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Vascular occlusive diseases such myocardial infarction, peripheral artery disease of
the lower extremities, or stroke still represent a substantial health burden worldwide. In
recent times, they have come even more into focus as thromboembolic events associated
with vascular occlusive diseases are known to belong to the severe complications observed
in patients with SARS-CoV-2 infection [1]. To understand the mechanisms of blood flow
recovery in terms of arteriogenesis and therapeutic angiogenesis is a major goal in order to
develop efficacious non-invasive treatment options for afflicted.

This Special Issue of the International Journal of Molecular Sciences entitled “Arteriogen-
esis and Therapeutic Angiogenesis” follows up with recent advances that are specific to
that field of research.

One of the most important points is to identify vascular occlusive diseases already in
their beginning or early progression, enabling clinicians to induce natural bypass growth—a
process that is defined as arteriogenesis or that is referred to as therapeutic angiogenesis—
in time [2,3]. Since patients who are at that stage are often asymptomatic, this represents
a considerable challenge. In the current issue, Saenz-Pipaon et al. describe the need for
reliable biomarkers for peripheral artery disease (PAD), whereby they focus on the lower
limbs. PADs have a high prevalence, show a poor prognosis, and are associated with a
high risk of myocardial infarction and stroke. In their article, Saenz-Pipaon et al. discuss
the appropriateness of inflammatory molecules, liquid biopsies, and non-coding RNAs
and even focus on the potential of machine learning methods [4].

Mohamed Sabra and colleagues describe the mechanisms of vascularization, i.e. vas-
culogenesis, angiogenesis, and arteriogenesis, and critically elucidate the usefulness of
angiogenic therapies such as protein therapy, gene therapy, stem cell therapy, and extracel-
lular vesical therapy. Moreover, they address the relevance of patient selection and delivery
methods, and introduce bioinformatics and bioengineering as promising future tools for the
treatment of patients with vascular occlusive diseases [5]. The paper by Beltrain-Camacho
focusses on angiogenic cell therapy as a treatment option for critical limb ischemia, and
also the use of microRNAs, exosomes, and secretomes are briefly discussed [6].

The article by Ashraf and Zen is more oriented towards basic science and deals with
the function of the quiescent contractile and the proliferative synthetic phenotypes of a
vascular smooth muscle cell (VSMC) as well as the molecular mechanisms and regulations
of phenotype switching. Moreover, the article critically addresses the option to target
phenotype switching in patients aiming to promote arteriogenesis [7].

Zeen Aref and Paul Quax highlight the difficulty of investigating the mechanisms of
angiogenesis in hind limb ischemia models that are associated with arteriogenesis. They
introduce an in vivo Matrigel plug assay, which is superior to current hind limb models, as
it allows the analysis of ischemia-induced angiogenesis without the influence of collateral
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artery growth that is occurring in parallel [8]. Besides arteriogenesis also the mouse strain
chosen has a major influence on the outcome of angiogenesis. Kübler et al. address this
topic and explain the relevance of selecting the appropriate mouse stain depending on the
scientific question that is asked. In particular, they focus on the influence of C57BL/6J and
SV-129 strain-related differences in leukocyte recruitment in ischemic angiogenesis [9].

Cold-inducible RNA-binding protein (CIRP or CIRBP) is a stress inducible protein that
contains RNA and protein binding domains and that has recently come into the focus of
vascular research [10–12]. In the current issue of the International Journal of Molecular Sciences,
two groups have independently shown that the absence of CIRP promotes angiogenesis in
ischemic muscle tissue, and, interestingly enough, they have identified two independent
mechanisms. Kübler et al. have demonstrated that the absence of extracellular CIRP results
in a reduced number of M1-like polarized pro-inflammatory and an increased number of
M2-like polarized regenerative macrophages associated with reduced tissue damage and
an increased capillary to muscle fiber ratio [13]. Goossens et al. have identified CIRBP
as a negative modulator of angiogenesis through its function to regulate the angiomiRs
miR-329-3p and miR-495-3p [14], which have previously been shown to be involved in
vascular regeneration [10].

Yoshitomi and colleagues present the role of the AP-1 transcription factor family Jun B
in angiogenesis and highlight its function in tip cell formation and tissue-specific vascular
maturation [15].

Endoglin is a co-receptor of transforming growth factor-β1 (TGF-β1), and mutations
of this transmembrane protein are known to cause the vascular disorder hereditary hem-
orrhagic telangiectasia type 1(HHT1). By investigating Eng+/− mice in a myocardial
infarction model, Bakker et al. were able to show that these mice display more M1-like po-
larized macrophages, whereas the number of M2-like polarized macrophages was reduced.
These data somehow reflect data from the clinic, as patients with HHT1 also show an
increased number of inflammatory macrophages. Astonishingly, the treatment of Eng+/−
mice with a bone morphogenetic protein (BMP) receptor kinase inhibitor improved heart
function and vascularization, suggesting that the BMP receptor kinase may present a
promising therapeutic target for HHT1 patients in the future [16].

Gatina and co-workers investigated the serviceability of recombinant multicistronic
mutagenic contructs in terms of safety and efficacy to treat ischemic disease. By using
2A-peptide-based constructs encoding vascular endothelial growth factor (VEGF) and
fibroblast growth factor 2 (FGF2), they were able to demonstrate increased levels of the
named recombinant proteins along with an increased number of capillary-like structures in
genetically modified human umbilical vein endothelial cells (HUVECs) in vitro [17]. Last
not least, Baganha et al. investigated the suitability of two-photon intravital microscopy (2P-
IVM) to assess the permeability of microvessels in atherosclerotic vein grafts in mice. From
their study, they concluded that 2P-IVM is a promising tool that can be used to analyze
plaque angiogenesis and leakiness in preclinical atherosclerosis models in vivo [18].

In summary, we think that our new Special Issue on arteriogenesis and therapeutic
angiogenesis is a rewarding collection of original and review articles in the field of vascular
research that will serve as inspiration for future pioneering investigations looking into the
treatment of vascular occlusive diseases.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Peripheral arterial disease (PAD) of the lower extremities is a chronic illness predominantly
of atherosclerotic aetiology, associated to traditional cardiovascular (CV) risk factors. It is one of the
most prevalent CV conditions worldwide in subjects >65 years, estimated to increase greatly with
the aging of the population, becoming a severe socioeconomic problem in the future. The narrowing
and thrombotic occlusion of the lower limb arteries impairs the walking function as the disease
progresses, increasing the risk of CV events (myocardial infarction and stroke), amputation and
death. Despite its poor prognosis, PAD patients are scarcely identified until the disease is advanced,
highlighting the need for reliable biomarkers for PAD patient stratification, that might also contribute
to define more personalized medical treatments. In this review, we will discuss the usefulness of
inflammatory molecules, matrix metalloproteinases (MMPs), and cardiac damage markers, as well
as novel components of the liquid biopsy, extracellular vesicles (EVs), and non-coding RNAs for
lower limb PAD identification, stratification, and outcome assessment. We will also explore the
potential of machine learning methods to build prediction models to refine PAD assessment. In this
line, the usefulness of multimarker approaches to evaluate this complex multifactorial disease will be
also discussed.

Keywords: peripheral arterial disease; biomarkers; inflammation; coagulation; extracellular vesicles;
microRNAs; machine learning

1. Introduction

The term peripheral arterial disease (PAD) includes a range of non-coronary arterial
syndromes that are caused by an alteration in the structure and function of the arteries
supplying the brain, visceral organs, and extremities. Numerous pathophysiological
processes can contribute to the formation of stenosis or aneurysms in the non-coronary
circulation, but atherosclerosis is the most common lesion that affects the aorta and its
branches [1,2]. In this review, we will focus on lower extremity PAD referring to the chronic
lower limb ischemia of atherosclerotic origin.

It has been estimated that PAD affects 12–14% of the general population, approxi-
mately 202 million people across the world [2,3]. Its prevalence increases with age, affecting
around 10–25% of people older than 55 years, and 40% of those older than 80 years, being
associated with significant morbidity, mortality, and quality of life impairment [4,5].
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PAD, frequently accompanied by atherosclerosis in other vascular beds, exhibits higher
risk of ischemic events and death compared to other cardiovascular (CV) pathologies.
Likewise, coronary artery disease (CAD) is present in approximately 60–80% of patients
with PAD, whereas 12–25% suffer accompanying carotid artery stenosis [3,5]. In the REACH
(Reduction of Atherothrombosis for Continued Health) study 4.7% of PAD patients suffered
from concomitant coronary disease, 1.2% from concurrent cerebrovascular disease, and
1.6% presented both. Similarly, about one-third of men and one- quarter of women with
known coronary or cerebrovascular disease are diagnosed with PAD [6]. Moreover, the
severity of PAD is also associated to the prevalence of CAD. Conversely, left main coronary
artery stenosis and multivessel CAD are independent predictors of PAD, and patients with
PAD exhibit more advanced coronary atherosclerosis [2]. As a consequence, PAD patients
present a 20–60% higher risk of myocardial infarction, and a 2–6 fold higher risk of death
due to a coronary event [5,7], while the risk of stroke increases by approximately 40% [3,5].
The ARIC (Atherosclerosis Risk in Communities) study conducted among men with PAD
showed 4–5 times higher risk of having a stroke or a transient ischemic attack than those
without PAD, although in women, the association was not significant [8]. Indeed, it has
been recently described that PAD is an equivalent risk factor to CAD for CV death [5].

Individual risk estimation of PAD is based on the Fontaine or Rutherford classification
in combination with the ankle-brachial pressure index (ABI), which is the current gold
standard for vascular severity categorization. The aforementioned scales divide lower
extremity PAD into two major groups: namely patients with intermittent claudication (IC,
Fontaine I and II), the most common clinical presentation at early stages associated to mild
symptoms, and chronic limb-threatening ischemia (CLI, Fontaine III and IV) including
patients at more advanced stages that can develop ischemic ulcerations or gangrene of
the foot [9]. The ABI is a non-invasive test able to detect arterial occlusive disease in
symptomatic patients, but more importantly, also in asymptomatic patients, presenting a
sensitivity of 95% and a specificity of 100% compared with arteriography when assessing
PAD vs controls. ABI values ≤0.90 are generally considered diagnostic of PAD although so
far, no strong evidence supports its relationship with CV morbi-mortality or a reduction
in thrombotic events and death by the treatment of screening-detected PAD patients [4].
Despite the high discriminative power of ABI for stenotic plaques, it is not useful to identify
patients at the initial phases of the disease, when atherosclerotic lesions are not big enough
to promote a hemodynamically significant stenosis. Moreover, in the subgroup of diabetic
patients ABI loses sensitivity due to arterial calcification, often rendering values above 1.4,
that have not been correlated clinically with increased CV morbidity and mortality [4]. In
consequence, PAD is often undiagnosed and untreated, especially in the early stages of the
pathology or in diabetic patients, presenting silent rates of about 50% [5], highlighting the
need of early diagnosis and prognosis markers, and novel therapeutic targets for lower
limb PAD.

Considering the lack of precise biomarkers for PAD assessment, and the key role of
inflammation and vessel remodelling in atherosclerotic plaque progression and rupture,
several authors have evaluated the levels of proteins related to those pathological processes
in this regard (Figure 1). The circulating concentrations of some cytokines (C reactive
protein (CRP) or Interleukin (IL)-6), coagulation factors (D-dimer or fibrinogen), proteases
(Matrix metalloproteinases (MMPs) and their inhibitors, tissue inhibitors of metallopro-
teinases (TIMPs)) or cardiac damage markers have been reported to be increased in PAD
patients according to pathological stages and CV complications [10–13], while other oxida-
tive stress markers, and angiogenesis-related molecules rendered inconclusive results [12].
Most interestingly, extracellular vesicles (EVs) and non-coding RNAs are emerging as novel
biomarkers and/or biological effectors in PAD pathophysiology [14,15]. Whether these
candidates will improve the risk estimation associated to traditional CV risk factors is still
unclear and will need to be further evaluated, not only by single biomarker assessment,
but also and more interestingly, by combining groups of biomarkers and clinical parame-
ters. Machine learning (ML) offers the possibility to model large datasets integrating all
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biological variables [16]. By doing so, these algorithms build prediction models aiming to
help clinicians to better diagnose and estimate CV risk also in the context of PAD.

Figure 1. Circulating biomarkers in atherosclerosis and PAD pathophysiology. At early stages of atherosclerosis, endothelial
dysfunction leads to increased levels of proinflammatory cytokines (IL1β, IL6, CRP, MCP-1), extracellular vesicles (EVs),
proteases (MMPs), and adhesion molecules (E-selectin, P-selectin, ICAM, VCAM,) that contribute to monocyte recruitment
and infiltration into the intima. Microenvironmental factors such as MMPs orchestrate plaque progression by regulating
macrophage polarization towards proinflammatory (M1) or anti-inflammatory (M2) phenotypes, which are predominantly
located in unstable areas (i.e.,: plaque shoulder) or neovascularization regions, respectively. In advanced lesions, inflam-
matory factors and MMPs exacerbate fibrous cap thinning and contribute to plaque instability, rupture, and formation of
fibrin clot. Extracellular vesicles (EVs), mainly of platelet origin, also participate in thrombus formation according to the
exposure of procoagulant factors (e.g.,: tissue factor and phosphatidylserine). In addition, reduced tissue perfusion due
to arterial stenosis and thrombosis might cause increased levels of tissue damage-related biomarkers such as NT-proBNP
or hs-TnT. CRP, C reactive protein; DC, dendritic cells; ICAM, intercellular adhesion molecule; IL, interleukin; MCP-1,
monocyte chemoattractant protein; MMPs, matrix metalloproteinases; NT-proBNP, N-terminal pro-brain natriuretic peptide;
oxLDL, oxidized Low Density Lipoproteins; hs-TnT, high sensitivity troponin T; VCAM, vascular cell adhesion molecule;
VSMC, vascular Smooth Muscle Cells.

7



Int. J. Mol. Sci. 2021, 22, 3601

In this review, we will summarize the current status of different sets of circulating
biomarkers, EVs, and non-coding RNAs for lower extremity PAD diagnosis and outcome
assessment. Moreover, we will also discuss how the implementation of multimarker
approaches and machine learning methods can produce more accurate disease classification
and prediction models.

2. Inflammation and Coagulation Biomarkers in PAD

Low grade inflammation has been involved in all the phases of PAD, from atheroscle-
rosis initiation to progression, and from plaque rupture to thrombosis. Accordingly, in
the last decades several inflammatory and haemostatic molecules have been evaluated
as possible biomarkers for PAD assessment, although it still remains controversial how
or whether they will be able to outperform traditional CV risk factors [17,18] (Table 1).
CRP, an acute phase reactant, is one of the most studied inflammatory molecules for PAD
evaluation. Early in 2001, Ridker PM et al. reported the use of CRP as a potential marker of
incident PAD [19], which was later confirmed by other authors [14,20]. In addition, several
prospective studies have reported increased levels of CRP in PAD patients compared to
controls [14,21–24] and an association with PAD severity and ABI [25–27]. CRP has also
been proposed as a marker of worse outcome considering major CV events (stroke and
myocardial infarction), major amputation/revascularization and mortality in high risk
PAD patients [14,23,28], although it has been suggested that CRP might be more useful
for short-term risk prediction rather than for long-term evaluation [29,30]. In this line, a
meta-analysis by Singh TP et al. including studies with samples sizes ranging from 51 to
1157 patients reported an associated hazard ratio of 2.26 (1.65–3.09) for the categorized CRP
variable and CV events and death in a follow-up ≤2 years [11]. Similarly, Kremers B et al.
comprising 13 studies found that patients with increased CRP levels had a relative risk of
1.86 (1.48–2.33) for major adverse cardiovascular events (MACE), and of 3.49 (2.35–5.19)
for mortality [10]. These evidences suggest the potential use of CRP for PAD diagnosis
and prognosis. It is worth considering however, that some of the summarized papers
were conducted with a limited number of patients (Table 1), and that in many cases risk
prediction was estimated in the short term, rather than in the long term.

Table 1. Inflammatory biomarkers in lower limb PAD diagnosis and prognosis.

Assessed Biomarkers Type of Biomarker Studied Groups (n) Outcome Refs.

CRP, D-dimer, fibrinogen,
NT-proBNP and cTnT Prognosis

Systematic review and
meta-analysis with 47

studies, 1990–2015. PAD
patients (21,473).

Minimum follow up 1 year.

Increased CRP (RR: 3.49, 95% CI:
2.35–5.19), D-dimer (RR: 2.22, 1.24–3.98),
fibrinogen (RR: 2.08, 95% CI: 1.46–2.97),
NT-proBNP (RR: 4.50, 95% CI: 2.98–6.81)
and cTnT (RR: 3.33, 95% CI: 2.70–4.10)
predicted risk of mortality in
PAD patients.
Association of CRP with MACE (RR:
1.86, 95% CI: 1.48–2.33).

[10]

CRP Prognosis

Systematic review and
meta-analysis with 16

studies, 2002–2017.
Participants (5041).

Minimum follow up 1 year.

Higher CRP levels predict MACE in
PAD patients (HR: 1.38, 95% CI:
1.16–1.63, per unit increase in logeCRP).

[11]

CRP Diagnosis
Prognosis

PAD patients (317) and
healthy controls (100).

Mean follow up 3.6 years.

Increased CRP levels in PAD patients.
Predictor of amputation (SHR: 1.76, 95%
CI: 1.48–2.09) and MACE (amputation
and CV mortality) (SHR: 1.53, 95% CI:
1.35–1.75).

[14]
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Table 1. Cont.

Assessed Biomarkers Type of Biomarker Studied Groups (n) Outcome Refs.

CRP Diagnosis

Prospective cohort (14916);
symptomatic PAD (140)

and healthy controls (140).
Mean follow up 9 years.

Associated to incident PAD (RR: 2.8,
95% CI: 1.3–5.9). [19]

CRP Diagnosis

ARIC Study 1996–1998.
Participants (9851), cases of
PAD (316). Median follow

up 17.4 years.

Associated to incident PAD and CLI
(HR per 1 SD increase: 1.34, 95% CI:
1.18–1.52 and 1.34, 95% CI: 1.09–1.65,
respectively).

[20]

CRP, IL-6 & TNF-α Diagnosis PAD patients (55) and
healthy controls (34).

Increased CRP, IL-6 and TNF-α levels in
PAD patients. IL-6 associated to PAD
severity (ABI ≤ 0.90).

[21]

CRP, IL-6, TNF-α &
ICAM-1 Diagnosis

PAD patients with
intermittent claudication

(75) and healthy
subject (43).

Increased CRP, IL-6, TNF-α and ICAM-1
levels in PAD patients and inversely
associated with maximal walking
distance.

[22]

CRP, IL-6, TNF-α &
VCAM-1

Diagnosis
Prognosis

PAD patients (60) and
healthy controls (50). Mean

follow up of 2.24 years.

Increased CRP, IL-6 and TNF-α levels in
PAD patients. CRP, IL-6, TNF-α and
ICAM-1 associated with ABI. PAD
patients with CRP > 1 mg/L had 4-fold
higher risk of ischemic event or death.

[23]

CRP, IL-6, ICAM-1 &
D-dimer Diagnosis PAD patients (62) and

healthy controls (18).
Increased CRP, IL-6, ICAM-1 and
D-dimer levels in PAD patients. [24]

CRP, IL-6, TNF-α,
ICAM-1 & fibrinogen

Diagnosis
Prognosis

Framingham Offspring
Study 1998–2001.

Participants (2800),
ABI < 0.9 (111).

CRP, IL-6, TNF-α and fibrinogen
inversely associated to ABI. IL-6 related
to ABI (OR: 1.21, 95% CI: 1.06–1.38) and
intermittent claudication or lower
extremity revascularization (OR: 1.36,
95% CI: 1.06–1.74).

[26]

CRP, IL-6, ICAM-1 &
VCAM-1 Diagnosis

Edinburgh Artery Study
1988. Participants (2800).
Follow up 5 and 12 years.

CRP, IL-6, ICAM-1 and VCAM-1
associated to PAD severity. IL-6
predicted ABI at 5 and 12 years.

[27]

CRP Prognosis
PAD patients with (29) or
without (38) adverse CV

events. Follow up 5 years.

CRP levels were higher in PAD subjects
with adverse CV events. [28]

CRP Prognosis
PAD patients (397).

Average follow up 6.6
years.

CRP predicts total mortality at 2-years
follow-up (HR = 1.56 per SD). [29]

CRP & D-dimer Prognosis PAD patients (377). Follow
up 4 years.

CRP and D-dimer predicts all-cause
mortality within 1 and 2 years of
follow-up (HR: 1.15, 95% CI: 1.06–1.24
and 1.14, 95% CI: 1.02–1.27,
respectively).

[30]

CRP, D-dimer &
fibrinogen Diagnosis PAD patients (45) and

healthy controls (44).
CRP, D-dimer and fibrinogen were
higher in PAD and associated to ABI. [31]

CRP Diagnosis PAD patients (463). Mean
follow up 6.1 years.

Higher CRP levels in patients with CLI
compared to IC. [25]

CRP Prognosis PAD patients (68). Follow
up 6 months.

Pre- and post-operative (24 h) IL-6 levels
and post-operative (24 h) CRP levels
associated with six-month in-stent
restenosis (OR: 1.11, 95% CI: 1.00–1.23,
1.04, 95% CI: 1.02–1.06 and 1.15, 95% CI:
1.04–1.26, respectively).

[32]
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Table 1. Cont.

Assessed Biomarkers Type of Biomarker Studied Groups (n) Outcome Refs.

IL-6, TNF-α, ICAM-1 &
VCAM-1 Diagnosis PAD patients (20) and

healthy controls (20).

Circulating IL-6, TNF-α, ICAM-1 and
VCAM-1 levels were higher in
PAD patients.

[33]

IL-6, TNF-α, ICAM-1 &
VCAM-1 Diagnosis PAD patients (80) and

healthy controls (72).
All inflammatory and adhesion markers
were higher in PAD patients. [34]

CRP, IL-6, ICAM-1,
VCAM-1 and D-dimer Diagnosis PAD patients (423).

CRP, IL-6, ICAM-1, VCAM-1 and
D-dimer related to impaired lower limb
functionality.

[35]

IL-6 Diagnosis PAD patients (38). 1 year
follow up.

Higher IL-6 levels were related to
impaired walking distance. [36]

VCAM-1 Diagnosis PAD patients (51) and
healthy controls (75). VCAM-1 is increased in PAD patients. [37]

ICAM-1, VCAM-1 &
D-dimer Diagnosis PAD patients (60) and

healthy controls (20).
ICAM-1, VCAM-1 and D-dimer
increased in CLI patients. [38]

Fibrinogen Prognosis
FRENA registry. PAD
patients (1363). Mean
follow up 18 months.

High fibrinogen associated with
ischemic events (HR: 1.61, 95% CI:
1.11–2.32) or major bleeding (HR: 3.42,
95% CI: 1.22–9.61).

[39]

Fibrinogen Prognosis
LEADER trial 1992-2001.

PAD patients (785). Follow
up 3 years.

Fibrinogen predictor of death at 6
months (OR: 1.65, 95% CI: 0.96–2.73)
and 3 years (OR: 1.44, 95% CI:
1.02–1.94).

[40]

Fibrinogen Prognosis PAD patients (486).
Median follow up 7 years.

Fibrinogen levels predict risk of
all-cause mortality (HR: 1.90, 95% CI:
1.11–3.41 for fibrinogen >12.2μmol/L)
and CV death (HR: 2.68, 95% CI:
1.39–5.16 for fibrinogen >12.2 μmol/L).

[41]

D-dimer Prognosis
BRAVO study 2009. PAD
patients (595). Follow up

3 years.

D-dimer levels were increased in PAD
patients 2 months before an ischemic
heart event.

[42]

NLR Diagnosis
PAD patients (733).
Median follow-up

10.4 months.

Elevated NLR associated with severe
PAD (OR: 1.07, 95% CI: 1.00–1.15). [43]

NLR Diagnosis PAD patients (300). NLR inversely associated with ABI. [44]

NLR Diagnosis PAD patients (153) and
controls (128). NLR correlated to PAD severity. [45]

NLR Prognosis CLI patients (172). Mean
follow up 34.7 months.

NLR predicted amputation risk (HR:
1.14, 95% CI: 1.08–1.19). [46]

NLR Prognosis
PAD patients (593).
Median follow-up

20 months.

High NLR (>3.0) was an independent
predictor of long-term cardiovascular
mortality (HR: 2.04, 95% CI: 1.26–3.30).

[47]

NLR Prognosis PAD patients (95). Follow
up 2 years.

Postoperative high NLR (≥2.75)
predicts target vessel revascularization
(HR: 3.1, 95% CI: 1.3–7.7) in PAD
subjects after angioplasty with stent
implantation.

[48]

NLR Prognosis CLI patients (561). Median
follow up 31 months.

Preoperative high NLR (>5) correlated
with 5-year amputation-free survival
(HR: 2.32, 95% CI 1.73–3.12) in PAD
patients subjected to infrainguinal
revascularization.

[49]
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Table 1. Cont.

Assessed Biomarkers Type of Biomarker Studied Groups (n) Outcome Refs.

NLR Prognosis PAD patients (1228).
Minimum follow up 1 year.

Preoperative NLR associated with
MALE (HR: 1.09, 95% CI: 1.07–1.11) and
10-year mortality (HR: 1.09, 95% CI:
1.07–1.12) after revascularization
(stenting/bypass graft).

[50]

NLR Prognosis
PAD patients (83).
Follow-up period

12 months.

PAD patients with high NLR (≥5.25)
had increased risk of death (HR: 1.97,
95% CI: 1.08–3.62) compared with low
NLR subjects (<5.25).

[51]

CRP, C reactive protein; IL-6, interleukin-6; TNF-α, tumor necrosis factor α; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular
cell adhesion molecule 1; NLR, neutrophil-to-lymphocyte ratio; ABI, Ankle brachial index; MACE, major adverse cardiovascular events;
MALE, major adverse limb events; PAD, peripheral arterial disease; IC, intermittent claudication; CLI, Critic limb ischemia; HR, Hazard
ratio; SHR, Sub-Hazard ratio; RR, Relative risk; SD, standard deviation.

The impact of other inflammatory biomarkers for PAD diagnosis and prognosis has
been also evaluated (Table 1). For instance, IL-6, IL-8, pentraxin-3, neutrophil gelatinase-
associated lipocalin (NGAL), calprotectin or tumor necrosis factor (TNF)-α were signifi-
cantly higher in PAD patients compared with healthy controls [14,21–24,33,34], and some
of these candidates; IL-6, TNF-α, and pentraxin-3 were associated to PAD severity, assessed
either by ABI or clinical scales [21,23,52]. Among those pro-inflammatory markers, IL-6
stands out as a prominent predictor of functional outcomes. In the Edinburgh Artery
Study, IL-6 showed more consistent and stronger independent predictive value than CRP
and soluble adhesion molecules for PAD progression [27]. As such, initial levels of IL-6
showed an association with ABI changes at five and 12 years of follow-up, while CRP was
only associated with ABI changes at 12 years [27]. Similarly, Murabito JM et al. described
that among different inflammatory molecules, namely CD40L, CRP, monocyte chemoat-
tractant protein (MCP)-1, and myeloperoxidase, only IL-6 and TNF receptor (TNFR)-2
remained significantly associated with hemodynamic or clinical PAD after adjustment for
confounding factors [26]. Levels of inflammatory biomarkers have been also explored in
relation to lower limb functional impairment in PAD patients with claudication, showing
an inverse correlation between high levels of IL-6 and TNF-α with the maximal walking
time [22]. In line with these results, increased blood concentrations of CRP and IL-6 were
significantly correlated with poorer six-minute walk performance in PAD [35]. Recently
Russell KS et al. reported that reducing inflammation with an anti-IL-1β neutralizing
antibody (canakinumab) improved walking performance in PAD patients and IC [36]. The
canakinumab treated patients presented a reduction in blood CRP and IL-6, that was more
significant and consistent for circulating IL-6 compared to CRP during the follow-up [36].
Regarding in-stent restenosis, Ueki Y et al. found no differences in the maximum change of
IL-6, MCP-1, and TNF-α between patients with and without restenosis with a mean follow-
up of 1 year [53], while a latest study by Guo S et al. reported an independent association
between the pre- and post-operative (24 h) IL-6 levels and six-month in-stent restenosis,
while for CRP the association was only found with the 24 h postintervention levels [32]. In
summary, these data support a prominent role of inflammation in PAD, specially of IL-6,
and suggest that its pharmacological modulation, even if indirect, might be a therapeu-
tic alternative for PAD patients. Larger studies should be performed to corroborate the
possible use of IL-6 as a biomarker for PAD and/or as pharmacological target.

The lack of reliable biomarkers in PAD has extended the study to adhesion molecules,
selectins, and haemostatic candidates rendering dissimilar results. Higher circulating
levels of soluble intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule
(VCAM)-1, E-Selectin, L-Selectin, P-Selectin, neopterin, serum amyloid A, and D-dimer
have been reported in PAD patients compared to control groups, while for fibrinogen only
a moderate increase was found [22,24,31,33,34,37]. Another study reported differences in
blood levels of P-Selectin, platelet factor 4, VCAM, thrombin-antithrombin complex, pro-
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thrombin fragments 1+2, and D-dimer only when assessing CLI vs control, but not when IC
was examined [38], whereas Beckman JA et al. found no differences at all in VCAM-1 and
ICAM-1 levels between PAD patients and controls [23]. Similarly, blood concentrations of
P-selectin, ICAM-1, and fibrinogen have been significantly related to both ABI and clinical
PAD in the Framingham Offspring Study participants [26], while other authors found no
such associations [23,37]. In the Edinburgh Artery Study, only ICAM-1, but not VCAM-1 or
E-selectin, was independently correlated with changes in ABI at 12 years of follow-up [27].
Additionally, a slower fast-paced walking speed was associated to higher levels of VCAM-
1, ICAM-1 and D-dimer in PAD patients [22,35]. Regarding other outcomes, increased
fibrinogen levels were associated with subsequent ischemic events and major bleeding at
the FRENA (Factores de Riesgo y Enfermedad Arterial) registry [39] and with mortality risk
in other studies [40,41]. Similarly, D-dimer, the degradation product of crosslinked fibrin,
was increased in PAD patients suffering ischemic heart disease compared to the non-event
group [42], and was associated with all-cause mortality within 1 and 2 years of follow-
up [30]. Finally, the neutrophil-to-lymphocyte ratio (NLR), obtained from the hemogram
data, has been shown to be predictor of PAD diagnosis [43–45,54] and poor outcome [46,55].
Ertuk M et al. described a two-fold increase in CV mortality risk in IC and CLI patients
presenting NLR>3 [47]. Moreover, in patients undergoing endovascular intervention high
preoperative NLR has been independently associated to post-procedural restenosis [48],
major adverse limb events (MALE) and death [49–51,54]. Despite the abundant evidences
gathered in the literature, the role of adhesion and hemostatic molecules for PAD diagnosis
and prognosis still remains unclear. One of the main limitations might be related to the
disparity in the recruited patient numbers among different studies (Table 1). The NLR
however, easier to calculate from the hemogram, seems a promising candidate in PAD
assessment, although risk prediction stratification would benefit from a comparable NLR
cut-off point in different scenarios.

Multimarker approach: PAD is a multifactorial disease and single biomarker deter-
mination might not be able to completely reflect the complex pathophysiological pro-
cesses underlying vascular remodeling. Moreover, different inflammatory proteins might
represent distinct molecular pathways operating through different mechanisms [56]. In
consequence, it has been proposed that a multimarker approach might be more useful for
PAD evaluation [10]. For instance, in the ARIC study the addition of galectin-3 and hs-CRP
to traditional atherosclerotic predictors improved the risk prediction of PAD incidence [20].
Regarding PAD severity, Egnot NS et al. identified two biomarker groups associated to
low ABI; one consisting of the inflammatory markers CRP, IL-6 and fibrinogen, and the
second including the coagulation markers D-dimer and pentraxin-3 [57]. Surprisingly
coagulation markers presented a stronger association with lower ABI compared to in-
flammatory molecules [57]. As such, the relative risk for cardiovascular mortality on IC,
but not on CLI, was five times higher when considering the combination of α-defensin
and CRP than when assessing either α-defensin, or CRP alone [25]. In addition, a recent
report from our lab shows that the combination of calprotectin and CRP increased the risk
for amputation and CV mortality when compared with each protein independently [14].
These reports suggest that single biomarker approaches might be too simplistic to predict
complex multifactorial diseases such as PAD, and urge the discovery of those molecular
partners that in combination might render the best outcome for PAD assessment.

3. MMPs/TIMPs in PAD

MMPs are a family of zinc-dependent enzymes that catalyse the proteolysis of extra-
cellular matrix proteins, being negatively regulated by the TIMPs (−1 to −4) that directly
bind to their catalytic domain. MMPs are produced by many inflammatory cells partici-
pating in numerous physiological and pathological processes. In atherosclerosis, MMPs
dysregulation is associated with leukocyte infiltration, vascular smooth muscle cell (VSMC)
migration and plaque formation. Moreover, MMPs seem to be involved in vascular re-
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modelling, intimal thickness, and lumen narrowing during restenosis after endovascular
treatment of atherosclerotic lesions.

Circulating MMPs are being increasingly recognized as biomarkers of atherosclero-
sis and CV risk. In PAD, MMPs have been implicated in the inflammatory process of
atherosclerosis, degrading collagen and allowing VSMC migration within the vessel wall,
leading to vessel occlusion and ischemia. In a large community-based study, patients with
previously undetected ABI ≤ 0.9 presented higher levels of the MMP-2/MMP-9 ratio com-
pared to non-PAD control subjects (1.4 > ABI > 0.9) [58], and high levels of both gelatinases,
MMP-2 and -9, were also reported in diagnosed PAD patients compared to controls [24,34].
As for other MMPs: MMP-1, -3, -7, -10, -12, and -13 were elevated in PAD patients vs.
controls, while TIMP-1 levels were lower [59,60]. Furthermore, MMP-8, -9, -10, and -13
significantly correlated with lipid levels, and MMP-10 with age and hypertension in PAD
patients [59]. These data suggest that MMPs may be associated with PAD development,
although to corroborate that the combined measurement of MMPs and ABI will be able
to improve the diagnosis and posterior treatment of PAD, further long-term and larger
studies should be performed.

Moreover, patients with CLI, the most severe form of PAD, had increased MMP-10
and TIMP-1 levels compared with IC, and those in the highest MMP-10 tertile presented
an elevated incidence of mortality, either all-cause or CV [60]. In line with this results,
Tayebjee MH et al. observed higher MMP-9 and TIMP-1 levels in CLI patients compared
with IC, that correlated with white cell count, whereas no differences were reported in
circulating TIMP-2 [61]. It has been proposed that the observed rise in circulating TIMP-
1 in CLI could be related to the increased proteolytic activity of vascular patients, or
reflect the enhanced fibrosis shown by these subjects [60,61]. Likewise, skeletal muscles
of CLI patients presented increased mRNA and protein levels of MMP-9, -19, TIMP-
1 and -2 compared to controls, whereas MMP-2 rendered inconclusive results [62]. In
experimental models of hind limb ischemia, the levels and activity of MMP-2, -9, and -10
significantly increased in crural muscle after femoral artery ligation [63–65], and MMP-9
deficiency resulted in reduced tissue perfusion. The role of MMP-9 in arteriogenesis and
angiogenesis still remains controversial. As such, Meisner JK et al. reported decreased
necrotic and fibroadipose tissue clearance in MMP-9 knockout mice after femoral artery
ligation despite normal arteriogenic and angiogenic vascular growth [66], while other
authors described reduced capillary density and impaired EPC mobilization in absence
of MMP-9 [67,68]. In addition, MMP-10 deficiency resulted in increased skeletal muscle
necrosis and inflammatory cell infiltration early after femoral ischemia, that resulted in
delayed muscle recovery at the regenerative phase [65]. These data suggest the contribution
of the MMPs/TIMPs system to the pathophysiology of PAD.

Endothelial dysfunction is a key process leading to atherosclerosis and PAD, and
the organism tries to counterbalance its progress by activating endothelial progenitor
cell (EPC) mobilization and homing to the sites of vessel injury to induce repair. EPCs
mobilization from the bone marrow is triggered by inflammation and MMPs activity. As
such, Morishita T et al. investigated the pattern of EPCs mobilization and their association
with inflammation and oxidative stress markers in patients with PAD [69]. They reported an
increase in the number of circulating EPCs in the moderate phases of PAD, that decreased
in the advanced phases of the disease, and was negatively correlated with the expression
of membrane type-1 MMP (MT1-MMP) on peripheral blood mononuclear cells. MT1-MMP
is an important regulator of EPC mobilization and angiogenesis [70] that cleaves CD44
adhesion molecule and reduces bone marrow stromal and progenitor cells interaction from
bone marrow. These data suggest that the biphasic response of EPCs in PAD pathogenesis
could be associated with changes in MT1-MMP expression [69], although its role as a
potential biomarker in PAD needs to be confirmed in larger cohorts.

Vascular complications, including PAD, are more frequent among diabetics, and thus
it has been hypothesized that MMPs are preferentially activated in patients with both
pathologies. Increased plasma levels and zymographic activity of MMP-2 and MMP-9 has

13



Int. J. Mol. Sci. 2021, 22, 3601

been shown in patients with type II diabetes, regardless their vascular status, in comparison
with normal volunteers [71]. However, when comparing diabetic subjects with and with-
out PAD, only plasma MMP-2 zymographic activity was higher in those presenting both
pathologies vs. diabetes alone, while for MMP-9 activity no differences were observed [71].
Supporting these results, Chung AWY et al. reported an upregulation of MMP-2 and
MMP-9 gene expression and gelatinolytic activity in mammary arteries of diabetic pa-
tients, that correlated positively with that of angiostatin, an antiangiogenic molecule, and
negatively with VEGF, contributing likewise to impair blood vessel formation and PAD
development in diabetic patients [72]. Similarly, a study with a larger sample size of type 2
diabetic patients (n = 302) reported elevated levels of MMP-2 in patients with PAD and
diabetes, compared to non-PAD diabetics, which was accompanied with an increase in
elastin degradation products (ELM), suggesting the regulation of MMP-2 and ELM by
hyperglycemia in patients with PAD [73].

Endovascular surgery (angioplasty/stent) has become the first election therapy for
most patients with PAD. However, balloon inflation and stent placement induced arterial
wall damage may alter MMPs expression, contributing to constrictive remodelling, intimal
thickening and re-stenosis [74,75]. In symptomatic PAD patients undergoing elective
lower limb percutaneous revascularization (angioplasty/stent) the periprocedural profile
of circulating MMP-2, -3, -7, and -9 and TIMP-1 and -2 has been documented. Compared to
admission values, there was a significant elevation in serum MMP-3 and -7 levels 24 h after
intervention, whereas no significant alterations were found in MMP-2, -9, TIMP-1 and -2
levels. The question remains on how the increased activity of specific MMPs, in this case
MMP-3 and -7, after endovascular recovery affects this process and whether they might be
biomarkers of post-procedure outcomes or therapeutic targets [76].

Finally, midfoot amputation, performed simultaneously to distal revascularisation,
potentially leads to major amputation, and significantly increases morbidity and mortality.
Despite a successful reconstruction, the failure rate of minor amputations is up to 45%, and
almost 30% of patients required a major amputation [77–79]. The healing progression is
closely related to extracellular matrix synthesis and degradation and is mediated by MMPs.
Specifically, it has been reported that MMP-2 and MMP-9 play a major role in this process
regarding their affinity for basement membrane collagen type IV and laminin [80]. Sapienza
P et al. analyzed plasma MMP-2 and MMP-9 levels in three groups of patients, those that
underwent an infrapopliteal vein graft and midfoot amputation, others undergoing post-
traumatic midfoot primary amputation without PAD, and in healthy controls with normal
LDL-cholesterol levels and without atherosclerotic lesions (excluded by ultrasonography
and ABI measurements). The postoperative high levels of MMP-2 and -9 were predictive
of wound healing failure at three, six, and nine months in PAD patients. Furthermore,
MMP-2, and -9 were even higher and more persistent in the subgroup of patients with
occlusion of the vein graft at all tested time points. These results suggest that monitoring
MMP-2 and MMP-9 might help in the identification of patients at risk of healing failure of
midfoot amputation after distal revascularisation, and predict the fate of the vein graft [81].

MMPs have been involved in all stages of atherosclerosis, but also in matrix remod-
eling in restenosis processes post angioplasty. As such, their circulating levels have been
evaluated as markers of PAD incidence, diagnosis and risk stratification by different au-
thors. However, no clear consensus has been reached on which of the studied MMPs
are the most promising for PAD assessment or whether this approach will benefit from
the combination of several MMPs. Studies including different MMPs in larger cohorts
with longer follow-up periods will need to be performed in order to clarify their utility in
this regard.

4. Cardiac Damage Biomarkers in PAD

N-terminal pro-brain natriuretic peptide (NT-proBNP) and troponin (in particular
high sensitivity troponin T, hsTnT), are the most accepted specific biomarkers of cardiac
damage, which are released in conditions of cardiomyocyte stress and/or injury. While the
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mechanisms linking PAD and the cardiac release of these biomarkers are likely multifacto-
rial, probably related to the high coexistence of PAD and CAD, and have not been fully
elucidated, several studies have reported associations between these biomarkers and the
evolution and prognosis of lower extremity PAD [10].

Recent data obtained in more than 12,000 subjects from the ARIC study showed
that elevated NT-proBNP and hs-TnT levels were independently associated with incident
symptomatic PAD (i.e., hospitalizations with PAD diagnosis or leg revascularization),
especially in the cases of CLI [82]. Similarly, NT-proBNP was associated with incident
symptomatic PAD in individuals from the cardiovascular cohort of the Malmo Diet and
Cancer study [83], and it was also independently associated with PAD incidence in African-
Americans and with the ABI in both African-Americans and non-Hispanic whites [84].
On the other hand, detectable hsTnT in the CAVASIC study (male patients with IC) was
associated with an 84% higher probability of symptomatic PAD [85]. Moreover, in patients
with chronic kidney disease from the CRIC study, hsTnT was independently associated
with incident PAD over a mean follow-up of 7.4 years, and its addition to the Framingham
risk score improved PAD discrimination [86]. Of note, within the PAD spectrum hsTnT
levels were higher in patients with CLI than in those with IC [87].

Cardiac biomarkers have also shown prognostic value in PAD patients. Indeed, NT-
proBNP has been reported as an independent predictor of mortality during a 5-year follow-
up in symptomatic PAD patients from the LIPAD study [88,89]. It was also associated
with higher rates of CV events, including CV mortality or hospitalization for myocardial
infarction, stroke or coronary revascularization in male PAD patients [90]. In addition,
the combination of NT-proBNP, CRP and average day pulse pressure added on top of
relevant risk factors improved risk discrimination and net reclassification index in these
patients [90]. Nevertheless, there are some conflicting data on the usefulness of this
biomarker; whereas male patients with peripheral arterial occlusive disease who suffered a
MACE during follow-up presented higher NT-proBNP levels at baseline, this association
was not maintained in multivariable regression models [91]. In a relatively small study
performed with 95 PAD patients, both NT-proBNP and hsTnT were associated with a
higher risk of mortality, but after adjustment by age, gender, prior cerebral artery disease
and diabetes mellitus only hsTnT remained statistically significant [92]. Interestingly, in
receiver operating characteristics (ROC) analyses hsTnT, NT-proBNP and their combination
were superior to carotid intima-media thickness and ABI for discriminating mortality
risk [92]. Reinforcing the clinical usefulness of hsTnT in this context, in the CAVASIC study
detectable hsTnT was associated with a higher risk of all-cause mortality and incident CV
disease during a seven-year follow-up in adjusted models [85].

Finally, cardiac biomarkers might also provide some useful information on patient
evolution after endovascular revascularization. In a large retrospective study with over
1,000 patients detectable hsTnT (>0.01 ng/mL) was associated with higher rates of mortality
and amputation during a 1-year follow-up and this association was maintained after
adjusting for potential confounding factors [93]. Similarly, after endovascular therapy
for acute limb ischemia elevated hsTnT was associated with worse in-hospital outcomes
(i.e., mortality or amputation) after adjusting for clinically relevant risk factors including
history of CAD [94]. Moreover, myocardial injury after revascularization in CLI, defined
by a plasma hsTnT ≥ 14ng/L and an increase of at least 30% from the baseline value was
associated with a worse outcome, including MACE and mortality [95]. Interestingly, 85%
of patients with hsTnT values reflecting myocardial injury did not have ischemic clinical
symptoms or electrocardiography changes [95]. Regarding the usefulness of natriuretic
peptides after endovascular revascularization, elevated BNP was an independent predictor
of MACE during a 2 year follow-up, but it was not related to major adverse limb events
(MALE) [96].

Therefore, cumulative evidence suggests that cardiac biomarkers may be clinically
useful for the diagnosis of incident PAD as well as for providing prognostic information.
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5. Extracellular Vesicles as Biomarkers in PAD

Extracellular vesicles (EVs) are a heterogeneous population of small membranous
particles that contain lipids, metabolites, proteins and nucleic acids from the cell of ori-
gin [97]. Their size and molecular content is determined by the type of biogenesis (i.e.,:
multivesicular body exocytosis, plasma membrane budding or apoptosis) and the particu-
lar pathophysiological conditions at the time of their packaging and subsequent secretion
into the extracellular space [98]. EVs in circulation contribute to the maintenance of vascu-
lar homeostasis and represent a promising component of liquid biopsy to identify novel
biomarkers in CV diseases. In this review, following the last recommendations of the Inter-
national Society for EVs [99], we will use the term EVs to refer to small and medium/large
size vesicles also known as exosomes and microvesicles, respectively.

