38 MAPK and eNOS. NF-κB p65 and HIF-1α may also
stimulate angiogenesis downstream of TRIM2 by upregulating inflammatory cytokines
and chemokines like CCL2, leading to the recruitment and activation of macrophages that
help to potentiate the inflammation-driven angiogenic response.

It is not clear whether TRIM2 mediates VEGFA-related effects via VEGFR2, as only a
modest decrease in Tyr1175 phosphorylation was seen following TRIM2 knockdown. TRIM2
could be targeting alternative VEGFR2 phosphorylation sites. While there was no change
in VEGFR2 phosphorylation at Tyr1175, it is possible that other key tyrosine sites like Tyr801,
Tyr1054 or Tyr1059 may be involved, each of which may activate a distinct set of signal trans-
duction mechanisms and cellular responses [14]. Specifically, VEGFR2 phosphorylation
at Tyr801 also contributes to Akt-dependent eNOS activation and nitric oxide release from
endothelial cells [16,17]. Another potential target of TRIM2 is neuropilin-1 (NRP1), one
of the key co-receptors for VEGFR2. NRP1 is highly expressed in endothelial cells and
neurons and can bind to both VEGFA and the class 3 semaphorins, a family of axonal
guidance proteins, thus forming a key link between angiogenesis and neurogenesis [15,18].
Given the association of TRIM2 with axonal outgrowth and development [12,19], and now
angiogenesis, it is possible that NRP1 and/or its semaphorin ligands may be involved
in regulating angiogenic function by TRIM2. Further studies examining a possible link
between NRP1 and TRIM2 would be useful to clarify the mechanistic pathway.

Consistent with our previous work which demonstrated impairment of hypoxia-
stimulated tubule formation in vitro with TRIM2 knockdown [7], Trim2 deletion reduced
the number of proliferating neovessels and arterioles in the ischemic tissue in vivo. Interest-
ingly, there was an increase in total CD31+ vessels in the ischemic hindlimbs of Trim2−/−

mice, suggestive of a potential negative feedback loop. In the late stages of angiogenesis,
vessel pruning occurs, whereby capillaries disintegrate, to facilitate mature vessel formation
during tissue remodeling [20]. We therefore postulate that the changes seen with increased
capillary density yet reduced number of proliferating neovessels may be indicative of vessel
pruning at this late stage post-ischemia. Furthermore, revascularization in the hindlimb
ischemia model is primarily facilitated through arteriogenesis [21]. No differences were
observed in overall arteriolar density, which is consistent with the lack of change seen in
blood flow reperfusion. However, while there were significant changes at a cellular/tissue
level, this did not seem to impact the recovery of blood flow reperfusion to the ischemic
hindlimb. These incongruous findings may reflect inherent angiogenic compensatory
mechanisms in vivo that may be activated in response to Trim2 deletion, perhaps starting
early in embryonic development and thereby rendering Trim2 redundant. Mechanistically,
while the hypoxia-driven increase in nuclear HIF-1α was attenuated in TRIM2-deficient
HCAECs, downstream angiogenic signaling was not altered. The paucity of effects on these
intracellular mediators may explain the lack of differences between WT and Trim2−/− mice
in their angiogenic responses to hypoxia. This could prove clinically useful, as anti-TRIM2
therapies may be developed to suppress pathological inflammatory angiogenesis, without
the adverse effects of impairing hypoxia-driven physiological angiogenesis.

The discordant in vitro and in vivo findings may also reflect the activation of compen-
satory angiogenic mechanisms in response to Trim2 deletion in vivo. Future studies could
explore inducible and endothelial cell-specific Trim2 silencing to exclude such effects as
angiogenic responses may be countered by Trim2 deletion in other cell types, like vascular
smooth muscle cells, pericytes and immune cells [22]. It is also plausible that TRIM2 may
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target non-classical pathways downstream of VEGFA to confer its angiogenic effects in
hypoxia, or it could be modulating other angiogenic factors like the fibroblast growth
factors or angiopoietins. Future studies could evaluate a broader range of signaling targets
to better elucidate the mechanistic basis by which TRIM2 may be modulating endothelial
responses to hypoxia.

Overall, we have shown, for the first time, that TRIM2 is functionally important in
regulating pathological angiogenic responses to inflammation in vivo, via modulation of
classical angiogenic mediators HIF-1α, NF-κB p65, and VEGFA and downstream targets of
VEGFA. Given that TRIM2 has no effect on physiological ischemia-driven angiogenesis,
targeted TRIM2 inhibition could prove therapeutically useful for diseases driven predom-
inantly by pathological angiogenesis including atherosclerosis and cancer, without the
adverse effects of inhibiting physiological angiogenesis.

4. Materials and Methods
4.1. Animal Studies

All experimental procedures were conducted with approval from the SAHMRI Animal
Ethics Committee (#SAM335) and conformed to the Australian Code for the Care and Use of
Animals for Scientific Purposes (National Health and Medical Research Council, Australia).
A Trim2−/− mouse line was generated by the South Australian Genome Editing facility
using a CRISPR/Cas9 approach. In brief, Cas9 protein was injected into C57BL/6J murine
embryos along with two guide RNA sequences. These guide RNAs were designed such
that non-homologous end joining of the DNA following CRISPR/Cas9 activity would result
in excision of a DNA fragment containing exon 2 of Trim2, leading to a frameshift in the
coding sequence and an early stop codon in exon 3. The founder male carrying this mutant
Trim2 allele was back-crossed to wildtype (WT) female C57BL/6J mice, generating identical
heterozygous offspring which were subsequently crossed to generate homozygous Trim2
knockout (Trim2−/−) mice. Male wildtype (WT) and Trim2−/− mouse littermates were
housed in a temperature and humidity-controlled environment under a 12 h light/dark
cycle with ad libitum access to water and standard mouse chow. They underwent surgery
at 8 weeks of age.

4.2. Plasma Glucose and Lipid Analyses

Plasma glucose concentrations were determined using a glucometer (Accu-Chek® Per-
forma, Roche, Basel, Switzerland), while total plasma and HDL cholesterol concentrations
were measured enzymatically (439-17501, Wako Diagnostics, Richmond, VA, USA). HDL
cholesterol concentrations were determined following polyethylene glycol precipitation
of apoB-containing lipoproteins, while LDL cholesterol concentrations were calculated by
subtracting HDL from total cholesterol concentrations. Triglyceride concentrations were
determined using a colorimetric assay (290-63701, Wako Diagnostics).

4.3. Periarterial Cuff Model

The femoral periarterial cuff model is an established model of inflammation-driven
neointima formation and adventitial angiogenesis [23,24], processes which are known
to contribute to atherosclerotic plaque development. A non-occlusive 2 mm length of
polyethylene cuff was placed around the left femoral artery to trigger a localized inflam-
matory response, while a sham operation was performed on the right femoral artery as a
parallel control. The animals were sacrificed 21 days post-surgery by overdose of isoflu-
rane and intracardiac puncture, followed by perfusion with phosphate-buffered saline
(PBS) via the left ventricle. The femoral arteries (complete with cuff) were excised for
histochemical analyses.

Excised femoral arteries were fixed in 10% (v/v) formalin for 24 h then embedded
in 3% (w/v) agarose prior to tissue processing and paraffin embedding. Angiogenic re-
sponses to cuff placement were assessed via immunohistochemistry on 5 µm sections,
probing for CD68 (Bio-Rad, Hercules, CA, USA, Cat# MCA1957GA, RRID:AB_324217)
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to assess macrophage infiltration and CD31 (Abcam, Cambridge, UK, Cat# ab28365,
RRID:AB_726365) to detect adventitial vessels. Proliferating neovessels were determined
by co-staining tissue sections with proliferation marker Ki-67 (Thermo Fisher Scientific,
Waltham, MA, USA, Cat# 14-5698-82, RRID:AB_10854564) and CD31. Endothelial tip cells
were determined by staining sections with CD34 (Abcam, Cat# ab8158, RRID:AB_306316).
Masson’s trichrome staining was performed with a Trichrome Stain Kit (ab150686, Abcam)
to assess intima-to-media ratio as a measure of neointimal responses to inflammatory stimu-
lation. All histological sections were photographed with a Zeiss Axio Scan.Z1 Digital Slide
Scanner (Carl Zeiss Microscopy, Oberkochen, Baden-Württemberg, Germany), and image
analysis was performed using Image-Pro Premier software (v9.0.4, Media Cybernetics,
Rockville, MD, USA).

An additional cohort of mice underwent the same procedure and were sacrificed
24 h post-surgery for gene expression analysis. Total RNA was isolated from the femoral
arteries with TRI® reagent (Sigma-Aldrich, St. Louis, MO, USA) and quantitated spec-
trophotometrically. Then, 200 ng of total RNA was reverse transcribed using the iScript
cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR was performed for Cd68 (F:
5′-GGACAGCTTACCTTTGGATTCAA-3′; R: 5′-CTGTGGGAAGGACACATTGTATTC-3′),
Ccl2 (F: 5′-GCTGGAGCATCCACGTGTT-3′; R: 5′-ATCTTGCTGGTGAATGAGTAGCA-3′),
NF-κB p65 (Rela, forward [F]: 5′-AGTATCCATAGCTTCCAGAACC-3′; reverse [R]: 5′-
ACTGC-ATTCAAGTCATAGTCC-3′) and 36B4 (F: 5′-CAACGGCAGCA-TTTATAACCC-3′;
R: 5′-CCCATTGATGATGGAGTGTGG-3′). Relative gene expression was calculated using
the ∆∆Ct method, normalized to 36B4 and WT non-cuffed arteries.

4.4. Hindlimb Ischemia Model

The hindlimb ischemia model is a well-validated model of physiological angiogenesis
in response to tissue ischemia [25]. Hindlimb ischemia was induced by ligation and
excision of the left superficial and deep femoral arteries, along with the left femoral vein
down to the saphenous artery. A sham procedure was performed on the contralateral
hindlimb as a parallel control. Hindlimb blood reperfusion was determined by laser
Doppler imaging (moorLDI2-IR, Moor Instruments, Devon, UK), performed prior to and
immediately following surgery, then at days 1, 3, 6, 8 and 10 post-surgery. Animals were
sacrificed 10 days post-surgery by isoflurane overdose and intracardiac puncture, and the
gastrocnemius muscles of both hindlimbs were collected for histological analyses.

Gastrocnemius muscles from both ischemic and non-ischemic hindlimbs were OCT-
embedded and frozen on dry ice. Sections were taken across the medial plane of the
gastrocnemius muscle (anterior distal hindlimb). This region is known to provide the most
consistent and uniform responses to ischemic induction [25–27]. To histologically assess
angiogenic responses to ischemia, immunofluorescence was performed on 5 µm tissue
sections, staining with CD31 (Abcam, Cat# ab28364, RRID:AB_726362) to detect neovessels,
α-smooth muscle actin (α-SMA, Sigma-Aldrich, Cat# F3777, RRID:AB_476977) to detect
arterioles and laminin (Millipore, Burlington, MA, USA, Cat# MAB1905, RRID:AB_94392)
to detect myocytes. Proliferating neovessels and arterioles were determined by co-staining
tissue sections with Ki-67 (Thermo Fisher Scientific, Cat# 11-5698-82, RRID:AB_11151330)
and either CD31 or α-SMA, respectively. Images were taken using an Eclipse Ni-E fluo-
rescent microscope (Nikon Instruments, Tokyo, Japan). CD31+ neovessels and α-SMA+

arterioles were quantified using CellProfiler software (www.cellprofiler.org, accessed on 9
January 2023, Broad Institute of MIT and Harvard, Boston, MA, USA), while the myocytes
were manually quantified using ImageJ (https://imagej.net/ij/, accessed on 9 January
2023, National Institutes of Health, Bethesda, MD, USA).

4.5. Lentiviral shRNA Knockdown of TRIM2 In Vitro

Human coronary artery endothelial cells (HCAECs, Cell Applications, San Diego, CA,
USA) were cultured in MesoEndo Cell Growth Medium (212-500, Cell Applications) and
used at passages 3–4. HCAECs were seeded at 5 × 104 cells/well in 6-well plates and
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cultured at 37 ◦C and 5% CO2 overnight. The cells were exposed to 1 × 104 infectious
units (IFU)/mL of lentiviral particles containing shRNA against TRIM2 (shTRIM2) or a
random control sequence (shControl) for 24 h in the presence of polybrene. Transduced
HCAECs were trypsinized, counted and seeded at a density of 1.5 × 105 cells/well and
8 × 104 cells/well for the inflammation and hypoxia experiments, respectively. HCAECs
were then either incubated for 4.5 h with 0.6 ng/mL TNFα (to mimic inflammation) or for
6 h at 5% CO2 and 1.2% O2 balanced with N2 (to mimic hypoxia). To measure phospho-
rylated proteins, HCAECs were stimulated with 10 ng/mL recombinant human VEGF165
protein (R&D Systems) 15 min prior to harvest. Nuclear proteins were isolated from cell
lysates using the NE-PER® Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scien-
tific). Whole-cell protein lysates were extracted using RIPA buffer [7,28]. Each experiment
was performed at least four times independently with triplicates for each condition.

4.6. Protein Expression

Nuclear and whole-cell protein extracts were subjected to Western blot analysis and
probed with primary antibodies for NF-κB p65 (Abcam, Cat# ab16502, RRID:AB_443394),
HIF-1α (Novus Biologicals, Centennial, CO, USA, Cat# NB100-105, RRID:AB_10001154),
PHD3 (Novus, Cat# NB100-303, RRID:AB_10003302), VEGFA (Abcam, Cat# ab46154,
RRID:AB_2212642), phosphorylated (Tyr1175) VEGFR2 (Cell Signaling Technology, Dan-
vers, MA, USA, Cat# 2478, RRID:AB_331377), total VEGFR2 (Cell Signaling Technology,
Cat# 2479, RRID:AB_2212507), phosphorylated (Thr180/Tyr182) p38 MAPK (Cell Signal-
ing Technology, Cat# 4511, RRID:AB_2139682), total p38 MAPK (Cell Signaling Tech-
nology, Cat# 8690, RRID:AB_10999090), phosphorylated (Ser1177) eNOS (BD Biosciences,
Franklin Lakes, NJ, USA, Cat# 612393, RRID:AB_399751) and total eNOS (BD Biosciences,
Cat# 610297, RRID:AB_397691). Even protein loading was confirmed with lamin B1 (Abcam,
Cat# ab16048, RRID:AB_443298) for nuclear fractions or α-tubulin (Abcam, Cat# ab40742,
RRID:AB_880625) for whole-cell lysates.

4.7. Statistics

Data are expressed as mean ± SEM. Comparisons were made using unpaired Student’s
t-tests or two-way ANOVA followed by post hoc analysis using Bonferroni’s multiple
comparison tests. Significance was set at a two-sided p < 0.05.

5. Conclusions

In conclusion, we have shown, for the first time, that TRIM2 is functionally important
in regulating pathological angiogenic responses to inflammation. We found that Trim2−/−

mice that underwent a periarterial collar model of inflammation-induced angiogenesis
exhibited significantly less adventitial macrophage infiltration, concomitant with decreased
Cd68 mRNA levels. Trim2−/− mice also had reduced adventitial proliferating neovessels.
Mechanistically, our in vitro findings show that TRIM2 knockdown inhibits nuclear HIF-1α
translocation and eNOS phosphorylation (Figure 6). Given that TRIM2 appears to have
limited bearing on physiological ischemia-driven angiogenesis, TRIM2-directed therapies
may represent safer alternatives to current anti-angiogenic strategies for the treatment of
atherosclerotic CVD, cancer and chronic rheumatological conditions.
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Figure 6. Proposed mechanistic role of TRIM2 in inflammatory-driven angiogenesis. (a) In response 
to an inflammatory stimulus such as TNFα, nuclear translocation of the key inflammatory transcrip-
tion factor NF-κB occurs. The NF-κB complex comprises the p50/p65 subunits, forming a dimer that 
translocates into the nucleus. The p50/p65 dimer binds to NF-κB response elements (NREs) and 
upregulates a range of inflammatory and angiogenic targets including HIF-1α and VEGFA. Nuclear 
HIF-1α (nHIF-1α) dimerizes with HIF-1β, and together they bind to hypoxia-response elements 
(HREs), leading to upregulation of VEGFA, among many other pro-angiogenic genes. VEGFA binds 
to the VEGFR2 receptor, resulting in autophosphorylation of tyrosine residues in the cytoplasmic 
domain of VEGFR2. This leads to the phosphorylation (denoted by P circles) and activation of down-
stream signaling mediators including eNOS and p38 MAPK, resulting in angiogenesis. Addition-
ally, NF-κB activates pro-inflammatory cytokines such as CCL2, which facilitate the recruitment of 
macrophages. Macrophages contribute to inflammatory-driven angiogenesis by secreting pro-in-
flammatory angiogenic factors. The solid arrows indicate activation, and dashed arrows indicate 
translocation. (b) Our study found that Trim2–/– mice that underwent a periarterial collar model of 
inflammation-induced angiogenesis exhibited significantly less adventitial macrophage infiltration, 
concomitant with decreased Cd68 mRNA levels. Trim2–/– mice also had reduced adventitial prolif-
erating neovessels. Mechanistically, our in vitro findings show that TRIM2 knockdown inhibits nu-
clear HIF-1α translocation and eNOS phosphorylation. Figure adapted from [28]. Created with Bi-
oRender.com (accessed on 9 January 2023). 

Figure 6. Proposed mechanistic role of TRIM2 in inflammatory-driven angiogenesis. (a) In response to
an inflammatory stimulus such as TNFα, nuclear translocation of the key inflammatory transcription
factor NF-κB occurs. The NF-κB complex comprises the p50/p65 subunits, forming a dimer that
translocates into the nucleus. The p50/p65 dimer binds to NF-κB response elements (NREs) and
upregulates a range of inflammatory and angiogenic targets including HIF-1α and VEGFA. Nuclear
HIF-1α (nHIF-1α) dimerizes with HIF-1β, and together they bind to hypoxia-response elements
(HREs), leading to upregulation of VEGFA, among many other pro-angiogenic genes. VEGFA binds
to the VEGFR2 receptor, resulting in autophosphorylation of tyrosine residues in the cytoplasmic
domain of VEGFR2. This leads to the phosphorylation (denoted by P circles) and activation of
downstream signaling mediators including eNOS and p38 MAPK, resulting in angiogenesis. Addi-
tionally, NF-κB activates pro-inflammatory cytokines such as CCL2, which facilitate the recruitment
of macrophages. Macrophages contribute to inflammatory-driven angiogenesis by secreting pro-
inflammatory angiogenic factors. The solid arrows indicate activation, and dashed arrows indicate
translocation. (b) Our study found that Trim2−/− mice that underwent a periarterial collar model of
inflammation-induced angiogenesis exhibited significantly less adventitial macrophage infiltration,
concomitant with decreased Cd68 mRNA levels. Trim2−/− mice also had reduced adventitial pro-
liferating neovessels. Mechanistically, our in vitro findings show that TRIM2 knockdown inhibits
nuclear HIF-1α translocation and eNOS phosphorylation. Figure adapted from [28]. Created with
BioRender.com (accessed on 9 January 2023).
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Abstract: Cell therapies involving the administration of bone marrow-derived mononuclear cells
(BM-MNCs) for patients with chronic limb-threatening ischemia (CLTI) have shown promise; how-
ever, their overall effectiveness lacks evidence, and the exact mechanism of action remains unclear. In
this study, we examined the angiogenic effects of well-controlled human bone marrow cell isolates
on endothelial cells. The responses of endothelial cell proliferation, migration, tube formation, and
aortic ring sprouting were analyzed in vitro, considering both the direct and paracrine effects of BM
cell isolates. Furthermore, we conducted these investigations under both normoxic and hypoxic
conditions to simulate the ischemic environment. Interestingly, no significant effect on the angiogenic
response of human umbilical vein endothelial cells (HUVECs) following treatment with BM-MNCs
was observed. This study fails to provide significant evidence for angiogenic effects from human bone
marrow cell isolates on human endothelial cells. These in vitro experiments suggest that the potential
benefits of BM-MNC therapy for CLTI patients may not involve endothelial cell angiogenesis.

Keywords: peripheral artery disease; chronic limb-threatening ischemia; angiogenesis; bone marrow-
derived mononuclear cells; arteriogenesis; cell therapy

1. Introduction

Peripheral arterial disease (PAD) is a chronic condition where peripheral blood flow
is restricted due to stenosis or blockage of the arteries. In an advanced state, PAD can
lead to chronic limb-threatening ischemia (CLTI), resulting in patients suffering from rest
pain and/or ischemic ulcers or gangrene. The current treatment for CLTI is directed at
restoring the blood flow to the limb with endovascular or surgical interventions, in addition
to standard drug therapy and cardiovascular risk management. Unfortunately, the success
and patency rates of these interventions are around 60%. Due to the severity of the disease
and shortcomings of current therapies, there is a need for new effective therapies.

In the last decades, the interest in the field of cell therapy, including stem cells, is
rising, since this could be a promising alternative to conventional therapy. Cell therapy
came to light early this century in 2002, when the first clinical study reported that bone
marrow-derived mononuclear cells (BM-MNCs) could be safe and effectively used to
treat CLTI [1]. Due to their potential ability to promote angiogenesis, BM-MNCs have
been used in various clinical trials, showing beneficial effects for ulcer healing and limb
salvage [2–6]. However, detailed analyses of various randomized controlled trials have
failed to show clinically relevant beneficial effects [7]. Mononuclear cells are a mixture of
different types of hematological cells, including lymphocytes, monocytes, and hematopoi-
etic stem cells. They have been shown to have regenerative properties and the ability to
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promote angiogenesis [8,9]. However, the composition of cell therapies is largely variable,
with various preparation methods and different routes of administration.

One of the promising new approaches is based on the use of REX-001, a highly stan-
dardized autologous bone marrow-derived mononuclear cell product that has shown
significant blood flow recovery by increasing vascular density and functional neovascular-
ization, which correlated with clinical benefits [10]. Due to these promising results, currently
a phase III clinical trial is being conducted (ClinicalTrials.gov Identifier: NCT03174522).
However, the exact mechanism of action of REX-001 is still unknown.

The neovascularization processes that lead to restoring the blood flow comprise both
arteriogenesis and angiogenesis. Arteriogenesis is the recruitment of collaterals from pre-
existing arterioles, and is mainly inflammatory driven. Angiogenesis is the formation of
new capillary blood vessels, and plays a crucial role in various physiological and pathologi-
cal processes involving the sprouting and remodeling of blood vessels from the pre-existing
vasculature. The cell types that contribute to neovascularization are endothelial cells, circu-
lating monocytes, smooth muscle cells, and pericytes [11,12]. Endothelial cells, which are
important elements of blood vessels, play a pivotal role in angiogenesis. The proliferation
and migration of endothelial cells are crucial events contributing to the formation of new
vessels and the formation of a functional vascular network, and are driven by multiple
growth factors and cytokines including vascular endothelial growth factor (VEGF), platelet-
derived growth factor, insulin-like growth factor 1, interleukin 1, interleukin 6 (IL-6), and
interleukin 8 (IL-8) [13,14]. In addition to proliferation, endothelial cell migration allows
endothelial cells to navigate through the extracellular matrix to form new blood vessels.
Endothelial cell migration is regulated by various signaling molecules, including VEGF
and angiopoietins. Activated endothelial cells can release chemoattractants such as mono-
cyte chemoattractant protein-1 (MCP-1), initiating the recruitment of monocytes to the
angiogenic site [15–17].

Bone marrow-derived mononuclear cells (BM-MNCs) consist of a variety of cell types
including lymphocytes, granulocytes, monocytes, and progenitor cells. It is hypothesized
that BM-MNCs induce neovascularization, i.e., arteriogenesis and angiogenesis. In the
current study the effect of BM-MNCs on angiogenesis was explored by studying endothelial
cell proliferation, cell migration, angiogenic tube formation, and sprouting in different
set-ups.

2. Results
2.1. Isolation and Quality Control of Bone Marrow-Derived Cells

The bone marrow mononuclear cell isolates used in this study were obtained from
healthy volunteers (Hemacare, Charles River, Wilmington, MA, USA) and isolated accord-
ing to a strict protocol that met strict specifications, as defined by Rojas-Torres et al. [18].
The first step was to isolate the BM-MNC cells according this protocol. As shown schemati-
cally in Figure 1, the BM-MNCs were isolated from heparinized bone marrow via Ficoll
gradient separation. The characteristics of the product are defined in Table 1.

Figure 1. Illustration of the manufacturing process of BM-MNC isolates, starting with bone marrow
aspiration, followed by manufacturing the product via Ficoll gradient cell separation, and finally a
quality assessment was performed using flow cytometry and hematology analysis.
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Table 1. The ranges of process performance indicators and cell populations from six times manufac-
turing the BM-MNC isolate.

Process Performance Indicator BM-MNCs Relative to
Bone Marrow (%) Acceptance Criteria (%)

Leukocyte recovery 13.05 *–22.28 >15%
Erythrocyte depletion 99.91–100 >96%

Thrombocyte depletion 95.79–100 >60%

Cell Population BM-MNCs (%)

Viability 99.50–99.90 >80%
Leukocytes (CD45+) 1 63.63–86.87 -

B lymphocytes (CD19+) 1.08–4.63 -
T lymphocytes (CD3+) 4.84–9.74 -
CD4+ T lymphocytes 2.52–4.68 -
CD8+ T lymphocytes 1.36–3.42 -

Granulocytes (CD16+, CD14−) 68.23–84.40 >30%
Monocytes (CD14+) 2.76–10.50 -
CD34+ leukocytes 1.34–3.59 >0.1%

* This cell isolate was not used in experiments. 1 of single viable cells.

The quality of the isolated BM-MNCs was analyzed using both hematology analysis
and flow cytometry to demonstrate that the manufactured cell isolate met the quality
acceptance criteria of the bone marrow cells isolates, as in the REX-001 clinical trial. The
cell isolates in this study were produced according to the REX-001 manufacturing protocol.

Not all of the BM-MNC samples met the criteria of >15% leukocyte recovery; one
sample only had 13.05% leukocyte recovery, and was not used in experiments (Table 1). All
of the samples had >96% erythrocyte depletion and >60% thrombocyte depletion, meeting
the quality criteria. Furthermore, all of the BM-MNC isolates met the following criteria:
viability above 80%, containing >30% granulocytes, and the presence of CD34+/CD45+
cells (>0.1%).

In addition to the required quality assessment, a more extensive flow cytometry panel
was used to characterize the cell composition of the BM-MNC isolates in more detail. The
CD45+ cell fraction was analyzed further to determine the percentages of B lymphocytes
and T lymphocytes. Subsequently, the T lymphocytes were further characterized to CD4+
and CD8+ T cells. In addition, the percentages of monocytes in the BM-MNC isolates were
determined. The flow cytometry gating strategy is shown in Supplementary Figure S1.

2.2. BM-MNCs Have No Effect on Endothelial Cell Proliferation

To determine whether BM-MNCs have an effect on endothelial cell proliferation,
directly or indirectly, human umbilical vein endothelial cells (HUVECs) were incubated
either with increasing numbers of freshly isolated BM-MNCs or increasing concentrations
of BM-MNC-conditioned medium, and the proliferation was analyzed with MTT assays.
Based on previous experiments, the endpoints of both assays were set at 24 h after treatment
with BM-MNCs.

To explore a direct effect of BM-MNCs on endothelial cell proliferation, BM-MNCs
were added directly to the HUVEC cultures. None of the doses of BM-MNCs tested
(625, 1250, 2500, and 5000 cells) resulted in a change in HUVEC proliferation in the MTT
assay as compared to the negative control, i.e., EBM2 medium with 0.2% serum. The
proliferation was significantly lower than in the positive control group that was exposed to
the EMB2 medium supplemented with growth factors. If any effect could be observed, this
would be that with the higher BM-MNC dose, slightly less endothelial cell proliferation
occurred (Figure 2A and Supplementary Figure S2A). The data shown in Figure 2A are
from one representative experiment. All of the experiments with BM isolates for different
donors showed a similar pattern, with no effects on HUVEC proliferation (Figure S2).
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Figure 2. Quantification of HUVEC proliferation after treatment with either (A) BM-MNCs
(625, 1250, 2500, or 5000 cells added indicated as BM-MNCs (#)) or with (B) BM-MNC-conditioned
media A, B, C, and D, respectively, representative for 2500, 5000, 10,000, or 20,000 BM-MNCs. Graph
2A is representative for 6 experiments performed with BM-MNCs manufactured from 6 different
bone marrow samples. Graph 2B is representative for 2 experiments performed with BM-MNC-
conditioned media from 2 BM-MNC products. The positive control is EBM2 medium containing
2% serum, and the negative control is EBM2 medium containing 0.2% serum. Data are presented as
mean ± SEM with datapoints (indicated as (•)) in sextuplicate. **** p ≤ 0.0001 via one-way ANOVA.

In addition to the direct effects on HUVEC proliferation by BM-MNC isolates, we
studied whether proliferation could be induced by paracrine factors present in the isolate.
For this investigation, we incubated HUVECs with increasing concentrations of BM-MNC-
conditioned media. The concentration is defined as the equivalent of BM-MNC cells
secreting their paracrine factors into the conditioned medium, representative for 2500, 5000,
10,000, or 20,000 BM-MNCs (Figure 2B).

To evaluate if the BM-MNCs would have an indirect effect on HUVEC proliferation
in other conditions, conditioned medium was also prepared in media with less or more
serum added. To evoke a potential effect, the assays were also executed in hypoxic con-
ditions, since hypoxia induces vascular endothelial growth factor (VEGF), which is an
angiogenic factor (Figure S3). Nevertheless, adding BM-MNCs in hypoxic conditions did
not increase HUVEC proliferation. To evaluate whether the kind of culture medium led
to different BM-MNC-conditioned medium with different effects on HUVEC prolifera-
tion, these experiments were also performed using immune cell-suitable culture media to
optimize the culturing conditions for the BM-MNCs, OptiMEM, and AIMV, in order to
prepare BM-MNC-conditioned medium (Figure S4). HUVEC proliferation after adding BM-
MNC-conditioned medium in OptiMEM did not show any differences, whereas HUVEC
proliferation after adding BM-MNC-conditioned medium in AIMV showed a decrease in
HUVEC proliferation under hypoxic circumstances. Since in none of these conditions was
any difference in HUVEC proliferation observed compared to the negative control, this
suggests that BM-MNCs exert no paracrine effects on endothelial cell proliferation.

2.3. BM-MNCs Do Not Affect Endothelial Cell Migration

Next to endothelial cell proliferation, endothelial cell migration is a key process
involved in the formation of new vessels that might be stimulated by bone marrow cell iso-
lates. To evaluate the effect of BM-MNCs on HUVEC migration, wound healing assays were
performed. After culturing HUVEC for 24 h, a scratch wound was introduced into mono-
layers of HUVECs using the Incucyte Woundmaker Tool. Subsequently, these wounded
cultures were treated with different doses of BM-MNCs. The plates were incubated in
the IncuCyte S3, and pictures were taken after 12 h. The percentage of scratch-wound
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closure after 12 h was calculated. Figure 3A clearly shows the increasing concentration of
BM-MNCs that was added at t = 0, visualized as cells over the wounded area.
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isolates manufactured from different bone marrow samples. Data points represent technical replicates,
six and two, respectively, and are presented as mean ± SEM. ns = non-significant, **** p ≤ 0.0001 via
one-way ANOVA.

Quantification of the scratch wound closure rate of HUVECs treated with BM-MNCs
was performed after 12 h. The experiments were performed in six-fold with different
BM-MNC isolates, and the results did not show an increase in migration rate (Figure 3B and
Supplementary Figure S5A). Figure 3B shows a non-significant decreased migration rate
of BM-MNCs in all dosages, whereas some graphs shown in Figure S5A also show a non-
significant increase in scratch wound coverage. However, a clear induction of endothelial
cells migration after adding BM-MNC isolates cannot be observed. Moreover, in one of the
six experiments, a significantly lower migration rate was observed when adding 20,000
BM-MNCs.

In this scratch wound set-up, we also studied the potential paracrine effects; condi-
tioned medium was prepared in immune cell-suitable culture media AIMV or OptiMEM
mixed 1:1 with endothelial cell culture medium EBM2 containing 0.2% serum, and added
to the wounded HUVEC cultures. After 12 h, the scratch wound cultures showed no
significant difference in migration rate (Figure 3C). The conditioned media in other batches
of BM-MNC isolates also did not lead to any changes in the migration rate (Figure S5B).
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2.4. No Effect of BM-MNCs on Endothelial Cell Tube Formation

The angiogenic capacity of endothelial cells in general can be studied using a Matrigel
tube formation assay. Therefore, we also studied the effect of BM-MNCs on the capacity
of HUVECs to form tubes in a Matrigel tube formation assay. Here, we determined the
total length of the tubes formed after 12 h of incubating HUVECs with different doses of
BM-MNC isolates (Figure 4 and Supplementary Figure S6). The photos clearly show the
increasing BM-MNC doses that were added at t = 0, visualizable as more cells adhering
to the tubular structures. Quantification of the length, however, showed no differences
between the different numbers of cells added.
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Figure 4. Representative microscopy photos (10×) of HUVEC tube formation with the presence of
BM-MNCs (A), quantification of HUVEC tube formation length after treatment with (B) BM-MNCs
(2500, 5000, 10,000, or 20,000 cells added), and after treatment with BM-MNC-conditioned medium
where A, B, C, and D represent 2500, 5000, 10,000, or 20,000 BM-MNCs, respectively, in (C) AIMV
medium or (D) OptiMEM medium. Data points represent three technical replicates, and are presented
as mean ± SEM. Non-significant via one-way ANOVA.

Quantification of the total tube length of HUVECs was performed after 8 h. The
experiments were performed in triplicate with different BM-MNC isolates. The results did
not show an increase in tube formation rate (Figure 4B and Supplementary Figure S6A).
Figure 4B shows no differences in endothelial cell tube formation length of BM-MNCs in
all dosages, which is confirmed in Figure S6A.
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The indirect effects of BM-MNCs on endothelial cell tube formation length were
studied by adding BM-MNC-conditioned medium to HUVECs. The conditioned medium
was prepared in AIMV or OptiMEM medium, both suitable immune cell culture media to
optimize the culturing conditions for the BM-MNCs. The results show no differences in the
tube length (Figure 4C,D).

2.5. The Effect of BM-MNCs on Aortic Ring Sprouting

Aortic ring sprouting ex vivo is another very informative assay for the angiogenic
potential of cells or factors. Explants of mouse aortas have the capacity to sprout and form
branching microvessels ex vivo when embedded in gels of collagen. Angiogenesis in this
system is driven by endogenous growth factors released by the aorta and its outgrowth
in response to the injury of the dissection procedure [19]. The aortic ring assay offers
many advantages over existing models of angiogenesis. Unlike isolated EC, the native
endothelium of the aortic explants has not been modified by repeated passages in culture
and retains its original properties. Angiogenic sprouting occurs in the presence of pericytes,
macrophages, and fibroblasts, as seen during wound healing in vivo [20].

The incubation of murine aortic rings with increasing numbers of BM-MNC isolates
(2500, 5000, 10,000, or 20,000 cells added) (Figure 5) did not result in any differences in the
numbers of sprouts originating from the rings. The analysis was performed after 7 days.
The experiment was repeated with three different BM-MNC isolates (Figure S7).
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Figure 5. Quantification of neovessel sprouts of mice aortic rings after treatment with BM-MNCs
(2500, 5000, 10,000, or 20,000 cells added). The graph is representative for 3 experiments performed
with BM-MNCs isolated from 3 different bone marrow samples. Data are presented as mean ± SEM
with data points in 30-fold. Non-significant via Kruskal-Wallis test.

2.6. BM-MNCs Release Angiogenic Cytokines

Thus far, no direct and paracrine effects of BM-MNCs on endothelial cells were
observed. Therefore, we were interested in determining which cytokines and factors are
released by BM-MNCs. To study factors excreted by BM-MNCs, the productions of IL-6,
IL-8, MCP-1, and MMP-9 were determined. In OptiMEM, BM-MNCs produced 1.1 ng/mL
of IL-6, 27.7 ng/mL of IL-8, 22.8 ng/mL of MCP-1, and 161.3 ng/mL of MMP-9. In AIMV,
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BM-MNCs produced 1.5 ng/mL of IL-6, 33.3 ng/mL of IL-8, 31.2 ng/mL of MCP-1, and
203.9 ng/mL of MMP-9 (Figure 6).

Figure 6. Quantification of the concentrations of IL-6, IL-8, MCP-1, and MMP-9 in OptiMEM or AIMV
cell culture medium after 24 h incubation with 1.33 × 106 BM-MNCs/mL. Data points represent two
measurements and are presented as mean ± SEM.

3. Discussion

The current study investigated whether bone marrow cell isolates, prepared according
a strict protocol defined by Rojas-Torres et al. [18], have angiogenesis-stimulating poten-
tial. The effects of these bone marrow cell isolates on endothelial cell proliferation and
endothelial cell migration were subsequently analyzed. Under none of the conditions tested
could any stimulatory effects be observed with various concentrations, under normoxic
or hypoxic conditions, or with direct contact or paracrine effect via conditioned medium
exposure. Neither effects on Matrigel tube formation nor on aortic ring sprouting could
be observed after incubation with different doses of cell isolates. Due to the lack of effects
observed in these models, the effects were not evaluated in other ex vivo angiogenesis
models such as spheroid cultures. In an attempt to unravel the mechanism of action of
these specified BM-MNC isolates that showed promising results in clinical trials, it seems
that the effect is most likely not due to an induction of angiogenesis per se [10].

The effect of bone marrow-derived mononuclear cells in patients with critical limb
ischemia has been studied for a couple of decades, but its effectiveness remained un-
clear [21–23]. Clinical trials showed varying results, although there are plenty of studies
that showed promising effects in patients with CLTI. However, the randomized controlled
trials that reported beneficial effects of BM-MNCs are of relatively low quality. Thus far,
the induction of neovascularization after BM-MNC therapy has not been convincingly
demonstrated. Currently, a high-quality phase III randomized controlled trial is being con-
ducted (NCT03174522) after reporting promising phase II trial (NCT00987363) results [10].
Despite these positive clinical trial results, the supposed mechanism of action by which
these injected bone marrow cells induce neovascularization remains unclear.

Interestingly, most studies using bone marrow-derived cells as a therapy did not define
the composition of cell types in the product nor analyze the product for quality assessment.
In this study, quality requirements were set for the BM-MNC isolates, and each cell isolate
was examined to confirm an adequate product quality. Hence, the cell composition of the
BM-MNCs is known, and consists of multiple mononuclear cell types in certain proportions.
Setting quality requirements, and thus assessing the proportions of different cell types in
the product, is an important step in understanding the mechanism of action. Furthermore,
it can help to acquire knowledge about why some patients do not respond to cell therapy,
which may be related to the composition of the product. It is shown that 63.63–86.87% of
the BM-MNC isolates consist of CD45+ leukocytes. However, the identity of the remaining
13–36% (CD45−) of the cells is still unknown. Previous research has shown that besides
CD45+ hematopoietic stem cells, bone marrow also contains a population of heterogenous
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CD45− nonhematopoietic tissue-committed stem cells [24]. In addition, CD45− cells in
bone marrow cell fractions are of hematopoietic origin, and can be erythroid and lymphoid
progenitors [25]. There is a substantial portion of CD34+ cells present in the our bone
marrow cell isolates (Table 1), and CD34+ cell therapy has been shown to be one of the
most promising approaches, most likely via the miR126 present in the condition medium
of the CD34+ cells [26] that was reported to induce tube formation [27]. However, we were
not able to demonstrate similar effects in our tube formation experiments.

Although no effects on angiogenesis were demonstrated, we showed IL-8, MCP-1,
and MMP-9 to be present in the BM-MNC isolates, which are known proangiogenic factors.
The role of IL-8 is widely researched in the oncologic field, where IL-8 promotes tumor
angiogenesis by activating the VEGF pathway and enhancing MMP expression [13,28].
The presence of MMP-9 in the cell isolates suggests that extracellular matrix components
can be degraded, which are key elements of the basement membrane surrounding blood
vessels. Allowing the degradation of extracellular matrix allows endothelial cells to migrate
into the surrounding tissue, starting new vessel formation [29]. MCP-1 is a chemokine
that regulates the migration and infiltration of monocytes and macrophages to the site
where it is released. Then, monocytes are able to differentiate into macrophages, which
are important players in angiogenesis as they release factors including VEGF, MMPs, and
enzymes promoting blood vessel growth by inducing endothelial cell proliferation and
migration [30–32].

Understanding the absence of angiogenic effects of BM-MNCs on HUVECs, despite the
proangiogenic chemokines that are excreted, is of great importance. A possible explanation
for lacking angiogenic effects may be that the cell products were produced from bone
marrow obtained from healthy donors. Although the BM-MNC isolates manufactured in
this study fulfilled all quality criteria, BM-MNC isolates manufactured from CLTI patients
(REX-001) suffering from type 2 diabetes mellitus may have a different composition and
characteristics. Furthermore, the in vitro set-up only involved physiological HUVECs,
while in the pathophysiologic situation of patients with CLTI dysfunctional endothelial
cells are involved many more cells, chemokines, and inflammatory markers [33].

In this study, we studied the effects on HUVECs in normoxic and hypoxic envi-
ronments, because endothelial cells in patients with CLTI suffer from hypoxia-induced
endothelial cell dysfunction [34]. In addition, multiple culture media were used in the
experiments to optimize the culturing conditions for both the BM-MNCs and the HUVECs
together. Despite our efforts to unravel their effects on endothelial cells, one should bear
in mind that other cell types, including smooth muscle cells, monocytes, and pericytes,
are involved in angiogenesis and arteriogenesis. These cell types were not involved in
our experiments, which is a limitation in our approach. However, REX-001 was studied
in a murine model with the presence of all of the cell types involved, and improvement
in revascularization and ischemic reperfusion was concluded [18]. Future fundamental
biological studies should focus on identifying effects on these cell types. Moreover, there is
a need for strategies to identify and augment the homing, survival, and effectiveness of the
injected cells.

We believe that future clinical studies directed at cell therapeutic approaches to relieve
CLI in patients should be based on a clear mechanism of action to avoid more disappointing
clinical trial results.

4. Materials and Methods
4.1. BM-MNC Isolates Manufacturing

BM-MNCs were isolated from the heparinized bone marrow of healthy human donors
(Hemacare, Charles-River) using a scaled-down density gradient. In short, the bone marrow
was filtered using a 180 µm filter, and a sample of the filtered bone marrow was used for
hematology analysis. The filtered bone marrow was then separated using Ficoll-Paque 1.077,
and the upper layer, including the plasma and low-density cells, was isolated. These cells
were washed twice with isotonic saline solution containing 2.5% human serum albumin.
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Finally, the BM-MNCs were resuspended in Ringer’s lactate solution containing 2.5% w/v
glucose and 1% w/v HSA.

The filtered bone marrow and the final product were both measured in a Sysmex
XP-300 hematology analyzer. The obtained amounts of leukocytes, erythrocytes, and
thrombocytes were used to calculate the leukocyte recovery percentage, and the percentages
of erythrocyte and thrombocyte depletion.

4.2. Flow Cytometric Analysis

Flow cytometry was performed on the isolated BM-MNC batches. The possible re-
maining erythrocytes were lysed in ACK lysis buffer (A1049201, Thermo Fisher, Waltham,
MA, USA) and washed twice with PBS supplemented with 0.1% heat-inactivated fetal
bovine serum. The conjugated antibodies to human CD45 (HI30, 1/200, 50 µg/mL, Bi-
oLegend, San Diego, CA, USA), CD3 (OKT3, 1/125, 30 µg/mL, BioLegend), CD4 (OKT4,
1/400, 150 µg/mL, BioLegend), CD8a (HIT8a, 1/300, 50 µg/mL, BioLegend), CD19 (HIB19,
1/200, 50 µg/mL, BioLegend), CD14 (M5E2, 1/400, 400 µg/mL, BioLegend), CD16 (3G8,
1/800, 0.5 mg/mL, BioLegend), CD56 (IgG κ, 1/200, 200 µg/mL, BioLegend), and CD34
(581, 1/100, 50 µg/mL, BioLegend) were incubated on ice for 30 min. 7-AAD viability
staining solution (1/800, 50 µg/mL, BioLegend) was used as a viability marker. The flow
cytometric acquisition was performed on an Aurora 3 Laser (Cytek, Fremont, CA, USA).
The flow cytometry data were analyzed using FlowJo V10.1 software (BD).

4.3. Cell Culture of Human Umbilical Vein Endothelial Cells (HUVECs)

Human umbilical vein endothelial cells (C2519AS, Lonza, Basel, Switzerland) were
cultured in plates coated with 0.1% gelatin in PBS in EBM-2 culture medium (CC-3156,
Lonza, Basel, Switzerland) supplemented with EGM-2 SingleQuots (CC-4176, Lonza, Basel,
Switzerland), and were between passages 3 and 4. The cells were incubated at 37 ◦C in a
humidified 5% CO2 environment.

4.4. BM-MNC Conditioned Medium

To prepare the conditioned media, 1.33 × 106 BM-MNCs/mL were incubated for
24 h in EBM-2, OptiMEM (Gibco, Billings, MT, USA), and AIMV (Gibco) culture media.
The conditioned media were stored at −80 ◦C, and were thawed and diluted for use in
the experiments.

4.5. MTT Assay

The cell proliferation (n = 4 experimental replicates) of the HUVECs was determined
using MTT assays. A volume of 100 µL of HUVECs (4000 cells/well) were plated in
96-well plates and cultured until approximately 80% confluency was reached in complete
endothelial cell culture medium. The medium was then replaced by endothelial cell low-
serum medium containing 0.2% FBS for 24 h. Subsequently, the medium was replaced by
BM-MNC treatments consisting of low-serum media containing 2500, 5000, 10,000, or 20,000
BM-MNCs. After 24 h of incubation, 10 µL of MTT (Thiazolyl, blue tetrazolium bromide,
Sigma M5655) was added per well. The cells were incubated for 4 h, after which 75 µL of
each well was discarded and replaced by 75 µL of isopropanol/0.1 M hydrogen chloride.
The plates were incubated at room temperature on a platform shaker until dissolution of
the formazan crystals was observed. Thereafter, the absorbance was read at 570 nm on a
Cytation5 spectrophotometer (BioTek, Winooski, VT, USA), and the data were obtained
using BioTek Gen5 software. The obtained mitochondrial metabolic activity data were
quantified as a representative measure of cell proliferation.

4.6. Scratch Wound Healing Assay

For the scratch wound healing assays (n = 6 experimental replicates), HUVECs were
plated on IncuCyte Imagelock 96-well plates (BA-04856, Sartorius AG, Goettingen, Ger-
many) and cultured until approximately 90% confluence was reached in complete culture
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medium, as previously mentioned. The medium was then replaced by EBM-2 Basal
medium supplemented with 2% FBS (SingleQuotsTM Supplements, CC-4176, Lonza) and
1% GA-1000 (SingleQuotsTM Supplements, CC-4176, Lonza). After 24 h, a scratch wound
was introduced using the Incucyte Woundmaker Tool (4563, Sartorius AG, Goettingen,
Germany), and different amounts of BM-MNCs were added in EBM-2 Basal medium sup-
plemented with 2% FBS and 1% GA-1000. The plates were incubated in the IncuCyte S3,
and pictures were taken after 12 h. The percentage of scratch wound closure after 12 h was
calculated by measuring the difference in the wound surface at baseline and the wound
surface after 12 h using the Wound Healing Tool of ImageJ.

4.7. Tube Formation Assay

HUVECs were seeded in a 6-well plate in EBM-2 culture medium supplemented with
SingleQuots until they became confluent. The medium was replaced with low-serum
medium for 24 h. Then, a 96-well plate was coated with 45 µL/well of Geltrex basement
membrane matrix (A1413202, ThermoFisher, Waltham, MA, USA). Suspensions of HUVECs
at a concentration of 250,000 cells/mL and different concentrations of BM-MNCs or BM-
MNC-conditioned medium were prepared and seeded in the coated 96-well plate. The
plate was incubated in IncuCyte S3, and pictures were taken every 2 h for 24 h. The analysis
was performed using ImageJ at t = 8 h.

4.8. Aortic Ring Assay

The 8-week-old mice were sacrificed, the aortas were resected, and the surround-
ing fat and branching vessels were removed. The aortas were cut in <1 mm rings, and
were overnight incubated at 37 ◦C in a humidified 5% CO2 environment in OptiMEM
supplemented with 1% penicillin/streptomycin. A 96-well plate was coated with 75 µL
of collagen matrix (Collagen (Type 1, Merck Sigma-Aldrich, Millipore, Burlington, MA,
USA) in DMEM (ThermoFisher, Waltham, MA, USA), pH adjusted with 5N NaOH), and
then one aortic ring was added per well. After one hour, the collagen was solid and 150 µL
of OptiMEM supplemented with 2.5% FBS, 1% penicillin–streptomycin solution (Cytiva,
HyClone Laboratories, North Logan, UT, USA), 10 ng/mL of mouse VEGF (BioLegend,
San Diego, CA, USA), and different amounts of BM-MNCs were added to each ring, with
20 or 30 rings per condition. After a total of 7 days of incubation at 37 ◦C in a humidified
5% CO2 environment, with a medium replacement after 3 days, pictures of each aortic ring
were taken using live phase-contrast microscopy (Axiovert 40C, Carl Zeiss, Oberkochen,
Germany). The number of sprouts were counted manually.

4.9. ELISA

The bone marrow-derived mononuclear cells were plated at 1.33 × 106 cells/mL for
24 h to prepare the conditioned medium. After 24 h, the supernatant was stored at −20 ◦C.
The IL-6, IL-8, MCP-1, and MMP-9 concentrations were determined via ELISA, according
to the protocol (BD Biosciences, San Jose, CA, USA) in the supernatant of the BM-MNCs.

4.10. Statistical Analysis

Differences in the continuous variables between groups were statistically assessed
using one-way ANOVA or Kruskal–Wallis tests in Graph Pad Prism 8 software. The data
are represented as means ± SEM. The significance was set at p < 0.05.

5. Conclusions

In this study, no effect from human bone marrow cell isolates on the angiogenic
behavior of experimental human endothelial cells (HUVEC) could be demonstrated. Our
research holds significant relevance, as it addresses the shortage of supporting evidence
regarding the effects of BM-MNCs on cultured endothelial cells.
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Abstract: Rheumatoid arthritis (RA) is an autoimmune disease characterised by an attack on healthy
cells in the joints. Blood flow and wall shear stress are crucial in angiogenesis, contributing to RA’s
pathogenesis. Vascular endothelial growth factor (VEGF) regulates angiogenesis, and shear stress is a
surrogate for VEGF in this study. Our objective was to determine how shear stress correlates with the
location of new blood vessels and RA progression. To this end, two models were developed using
computational fluid dynamics (CFD). The first model added new blood vessels based on shear stress
thresholds, while the second model examined the entire blood vessel network. All the geometries
were based on a micrograph of RA blood vessels. New blood vessel branches formed in low shear
regions (0.840–1.260 Pa). This wall-shear-stress overlap region at the junctions was evident in all the
models. The results were verified quantitatively and qualitatively. Our findings point to a relationship
between the development of new blood vessels in RA, the magnitude of wall shear stress and the
expression of VEGF.

Keywords: rheumatoid arthritis (RA); vascular endothelial growth factor (VEGF); angiogenesis; wall
shear stress; blood vessels; pathogenesis; computational fluid dynamics (CFD); CFD model

1. Introduction

Rheumatoid arthritis (RA) is a chronic, autoimmune disease in which the body’s
immune system attacks healthy tissue cells found in the lining of the joints [1–3]. RA impacts
this lining, known as the synovium or synovial membrane. Owing to the involvement
of many different variables, the pathophysiology of RA is still not fully understood [4].
However, angiogenesis is crucial to the progression of RA and results in the formation
of new blood vessels [5–8]. Under physiological conditions, angiogenesis is governed
by a complex, balanced network of chemical and mechanical cues, which maintain vital
physiological functions [9]. In pathological cases such as RA, the altered environment and
unbalanced angiogenetic processes contribute to disease progression [9,10].

Various sources have reported increased angiogenesis in RA patients, which can be
detected at the point of clinical diagnosis [6]. RA produces a radically altered synovial
composition with a reduced viscosity [11]. This enables pannus formation in the affected
joint [3,10,12–16]. The environment in the pannus is hypoxic and inflammatory, necessi-
tating increased angiogenesis to supply oxygen and nutrients [6,14,17]. Another view is
that angiogenesis, a process natural to the body, drives RA through the development and
maintenance of the pannus in an environment that upregulates vascular endothelial growth
factor (VEGF) [7,10,12]. Although different, these perspectives elucidate the complexity of
the disease and support the idea that RA angiogenesis arises from a misbalance between
stimulating and inhibiting factors [10].

VEGF is essential to angiogenesis under physiological and pathological cond-
itions [18–21]. Clinically, patients with RA present with increased VEGF levels in both
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serum and synovial fluid [22–24]. The role of VEGF-related genes has also been explored in
these patients [7,23,25–28]. Elevated VEGF levels correlate with markers of inflammation and
RA activity, such as increased C-reactive protein and an increase in swollen joints [29–31]. A
wide range of factors, including hypoxia, hormones and signalling networks, all influence the
expression of VEGF [32–36]. In addition, mechanical variables such as shear stress contribute
to VEGF expression and angiogenesis [37].

Unlike genetics and chemical factors, the relationships between mechanical factors,
angiogenesis, VEGF and RA have been less explored [37]. Shear stress has been shown to
influence angiogenesis significantly, and the extracellular matrix’s mechanical behaviour
has been analysed [38–42]. From a fluid mechanics perspective, shear stress is pivotal when
considering blood flow. In blood vessels, localised blood flow patterns influence a range of
stress and stretch measures, including the wall shear stress experienced by blood vessel wall
components [43–45]. These forces arise from many haemodynamic variables, including the
pulsatile nature of blood flow and pressure [46]. Shear stress in the blood vessels can affect
morphology, organisation of the endothelial cytoskeleton, the functioning of ion channels
and gene expression within endothelial cells [47–49]. Given the wide-ranging impact, the
effects of wall shear stress on VEGF and angiogenesis are varied [46].

A shear stress threshold of 1 Pa was found to trigger angiogenic sprouting in endothe-
lial cells, which could then penetrate the underlying matrix [50]. Blood fluid shear stress
has also been linked to the upregulation of VEGF gene expression [51]. One study hypothe-
sised that shear stress generated by considerable differences between capillary, venous and
arterial blood flow might influence the observed differences in VEGF expression [52]. In a
murine model, VEGF was expressed exclusively by arterial endothelial cells. When laminar
arterial shear stress was applied to human umbilical vein endothelial cells (HUVEC), the
expression of VEGF increased, but the exact mechanism remained unclear. A more recent
microfluidic study demonstrated that departure from the stabilised state, either in shear
stress or VEGF concentration, led to neovascularisation [53]. A recent study estimated shear
stress in endothelial cells in regions of neovascularisation [54]. The authors highlighted
that values above 0.1 Pa were physiologically relevant. The expression of VEGF increased
with both pulsatile flow and laminar shear stress [55,56]. While it is clear that shear stress
and other mechanical variables play an essential role in VEGF regulation and angiogenesis,
the application of these findings to RA remains limited [52].

Although many studies of angiogenesis and blood flow have been conducted in vitro,
computational fluid dynamics (CFD) could augment these approaches. Significant advances
in computing technology have improved the approximation of solutions for the Navier–
Stokes equations, which describe fluid flow in a wide range of contexts [57–67]. As a
result, CFD models have been developed for a plethora of applications, including biofluid
flows [68–71]. The solvers compute pressure and velocity results, which can then be used to
calculate quantities such as shear stress. In biofluid flows, CFD models provide a potential
avenue for quantifying and exploring various mechanical variables, such as shear stress,
in blood vessels. Countless cardiovascular CFD models have enabled the quantification
of variables which would prove challenging to measure in other settings [59,72]. For
example, a CFD angiogenesis model estimated shear stresses experienced by endothelial
tip cells [54]. A limitation of CFD is computational cost, with very sophisticated models
requiring significant computing resources and time [73]. Model developers must consider
how different aspects of the model may be represented and which assumptions could
enable reasonable simplification. Kretschmer et al. demonstrate that angiogenesis relies
on mechanical and chemical factors [37]. They further argue that chemical cues can be
translated into mechanical signals and vice versa. Together with Leblonde et al., they
highlight that VEGF is one of the most critical drivers of RA angiogenesis and that VEGF
plays a vital role in the mechanics of angiogenesis [3]. In a simplified CFD angiogenesis
model, shear stress could be a proxy for VEGF [52,54,74].
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This study explores the role of shear stress, as a surrogate for VEGF, in developing
new blood vessels in RA. Using CFD, the study examines how shear stress emanating from
the blood flow coincides with the location of new blood vessels and the progression of RA.
This is achieved by analysing patterns of blood flow variability that may relate to where
new blood vessels emerge within the blood vessel network. These findings are compared
to a micrograph of blood vessel networks in RA. Understanding these patterns may be
beneficial in gaining insight into the significance of the magnitude of shear stress and, by
implication, the expression of VEGF.

2. Results

The results section begins with a brief note on mesh independence. The geometries
from Section 2.2 were discretised to enable the numerical solution of the governing equa-
tions, and this process resulted in the development of a mesh. Greater detail regarding
mesh independence is given in Section 2.1, followed by velocity and shear stress results for
Models 1 and 2.

2.1. Mesh Independence

For a fluid flow solution, sufficient refinement must be achieved to ensure that the
mesh does not have a negative impact on the numerical solution. A solution computed for
an adequately refined mesh is considered mesh/grid independent. A less than 2% error
was deemed an acceptable value for mesh independence in this study. The element size for
the mesh independence was determined by modelling a single blood vessel represented by
a solid cylinder of radius 0.001 m and length of 0.1 m. The mesh was generated with an
initial element size of 0.0000334 m, and the blood velocity was set to 0.19 m/s at the inlets.
The process was repeated twice, decreasing the element size in each subsequent run. Given
that wall shear stress is calculated from velocity (and CFD computes velocity and pressure
fields), velocities at the outlet of the flow field were compared, and the error (1.41%) was
found to be sufficiently small for an element size of 0.0000334 m. Both the mesh and the
mesh independence graph are illustrated in Figure 1.
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independence for the model.

2.2. Model 1

Due to the wall shear stress being significantly higher than that prescribed for physio-
logical arterial shear, the blood velocity was decreased from 0.19 m/s in the mesh indepen-
dence study to 0.09 m/s in Models 1 and 2. The velocity was therefore reduced according
to the Haagen–Poiseuille equation until the arterial shear range was satisfied.

The shear stress in wall 2 of Model 1A, shown in Figure 2, is outside the previously
defined range. The velocity vectors indicate almost no flow within wall 2. The velocity was
in the range of 0.00–0.055 m/s. This is a non-physiological finding because blood in the
body constantly moves in the circulatory system. The position and number of inlets and
outlets in Models 1B and 1C were adjusted to evaluate their effect on velocity. Compared
to Model 1A, Model 1B showed a significant increase in the velocities (>0.22 m/s) of blood
vessels 1 and 2. Parts of wall 1 had shear stresses greater than 4.2 Pa. Both wall shear stress
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and velocity lay outside the range of blood flow conditions in this model. Except for wall 2,
which experienced the same shear stresses as Model 1A, Model 1C achieved plausible
physiological velocity and wall shear stress values. Therefore, subsequent models were
built from Model 1C. Junction 1 had a wall shear stress range of 0.420–1.260 Pa, and junction
2 had a range of 0.840–2.520 Pa. The two ranges intersected between 0.840–1.260 Pa. Based
on this range, additional blood vessels were added in subsequent models. The junction
overlap region for Model 1, shown in Table 1, is defined as the intersection between the
wall shear stress range at all the junctions within a single model.
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on inlets and outlets, as shown in Figure 2. Given the plausible velocity and shear stress ranges,
Model 1C was chosen as the baseline model for all subsequent variations of Model 1.

Table 1. Wall shear stress and velocity ranges, and wall shear stress junction overlap regions at
different locations in the blood vessel network for different variations of Model 1.

Model Location of Wall Shear Stress Wall Shear Stress Range (Pa) Junction Overlap Region (Pa) Velocity Range (m/s)

1C

Junction 1 0.420–1.260
0.840–1.260

0.055–0.11
Junction 2 0.840–2.520 0.055–0.22

Wall 1 0.840–1.680 0.11–0.165
Wall 2 0.0000055–0.420 0.00–0.055
Wall 3 0.840–2.10 0.055–0.22

1D

Junction 1 0.420–1.260
0.840–1.260

0.055–0.165
Junction 2 0.840–1.680 0.055–0.11
Junction 3 0.840–2.10 0.11–0.165

Wall 1 0.420–1.680 0.11–0.165
Wall 2 0.420–0.840 0.00–0.055
Wall 3 0.0000055–1.680 0.055–0.165
Wall 4 0.420–1.260 0.055–0.11

1E

Junction 1 0.420–1.260

0.840–1.260

0.055–0.165
Junction 2 0.840–1.680 0.00–0.055
Junction 3 0.840–2.10 0.055–0.11
Junction 4 0.420–1.680 0.055–0.11

Wall 1 0.840–1.260 0.11–0.165
Wall 2 0.0000055–0.420 0.00–0.055
Wall 3 0.840–2.10 0.11–0.22
Wall 4 0.0000055–0.420 0.00–0.055
Wall 5 0.840–1.680 0.11–0.165
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Table 1. Cont.

Model Location of Wall Shear Stress Wall Shear Stress Range (Pa) Junction Overlap Region (Pa) Velocity Range (m/s)

1F

Junction 1 0.420–1.260
No overlap

0.00–0.055
Junction 2 0.840–2.10 0.11–0.165
Junction 3 1.260–4.20 0.11–0.165

Wall 1 0.840–1.260 0.11–0.165
Wall 2 0.0000055–0.420 0.00–0.055
Wall 3 0.840–2.950 0.11–0.22
Wall 4 0.840–1.680 0.11–0.165

1G

Junction 1 0.420–1.680

1.260–1.680

0.00–0.055
Junction 2 0.840–4.20 0.055–0.11
Junction 3 0.840–4.20 0.165–0.22
Junction 4 1.260–4.20 0.11–0.22

Wall 1 0.840–1.680 0.11–0.22
Wall 2 0.0000055–0.420 0.00–0.055
Wall 3 0.840–4.20 0.11–0.22
Wall 4 1.680–2.940 0.165–0.22
Wall 5 0.840–1.680 0.11–0.165

As previously described, models were built from Model 1C, as shown in Figure 3.
Velocities in Model 1D fell predominantly within the desired range of 0.049–0.19 m/s. In
regions where the velocity increased, the wall shear stress also increased, as predicted by
the Hagen–Poiseuille equation. This directly proportional relationship also held where the
velocity decreased. The overlap between junctions 1, 2, and 3 was 0.840–1.260 Pa. The next
blood vessel was added to the network at wall 4, where the shear stress fell within this
range. In Model 1E, the velocity and wall shear stress were lower in blood vessel walls 2
and 4 than in Model 1D. There were no considerable changes elsewhere in the blood vessel
network. Consequently, the wall shear stress overlap at junctions 1–4 remained between
0.840–1.260 Pa.
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Figure 3. Velocity and shear stress results for Models 1C–1E. This was the same model with variations
on inlets and outlets, as shown in Figure 2. Given the plausible velocity and shear stress ranges,
Model 1C was chosen as the baseline model for all subsequent variations of Model 1.
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Models 1F and 1G, shown in Figure 4, were used to analyse how the position and
number of inlets and outlets would affect the junction overlap region. Models 1D and 1F
had the same wall shear stress at junction 1. In Model 1F, junctions 2 and 3 had higher
shear stress ranges than in Model 1D. Hence, no overlap occurred. The overlap region
seen in Model 1G was higher than the overlap region seen in the other models, between
1.260–1.680 Pa. Therefore, it was regarded as an outlier. Compared to Model 1E, the shear
stress at the junctions was higher and exceeded the limit for wall shear stress and velocity
in wall 3.
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Figure 4. Model 1F and Model 1G are derived from Model 1C. These are similar to Model 1D and
Model 1E, respectively, with the exception of inlet/outlet arrangements.

2.3. Model 2

For most of the vessels in Model 2A, shown in Figure 5, the wall shear stress lay within
the range of the physiological arterial shear, and the velocity followed a similar pattern.
Blood vessels 2, 3, and 5 were the exceptions to this observation. The results of Model 2A
(Figure 5) were compared to Model 1E (Figure 3) as they were similar in shape. Although
Model 2A had six blood vessels compared to five, the main difference between the two
models lay in the direction of the highest-numbered blood vessel. In Model 2A, this blood
vessel developed towards the left, whereas in Model 1E, it developed towards the right.
Model 2A had the same wall shear as Model 1E at junction 1 and wall 1. The shear stress
in wall 2 was also the same for both models. The wall shear for junctions 2, 5, and 6 in
Model 2A, which were in a similar position to junctions 2, 3 and 4 in Model 1E, had similar
values. Ultimately, the junction overlap region for Models 2A and 1E was identical. Model
2B investigated whether placing a blood vessel at an acute or obtuse angle would affect
the wall shear and velocity. In blood vessel 2, the difference in the velocity was marginal
compared to Model 2A; the wall shear and junction overlap remained the same. Thus,
angling a blood vessel has little to no effect on the wall shear and velocity. Outlet 5, in
Model 2A, was changed to inlet 5 in Model 2C (Figure 10). The velocity of blood vessels
1 and 4 increased as a result. Consequently, the wall shear was also higher in that region.
The velocity and wall shear stress in blood vessels 2 and 3 were outside the already defined
range of 0.049–0.19 m/s and 0.6–4 Pa, respectively. The junction overlap regions for Model
2 are shown in Table 2.
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Table 2. Wall shear stress and velocity ranges, and wall shear stress junction overlap regions at
different locations in the blood vessel network for different variations of Model 2.

Model Location of Wall Shear Stress Wall Shear Stress Range (Pa) Junction Overlap Region (Pa) Velocity Range (m/s)

2A

Junction 1 0.420–1.260

0.840–1.260

0.055–0.11
Junction 2 0.840–2.10 0.055–0.11
Junction 3 0.420–1.260 0.055–0.11
Junction 4 0.840–2.520 0.055–0.11
Junction 5 0.420–1.260 0.00–0.11
Junction 6 0.840–2.10 0.00–0.11

Wall 1 0.840–1.260 0.11–0.165
Wall 2 0.0000055–0.420 0.00–0.055
Wall 3 0.420–1.680 0.11–0.165
Wall 4 0.0000055–0.420 0.00–0.055
Wall 5 0.0000055–0.420 0.00–0.055
Wall 6 0.840–2.520 0.11–0.22

2B

Junction 1 0.420–1.260

0.840–1.260

0.055–0.11
Junction 2 0.420–2.10 0.055–0.11
Junction 3 0.420–1.680 0.055–0.11
Junction 4 0.840–2.520 0.055–0.11
Junction 5 0.840–1.260 0.00–0.11
Junction 6 0.840–2.10 0.00–0.11

Wall 1 0.840–1.680 0.11–0.165
Wall 2 0.0000055–0.420 0.00–0.055
Wall 3 0.840–1.680 0.11–0.165
Wall 4 0.0000055–0.420 0.00–0.055
Wall 5 0.0000055–0.420 0.00–0.055
Wall 6 0.840–2.10 0.11–0.22

2C

Junction 1 0.420–1.680

No overlap

0.055–0.11
Junction 2 0.840–2.520 0.055–0.11
Junction 3 0.840–4.20 0.165–0.22
Junction 4 1.680–3.780 0.165–0.22
Junction 5 2.10–4.20 0.11–0.165
Junction 6 0.840–2.940 0.11–0.165

Wall 1 0.840–1.680 0.11–0.165
Wall 2 0.0000055–0.420 0.00–0.055
Wall 3 0.840–4.20 0.11–0.22
Wall 4 1.680–2.10 0.165–0.22
Wall 5 0.420–0.840 0.055–0.11
Wall 6 0.0000055–1.680 0.055–0.165
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2.4. Model Verification

The shear stress for the straight vessel was computed as 1.26 Pa, as shown in Figure 6A.
On the basis of the analytical Hagen–Poiseuille formulation, we also calculated shear stress
as 1.26 Pa. This verifies our result quantitatively. Qualitatively, Models 1E and 1G are very
similar to the image shown in the micrograph (Figure 6B). Both models emerge from the
initial geometry and emanate from the shear stress thresholds described above.
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Figure 6. Quantitative and qualitative verification of the computational model. (A) Shear stress plot
for a straight pipe based on the same parameters as those employed in Models 1 and 2. (B) Compari-
son between the geometry that emerged from Model 1 (Model 1E) and the original micrograph that
was used to inform the initial model (permission obtained from RightsLink/Elsevier) [75].

3. Discussion

The objective of this study was to determine how blood flow influences angiogenesis
in RA. Shear stress, a mechanical variable dependent on flow, was used as a surrogate for
VEGF in determining the location of the new blood vessels. To achieve our objectives, two
models of blood vessel networks in RA were built using CFD to analyse whether blood
vessels would develop in low or high shear stress regions. Although several CFD studies
have already been used to examine shear stress values in angiogenesis broadly, these have
yet to be extended to RA [54,76]. Even in the in vitro angiogenesis studies, the exact role of
wall shear stress remains controversial, with similar values having been shown to enhance
and attenuate angiogenetic sprouting [46]. In this discussion, we consider our results in the
context of other computational models and discuss the link between shear stress and VEGF.

The results of our two models, which are specific to RA, indicate that new blood vessels
will form in areas of relatively low shear stress. Specifically, new branches formed between
0.840–1.260 Pa, which is in the lower half of the 0.6–4.20 Pa range. The overlap region for
the wall shear stress at the junctions was the same for all models in our study, indicating a
relationship between the emergence of new blood vessels and the magnitude of the wall
shear stress. Our shear stress values are in the same order of magnitude as those in other
computational studies that examined the effect of side branches [54,76–78]. In their CFD
study on shear stress values along endothelial tip cells at the end of the capillary sprout in
angiogenesis, Hu et al. considered a wall shear stress above 0.1 Pa to be physiologically
relevant [54]. They found that tip cell shear stresses ranged from 0.019–0.465 Pa, and three
out of eight cases achieved values above 0.1 Pa. Stapor et al. examined wall shear stress in
angiogenetic capillary sprouts using CFD [76]. They found a local maximum wall shear
stress value of 1.4 Pa at the base of a sprout with a non-permeable vessel wall. For larger
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blood vessels, such as the coronary arteries modelled by Wellnhofer et al. in a CFD model,
a median wall shear stress value of 2.54 Pa was reported for steady state simulations with
side branches [77]. In a fluid-structure interaction model using CFD to solve the fluid part,
Ngoepe et al. found that for models with different side branch geometries, the peak wall
shear stress varied from 0.7–2.3 Pa in arterial to venous anastomosis models [78]. The
values from literature show that our shear stress values fall within the range of other CFD
studies that include side branches. Wellnhofer et al. found that including side branches
was necessary for wall shear stress estimation [77]. In particular, they found that the spread
and distribution of wall shear stress, particularly for high and low values, was increased
by including side branches. In our models, some blood vessels did not meet the arterial
velocity or wall shear conditions, particularly the vertically orientated blood vessels. Wall
shear stress in these vessels generally ranged between 5.5 × 10−6–0.42 Pa, and the velocity
was between 0.00–0.055 m/s. In their CFD model, Wellnhofer et al. found that very low
wall shear stresses (i.e., less than 0.4 Pa) occurred in aneurysmatic coronary artery disease
cases. In addition to these in silico findings, Galie et al. found that a shear stress threshold
of 1 Pa triggered angiogenetic sprouting in an in vitro study [50].

Given that shear stress was used as a surrogate for VEGF, it is important to link our
computed shear rate values to experimental observations of VEGF. In a microfluidic study
examining the combined effect of shear stress and VEGF on neovascularisation, Zhao et al.
found that shear stress plays a dominant role when VEGF is sufficient [53]. They found
initiating neovascularisation under 1.5 Pa difficult, even with enough VEGF. Their threshold
value is slightly higher than our maximum value for branch formation (1.260 Pa). Fey et al.
examined the role of VEGF and shear stress on podosomes, which play a pivotal role in
cell motility and are important for angiogenesis in endothelial cells [79]. In the absence of
VEGF, changes in shear stress did not affect cell density, but higher shear stresses resulted
in less podosome activity. When considering shear stress and VEGF together, it was found
that high shear stress (1 Pa) increased podosome activity when there was sufficient VEGF
in the system. This high shear stress value falls within our predicted angiogenetic range.
Russo et al. considered how altering shear stress may change growth factor gene expression
in endothelial cells [47]. A reduction from a physiological to pathological shear stress value
(1.2 Pa to 0.4 Pa) increased VEGF gene expression. The pathological value fell outside our
angiogenetic range, but direct comparison is somewhat challenging given that our model
could not account for gene expression. Overall, our computed results fell in a range that
supports VEGF expression and angiogenesis.

Our results demonstrate the importance of shear stress in RA angiogenesis and provide
a tool for exploring the influence of haemodynamics. In cases where it is challenging
to locate VEGF expression in newly developing blood vessels in RA, a haemodynamic
simulation could map shear stress in the vascular network. Using wall shear stress as a
surrogate for VEGF, researchers could identify parts of a blood vessel network where VEGF
expression is likely to be highest. The application of this knowledge could contribute to
the development of anti-VEGF biological therapies that inhibit expression. Some have
even suggested that limiting angiogenesis by blocking the blood supply in the pannus
may benefit patients [3]. Challenges to many therapeutic approaches would arise from
patient variability. The main limitations of our work are the exclusion of chemical factors
and the simplification of the blood flow. If developed further, the CFD model could
account for patient-specificity factors such as VEGF and hypoxia, thereby enabling a
coupled consideration of some of the most important variables for RA angiogenesis [3].
Other assumptions that should be revisited include modelling the blood flow as steady
and laminar, with blood behaving as a Newtonian fluid. Furthermore, the role of the
distensibility of the newly formed vessels should be explored.
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4. Materials and Methods

The methods below describe the CFD simulations and blood vessel configurations
used to analyse the relationship between the blood flow, shear stress, and the growth of
new blood vessels. The experimental study employs steady-state conditions and makes
several simplifying assumptions.

4.1. Fluid Flow Simulations

ANSYS Fluent Version 20.2.0 (ANSYS, Lebanon, NH, USA), a computational fluid dy-
namics simulation software, was used to model the blood flow in the respective geometries.
ANSYS Fluent solves the Navier–Stokes equations by discretising the partial differential
equations that govern the flow using the finite volume method (FVM),

∇·U = 0, (1)

ρ
∂U
∂t

+ ρU +∇U +∇P = µ∇2U, (2)

where U is velocity, ρ is the fluid density, µ is the dynamic fluid viscosity, t is time and P is
pressure.

Boundary Conditions and Assumptions

Although a fair amount of pulsatility is experienced in blood vessels, steady-state
conditions were applied. It has been shown that for more extended periods, such as when
new vessel growth takes place, the baseline steady-state effect dominates the mechanical
environment sensed by the cells [80]. In their CFD study, Wellnhofer et al. found that
steady-state simulations were appropriate for a time-averaged wall shear stress [77]. Blood
was assumed to be a Newtonian fluid with a density ρ = 1060 kg/m3 and a constant
viscosity of µ = 0.0035 kg/m·s.

Even though angiogenesis is characterised by the formation of microvessels in the
synovium [81], we were interested in exploring the role of arterial shear stresses as these
have been implicated in marked VEGF expression [52]. As such, we had to balance two
competing priorities: making the vessels sufficiently small while achieving arterial shear
stress. The Haagen–Poiseuille equation was used to determine the maximum blood flow
velocity and the vessel diameter that would result in shear stress inside the physiological
arterial blood flow range (0.6–4 Pa) [52]. The arterial blood flow velocity was restricted to
0.049–0.19 m/s [82]. The blood vessel needed a diameter ranging from 0.1–10 mm [83]. All
this information informed the selection of the blood vessel diameter and the maximum
velocity. The blood vessels were assumed to be cylindrical and rigid, and a no-slip boundary
condition was applied to the walls.

4.2. Geometries and Modelling Approach

The geometries are based on a micrograph of small blood vessels in the knee joint
of an RA patient, which is presented in a study by Cañete et al. [75]. The vessels had a
straight, branching pattern that is characteristic of RA. Although the exact dimensions of
the vessels were not given, the micrographs were obtained using a 1.9 mm diameter or
2.7 mm diameter arthroscope.

Two different approaches, shown in Figure 7, were taken to develop models of blood
vessel networks. The first approach (Model 1), shown in Figure 7, progressively added
vessels based on shear stress thresholds. Given the strong link between shear stress and
angiogenesis, we sought to find shear stress values that might support the development of
new blood vessels. The process for determining the thresholds is described in the following
paragraph and the threshold values are shown in Tables 1 and 2. The second approach
(Model 2), also shown in Figure 7, modelled the complete vessel network as a starting
point. Both models were used to analyse the relationship between wall shear stress and
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the development or positioning of new blood vessels. These examined how low shear and
high shear regions influence blood vessel formation.
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As described in Figure 8, subsequent geometries emerged from Model 1C, which de-
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observed at junctions one and two. Shear stress was also calculated for wall three. A search 
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Figure 7. Two different approaches to developing the blood vessel network. Model 1 progressively
adds vessels based on thresholds, while Model 2 begins with the entire vessel network.

The first approach, Model 1, began with a junction comprising two horizontal vessels
connected by one vertical vessel. A three-vessel representation, comprising solid cylinders
of radius 0.001 m, models a subsection of the blood vessels as depicted in Models 1A, 1B
and 1C in Figure 8. Shear stress and velocity values were computed for these three different
arrangements, where the positions of the inlets and outlets were varied. Model 1C was
chosen as the final starter model as it achieved plausible physiological shear stresses and
blood flow velocities.
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Figure 8. Development of models from realistic geometry for Model 1. The geometries for the
initial geometry are derived from a micrograph of blood vessels in RA (permission obtained from
RightsLink/Elsevier) [75]. The portion in the solid circle informs (B) the starting point for Model 1.
The different variations (Model 1A, Model 1B and Model 1C) arise from rearranging inlets and outlets.

As described in Figure 8, subsequent geometries emerged from Model 1C, which
determined where new blood vessels would form based on the range of shear stress values
observed at junctions one and two. Shear stress was also calculated for wall three. A search
for portions that achieved the range observed at junctions one and two was conducted.
The part(s) of the wall that met this threshold were deemed capable of angiogenesis, and
a vertical cylinder of length 0.05 m was constructed at these respective locations. This
process was repeated twice, and the geometries which emerged from this process (Model
1D and Model 1E) are shown in Figure 9. Models 1F and 1G, also shown in Figure 9 and
based on Models 1D and E, respectively, were included to analyse the effect of changing
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the numbers of inlets and outlets. The corresponding shear stress and velocity results for
all the geometries are presented in the results section.
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Figure 10 illustrates the designs for the second approach, Model 2. As described in
Figure 7, this approach assumes the entire network as its starting point and examines
shear stresses at the junctions of blood vessels. Variations on this basic model include
changing the boundary conditions and placing one of the vertical vessels at an angle. These
alterations are presented in Models 2A, 2B and 2C, shown in Figure 10 in the results section.
The corresponding shear stress and velocity results for all the geometries are presented in
the results section.
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Figure 10. Development of models from realistic geometry for Model 2. The geometries for the
initial geometry are derived from a micrograph of blood vessels in RA (permission obtained from
RightsLink/Elsevier) [75]. The portion in the solid is the complete geometry for Model 2. The
different variations (Model 2A, Model 2B and Model 2C) arise from rearranging inlets and outlets
and placing one of the vessels at an angle.
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4.3. Verification of Results

We verify our results quantitatively and qualitatively. For the former, we model blood
flow through a straight pipe of radius 0.001 m, equivalent to the side branches in our other
models. In this simple model, we use the same blood parameters and boundary conditions
as those for Models 1 and 2. Once we have run the model, we compare the shear stress
result to that calculated using the Hagen–Poiseuille formulation. This analytical solution
enables us to calculate velocity and shear stress in straight pipes. The shear stress equation
is given as

τ =
4µQ
πr3 (3)

where τ is the shear stress, Q is the volumetric flow rate and r is the pipe radius. Qualita-
tively, we compare the final configuration for Model 1 with the original image that informed
the initial model [75].

5. Conclusions

The findings of this study highlight the role of haemodynamics and wall shear stress
in angiogenesis in rheumatoid arthritis. Specifically, we observed that new blood vessels
are likely to develop in regions of low wall shear stress (0.840–1.260 Pa) in a computational
fluid dynamics model. This highlights the role of mechanical factors in RA angiogenesis
and provides a tool for further exploration of this phenomenon. Other angiogenesis-driven
diseases, such as cancer, may also benefit from a similar modelling approach.
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Abstract: Vascular access is the lifeline for patients receiving haemodialysis as kidney replacement
therapy. As a surgically created arteriovenous fistula (AVF) provides a high-flow conduit suitable for
cannulation, it remains the vascular access of choice. In order to use an AVF successfully, the luminal
diameter and the vessel wall of the venous outflow tract have to increase. This process is referred
to as AVF maturation. AVF non-maturation is an important limitation of AVFs that contributes
to their poor primary patency rates. To date, there is no clear overview of the overall role of the
extracellular matrix (ECM) in AVF maturation. The ECM is essential for vascular functioning, as it
provides structural and mechanical strength and communicates with vascular cells to regulate their
differentiation and proliferation. Thus, the ECM is involved in multiple processes that regulate AVF
maturation, and it is essential to study its anatomy and vascular response to AVF surgery to define
therapeutic targets to improve AVF maturation. In this review, we discuss the composition of both
the arterial and venous ECM and its incorporation in the three vessel layers: the tunica intima, media,
and adventitia. Furthermore, we examine the effect of chronic kidney failure on the vasculature,
the timing of ECM remodelling post-AVF surgery, and current ECM interventions to improve AVF
maturation. Lastly, the suitability of ECM interventions as a therapeutic target for AVF maturation
will be discussed.

Keywords: extracellular matrix; arteriovenous fistula; vascular remodelling; AVF maturation

1. Introduction

End-stage kidney disease (ESKD) patients receive renal replacement therapy through
kidney transplantation or dialysis treatment. During haemodialysis (HD), vascular access
(VA) connects the patient’s blood supply to the dialysis machine. VA can be achieved
through a central venous catheter (CVC), arteriovenous graft (AVG), or an arteriovenous
fistula (AVF). The radiocephalic AVF was the first arteriovenous configuration, introduced
in 1966 [1]. This provided a stepping stone for a high-flow vascular access design for HD,
served as inspiration for other AVF configurations, and resulted in the AVF being the gold
standard in VA [2].

The National Kidney Foundation’s Kidney Disease Outcomes Quality Initiative
(KDOQI) guidelines recommend AV access (AVF or AVG) in patients requiring HD [3].
AVFs have better longevity and reduced complications when compared to AVG and
CVC [4–7]. However, non-maturation rates are around 9–31%, depending on AVF type,
compared to 9% functional failure in AVGs, which remains a hurdle in the lifeline to HD
therapy [8,9]. The role of different cell types, such as endothelial cells (ECs), inflammatory
cells, and vascular smooth muscle cells (VSMCs), is being actively investigated, but to
date, there is no adequate intervention to promote AVF maturation. Although thoroughly
reviewed in models of vascular disease, such as atherosclerosis plaque rupture, aneurysm
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formation, hypertension, and vascular calcification [10–12], the extracellular matrix (ECM)
is an active but frequently overlooked participant in the process of AVF maturation, and
reviews regarding the role of the ECM in AVF maturation are lacking. As the ECM gives
structural and mechanical strength to the vessel and provides communication to the vas-
cular cells to regulate their differentiation and proliferation, it is involved in multiple
processes that regulate AVF maturation. The ECM is also essential during the only healthy
vascular remodelling comparable to AVF maturation, namely remodelling of the uterine
vasculature during pregnancy [13]. Uterine arterial blood flow increases eight-fold over
the course of 36 weeks of pregnancy, partially due to ECM-remodelling-induced diameter
expansion [13,14].

The importance of the ECM in AVF remodelling is underscored in a recent study by
Martinez et al. [15], who performed bulk RNA sequence analysis of pre-access veins and
pair-matched AVFs of ESKD patients. They found that ECM proteins were amongst the
most differentially expressed genes, with 87% of them upregulated in the AVF. Pathway
enrichment analysis showed that collagen remodelling, both degradation and production,
was strongly increased. Moreover, clusters of differentially expressed ECM components
enabled the crude separation of failed and matured AVFs. These findings demonstrate the
importance of ECM remodelling to facilitate increased blood flow in the AVF.

In the present review on the role of the ECM in AVF maturation, AVF failure and
the differences in vascular anatomy of arteries and veins will be discussed, followed by
the temporal regulation of ECM remodelling post-AVF creation. Factors regulating ECM
remodelling will be explored, followed by future perspectives.