Circulating levels of EVs from different cellular origin are increased in response to
CV risk factors (e.g., diabetes, hypertension, or hypercholesterolemia) and in patients with
acute coronary syndromes, ischemic stroke or PAD [100]. Among them, platelet derived
EVs (PEVs) constitute the major subtype of circulating EVs, possess high thrombogenic
potential due to exposure of tissue factor and phosphatidylserine, and have been associated
to atherosclerosis development and thrombosis [101]. Elevated numbers of PEVs have been
found in symptomatic PAD patients compared to healthy subjects [102] and correlated
to disease severity [103]. Moreover, PEVs subpopulations exposing P-selectin or CD63
were increased in PAD patients compared to age- and sex-matched controls and reflected
the degree of platelet activation in vitro [104]. Endothelial EVs (EndEVs) are released
into the blood flow upon endothelial injury or activation and their content could help to
unravel molecular mechanisms that lead to endothelial and microcirculatory dysfunction in
PAD [105]. Increased levels of circulating EndEVs have been found in several CV diseases
such as stroke or CAD [106,107] being associated with endothelial dysfunction [108,109]
and plaque instability [110,111]. Circulating EndEVs (CD144+) were found to be signifi-
cantly upregulated in PAD patients, particularly those bearing the monomeric CRP isoform,
suggesting their contribution to pro-inflammatory status of this disease [112]. Moreover,
EVs from different cell origins, especially those of endothelial origin, expressing the pro-
angiogenic Sonic hedgehog morphogen correlated with the number of collateral vessels in
ischemic thighs of PAD patients suggesting their possible role in neovascularization [113].
In this regard, the number of EndEVs from skeletal muscles increased 2 days after femoral
artery ligation in mice, and in vitro induced a more potent bone marrow–mononuclear
cell differentiation towards an endothelial phenotype when compared to EVs isolated
from control muscles. As such, in vivo, the co-injection of EVs from ischemic muscles and
bone marrow–mononuclear cells potentiated the proangiogenic effect of the latter [114].
Similarly, another study found upregulated expression of several microRNAs (e.g., miR-
21, miR-92a and miR-126) in circulating small EVs from PAD patients and showed their
capacity to modulate migration of VSMCs and ECs in vitro [115].

Advances in high-throughput technologies have contributed to depict the heteroge-
nous content of EVs and identify novel biomarkers and therapeutic targets in CV dis-
eases [116], however, there is still scarce EVs-related -OMICs data regarding PAD patho-
physiology. Recently, by the transcriptomic study of circulating medium/large size EVs
we could identify 15 protein-coding genes differentially expressed between age- and sex-
matched PAD patients and healthy controls [14]. Circulating EVs from CLI subjects were
enriched in pro-inflammatory genes (e.g., Lcn2 and S100a9) and transcripts related to
signalling pathways of platelet biology, iron homeostasis and immune response. More-
over, serum levels of calprotectin (S100A8/A9 heterodimer) were elevated in PAD and
associated with an increased risk of amputation and CV mortality during the follow-up.
Overall, our results suggest that the application of high-throughput technologies to EVs
might be helpful to identify new molecular targets for PAD diagnosis, outcome assessment,
and treatment.

Although EVs have proven a remarkable potential for the identification of new
biomarkers in PAD, their study still represents a technical challenge due to their small
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size and heterogenicity. Moreover, biological and technical factors such as medication,
co-morbidities (e.g.,: aging, tobacco smoking) or EVs isolation method can influence both
the number and the content of EVs [100,117]. For instance, cilostazol induced a reduction in
the number of PEVs in PAD patients [118], while atorvastatin does not modify PEVs total
numbers, but specific PEVs subpopulations; those exposing P-selectin, tissue factor and
glycoprotein-IIIa compared to placebo-controls [119]. Interestingly, atorvastatin displayed
the opposite effect on EndEVs inducing their increase in circulation [120]. These studies
demonstrate that pharmacological treatments can alter both, the number and the cargo of
EVs, and might consequently modify their functional role, highlighting the importance of
considering factors that can potentially influence EVs bio-dynamics.

Circulating EVs represent a potential alternative for PAD evaluation. Likewise,
changes in their absolute numbers, or in the numbers of specific EVs subpopulations
have been associated to PAD stages, and the study of their content, reflecting the molecular
changes induced by the proatherogenic/inflammatory stimuli, may be helpful for the
identification of new diagnosis, prognosis and therapeutic targets. A major drawback for
EVs application into clinical practice however, is the technical challenges related to their
nanometric size and scarce biological cargo, that will be overcome by current and future
technological advances.

6. Role of microRNAs in PAD

MicroRNAs are small noncoding regulatory RNAs involved in the posttranscriptional
modulation of gene expression. Increasing evidence suggest their involvement in the onset
and progression of CV diseases, emerging as promising non-invasive biomarkers and
therapeutic targets for several CV disorders [15] including PAD (Table 2).

Table 2. Circulating miRNAs as biomarkers in peripheral arterial disease (PAD).

Studied Groups (n) Type of Biomarker Sample Type Candidate miRNAs Refs.

PAD (20) and healthy controls (20) Diagnostic Whole blood
Among 12 miRNAs; miR-15b

(AUC = 0.92), -16 (AUC = 0.93) and -363 (AUC
= 0.93) had highest diagnostic value.

[121]

PAD (40) and healthy controls (19) Diagnostic PBMCs 29 miRNAs showed independent associations
with PAD (AUC > 0.8 for all). [122]

PAD (27) and healthy controls (27) Diagnostic Serum

miR-130a, -27b and -210 were upregulated in
PAD

miR-210 was inversely correlated with
claudication distance.

[123]

ASO (104) and healthy controls (105) Diagnostic Serum mir-130a and -27b were increased in ASO and
positively correlated with disease severity. [124]

PAD (49) and healthy controls (47) Diagnostic Whole blood miR-124 negatively correlated with ABI. [125]

PAD patients with (12) and without
(35) CVEs; 1 year follow up after

surgery.
Prognostic Plasma miR-142 predicted post-femoral bypass surgery

associated CVEs; (AUC = 0.861). [126]

PAD patients with intermittent
claudication (62); 2 years after surgery. Prognostic Serum

miR-195 independently predicted adverse
ischemic events (HR per 1-SD of 0.40, 95% CI:
0.23-0.68) and target vessel revascularization
(HR per 1-SD of 0.40, 95% CI: 0.22-0.75) after

angioplasty with stent implantation.

[127]

PAD (146) and healthy controls (62);
follow up period not specified. Prognostic Plasma

miR-320a (AUC = 0.766) and -572
(AUC = 0.690) predicted

in-stent restenosis.
[128]

PAD patients with (74) and without
(91) in-stent restenosis; follow up

period not specified.
Prognostic Serum Serum miR-143 was lower in restenosis group

and predicted in-stent restenosis; AUC = 0.866. [129]

CVE, Cardiovascular events; PBMC, Peripheral blood mononuclear cells; ASO, Atherosclerosis obliterans; ABI, Ankle brachial index.
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Stather PW et al. performed the first whole miRNA transcriptomic analysis in blood
of PAD subjects and validated 12 differentially expressed transcripts in two independent
sets of PAD patients and healthy controls [121] (Table 2). Three of them, miR-16, -15b,
and -363, exhibited high diagnostic value when assessed by ROC curve analysis. Recently,
high-throughput sequencing of miRNAs in peripheral blood mononuclear cells of pa-
tients with lower extremity PAD revealed 29 differentially expressed miRNAs predicted
to target protein-coding genes involved in pathologies of atherosclerotic aetiology [122].
Those 29 miRNAs presented good performance for PAD diagnosis by ROC curves and
could effectively classify PAD patients and healthy subjects using unsupervised cluster-
ing methods [122]. Besides their potential as diagnostic biomarkers, miRNAs have also
been associated with PAD severity. For example, circulating miR-210 and miR-124 ap-
peared upregulated in PAD, and inversely correlated with claudication distance and ABI
respectively [123,125]. Likewise, serum miR-27b and miR-130a were also increased in
atherosclerosis obliterans patients and positively correlated with Fontaine stages [124].

miRNAs have been also determined to predict worse outcome and restenosis after
surgery. For instance, miR-142 was increased in plasma (1.6-fold) and femoral plaques (3.4-
fold) of PAD patients subjected to femoral bypass surgery suffering coronary artery stent
implantation, any other heart or vascular surgical procedures, or toe or leg amputations
within 1 year of follow-up compared to those without CV events. Moreover, plasma
miR-142 independently predicted the occurrence of CV events during 1-year follow up
after adjustment by age and sex [126]. In addition, according to Stojkovic S et al., miR-195
was found to independently predict the adverse atherothrombotic events and the need
for target vessel revascularization after stent implantation during a two-year follow up.
Moreover, miR-195 improved the predictive value of clinical risk factors including age, sex,
active smoking, diabetes, hypertension and hyperlipidemia [127]. Two additional studies
performed in PAD subjects also identified miR-143, -320a and -572 as potential prognostic
biomarkers for in-stent restenosis [128,129].

miRNAs regulate multifactorial biological processes involved in the pathogenesis
of PAD and its progression to CLI, including angiogenesis, arteriogenesis, inflammation,
oxidative stress, and hypoxia [130]. Angiogenesis, a key cellular mechanism for tissue
reperfusion, is tightly regulated by miRNAs in response to ischemic injury. For instance,
miR-26b enhanced in-vivo angiogenesis in a murine microvasculature growth model,
whereas it reduced muscle fiber necrosis after femoral artery ligation [131]. miR-126 is
enriched in ECs and EVs from EPCs [132,133], and its inhibition impaired angiogenesis in
the gastrocnemius muscle after hindlimb ischemia in mice [134]. Conversely, miR-16 has
been shown to directly target the proangiogenic molecules vascular endothelial growth
factor (VEGF), VEGF receptor-2, and fibroblast growth factor receptor (FGFR)-1, and im-
paired angiogenesis both in-vitro and in-vivo when overexpressed [135]. Furthermore,
all these three miRNAs, miR-16, -26b and -126, were found downregulated (3- to 4-fold)
in peripheral blood of PAD patients compared to healthy subjects, reinforcing their bi-
ological relevance in PAD pathophysiology [121]. In contrast, miR-210 has been found
upregulated in serum of PAD patients [123]. Similarly, miR-210 was elevated in murine and
gastrocnemius muscles after hindlimb ischemia, and its inhibition, accentuated skeletal
muscle damage due to increased mitochondrial oxidative stress [136]. Arteriogenesis is
also regulated by miRNAs. For instance, inhibition of four miRNAs (miR-329, -487b, -494,
and -495) by gene silencing oligonucleotides was found to individually increase perfu-
sion and collateral artery size and density in the adductor muscles of mice subjected to
femoral artery ligation [137]. Moreover, intramuscular injection of anti-miR-146a after limb
ischemia in mice resulted in increased blood flow recovery and collateralization in the
hypoxic thighs [138]. Macrophages, major immune cells within the skeletal muscle, orches-
trate the inflammatory response upon muscle ischemia and their regulation by miRNAs is
fundamental for effective muscle regeneration [139]. Intramuscular injection of miR-27b
mimic reduced infiltrating macrophage content and enhanced angiogenesis post-femoral
artery ligation in mice [140]. miR-93 was also found to stimulate M2-like macrophage
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polarization and was associated with increased neovascularization and perfusion in the
ischemic muscle of the miR-106b-93-25 cluster knock-out mice [141].

The studies summarized above suggest the possible use of miRNAs as circulating
biomarkers for the diagnosis and prognosis of PAD. Moreover, they provide experimental
insight into the molecular mechanism underlying arterial diseases, as the basis for future
therapeutic targets. Despite these promising results, additional studies are still required
to verify the clinical relevance of this findings. Moreover, the technical requirements of
miRNA determination in blood, including RNA isolation, several PCR steps and the need
of qualified personnel, might delay their application as routine laboratory test.

7. Machine Learning and PAD

Machine learning (ML) refers to computational methods based on statistical techniques
and algorithms, that can model large datasets and detect useful patterns. In medicine, those
prediction models can guide clinicians into the identification of subjects that might benefit
from specific pharmacological or surgical interventions or aid estimating outcomes [16].
The application of ML methods to PAD might provide a great opportunity to improve
patient classification and treatment, although currently research in this area is still scarce.
Baloch ZQ et al. applied ML methods to explore the relationship between PAD degree,
and functional limitation and symptoms severity. They found a nonlinear relationship
between symptoms and effort tolerance amongst patients with and without PAD, that with
a simple linear model would have been overlooked or considered unimportant. As such,
ML models might contribute to identify asymptomatic PAD patients with great functional
limitations, that otherwise would be lost to PAD diagnosis by regular tests [142]. Other
authors described that the combination of proteomic data and clinical information rendered
algorithms able to predict angiographically significant PAD [143]. Regarding CV risk strati-
fication, Ross EG et al. reported that state of the art ML algorithms outperformed stepwise
logistic regression models for the identification of PAD and the prognostication of mortality
risk in this population [144]. More recently, they have demonstrated that the application of
ML to electronic health records can generate learning-based models that accurately identify
PAD patients at risk of future major adverse cardiac and cerebrovascular events [145]. In
addition, ML algorithms might be useful to predict not only PAD medical burden, but
also its associated financial cost. Likewise, Berger JS et al. applied ML methods to a ret-
rospective CLI cohort and identified baseline predictors of subsequent one-year all-cause
hospitalizations and total annual healthcare cost in this high risk patient subgroup [146].
PAD, a multifactorial pathology with complex interactions, might considerably benefit
from methods able to integrate and analyze large datasets, including multiple biomarkers,
providing prediction models leading to a better understanding of PAD pathophysiology
and improving its diagnosis and risk assessment.

8. Conclusions

Despite its high prevalence, the lack of awareness in PAD clinical manifestations
and the limited tools for its early diagnosis, progression and prognosis evaluation in
a personalized manner, has resulted in suboptimal therapeutic interventions in all its
stages. Non-invasive circulating biomarkers could be of value in this setting and several
candidates have been evaluated as useful for the diagnosis and risk stratification of PAD. In
addition, these studies have also provided insights into the pathophysiological mechanisms
involved in PAD development and evolution. Of note, some of these biomarkers have
been evaluated as possible targets for pharmacological interventions. However, more
conclusive evidences into the causal relationship between the studied proteins and the
growth and progress of lower limb atherosclerosis will be only obtained after clinical
studies involving multicentric collaborations, larger cohorts and longer follow-up periods
are completed. The analysis of circulating EVs might offer a new alternative for the
discovery of novel biomarkers and therapeutic targets in PAD, while non-coding RNAs
might provide useful information on the regulatory pathways governing atherosclerosis
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initiation and progression, as well as on ischemia-induced muscle damage. It is worth
considering that PAD is a complex multifactorial pathology involving diverse molecular
pathways. Consequently, the evaluation of a single biomarker might not reflect those
complex interactions, being a multimarker approach more suitable for this purpose. In
this line, machine learning methods might be useful to obtain more accurate prediction
algorithms by combining numerous biomarkers and clinical and functional parameters.
This will lead to earlier diagnosis of PAD, more accurate CV risk stratification, and more
personalized pharmacological or surgical treatments.
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CLI Chronic limb ischemia
CRP C reactive protein
CV Cardiovascular
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EPC Endothelial progenitor cell
EVs Extracellular vesicles
EndEVs Endothelial Extracellular vesicles
FGFR Fibroblast growth factor receptor
hsTnT High sensitivity troponin T
IC Intermittent claudication
ICAM Intercellular Adhesion Molecule
IL Interleukin
MACE Major adverse cardiovascular event
MALE Major adverse limb event
MCP Monocyte chemoattractant protein
mi(cro)RNA Micro ribonucleic acid
ML Machine learning
MMP Matrix metalloproteinase
NGAL Neutrophil Gelatinase-Associated Lipocalin
NLR Neutrophil-to-lymphocyte ratio
NT-proBNP N-terminal pro-brain natriuretic peptide
PAD Peripheral arterial disease
PEVs Platelet extracellular vesicles
ROC Receiver operating characteristics
TNF(R) Tumor necrosis factor (receptor)
TIMP Tissue inhibitor of matrix matalloproteinases
VCAM Vascular cell adhesion molecule
VEGF(R) Vascular endothelial growth factor (receptor)
VSMC Vascular smooth muscle cell
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Abstract: Cardiovascular diseases continue to be the leading cause of death worldwide, with is-
chemic heart disease as the most significant contributor. Pharmacological and surgical interventions
have improved clinical outcomes, but are unable to ameliorate advanced stages of end-heart failure.
Successful preclinical studies of new therapeutic modalities aimed at revascularization have shown
short lasting to no effects in the clinical practice. This lack of success may be attributed to current
challenges in patient selection, endpoint measurements, comorbidities, and delivery systems. Al-
though challenges remain, the field of therapeutic angiogenesis is evolving, as novel strategies and
bioengineering approaches emerge to optimize delivery and efficacy. Here, we describe the structure,
vascularization, and regulation of the vascular system with particular attention to the endothelium.
We proceed to discuss preclinical and clinical findings and present challenges and future prospects in
the field.

Keywords: angiogenesis; gene therapy; stem cells; extracellular vesicles; clinical trials; bioengineering

1. Introduction

Despite substantial efforts aimed at evidence-based optimization of standards for pre-
vention and early management, ischemic heart disease (IHD) accounts for nearly 9 million
of the 18 million cardiovascular disease (CVD) deaths worldwide in 2015 [1]. The advent of
therapeutic interventions and diagnostic methods have undoubtedly improved outcomes
and lowered overall mortality associated with IHD. Current management of this disease
comprises revascularization by means of percutaneous coronary intervention or surgical
bypass grafting, in addition to pharmacological interventions aimed at mitigating risk fac-
tors, such as hypertension and dyslipidemia, in concert with correcting myocardial oxygen
supply/demand mismatch. However, a common challenge encountered by clinicians is the
management of advanced and diffuse multivessel disease state resistant to conventional
treatment modalities, therefore, requiring the study of novel therapeutic strategies.

The term angiogenesis was first used in 1935 by Arthur Hertig to describe the forma-
tion of new blood vessels in the placenta. It was not until 1971, however, when Folkman
showed that solid tumors were able to extensively vascularize their core by inducing
growth of new blood vessels from contiguous vasculature of normal tissue [2]. This obser-
vation initially prompted the idea that inhibition of tumor angiogenesis could be a potential
anti-neoplastic therapeutic strategy. Soon thereafter, it became evident that induction of
this mechanism of autonomous blood vessel growth in tissue subject to chronic ischemia,
such as the myocardium or extremities, may provide collateral blood supply and preserve
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viability. This notion prompted interest in the molecular mechanisms of blood vessel
growth to guide future therapeutic targeting.

By the early nineties, many key angiogenic factors were characterized including vari-
ous isoforms of vascular endothelial growth factor (VEGF) and fibroblast growth factor
(FGF). The data from studies evaluating intramyocardial administration of recombinant
growth factors in animal models of myocardial ischemia were promising, providing im-
petus for many clinical trials evaluating the safety and efficacy of administration of these
growth factors in patients with ischemic heart disease (IHD) [3,4]. However, with increased
sample sizes and extended follow-up times post-therapy, it became evident that the posi-
tive effects of new vessel growth and functional improvement were short-lived and did
not culminate in sustainable long-term benefit [5]. Additionally, the incidence of adverse
effects such as tissue edema with local administration of these growth factors raised con-
cern. Since the early trials, much effort has focused on identifying issues that hinder the
efficacy of novel angiogenic therapies in the clinical setting. This review will shed light on
recent advances in therapeutic angiogenesis in animal models and the challenges of clinical
applications of these strategies. We further review the biology of angiogenesis, summarize
preclinical and clinical findings, and describe a number of translational challenges and
novel angiogenic strategies.

2. Structure of the Vasculature

The adult vasculature spans a surface area of approximately 1000 m2 and encompasses
an arterial and a venous system connected by capillaries (Figure 1) [6]. Importantly, all
vessels share a similar basic structure composed of four distinct layers. The innermost layer
is known as the tunica intima, consisting of a single layer of endothelial cells that forms
the interface with blood. Ensheathing the intima is a smooth muscle layer known as the
tunica media, which is innervated by the autonomic nervous system and a major regulator
of blood vessel diameter. Large elastic arteries are characterized by a prominent tunica
media, whereas capillaries are solely composed of an endothelial monolayer to maximize
permeation of oxygen and nutrients into the interstitial space. An adventitial connective
tissue forms the tunica externa and communicates with visceral and muscular structures as
blood vessels course through various anatomical regions [6].

Figure 1. Structure of the arterial system. The circulatory system is a network of arteries and veins connected by capillaries
where oxygen and nutrient exchange occurs. The inner lining of arteries, arterioles, and capillaries is known as the tunica
intima, which is composed exclusively of endothelial cells. Arterioles and arteries additionally have a series of elastic and
muscular layers.
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3. Mechanisms of Vascularization

3.1. Vasculogenesis

By the third week after fertilization, blood vessels begin to form in the yolk sac and
then in the growing embryo [7]. Vasculogenesis refers to the initial embryological develop-
ment of nascent vascular structures, known as blood islands from endothelial progenitor
cells (EPCs) (Figure 2A). Morphogenic cues, such as VEGF, trigger differentiation of these
precursors and promote formation of blood islands, which then merge into primitive capil-
lary plexuses [8]. Their subsequent growth and expansion to penetrate organs and form
an interconnected network is associated with angiogenesis, which we describe next. It is
important to first note that while vasculogenesis is most prominently associated with early
embryonic development, recent evidence suggests that it is involved in the recruitment
of circulating CD34/VEGFR2-positive and bone-marrow-derived angioblasts for in situ
growth of blood vessels in post-natal life as well [9]. However, the precise mechanisms by
which these angioblasts are stimulated in pathological states and the degree of contribution
of this process to the formation of sustainable vasculature remain obscure.

Figure 2. Mechanisms of vascularization and extracellular matrix remodeling. (A) Vasculogenesis
describes the synthesis of de novo vessels and vasculature that occurs during embryonic development
and begins with the differentiation and organization of endothelial progenitor cells. Sprouting
angiogenesis is stimulated under hypoxic conditions and is characterized by phalanx, stalk, tip cell
migration, proliferation, and tube formation. Arteriogenesis is the process by which shear stress
signals for smooth muscle cell recruitment to support an existing vessel between arteries; this vessel
then muscularizes to become an established artery. (B) An essential process in angiogenesis is
extracellular matrix (ECM) remodeling to release growth factor stores from ECM components and
promote migration of endothelial cells. A number of cell types contribute to this process in the heart
by production of MMPs; their activation is tightly regulated by the plasminogen system and their
inhibitors known as tissue inhibitors of metalloproteinases (TIMPs). VEGF, vascular endothelial
growth factor; VEGFR2, VEGF receptor 2; FGF2, fibroblast growth factor 2; IGF, insulin growth factor;
HGF, hepatocyte growth factor; PDGF, platelet-derived growth factor; TGFβ, transforming growth
factor β; TNFα, tumor necrosis factor α; Ang1, angiopoietin 1; Ang2, angiopoietin 2; HIF1α, hypoxia
inducible factor 1α; NOS, nitric oxide synthase; MMPs, matrix metalloproteinases; VE-cadherin;
vascular endothelial cadherin; MCP1, monocyte chemoattractant protein 1.
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3.2. Angiogenesis

Angiogenesis is generally considered the mainstay of neovascularization, where
new vessels form from existing vessels, and occurs in many physiological processes such
as wound healing, ovulation, and pregnancy. In these contexts, angiogenesis is tightly
regulated by an intricate balance between pro- and anti-angiogenic factors. Disturbance of
this balance results in uncontrolled blood vessel growth, which is a hallmark pathological
feature seen in malignancy, retinopathy, and other disease states.

Activation of the vascular endothelium to switch from a quiescent state to a prolifera-
tive state is initiated by an increased local production of nitric oxide (NO) levels, which
increases vascular permeability and upregulates expression of VEGF [10]. A series of
alterations to intercellular adhesion molecules and cell membrane structure facilitate the
extravasation of plasma proteins into the interstitial space. Next, proteases degrade the
basement membrane and extracellular matrix (ECM), thereby clearing the path for migrat-
ing endothelial cells and, importantly, liberating cryptic adhesion sites and sequestered
growth factors. Degradation of the ECM is a complex, highly regulated process. Over
twenty identifiable matrix metalloproteinases (MMPs) take part in this step, which are most
commonly activated by plasmin and inhibited by tissue inhibitors of metalloproteinases
(TIMPs) (Figure 2B) [11,12]. This balance between proteases and their inhibitors is critical,
as excessive proteolytic activity is a characteristic of pathological vessel formation in cancer
and inflammatory disease.

Following migration and proliferation, tube formation or lumenogenesis occurs. At
the cellular level, this process has been shown to occur via budding or cell hollowing.
Molecularly, lumen formation is initiated by integrins, while lumen diameter is regulated
by contractile status [13]. To this point, the endothelium acquires highly specialized
characteristics according to the local tissue needs. For instance, endothelial junctions in
capillaries forming the blood–brain barrier are narrow, allowing for controlled permeation
of fluid as opposed to those of the glomerular capillaries, which are redundant to allow
for filtration. The factors that determine such differentiation of the endothelium are
largely unknown; however, the host tissue environment and VEGF signaling likely play
a major role. The nascent vessels then undergo three-dimensional organization to form
mature vascular networks, which is primarily directed by VEGF, and otherwise known as
remodeling or branching [13]. This step occurs either by sprouting towards an angiogenic
stimulus, splitting into individual daughter vessels by the formation of trans-endothelial
bridges, or intussusceptive insertion of interstitial tissue columns into the lumen of pre-
existing vessels. Meanwhile, the structural configuration of the newly shaped vessels
composed of an endothelial mono- or double-layer is consolidated by the formation of
an ECM and recruitment of peri-endothelial cells. In addition to providing structural
support, vascular smooth muscle cells (VSMCs) also inhibit endothelial cell migration and
proliferation, thus preventing regression of the nascent vessels.

Interestingly, differentiation of evolving vessels, i.e., artery, vein, or capillary, seems to
be influenced by an interplay between external hemodynamic forces and intrinsic molecular
signals. Areas of reduced blood flow favor the persistence of capillaries and may even result
in complete regression of the primitive vessel if limitation of flow is significant. On the other
hand, increased perfusion, pressure, and shear stress induce local recruitment of VSMCs,
which lead to arterialization. Basic helix-loop-helix (bHLH) transcription factors appear
to play a key role in directing angioblasts to pre-arterial or pre-venous specifications [14].
Additionally, Notch signaling and members of the large ephrin family, along with other
tyrosine kinases appear to modulate differentiation of vesicular structures. Longevity of the
newly formed vessels is maintained by an ongoing interaction of VEGF with the VEGFR2,
P13 kinase, and β-catenin, which induces anti-apoptotic genes and promotes survival [13].
Surprisingly, hemodynamic shear forces favor inhibition of endothelial turnover and, thus,
prevent tumor necrosis factor α (TNFα)-mediated apoptosis and vessel regression.
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3.3. Arteriogenesis

Arteriogenesis is an adaptive phenomenon, which occurs with stenotic vascular
lesions and features primary remodeling of existing collateral arteries rather than growth
of new vascular structures. As opposed to angiogenesis, which is hypoxia-driven and
initiated by the endothelium, arteriogenesis is predominantly stimulated by shear forces.
Thus, turbulent blood flow is sensed by the endothelium, which induces the transcription
of several genes including FGF2, PDGF-B, and TGFβ [15]. As a result, chloride channels
open and adhesion molecules on the endothelium are upregulated, including monocyte
chemoattractant protein 1 (MCP1) [16]. Circulating monocytes adhere to and invade
arteriolar collaterals, initiating a myriad of inflammatory signals that recruit fibroblasts,
platelets, and basophils. The local inflammatory response induces apoptosis in neighboring
cells, which facilitates expansion of the collateral vessel diameter up to twenty times [17].
Importantly, the local production of growth factors such as FGF2 induces mitosis of the
endothelial and smooth muscle cell layers, again forming a preliminary vascular structure
that is remodeled into a final configuration [18]. To underscore that arteriogenesis occurs
independent of hypoxia, it has been shown that the distance between ischemic regions and
site of collateral vessel formation can be up to 70 cm. [6]. Unlike angiogenesis, arteriogenesis
invariably results in competent vasculature capable of sustaining tissue viability; therefore,
therapeutic targeting of arteriogenesis may prove to be a rewarding endeavor.

4. Preclinical Studies and Clinical Trials

4.1. Protein Therapy

Expanding insight into the molecular basis of neovascular formation underscored
the critical role of growth factors and provided impetus for early studies, which focused
on delivery of recombinant angiopeptides to target ischemic tissue. Table 1 summarizes
the outcomes of clinical trials with protein therapy, in addition to gene- and stem-cell-
based therapies.

Both VEGF and FGF have a central role in multiple steps of vessel development
and differentiation and, therefore, are the most widely studied proteins in the search
for novel angiogenic therapies. VEGF isoforms bind to and phosphorylate VEGFR1 and
VEGFR2, whereas FGF binds selectively to four major receptors (FGFR1b/c, FGFR2b/c,
FGFR3b/c, and FGFR4) on the vascular endothelium [19,20]. The binding of VEGF and FGF
to their cognate tyrosine kinase receptor induces diverse downstream signaling pathways
including MAPK, P13K, and PLC-γ. Data from preclinical studies showed increased blood
vessel growth and collateral-dependent perfusion in animal models of chronic myocardial
ischemia with VEGF and FGF therapy [5]. Among other growth factors that have been
investigated in animal models of chronic myocardial ischemia are platelet-derived growth
factor (PDGF), which positively regulates maturation of vasculature [21]. Additionally,
angiopoietin-1 interaction with the Tie-2 receptor has been shown to promote stability
of newly formed vessels in preclinical studies [22]. Hepatocyte growth factor (HGF) has
well-documented pro-angiogenic roles in post-ischemic and post-infarcted heart failure
models as well [23,24]. Although morphogens such as sonic hedgehog, Notch, and Wnt
are involved in an array of pathways, taking advantage of their role in blood vessel growth
has attracted attention.

33



Int. J. Mol. Sci. 2021, 22, 3722

Table 1. Clinical outcomes with angiogenic therapies.

Agent
Study Design (Disease; Delivery; Dose;

Number of Patients)
Outcome Ref.

Protein Therapy

VEGF CAD; IC day 0 and IV day 3,6,9; 17 ng/kg/min
or 50 ng/kg/min; n = 178)

No improvement in exercise time 60 days
post treatment [25]

FGF

CAD; IC; single injection of 0, 0.3, 3, or 30 μg/kg;
n = 337

Exercise tolerance and angina symptoms improved
at 90 days; no difference at 180 days [26]

CAD; IC via heparin-alginate slow-release
device; 1 or 10 μg; n = 8

Exercise tolerance and myocardial perfusion showed
a trend toward improvement at 90 days, but not at

180 days
[4]

Gene Therapy

VEGF

CAD; IM 10×; 200 μg supplemented with 6 g
L-arginine per day for 3 months; n = 19

Improved anterior wall perfusion and anterior wall
contractility at 3 months [27]

CAD, IM; 125 or 250 μg; n = 15 Angina was significantly reduced and myocardial
perfusion was improved [28]

Angina, IM, 200 μL at 10 sites; n = 30
Myocardial perfusion reserve significantly increased

at 3 months and 12 months compared to baseline,
although no significance between 3 and 12 months.

[29]

IHD, IM, 4 × 1010 pfu, n = 67
Total exercise duration and time were improved at

12 and 26 weeks [30]

IHD, IC, 2 × 1010 pfu, n = 103
Myocardial perfusion was significantly improved at
6 months; no changes in minimal lumen diameter

nor % of diameter stenosis were also reported
[31]

FGF

Angina, IC, 5 different dose groups, n = 79 Increased exercise time at 4 weeks [32]

CLI; intramuscular; 4 mg at day 1, 15, 30, and 45;
n = 125

Complete healing of at least one ulcer in the treated
limb at week 25; treatment also significantly reduced

the risk of all amputations by two-fold
[33]

Stem-Cell Therapy

BM-MSC

MI; IC; day 6 post-MI on average; 7 × 105 cells;
n = 101

LVEF was increased at 6 months; no change in LV
EDV nor infarct size was observed. [34]

CAD; transendocardial injection; 1 × 108; n = 92
LV ESV nor maximal oxygen consumption were

improved at 6 months [35]

(MI; IC; 24.6 ± 9.4 × 108 nucleated cells,
9.5 ± 6.3 × 106 CD34+ cells, and 3.6 ± 3.4 × 106

hematopoietic cells ~4.8 days post-MI; n = 60)

LVEF was improved at 6 months, but was not
significant at 18 months [36]

CPC

IHD; IM; injections at 17 sites; n = 315
No significant improvements in primary endpoints
of MLHFQ score, 6 min walk distance; LV ESV and

LV EF at 39 weeks
[37]

IHD; IM; 600 × 106 to 1200 × 106 cells; n = 319 LVEF was improved with reduction in LV ESV, and
improved 6-min walk distance [38]

BMC or
CPC

MI, IC, mean of 22 × 106 CPC or 205 × 106 BMC,
n = 75

BMC treatment significantly increased LVEF
compared to CPC and control groups at 3 months. [39]

VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; BM-MSC, bone-marrow-derived mesenchymal stem cells; CPC,
cardiopoietic stem cells; CAD, coronary artery disease; CLI, chronic limb ischemia; IHD, ischemic heart disease; MI, myocardial infarction;
IC, intracoronary; IV, intravenous; IM, intramyocardial; LVEF, left ventricular ejection fraction; EDV, end diastolic volume; ESV, end systolic
volume; EF, ejection fraction.

A plethora of data from the early clinical trials has largely demonstrated the safety
and practicality of administering these growth factors to patients with refractory coronary
artery disease such as the phase II VIVA trial and FIRST trial using recombinant VEGF and
FGF2, respectively [25,26]. However, it was eventually recognized that the administration
of these angioproteins in a clinical setting has resulted in short-lived improvements in
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collateral dependent perfusion that do not contribute to sustainable clinical benefit. Thus,
significant limitations of these recombinant angioproteins were identified; the peptides
had a short half-life and required administration of relatively large doses in order to elicit
an effect, carrying the risk of significant adverse effects.

4.2. Gene Therapy

The delivery of a recombinant gene overtook protein therapy approaches, allowing
for persistent expression of the encoded target protein in tissue. Indeed, the myocardium
was found to be a suitable substrate for gene transfer, expressing target proteins encoded
by viral vectors and non-viral vectors such as naked plasmids and liposome vehicles.
Viral vectors tend to employ adenoviridae or retroviridae and are characterized by a high
transfection efficiency although potentially immunogenic. The REVASC study was a large
phase II randomized clinical trial that reported improved angina symptoms and exercise
tolerance following intramyocardial injection of adenoviral-encoded VEGF when compared
to optimal medical therapy [30]. However, the possibility of a placebo effect due to lack of
blinding and occurrence of complications associated with thoracotomy procedure in four
patients were limitations of this study.

Recombinant DNA delivered by means of non-viral vectors are generally more liable to
destruction by circulating nucleases, which may shorten the half-life of these genes in target
tissue. Nonetheless, many studies have reported meaningful therapeutic benefits with
non-viral gene transfer and the lack of an immune reaction permits repeated administration.
The Kuopio angiogenesis trial showed that intramyocardial injection of the recombinant
VEGF gene on an adenoviral vector during percutaneous coronary angioplasty significantly
increased myocardial perfusion when compared to delivery of the VEGF gene using a
naked plasmid vector [31]. Moreover, phase I studies evaluating intramyocardial injection
of plasmid-encoded VEGF DNA via thoracotomy in patients with end-stage coronary
artery disease were associated with improvement of symptoms and blood flow to ischemic
territories [27–29].

The transfer of human FGF4 bound to an adenovirus (Ad5-FGF4) vector by intracoro-
nary infusion resulted in increased FGF mRNA production at twelve weeks, enhanced
collateral dependent perfusion, and lessened the severity of symptomatic angina in patients
in the AGENT trial [32]. These promising findings led to initiation of the AGENT-2, -3,
and-4 trials, which were designed to assess the ultimate efficacy of Ad5-FGF4 in inducing
ischemic myocardial neovascular formation in patients with stable exertional angina con-
trolled with medical therapy (capable of exercising on a treadmill for at least three minutes)
and anatomy suitable for, but not in need of, immediate revascularization. Agent-3 and
Agent-4 trials, respectively, enrolled 450 and 532 patients and randomly assigned them to
receive either placebo or Ad5-FGF4 as an intracoronary injection, the primary endpoint
being change in exercise tolerance twelve weeks post-treatment [40]. However, it was
eventually found that the treatment offered no significant benefit over placebo, which led
to discontinuation of these studies.

Adenoviral transfer and recombinant DNA have, therefore, faced challenges in the
clinical setting likely due to breakdown in the circulation, but also includes limitations of
cell turnover and risk of immune responses. CRISPR/Cas9 may hold the key to effective
gene therapy approaches by offering increased precision and efficiency in comparison
to conventional gene targeting approaches. In fact, Huang and colleagues designed a
CRISPR/Cas9 system to deplete VEGFR2 in vascular endothelial cells, which was found to
block angiogenesis in a mouse model of retinopathy [41]. While these results are recent,
they provide the groundwork for future genome editing studies in the field to insert
proangiogenic genes or delete inhibitory genes.

4.3. Stem Cell Therapy

Certain populations of stem and progenitor cells have the capacity to proliferate
and differentiate into vascular components. Upon stimulation, angioblast-derived EPCs
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mobilize from the bone marrow and localize to sites of endothelial injury, differentiating
into mature endothelial cells. Mesenchymal stem cells (MSCs) are another major source
of adult stem cells that have been extensively studied for potential applications in cardiac
regeneration, due to their reduced risk of immunogenicity and tumorigenicity. Indeed, data
from animal studies showed that both bone-marrow-derived EPCs or those isolated from
peripheral blood promoted vessel growth in ischemic tissue [42,43]. Subsequently, many
clinical trials evaluated various methods of EPC or MSC administration to ischemic tissue.

Numerous early-phase trials of myocardial ischemia provided proof of concept that
EPCs or MSCs improved vascularity in ischemic myocardial territories and overall cardiac
function [34–36,38,39]. They also substantiated that intramyocardial transplantation of
autologous bone-marrow-derived cells was a safe, feasible intervention that enhanced
myocardial contractility and perfusion while reducing infarct size and cause-related mor-
tality in patients with ischemic heart disease (IHD). Cytotherapy quickly gained popularity
as a novel treatment for IHD and was adopted by many centers, thus generating much
positive data showing improvement in various functional and symptomatic parameters
following innovative methods of administration of MSCs such as NOGA guided delivery.
Again, longevity of these therapeutic effects and reproducibility in larger, diverse patient
populations was challenging [37–44]. Further investigation revealed that a considerable
portion of the injected cells do not survive beyond the first three days and that restoration
and replacement of the dying cells was lacking. Moreover, the remaining cells did not
appear to conform into functional tissue that integrated into the injured myocardium.
Contrarily, a trophic effect was often observable in the tissue at sites of cell transplantation.

Another caveat that impedes this cell-based therapy approach is the lack of uniform
measures for characterization of cells and determination of their secretory properties. The
general consensus is the use of flow cytometry to identify cells by specific markers. Such
classifications may only be useful for the theoretical study of the functional behavior of cells
with similar structural characteristics. In reality, however, stem and progenitor cells exhibit
tremendous plasticity and may rapidly alternate phenotypes in different environments [45].
Exposure of pre-transplanted stem cells to hypoxic conditions stimulates ischemic tissue
and induces the expression of many angiogenic factors and survival proteins that improve
therapeutic efficacy. Growth factors such as VEGF, placental growth factor, and stem cell
factor can mobilize endogenous bone-marrow-derived cells and direct their differentiation
into specialized cell types with the capacity to express angiogenic factors. Another exciting
approach involves engineering tissue using pluripotent stem cells and vascular progenitor
cells induced to differentiate into contractile and vascular elements, respectively. Among
other creative strategies that have been employed to promote survival of autologous stem
cells are localized ultrasound-targeted microbubble destruction of tissue at the transplan-
tation site to create a void that facilitates growth of the nascent cells and the use of grafts
composed of cells and an ECM [46].

4.4. Extracellular Vesicle Therapy

The field of stem-cell-derived extracellular vesicles (EVs) advanced following findings
that the therapeutic effects of cell-based therapies were mediated by paracrine actions [47,48].
The cardioprotective effects of EVs have since been well characterized in small and large
animal models [49,50]. While EVs carry a diverse cargo of proteins, RNAs, and lipids that
may mediate many pathways related to cardiac remodeling, their pro-angiogenic effects
have been corroborated in vivo and in vitro. Proteomic characterization further supports
the enrichment of pro-angiogenic pathways in EVs, which was shown to be regulated by
NFκB signaling in an elegant study by Anderson and collaborators [51,52].

Although the field of stem-cell-derived EVs has gained much popularity amongst
the research community, the translation of this therapeutic modality to the clinic has only
just begun in the setting of cardiovascular diseases. Phase II and phase I studies with
MSC-EV treatment for acute ischemic stroke and multiple organ dysfunction syndrome
(MODS), respectively, are currently in progress (NCT03384433, NCT04356300). Challenges
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in successful translation reside in the lack of standardized characterization methods and
targeted delivery to injured tissue. However, bioengineering strategies will be invaluable in
customizing EV content in addition to improving delivery and biodistribution to maximize
the potential of stem-cell-derived EV therapies.

5. Future of Therapeutic Angiogenesis

5.1. Patient Selection

Clinical trial eligibility criteria are essential in mitigating potential variables such
as age, gender, disease state, and so forth to ensure safety, mitigate confounding factors,
and isolate the effects of the treatment. Early clinical trials aiming at revascularization
often targeted patients with significant severity of disease, who had previously undergone
multiple failed interventions. This limited patient cohort suggests an inherent deficiency
in the mechanisms needed for blood vessel growth, conferring a lack of responsiveness
to growth factors and other therapies [53,54]. Additionally, many medications widely
used in practice have well-documented anti-angiogenic properties including atorvastatin,
spironolactone, captopril, and aspirin [55–60]. Experimental animal models may, therefore,
be necessary to evaluate pro-angiogenic treatments at various time points of the disease,
in addition to studying preventative measures prior to induction of the disease model.
Such studies will shed light on the effectiveness of the treatment in relation to the time it
was administered and the severity of the disease. Bioinformatics analysis to examine the
database of clinical trial data may also be useful in evaluating the relationships between
disease state, dose and delivery, and outcomes.

Additionally, lack of standardized endpoints to assess outcomes in patients enrolled
in therapeutic angiogenesis trials makes interpretation difficult. Indeed, the gold standard
remains the demonstration of new vessels or improved blood flow using imaging tech-
niques or perfusion studies, respectively. However, the longevity of this vasculature and
clinical significance with respect to improving quality of life and survival has been subject
to controversy. Sun et al. employed simulations and statistical analysis to evaluate multiple
endpoints in phase II acute heart failure clinical trials. They found that the average Z score,
which considers the average among all endpoints, is most powerful [61]. Of course, the
authors importantly note that sample size may require the application of different statistical
methods and criteria.

5.2. Comorbidities

Preclinical studies evaluating the efficacy of therapeutics in the setting of CVDs often
show promise but have little to no success when translated to the clinical setting. This
discrepancy may be in part attributed to underlying comorbidities in humans that are
unaccounted for in laboratory animal models. This issue is further highlighted by the high
prevalence of obesity and diabetes in the U.S. population, which is, respectively, 40 and
10% as reported by the Centers for Disease Control and Prevention [62,63].

Indeed, four weeks of a high-fat diet or glucose intolerance has been associated
with markedly increased expression of anti-angiogenic factors endostatin and angiostatin,
increased oxidative stress and additional signaling abnormalities, which likely have a
major effect in diminishing the angiogenic response to growth factors or cell therapy, or the
angiogenic process in general in both animal models and in patients [64–66]. A recent study
by our lab indeed found disparate gene expression and paradoxical angiogenic signaling
between a chronic ischemia swine model with and without metabolic stress, when treated
with EVs [67]. Therefore, future preclinical work must compare functional, cellular, and
molecular effects of therapeutic treatments targeting angiogenesis in disease states with
additional risk factors [68]. The widespread maladaptations that occur during cardiac
remodeling, combined with underlying risk factors, also highlight the growing need for
a more comprehensive or versatile treatment approach, such as combination therapies
(Figure 3). In fact, therapeutic interventions such as glucose control seem to improve the
potential of angiogenesis and collateral vessel growth in animal models [69].
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Figure 3. Future challenges and prospects in therapeutic angiogenesis. Cardiac remodeling is
characterized by widespread maladaptive changes that adversely affect the structure and function
of the heart; these events are further exacerbated by underlying comorbidities such as metabolic
syndrome. Combination therapies have the potential to mediate the widespread changes and
enhancing revascularization. Furthermore, bioengineering methods may play a valuable role in
controlling the release of signaling factors, improving myocardial targeting, and encapsulating
many factors.