2. AVF Maturation Failure

As the venous vascular wall differs from the arterial vessel wall, a non-physiological
pressure is created in the venous outflow tract. The venous outflow tract thus has to
undergo arterialisation: the vessel wall has to thicken to endure the increase in pressure
and tensile stress and expand its luminal diameter to facilitate both enhanced blood flow
and adapt to the increase in shear stress [16,17]. As this is an intricate process, the venous
outflow tract or juxta-anastomotic region of the AVF is often the culprit in AVF maturation
and luminal narrowing due to thrombosis and intimal hyperplasia (IH) occurring at the
AVF venous outflow tract. IH, together with the degree of enlargement of the vessel
diameter, defined as outward remodelling (OR), defines the luminal diameter of the vessel
and, thereby, the ability of the AVF to facilitate the increase in blood flow [18]. A disruption
in this balance leads to AVF failure, where stenosis decreases the blood flow throughout the
AVF and hinders efficient dialysis. To understand the difference between the arterial and
venous vessel walls and what happens during AVF remodelling, we will give an overview
of the anatomical differences between major arteries and veins and how their mechanical
tasks are supported by their differences in the ECM scaffold.

3. The Arterial and Venous Vessel Wall and Its ECM Components
3.1. Vascular Identity: Phenotypic Differences between Arteries and Veins

Arteries and veins are functionally and anatomically distinct, whereby their arterial-
venous cell fate is not only determined by hemodynamic differences but also by genetic
mechanisms [19–21]. The most well-known arterial and venous markers belong to the
Ephrin family [22], which consists of Ephrin ligands and Eph protein-tyrosine kinases
receptors. Ligand ephrinB2 marks arterial cells [23], while its receptor Eph-B4 is expressed
in venous ECs and VSMCs [24]. Protack et al. [25] showed that murine AVFs adopt a
dual arteriovenous identity, with increased expression of both Eph-B4 and Ephrin-B2 in
the venous outflow tract shortly after AVF creation. This supports the hypothesis that
the venous part of the AVF has to undergo ‘arterialisation’. To understand the process of
arterialisation of the AVF, the distinction between the venous and arterial anatomy has to
be elucidated.
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AVFs are created from native arteries and veins, which, despite their expressional
differences, comprise three layers: the tunica intima, tunica media, and tunica adventitia,
sometimes also referred to as tunica externa—three layers with different functions in
haemostasis, yet closely working together. The vascular ECM is composed of numerous
different macromolecules, proteoglycans, glycoproteins, and cell adhesion proteins that
are dispersed throughout the three tunicae and together resist compressive forces, provide
adhesive surfaces, and give tensile strength to the vessel. These ECM components are
produced by different cell types dispersed throughout the matrix. Figure 1 shows an
overview of the anatomy of arteries versus veins and the differences in their ECM structure.
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Figure 1. Overview of the arterial versus venous vessel layers and their respective ECM. The lumi-
nal side of both vessel types contains an intimal layer with endothelial cells (ECs) covered by the
glycocalyx. The basal lamina is a mesh-like structure situated underneath the ECs. The internal
elastic lamina (IEL) separates the tunica intima and media. The arterial (left panel) tunica media
is thicker and more elastic than its venous counterpart (right panel) with more vascular smooth
muscle cells (VSMCs), organised with elastin into a contractile-elastic unit. Arteries have a prominent
external elastic lamina (EEL). Veins are less muscular with a lower elastin-to-collagen ratio. The
tunica adventitia contains collagen-producing (myo) fibroblasts, surrounded by perivascular adipose
tissue and the vasa vasorum: a capillary network of minor blood vessels. Matrix metalloproteinases
(MMPs) are proteinases that regulate ECM degradation and extend into the media and adventi-
tia. They are inhibited by tissue inhibitors of metalloproteinases (TIMPs). CD44 is a cell-surface
glycoprotein receptor found in the venous and arterial adventitial layer and venous tunica intima.
CD44 is expressed by ECs and can bind ECM components, such as collagen, fibronectin, MMPs, and
hyaluronic acid. ECM = extracellular matrix.

3.2. The Tunica Intima

The inner layer of the vasculature is lined by endothelial cells (ECs), which require
the ECM for their adhesion, migration, and proliferation. The luminal side of ECs is cov-
ered by the glycocalyx: a pericellular matrix composed of glycosaminoglycans (GAGs),
proteoglycans, glycolipids, and glycoproteins [26,27]. GAGs, including heparan sulphate
and hyaluronan, line the luminal side of the vessel and interact with plasma proteins,
chemokines, and growth factors [28]. A healthy glycocalyx is essential for vascular
haemostasis as, in addition to interacting with both ECs and plasma-produced molecules,
it aids in mechanotransduction, vascular permeability, and, thereby, inflammation [27,29].
The glycocalyx senses and translates mechanical forces into intracellular signals, thereby
mediating endothelial nitric oxide (NO) production [30]. Increased shear stress leads to
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reduced NO, which stimulates heparan sulphate synthesis [31]. In the healthy individual,
glycocalyx synthesis and degradation are regulated to maintain endothelial function and
adapt to environmental changes. Unfortunately, ESKD patients, and those receiving HD in
particular, have elevated serum markers of glycocalyx damage and endothelial dysfunc-
tion [32]. This suggests that the vasculature of ESKD patients has reduced capability to
adequately sense and respond to a change in shear stress.

In addition to the glycocalyx, ECs also produce and deposit components of the basal
lamina and internal elastic lamina (IEL). The basal lamina, also referred to as the basement
membrane, is composed of collagens type IV, XV, and XVIII as well as laminin, fibronectin,
and perlecan dispersed throughout a mesh-like structure, providing structural support
and anchor sites to the ECs [33–35]. When the basement membrane is exposed, it forms
a bed for activated platelets to adhere [36], which in turn can induce VSMC proliferation
and migration to aid in intimal hyperplasia [37,38]. The aforementioned IEL separates the
tunica intima from the tunica media.

3.3. The Tunica Media

The tunica media is the most prominent vessel layer and highlights the different arte-
rial and venous functions and how their mechanic requirements are translated into their
anatomical composition. As arteries are exposed to higher blood pressure, the tunica media is
thicker and more elastic than its venous counterpart. Their VSMCs are diagonally organised,
whereas venous VSMCs are irregularly organised to make the vessels more dilatable [39].

As indicated by its nomenclature, the IEL is formed by elastin, one of the main com-
ponents of the vascular ECM. VSMCs produce elastin, proteoglycans, and collagen and
disperse these components in between elastic fibres and into the IEL. Elastic fibres are com-
posed of elastin on a microfibril scaffold of fibrillins, microfibril-associated glycoproteins
(MAGPs), microfibrillar-associated proteins (MFAPs), and fibulins [40,41]. As VSMCs are
dispersed throughout the elastin fibres, they create a contractile-elastic unit and connect
adjacent elastic laminae [42]. Veins have lower elastin expression, resulting in reduced
transmission of tension throughout the vessel wall and diminished contractability com-
pared to arteries. Arterial biomechanical tasks include dampening pulsation due to cardiac
output and blood pressure differences throughout the vasculature [43]. Arterial VSMCs
and elastic laminae are organised circumferentially [39], resulting in enhanced elasticity,
constriction, and expansion capacity.

Loss of arterial elastin expression increases distensibility both longitudinally and
circumferentially [44]. Veins, on the other hand, require less constriction capacity and have
a bigger diameter and reduced blood pressure. Therefore, the venous tunica media contains
less elastin and more collagen and smooth muscle fibres. Arteries have more abundant
elastin expression compared to veins and, thus, a lower collagen-to-elastin ratio [45]. At
low pressures, the arterial pressure curve strongly relates to elastin, while at high pressures,
the elastic modulus of collagen is more important, indicating the importance of venous
collagen deposition after AVF creation [46]. Long-term circumferential strain enhances
the expression of both collagen type III and elastin [47]. Collagen limits wall distension
by forming a triple helix of elongated fibrils. Collagen type I, III, IV, V, and VI are most
abundant in the vasculature and are involved in forming its structure and cell signalling.
Fibril-forming collagens—i.e., collagen I, III, and IV—are produced by VSMCs and provide
vessel wall strength, as illustrated by the pathology in vascular Ehlers-Danlos syndrome
where collagen IIIα1 is mutated, leading to fragile blood vessels and increased incidence
of vessel rupture [47,48]. Furthermore, collagens provide binding sites for other ECM
components, such as fibronectin and thrombospondin, which regulate vascular remodelling
and activity of MMP-2 and MMP-9 [33,49,50].

In vascular homeostasis, the degradation of ECM components is of vital importance
to facilitate elastin and collagen turnover. Matrix metalloproteinases (MMPs) produced
by VSMCs, monocytes, and macrophages that extend into the media or adventitia are pro-
teinases that partially regulate this ECM degradation [51]. MMPs are specifically inhibited
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by tissue inhibitors of metalloproteinases (TIMPs). Excessive TIMP production can result
in vascular fibrosis, while abundant MMP expression and ECM degradation can lead to
aneurysm formation, a form of AVF failure where the vessel wall expands abnormally, re-
sulting in an increased risk of vessel rupture [52]. The formation of both elastin and collagen
is dependent on lysyl oxidase (LOX), as LOX induces extracellular catalysis of lysine and
hydroxylysine residues for collagen and elastin cross-linking [53,54]. Interventions in elastin
and collagen production and turnover to promote AVF functioning will be discussed later.

3.4. The Tunica Adventitia

The tunica adventitia is separated from the tunica media by the external elastic lam-
ina (EEL). Overall, the adventitia of large vessels is characterised by collagen-producing
(myo)fibroblasts forming fibrous connective tissue, which is surrounded by perivascular
adipose tissue (PVAT) and the vasa vasorum: a capillary network of minor blood vessels
supplying major blood vessels with oxygen and nutrients [33,55]. Increased vasa vasorum
is often observed in pathological processes [33]. In major arteries, the vasa vasorum spans
from the adventitia to the outer layer of the media, while in large muscular veins, the
vasa vasorum extends deeply into the tunica media [56]. However, vascularisation of the
pre-access vein or venous AVF outflow tract is not associated with maturation outcomes [57].

Myofibroblasts in the tunica adventitia are major collagen producers, which they
secrete into the tunica media to aggregate into fibrils to provide mechanical strength and
prevent extreme vasodilation. The majority of the adventitial ECM is formed by elastin,
fibronectin, proteoglycans, and collagen type I to prevent vessel rupture. Moreover, it
serves as storage for molecules such as growth factors and MMPs. CD44 is a cell-surface
glycoprotein receptor found in the venous and arterial adventitial layer and venous tunica
intima [58]. CD44 is expressed by inflammatory and vascular cells such as ECs and
fibroblasts, which can bind ECM components, such as collagen, fibronectin, MMPs, and
hyaluronic acid [59]. As the adventitia contains ECM adhesion proteins such as CD44 and
fibroblasts, which produce a majority of vascular ECM components, injury of the adventitia
can radically alter the vascular ECM [33,60].

4. The Effect of Chronic Kidney Disease on the Vasculature

Kidney failure and cardiovascular pathology often go hand in hand, and reduced
glomerular filtration rate (GFR) is an independent risk factor for cardiovascular events [61].
When creating an AVF, patients are at the ESKD stage; thus, the vessels are affected by an
uremic environment and exposed to high blood pressure, as the majority of ESKD patients
have hypertension. These factors affect vascular health and contribute to arterial stiffening,
vascular calcification, increased risk of atherosclerosis, and impaired vascular repair [62].
Wali et al. [63] described that cephalic veins of ESKD patients show morphologically altered
VSMCs and increased irregular deposition of collagen and elastin in between VSMCs
when compared to healthy controls. Native veins of ESKD patients pre-AVF surgery
contain significant collagen deposition in the tunica media and an enlarged intima mostly
consisting of proteoglycans and collagen [64]. Furthermore, there is increased phagocytic
activity of elastin and collagen in medial VSMCs [63]. Kidney failure is often paired with
endothelial dysfunction, increased oxidative stress, VSMC proliferation, and peripheral
vascular dysfunction [65–67]. Previous research in rats with kidney failure revealed that
the increased oxidative stress and enhanced NO resistance hinder AVF maturation [68]. It
has been shown that antioxidant selenium can modulate oxidative stress in CKD patients
and reduce inflammation and oxidative stress markers [69].

However, when studying the vascular remodelling of AVFs, it is important to keep in
mind that kidney failure impacts vascular health.

5. ECM Remodelling in the AVF: A Timely Matter

AVF maturation research is mostly focused on the venous outflow tract and its adapta-
tion to the newly created arterial environment. Recently, there has been an increasing inter-
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est in modulating the ECM to promote AVF maturation and functionality. Hall et al. [70]
elegantly studied temporal regulation of venous ECM remodelling after AVF creation in an
aortocaval AVF model in C57BL/6J mice.

Murine AVF maturation encompasses three distinct phases of ECM remodelling: early
ECM degradation, followed by a transition phase through reorganisation of the collagen
and elastin scaffold, and lastly, rebuilding of the matrix with non-collagenous proteins
and glycoproteins. Hence, timely expression of factors regulating the ECM is especially
important after AVF creation.

Early MMP expression was observed in murine AVFs that would mature: MMP-9
mRNA was increased maximally on day 1, while MMP-2 RNA and protein expression
increased on day 7 [70]. TIMP1 RNA expression was also elevated on day 1 until 21 days
post-AVF creation, whereas expression of TIMP2, TIMP3 and TIMP4 was upregulated later
in the remodelling process at day 21. Collagen III mRNA showed upregulation on day 3
post-AVF creation, while collagen I, IV, VIII, and XVIII showed increased expression on
day 7. Collagen III deposition was mainly observed in the adventitia and collagen I within
the layers of the remodelling venous outflow tract. Total collagen protein expression was
upregulated at day 21. Elastin mRNA expression was increased at 3 and 7 days post-AVF
creation, and elastin protein deposition was elevated at day 28.

As MMP expression is regulated post-transcriptionally [71], data about mRNA expres-
sion should be interpreted with caution. However, the work of Hall et al. [70] indicates that
the balance between vessel wall degradation and remodelling post-AVF creation is a fine
line. Figure 2 gives a timeline overview of balanced degradation and reconstruction of the
ECM after AVF creation. Next, studies on the ECM in AVF maturation will be discussed
in the sequence of events occurring in AVF vascular remodelling: (i) ECM degradation
regulated by MMPs and TIMPs, (ii) regulation of collagen and elastin deposition and LOX
and (iii) the effects of TGF-β and inflammation on ECM remodelling.
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(middle panel) and rebuilding of the ECM framework through ECM deposition (right panel). After
AVF creation, the intimal layer and glycocalyx are damaged, and increased wall shear stress induces
outward remodelling. Degradation of the ECM is facilitated by increased MMP (matrix metallopro-
tease) production, degrading collagen and elastin. Proliferating VSMCs ensure outward remodelling
and wall thickening. Eventually, VSMCs migrate into the intima, where they proliferate and form
intimal hyperplasia. During ECM deposition, collagen is produced by VSMCs and myofibroblasts.
LOX (lysyl oxidase) cross-links elastin and collagen into their respective fibre formations.

6. Rebuilding the Vascular Framework: ECM Remodelling during AVF Maturation
6.1. ECM Degradation: The Role of MMPs and TIMPs in the AVF

ECM degradation, due to MMP activation or TIMP inhibition, is an essential process
early on in AVF maturation. Rat AVFs showed an increase in both blood flow and intimal
and medial area post-AVF creation compared to sham-operated controls, accompanied
by an increase in MMP-2 and MMP-9 and downregulation of TIMP-4, which resulted
in collagen degradation and an increased collagen I/III ratio [72]. At the time of AVF
creation, elevated serum levels of MMP-2/TIMP-2 are measured in patients that would
have a matured AVF compared to those who would experience AVF failure, with border-
significant elevated levels of MMP-9/TIMP-4 as well (p = 0.06) [73]. Another study verified
that patients with veins that would become matured AVFs had increased pre-operative
expression of TIMP-2, MMP-2 activator MT1-MMP (Membrane type-1-MMP), and MMP-2
itself when compared to veins that would become failed AVFs [74]. Misra et al. [75] show
that in rats, increased expression of MMP-2 and MMP-9 at a later time point is associated
with venous stenosis, similar to ESKD patient data on increased MMP-9 expression in
stenotic AVF lesions [76]. This is in line with the increased deposition of pro-MMP-9 in
AVFs that had to undergo surgical revision due to thrombosis or stenosis [77]. Many clinical
descriptive studies have focused on the role of MMPs in AVF vascular remodelling but
encompass findings based on systemic plasma levels or patient tissue of AVFs that need to
undergo revision and are, thus, AVFs that failed to mature. This raises the question: what is
the role of MMPs and TIMPs locally in AVF maturation? Therefore, interventions in MMP
and TIMP expression are essential to see if they could be a therapeutic target, and what the
therapeutic timing should be.

Doxycycline has been used as a specific MMP inhibitor as it directly inactivates
MMPs through their zinc sites and indirectly through binding to inactive calcium sites [78].
Nath et al. [79] administered doxycycline chronically in their murine carotid-jugular AVF
model. They verified suppression of MMP-9 expression in the venous outflow tract of the
AVF, which did not affect AVF patency. Nonetheless, doxycycline is proven effective in
preventing IH in a mouse model of arterial intimal hyperplasia and vein graft thicken-
ing [80]. Conditional forward logistical analysis was used with patients undergoing chronic
maintenance haemodialysis to assess the likelihood of vascular access aneurysm formation
after doxycycline treatment. Here, doxycycline treatment was compared to other antibiotic
treatments. Patients that had received doxycycline and thus MMP inhibition appeared
to have a decrease in aneurysm formation: a long-outcome effect rather than short-term
maturation [78].

Shih et al. [81] studied the direct effect of MMP-9 deficiency on AVF remodelling
using a murine knockout model with chronic kidney injury. MMP-9 deficient mice showed
reduced VSMCs and collagen, accompanied by an increase in the AVF-venous luminal
area and a decrease in IH when compared to wild-type (WT) mice. This was due to a
reduction in vascular inflammation, demonstrated by reduced CD44 protein expression.
After a femoral artery wire injury, MMP-9 and MMP-2 deficient mice showed reduced IH
formation at two weeks post-injury and at four weeks post-injury [82]. As for patients
studies, Lin et al. [83] state that the variant and accompanying transcriptional activity of
MMPs is associated with AVF outcome in patients: genetic variants that lead to reduced

57



Int. J. Mol. Sci. 2023, 24, 10825

transcription of MMP-1, MMP-3 and MMP-9 are associated with increased risk of AVF
failure and stenosis, probably due to reduced proteolytic degradation of the ECM, resulting
in ECM accumulation. Taken together, there is a solid foundation to state that MMPs play
a significant role in AVF remodelling in animal models, which can possibly be translated
to patients.

6.2. Strengthening the ECM Framework: Macro-Proteins Elastin and Collagen

Collagen and elastin are major ECM components that give structure to the vessel.
Vascular pathologies emphasise the importance of the maintenance of these ECM proteins.
Loss of both elastin-network integrity, as seen in Marfan syndrome [40,84], and loss-of-
function mutations in collagen [48,85], both result in a weakened vessel wall and increased
aneurysm formation. Excessive collagen deposition, however, is also a common cause of
vascular clinical manifestations, seen in vessel fibrosis and vascular stiffness [86]. Figure 3
shows patient AVFs with different gradients of ECM deposition.
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Figure 3. Differential ECM deposition in human AVFs. Samples were stained with Masson Trichrome.
ECM is shown in blue, and smooth muscle cells are stained red. Scale bars are 100 µm in the
bottom images and 500 µm in the inlay. (A) shows an AVF with little outward remodelling and a
lot of ECM deposition in the IH, as shown in the inlay, indicative of a fibrotic AVF. (B) AVF with
wall thickening and some ECM deposition amongst well-organised muscle fibres. (C) AVF with
excessive OR and little ECM deposition, indicative of aneurysm formation. AVF = arteriovenous
fistula, ECM = extracellular matrix, IH = intimal hyperplasia, OR = outward remodelling.

It has been established that mechanical factors, such as the increase in flow and wall
shear stress stretching the elastic fibres, can increase the binding of elastase and the density
of its binding sites along the fibre [87]. After AVF surgery, degeneration of the internal
elastic lamina indeed occurs both arterially and at sites of the venous outflow tract that
experience the biggest hemodynamic changes proximal to the anastomosis [88–90]. Rabbit
AVF models show flow and shear stress-induced elastin fragmentation post AVF creation in
the afferent artery [90–94], preceded by increased mRNA expression of both MMP-2, MMP-
9, and MT1-MMP in ECs and VSMCs [92]. These fragmentations of the IEL contain VMSC
deposition in between the laminae, facilitating OR and, thus, luminal enlargement [90,94].
Elastin haplodeficiency in a murine carotid-jugular AVF model resulted in accelerated
OR of the venous outflow tract, no differential development of IH, and, eventually, an
increase in the AVF venous luminal area [95]. Meanwhile, increased elastin deposition and
a reduction in elastase activity hinder elastin degradation and impair OR and murine AVF
maturation [96].
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Two recent randomised, double-blind, placebo-controlled interventions using recom-
binant human elastase PRT-201 were performed in patients receiving a brachio- or radio-
cephalic AVF [97,98]. In these studies, PRT-201 was applied to the inflow artery, anasto-
mosis, and outflow vein. Usage was proven safe, and there was no increase in adverse
events; however, there was no increase in AVF venous diameter, stenosis, blood flow, or
successful maturation compared to placebo-treated patients. PRT-201 was also not proven
effective in AVGs [99]. Low-dosage PRT-201 was associated with improved unassisted
maturation [100]. A larger prospective trial again showed the safety of using PRT-201 but
no clinical value to surgical outcomes of radiocephalic fistulas nor secondary patency [97].
This indicates that increasing elastin degradation through temporary supplementation of
an elastase might not be of therapeutic value to improve the maturation and patency of
AVFs. It is hypothesised that the degradation of elastin has to be guided by the repair of
elastic fibres [70,101].

Case reports of Alport’s syndrome patients, a renal disease caused by a systemic disor-
der of collagen type IV (COL4A5), show a high prevalence of aneurysmal AVFs [102,103].
An increase in collagen content in the venous AVF is essential [104]; however, excessive
collagen deposition leads to fibrosis. Interestingly, pre-existing arterial medial fibrosis
is positively associated with AVF diameter, blood flow, and AVF maturation, while pre-
existing venous medial fibrosis did not correlate with AVF functionality [105]. Excessive
fibrotic remodelling in the form of circumferential alignment of collagenous fibres along
the venous AVF outflow tract is associated with the non-maturation of brachiobasilic
AVFs [106]. Bulk RNA sequence analysis of pre-access veins and pair-matched two-stage
brachiobasilic AVFs of ESKD patients showed increased expression levels of fibrillar colla-
gens I and II in the AVF, whereby increased COL8A1 and decreased MMP-9 and MMP-19
expression marked failed AVFs [15]. Upregulated COL8A1 results in increased collagen
VIII, which forms a hexagonal network instead of fibres surrounding VSMCs in the tunica
media. Martinez et al. hypothesise that the increase of collagen VIII in the medial layer
might induce enhanced TGF-β and collagen I and collagen III production, resulting in
vascular stiffness and AVF failure [15].

Little is known about the effect of collagen modulation post-AVF creation, as only
a few interventional studies have been performed. Inhibiting LOX is the most common
method used to study the role of collagen expression in vascular remodelling post-AVF,
as it aids in intra- and intermolecular covalent cross-linking of collagen and facilitates the
formation of collagen’s triple helix conformation [107]. This is often performed by adminis-
tering β-aminopropionitrile (BAPN), an irreversible LOX inhibitor. Hernandez et al. [108]
inhibited LOX both locally and systemically through intraperitoneal BAPN injection or a
BAPN-loaded scaffold around the venous outflow tract of an end-to-side rat AVF of the
epigastric vein and femoral artery. The scaffold was degraded in 60 days, and systemic
delivery was given from 2 days prior to 21 days post-AVF creation. Both treatments de-
creased fibrosis and shear stress and improved flow volume and distensibility in the AVF. A
follow-up rat study showed that a BAPN-loaded PGLA nanofibre scaffold around the AVF
promotes OR, prevents adventitial fibrosis, and improves vascular compliance [109]. BAPN
and LOX, however, are both involved in cross-linking of collagen as well as elastin fibres
and are, therefore, not exclusively related to collagen [110]. In ESKD patients, pre-access
veins that would fail had higher LOX expression compared to veins that would mature.
In failed AVFs, increased collagen cross-linking was observed [108]. Thus, modulation of
LOX activity, and, thereby, elastin and collagen, seems to be a promising therapeutic target.
However, as we can conclude from clinical trials administering PRT-201, interfering with
elastin fragmentation is a delicate matter in AVF remodelling. Similar to the modulation of
MMP and TIMP activity, inducing collagen and elastin degradation to promote AVF func-
tionality is a timely matter and should be balanced by a certain degree of ECM production,
orchestrated into a balanced sequence of events.
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6.3. The Effect of TGF-β on ECM Remodelling in the AVF

In addition to regulating elastin and collagen cross-linking, LOX also influences the
activation of the TGF-β pathway. TGF-β can be activated through the canonical pathway
(Smad-activation) or non-canonical pathway (non-Smad-regulated) and generally results in
myofibroblast activation, ECM production, and prevention of ECM degradation [111]. LOX
suppresses Smad3 phosphorylation, a signalling intermediate normally activated by TGF-β
stimulation to induce VSMC proliferation [112]. TGF-β, in turn, enhances LOX expression
in rat aortic VSMCs [113,114]. TGF-β has been proven a key player in both kidney and
vascular fibrosis and an important determinant for AVF functioning, as demonstrated by
interventional in vivo studies summarised here.

Inhibiting TGF-β receptor-I through adventitial administration of SB431542-loaded
nanoparticles reduces AVF wall thickness, collagen deposition, and VSMC prolifera-
tion [115]. Cell-specific TGF-β inhibition in ECs or VSMCs results in a reduction of collagen
density, and EC-specific modulation of TGF-β signalling affects wall thickness, OR, and
AVF patency [115]. Murine and matured patient AVFs show non-canonical activation
of TGF-β signalling through TGF-β-activated kinase 1 (TAK1): reducing TAK1 function
from 7 days prior to 7 days post-surgery using 5Z-7-oxozeaenol (OZ) results in decreased
fibronectin, collagen I, wall thickness, and vessel diameter, which are increased when
overexpressing TAK1 through periadventitial lentiviral transduction [116]. Differential
regulation of TGF-β signalling might also underly the sex difference that is observed in
AVF maturation, where female ESKD patients have decreased AVF maturation and pa-
tency [117,118]. Cai et al. [119] observed decreased gene expression of BMP7 and IL17Rb
and increased Tgf-β1 and Tgfβ-r1 in female murine AVFs, which resulted in venous fibrosis
and negative vascular remodelling. Percutaneous transluminal angioplasty (PTA), a com-
mon intervention to salvage AVF functionality, increased TGF-β signalling in female but
not male murine AVFs. This resulted in a reduction in the diameter of the venous outflow
tract, luminal area, peak systolic velocity and an increased intima-to-media ratio [120]. In
addition to murine studies, TGF-β is shown to play a role in human AVF maturation as well.
Heine et al. [121] observed that polymorphisms that cause increased TGF-β1 expression
were associated with a decreased 12-month patency rate of 62.4%, while intermediate
production of TGF-β1 was associated with a patency of 81.2%. More research is needed
to evaluate if TGF-β modulation is a valuable therapeutic remedy to reduce fibrosis and
collagen deposition in the AVF.

6.4. Inflammation Influencing ECM Remodelling

Inflammation is an inherent process of AVF creation. Several inflammatory markers
have been related to poor AVF patency outcome or AVF complications, including elevated
systemic C-reactive protein (CRP) levels, neutrophil-to-lymphocyte ratio (NLR), platelet-
to-lymphocyte ratio (PLR) and systemic inflammatory index (SII) as well as the local
deposition of IL-6, TNF-α, and MCP-1 in the AVF [122–127]. Administering liposomal
prednisolone inhibited inflammatory markers IL-6, TNF-α, and MCP-1 in a murine AVF
model [128]. Liposomal prednisolone was proven safe in humans but has not been studied
yet in a large randomised control trial [129]. Similar to ECM remodelling, inflammation
requires a balanced approach between pro-inflammatory and anti-inflammatory signalling
to facilitate OR and wall thickening. The influence of inflammation on AVF vascular
remodelling is thoroughly reviewed [130–135].

Here, we uncover the relationship between inflammation and ECM remodelling in an
AVF model, whereby inflammation can increase both ECM degradation and deposition. In
the context of this review, we broadly uncover two categories in the relationship between
inflammation and ECM remodelling in the AVF. Namely, inflammation-influencing MMP
production by VSMCs and macrophages and inflammation-enhancing CD44 activity.

Inflammatory cells, such as macrophages and T-cells, produce numerous factors and
cytokines that affect the vascular ECM, such as TGF-β and MMPs, by regulatory T cells
and macrophages [136,137]. Pro-inflammatory M1 macrophages secrete pro-inflammatory
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cytokines such as TNF-α, IFN-γ, and IL-1 [134]. These local inflammatory stimuli can en-
hance regional upregulation of MMPs, induce elastin breaks, and thereby facilitate VSMC
migration and degradation of the vascular ECM structure. IL-1 or TNF-α stimulation of
VSMCs can lead to MMP-1, 3, and 9 production, but not TIMPs, and IL-1 is essential to fa-
cilitate OR [138,139]. Thrombosed AVFs are characterised by increased inflammation at the
luminal site through MMP-9 expressing macrophages [124]. Inflammatory stimuli through
CD44 activation, however, lead to the upregulation of M2 macrophages, which produce
IL-10 and TGF-β, inducing ECM deposition, and leading to venous wall thickening, thereby
promoting AVF maturation [134,140]. Administering cyclosporine, a T-cell inhibitor, re-
sulted in reduced pro and anti-inflammatory macrophage presence in AVFs, hindering wall
thickening, and promoting OR [141]. The relationship between inflammation-induced ECM
remodelling, OR, and wall thickening versus IH formation due to VSMC proliferation and
thrombi is complex and temporal and needs to be unravelled further to design therapeutic
agents for AVF maturation.

7. Interventions Creating an ECM Framework Supporting Arteriovenous Fistulas

A few interventional studies have been performed in animal models using an ECM-
mimicking framework to wrap around the AVF and possibly enhance AVF maturation.

CorMatrix, a decellularised matrix containing mostly collagen I fibres, GAGs, and
glycoproteins, was wrapped around the venous outflow tract of carotid-jugular AVFs in
immunodeficient mice. CorMatrix had beneficial outcomes regarding luminal outflow
area and OR [142]. It is hypothesised that CorMatrix traps adventitial fibroblasts and
prevents their differentiation and inwards migration, thereby reducing IH. CorMatrix
has been applied in patient AVFs that needed reconstruction, and the data suggests that
CorMatrix is safe to use, yet a high incidence of IH occurred, and there was no control
group [143]. One case report shows the use of CorMatrix to repair an aneurysmal AVF,
which resulted in complication-free clinical patency for the duration of a follow-up of
four months [144]. A clinical study, however, has to be performed to investigate the
effectiveness of the CorMatrix application peri-operatively. Natural Vascular Scaffolding
(NVS) Therapy is another ECM intervention studied in rats. A small molecule (4-amino-1,8-
naphtalamide) was administrated perivascular at the AVF anastomosis and activated with
a laser, which induces covalent binding of collagen and elastin, resulting in a framework
for the vascular wall [145]. This resulted in an increase in AVF luminal area compared
to controls, with decreased MMP-2 and MMP-9 expression at four weeks. Less collagen
deposition was observed, although not significant, and the collagen fibres were organised
more perpendicular [145], which seems favourable in AVFs [106]. The same treatment
was also tested in sheep after cephalic veins were dilated through a balloon catheter [146].
This led to an increase in wall thickness and luminal diameter. These ECM interventions
applying or creating an ECM-wrap peri-operatively during AVF surgery in animal models
suggest that these remedies are safe and may have therapeutic potential by facilitating OR
and luminal expansion to enhance AVF maturation.

8. Future Directions

In this review, we have summarised the influence of the ECM in AVF remodelling.
Restructuring the ECM after AVF creation is a complex and timely process, with a dynamic
balance between ECM degradation and ECM synthesis, mostly occurring in the venous
tract. ECM degradation is essential for OR and venous wall thickening. However, excessive
ECM degradation or insufficient repair results in a weak aneurysmatic venous outflow
tract. Most novel therapeutic interventions focused on the ECM have solely been studied
in animal models of AVF failure, and the success of those interventions is primarily based
on (end-point) histological and morphometric parameters. To unravel how timely ECM
turnover influences AVF outcome, new research methods should be employed to study
ECM turnover longitudinally.
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Currently, there are several live-imaging modalities available to track AVF flow, ECM
remodelling and wall thickening in vivo, including magnetic resonance imaging (MRI),
ultrasound analysis (US) and photoacoustics. Increased MRI specificity can be achieved
through the use of contrast agents, for example, targeting elastin or tropoelastin [84,147,148].
US analysis can both determine AVF flow [149] and track wall thickening, total vessel wall
area and OR [150,151]. By determining the optical absorption contrast of the target area,
photoacoustics can characterise different tissues and distinguish collagen from its surround-
ings [152]. Live tissue imaging can also be accompanied by labelling agents targeting
collagen [153–155]. MMPSense is a protease-activatable fluorescent agent activated by
MMP-2, -3, -9, -12, and 13, which allows real-time imaging of local MMP activation and,
thereby, ECM turnover [156]. These imaging techniques are suitable for studying ECM
turnover post-AVF creation in vivo and should be incorporated into future research.

Furthermore, it is important to approach vascular AVF remodelling as a system tightly
regulated by both vascular cells and the ECM that they produce. AVF maturation is an
interplay between regulated inflammation and non-excessive cell proliferation to facilitate
re-endothelisation, wall thickening, and OR and ECM turnover. Therapeutic interventions
should, therefore, have time-dependent delivery. Post-surgery, peri-vascular scaffolds can
easily be applied when constructing an AVF to target early vascular remodelling. During
this timeframe, OR is the most prominent process, while IH develops at a later time point.
The scaffolds could contain slow-release gels, anti-inflammatory cytokines, small molecules,
or gene therapy. Such an example has already been described above, with Natural Vas-
cular Scaffolding Therapy as an ECM intervention that interlinks collagen and elastin via
photoactivation of a locally delivered small molecule (4-amino-1,8-naphtalamide) [145].
Another small molecule that showed promise in preventing AVF failure is MCC950. This
NLRP3 inflammasome inhibitor was shown to repress Smad2/3 phosphorylation and
suppress CKD–promoted AVF failure [157]. Another study showed that AVF failure due to
IH and subsequent venous stenosis in a porcine AVF model could be improved by using
1α,25(OH)2D3-encapsulated nanoparticles. Perivascular AVF release of this molecule from
poly(lactic-co-glycolic acid) nanoparticles that were embedded in a pluronic F127 hydrogel
resulted in better AVF flow and hemodynamics, while it also reduced inflammation and
fibrosis [158]. Vascular scaffolds could also be implemented to study the effect of redox
regulation on ECM components. Both cross-linking and microfibril-assembly of collagen,
elastin, and fibrillin are known to be influenced by intrinsic redox regulation, affecting the
protein’s cysteine residues and MMP-2 and MMP-9 [159]. Moreover, adenoviral-delivered
gene therapy is a well-studied delivery method in vein grafts and AVFs [160–162] and
could be employed to target LOX, MMPs, or TIMPs.

An alternative approach can be found in the capacity of non-coding RNA, such
as microRNAs (miRNAs), to post-transcriptionally regulate ECM composition and AVF
outcome. For instance, miR-29a/b regulates ECM mRNAs, such as collagen (type I and II),
fibronectin, and elastin, and inhibits their translation [163]. As such, miR-29 inhibitors can
stimulate elastin formation and LOX expression [164,165], although this could also induce
a fibrotic response and vascular calcification [163,166]. Possibly, combination therapy with
LOX-inhibition might achieve synergistic favourable effects on AVF maturation, especially
when locally applied and in a timely manner. Interestingly, miR-21 also directly affects
the synthesis of several collagen species, and miR-21 inhibition improved AVF patency by
reducing IH and VSMCs and myofibroblast presence in the vessel wall [167].

In conclusion, the ECM is a vital scaffold for vessels, and its remodelling post-AVF
creation is a balance between degradation and deposition, enabling outward remodelling
of the AVF, followed by supporting and strengthening it. This requires timely therapeutic
delivery, taking into account the interplay between the vascular cells and the ECM they
both produce and reside in.
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Abstract: Stimulating the process of angiogenesis in treating ischemia-related diseases is an urgent
task for modern medicine, which can be achieved through the use of different cell types. Umbilical
cord blood (UCB) continues to be one of the attractive cell sources for transplantation. The goal of
this study was to investigate the role and therapeutic potential of gene-engineered umbilical cord
blood mononuclear cells (UCB-MC) as a forward-looking strategy for the activation of angiogenesis.
Adenovirus constructs Ad-VEGF, Ad-FGF2, Ad-SDF1α, and Ad-EGFP were synthesized and used
for cell modification. UCB-MCs were isolated from UCB and transduced with adenoviral vectors. As
part of our in vitro experiments, we evaluated the efficiency of transfection, the expression of recom-
binant genes, and the secretome profile. Later, we applied an in vivo Matrigel plug assay to assess
engineered UCB-MC’s angiogenic potential. We conclude that hUCB-MCs can be efficiently modified
simultaneously with several adenoviral vectors. Modified UCB-MCs overexpress recombinant genes
and proteins. Genetic modification of cells with recombinant adenoviruses does not affect the profile
of secreted pro- and anti-inflammatory cytokines, chemokines, and growth factors, except for an
increase in the synthesis of recombinant proteins. hUCB-MCs genetically modified with therapeutic
genes induced the formation of new vessels. An increase in the expression of endothelial cells marker
(CD31) was revealed, which correlated with the data of visual examination and histological analysis.
The present study demonstrates that gene-engineered UCB-MC can be used to stimulate angiogenesis
and possibly treat cardiovascular disease and diabetic cardiomyopathy.

Keywords: human umbilical cord blood mononuclear cells; angiogenesis; recombinant adenoviruses;
gene modification; transgene expression; VEGF; FGF2; SDF1α; NUDE mice; Matrigel plugs;
cytokine profile

1. Introduction

Angiogenesis is the growth of new blood vessels from pre-existing vessels, an essential
process for development, wound healing, and the restoration of blood flow and oxygen
supply to tissues after injury. One of the main tasks of modern medicine is the stimulation
of the processes of angiogenesis in the treatment of vascular diseases. To date, many
approaches have been proposed for the induction of therapeutic angiogenesis. Among the
proposed methods are surgical methods [1], the use of inducer proteins [2], recombinant
DNA molecules [3], inducer genes [4], and the use of various cell types [5,6], including ex
vivo genetically modified cells [7]. In this aspect, human umbilical cord blood mononuclear
cells (UCB-MC) seem to be a promising “tool” for stimulating angiogenesis through the
delivery of genetic engineering systems, expression of recombinant proteins, and possibly
direct participation in new vessel formation. The choice of UCB-MC in studies for cell
and gene-cell therapy looks promising because of some advantages of this cellular source.
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Umbilical cord blood contains many stem/progenitor cells and can be obtained easily [8].
The mononuclear fraction of UCB contains populations of different immature cells capable
of differentiating into many cell types [9]. Cell populations that have been discovered in
UCB are hematopoietic stem cells (HSCs), endothelial progenitor cells, mesenchymal stem
cells (MSCs), unrestricted somatic stem cells (USSCs), and side population cells [10–13].
As cellular material for transplantation or carriers for genetic constructs, UCB-MCs have
low immunogenicity because they do not express all the antigens on the cell membrane.
This feature enhances the ability to cross donor-recipient HLA disparities. It allows for
the usage of UCB-MC for transplantation in non-fully compatible HLA recipients with a
much lower incidence of grade II-IV acute GVHD (graft versus host disease) cases after
transplantation [14–17]. Furthermore, UCB-MCs can prevent the oncological transfor-
mation of recipient cells after transplantation [15]. Another appealing reason for using
UCB cells for cell therapy is their ability to produce various biologically active molecules,
such as proteins with antioxidant properties, angiogenic, neurotrophic, and growth fac-
tors [18–22], which make them suitable for effective stimulation of regenerative processes
in non-compatible recipients for a short time before the immune system eliminates them.
Overall, UCB cell transplantation can replace dead cells, prevent further death of surviving
cells, and stimulate regeneration by secreting biologically active molecules. A genetic
modification of UCB cells can enhance their ability to regenerate tissue [23,24]. This ap-
proach unites the advantages of cell- and gene therapy. Genetically modified UCB cells can
provide targeted delivery of therapeutic genes and expression of recombinant molecules
at the regeneration site. For example, our previous studies showed the positive effect of
genetically modified umbilical cord blood mononuclear cells (UCB-MC) simultaneously
produces three recombinant molecules (vascular endothelial growth factor (VEGF), glial
cell-derived neurotrophic factor (GDNF), and neural cell adhesion molecule (NCAM) in
animal models of amyotrophic lateral sclerosis [25], spinal cord injury [26] and stroke [7,27].
Many state-of-the-art methods and models for studying angiogenesis have been proposed,
which are well analyzed in the review articles [28–30]. Among various models, the in vivo
angiogenesis plug assay, which uses basement membrane extracts (BME) or Matrigel, is
widely used for evaluating pro- or anti-angiogenic factors during in vivo angiogenesis. This
assay is reliable, easy to perform without special equipment, reproducible, quantitative, and
quick [31–33]. Matrigel predominantly contains laminin III, collagen IV, heparan sulfate
proteoglycans, and various growth factors. The assay is performed by injecting the liquid
Matrigel into the subcutaneous space of an animal at 4 ◦C, which solidifies to form a plug
at body temperature. Over time, blood vessels sprout into the plug. The number of plug
sites per animal can be several, allowing multiple test compounds or concentrations to be
tested. Thus, drug screening can also be evaluated for effects on the activity of angiogenic
or anti-angiogenic factors [34–37]. The drug can be placed in the plug with the test factor
by mixing with the Matrigel matrix or given to the host animal. Cells or exosomes can
also be examined when mixed into the gel to produce angiogenic factors. Furthermore,
the assay is highly versatile. For example, the role of certain genes can be evaluated using
genetically modified mice (overexpressing or ablating a protein gene) or animal models of
diseases. This report aimed to study the effect of genetically modified umbilical cord blood
mononuclear cells overexpressing recombinant proangiogenic proteins VEGF165, FGF2,
and SDF1α on the induction of angiogenesis. Furthermore, we assessed the influence of all
three factors on the tone of the secretory profile of modified UCB-MCs and tubule formation
in the in vivo Matrigel plug assay. The present study shows that when combined with UCB,
the three factors can enhance angiogenesis and be useful for developing new therapies.

2. Results
2.1. Characterization of Isolated Human UCB-MCs

Isolated cells demonstrated high viability (>97%) and included CD45+ lymphocytes
(58.9%). CD45+CD3+ lymphocytes constituted 59.2%, while CD14+ macrophages consti-
tuted 7.3%. This ratio of the central populations of blood cells (lymphocytes, T-lymphocytes,
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and monocytes) is believed to be typical for human UCB-MCs. We also examined the per-
centage of CD34+ blood cells among isolated UCB-MCs. According to the obtained data,
CD34+ cells constituted 0.4% of CD45+ cells. In addition, 91.8% of CD45+CD34+ cells
expressed CD38. Furthermore, 90% of the CD45+CD34+ cells had the phenotype CD90+.
The flow cytometry results are shown in Figure 1.
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Figure 1. Determination of immune phenotype of umbilical cord blood mononuclear cells. (A) stain-
ing for CD45, selected green area–Lymphocytes; (B) staining for CD3, selected dark blue area–T-
lymphocytes; (C) staining for CD14, selected blue area–Monocytes; (D) staining for CD34, selected
events–CD45+ CD34+ cells.

Immunophenotyping of a pool of CD34-positive cells showed that genetic modification
and expression of recombinant factors by cells did not affect the viability and endothelial
cell markers (Figure 2).
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Figure 2. Determination of immune phenotype of CD34 positive cells. (A,A’) staining for CD38+;
(B,B’) staining for CD90+; (C,C’) staining for CD56 (D,D’) staining for CD31. Native CD34+
cells—non-treated cells (UCB-MC-NTC). Modified CD34+ cells—cells modified with Ad-VEGF165,
Ad-FGF2, and Ad-SDF1α (UCB-MC-VEGF-FGF2-SDF1α). Red peaks—staining with antibodies; blue
peaks— negative control (isotype control).

2.2. Transduction of UC-MCs with Recombinant Adenoviruses Increased Transgene Expression

It has been demonstrated that genetic modification of the UCB-MCs with recombinant
adenoviruses (Ad-VEGF, Ad-FGF2, Ad-SDF1α, or Ad-EGFP) did not affect cell viability.
Moreover, it has been shown that UCB-MCs transduced with Ad-EGFP exhibited green
fluorescence, confirming the efficiency of transduction (Figure 3A). Furthermore, EGFP
expression was sustained for 30 days after a genetic modification of UCB-MCs. According
to the flow cytometry results, EGFP+ cells constituted 28 ± 2.7% (Figure 3B). Analysis of the
mRNA expression of VEGF165, FGF2, and SDF1α in genetically modified human UCB-MCs
was carried out using qPCR. It has been established that genetic modification of hUCB-MCs
with Ad-VEGF165 results in augmented VEGF expression (190.6 ± 8.9 fold). Simultaneous
transduction with Ad-VEGF165, Ad-FGF2, and Ad-SDF1α resulted in the upregulation of
VEGF, FGF2, and SDF1α expression (198.6 ± 0.45; 204.2 ± 0.36 and 140.9 ± 0.32 fold respec-
tively) compared to non-transfected cells, and cells modified with Ad-EGFP (Figure 3C).
The obtained results are evident for efficient modification of hUCB-MCs with developed
genetic constructs which provide a synthesis of target genes in vitro.

2.3. Genetically Modified hUCB-MCs Produce a Broad Range of Cytokines, Chemokines, and
Growth Factors

A complete analysis of all cytokines and chemokines measured in the Luminex as-
says demonstrated that gene modification and gene expression did not change levels
of multiple anti and proinflammatory cytokines as well as chemokines. The results ob-
tained from the eight donors in comparison to the untreated control are shown in Table 1
(Supplementary Table S1). We have not observed any statistically significant differences in
cytokine and chemokine secretion between the groups of non-transfected cells and geneti-
cally modified ones except for upregulated levels of recombinant proteins in corresponding
groups. Multiplex analysis revealed statistically significant (p < 0.05) upregulation of
VEGF secretion (1087.12 ± 169.11 pg/mL) in UCB-MCs modified with Ad-VEGF com-
pared to the UCB-MCs treated with Ad-EGFP (52.31 ± 10.36 pg/mL) and non-treated
cells (51.75 ± 8.65 pg/mL). Simultaneous transduction with Ad-VEGF, Ad-FGF2, and Ad-
SDF1 has resulted in the increased production of VEGF (701.94 ± 96.99 pg/mL), FGF2
(576.27 ± 57.83 pg/mL), and SDF1α (622.39 ± 113.07 pg/mL) (Figure 3D). Obtained re-
sults correlate with the data presented above of RT-qPCR and confirm the capacity of
recombinant adenoviruses for infection of target cells.
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post-transduction (MOI 10). (A) Fluorescent microscopy of EGFP+ cells (green fluorescence). Nu-
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modified UCB-MCs exhibit green fluorescence. (C) Relative expression mRNA of therapeutic genes 
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cells (n = 8). UCB-MC-VEGF-FGF2-SDF1α—umbilical cord blood mononuclear cells modified with 
Ad-VEGF165, Ad-FGF2, and Ad-SDF1α. UCB-MC-VEGF—umbilical cord blood mononuclear cells 
modified with AdVEGF165. UCB-MC-EGFP—umbilical cord blood mononuclear cells modified 
with Ad-EGFP. UCB-MC-NTC—non-treated cells. Data presented as average ± standard error (SE); 
p < 0.05 * statistically significant differences compared to control (** p < 0.01; *** p < 0.001; **** p < 
0.0001 ns—non-significant). 

2.3. Genetically Modified hUCB-MCs Produce a Broad Range of Cytokines, Chemokines, and 
Growth Factors 

A complete analysis of all cytokines and chemokines measured in the Luminex as-
says demonstrated that gene modification and gene expression did not change levels of 
multiple anti and proinflammatory cytokines as well as chemokines. The results obtained 

Figure 3. Analysis of transgenes expression in genetically modified UCB-MCs in vitro, 72 h post-
transduction (MOI 10). (A) Fluorescent microscopy of EGFP+ cells (green fluorescence). Nuclei
were stained with Hoechst 33342 (blue fluorescence). Scale bar 200 µm, 20 µm (inset). (B) Flow
cytometry analysis of Ad-EGFP genetically modified UCB-MCs. Approximately 30% of genetically
modified UCB-MCs exhibit green fluorescence. (C) Relative expression mRNA of therapeutic genes
in genetically modified hUCB-MCs (n = 3). (D) The concentration of secreted proteins VEGF, FGF,
and SDF1α in supernatants collected from genetically modified umbilical cord blood mononuclear
cells (n = 8). UCB-MC-VEGF-FGF2-SDF1α—umbilical cord blood mononuclear cells modified with
Ad-VEGF165, Ad-FGF2, and Ad-SDF1α. UCB-MC-VEGF—umbilical cord blood mononuclear cells
modified with AdVEGF165. UCB-MC-EGFP—umbilical cord blood mononuclear cells modified
with Ad-EGFP. UCB-MC-NTC—non-treated cells. Data presented as average ± standard error
(SE); p < 0.05 * statistically significant differences compared to control (** p < 0.01; *** p < 0.001;
**** p < 0.0001 ns—non-significant).
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Table 1. Profile of cytokines, chemokines, and growth factors secreted by genetically modified human
umbilical cord blood mononuclear cells (pg/mL).

Analytes

UCB-MC-
VEGF-
FGF2-

SDF1α

±SE UCB-MC-
VEGF ±SE UCB-MC-

EGFP ±SE UCB-MC-
NTC ±SE

IL-1β 69.74 40.13 99.93 75.35 80.73 51.62 105.13 71.47
IL-1α 69.70 45.97 63.22 46.65 54.39 41.85 66.03 49.29
IL-2 59.47 33.06 42.08 22.04 25.98 10.33 25.04 11.27
IL-3 32.79 27.69 19.13 10.13 13.95 7.79 27.93 20.94
IL-4 6.66 3.57 6.38 4.01 5.83 3.66 5.80 3.52
IL-5 100.61 55.99 95.73 57.98 108.39 70.69 125.89 79.67
IL-6 5034.98 1779.01 4337.05 1813.94 4357.59 1815.39 4697.32 1818.03
IL-7 4.16 1.35 3.93 1.38 4.07 1.37 3.60 1.40
IL-8 1,250,075.63 1,235,541.48 912,305.50 859,150.84 818,724.14 803,905.26 1,245,513.75 1,232,516.25
IL-9 27.19 11.69 28.90 11.99 26.39 12.43 27.37 13.48

IL-10 45.47 20.64 42.49 21.28 43.65 18.37 42.49 21.09
IL-12p40 206.89 53.84 178.88 51.16 181.16 61.56 204.02 69.32
IL-12p70 12.46 4.89 17.68 7.54 17.25 9.49 11.73 3.85

IL-13 2.29 0.58 2.28 0.57 2.37 0.76 2.38 0.71
IL-15 270.89 74.22 268.08 82.28 269.57 83.57 271.49 94.11
IL-16 422.01 102.13 413.50 91.00 383.75 81.51 396.14 85.94
IL-17 31.08 13.63 26.312 10.39 18.20 5.07 16.37 5.79
IL-18 9.14 3.96 10.08 5.06 6.32 2.31 5.85 1.94
IL-1ra 2126.49 773.43 1643.84 749.23 1545.21 692.37 1432.40 787.78

IL-2Rα 42.72 13.75 65.02 30.70 33.75 14.06 40.06 15.24
G-CSF 1270.38 721.68 1169.91 793.85 1264.01 866.29 1310.72 883.87
M-CSF 15.36 5.21 17.41 5.92 14.55 4.82 20.66 9.79

GM-CSF 30.27 16.49 30.14 14.82 23.83 11.51 25.07 10.86
PDGF-bb 262.31 79.05 242.27 31.67 224.96 62.40 193.86 44.27

HGF 155.12 63.49 182.51 76.23 185.92 75.70 214.67 101.40
β-NGF 5.33 1.93 5.98 3.32 3.15 1.33 4.24 1.50

SCF 104.75 47.36 94.22 60.91 77.45 47.19 93.06 47.29
SCGF-β 13,765.94 9382.70 9029.33 4187.62 7519.49 3573.11 9416.14 4526.52

LIF 83.69 32.05 69.63 32.17 63.90 29.94 65.40 32.74
MIF 6675.05 4487.06 6253.82 3726.91 4901.44 2670.02 6055.06 3408.90

IFN-γ 110.16 33.54 103.33 36.70 96.52 33.54 120.61 50.39
IFN-α2 21.65 5.38 23.15 6.72 17.06 5.53 18.21 6.05
TNF-α 706.57 339.62 636.71 343.12 686.63 409.36 612.62 369.89
TNF-β 65.06 20.03 45.37 14.01 85.01 30.49 56.53 18.19
TRAIL 309.92 160.98 260.55 168.85 263.23 164.56 266.27 165.56
IP-10 2946.86 2203.50 2756.89 2121.07 461.92 218.19 494.25 238.09

MCP-1 5878.67 1279.98 5633.98 1331.15 5927.77 1267.73 5548.28 1370.69
MCP-3 759.58 650.42 752.86 651.29 748.83 652.17 786.16 648.42
MIP-1α 27,907.69 27,255.16 62,599.84 61,948.04 580.24 283.44 575.48 284.73
MIP-1β 2085.04 1401.47 2114.97 1399.79 2050.55 1407.29 1838.60 1411.79

RANTES 944.01 102.62 910.36 211.74 807.69 146.79 789.65 207.02
Eotaxin 10.89 3.84 8.24 2.94 7.34 1.93 7.35 1.95
CTACK 222.07 189.83 222.26 189.11 121.43 93.65 160.64 127.47
GROα 18,520.81 11,913.68 20,273.64 11,681.33 18,519.01 11,844.77 53,200.26 33,134.06
MIG 262.56 191.60 282.09 192.34 228.99 142.93 315.42 178.72

VEGF 701.94 96.99 1087.12 169.11 52.31 10.36 51.75 8.65
FGF-2 576.27 57.83 32.36 6.65 32.03 4.98 30.71 6.59

SDF-1α 622.39 113.07 40.59 9.05 41.07 9.66 40.41 9.10

It is also worth emphasizing that the UCB-MC-VEGF-FGF2-SDF1 and UCB-MC-VEGF
did not differ from UCB-MC-EGFP and UCB-MC-NTC in vitro studies. What can be seen
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from the data of morphological, and phenotypic studies are the profiles of secreted factors.
Therefore, UCB-MC-EGFP is the ideal control in our study in vivo.

2.4. Transplantation of Genetically Modified Cells Promotes Angiogenesis In Vivo

Matrigel mixtures were implanted into the subcutaneous space of the dorsal region
in mice after seven days post-transplantation when implanted Matrigel samples contain-
ing genetically modified UCB-MCs were extracted from Balb/c nude mice. Embedded
fragments represented discs with d = 10 mm and 2 mm height. The color of the implants
correlated with vascularization density. The color of the implants varied from milky-white
(Matrigel without cells and Matrigel with UCB-MC + Ad-EGFP) to red-brown (Matrigel
with UCB-MC + Ad-VEGF165 + Ad-FGF2 + Ad-SDF1α) which is due to the vascular
formation and presence of blood cells, particularly, erythrocytes (Figure 4A). Gross histo-
logical hematoxylin and eosin (H&E) staining of extracted plugs showed the absence of
inflammatory sites. The skin and subcutaneous tissue in the area of implantation were not
visually changed (Figure 4B). We have established that in isolated subcutaneous implants
containing hUCB-MC, human-transduced Ad-VEGF165, or a combination of Ad-VEGF165,
Ad-SDF1α, and Ad-FGF2, the hemoglobin concentration was significantly higher in com-
parison with Matrigel fragments without cell administration and implants with UCB-MCs
transduced Ad-EGFP. Moreover, the significantly higher concentration of hemoglobin was
determined in the samples containing UCB-MCs transduced with Ad-VEGF165, Ad-SDF1α,
and Ad-FGF2 compared to the group with UCB-MCs transduced with single Ad-VEGF165
(Figure 4C). Moreover, we observed a two-fold increase of mCD31 mRNA expression in
plugs containing hUCB-MC transduced Ad-VEGF165 or a combination of Ad-VEGF165,
Ad-SDF1α, and Ad-FGF2 compared to controls. Moreover, we did not discover the dif-
ference between Ad-VEGF165 and the group with a mixture of Ad-VEGF165, Ad-SDF1α,
and Ad-FGF2.

Analysis of the mRNA expression of VEGF165, FGF2, and SDF1α in genetically modi-
fied UCB-MCs in Matrigel implants was evaluated by RT-qPCR. Notably, obtained results
confirmed the expression of target genes in genetically modified UCB-MCs implanted in
Matrigel even at one-week post-transplantation. We discovered that the Matrigel complexes
containing UCB-MC Ad-VEGF gave rise to more abundant VEGF mRNA than UCB-MC
Ad-EGFP and PBS (Matrigel samples without UCB-MCs). Likewise, UCB-MCs contem-
poraneously transduced with Ad-VEGF, Ad-FGF2, and Ad-SDF1α exhibited upregulated
levels of mRNA expression of VEGF, FGF2, and SDF1α. (Figure 5A). During histologi-
cal analysis of implants, it has been shown that control—PBS (Matrigel samples without
UCB-MCs) contained small amounts of migrated fibroblast-like cells. Visually, the implants
were surrounded by a thin connective tissue capsule, which contained rare capillaries in a
density of 1.5 ± 0.5 units/mm2. In samples with implanted UCB-MCs transduced with a
cocktail of adenoviruses (Ad-VEGF165, Ad-FGF2, and AdSDF1α), Matrigel mass contained
a residual amount of VEGF+ cells. These vessels localized close to the capsule and mi-
grated fibroblasts, some of which were positive for SDF1α and FGF2. In Matrigel samples
with implanted UCB-MCs genetically modified with Ad-EGFP, we found single and small
rounded clusters of EGFP-positive cells and rare migrated fibroblast-like cells. The implants
were surrounded by a thin connective tissue capsule, from which strands of connective
tissue grew into its depth with capillaries found in a density of 7.5 ± 3 units/mm2. Vessels
were located close to the capsule. Fibroblasts that migrated into Matrigel expressed SDF1α
and FGF2. Expression of VEGF, FGF2, and SDF1α in the implanted UCB-MCs were not
confirmed. In the group with UCB-MCs modified with Ad-VEGF165, implant samples
presented Matrigel mass with single small, rounded clusters of VEGF-positive UCB-MCs
cells and rare migrated fibroblast-like cells. The implants were surrounded by a thin
connective tissue capsule, from which strands of connective tissue grew more profound
into the central regions of the implant with capillaries‘ density of 16 ± 5 units/mm2. In
the group of UCB-MCs simultaneously transduced with a combination of Ad-VEGF165,
Ad-SDF1α and Ad-FGF2, implant samples were represented by the mass of Matrigel with
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single and small rounded clusters of UCB-MCs, as well as rare migrated fibroblast-like
cells. The implant was surrounded by a thin connective tissue capsule, from which the
connective tissue and vessels of various calibers grew to the center of the implant with a
capillary density of 23 ± 5 units/mm2. Implanted UCB-MCs expressed VEGF, FGF2, and
SDF1α (Figure 5B).
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Figure 4. UCB-MC engineered with recombinant adenoviruses promotes angiogenesis in an in vivo
Matrigel plug assay. Matrigel plugs collected at one-week post-implantation were appraised. (A) Rep-
resentative gross morphological assessment and (B) microphotographs of harvested implants’ hema-
toxylin & eosin (H&E) staining. Scale bar 100 µm. (C) Quantification of hemoglobin concentration
in each Matrigel plug (n = 4). (D) Histomorphometric analysis of vascularization process, num-
ber of blood vessels in frozen sections of the Matrigel plugs. (E) RT-qPCR quantification of CD31
mRNA in Matrigel plugs. UCB-MC-VEGF-FGF2- SDF1α—umbilical cord blood mononuclear cells
modified with Ad-VEGF165, Ad-FGF2, and Ad-SDF1α. UCB-MC-VEGF—umbilical cord blood
mononuclear cells modified with Ad-VEGF165. UCB-MC-EGFP—umbilical cord blood mononuclear
cells modified with Ad-EGFP. PBS—Matrigel containing PBS. Data presented as average ± standard
error (SE); p < 0.05 * statistically significant differences compared to control (n = 3; ** p < 0.01;
ns—non-significant).
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which strands of connective tissue grew more profound into the central regions of the 
implant with capillaries‘ density of 16 ± 5 units/mm2. In the group of UCB-MCs simulta-
neously transduced with a combination of Ad-VEGF165, Ad-SDF1α and Ad-FGF2, im-
plant samples were represented by the mass of Matrigel with single and small rounded 
clusters of UCB-MCs, as well as rare migrated fibroblast-like cells. The implant was sur-
rounded by a thin connective tissue capsule, from which the connective tissue and ves-
sels of various calibers grew to the center of the implant with a capillary density of 23 ± 5 
units/mm2. Implanted UCB-MCs expressed VEGF, FGF2, and SDF1α (Figure 5 B). 

 
Figure 5. Analysis of transgenes expression in isolated Matrigel plugs one-week post-implantation.
(A) Increasing concentrations of VEGF, FGF2, and SDF1α mRNA levels in Matrigel plugs. RT-qPCR
analysis was performed on the total RNA extracted from gelled Matrigel samples. (B) Immuno-
histochemical analysis of Matrigel plugs. Staining for VEGF (green), FGF2 (green), and SDF1α
(red). Nuclei were counterstained using a DAPI solution (4′,6-diamidino-2-phenylindole) (blue).
Scale bars 50 µm. UCB-MC-VEGF-FGF2-SDF1—umbilical cord blood mononuclear cells modified
with Ad-VEGF165, Ad-FGF2, and Ad-SDF1α. UCB-MC-VEGF—umbilical cord blood mononu-
clear cells modified with Ad-VEGF165. UCB-MC-EGFP—umbilical cord blood mononuclear cells
modified with Ad-EGFP. PBS—Matrigel containing PBS. Data presented as average ± standard
error (SE); p < 0.05 * statistically significant differences compared to control (n = 3; **** p < 0.0001;
ns—non-significant.

3. Discussion

Adenoviruses mediate gene transfer into dividing and quiescent cells and can be
produced with a significant titer. The high immunogenicity of adenoviruses as vehicles for
the delivery of therapeutic genes represents one of the main disadvantages resulting in the
activation of the immune response in immune-competent organisms and the absence of
expression of the target therapeutic genes [38]. However, this negative effect is eliminated
when using an ex vivo gene therapy approach. Moreover, adenoviral systems promote
transient transgene expression due to their non-integration into the host cell genome [39].
However, this negative point might become beneficial for gene therapy based on growth
factors: induction of angiogenesis does not require the prolonged expression of therapeutic
proteins but, more importantly, their synergistic effect [40]. The absence of integration
of adenoviruses eliminates the risk of insertional mutagenesis, which is a typical prob-
lem when using retroviral vectors [39]. Adenoviral vectors demonstrate comparatively
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low efficiency of genetic modification of hematopoietic cells, which might be increased
with a higher concentration of virus [41] or its specific treatment, resulting in augmented
tropism [42]. In the present study, we chose the adenovirus delivery vectors containing
VEGF, FGF2, and SDF1α to investigate the angiogenic effect of UCB-MC in vitro and the
Matrigel plug assay in Nude mice. In our investigation, cellular carriers expressed pheno-
type typical for UCB-MCs, and about 30% of the cells were efficiently transduced with an
MOI of 10. The transduction efficiency correlated with previous results and other research
groups’ data [42,43]. After in vitro transduction, the UCB-MCs expressed the recombinant
mRNA of proangiogenic factors in the cytoplasm and secreted those factors into the culture
medium, which in our study we confirmed by RT-qPCR and immunological studies. The
obtained data correlates with our previously published results [7].

Various approaches were proposed for stimulating therapeutic angiogenesis based
on the delivery methods of genetically engineered systems expressing a broad range of
proangiogenic factors. The therapeutic efficacy of proangiogenic factors has been proven in
numerous experiments on animal models [44] and in several clinical studies [45,46]. The
key inducers of angiogenesis, VEGF, FGF2, EGF, SDF1α, and PDGF-BB, are most often
used as genetic components [2]. In particular, VEGF is perhaps the most characterized
and frequently used mitogen in creating gene therapy systems and in the induction of
therapeutic angiogenesis. VEGF is a crucial participant in forming new blood vessels
and can induce the growth of pre-existing ones [47]. However, Zentilin et al. reported
that overexpression of VEGF induced leaky neovessels that missed connecting correctly
with existing vessels [48]. The FGF family includes vertebrates’ most versatile growth
factors that play critical roles in many biological processes, including angiogenesis [49].
FGF, similar to VEGF, is a pleiotropic molecule capable of acting on various cell types,
including endodermal, mesenchymal, and neuroectodermal origin cells. It has been shown
that FGF2 induces the expression of VEGF and several other factors by endothelial cells
through autocrine and paracrine mechanisms [50,51]. SDF1α is a constitutively expressed
and inducible chemokine, associated with various physiological and pathological pro-
cesses, including embryonic development, homeostasis maintenance, and angiogenesis
activation [52]. There is evidence that the administration of SDF1α increases blood flow
and perfusion via the recruitment of endothelial progenitor cells (EPCs). SDF1α binds
exclusively to CXCR4 and has CXCR4 as its only receptor [53]. Compared with the ef-
fects of other angiogenic growth factors, SDF1α has unique properties. The generation
of hyperpermeable vessels, a significant characteristic of VEGF-stimulated angiogenesis,
may not be observed after injection of SDF1α contributes to the stabilization of neovessel
formation by recruiting CXCR4 + PDGFR+ cKit+ smooth muscle progenitor cells during
recovery from vascular injury [54]. Extensive evidence suggests that SDF1α up-regulates
VEGF synthesis in several cell types, whereas VEGF and basic FGF induce SDF1α and its
receptor CXCR4 in endothelial cells [55]. However, it should also be noted that in a wide
range of studies using various models, the mutual synergistic role of VEGF, FGF2, SDF1α,
and countless other factors responsible for the formation of vessels has been shown [56–59].
It is generally known that an optional cellular source for allogenic transplantation should
meet the following criteria: it must be less immunogenic and contain a sufficient amount
of immature cells capable of differentiation in various directions; it should have a pro-
longed period of storage and potency for expansion. Most gene-cell-mediated therapy
protocols intend genetic modification of target cells with different vectors, providing stable
expression of target proteins. Human UCB-MCs might be easily isolated and character-
ized; these cells exhibit low immunogenicity and are composed of unique populations
of progenitor cells capable of differentiation into endothelial, muscular, and neural cells,
etc. Mononuclear cells from umbilical cord blood are a well-characterized group of cells
that are extensively used in pre-clinical and clinical trials of therapy for various human
diseases and the induction of therapeutic angiogenesis as well [60]. However, relatively
small amounts of UCB-MCs for achieving sufficient therapeutic effect remain the main
limitation for its extensive introduction in the clinic [61]. To increase its biological activity,
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it was proposed to mix different cell pools with further genetic modification [62]. Con-
temporary cell-mediated approaches to gene therapy suggest UCB-MC as a cell carrier for
the delivery of various therapeutic genes. This concept assumes either the differentiation
of transplanted cells into different cell types or the realization of therapeutic effects due
to the secretion of a broad range of bioactive molecules [63]. Furthermore, our previous
study has demonstrated that UCB-MCs are capable of transferring therapeutic genes and
promoting evident therapeutic effects using different models, such as ALS [64], SCI [25,26],
and stroke [27]. Similar results were obtained in investigations dedicated to therapies
for hematologic and non-hematologic disorders [65–69]. At the same time, there is no
current data about the influence of the simultaneous transduction of several recombinant
adenoviruses on the secretome profile and angiogenic properties of modified hUCB-MCs.
A sustained balance of proangiogenic factors and their synergetic effect is essential for
functional vascular formation. In the present study, we developed the UCB-MC application
to simultaneously deliver many genes (VEGF, FGF2, and SDF1α) to stimulate angiogenesis.
Our previous studies also showed the approach of preventive gene therapy with many
genes to positively affect stroke. Adenoviral vectors carrying genes encoding vascular
VEGF, glial cell-derived neurotrophic factor (GDNF), and NCAM or gene-engineered um-
bilical cord blood mononuclear cells (UCB-MC) overexpressing recombinant proteins were
intrathecally injected before distal occlusion of the middle cerebral artery in the rat. Mor-
phometric and immunofluorescence analysis revealed a reduction in infarction volume and
a lower number of apoptotic cells. It decreased the expression of Hsp70 in the peri-infarct
region in gene-treated animals [7].

The heterogeneous cell population from the mononuclear fractions UCB-MCs secretes
different anti-inflammatory, pro-inflammatory cytokines, chemokines end grow factors [70].
Previously, it was shown that the duration of cultivation, cultivation medium, and the
additives used in the culture are the main factors influencing the production of cytokines
by UCB-MCs. Our study describes the profile of cytokines and chemokines released
by UCB-MC following their in vitro gene modification by adenoviruses. Five groups of
secreted factors were investigated: pro-inflammatory cytokines (IL-6, IL-1β, and TNF),
an anti-inflammatory cytokine (IL-4 and IL-10), TH1-type cytokines (IL-12 and IFN-γ),
chemokines (IL-8, MIP-1α, MIP-1β, and MCP-1) and growth factors (VEGF, FGF2, and
SDF1α). Interestingly, the range of cytokine, chemokine, and growth factor concentra-
tions detected in the supernatants of UBC-MC varied between donors, indicating major
individual heterogeneity, comparable with previously published data [71].

The highest secretion level by modified and unmodified cells was shown for IL-8
and MCP-1. These factors are known to be produced more intensively than any other
chemokines in the human body and are seen as the first line of defense in inflammatory
responses [72]. In addition, the cells also secreted high concentrations of GROα, IL-6,
MIF, MIP-1α, MIP-1β, and SCGF-β. Unfortunately, adenoviruses are potent activators of
the innate and adaptive immune systems. The administration of high doses of Ad-based
vectors to animals or patients, primarily through the intravascular pathway, leads to severe
immunopathology manifested by cytokine storm syndrome, disseminated intravascular
coagulation, thrombocytopenia, and hepatotoxicity, which can lead to morbidity and also
death [69]. Research by Teigler et al. on peripheral blood mononuclear cells (PBMCs)
showed that their stimulation with the Ad vector increases the secretion of IFN-γ, INF2α,
IL-15, G-CSF, MIG, and IP-10. Supporting this perspective, it is worth emphasizing that
the study’s authors used 103 vp/cell [73]. Previous studies have shown that treatment
of myeloid dendritic cells and plasmacytoid dendritic cells with Ad5 does not lead to an
increase in IFN production by them, even at the highest exposed rAd (100 vp/cell) [43].
Our previous examination has shown that genetic modification UCB-MC and expression of
transgenes VEGF or EGFP did not influence the global transcriptome landscape [74]. In
this study, we demonstrate that a gene-cell system with simultaneous delivery of genes
based on UCB-MC can generate the expression of several transgenes both in vitro and
in vivo. Furthermore, the UCB-MC-VEGF165 and UCB-MC-VEGF-FGF2-SDF1α Matrigel
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plugs in mice were filled with red blood cells and showed vessel-like structure formation.
We did not find significant differences between the UCB-MC-VEGF and UCB-MC-VEGF-
FGF2-SDF1α groups in the present study. Although in line with the RT-qPCR data and
immunology tests, levels of expression of VEGF, SDF1α, and FGF varied. Perhaps this
is because we used a small amount of cellular material and a short exposure period to
Matrigel fragments.

Furthermore, the UCB-MC-VEGF165 and UCB-MC-VEGF-FGF2-SDF1α Matrigel
plugs in mice were filled with red blood cells and showed vessel-like structure formation.
We did not find significant differences between the UCB-MC-VEGF165 and UCB-MC-
VEGF-FGF2-SDF1α groups in the present study. Although in line with the RT-qPCR data
and immunology tests, levels of expression of VEGF, SDF1α, and FGF varied. Perhaps
this is because we used a small amount of cellular material and a short exposure period to
Matrigel fragments.

4. Materials and Methods
4.1. Obtaining Recombinant Adenovirus Ad-SDF1α

The creation of expression constructs based on adenovirus was carried out by using
molecular cloning methods of Gateway-cloning technology (Invitrogen), as described
previously [75]. Briefly, subcloning of SDF1α from the plasmid vector pBud-VEGF-SDF1α
into the intermediate vector pDONR221 was performed [76].

4.2. The Production of Recombinant Adenoviruses

The HEK293A cells were infected with a coarse viral runoff to prepare the necessary
amounts of Ad-VEGF, Ad-FGF2, Ad-SDF1α, and Ad-EGFP adenoviruses. To purify viral
particles from cell debris, supernatants were filtered through 0.22 µm filters and centrifuged
in a gradient of cesium chloride. Virus dialysis was performed using a membrane with a
pore throughput of 3.5 kDa in two stages. After purification and concentration, the resulting
recombinant adenoviruses were titrated by optical density, as well as by plaque formation.
The titer of the recombinant adenoviruses we obtained was from 1 to 3.8 × 109 PFU/mL.
The viral titer values were guided by the genetic modification of human UCB-MC.

4.3. UCB-MC Isolation and Characterization

All UCB-MC units were collected from healthy donors with a gestation period of
37–40 weeks in maternity public hospitals in Kazan. Blood collections were carried out
into single blood bags of 250 mL, with the blood preservative CPDA-1 (GCMS, Republic
of Korea). Exclusion criteria were maternal infections or viral diseases. Isolations of
mononuclear cells were conducted within 16–18 h after blood collection. Nucleated blood
cells were isolated using SepMate ™-50 tubes according to the manufacturer’s protocol
(STEMCELL Technologies Inc., Vancouver, BC, Canada). The viability of the isolated cells
was determined in a hemocytometer with a 0.4% trypan blue solution. Cell viability, as
measured by trypan blue exclusion, was >97%. The immune phenotype of isolated cells was
analyzed by staining with monoclonal antibodies CD45—PerCP (BioLegend, San Diego,
CA, USA), CD3-FITC (BioLegend, San Diego, CA, USA) CD14-APC/Cy7 (BioLegend,
San Diego, CA, USA), CD38-APC/Cy7 (BioLegend, San Diego, CA, USA) CD34-FITC
(BioLegend, San Diego, CA, USA), CD90-PE/Cy5 (BioLegend, San Diego, CA, USA).
Expression of CD markers were analyzed by flow cytometry using BD FACS Aria III (BD
bioscience, San Jose, CA, USA)

4.4. Analysis of Adenoviral Transduction of hUCB-MCs

Genetic modification of hUCB-MCs with recombinant adenoviruses (MOI 10 for each
virus) was performed according to a previously developed protocol [77].

The efficiency of genetic modification was assessed after 72 h by means of fluorescent
microscopy on AxioObserverZ1 (Carl Zeiss, Oberkochen, Germany) and flow cytometry
using BD FACS Aria III (BD Bioscience, San Jose, CA, USA).
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4.5. Total RNA Extraction and RT-qPCR

Analysis of the mRNA expression of VEGF165, FGF2, and SDF1α in genetically modi-
fied cells and isolated Matrigel implants was carried out by qPCR with further statistical
analysis. Isolation of total RNA was performed by using the TRIzol (Thermo Fisher Sci-
entific, Waltham, MA, USA) reagent according to the manufacturer’s recommendations
with further cDNA synthesis. Real-Time PCR was set up on the Real-Time CFX96 Touch
(BioRad Laboratories, CA, USA). The nucleotide sequences of the primers and probes used
in RT-qPCR are mentioned in Table 2. All reactions for each sample were performed in
triplicate with a further calculation of ∆∆Ct values and normalization to the housekeeping
gene of β-actin rRNA. Standard curves for quantitative analysis were created using serial
dilutions of plasmid DNA with corresponding inserts (VEGF, FGF2, and SDF1α). Expres-
sion of target genes in non-transduced UCB-MCs was considered 100%. The level of the
murine target gene mCD31 was normalized to the mouse housekeeping gene of mGAPDH.
The statistical analysis of the obtained results was carried out in MS Excel 2007 with further
calculation using U criteria (Mann-Whitney).

Table 2. Nucleotide sequences of primers used for RT-qPCR.

Name Nucleotide Sequence

β-actin-TM-F (human) GCGAGAAGATGACCCAGGATC

β-actin-TM-R (human) CCAGTGGTACGGCCAGAGG

β-actin-TMprobe (human) CCAGCCATGTACGTTGCTATCCAGGC

hVEGF-TM49F TACCTCCACCATGCCAAGTG

hVEGF-TM110R TGATTCTGCCCTCCTCCTTCT

hVEGF-TMProbe TCCCAGGCTGCACCCATGG

hFGF2-TM134F CCGACGGCCGAGTTGAC

hFGF2-TM203R TCTTCTGCTTGAAGTTGTAGCTTGA

hFGF2-TMprobe CCGGGAGAAGAGCGACCCTCAC

hSDF1-TM-F TGACCGCTAAAGTGGTCGTC

hSDF1-TM-R ACGTGGCTCTCAAAGAACCT

hSDF1-TMprobe CCCTGTGCCTGTCCGATGGA

mCD31-F CGGTTATGATGATGTTTCTGGA

mCD31-R AAGGGAGGACACTTCCACTTCT

mGAPDH-F GAAGGTCGGTGTGAACGGATT

mGAPDH-R TGACTGTGCCGTTGAATTTG

4.6. Analysis of Cytokines and Chemokines

Supernatant cytokine profiles were analyzed using Bio-Plex Pro Human Cytokine
27-plex Panel and Bio-Plex Human Cytokine 21-plex Panel (Bio-Rad, Hercules, CA, USA)
multiplex magnetic bead-based antibody detection kits, following the manufacturer’s
instructions. Supernatant aliquots (50 µL) were used for analysis, with a minimum of
50 beads per analyte acquired. Median fluorescence intensities were measured using a
Bioplex 200 (Bio-Rad, Hercules, CA, USA) analyzer. Data collected were analyzed with
MasterPlex CT control software and MasterPlex QT analysis software (Hitachi Software,
San Bruno, CA, USA). Standard curves for each analyte were generated using standards
provided by the manufacturer.

4.7. In Vivo Experiments

In vivo experiments were performed using immune-deficient mice of Balb/c nude
lineage of both sexes for 7–8 weeks. The animals were bred using the animal facilities in
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Puschino’s laboratory. After quarantine, animals were held in an SPF vivarium with HEPA
filters according to GLP standards. In the area of the withers, mice were subcutaneously
injected with 2 million human transduced or native UCB-MCs mixed with 300 µL of
Matrigel matrix. Female and male Balb/c nude mice were randomly assigned to a few
groups: 1. Matrigel without UCB-MCs; 2. UCB-MCs transduced with Ad-EGFP in Matrigel;
3. UCB-MCs transduced with Ad-VEGF165 in Matrigel; 4. UCB-MCs transduced with
a combination of adenoviruses Ad-VEGF165; Ad-SDF1α and Ad-FGF2 in Matrigel. All
experiments were performed in quadruplicates. After seven days post-transplantation
mice were taken from the experiment. The status of subcutaneous Matrigel implants
was evaluated visually, and concentrations of hemoglobin were evaluated. Levels of the
expression of therapeutic genes were analyzed by RT-qPCR. Production of therapeutic
proteins was assessed via immunohistochemistry.

4.8. Analysis of Hemoglobin Concentration

The analysis of hemoglobin concentration in subcutaneous implants was evaluated
colorimetrically. Implants were balanced by weight and homogenized in DPBS using the
Mini-Bead Beater-16 (BioSpec, Bartlesville, OK, USA) with zirconium beads (d = 2 mm for
100 mg), during 2 cycles for 20 sec each. The obtained homogenates were centrifuged at
15,000× g for 15 min. Supernatants containing hemoglobin were examined on a microplate
reader Tecan Infinite Pro 2000 with an OD of 540 nm (Tecan Austria GmbH, Grödig, Austria).

4.9. Histological Analysis

For histological analysis, Matrigel implants were fixed in a 10% buffered formalin
solution for 48 h. After fixation, implants were dehydrated in increasing concentrations of
ethanol and embedded in paraffin (Histomix, Biovitrum, Saint Petersburg, Russia). Paraffin
slides with 5 µm thickness were prepared at the rotary microtome HM 355S (Thermo
Fisher Scientific, Waltham, MA, USA). For general morphological characterization, slides
were deparaffinized and stained with hematoxylin and eosin according to the standard
protocol. For immunological studies, serial sections were deparaffinized and incubated
in a citric buffer for 30 min to unmask epitopes. Cell membranes were permeabilized in
a 0.1% solution of Tween-20 in PBS. Non-specific binding was blocked by incubation in
a 10% solution of donkey serum for 30 min. Sections were stained with the antibodies
to VEGF (mab293), FGF2 (sc-1390), and SFD1α (sc-28876), diluted 1:100 for 1 h at room
temperature. After washing sections were stained for 1 h with secondary antibodies at
room temperature followed by washing and DAPI staining (1:50,000 dilution) for 10 min.
Primary and secondary antibodies are shown in Table 3. The microvessel density (MVD)
was examined by counting the vessels in each implant, reported as the vessel number
per square millimeter (vessel/mm2). Visualization of the results was performed on a
scanning laser microscope LSM780 (Carl Zeiss, Oberkochen, Germany). Image analysis
was performed using Image J software (https://fiji.sc/ (accessed on 18 December 2021)).

Table 3. Primary and secondary antibodies used in immunofluorescent staining.

Antibody Host Dilution Source

SFD1-α (sc-28876) Rabbit 1:100 Abcam

FGF2 (SC-1390) Goat 1:100 Santa Cruz

VEGF (mab293) Mouse 1:100 R&D Systems

Anti- Mouse IgG Alexa Fluor 488 Goat 1:200 Invitrogen

Anti-Rabbit IgG H&L Alexa Fluor 647 Goat 1:200 Invitrogen

Anti-Rabbit IgG H&L Alexa Fluor 488 Goat 1:200 Abcam
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4.10. Statistical Analysis

GraphPad Prism® 7 software was used to show all data reports (GraphPad, Inc.,
La Jolla, CA, USA). The data are presented as the mean ± standard error (SE). p-values
were analyzed using a one-way analysis of variance (ANOVA) followed by Tukey’s test.
Statistical significance is denoted by p < 0.05. All tests with animals, morphometric and
statistical analyses were performed in a “blinded” manner with respect to the experimen-
tal groups.

5. Conclusions

The study suggests that UCB-MCs continue to be an essential source of stem cells for
therapy and various gene-cell strategies for tissue regeneration. It is important to emphasize
that the transplantation of genetically modified UCB-MCs is safer and more effective than
direct gene therapy. Human UCB-MCs can be efficiently simultaneously modified with
adenoviral vectors encoding VEGF, FGF2, and SDF1α. Modified UCB-MCs overexpress
recombinant genes. Genetic modification of cells with recombinant adenoviruses (MOI 10)
does not affect the profile of secreted pro- and anti-inflammatory cytokines, chemokines,
or growth factors, except for an increase in the synthesis of recombinant proteins by cells.
Modified cells can induce the formation of new vessels. Although many unresolved
problems remain before modified UCB-MCs can be applied in the clinic, our results remain
promising in terms of the induction of therapeutic angiogenesis in future clinical trials,
including the treatment of decompensated forms.
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Abstract: Pulmonary arterial hypertension (PAH) is characterized by endothelial dysfunction, un-
controlled proliferation and migration of pulmonary arterial endothelial cells leading to increased
pulmonary vascular resistance resulting in great morbidity and poor survival. Bone morphogenetic
protein receptor II (BMPR2) plays an important role in the pathogenesis of PAH as the most common
genetic mutation. Non-muscle myosin light chain kinase (nmMLCK) is an essential component of
the cellular cytoskeleton and recent studies have shown that increased nmMLCK activity regulates
biological processes in various pulmonary diseases such as asthma and acute lung injury. In this
study, we aimed to discover the role of nmMLCK in the proliferation and migration of pulmonary
arterial endothelial cells (HPAECs) in the pathogenesis of PAH. We used two cellular models relevant
to the pathobiology of PAH including BMPR2 silenced and vascular endothelial growth factor (VEGF)
stimulated HPAECs. Both models demonstrated an increase in nmMLCK activity along with a
robust increase in cellular proliferation, inflammation, and cellular migration. The upregulated
nmMLCK activity was also associated with increased ERK expression pointing towards a potential
integral cytoplasmic interaction. Mechanistically, we confirmed that when nmMLCK is inhibited
by MLCK selective inhibitor (ML-7), proliferation and migration are attenuated. In conclusion, our
results demonstrate that nmMLCK upregulation in association with increased ERK expression may
contribute to the pathogenesis of PAHby stimulating cellular proliferation and migration.