5.3. Combination Therapies

The combination of proteins, genes, and/or cells is sound rationale to overcome the
shortcomings of monotherapies. Indeed, co-administration of VEGF and PDGF, FGF2 and
PDGF, or VEGF and FGF2 were found to improve revascularization compared to controls
in ischemic tissues in vivo [70]. Bai and collaborators investigated single, binary, and
ternary combination of growth factors with VEGF, FGF2, and bone morphogenic proteins
2 (BMP2). Together, these factors significantly improved endothelial cell angiogenesis
in vitro and chorioallantoic membrane angiogenesis in vivo, with reduced concentrations
of each factor [71]. Methods of modifying gene expression in BM-MSCS have had similar
success; BM-MSCs overexpressing HGF or ANG1 were shown to increase vascularity in
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the ischemic myocardial territory [72]. The transfer of endothelial nitric oxide synthase
(eNOS) to BM-MSCs using minicircle plasmid DNA also enhanced angiogenic capacity of
these cells [73].

Preconditioning or priming cells with a given stimuli has also emerged to manipulate
cellular cargo in place of single-gene transfections. This approach has the ability to tune
the cell’s contents at a much larger scale. The review by de Cássia Noronha et al. describes
potential stimuli such as hypoxia, cytokine exposure, and nutrient or drug administration
applied while culturing cells, and their therapeutic effects in animal models [45]. As the
field of stem-cell-based therapies has been impeded by clinical findings with short-lasting
improvements that are not sustained in the long-term, the field of stem-cell-derived EVs
has conversely risen. Certainly, preconditioning or transfecting cells and isolating their EVs
has potential in future clinical trials. A recent study by Sun and collaborators found that
exosomes derived from hypoxia inducible factor 1 α (HIF1α)-overexpressing MSCs resulted
in cardioprotection of a rat myocardial infarction model by inducing angiogenesis [74].
Omics studies will play a major role in characterizing EV cargo and ensure standardization
for potential large-scale application. Certainly, laboratory animal models may not perfectly
replicate the conditions inevitably associated with the clinical setting such as interfering
comorbidities, medications, and refractory disease; however, creative and comprehensive
preclinical study designs that considers comorbidities, combination therapies, and delivery
systems are increasingly imperative.

5.4. Delivery

Ongoing studies aim to provide an optimal mode of delivery that does not necessitate
repeated invasive procedures and ensure sustained tissue expression of the therapeutic
substance. Indeed, thoracotomies and other surgical methods of delivery carry significant
risks and prohibit effective control groups for clinical trials. These limitations prompted
interest in employing cutting edge imaging modalities in the development of less invasive
methods of administration of the gene-vectors to ischemic myocardial territories. Data
from clinical trials showed that NOGA guided delivery of plasma encoded VEGF in
patients with chronic symptomatic angina who are not candidates for conventional means
of revascularization effectively improved Canadian Cardiovascular Society (CCS) angina
class, while being well tolerated [75].

Novel delivery methods via nanofibers, nanoparticles, and targeting sequences may
also be critical in overcoming these challenges. Among the nanofiber materials available,
hydrogels are particularly intriguing due to their water content that is compatible with
bodily tissues and support slow diffusion of bioengineered contents. An alginate-based
gel containing VEGF found a stable release of the growth factor over one month in vitro
and improved angiogenesis in a hindlimb ischemic model in vivo [76,77]. Of course, many
polymer options can and should be explored in the development of a delivery system that
maximizes and extends the angiogenic signal, such as collagens, gelatins, fibrins, peptides,
and matrigels.

Nanoparticles may be sourced synthetically or from bioparticles, such as extracellular
vesicles themselves; natural bioparticles may be a safer mode that avoids the risk of
immunogenicity. Nonetheless, these particles—whether synthetic or natural in nature—are
capable of being carriers of genes, proteins, drugs, and other molecules. The advantage
to this method is protecting the molecule from potential degradation until fusion with
recipient cells; furthermore, size and membrane content can be adjusted to improve delivery
towards target tissue. In fact, in vivo biopanning approaches have identified cardiac-
specific targeting peptides. Separate studies identified such targeting peptides, which were
referred to as cardiac homing peptide (CHP) or ischemic myocardium-targeting peptide
(IMTP), and conjugated them to exosomal membrane proteins [78,79]. They then proceeded
to study the actions in vivo into animal models of MI and found improved delivery,
biodistribution, and cardioprotection in the myocardium compared to controls [80,81].
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A novel delivery platform was recently developed by Wang, designed to optimize
delivery of growth factors and known as coacervate [82,83]. The coacervate forms due to
electrostatic interactions that essentially polymerize into tiny oil droplets and mimic the
structure of heparin along with its capability to bind many factors at once. Therefore, the
coacervate has potential to deliver multiple growth factors, which may be of particular
value in stimulating angiogenesis. In vitro examination supported the loading ability and
controlled release of this platform; meanwhile, an in vivo study with FGF2 significantly
improved angiogenesis compared to free FGF2 [82,83]. A recent study by Xiao and collabo-
rators supported previous findings, where FGF2-loaded coacervate significantly enhanced
wound healing via cell proliferation, VEGF secretion, and increased CD31 and αSMA
density [84].

6. Conclusions

Ischemic heart disease is the most prevalent and deadly disease worldwide. While
current standards of care have undoubtedly improved outcomes, there is consensus that
novel therapies employing inherent mechanisms of revascularization are the next frontier in
the management of this disease. Elucidation of angiogenic processes and their underlying
mechanisms has provided key insights into activators and targets to stimulate angiogenesis.
Protein, gene, and cell-based therapies have been developed; however, their translation
from animal models to clinical trials have largely been disappointing. Challenges in patient
selection, endpoint measures, and the prevalence of comorbidities have confounded results
and interpretation. However, bioinformatic approaches and bioengineering strategies may
overcome such challenges by determining optimal statistical methods that account for
multiple endpoints, and improving delivery and biodistribution of factors to the damaged
tissue. Combination therapies, furthermore, hold promise in mediating multiple pathways
and maximizing therapeutic effects.
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Abstract: Critical limb ischemia (CLI) constitutes the most severe form of peripheral arterial dis-
ease (PAD), it is characterized by progressive blockade of arterial vessels, commonly correlated to
atherosclerosis. Currently, revascularization strategies (bypass grafting, angioplasty) remain the first
option for CLI patients, although less than 45% of them are eligible for surgical intervention mainly
due to associated comorbidities. Moreover, patients usually require amputation in the short-term.
Angiogenic cell therapy has arisen as a promising alternative for these “no-option” patients, with
many studies demonstrating the potential of stem cells to enhance revascularization by promoting
vessel formation and blood flow recovery in ischemic tissues. Herein, we provide an overview of
studies focused on the use of angiogenic cell therapies in CLI in the last years, from approaches
testing different cell types in animal/pre-clinical models of CLI, to the clinical trials currently un-
der evaluation. Furthermore, recent alternatives related to stem cell therapies such as the use of
secretomes, exosomes, or even microRNA, will be also described.

Keywords: critical limb ischemia; neovascularization; angiogenesis; arteriogenesis; cell therapy; se-
cretomes

1. Critical Limb Ischemia

Critical Limb Ischemia (CLI) constitutes the most severe form of Peripheral Arterial
Disease (PAD), a prevalent manifestation of atherosclerosis which involves the blockade of
major systemic arteries other than those of the cerebral and coronary circulation [1], more
common in legs than in arms [2]. PAD affects around 10–15% of adults, being an underesti-
mated and underdiagnosed cardiovascular disease (CVD) due to its asymptomatic initial
stages [3]. PAD is associated with risk factors such as older age, hypertension, dyslipidemia,
or smoking [4], and it is more prevalent in diabetic people due to metabolic alterations such
as angiogenesis impairment, inflammatory progression, or endothelial dysfunction [5–8].
CLI itself has an annual incidence of 0.35% and an average prevalence of 1.33%, affecting to
500–1000 people per 1 million population in Europe and the United States [9]. CLI patients
are classified based on clinical criteria and hemodynamic parameters (i.e., pulse volume
recordings, ankle and toe pressure values, rest pain, and tissue loss) [10–12] currently
accepted in international consensus guidelines on PAD and CLI [12–16]. Overall, CLI
patients suffer from chronic ischemic rest pain, ulcers, or gangrene, as well as an increased
risk of cardiovascular events. CLI has a huge impact on the patients’ quality of life, be-
ing associated with an increased risk of amputations (fingers, toes, or extremities) and,
moreover, an increase in mortality rates [15,17–20]. This debilitating disease causes high
dependency on caregivers, requiring permanent local wound treatment, and the chronic
use of pain-relieving medications, considerably diminishing patient’s quality of life [21].

Nowadays, the treatment of CLI remains highly variable and, in many situations,
suboptimal [22]. Initial recommendations for CLI patients to prevent further cardiovascular
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events include smoking cessation, lipid lowering (statins mainly), antiplatelet therapies,
or ACE inhibitors [16]. Alternatively, other medical strategies or pharmaceutical agents
have been applied for the specific treatment of CLI patients (sympathectomy or spinal cord
stimulation, iloprost) [23]. Unfortunately, these strategies do not seem to be totally effective
in reducing limb-specific events [16], although larger studies/clinical trials are required in
order to reach definitive conclusions.

The majority of CLI patients require revascularization interventions like bypass or
angioplasty, having observed a significant improvement in the techniques and devices
applied (cryoplasty, stent-grafts, drug-eluting balloons or stents, etc.) in the past decades.
Nevertheless, the percentage of patients eligible for these strategies is not higher than 45%
due to high comorbidity or surgical related issues such as difficult access due to narrow
vessels, etc. Furthermore, patients that undergo surgery will usually require amputation at
the short term [24]. Amputation rates are unacceptably high, typically exceeding 15–20%
at 1 year and can vary by the presence of comorbid conditions [25] such as diabetes
mellitus (DM), which elevates this rate up to 50% in CLI diabetic patients [26]. Diabetic
patients have higher risk of suffering PAD/CLI and a negative outcome partly related to
the abrogation of new vessel formation and remodeling of the pre-existing vasculature
under hyperglycemic conditions [27]. Unfortunately, the increasing prevalence of PAD
together with higher presence of other CLI risk factors (i.e., diabetes) and the rising number
of people in advanced age provide little reason to believe that the number of patients
suffering this disease will decrease in the near future [25]. The poor prognosis of CLI
patients as well as their impaired quality of life makes compulsory to find effective and
less invasive treatments. Moreover, the desirable treatment should be applicable to all CLI
patients, because the actual percentage of ineligible patients is unacceptably high.

As an alternative to conventional treatments, therapeutic angiogenesis has arisen as
a promising treatment for CLI patients, mainly those considered as “no-option”, due to
the potential of this strategy to promote revascularization of ischemic tissues [28–33]. To
date, different approaches including angiogenic gene or cell-based therapies are currently
under investigation.

In this review, we have mainly focused on the use of angiogenic cell therapy for CLI
(Figure 1), from animal/pre-clinical models designed to study CLI and the tools applied to
test for revascularization in response to cell therapy, to the angiogenic therapies currently
under evaluation in clinical trials. Moreover, recent alternatives derived from stem cell
therapies, such as the use of secretomes, exosomes, or even microRNAs, will be described.

Figure 1. Overview of angiogenic cell therapy for Critical Limb Ischemia (CLI).
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2. Animal Models of CLI

CLI animal models are not only used to study the disease itself [34,35], they also
provide the appropriate scenario to evaluate strategies to induce neovascularization or to
reduce inflammatory response. These models allow us to follow-up cell mobilization in
response to ischemia [36–39]. Moreover, biodistribution assays are essential to determine
the cell’s fate [40,41] and more importantly, to evaluate the biosafety profile, being required
by regulatory guidelines prior to initiating cell therapy into the clinic [42]. Furthermore, for
treatments testing human components such as human cells, immunosuppressed animals
(nude, athymic, etc.) are usually applied [43].

Thus, in order to pre-clinically evaluate the effect of cell therapy on revascularization,
it becomes essential first to be able to achieve an optimal model of CLI capable to resemble
as much as possible the characteristics found in humans. Until now, femoral artery ligation
(FAL) remains the most common approach to induce CLI, which is usually performed in
one limb, leaving the other as a non-ischemic control. Several studies performing single or
double femoral ligation, or alternatively cutting the femoral artery in different sites or even
excision of the artery (partly or in all branches) can be found, creating different grades of
CLI [44,45] (Figure 2). Additionally, depending on the occlusion site, extent of the injury
or the occlusion tools (suture knots, constrictors, electrocoagulation, etc.), it is possible to
create different degrees of the disease, causing different ischemic stages and patterns of
perfusion restoration [43,46].

Figure 2. Schematic representation of femoral artery ligation (FAL) strategies usually applied to create PAD/CLI models,
from the lowest (left) to the highest (right) severity models of the disease. A representative image of the FAL strategy
followed in our research group is also shown [41,47]. Legend: 1© Iliac artery, 2© Iliacofemoral artery, 3© Internal iliac artery, 4©
Pudendoepigastric trunk, 5© Femoral artery and its branches (lateral circumflex and proximal caudal), 6© Superficial caudal
epigastric artery, 7© Popliteal artery, and 8© Saphenous artery. Arterial anatomy information was based on Kochi et al. [48].

The resulting CLI model not only depends on the methods described to promote
ischemia, but also on the operator performing the interventions, the animals used (mouse,
rat, rabbit, pig, etc.), or even the strain selected [49–51]. Moreover, it is difficult to reproduce
an animal model that resembles 100% CLI in humans, as this disease courses with a very
slow progression, without important or aggressive symptoms for years, until becomes
chronic. In this regard, Lejay et al. proposed a sequential ligation process, ligating first
the femoral artery and days after the iliac artery, in order to achieve a progressive model
and with similar impaired functions than patients [52]. Krishna et al. performed a “two-
stage model”, with an initial arterial narrowing using ameroid constrictors over 14 days,
prior to the induction of acute ischemia by FAL and excision [53]. Similarly, Han et al.
created a model with local thrombosis in vessels by photochemical reaction triggered by the
administration of erythrosine B, modifying endothelial function and occluding the vessels
lumen by the blood clot, therefore getting closer to the human pathology than ligation [54].
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On the other hand, the fact that most studies use healthy animals to generate CLI mod-
els constitutes an issue itself. CLI patients present, among other characteristics, endothelial
dysfunction or reduced vascularity, which correlate with impaired vascular recovery. In
FAL models, however, the vascular regeneration properties remain intact, which removes
us from the reality of the patients’ symptoms. Moreover, autologous cell therapy appears
to be less effective than expected because cells show impaired functions under patholog-
ical conditions. For that reason, researchers have tried to combine FAL with additional
strategies to replicate the pathophysiological characteristics found in CLI patients. Parikh
et al. combined FAL with endothelial nitric oxide synthase (eNOS) inhibitor administration,
increasing vasoconstriction and ischemia by blocking nitric oxide (NO) production [55].
Alternatively, animal models presenting risk factors associated with PAD, such as hy-
perlipidemia, hypercholesterolemia, or diabetes, have also been employed. Thus, CLI
models generated in hyperlipidemic and diabetic mice generally coursed with reduced
collateral formation and blood flow recovery, showing better correlation with human
patients [56]. Apolipoprotein E (ApoE)-deficient mice, commonly accepted as a model of
atherosclerosis [4], also show a decrease of muscle regeneration after FAL surgery [37].

Strategies Followed to Assess Neovascularization in CLI

The ultimate goal of any CLI treatment is to promote post-natal neovascularization,
a repairing mechanism that takes place in response to ischemic events as an strategy to
recover the damaged tissues and provide sufficient oxygen and nutrient supply to ensure
tissue surveillance [57]. In adults, neovascularization comprises both angiogenesis and
arteriogenesis, processes in which different types of vascular and immune cells partici-
pate [58]. Angiogenesis consists in the formation of new blood vessels from existing ones,
while arteriogenesis involves collateral growth and remodeling of pre-existing arterioles
to generate larger conductance vessels and to compensate for the loss of blood flow of oc-
cluded arteries (Figure 3a) [59]. Remarkably, FAL animal models and patients usually show
similar neovascularization patterns, with enhanced arteriogenesis next to the occlusion site
and increased angiogenesis in the distal ischemic tissue [49]. Thus, therapeutic strategies
should seek the stimulation of both processes in order to promote neovascularization [58].

Figure 3. Mechanisms of neovascularization. (a) Schematic representation of the circulatory system in which angiogenesis
and arteriogenesis processes are represented. (b) Representative immunohistochemistry image of blood vessels detected in
the low back muscle of a CLI mouse [47], to evaluate vascular density and diameter size using anti-smooth muscle α-actin
(α-SMA, red) antibody.

In studies involving CLI animal models (Table 1), different strategies are usually
applied to analyze potential neovascularization. Blood flow recovery over time is often
analyzed by Laser Doppler Perfusion (LDP). This technology is based on Doppler effect,
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consisting in the alteration of a wave’s frequency as result of the movement between a
laser light and circulating red blood cells. Alternatively, the LDP Imaging system creates
images from blood perfusion values per pixel, getting a map of the blood flow in the region
of interest [49]. In FAL-based studies, perfusion is measured before and after surgical
intervention, and then registered during several days, usually 3–4 weeks. Perfusion data
are normally shown as blood flow ratios (ischemic limb/healthy limb). Although there are
other techniques to evaluate collateral formation and limb perfusion such as X-ray micro-
angiography [49], LDP has been the most applied tool in recent publications due to the easy
handling of the equipment and, moreover, because it constitutes a noninvasive method.

Histological analysis by immunohistochemistry (IHC) is also used to evaluate angio-
genesis and arteriogenesis post-mortem. Most studies use anti-α smooth muscle actin
antibodies to identify blood vessels in tissues (Figure 3b), together with antibodies against
endothelial cells markers, such as CD31, von Willebrand factor, or lectins with specific affin-
ity for endothelial cells, like Ulex europaeus agglutinin I in humans or Griffonia simplicifolia
lectin I isolectin B4 in non-primates [47,49,60,61]. For angiogenesis, vascular density is
calculated by counting the number of blood vessels, and capillary diameters are measured
for arteriogenesis evaluation. The internal lumen’s diameter is normally measured to eval-
uate arteriogenesis, although the arterial wall area is also interesting since arteriogenesis
increases diameter and wall thickness [59,62]. Results are usually expressed as the number
of blood vessels per mm2 in angiogenesis and blood vessel diameter (μm) or area (μm2) in
arteriogenesis. Alternatively, another method to study angiogenesis is an in vivo matrigel
plug assay, consisting in the injection of matrigel or similar hidrogels containing specific
cell types into the subcutaneous space [63]. After several days of post-implantation, mice
are sacrificed and the matrigel plugs are extracted and excised for further analysis. Sections
can be then stained to identify capillary structures, and vasculature growth into matrigel
provides information regarding angiogenesis [49].

3. Angiogenic Cell Therapy

Angiogenic therapy involves the use of angiogenic growth factors (VEGF, HIF-1a,
FGF1, HGF, etc.) [33,64], gene transfer techniques using viral or non-viral vectors to trans-
port a gene codifying for a therapeutic protein to the target tissues [65] or, alternatively,
the use of angiogenic stem cells. All these strategies aim to improve revascularization by
increasing the number/size of blood vessels, promoting blood flow recovery and therefore
increasing tissue perfusion in the ischemic extremities [65]. Among them, cell-based thera-
pies seem more efficient compared to protein- or gene-based approaches, not only because
of their direct vasculogenic properties, but also due to their paracrine effect. Angiogenic
cells can directly participate in the formation of new vessels, while in parallel they also pro-
vide endogenous growth factors, promoting vascular growth by paracrine fashion [66,67].

Thus, neovascularization can also be promoted by vasculogenesis, the novo formation
of vessels mediated by circulating progenitors or stem cells [59]. Vasculogenesis was
initially considered as an embryogenic process. However, post-natal vasculogenesis can
also take place by incorporation of vascular stem or progenitor cells into vessel structures,
allowing the formation of adult blood vessels [68]. To date, several strategies based on the
use of stem and progenitor cells are being tested (Table 1), to promote vasculogenesis but
also angiogenesis and arteriogenesis. The safety and efficacy of cell implantation therapies
make of this less invasive treatment a feasible option for CLI patients.
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3.1. Cell Therapies Based on Single or Combined Isolated Cells

Mesenchymal stem cells (MSCs) are the most used cells in advanced therapies for
CVDs [96]. MSCs can be isolated from bone marrow, peripheral blood, or adipose tissues,
and from them we can obtain osteoblasts, chondrocytes, adipocytes, neurons, endothelial
cells (ECs), skeletal muscle cells, and vascular smooth muscle cells (VSMCs) [97]. MSCs
are reported to promote angiogenesis because of their capacity to induce ECs prolifera-
tion, migration, and tube formation, while decreasing apoptosis and fibrosis [96,98,99].
Furthermore, MSCs support neoangiogenesis, releasing soluble factors that contribute to
stimulate angiogenesis [100]. These cells are thought to improve hind limb ischemia by
secreting cytokines that regulate macrophage differentiation to M2, an anti-inflammatory
phenotype [101]. Likewise, apart from MSCs, endothelial progenitor cells (EPCs) also
represent an important group of cells used in vascular regeneration. In 1997, Asahara et al.
demonstrated that CD34+ cells can be isolated from peripheral blood mononuclear cells
(PB-MNCs) and differentiated in vitro into ECs, showing the potential use for collateral ves-
sel growth augmentation in ischemic tissues [102]. Although CD34 is not a specific marker
of a single cell type, it is mostly associated to EPCs. Many researchers have explored
the potential of using EPCs in tissue engineering as an angiogenic source for vascular
repairing [103,104]. In the past years, several isolation and culturing techniques for EPCs
have been described. Besides, the controversy regarding the definition of EPC phenotypes
remains, with different studies still presenting a variety of results in terms of surface-based
EPC markers [47,103,105,106]. At least, two different sub-populations have been accepted
and clearly defined, based on their differentiation status and the capability to form colonies:
early EPCs (eEPCs) also named circulating angiogenic cells (CACs) or myeloid angiogenic
cells (MACs), with hematopoietic phenotype, and late EPCs or endothelial colony form-
ing cells (ECFCs), with endothelial phenotype [106]. EPCs have been thought to derive
from hematopoietic stem cells (HSCs), some EPCs could be derived from a niche close
to the vasa vasorum in the macro-vascular wall [107]. Despite the controversy regarding
the nature of these cells, no one denies the potential of EPCs to promote therapeutic an-
giogenesis and neovascularization of ischemic tissues [73,74,107]. Overall, in response
to injury, cytokines and growth factors mobilize EPCs from the bone marrow into the
peripheral blood, which will then participate in neovascularization [73]. Very recently, we
have shown how, first days after administration of CACs to ischemic CLI mice, these cells
migrate into the ischemic tissues, modulating immune cells recruitment and promoting an
increase of angiogenesis and arteriogenesis [47]. However, the administered cells do not
remain in the ischemic tissues over time suggesting that they may promote vasculogenesis
in a paracrine form [47,108]. Moreover, early EPCs do not seem to differentiate to ECs,
with this role being assigned to ECFCs [106,109]. Indeed, different studies support that
the regenerative properties of eEPCs are mainly due to paracrine effects, while ECFCs
present vessel-forming activity in vivo [47,109]. Thus, a cell therapy mediated by both cell
types, early, and late EPCs, could be a good strategy for CVDs. Yoon et al. evaluated this
combined cell therapy, demonstrating a synergistic neovascularization involving several
cytokines and matrix metalloproteinases (MMPs) [77]. Very recently, our group has also
corroborated the potential of CACs to promote angiogenesis of ECFCs in vitro, and such
effect was impaired under an atherosclerotic environment [110]. In the same way, different
cell combinations have been tested. Rossi et al. demonstrated that co-injection of MSCs
with ECFCs in a murine model of CLI increased vessel density and foot perfusion in greater
ratio than cells individually administrated; corroborating the theory that MSCs support
ECFC-mediated angiogenic processes [72]. Furthermore, their results indicated that MSCs
accelerated muscle recovery via endoglin dependent mechanism. Similarly, the combina-
tion of EPCs and smooth muscle progenitor cells (SMPCs) has also been evaluated to treat
CLI. This cell mixture improved vascular network formation, with both ECs and smooth
muscle cells (SMCs) participating in vessel maturation and stability. Likewise, Foubert et al.
demonstrated that co-administration of EPCs and SMPCs activates neovascularization
resulting in a more effective therapy than these cells administrated separately [78]. Some
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studies suggest that SMCs may also originate from bone marrow-derived cells as SMPCs
have been identified in peripheral blood [111].

3.2. Cell Therapies Based on Cellular Cocktails

As an alternative to the injection of a single cell type or the combination of two
previously isolated cells, the administration of cellular cocktails derived from different
niches, such as bone marrow, peripheral blood, or adipose tissue, is also a frequent approach
to treat CLI. Indeed, the regenerative properties of mononuclear cells (MNCs) derived
from either bone marrow or peripheral blood have been largely studied in the last years.
Therapies employing bone marrow mononuclear cells (BM-MNCs) constitute a promising
alternative for CLI patients to avoid or delay the onset of amputation [112]. BM-MNCs
consist of a heterogeneous mix of multipotent stem cells working cooperatively as MSCs,
HSCs, EPCs, monocytes, lymphocytes, and pluripotent stem cells [41,113]. We and other
researchers have reported the beneficial effects of different combinations of BM-MNCs,
representing an effective approach in promoting new vessel formation, perfusion recovery,
and CLI reversal [41,100,114–122]. In the ischemic tissue, BM-MNCs produce and secrete
different cytokines and growth factors [123] and increase neovascularization and collateral
vessel formation in limb ischemia [79]. Moreover, Kikuchi-Taura et al. have recently
described that transplantation of BM-MNCs into a murine stroke model promoted ECs
angiogenesis by gap junction mediated cell–cell interactions, elucidating a new theory of
how cell-based therapies work, and suggesting that stem cells supply energy to injured
cells [124]. This study suggested that, under hypoxic conditions, transplanted BM-MNCs
are capable to transfer small molecules to ECs via gap junction interactions, leading
to HIF-1α activation, which induced upregulation of VEGF uptake into ECs and ECs
autophagy suppression [124].

Alternatively to BM-MNCs, PB-MNCs are formed by circulating cells with angiogenic
potential, thereby several studies involving the administration of these cells to treat CLI
have also shown promising results [125,126]. Li et al. made a comparison between CD34+
and CD34- cells in PB-MNCs, concluding that both induce neovascularization, but only
CD34+ incorporate into new capillaries [89]. PB-MNCs promote revascularization in
ischemic limbs, even more when they are combined with platelet-rich plasma (PRP) [90].
PRP, a source of platelets, cytokines, and growth factors, participates in ECs proliferation
and differentiation, interacting with important cell receptors related with angiogenesis [90].
Furthermore, in order to achieve high stem cell concentrations, hematopoietic growth
factors are frequently used to induce cell mobilization. For example, prior PB-MNCs
harvesting, progenitor cells are usually mobilized injecting granulocyte colony-stimulating
factor (G-CSF) [125–128]. BM-MNCs and PB-MNCs treatments have been compared,
and no significant differences have been observed between them [129,130]. Remarkably,
without previous mobilization, PB-MNCs show higher concentration of mature cells as red
blood cells, platelets, lymphocytes, and monocytes, while BM-MNCs show higher levels
of EPCs [131].

The use of adipose tissue-derived stem cells (ASCs) has increased in the last years, due
to the easier accessibility, abundance, and less painful collection compared to other sources
such as bone marrow [132]. The stromal vascular fraction (SVF) derived from adipose
tissue contains heterogeneous cell populations such as mesenchymal progenitor/stem cells,
pre-adipocytes, endothelial cells, pericytes, T cells, and M2 macrophages. SVF-derived
mesenchymal progenitor/stem cells, usually referred as ASCs themselves, can be easily
expanded in vitro and have the potential to differentiate into multiple lineages, including
myogenic, osteogenic, neurogenic, and hematopoietic pathways [133–137]. The angiogenic
properties of these cells have been correlated with a strong paracrine activity, secreting an
important number of angiogenesis-related cytokines [136]. Moreover, the administration
of ASCs to CLI mice promotes a significant recovery of blood flow in ASCs treated mice
compared to ischemic, non-treated ones [133]. Very recently, Liu J et al. have shown that the
regenerative properties of transplanted ASCs might correlate with an immunomodulatory
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effect promoted by these cells. In presence of ASCs, a higher number of macrophages
can be found in the muscle, with increased presence of M2 macrophages [91], and its
administration in a murine model of CLI induces an angiogenic process in the ischemic
tissue [133]. The clear advantages of using these cells are easy access and isolation. ASCs are
highly abundant in adipose tissue, making almost unnecessary culture expansion of these
cells. Moreover, adipose tissue harvesting requires a minimally invasive intervention [138].
A pilot study using adipose-derived regenerative cells (ADRCs) in CLI patients has been
recently published [139].

Finally, other cells with multi-differentiation potential such as amniotic fluid derived
stem cells (AFSCs) or umbilical cord blood and placenta tissue derived stem/progenitor
cells have also been considered. Placenta-derived MSCs stromal-like cells (PLX-PAD) in
CLI mice are currently being tested in a Phase III trial (PACE Trial) with atherosclerotic CLI
patients (NCT03006770) after promising results in animal assays [95]. Unfortunately, the
low availability of these cells together with ethics concerns related to their use, has limited
their translation as cell therapies.

4. Clinical Trials

The exciting results derived from pre-clinical studies fomented the initiation of nu-
merous clinical trials: to date, over 50 studies have investigated a variety of cell therapies,
usually employing BM- or PB-derived MNCs, showing modest but significant improve-
ments of ischemic symptoms [140,141]. Patients enrolling these trials normally suffered
from severe stages of PAD (Fontaine III-IV) with pain at rest due to atherosclerosis obliter-
ans (ASO) rather than thrombo-angiitis obliterans (TAO) or Buerger’s Disease. The first
clinical trial that reported the efficacy of autologous BM-MNCs administration as cell
therapy for CLI was published in 2002 [142]. The Therapeutic Angiogenesis using Cell
Transplantation (TACT) trial conducted a pilot study first with 25 patients, followed by a
randomized controlled trial in which 22 patients with bilateral leg ischemia were injected
with BM-MNCs in one leg and PB-MNCs in the other as controls. Their findings indicated
a significant improvement in ankle-brachial index (ABI), transcutaneous oxygen pressure
(TcPO2), and pain-free walking time sustained at 24 weeks, with a limb status improved
in 39 out of 45 patients [142]. Table 2 includes a list, far from complete, of clinical studies
already completed and with results published in the past decades, involving the use of
different cell types, cell doses, and administration routes, with a minimum of 10 patients en-
rolled. Due to the huge interest in the field, the number of ongoing clinical trials using cell
therapy in CLI is constantly growing, including examples such as the Phase III PACE trial
(PLX-PAD cells, NCT03006770) [143], or the Phase III trial testing Rexmyelocel-T (REX-001),
a solution enriched with human BM-derived MNCs (NCT03174522 and NCT03111238)
in CLI Rutherford V and DM patients. Some of these studies are active and recruiting,
therefore, their results are not yet available. Additional information regarding such trials
can be found at www.clinicaltrials.gov (accessed on 14 December 2020).
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One of the primary outcomes seen in clinical trials is hemodynamic improvement,
represented as an absolute increase of ABI >10% [12,164]. Similarly, other researchers have
reported an enhanced blood perfusion when administering either BM-MNCs, PB-MNCs,
or MSCs [114,125,127,128,145,147,150,153]. Gupta et al. evaluated the effect of allogenic
MSCs in patients (Rutherford grade 4–6) that suffered from CLI due to ASO and TAO. This
study reported a significant increase of ABI (p = 0.0018) after 6 months of MSCs treatment
(n:10) compared to patients transplanted with placebo (n:10), although no such significant
changes could be observed in rest pain, ulcer healing, or amputation rates. Some authors
debate about the selection of ABI as a primary endpoint, as this parameter is not considered
a useful predictor for evaluating the long-term efficiency of the angiogenic therapy using
bone marrow cells [20,142]. The PROVASA study, a randomized, double-blind, placebo-
controlled intra-arterial progenitor cell transplantation of BM-MNCs for induction of
neovascularization in patients with PAD, showed no significant differences in ABI primary
outcome at 3 months. However, authors did observe significant improvements in other
secondary endpoints, like ulcer healing and rest pain reduction in the BM-MSCs group [20].

Luckily, cell therapy has promoted an amelioration of the symptoms and therefore an
improvement in the quality-of-life of these patients [158,160]. Thus, an improvement in rest
pain is defined as a >50% decrease in pain scores, assessed with the visual analogue scale
(VAS) at different time points [165]. In a non-randomized study, CLI-TAO patients (n:40)
received autologous BM-MNCs, and after a mean follow-up of 129 months, a prominent
improvement in VAS (p = 0.0001) was seen, also in their primary endpoint amputation-free
survival and other secondary outcomes including ulcer status, ABI, toe-brachial index, and
TcPO2 [116]. This last hemodynamic measurement is employed in several clinical trials
as secondary endpoint, and an augmentation in oxygen pressure has been observed in
numerous studies using PB-MNCs, BM-MNCs, MSCs, as well as peripheral blood-derived
angiogenic cell precursors (Ves-cells) [20,114,116,128,129,142,145,150,153].

Alternatively, CD34+ or CD133+ isolated cells have also been tested in CLI studies. In
a randomized single-blinded non-inferiority trial, patients were divided 1:1 into those re-
ceiving either PB-MNCs or purified CD34+ cells. Although the number of patients included
in this study was low, similar results were found in terms of limb salvage and quality of life
improvements. No significant differences were found between both treatments in terms of
amputation-free survival. On the other hand, the CD34+ group seemed to achieve faster
rest-pain relief and overall earlier ischemia relief than the PB-MNCs group [166]. In the
Stem Cell Revascularization for Patients with Critical Limb Ischemia (SCRIPT-CLI) trial,
subjects with CLI due to ASO were divided in two groups in 2:1 proportion, receiving
an active treatment with G-CSF for 5 days before leukapheresis and CD133+ injection in
both legs, and a group receiving saline injections plus a sham leukapheresis and a placebo-
buffered solution instead of cells. The safety of the procedure was proven 12 months after
treatment, whereas a poor mobilization of CD133+ cells was found in several patients,
together with higher rates of CD133+ senescent cells. These results reflected the need
of studies with higher number of patients. Nevertheless, these authors suggested that
this therapeutic approach might not be entirely successful with the patients selected [154].
Finally, other type of cells gaining popularity as a potential treatment for CLI patients are
ASCs, SVF, or the very small embryonic-like stem cells (VSEL) [139,167,168].

Limitations in Cell-based Clinical Trials

Despite the promising results derived from the use of stem cells with CLI patients,
the variability and heterogeneity found within the clinical trials is high. Remarkably,
after 20 years of using stem cell therapy in CLI, it remains unclear which cell type or cell
source triggers the highest benefits in terms of blood perfusion recovery or amelioration
of ischemic symptoms. The first trials focused on using heterogeneous cell preparations
from either bone marrow of peripheral blood. Such unpurified cell mixtures are often
composed by a considerably low proportion of “active” cells, or cells with documented
pro-angiogenic functions [109,125,142,169]. On the other hand, large amounts of cells are
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required during cell therapy, but proangiogenic progenitor cells are not present in high
proportions in humans, being necessary to develop optimized and clinically applicable
culture expansion methods for future perspectives. Cells could be efficiently selected by
their expression of CD34, CD133, or also by their ALDH-activity, although this approach
have detractors too, as extended culture is thought to negatively affect cell regenerative
function [170,171]. However, the optimization of these cultures could solve the problematic
associated with EPCs or MSCs dysfunctionality in CLI patients, as well as augmenting
the angiogenic potency of cells through pre-stimulation prior transplantation [47,172]. In
this sense, the next question relies in whether using an autologous or an allogenic strategy
with these patients. Autologous administration avoids rejection-related issues, but also
presents several disadvantages such as difficulties to recruit a significant number of cells
from these donors, and moreover the already mentioned cellular dysfunction in response
to atherosclerosis and/or related co-morbidities. The allogenic method complicates the
therapy applicability by requiring HLA-matching [173–175].

Another matter of disparity is the cell dose to apply, depending on the cell type/source,
as the number of MNCs and purified cells from MNCs always vary between patients and
could be affected by the illness itself. Unfortunately, some studies did not even provide such
information [30,170,174]. Similarly, the route of administration has not reached a consensus
yet. The majority of trials have chosen an intramuscular cell delivery, considering this a
more feasible and less invasive strategy [147,150]. Other authors postulate that an intra-
arterial administration would better distribute the cells into areas with sufficient oxygen
to prolong the pro-angiogenic function, trying to avoid the transient cell engraftment and
integration after intramuscular injection [20,87,148]. In this regard, several studies have
compared both intramuscular and intra-arterial strategies, showing similar results in terms
of clinical outcome [176–178].

Overall, the comparison of the results derived from different trials comprises an
arduous task in which meta-analysis are becoming increasingly useful to support evidence-
based medicine, allowing to summarize the accumulated evidence and also to drive future
research [179]. A meta-analysis performed by Rigato et al. includes robust statistical analy-
sis of either randomized, controlled trials, and non-controlled studies. Their results showed
that in patients not eligible for surgical revascularization, autologous cell therapy has the
potential to reduce the risk of major amputation in 36%, improving also the probability
of wound healing in 59%. Moreover, it appears to ameliorate several surrogate endpoints
of limb perfusion, pain, and functional capacity [180]. Similarly, Gao et al. analyzed the
results of over a thousand patients enrolling randomized controlled trials, indicating that
cell implantation improved ulcer healing rate, ABI, TcPO2, pain-free walking distance, and
reduced amputation rate and rest pain score compared with standard care/conventional
treatment [181]. Very recently, a review including 11 meta-analyses evaluated current
evidence on cell-based therapy in PAD. Such study corroborates the effectiveness of using
cell therapy with CLI patients, with a reduction in the number of major amputations and
improved wound healing. Furthermore, for secondary outcomes such as ABI, TcPO2, and
RPS, a general improvement is seen [179]. Despite this, larger studies are required to
increase statistical significance, together with the design of placebo-controlled studies, as
clinical outcome differences are not clear when compared to the placebo effect [181,182].

The discrepancy found between the clinical trials reflects the fact that there is still a
lot of work to do, as stated before, in order to reach a consensus regarding the optimal
treatment. This, in turn, also requires of a better understanding of how cells work, in
order to implement their use in clinical practice. Still, these studies share a common
conclusion: the safety and feasibility of cell therapy in patients with no option of surgical
revascularization, a population that represents half of the CLI patients diagnosed [120,144].

5. Strategies Derived from Cell Therapy

Due to increasing number of studies supporting that the regenerative power of stem
cells is mainly due to their paracrine effect within the ischemic tissues, the use of the cells
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released factors (secretome) and, more recently, the so-called exosomes as an alternative
to cell therapy, is currently being investigated. Secretomes are also named in different
studies as conditioned medium (CM), referring to the factors released to the medium where
cells have been cultured. The modulatory effect of these secretomes could depend on the
presence of different growth factors, angiogenic factors, hormones, cytokines, extracellular
matrix proteins and proteases, hormones, lipid mediators and genetic material secreted
from stem or progenitor cells for cell communications, interfering in different biological
functions such as growth, division, differentiation, apoptosis, and signaling [183,184]. The
stem cell secretome has shown great potential and could mediate intracellular pathways in
injured cells or activate adjacent tissues secretion [184].

Secretomes derived from different progenitor or stem cells are being studied, espe-
cially thanks to mass spectrometry approaches. In this way, Barberg et al. analyzed the
MSCs secretome composition, identifying proteins related to cell growth, signal trans-
duction and cell communication, as well as cytokines and growth factors involved in
physiological regulation of hematopoiesis [185]. Likewise, Maffioli et al. described that,
in a proinflammatory environment, MSCs increase the secretion of proteins related with
immunomodulation and angiogenesis [186]. Although MSCs secretomes are the most
studied ones, secretomes of other stem/progenitor cells are also showing promising results.
Very recently, we analyzed by a proteomic approach the secretome of CACs, identifying
a significant number of angiogenic factors, and moreover, we demonstrated that incuba-
tion ex vivo of ECFCs with this secretome enhances ECFCs angiogenesis, in agreement
with previous studies [77,110]. Moreover, ASCs secretome contains multiple angiogenic
factors, which appear to promote, among others, survival, proliferation, and migration
of ECs, as well as vasculogenesis [187,188]. Indeed, ASCs conditioned medium has been
shown to enhance proliferation and survival of endothelial cells in vitro [133]. Some of
these secretomes have already been tested as therapy in vivo showing encouraging results,
since they seem to be as effective as cell therapy [189–191]. The complete knowledge of
the secretomes activity and their factors would allow us to reproduce them artificially by
means of bioactive molecules to use in regenerative medicine. Finally, the administration
of secretomes as an alternative approach to cell therapy eliminates disadvantages such as
immune rejection or tumorigenicity [184]. Currently, novel strategies such as secretomes
liberation approaches to enhance their angiogenic properties are being evaluated. For
example, Felice et al. used nanoparticles to achieve a controlled EPCs secretome, demon-
strating the potential of this system in FAL rat models [192]. Likewise, extracellular vesicles
derived from stem or progenitor cells, also called “exosomes”, seem to participate as well
in the regenerative role of cellular secretomes. Exosomes derived from MSCs appear to
promote bone regeneration and angiogenesis [193]. In the same way, exosomes derived
from CD34+ cells have been shown to participate in angiogenesis and are essential for the
repairing properties assigned to these cells [194].

Finally, microRNAs have recently arisen as a promising alternative therapy against
ischemic diseases. MicroRNAs, short non-coding RNAs that inhibit translation of mes-
senger RNAs, can regulate an entire network or pathway simultaneously, besides, in
response to ischemia, they appear to be involved in the regulation of angiogenesis and
arteriogenesis [58,195]. Different strategies against PAD are based on the modulation of
factors related to the development of vasculature. However, modifications in a single factor
do not seem to be sufficient for the treatment of this disease, and therefore the development
of therapeutic strategies based on microRNAs are very promising, as this approach would
allow to regulate several pathways at the same time. Some of the most studied microRNAs
in CLI are miR-494, miR-487b, miR-329, and miR-495. Thus, the inhibition of some of these
molecules, described as antiangiogenic microRNAs, seems to promote blood flow recovery
in CLI mice [195,196]. Some studies suggest that microRNAs could be transferred by stem
or progenitor cells through exosomes to ECs, promoting angiogenesis in these forms [197].
Although microRNAs are the best known and most studied RNA non-coding molecules
for their therapeutic potential, there are other related types of RNA, such as circular or long
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noncoding RNAs, that also act in the regulation of gene expression and therefore should be
also evaluated as therapeutic targets.

6. Conclusions

In the past decades, an enormous effort has been made to find appropriate strategies
for the optimal treatment of CLI patients. Stem cell-based therapies have proven to be
safe and efficient to achieve therapeutic angiogenesis and to promote blood flow recovery,
representing an alternative for these patients. In this sense, the interest in the field is clear,
and the number of clinical trials using cell therapy in CLI is constantly growing. Still,
the variability seen between these trials is high, reflecting a lack of consensus regarding
key factors such as cell doses, cell types or sources, administration routes, the parameters
to define outcome efficacy, or the cohorts themselves. Moreover, further investigation is
required in order to better understand how the cells, or the molecules/exosomes derived
from them, exert such beneficial effects. Thus, a lot of work needs to be done before their
translation into the clinical practice. Even so, the results are promising, and a therapy based
on the administration of stem/progenitor cells and/or their derivatives could hopefully
represent a good alternative for CLI patients, especially for those with no other options.
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Abbreviations

a Autologous
ABI Ankle brachial index
aBMCs Autologous bone marrow cell transplantation
AD Arteriolar density
ADRCs Adipose-derived regenerative cells
AFS Amputation free survival
AFSCs Amniotic fluid-derived stem cells
AI Angiographic index
AR Amputation rate
ASCs Adipose tissue derived stem cells
ASO Atherosclerosis obliterans
BM-MNCs Bone marrow-derived mononuclear cells
BM-MSCs Bone marrow mesenchymal stem cells
BM-TNCs Bone marrow total nucleated cells
BFP Blood flow perfusion
CACs Circulating angiogenic cells
CBF Calf blood pressure
CD Capillary density
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CM Conditioned medium
CLI Critical limb ischemia
CVDs Cardiovascular diseases
CVF Collateral vessel formation
DM Diabetes mellitus
DR Death rate
ECFCs Endothelial colony forming cells
ECs Endothelial cells
ECEPCs Enriched circulating endothelial progenitor cells
EPCs Endothelial progenitor cells
ESC-ECP Stem cell-derived endothelial cell product
FAL Femoral artery ligation
FGF1 Fibroblast growth factor 1
FS Functional score
G-CSF Granulocyte colony-stimulating factor
HD High dose
HGF Hepatocyte growth factor
HIF-1a Hypoxia-inducible factor 1-alpha
HPCs Hematopoietic progenitor cells
h Human
IA Intraarterial
IC Intracardiac
IHC Immunohistochemistry
IM Intramuscular
IV Intravenous
LD Low dose
LDP Laser Doppler Perfusion
MACs Myeloid angioenic cells
MD Medium dose
MMPs Matrix metalloproteinases
MP Matrigel plug
MSCs Mesenchymal stem cells
NC Non-controlled
NO Nitric oxide
NR Non-randomized
PAD Peripheral arterial disease
PB-MNCs Peripheral blood mononuclear cells
PFWD Pain-free walking distance
PRP Platelet-rich plasma
RCT Randomized controlled trial
RPS Rest pain score
SC Subcutaneous
SMCs Smooth muscle cells
SMPCs Smooth muscle progenitor cells
SVF Stromal vascular fraction
TAO Thrombo-angiitis obliterans
TcPO2 Transcutaneous oxygen pressure
TR Tissue regeneration
UH Ulcer healing
VAS Visual analogue scale
VD Vessel diameter
VEGF Vascular endothelial growth factor
VIP Vascular intersection percentage
VS Visual Scale
VSEL Very small embryonic-like stem cells
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Abstract: Arteriogenesis is one of the primary physiological means by which the circulatory collateral
system restores blood flow after significant arterial occlusion in peripheral arterial disease patients.
Vascular smooth muscle cells (VSMCs) are the predominant cell type in collateral arteries and re-
spond to altered blood flow and inflammatory conditions after an arterial occlusion by switching
their phenotype between quiescent contractile and proliferative synthetic states. Maintaining the
contractile state of VSMC is required for collateral vascular function to regulate blood vessel tone and
blood flow during arteriogenesis, whereas synthetic SMCs are crucial in the growth and remodeling
of the collateral media layer to establish more stable conduit arteries. Timely VSMC phenotype
switching requires a set of coordinated actions of molecular and cellular mediators to result in an
expansive remodeling of collaterals that restores the blood flow effectively into downstream ischemic
tissues. This review overviews the role of VSMC phenotypic switching in the physiological arterio-
genesis process and how the VSMC phenotype is affected by the primary triggers of arteriogenesis
such as blood flow hemodynamic forces and inflammation. Better understanding the role of VSMC
phenotype switching during arteriogenesis can identify novel therapeutic strategies to enhance
revascularization in peripheral arterial disease.