Keywords: pulmonary hypertension; endothelial cells; myosin light chain kinase; cytoskeleton;
vascular remodeling

1. Introduction

Pulmonary arterial hypertension (PAH) is a severe and progressive disease character-
ized by obstruction of small pulmonary arteries leading to increased pulmonary vascular
resistance and right heart failure [1,2]. Despite several new advancements and therapies
for PAH in the recent years, mortality remains unacceptably high with a 3-year rate of
22% [2]. Genetic studies have demonstrated that mutations in bone morphogenic protein
receptor type 2 (BMPR2) are present in 80% of hereditable PAH leading to loss of function
and reduced downstream signaling [3–6]. Decreased BMPR2 expression is also identified
in many other forms of PAH not associated with clear BMPR2 mutations [7]. However,
the mechanism by which BMPR2 deficiency causes PAH is under ongoing examination
with several pathways and cell types being explored [4,8–11]. In the lung, BMPR2 is highly
expressed on the vascular endothelium of pulmonary arteries [9]. BMPR2 is known to inter-
act with the cytoskeleton as it directly binds and modulates proteins related to cytoskeletal
organization, including LIM domain kinase (LIMK), light chain of cytoplasmic dynein
(TCTEX), and non-receptor tyrosine kinase family (SRC) [12–14], and has been shown to
regulate cytoskeletal functions including adhesion [15] and migration [16]. BMPR2 loss has
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been shown to induce increased endothelial cell permeability leading to increased inflam-
mation, in turn resulting in development of PAH [15]. Cytoskeletal defects are thus broadly
seen in PAH patients and could be mechanistically linked to BMPR2 dysfunction. Endothe-
lial cell hyper-proliferation, inhibited apoptosis, and alterations of biochemical-metabolic
pathways are the unifying pathobiology of the disease [17]. Several clinical studies have
provided evidence that the pulmonary endothelium is essential for the production of var-
ious mediators of vascular remodeling including vasoactive peptides, nitric oxide (NO),
prostaglandin -I2 (PGI2), endothelin-1 (ET-1), fibroblast growth factor (FGF), angiotensin II
(Ang II), cytokines (IL-1, IL-6), and cross talk between endothelial and smooth muscle cells;
which are crucial to the development and progression of pulmonary hypertension [11,18].

BMPR2 has been a significant focus of experimental and human PAH over the past
several years; however, the signaling of vascular endothelial growth factor (VEGF) and its
effects on abnormal angiogenesis is also gaining increasing recognition. VEGF is abundant
in the lungs with several functions including maintenance of the pulmonary endothe-
lium [19,20]. VEGF also influences the pulmonary vasculature and aids in the production
of nitric oxide (NO) and prostacyclin, which regulates vasoconstriction and dilatation, an
important stimulus for PAH development and therapy [19,20]. Abnormal VEGF signaling
has been identified in several disease processes including tumor angiogenesis [21] and roles
in pulmonary pathologies including obstructive lung diseases [22,23] and lung injury [24].
Patients with PAH have elevated plasma levels of VEGF [25–27] and plexiform lesions of ex-
planted lungs demonstrate increased levels of VEGF [28,29]. Experimental animal models
chronically exposed to hypoxia express increased levels of VEGF and develop PAH [30–32].
Both human and experimental studies implicate a role for VEGF in the hyperprolifera-
tion of pulmonary arterial cells and hypoxia-induced vascular remodeling; however, the
extensive physiologic involvement of VEGF on endothelial cells makes exploration of
specific cell signaling in the pathogenesis of PAH challenging. At the molecular level, the
proangiogenic effects of VEGF include cellular proliferation, migration, and reorganization
of the actin cytoskeleton and some effects have been associated with MAPK/ERK signal-
ing [33,34]. Similarly, the pro-proliferative and apoptosis resistant phenotype of pulmonary
artery endothelial cells (HPAEC) in the absence of BMPR2 has been linked to activation of
ERK1/2 and p38MAPK [35], creating overlap in the signaling of two important stimuli in
the pathobiology of PAH.

The role of endothelial cells has been increasingly recognized in the pathogenesis of
PAH, but there is still much left to be explored. Additionally, although increased expression
of myosin light chain kinase (MLCK) in pulmonary arterial smooth muscle cells (PASMCs)
from patients with PAH compared with controls has been established [36], the same does
not hold true for HPAEC. MLCK, a central cytoskeletal regulator is a Ca2+/Calmodulin
dependent enzyme encoded by myosin light chain kinase encoding gene (MYLK)that
phosphorylates myosin light chain (MLC) and plays a key pathophysiological role in
complex diseases including acute lung injury (ALI) and asthma [37]. Garcia et al. first
identified a non-muscle MLCK (nmMLCK) that encodes four high molecular weight MLCK
isoforms (MLCK1-4) in the pulmonary endothelium [38]. A major distinguishing feature
of the two isoforms is that nmMLCK contains an additional 922-amino-acid stretch at
the N-terminus that is not present in smooth muscle MLCK (smMLCK). This amino-acid
stretch is involved in distinct cellular functions through unique interactions with other
contractile proteins and is shown to influence junctional disruption and paracellular gap
formation, cell division, proliferation and cell shape [39].

Therefore, the aim of this study is to examine the downstream effects of nmMLCK
activation on cellular proliferation and migration in HPAECs in the presence of two patho-
logically relevant stimuli in the pathogenesis of PAH, namely BMPR2 deficiency and VEGF
stimulation. Utilizing cell proliferation and migration, we hypothesize that increased
nmMLCK activity leads to increased ERK/MAPK activity, and further suggesting that
nmMLCK activity is important in the development and progression of PAH.
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2. Results
2.1. Upregulated Protein Expression of nmMLCK and ERK in BMPR2 Silenced Human
Pulmonary Artery Endothelial Cells

BMPR2 mutations and the downregulation of BMPR2 expression is known to con-
tribute to the pathogenesis of PAH. As BMPR2 is highly expressed in the endothelium of
pulmonary arteries, we chose to conduct our experiments on normal HPAECs. To examine
a potential mechanistic relationship between BMPR2 and the cytoskeleton, we silenced
BMPR2 in HPAECs and used Western blot analysis to measure protein levels of cytoskeletal
regulating pathways. Myosin light chain when phosphorylated leads to activation of the
quiescent endothelium and cytoskeletal reorganization defined by stress fiber formation
and contractility. ERK is a known upstream regulator of MLCK and phosphorylated-ERK
(p-ERK) is the activated form. After 48 h of targeted knockdown, BMPR2 protein levels
were reduced by >90% (Figure 1A,B; p ≤ 0.01). BMPR2 silenced HPAECs demonstrated
an approximately 10-fold increase in phosphorylated-myosin light chain (p-MLC) protein
expression when compared to control (Figure 1A,C; p ≤ 0.01). The upregulated expres-
sion of nmMLCK was associated with a nearly five-fold increase in expression of p-ERK
(Figure 1A,D; p ≤ 0.01). These results indicate that repression of BMPR2 in HPAECs leads
to activation of both nmMLCK and ERK pathways, which are known to play an important
role in cytoskeletal regulation.
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Figure 1. BMPR2 silencing in human pulmonary artery endothelial cells (HPAECs) is associated
with ERK/MAPK activation. Representative Western blot images denoting BMPR2 and p-ERK
(A) as well as p-MLC (B) protein expression between HPAECs transfected with BMPR2 siRNA or
control siRNA for 48 h. Bar graphs summarizing relative BMPR2 (C), phosphorylated ERK (D), and
phosphorylated MLC (E) protein expression at 48 h in BMPR2 silenced HPAECs compared to control
(n = 3). * indicates p < 0.05; **, p ≤ 0.01; BMPR2, Bone morphogenetic protein receptor type II; p-ERK,
phosphorylated extracellular signal-regulated kinase; p-MLC, phosphorylated myosin light-chain;
siRNA, small interfering (silencing) RNA.

2.2. BMPR2 Silencing Induces Increased Endothelial Cell Viability, Proliferation, and Cytokine
Release Which Are Attenuated by MLCK Inhibition

Since BMPR2 silencing demonstrated upregulation of cytoskeletal proteins, we next
sought to evaluate for the endothelial dysfunction that is characteristic of vascular remod-
eling. Endothelial dysfunction in PAH leads to a hyperproliferative and apoptosis-resistant
phenotype; to evaluate for this, BMPR2 silenced HPAECs were subjected to established
measurements of cellular proliferation including Western blot analysis of proliferating cell
nuclear antigen (PCNA) protein expression and water-soluble tetrazolium salt-1 (WST-1)
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assay. PCNA is a component of cell replication machinery and WST-1 measures the activity
of cellular mitochondrial dehydrogenases. BMPR2 silenced HPAECs demonstrated over
200% increase in PCNA protein expression (Figure 2A,B; p ≤ 0.05) and approximately
50% increase in endothelial cell proliferation measured by WST-1 assay when compared
to control (Figure 2C; p ≤ 0.01). To evaluate the potential role of the cytoskeleton in the
hyperproliferation of BMPR2 silenced HPAECs, an MLCK specific inhibitor was used to
prevent phosphorylation of MLC. Pre-treatment with ML-7 in conjunction with BMPR2
silencing led to a 50% decrease in cell viability and proliferation when compared to BMPR2
silencing alone (Figure 2C; p ≤ 0.01).
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Figure 2. BMPR2 silencing increases HPAEC proliferation and cytokine release which is attenuated by
inhibition of myosin light chain kinase (MLCK). Representative Western blot (A) and accompanying
bar graph (B) depicting PCNA protein expression at 48 h between HPAECs transfected with BMPR2 or
control siRNA (n = 3). (C) Bar graph representing changes in proliferation and viability as measured
by WST-1 assay in HPAECs transfected with BMPR2 siRNA, control siRNA, and BMPR2 siRNA with
ML-7 (10 µM) pre-treatment for 48 h (n = 9). Bar graph measuring IL-6 (D) and IL-8 (E) concentrations
in the media of HPAECs transfected with BMPR2 siRNA, control siRNA, and BMPR2 siRNA with
ML-7 (10 µM) pre-treatment for 48 h (n = 3). * indicates p < 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; PCNA,
proliferating cell nuclear antigen; BMPR2, Bone morphogenetic protein receptor type II; siRNA, small
interfering (silencing) RNA; ML-7, myosin light chain kinase specific inhibitor; IL-6, Interleukin-6;
IL-8, Interleukin-8.

Endothelial dysfunction was also evaluated in the form of inflammation by measure-
ment of cytokine release. Interleukins 6 and 8 are known to be upregulated in PAH and
were measured in our BMPR2 silenced HPAECs by ELISA technique. In Figure 2D,E, IL-6
(p ≤ 0.05) and IL-8 (p ≤ 0.001) secretion were both increased in the basal media of BMPR2
silenced HPAECs when compared to control. MLCK specific inhibition with ML-7 pre-
treatment prevented the increased cytokine release induced by BMPR2 known down (IL-6
p < 0.05; IL-8 p ≤ 0.001). Taken together, BMPR2 silencing in HPAECs leads to endothelial
dysfunction as measured by increased cellular proliferation, viability, and cytokine release,
which are all attenuated by inhibition of the nmMLCK pathway.
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2.3. BMPR2 Silencing Significantly Increases nmMLCK Dependant HPAEC Migration

Endothelial dysfunction in PAH is also represented by increased and disorganized cel-
lular migration. We next sought to evaluate migration in our BMPR2 silenced HPAECs and
how cellular motility is affected by MLCK inhibition. To measure migration, the cell mono-
layer is disrupted, and the rate of recovery is measured; electrical cell impedance sensing
(ECIS) wound assay and scratch assay are two established modalities for measuring isolated
cell migration. BMPR2 transfected HPAECs were grown to confluence on electrodes, sub-
jected to ECIS-based wounding, and transendothelial resistance (TER) was measured over
time, representing the rate of recovery. In Figure 3A, BMPR2 silenced HPAECs demonstrate
a trend toward increased rate of recovery after wounding and increased area under the
curve when compared to control. Pre-treatment with MLCK inhibitor in conjunction with
BMPR2 silencing reduces HPAEC migration (p ≤ 0.01). Cellular migration was also evalu-
ated by wound healing scratch assay. By this method, a scratch is created in the monolayer
of HPAECs with respective treatments, the size of the created wound is measured over time,
and the rate of wound closure is representative of cellular migration. BMPR2 transfected
HPAECs demonstrated a nonsignificant trend towards increased wound closure at 24 h
(Figure 3C,D). Pre-treatment with ML-7 in BMPR2 transfected HPAECs had a significant
reduction in endothelial cell motility and migration when compared to BMPR2 transfected
HPAECs alone (Figure 3C,D; p < 0.05). Taken together, MLCK inhibition has a significant
effect on migration in BMPR2 deficient HPAECs.
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Figure 3. BMPR2 silencing increases HPAEC migration which is attenuated by MLCK inhibition.
(A) Plot demonstrating the transendothelial resistance by ECIS-based wounding over time in HPAECs
transfected with BMPR2 siRNA, control siRNA, BMPR2 siRNA with ML-7 (10 µM), and control
siRNA with ML-7 (10 µM) (n = 2). (B) Bar graph denoting the area under the curve measurements at
12 h for the ECIS-based wounding experiments (n = 2). (C) Representative images of wound healing
assay depicting scratches created in confluent cultures of HPAECs transfected with BMPR2 siRNA,
control siRNA, and BMPR2 siRNA with ML-7 (10 µM) at 0 h and 24 h time points; scale bar = 100 µm.
(D) Bar graph summarizing percent gap closure at 24 h for the wound healing assay experiments
(n = 3). * indicates p < 0.05; **, p ≤ 0.01; BMPR2, Bone morphogenetic protein receptor type II; siRNA,
small interfering (silencing) RNA; ML-7, myosin light chain kinase specific inhibitor.
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2.4. VEGF Treatment Leads to Increased nmMLCK Activity

BMPR2 deficiency in HPAECs led to endothelial dysfunction seen in PAH charac-
terized by hyperproliferation and cytokine release; these processes were dependent on
the nmMLCK pathway, as specific inhibition negated these adverse effects. To further
validate the importance of nmMLCK activation on the early cellular mechanisms that
lead to the development of PAH, VEGF stimulation was also explored in a similar con-
text. HPAECs were treated with VEGF for 72 h and demonstrated increased expression
of p-MLC when compared to vehicle control, consistent with increased nmMLCK activity
(Figure 4A,B; p ≤ 0.01). Pre-treatment with MLCK specific inhibitor, ML-7 on VEGF-treated
HPAECs decreased expression of p-MLC (Figure 4A,B; p ≤ 0.001). Similarly, VEGF treated
HPAECs demonstrated upregulated p-ERK (Figure 4A,C) with decreased expression after
ML-7 pretreatment (Figure 4A,C; p ≤ 0.001).
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viability and proliferation was measured by WST assay in VEGF-treated HPAECs com-
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Figure 4. VEGF stimulation in HPAECs leads to upregulation of ERK/MAPK, which is abrogated
by MLCK inhibition. (A) Representative Western blot images denoting p-ERK and p-MLC protein
expression in HPAECs treated with VEGF (100 ng/mL), control (PBS vehicle), and VEGF with ML-
7 (10 µM) pre-treatment for 72 h. Bar graphs summarizing relative phosphorylated ERK (B) and
phosphorylated MLC (C) protein expression at 72 h in HPAECs treated with VEGF, control, and VEGF
with ML-7 (n = at least 4 for p-ERK, n = at least 7 for p-MLC). ** indicates p ≤ 0.01; ***, p ≤ 0.001; VEGF,
vascular endothelial growth factor; p-ERK, phosphorylated extracellular signal-regulated kinase;
p-MLC, phosphorylated myosin light-chain; ML-7, myosin light chain kinase specific inhibitor.

2.5. VEGF Treatment Increases Endothelial Cell Proliferation and Cytokine Release Which Is
Negated by MLCK Inhibition

Endothelial dysfunction measured by hyperproliferation and inflammation was also
measured in VEGF stimulated HPAECs. After 72 h, VEGF-treated HPAECs demonstrated
a non-significant trend toward increased cellular proliferation compared to vehicle control
measured by PCNA expression (Figure 5A,B). Significantly increased cellular viability and
proliferation was measured by WST assay in VEGF-treated HPAECs compared to control
(Figure 5C; p ≤ 0.001). ML-7 pre-treatment reduced hyperproliferation and viability in
VEGF-treated cells when compared to VEGF treatment alone both by PCNA expression
(Figure 5A,B; p ≤ 0.01) and cellular proliferation (WST-1) assay (Figure 5C; p ≤ 0.001).
VEGF stimulation leads to a hyperproliferative phenotype in HPAECs which is mediated
by the nmMLCK pathway.

2.6. VEGF Treatment Significantly Increases nmMLCK Dependant HPAEC Migration

Lastly, VEGF-treated cells were also measured for hypermigration measured by both
ECIS-based wounding and traditional scratch assay. VEGF treatment enhanced HPAEC mi-
gration compared to control as shown in Figure 6A, and pre-treatment with ML-7 abrogated
this increased migration. Area under the curve analysis showed a significant increase in
cellular motility in VEGF treated HPAECs compared to control (Figure 6B; p ≤ 0.01), and
pre-treatment with ML-7 decreased the HPAEC migration noted in VEGF treatment alone
(p < 0.05). These findings were confirmed with scratch assay, which demonstrated increased
wound gap closure after 24 h in VEGF treatment compared to control (Figure 6C,D; p < 0.05),
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and similar attenuation of migration with MLCK specific inhibition (Figure 6C,D; p ≤ 0.001).
Overall, these results confirm that in addition to BMPR2 silencing, HPAECs treated with
VEGF, another known PAH-inducing cellular mechanism, leads to endothelial dysfunction
and hyper-migration mediated by the nmMLCK pathway.
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Figure 5. VEGF treatment increases HPAEC proliferation and cytokine release which is attenuated by
inhibition of myosin light chain kinase (MLCK). Representative Western blot (A) and accompanying
bar graph (B) depicting PCNA protein expression at 72 h between HPAECs treated with VEGF
(100 ng/mL), control (PBS vehicle), and VEGF with ML-7 (10 µM) pre-treatment (n = at least 2).
β-actin loading control is identical to Figure 4A as the representative blot was derived from the same
experiment. (C) Bar graph denoting changes in proliferation and viability as measured by WST-1 assay
in HPAECs treated with VEGF, control, and VEGF with ML-7 for 72 h (n = 4). ** indicated p ≤ 0.01;
*** indicates p ≤ 0.001; PCNA, proliferating cell nuclear antigen; VEGF, vascular endothelial growth
factor; ML-7, myosin light chain kinase specific inhibitor; IL-6, Interleukin-6; IL-8, Interleukin-8.
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pulmonary endothelial cells is associated with many of the abnormalities and pathogenic 
mechanisms observed in PAH. The effect of nmMLCK in driving PAH pathogenesis is 
further strengthened by the loss of this effect when MLCK is inhibited which we have 
also shown to have effect on the ERK pathway. Human PAEC transfected with BMPR2 
siRNA or treated with VEGF showed increased proliferation both by WST assay and 
protein expression when compared to scrambled siRNA or control conditions. Increased 
migration was observed after VEGF treatment in both cell scratch and ECIS wound 
healing assays. Treatment of BMPR2 silenced and VEGF treated HPAECs with the MLCK 
specific inhibitor (ML-7) resulted in decreased proliferation and migration further pro-
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Figure 6. VEGF treatment increases HPAEC migration which is attenuated by MLCK inhibition.
(A) Plot demonstrating the transendothelial resistance by ECIS-based wounding over time in HPAECs
treated with VEGF (100 ng/mL), control (PBS vehicle), VEGF with ML-7 (10 µM) pre-treatment, and
control with ML-7 (n = at least 3). (B) Bar graph denoting the area under the curve measurements
at 12 h for the ECIS-based wounding experiments (n = at least 3). (C) Representative images of
wound healing assays depicting scratches created in confluent cultures of HPAECs treated with VEGF
(100 ng/mL), control (PBS vehicle), VEGF with ML-7 (10 µM) pre-treatment at 0 h and 24 h time
points; scale bar = 100 µm. (D) Bar graph summarizing percent gap closure at 24 h for the wound
healing assay experiments (n = 2). * indicates p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001 VEGF, vascular
endothelial growth factor; ML-7, myosin light chain kinase specific inhibitor.
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3. Discussion

Human pulmonary endothelial cells from patients with idiopathic pulmonary arterial
hypertension are known to grow faster in culture due to both increased proliferation and
resistance to apoptosis [40]. These cells also demonstrate increased cellular migration
due to endothelial dysfunction [41]. BMPR2 silencing in pulmonary endothelial cells has
reiterated the cellular dysfunction noted in PAH pathogenesis [10,42–46]. BMP/BMPR2
effects mediate SMAD 1/5/8 phosphorylation leading to characteristic cellular phenotype
observed in PAH [47]. There are SMAD independent pathways such as Wnt/catenin and
PPAR which also regulate cell signaling [48,49].

Pulmonary arterial endothelial cell proliferation and migration play a pivotal role
in PAH pathogenesis. In this study, we identified that nmMLCK upregulation in human
pulmonary endothelial cells is associated with many of the abnormalities and pathogenic
mechanisms observed in PAH. The effect of nmMLCK in driving PAH pathogenesis is
further strengthened by the loss of this effect when MLCK is inhibited which we have
also shown to have effect on the ERK pathway. Human PAEC transfected with BMPR2
siRNA or treated with VEGF showed increased proliferation both by WST assay and
protein expression when compared to scrambled siRNA or control conditions. Increased
migration was observed after VEGF treatment in both cell scratch and ECIS wound healing
assays. Treatment of BMPR2 silenced and VEGF treated HPAECs with the MLCK specific
inhibitor (ML-7) resulted in decreased proliferation and migration further promoting
the novel identification of nmMLCK playing an important role in PAH pathogenesis.
The upregulated nmMLCK expression was associated with increased ERK production in
endothelial cells as a likely mechanism of increased proliferation and migration under
BMPR2 deficiency and VEGF stimulation. This work demonstrates that non-muscle MLCK
is likely an important contributor to endothelial dysfunction recognized in PAH and may
represent a unique therapeutic target (Figure 7).
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The human MYLK gene spanning 217.6 kb on chromosome 3q21.1 encodes three iso-
forms including non-muscle MLCK isoform (nmMLCK), smooth muscle isoform (smMLCK)
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and telokin (KRP), a small myosin filament-binding protein [50]. Vascular endothelial cells,
only express the non-muscle MLCK isoform, which contains a novel NH2-terminus stretch
(amino acid 1–922) not present in the open reading frame of smooth muscle MLCK [39,51].
Furthermore, the chromosome location of MYLK (3q21) is an active site for several inflam-
matory disorders including asthma, allergic rhinitis, COPD and atopic dermatitis. Both
smMLCK and nmMLCK phosphorylate myosin light chains to regulate cellular contraction
and relaxation along with barrier function in turn playing an important role in the pathogen-
esis of various disease processes including asthma and acute lung injury [38,52,53]. Since
the identification of non-muscle MLCK, various studies have elucidated that nmMLCK is
unique in structure [38].

We explored the significance of BMPR2 signaling involvement in cytoskeletal structure
and function and its link to nmMLCK. Non muscle isoform of MLCK has itself been de-
scribed as vital in the rapid dynamic coordination of the cytoskeleton involved in cancer cell
proliferation and migration in ways similar to the tumor like growth of pulmonary endothe-
lial cells in PAH [54]. Previous literature has demonstrated that both patients with PAH and
endothelial cell models have increased levels of ERK [55]. Recently, Awad et al. show that
Raf family members and ERK1/2 are activated after BMPR2 knockdown [35]. We were able
to show that BMPR2 silencing in HPAECs is linked to increased expression of nmMLCK
along with an increase ERK phosphorhylation indicative of a potential association between
ERK, BMPR2 and nmMLCK. In previous studies, VEGF stimulation has led to increased
angiogenesis in endothelial cells through various mechanisms [56–58]. It is well recognized
that VEGF expression is elevated in arterial cells of the characteristic plexogenic lesions
of patients with advanced pulmonary hypertension [59]. Similarly, cell proliferation and
migration were both ascertained to be significantly increased in our in vitro model when
VEGF was employed as an angiogenic stimulus. Our data provides insight into cellular
migration enhanced as a function of cytoskeletal reorganization mediated by nmMLCK
activation in the presence of VEGF stimulation in HPAECs.

ML-7, a selective inhibitor of MLCK, acts on the adenosine triphosphate (ATP)-binding
site of the active center of MLCK [60–62]. We were able to validate our results with the
decreased activity of nmMLCK by showing reduced expression of p-MLC with the use
of ML-7 along with a concurrent decrease in ERK/MAPK pathway. Hence, establishing
the link between nmMLCK and ERK in the various processes of cell proliferation and
migration which are the cornerstone of PAH pathogenesis. In the future, exploring the
transcriptional link between the two and further corroborating findings with additional
nmMLCK inhibitors will be beneficial. Previous work from our group with use of MLCK
specific inhibition has also implicated the cytoskeleton and prevention of MLC phospho-
rylation in hemin-induced endothelial dysfunction in the context of PH due to chronic
hemolysis [60]. These two studies, in conjunction, support the need for further exploration
of MLCK inhibition as a potential therapy for PAH.

This work is limited to the use of cell models that recapitulate the endothelial dysfunc-
tion that is seen during vascular remodeling in the pathogenesis of PAH. We utilized cell
models that we think have strong relevance to human disease, particularly with reduction
in BMPR2 levels as seen in numerous PAH patient subgroups as well as stimulation of the
cells with a growth factor, VEGF, that is known to be elevated in patients with some forms
of PAH [15,25–27]. Further study will require the use of experimental animal models of
pulmonary hypertension as well as cells and tissues from human PAH in order to better
understand the role of nmMLCK in endothelial dysfunction as well as development and
progression of human PAH.

In summary, the data from this study is the first in our knowledge to recognize
the importance of increased expression of nmMLCK contributing to endothelial cellular
proliferation and migration with downstream activation of Ras/Raf/ERK pathway. The
enhanced nmMLCK activity appears to play a crucial role in the pathobiology of PAH.
The nmMLCK-Raf/ERK link presents a novel pathway for development of more efficient
potential targets for treatment of pulmonary hypertension.
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4. Materials and Methods
4.1. Cell Culture

Normal HPAECs were cultured at passages 5–8 in endothelial basal medium-2 (EBM-2)
supplemented with growth factors [endothelial growth medium (EGM)-2 Single Quot kit
from Lonza (Basel, Switzerland)] and containing 10% fetal bovine serum (FBS). Cells
were maintained at 37 ◦C in a humidified incubator with 5% CO2 and 95% air. Primary
HPAECs were seeded at a density of 180,000–200,000 cells/well in 6-well plates for RNA
and protein analysis, respectively. For all experiments, basal media was replaced with
EGM-2 containing 2% FBS with added treatment or control conditions as described in each
individual experiment.

4.2. BMPR2 Transfection

HPAECs were transfected with gene-specific siRNA pools targeting BMPR2 non-
specific siRNA (Ambion, Austin, TX, USA) at a final concentration based on the culture
vessel surface area per XFECT-1 (Clontech, Mountain View, CA, USA) protocol for 4 h
followed by growth in EGM-2 containing 2% charcoal-stripped serum. Nontargeting
siRNA pool-1 (siGENOME, Dharmacon, Lafayette, CO, USA) was used as a control. After
incubating for an additional 46 h (48 h from the start of transfection), total RNA or protein
lysates were collected for Western blot analysis. BMPR2 silencing was repeated with
addition of nmMLCK inhibitor, ML-7 hydrochloride [1-(5-iodonaphthalene-1-sulfonyl)-
[1H]-hexahydro-1,4-diazepine hydrochloride; (Tocris Bioscience, Bristol, UK) at 10 µM at
4 h time point followed by incubation for 42 h.

4.3. Western Blotting

Whole cell protein lysates were isolated from HPAEC with RIPA buffer (Millipore,
Burlington, MA, USA) supplemented with protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA, USA). Protein lysates were resolved by SDS-PAGE
and transferred to a nitrocellulose membrane with Bio-Rad Laboratories (Hercules, CA,
USA) Western blotting system. Membranes were incubated with 5% blocking solution (non-
fat milk) in PBS-Tween 20 (0.1%) for 1 h at room temperature and then incubated overnight
at 4 ◦C with primary antibody. The following day, membranes were incubated in secondary
antibodies and then visualized with chemiluminescence (Thermo Fisher Scientific). Anti-
bodies against p-MLC (1:1000), p-ERK (1:1000), total ERK (1:1000), and proliferating cell
nuclear antigen (PCNA) (1:500) were purchased from Proteintech Group Inc (Rosemont, IL,
USA). Anti-BMPR2 antibody (1:500) was obtained from Abcam (Cambridge, MA, USA).
Quantitative data was obtained using Image J (Version 1.46r, National Institutes of Health,
Bethesda, MA, USA) and data is presented as mean relative protein expression ± standard
error (SE). n is defined as protein lysates extracted from a single well for a given condition.

4.4. Cell Proliferation and Viability Assay

HPAECs were plated at 0.1–5 × 104/well in a 96-well microplate with a final volume
of 100 µL/well. Cell proliferation and viability was assessed after treatment with addition
of 10 µL/well WST-1/ECS (Millipore Sigma) solution to each well for 4 h. Cell proliferation
in this assay is based on cleavage of the tetrazolium salt WST-1 to formazan by cellular
mitochondrial dehydrogenases and an increase in formazan dye. Cell proliferation was
quantified by a multi well spectrophotometer (microplate reader) by measuring the ab-
sorbance of dye solution at 450 nm and reference wavelength 650 nm. Quantitative data is
presented as mean ± SE. n is defined a single well for a given condition.

4.5. Enzyme Linked Immunosorbent Assay (ELISA)

HPAECs were grown on 6-well plates and treated with respective conditions once
confluent. The cell culture media was removed and centrifuged and the supernatant was
used for ELISA analysis. Commercially available sandwich ELISA kits were purchased
from BioLegend (San Diego, CA, USA) and measurement of IL-6 and IL-8 were obtained
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according to manufacturers instructions. A microplate reader was used to measure cor-
responding absorbance. Data is presented as mean ± SE. n is defined a single well for a
given condition.

4.6. Electric Cell-Substrate Impedance Sensing (ECIS) Wound Assay

ECIS system (Applied Biophysics, Inc., USA) and 8W1E well arrays were used to
detect and track HPAECs migration during electrical wound-healing assay. HPAECs were
seeded at a density of 200,000–250,000 cells/well and treated with respective conditions
24 h after attachment. ECIS plate was then transferred to the humidified 5% CO2 incubator
at 37 ◦C and wells were allowed to equilibrate in the incubator. Wound was then applied
at 40,000 Hz and 3 mA for 10 s per well. Over the next 24 h, the resistance from each well
was measured every 15 min and then analyzed. n is defined as each independent well
for a given condition. Area under the curve (AUC) was calculated for each condition and
presented as mean ± SE.

4.7. Scratch Assay

Cell motility was assessed with cell scratch assay [61]. The cell monolayer was
scratched with a sterile P20 pipette tip and the debris was removed by washing twice
with warm working media, and then replaced with fresh working medium after which
images were captured at 0 and 24 h with inverted microscope with a digital camera (Nikon
Eclipse TE2000-s, Nikon Instruments Inc., Melville, NY, USA) at 4× g or 10× g magni-
fication [62]. Quantification for gap closure was completed using Image J software, as
described previously [63] and data is presented as mean ± SE. n is defined a single well for
a given condition.

4.8. Statistical Analysis

SigmaPlot software (v14, Systat Software Inc., Palo Alto, CA, USA) was used for
Student’s t-test to calculate significance between two groups and One-Way ANOVA for
many groups. Composite data are shown as the mean ± standard error. A p value of
≤0.05 was considered significant.
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Abstract: Arteriogenesis, the growth of natural bypass blood vessels, can compensate for the loss of
arteries caused by vascular occlusive diseases. Accordingly, it is a major goal to identify the drugs
promoting this innate immune system-driven process in patients aiming to save their tissues and
life. Here, we studied the impact of the Cobra venom factor (CVF), which is a C3-like complement-
activating protein that induces depletion of the complement in the circulation in a murine hind limb
model of arteriogenesis. Arteriogenesis was induced in C57BL/6J mice by femoral artery ligation
(FAL). The administration of a single dose of CVF (12.5 µg) 24 h prior to FAL significantly enhanced
the perfusion recovery 7 days after FAL, as shown by Laser Doppler imaging. Immunofluorescence
analyses demonstrated an elevated number of proliferating (BrdU+) vascular cells, along with
an increased luminal diameter of the grown collateral vessels. Flow cytometric analyses of the
blood samples isolated 3 h after FAL revealed an elevated number of neutrophils and platelet-
neutrophil aggregates. Giemsa stains displayed augmented mast cell recruitment and activation
in the perivascular space of the growing collaterals 8 h after FAL. Seven days after FAL, we found
more CD68+/MRC-1+ M2-like polarized pro-arteriogenic macrophages around growing collaterals.
These data indicate that a single dose of CVF boosts arteriogenesis by catalyzing the innate immune
reactions, relevant for collateral vessel growth.

Keywords: arteriogenesis; complement system; C3; cobra venom factor; mast cells; macrophages;
complement activation; neutrophils; platelets; platelets-neutrophil aggregates

1. Introduction

The vascular system has the fundamental role of delivering blood with its nutrients
and oxygen to peripheral tissues. The devastating consequences of vascular occlusive
diseases such as myocardial infarction, peripheral artery disease, stroke, or even loss of an
artery due to abdominal aortic aneurism (AAA) surgery might be prevented by the timely
induction of collateral artery growth to form natural bypasses [1–4]. This highly complex
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and multifactorial process, which is particularly driven by changes in fluid shear stress of
affected vessels, is known as arteriogenesis [5,6]. This multistep process is described as
the remodeling of pre-existing arterio-arteriolar anastomoses into completely developed
functional arteries, characterized by the proliferation of endothelial and smooth muscle cells
and promoted by the cellular and humoral components of the innate immune system [7,8].

In detail, it has been shown that, upon occlusion of a supplying artery, the blood
flow is redirected into pre-existing arteriolar connections where the arising increased fluid
shear stress elicits a local and timely well-coordinated sterile inflammatory process. Upon
this mechanical stress, endothelial cells release the von Willebrand factor (vWF), which
promotes the activation of platelets. Subsequently, these activated platelets interact with
neutrophils to form platelet-neutrophil aggregates (PNA) with the concomitant activation
of NADPH oxidase 2 (Nox-2) in neutrophils. Upon adhesion on intercellular adhesion
molecule-1 (ICAM-1) and urokinase plasminogen activator (uPA)-mediated extravasation
of neutrophils—both proteins are increased, expressed in activated endothelial cells of
growing collaterals [9,10]—neutrophil-derived reactive oxygen species (ROS) activate
perivascular mast cells. These cells, in turn, create an inflammatory microenvironment,
resulting in the further recruitment of neutrophils, as well as macrophages, the latter
supplying growth factors and cytokines to the growing collateral vessel (for a review,
see [11]). Interestingly, it has been demonstrated that especially CD68+/MRC-1+ M2-like
polarized macrophages, which play a major role in tissue remodeling and the resolution of
inflammation, are of major relevance for an effective arteriogenesis [12,13].

The complement system is an important part of the innate immune system playing
a role in the resistance against infection and clearance of altered host cells. Complement
components also have regulating properties in inflammatory and immune responses and
thereby are key players in the pathogenesis of several diseases, like shock, stroke, immune
complex diseases, autoimmune hemolytic anemia, or asthma [14]. The complement system
is composed of about 30 plasma and cell surface proteins, numerous receptors, and regula-
tory factors expressed in the membranes of various cell types, such as platelets, endothelial
cells, and cells of the immune system [15,16]. These proteins allow to recognize pathogens
and eradicate them from the host’s system [17].

The complement system can be canonically activated via three specific, well-defined
pathways: the classical, the lectin and the alternative pathway. These three pathways share
a similar molecular architecture, including somewhat different primary recognition and
activation events that are magnified by proteolytic reactions converging at the point of C3
cleavage/activation [18]. As an effective chemoattractant, the resulting small C3a peptide
serves to concentrate neutrophils at the inflamed site, whereas the large C3b fragment is
incorporated into the proteolytic convertases to amplify the complement activation. Finally,
in the terminal phase, the membrane attack complex (MAC) is assembled on the surface of
pathogens to obtain cytolytic poly-C9 pores as an effective killing mechanism [18]. However,
it should be mentioned that the complement system can be activated noncanonically [19].

Cobra venom factor (CVF) is a complement-activating protein, which has been isolated
from venom of the cobra [15]. It is functionally homologous to C3b, the activated form
of C3, and accordingly binds factor B, to be subsequently cleaved by factor D to form the
bimolecular complex CVF–Bb, which is a C3/C5 convertase. CVF–Bb cleaves both C3 and
C5 but is resistant to inactivation by the regulating factors of the complement system such
as Factor H and due to its special structure, more stable than its physiological pendant [20].
As CVF can cleave C3 almost completely, it has been used for many years to deplete the
serum complement (C3) in animals in a bid to delineate the biological functions of the
complement system and its role in the pathogenesis of many diseases [18]. CVF is used as
an important tool to target complement activation, and no adverse effects were observed
in animals, except neutrophil sequestration to the lungs [21]. CVF is not a toxin, but it
can activate the alternative pathway. However, it only consumes complement (C3) and
effectively depletes the complement activity in the serum of treated animals [15]. A great
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deal of effort has been invested in the development of drugs for complement inhibition [22].
These drugs inhibit complement activation, whereas CVF depletes complement C3.

Despite the fact that humoral and cellular components of the innate immune system
play a major role in arteriogenesis, the contribution of the complement remains obscure.
Since the generation of collateral vessels is required in situations of artery occlusion, one
is left to promote collateral artery growth in clinical practice. This study will provide
information about the application and usefulness of CVF for the process of arteriogenesis
as an option for therapeutical intervention in patients with vascular occlusive diseases. We
investigated the possible mechanisms by which CVF through complement activation and
consumption may have an impact on arteriogenesis. The obtained results indicate that
treatment with a single dose of CVF 24 h prior to artery occlusion results in an enhanced
growth and formation of collateral vessels in mice. While these data provide further insight
into the contribution of innate immunity for the process of arteriogenesis, it remains to be
investigated whether CVF administration could be available as a medical treatment.

2. Results
2.1. Treatment with CVF in the Experimental Mouse Model of Arteriogenesis

To study the influence of the complement system and the impact of CVF on arterio-
genesis, we used a well-established murine hind limb model to induce collateral vessel
formation [8]. In this model, the unilateral ligation of the right femoral artery results in the
growth of collateral blood vessels (arteriogenesis) in the adductor muscle of the upper leg.
As an internal control, the left femoral artery was sham-operated. To ascertain the efficacy
of CVF in our animal model, 24 h prior to femoral artery ligation (FAL), C57Bl/6J mice
underwent i.p. injection of either a single dose of 12.5 µg of CVF dissolved in 50 µL PBS or
an equivalent volume of PBS (control group). The complement consumption impact of the
treatment was proven by measuring the 50% hemolytic complement activity of the serum
before starting the FAL (Figure 1).
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Figure 1. Single-dose application of 12.5 µg of the cobra venom factor (CVF (1x)) leads to the loss
of hemolytic complement activity of the serum 24 h after injection. The scatter plot represents the
results of a CH50 assay. Data are the means ± S.E.M., n = 3 for the CVF-treated group, n = 2 for the
PBS-treated control group, * p < 0.05 (PBS vs. CVF (1x)) by an unpaired Student’s t-test.

2.1.1. Influence of CVF on Perfusion Recovery

To measure the influence of CVF on the perfusion recovery after FAL, mice underwent
laser Doppler perfusion measurements of their hindlimbs before, directly after, 3 days, and
7 days after ligation. In mice receiving a single dose of CVF 24 h before the induction of
arteriogenesis via FAL, we observed a significantly improved perfusion recovery compared
to the PBS-treated control group 7 days after the surgical procedure (Figure 2a,b). However,
when the mice were treated twice, i.e., 24 h before and again 3 days after FAL, with CVF, a
negative impact on the perfusion recovery was seen (Figure 2c,d).
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Figure 2. Impact of CVF administration on the perfusion after femoral artery ligation (FAL).
(a,b) Single-dose application of the cobra venom factor (CVF (1x)) promotes perfusion recovery.
(a) The line graph describes laser Doppler perfusion measurements of the hindlimbs from mice
treated with a single dose of phosphate-buffered saline (PBS) or CVF (1x) 24 h prior to FAL. The
relative perfusion was calculated using an occluded/sham (right to left hind limb) ratio before FAL
(baseline), directly after FAL (aFAL), at day 3, and at day 7 aFAL. Data are the means ± S.E.M., n = 5
mice per group, * p < 0.05 (PBS vs. CVF (1x)) by two-way analysis of variance (ANOVA) with the Bon-
ferroni multiple comparison test. (b) Representative flux images of laser Doppler measurements from
mice treated with a single dose of PBS (left images) or CVF (1x) (right images) showing color-coded
the relative perfusion of hind limbs at day 3 and 7 aFAL (blue color indicates low perfusion, and red
color indicates high perfusion). Black dotted lines indicate the regions of interest (ROI), which were
used for perfusion analyses. (c,d) Repeated treatment of mice with CVF (2x) counteracts the perfusion
recovery. (c) The line graph depicts the results of the laser Doppler perfusion measurements of the
hind limbs of repeated PBS- or CVF (2x)-treated mice. Some (12.5 µg CVF) were administered by
i.p. injection 24 h prior FAL and again 3 days aFAL. The relative perfusion was calculated using the
occluded/sham (right to left hind limb) ratio before FAL (baseline), directly aFAL, at day 3, and at
day 7 aFAL. Data are the means ± S.E.M., n = 5 per group, * p < 0.05 (PBS vs. CVF (2x)) by two-way
analysis of variance (ANOVA) with the Bonferroni multiple comparison test. (d) Representative flux
images of laser Doppler measurements from repeated PBS- (left images) or CVF (2x)-treated mice
(right images) showing in color code the relative hindlimb perfusion at day 3 and 7 aFAL. Black
dotted lines indicate the ROI, which were used for perfusion analyses.