Keywords: vascular smooth muscle cell; phenotypic switch; arteriogenesis; collateral arteries;
peripheral arterial disease

In peripheral arterial disease (PAD), atherosclerosis limits blood flow to the lower ex-
tremities and represents approximately 25% of the global burden of cardiovascular disease
and 1.7% of the overall global burden of disease [1]. In people over 50 years of age, 40–50%
will manifest atypical symptoms in lower extremities, 10–35% with classic intermittent
claudication, and 1–2% with threatened limb amputation [2,3]. The current PAD prevalence
figure is expected to increase with age. The current clinical guidelines suggest to manage
PAD patients’ control of cardiovascular risk factors through lifestyle modifications and va-
sodilators such as cilostazol to improve symptoms [4,5]. Patients who have symptoms not
adequately controlled medically receive interventional endovascular treatment options or
open surgery to revascularize and restore blood flow [6]. However, many patients are poor
candidates for these interventions due to their comorbidities such as diabetes despite the
availability of treatment options [7]. Moreover, 20% of treated patients develop recurrent
symptoms that cannot further undergo vascular intervention [8,9]. Thus, the induction of
endogenous revascularization has been attempted to establish an alternative strategy of
revascularization that ensures efficient re-establishment of blood flow to ischemic tissues
and improve PAD patients’ clinical outcomes.

The endogenous revascularization after ischemic insult involves multiple biological
processes including vasculogenesis, angiogenesis, and arteriogenesis. While vasculogenesis
occurs mainly during embryonic life, experimental evidence has shown that vasculogenesis
contributes to adult neovascularization at least to repair the damaged capillary networks.
In vasculogenesis, blood vessels form de novo via the differentiation of progenitor vascu-
lar cells into discrete vascular cells such as endothelial cells [10,11], smooth muscle cells
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(SMCs) [10], and pericytes [12]. Angiogenesis is a more effective blood vessel formation
process in adults and is stimulated by the hypoxic inflammatory environment following ar-
terial occlusion [13,14]. It involves sprouting new blood vessels from pre-existing capillaries
to repair the vascular damage and restore tissue perfusion in distal ischemic tissues [15,16].
However, both vasculogenesis and angiogenesis are natural adaptive processes that do not
bypass the blocked arteries instantly but require a long time to build a functional vascular
network infiltrating ischemic tissues [17]. At the same time, innate collateral circulation
mediates a quick adaptive response. Collaterals are the cross-connecting anastomoses
between two feed arteries or crowns of adjacent arterial trees [18]. They are functionally
and phenotypically different from arteries and veins as the blood flow along their length
comes from opposite directions in the healthy tissue at baseline [19]. While significant
variability exists between individuals and species in the extent of the pre-existing collateral
trees [20–23], overwhelming findings demonstrate that these vascular tree arrangements
can function as a natural bypass following significant arterial occlusions regardless of
the extent of the pre-existing collaterals. That compensation is provided by dilating and
enlarging these pre-existing vessels: this process is described as “arteriogenesis” [24,25].
Humans have progressive enlargement of pre-existing genicular arteries as collaterals from
2 to 8 weeks after femoral artery occlusion [26].

Nevertheless, most of our knowledge about the pathophysiology of arteriogenesis
is based on experimental animal studies of arterial occlusion. The terms collateralization
and arterialization are often confused with arteriogenesis and are poorly defined [19]. This
review focuses on the arteriogenesis of collaterals as an arterial wall remodeling process
where the pre-existing collaterals grow with an increase in diameter and wall thickness in
response to an initial hemodynamic stimulus [27].

1. The Pathophysiology of Arteriogenesis after Ischemia

When a primary arterial trunk is occluded, it leads to a pressure drop downstream of
the arterial network subsequently creating a pressure gradient across pre-existing collateral
circulation and forcing the diversion of blood flow through the collaterals. The altered
blood flow generates hemodynamic forces in collateral arterioles and arteries triggering
two vascular responses: short-term vasodilation and long-term expansive vascular re-
modeling [28]. The short-term phase mediated by vasoactive molecules such as nitric
oxide relax the smooth muscle cells leading to vasodilation [29]. The acute alteration
of fluid shear stress induces the expression of chemokines and adhesion molecules by
the endothelium [30]. Chemokines trigger the recruitment and attachment of circulating
monocytes to activated endothelium that express adhesion molecules [31]. Monocytes
transmigrate through the endothelium into the sub-intimal space where they transform
into macrophages and produce inflammatory cytokines and growth factors such as trans-
forming growth factor-β (TGFβ) [32], tumor necrosis factor-α (TNFα) [33], epidermal
growth factor (EGF) [34], and fibroblast growth factor (FGF) [35]. The accumulation of
macrophages has been reported in the perivascular area as well [36]. Eventually, these
cytokines and growth factors diffuse into the medial layer of collaterals modulating the
signaling pathways of SMC [37]. This results in SMC phenotypic switching that involves
the SMC dedifferentiation from the quiescent contractile phenotype to a proliferative,
migratory, and synthetic phenotype [38]. Growth factors and cytokines secreted from
macrophages activate the proteolysis system for extracellular matrix (ECM) remodeling to
further enhance SMC phenotypic switching [39].

Synthetic smooth muscle cells migrate from the media to the subendothelial space
(intima) where they proliferate abundantly and produce ECM components including
collagen, elastin, and proteoglycans to the subintimal space resulting in the formation
of a new layer of SMC [38]. At this point, the collateral vessel has an approximately
25-fold larger diameter with a newly formed tunica intima, reconstituted tunica media,
and thickened tunica adventitia that can restore blood flow up to 50% [40]. The increased
vascular diameter is associated with the normalization of shear stress and mechanical
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strain on the vascular wall [41]. This reduced intravascular pressure in the collaterals
impairs endothelial activation, attenuates inflammation, and causes synthetic SMCs to
re-differentiate back into their contractile state, thus terminating the collateral growth
process [42]. Concurrently, blood flow is reduced and gradually regresses in collaterals that
fail to have mature arteriogenesis [43].

Upon successful arteriogenesis, the collaterals exhibit an extensive outward and hyper-
trophic remodeling, which is associated with the transformation of a small microvascular
resistance vessel into a large conductance artery [44]. The smooth muscle cell is the primary
cell type in this collateral remodeling [45] (Figure 1).

Figure 1. Pathophysiology of arteriogenesis. (A) Diagram illustrates the hemodynamic changes
of collateral circulation after arterial occlusion. Pressure-gradient (ΔP); blood flow (Q); direction
of blood flow (arrows); fluid shear stress (σ(shear)); circumferential wall stress or tension (σ(circ)).
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(B) Cross-section of collateral arteries showing the different phases of the physiological arteriogenesis
(IEL: internal elastic lamina). The presented time course of arteriogenesis phases is observed in
the mouse model of limb ischemia. (C) The dynamics of the vascular smooth muscle cell (VSMC)
phenotype switch during arteriogenesis. Oscillatory shear stress (σ(shear)). The figure has been
created with BioRender.com.

2. Molecular Regulation of SMC Phenotype Switching

Vascular smooth muscle cells in the adult vasculature are not terminally differentiated
cells. They possess extensive plasticity such that it can be stimulated to undergo a structural
and functional transition into proliferative/migratory/synthetic phenotype or undergo
an extreme phenotypic change into osteochondrocyte-like cells [46], foam-like cells [47],
and myofibroblasts [48] as detected in atherosclerotic lesions. Nevertheless, SMC plasticity
enables de-differentiated SMCs to re-differentiate back to a quiescent and contractile
state according to their microenvironment [49]. Many environmental factors of SMC
phenotype are identified such as growth factors, cytokines, hormones, blood flow shear
stress, cell-to-cell interactions, and cell-to-matrix interactions. SMCs phenotypic switching
is a critical event in the pathogenesis of arterial wall diseases such as atherosclerosis [50],
aneurysm [51], hypertension [52], and post-angioplasty restenosis [53].

The mature contractile phenotype of SMCs is morphologically characterized by low
numbers of protein synthesis organelles, e.g., rough endoplasmic reticulum, Golgi appara-
tus, or free ribosomes [54]. They demonstrate high expression of proteins that are involved
in muscle contraction and anchorage including α-smooth muscle actin (αSM actin) [55],
smooth muscle-myosin heavy chain (SM-MHC) [56], h1-calponin [57], smooth muscle 22α
(SM22α) [57], and smoothelin [58]. In contrast, synthetic SMCs have little or no contractile
protein content and high active protein synthesis apparatus [59]. Synthetic SMCs produce
pro-inflammatory factors such as TNF-α [60], C-C Motif Chemokine Ligand 2 (CCL2) or
monocyte chemoattractant protein-1 (MCP-1) [61] and ECM remodeling proteins such as
collagen I [62] and matrix-metalloproteinases [63]. Most of these proteins are involved in
tissue repair and remodeling, which reflect the functional role of synthetic SMCs. Synthetic
phenotypes are associated with abnormal mechanical forces.

The molecular basis of sustaining the SMC contractile state has been explained by
maintaining CArG–SRF–Myocardin complex [64]. Any headway to disrupt this complex
leads to down-regulation of genes encoding for contractile proteins, thus inducing a phe-
notypic switch to a synthetic pathways [65]. Indeed, the expression of the contractile
genes is controlled by multiple CArG elements located within their promoter-enhancer
regions [66]. The transcription factor serum response factor (SRF) binds to a general se-
quence motif in the CArG element (CC(A/T-rich)6GG) to regulate the expression of marker
genes [67]. Myocardin (MYOCD) is a potent coactivator of SRF and acts as a mediator of
environmental cues on the expression of SMC contractile genes [68]. Myocardin-related
transcription factors (MRTFs) [69] and ternary complex factors (TCF) [70] have also been
identified to be cofactors of SRF. Prior work has shown that MYOCD and MRTFs respond
to pro-differentiation stimuli through Rho GTPases-actin signaling [71,72], whereas TCFs
respond to dedifferentiation stimuli through mitogen-activated protein kinase (MAPK)
signaling [73].

Several pathways transduce signals from cell surface receptors or integrins in re-
sponse to the surrounding environmental factors to maintain the contractile phenotype.
The RhoA/ROCK signaling triggers actin polymerization increases post-translational mod-
ification of MRTFs and releases it to the nucleus to induce contractile gene expression [69].
TGFβ enhances nuclear translocation of SMAD proteins. Interaction with SMAD-binding
elements (SBEs) in turn upregulates the expression of differentiation marker genes [74].
Insulin growth factor (IGF) acts through PI3 K/AKT signaling which relieves FOXO4-
repressive effect on the CArG–SRF–myocardin complex leading to stable expression of
contractile genes [75,76].
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The loss of the contractile phenotype occurs via growth factors such as Platelet-
derived growth factor-BB (PDGF-BB), FGF, and EGF that activate MAPK cascade via the
Ras/Raf/MEK/ERK pathway. The MAPK activation can phosphorylate and activate
TCF proteins such as Elk-1 to displace MYOCD or induce SRF-dependent transcription
of early response growth, dedifferentiation genes, and repression of smooth muscle con-
tractile genes [77]. ERK can phosphorylate MRTFs in the cytoplasm and prevent nuclear
translocation [78]. PDGF-BB induces Kruppel Like Factor 4 (KLF-4) by binding to G/C
repressor elements or by competing with SRF for CArG elements to disrupt CArG–SRF–
myocardin [79,80] (Figure 2). Epigenetic regulation has been reported to control SMC
phenotype switching [81]. For instance, the overexpression of histone acetyltransferase
(HAT) enhances TGF β1-regulated SMC marker gene expression and its inhibitors such as
Twist1 and E1A. Histone deacetylase (HDAC) expression converses this effect of TGF β1
in SMC [82]. Decreased DNA methyltransferase activity and DNA hypomethylation was
observed in the proliferating intimal SMC present in the atherosclerotic lesions both in vivo
and in vitro [83,84]. Although some recent advancement sheds light on to the influence
of environmental cues in modifying epigenome, deeper research involving genome-wide
profiling with epigenetic markers are warranted to completely understand its role in SMC
phenotype switching in arteriogenesis.

Figure 2. Molecular regulation of vascular smooth muscle phenotype. TGFβ induces the formation of pSMAD2/3-SMAD4
complex, which is translocated into the nucleus, where it binds to SMAD-binding elements (SBE), leading to the expression
of early contractile SMC genes. The SMAD interaction with myocardin (MYOCD) or MRTFs enforces SMC differentiation
and maturation. Rho/ROCK activates the actin polymerization, which release G-actin monomers from MRTFs, enabling
MRTFs to translocate into the nucleus. There, they bind to the SRF/CArG, inducing the expression of SMC contractile genes.
IGF activates the PI3 K/AKT signaling pathway that phosphorylates the nuclear FOXO4 facilitating the nuclear export
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of FOXO4 to release the repression on the CArG/SRF/MYOCD complex. Growth factors (e.g., FGF, PDGF, EGF) through
the MEK/ERK pathway represses SMC contractile genes by phosphorylation of the ternary complex factor (TCF) Elk-1 and
MRTFs, and by increasing KLF4 level. Phospho-Elk-1 abolishes the SRF interaction with MYOCD or induces SRF-dependent
transcription of early growth genes. The phosphorylation of MRTFs prevents their translocation into the nucleus. The figure
has been created with BioRender.com.

3. The Effect of Hemodynamics on Smooth Muscle Cell Phenotype during
Arteriogenesis

Upon arterial occlusion, the increase of blood flow and intravascular pressure in the
bypass collaterals can generate two primary forces: fluid shear stress and circumferential
wall tension [43]. The fluid shear stress force directly affects the endothelium [85]. Cir-
cumferential wall tension affects both endothelium and medial smooth muscle cells [86].
However, the fluid shear stress can indirectly affect the smooth muscle cells through dif-
fusible vasoactive molecules secreted from activated endothelium, inflammation-induced
shear stress factors, and shear stress generated by secondary interstitial flow [87]. Multiple
in vitro studies have shown that both generated physical hemodynamic forces can influ-
ence the SMC phenotype [85]. Under physiological conditions, collaterals typically have
little or no blood flow, and the fluid shear stress is minimal with little influence on the SMC
phenotype [19]. Here, the phenotype of contractile SMCs in the collaterals is maintained
mainly by the kinetic energy of flow, which is converted to potential energy that maintains
the high circumferential wall stress of collaterals [88]. This also leads to an intense SMC
investment of the collaterals unlike distal arterioles.

In contrast, after arterial occlusion, early vasodilation of collaterals leads to a rapid
decrease in the intra-luminal pressure. Thus, according to Laplace’s formula, we expect
that the circumferential wall stress would not change significantly in the early stage. In
addition, the diminished blood pressure in downstream vessels is much lower than the
proximal arterial pressure; thus, this pressure is unlikely to cause a significant stretch force
on medial SMC at this phase. Indeed, the SMC in small arteries and arterioles generally
react to the acute rise of intraluminal pressure by contraction (myogenic response) to
regulate the tissue blood flow [89,90]. However, the collaterals are dilated after the arterial
occlusion indicating that shear-mediated responses predominate the intravascular pressure-
mediated responses or this could be partially explained by the fact that collaterals lack
myogenic responsiveness and have less SMC tone at baseline than the arteries/arterioles
they interconnect [88]. Endothelial-smooth muscle cell co-culture studies have shown
sustained exposure of endothelial cells to laminar shear stress inhibits SMC proliferation
and induces a transition from a synthetic to a contractile phenotype [91]. These observations
agree with in vivo animal studies showing an absence of SMC proliferation of the SMC
phenotype switching at early stage (up to 48 hours after arterial occlusion) [92]. In summary,
the increase in fluid shear stress is the dominant factor at the very beginnings where the
SMCs are relaxed while maintaining their contractile phenotype.

The increase in fluid shear stress force is transmitted to the SMC by diffusible molecules
such as nitric oxide (NO) [93]. NO is synthesized by endothelial nitric oxide synthase
(eNOS) or inducible nitric oxide synthase (iNOS) [94]. NO can diffuse into the smooth mus-
cle cells where it binds with soluble guanylate cyclase (cGC) to produce cyclic guanosine
monophosphate (cGMP), which is a crucial factor to activate protein kinase G (PKG) that re-
laxes the smooth muscle cells leading to vasodilatation [95]. NO inhibits SMC proliferation
through the extracellular signal-regulated kinase (ERK) pathway leading to increased pro-
tein levels of the cyclin-dependent kinase inhibitor p21 Waf1/Cip1 [96]. cGMP-dependent
protein kinase (PKG) overexpression in synthetic SMC results in phenotypic switching of
SMC to a contractile phenotype that expresses contractile markers [97] (SM-MHC, calponin,
α-SM actin) with reduced expression of synthetic phenotype markers (osteopontin, throm-
bospondin) [98–101]. Despite the continuous production of NO through the process of
arteriogenesis, the effect of NO on SMC phenotype is not predominant in the next stages of
arteriogenesis and is overridden by other factors such as cytokines, growth factors, and the
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increase of circumferential wall tension. All these factors tend to induce the SMC synthetic
phenotype. Mees et al. used the distal femoral artery ligation model that only causes
marginal ischemia in the lower limb to specifically study arteriogenesis. Their findings
demonstrate that tissue blood flow recovery was impaired in eNOS-knockout mice due to
the inability to sufficiently vasodilate collaterals and not because of impaired arteriogene-
sis [102]. These findings were supported by several studies using mathematical modeling
that showed that collateral vasodilation is a critical triggering factor for significant blood
flow compensation to occur following arterial occlusion [103,104].

Most collaterals tend to be tortuous small arteries [105]. The steady low shear stress is
transformed rapidly to turbulent shear stress when blood flow increases after proximal
arterial occlusion. The sudden changes in fluid shear stress naturally promote acute
activation of endothelial cells and inflammatory pathways [106]. Endothelial cells sense
the change of fluid shear stress via mechanosensors and covert this into paracrine chemical
signals that influence the medial SMC [107]. The mechanosensation process involves
multiple endothelial cell components. For instance, the activation of volume-regulated
endothelial chloride channels is one of the earliest responses to endothelial cell swelling
resulting from an acute increase in fluid shear stress [108]. Other early responses led
to mechanically gated channels such as transient receptor potential cation channel V4
(TRPV4) and Piezo1. These are sensitive to changes in the endothelial cell membrane’s
tension resulting from fluid shear stress [109].

Endothelial surface glycocalyx and its components can act as a mechanoreceptor and
can transmit mechanical stimuli to the cytoskeleton, which can then activate downstream
signaling pathways such as PI3K/AKT/eNOS and NFκB [110]. The platelet endothelial
cell adhesion molecule-1 (PECAM-1), vascular endothelial-cadherin (VE-cadherin), and
vascular endothelial growth factor receptor 2 (VEGFR2) can collectively act as mechanosen-
sory complex in response to the fluid shear stress [111]. In vivo, the genetic deletion of
the PECAM-1 component attenuates the NF-kB activation and downstream inflammatory
response in collateral arteries following limb ischemia [112]. This was associated with
partial recovery of blood flow and reduced collateral remodeling.

In contrast, the alterations in the intraluminal pressure in the later stages of arterio-
genesis can be extended to exert a mechanical force on the cellular components of VSMCs,
which act as a mechanosensor to initiate subsequent signal transduction events [43]. Me-
dial SMC can also be indirectly exposed to the fluid shear stress and blood flow pressure
through the (transmural) interstitial flow. This flow shear stress is driven by the trans-
mural pressure differential between the intra-arterial and tissue pressure [113] and can
exhibit a direct shear stress force on SMCs that their mechanosensors can sense. Many
mechanosensors were identified on VSMCs to sense the surrounding mechanical stimuli
such as membrane-like receptors, ion channels and pumps, glycocalyx, primary cilium, and
integrins [114,115]. These mechanosensors could transmit signals from the surroundings
to affect the SMC phenotype as an adaptive response [116]. Hu et al. demonstrated that
the adaptor molecules of membrane mechanosensors are inactive in the quiescent SMC.
The altered mechanical stress initially induces a conformational change in the plasma
membrane leading to autophosphorylation of PDGFα receptors and sequential activation
of MAPK cascades [117].

Additionally, activation of integrin receptors, stretch-activated cation channels, and G
proteins are also observed in SMC membranes of collateral vessels in response to stretch
forces [118]. These forces play a pivotal role in SMC proliferation and differentiation [117].
SMCs are aligned circumferentially in the media layer. SMCs stretch along their central
axis when the collaterals vasodilate due to the hemodynamic changes. The vasodilation
might elevate circumferential wall stress via thinning of the pressure-bearing vessel wall
leading to increased SMC wall mass as negative feedback of circumferential wall stress
regulation [119]. This process requires VSMC proliferation, matrix degradation, and
migration, which drives the ability to sense and adapt to mechanical stresses. In vitro
studies have demonstrated that cyclic stretching activates ERK1/2 signaling bringing down
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the expression of SM-MHC, smoothelin, and calponin in VSMCs [120]. Downregulation of
SMC marker genes mediates phenotypic modulation and sustained phosphorylation of
ERK1/2 and contributes to the SMC medial layer’s growth during arteriogenesis [121].

Cyclic stretching is a critical inducer of MCP-1 expression in SMC of remodeling
collaterals [122]. It governs the recruitment of circulating monocytes and stimulates SMC’s
proliferation and inflammatory state through differential activation of the transcription
factors NF-kB and AP-1 [123]. Ephrin B2 is another well-known inducer of arteriogenesis
and is controlled by cyclic stretch. Ephrin B2 is an arterial marker that is upregulated in
endothelial cells during collateral remodeling and plays a vital role in arteriogenesis by lim-
iting SMC migration within defined borders and controlling monocyte extravasation [124].
Exposure of SMCs to cyclic stretch also increases collagen and fibronectin production,
metalloproteinase activity, and TGFβ expression, thus modulating the arterial remodeling
outcome [125].

The arterial wall strain is chronically elevated in systemic hypertension conditions.
The small arteries and arterioles remodel inwardly through a eutrophic process of rear-
rangement of the same SMC around a smaller lumen [126]. Conversely, collateral arteries
undergo robust anatomic outward remodeling [127]. The inflammatory profile plays a
pivotal shift in the remodeling outcome towards expansive remodeling in response to the
initial shear stress changes after arterial occlusion. There is a tight association between
fluid shear stress and wall stretch dynamics according to a theoretical model simulating
hemodynamic alterations-stimulated vascular remodeling responses [128]. Maintaining the
relationship between the two forces is regarded a design principle for adequate collateral
circulation [41].

4. The Role of Inflammation in SMC Phenotypic Change

The initial phase of collateral vasodilation is driven by fluid shear stress and occurs
within the early stage of post-occlusion. However, this vessel enlargement accounts for
a small proportion of final vessel expansion, and it slows following shear stress normal-
ization [85]. The appearance of synthetic SMCs or a reduction in contractile SMCs occurs
after the vasodilation phase in coincidence with increased inflammatory intensity. The
inflammatory process is triggered by shear stress alterations and is an amplifying factor
that drives the vessel expansion beyond this point to influence SMC phenotype [129].
Similar to the formation of atherosclerotic plaque in which inflammation sought to play
an important role in SMC phenotypic modulation [130], a complex inflammation process
leads to cell-to-cell crosstalk between VSMCs, endothelial cells, and immune cells for their
phenotypic transition in the context of collateral remodeling [131]. The shear stress-induced
inflammation offers a beneficial effect on arteriogenesis only if it remains transient. Indeed,
that prolonged inflammation leads to ineffective arteriogenesis [132]. Hence, the factors
affecting the time required to trigger inflammation must be well evaluated because the
variability in individuals accounts for the variation in the extent of arteriogenesis between
individuals and species.

Endothelial cells in pre-existing collaterals are the first effectors to initialize an in-
flammatory process following arterial occlusion [133]. In response to fluid shear stress
alterations, endothelial cells express cell adhesion molecules, chemokines, and cytokines.
Chemokines are vital mediators that recruit circulating monocytes into the subendothelial
space of collaterals [134]. Additionally, significant accumulation of monocytes/macrophages
in the perivascular area peaked within the first three days of arterial occlusion [31]. SMCs
express many chemokine receptors on their surface, and they are responsive to accumu-
lated chemokines in the collaterals. Therefore, chemokines can directly contribute to the
modulation of SMC phenotypes during arteriogenesis. Exogenous MCP-1 is a potent
chemokine in enhancing arteriogenesis and stimulates SMC proliferation [135]. In vitro
forced expression of MCP-1 in SMCs leads to dedifferentiation [136]. The role of other
chemokines involved in arteriogenesis and SMC phenotype changes remains unclear.
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Medial SMCs also contributes to initiating or amplifying stretch-induced inflamma-
tion in collateral remodeling [137]. They produce multiple cytokines and chemokines, e.g.,
interleukin IL-1, IL-6, CCL2, and C-X-C Motif Chemokine Ligand 10 (CXCL10) in response
to changes in intravascular pressure [138]. However, the collateral media often remains
spared from immune cell infiltration. Monocytes/macrophages can mainly regulate the
SMC phenotype through paracrine effects during arteriogenesis [139]. Monocytes are
divided into a subset of populations based on the expression levels of cell surface markers
and chemokine receptors: pro-inflammatory (Ly6 ChighCCR2highCX3 CR1low) and tissue
repair (Ly6 ClowCCR2lowCX3 CR1high) in mouse [140]. The infiltrated pro-inflammatory
monocytes (Ly6Chigh) are detected mainly in the collaterals during the early phase of arteri-
ogenesis whereas the anti-inflammatory monocytes (Ly6 Clow) predominate the collaterals
during the growth and expansion phase of arteriogenesis [141]. Ly6 Chigh monocytes are
more likely to differentiate into M1 macrophages, which secrete various pro-inflammatory
cytokines such as interleukin (IL)-1, IL-6, IL-12, and TNFα. They exhibit high proteolytic
activity [142]. In contrast, Ly6 Clow monocytes may differentiate into M2 macrophages,
which secrete anti-inflammatory cytokines such as IL-10 and TGFβ1 and express growth
factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor
(bFGF), thus promoting collateral remodeling and expansion [143]. Many of the factors
produced by macrophages have been linked with SMC growth and loss of contractile phe-
notype [144–146]. In vitro co-culture studies have shown that macrophage-derived PDGF
enhances SMC proliferation and suppresses the expression of SMC contractile markers: SM
α-actin and SM-MHC. IL-6 released by macrophages promotes Matrix metalloproteinase-1
(MMP-1) production by SMC [147]. Other factors such as TGF-β1 that is secreted by the
M2 macrophage induces a contractile SMC phenotype [148,149].

Monocytes and macrophages are an important source of metalloproteinases and other
proteases such as cathepsins during vascular repair process [150]. During arteriogenesis,
metalloproteinases contribute actively to extracellular matrix breakdown to facilitate SMC
migration and rearrangement. MMP-2 and MMP-9 stimulates the interaction of VSMCs
with newly formed ECM to trigger intracellular signaling via integrins to induce a pheno-
typic switch and persistent migration [151]. SMCs develop an intercellular signaling system
de novo: connexin-37 is a highly specific marker for developing collateral vessels [152].
All of these changes contribute to the release of constraints imposed by the structural
scaffold of extracellular matrix. In turn, this directs collateral remodeling towards an
outward remolding. Metalloproteinases can increase the bioavailability of growth factors
and cytokines by processing the bound species into an extracellular matrix, thus enhancing
their capacity to regulate SMC phenotype in a spatial and temporal manner during the
different phases of arteriogenesis [153].

Other inflammatory cell populations have been reported to infiltrate the collateral
sites during arteriogenesis, e.g., neutrophils [154], mast cells [155], and lymphocytes [156].
Mast cells residing in the perivascular tissues of arteries are activated during arteriogenesis.
Chillo et al. demonstrated that shear stress-induced mast cell activation is mediated by
activated neutrophil and platelet-derived effectors such as reactive oxidative stress [157].
Degranulation occurs when mast cells are activated, and thus the bioactive granule content
is released to the extracellular space leading to a powerful inflammatory reaction. Mast
cell granules contain many bioactive constituents including vasoactive molecules, amines,
cytokines, proteases, and proteoglycans that can diffuse into the media and influence
the SMC function and phenotype [157]. T lymphocytes contribute to the inflammation
process during arteriogenesis. Specifically, T cells positively regulate arteriogenesis as
demonstrated by the impaired arteriogenesis observed in CD4+ knockout mice model
for acute hindlimb ischemia [158]. Upregulation of CCR-7 and its ligands CCL19 and
CCL21 were observed within 22 hours post-ischemia leading to a transient retention of
CD4+ T lymphocytes in the tissue to mediate a positive role in the initial phase of arte-
riogenesis [132]. Additionally, the depletion of natural killer (NK) cells severely impairs
arteriogenesis in C57BL/6 NK-cell-deficient transgenic mice [159]. Nevertheless, the signif-

81



Int. J. Mol. Sci. 2021, 22, 10585

icance of mast cells or lymphocyte role in SMC phenotype switching remains undefined in
vascular pathologies including ischemia-induced arteriogenesis.

5. Conclusions Remarks on Targeting SMC Phenotype Switching as Therapeutic
Arteriogenesis

Arteriogenesis is a physiological remodeling response of the collateral arteries in the
occlusive arterial diseases. Despite the dramatic outward remodeling of collaterals, blood
flow is restored only up to 40–50% of the unblocked artery without intervention. One
reason for the limited restoration of blood flow is the premature normalization of fluid
shear stress (primary trigger of arteriogenesis). This natural compensatory capacity is
diminished even further in subjects with co-morbid diseases such as diabetes [160]. Using
an experimental shunting procedure, the induction of high continuous fluid shear stress
in collateral circulation led to an increase in the maximal collateral conductance up to
80% of the maximal blood flow of the arterial tree before occlusion [161]. Indeed, this
experiment is a clear proof-of-concept that a therapeutic intervention is feasible to enhance
the natural arteriogenesis and overcome the anatomical and physiological limits of blood
flow recovery after acute ischemia.

Vascular smooth muscle cells play a central role during arteriogenesis due to their
plasticity. Phenotypic switching of the contractile VSMC to a synthetic state is a critical
cellular event that sustains the growth and outward remodeling of collaterals. In contrast,
VSMC re-differentiation back to their contractile state is important to regain vascular
functions and prevent inappropriate hypertrophic remodeling of collaterals that could
perturb the blood flow for distal ischemic tissues. The physiological normalization of
fluid shear can lead to a premature switch of synthetic VSMC to a contractile quiescent
phenotype; this switch eventually attenuates the collateral wall growth and remodeling.
It has been shown that growth factor therapy can stimulate angiogenesis and also is able
to stimulate arteriogenesis [162,163]. Many of the used growth factors such as FGF2
and PDGF are involved in the induction of SMC phenotype switching into synthetic
phenotype. However, the single growth factor therapy was never able to completely restore
the conductance capacity of a larger artery [164]. Thus, administration of vasodilators
combined with agents inducing synthetic SMC as therapeutic strategy could increase the
maximal collateral conductance in occlusive artery disease.

Targeting vascular smooth muscle cell phenotype switching has been suggested to
be a therapeutic approach for tackling other vascular diseases such as atherosclerosis and
hypertension. However, since the dynamics of VSMC phenotype switching are different
in arteriogenesis, the timing of intervention would be challenging to achieve effective
therapy. Another challenge of targeting VSMC in arteriogenesis is that several cellular
events of atherosclerotic plaque development are also involved in arteriogenesis. For in-
stance, extracellular matrix degradation, VSMC migration, and proliferation are activated
in both arteriogenesis and atherogenesis. The stimulation of arteriogenesis through agents
that promote VSMC proliferation or positive arterial remodeling could have side effects
on the aggravation of atherosclerotic plaques in PAD patients who typically suffer from
atherosclerosis. While many experimental studies have been conducted to investigate the
molecular mechanisms of VSMC phenotype regulation in the context of atherosclerosis,
the molecular mechanisms of VSMC phenotype switching that specifically control arterio-
genesis in ischemic vascular disease remain largely unknown. Previous studies have been
carried out to trace the VSMC phenotype dynamics in vascular repair and atherosclerosis
models. Further studies are required for VSMC lineage tracing studies during arteriogene-
sis. These can help to identify novel specific molecular targets for therapeutic arteriogenesis
of peripheral arterial disease patients.

Author Contributions: Conceptualization, J.V.A. and A.A.H.Z.; Writing—original draft preparation,
J.V.A.; writing—review and editing, A.A.H.Z.; supervision, A.A.H.Z. Both authors have read and
agreed to the published version of the manuscript.

82



Int. J. Mol. Sci. 2021, 22, 10585

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: J.V.A. is supported by a graduate scholarship from the College of Health and
Life Sciences at Hamad Bin Khalifa University.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Bauersachs, R.; Zeymer, U.; Briere, J.-B.; Marre, C.; Bowrin, K.; Huelsebeck, M. Burden of Coronary Artery Disease and Peripheral
Artery Disease: A Literature Review. Cardiovasc. Ther. 2019, 2019, 8295054. [CrossRef] [PubMed]

2. Hirsch, A.T.; Haskal, Z.J.; Hertzer, N.R.; Bakal, C.W.; Creager, M.A.; Halperin, J.L.; Hiratzka, L.F.; Murphy, W.R.; Olin, J.W.;
Puschett, J.B.; et al. ACC/AHA 2005 practice guidelines for the management of patients with peripheral arterial disease
(lower extremity, renal, mesenteric, and abdominal aortic): A collaborative report from the American Association for Vascular
Surgery/Society for Vascular Surgery, Society for Cardiovascular Angiography and Interventions, Society for Vascular Medicine
and Biology, Society of Interventional Radiology, and the ACC/AHA task force on practice guidelines (writing committee to
develop guidelines for the management of patients with peripheral arterial disease): Endorsed by the American Association
of Cardiovascular and Pulmonary Rehabilitation; National Heart, Lung, and Blood Institute; Society for Vascular Nursing;
TransAtlantic Inter-Society Consensus; and Vascular Disease Foundation. Circulation 2006, 113, e463–e654. [PubMed]

3. Johannesson, A.; Larsson, G.-U.; Ramstrand, N.; Turkiewicz, A.; Wiréhn, A.-B.; Atroshi, I. Incidence of Lower-Limb Amputation in
the Diabetic and Nondiabetic General Population: A 10-year population-based cohort study of initial unilateral and contralateral
amputations and reamputations. Diabetes Care 2009, 32, 275–280. [CrossRef] [PubMed]

4. Gerhard-Herman, M.D.; Gornik, H.L.; Barrett, C.; Barshes, N.R.; Corriere, M.A.; Drachman, D.E.; Fleisher, L.A.; Fowkes, F.G.;
Hamburg, N.M.; Kinlay, S.; et al. 2016 AHA/ACC guideline on the management of patients with lower extremity peripheral
artery disease: A report of the american college of cardiology/american heart association task force on clinical practice guidelines.
Circulation 2017, 135, e726–e779. [PubMed]

5. Mohammed, M.; Gosch, K.; Safley, D.; Jelani, Q.-U.-A.; Aronow, H.D.; Mena, C.; Shishehbor, M.H.; Spertus, J.A.; Abbott, J.D.;
Smolderen, K.G. Cilostazol and peripheral artery disease-specific health status in ambulatory patients with symptomatic PAD.
Int. J. Cardiol. 2020, 316, 222–228. [CrossRef] [PubMed]

6. Lichtenberg, M. Peripheral artery disease: Endovascular therapy. Med. Mon. Pharm. 2017, 40, 102–106.
7. Yao, H.Q.; Wang, F.J.; Kang, Z. Effects of endovascular interventions on vWF and Fb levels in type 2 diabetic patients with

peripheral artery disease. Ann. Vasc. Surg. 2016, 33, 159–166. [CrossRef] [PubMed]
8. Bae, M.J.; Lee, J.G.; Chung, S.W.; Lee, C.W.; Kim, C.W. The factors affecting recurrence of symptoms after infrainguinal arterial

endovascular angioplasty. Korean J. Thorac. Cardiovasc. Surg. 2014, 47, 517–522. [CrossRef]
9. Meloni, M.; Izzo, V.; Giurato, L.; Del Giudice, C.; Da Ros, V.; Cervelli, V.; Gandini, R.; Uccioli, L. Recurrence of critical limb

ischemia after endovascular intervention in patients with diabetic foot ulcers. Adv. Wound Care 2018, 7, 171–176. [CrossRef]
10. Ingram, D.A.; Mead, L.E.; Moore, D.B.; Woodard, W.; Fenoglio, A.; Yoder, M.C. Vessel wall–derived endothelial cells rapidly

proliferate because they contain a complete hierarchy of endothelial progenitor cells. Blood 2005, 105, 2783–2786. [CrossRef]
11. Zengin, E.; Chalajour, F.; Gehling, U.M.; Ito, W.D.; Treede, H.; Lauke, H.; Weil, J.; Reichenspurner, H.; Kilic, N.; Ergün, S. Vascular

wall resident progenitor cells: A source for postnatal vasculogenesis. Development 2006, 133, 1543–1551. [CrossRef] [PubMed]
12. Higuchi, M.; Kato, T.; Yoshida, S.; Ueharu, H.; Nishimura, N.; Kato, Y. PRRX1- and PRRX2-positive mesenchymal stem/progenitor

cells are involved in vasculogenesis during rat embryonic pituitary development. Cell Tissue Res. 2015, 361, 557–565. [CrossRef]
[PubMed]

13. Carmeliet, P. Angiogenesis in health and disease. Nat. Med. 2003, 9, 653–660. [CrossRef] [PubMed]
14. Pugh, C.W.; Ratcliffe, P.J. Regulation of angiogenesis by hypoxia: Role of the HIF system. Nat. Med. 2003, 9, 677–684. [CrossRef]

[PubMed]
15. Ribatti, D.; Crivellato, E. “Sprouting angiogenesis”, a reappraisal. Dev. Biol. 2012, 372, 157–165. [CrossRef]
16. Emanueli, C.; Madeddu, P. Angiogenesis gene therapy to rescue ischaemic tissues: Achievements and future directions. Br. J.

Pharmacol. 2001, 133, 951–958. [CrossRef]
17. Simons, M. Angiogenesis: Where do we stand now? Circulation 2005, 111, 1556–1566. [CrossRef]
18. Buschmann, I.; Schaper, W. The pathophysiology of the collateral circulation (arteriogenesis). J. Pathol. 2000, 190, 338–342.

[CrossRef]
19. Faber, J.E.; Chilian, W.M.; Deindl, E.; van Royen, N.; Simons, M. A Brief Etymology of the Collateral Circulation. Arter. Thromb.

Vasc. Biol. 2014, 34, 1854–1859. [CrossRef] [PubMed]
20. Schaper, W. Collateral circulation: Past and present. Basic Res. Cardiol. 2009, 104, 5–21. [CrossRef] [PubMed]
21. Sherman, J.A.; Hall, A.; Malenka, D.J.; De Muinck, E.D.; Simons, M. Humoral and cellular factors responsible for coronary

collateral formation. Am. J. Cardiol. 2006, 98, 1194–1197. [CrossRef]
22. Clayton, J.A.; Chalothorn, D.; Faber, J.E. Vascular endothelial growth factor-a specifies formation of native collaterals and

regulates collateral growth in Ischemia. Circ. Res. 2008, 103, 1027–1036. [CrossRef] [PubMed]

83



Int. J. Mol. Sci. 2021, 22, 10585

23. Zhang, H.; Prabhakar, P.; Sealock, R.; E Faber, J. Wide genetic variation in the native pial collateral circulation is a major
determinant of variation in severity of stroke. J. Cereb. Blood Flow Metab. 2010, 30, 923–934. [CrossRef] [PubMed]

24. Helisch, A.; Schaper, W. Arteriogenesis: The development and growth of collateral arteries. Microcirculation 2003, 10, 83–97.
[CrossRef] [PubMed]

25. Scholz, D.; Ziegelhoeffer, T.; Helisch, A.; Wagner, S.; Friedrich, C.; Podzuweit, T.; Schaper, W. Contribution of arteriogenesis and
angiogenesis to postocclusive hindlimb perfusion in mice. J. Mol. Cell. Cardiol. 2002, 34, 775–787. [CrossRef] [PubMed]

26. Ziegler, M.A.; DiStasi, M.R.; Bills, R.G.; Miller, S.J.; Alloosh, M.; Murphy, M.P.; Akingba, A.G.; Sturek, M.; Dalsing, M.C.; Unthank,
J.L. Marvels, mysteries, and misconceptions of vascular compensation to peripheral artery occlusion. Microcirculation 2010, 17,
3–20. [CrossRef] [PubMed]

27. Herzog, S.; Sager, H.; Khmelevski, E.; Deylig, A.; Ito, W.D. Collateral arteries grow from preexisting anastomoses in the rat
hindlimb. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H2012–H2020. [CrossRef]

28. Resnick, N.; Einav, S.; Chen-Konak, L.; Zilberman, M.; Yahav, H.; Shay-Salit, A. Hemodynamic forces as a stimulus for
arteriogenesis. Endothelium 2003, 10, 197–206. [CrossRef]

29. Park, B.; Hoffman, A.; Yang, Y.; Yan, J.; Tie, G.; Bagshahi, H.; Nowicki, P.T.; Messina, L.M. Endothelial nitric oxide synthase affects
both early and late collateral arterial adaptation and blood flow recovery after induction of hind limb ischemia in mice. J. Vasc.
Surg. 2010, 51, 165–173. [CrossRef]

30. van Royen, N.; Piek, J.J.; Buschmann, I.; Hoefer, I.; Voskuil, M.; Schaper, W. Stimulation of arteriogenesis; a new concept for the
treatment of arterial occlusive disease. Cardiovasc. Res. 2001, 49, 543–553. [CrossRef]

31. Bruce, A.C.; Kelly-Goss, M.R.; Heuslein, J.L.; Meisner, J.K.; Price, R.J.; Peirce, S.M. Monocytes are recruited from venules during
arteriogenesis in the murine spinotrapezius ligation model. Arter. Thromb. Vasc. Biol. 2014, 34, 2012–2022. [CrossRef]

32. van Royen, N.; Hoefer, I.; Buschmann, I.; Heil, M.; Kostin, S.; Deindl, E.; Vogel, S.; Korff, T.; Augustin, H.; Bode, C.; et al.
Exogenous application of transforming growth factor beta 1 stimulates arteriogenesis in the peripheral circulation. FASEB J. 2002,
16, 432–434. [CrossRef]

33. Hoefer, I.E.; Van Royen, N.; Rectenwald, J.E.; Bray, E.J.; Abouhamze, Z.; Moldawer, L.L.; Voskuil, M.; Piek, J.J.; Buschmann, I.R.;
Ozaki, C.K. Direct evidence for tumor necrosis factor-α signaling in arteriogenesis. Circulation 2002, 105, 1639–1641. [CrossRef]

34. Belmadani, S.; Matrougui, K.; Kolz, C.; Pung, Y.F.; Palen, D.; Prockop, D.J.; Chilian, W.M. Amplification of coronary arteriogenic
capacity of multipotent stromal cells by epidermal growth factor. Arter. Thromb. Vasc. Biol. 2009, 29, 802–808. [CrossRef]
[PubMed]

35. Deindl, E.; Hoefer, I.E.; Fernandez, B.; Barancik, M.; Heil, M.; Strniskova, M.; Schaper, W. Involvement of the fibroblast growth
factor system in adaptive and chemokine-induced arteriogenesis. Circ. Res. 2003, 92, 561–568. [CrossRef]

36. Vågesjö, E.; Parv, K.; Ahl, D.; Seignez, C.; Hidalgo, C.H.; Giraud, A.; Amoêdo-Leite, C.; Korsgren, O.; Wallén, H.; Juusola, G.; et al.
Perivascular macrophages regulate blood flow following tissue damage. Circ. Res. 2021, 128, 1694–1707. [CrossRef] [PubMed]

37. Buschmann, I.; Heil, M.; Jost, M.; Schaper, W. Influence of inflammatory cytokines on arteriogenesis. Microcirculation 2003, 10,
371–379. [CrossRef] [PubMed]

38. Scholz, D.; Ito, W.; Fleming, I.; Deindl, E.; Sauer, A.; Wiesnet, M.; Busse, R.; Schaper, J. Ultrastructure and molecular histology of
rabbit hind-limb collateral artery growth (arteriogenesis). Virchows Archiv. 2000, 436, 257–270. [CrossRef]

39. Ungerleider, J.L.; Johnson, T.D.; Hernandez, M.J.; Elhag, D.I.; Braden, R.L.; Dzieciatkowska, M.; Osborn, K.G.; Hansen, K.C.;
Mahmud, E.; Christman, K.L. Extracellular matrix hydrogel promotes tissue remodeling, arteriogenesis, and perfusion in a rat
hindlimb ischemia model. JACC Basic Transl. Sci. 2016, 1, 32–44. [CrossRef]

40. Scholz, D.; Cai, W.; Schaper, W. Arteriogenesis, a new concept of vascular adaptation in occlusive disease. Angiogenesis 2001, 4,
247–257. [CrossRef]

41. Ma, T.; Bai, Y.P. The hydromechanics in arteriogenesis. Aging Med. 2020, 3, 169–177. [CrossRef]
42. Rzucidlo, E.M.; Martin, K.A.; Powell, R.J. Regulation of vascular smooth muscle cell differentiation. J. Vasc. Surg. 2007, 45,

A25–A32. [CrossRef]
43. Heil, M.; Schaper, W. Influence of mechanical, cellular, and molecular factors on collateral artery growth (arteriogenesis). Circ.

Res. 2004, 95, 449–458. [CrossRef]
44. Hoefer, I.E.; Van Royen, N.; Buschmann, I.R.; Piek, J.J.; Schaper, W. Time course of arteriogenesis following femoral artery

occlusion in the rabbit. Cardiovasc. Res. 2001, 49, 609–617. [CrossRef]
45. Shi, N.; Mei, X.; Chen, S.Y. Smooth muscle cells in vascular remodeling. Arterioscler. Thromb. Vasc. Biol. 2019, 39, e247–e252.

[CrossRef] [PubMed]
46. Leopold, J.A. Vascular calcification: Mechanisms of vascular smooth muscle cell calcification. Trends Cardiovasc. Med. 2015, 25,

267–274. [CrossRef] [PubMed]
47. Yan, P.; Xia, C.; Duan, C.; Li, S.; Mei, Z. Biological characteristics of foam cell formation in smooth muscle cells derived from bone

marrow stem cells. Int. J. Biol. Sci. 2011, 7, 937–946. [CrossRef]
48. Hegner, B.; Schaub, T.; Catar, R.; Kusch, A.; Wagner, P.; Essin, K.; Lange, C.; Riemekasten, G.; Dragun, D. Intrinsic deregulation of

vascular smooth muscle and myofibroblast differentiation in mesenchymal stromal cells from patients with systemic sclerosis.
PLoS ONE 2016, 11, e0153101. [CrossRef]

49. Owens, G.K.; Kumar, M.S.; Wamhoff, B.R. Molecular regulation of vascular smooth muscle cell differentiation in development
and disease. Physiol. Rev. 2004, 84, 767–801. [CrossRef]

84



Int. J. Mol. Sci. 2021, 22, 10585

50. Bennett, M.R.; Sinha, S.; Owens, G.K. Vascular smooth muscle cells in atherosclerosis. Circ. Res. 2016, 118, 692–702. [CrossRef]
51. Chen, P.Y.; Qin, L.; Li, G.; Malagon-Lopez, J.; Wang, Z.; Bergaya, S.; Gujja, S.; Caulk, A.W.; Murtada, S.-I.; Zhang, X.; et al. Smooth

muscle cell reprogramming in aortic aneurysms. Cell Stem Cell 2020, 26, 542–557. [CrossRef]
52. Régent, A.; Ly, K.H.; Lofek, S.; Clary, G.; Tamby, M.; Tamas, N.; Federici, C.; Broussard, C.; Chafey, P.; Liaudet-Coopman, E.; et al.

Proteomic analysis of vascular smooth muscle cells in physiological condition and in pulmonary arterial hypertension: Toward
contractile versus synthetic phenotypes. Proteomics 2016, 16, 2637–2649. [CrossRef]

53. Acampora, K.B.; Nagatomi, J.; Langan E.M., III; LaBerge, M. Increased synthetic phenotype behavior of smooth muscle cells in
response to in vitro balloon angioplasty injury model. Ann. Vasc. Surg. 2010, 24, 116–126. [CrossRef]

54. Wang, G.; Jacquet, L.; Karamariti, E.; Xu, Q. Origin and differentiation of vascular smooth muscle cells. J. Physiol. 2015, 593,
3013–3030. [CrossRef] [PubMed]

55. Gabbiani, G.; Schmid, E.; Winter, S.; Chaponnier, C.; de Ckhastonay, C.; Vandekerckhove, J.; Weber, K.; Franke, W.W. Vascular
smooth muscle cells differ from other smooth muscle cells: Predominance of vimentin filaments and a specific alpha-type actin.
Proc. Natl. Acad. Sci. USA 1981, 78, 298–302. [CrossRef] [PubMed]

56. Miano, J.; Cserjesi, P.; Ligon, K.L.; Periasamy, M.; Olson, E.N. Smooth muscle myosin heavy chain exclusively marks the smooth
muscle lineage during mouse embryogenesis. Circ. Res. 1994, 75, 803–812. [CrossRef] [PubMed]

57. Duband, J.-L.; Gimona, M.; Scatena, M.; Sartore, S.; Small, J.V. Calponin and SM22 as differentiation markers of smooth muscle:
Spatiotemporal distribution during avian embryonic development. Differentiation 1993, 55, 1–11. [CrossRef]

58. van der Loop, F.T.; Schaart, G.; Timmer, E.D.; Ramaekers, F.C.; van Eys, G.J. Smoothelin, a novel cytoskeletal protein specific for
smooth muscle cells. J. Cell Biol. 1996, 134, 401–411. [CrossRef]

59. Chamley-Campbell, J.; Campbell, G.R.; Ross, R. The smooth muscle cell in culture. Physiol. Rev. 1979, 59, 1–61. [CrossRef]
60. García-Miguel, M.; Riquelme, J.A.; Norambuena-Soto, I.; Morales, P.E.; Sanhueza-Olivares, F.; Núñez-Soto, C.; Mondaca-Ruff, D.;

Cancino-Arenas, N.; Martín, A.S.; Chiong, M. Autophagy mediates tumor necrosis factor-α-induced phenotype switching in
vascular smooth muscle A7r5 cell line. PLoS ONE 2018, 13, e0197210. [CrossRef]

61. Yu, B.; Wong, M.M.; Potter, C.M.F.; Simpson, R.M.L.; Karamariti, E.; Zhang, Z.; Zeng, L.; Warren, D.; Hu, Y.; Wang, W.; et al.
Vascular stem/progenitor cell migration induced by smooth muscle cell-derived chemokine (C-C Motif) ligand 2 and chemokine
(C-X-C motif) ligand 1 contributes to neointima formation. Stem Cells 2016, 34, 2368–2380. [CrossRef]

62. Okada, Y.; Katsuda, S.; Matsui, Y.; Watanabe, H.; Nakanishi, I. Collagen Synthesis by Cultured Arterial Smooth Muscle Cells
during Spontaneous Phenotypic Modulation. Pathol. Int. 1990, 40, 157–164. [CrossRef] [PubMed]

63. Weinreb, R.N.; Kashiwagi, K.; Kashiwagi, F.; Tsukahara, S.; Lindsey, J.D. Prostaglandins increase matrix metalloproteinase release
from human ciliary smooth muscle cells. Investig. Ophthalmol. Vis. Sci. 1997, 38, 2772–2780.

64. Yoshida, T.; Sinha, S.; Dandre, F.; Wamhoff, B.R.; Hoofnagle, M.H.; Kremer, B.E.; Wang, D.Z.; Olson, E.N.; Owens, G.K. Myocardin
is a key regulator of CArG-dependent transcription of multiple smooth muscle marker genes. Circ. Res. 2003, 92, 856–864.
[CrossRef] [PubMed]

65. Mack, C.P.; Hinson, J.S. Regulation of smooth muscle differentiation by the myocardin family of serum response factor co-factors.
J. Thromb. Haemost. 2005, 3, 1976–1984. [CrossRef]

66. Mack, C.P.; Owens, G.K. Regulation of smooth muscle alpha-actin expression in vivo is dependent on CArG elements within the
5’ and first intron promoter regions. Circ. Res. 1999, 84, 852–861. [CrossRef] [PubMed]

67. Miano, J.M. Serum response factor: Toggling between disparate programs of gene expression. J. Mol. Cell. Cardiol. 2003, 35,
577–593. [CrossRef]

68. Wang, D.Z.; Chang, P.S.; Wang, Z.; Sutherland, L.; Richardson, J.A.; Small, E.; Krieg, P.A.; Olson, E.N. Activation of cardiac gene
expression by myocardin, a transcriptional cofactor for serum response factor. Cell 2001, 105, 851–862. [CrossRef]

69. Cenik, B.K.; Liu, N.; Chen, B.; Bezprozvannaya, S.; Olson, E.N.; Bassel-Duby, R. Myocardin-related transcription factors are
required for skeletal muscle development. Development 2016, 143, 2853–2861. [CrossRef]

70. Esnault, C.; Gualdrini, F.; Horswell, S.; Kelly, G.; Stewart, A.; East, P.; Matthews, N.; Treisman, R. ERK-induced activation of TCF
family of SRF cofactors initiates a chromatin modification cascade associated with transcription. Mol. Cell 2017, 65, 1081–1095.
[CrossRef]

71. Yang, Q.; Shi, W. Rho/ROCK-MYOCD in regulating airway smooth muscle growth and remodeling. Am. J. Physiol. Lung Cell Mol.
Physiol. 2021, 321, L1–L5. [CrossRef]

72. Esnault, C.; Stewart, A.; Gualdrini, F.; East, P.; Horswell, S.; Matthews, N.; Treisman, R. Rho-actin signaling to the MRTF
coactivators dominates the immediate transcriptional response to serum in fibroblasts. Genes Dev. 2014, 28, 943–958. [CrossRef]

73. A Hipskind, R.; Buscher, D.; Nordheim, A.; Baccarini, M. Ras/MAP kinase-dependent and -independent signaling pathways
target distinct ternary complex factors. Genes Dev. 1994, 8, 1803–1816. [CrossRef]

74. Dennler, S.; Itoh, S.; Vivien, D.; ten Dijke, P.; Huet, S.; Gauthier, J.M. Direct binding of Smad3 and Smad4 to critical TGF
beta-inducible elements in the promoter of human plasminogen activator inhibitor-type 1 gene. EMBO J. 1998, 17, 3091–3100.
[CrossRef]

75. Jia, G.; Mitra, A.K.; Gangahar, D.M.; Agrawal, D.K. Insulin-like growth factor-1 induces phosphorylation of PI3K-Akt/PKB to
potentiate proliferation of smooth muscle cells in human saphenous vein. Exp. Mol. Pathol. 2010, 89, 20–26. [CrossRef] [PubMed]

76. Liu, Z.-P.; Wang, Z.; Yanagisawa, H.; Olson, E.N. Phenotypic modulation of smooth muscle cells through interaction of Foxo4 and
myocardin. Dev. Cell 2005, 9, 261–270. [CrossRef] [PubMed]

85



Int. J. Mol. Sci. 2021, 22, 10585

77. Dandre, F.; Owens, G.K. Platelet-derived growth factor-BB and Ets-1 transcription factor negatively regulate transcription of
multiple smooth muscle cell differentiation marker genes. Am. J. Physiol. Heart Circ. Physiol. 2004, 286, H2042–H2051. [CrossRef]
[PubMed]

78. Wang, Z.; Wang, D.-Z.; Hockemeyer, D.; McAnally, J.; Nordheim, A.; Olson, E.N. Myocardin and ternary complex factors compete
for SRF to control smooth muscle gene expression. Nat. Cell Biol. 2004, 428, 185–189. [CrossRef] [PubMed]

79. Salmon, M.; Gomez, D.; Greene, E.; Shankman, L.; Owens, G.K. Cooperative binding of KLF4, pELK-1, and HDAC2 to a G/C
repressor element in the SM22α promoter mediates transcriptional silencing during SMC phenotypic switching in vivo. Circ. Res.
2012, 111, 685–696. [CrossRef]

80. Kawai-Kowase, K.; Owens, G.K. Multiple repressor pathways contribute to phenotypic switching of vascular smooth muscle
cells. Am. J. Physiol. Cell Physiol. 2007, 292, C59–C69. [CrossRef]

81. Alexander, M.R.; Owens, G.K. Epigenetic control of smooth muscle cell differentiation and phenotypic switching in vascular
development and disease. Annu. Rev. Physiol. 2012, 74, 13–40. [CrossRef]

82. Qiu, P.; Ritchie, R.P.; Gong, X.Q.; Hamamori, Y.; Li, L. Dynamic changes in chromatin acetylation and the expression of histone
acetyltransferases and histone deacetylases regulate the SM22alpha transcription in response to Smad3-mediated TGFbeta1
signaling. Biochem. Biophys. Res. Commun. 2006, 348, 351–358. [CrossRef]

83. Hiltunen, M.O.; Turunen, M.P.; Häkkinen, T.P.; Rutanen, J.; Hedman, M.; Mäkinen, K.; Turunen, A.M.; Aalto-Setalä, K.; Ylä-
Herttuala, S. DNA hypomethylation and methyltransferase expression in atherosclerotic lesions. Vasc. Med. 2002, 7, 5–11.
[CrossRef]

84. Connelly, J.J.; Cherepanova, O.A.; Doss, J.F.; Karaoli, T.; Lillard, T.S.; Markunas, C.; Nelson, S.; Wang, T.; Ellis, P.D.; Langford, C.F.;
et al. Epigenetic regulation of COL15A1 in smooth muscle cell replicative aging and atherosclerosis. Hum. Mol. Genet. 2013, 22,
5107–5120. [CrossRef]

85. Pipp, F.; Boehm, S.; Cai, W.-J.; Adili, F.; Ziegler, B.; Karanovic, G.; Ritter, R.; Balzer, J.; Scheler, C.; Schaper, W.; et al. Elevated fluid
shear stress enhances postocclusive collateral artery growth and gene expression in the pig hind limb. Arter. Thromb. Vasc. Biol.
2004, 24, 1664–1668. [CrossRef]

86. Gruionu, G.; Hoying, J.B.; Pries, A.R.; Secomb, T. Structural remodeling of the mouse gracilis artery: Coordinated changes in
diameter and medial area maintain circumferential stress. Microcirculation 2012, 19, 610–618. [CrossRef]

87. Sakamoto, N.; Ohashi, T.; Sato, M. Effect of fluid shear stress on migration of vascular smooth muscle cells in cocultured model.
Ann. Biomed. Eng. 2006, 34, 408–415. [CrossRef]

88. Zhang, H.; Chalothorn, D.; Faber, J.E. Collateral vessels have unique endothelial and smooth muscle cell phenotypes. Int. J. Mol.
Sci. 2019, 20, 3608. [CrossRef] [PubMed]

89. Bagher, P.; Beleznai, T.; Kansui, Y.; Mitchell, R.; Garland, C.J.; Dora, K.A. Low intravascular pressure activates endothelial
cell TRPV4 channels, local Ca2+ events, and IKCa channels, reducing arteriolar tone. Proc. Natl. Acad. Sci. USA 2012, 109,
18174–18179. [CrossRef] [PubMed]

90. Chen, Y.; Rivers, R.J. Measurement of membrane potential and intracellular Ca(2+) of arteriolar endothelium and smooth muscle
in vivo. Microvasc. Res. 2001, 62, 55–62. [CrossRef] [PubMed]

91. Kim, S.A.; Sung, J.Y.; Woo, C.-H.; Choi, H.C. Laminar shear stress suppresses vascular smooth muscle cell proliferation through
nitric oxide-AMPK pathway. Biochem. Biophys. Res. Commun. 2017, 490, 1369–1374. [CrossRef] [PubMed]

92. Tsai, M.-C.; Chen, L.; Zhou, J.; Tang, Z.; Hsu, T.-F.; Wang, Y.; Shih, Y.-T.; Peng, H.-H.; Wang, N.; Guan, Y.; et al. Shear stress
induces synthetic-to-contractile phenotypic modulation in smooth muscle cells via peroxisome proliferator-activated receptor
alpha/delta activations by prostacyclin released by sheared endothelial cells. Circ. Res. 2009, 105, 471–480. [CrossRef] [PubMed]

93. Li, Y.; Talotta-Altenburg, L.M.; Silimperi, K.A.; Ciabattoni, G.O.; Lowe-Krentz, L.J. Endothelial nitric oxide synthase activation is
required for heparin receptor effects on vascular smooth muscle cells. Am. J. Physiol. Physiol. 2020, 318, C463–C475. [CrossRef]
[PubMed]

94. Lowry, J.L.; Brovkovych, V.; Zhang, Y.; Skidgel, R.A. Endothelial nitric-oxide synthase activation generates an inducible nitric-
oxide synthase-like output of nitric oxide in inflamed endothelium. J. Biol. Chem. 2013, 288, 4174–4193. [CrossRef]

95. Tabatabaei, S.N.; Girouard, H. Nitric oxide and cerebrovascular regulation. Vitam. Horm. 2014, 96, 347–385. [PubMed]
96. Zuckerbraun, B.S.; Stoyanovsky, D.A.; Sengupta, R.; Shapiro, R.A.; Ozanich, B.A.; Rao, J.; Barbato, J.E.; Tzeng, E. Nitric oxide-

induced inhibition of smooth muscle cell proliferation involves S-nitrosation and inactivation of RhoA. Am. J. Physiol. Physiol.
2007, 292, C824–C831. [CrossRef] [PubMed]

97. Itoh, S.; Katoh, Y.; Konishi, H.; Takaya, N.; Kimura, T.; Periasamy, M.; Yamaguchi, H. Nitric oxide regulates smooth-muscle-
specific myosin heavy chain gene expression at the transcriptional level—Possible role of SRF and YY1 through CArG element. J.
Mol. Cell. Cardiol. 2001, 33, 95–107. [CrossRef] [PubMed]

98. Boerth, N.J.; Dey, N.B.; Cornwell, T.L.; Lincoln, T.M. Cyclic GMP-dependent protein kinase regulates vascular smooth muscle cell
phenotype. J. Vasc. Res. 1997, 34, 245–259. [CrossRef]

99. Lincoln, T.M.; Sellak, H.; Dey, N.; Browner, N.; Choi, C.S.; Dostmann, W.W. Regulation of vascular smooth muscle cell gene
expression and phenotype by cyclic GMP and cyclic GMP-dependent protein kinase. BMC News Views 2003, 3, 356–367. [CrossRef]

100. Dey, N.B.; Foley, K.F.; Lincoln, T.M.; Dostmann, W.R. Inhibition of cGMP-dependent protein kinase reverses phenotypic
modulation of vascular smooth muscle cells. J. Cardiovasc. Pharmacol. 2005, 45, 404–413. [CrossRef]

86



Int. J. Mol. Sci. 2021, 22, 10585

101. Zhou, W.; Dasgupta, C.; Negash, S.; Raj, J.U. Modulation of pulmonary vascular smooth muscle cell phenotype in hypoxia: Role
of cGMP-dependent protein kinase. Am. J. Physiol. Lung Cell Mol. Physiol. 2007, 292, L1459–L1466. [CrossRef] [PubMed]

102. Mees, B.; Wagner, S.; Ninci, E.; Tribulova, S.; Martin, S.; Van Haperen, R.; Kostin, S.; Heil, M.; De Crom, R.; Schaper, W. Endothelial
nitric oxide synthase activity is essential for vasodilation during blood flow recovery but not for arteriogenesis. Arter. Thromb.
Vasc. Biol. 2007, 27, 1926–1933. [CrossRef]

103. Wilstein, Z.; Alligood, D.M.; McLure, V.L.; Miller, A.C. Mathematical model of hypertension-induced arterial remodeling: A
chemo-mechanical approach. Math. Biosci. 2018, 303, 10–25. [CrossRef] [PubMed]

104. Yang, J.; Clark, J.W.; Bryan, R.M.; Robertson, C.S. Mathematical modeling of the nitric oxide/cGMP pathway in the vascular
smooth muscle cell. Am. J. Physiol. Circ. Physiol. 2005, 289, H886–H897. [CrossRef] [PubMed]

105. Kaufman, S.L.; Kan, J.S.; Mitchell, S.E.; Flaherty, J.T.; White, R.I. Embolization of systemic to pulmonary artery collaterals in the
management of hemoptysis in pulmonary atresia. Am. J. Cardiol. 1986, 58, 1130–1132. [CrossRef]

106. Davies, P.F. Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology. Nat. Clin. Pr. Neurol. 2008, 6,
16–26. [CrossRef]

107. Shi, Z.D.; Tarbell, J.M. Fluid flow mechanotransduction in vascular smooth muscle cells and fibroblasts. Ann. Biomed. Eng. 2011,
39, 1608–1619. [CrossRef]

108. Ziegelhoeffer, T.; Scholz, D.; Friedrich, C.; Helisch, A.; Wagner, S.; Fernandez, B.; Schaper, W. Inhibition of collateral artery growth
by mibefradil: Possible role of volume-regulated chloride channels. Endothelium 2003, 10, 237–246. [CrossRef]

109. Swain, S.M.; Liddle, R.A. Piezo1 acts upstream of TRPV4 to induce pathological changes in endothelial cells due to shear stress. J.
Biol. Chem. 2021, 296, 100171. [CrossRef]

110. Sieve, I.; Münster-Kühnel, A.K.; Hilfiker-Kleiner, D. Regulation and function of endothelial glycocalyx layer in vascular diseases.
Vasc. Pharmacol. 2018, 100, 26–33. [CrossRef]

111. Pahakis, M.Y.; Kosky, J.R.; Dull, R.; Tarbell, J.M. The role of endothelial glycocalyx components in mechanotransduction of fluid
shear stress. Biochem. Biophys. Res. Commun. 2007, 355, 228–233. [CrossRef]

112. Chen, Z.; Rubin, J.; Tzima, E. Role of PECAM-1 in arteriogenesis and specification of preexisting collaterals. Circ. Res. 2010, 107,
1355–1363. [CrossRef] [PubMed]

113. Shi, Z.D.; Ji, X.Y.; Berardi, D.E.; Qazi, H.; Tarbell, J.M. Interstitial flow induces MMP-1 expression and vascular SMC migration
in collagen I gels via an ERK1/2-dependent and c-Jun-mediated mechanism. Am. J. Physiol. Heart Circ. Physiol. 2010, 298,
H127–H135. [CrossRef] [PubMed]

114. Kang, H.; Liu, J.; Sun, A.; Liu, X.; Fan, Y.; Deng, X. Vascular smooth muscle cell glycocalyx mediates shear stress-induced
contractile responses via a Rho kinase (ROCK)-myosin light chain phosphatase (MLCP) pathway. Sci. Rep. 2017, 7, 42092.
[CrossRef] [PubMed]

115. Schwartz, M.A.; Schaller, M.D.; Ginsberg, M.H. Integrins: Emerging paradigms of signal transduction. Annu Rev. Cell Dev. Biol.
1995, 11, 549–599. [CrossRef] [PubMed]

116. Chen, J.; Zhou, Y.; Liu, S.; Li, C. Biomechanical signal communication in vascular smooth muscle cells. J. Cell Commun. Signal.
2020, 14, 357–376. [CrossRef] [PubMed]

117. Hu, Y.; Böck, G.; Wick, G.; Xu, Q. Activation of PDGF receptor α in vascular smooth muscle cells by mechanical stress. FASEB J.
1998, 12, 1135–1142. [CrossRef]

118. Li, C.; Xu, Q. Mechanical stress-initiated signal transductions in vascular smooth muscle cells. Cell Signal. 2000, 12, 435–445.
[CrossRef]

119. Arnold, C.; Feldner, A.; Pfisterer, L.; Hödebeck, M.; Troidl, K.; Genové, G.; Wieland, T.; Hecker, M.; Korff, T. RGS 5 promotes
arterial growth during arteriogenesis. EMBO Mol. Med. 2014, 6, 1075–1089. [CrossRef]

120. Shi, Z.D.; Abraham, G.; Tarbell, J.M. Shear stress modulation of smooth muscle cell marker genes in 2-D and 3-D depends on
mechanotransduction by heparan sulfate proteoglycans and ERK1/2. PLoS ONE 2010, 5, e12196. [CrossRef]

121. Dardik, A.; Yamashita, A.; Aziz, F.; Asada, H.; Sumpio, B.E. Shear stress-stimulated endothelial cells induce smooth muscle cell
chemotaxis via platelet-derived growth factor-BB and interleukin-1α. J. Vasc. Surg. 2005, 41, 321–331. [CrossRef] [PubMed]

122. Okada, M.; Matsumori, A.; Ono, K.; Furukawa, Y.; Shioi, T.; Iwasaki, A.; Matsushima, K.; Sasayama, S. Cyclic stretch upregulates
production of interleukin-8 and monocyte chemotactic and activating factor/monocyte chemoattractant protein-1 in human
endothelial cells. Arter. Thromb. Vasc. Biol. 1998, 18, 894–901. [CrossRef] [PubMed]

123. Demicheva, E.; Hecker, M.; Korff, T. Stretch-induced activation of the transcription factor activator protein-1 controls monocyte
chemoattractant protein-1 expression during arteriogenesis. Circ. Res. 2008, 103, 477–484. [CrossRef] [PubMed]

124. Korff, T.; Braun, J.; Pfaff, D.; Augustin, H.G.; Hecker, M. Role of ephrinB2 expression in endothelial cells during arteriogenesis:
Impact on smooth muscle cell migration and monocyte recruitment. Blood 2008, 112, 73–81. [CrossRef]

125. O’Callaghan, C.J.; Williams, B. Mechanical strain-induced extracellular matrix production by human vascular smooth muscle
cells: Role of TGF-beta(1). Hypertension 2000, 36, 319–324. [CrossRef]

126. Parker, S.B.; Dobrian, A.D.; Wade, S.S.; Prewitt, R.L. AT1 receptor inhibition does not reduce arterial wall hypertrophy or PDGF-A
expression in renal hypertension. Am. J. Physiol. Circ. Physiol. 2000, 278, H613–H622. [CrossRef]

127. Etz, C.D.; Kari, F.A.; Mueller, C.S.; Brenner, R.M.; Lin, H.-M.; Griepp, R.B. The collateral network concept: Remodeling of
the arterial collateral network after experimental segmental artery sacrifice. J. Thorac. Cardiovasc. Surg. 2011, 141, 1029–1036.
[CrossRef]

87



Int. J. Mol. Sci. 2021, 22, 10585

128. Amaya, R.; Pierides, A.; Tarbell, J.M. The interaction between fluid wall shear stress and solid circumferential strain affects
endothelial gene expression. PLoS ONE 2015, 10, e0129952. [CrossRef]

129. Orr, A.; Hastings, N.E.; Blackman, B.R.; Wamhoff, B.R. Complex regulation and function of the inflammatory smooth muscle cell
phenotype in atherosclerosis. J. Vasc. Res. 2010, 47, 168–180. [CrossRef]

130. Doran, A.C.; Meller, N.; McNamara, C.A. Role of smooth muscle cells in the initiation and early progression of atherosclerosis.
Arter. Thromb. Vasc. Biol. 2008, 28, 812–819. [CrossRef]

131. Sorokin, V.; Vickneson, K.; Kofidis, T.; Woo, C.C.; Lin, X.Y.; Foo, R.; Shanahan, C.M. Role of vascular smooth muscle cell plasticity
and interactions in vessel wall inflammation. Front. Immunol. 2020, 11, 3053. [CrossRef]

132. Nossent, A.Y.; Bastiaansen, A.J.N.M.; Peters, E.A.B.; de Vries, M.R.; Aref, Z.; Welten, S.M.J.; de Jager, S.C.A.; van der Pouw Kraan,
T.C.T.M.; Quax, P.H.A. CCR7-CCL19/CCL21 axis is essential for effective arteriogenesis in a murine model of hindlimb ischemia.
J. Am. Heart Assoc. 2017, 6, e005281. [CrossRef]

133. Kadl, A.; Leitinger, N. The role of endothelial cells in the resolution of acute inflammation. Antioxid. Redox Signal. 2005, 7,
1744–1754. [CrossRef]

134. Moraes, F.; Paye, J.; Mac Gabhann, F.; Zhuang, Z.W.; Zhang, J.; Lanahan, A.A.; Simons, M. Endothelial cell–dependent regulation
of arteriogenesis. Circ. Res. 2013, 113, 1076–1086. [CrossRef]

135. Lin, X.C.; Pan, M.; Zhu, L.P.; Sun, Q.; Zhou, Z.S.; Li, C.C.; Zhang, G.G. NFAT5 promotes arteriogenesis via MCP-1-dependent
monocyte recruitment. J. Cell Mol. Med. 2020, 24, 2052–2063. [CrossRef] [PubMed]

136. Denger, S.; Jahn, L.; Wende, P.; Watson, L.; Gerber, S.H.; Kübler, W.; Kreuzer, J. Expression of monocyte chemoattractant protein-1
cDNA in vascular smooth muscle cells: Induction of the synthetic phenotype: A possible clue to SMC differentiation in the
process of atherogenesis. Atherosclerosis 1999, 144, 15–23. [CrossRef]

137. Li, C.; Xu, Q. Mechanical stress-initiated signal transduction in vascular smooth muscle cells in vitro and in vivo. Cell Signal.
2007, 19, 881–891. [CrossRef] [PubMed]

138. Heil, M.; Ziegelhoeffer, T.; Wagner, S.; Fernández, B.; Helisch, A.; Martin, S.; Tribulova, S.; Kuziel, W.A.; Bachmann, G.; Schaper,
W. Collateral artery growth (arteriogenesis) after experimental arterial occlusion is impaired in mice lacking CC-chemokine
receptor-2. Circ. Res. 2004, 94, 671–677. [CrossRef] [PubMed]

139. Fung, E.; Helisch, A. Macrophages in collateral arteriogenesis. Front. Physiol. 2012, 3, 353. [CrossRef] [PubMed]
140. Kratofil, R.M.; Kubes, P.; Deniset, J.F. Monocyte conversion during inflammation and injury. Arter. Thromb. Vasc. Biol. 2017, 37,

35–42. [CrossRef] [PubMed]
141. Cochain, C.; Rodero, M.; Vilar, J.; Recalde, A.; Richart, A.L.; Loinard, C.; Zouggari, Y.; Guérin, C.; Duriez, M.; Combadière, B.;

et al. Regulation of monocyte subset systemic levels by distinct chemokine receptors controls post-ischaemic neovascularization.
Cardiovasc. Res. 2010, 88, 186–195. [CrossRef] [PubMed]

142. O’Rourke, S.A.; Dunne, A.; Monaghan, M. The role of macrophages in the infarcted myocardium: Orchestrators of ECM
remodeling. Front. Cardiovasc. Med. 2019, 6, 101. [CrossRef] [PubMed]

143. Nahrendorf, M.; Swirski, F.K.; Aikawa, E.; Stangenberg, L.; Wurdinger, T.; Figueiredo, J.-L.; Libby, P.; Weissleder, R.; Pittet, M.J.
The healing myocardium sequentially mobilizes two monocyte subsets with divergent and complementary functions. J. Exp. Med.
2007, 204, 3037–3047. [CrossRef]

144. Rappolee, D.A.; Werb, Z. Macrophage-derived growth factors. Curr. Top. Microbiol. Immunol. 1992, 181, 87–140. [PubMed]
145. Macarie, R.D.; Vadana, M.; Ciortan, L.; Tucureanu, M.M.; Ciobanu, A.; Vinereanu, D.; Manduteanu, I.; Simionescu, M.; Butoi, E.

The expression of MMP-1 and MMP-9 is up-regulated by smooth muscle cells after their cross-talk with macrophages in high
glucose conditions. J. Cell Mol. Med. 2018, 22, 4366–4376. [CrossRef] [PubMed]

146. Butoi, E.; Gan, A.; Tucureanu, M.; Stan, D.; Macarie, R.; Constantinescu, C.; Calin, M.; Simionescu, M.; Manduteanu, I. Cross-talk
between macrophages and smooth muscle cells impairs collagen and metalloprotease synthesis and promotes angiogenesis.
Biochim. Biophys. Acta (BBA) Bioenerg. 2016, 1863, 1568–1578. [CrossRef]

147. Ntokou, A.; Dave, J.M.; Kauffman, A.C.; Sauler, M.; Ryu, C.; Hwa, J.; Herzog, E.L.; Singh, I.; Saltzman, W.M.; Greif, D.M.
Macrophage-derived PDGF-B induces muscularization in murine and human pulmonary hypertension. JCI Insight 2021, 6,
e139067. [CrossRef]

148. Xiong, W.; Frasch, S.C.; Thomas, S.M.; Bratton, D.L.; Henson, P.M. Induction of TGF-beta1 synthesis by macrophages in response
to apoptotic cells requires activation of the scavenger receptor CD36. PLoS ONE 2013, 8, e72772. [CrossRef]

149. Ji, Y.; Lisabeth, E.M.; Neubig, R.R. Transforming growth factor beta1 increases expression of contractile genes in human pulmonary
arterial smooth muscle cells by potentiating sphingosine-1-phosphate signaling. Mol. Pharmacol. 2021, 100, 53–60. [CrossRef]

150. Elkington, P.T.; Green, J.A.; Friedland, J.S. Analysis of Matrix Metalloproteinase Secretion by Macrophages. Adv. Struct. Saf. Stud.
2009, 531, 253–265.

151. Hobeika, M.J.; Edlin, R.S.; Muhs, B.E.; Sadek, M.; Gagne, P.J. Matrix metalloproteinases in critical limb ischemia. J. Surg. Res. 2008,
149, 148–154. [CrossRef] [PubMed]

152. Cai, W.-J.; Koltai, S.; Kocsis, E.; Scholz, D.; Schaper, W.; Schaper, J. Connexin37, not Cx40 and Cx43, is induced in vascular smooth
muscle cells during coronary arteriogenesis. J. Mol. Cell. Cardiol. 2001, 33, 957–967. [CrossRef] [PubMed]

153. Johnson, J.L. Matrix metalloproteinases: Influence on smooth muscle cells and atherosclerotic plaque stability. Expert Rev.
Cardiovasc. Ther. 2007, 5, 265–282. [CrossRef] [PubMed]

88



Int. J. Mol. Sci. 2021, 22, 10585

154. Bagi, Z. Impaired coronary collateral growth: miR-shaken neutrophils caught in the act. Am. J. Physiol. Heart Circ. Physiol. 2015,
308, H1321–H1322. [CrossRef]

155. Bot, I.; Velden, D.V.; Bouwman, M.; Kroner, M.J.; Kuiper, J.; Quax, P.H.A.; de Vries, M.R. Local mast cell activation promotes
neovascularization. Cells 2020, 9, 701. [CrossRef]

156. Stabile, E.; Kinnaird, T.; la Sala, A.; Hanson, S.K.; Watkins, C.; Campia, U.; Shou, M.; Zbinden, S.; Fuchs, S.; Kornfeld, H.; et al.
CD8 + T lymphocytes regulate the arteriogenic response to ischemia by infiltrating the site of collateral vessel development and
recruiting CD4 + mononuclear cells through the expression of interleukin-16. Circulation 2006, 113, 118–124. [CrossRef]

157. Chillo, O.; Kleinert, E.C.; Lautz, T.; Lasch, M.; Pagel, J.-I.; Heun, Y.; Troidl, K.; Fischer, S.; Caballero-Martinez, A.; Mauer, A.;
et al. Perivascular mast cells govern shear stress-induced arteriogenesis by orchestrating leukocyte function. Cell Rep. 2016, 16,
2197–2207. [CrossRef]

158. Stabile, E.; Burnett, M.S.; Watkins, C.; Kinnaird, T.; Bachis, A.; la Sala, A.; Miller, J.M.; Shou, M.; Epstein, S.E.; Fuchs, S. Impaired
arteriogenic response to acute hindlimb ischemia in CD4-knockout mice. Circulation 2003, 108, 205–210. [CrossRef]

159. van Weel, V.; Toes, R.E.; Seghers, L.; Deckers, M.M.; de Vries, M.R.; Eilers, P.H.; Sipkens, J.; Schepers, A.; Eefting, D.; van
Hinsbergh, V.W.; et al. Natural killer cells and CD4+ T-cells modulate collateral artery development. Arterioscler Thromb. Vasc Biol.
2007, 27, 2310–2318. [CrossRef] [PubMed]

160. Ruiter, M.S.; Van Golde, J.M.; Schaper, N.; Stehouwer, C.D.; Huijberts, M.S. Diabetes impairs arteriogenesis in the peripheral
circulation: Review of molecular mechanisms. Clin. Sci. 2010, 119, 225–238. [CrossRef] [PubMed]

161. Eitenmüller, I.; Volger, O.; Kluge, A.; Troidl, K.; Barancik, M.; Cai, W.-J.; Heil, M.; Pipp, F.; Fischer, S.; Horrevoets, A.J.G.; et al. The
range of adaptation by collateral vessels after femoral artery occlusion. Circ. Res. 2006, 99, 656–662. [CrossRef] [PubMed]

162. Unger, E.F.; Banai, S.; Shou, M.; Lazarous, D.F.; Jaklitsch, M.T.; Scheinowitz, M.; Correa, R.; Klingbeil, C.; Epstein, S.E. Basic
fibroblast growth factor enhances myocardial collateral flow in a canine model. Am. J. Physiol. Circ. Physiol. 1994, 266,
H1588–H1595. [CrossRef] [PubMed]

163. Yamada, N.; Li, W.; Ihaya, A.; Kimura, T.; Morioka, K.; Uesaka, T.; Takamori, A.; Handa, M.; Tanabe, S.; Tanaka, K. Platelet-derived
endothelial cell growth factor gene therapy for limb ischemia. J. Vasc. Surg. 2006, 44, 1322–1328. [CrossRef] [PubMed]

164. Schierling, W.; Troidl, K.; Troidl, C.; Schmitz-Rixen, T.; Schaper, W.; Eitenmüller, I.K. The role of angiogenic growth factors in
arteriogenesis. J. Vasc. Res. 2009, 46, 365–374. [CrossRef]

89





 International Journal of 

Molecular Sciences

Article

In Vivo Matrigel Plug Assay as a Potent Method to Investigate
Specific Individual Contribution of Angiogenesis to Blood Flow
Recovery in Mice

Zeen Aref and Paul H. A. Quax *

��������	
�������

Citation: Aref, Z.; Quax, P.H.A. In

Vivo Matrigel Plug Assay as a Potent

Method to Investigate Specific

Individual Contribution of

Angiogenesis to Blood Flow Recovery

in Mice. Int. J. Mol. Sci. 2021, 22, 8909.

https://doi.org/10.3390/ijms22168909

Academic Editor: Giovanni Li Volti

Received: 26 May 2021

Accepted: 17 August 2021

Published: 18 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Surgery, Einthoven Laboratory for Experimental Vascular Medicine, Leiden University Medical
Center, 2300 RC Leiden, The Netherlands; z.aref@lumc.nl
* Correspondence: p.h.a.quax@lumc.nl; Tel.: +31-71-526-1584; Fax: +31-71-526-6570

Abstract: Neovascularization restores blood flow recovery after ischemia in peripheral arterial
disease. The main two components of neovascularization are angiogenesis and arteriogenesis. Both
of these processes contribute to functional improvements of blood flow after occlusion. However,
discriminating between the specific contribution of each process is difficult. A frequently used model
for investigating neovascularization is the murine hind limb ischemia model (HLI). With this model,
it is difficult to determine the role of angiogenesis, because usually the timing for the sacrifice of
the mice is chosen to be optimal for the analysis of arteriogenesis. More importantly, the occurring
angiogenesis in the distal calf muscles is probably affected by the proximally occurring arteriogenesis.
Therefore, to understand and subsequently intervene in the process of angiogenesis, a model is
needed which investigates angiogenesis without the influence of arteriogenesis. In this study we
evaluated the in vivo Matrigel plug assay in genetic deficient mice to investigate angiogenesis. Mice
deficient for interferon regulatory factor (IRF)3, IRF7, RadioProtective 105 (RP105), Chemokine CC receptor
CCR7, and p300/CBP-associated factor (PCAF) underwent the in vivo Matrigel model. Histological
analysis of the Matrigel plugs showed an increased angiogenesis in mice deficient of IRF3, IRF7, and
RP105, and a decreased angiogenesis in PCAF deficient mice. Our results also suggest an involvement
of CCR7 in angiogenesis. Comparing our results with results of the HLI model found in the literature
suggests that the in vivo Matrigel plug assay is superior in evaluating the angiogenic response after
ischemia.

Keywords: angiogenesis; arteriogenesis; animal model; Matrigel plug assay

1. Introduction

The introduction of peripheral arterial disease (PAD) is a result of narrowing and
frequently occlusion of the peripheral arteries by atherosclerotic plaque progression, which
leads to impaired blood flow and subsequently ischemia in the tissue. The impaired blood
flow leads to intermittent claudication and, in more severe stages when occlusion occurs,
to critical limb ischemia (CLI). The prevalence of PAD increases with age to 20% in people
over 70 years [1]. Current therapies for PAD are exercise rehabilitation and in severe
cases endovascular revascularization or bypass surgery. Therapeutic neovascularization
is a promising technique that has the potential to become an addition to conventional
therapies [2].

Neovascularization is the natural mechanism that restores blood flow and recovers
tissue perfusion after ischemia. The main two components of neovascularization are
angiogenesis and arteriogenesis, both these mechanisms are essential for the restoration of
blood flow after arterial occlusions. Identifying mediators that influence neovascularization
may lead to discovering targets that can be utilized as therapeutic targets.

Angiogenesis is the process of sprouting of endothelial cells from pre-existing blood
vessels resulting in a new capillary bed and is affected by several stimulators [3]. In PAD
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angiogenesis provides distribution of blood to ischemic distal tissue where gangrene occurs
and is essential for protecting tissue from ischemia and for tissue repair. Angiogenesis is a
complex process and different cascades are involved, among which are specific angiogenic
growth factors, inflammation, and epigenetic factors [4].

The other component of neovascularization is arteriogenesis. Arteriogenesis is an
inflammation driven process induced by shear stress and leads to the maturation of the
pre-existing arterioles in functioning collateral arteries [5].

It is essential to consider that angiogenesis and arteriogenesis are different processes.
Both of these processes occur in PAD and contribute to functional improvements of blood
flow after occlusion, however, discriminating between the specific contribution of each
process is difficult. A frequently used in vivo model for investigation of neovascularization
is the mouse hind limb ischemia (HLI) model [6]. In this model the iliac or femoral artery
is occluded by ligation, most commonly the femoral artery. In general, the occlusion
of the femoral artery results in arteriogenesis, also referred to as collateral formation,
proximally in the thigh, and angiogenesis in the distal part of the limb. However, ligation
at different anatomical levels of the iliac and femoral artery triggers different pathways
of neovascularization [6]. If the ligation of the femoral artery is distal to the origin of the
collateral branches, arteriogenesis will occur, as it occurs after increasing shear stress in the
pre-existing arterioles proximal to the collateral arteries.

Collateral formation as a result of arteriogenesis in the proximal thigh potentially
influences the blood perfusion in the distal calf by resolving the ischemia that drives
the angiogenesis. This impairs the reliability of angiogenesis determination in the distal
calf muscles, which is usually determined in the soleus and gastrocnemius muscles by
evaluating capillary formation via CD31+ staining. Additionally, the timing of sacrificing
the mice for histological analysis is complex, since usually this is done around two to four
weeks after inducing limb ischemia. This is the optimal timing for analysis of arteriogenesis,
but at this point the angiogenic response has passed its peak since the ischemia has been at
least partly resolved. Therefore, to understand and subsequently intervene in the process
of angiogenesis, a model is needed which investigates angiogenesis without the influence
of arteriogenesis.

A suitable model to investigate angiogenesis is the in vivo Matrigel plug assay. In this
assay, Matrigel is injected into the flank of mice inducing angiogenesis within the plug. The
resulting angiogenesis can be evaluated after extracting the Matrigel plug. The Matrigel
solution is a basement membrane preparation which is extracted from the Engelbreth–
Holm–Swarm (EHS) mouse sarcoma, a tumor rich in extracellular matrix proteins [7].
It contains predominantly laminin, collagen IV, entactin, and small amounts of various
growth factors. Matrigel is liquid at 4 ◦C and becomes a solid gel plug at 37 ◦C, the
body temperature of mice. Matrigel mimics the physiological cell matrix and is the most
frequently used substrate to investigate in vitro and in vivo angiogenesis [8]. Since the
Matrigel plug is avascular at the beginning of the experiment, any vessel that is formed
can be considered the result of angiogenesis. There are two main approaches in studying
angiogenesis using the Matrigel plug assay. The first and most widely used approach is the
use for evaluating of pro- or anti-angiogenic factors [9]. This is done by mixing a potential
pro- or anti-angiogenic factor, cells, or exosomes with the Matrigel and thereafter injecting
the mixture in (wild type) mice and subsequently analyzing, after the proper incubation
period, the number of angiogenic vessels present in the plugs.

In the second approach, as used in our study, unmodified Matrigel is injected it in
the flank of the (genetically modified) mice. Not manipulating the gel rules out the risk
of influencing its functionality and warrants consistent results. This method analyzes
the influence of the factors that are altered in the mice, e.g., by genetic modification, on
angiogenesis.