2.1.2. Influence of Treatment with a Single Dose of CVF on Luminal Diameter and Vascular
Cell Proliferation

To confirm that the improved perfusion recovery observed after administration of a
single dose of CVF was due to enhanced collateral artery growth (and not due to simple
vasodilation), we performed immunofluorescence analyses of the adductor muscle by
studying the inner luminal diameter and the number of proliferating vascular cells 7 days
after FAL. Lectin was implemented to mark the inner vascular cell layer for the analysis of
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the luminal diameter. Bromodeoxyuridine (BrdU) served as a proliferation marker, while
ACTA2 as smooth muscle cell marker was used to mark the outer vascular boundary for
the proliferation analysis. Thus, BrdU+ cells within the vascular structure were counted
as proliferating vascular cells, whereby BrdU signals in ACTA2+ cells were counted as
proliferating vascular smooth muscle cells, and BrdU signals at luminal ACTA2− structures
as proliferating endothelial cells. However, for quantification, we did not distinguish be-
tween these subpopulations of vascular cells. CVF (1x)-treated mice showed a significantly
increased inner luminal diameter of the growing collaterals compared to the PBS-treated
control group (Figure 3a,b). Additionally, there was a significant increase in the number of
proliferating collateral vascular cells in the CVF (1x)-treated group compared to the PBS-
treated controls (Figure 3b,d). Investigations on sham-operated legs showed no differences
either in the luminal diameter or proliferating vascular cells between CVF- and PBS-treated
mice (data not shown).
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Figure 3. Single-dose application of the cobra venom factor (CVF (1x)) 24 h prior to femoral artery
ligation (FAL) enhances collateral growth. The scatter plots describe (a) the inner luminal diameter of
proliferating collaterals and (c) the number of proliferating vascular cells (BrdU+, bromodeoxyuridine+
cells) per growing collateral in percent of phosphate-buffered saline (PBS)- and CVF-treated mice 7 days
after FAL. Data are the means ± S.E.M., n = 5 mice per group, n > 10 values per group, * p < 0.05 (PBS vs.
CVF (1x)) by the unpaired Student’s t-test. (b,d) Representative immunofluorescence pictures of growing
collaterals collected from PBS-treated (left panels) and CVF (1x)-treated (right panels) mice 7 days after
ligation stained with lectin (white), indicating the luminal vessel boundary (b, upper images), as well as
antibodies against BrdU (red), marking proliferating cells and ACTA2 (green) staining smooth muscle
cells (d, lower images). DAPI (blue) was used to label the nuclei; scale bar: 50 µm.
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2.1.3. Single-Dose Application of CVF Enhances Neutrophil Mobilization
and PNA Formation

As PNA formation is an important prerequisite for effective arteriogenesis, we inves-
tigated the number of platelets and neutrophils, as well as their complexes (expressed as
PNAs), as early as 3 h after FAL and 27 h after treatment with a single dose of CVF or
PBS, respectively. The influence of CVF on neutrophil and platelet counts, as well as PNA
formation, was analyzed in blood samples of PBS- and CVF (1x)-treated mice that either
underwent ligation of the right and left femoral arteries or received a sham operation of
both legs. Interestingly, we found a significantly increased number of neutrophils and
PNAs in mice treated with a single dose of CVF compared to the PBS-treated control groups,
irrespective of whether the mice experienced femoral artery ligation or a sham operation
(Figure 4a,c). The platelet count was slightly increased in CVF (1x)-treated mice; however,
it did not show significantly different values (Figure 4b).
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platelet-neutrophil aggregates (PNAs) and the mobilization of neutrophils to the peripheral blood.
Scatter plots show flow cytometry analyses of (a) the number of neutrophils per microliter of blood,
(b) the number of platelets per microliter of blood measured by the differential blood count, and (c) the
percentage of PNA formation relative to the total number of neutrophils in phosphate-buffered saline
(PBS)- and CVF (1x)-treated mice 27 h after injection, respectively, 3 h after double femoral artery
ligation (FAL) or a double sham operation (sham) of both femoral arteries. For the PNA analysis,
platelets were detected by an anti-CD41 antibody, and neutrophils were identified by anti-CD11b and
anti-Gr-1 antibodies. All values are the means ± S.E.M., n = 4 mice per group, * p < 0.05 by one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test.

2.1.4. Single-Dose CVF Treatment Results in Increased Perivascular Mast Cell Recruitment
and Activation

As already shown in a previous study, mast cell activation is essential for arterio-
genesis [8]. Here, we assessed the total number, as well as the number of degranulating
mast cells, in the perivascular space of the proliferating and resting collaterals by Giemsa
staining of the adductor muscle tissue collected 8 h after the FAL or sham operation. Com-
paring the adductor muscles from the femoral artery ligated site of single-dose CVF- with
PBS-treated mice, we found significantly more mast cells in the perivascular space of the
collaterals collected from CVF (1x)-treated mice (Figure 5a,c). Furthermore, we observed an
increase of degranulated mast cells per collateral in mice that underwent the single-dose
CVF treatment (Figure 5b,c). However, no significant difference concerning the number
of mast cells was seen in the perivascular space of single-dose CVF vs. PBS-treated sham-
operated mice, although, here, the number of degranulated mast cells was increased as
well (Supplementary Materials Figure S1).
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Figure 5. Single-dose application of the cobra venom factor (CVF 1x)) increases the number of
perivascular mast cells and promotes the degranulation of mast cells around growing collateral
arteries. The scatter plots represent (a) the number of perivascular mast cells per collateral in the
adductor muscles 8 h after femoral artery ligation (FAL) of phosphate-buffered saline (PBS)- and
CVF-treated mice, as well as (b) the number of degranulated mast cells per collateral 8 h after FAL.
Data are the means ± S.E.M., n = 3 mice per group, n > 10 values per group, * p < 0.05 (PBS vs. CVF
(1x)) by the unpaired Student’s t-test. (c) Representative Giemsa stains depicting mast cells (arrows)
in the perivascular space of collateral vessels of PBS- (left image) and CVF (1x)-treated (right image)
mice 8 h after FAL. Scale bar: 50 µm.

2.1.5. Single-Dose CVF Treatment Promotes Regenerative M2-like
Macrophage Polarisation

Macrophages and their polarization state play a pivotal role in arteriogenesis. To ana-
lyze macrophages in the perivascular space of the growing and resting collaterals, we used
an anti-CD68 antibody to stain macrophages, together with an anti-mannose receptor c-type
1 (MRC1) antibody as a marker for the anti-inflammatory and regenerative M2-like polariza-
tion phenotype. Hence, CD68+/MRC1− cells were quantified as proinflammatory M1-like
polarized macrophages, whereas CD68+/MRC1+ cells were counted as anti-inflammatory
M2-like polarized macrophages. We found a significantly increased number of perivascular
macrophages per growing collateral in the adductor muscles of mice treated with a single
dose of CVF compared to control mice 7 days after femoral artery ligation (Figure 6a).
Hereby, the number of M1-like polarized macrophages (CD68+/MRC1−) per collateral did
not differ between both experimental groups, whereas a significant increase in the number
of M2-like polarized perivascular macrophages (CD68+/MRC1+) per collateral in CVF
(1x)-treated mice compared to PBS-treated mice was observed (Figure 6b,c). No differences
regarding the number of perivascular macrophages per resting collateral or their polar-
ization state was noted in the sham-operated adductor muscles from both experimental
groups (Supplementary Materials Figure S2).
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Figure 6. Single-dose cobra venom factor (CVF (1x)) application leads to an increased number of
M2-like polarized macrophages per growing collateral. The scatter plots display (a) the number of
perivascular CD68+ cells (macrophages), (b) the number of CD68+/MRC1− (mannose receptor C-
type 1) cells per growing collateral, and (c) the number of CD68+/MRC1+ cells per growing collateral
in the adductor muscle of single-dose phosphate-buffered saline (PBS)- or CVF-treated mice collected
7 days after femoral artery ligation (FAL). Data are the means ± S.E.M., n = 5 mice per group, n > 10
values per group, * p < 0.05 (PBS vs. CVF (1x)) by the unpaired Student’s t-test. (d) Representative
immunofluorescence images of adductor muscles of single-dose PBS- (left images) or CVF-treated
(right images) mice collected 7 days after FAL are presented. Images of single and merged channels
show macrophages labeled with antibodies against CD68 (green) and MRC1 (red) in the perivascular
space of the collaterals. The endothelial cell marker CD31 (white) was used to depict collaterals and
DAPI (blue) to label nucleic DNA; scale bar: 50 µm.

3. Discussion

Arteriogenesis is a shear stress driven process that is supported by the immune system.
Using a murine hind limb model, we show that a single dose of CVF boosts arteriogenesis
by activating innate immune reactions. We demonstrate that a single-dose treatment with
CVF results in the mobilization of neutrophils to the peripheral blood and an increased PNA
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formation, as well as an enhanced recruitment and activation of the mast cells, all of which
are prerequisites for effective arteriogenesis. Moreover, we report a raised number of pro-
arteriogenic M2-like polarized macrophages in the perivascular space of growing collateral
arteries. Consequently, mice treated with a single dose of CVF displayed increased vascular
cell proliferation, enlarged collateral diameters, and increased perfusion recovery upon
femoral artery occlusion, making CVF a potent drug to foster collateral artery growth.

The influence of the complement system and different complement factors has been
extensively studied in the context of angiogenesis [23–25]. In addition, CVF as a comple-
ment consuming drug has been investigated in various settings of inflammation in animal
experiments [18,26]. However, the role of the complement system in arteriogenesis has
only started to be looked at [27], and CVF treatment has never been a topic in settings of
experimental collateral growth.

There is plethora of data available in the literature suggesting that the complement
system is involved in the process of arteriogenesis. For example, it has been described that
endothelial cells are an extrahepatic source of components of the complement system, such
as properdin, and that shear stress can cause their increased expression and release [28–30].
Properdin positively regulates the alternative pathway of the complement system by
stabilizing C3 and C5 convertases. C3b can bind to ultra-large vWF—a protein that is
released due to shear stress in growing collaterals [7]—and thereby locally activates the
alternative pathway to generate a large amount of effector proteins [31,32]. Moreover, high
concentrations of C3a and C5a can stimulate endothelial cells locally to express adhesion
molecules for leukocytes such as intercellular adhesion molecule-1 (ICAM-1) [33] and
leukocyte-recruiting chemokines such as monocyte chemoattractant protein-1 (MCP-1) [34].
Indeed, we have previously shown that an increased expression of ICAM-1 occurs in
growing collaterals, contributing to arteriogenesis [9,35]. Moreover, we have shown that
arteriogenesis is associated with increased levels of MCP-1 and that the administration of
MCP-1 strongly promotes arteriogenesis [35].

To investigate the impact of CVF on arteriogenesis, we used a murine hind limb model
of collateral artery growth to administer CVF either once or twice prior to FAL. When mice
were treated twice with CVF, 24 h before induction of arteriogenesis by FAL and again
3 days after FAL, reduced arteriogenesis was noted, as evidenced by the LDI measurements.
However, when mice were treated only once with CVF, namely 24 h before the induction
of collateral artery growth, arteriogenesis was significantly improved, as confirmed by
an increased luminal diameter and cell proliferation in growing collateral arteries 7 days
after FAL.

The administration of CVF results within hours in decomplementation and has been
demonstrated to reach its maximum after 24 h in mice [36]. A feasible test to investigate
the effectiveness of CVF is a hemolytic assay [37,38]. Upon activation of the complement
system, the membrane attack complex (MAC) is formed, which lyses erythrocytes. Ac-
cordingly, decomplementation results in a severe reduction in hemolytic activity. The
decomplementating effect of CVF compared to PBS was proven in our study in the serum
of mice 24 h after administration of a single dose of CVF.

In terms of the mobilization of leukocytes in New Zealand white rabbits, CVF admin-
istration showed a biphasic and opposing effect, since the application of CVF resulted in
leukopenia within seconds, followed by leukocytosis with an almost fivefold increase in
cell number (mainly of neutrophils) within 24 h [39]. Additional studies evidenced that
the increased neutrophil count is due to the chemotactic recruitment of cells from the bone
marrow as a consequence of increased C5a upon CVF treatment [40–42]. We here report
a significant increase in the number of neutrophils 27 h after administration of a single
dose CVF in mice, which was associated with an increased platelet–neutrophil aggregate
formation. Interestingly, at that time point, which corresponds to 3 h after the onset of the
surgical procedure of FAL, we found no changes in the number of PNA formation com-
pared to the sham-operated PBS-treated mice. However, our results evidenced significant
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rises in PNA formation in both FAL and sham-operated mice after treatment with a single
dose of CVF compared to the PBS treatment.

Increased PNA formation is a prerequisite for effective arteriogenesis, as it results in
neutrophil, as well as subsequent mast cell, activation [7,8]. Indeed, CVF treatment resulted
in an increased recruitment of mast cells in the perivascular space of growing collaterals
already 8 h after FAL, which was not seen in sham-operated animals. In a previous study,
we demonstrated that an increasing mast cell recruitment by treating mice with diprotin
A (a dipeptidyl-peptidase IV (DPPIV) inhibitor that retards stroma cell-derived factor-1α,
SDF-1α, degradation) resulted in improved arteriogenesis by recruiting SDF-1 receptor
CXCR-4-expressing mast cells to the growing collaterals [8]. Additionally, PNA formation
is a marker for platelet activation [43], and platelets are a rich source of SDF-1α [44,45],
indicating that, upon CVF treatment, increased mast cell recruitment may be due to an
enhanced PNA formation. Yet, as C3a and C5a are also chemo-attractants for mast cells [46],
the CVF treatment could have contributed to the emergence of these anaphylatoxins to
contribute to mast cell recruitment as well.

Under (patho-)physiological conditions, mast cell activation in the perivascular space
of growing collaterals is largely mediated by neutrophil-derived ROS [8]. This is also very
likely the case in CVF-treated mice, as these mice showed up with more PNA formation,
which is associated with increased Nox-2 activation and, hence, ROS formation in neu-
trophils [8]. Moreover, anaphylatoxins produced by CVF application are able to trigger
an oxidative burst of neutrophils [47]. Additionally, by binding to their respective recep-
tors, C3a and C5a can directly promote mast cell activation [48,49]. We indeed found an
increased number of activated mast cells in the perivascular space of sham-operated mice;
however, mast cell activation did not result in vascular cell proliferation and subsequent
collateral artery growth. The initial trigger for arteriogenesis is increased fluid shear stress,
which is elicited in preexisting collateral arteries by redirected blood flow and results in
endothelial cell activation [1]. Inter alia, this results in the increased expression of uPA
in the wall of preexisting collaterals, which is essential not only for the extravasation of
neutrophils to the perivascular space [50] but also important for monocyte transmigration,
which, once matured to macrophages, are crucial for effective arteriogenesis [1,6]. Accord-
ingly, CVF treatment did not result in an increased accumulation of CD68+ macrophages
around collateral arteries of sham-operated legs, and the sham operation was not associated
with increased vascular cell proliferation or the luminal diameter in preexisting collaterals,
indicating that the CVF treatment itself is not a direct growth stimulus for collaterals under
non-pathophysiological conditions.

The pivotal role of macrophages in arteriogenesis is well-known, as has been shown
in several previous studies [51,52]. By providing growth factors and remodeling the
perivascular space, they have a huge impact on vascular cell proliferation and artery
growth [53,54]. In the current study, mice treated with a single dose of CVF showed a
higher macrophage accumulation in the perivascular space of growing collaterals, which
was based on a higher number of M2-like polarized macrophages.

4. Materials and Methods
4.1. Animals and Experimental Procedures

Permissions for in vivo experiments and animal use were obtained from the Bavarian
Animal Care and Use Committee (ethical approval code: ROB-55.2Vet-2532.Vet_02-17-
99), and the performances of all experiments were in strict accordance with German and
NIH animal legislation guidelines. The experiments included the use of C57BL/6J mice
provided by Charles River (Sulzfeld, Germany). Eight-to-twelve-week-old mice were
anesthetized with a combination of fentanyl (0.05 mg/kg, CuraMED Pharma, Karlsruhe,
Germany), midazolam (5.0 mg/kg, Ratiopharm GmbH, Ulm, Germany), and medetomidine
(0.5 mg/kg, Pfister Pharma, Berlin, Germany). The right femoral artery was ligated to set the
stimulus, leading to arteriogenesis in the adductor muscle, whereas the left leg was sham-
operated, as previously described [55]. As the proliferation marker, bromodeoxyuridine
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(BrdU) was administered daily i.p. (1.25 mg per day, Sigma-Aldrich, St. Louis, MO, USA)
dissolved in 100 µL phosphate-buffered saline (PBS, 148 mM Na+, 1.8 mM K+, pH 7.2)
starting immediately after femoral artery ligation (FAL). One day prior to surgery, cobra
venom factor (REF A600, Quidel Co., Athens, OH, USA) was administered as a single-dose
intraperitoneal (i.p.) injection with 12.5 µg diluted in 50 µL PBS. A PBS i.p. dose of the
same volume served as the control. The perfusion of the hind limb was measured by Laser
Doppler Imaging (LDI) using a Moor LDI 5061 and Moor Software Version 3.01 (Moor
Instruments, Remagen, Germany). Prior to measurements, the body temperature was
controlled for 10 min and kept between 36 ◦C and 38 ◦C during the experiments. LDI was
performed before ligation (baseline) and directly after FAL, as well as 3 and 7 days after
FAL. A flux mean value of a defined region (0.45 cm2) starting from the ankle to the toes
of each animal was calculated. The perfusion was calculated by flux means of the ligated
(right)-to-sham (left)-operated ratios.

Tissues were collected for histological analyses at intervals of 8 h or 7 days after FAL.
During surgery and the experimental period until the collection of the tissue, none of the
mice died or showed signs of infection or necrosis. To study the formation of platelet
neutrophil aggregates, blood was collected 3 h after ligation of both femoral arteries (right)
and the sham operation (left). Mice were sacrificed using cardiac puncture under deep
narcosis. The bodies were perfused with 1% adenosine buffer (Sigma-Aldrich, Taufkirchen,
Germany) containing 5% bovine serum albumin (BSA, Sigma-Aldrich, Taufkirchen, Ger-
many) and dissolved in PBS, followed by 3% paraformaldehyde (PFA, Merck, Darmstadt,
Germany). Finally, the adductor muscles were collected, kept in a 30% sucrose solution
overnight, and then stored in vinyl molds (REF 4566, Sakura Finetek, Torrance, CA, USA)
on Tissue-Tek® (REF 4583, Sakura Finetek, Torrance, CA, USA) at −80 ◦C until further use.

4.2. Histological and Immunofluorescence Analyses

For histology, staining was performed with 8-µm-thick cryosections of the adductor
muscle. Tissues of day 7 after FAL were used to stain for vascular cell proliferation, inner
luminal diameter analysis, and the presence of macrophages. For cell proliferation, the
sections were incubated with 1N HCl for 30 min at 37 ◦C to bare BrdU in the nuclei, blocked
with 10% goat serum, dissolved in 4% BSA PBS/0.1% Tween-20 (Tween 20, AppliChem
GmbH, Darmstadt, Germany) for 1 h at room temperature (RT), and then incubated with
an anti-BrdU antibody (1:50, Abcam, Cambridge, UK, ab6326) at 4 ◦C overnight. Goat
anti-rat Alexa Fluor® 546 antibody (1:100, Thermo Fischer, A-11081, Rockford, IL, USA) was
used as a secondary antibody, and anti-ACTA2-Alexa Flour® 488 (anti-actin alpha 2, 1:400,
Sigma-Aldrich, F3777, Saint-Louis, MO, USA) was used to mark the outer vessel layer.

Macrophages in tissues were labeled with anti-CD68-Alexa Fluor®488 (1:200, Abcam,
ab201844) and anti-MRC1 antibody (1:200, Abcam, ab64693) at 4 ◦C overnight, followed by
the secondary antibody donkey anti-rabbit-Alexa Fluor®546 (1:200, Thermo Fisher, A10040).
An Alexa Fluor®647 anti-mouse CD31 antibody (1:100, BioLegend, San Diego, CA, USA,
102516) was used to label the vascular cells. Additionally, all tissues were incubated with
DAPI (1:1000, Thermo Fisher, ord. no. 62248, Rockford, IL, USA) for 10 min at RT to label
the nucleic DNA. Dako mounting medium (Dako, Agilent, Santa Clara, CA, USA) was
used to mount the stained slides. Giemsa stain was performed following the standard
protocols. The mounted tissues of CVF-treated mice and control mice were analyzed using
an epifluorescence microscope DM6 B (Leica microsystems, Wetzlar, Germany) for dark
and bright field imaging. The open-source program ImageJ was used for counting analyses
and inner luminal diameter analyses. Several sections were analyzed per muscle.

To measure the luminal diameter of the collaterals, the sections were stained with
lectin (5 µg/mL, Sigma-Aldrich, L4895, Saint-Louis, MO, USA) for 2 h at RT.

4.3. Blood Analyses

Blood was collected via cardiac puncture with a standardized amount of anticoag-
ulation (10 UE heparin per mL blood). For the flow cytometry analysis, 100 µL of full
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blood was lysed in 2 mL lysing solution (1:10 in aqua, BD Biosciences, 349202), centrifuged,
and resuspended in a staining solution containing FITC anti-mouse CD41 (1:400, BioLe-
gend, 133903), PE anti-mouse CD11b (1:300, BioLegend, 101208), Brilliant Violet 421™
anti-mouse CD115 (1:300, BioLegend, 135513), APC anti-mouse Ly-6G/Ly-6C (1:800, BioLe-
gend, 108412), and eBioscience™ Fixable Viability Dye eFluor™ 780 (1:1000, Invitrogen,
65-0865-14). The samples were incubated for 20 min at 4 ◦C, washed, and subsequently
analyzed with a BD LSRFortessa™ cell analyzer. Gating and analysis were performed using
FlowJo V10. A full blood count was done with a ProCyte Dx using mouse-specific settings.

For the CH50 assay, measuring the complement lysing capacity, blood was collected
without anticoagulant 24 h after treatment with a single dose of CVF or PBS to achieve
clotting and serum generation for 1 h at room temperature. The probes were centrifuged at
706× g for 10 min at 4 ◦C. The supernatant was collected and stored at −80 ◦C. The CH50
assay was performed using 100 million antibody-sensitized sheep erythrocytes (Comple-
ment Technology, Inc., Tyler, TX, USA, B200). Five microliters of a Mouse Complement
Assay Reagent (MCAR, Complement Technology, Inc., Tyler, TX, USA, B250) was used to
improve the mouse CH50 titers. The serum samples were diluted to a final range from
1/163 to 1/650 in a veronal buffer (GVB++, Complement Technology, Inc., Tyler, TX, USA,
B102). Controls included two samples with no serum as the background control and two
samples containing sheep erythrocytes diluted in deionized water in place of the buffer
for the 100% lysis control. Samples were handled on wet ice, and lysis was performed
at 37 ◦C for 30 min. The remaining cells were spun down at 500× g for 3 min, and the
absorbance of the supernatant was determined at 541 nm in a 1-cm cuvette. CH50 values
(CH50 units/mL) represent the reciprocal value of the amount of serum able to lyse 50% of
the sheep erythrocytes. Samples without lysing activities were set at 0 CH50 units/mL.

4.4. Statistical Analyses

The results were analyzed with GraphPad Prism 8 (GraphPad Software, LA Jolla,
CA, USA) using the unpaired Student’s t-test or two-way analysis of variance (ANOVA)
with the Bonferroni multiple comparison test. All data were presented as the mean
values ± standard error of the mean (SEM). The findings were considered statistically
significant at p < 0.05.

5. Conclusions

In summary, our data indicate that the application of a single dose of CVF 24 h prior to
induction of arteriogenesis by FAL significantly promotes collateral vessel growth, as shown
by increased perfusion recovery based on enhanced vascular cell proliferation and, hence,
an increased collateral diameter. The administration of CVF already prior to the induction of
arteriogenesis resulted in a massive mobilization of neutrophils to the peripheral blood and
an increased PNA formation already at the time point when arteriogenesis was induced by
FAL. Accordingly, we conclude from study that the prerequisites for efficient arteriogenesis,
which are especially important for mast cell recruitment and activation—which, in turn,
are essential for monocyte recruitment during the process of arteriogenesis—were already
present and available at the moment when collateral artery growth was elicited by increased
fluid shear stress. Thus, in situations where arteriogenesis is artificially promoted, e.g.,
prior to abdominal aortic aneurism surgery [3], the timely administration of CVF may be of
particular interest. This could become a particular pro-arteriogenic treatment in patients
since a humanized form of CVF already exists and would be ready to use [15,56–58].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23158454/s1.
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Abstract: Members of the Ras superfamily have been found to perform several functions leading to
the development of eukaryotes. These small GTPases are divided into five major subfamilies, and
their regulators can “turn on” and “turn off” signals. Recent studies have shown that this superfamily
of proteins has various roles in the process of vascular development, such as vasculogenesis and
angiogenesis. Here, we discuss the role of these subfamilies in the development of the vascular
system in zebrafish.

Keywords: small GTPases; GTP-binding proteins; vascular development and zebrafish

1. Introduction

Small GTPases are GTP-binding proteins frequently found in eukaryotes. These are
profoundly reported to have roles in processes such as differentiation, proliferation, mor-
phology, adhesion, survival, migration, apoptosis, cytoskeletal reorganization, cellular
polarity, cell cycle progression and many noteworthy biological functions in cells. These
proteins cycle between their active form, which is GTP bound, and their inactive form,
which is GDP bound, which can affect almost all cellular processes [1]. Approximately
160 members of the small GTPase family have been reported to date [2]. The Ras (rat
sarcoma) subfamily of small GTPases contains the largest number of members; hence,
sometimes it is called a Ras GTPase [3]. Depending on their structures and functions, these
proteins are divided into five main categories: Ras, Ras homology (Rho), Ras proteins in the
brain (Rab), Ras nuclear protein (Ran) and adenosine diphosphate ribosylation factor (Arf)/
secretion-associated and Ras-related (Sar) GTPase [4,5]. The regulation of small GTPases
(Figure 1) is controlled by three groups of proteins, namely, GTPase-activating/accelerating
proteins (GAPs) assisting in hydrolyzing GTP, guanine nucleotide exchange factors (GEFs)
stimulating the exchange of GDP to GTP, and guanine nucleotide dissociation inhibitors
(GDIs), which accumulate GDP- or GTP-bound small GTPase inside the cytoplasm (by
masking their C-terminal isoprenyl group) and terminate its activation. When they are
bound to GTP, Ras GTPase forms an association with effectors that lead the way for down-
stream signaling. These regulators work immediately upstream of the small GTPases to
provide a link between small GTPase activation and their receptors [6]. Due to back-and-
forth rotation of GTPases, their regulators coordinate and take part in many biological
functions. Many regulators of small GTPases coexist in most cells to control the smooth
coordination of small GTPases. Many recent studies have revealed that these regulators
have their own regulatory mechanism by which they process cellular signals and accumu-
late specific cell responses. Small GTPases were found to assist the process of blood vessel
development. Three pathways are critical for the process of blood vessel development in
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zebrafish: vascular endothelial growth factor (VEGF) signaling [7], Notch signaling [8] and
bone morphogenetic protein (BMP) signaling [9]. Impaired small GTPases can contribute
to serious threats such as cancer and developmental malfunctioning [4]. Despite this im-
portance, their regulatory role in vascular development is unclear. Hence, in this review,
we discuss them along with their regulators and in blood vessel development in zebrafish.
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Figure 1. Small GTPase regulation leading to healthy vessels: Cycling of GTPases in the active
state and inactive state. Their activation is governed by GEFs, which remove GDP and allow excess
cytoplasmic GTP to attach. The binding of active GTPase to effector proteins aggravates the cell
response to give rise to blood vessels. GAP, by increasing GTPase activity, turns off the switch
for GTPases. Inactive GTPase aggregates in the cytosol via GDIs. By activating effector proteins,
downstream processes led to the development of healthy blood vessels (adapted and modified from
Cherfils and Zeghouf 2013 [10]).

2. Blood Vessel Development

Vasculature development is an important process for the survival of any organism.
Despite this much importance, we still are unaware of how the process of its formation
takes place. How blood vessels maintain their structure, diameter, permeability, shear
stress, etc., these are some of the aspects we are trying to figure out. Some researchers
have linked the answers to these questions to endothelial cells, since these cells have the
potential to form new vessels with various mechanisms. Several studies on the in vitro
culturing of embryonic stem cells (ESCs) showed an endothelial progenitor named he-
mangioblast [11,12]. Endothelial progenitor cells (EPCs) arise from hemangioblasts, which
repair and revascularize the ischemic retina [13]. These EPCs, by two processes, form a
blood vessel. The first is vasculogenesis, in which blood vessels form by de novo synthe-
sis [14,15], and the other is angiogenesis, which uses preexisting vessels to extend and form
new blood vessels [16]. Angiogenic cues or ischemia increase endothelial permeability,
which gives a chance to matrix metalloproteins to debase the extracellular matrix, which
relieves endothelial cell (EC)-pericyte contact and ultimately releases growth factors. EC
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permeability is controlled by various factors, such as thrombin, VEGF and sphingosine
1 phosphate. These factors guide the loss of junctional integrity, which is a reversible
process [17]. This gives the bordering cells a space to influx fluids and small molecules
due to the absence of cellular contacts. Due to coordinated activation of each GTPase, ECs
tend to migrate to promigratory cues and then proliferate to reach their final destination,
where they undergo morphogenesis to form a functional lumen and further branches if
required [6].

Two forms of angiogenesis have been proposed explicitly: sprouting angiogenesis
and intussusceptive angiogenesis. In sprouting angiogenesis, branching of primary blood
vessels to form a new vessel takes place [18]. Sequential events are as follows: The desired
site directs the ECs, which create a bipolar mode and align endothelial cells and form lumen
and tip cells that sprout from distant sites and connect and initiate blood circulation [19].
In intussusceptive angiogenesis, longitudinal splitting of a primary vessel takes place
into two different new branches, hence increasing the vascular surface area [20]. Both
processes not only provide oxygen but also supply required nutrients to the desired sites
and help eliminate waste products. Each angiogenesis is controlled by proangiogenic
factors such as VEGF and its receptors VEGFR1 and VEGFR2. Activation of these tyrosine
kinase receptors leads to activation of different pathways, such as MAPK, PI3K, and PLCy,
favoring angiogenesis [21]. Cancer cells take over some of these molecules to fulfil their
own requirements, such as oxygen and nutrients, for metastatic spread. Where insufficient
vessels or short growth leads to tissue ischemia, unnecessary vessel growth or abnormal
repair can lead to cancer, inflammation disorders, and retinopathy [22]. The process of
angiogenesis is governed by activators as well as inhibitors. The mechanism and location
of angiogenic activators and inhibitors could lead us to design a specific drug.

3. Why Zebrafish and Our Recent Study in the Field of GTPase Related Protein

Zebrafish (Danio rerio) is a freshwater fish belonging to the Cyprinidae family native to
Southeast Asia [23]. Increasing restriction on using animal model organisms in research has
paved the way for zebrafish to become a popular vertebrate model in many fields, such as
developmental biology, toxicology and oncology. Zebrafish provide a series of advantages
over other vertebrate animal models, such as external fertilization, fecundity, rapid devel-
opmental ability, favorable forward and reverse genetic manipulation, availability of cell
lines, availability of transgenic lines and tractability to genetic manipulation. Sequencing of
the zebrafish genome revealed 70% similarity in its protein coding regions to humans and
84% genes linked with human diseases [24]. Several genetic studies on zebrafish revealed
ferocious conservation of molecular pathways in vertebrates for the development and
physiology of blood vessels [25]. Using zebrafish to study vascular development has inten-
sively identified many molecules that control artery-vein identity, caudal vein plexus (CVP)
formation, and pattern intersegmental vessel (ISV) due to their optical transparency and the
availability of labeling techniques for endothelial cells with specific antibodies or tagging
with specific fluorescence, allowing us to observe cellular localization, migration, division
and rearrangement during vasculogenesis and angiogenesis [20]. Another advantage of
the zebrafish is the ability to rapidly and inexpensively downregulate gene expression
using morpholino (MO). Morpholinos are oligonucleotides with a modified nondegradable
backbone designed to block translation or splicing of a specific mRNA, leading to dramatic
reduction of gene expression (Figure 2).

We previously reported the role of the transcription factors Islet2 and Nr2f1b in
specification of the vein and tip cell identity mediated by the Notch pathway in zebrafish
(Figure 2) [26,27]. To further explore this possibility, we used an unbiased microarray
approach and identified many novel genes related to vasculature development regulated
by the Islet2 and Nr2f1b transcription factors. We noticed an interesting group of GTPase-
related genes, including G-coupled receptor-like (gpcrl), septin 8b (sept8b), Rho-related protein
(ect2), rhoub (ras homolog gene family), RAS-like family 11 (rasl11b) and Wiskott-Aldrich syndrome
protein (WASF1). The putative function related to GTPase signals is shown in Figure 3.
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GTPases are key proteins in many critical biological processes, including hormonal and
sensory signals, ribosomal protein synthesis, cytoskeletal organization, signal transduction
cascades and motility. Small GTPases are hydrolase enzymes present in the cytosol that can
bind and hydrolyze GTP and GDP. These enzymes have been shown to have diverse roles in
the development of healthy vasculature. The small GTPase Rap1 has been shown promote
VEGFR2 activation and angiogenesis [28]. The Ras GTPase family has been shown to
function in vascular patterning via semaphorin-Plexin signaling [29]. However, the GTPase
genes we list above do not have any yet known functions in vessels, and we have currently
addressed these questions. Since humans and zebrafish share a common mechanism for
the process of vessel development [30], we will review available small GTPases and their
regulators involved in the process of vascular development.
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Figure 2. Study the function of genes in vascular development. (A) Confocal image of transgenic fish
Tg(kdrl:mCherry; fli1a:nEGFP) where mCherry expression is in the endothelial cells and GFP expression
is in the nucleus at 30 hpf. The image shows clear vessel structures of the dorsal aorta (da), cardinal
vein (pcv), ISV, DLAV and CVP. (B,C) Knockdown of nr2f1b in transgenic fish results in vascular
defects, i.e., Fewer ISVs migrated to the top of the embryo, and fewer ISV cells migrated per ISV in
morphants (hollow arrowheads and fewer numbers) than in the wild-type control (arrowheads). Scale
bars in panels (B) and (C) represent 50 µm. (D–K) In situ hybridization data showed that knockdown
of nr2f1b reduced the expression of vascular markers. Scale bars in figures (D–K) represent 200 µm.
Images (B–K) courtesy of R.-F. Li, reproduced/adapted from Li et al. (2015) [27] with permission
from J. Biomed. Sci.
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4. Small GTPases and Their Regulators

Due to mutations in the GTPase domain of small GTPase (in various cancers) this fam-
ily have approximately 160 members, which makes them a superfamily [31]. The process
of angiogenesis is controlled by various angiogenic factors, including VEGF. VEGF binding
to its tyrosine kinase receptors VEGFR1 and VEGFR2 stimulates downstream signaling
cascades such as MAPK, PI3K and PLCγ, which can ultimately contribute to the process
of angiogenesis [21]. There is significant evidence supporting the contribution of these
proteins as downstream effectors of the VEGF signaling pathway in angiogenic processes.
According to their sequence, structure, and functions, this wide-ranging superfamily has
been further classified into five subfamilies of Ras, Rho, Ran, Rab, and Arf/Sar GTPase [4,5].

4.1. Ras Family

The Ras GTPase family is the first family among others and the most diversified family.
Due to prenylation, most members of this family are present in the plasma membrane [32].
The activated Ras members interact with the effector moiety and play a different cellular
role in the development, proliferation, differentiation, and survival of eukaryotes [4]. A
total of 38 members have been reported in this family [5]. The conserved and ubiquitously
distributed forms of the Ras family include H-ras, N-ras, and K-ras, which have different
biological functions [31].

Pezeron et al. reported the first cytosolic small GTPase rasl11b in the development of
zebrafish and showed that it has a zygotic and maternal origin. Rasl11b’s dorso-marginal
expression shows its role in the formation of the endodermal and/or mesodermal layer.
Downregulation of rasl11b acts as a suppressor of the EGF-CEF factor one-eyed pinhead (oep)
phenotype (such as an altered A-P axis, failing to develop endoderm, prechordal plate,
and posterior mesoderm [33]) and showed that it can partially rescue prechordal plate and
endoderm formation in oep-deficient embryos. However, loss of rasl11b function halted the
formation mesendoderm without activation of Nodal signaling when attempted in other
than oep mutants. This correlation between oep and rasl11b reveals that oep can influence
mesendoderm formation without taking part in the Nodal-Smad2 signaling pathway [34].

Another frequently activated oncogene from the Ras family is K-Ras. Mouse knockout
studies have already established their role in normal developmental processes [35,36].
In vivo studies by Liu et al. in zebrafish showed that K-Ras expression starts from the single-
cell to throughout the embryo. Morpholino injection showed reduced blood circulation
with a lower heart-beat rate, and the accumulation of blood cells was often found away
from circulation sites when compared to the negative control morpholino. Apart from
these, defects that increased in later stages showed a disorganized subintestinal vein (SIV)
with a reduced number of vessel branches along with a reduction in size and/or ectopic
blood vessels in K-Ras morpholino-injected embryos. All defects caused by morpholinos
could effectively be rescued after coinjection with K-Ras mRNA, supporting its role in
hematopoiesis and angiogenesis. Treatment with PI3K/Akt and Mek-Erk1/2 inhibitors
provides direct evidence in vivo of the involvement of PI3K-Akt signaling in orchestrating
K-Ras signaling for these two salient processes [37].

Semaphorin and its receptors Plexins have been associated with regulating angioblast
behaviors [29]. The members of the plexin family co-interact with small GTPases, such as
the Rnd, R-Ras, M-Ras and Rap families, and function as Ras-GAPs [38–41]. In zebrafish,
only a single semaphorin3e is expressed in DA, ECs and primary motoneurons and is
associated with delayed angioblast migration from DA to structural ISV [29]. Apart from
semaphorin, its receptors PlexinD1 and PlexinB2 were found to be expressed in angioblasts.
PlxnD1 was found to be expressed in angioblasts and within DA, PCV, and ISV, which
shows its involvement in both processes of vasculogenesis and angiogenesis [29]. Loss of
one of the receptors, PlxnB2, delayed ISV, which resembles the loss of sema3e morphants,
while the loss of another receptor, PlxnD1, in an out-of-bound (obd) mutant results in
precocious sprouting [42]. This riveting result shows that Sema3e and PlxnD1 do not act
as ligand–receptor pairs here for vascular morphogenesis, but PlxnB2 and Sema3e do.

123



Int. J. Mol. Sci. 2022, 23, 4991

A genetic interaction study between PlxnB2 and Sema3e controls the time of sprouting
of angioblasts [43]. The transplantation experiment showed that PlxnB2 and Sema3e act
autonomously to control the timing of angioblast migration. ECs fail to sense repelling
signals produced by semaphorin in the absence of Plexins. Torres et al. morpholino studies
in the obd mutant show that loss of one of two Sema3e or PlxnB2 produces an intermediate
phenotype, concluding the role of PlxnD1 and Sema3e/PlxnB2 in antagonizing each other’s
role in tuning the timing of ISV sprouting but following different signaling and independent
pathways downstream of each receptor [43].

Integrins are extracellular matrix receptors present on endothelial cells that play crucial
roles in the process of blood vessel development in zebrafish, especially α5β1, αvβ3 and
αvβ8, by binding to ECM components [41,44]. Lakshmikanthan et al. showed the role of
Rap GTPase in the process of angiogenesis for the activation of VEGF signaling and paved
the way for angiogenesis. Both isoforms Rap1a and Rap1b are required for the activation
of VGFR2 kinase through integrin αvβ3. In zebrafish, Rab1b acts upstream of the VEGF
signaling pathway and is expressed in ISV and has a role in initial events in ISV sprouting
but does not contribute to vasculogenesis. Combinatorial effects of VEGFR2 inhibitors
showed the role of Rap1bs in anterior as well as mid- trunk formation and ISV sensitivity
for VEGF signaling [28].

One of the important family members is N-Ras. N-Ras signaling in zebrafish has a
high degree of similarity to that in humans and is functionally conserved. N-Ras regulates
venous fate of arterial-venous cell specification, hematopoiesis and EC proliferation. Over-
expression of N-Ras does not have any impact on hematopoietic markers such as gata1,
αe1, pu.1, l-plastin, and mpo, suggesting normal primitive hematopoiesis, although the
absence of HSC markers such as cmyb and runx1 proved the complete absence of definitive
hematopoiesis. Expression of N-Ras under the lmo2 promoter showed accumulation of
blood cells at the axial vessel and heart chamber due to a lack of blood circulation in the
head as well as in trunk vessels or could be due to defective cardiovascular development,
although embryos did not survive after 5–8 dpf. Injection of fluorescein-coupled latex beads
into the atrium proved the involvement of Ras signaling in this disruption of circulation.
Apart from all these defects, there was defective assembly of vessels, especially DA or PCV,
reduction in ISV length, defective head vasculature and slow heart beating rate in N-Ras
embryos compared to control embryos.

As well as small GTPases, GAPs can also have a high impact on blood vessel develop-
ment. A single allele of Ras GAP called Ras p21 protein activator 1 (RASA 1/p120-RasGAP)
was sufficient to cause capillary malformation-arteriovenous malformation (CM-AVM) [45].
GAPs are negative regulators of small GTPase activity. Vascular defects have been noted,
although there was no vascular-specific expression of the RASA1 gene. Lack of blood flow
to the posterior part, incomplete formation of CVP and large caudal vascular deformities
were noted in morphants. Due to this, arterial blood flow had to return to posterior cardinal
vain abruptly. RASA1 works as a critical effector downstream of one of the endothelial
receptors called the EPHB4 receptor, which promotes the segregation of endothelial cells
to form the aorta as well as cardinal vein [46]. A knockdown study found very similar
defects in vasculature; in fact, a reduction in RASA1 leads to compromised full function of
the EPHB4 receptor. Compared to normal embryos, both morphants (RASA1 and EPBH4)
sprouted more venous endothelial cells, and more venous connections were made at the
expense of arterial connections. Inactivation of RAS was achieved by RASA1, proving
that EPHB4-RASA1-TORC1 signaling could participate in the process of normal blood
vessel development. The same phenotypes were noted when another small GTPase called
RhebS16H was knocked down [46].

Lamellipodia formation and sprouting of endothelial cells from the ventral part of the
dorsal aorta extend toward guiding cues in their environment to orchestrate growing blood
vessels. Polo-like kinase 2 (PLK2) is a family protein conserved in ECs of vertebrates that
regulates Rap1 activity to control the formation of tip cell lamellipodia but not filopodia
and sprouting of endothelial cells. This lamellipodia formation and protrusion during
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angiogenesis was found to be dependent on focal adhesion kinase and integrin αVβ3 [47].
Knockdown of PLK2 by morpholino reduced sprouting of ECs as well as its migration
and overexpression found to overcome these defects. ISVs did not reach DLAV due to
failure of migration from the horizontal myoseptum. While doing so, PLK2 makes a contact
with PDZ-GEF, a Rap1-GEF, to control the downstream activity of Rap1 to regulate the
formation of EC focal adhesion and the growth of lamellipodia to maintain endothelial tip
cell behavior.