The aim of this study is to demonstrate the potency of the in vivo Matrigel plug assay
to investigate the role of different genetic factors in angiogenesis. To this end we performed
the assay in mice genetically deficient for inflammatory factors like interferon regulatory
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factor (IRF)3, IRF7, RadioProtective 105 (RP105), Chemokine CC receptor CCR7, and p300/CBP-
associated factor (PCAF). Similar mice were used previously by our group in studies on
neovascularization by means of the HLI model [10–13]. Comparing the results of current
and previous research in the aforementioned genetically deficient mice will give an insight
into the additional value of the Matrigel plug over the HLI model and more specifically
into the specific contribution of angiogenesis on blood flow recovery in vivo.

2. Results

2.1. Matrigel Ingrowth in Mice Deficient for Inflammation-Related Factors; IRF3−/−, IRF7−/−,
and RP105−/− Mice

2.1.1. Increased Angiogenesis in the IRF3−/− Mice

The areas of the CD31+ endothelial cells in the Matrigel sections of the IRF3−/−
mice were 43% larger compared to the control wild type mice (1649 versus 1157 μm2,
p value < 0.0001) (Figure 1a). The depth of ingrowth of the CD31+ endothelial cells into the
subcutaneously injected Matrigel was 11% deeper in the IRF3−/− mice compared to the
control wild type mice (162 versus 146 μm, p value 0.0049) (Figure 1b). This leads to the
conclusion that angiogenesis was increased in the IRF3 deficient mice, thus IRF3 leads to
decreasing angiogenesis.

These results support the predictions made in the literature, as IRF3 deficiency proba-
bly leads to increased angiogenesis through reduced production of type I IFNs. IRFs are
transcription factors that form a dimer and translocate to the nucleus. In the nucleus, the
IRFs bind to the promoter of the interferon (IFN) gene, resulting in the production of type I
interferons. Type I interferons cause an increased production of several anti-angiogenic
mediators such as TIMPs and a reduced production of proangiogenic factors such as VEGF,
resulting in an anti-angiogenic effect. In addition, IFNs inhibit endothelial cell proliferation
and migration, which are both required for angiogenesis.

In contrast to our observations, the angiogenic response in IRF3−/− mice which
underwent HLI was decreased compared to control C57BL/6 mice [12]. We presume that
the conflicting results in the HLI model are caused by the time point of evaluation. In
HLI treated mice angiogenesis was assessed at sacrifice by determination of the number
of CD31+ capillaries in both the left ischemic and right non-ischemic soleus muscle of
IRF3−/− and C57BL/6 mice. However, these data were obtained 28 days after inducing
limb ischemia via surgical ligation of the femoral artery. The timing of 28 days after
inducting of limb ischemia is probably not optimal for determination of the angiogenic
response. At this time point angiogenesis has already passed its peak since the ischemia is
partly or even totally is resolved due to concomitant arteriogenic response. In the Matrigel
plug assay model analysis is performed at 7 days after injection, in a setting with full
ischemia, stimulating the angiogenic activity.
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Figure 1. (a) Area of CD31+ cells in the subcutaneously injected Matrigel, in interferon regulatory
factor (IRF)3−/− and wild type C57BL/6 mice. (b) Quantification of the depth (μm) of ingrowth of
CD31+ cells into subcutaneously injected Matrigel, in IRF3−/− and wild type C57BL/6 mice. (c) Im-
munohistochemical staining of paraffin-embedded Matrigel plug of C57BL/6 7 days after Matrigel
injection, using anti-CD31 antibodies. (d) Immunohistochemical staining of paraffin-embedded
Matrigel plug of IRF3−/− mice 7 days after Matrigel injection, using anti-CD31 antibodies. N = 6
mice per group, 2 Matrigel plugs per mouse. Values are presented as the mean SEM. ** p ≤ 0.01,
**** p ≤ 0.0001.

2.1.2. Increased Angiogenesis in IRF7−/− Mice

In the Matrigel sections of IRF7−/− mice the area of the CD31+ endothelial cells
were 15% larger compared to the control C57BL/6 mice. However the difference was not
significant (1326 versus 1157 μm2, p value 0.07) (Figure 2a). Furthermore, the depth of
ingrowth of these cells in the Matrigel plug was 56% deeper in the IRF7−/− mice compared
to control wild type mice (228 versus 146 μm, p value < 0.0001) (Figure 2b). These results
suggest that IRF7 is involved in the process of angiogenesis. Our experiment corroborates
the hypothesis that an IRF3 and IRF7 deficiency leads to increased angiogenesis through
reduced production of type I IFNs, as described above. In the HLI model the angiogenic
response is decreased in the IRF7−/− mice compared to C57BL/6 mice [12]. Interesting
to observe is that the results of Matrigel plug assay in IRF7−/− mice as in IRF3−/− mice
do not match the results of the HLI mouse model. An explanation for the difference is the
aforementioned limitations of performing the angiogenic response analysis at 28 days after
inducing HLI, which is not an optimal timing for the determination of angiogenic response.
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Figure 2. (a) Area of CD31+ cells in the subcutaneously injected Matrigel, in IRF7−/− and wild type
C57BL/6 mice. (b) Quantification of the depth (μm) of ingrowth of CD31+ cells into subcutaneously
injected Matrigel, in IRF7−/− and wild type C57BL/6 mice. (c) Immunohistochemical staining
of paraffin-embedded Matrigel plug of C57BL/6 7 days after Matrigel injection, using anti-CD31
antibodies. (d) Immunohistochemical staining of paraffin-embedded Matrigel plug of IRF7−/− mice
7 days after Matrigel injection, using anti-CD31 antibodies. N = 6 mice per group, 2 Matrigel plugs
per mouse. Values are presented as the mean SEM. ns not significant. **** p ≤ 0.0001.

2.1.3. Increased Angiogenesis in the Matrigel Plug Assay in the RP105−/− Mice

In the Matrigel plug sections of RadioProtective 105 (RP105) deficient mice showed a
41% larger area of CD31+ endothelial cells within the Matrigel plug in comparison to the
control wild type mice (1634 versus 1157 μm2, p value < 0.0001) (Figure 3a). The depth
of the cells in the Matrigel plug was 38% deeper in the RP105−/− mice compared to the
control group (202 versus 146 μm, p value < 0.0001) (Figure 3b). These results confirm the
hypothesis that RP105 is potentially an angiogenic inhibitor by inhibiting TLR4-signaling
and thereby decreasing the production of several proangiogenic mediators. RP105 is a
TLR4-signaling modulator and is a specific inhibitor of the TLR4-triggered response [14].
TLR4 may promote angiogenesis in pancreatic cancer tissues via activating the PI3K/AKT
signaling pathway to induce VEGF expression [15]. TLR4-mediated responses also con-
tribute to the oxygen-induced neovascularization in ischemic neural tissue [16]. However,
the exact role of RP105 in angiogenesis in peripheral arterial disease remains unclear.

Previously, Bastiaansen et al. investigated angiogenesis in the HLI model by deter-
mination of capillary density in the ischemic calf muscle [11]. In their experiment the
capillary density marginally increased in the gastrocnemius muscle in RP105−/− mice.
However, the difference in angiogenic response measured by capillary density and size in
the gastrocnemius muscle was not significant [11]. The results of the Matrigel plug assay
is more evincive than the results of the HLI model, whereby RP105 deficiency leads to
increased angiogenic response 7 days after plug placement. This corresponds with our
hypothesis that RP105 is potentially an angiogenic inhibitor.
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Figure 3. (a) Area of CD31+ cells in the subcutaneously injected Matrigel, in RadioProtective 105
(RP105) −/− and wild type C57BL/6 mice. (b) Quantification of the depth (μm) of ingrowth of
CD31+ cells into subcutaneously injected Matrigel, in RP105−/− and wild type C57BL/6 mice. (c) Im-
munohistochemical staining of paraffin-embedded Matrigel plug of C57BL/6 7 days after Matrigel
injection, using anti-CD31 antibodies. (d) Immunohistochemical staining of paraffin-embedded
Matrigel plug of RP105−/− mice 7 days after Matrigel injection, using anti-CD31 antibodies. N = 6
mice per group, 2 Matrigel plugs per mouse. Values are presented as the mean SEM. **** p ≤ 0.0001.

2.2. The Role of Chemokine CC Receptor CCR7 in Angiogenesis

Previously we studied the effects of CCR7 deficiency on blood flow recovery after HLI
in CCR7−/− mice. These mice were bred on a C57BL/6/LDLR−/− background and, therefore,
we used C57BL/6/LDLR−/− mice as controls [13]. Here we study the effects in angiogenesis
in the Matrigel plugs in these mice.

The area of the CD31+ cells was 25% larger in the LDLR−/−/CCR7−/− mice compared
to the control group (1984 versus 1583 μm2, p value 0.0003) (Figure 4a). However, the
LDLR−/−/CCR7−/− and LDLR−/− mice showed the same depth of ingrowth of CD31+ cells
in the Matrigel plug (198 versus 200 μm) (Figure 4b). Both the total area of endothelial
cells and the depth of the ingrowth are both parameters to assess the angiogenesis in the
in vivo Matrigel plug assay. However, the area of cells is a more prominent parameter, the
combination of these two parameters makes it possible to make a solid conclusion. This
suggests that CCR7 is involved in angiogenesis.

CCR7 is expressed by various immune cells and is involved in homing of T cells
and dendritic cells to lymph nodes [17]. Furthermore, in the literature it is demonstrated
that CCR7 is overexpressed in different malignant cells, which leads to the suggestion
that CCR7 induces angiogenesis. However the evidence for the latter is limited [18,19].
Regarding the neovascularization stimulatory effect, the chemokine contributes to arterio-
genesis via inflammatory-mediated mechanisms [20]. On the contrary, in the HLI model in
LDLR−/−/CCR7−/− mice it was shown that the number of CD31+ capillaries in the gastroc-
nemius muscles was not significantly different from the control LDLR−/− mice [13]. In this
set-up of the HLI model, the evaluation was performed 10 days after HLI, which is a good
time point to investigate angiogenesis, in contrast to 28 days.
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Figure 4. (a) Area of CD31+ cells in the subcutaneously injected Matrigel, in LDLR−/− and
LDLR−/−/CCR7−/− mice. (b) Quantification of the depth (μm) of ingrowth of CD31+ cells into
subcutaneously injected Matrigel, in LDLR−/− and LDLR−/−/CCR7−/− mice. (c) Immunohisto-
chemical staining of paraffin-embedded Matrigel plug of LDLR−/−/CCR7−/− mice using anti-CD31
antibodies. (d) Immunohistochemical staining of paraffin-embedded Matrigel plug of LDLR−/−

mice using anti-CD31 antibodies. N = 7 mice per group, 2 Matrigel plugs per mouse. Values are
presented as the mean SEM. *** p ≤ 0.001. ns = not significant.

2.3. PCAF Deficiency Leads to Decrease in Angiogenesis

In the PCAF−/− Matrigel sections, the area of the CD31+ endothelial cell area was 35%
smaller compared to the control group (751 versus 1157 μm2, p value < 0.0001) (Figure 5a).
The depth of the CD31+ endothelial cells in the Matrigel plug was 21% less deep in
the PCAF−/− mice compared to the control group (116 versus 146 μm, p value < 0.0001)
(Figure 5b). The results of the Matrigel plug assay in PCAF−/− mice demonstrate that PCAF
has a role in angiogenesis. This result confirms the hypothesis that PCAF may have a role in
angiogenesis considering the essential role of HIF-1 in angiogenesis. P300/CBP-associated
factor (PCAF) acetylates histones H3 and H4 and this histone acetylating activity is crucial
for NF-KB-mediated gene transcription and regulates inflammation-related genes [21].
PCAF also mediates the regulation of hypoxia-inducible factor-1α (HIF-1α), which increases
lysyl-acetylted HIF-1α and delays the PHD-independent degradation of HIF-1α [22]. HIF-1
regulates the expression of proangiogenic factors and is even a master stimulator of vascular
endothelial growth factor [23]. Previously, our group investigated the involvement of PCAF
in arteriogenesis as is a key regulator of this process [10]. Additionally, our group showed
that PCAF regulates vascular inflammation [24].

As to angiogenesis in hind limb ischemia, it has not yet been investigated in PCAF−/−
mice. In consideration that PCAF mediates the regulation of hypoxia-inducible factor-1α
(HIF-1α) and HIF-1 regulates the expression of proangiogenic factors, such as vascular
endothelial growth factor, this is the result of this study that we expected.
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Figure 5. (a) Area of CD31+ cells in the subcutaneously injected Matrigel, in p300/CBP-associated factor (PCAF)−/− and
wild type C57BL/6 mice. (b) Quantification of the depth (μm) of ingrowth of CD31+ cells into subcutaneously injected
Matrigel, in PCAF−/− and wild type C57BL/6 mice. (c) Immunohistochemical staining of paraffin-embedded Matrigel
plug of C57BL/6 7 days after Matrigel injection, using anti-CD31 antibodies. (d) Immunohistochemical staining of paraffin-
embedded Matrigel plug of PCAF−/− mice 7 days after Matrigel injection, using anti-CD31 antibodies. N = 6 mice per
group, 2 Matrigel plugs per mouse. Values are presented as the mean SEM. **** p ≤ 0.000.

3. Discussion

In this study we were able to quantify the angiogenic response in Matrigel plugs of
various genetically modified mouse strains and compare these results with the results
obtained in the HLI model. We found that the angiogenic response in the same genetic
deficient mice determined through the Matrigel plug assay could be different from the
angiogenic results found in the HLI model. The results showed that the in vivo Matrigel
plus assay is more reliable than the HLI model to the determine the angiogenic response.

We performed the in vivo Matrigel plug assay in IRF3−/− and IRF7−/− mice because
the exact role of these components is unknown and theoretically IRF3 and IRF7 may be anti-
angiogenic and has a potential in therapeutic angiogenesis. The results of the Matrigel plug
model in IRF3−/− and IRF7−/− mice were that angiogenesis is increased in IRF3−/− and
IRF7−/− mice. These results are the opposite to the results of the HLI model, where it was
demonstrated that the angiogenic response decreased in the IRF3−/− and IRF7−/− mice
compared to C57BL/6 mice [12]. Since in the HLI model, the evaluation of angiogenesis
was performed 28 days after surgery and the angiogenesis in the distal calf muscles is
influenced by arteriogenesis proximal, we believe that the results in Matrigel plug assay
are more reliable.

Mice deficient in RP105 show a severely impaired blood flow recovery after HLI,
where arteriogenesis was reduced [11], whereas the effects on angiogenesis were not
studied. The Matrigel plug assay data from RP105−/− mice showed that RP105 deficiency
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leads to increased angiogenesis. Previously we have shown that CCR7 expression is
rapidly upregulated after induction of HLI in mice, and the neovascularization response
after HLI in LDLR−/−/CCR7−/− was reduced due to effects on arteriogenesis as well as
angiogenesis [13]. Our data strongly support the involvement of CCR7 in the angiogenesis
response, next to its role in arteriogenesis. Along the same line, we previously demonstrated
a hampered blood flow recovery in PCAF−/− mice due to a decreased arteriogenesis [10]
without analyzing the angiogenesis response. Here we show, using the Matrigel plug assay
in PCAF−/− mice, that PCAF has a role in angiogenesis and more study to elucidate the
role of PCAF in angiogenesis is needed.

In the in vivo Matrigel plug assay for accurate quantification through histological
analysis, numerous tissue slides for each plug are needed. This makes it a time-consuming
process. However, the histological analysis is still the preferred method to study angiogen-
esis in Matrigel plug assay as it provides information on morphology and localization of
the endothelial cells, which cannot be obtained through other techniques. In histological
analysis we used the area of endothelial cells and the depth of the ingrowth as a result
parameter. It is challenging to interpret the results if both parameters do not show the same
result. In our experiments we used a combination of both parameters and considered the
area of the cells as a superior parameter.

Alternative quantitative techniques for the assessment of angiogenesis in the in vivo
Matrigel plug model are hemoglobin content determination, injecting dextran, Matrigel
cytometry, or using the qPCR technique [9,25–27]. The hemoglobin content assay is used
to assess the blood content in the newly formed vessels. However this assay cannot
differentiate between stagnant blood, blood in the capillaries, larger vessels, or in the
vessels in the surrounding granulation tissue [28,29]. Strict separation of the surrounding
tissue from the edge of the plug is challenging and can lead to damaging the edge where
the most angiogenesis occurs. The other alternative method is injecting the dextran into
the tail vein and extracting it from the plug for quantification. This approach can also
not differentiate between the presence of stagnant blood due hemorrhage and blood in
the vessels, also non-perfused vessels due to compression at the time of harvesting is not
quantified. The new method is isolating RNA from the plugs and use qPCR of EC genes as
a quantification technique [27]. However, the limited cellularity in the control plugs lead to
a low yield of total RNA, making the comparison between two sets of samples unreliable.

4. Materials and Methods

4.1. Mice

All animal experiments were performed in compliance with Dutch government guide-
lines and the Directive 2010/63/EU of the European Parliament, all experiments were
approved by the animal welfare committee of the LUMC under approval code 12173 (19-
11-2012). In this study we used mice deficient for IRF3, IRF7, RP105 and PCAF [10–12].
Also, LDLR−/−/CCR7−/− and LDLR−/− mice were used [13]. All strains have a C57BL/6
background. In general, we used n= 6 mice per group. Wild type C57BL/6 were used as
control. The mice were used at the age of 10–14 weeks.

4.2. The In Vivo Matrigel Plug Assay

A total of 500 μL of Matrigel Solution (BD Biosciences, Vianen, the Netherlands) was
injected subcutaneously in the dorsal side of the mice, both the left and right flank. The
solution had a temperature of 4 ◦C at time of injection, forming a plug as it warmed up to
body temperature (37 ◦C) [8]. After seven days the mice were sacrificed and the Matrigel
plug and the surrounding granulation tissue were removed. The color of the viscous plugs
ranged from a (light) yellow (Figure 6), to a pink or red depending on the amount of blood
vessel ingrowth. The Matrigel plugs were fixed in formaldehyde, embedded into paraffin
blocks, and sectioned into slides of 5 μm.
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Figure 6. Matrigel plug in the flank of a mouse.

4.3. CD31-Immunohistochemistry Staining

The paraffin-embedded sections of the Matrigel plug (5 μm) were used for histological
analysis. Sections were stained using anti-CD31 antibodies (BD Biosciences). The CD31-
immunohistochemistry staining was performed to detect the CD31+ endothelial cells in
the Matrigel plugs. Most angiogenesis is observed at the edge of the plug, with ingrowth
toward the center of the plug.

Photomicrographs of the CD31-stained sections were made and morphometric image
analysis was performed (Figure 7). The Matrigel area (μm2), endothelial cell areas (μm2),
endothelial cell ingrowth (%), and maximal endothelial cell depth (μm) were measured for
quantification of angiogenesis using Image J software.

Figure 7. Representative images of the CD31 immunohistochemistry staining. CD31 positive cells
(i.e., endothelial cells) are stained and visible as a brown staining. In the right figure, a blood vessel
in the membrane surrounding the Matrigel plug is stained and serves as an internal positive control.
In the box in the right panel some CD31 positive vessel structures in the surrounding granulation
tissue around the plug can been seen, demonstrating the specificity of the endothelial cell staining.
The left panel is representative of a section with a deeper ingrowth of endothelial cells. The maximal
depth to the ingrowth as well as the CD31+ area in the plug were quantified using Image J software.

4.4. Statistical Analysis

Results are presented as mean ± SEM. Comparisons between groups were performed
using Student t-test or Mann–Whitney U-test. Statistical analyses were performed using
GraphPad Prism 7. A p value of <0.05 was considered statistically significant.

5. Conclusions

In conclusion, the Matrigel plug assay in mice should be the method of choice for the
in vivo evaluation of angiogenesis and has an added value over HLI model in the research
of neovascularization. The in vivo Matrigel plug assay can be used to identify factors that
are involved in angiogenesis. This study indicates that RP105, IRF3, IRF7, CCR7, and PCAF
are involved in angiogenesis.
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Abstract: Strain-related differences in arteriogenesis in inbred mouse strains have already been
studied excessively. However, these analyses missed evaluating the mouse strain-related differences
in ischemia-induced angiogenic capacities. With the present study, we wanted to shed light on the
different angiogenic potentials and the associated leukocyte infiltration of C57BL/6J and SV-129 mice
to facilitate the comparison of angiogenesis-related analyses between these strains. For the induction
of angiogenesis, we ligated the femoral artery in 8–12-week-old male C57BL/6J and SV-129 mice
and performed (immuno-) histological analyses on the ischemic gastrocnemius muscles collected
24 h or 7 days after ligation. As evidenced by hematoxylin and eosin staining, C57BL/6J mice
showed reduced tissue damage but displayed an increased capillary-to-muscle fiber ratio and an
elevated number of proliferating capillaries (CD31+/BrdU+ cells) compared to SV-129 mice, thus
showing improved angiogenesis. Regarding the associated leukocyte infiltration, we found increased
numbers of neutrophils (MPO+ cells), NETs (MPO+/CitH3+/DAPI+), and macrophages (CD68+

cells) in SV-129 mice, whereas macrophage polarization (MRC1- vs. MRC1+) and total leukocyte
infiltration (CD45+ cells) did not differ between the mouse strains. In summary, we show increased
ischemia-induced angiogenic capacities in C57BL/6J mice compared to SV-129 mice, with the latter
showing aggravated tissue damage, inflammation, and impaired angiogenesis.

Keywords: angiogenesis; C57BL/6J mice; SV-129 mice; leukocytes; macrophages; neutrophils; NETs;
neutrophil extracellular traps; C57BL6; 129S1/Sv

1. Introduction

The terminal vessels of the vertebrate circulatory system are made up of arterioles,
venules, and the capillary bed, with the latter being mandatory for maintaining the home-
ostasis of a living individual [1]. The anatomy and physiology of capillaries allow the
direct exchange of gases, liquids, nutrients, signal molecules, and cells between blood and
the adjacent tissue, thus ensuring proper tissue nourishment with oxygen and nutrients [1].
Furthermore, the regulation of capillary bed growth in the adult individual plays a vital role
in physiological conditions as well as in many acute and chronic diseases, such as wound
healing, cancer, and inflammation [2–4]. This process, denoted as angiogenesis, occurs
either via capillary splitting or sprouting, leading to a more advanced capillary network
structure accompanied by an amplification of the total capillary surface [5,6]. While, in
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cancer, uncontrolled capillary growth facilitates the nutrition and survival of tumor cells
and their blood-dependent metastatic spread, in wound healing, impaired angiogenesis
causes chronic stagnancy of the healing process. Thus, both promoting and inhibiting
angiogenic processes are the object of different therapeutic approaches, dependent on the
present pathology.

In vascular occlusive diseases, such as myocardial infarction and peripheral artery
disease, the restoration of oxygen supply in the affected ischemic tissue downstream the
occluded artery is only possible via the formation of natural bypasses, a process that is
referred to as arteriogenesis [7,8]. Arteriogenesis describes the growth transformation of
pre-existing collateral arteries, which is initially triggered by increasing fluid shear stress
that leads to a local inflammatory process. This inflammation finally results in a caliber
gain of the pre-existing interarterial anastomoses and therefore to a redirection of the blood
flow, ensuring the appropriate re-supply of the ischemic tissue areas. Instead, angiogenesis
does not occur to re-oxygenate the hypoxic tissue due to insufficient blood supply, but for
cell debris removal and tissue reorganization in the ischemic muscle tissue areas [9–11].

The processes of angiogenesis are modified by a broad range of signaling molecules
originating from a wide variety of cells. The most investigated pro-angiogenic factor is
the vascular endothelial growth factor A (VEGFA) belonging to a family of strong pro-
angiogenic regulators [1,12,13]. It is well described that VEGFA promotes endothelial cell
differentiation, proliferation, and angiogenic remodeling via its binding to the receptor
tyrosine kinase VEGF receptor 2 (VEGFR-2) [14,15]. VEGFA levels rise in an oxygen-
dependent manner in hypoxic tissue [16]. However, VEGFA and other angiogenesis-
modulating molecules, such as tissue modulating matrix metalloproteases (MMPs), are also
distributed by leukocytes, such as neutrophils and macrophages [1,17,18]. Additionally,
leukocytes directly affect angiogenesis by activating endothelial cells, remodeling the
matrix, and stabilizing vessel anastomoses [17–19].

Thus, leukocytes play an essential role in controlling angiogenesis not only through
the removal of cellular debris at the ischemic site but also through the remodeling of
the surrounding matrix and tissue and the direct allocation of pro- and anti-angiogenic
factors [1,19–24]. Consequently, the regulation of the inflammatory immune cell infiltration
highlights a new therapeutic target to modulate the efficacy of the processes of angiogenesis.

In different experimental setups, different mouse strains are employed in murine
hindlimb models of ischemia to evaluate the effects of different targets on arteriogenesis and
angiogenesis. Following femoral artery ligation (FAL), collateral arteries in the adductor
muscles in the upper leg grow to restore the hindlimb’s blood supply (arteriogenesis),
while the provoked ischemia in the gastrocnemius muscle of the lower leg leads to hypoxia-
dependent muscle tissue destruction and accompanied angiogenesis [25–28]. In the past,
astonishing differences regarding the arteriogenic capacities between different inbred
mouse strains have been observed, yet without analyzing the strain-related differences in
angiogenesis and the associated leukocyte recruitment [29,30].

Two extremes of arteriogenic capacity analysis were marked by the two inbred mouse
strains of the C57BL/6J line and the SV-129 line, both widely used and well-established
experimental inbred mouse strains. Comparing their arteriogenic capacities upon FAL,
C57BL/6J mice showed the highest reperfusion rate, while SV-129 mice showed attenuated
reperfusion recovery [29].

It is important to notice that in the model of femoral artery ligation, the extent of
angiogenesis highly depends on the efficacy of arteriogenesis; impaired collateral artery
growth in the adductor muscle of the upper leg leads to increased ischemia in the distal
gastrocnemius muscle of the lower leg and thus to a stronger ischemic trigger for the
processes of angiogenesis [31]. So, for comparing ischemia-dependent angiogenesis upon
FAL between different mouse strains, the associated arteriogenic capacities of these inbred
lines have to be taken into account when interpreting the acquired data.

Inbred mouse strains are commonly accepted in research. Their genetic uniformity
facilitates genetic research as the use of fewer individuals may lead to a statistical signifi-
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cance level. Having their origin in genetics and cancer research, the C57BL6 line became
the standard for most research applications, especially in cardiovascular research, since
C. C. Little, the founder of Jackson Laboratory, established the line with mice from Abbie
Lathrop about 100 years ago [32]. Due to the well-established embryonic stem cell line,
SV-129 mice are often used for targeted mutations, thus being the preferable mouse line
concerning transgenic mouse strain design.

In the past, the yet unknown differences in ischemia-induced angiogenic efficacy
between the two different inbred mouse strains of C57BL/6J and SV-129 made it challenging
to evaluate and compare findings in experiments conducted with these two strains. As
SV-129 mice show a decreased arteriogenic capacity, we hypothesized that a higher ischemic
force might lead to a higher level of angiogenesis. The present study aimed to investigate
whether this was the case and how the strains react pathophysiologically to femoral artery
occlusion. Thus, with the present study, we shed light on the differences in ischemia-
provoked angiogenic capacities and the accompanied leukocyte infiltration in a murine
hindlimb model between the C57BL/6J and SV-129 inbred mouse strains.

2. Results

To compare the angiogenic potential of the two different mouse strains, we followed
a well-established model of hindlimb ischemia: the right femoral artery of C57BL/6J and
SV-129 mice was occluded (FAL), leading to collateral growth (arteriogenesis) in the upper
leg and angiogenesis in the lower leg on the occluded side, while the left leg underwent a
sham operation [25]. At 24 h or 7 days after FAL, mice were sacrificed and the gastrocnemius
muscles of the lower leg were collected for (immuno-) histological studies.

Monitoring the animal’s health in the experiment, we could not observe any strain-
related differences concerning wound healing. No grave necrosis of the foot could be
observed. As known, both strains regain their hindlimb function within 7 days after
surgery [29]. A systemic assessment of the foot active use score was not performed in this
study.

The area of ischemic damage in gastrocnemius muscles 7 days after FAL was ana-
lyzed using a hematoxylin and eosin (H&E) staining. C57BL/6J mice showed a decreased
ischemic damage area compared to SV-129 mice (Figure 1). Neither gastrocnemius muscles
isolated from C57BL/6J nor SV-129 mice showed any ischemic damage after sham operation
(Figure S1).

To measure the angiogenic capacity of the mouse strains under ischemic conditions,
we stained gastrocnemius muscles for CD31/BrdU/DAPI and calculated the capillary-to-
muscle fiber ratio from muscle tissue isolated 7 days after FAL. CD31 served as a capillary
marker and bromodeoxyuridine (BrdU) served as a proliferation marker. As platelets also
express CD31, only CD31+/DAPI+ signals were counted as capillary signals and quantified.
In addition, CD31+/BrdU+/DAPI+ signals were quantified to investigate the number
of proliferating capillaries. Compared to SV-129 mice, C57BL/6J mice showed a higher
number of capillaries and a higher number of proliferating capillaries per muscle fiber,
indicating the increased angiogenic capacity of C57BL/6J mice (Figure 2a,b,d). To exclude
any a priori differences in capillarity between the mouse strains, we analyzed non-ischemic
gastrocnemius muscles, finding no significant differences in capillary-to-muscle fiber ratio
(Figure 2c).
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Figure 1. C57BL/6J mice show a smaller cross-sectional area of ischemic tissue damage in comparison
to SV-129 mice. (a) Representative pictures of hematoxylin and eosin (H&E)-stained gastrocnemius
muscles of C57BL/6J (top) and SV-129 mice (bottom) collected 7 days after femoral artery ligation
(FAL). Skeletal muscle cells that show centralized nuclei are a sign of regenerating muscle cells and
hence ischemic damage. Scale bars: 1000 μm (overview), 100 μm (detail). (b) The scatter plot displays
the relative area of ischemic tissue damage (%) in gastrocnemius muscles of C57BL/6J and SV-129
mice isolated 7 days after FAL. One complete sectional area was analyzed per mouse per group.
Data are means ± S.E.M., n = 5 per group. * p < 0.05 (C57BL/6J vs. SV-129) by unpaired, two-sided
Student’s t-test.

Leukocytes are known as regulators as well as enhancers of ischemia-induced in-
flammation, including cell debris removal and tissue regeneration, and directly influence
vascular cell proliferation by their supply of growth factors. Consequently, we focused on
changes in leukocyte accumulation related to the different mouse strains. Using CD45 as
a pan-leukocyte marker, we quantified CD45+/DAPI+ signals in gastrocnemius muscles
7 days after surgery. Comparing both mouse strains, we did not find a significant difference
between the SV-129 and the C57BL/6J line (Figure 3a,c) in ischemic tissue samples. In addi-
tion, we observed no significant difference in the number of leukocytes in sham-operated
muscles (Figure 3b).
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Figure 2. C57BL/6J mice show a higher capillarity under ischemic conditions than SV-129 mice. The scatter plots dis-
play (a) endothelial cells (CD31+/DAPI+) per muscle fiber as well as (b) proliferating endothelial cells (CD31+/BrdU+

(bromodeoxyuridine)/DAPI+) per muscle fiber of C57BL/6J and SV-129 mice in occluded (occ) ischemic gastrocnemius
muscles isolated 7 days after femoral artery ligation (FAL). Scatter plot (c) displays the capillary-to-muscle fiber ratio of
sham-operated (sham) non-ischemic gastrocnemius muscles isolated from C57BL/6J and SV-129 mice 7 days after FAL.
A defined ischemic area (1.5 mm2) of muscle tissue was analyzed per mouse. Data are means ± S.E.M., n = 5 per group.
n.s. p ≥ 0.05, * p < 0.05 (C57BL/6J vs. SV-129) by unpaired, two-sided Student’s t-test. (d) Representative immunofluorescence
staining of ischemic gastrocnemius muscles of C57BL/6J (top) and SV-129 mice (bottom) collected 7 days after FAL. Cells
were stained with an antibody labeling CD31 (white), BrdU (red), and DAPI (blue) to label nucleic DNA. Scale bars: 20 μm.
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Figure 3. C57BL/6J and SV-129 mouse strains show comparable leukocyte accumulation under ischemic conditions.
The scatter plots display (a) the number of infiltrating leukocytes (CD45+/DAPI+) per mm2 in occluded (occ) ischemic
gastrocnemius muscles of C57BL/6J and SV-129 mice as well as (b) the number of leukocytes per mm2 in sham-operated
(sham) non-ischemic tissue, all collected 7 days after femoral artery ligation (FAL). A defined ischemic area (1.5 mm2) of
muscle tissue was analyzed per mouse. Data are means ± S.E.M., n = 5 per group. n.s. p ≥ 0.05, (C57BL/6J vs. SV-129) by
unpaired, two-sided Student’s t-test. (c) Representative immunofluorescence staining of ischemic gastrocnemius muscles
of C57BL/6J (top) and SV-129 mice (bottom) isolated 7 days after FAL. Cells were stained with an antibody against CD45
(green) and DAPI (blue) to label nucleic DNA. Scale bars: 50 μm.

To gain further information concerning leukocyte subpopulations with a focus on
neutrophils and macrophages, we detected neutrophils and their formation of neutrophil
extracellular traps (NETs) using a combined staining for myeloperoxidase (MPO) as a
neutrophil marker and citrullinated histone H3 (CitH3) as a NET marker on tissue isolated
24 h after FAL. We found a significantly reduced number of neutrophils (MPO+/DAPI+),
NETs (MPO+/CitH3+/DAPI+), and neutrophils, which are in the process of NET formation,
in mice of the C57BL/6J strain in comparison to the SV-129 line in ischemic tissue (Figure 4).
Under non-ischemic conditions after sham operation, we could not observe differences in
the number of neutrophils in tissue samples of both mouse strains (data not shown), while
NETs were completely absent.
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Figure 4. Compared to SV-129 mice, accumulation of neutrophils and neutrophil extracellular trap (NET) formation
is diminished in C57BL/6J mice under ischemic conditions. Scatter plots display the number of (a) neutrophils (MPO+

(myeloperoxidase)/DAPI+) per mm2, (b) neutrophil extracellular traps (MPO+/CitH3+ (citrullinated histone H3)/DAPI+)
per mm2, and (c) the percentage of NETs/neutrophils in occluded (occ) ischemic gastrocnemius muscles isolated from
C57BL/6J and SV-129 mice 24 h after femoral artery ligation (FAL). A defined ischemic area (0.86 mm2) of muscle tissue was
analyzed per mouse. Data are means ± S.E.M., n = 5 per group. * p < 0.05 (C57BL/6J vs. SV-129) by unpaired, two-sided
Student’s t-test. (d) Representative immunofluorescence staining of ischemic gastrocnemius muscles of C57BL/6J (top) and
SV-129 mice (bottom) collected 24 h after FAL. Cells were stained with an antibody against MPO (red), CitH3 (green), and
DAPI (blue) to label nucleic DNA. Scale bars: 50 μm.

Analyzing strain-dependent changes in macrophage accumulation and polarization
in ischemic tissue 7 days after FAL, we used CD68 as a macrophage and mannose receptor
C-type 1 (MRC1) as a macrophage polarization marker. CD68+/MRC1- cells were counted
as pro-inflammatory M1-like polarized macrophages and CD68+/MRC1+ cells as anti-
inflammatory M2-like polarized macrophages accordingly. C57BL/6J mice displayed a
lower infiltration of macrophages in ischemic tissue than SV-129 mice, but no change in

109



Int. J. Mol. Sci. 2021, 22, 11795

macrophage polarization was observed (Figure 5). In non-ischemic tissue, both mouse
strains differed neither in macrophage accumulation nor macrophage polarization (data
not shown).

Figure 5. C57BL/6J mice show a lower number of macrophages than SV-129 mice at the side of sterile, ischemic inflammation,
while macrophage polarization is unaffected. Scatter plots display (a) the number of macrophages (CD68+/DAPI+) per mm2,
(b) the percentage of M1-like polarized macrophages (CD68+/MRC1− (mannose receptor C-type 1)/DAPI+), and (c) the
percentage of M2-like polarized macrophages (CD68+/MRC1+/DAPI+) in occluded (occ) ischemic gastrocnemius muscles
isolated from C57BL/6J and SV-129 mice 7 days after femoral artery ligation (FAL). A defined ischemic area (1.5 mm2) of
muscle tissue was analyzed per mouse. Data are means ± S.E.M., nüber = 5 per group. n.s. p ≥ 0.05, * p < 0.05 (C57BL/6J vs.
SV-129) by unpaired, two-sided Student’s t-test. (d) Representative immunofluorescence staining of ischemic gastrocnemius
muscles of C57BL/6J (left) and SV-129 mice (right) collected 7 days after FAL. Cells were stained with an antibody against
MRC1 (red), CD68 (green), and DAPI (blue) to label nucleic DNA. Scale bars: 50 μm.

110



Int. J. Mol. Sci. 2021, 22, 11795

3. Discussion

Researchers working with mouse models are often not aware of differences in the
pathophysiological reactions of inbred mouse strains to experimental manipulations. In
the case of experimental setups using FAL, the differences in the degree and the underly-
ing molecular pathways of angiogenesis between inbred mouse strains have never been
taken into account. Over the last few years, numerous studies on ischemia-induced an-
giogenesis using the well-established and important murine hindlimb model of FAL have
been conducted using both the C57BL/6J and SV-129 mouse strains. Yet, the angiogenic
capacities of both inbred strains have never been compared, complicating the retrospective
comparison and evaluation of already collected data [28,31,33,34]. With the present study,
we performed a detailed investigation of C57BL/6J and SV-129 mouse strains known for
their different pathological reactions towards FAL, focusing on postnatal ischemia-induced
angiogenesis and the associated leukocyte recruitment in the gastrocnemius muscle.

Our results demonstrate that C57BL/6J mice show an increased capillary-to-muscle
fiber ratio 7 days after FAL with an elevated number of proliferating capillaries and a
reduced area of ischemia-induced tissue damage compared to SV-129 mice. These findings
were accompanied by a total reduction in infiltrating neutrophils (MPO+ cells), NETs
(MPO+/CitH3+/DAPI+), and macrophages (CD68+ cells) in ischemic muscle tissue of
C57BL/6J mice, while no significant differences in macrophage polarization and the total
number of infiltrative immune cells (CD45+ cells) were observed. Altogether, our data sug-
gest that C57BL/6J mice possessed better angiogenic capacities resulting in minor ischemic
muscle tissue damage, probably caused by a milder, more pro-angiogenic inflammatory
environment in C57BL/6J mice than in SV-129 mice.

Compared to SV-129 mice, C57BL/6J mice showed a decreased area of ischemic tissue
damage. In the mouse model of hindlimb ischemia, FAL results in the arteriogenic growth
of collateral arteries in the upper leg and in ischemia-induced angiogenesis in the lower
leg [25]. It was found that improved arteriogenesis in the upper leg results in a reduction
in the ischemic tissue damage in the distal gastrocnemius muscle [31]. However, it is
well described that the C57BL/6J strain has higher arteriogenic capacities than the SV-129
strain, attributable to an improved increase in luminal diameter upon ligation [29]. Our
results confirm these findings, as we found a decreased ischemic tissue damage area
in C57BL/6J mice compared to SV-129 mice, which is partly attributable to C57BL/6J’s
improved arteriogenesis and the resulting higher perfusion of the lower limb.

Due to increased ischemia as the main angiogenic trigger, increased ischemic tissue
damage is expected to be associated with enhanced angiogenesis. However, we found that
despite the reduced tissue damage, C57BL/6J mice show a higher capillary-to-muscle fiber
ratio and a higher number of proliferating capillaries per muscle fiber than SV-129 mice.
Accordingly, our results demonstrate that mice of the C57BL/6J strain show a more effective
ischemia-induced angiogenesis than SV-129 mice. Therefore, the observed decrease in
ischemic tissue damage in C57BL/6J mice could also be a result of improved arteriogenesis,
angiogenesis, and accompanied tissue reorganization.

In ischemic tissue damage, leukocytes migrate from the vasculature into the perivas-
cular space to phagocyte damaged cells and initiate tissue reorganization comprising
new capillary bed formation. Part of this tissue reorganization is creating local inflam-
mation, leading to the release of other leukocyte-originating pro-inflammatory cytokines
and chemokines. The allocation of these messenger substances results in further leukocyte
recruitment at the damaged tissue area [17,18,35,36]. Additionally, this leukocyte migration
is facilitated through a cytokine-dependent leakage of the endothelial cell barrier. After
clearing the cellular debris and reorganizing the tissue, pro-inflammatory leukocytes leave
the affected area, giving space for an anti-inflammatory and regenerating environment
leading to tissue remodeling of the affected muscle tissue. While leukocytes, especially
macrophages and neutrophils, are described to promote angiogenesis through the re-
lease of pro-angiogenic and tissue remodeling factors, excessive leukocyte accumulation
is associated with the prolongation of infiltration and therefore decelerated healing pro-
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cesses [18,35,37]. However, we could not show a significant difference in the number of
infiltrating leukocytes between both mouse strains.

In the earliest stages after the induction of FAL, neutrophils are recruited to the site
of ischemic tissue damage, playing a pivotal role in initiating and modulating the lo-
cal inflammatory and angiogenic processes [17]. By releasing potent forms of VEGFA,
MMP-9, and other angiogenic factors, neutrophils are essential to promote the induction
of angiogenesis as neutropenic mice failed to revascularize transplanted pancreatic island
tissue [21,38–40]. Through their ability of phagocytosis, neutrophils participate in tissue
repair and cell debris removal. Moreover, it was found that neutrophils form tunnels
for vessel sprouts, supporting their growth and development in a model of thermal hep-
atic injury [37,41]. Nevertheless, neutrophils also release cytotoxic factors and excessive
neutrophil accumulation is known to cause the aggravation of tissue damage [35,37,42].

Apart from that, neutrophil extracellular traps (NETs) are shown to promote an-
giogenesis in vivo and in vitro directly [43]. NETs are neutrophil-originated chromatin
filaments with citrullinated histone H3 (CitH3) that are released into the extracellular
space accompanied by various enzymes such as myeloperoxidase (MPO) as a reaction
towards different inflammatory stimuli [44,45]. It was recently found that NETs promote
angiogenesis through the modulation of intercellular adhesion molecule 1 (ICAM-1) ex-
pression on endothelial cells, thus affecting leukocyte migration out of the vasculature
into the perivascular space and the modulation of VEGF signaling leading to changes
in progenitor cell recruitment and endothelial cell migration [43]. Moreover, NETs are
also described to participate in tissue remodeling by promoting apoptosis in senescent
vasculature in retinopathy [46]. However, excessive NET accumulation at the inflammatory
site is associated with the aggravation and general prolongation of inflammation [47,48].

We observed an increased number of neutrophils, NETs, and neutrophils forming
NETs in the ischemic muscle tissue of mice belonging to the SV-129 inbred strain. Thus,
mice from the C57BL/6J strain show a milder, more pro-angiogenic inflammatory picture,
whereas SV-129 mice display aggravated inflammation in their ischemic muscle tissue one
day after FAL.

In ischemic tissue, macrophages play a crucial role in supporting angiogenic tissue
remodeling [18]. Hereby, their role depends on their plastic and changeable polarization
state [49]. The shift in the macrophage polarization phenotype mirrors the shift from
the pro- to the anti-inflammatory environment. The M1-like polarization (CD68+MRC1-)
indicates a pro-inflammatory state of the macrophages, which shifts to an M2-like po-
larization (CD68+MRC1+), designating the change towards the subsequent regenerative
anti-inflammatory phase of tissue restitution [18,50]. However, macrophages’ M1- and
M2-like polarization states only reflect the extremes in a wide spectrum of macrophage
polarization [49].

In the beginning, pro-inflammatory M1-like polarized macrophages are mainly re-
sponsible for clearing cellular debris through phagocytosis and promoting further local
leukocyte recruitment via the allocation of pro-inflammatory chemoattractants [18]. Apart
from that, M1-like polarized macrophages are described to support endothelial tip cell
sprouting and to guide the growth of the newly formed vessels [51]. Furthermore, M1-like
polarized macrophages are potent distributors of pro-angiogenic factors such as VEGFA
and tumor necrosis factor-alpha (TNF-α) and are described to play an important role in
angiogenesis as their depletion showed impaired angiogenic processes in zebrafish [51].
However, their impact on angiogenesis and tissue restitution is limited due to their re-
strained ability for matrix remodeling [18].

Afterward, the macrophages change their polarization towards an alternatively ac-
tivated regenerative anti-inflammatory M2-like polarized phenotype [49]. The M2-like
polarization state is mainly associated with tissue repair and the resolution of the previous
inflammation [52–55]. In contrast to M1-like polarized macrophages, the M2-like polarized
phenotype is essential for matrix remodeling. While in M1-like polarized macrophages, ma-
trix remodeling proteases like matrix metalloproteinase 9 (MMP-9) are complexed and thus
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downregulated and inactive, in M2-like polarized macrophages, the complexation of these
proteases is abolished and thus the enzymes can easily be released in their potent active
form [56]. Thus, the M2-like polarized phenotype is denoted as the classic pro-angiogenic
macrophage polarization state [18,57–59].