The Ras family has often been linked to the regulation of neuronal functions. The
study conducted by Yeh and Hsu, 2016 showed that members of the Ras family, such as
diras1 (diras1a and diras1b), are expressed in the CNS and dorsal neuron ganglion and
function in neuronal outgrowth and neuronal proliferation. Wild-type diras1 can elevate
or downregulate the members of the Rho family of GTPases, Rac1 and RhoA. A knock-
down study by Morpholino proved its involvement in axon guidance and maintaining the
numbers of trigeminal ganglions [48].

Rap1b was found to be associated with hematopoietic stem cell development (HSC)
development by promoting Notch signaling. Rap1b promotes specification of posterior
lateral plate mesoderm (PLPMs) by encouraging notch signaling. However, while migrating
to midline, fibronectin directs the PLPMs along the somite boundary via integrin β1. Rap1b
induces the spreading, migration and adhesion of PLPMs to somites to stimulate HE
specification. Rap1b was not found to be involved in the process of vascular development
but was critical for HSC development. Rap1b is ubiquitously expressed and promotes HSC
development by inducing hemogenic endothelium (HE) development in a cell autonomous
manner [49].

4.2. Rho Family

This family, along with its regulators, controls various cellular processes, including cell
polarity, cell proliferation, membrane transport, apoptosis, gene expression, and membrane
transport [50,51]. Recently, the role of these small GTPases in the process of angiogenesis
was reviewed by Bryan and D’Amore, 2007 [6]. The Rho family is an essential downstream
effector of VEGF signaling that induces angiogenic development. Most studies of this
family are associated with RhoA, Rac1 and Cdc42. Regulators of this family control
various biological activities via activation or deactivation of small GTPases. The Rho family
downstream of the VEGF receptor transmits various signals to activate MAPK, PI3K and
PLCγ, which are the main signaling pathways that take place during the process of blood
vessel development [21].

Vascular permeability is coordinated by loosening and creating a space between the
cells to facilitate the influx of macromolecules. Rho GTPase was found to increase vascular
ECs permeably, destabilizing adherens and tight junctions. The cell–cell contact junctions
of ECs contain Rac1 and Cdc42, and these junctions dissociate during an increase in perme-
ability [52]. RhoC negatively regulates vascular permeability in a VEGF-dependent manner
by compensating for EC loss. It maintains homeostasis by creating a balance between
vascular injury and repair. Apart from this, it prevents acute endothelial hyperpermeability
in zebrafish. RhoC was found to be expressed in DA, PCV, ISVs and NT. However, when
injected with morpholinos, no vascular defects were observed [53].

Remodeling and degradation of ECM pave the way for EC to proliferate by following
angiogenic cues such as VEGF in the surroundings in the absence of cell–cell contacts to
build a functional lumen. The interaction between Arhgap29, a RhoA-GAP, and its binding
partner Ras interacting protein 1 (Rasip1) is necessary to modulate EC polarity and cell
adhesion to the ECM to activate RhoA signaling to orchestrate the lumen [54]. RhoA’s
role in a study conducted by Zhu et al. showed its importance in embryonic survival [55].
The ubiquitous expression of RhoA during early embryogenesis and reduction in the level
of RhoA can lead to shrinkage in overall body size along with reduced head size and
body length [56]. These defects could be due to increases in the level of apoptosis during
embryonic development. As a consequence, there is a reduction in two crucial factors: one
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is the reduction in the activation of Erk, a growth-promoting factor, and the reduction in
bcl-2, an anti-apoptotic factor that could be due to an increase in apoptosis. Regulation of
cell survival by RhoA is achieved via the Mek/Erk pathway during embryonic develop-
ment [55]. Depletion of the RhoA-GAP called Arhgap29 increased RhoA GTPase signaling
but repressed Cdc42 and Rac1 GTPase signaling.

Filopodia are thin finger-like protrusions present on the leading edge of ECs that sense
their microenvironment and direct the tip EC toward promigratory signals. On the other
end of the EC, adhesion should be released for the forward movement of EC. Several studies
have shown that Cdc42 is associated with the formation of filopodia [57–59]. A recent study
showed that these filopodia drive angiogenesis in response to activation of Cdc42 [58,59].
Ventral migration of these filopodia from caudal vein primordia leads to CVP formation.
Filopodia are filled with linear F-actin filaments for CVP formation. Bmp signaling has been
shown to be responsible for the migration of ECs toward the ventral side independent of
EC fate determination. Given that Cdc42 regulates EC morphology, motility, proliferation
and survival, this could regulate BMP signaling to bring about normal CVP formation.
GAPs are negative regulators of tip cell angiogenesis, and they limit proangiogenic factors
to stabilize the vasculature. One of the Rho-GAPs called ARHGAP18 was found to have
a role as a fine tuner for vascular morphogenesis. It is an endogenous molecule that is
expressed in ECs and curbs the formation of tip cells to promote junctional integrity [60,61].
It acts on Rho-C to destabilize EC junctions in a ROCK-dependent manner. When it is
knocked down by morpholino, increased ISV lengths may be due to an increase in filopodia,
supporting its role in hypersprouting [60]. It would be interesting to determine how these
factors contribute to VEGF-mediated angiogenesis. Arhgef9b and fgd5 are the Cdc42
GEFs expressed in zebrafish. Apparently, Arhgef9b reduced the number of sprouts from
caudal vein primordia and filopodia were noted, which shows that Arhgef9b but not fgd5
could act as a Cdc42-GEF to regulate Bmp signaling to form CVP [59]. The role of Cdc42
along with transporter proteins has been associated with the normal eye development and
survival of cells in the eye [57]. However, Cdc42 inhibition severely reduces the speed
at which ISVs are formed, and this reduction could be correlated with the reduction in
the formation of filopodia and defects in EC proliferation; hence, inappropriate formation
of tip cells occurred. Given that Cdc42 regulates the sprouting of EC to form ISVs, it
would not be wrong to call it a positive regulator of vessel sprouting. Similar effects have
been observed during retinal angiogenesis, showing that similar pathways are followed
for vessel development in these two organs [58]. While orchestrating the patterns of
vessels, RhoA GEF Syx interacts with angiomotin in the presence of VEGF-A to regulate EC
migration [62,63]. A recent study showed that these two interact with a scaffold protein and
form a ternary complex to promote the migration of endothelial cells [64]. Coordination
between these scaffold protein is require to activate and regulate RhoA activity to lead the
tip cell toward guiding cues. Wu et al., 2011 reported that Syx and RhoA regulate not only
cell junctions but also EC directional migration by forming lamellipodia [65]. RhoA and
Syx show localization in the gradient-dependent manner of VEGF-A toward the leading
edge. Cotrafficking of RhoA and Syx is required for cell migration, which depends on
another family of small GTPases Rab GTPase, showing that they work interdependently to
maintain structure of embryos [65].

βPix is a scaffold protein, and a GEF for Rac and Cdc42 binds to p21-activated kinase
(Pak) to regulate vascular stability. It is expressed in embryonic development in the brain
as well as large blood vessels. It mainly contributes to embryonic vascular stability and
hydrocephalus. Pak2a signaling works downstream of βPix to regulate cerebrovascular
development. Loss of βPix led to hemorrhage in the head, signifying its part in cerebral
vessel stability instead of vessel-specific breakage. Mutants were found to develop hydro-
cephalus [2]. Another study conducted by Liu et al. showed that βPix binds to an ARF-GAP
called G-protein coupled receptor kinase interacting target (Git1); hence, Git1 functions as
a molecular link between integrins and βPix, bringing about a stable vascular system [41].
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The complex formed by βPix, integrin αvβ8 and Git1 regulates not only vascular stability
but also endothelial cell proliferation and cerebral angiogenesis [41].

Engulfment and cell motility 1 (ELMO1) and dedicator of cytokinesis 180 (DOCK1)
form an ELMO1/DOCK1 complex and work as a bipartite GEF to regulate monomeric
GTPase Rac1 activity [66]. ELMO1 expressed in different developmental stages of embryo-
genesis is required for the formation of functional DA, PCV and ISVs, while DOCK180
is expressed predominantly in DA and PCV. Rac has previously been associated with
embryonic vascular development [67] and is expressed ubiquitously throughout embryo-
genesis [68]. The ELMO1/DOCK1 complex works downstream of Netrin-1 (an axonal
guiding molecule) and interacts with one of the endothelial receptors called the Unc5B
receptor to specifically activate Rac1 to achieve vessel formation. Activation of Rac1 GTPase
solely depends on ELMO1; without ELMO1, Rac1 is not activated [69]. ELMO1 found in DA
and PCV activate vascular Rac1 to lead the migrating cell toward DLAV. ELMO1/DOCK1
in vitro data apparently did not support its role in VEGF-induced activation of Rac1 for
the sprouting of ECs. Overexpression of ELM1 and DOCK1 reduced the total number of
apoptotic endothelial cells, which encouraged blood vessel development and EC survival
during embryonic development. This protection of ECs from apoptosis was achieved by the
reduction in the number of caspase 3/7 molecules via activation of PI3K/AKT signaling to
facilitate proper development of functional blood vessels [66]. These findings support the
spatiotemporal activation of Rac GTPase by its GEF to bring about functional and healthy
blood vessels.

Vascular pruning is a process of removing redundant vessels that form during early
vascular growth by the process of apoptosis to form a normal vascular system. It is a
crucial process to bring normal functional vasculature. FYVE, Rho-GEF, and PH domain–
containing 5 (FGD5) is a Rho-GEF that is expressed in endothelial progenitors as well
as mature ECs and regulates the function of Cdc42 small GTPase in both mice and ze-
brafish [70]. The expression of FGD5 is predominantly achieved in the endothelial lining of
large blood vessels, such as DA, ISVs and PCV. To activate Cdc42, FGD5 binds to Cdc42
and activates Hey1-p53-mediated apoptosis in ECs. Overexpression of FGD5 leads to a
reduction in the levels of RhoA, and Rac1 shows an indirect downstream relationship
between them. Overexpression of FGD5 leads to activation of the Notch signaling pathway
by Cdc42 via the MAPK kinase pathway. Hence, FGD5 could be the factor responsible for
the aging and survival of vasculature [70].

In sprouting, one cell from the quiescent stage migrates and extends its filopodia
toward guiding cues to the dorsal side from the ventral part of the DA to become a leading
tip cell. This tip cell expresses genes such as dll4, flk-1 and flk-4 and suppresses bottom
cells to become tip cells. GAPs are negative regulators of tip cell angiogenesis by limting
proangiogenic factors to stabilize the vasculature.

Rho signaling has been elucidated in the regulation of atrioventricular canal (AV)
and cardiac looping. RhoU is expressed in the atrioventricular canal (when it forms) and
regulates cell adhesion molecules (such as N-cadherin and alcama) between cardiomyocytes
through the Arhgef7/kinase pathway. Highly conserved RhoU in vertebrates was found
to have gene duplication in zebrafish, resulting in Rhoua and Rhoub. Wnt signaling
may regulate the expression of this atypical Rho-GTPase. RhoU/Arhgef7/Pak signaling
drives the formation of cell junctions between cardiomyocytes and promotes cell–cell
adhesion [71] and shapes the cells to bring a functional heart. To maintain cell-adhesion
molecules, RhoU effectors such as Arhgef7 and Pak must be maintained for the functioning
of AV cardiomyocyte cell junctions. RhoU primarily functions to change the shape of AV
cardiomyocytes but does not necessarily affect their fate specification and patterning [71].

4.3. Rab Family

Rab-GTPases have a role in cell directional migration via endocytosis and traffick-
ing [72]. The binding of VEGF-A to its receptor VEGFR2 triggers the endocytosis of
transmembrane receptors by Rab13. Rab13 mRNA was found to be expressed in the vessels
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of the trunk [73]. Rab13 GTPase associates with Syx (a RhoA-GEF) at the leading edge of the
tip cell. Depletion of Rab13 hampered the sprouting of ISVs and weakened the directional-
ity of tip cells. Rab13 mediates tight junction recycling between the trans-Golgi network
and recycling endosomes. VEGF guides Rab13 to direct cell migration. Knockdown of
Rab13 not only reduced ISV length but also distorted the shape of tip cells, confirming
its role in directional migration. There were no defects reported in DA, which shows its
specificity for angiogenesis but not for vasculogenesis [65].

Rab4a and Rab4b have been found to regulate the endocytosis of VEGFR2 trafficking
and signaling during the migration and proliferation of endothelial cells. In vitro data show
that in early endosomes, VEGFR2 is coexpressed with Rab4a but not Rab11a. GDP-Rab4a
increased the level of VEGFR2 in endosomes. Reduction in Rab4a increased intracellular
VEGF-A, and its intracellular signaling resulted in increased endothelial cell proliferation.
VEGF-A-induced endothelial cell migration is inhibited when Rab4a or Rab11a is reduced.
Rab4a and Rab11a are both essential for the development of endothelial tubules and are
required for the formation of blood vessels. Depletion of Rab4a in zebrafish caused defects
in the formation of both ISVs and DLAV, apart from the fact that ISVs are often missing
and terminate before they mature completely. Reduction in either Rab4a or Rab11a has
morphological, developmental and detrimental effects [74].

Rab11 signaling has been shown to be involved in lumen formation in the gut of ze-
brafish. The formation of the lumen takes place through different processes, and membrane
trafficking is one of them. In zebrafish, during gut development, multiple small lumens
are formed that merge and form a single continuous lumen [75]. This single, continuous
lumen formation takes place via Rab11-mediated signaling in the gut of zebrafish. Rab11a
regulates the recycling of basolateral and apical membrane proteins, which is a critical step
during lumen resolution to form a single continuous lumen [75]. Rab5 was found to be
associated with nodal signaling in early embryonic development. Out of four orthologs,
Rab5a is teleost-specific and is expressed in medaka. All four orthologs were mostly found
to be expressed in the head region (brain). A Morpholino study showed that Rab5ab is
involved in regulating nodal signaling [76].

VEGFR2 endocytosis requires the activation of Rab5A/Rab4A by being in the GTP-
bound state to develop into zebrafish embryos. Physical interaction between the transporter
protein (Sec14l3/SEC14L2), VEGFR2 and Rab5A/Rab4A leads to activation of VEGFR2 sig-
naling by regulating angioblasts and venous progenitors to develop arteries and veins [77].

A balance in the endocytic trafficking of Rab5c is vital for the specification and produc-
tion of hematopoietic stem and progenitor cells (HSPCs) [78]. Rab5c regulates endocytic
trafficking of Notch ligand and its receptor for the cell fate transition from ECs to hemogenic
endothelium (HE). Downregulation or overexpression of Rab5c led to HE specification,
production, survival defects and HSPC development (via Notch signaling followed by Akt
signaling for HE specification). Rab5c is highly expressed in the ventral wall of DA (VDA),
a part where HE specification takes place and is restricted to definitive hematopoietic
tissues; hence, it is speculated that it participates in the development of HSPCs [78]. A
recent study has shown that Rab5c prevents the degradation of VEGFR2 in order to restore
tip cell identity and control gene expression of VEGF target genes [79].

4.4. Arf Family

ADP-ribosylation factor-like 6 (Arl6) is a small GTPase that functions in cellular
signaling and protein and membrane transport [80]. Arl6 interacts with another maternally
expressed protein called Arl6 interacting protein (Arl6ip). Arl6ip was found to be expressed
in various organs (for other organs, refer to [81]) and in the trunk of zebrafish. Knockdown
of this particular protein (Arl6ip) showed defects in trunk formation suspected to have a
role in heart development along with other organs [81].

Chen et al. showed a different role of Arf5. An organic contaminant called trimethyltin
chloride (TMT) induces vascular toxicity, including a reduction in the distance between ISVs,
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leading to an overall reduction in body length. Arf5 is necessary and plays a significant
role in inducing TMT-induced vascular deformities [82].

ArfGAP with a dual PH domain 2 (ADAP2) with GAP activity for Arf6 has a role
in heart development. Knockdown of ADAP2 results in blood circulation defects and
curved tails. The maternally and zygotically expressing ADAP2 is present in the heart
and the region corresponding to the bulbus arteriosus in zebrafish [83]. Arf-GAP, called G
protein-coupled receptor kinase interacting target (GIT1), interacts with Rho family GEF
βpix (especially Rac and Cdc42) to stabilize blood vessels. Interaction between GIT1 and
βpix with integrins regulates vascular stability, endothelial cell proliferation and cerebral
angiogenesis. GIT1 is ubiquitously expressed in zebrafish, and its knockdown leads to an
increase in hemorrhage, proving its role in vascular stabilization [41].

Apart from growth factors, integrins have been implicated in the process of angiogen-
esis. Brag2 is recognized as an Arf-GEF for Arf4, Arf5, and Arf6. An in vitro study showed
its role in angiogenic sprouting, migration and adhesion of ECs. In vivo experimental
silencing of Brag2 showed vascular and developmental defects in zebrafish. Silencing
of Brag2 leads to defects mostly related to the formation of DLAV, ISVs and parachordal
lymphangioblasts (PL-lymphatic system precursor), showing its role in vascular patterning
and stability. Knockdown of both orthologs of Brag2 leads to severe defects in DLAV,
ISVs and sometimes the absence of PL. Brag2-mediated activation of Arf5 and Arf6 leads
to developmental and pathological angiogenic sprouting of ECs through regulation of
adhesion mediated by β1- and β3-integrins [84].

Golgi brefeldin A-resistant factor 1 (Gbf1) is a maternally and zygotically expressed
high molecular weight GEF for the Arf-GTPase family that regulates organelle structure
and vesicle trafficking. Gbf1 is ubiquitously expressed in the early stage, but it was later
found to be expressed in the head region. Isolation of cells showed its expression in ECs
to develop vasculature in a cell autonomous manner. Mutated form of this specific GEF
fail to activate Arf1 and are unable to recruit cargo complex COPI. A zebrafish mutant line
was created by using the mutagen N-ethyl-N-nitrosourea (ENU), which carries the T→G
transition on the 23rd exon of the Gbf1 locus. The mutant embryo displayed hemorrhage
in the trunk and head regions. Mutants showed pigmentation reduction in the head region
and short caudal fins in Mendelian inheritance. Blood cells leak into the head, eye and
trunk, which leads to the death of an embryo within 96 hpf. Intracerebral vessels in the head
and ISV in the trunk were broken or sometimes disappeared or disconnected, resulting in
dissociation of ECs, which could be due to disruption of vascular integrity or homeostasis
in mutants [85].

Brefeldin A inhibited guanine nucleotide exchange 1 and 2 (BIG1 & BIG2) protein 1
(arfgef1 and arfgef2 homolog in zebrafish) and is the GEF for two small GTPases, Arf1 and
Arf2. Both GEEs are ubiquitously expressed in zebrafish. Knockdown of either BIG1 or
BIG2 in zebrafish was associated with EC migration during blood vessel formation. An
mboxin vitro study showed their involvement in the process of capillary tubule formation
and EC migration by modulating actin cytoskeleton organization in HUVECs. Knockdown
of BIG2 interferes with the completion of ISVs without reflecting on its numbers, and a
reduction in PCV width was observed during embryonic development. BIG1 and BIG2
reduction suppressed the expression level of VEGF and EC migration in the process of
blood vessel development [86].

5. Conclusions

These studies have shown that Ras superfamily of proteins has importance in many
processes that are sufficient to develop completely functional and healthy vessels to carry
different nutrients and macromolecules to the entire body. Future studies are still necessary
to decode and stage the specific role of Ras-GTPases to fill the gap in vessel development.
Their functional role in blood vessel development could guide us to form therapeutic
strategies for diseases related to vascular development.
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Abstract: The structure of arterial networks is optimized to allow efficient flow delivery to metaboli-
cally active tissues. Optimization of flow delivery is a continuous process involving synchronization
of the structure and function of the microcirculation with the upstream arterial network. Risk factors
for ischemic cardiovascular diseases, such as diabetes mellitus and hyperlipidemia, adversely affect
endothelial function, induce capillary regression, and disrupt the micro- to macrocirculation cross-talk.
We provide evidence showing that this loss of synchronization reduces arterial collateral network
recruitment upon arterial stenosis, and the long-term clinical outcome of current revascularization
strategies in these patient cohorts. We describe mechanisms and signals contributing to synchronized
growth of micro- and macrocirculation in development and upon ischemic challenges in the adult
organism and identify potential therapeutic targets. We conclude that a long-term successful revascu-
larization strategy should aim at both removing obstructions in the proximal part of the arterial tree
and restoring “bottom-up” vascular communication.

Keywords: angiogenesis; arteriogenesis; blood flow; shear stress; MRTF-A; AAV; endothelial cell
shape; sFlt1; Trio

1. Introduction

Arterial networks are tree-like hierarchically branched structures that distribute blood
flow via resistance-sized arteries and arterioles of gradually decreasing diameter to the
distal capillary network, which is the exchange area for oxygen and nutrients. The arterial
branching architecture and lumen dimensions are optimized to allow for efficient blood
flow distribution while minimizing transport costs [1]. Continuous information transfer
along the vascular tree is crucial for design optimization upon changes in hemodynamic
conditions and organ metabolism. The formation of arterial collateral networks as occurs
in ischemic cardiovascular diseases represents a specialized design optimization solution
aimed at restoring flow delivery to compromised regions [2]. How collaterals are formed
and how to selectively target their growth is an outstanding question in the field. Recent
studies have shown that efficient induction and maintenance of stable arterial collateral
networks requires precise retrograde information transfer between the microcirculation
and the upstream arterial network in line with design optimization principles [3]. Unfor-
tunately, patients with ischemic CVD typically have underlying risk factors that interfere
with the retrograde information transfer process. Given the interdependence of arteries
and capillaries for vessel network design optimization, we propose that successful collat-
eralization strategies should consider microcirculation functionality. We highlight some
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new insights and collateralization approaches based on recent advances in understanding
arterial network growth.

Conspicuously, analysis of arterial growth and adaptation to exercise, and arterial devel-
opment during embryogenesis and neonatal stages, revealed in striking similarity, that arteries
obtain their structure through inward growth. This is according to a “bottom-up” principle
involving substantial retrograde communication against the direction of blood flow [3–5].
Taking the present clinical focus on removing obstructions in the upstream part of the arterial
tree into account—through the insertion of a stent or bypass surgery—it becomes clear that the
bottom-up principle is not heeded to a vast extent. In particular, most ischemic CVD patients
harbor underlying risk factors, such as diabetes, hypertension, hyperlipidemia, or genetic
diseases that adversely affect endothelial function and microvascular structure, prohibiting
retrograde communication and structural optimization. Indeed, clinical evidence suggests that
long-term end-organ function and survival upon ischemic insults not only requires removing
the upstream arterial blockage with a stent, but also careful nurturing of the peripheral micro-
circulation [6]. We will advocate retrograde “bottom-up” communication to stimulate arterial
growth, both of arterial bypass collaterals and of microvascular arterioles, as adjuvant therapy
to the conventional revascularization strategies.

2. An Underestimated Problem—Capillary Rarefaction in Vascular Disease

The relevance of the microcirculatory vessel compartment may not seem obvious for
ischemic heart disease, one of the most prevalent factors reducing health in Western societies
and beyond. Becoming apparent as acute myocardial infarction due to atherosclerotic
plaque rupture or hibernating myocardium due to prolonged plaque progression, coronary
artery disease is treated as large artery disease by interventional or surgical means. In
that perspective, the relevance of the interdependence of arteries and capillaries is easily
underestimated. However, cardiovascular and genetic risk factors, which are responsible
for the majority of cardiac events, are also affecting microvascular integrity. For example,
capillary rarefaction in organs such as the eye and the kidney precede and predict macro
vessel obstruction [7]. Capillary rarefaction in the coronary circulation is a hallmark of
diabetes mellitus in small [8] and large animal models [9]. For this cardiovascular risk
factor, revascularization therapy appears notoriously hard to apply via cardiac intervention
studies [10], not least since microvascular hypodensity caused by capillary and arteriolar
rarefaction, precludes a flow increase upon revascularization therapy. Hyperlipidemia, in
particular hypercholesterinemia, is a major causative factor in atherogenesis and activation
of inflammation [11]. Inflammatory processes induce rarefaction of small vessels, i.e.,
arterioles and capillaries [12], which profoundly alter the coronary flow pattern. Lipid-
lowering pharmacological interventions, then resolve not only endothelial dysfunction,
but also capillary rarefaction inflicted by chronic ischemia in a rabbit hindlimb model [13].
Hypertension, another major cardiovascular risk factor, has been associated with capillary
and arteriolar rarefaction [14]. Sudden experimental onset of hypertension by transverse
aortic banding (TAC) may induce a massive macrophage-driven hypertrophy, concomitant
with induction of fibrosis and capillary rarefaction, which are, at least in part driven
by miR21 [15,16]. Puzzling enough, hypertension is a common side effect of Vascular
Endothelial Growth Factor (VEGF) neutralizing biologics, exemplifying the relevance of
the microcirculation for hemodynamic homeostasis [17].

3. Angiogenic Vessel Building—Building back Better-Perfused Capillaries and Arterioles
If capillaries and arteries fall victim to cardiovascular risk factors, which options

are biologically available to counteract this tendency? A look into vessel physiology
is warranted. Oxygen delivery requires lumenized and perfused vessel segments, not
blind-ending nonperfused angiogenic sprouts. It is therapeutically relevant to generate
arterioles with a patent lumen that can carry blood flow. Titrating lumen diameter is
a very important aspect. According to Poiseuille’s law, blood flow through a vessel is
proportional to diameter to the power four [18]. Hence a two-fold increase in diameter
predicts a 16-fold increase in flow transporting capacity at a given pressure (Figure 1).
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Figure 1. Schematic illustration of an arterial network indicated as electrical resistances coupled in
series to a battery. In electrical terms: I (current) = V (voltage) divided by R (resistance), in biological
terms Amount of Blood Flow = Pressure difference divided by Peripheral Resistance. The collateral
arteries are upstream and coupled in series with the microcirculation. Therefore, changes in the
resistance of the microcirculation affect the blood flow through the network. Lowering resistance
R3 (microcirculation) will result in lower total resistance (Rt). As a consequence, at a given pressure
difference (P), more flow will go through the arterial network. Subsequently, the upstream arterial
collaterals (Resistance 1) will become exposed to more flow and shear stress levels, and increased
shear stress stimulates outward lumen remodeling of collateral arteries. Diabetes and hypertension
interfere with this feedback system.

Focusing on the bottom of the “bottom-up” principle, lumen formation ex nihilo is
not a trivial process, and intense investigation has proposed several models, such as fusion
of intracellular vacuoles [19], cord hollowing, and inverse blebbing [20]. Although these
models nicely explain how a nonperfused angiogenic sprout generates its initial lumen,
little is known how endothelial cells behave and rearrange to obtain a larger lumen during
capillary maturation, later arteriologenesis, or how such diameter adaptation process can
be stimulated in the context of a therapeutic strategy.

Conventional wisdom leaves a void here and suggests that the transition of a growing
arteriole with a small diameter into a large caliber arteriole with a sizeable diameter occurs
upon the blood flow driven change in a number of endothelial cells lining the arterial
lumen [21,22]. An increase in flow promotes endothelial cell proliferation and migration
collectively facilitating the transition of a small caliber vessel segment, with only a few
endothelial cells, into a larger caliber arterial segment, with many endothelial cells. Flow
activates the Akt-PI3-kinase signaling a pathway responsible for endothelial proliferation.
In addition, flow activates the BMP-ALK-Smad signaling pathway, which restricts flow-
induced Akt activation and promotes endothelial quiescence [21,23–27].

Attempting to fill the void between formation of a capillary sprout and its growth and
integration into a perfused microvascular network, we recently described an alternative,
flow-independent model, involving the enlargement of arteriolar endothelial cells, which
resulted in the formation of large diameter arterioles [4]. Endothelial enlargement requires
the GEF1 domain of the guanine nucleotide exchange factor Trio and activation of Rho-
GTPases Rac1 and RhoG in the cell-cell junction region of endothelial cells. Cell domain
specific activation of F-actin cytoskeleton remodeling events, and myosin-based tension
at junction regions, provide physical forces for a structural enlargement of individual
endothelial cells. Activation of Trio in developing arteries in vivo involves precise titration
of the Vegf signaling strength in the arterial wall. Interestingly this signaling strength
can be titrated by soluble Vegf receptor-1 (sFlt1). Moreover, this study suggests that sFlt1
may be used as a vehicle to deliver a physiologically relevant dosage of Vegf sufficient to
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stimulate endothelial cell enlargement while avoiding vascular leakage and unproductive
angiogenesis, which are typically seen in Vegfa transgenic approaches [4].

The role of vascular sFlt1 acting as a rheostat to control Vegf signaling strength in the
context of arterial endothelial cell enlargement may explain some of the pro-arteriogenic
effects observed with the Flt1 specific ligands Vegfb and Plgf [28–31]. Vegfb acts as a
cardiac-specific stimulator of arteriogenesis, yet the precise reason for this organ specificity
is unclear. One explanation is based on the distribution of Flt1 and Kdr in and around the
coronary vasculature. Assuming that Vegfb drives arteriogenesis by competing Vegfa away
from Flt1, subsequently triggering Vegfa-Kdr mediated signaling, the tissue distribution of
both Kdr and Flt1 may explain where Vegfb initiates the arteriogenesis response. In the
coronaries, Flt1 and Kdr only colocalize in the most distal areas and capillaries, whereas
coronary arteries in the proximal part express only Flt1. Based on the juxta positioning of
Flt1 and Kdr, it is therefore conceivable that arterial enlargement and diameter increases
commence in precapillary arterioles [29]. An increase in diameter lowers vascular resistance
thereby attracting flow toward the distal regions. This simultaneously augments shear
stress to promote outward lumen remodeling in the feed arteries, thereby augmenting
blood flow conductance of the entire arterial network [18,29].

Deriving instructions from the observations in development and disease modeling in
small and large animals, therapeutic angiogenesis has been applied before using protein
and DNA wrapped in non-viral or viral vectors. Despite high pro-angiogenic potency
and multiple clinical trials, VEGF-A has not been found to clearly improve ischemic heart
function [32]. Owing to its powerful sprouting potential, VEGF-A temporarily increases
capillarization up to hemangioma formation [33], without, however, providing mature
microvascular networks. This signals back to conductance vessels sufficiently to induce
(lumen diameter) growth of the conductance vessels [34]. For these reasons, VEGF-B
may be used to greater therapeutic avail, thereby fine-tuning VEGF-A bioavailability by
competition at Flt1, the weaker pro-angiogenic receptor, in effect releasing VEGF-A.

4. Capillary Maturation and De Novo Arteriologenesis—Linking Angiogenesis
and Arteriogenesis

As outlined above, angiogenesis is essential to counteract capillary rarefaction, in-
duced by three of five factors contributing most significantly to cardiovascular disease
manifestations. However, evidence in preclinical and clinical studies revealed that stim-
ulation of this process itself does not suffice to improve flow into an ischemic muscle
area (reference), particularly in diabetic large animals [9]. Thus, an orchestrated sequence
of sprouting of capillaries, potentially supported by the destruction of the surrounding
extracellular matrix via Angiopoietin 2, is to be followed by a second phase, namely the
recruitment of mural cells such as pericytes and smooth muscle cells for the function con-
nection of capillaries to collaterals. Indeed, a couple of loss-of-function phenotypes indicate
the existence of such a bottom-up vessel growth:

Lack of PDGF-B results in a hypercirculatory dilative heart and conductance vessel phe-
notype contrasted by capillary rarefaction [35], similar to overexpression of Angiopoietin-2,
which counteracts pericyte-recruitment and vessel maturation driven by Angiopoietin-1 [36].
These findings indicate that in addition to initial capillary growth, subsequent stabilization
by pericyte attachment is required for lasting microvessel structures which may be nurtured
by growing collaterals. Thus, stabilization of growing capillaries and mural cell attachment
in principle induce arteriogenesis. Of note, microvessel growth-dependent arteriogenesis is
lost when the pericytes are intentionally detached, e.g., by Ang-2 overexpression [3]. Accord-
ingly, Notch3 receptor mutations leading to hypomorphic activity and mural cell detachment
(CADASIL disease) [37] also appear to provide shrinking of arteriolar and capillary beds
leading to brain damage. In a zebrafish model, we have shown that Dll4 activating Notch
stabilizes the branching pattern and prohibits aberrant angiogenic sprouting in the developing
zebrafish [38]. It should be noted that prohibition of aberrant sprouting is also achieved inde-
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pendently from mural cells, e.g., fostering VE-cadherin-dependent endothelial cell contacts
via sphingosin-1-phosphate interacting with its receptor S1pr1 [39].

Conversely, combining VEGF-A with maturation factors such as PDGF-B [40], a pericyte
attractant factor, or angiopoietin-1, a microvessel stabilizing factor generated by pericytes
themselves [41], suffices to improve flow into the ischemic muscle. Although formation
of stabilized and mature capillary beds is likely to be followed by collateral growth, this
interdependence is not trivial. Of note, arteriogenesis, forming a conductance vessel network
out of preexisting collaterals, is distinct of de novo arteriologenesis, or formation of new
arterioles in the microcirculation. Importantly, both processes may occur simultaneously.
The molecular and cellular bases of the latter process are poorly understood but evidence
is emerging showing similarities to the formation of arteries during early embryogenesis.
Recruitment of native collaterals has been well documented and involves shear stress-driven
activation of inflammatory processes and activation of monocyte and macrophage migration
into the arterial wall collectively promoting outward remodeling, diameter growth, of the
native collaterals. However, not all organs possess native collaterals. For example, the mouse
heart is not equipped with preexisting collaterals at adulthood, and in such instances, de novo
arteriologenesis is the predominant mode responsible for collateralization [42].

5. Arteriogenesis in the Developing Vasculature

Recent observations from developing arterial networks during embryogenesis and neona-
tal stages indicate that arterial trees form in reverse order. Initial arterial endothelial cell
differentiation occurs outside of arterial vessels, and these pre-artery endothelial cells then
build trees by following a migratory path from smaller into larger arteries, a process guided
by the forces imparted by blood flow [5]. Endothelial cells polarize and subsequently migrate
against the direction of blood flow, and thereby contribute to the growth and enlargement of
the upstream arterial vessel segments. During artery formation, VEGF and Notch signaling
act in a common pathway to induce arterial identity in endothelial cells. Notch and DLL
ligands are furthermore important for differentiation, physiology, and function of vascular
smooth cells in the arterial wall. Arterial endothelial cells use mechanoreceptors to sense the
direction of blood flow followed by polarization and migration against this direction involving
among others, the APJ, the Eng/Alk1/SMAD4, and DACH1/CXCL12/CXCR4 signaling
pathways [5]. These observations from developing arterial networks clearly provide a cellular
and molecular substrate for retrograde communication. Yet, it is unclear as to what extent
these processes are active or can be re-activated in mature arterial networks in the adult with
arterial walls consisting of several layers of smooth muscle. In mice application of CXCL12
can stimulate reassembly of arteries upon myocardial infarction. However, clinical trials thus
far failed to demonstrate clinical efficacy [42].

Several studies have shown that in the brain and hindlimb, pre-existing arterial
collateral networks develop prior to birth during critical phases of embryonic develop-
ment [43]. In the brain pre-existing collateral number is highest at the time of birth after
which it slowly decreases with age. Hypertension and diabetes accelerate the regres-
sion of pre-existing collaterals. In contrast, exercise, most likely via activation of shear
stress-dependent mechanisms, prevents or reduces the regression of pre-existing collat-
erals [44]. Analysis of several inbred mouse strains has shown that arteriogenic capacity,
in particular the extent of the pre-existing arterial collateral networks, differs greatly
between the analyzed backgrounds suggesting a genetic component in the regulation
of this process [38]. Mouse strains with small infarct size upon MCA occlusion showed
significantly up to four-fold more and larger pre-existing collaterals when compared
with mouse strains showing a relatively large infarct upon MCA occlusion [45]. Genetic
linkage studies subsequently correlated the collateral network variation with Rabep2,
a regulator of vesicular trafficking wherein cell surface receptors are internalized, and
VEGFR2 signaling [46]. The VEGFA-VEGFR2/KDR signaling contributes importantly
to the formation of pre-existing collaterals [43,47]. During embryogenesis, reduction
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of either the ligand or the receptor during the narrow time-window of collaterogenesis
reduces collateral formation thus collateral number and diameter in the adult.

At present several known angiogenic proteins significantly impact the formation of
collaterals and the extent of pre-existing collateral networks in pia and skeletal muscle
including VEGFA, VEGFR2, Dll4, Notch, ADAM10, ADAM17, Gja4, Gja5, and molecules
implied in macrophage behavior including Egln1 and NFkB1 [36,40–42]. Gja5, also known
as connexin 40, is a gap junction protein that mediates electrical communication between
endothelial cells thereby allowing vasodilatory signals that are initiated in the distal part of
the microcirculation to travel to the proximal–feeding arterioles [48]. In this way, flow can
be efficiently routed to the metabolically active regions. Dll4 and Notch are best known for
their role in regulating sprouting angiogenesis downstream of VEGF signaling. Genetically
or pharmacologically interfering with Dll4-Notch promoted formation of pre-existing col-
lateral in part by enhancing arteriolar branching during late embryonic development [49].
However, in arterial occlusion models, the ischemic outcome did not improve. This was
attributed to a defect in capillary functionality, vessel leakage, and impaired flow-induced
outward remodeling of arterioles [49]. Perhaps a more physiological—non invasive—way
to promote VEGF-Kdrl signaling is to reduce the ambient oxygen tension by moving from
sea level to high altitude. As nicely demonstrated by the group of Jim Faber, high altitude
rodents such as guinea pigs and deer mice featured a much higher number of collaterals
than lowlander species, and were much better protected against cerebral ischemia [50].
The question then is how can lowlanders benefit from this vascular growth potential?

6. How Will Distal Microvessel Growth Induce Proximal Collateral Growth?

Since the seminal work of Wolfgang Schaper, direct growth of conductance vessels
seemed to be an overarching goal: build the large roads, and the small networks will follow.
Arteriovenous shunts providing an unprecedented level of shear stress locally to the vessel
wall proved to be the optimal stimulus, the growth potential of which none of the classical
or un-canonical growth factors could match [51]. Local inflammation, driven by MCP-1
responsive macrophages [52,53] induces arterial growth, which benefitted most from Il10-
mediated M2-subtype polarization, but not from dexamethasone-inhibition of macrophage
activation [54,55]. This is a relevant distinction since unselective macrophage-activation
(e.g., by MCP-1) might accelerate atherosclerosis rather than solving its consequences, such as
macrovascular obstruction [53]. However, even in this conductance-vessel centered model,
microvessel networks may play a decisive role in providing pressure gradients required for
collateral growth, the absence of which being prohibitive for this process (Figure 2).

Figure 2. Cont.
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Figure 2. Interdependence of arteriogenesis and angiogenesis in healthy and arteriosclerotic vessels.
(A): Schematic representation of the arterial network. Arterial occlusion disrupts blood flow to the
microcirculation. (B): In the presence of the proximal occlusion, stimulation of angiogenesis in the
microcirculation will not result in restoring peripheral blood flow. (C): Restoring blood flow upon
occlusion requires the recruitment of native collaterals or de novo formation of collaterals that can
bypass the occlusion in the arterial network. (D): Schematic representation of the arterial network
in the leg with native arterial collaterals. Flow distribution indicated by arrows. (E): Occlusion
in the main feed artery results in rerouting of blood flow and flow driven outward remodeling
of pre-existing native arterial collaterals (arrowheads). (F): Diabetes and hypertension associated
with rarefaction of small arterioles and capillary networks (indicated in dark blue) and impaired
(flow driven) outward lumen remodeling (arteriogenesis) of arterial collateral networks (impaired
collaterals in grey). In this scenario, only targeting upstream collaterals is not sufficient to achieve
increased oxygen and nutrient delivery to the periphery. The perfusion of the microcirculation needs
to be improved as well.

7. Angiogenesis, Maturation, and Arteriogenesis in Therapeutic Approaches

Are ischemia- and HIF1α-driven factors without alternative, when balanced angio-
genesis/arteriogenesis is at stake? Recent observations by us and others have revealed
that myogenic factors such as myocardin-related transcription factors (MRTFs), which
in myocytes act as cofactors of SRF to keep up specific muscle protein stoichiometry,
e.g., upon mechanosensing via the Rho-A pathway [56–58]. Of note, therapeutic agents
derived from this pathway such as forced expression of MRTF-A or its depressor Thymosin
ß4 (scavenging globular actin, which keeps MRTF-A in the cytosol), also provide strong
vasoactive signals, synchronizing muscle with vessel growth or maintenance. Interestingly,
the secreted factors found after MRTF-A activation are capable of providing capillary
stabilization in addition to growth, indicating a program that may secure blood supply
during increased demand [3]. Chronic ischemia reduces muscle regeneration and thereby
RhoA-signaling dependent vessel maintenance. Indeed both MRTF-A and Thymosin ß4,
when applied via a myotropic AAV9 vector, provide capillary growth and maturation in the
peripheral and coronary microcirculation. Moreover, unless disrupted by Ang2, MRTF-A
provides conductance vessel growth, highlighting the relevance of microvessel maturation
for arteriogenesis [3].

Of note, the AAV-Tß4 approach in rabbits subjected to femoral artery excision im-
proved arteriogenesis even when only locally applied to the ischemic lower limb. However,
this was significantly less effective in increasing flow, when applied directly to the upper
limb, i.e., the collateral growth area. Microvascular growth is signaling backward to col-
laterals to provide more flow, absent macrovessel obstruction. Since shear stress increase
would be a likely candidate transmitting this growth signal, we applied L-NAME to inhibit
its main effector, nitric oxide formation (Figure 3). Co-application of the NO-inhibitor abro-
gated solely arteriogenesis, but not angiogenesis. This finding indicates that flow-mediated
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vasodilation is a powerful signal for arteriogenesis, provided the endothelium is capable
of forming the autacoid and is not impaired by atherosclerotic risk factors. To date, it is
unclear whether other signals specifically enhancing arterial growth by targeting arterial
endothelium, e.g., Notch [59], can therapeutically be utilized for arteriogenesis in addition
to microvessel growth. Another potentially promising strategy consists of interference with
microRNA regulation which may aid in overcoming negative feedback mechanisms in
chronic ischemia of muscles and heart [60–62].

Figure 3. Angiogenesis and arteriogenesis upon recombinant AAV (rAAV) encoding for Thymosin
ß4 (Tß4). (A) Capillary/muscle fiber ratio (C/MF) after application of rAAVTß4 either whole limb
(retrograde venous infusion) or lower limb (intramuscular injection) with or without L-NAME
coapplication. (B) Collateral count (% of d7 level) at d28. Dotted lines are control group levels. For
methods cf. [22].

8. The Concept of Retrograde Communication and Arterial Growth

Retrograde communication has long been recognized in the context of exercise-induced
vascular adaptation. Arterial networks dynamically adapt arterial branching patterning, vessel
number, and lumen dimensions to exercise-induced changes in organ metabolism. These
functional and structural alterations in the arterial network allow precise fine-tuning of flow
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delivery with the new level of metabolic activity of the organ it innervates. Metabolically active
tissue regions are typically close to or in direct contact with the distal parts of the arteriolar
microcirculation and the capillary network. In the exercise scenario, the stimulus for arterial
network remodeling originates from the change in metabolic status of active cells in tissues
surrounding the distal part of the microcirculation. A local mismatch between flow delivery
and the new metabolic demand triggers the release of vascular growth factors and vasodilators
which promote angiogenesis and expansion of the capillary network. They furthermore
reduce vascular resistance in the periphery of the network to attract flow (cf. Figure 4). The
local change in resistance and subsequent changes in hemodynamic factors ignite adaptive
vascular remodeling responses that are propagated toward the more proximal parts of the
arterial network. In these more proximal domains, increases in arterial lumen diameter and
optimization of branching architecture augment blood flow conductance thereby increasing
oxygen and nutrient delivery to the areas with the increased metabolic demand. The extent of
the arterial lumen remodeling is a function of the amount of blood flow, the local shear stress
setpoint, and the duration of the stimulus. Whereas an acute increase in flow causes functional
endothelium-dependent vasodilation, long term upregulation in flow promotes structural
outward arterial lumen remodeling, a process involving rearrangement of endothelial cells and
vascular smooth muscle cells around an anatomically-structurally larger lumen. Conversely,
restricting exercise and decreasing tissue metabolism and oxygen requirement results in
pruning or rarefaction of microvessels, inward arterial lumen remodeling, and an overall
reduction of blood flow conductance.

Figure 4. Interdependence of micro- and macrovessel growth. Key mechanisms of vessel growth in devel-
oping and adult organisms include capillary formation and stabilization by pericytes (=maturation) as well
as resistance control by newly added smooth muscle cells to arteriolar endothelial cells (arteriologenesis),
e.g., via Notch signaling. These functional units feedback demand to existing conductance vessels,
e.g., via nitric oxide-mediated vessel dilation and subsequent growth (=arteriogenesis).

The lessons learned from exercise scenarios is that the initial trigger provoking the
arterial network remodeling is caused by a change in resistance to flow at the pre-capillary
to capillary level. Metabolic alterations induce the release of specific vascular growth fac-
tors (VEGF, angiopoietins), vasoactive metabolites (lactate, adenosine, Vegf), vasodilators
(a.o. nitric oxide), as well as retrograde transfer—from the distal to proximal—of vasodila-
tory responses through electrical coupling in the vessel wall (connexins). Lower resistance
in the distal areas will not only attract flow to this region but will also augment flow velocity
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and shear rates in the more proximal parts that feed the distal region. Increases in shear
rates are by themselves a stimulus for dilation or—pending the duration of the stimulus—
outward arterial remodeling. Hence the changes in the distal part are communicated to
the proximal segments via changes in flow and translated into a gain of lumen dimension.
Several risk factors for adverse vascular remodeling such as diabetes alter metabolism
and expression of vascular growth factors. Thus they are most likely to affect retrograde
communication efficiency.

In summary, microvessel growth requires maturation by the attraction of mural cells
to provide long-lasting, functional capillary beds. In addition to providing blood to previ-
ously ischemic tissue, microvessel networks are capable of backward signaling to enlarge
collaterals via nitric oxide. This interdependence can be exploited therapeutically at various
entry points. Whether currently investigated vectors, such as AAVs or AdVs, and delivery
systems, such as intramuscular or locoregional applications, hold up to newer develop-
ments such as modified RNA-carrying lipid nanoparticles, remains to be seen. However,
it appears safe to state that neglecting microvessel network formation and maturation
may lead to incomplete and unbalanced vessel growth, which is unlikely to improve the
function of ischemic muscle tissue.
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Abstract: The interleukin-21 receptor (IL-21R) can be upregulated in endothelial cells (EC) from
ischemic muscles in mice following hind-limb ischemia (HLI), an experimental peripheral arterial dis-
ease (PAD) model, blocking this ligand–receptor pathway-impaired STAT3 activation, angiogenesis,
and perfusion recovery. We sought to identify mRNA and microRNA transcripts that were differen-
tially regulated following HLI, based on the ischemic muscle having intact, or reduced, IL-21/IL21R
signaling. In this comparison, 200 mRNAs were differentially expressed but only six microRNA
(miR)/miR clusters (and among these only miR-30b) were upregulated in EC isolated from ischemic
muscle. Next, myoglobin-overexpressing transgenic (MgTG) C57BL/6 mice examined following
HLI and IL-21 overexpression displayed greater angiogenesis, better perfusion recovery, and less
tissue necrosis, with increased miR-30b expression. In EC cultured under hypoxia serum starvation,
knock-down of miR-30b reduced, while overexpression of miR-30b increased IL-21-mediated EC
survival and angiogenesis. In Il21r−/− mice following HLI, miR-30b overexpression vs. control
improved perfusion recovery, with a reduction of suppressor of cytokine signaling 3, a miR-30b
target and negative regulator of STAT3. Together, miR-30b appears both necessary and sufficient for
IL21/IL-21R-mediated angiogenesis and may present a new therapeutic option to treat PAD if the
IL21R is not available for activation.

Keywords: vascular disease; gene therapy; innate immunity; pre-clinical models

1. Introduction

Peripheral arterial disease (PAD) is caused by atherosclerosis, leading to occlusions
of the arteries that supply the lower extremities; PAD affects more than 12 million people
in the U.S. and millions more worldwide [1–4]. The primary problem in PAD is reduced
blood flow to the leg(s), and in most patients with symptomatic, advanced PAD, there is a
total blockage along the sole major arterial pathway that supplies blood to the leg, and the
amount of blood flow to the lower extremity becomes entirely dependent on the extent of
ischemia-induced angiogenesis to allow ambulation and avoid limb amputation [5,6].

Surgically induced hind-limb ischemia (HLI) is a widely used pre-clinical model of
PAD in mice [7–9]. We utilized an unbiased discovery strategy that was based on known
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differences in the extent of perfusion recovery across inbred mouse strains following HLI,
and showed that the IL-21R was significantly upregulated on ischemic endothelium in-
vivo from a mouse strain that showed good perfusion recovery after HLI but not in a
strain that showed poor perfusion recovery [10]. In addition, in IL21R-deficient (Il21r−/−)
mice on a C57Bl6 background vs. C57Bl6 wild-type (WT), and in WT mice treated with
IL-21R-Fc chimera (absorbs and eliminates available IL21) vs. control IgG, there was
less STAT3 activation, less angiogenesis, and poorer perfusion recovery in the ischemic
limb after HLI [10]. Further, studies in cultured endothelial cells (ECs) demonstrated that
IL-21 enhanced EC survival and tube formation under the PAD-relevant hypoxia serum
starvation (HSS) condition, however, in EC, under normoxia IL-21 addition, it did not cause
an angiogenic effect or STAT3 activation [10].

When considered as a potential therapeutic for PAD, two problems regarding the
IL21/IL21R pathway became readily apparent. First, we had shown that the angiogenic
effects of IL21 were receptor dependent [10]. Although we reported that, as a group, muscle
biopsies from the ischemic limb of patients with one form of PAD had higher levels of the
IL21R on EC when compared to controls, the data showed overlap in values in individuals
in each group and the study was specific for those with intermittent claudication [11].
Therefore, we could not be certain the IL21R would always be upregulated and for acti-
vation in all patients with PAD. Second, whether administration of the ligand could be
achieved without toxicity was unknown [12]. Studies on IL-21/IL-21R-signaling in vitro
and in vivo have identified a number of downstream gene-expression changes based on
study conditions [12–16]. With little to no data available on the IL21/IL21R pathway in
PAD, we performed RNA sequencing (RNA-Seq)-based analysis of whole transcriptomes
from ischemic muscle with or without IL-21/IL-21R-pathway interruption, using a soluble
IL-21R-Fc chimera as described [10]. We then examined an informative time point 7 days af-
ter HLI, because the extent of perfusion recovery was comparable between the two groups;
this is a strategy we used in several other publications [10,17–19]. Though 200 mRNA were
differentially expressed, only a few microRNAs (miRs) clusters were changed by IL-21/IL-
21R-pathway interruption. We then proceeded to validate the data from the RNA-seq
and examined the expression of the identified miRs in the endothelial cells isolated from
ischemic muscle and found that miR-30b was the only miR of the group modulated by
IL-21. We went on to show that miR-30b is both necessary and sufficient for IL-21/IL-21R
hypoxic-induced angiogenesis and identified a potential gene target for miR-30b.

2. Results
2.1. Identification of IL-21R Pathway Transcripts following Experimental PAD

Of the 32,062 transcripts quantified by RNA-seq from whole muscle, 200 mRNA were
significantly different (q < 0.1) in animals treated with IL-21R-Fc vs. control IgG at 7 days
after HLI (Supplemental Table S1). Of these transcripts, 131 mRNAs were significantly
downregulated, and 69 mRNAs were significantly upregulated. Though a large number
of mRNAs were differentially regulated, only six microRNA (miR)/miR clusters were
differentially regulated (Table 1). Of these six miR clusters, miR-343 and miR-5103 were not
detectable by qPCR in the ischemic muscle from either IL-21R-Fc or control group. From the
four remaining miR clusters, when transcript levels from IL-21R-Fc group were compared
to muscle from mice treated with control IgG, the miR-let7a-2 and miR-100 cluster, miR-30b
within the miR-30b/miR-30d cluster, and miR-503 within the miR-503/miR-322/miR-351
showed significantly lower expression levels (0.38 ± 0.18, 0.27 ± 0.03, 0.27 ± 0.05 and
0.53 ± 0.08 fold relative to control group, n = 4/group, p < 0.05, Figure 1); miR-3572
showed significantly higher expression levels (1.43 ± 0.06 fold relative to control group,
n = 4/group, p = 0.003) (Figure 1A); miR-322, miR-351 and miR-30d levels showed no
significant difference (Figure 1A).
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Table 1. MicroRNA (miR) and miR clusters that are differentially regulated by IL-21R-Fc in the ischemic
muscle based on RNA-seq analysis. q-value indicates FDR adjusted p-value of RNA-seq data.

miRs Fold q-Value

miR-343 0.03 0.01
miR-5103 0.06 0.01

miR-100, miR-let7a-2 0.17 0.01
miR-30b, miR-30d 0.20 0.01

miR-322,miR-351,miR-503 0.31 0.01
miR-3572 10.08 0.01Int. J. Mol. Sci. 2022, 23, 271 5 of 16 

 

 

 
Figure 1. (A) Validation of RNA-sequencing analysis by real-time qPCR for microRNAs (miR) reg-
ulated by IL-21R-Fc treatment in ischemic muscle 7 days after hind-limb ischemia (HLI). When tran-
script levels were compared to muscle from mice treated with control IgG, miR100, miR-let7a-2, 
miR30b in miR30b/miR30d cluster, and miR503 in miR503/miR322/miR351 cluster showed signifi-
cantly lower expression levels; 3572 showed significantly higher expression levels; miR322, miR351 
and miR30d level showed no significant difference. (B) Expression of miR-let7a-2, miR-100, miR-
30b, miR-30d and miR-503 in CD31 (endothelial cell marker)-enriched fraction of cells isolated from 
ischemic hindlimbs of wild-type (WT) and Il21r−/− mice were quantified by qPCR, miR30b showed 
significant lower expression in endothelial cells from Il21r−/− mice when compared to endothelial 
cells from WT mice (n = 4/group). However, the other four microRNAs did not show any significant 
difference between the two groups. (C) In HUVECs cultured under hypoxia serum starvation (HSS) 
(used to mimic ischemic muscle in vivo), 24 h treatment of IL-21 increased miR30b expression (n = 
4/group, * p < 0.05), but did not regulate the expression of the other four microRNAs. * p < 0.05. Fold 
changes of each miR expression were calculated based on the average ΔCt value of the control group 
(for details, see material and methods). Data represent mean ± SEM; n = 4 per group. Control IgG 
indicates ischemic gastrocnemius muscle from the mice treated with control IgG, IL-21R-Fc ischemic 
gastrocnemius muscle from the mice treated with IL-21R-Fc. 

Figure 1. (A) Validation of RNA-sequencing analysis by real-time qPCR for microRNAs (miR)
regulated by IL-21R-Fc treatment in ischemic muscle 7 days after hind-limb ischemia (HLI). When
transcript levels were compared to muscle from mice treated with control IgG, miR100, miR-let7a-
2, miR30b in miR30b/miR30d cluster, and miR503 in miR503/miR322/miR351 cluster showed
significantly lower expression levels; 3572 showed significantly higher expression levels; miR322,
miR351 and miR30d level showed no significant difference. (B) Expression of miR-let7a-2, miR-100,
miR-30b, miR-30d and miR-503 in CD31 (endothelial cell marker)-enriched fraction of cells isolated
from ischemic hindlimbs of wild-type (WT) and Il21r−/− mice were quantified by qPCR, miR30b
showed significant lower expression in endothelial cells from Il21r−/− mice when compared to
endothelial cells from WT mice (n = 4/group). However, the other four microRNAs did not show
any significant difference between the two groups. (C) In HUVECs cultured under hypoxia serum
starvation (HSS) (used to mimic ischemic muscle in vivo), 24 h treatment of IL-21 increased miR30b
expression (n = 4/group, * p < 0.05), but did not regulate the expression of the other four microRNAs.
* p < 0.05. Fold changes of each miR expression were calculated based on the average ∆Ct value of
the control group (for details, see material and methods). Data represent mean ± SEM; n = 4 per
group. Control IgG indicates ischemic gastrocnemius muscle from the mice treated with control IgG,
IL-21R-Fc ischemic gastrocnemius muscle from the mice treated with IL-21R-Fc.
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Since we previously showed that IL-21R was upregulated in the endothelial cells under
ischemia in both mouse and human PAD muscle [10,11], we isolated CD31-expressing cells
from ischemic hind-limb muscles of Il21r−/− or wild-type (WT) mice, as described, [10] and
measured the expression level of miR-let7a-2, miR-300, miR-30b, miR-503 and miR-3572.
MiR-30b was the only of these miRs which showed significant difference in those from
Il21r−/− mice (0.08 ± 0.04-fold relative to EC from WT mice, p = 0.04, Figure 1B). miR-3572
was not detectable in endothelial cells. Next, we compared the expression of miR-let7a-2,
miR-300, miR-30b, miR-503 and miR3572 in HUVECs cultured under HSS conditions, with
or without IL-21 treatment for 24h, and miR-30b was the only one that showed a differential
expression level (1.91 ± 0.12-fold to basal, p = 0.01, Figure 1B). MiR-3572 was not detectable
by qPCR. Interestingly, even though miR-30b is co-localized with miR-30d in the same
microRNA cluster, miR-30d was not differentially regulated by qPCR from any of the
following: (a) ischemic muscle (1.01 ± 0.12-fold to control, p = 0.14, Figure 1B), endothelial
cells isolated from ischemic muscle (1.03 ± 0.11-fold to control, p = 0.46, Figure 1B) or
cultured endothelial cells (1.00 ± 0.16-fold to control, p = 0.90, Figure 1C).

2.2. IL-21 Overexpression Improves Perfusion Recovery, Increases STAT3 Phosphorylation, and
Upregulates miR-30b in the Ischemic Muscle after Hind Limb Ischemia (HLI) in Myoglobin
Transgenic Mice

Myoglobin transgenic (MgTG) mice were used to test the effects of IL-21 overex-
pression following HLI for several reasons. First, compared to wild type (WT) C57BL/6
mice, these mice have impaired angiogenesis and poorer perfusion recovery following
HLI [30,31]. Second, this strain was generated on a C57BL/6 background, where we previ-
ously showed findings that the IL-21R is upregulated in the C57BL/6 strain [10]. Third, the
transgene includes the entire myoglobin gene as well as its striated muscle-specific pro-
moter, so that overexpression is limited to striated muscle myocyte, and the endothelium
from these mice is the same as wild-type [30,31].

As predicted, the MgTG mice on the C57BL/6 background showed a 10.6 ± 1.8-fold
increase of Il21r expression in the ischemic muscle when compared to non-ischemic muscle
tissue, 7 days after HLI (Figure 2A). To augment IL-21 expression and IL21R pathway
activation, we injected an expression plasmid containing IL-21, or its control plasmid,
into the hind-limb muscles. Compared with those receiving control (scrambled sequence)
plasmid, MgTG mice receiving IL-21 plasmid showed improved perfusion recovery at
day-21 after HLI (67.9% ± 3.3% vs. 57.6% ± 3.2%, p = 0.02, Figure 2B) and less tissue
necrosis (0 out of 6 vs. 4 out of 7, p < 0.01). Confirming the specificity of the findings,
Il21r−/− mice receiving IL-21 cDNA did not show any changes in tissue necrosis (4 out
of 12 vs. 3 out of 10, p = 0.86) or perfusion recovery at any of the same time points
(54.5% ± 6.4% vs. 58.5% ± 7.1%, p = 0.68, Figure 2C). Next, we determined the expression
of IL-21 at 10 days after plasmid injection and IL-21 protein expression was significantly
higher in the ischemic hind-limb muscle of the mice that received IL-21 cDNA compared
with mice that received scramble plasmid in both MgTG mice (IL-21/ERK2, 0.27 ± 0.08
vs. 0.06 ± 0.01, n = 5/group, p = 0.02) and Il21r−/− mice (IL-21/ERK2, 0.62 ± 0.08 vs.
0.22 ± 0.02, n = 6–7/group, p = 0.02) (Figure 2D). In Figure 2E, we showed that the is-
chemic hind-limb muscle tissue from MgTG mice receiving IL-21 plasmid had a higher
capillary density compared with those receiving control plasmid (1.9 ± 0.18 vs. 1.2 ± 0.17,
capillaries/fiber, n = 6–7/group, p = 0.03) 21 days after HLI.
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Figure 2. (A) Interleukin-21receptor (IL-21R) expression is upregulated in the ischemic limb from
MgTG mice when compared to the non-ischemic limb. (B) Data from Laser Doppler Perfusion
imaging (LDPI) showed that IL-21 overexpression improved perfusion recovery in MgTG mice at
day 21 (n = 6~7/group). (C) IL-21 overexpression did not change perfusion recovery in IL-21R
knockout (KO) mice at any of the selected time point. (D) IL-21 plasmid transfection showed higher
IL-21 protein level in the ischemic limb muscle from Il21r−/− mice muscle. (E) At day 21 after HLI,
ischemic gastrocnemius muscle from MgTG mice that received IL-21 overexpression plasmid showed
significant higher capillary density than mice that received control plasmid (n = 6~7/group). Average
capillaries per muscle fiber: 1.9 ± 0.18 vs. 1.1 ± 0.17, p = 0.03. Data = mean ± SEM. * p < 0.05.

The IL-21R can signal via STAT1, STAT3, Akt, and ERK1/2 in different conditions [12,15]
and we tested for potential differences in activation along with these pathways. Mice that
received IL-21-expressing plasmid also had greater STAT3 phosphorylation (p-STAT3/STAT3,
0.72 ± 0.15 vs. 0.35 ± 0.10, n = 5/group, p = 0.02) but no change in STAT1 (p-STAT1/STAT1,
0.42 ± 0.04 vs. 0.43 ± 0.05, n = 5/group, p = 0.74), Akt (p-Akt/Akt, 0.24 ± 0.01 vs.
0.28 ± 0.01, n = 5/group, p = 0.17) or ERK1/2(p-ERK/ERK, 0.42 ± 0.04 vs. 0.36 ± 0.05,
n = 5/group, p = 0.39) phosphorylation in ischemic muscle 1 day after HLI when compared
with mice receiving control plasmid (Figure 3A). Next, we measured miR-30b expression
in the ischemic muscle specimen by qPCR and showed a significant higher expression from
MgTG mice receiving IL-21 cDNA (2.73 ± 0.41-fold to control, n = 5, p = 0.03) (Figure 3B)
when compared with those receiving control plasmid 7 days after HLI.
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Akt, p-Akt, ERK1/2 and Erk1/2 with only ERK2 shown as loading control, IL-21 overexpression in-
creases STAT3 phosphorylation in ischemic muscle 1 day after HLI (p-STAT3/STAT3) but shows no 
change in STAT1, Akt, eNOS or ERK1/2 phosphorylation. (B) miR-30b expression is upregulated by 
IL-21 overexpression in ischemic muscle 7 days after HLI, quantitative normalization of microRNA 
in each sample was performed using expression of small nucleolar RNA MBII-202 (sno202) as an 
internal control. Data = mean ± SEM. N = 4–5/group, * p < 0.05, IL-21 indicates IL-21 overexpression 
plasmid; Scramble indicates control plasmid with scramble sequence. 
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nificant reduction in hind-limb necrosis rate (2/12 vs. 4/11, p = 0.14). 

 

 

Figure 3. STAT3 phosphorylation and miR-30b expression were upregulated by IL-21 in the ischemic
muscle in HLI model. (A) Western blots were probed for STAT1, p-STAT1, STAT3, p-STAT3, Akt,
p-Akt, ERK1/2 and Erk1/2 with only ERK2 shown as loading control, IL-21 overexpression increases
STAT3 phosphorylation in ischemic muscle 1 day after HLI (p-STAT3/STAT3) but shows no change
in STAT1, Akt, eNOS or ERK1/2 phosphorylation. (B) miR-30b expression is upregulated by IL-21
overexpression in ischemic muscle 7 days after HLI, quantitative normalization of microRNA in each
sample was performed using expression of small nucleolar RNA MBII-202 (sno202) as an internal
control. Data = mean ± SEM. N = 4–5/group, * p < 0.05, IL-21 indicates IL-21 overexpression plasmid;
Scramble indicates control plasmid with scramble sequence.

2.3. Overexpression of miR-30b Improves Perfusion Recovery in Il21r−/− Mice

To test whether miR-30b modulates the response to HLI, we overexpressed miR-
30b in Il21r−/− mice using local intramuscular injections of pre-miR-30b overexpression
plasmid 3 days before HLI with empty vector (EV) was used as control. Expression of
miR-30b was assessed 10 days post plasmid injection and was increased >100 fold in
ischemic hind limbs of mice vs. empty vector (Figure 2.5A). Next, we determined the
effect of this gene transfer on perfusion recovery following experimental PAD, as shown
in Figure 2.5B, miR-30b overexpression significantly improved perfusion recovery at day
14 (63.3% ± 3.0% vs. 49.5% ± 3.5%, n = 11~12/group, p < 0.01) and day 21 (74.4% ± 4.1%
vs. 58.4% ± 4.6%, n = 11~12/group, p = 0.016) post HLI. There was a numeric but not
statistically significant reduction in hind-limb necrosis rate (2/12 vs. 4/11, p = 0.14).

2.4. MiR-30b Is Required for IL-21-Mediated Angiogenesis In Vitro

We next altered miR-30b expression in HUVECs and assessed the effects of modulating
miR-30b on cellular survival and tube formation. HUVECs transfected with miR-30b mimic
had 909 ± 286-fold overexpression of miR-30b (Figure 5A, left), increased cell viability
(OD450, 0.35 ± 0.01 vs. 0.27 ± 0.001, n = 8/group, p < 0.001, Figure 5A, right) tube formation
(tube length, 3351 ± 235 vs. 2395 ± 207 µm/mm2, n = 8/group, p = 0.01, Figure 5B) under
HSS conditions. To investigate whether miR-30b is required for the survival effects of IL-21
treatment in hypoxic endothelial cells, HUVECs were transfected with miR-30b (hsa-miR-
30b-5p) inhibitor, resulting in effective knockdown of miR-30b (Figure 5C, left). Compared
with control-miR inhibitor, mir-30b inhibitor abrogated the ability of IL-21 to enhance cell
viability (OD450: 0.21 ± 0.07 vs. 0.21 ± 0.005, n = 8/group, p > 0.05) (Figure 5C, right) and
tube formation (Tube length: 2505 ± 111 vs. 2551 ± 101 µm/mm2, n = 8/group, p > 0.05)
(Figure 5D).
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Figure 4. Augmentation of miR-30b expression in Il21r−/− mice improved perfusion recovery
following HLI. (A) Higher miR-30b is expressed in hind limbs that received pCMV-miR-30b compared
with those that received control plasmid (empty vector, EV), 10 days post treatment (n = 5/group,
p = 0.01). (B) Il21r−/− mice in C57BL/6 background with miR-30b overexpression in the ischemic
limb showed significantly better perfusion recovery at days 14 (p < 0.01) and 21 (p = 0.016) after
HLI (n = 11–12 per group). EV indicates empty vector plasmid transfection; miR-30b indicates mice
with miR-30b overexpression in the ischemic limb. Data represent mean ± SEM.I = ischemic limb,
NI = non-ischemic limb, * p < 0.05, ** p < 0.01.

2.5. MiR-30b Increased STAT3 Phosphorylation and Reduced SOCS3 Expression

Suppressor of cytokine signaling 3 (SOCS3) was an important molecule that regulates
STAT3 phosphorylation [32,33], and using Targetscan SOCS3 was a potential target of
miR-30b in both human and mice. In mice following HLI, as shown in Figure 6A, we found
that SOCS3 protein was lower in miR-30b overexpression vs. empty vector-treated mice
at day 3 post HLI (SOCS3/ERK2, 0.49 ± 0.09 vs. 0.04 ± 0.02, n = 4, p < 0.01). Consistent
with this finding, in HUVECs cultured under HSS conditions, miR-30b augmentation
reduced SOCS3 protein expression (SOCS3/ERK2, 0.70 ± 0.05 vs. 0.45 ± 0.03, n = 4/group,
p = 0.01, Figure 6B). As SOCS3 is a suppressor of STAT3, we also measured the level of
STAT3 phosphorylation that is increased with miR-30b overexpression (p-STAT3/STAT3,
0.86 ± 0.08 vs. 0.28 ± 0.07, n = 4/group, p = 0.001, Figure 6B). These may suggest that in
ischemic endothelial cells, miR-30b increases STAT3 activation by targeting SOCS3.
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inhibitor/mimic. Data represent mean ± SEM. All the above data are representative of two to three 
separate batches of HUVECs, n = 8 to 12 samples per group. * p < 0.05, ** p < 0.01, NS indicates non-
significance. 

3.5. MiR-30b Increased STAT3 Phosphorylation and Reduced SOCS3 Expression 
Suppressor of cytokine signaling 3 (SOCS3) was an important molecule that regulates 

STAT3 phosphorylation [32,33], and using Targetscan SOCS3 was a potential target of 
miR-30b in both human and mice. In mice following HLI, as shown in Figure 6A, we found 
that SOCS3 protein was lower in miR-30b overexpression vs. empty vector-treated mice 
at day 3 post HLI (SOCS3/ERK2, 0.49 ± 0.09 vs. 0.04 ± 0.02, n = 4, p < 0.01). Consistent with 
this finding, in HUVECs cultured under HSS conditions, miR-30b augmentation reduced 
SOCS3 protein expression (SOCS3/ERK2, 0.70 ± 0.05 vs. 0.45 ± 0.03, n = 4/group, p = 0.01, 
Figure 6B). As SOCS3 is a suppressor of STAT3, we also measured the level of STAT3 
phosphorylation that is increased with miR-30b overexpression (p-STAT3/STAT3, 0.86 ± 
0.08 vs. 0.28 ± 0.07, n = 4/group, p = 0.001, Figure 6B). These may suggest that in ischemic 
endothelial cells, miR-30b increases STAT3 activation by targeting SOCS3. 

Figure 5. Effects of miR30b modulation in IL-21-mediated endothelial cell survival and angiogenesis
under HSS conditions. (A) When miR-30b was overexpressed by miR30b mimic transfection in
cultured HUVECs (left), more viable cells were detected 48 h after cultured under HSS conditions
(right). (B) 48 h after transfection with miR-mimic negative control (neg ctrl) or miR30b mimic,
HUVECs were plated in Matrigel with reduced growth factor and incubated for 6 h in basal medium.
MiR-30b mimic–treated HUVECs showed enhanced tube formation, which was quantified as the
tube length per area (bar graph). (C,D) IL-21 treatment (50 ng/mL) increased HUVEC cell viability
and tube formation under HSS conditions, the IL-21 effects on HUVECs viability and tube formation
were inhibited when miR30b was knocked down using miR30b inhibitor (C left). Cell viability assay
is based on the cleavage of the tetrazolium salt to formazan by cellular mitochondrial dehydroge-
nase, OD450 indicates optical density at 450 nm. Neg ctrl = negative control RNA for microRNA
inhibitor/mimic. Data represent mean ± SEM. All the above data are representative of two to three
separate batches of HUVECs, n = 8 to 12 samples per group. * p < 0.05, ** p < 0.01, NS indicates
non-significance.
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Figure 6. Protein changes in ischemic muscles with modulation of miR-30b in vivo in Il21r−/−

mice and in vitro human umbilical vein endothelial cells (HUVECs) cultured under hypoxia serum
starvation (HSS) conditions. (A) Protein isolated from muscle harvested from Il21r−/− mice with
empty vector or the miR-30b overexpressing plasmid day-3 following HLI treated. Western blots
were probed for SOCS3 and Erk1/2 with only ERK2 shown, SOCS3 expression level was significantly
downregulated with miR-30b overexpression (p < 0.01). (B) Overexpression of miR-30b by miR-
30b mimic in HUVECs cultured under HSS for 24 h resulted in increased STAT3 phosphorylation
(p-STAT3/STAT3, p = 0.001) and reduced SOCS3 expression (SOCS3/ERK2, p = 0.01). Data represent
mean ± SEM., miR-30b indicates miR-30 overexpression by pCMV-miR-30b plasmid in vivo or miR-
30b mimic in vitro, Ctrl indicates negative control empty vector for miR-30b overexpression in vivo
and negative control RNA for miR-30b mimic in vitro. n = 5/group.

3. Discussion

Having previously shown an unexpected role for the IL21/IL-21R pathway in mediat-
ing hypoxia-dependent angiogenesis [10], we now add several new findings regarding this
unexpected pathway. First, we show that miR-30b is the only miR differentially regulated
based on the presence or absence of IL-21/IL-21R-pathway activation in the hypoxia-
dependent angiogenesis that occurs in experimental PAD. Second, the hypoxia dependent
IL-21/IL-21R angiogenesis pathway utilizes and requires miR-30b for its context-dependent
angiogenic effects. Third, the IL-21/IL-21R pathway following HLI and EC under HSS,
involves activation of the STAT3 pathway, and miR-30b reduces SOCS3, which would be
predicted to increase STAT3 phosphorylation. Finally, in the presence of IL-21R, IL-21-
ligand overexpression improves perfusion recovery, induces therapeutic angiogenesis, and
reduces tissue loss in experimental PAD. Together these finding suggest that the IL-21/IL-
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21R pathway utilizes and appears dependent on the regulation on a single micro-RNA
(Figure 7).
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Figure 7. A schematic of proposed IL-21/IL-21R/SOCS3/STAT3 signal in ischemic endothelial cell
in PAD conditions such as hypoxia serum starvation or in ischemic leg muscle with ligand (IL21)
overexpression. Ligand (small green box) binds to the IL21R (red), which interacts with the common
gamma chain (blue) on the cell surface. This complex activation upregulates miR-30b, leading to reduced
SOCS3 expression, and results in increased STAT3 phosphorylation and greater amounts of angiogenesis.

To our knowledge, this is the first report connecting miR-30b to the IL-21/IL-21R
pathway. Under experimental conditions relevant to PAD, we found that miR-30b was the
only miR differentially regulated by the IL-21/IL-21R pathway in hypoxic angiogenesis.
Our in vitro studies indicated that miR-30b was required for IL-21-induced angiogenesis in
cultured endothelial cells and our in vivo studies indicate that miR-30b overexpression is
sufficient to rescue impaired perfusion recovery after HLI in Il21r−/− mice. Some informa-
tion is available on other miRs that are modulated by IL-21/IL-21R. Adoro et al. reported
that miR-29 is required for IL-21-induced anti-viral effects in CD4+ T cells [33]; Rasmussen
et al. found that miR-155a is required for IL-21-mediated STAT3 phosphorylation in CD4+ T
cells from systemic lupus erythematosus (SLE) patients [34]; using microarray analysis, De
Cecco et al. found IL-21 regulates CCL17, CD40, DDR1, and PIK3CD expression through
miR-663b in chronic lymphocytic leukemia [35]. As we did not find differential expression
of miR-29, 155a, or 663b, our data suggests an EC-specific effect of miR-30b on IL-21-
induced angiogenesis. While one previous study indicated that miR-30b overexpression in
endothelial cells increases vessel number and length in an in vitro sprouting angiogenesis
model [36], another study demonstrated that depletion of miR-30b increased capillary-like
cord formation in HUVECs under normoxia conditions [37]. These may suggest that the
effects of miR-30b on angiogenesis are condition-specific.

It is interesting that our data suggest that a single miR may regulate hypoxia-dependent
angiogenesis both in vitro and in vivo environments, in an unexpected biologic pathway
that we previously showed involved the phosphorylation/activation of STAT3. A limited
number of such examples could be found. For example, secreted from tumors, miR-9 has
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been shown to increase endothelial cell migration and angiogenesis via targeting SOCS5
and increasing STAT3 phosphorylation [38]. In addition, miR-337, miR-17, miR-20, miR-24
and miR-629 have been reported to regulate STAT3 activation [39,40].

A miR cluster is a set of two or more miRNAs, which are usually co-transcribed, yet we
found that only miR-30b is upregulated by IL-21 in hypoxic endothelial cells, but miR-30d
was not regulated. In mice, miR-30b is located within a non-coding region on chromosome
15 and is co-localized with miR-30d in the Mirc26 cluster [41], while in humans, miR-
30b and miR-30d co-localized within non-coding RNA LOC102723694 on chromosome 8.
Recent studies by others also showed that miRs from the same cluster could be regulated
at different levels and even in divergent patterns. For example, Knudsen et al. reported
that among four miRs in miR-17–92 cluster, miR-17 is the most upregulated in early colon
cancer [42]; and another study using global analysis of miR clusters expression between
breast tumor and adjacent tissue found that among miR-221/222 clusters, miR-221 is higher
but miR-222 is lower in the tumor tissue [43]. The precise mechanisms by which this level
of miR expression is controlled will require additional study.

Our data presented in this report is the first to show the therapeutic potential of mod-
ulating this IL21/IL21R hypoxia-dependent angiogenesis pathway in PAD. The specificity
of the therapeutic effects of IL-21 overexpression on hypoxic angiogenesis and its receptor
dependence was demonstrated by the absence of an effect of IL-21 on Il21−/− mice. We
showed that blocking IL-21 signaling in hypoxic EC resulted in reduced miR-30b expres-
sion and IL-21R activation by ligand in ischemic muscle, resulting in increased miR-30b
expression. Finally, miR-30b overexpression improves perfusion recovery in Il21r−/− mice.
MiRs have great potential as therapeutic agents due to their ease of synthesis, stability, and
ability of single miR to regulate several genes within a pathway. Modulation of a single
miR has been reported to be therapeutic to PAD [44–47]. Taken together with our findings,
these suggest that miR-30b is a potential therapeutic target for PAD subjects and could be
an alternative to ligand administration.

Enhanced STAT3 activation is reported in ischemic tissue from a spectrum of ischemic
diseases, including stroke and myocardial infarction, and functions as a protective factor
to improve the recovery of these diseases [48,49]. In our previous study, IL-21R loss of
function in a pre-clinical PAD model resulted in reduced angiogenesis and perfusion re-
covery through decreased STAT3 activation [10]. Conversely, this study demonstrated that
after HLI, IL-21 overexpression increased perfusion recovery as well as STAT3 activation.
Furthermore, we found that miR-30b, a molecule which is required for IL-21-induced angio-
genesis under ischemia, also increases STAT3 activation with reduced SOCS3 expression.
These data may suggest that miR-30b is in part or fully involved in IL-21-mediated STAT3
phosphorylation by targeting SOCS3 in hypoxia-dependent angiogenesis. In summary,
we have demonstrated that a novel angiogenic IL-21/IL-21R/miR-30b/STAT3 promotes
endothelial cell survival under ischemia in PAD.

4. Material and Methods
4.1. Hind-Limb Ischemia (HLI) Model, Perfusion Recovery, and In Vitro Transfection

Methods for the HLI model were performed as previously described [10,20,21]. Briefly,
unilateral femoral-artery ligation and excision were performed on the left side of mice.
Perfusion flow in the ischemic and contralateral non-ischemic limbs was measured on
day 0, 7, 14, and 21 post-HLI with laser Doppler perfusion imaging system (Perimed, Inc.,
Ardmore, PA, USA), as described previously [20,21]. Perfusion was expressed as the ratio
of the left (ischemic) to right (non-ischemic) hind limb. Limb necrosis was determined with
ordinal values, as described [22].

For IL-21 overexpression, a full-length murine IL-21 cDNA was purchased from
Open Biosystems (Huntsville, AL, USA). The cDNA was directionally cloned in the p-
cytomegalovirus (CMV)-TnT (Promega Corp., Madison, WI, USA) plasmid that directs high
expression from the CMV promoter upon transfection into mammalian cells. Resulting
clones were sequenced to verify that there were no errors introduced during the PCR
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cloning reactions. Mice were grouped to receive pCMV-TnT plasmid vectors delivering
IL-21 cDNA or a scrambled DNA sequence as a control. For mmu-miR-30b transfection,
expression plasmid of mmu-miR-30b-5p (pCMV-miR-30b) and empty vector (EV) control
were purchased from Origene (Rockville, MD, USA). Mice were grouped to receive pCMV-
miR-30b plasmid vector or EV. Plasmids were transfected into mouse hind-limbs via electric,
pulse-mediated gene transfer as described previously [21]. Mice were allowed to recover
for 3 days before use in experimental PAD studies. Animal studies were approved by the
Institutional Animal Care and Use Committee and conformed to the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes of Health.

4.2. Identification of Transcripts Regulated by IL-21R following HLI

Male C57BL/6J mice (14 to 18 weeks of age) were purchased from the Jackson Labo-
ratory (Bar Harbor, ME) for IL-21R-Fc treatment. A mouse IL-21R Fc chimera (IL-21R-Fc)
fusion protein was prepared in the Protein Expression Laboratory, National Cancer Institute
and was used to neutralize IL-21 [23]. IL-21R-Fc were injected at a dose of 0.2 mg/mouse
intra-peritoneally to C57BL/6J mice immediately (0) and 1, 3 and 5 days after surgical HLI
(n = 4), as previously described [10], and an equivalent dose of mouse IgG (Sigma-Aldrich,
St. Louis, MO, USA) was used in the control group (n = 4). Seven days after experimental
PAD, mice were euthanized, and gastrocnemius muscles from the mice with IL-21R-Fc or
control antibody treatment were harvested for RNA isolation and sequencing.

4.3. RNA Isolation and Sequencing

Total RNA was isolated from the ischemic gastrocnemius muscle (n = 4/group) us-
ing PureLink® RNA Kit (Life Technology, Grand Island, NY, USA), as previously de-
scribed [10,19]. The quality of RNA was monitored by RNA gel electrophoresis following
the manufacturer’s instructions. RNA sequencing (RNA-Seq) was performed as described
previously [24]. Briefly, RNA-seq libraries were constructed from 1 µg of total RNA using
the TruSeq Stranded Total RNA prep kit (Illumina, San Diego, CA, USA). The resulting bar-
coded libraries were sequenced on an Illumina NextSeq 500 using 150-cycle High Output
Kits (Illumina). Quality control of the resulting sequence data was performed using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc (accessed on 28 November
2021)). All data were analyzed using Illumina BaseSpace applications. Sequencing reads
were aligned to the mouse mm10 reference transcriptome and using the TopHat Alignment
v1.0.0 application [25]. Expression values (FPKM; Fragments Per Kilobase of transcript per
Million mapped reads) were then generated for each transcript and differentially expressed
transcripts (at a false discovery rate (FDR, q-value) of <0.1) were identified using Cufflinks
Assembly and Differential Expression v1.1.0 application.

4.4. Quantitative RT-PCR (qPCR)

To validate data from the RNA-seq, qPCR was performed using primer/probes from
Applied Biosystems (Foster City, CA, USA), similar to methods described previously [10,26].
Small nucleolar RNA MBII-202 (sno202) transcript was used for normalization of miRs
loading, and hypoxanthine-guanine phosphoribosyltransferase-1 (Hprt-1) was used for
normalization of mRNA loading. The 2−∆∆Ct method was used to calculate fold changes as
described previously [27,28].

4.5. Protein Analysis

Levels of selected target proteins were analyzed by Western blotting using antibodies
to total and phosphorylated (p)-signal transducer and activator of transcription (STAT) 1
(p-Y701), p-STAT3 (p-Y705), STAT3 (Cell Signaling, Danvers, MA, USA) and Suppressor of
cytokine signaling 3 (SOCS3, Cat# 626601, Biolegend, San Diego, CA, USA), as previously
described [29]. Western blots were analyzed by Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE, USA) and quantified by ImageJ software (National Institute of
Health, Bethesda, MD, USA).
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4.6. In Vitro Transfection, Cellular Viability and Angiogenesis Assay

Pooled human umbilical vein endothelial cells (HUVEC) were purchased (Cell Appli-
cations Inc., San Diego, CA, USA). To mimic the endothelial cells under ischemic condition
in HLI models, HUVECs were exposed to HSS conditions, as previously described. In vitro
transfection was performed to overexpress/knockdown using miR-30b (hsa-miR-30b-5p)
mimic or inhibitor, as previously described [18].

For cellular viability studies, HUVECs were plated in a 96-well plate at a density
of 1 × 104 cells/well (n = 8/group), and then cultured under HSS conditions for 48 h.
At the end of the incubation, cell viability was assessed using tetrazolium dye incor-
poration (BioVision, Milpitas, CA, USA). In vitro angiogenesis assay was performed as
previously described [10,17–19]. Briefly, after exposure to HSS conditions for 24 h, trans-
fected HUVECs were plated at a density of 1 × 104 cells/well on 96-well dishes which
were coated with growth factor-reduced Matrigel (BD Biosciences, San Jose, CA, USA),
and then exposed to HSS conditions for 6 h with rhIL-21 (50 ng/mL) or with vehicle alone
to assess tube formation. Each condition was performed in 6 wells. The degree of tube
formation was determined by measuring the length of the tubes and the number of loops
from each well under 40× magnification using the online WimTube application module
(Wimasis GmbH, Munich, Germany). Each experiment was repeated on at least 2 different
batches of HUVECs.

4.7. Data Analysis and Statistics

Statistical analysis was performed with GraphPad Prism software. An unpaired
t test was used for comparison between 2 groups, and comparisons in experiments with
≥3 groups were performed with one-way ANOVA and the Tukey post hoc test. Differences
in necrosis rate after HLI were analyzed by chi-square test. Statistical significance was set
at p < 0.05. Statistical methods of RNA-seq data are described in above in Section 4.3.
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