We found an increased number of infiltrating macrophages in the ischemic tissue of
SV-129 mice compared to C57BL/6J mice, while no differences in the ratio of M1- or M2-like
proliferation state were detected. Nevertheless, the total number of M1- as well as M2-like
polarized macrophages was higher in the ischemic muscle tissue of SV-129 mice. Thus, the
difference between the inbred mouse strains had no impact on macrophage polarization but
on the number of infiltrating macrophages. Even though we found more pro-angiogenic
M2-like polarized macrophages in the ischemic muscle tissue of SV-129 mice, they did not
show ameliorated angiogenesis compared to C57BL/6J mice. Accordingly, the increased
number of infiltrative macrophages, especially the M1-like polarized phenotype, in SV-129
mice could mirror an aggravated and prolonged inflammatory state associated with the
increased ischemic tissue damage found in this mouse strain.

Moreover, we want to mention that the spatial distribution of macrophage subpopula-
tion is well investigated in the process of arteriogenesis. C. Troidl et al. have observed a
rising number of both M1- and M2-like polarized macrophages in the perivascular space
until 28 days after ligation [60]. Interestingly, M1-like polarized macrophages were most
likely found in the media, while M2-like polarized macrophages were found in the adven-
titia of the vessels, leading to the conclusion that they might fulfill different distinct roles in
arteriogenesis. In contrast to the findings in collateral growth, in angiogenesis we could
observe a predominantly pro-inflammatory M1-like polarized phenotype at 7 days after
surgery with a spatial distribution throughout all the affected ischemic muscle tissue.

Altogether, we could show that C57BL/6J mice show improved angiogenesis after the
onset of ischemia compared to mice from the SV-129 strain. This difference in increased
angiogenic growth capacity in C57BL/6J mice might be partly attributable to a milder,
more pro-angiogenic inflammation based on reduced numbers of infiltrative macrophages,
neutrophils, and NETs as compared to SV-129 mice.

Concerning their specific impact, angiogenic factors and receptors have been exten-
sively studied in various in vitro and in vivo experimental settings and reviewed [1]. The
quantitative amounts of individual angiogenic factors alone are not exclusively responsible
for modulating angiogenesis. Instead, the activation state of receptors, the number of
co-receptors, and the activation status of co-receptors are as important as the number of
angiogenic factors alone [61]. To gain a better overall understanding of the angiogenic
capacities and their mediation in C57BL/6J and SV-129 mice, we representatively analyzed
the present immune microenvironmental conditions. However, further in-depth studies
are necessary to evaluate the possible differences of other angiogenesis-modulating factors
in C57BL/6J and SV-129 mice.

With the present study, we aimed to advance the field of angiogenesis research by
allowing a retrospective comparison and evaluation of already conducted studies on angio-
genesis that used either C57BL/6J or SV-129 mice. Furthermore, as researchers are often
unaware of the importance of the appropriate mouse strain choice for their experimental
setups, disregarding the differences in the pathophysiological reactions of inbred mouse
strains to experimental manipulations, we also tried to point out the importance of mouse
strain choice for experimental setup design. In synopsis with the presented immunological
analysis concerning leukocyte infiltration and inflammation, we could show the detrimen-
tal differences between C57BL/6J and SV-129 mouse strains for FAL-induced angiogenesis.
Thus, evaluating the applicability of mouse strain choice regarding the research’s ques-
tion for the planned experimental setup before conducting the experiments is still a very
important and crucial part in experimental design.
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4. Materials and Methods

4.1. Animals and Treatments

Experimental setups and animal care were permitted by the Bavarian Animal Care
and Use Committee (ethical approval code: ROB-55.2Vet-2532.Vet_02-17-99, approved on
the 8 December 2017) and were performed in strict accordance with the German animal
legislation guidelines. Mice were housed in a temperature-controlled room on a 12-h
light-dark cycle and received a standard laboratory diet. For all investigations, adult male
C57BL/6J and 129S1/Sv (SV-129) (both Charles River Laboratories, Sulzfeld, Germany)
mice, aged 8–12 weeks, were sacrificed at 24 h or 7 days (per timepoint n = 5 per group)
after FAL. For determining the proliferation rate of endothelial cells in the gastrocnemius
muscle 7 days after surgery, mice received a daily injection of 100 μL BrdU (Sigma-Aldrich,
St. Louis, MO, USA) (12.5 mg/mL BrdU in PBS (PAN Biotech)) i.p., starting directly after
the surgical intervention.

4.2. Femoral Artery Ligation and Tissue Processing

To initiate the processes of angiogenesis in the gastrocnemius muscle of the lower
hindlimb, the right femoral artery was unilaterally ligated while the left hindlimb was sham-
operated and served as an internal control, as previously described [25]. Before the ligation,
mice were anesthetized with a s.c. injection 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). Before tissue collection 24 h
or 7 days after FAL, mice were again anesthetized as described above. After sacrificing, the
hindlimbs were perfused with a combination of adenosine buffer (1% adenosine (Sigma-
Aldrich, St. Louis, MO, USA), 5% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis,
MO, USA, dissolved in PBS) and 3% (for cryopreservation) paraformaldehyde (PFA, Merck,
Darmstadt, Germany, dissolved in PBS). For immunohistology, the ligated and the sham-
operated hindlimbs of each mouse were collected after the perfusion, then embedded in
Tissue-Tek compound (Sakura Finetek Germany GmbH, Staufen, Germany), and finally
cryopreserved at −80 ◦C for further analysis.

4.3. Histology and Immunohistology

For (immuno-) histological staining, the cryopreserved gastrocnemius muscles were
cut in 10-μm-thick slices. Tissue collected 7 days after FAL was used for immunohistological
staining of endothelial cells, leukocytes, and macrophages as well as H&E staining, whereas
neutrophils and NETs were analyzed on gastrocnemius muscles collected 1 day after
ligation.

For the labeling of proliferating cells, the BrdU-treated tissue was incubated with 1 N
HCl in a humidified chamber at 37 ◦C for 30 min, then permeabilized with a 0.2% Triton
X-100 solution (AppliChem GmbH, Darmstadt, Germany) in 1 × PBS/0.1% Tween-20
(AppliChem GmbH, Darmstadt, Germany)/0.5% BSA for 2 min, followed by blocking
with 10% goat serum (Abcam, ab7481, Cambridge, UK) in 1 × PBS/0.1% Tween-20/0.5%
BSA for 1 h at room temperature (RT). Subsequently, the BrdU-treated muscle tissues were
incubated with the primary anti-BrdU-antibody (Abcam, ab6326, dilution 1:50 in 10% goat
serum, Cambridge, UK) at 4 ◦C overnight. Following the next day, the cryosections were
labeled with a secondary goat anti-rat Alexa Fluor®-546 antibody (Invitrogen, Thermo
Fischer Scientific, A-11081, Carlsbad, CA, USA, dilution 1:100) for 1 h at RT. After secondary
blocking with 1 × PBS/0.1% Tween-20/4% BSA for 30 min at RT, we applied an anti-CD31-
Alexa Fluor® 647 antibody (Biolegend, 102516, San Diego, CA, USA, dilution 1:50 in
1 × PBS/0.1% Tween-20) for labeling endothelial cells for 2 h at RT.

For macrophage labeling, we used an anti-CD68-Alexa Fluor® 488 antibody (Abcam,
ab201844, dilution 1:200 in PBS, Cambridge, UK) together with a primary anti-MRC1
antibody (Abcam, ab64693, dilution 1:200 in PBS, Cambridge, UK) to ascertain macrophage
polarization and incubated both at 4 ◦C overnight. Secondary antibody staining was
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conducted with a donkey-anti-rabbit Alexa Fluor® 546 antibody (Invitrogen, A-10040) for
1 h at RT.

For NETs staining, cryosections collected 24 h after FAL were initially permeabilized
with 0.2% Triton X-100 solution in 1 × PBS/0.1% Tween-20/0.5% BSA for 2 min, then
blocked with 10% donkey serum (Abcam, ab7475, Cambridge, UK) in 1 × PBS/0.1%
Tween-20/0.5% BSA for 1 h at RT followed by incubation with the primary antibodies
anti-myeloperoxidase (MPO; R&D Systems, AF3667, Minneapolis, MN, USA, dilution
1:20 in 10% donkey serum in 1 × PBS/0.1% Tween-20/0.5% BSA) and anti-CitH3 anti-
body (polyclonal rabbit anti-Histone H3 (citrulline R2+R8+R17), Abcam (Cambridge, UK),
ab5103, dilution 1:100 in 10% donkey serum in 1 × PBS/0.1% Tween-20/0.5% BSA) at 4 ◦C
overnight. A donkey anti-goat Alexa Fluor® 594 (Invitrogen, A-11058, dilution 1:100 in
1 × PBS/0.1% Tween-20) and a donkey anti-rabbit Alexa Fluor® 488 antibody (Invitrogen,
A-21206, dilution 1:200 in 1 × PBS/0.1% Tween-20) were used for secondary antibody
staining for 1 h at RT.

Additionally, DAPI (Thermo Fisher Scientific, Waltham, MA, 62248, dilution 1:1000
in PBS) was co-incubated on all cryosections for nucleic DNA labeling for 10 min at RT.
The stained tissue sections were finally mounted with an antifade mounting medium
(Dako, Agilent, Santa Clara, CA, USA). H&E staining was conducted according to the
manufacturer’s instruction (Carl Roth GmbH, Karlsruhe, Germany).

For microscopic imaging, we employed a confocal laser scanning microscope LSM 880
(Carl-Zeiss Jena GmbH, Jena, Germany) with a 20× objective (415 μm × 415 μm) as well
as an epifluorescence microscope (Leica DM6 B, Leica microsystems, Wetzlar, Germany)
with a 20× objective (630 μm × 475μm). For each muscle section, we imaged 5 defined
fields to quantify cells, muscle fibers, and NETs. To ascertain the areas of damaged tissue
(%), the total gastrocnemius muscle area was analyzed. Gastrocnemius sections stained
with H&E, CD45/DAPI, and CD31/BrdU/DAPI were analyzed with the epifluorescence
microscope. CD68/MRC1/DAPI and MPO/CitH3/DAPI labeled muscle sections were
investigated with the confocal laser scanning microscope. Cell quantification and analysis
of the damaged muscle area were conducted using ImageJ software. We calculated the
capillary-to-muscle fiber ratio (CD31+/DAPI+ cells were counted as endothelial cells) as
described before to assess the processes of angiogenesis [62].

4.4. Statistical Analysis

Statistical analyses were performed and graphically outlined with GraphPad Prism
8 (GraphPad Software, La Jolla, CA, USA). Data are means ± standard error of the mean
(S.E.M.). Statistical analyses were calculated as described in the figure legends. Results
were considered as statistically significant at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms222111795/s1.
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Abstract: Extracellular Cold-inducible RNA-binding protein (eCIRP), a damage-associated molecular
pattern, is released from cells upon hypoxia and cold-stress. The overall absence of extra- and
intracellular CIRP is associated with increased angiogenesis, most likely induced through influencing
leukocyte accumulation. The aim of the present study was to specifically characterize the role of
eCIRP in ischemia-induced angiogenesis together with the associated leukocyte recruitment. For
analyzing eCIRPs impact, we induced muscle ischemia via femoral artery ligation (FAL) in mice
in the presence or absence of an anti-CIRP antibody and isolated the gastrocnemius muscle for
immunohistological analyses. Upon eCIRP-depletion, mice showed increased capillary/muscle fiber
ratio and numbers of proliferating endothelial cells (CD31+/CD45−/BrdU+). This was accompanied
by a reduction of total leukocyte count (CD45+), neutrophils (MPO+), neutrophil extracellular traps
(NETs) (MPO+CitH3+), apoptotic area (ascertained via TUNEL assay), and pro-inflammatory M1-
like polarized macrophages (CD68+/MRC1−) in ischemic muscle tissue. Conversely, the number of
regenerative M2-like polarized macrophages (CD68+/MRC1+) was elevated. Altogether, we observed
that eCIRP depletion similarly affected angiogenesis and leukocyte recruitment as described for
the overall absence of CIRP. Thus, we propose that eCIRP is mainly responsible for modulating
angiogenesis via promoting pro-angiogenic microenvironmental conditions in muscle ischemia.

Keywords: angiogenesis; cold-inducible RNA-binding protein; extracellular cold-inducible RNA-
binding protein; CIRP; eCIRP; neutrophil extracellular traps; NETs; macrophage polarization; inflam-
mation; apoptosis; ischemia

1. Introduction

The cold-inducible RNA binding protein (CIRP) is a member of the glycine-rich RNA-
binding protein family, including several proteins which regulate nucleic acid interactions
through their RNA-binding sites [1,2]. The expression of intracellular CIRP (iCIRP) in
various cell types, particularly in immune cells, is induced in response to diverse cel-
lular stresses such as mild hypothermia, hypoxia, or oxidative stress, and in response,
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the intracellular protein can be translocated from the nucleus to the cytoplasm [1,3–7].
In particular, as a reaction to hypoxia, in hemorrhagic shock and other ischemia-related
pathologies, iCIRP translocates from the cytoplasm towards the extracellular space (pos-
sibly via lysosomal secretion) [8–12]. Once secreted, extracellular CIRP (eCIRP) acts as a
damage-associated molecular pattern (DAMP) molecule, leading to tissue damage and
aggravation of inflammation [8]. eCIRP activates a wide range of immune cells, such as
neutrophils and macrophages, via the “Toll-like receptor 4” (TLR4)-myeloid differentiation
factor 2 (MD2)-complex as well as via the “Triggering receptor expressed on myeloid cells
1” (TREM-1). These interactions result in amplified inflammatory processes through the
release of pro-inflammatory cytokines and chemokines [8,13,14].

The absence of eCIRP in most of the studied ischemic disease-related animal models
was correlated with a significant mitigation of the investigated inflammatory reaction, while
the injection of recombinant CIRP led to liver and lung injury [10,15–19]. Furthermore, pa-
tients brought to the intensive care unit due to hemorrhagic shock or sepsis presented with
a significantly higher survival chance when serum levels of CIRP were low [8,20]. Hence,
the modulation of eCIRP’s bioavailability may provide a novel approach in therapeutic
drug treatment in the immune regulation of different inflammatory-dependent pathologies.

Several RNA-binding proteins (RBP) have been implicated in the post-transcriptional
regulation of mRNAs involved in the processes of angiogenesis [21–23]. Angiogenesis
describes the generation of new capillaries from a pre-existing capillary network, par-
ticularly in response to ischemia, necessary for embryonic development as well as for
wound healing, menstruation, or pregnancy in healthy adults [24–27]. The predominant
pro-angiogenic cytokine involved in these processes is vascular endothelial growth factor
A (VEGF-A) [24,28,29], whose expression is induced in ischemic tissues under the con-
trol of a molecular oxygen-sensor, present in virtually all cell types [30,31]. Following
endothelial cell activation, extracellular matrix remodeling by proteases and anastomosis
formation of capillary beds, regulatory humoral factors, as well as immune cells (particu-
larly macrophages) contribute to the orchestration and control of angiogenesis [24].

To increase the capillarity of an ischemic tissue, there are two different mechanisms
through which angiogenesis can proceed: (a) splitting the capillaries of a pre-existing
microvasculature network, a process which is denoted as intussusceptive angiogenesis; (b)
de novo formation of new capillary branches by migration and proliferation of endothe-
lial cells, a mechanism that is referred to as sprouting angiogenesis [25,32,33]. Besides
physiological angiogenesis, uncontrolled pathological angiogenesis drives solid tumor
growth, psoriasis, or diabetic retinopathy [24,26,27,34–36], where the indicated factors ap-
pear to operate in an uncontrolled manner. Concerning vascular diseases, like myocardial
infarction or peripheral artery disease, the process of angiogenesis alone is not sufficient to
restore the blood supply in the affected ischemic areas [37]. In this case, capillary growth
is promoted to clear the cell debris congregated at the site of ischemia. Instead, only
the process of arteriogenesis, the growth transformation of pre-existing vessels acting as
natural bypasses in response to increased shear-stress, can compensate for the occlusion of
a nutrient supplying artery [38–42].

Particularly myeloid cells, such as neutrophils and macrophages, but also blood
platelets, are major sources of VEGF-A and other vascular remodeling factors like matrix
metalloproteinases (MMPs) that regulate the bioavailability of VEGF-A and participating
in vessel formation and the clearance of cell debris at the ischemic tissue site [43–47]. As
a consequence, the accumulation and activation of different leukocyte subpopulations in
certain vascular regions may directly influence the outcome of angiogenic vessel formation.

Neutrophil extracellular traps (NETs), comprised of the decondensed extracellular
chromatin network of activated neutrophils, and necessary for catching and killing of
microbes in innate immunity, were found to positively affect angiogenesis in a preclinical
model of pulmonary hypertension through the upregulation of intercellular adhesion
molecule 1 (ICAM-1) expression, affecting VEGF-signaling and endothelial cell migra-
tion [48].
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Recently, a new subset of pro-inflammatory neutrophils that could be triggered by
eCIRP under septic conditions were shown to express high levels of C-X-X chemokine
receptor type 4 (CXCR4), ICAM-1, inducible nitric oxide synthase (iNOS), reactive oxygen
species (ROS), and NETs [49]. Furthermore, eCIRP was described to excessively induce NET
formation by activating the “Triggering receptor expressed on myeloid cells 1” (TREM-1) in
a Rho-GTPase-dependent manner and via the upregulated expression of “Peptidylarginine
deiminase 4” (PAD4), which catalyzes the citrullination of histones as an essential step in
NET formation to decondense the cellular chromatin [50–53].

Idrovo et al. (2016) found a significant improvement of wound healing of skin lesions
in CIRP-deficient mice as compared to wild-type mice. The elevated inflammatory state
(such as changes in tumor necrosis factor-α (TNF-α) dynamics, reduced numbers of Gr1+

leukocytes) was accompanied by an elevated number of CD31+ cells, resulting in the hy-
pothesis that the absence of CIRP could improve tissue regeneration and angiogenesis [54].
Moreover, iCIRP was suggested to regulate the post-transcriptional processing of specific
microRNAs of the 14q32 locus, which are known to be involved in regulating ischemia-
induced angiogenesis [55,56]. It was shown that the blocking of miR-329, a microRNA
belonging to the 14q32 cluster and a possible target of post-transcriptional processing of
CIRP, enhanced the expression of CD146, a co-receptor of VEGF receptor 2 (VEGFR-2) on
endothelial cells, also to ameliorate angiogenic processes [56–58].

Recently, we showed in a murine hindlimb model that the genetic ablation of CIRP
(including eCIRP and iCIRP) improves angiogenesis and the regeneration of ischemic tissue
damage, most likely through the predominance of regenerative anti-inflammatory M2-
like polarized macrophages and the reduced accumulation of neutrophils and NETs [59].
Whether these changes in leukocyte recruitment, macrophage polarization, and ameliorated
angiogenesis are attributed to the lack of intra- or extracellular CIRP remains unclear
so far. In the present study, we have analyzed the ramifications of blocking eCIRP on
ischemia-induced angiogenesis and cell apoptosis together with the accompanied leukocyte
infiltration and macrophage polarization in order to demonstrate that eCIRP appears to be
sufficient to modulate the efficacy of angiogenesis in vivo.

2. Results

To analyze the impact of the lack of eCIRP on the process of angiogenesis in ischemic
muscle tissue, a well-established murine hindlimb model was used. Following femoral
artery ligation (FAL), the formation of collateral blood vessels (arteriogenesis) is initiated
in the adductor muscle of the upper leg, and in ischemia-induced angiogenesis in the gas-
trocnemius muscle of the lower leg, due to the reduced blood flow [60]. After intravenous
injection of mice with a neutralizing anti-CIRP antibody prior to and following FAL (every
second day) [9], gastrocnemius muscles were collected for immunohistological analyses
at day 1 and day 7 after FAL. An isotype antibody or phosphate-buffered saline (PBS),
respectively, was used in the control groups.

In order to investigate whether the depletion of eCIRP affects angiogenesis, a CD31/
CD45/BrdU/DAPI quadruple immunofluorescence staining on tissue sections collected
7 days after FAL was performed. CD31 was implemented as an endothelial cell marker,
CD45 was used as a pan-leukocyte marker to exclude CD31+ leukocytes. To exclude
platelets from the quantification (which also express CD31), only CD31+ cells that colocal-
ized with a signal for nuclear DNA (DAPI) were counted. Hence, CD31+/CD45−/DAPI+

cells were defined as capillary endothelial cells. Bromodeoxyuridine (BrdU) was used as a
proliferation marker. To quantitate the extent of angiogenesis, the number of capillaries
per muscle fiber ratio was determined [61]. Compared to both control groups (isotype
antibody-and PBS-treated mice), the anti-CIRP antibody-treated group showed a signifi-
cant increase in capillary/muscle fiber ratio (Figure 1a,b). Furthermore, an elevated ratio
of proliferating capillaries (CD31+/CD45−/BrdU+/DAPI+) per muscle fiber was found
in anti-CIRP antibody-treated mice compared to both control groups (Figure 1a,c). Iso-
type antibody- and PBS-treated mice did not show any statistically significant difference
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between their capillarity and proliferating endothelial cells per muscle fiber. In tissue sam-
ples of non-ischemic (sham-operated) gastrocnemius muscles no significant difference in
capillary per muscle fiber ratio between all treatment groups was noted (data not shown).

Figure 1. Lack of extracellular “Cold-inducible RNA-binding protein” (eCIRP) enhances capillary growth. (a) Representative
immunofluorescence stains of ischemic gastrocnemius muscle slices from control mice (treated with phosphate-buffeCDred
saline (PBS) or isotype antibody (ISO)), and mice which received anti-CIRP antibody (Anti-CIRP) 7 days after femoral
artery ligation (FAL). Smaller images show single channels, large images show all merged channels of endothelial cells
(anti-CD31, white), proliferating cells (anti-BrdU (bromodeoxyuridine), red), leukocytes (anti-CD45, green), and nucleic
acid (DAPI, blue). Scale bars represent 20 μm. Scatter plots displaying (b) CD31+/CD45− (endothelial) cells and (c)
CD31+/CD45−/BrdU+ (proliferating endothelial) cells per muscle fiber of ischemic gastrocnemius muscles of PBS-, ISO-
(both control groups), and anti-CIRP antibody-treated mice 7 days after FAL. Data are means ± S.E.M., n.s. p > 0.05,
* p < 0.05 (PBS vs. ISO vs. anti-CIRP) by one-way ANOVA with the Tukey’s multiple comparisons test, a defined ischemic
area (1.5 mm2) of muscle tissue was analyzed per mouse.
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Upon treatment of microvascular endothelial cells in vitro with recombinant murine
CIRP (rmCIRP), a significant reduction in fetal calf serum (FCS)-initiated cell prolifera-
tion was seen (Figure S1). Moreover, after rmCIRP treatment of cells, the mRNA levels
of the inflammatory genes interleukin 6 (IL-6) and monocyte chemoattractant protein-1
(MCP-1) were significantly elevated, whereas the expression level of CIRP did not change
(Figure S2).

Leukocytes, such as neutrophils and macrophages, play a regulatory role in ischemia-
induced inflammation through the removal of cellular debris, the promotion of tissue repair,
and their direct influence on vascular proliferation by supplying a broad range of growth
factors. In response to the neutralization of eCIRP in the anti-CIRP antibody-treated mice
on day 7 after FAL, the number of infiltrated CD45+ cells in ischemic areas was significantly
decreased as compared to both control groups (Figure 2a,b). In all non-ischemic (sham-
operated) muscle tissues of each group, no difference in the numbers of infiltrated CD45+

cells was found (data not shown).
In order to assess the influence of eCIRP neutralization on the accumulation of different

neutrophil subpopulations and their specific products (such as NETs) in ischemic muscle
tissue sections, double immuno-staining at day 1 after FAL for myeloperoxidase (MPO) (to
detect neutrophils) and for citrullinated histone H3 (CitH3) (to detect NETs) was performed.
MPO+/DAPI+ cells were classified as neutrophils and MPO+/ CitH3+/DAPI+ cells were
considered as NETs. A significantly reduced number of both, neutrophils and NETs, was
seen in tissue samples of mice treated with anti-CIRP antibody compared to the two control
groups (Figure 3a,b,d). Also, the portion of neutrophils forming NETs in comparison to
the total neutrophil count was significantly reduced in anti-CIRP antibody-treated mice
(Figure 3c,d). No differences were observed between all control groups in non-ischemic
(sham-operated) muscle tissue sections (data not shown).

Based on the observation that eCIRP-induced NETs have an impact on efferocytotic
clearance of apoptotic cells by macrophages [62], the extent of apoptotosis in ischemic
muscle tissue sections 7 days after FAL was assessed by using a TdT-mediated dUTP-
biotin neck end labeling (TUNEL) assay. A significant reduction of the apoptotic area
in gastrocnemius muscle sections from the anti-CIRP antibody-treated group was found
compared to the isotype antibody-treated and PBS-treated control groups, respectively
(Figure 4a–c). There was no sign of apoptosis in the isolated non-ischemic (sham-operated)
gastrocnemius muscles from all groups (data not shown).

The influence of the neutralization of eCIRP on macrophage accumulation and po-
larization was analyzed by using anti-CD68 antibody staining to label macrophages as
well as anti-MRC1 (mannose receptor C-type 1) antibody to identify M2-like polarized
macrophages. Consequently, CD68+/MRC1−/DAPI+ cells were counted as M1-like polar-
ized macrophages, while CD68+/MRC1+/DAPI+ cells were assessed as M2-like polarized
macrophages. No significant differences in macrophage accumulation at the site of is-
chemia of gastrocnemius muscles, collected 7 days after FAL, were observed between all
three different treatment groups (Figure 5a,d). However, a significantly higher portion
of M2-like polarized macrophages and a significant reduction in the portion of M1-like
polarized macrophages in the ischemic muscle tissue in anti-CIRP antibody-treated mice
was found (Figure 5b–d). Gastrocnemius muscles of all experimental groups isolated from
the contralateral sham-operated (non-ischemic) site did not show any significant difference
in macrophage accumulation and polarization (data not shown).
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Figure 2. Neutralization of extracellular “Cold-inducible RNA-binding protein” (eCIRP) decreases leukocyte accumulation
in ischemic tissue. (a) The scatter plot displays the relative number of CD45+ (pan-leukocyte marker) cells (per mm2) in the
ischemic gastrocnemius muscles of mice that received phosphate-buffered saline (PBS), isotype antibody (ISO) (control
groups), or the anti-CIRP antibody (Anti-CIRP) and were sacrificed 7 days after femoral artery ligation (FAL). Data are
means ± S.E.M., n = 5 per group. n.s. p > 0.05, * p < 0.05 (PBS vs. ISO vs. Anti-CIRP) by one-way ANOVA with the Tukey’s
multiple comparisons test, a defined ischemic area (1.5 mm2) of muscle tissue was analyzed per mouse. (b) Representative
immunofluorescence staining of ischemic gastrocnemius muscles of mice treated with PBS (top), isotype antibody (middle),
or anti-CIRP antibody (bottom) 7 days after FAL. Cells were stained with an antibody against CD45 (green) and DAPI (blue)
to label nucleic DNA. Scale bars represent 50 μm.
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Figure 3. Depletion of extracellular “Cold-inducible RNA-binding protein” (eCIRP) interferes with neutrophil recruitment
and neutrophil extracellular trap (NET) formation in ischemic muscle tissue. The scatter plots display the number of
(a) MPO+ (myeloperoxidase, marker for neutrophils) cells, (b) NETs (MPO+/CitH3+ (citrullinated histone 3)/DAPI+)
(both per mm2), and (c) NET positive MPO+ cells per total MPO+ cells in ischemic gastrocnemius muscles isolated from
phosphate-buffered saline- (PBS), isotype antibody- (ISO) (control groups) and anti-CIRP antibody- (Anti-CIRP) treated
mice, isolated on day 1 after femoral artery ligation (FAL). Data are means ± S.E.M., n = 5 per group. n.s. p > 0.05, * p < 0.05
(PBS vs. ISO vs. Anti-CIRP) by one-way ANOVA with the Tukey’s multiple comparisons test, a defined ischemic area
(1.5 mm2) of muscle tissue was analyzed per mouse. (d) Representative immunofluorescence staining of ischemic gastrocne-
mius muscle slices of PBS- (top), isotype antibody- (middle), and anti-CIRP antibody-treated mice (bottom) collected 1 day
after FAL. Images display single and merged channels of neutrophils (MPO+/DAPI+) and NETs (MPO+/CitH3+/DAPI+)
labeled with anti-MPO (red), anti-CitH3 (green), and DAPI (nucleic acid, blue). Scale bars represent 50 μm.
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Figure 4. Depletion of extracellular “Cold-inducible RNA-binding protein” (eCIRP) mitigates apoptosis. (a) Representative
pictures of TUNEL-stained gastrocnemius muscle slices of mice, treated with phosphate-buffered saline (PBS) (top), isotype
antibody (ISO) (middle) (both control groups), and anti-CIRP antibody (Anti-CIRP) (bottom) 7 days after femoral artery
ligation (FAL). Scale bars represent 50 μm. (b) Magnification of white boxes in (a), showing TUNEL-stained apoptotic
cells (green). Scale bars represent 7 μm. (c) The scatter plot displays the extent of the apoptotic areas in relation to the
whole gastrocnemius muscle of PBS-, ISO-, and anti-CIRP antibody-treated mice 7 days after FAL. The total gastrocnemius
cross-sectional area (about 20 mm2) was analyzed. Data are means ± S.E.M., n = 5 per group. n.s. p > 0.05, * p < 0.05 (PBS vs.
ISO vs. Anti-CIRP) by one-way ANOVA with the Tukey’s multiple comparisons test.
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Figure 5. Neutralization of extracellular “Cold-inducible RNA-binding protein” (eCIRP) affects macrophage polarization.
The scatter plots display (a) the relative amount of CD68+ cells (macrophages) (per mm2), (b) CD68+/MRC1− (mannose
receptor c-type 1) cells (M1-like polarized macrophages), and (c) CD68+/MRC1+ cells (M2-like polarized macrophages)
in relation to all CD68+ cells (in percent) in ischemic gastrocnemius muscles of phosphate-buffered saline- (PBS), isotype
antibody- (ISO) (both control groups), or anti-CIRP antibody-treated mice (Anti-CIRP) 7 days after femoral artery ligation
(FAL). Data are means ± S.E.M., n = 5 per group. n.s. p > 0.05, * p < 0.05 (PBS vs. ISO vs. Anti-CIRP) by one-way ANOVA
with the Tukey’s multiple comparisons test, a defined ischemic area (1.5 mm2) of muscle tissue was analyzed per mouse.
(d) Representative immunofluorescence staining of ischemic gastrocnemius muscle slices of PBS- (left), isotype antibody-
(middle), and anti-CIRP-antibody-treated mice (right) 7 days after FAL. Images show single and merged channels of CD68
and MRC1 labeled macrophages (anti-CD68, green; anti-MRC1, red) and nucleic acid (DAPI, blue). Scale bars represent
50 μm.
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3. Discussion

In the current study, the impact of the neutralization of extracellular CIRP (eCIRP) on
angiogenesis and the associated leukocyte accumulation in a murine hindlimb model of
muscle ischemia was investigated. The depletion of eCIRP resulted in ameliorated angio-
genesis, evidenced by an increased capillary to muscle fiber ratio, as well as a reduction of
the total apoptotic area in gastrocnemius muscle of mice treated with an anti-CIRP anti-
body. These responses might be due to a significant reduction in leukocyte accumulation,
particularly neutrophil infiltration and NET formation, and a pronounced influence on
macrophage polarization, although the number of infiltrated macrophages was not altered
in ischemic gastrocnemius. In anti-CIRP antibody-treated mice a predominance of the
anti-inflammatory M2-like polarized macrophages at the ischemic muscle tissue site was
observed, as compared to control mice (for an overview see Figure 6). Overall, the blockade
of eCIRP enhanced angiogenesis in vivo, reminiscent of results obtained in CIRP-deficient
mice [59], to indicate that eCIRP is mainly responsible for modulating angiogenesis.

Figure 6. Depletion of extracellular “Cold-inducible RNA-binding protein” (eCIRP) promotes ischemia-induced angio-
genesis and affects the associated leukocyte infiltration. In comparison to control mice, which still harbor eCIRP, mice
with neutralized eCIRP showed an increased (proliferating) capillaries per muscle fiber ratio, reduced areas of apoptotic
cells, reduced leukocyte infiltration with lower numbers of neutrophils, neutrophils that produce neutrophil extracellular
traps (NETs), and pro-inflammatory M1-like polarized macrophages, whereas the number of infiltrative anti-inflammatory
regenerative M2-like polarized macrophages was elevated. Thus, eCIRP-depleted mice show an ameliorated angiogenic
capacity upon ischemia, mediated through a more pro-angiogenic inflammatory environment.

It has been described that the deficiency of CIRP in mice did affect angiogenesis in
association with different pathologies [54,56]. We recently demonstrated that the overall
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absence of CIRP, intra- and extracellularly, resulted in ameliorated angiogenesis in muscle
ischemia [59]. As evidenced by immunohistological analysis, the present study now shows
that the blockade of eCIRP resulted in an elevated capillary to muscle fiber ratio and a raised
proliferating capillary to muscle fiber ratio, thus improving angiogenesis. Furthermore,
we confirmed our in vivo findings, as the administration of rmCIRP on microvascular
endothelial cells abolished their FCS-induced proliferation in vitro. Consequently, for the
first time it is shown that the neutralization of eCIRP by the administration of a specific
antibody in the indicated mouse model resulted in ameliorated angiogenesis. Hence, the
improved angiogenesis in CIRP-deficient mice is largely attributable to their lack of eCIRP.

Since connections between eCIRP as DAMP and immune cells are well described [63,64],
we evaluated the influence of eCIRP depletion on leukocyte accumulation at the site of
the ischemic gastrocnemius muscle tissue. In fact, a significant reduction in leukocyte
accumulation, particularly neutrophils, at the site of muscle ischemia was observed when
eCIRP was blocked.

In the context of angiogenesis and tissue reorganization, infiltrative leukocytes, pre-
dominantly neutrophils and macrophages, are known to be essential sources of pro-
angiogenic growth factors, including VEGF-A, and several proteases, such as matrix
metalloproteinase 9 (MMP9) which are important modulators of the extracellular matrix
remodeling [43,47,65–67]. The diminished numbers of leukocytes are likely attributable to
the lack of eCIRP as an inflammatory DAMP. eCIRP activates both macrophages and neu-
trophils via its direct binding to the pattern recognition receptor (PRR) TLR4-MD2-complex,
resulting in nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells (NF-κB) activa-
tion and nuclear translocation, or to the TREM-1, thereby activating the tyrosine kinase
Syk to ultimately catalyze the release of pro-inflammatory chemokines and cytokines,
relevant for the exacerbation of inflammation and the enhancement of leukocyte recruit-
ment [8,13,14,68]. Leukocyte accumulation and transmigration into the damaged tissue
might be further facilitated by eCIRP´s propensity to increase vascular permeability and to
activate endothelial cells, causing additional pro-inflammatory chemoattractant release and
an upregulation of cell-surface adhesion molecules like endothelial-selectin (E-selectin) and
ICAM-1 [19]. In addition, the administration of rmCIRP was shown to strongly induce the
expression of inflammatory genes in microvascular endothelial cells in vitro. Consequently,
the blocking of eCIRP could be responsible for a reduced accumulation of leukocytes at the
site of the ischemic muscle tissue due to the absence of eCIRP´s pro-inflammatory proper-
ties as a DAMP and an attenuated extravasation induced by a more stable endothelial cell
barrier and a decreased upregulation of cell-surface adhesion molecules.

It is important to mention that an excessive and prolonged accumulation of leukocytes
at the site of inflammation can lead to aggravated tissue damage and thus may interfere
with ischemic tissue restitution [47,65,69]. The blockade of eCIRP in many other pathologies
had an attenuating influence on the inflammation in animal models, while low eCIRP levels
in septic patients correlated with improved survival chances. By comparing the ischemic
muscle tissue of CIRP-deficient and wild-type mice, we found a significant reduction in
leukocyte accumulation in the CIRP knockout mice [59]. Accordingly, we propose that the
decreased leukocyte infiltration in CIRP-deficient mice is mainly attributed to the lack of
eCIRP. Whether iCIRP plays a role in leukocyte accumulation and its affection on immune
cells in general, possibly through miRNA interactions or via binding of intracellular PRRs
like nucleotide-binding, oligomerization domain (NOD)-like receptors (NLRs) or the RIG-
like helicases (RLHs), must be elucidated in further in-depth immunology studies.

In the early phase of tissue damage, neutrophils infiltrate the ischemic tissue as one of
the first innate immune cell types, playing an essential role in orchestrating angiogenesis
and inflammation [66]. Comparable to macrophages, they are also capable of phagocyting
apoptotic cells, thus clearing cell debris from the damaged tissue areas and consequently
participating in tissue homeostasis restitution. Particularly important, neutrophils signifi-
cantly influence the initiation of angiogenesis, since neutropenic mice showed impaired
induction of angiogenesis [70]. Most likely, neutrophils participate in angiogenesis initia-
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tion through their direct allocation of preformed VEGF-A and other growth factors [44,45].
Their supply of active MMP9 and the protease-associated deconstruction of the extracellu-
lar matrix leads to further release of former matrix-bound VEGF-A and consequently to
angiogenic sprouting [46,71]. Besides delivering VEGF-A to the ischemic site, activated
neutrophils release a wide range of pro-inflammatory cytokines and chemokines, leading
to the disruption of the endothelial cell barrier and further leukocyte recruitment, ulti-
mately exacerbating the inflammation in damaged tissue [72]. For a long time, neutrophils
were thought to be the major cause for aggravated and prolonged muscle injury [73].
Recent studies discounted this by proving that the blockade of neutrophils interfered
with tissue restoration processes in muscle injury [74,75]. Hence, neutrophil-associated
damage in muscle tissue could be substantial for recovery processes. After clearing cell
debris, modulating inflammation, and initiating angiogenesis, neutrophils do not get
phagocyted by macrophages but may reenter the vasculature by a process declared as
reverse transendothelial migration [76].

Although neutrophils are important players in initiating angiogenesis, in our study,
we found reduced numbers of neutrophils in eCIRP-depleted mice which, however, ex-
hibited increased capillarity. We made similar observations in CIRP-knockout mice [59].
Furthermore, decreased neutrophil recruitment in anti-CIRP antibody-treated mice was
also observed in a model of hepatic ischemia and reperfusion injury [9]. In our study, the
diminished number of accumulated neutrophils observed 24 h after FAL in eCIRP-depleted
mice might not be related to an overall reduction of neutrophil infiltration at all. It could
reflect an augmented reverse transendothelial migration after phagocytosis of cell debris,
initiation of angiogenesis, culminating in the orchestration of inflammation. Interestingly,
under septic conditions, eCIRP was found to induce reverse transendothelial migration [77].
Yet, in contrast to sterile inflammation, reverse transendothelial migration of neutrophils
in sepsis does not contribute to tissue reconstitution. Instead, neutrophils reentering the
circulation in sepsis may further fuel inflammatory reactions and lead to dissemination
of a local towards a systemic inflammation [77]. Whether the increased number of neu-
trophils in control mice that harbor eCIRP rather reflects an unrestrained inflammation as
opposed to the effective induction of angiogenesis and whether the lack of eCIRP possibly
ameliorates neutrophil reverse transendothelial migration in ischemia-dependent tissue
damage are two possible processes that deserve further analysis.

In the present study, we found a significant reduction of NETs and NET-forming
neutrophils in mice treated with the anti-CIRP antibody compared to the control groups.
These observations are in line with previous findings, showing that DAMPs in general
and eCIRP in particular are potent inducers of NET formation [50–52,78]. Interestingly,
eCIRP promotes the induction of a specific pro-inflammatory subtype of neutrophils,
expressing ICAM-1, and are characterized among others through their increased formation
of NETs [52]. Moreover, we found decreased NET formation in ischemic muscle tissue
of CIRP-deficient mice as well [59]. Whether NETs released by pro-inflammatory ICAM-
1+ neutrophils have the same effect on angiogenesis needs to be addressed in further
investigations. Here, it is important to mention that NETs have been described not only to
be associated with ongoing inflammation, angiogenesis, and vascular regeneration but are
also causative for aggravated inflammation and thus evoke exacerbated tissue damage and
delayed tissue restitution [79–83]. Therefore, we propose that the depletion of eCIRP may
promote a more pro-angiogenic type of NET formation, contributing to tissue remodeling
in the ischemic mice muscle.

A recent study on sepsis showed that NET formation, caused by eCIRP, limited ef-
ferocytosis [62]. Efferocytosis describes the process by which apoptotic cells are cleared
by phagocytic cells, such as macrophages, and provides a prerequisite for resolving in-
flammation [84]. Efferocytotic clearance of apoptotic cells stimulates anti-inflammatory
and pro-regenerating signals, marking the start of the tissue remodeling phase [84]. To
ascertain whether abated efferocytosis also affected apoptotic processes in our study, we
implemented a TUNEL assay to measure the area of apoptotic cells throughout the entire
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sections of the gastrocnemius muscle. The observation that reduced apoptotic areas in
eCIRP-depleted mice were found may reflect an improved efferocytosis in these animals.
Accordingly, excessive NET formation in control mice would not promote angiogenesis
but would prolong the inflammatory phase leading to enhanced leukocyte recruitment. In
contrast, apoptotic areas in eCIRP-depleted mice would be cleared much faster and could
lead to an earlier start of the subsequent tissue remodeling phase. Whether the diminished
areas of apoptotic cell death in the ischemic muscles of eCIRP-depleted mice are a direct
consequence of eCIRP´s effect on efferocytosis or are caused by another independent
mechanism needs to be elucidated.

After the initial inflammatory phase, mainly characterized by the infiltration of neu-
trophils, macrophages accumulate at the site of ischemic muscle tissue damage, and have a
significant impact on angiogenesis [24,47,85–87]. It is important to note that macrophages
are a heterogeneous cell population, presenting high plasticity, reflected by their variable
polarization states [88,89]. Therefore, the M1- and M2-like polarization status classification
only marks extremes in a broad spectrum of possible differentiations.

Initially, M0-like polarized monocytes infiltrate the damaged tissue and locally mature
to classically activated pro-inflammatory M1-like (CD68+/MRC1−) polarized macrophages.
Macrophages showing this pro-inflammatory polarization state are responsible for phago-
cytosis and further leukocyte recruitment. In terms of angiogenesis, macrophages represent-
ing the M1-like polarized phenotype are associated with the supply of pro-angiogenic fac-
tors, such as VEGF-A and TNF-α, thus being relevant for the induction of angiogenesis [90].
It has been shown that M1-like polarized macrophages cumulate around endothelial tip
cells, guiding the new sprouts, whereas the absence of pro-inflammatory macrophages
resulted in the thwarted instigation of angiogenesis [91].

Following this, the pro-inflammatory M1-like polarization state changes towards
an alternatively activated regenerative anti-inflammatory M2-like polarized phenotype,
marking the beginning of the subsequent tissue restoration phase to resolve the inflam-
matory process [92–94]. In contrast to M1-like polarized macrophages, M2-like polarized
macrophages play a crucial role in initiating matrix remodeling; while the M1-like po-
larized phenotype can only release an inactive complexed form of the matrix protease
MMP9, M2-like polarized macrophages release an active form of MMP9 [95]. Consequently,
the anti-inflammatory M2-like polarized phenotype mirrors the classical pro-angiogenic
polarization state correlating with matrix remodeling, resolution of inflammation, and
tissue repair [47,96].

Previous studies of our own group showed that administration of recombinant CIRP
induced the expression of M1-like but not M2-like polarization markers on macrophages
in vitro. Moreover, we found a predominance of M2-like polarized macrophages in is-
chemic muscle tissue in CIRP-deficient mice without any altered general macrophage
accumulation compared to wild-type control mice [59]. In the present study, we observed
similar findings, i.e., a significant increase in M2-like and a significant reduction in M1-like
polarized macrophages with no changes in the total number of macrophages accumu-
lated in ischemic muscle tissue of eCIRP-depleted mice compared to control mice. The
increased number of M2-like polarized macrophages in mice that underwent eCIRP de-
pletion possibly indicates that these mice—in contrast to control mice that still show a
high number of infiltrating M1-like polarized macrophages—have already moved from the
initial inflammatory phase towards the tissue regenerating phase.

In accordance with our in vitro results along with published information, the high
number of M1-like polarized macrophages in control mice may be related to three different
responses, triggered by eCIRP: (a) eCIRP promotes the expression of pro-inflammatory
M1-like polarization markers in macrophages; (b) eCIRP strongly induces the expression of
the pro-inflammatory genes IL-6 and MCP-1 in microvascular endothelial cells. The latter
reaction will result in increased immune cell migration and infiltration, especially for mono-
cytes, to the site of inflammation [97]. Moreover, since a deficiency of MCP-1 was described
to enhance M2-like polarization in macrophages [98], a reduced expression of MCP-1
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in mice lacking eCIRP could lead to a reduced induction of pro-inflammatory M1-like
polarized macrophages in eCIRP-deficient mice. Also, an eCIRP-dependent release of pro-
inflammatory chemokines and cytokines from a wide range of cells has been described [63].
Thus, a pro-inflammatory environment, induced by eCIRP´s propensity as a DAMP, is
likely to promote the pro-inflammatory M1-like polarization status in macrophages and
could lead to the observed high number of neutrophils, NETs, and the leukocyte infiltration
at the site of ischemic muscle tissue. (c) As already mentioned above, eCIRP induces a
particular subtype of NETs that are described to impair macrophage efferocytosis and thus
may prolong the inflammatory phase. Therefore, the decreased amount of phagocyting
M1-like polarized macrophages in combination with decreased apoptotic areas in eCIRP-
blocked mice could reflect an improved macrophage efferocytosis and consequently an
enhanced transition from the inflammatory to the tissue restitution phase.

Recently, a protective effect in ischemic stroke was reported for an eCIRP-derived
peptide, which interferes with eCIRP´s binding ability to the MD2 receptor, resulting in
a significant reduction of the ischemic infarct area as well as the inhibition of apoptosis
and necroptosis in murine and rhesus monkey models [99]. This experimental approach
highlights an important milestone in designing CIRP-related therapeutic treatments for
ischemia-related pathologies.

With the present study, we demonstrated that several observations regarding angio-
genesis and the associated leukocyte recruitment in CIRP-deficient mice also hold true for
eCIRP-blocked mice. Thus, we propose that the lack of CIRP´s extracellular properties,
especially as an inflammatory DAMP, are mainly responsible for the increased angio-
genic process we have found in CIRP-deficient mice. Taken together, the administration
of eCIRP-depleting drugs may be a valuable approach to modulate inflammatory pro-
cesses and to improve angiogenesis in ischemic muscle tissue via the induction of M2-like
macrophage polarization.

4. Materials and Methods

4.1. Animals and Treatments

All experimental setups were permitted by the Bavarian Animal Care and Use Commit-
tee (ethical approval code: ROB-55.2Vet-2532.Vet_02-17-99, approved on 8 December 2017)
and were conducted in strict accordance with the German animal legislation guidelines.
Mice were fed a standard laboratory diet and were housed in a temperature-controlled
room on a 12 h light–dark cycle. For all experiments, adult male SV-129 (Charles River
Laboratories, Sulzfeld, Germany) mice, aged 8–12 weeks, were sacrificed at 24 h or 7 days
(n = 5 per group) after the surgical procedure. 30 minutes prior to surgical intervention,
mice were either treated i.v. with a neutralizing anti-CIRP antibody (Abcam, ab106230,
Cambridge, UK, 1 mg/kg), an isotype antibody (Abcam, ab37373, 1 mg/kg), or phosphate-
buffered saline (PBS, PAN Biotech, Aidenbach, Germany, pH 7.4, 1 mL/kg) and then two,
four and six days after surgery. To ascertain the proliferation rate of endothelial cells in the
lower hindlimb 7 days after surgery, SV-129 mice were daily injected with 100 μL BrdU
(bromodeoxyuridine) (Sigma-Aldrich, St. Louis, MO, USA) (12.5 mg/mL BrdU in PBS) i.p.,
starting directly after the surgical intervention.

4.2. Femoral Artery Ligation and Tissue Processing

To promote angiogenesis in the gastrocnemius muscle of the lower hindlimb, unilateral
femoral artery ligation (FAL) was performed on the right femoral artery while the left artery
was sham-operated and served as an internal control, as previously described [60]. Twenty
minutes in advance of the surgical procedure, 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). Prior to tissue sampling, 24 h or 7 days after FAL, mice were again anesthetized
as described above. For tissue collection, the hindlimbs were perfused with adenosine
buffer (1% adenosine (Sigma-Aldrich), 5% bovine serum albumin (BSA, Sigma-Aldrich),
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dissolved in PBS) and 3% paraformaldehyde (PFA, Merck, Darmstadt, Germany, dissolved
in PBS). For immunohistology, both gastrocnemius muscles of each mouse were collected
subsequently to perfusion, embedded in Tissue-Tek compound (Sakura Finetek Germany
GmbH, Staufen, Germany), and cryopreserved at −80 ◦C.

4.3. Immunohistology

The cryopreserved gastrocnemius muscles from 24 h and 7 days after FAL were cut
in 10 μm thick slices. For BrdU-staining, 1 N HCl was added to the cryosections in a
humidified chamber at 37 ◦C for 30 min, followed by permeabilization with 0.2% Triton
X-100 solution (AppliChem GmbH, Darmstadt, Germany) in 1 × PBS/0.1% Tween-20
(AppliChem GmbH)/0.5% BSA for 2 min, then blocked with 10% goat serum (Abcam,
ab7481, Cambridge, UK) in 1 × PBS/0.1% Tween-20/0.5% BSA) for 1 h at room temperature
(RT), and subsequently incubated with the primary anti-BrdU-antibody (Abcam, ab6326,
dilution 1:50 in 10% goat serum) at 4 ◦C overnight. For secondary staining, the cryosec-
tions were treated with a goat anti-rat Alexa Fluor®-546 antibody (Invitrogen, Thermo
Fischer Scientific, A-11081, Carlsbad, CA, USA, dilution 1:100) for 1 h at RT. Following
secondary blocking with 1 × PBS/0.1% Tween-20/4% BSA for 30 min at RT, the sections
were incubated with an anti-CD31-Alexa Fluor® 647 antibody (Biolegend, 102516, San
Diego, CA, USA, dilution 1:50 in 1 × PBS/0.1% Tween-20) applied to label endothelial
cells, together with an anti-CD45-Alexa Fluor® 488 antibody anti-CD45-Alexa Fluor® 488
antibody (BioLegend, 11-0451-85, dilution 1:100 in 1 × PBS/0.1% Tween-20) implemented
as a pan-leukocyte marker for 2 h at RT.

Macrophages were stained with an anti-CD68-Alexa Fluor® 488 antibody (Abcam,
ab201844, dilution 1:200 in PBS), which was co-incubated with an anti-MRC1 antibody
(Abcam, ab64693, dilution 1:200 in PBS) as a macrophage polarization marker, at 4 ◦C
overnight. Secondary antibody staining was performed with a donkey-anti-rabbit Alexa
Fluor® 546 (Invitrogen, A-10040) for 1 h at RT.

To label NETs in tissue collected 24 h after FAL, cryosections were firstly permeabilized
with 0.2% Triton X-100 solution in 1 × PBS/0.1% Tween-20/0.5% BSA for 2 min, followed
by blocking with 10% donkey serum (Abcam, ab7475) in 1 × PBS/0.1% Tween-20/0.5%
BSA for 1 h at RT and then incubated with the primary antibodies anti-myeloperoxidase
(MPO; R&D Systems, AF3667, Minneapolis, MN, USA, dilution 1:20 in 10% donkey serum
in 1 × PBS/0.1% Tween-20/0.5% BSA) and anti-citrullinated histone H3 antibody (Cit-H3;
polyclonal rabbit anti-Histone H3 (citrulline R2 + R8 + R17), Abcam, ab5103, dilution 1:100
in 10% donkey serum in 1 × PBS/0.1% Tween-20/0.5% BSA) at 4 ◦C overnight. Secondary
antibody staining was performed with a donkey anti-goat Alexa Fluor® 594 (Invitrogen,
A-11058, dilution 1:100 in 1 × PBS/0.1% Tween-20) and a donkey anti-rabbit Alexa Fluor®

488 antibody (Invitrogen, A-21206, dilution 1:200 in 1 × PBS/0.1% Tween-20) for 1 h at RT.
To quantify apoptotic cells throughout the gastrocnemius muscle sections, we used

an ApopTag® Plus Fluorescein in Situ Apoptosis Detection Kit (EMD Millipore Corp.,
Burlington, MA, USA) according to the manufacturers’ instruction. Additionally, all
cryosections were counter-stained with DAPI (Thermo Fisher Scientific, 62248, dilution
1:1000 in PBS) for labeling of nucleic DNA for 10 min at RT.

An antifade mounting medium (Dako, Agilent, Santa Clara, CA, USA) was applied to
mount the stained tissue samples. Gastrocnemius cryosections from ischemic (occluded)
and non-ischemic (sham-operated) side harvested 24 h after FAL was used for neutrophil
and NETs labeling, while tissue collected 7 days after FAL were stained for capillaries,
leukocytes, macrophages, and apoptotic cells.

For microscopic analysis, we used a confocal laser scanning microscope LSM 880
(Carl-Zeiss Jena GmbH, Jena, Germany) with a 20× objective (415 μm × 415 μm) as well
as an epifluorescence microscope (Leica DM6 B, Leica microsystems, Wetzlar, Germany)
with a 20× objective (630 μm × 475μm). For each muscle section, we analyzed 5 defined
fields of view to count cells, muscle fibers, and NETs. To ascertain the areas of apoptotic
cells (%), the total gastrocnemius muscle area and the apoptotic cell areas were measured
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and compared. CD31/CD45/BrdU/DAPI and apoptosis staining were investigated with
the epifluorescence microscope. CD68/MRC1/DAPI and MPO/CitH3/DAPI stains were
analyzed with the confocal laser scanning microscope. Cell counting, as well as analysis of
the apoptotic muscle area, were conducted using ImageJ software with the Cell Counting
and Region of Interest plugins. We calculated the capillary (CD31+/CD45− cells were
considered endothelial cells) per muscle fiber ratio as described before to evaluate the
processes of angiogenesis [61].

4.4. Cell Culture and Proliferation Assays

The myocardial endothelial MyEnd cell line was grown in Dulbecco’s modified Eagle
medium (DMEM, Gibco, Darmstadt, Germany) with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin (100 U/mL and 100 mg/mL, Sigma-Aldrich). The MyEnd cells
showed typical endothelial properties and, as they grew to complete confluence, were
highly positive for the endothelial marker CD31 [100].

The viability of cells was determined using the CellTiter 96TM non-radioactive cell
proliferation assay from Promega (Mannheim, Germany). The cells were seeded on 96-well
culture plates and cultured for 4 h. Prior to stimulation, cells were washed once with
phosphate-buffered saline (PBS) and incubated in serum-free cell culture medium con-
taining different concentrations of recombinant murine CIRP (Hölzel Diagnostika, Köln,
Germany). After 24 h, one solution reagent from Promega was added and the amount of
the formazan product was measured by its absorbance at 500 nm, which corresponds to the
number of viable cells. Absorbance measured in the absence of rmCIRP was set to 100%.

4.5. Quantitative Real-Time PCR (qPCR)

Following treatment of MyEND with different concentrations of rmCIRP as indi-
cated in the legends of the corresponding figure, cells were washed twice with PBS,
lysed, and RNA was isolated with the total RNA extraction kit (Peqlab). For qPCR
analysis, 1 μg of RNA was reverse-transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) and DNA amplification was
performed with a StepOne Plus cycler (Applied Biosystems) in a reaction volume of
10 μL using the SensiMix Sybr Kit (Bioline, Luckenwalde, Germany) with 50 pmol of
each primer. To avoid the amplification of genomic DNA, primers were designed to span
exon-exon junctions. The qPCR was performed under the following conditions: an initial
denaturation step at 95 ◦C for 8.5 min followed by 45 cycles, consisting of denaturation
(95 ◦C, 30 s), annealing (60 ◦C, 30 s) and elongation (72 ◦C, 30 s). Melt curve analysis
was performed to control specific amplification. Results were normalized to the expres-
sion levels (E) of actin and expressed as the ratio of E(target)/E(Actin). The following
mouse primers were used: IL-6 forward 5′-CTCTGCAAGAGACTTCCATCCA-3′; IL-6 re-
verse 5′-TTGGAAGTAGGGAAGGCCG-3′; MCP-1 forward 5′-AAGCTGTAGTTTTTGTCA
CCAAGC-3′; MCP-1 reverse 5′-GACCTTAGGGCAGATGCAGTT-3′; CIRP forward 5′-
CTACTATGCCAGCCGGAGTC; CIRP reverse 5′-GCTCTGAGGACACAAGGGTT-3′; ß-
actin forward 5′-CGCGAGCACAGCTTCTTTG-3′; ß-actin reverse 5′-CGTCATCCAT
GGCGAACTGG-3′.

4.6. Statistical Analysis

Statistical analyses were carried out and graphically plotted with GraphPad Prism
8 (GraphPad Software, La Jolla, CA, USA). Data are means ± standard error of the mean
(S.E.M.). Statistical analyses were performed by using the one-way analysis of variance
(ANOVA) with the Tukey’s multiple comparisons test. The findings were considered
statistically significant at p < 0.05.

4.7. Illustration

The illustration from Figure 6 was designed and rendered with BioRender.com.
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Abstract: Inhibition of the 14q32 microRNAs, miR-329-3p and miR-495-3p, improves post-ischemic
neovascularization. Cold-inducible RNA-binding protein (CIRBP) facilitates maturation of these
microRNAs. We hypothesized that CIRBP deficiency improves post-ischemic angiogenesis via
downregulation of 14q32 microRNA expression. We investigated these regulatory mechanisms both
in vitro and in vivo. We induced hindlimb ischemia in Cirp−/− and C57Bl/6-J mice, monitored blood
flow recovery with laser Doppler perfusion imaging, and assessed neovascularization via immuno-
histochemistry. Post-ischemic angiogenesis was enhanced in Cirp−/− mice by 34.3% with no effects
on arteriogenesis. In vivo at day 7, miR-329-3p and miR-495-3p expression were downregulated in
Cirp−/− mice by 40.6% and 36.2%. In HUVECs, CIRBP expression was upregulated under hypother-
mia, while miR-329-3p and miR-495-3p expression remained unaffected. siRNA-mediated CIRBP
knockdown led to the downregulation of CIRBP-splice-variant-1 (CIRBP-SV1), CIRBP antisense
long noncoding RNA (lncRNA-CIRBP-AS1), and miR-495-3p with no effects on the expression of
CIRBP-SV2-4 or miR-329-3p. siRNA-mediated CIRBP knockdown improved HUVEC migration and
tube formation. SiRNA-mediated lncRNA-CIRBP-AS1 knockdown had similar long-term effects.
After short incubation times, however, only CIRBP knockdown affected angiogenesis, indicating
that the effects of lncRNA-CIRBP-AS1 knockdown were secondary to CIRBP-SV1 downregulation.
CIRBP is a negative regulator of angiogenesis in vitro and in vivo and acts, at least in part, through
the regulation of miR-329-3p and miR-495-3p.

Keywords: CIRBP; 14q32 microRNAs; angiogenesis; peripheral arterial disease; HUVECs

1. Introduction

Peripheral arterial disease (PAD) is caused by occlusions of the arterial vasculature in
the lower limbs, mainly the femoral artery, resulting in deprivation of blood flow and, thus,
of oxygen and nutrients to the lower extremities [1]. Current treatment options include
angioplasty procedures with stent placement and bypass surgery [2]. However, many
patients with advanced PAD are not or no longer eligible for these therapies [3,4]. There-
fore, novel therapeutic approaches are still required. In patients with PAD, endogenous
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neovascularization, the collective term for angiogenesis and arteriogenesis, is insufficient
to completely recover blood flow to the leg [4]. Hence, enhancing neovascularization is a
potential treatment option for patients with PAD. A recent study by Kübler et al. showed
that mice deficient in the cold-inducible RNA-binding protein gene (CIRBP in humans
or Cirp in mice) showed increased angiogenesis and decreased hypoxia-induced muscle
damage in a hindlimb ischemia model, linked to M2 macrophage polarization [5,6]. CIRBP
may act on neovascularization via other pathways too, which we investigated more closely
in this study.

CIRBP is regulated by differential stress factors, including ischemia [7,8] and, as its
name suggests, temperature [7,9–12]. In fact, CIRBP was described in 1997 as the first cold
shock protein that was induced at mild hypothermia [13], and this effect was conserved
both in humans and mice [14]. CIRBP is an RNA-binding protein (RBP) that influences
post-transcriptional processing of its target RNA [15], and its gene is located at chromosome
19 in humans and at chromosome 10 in mice. CIRBP contains an N-terminal RNA-binding
domain and a C-terminal domain that has protein binding properties [13,16]. There are
various splice variants of CIRBP that, in mice, show altered expression patterns in response
to hypothermia [17]. The four main splice variants in humans, CIRBP-SV1, CIRBP-SV2,
CIRBP-SV3, and CIRBP-SV4, have their RNA-binding domain in common but have different
C-termini. However, the role of these splice variants, especially the link with microRNAs
and neovascularization, needs further investigation. Furthermore, the antisense strand of
the human CIRBP gene encodes an antisense long non-coding RNA (lncRNA-CIRBP-AS1).
Antisense long noncoding RNAs (lncRNAs) can have several functions. Antisense lncRNAs
have been shown to affect transcription and support function of their respective coding
sense-strand [18]. For example, lncRNA MALAT1 has an antisense transcript TALAM1,
and together they function as a sense–antisense pair [19,20]. Therefore, it is possible that
either sense and antisense strands are co-transcribed and counteract or cooperate in their
actions [18] or that one strand affects expression of the other strand. Whether CIRBP and
lncRNA-CIRBP-AS1 have a similar “partnership” remains to be determined.

CIRBP, as an RBP, not only affects processing of messenger RNAs (mRNAs) but also
has the ability to act in microRNA processing. Previously, our group showed that a large
microRNA cluster, located on chromosome 14 (14q32 locus), plays a regulatory role in
different types of vascular remodeling including atherosclerosis and restenosis but also in
post-ischemic neovascularization [21–24]. This cluster is also known as the DLK1-DIO3
cluster and is conserved in mice where it is located at the 12F1 locus. CIRBP was shown
to directly bind two precursors of 14q32 microRNAs, namely, precursor-microRNA (pre-
miR)-329 and pre-miR-495 [25], thereby inducing processing into the mature microRNAs
miR-329-3p and miR-495-3p. In previous studies, it was found that inhibition of the 14q32
microRNAs, miR-329-3p and miR-495-3p, increased post-ischemic neovascularization [21]
and angiogenesis, in particular. At the same time, inhibition of these microRNAs also
reduced post-interventional restenosis [22], potentially offering a double advantage for
patients with severe PAD. Importantly, inhibition of miR-495-3p affected macrophage
influx into the lesions. Therefore, the hypothesis was that inhibition of CIRBP leads to a
decrease in mature miR-329-3p and miR-495-3p expression and, consequently, promotes
post-ischemic neovascularization.

In this study, firstly, the effect of CIRBP deficiency on neovascularization in vivo was
investigated using a murine hindlimb ischemia model, and the effects on arteriogenesis
and angiogenesis were determined, showing that mainly angiogenesis was affected. Next,
human umbilical vein endothelial cells (HUVECs) were used to examine the effects of
modulating the expression of CIRBP, its splice variants, its antisense lncRNA-CIRBP-AS1,
and its downstream target microRNAs, miR-329-3p and miR-495-3p, and to demonstrate
the effects of CIRBP and lncRNA-CIRBP-AS1 knockdown on in vitro angiogenesis.
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2. Results

2.1. Blood Flow Recovery and Neovascularization after Hindlimb Ischemia (HLI) Surgery in
Cirp−/− Mice

To investigate the role of CIRBP in neovascularization in vivo, an HLI model was
induced in Cirp knockout (Cirp−/−) and wild-type (WT) C57BL/6 mice, and blood flow
recovery was evaluated over time. No differences were observed in blood flow recovery
between WT mice and Cirp−/− mice over 28 days (Figure 1A,B).

Figure 1. Hindlimb Ischemia (HLI) in mice. (A) Representative laser Doppler perfusion imaging (LDPI) of paws of wild-type
(WT) mice (n = 10) and Cirp knockout (Cirp−/−) mice (n = 11) subjected to HLI over time. (B) Quantification of LDPI
measurements over time, calculated as the ratio of the left (ischemic) over the right (non-ischemic) paw. (C) Representative
images of α-smooth muscle actin positive (α-SMA+) arterioles in adductor muscle of mice, scale bar = 100 μm. (D,E) Quan-
tification of the number and average diameter of α-SMA+ arterioles in adductor muscles. (F) Representative images of
CD31+ capillaries in the soleus muscle, scale bar = 20 μm. (G) Quantification of the CD31+ area in the soleus muscle. Data
are presented as the mean ± SEM; ** p < 0.01 by independent sample Student’s t-tests.

To visualize arteriogenesis, immunohistochemical staining for α-smooth muscle actin
(α-SMA) in the adductor muscle was performed (Figure 1C), and the number and diameter
of α-SMA positive arterioles were quantified. Collateral density and the size of α-SMA
positive arterioles of the ligated paws were similar between WT mice and Cirp−/− mice
(Figure 1D,E), which is in line with the results presented in Figure 1A.

To monitor the effects of Cirp deficiency on angiogenesis, capillary formation was
evaluated in the soleus muscles at 28 days after induction of ischemia as visualized by CD31
staining (Figure 1F). The CD31+ area represents the density of capillaries in the ischemic
muscle. Compared to the unligated (right) paw, there was more capillary formation in the
ligated (left) paw as shown in both WT mice (65.2% increase, p = 0.009) and Cirp−/− mice
(100.5% increase, p = 0.003). Moreover, the CD31 positive area in the ligated paw of Cirp−/−
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mice was significantly higher than in WT mice (34.3% increase, p = 0.004), while there was
no difference in the unligated paw between the two groups (Figure 1G).

2.2. Ex Vivo Angiogenic Sprouting in Aorta Rings

To study the effects of Cirp deficiency on angiogenesis ex vivo, aorta ring assays were
performed. Two different vascular endothelial growth factor (VEGF) concentrations (i.e.,
10 and 30 ng/mL) were used to induce sprouting in either wild-type or Cirp deficient
aorta rings. Aorta rings from Cirp−/− mice developed more sprouts compared to the WT
control rings, both in rings incubated with 10 (55.4% increase in sprouts) or 30 ng/mL
VEGF (79.6% increase in sprouts) (Figure 2). Quantification of the sprouting demonstrated
that for both VEGF concentrations, this difference was statistically significant (10 ng/mL
VEGF, p = 0.004; 30 ng/mL VEGF, p < 0.001).

Figure 2. Ex vivo angiogenesis: representative images and quantification of neovessel sprouts from 7 day collagen-
embedded aorta rings (40 rings per condition from 3 WT and 3 Cirp−/− mice), treated without or with vascular endothelial
growth factor (VEGF) at 10 and 30 ng/mL. Data are presented as the mean ± SEM; ** p < 0.01; *** p < 0.001 by independent
sample Student’s t-tests.

2.3. MicroRNA Expression in Cirp−/− Mice

MiR-329-3p and miR-495-3p are both highly associated with angiogenesis and regu-
lated by CIRBP as has been shown previously [21,25]. To study if and how miR-329-3p
and -495-3p expression changes in Cirp−/− mice after induction of hindlimb ischemia,
the HLI surgery was repeated, and the mice were sacrificed at 1 day, 3 days, and 7 days
after surgery, followed by RNA isolation from the soleus muscle from both the left and
right paws. These early timepoints were chosen as ischemia had not resolved yet and
angiogenesis was still ongoing. Although the expression of miR-329-3p and miR-495-3p
increased in the ischemic soleus muscles of both mouse strains at 7 days, their expression
increased significantly less in the Cirp−/− mice (40.6% less, p = 0.028 for miR-329-3p; 36.2%
less, p < 0.001 for miR-495-3p; Figure 3A,B). This reduced upregulation became even more
clear when looking at the ratio of expression in the ligated over the non-ligated paws,
where the ratio only increased in the WT mice and not in the Cirp−/− mice (p = 0.027 for
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miR-329-3p; p = 0.0736 (trend) for miR-495-3p; Figure 3C,D). These differences were most
evident at day 7.

Figure 3. Expression of miRNA-329 and miRNA-495 in soleus muscles. (A,B) 1, 3, and 7 days after HLI surgery, mature
miR-329-3p and -495-3p expression in soleus muscles of the ligated paws from WT mice (n = 3 for the untreated group, n = 4
for the HLI-1d group, n = 3 for the HLI-3d group, and n = 3 for the HLI-7d group) and Cirp−/− mice (n = 3 for the untreated
group, n = 4 for the HLI-1d group, n = 3 for the HLI-3d group, and n = 3 for the HLI-7d group). Expression was normalized
to U6. (C,D) The relative expression of mature miRNA-329 and -495 from mice after HLI surgery at different timepoints,
calculated as the ratio of the left (ischemic) over the right (non-ischemic) paw. Data are presented as the mean ± SEM;
* p < 0.05; *** p < 0.001 by two-way ANOVA.

2.4. Total CIRBP, CIRBP Splice Variants, and lncRNA-CIRBP-AS1 Expression in Hypothermia

The gene structure of the human CIRBP is shown in Figure 4A. Previous studies showed
that CIRBP expression increased under cellular stress conditions including mild hypother-
mia [9]. To demonstrate that hypothermia upregulates CIRBP-targeted miRNAs and also the
different CIRBP splice variants and antisense lncRNAs in HUVECs, HUVECs were subjected
to mild hypothermia (32 ◦C) either for 24 or 48 h. Total CIRBP expression increased after both
24 and 48 h compared to the normothermic condition (37 ◦C) by 205.5% (p = 0.029; Figure 4B)
and 68.7% (p = 0.028; Figure 4F), respectively. CIRBP-SV1 expression increased by 83.1% at
24 h (p = 0.12) and by 67.1% at 48 h (p = 0.14) under hypothermia, although this upregulation
was not statistically significant. However, the remaining three splice variants were not altered
consistently over time under hypothermia, neither were significant changes in microRNA
expression observed over time (Figure 4C,D,G,H), indicating that upregulation of CIRBP did
not lead to additional microRNA processing.
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Figure 4. Cold-inducible RNA-binding protein gene (CIRBP) expression under hypothermia for 24 and 48 h: (A) Schematic
representation of the CIRBP gene, its splice variants, and lncRNA-CIRBP-AS1 with the binding sites of primers and small
interfering RNA (siRNA) indicated. Human umbilical vein endothelial cells (HUVECs) were cultured under hypothermic
conditions (32 ◦C) for 24 and 48 h, and (B,F) CIRBP and CIRBP splice variant (CIRBP-SV) expression levels were measured
and normalized to GAPDH. CIRBP-SV4 expression was below the detection limit in several experiments; (C,D,G,H) primary
microRNA (pri-miR), precursor microRNA (pre-miR), and mature microRNA expression levels of miR-329 and miR-495
were measured and normalized to U6; (E,I) CIRBP gene antisense long non-coding RNA (lncRNA-CIRBP-AS1) expression
level was measured and normalized to GAPDH. Data are shown as the relative expression compared to the normothermic
group, presented as the mean ± SEM; * p < 0.05 by one-sample t-tests (one-tail).

lncRNA-CIRBP-AS1 did show a trend towards a 61.7% increase in expression under
hypothermia after 24 h (p = 0.096; Figure 4E) and was even further upregulated by 130.4%
after 48 h (p = 0.097) compared to normothermia (Figure 4I).

2.5. Angiogenesis Assays and RNA Expression after CIRBP Knockdown

To investigate the role of CIRBP in vitro, HUVECs were treated with small interfering
RNA (siRNA) targeted to CIRBP, and the angiogenic potential was assessed using both
scratch-wound healing assays and tube-formation assays. Scratch-wound healing showed
an increased (2.8-fold, p = 0.004) angiogenic potential after siRNA–CIRBP transfection
(Figure 5A,B). To exclude any effects of potential CIRBP knockdown-induced cell prolifera-
tion, the expression of proliferating cell nuclear antigen (PCNA) mRNA was assessed and,
indeed, no differences were observed compared to the negative control siRNA (Figure 5C).
In addition, tube-formation assays also showed improvements in the number of segments
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(97.2%, p = 0.046), branches (65.4%, p = 0.016), and total length (27.7%, p = 0.014) after
CIRBP knockdown (Figure 5H,I).

Figure 5. siRNA-CIRBP transfection for 24 h in HUVECs: (A) Representative images of wound healing (n = 3) and
(B) quantification of the migration area treated with siRNA targeted to CIRBP and negative control for 24 h. White,
dotted lines mark the edge of the HUVECs’ monolayer. (C) Proliferating cell nuclear antigen gene (PCNA) expression
level in HUVECs as an indicator of cell proliferation. (D) Expression of total CIRBP and its splice variants after scratch
assay, normalized to GAPDH. CIRBP-SV3 and CIRBP-SV4 expression were below the detection limit in one out of three
experiments. (E–G) pri-miRs, pre-miRs, and mature microRNA expression levels of miR-329 and miR-495 were measured
after scratch assay and normalized to U6; lncRNA-CIRBP-AS1 expression levels were measured and normalized to GAPDH.
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Data show the percentage compared to the siRNA negative control group. (H) Representative image of the tube-formation
assay (n = 5) on HUVECs treated over 24 h with siRNA targeted to CIRBP and negative control. (I) Quantification of the
number of segments, number of branches, and total length of the tubes of the HUVECs after siRNA treatment compared to
the negative-control siRNA treatment. Data are presented as the mean ± SEM; * p < 0.05; ** p < 0.01; independent sample
Student’s t-tests (B,C) or one-sample t-tests (two-tail) (D–G,I).

After the scratch assays, cells were collected for RNA isolation to assess the expression
of total CIRBP, CIRBP-SVs, and lncRNA-CIRBP-AS1 as well as the two microRNAs and their
precursors. As shown in Figure 4A, the siRNA-CIRBP was designed to target all splice variants.
Total CIRBP levels were indeed knocked down by 87.3% (p = 0.002, Figure 5D). However, when
looking at the individual splice variants, only CIRBP-SV1 was knocked down (99.0% decrease,
p = 0.002), whereas the other splice variants remained unaffected (Figure 5D). Furthermore,
a trend towards decreased lncRNA-CIRBP-AS1 expression (39.5% decrease, p = 0.078) was
also observed when CIRBP was knocked down (Figure 5G). Although upregulation of CIRBP
expression through hypothermia did not increase microRNA expression, a significant decrease
(71.2%; p = 0.02; Figure 5F) was observed in the expression of miR-495-3p under CIRBP
knockdown. Surprisingly, miR-329-3p was not significantly downregulated in response
to CIRBP knockdown, as it was in Cirp-deficient mice. We did observe a trend towards
accumulation of the primary microRNA, pri-miR-329-1, which is in correspondence with
CIRBP’s effects on microRNA biogenesis [25].

2.6. CIRBP and miRNA Expression in lncRNA-CIRBP-AS1 Knockdown

In order to determine the potential effects of lncRNA-CIRBP-AS1 on both angiogenesis
and CIRBP and microRNA expression, the angiogenesis assays described above were
repeated using an siRNA against the lncRNA itself. Knockdown of lncRNA-CIRBP-AS1
resulted in a 4.8-fold improvement in HUVEC migration (p < 0.001; Figure 6A,B), while no
significant difference was observed in the tube formation (Figure 6H,I). The potential effect
of cell proliferation on scratch-wound healing was excluded, as there were no differences in
the expression of PCNA mRNA between the groups (Figure 6C). Along with the antisense
lncRNA (70.0% downregulation; p = 0.017; Figure 6G), total CIRBP expression was also
downregulated by 64.4% (p = 0.001; Figure 6D). Both CIRBP-SV1 (80.4% downregulation;
p = 0.004) and CIRBP-SV3 (60.0% downregulation; p = 0.007) expression decreased, while
CIRBP-SV2 and -SV4 were unaffected (Figure 6D). Furthermore, knockdown of lncRNA-
CIRBP-AS1 also resulted in a 53.5% downregulation of mature miR-329-3p (p = 0.006;
Figure 6E) and an 85.9% decrease in mature miR-495-3p (p = 0.003; Figure 6F).

2.7. Scratch-Wound Healing in CIRBP Knockdown or lncRNA-CIRBP-AS1 Knockdown HUVECs
after 4 Hours of siRNA Treatment

As knockdown of both CIRBP and its antisense had similar effects on microRNA
expression and angiogenesis, as well as on each other, it cannot be concluded which of the
two was the main effector. Therefore, the scratch-wound healing experiments described
above were repeated using a much shorter transfection time of 4 h. We confirmed that a
shorter transfection time would allow for direct effects on gene expression but not yet for
indirect effects (Supplemental Materials Figure S1).

CIRBP inhibition, again, enhanced HUVEC migration significantly (31.8%, p = 0.006 at
4 h; 14.7%, p = 0.11 at 8 h; 19.8%, p = 0.015 at 12 h; 48.2%, p = 0.007 at 20 h, Figure 7A,B).
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Figure 6. siRNA-lncRNA-CIRBP-AS1 transfection over 24 h in HUVECs: (A) Representative images of wound healing
(n = 3) and (B) quantification of the migration area, treated with siRNA targeted to lncRNA-CIRBP-AS1 and the negative
control for 24 h. White, dotted lines mark the edge of the HUVECs’ monolayer. (C) PCNA expression level in HUVECs
as an indicator of cell proliferation. (D) Total CIRBP expression and its splice variant expression after the scratch assay,
normalized to GAPDH. CIRBP-SV4 expression was below the detection limit in two out of three experiments. (E–G) After
the scratch assay, pri-miRs, pre-miRs, and mature microRNA expression levels of miR-329 and miR-495 were measured
and normalized to U6; lncRNA-CIRBP-AS1 expression levels were measured and normalized to GAPDH. Data show the
percentage compared to the siRNA negative control group. (H) Representative image of the tube formation assay (n = 3)
on HUVECs treated over 24 h with siRNA targeted to CIRBP and the negative control. (I) Quantification of the number
of segments, number of branches, and total length of the tubes of the HUVECs after siRNA treatment compared to the
negative-control siRNA treatment. Data are presented as the mean ± SEM; * p < 0.05; ** p < 0.01; *** p < 0.001; independent
sample Student’s t-tests (B,C) or one-sample t-tests (two-tail) (D–G,I).
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Figure 7. Four-hour transfection of siRNA on HUVECs: (A) Representative image of wound healing (n = 3) at 20 h after
scratch on HUVECs, and (B) quantification of the migration area at different timepoints, treated over 4 h with siRNA
targeted to CIRBP and the negative control. White, dotted lines mark the edge of the HUVECs’ layer. (C) Total CIRBP
expression and its splice variant expressions after the scratch assay, normalized to GAPDH. (D–F) After the scratch assay, the
pri-miRNA, pre-miRNA, and mature microRNA expression levels of miR-329 and miR-495 were measured and normalized
to U6; lncRNA-CIRBP-AS1 were measured and normalized to GAPDH. (G) Representative image of wound healing (n = 3)
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at 20 h after scratch on HUVECs, and (H) quantification of the migration area at different timepoints, treated over 4 h with
siRNA targeted to CIRBP and the negative control. White, dotted lines mark the edge of the HUVECs’ layer. (I) Total
CIRBP expression and its splice variant=s after the scratch assay, normalized to GAPDH. (J–L) After the scratch assay, the
pri-miRNA, pre-miRNA, and mature microRNA expression levels of miR-329 and miR-495 were measured and normalized
to U6; lncRNA-CIRBP-AS1 were measured and normalized to GAPDH. Data show the percentage compared to siRNA and
the negative control group. Data are presented as the mean ± SEM; * p < 0.05; ** p < 0.01; one-sample t-tests (two-tail).

CIRBP and CIRBP-SV1 expression were downregulated compared to the control siRNA
(67.8% decrease, p = 0.015; 85.2% decrease, p < 0.001, respectively), and CIRBP-SV3 showed a
trend towards decreased expression (43.4%; p = 0.06) (Figure 7C). Expression of the lncRNA-
CIRBP-AS1 was unaffected (Figure 7D); however, both precursors of the microRNAs, pre-
miR-329 (101%; p = 0.03) and pre-miR-495, appeared upregulated, whereas the mature
miR-495-3p was, again, downregulated (46.87%; p = 0.007) (Figure 7E,F), indicating reduced
processing from precursor to mature microRNA in accordance with our previous study [25].
When HUVECs were transfected with an siRNA against lncRNA-CIRBP-AS1 for only 4 h,
there was no significant difference in the cell migration area (Figure 7G,H).

Expression of CIRBP-SV1 and lncRNA-CIRBP-AS1 were downregulated by 39.0%
(p = 0.014) and 71.1% (p = 0.005), respectively (Figure 7I,J), and the expression of both
miR-329-3p and miR-495-3p also decreased by 26.7% (p = 0.02) and 39.9% (p = 0.045),
respectively (Figure 7K,L).

However, the lack of an effect on cell migration of siRNA-lncRNA-CIRBP-AS1 after
4 h of transfection strongly supports the idea that CIRBP, and not lncRNA-CIRBP-AS1, was
the main effector in CIRBP-mediated effects on angiogenesis.

3. Discussion

In this study, we confirmed the previous findings that deficiency in CIRBP leads to
enhanced angiogenesis in a murine hindlimb ischemia model. We demonstrated that
during ischemia, CIRBP contributed to the regulation of the angiomiRs, miR-329-3p and
miR-495-3p, both in vivo and in vitro. Importantly, we demonstrated increased angiogenic
activity upon CIRBP knockdown in human endothelial cells. Furthermore, we investigated
the complex CIRBP gene sequence in humans more closely and looked in detail at the
regulation of different CIRBP splice variants as well as a regulatory antisense lncRNA,
lncRNA-CIRBP-AS1.

The hindlimb ischemia model is a classical method to investigate post-ischemic neo-
vascularization, commonly employed as a model for PAD in humans [26]. Even though
Cirp−/− mice display enhanced angiogenesis after induction of ischemia, faster blood flow
recovery in Cirp−/− mice compared to wild-type C57/BL6 mice was not observed. Most
likely, this can be attributed to the fact that during hindlimb ischemia and PAD, blood flow
recovery depends more strongly on arteriogenesis than on angiogenesis [27]. Nonetheless,
enhanced angiogenesis can still be highly beneficial for PAD patients, as the available blood
is distributed better throughout the affected tissues and as enhanced angiogenesis can
prevent non-healing wounds and ulcers, which are a common and serious complication in
PAD patients [28]. Indeed, it was shown in Cirp−/− mice that the inflammatory response
in tissue wound healing was faster than in wild-type mice. More CD31 expression, as
a marker of endothelial cells and, thus, angiogenesis, was observed in the wounds of
Cirp−/− mice [29], although the exact mechanism of action for CIRBP in wound healing
was not elucidated. The pro-inflammatory function of CIRBP under stress conditions has
already been reported by Qiang et al. [30]. Furthermore, CIRBP was reported to influence
changes in leukocyte recruitment and macrophage polarization in direction to regenerative
M2-like macrophages, thus regulating angiogenesis and tissue regeneration [5]. Moreover,
the authors reported that CIRBP binds TLR4, MD2, and the TLR4/MD2 complex, which
are known to stimulate neovascularization and can be found on both macrophages and
neutrophils [31]. However, CIRBP acts through other angiogenesis-related pathways as
well and, furthermore, the CIRBP gene in humans has a more complex structure than in
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mice, as it has several splice variants that result in different proteins as well as an antisense
lncRNA. Their role has not been investigated in angiogenesis yet.

In previous studies, our group showed that CIRBP regulates the processing and expres-
sion of microRNAs, miR-329-3p and miR-495-3p [25], which both play an important role in
angiogenesis [21]. We expected CIRBP to affect angiogenesis by regulating the expression
of miR-329-3p and miR-495-3p. Importantly, we also reported enhanced macrophage
attraction and influx into the vessel wall upon miR-495-3p inhibition [22], which could
help explain the effects observed in the studies by Kübler et al. described above. In the
current study, we showed that CIRBP was regulated under hypothermic conditions as was
reported previously [7,9–12]. The novelty of this study, however, is that we showed this in
human vascular endothelial cells that were subjected to hypothermic conditions, which
frequently occurs in PAD patients [1]. The expression of the 14q32 microRNAs, miR-329-3p
and miR-495-3p, did not increase under hypothermia in HUVECs, however, even though
the expression of their reported post-transcriptional regulator CIRBP increased. In contrast,
silencing of CIRBP, using an siRNA, did lead to a decrease in miR-495-3p expression.
Likely, the processing rate of 14q32 microRNAs was already at an optimum level under
normothermic conditions, which can explain that an increase in CIRBP did not induce more
processing of precursor microRNAs. The dramatic decrease in CIRBP expression following
siRNA treatment, on the other hand, did result in insufficient processing of miR-495-3p.
Surprisingly, expression of miR-329-3p was still unaffected in vitro in human cells, even
though we did observe a trend towards accumulation of the primary microRNA, pri-miR-
329-1, which would correspond with the inhibition of microRNA biogenesis. In vivo in
mice, on the other hand, we could clearly see that ischemia-induced upregulation of both
miR-329-3p and miR-495-3p was blocked quite efficiently in Cirp−/− mice.

When we speculate what these findings could mean for human PAD, CIRBP expression
would likely be increased, as patients suffer from cold extremities [1]. We found that
hypothermia caused CIRBP expression upregulation. Such an increase in CIRBP, likely
accompanied by continuously high miR-329-3p and possible miR-495-3p expression, would
inhibit efficient angiogenesis and wound healing in PAD patients, with, for example, non-
healing ulcers. Meanwhile, others have reported that warm temperatures (42 ◦C) can
decrease CIRBP expression in male germ cells [32]. Therefore, one could imagine that
hyperthermia leads to decreased CIRBP expression in the leg, followed by subsequent
increases in angiogenesis. Thus far, heat therapy was shown to be of potential benefit to
PAD patients by enhancing leg blood flow and improving muscle function [33,34].

We further assessed the potential pro-angiogenic features of CIRBP knockdown in
human primary endothelial cells. Indeed, cell-migration assays as well as tube-formation
assays in HUVECs showed an increase in angiogenic potential following CIRBP down-
regulation. These findings are in line with those found in vivo. Looking at human cells,
however, also allowed us to look into changes in the CIRBP splice variants (CIRBP-SVs) and
its antisense long noncoding RNA (lncRNA-CIRBP-AS1). CIRBP has four splice variants
that alter the coding sequence. Of these four variants, CIRBP-SV1 specifically showed a
trend towards upregulation after 24 and 48 h of hypothermia. When we knocked down
CIRBP using an siRNA, we again observed specific knockdown of CIRBP-SV1. This was
unexpected, as the binding site of the siRNA was predicted to target an mRNA sequence
that is present in all four splice variants. Although we cannot explain the siRNA’s prefer-
ence for CIRBP-SV1, we can conclude that the majority of CIRBP’s effects on angiogenesis
were elicited through CIRBP-SV1.

The antisense strand of the human CIRBP gene also encodes a long noncoding RNA,
lncRNA-CIRBP-AS1, the function of which has not yet been elucidated. We observed
a trend towards upregulation of lncRNA-CIRBP-AS1 under hypothermic conditions, al-
though the response to hypothermia was slower than that of CIRBP itself. After CIRBP
knockdown, lncRNA-CIRBP-AS1 expression decreased, and after lncRNA-CIRBP-AS1
knockdown, CIRBP expression decreased; inhibition of lncRNA-CIRBP-AS1 with an siRNA
resulted in simultaneous downregulation of total CIRBP and of CIRBP-SV1, and CIRBP-
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SV3 in particular. Furthermore, lncRNA-CIRBP-AS1 knockdown resulted in a decreased
expression of both mature miR-329-3p and miR-495-3p. More importantly, silencing of
lncRNA-CIRBP-AS1, like CIRBP itself, resulted in increased angiogenesis in HUVECs.

Likely, a positive feedback loop supports the transcription of the CIRBP locus, where
CIRBP and lncRNA-CIRBP-AS1 induce each other’s expression. In order to elucidate
which of the two is the main effector in the enhanced angiogenic potential of HUVECs,
we separated their mutual effects by shortening the siRNA transfection duration, and we
found that CIRBP knockdown still had the same effect on angiogenesis and regulation of
microRNA expression, while lncRNA-CIRBP-AS1 knockdown could no longer improve
angiogenesis, even though miR-329-3p expression was already reduced significantly. Com-
bining these findings, we conclude that the effects of lncRNA-CIRBP-AS1 downregulation
on angiogenesis were most likely indirect. We can also conclude, however, that lncRNA-
CIRBP-AS1 can directly impact CIRBP expression and, likely, also miR-329-3p expression.
The mechanisms behind this regulation remain to be determined.

In conclusion, our findings confirm the previously reported increase in post-ischemic
angiogenesis in Cirp−/− mice. We showed that CIRBP directly regulated the angiomiRs
microRNAs, miR-329-3p and miR-495-3p, in vivo. In addition, we validated these findings
in human primary endothelial cells for the first time. Furthermore, we showed that CIRBP-
SV1 was the splice variant that predominantly regulates CIRBP’s effects on both microRNA
expression and angiogenesis. Finally, the lncRNA-CIRBP-AS1 can also impact angiogenesis,
but these effects are likely caused by directing changes in CIRBP-SV1 and, subsequently,
miR-329-3p and miR-495-3p.

4. Materials and Methods

4.1. Animal Experiments

All animal experiments were approved by the Committee on Animal Welfare of
the Leiden University Medical Center (Leiden, The Netherlands) and were performed
in accordance with the Directive 2010/63/EU of the European Parliament and Dutch
government guidelines. Cirp−/− embryos on a C57BL6/J background were kindly provided
by Jun Fujita’s lab (Kyoto University, Kyoto, Japan) [35]. WT C57BL/6 mice (n = 10, male,
aged 8–10 weeks) and Cirp−/− mice (n = 11, male, aged 8–10 weeks) were bred in the
LUMC’s in-house breeding facility and had free access to water and regular chow.

4.2. HLI Model

Before surgery, mice were anesthetized via an intraperitoneal injection of midazolam
(5 mg/kg; Roche Diagnostics, Almere, The Netherlands), medetomidine (0.5 mg/kg; Orion,
Espoo, Finland), and fentanyl (0.05 mg/kg; Janssen Pharmaceuticals, Beerse, Belgium).
Unilateral HLI was induced by double ligation of the left femoral artery, proximal to the
superficial epigastric artery and proximal to the bifurcation of the popliteal and saphenous
artery. After surgery, mice were given a subcutaneous injection of flumazenil (0.5 mg/kg,
Fresenius Kabi, Utrecht, The Netherlands) and atipamezol (2.5 mg/kg, Orion) to antagonize
anesthesia. Buprenorphine (0.1 mg/kg, MSD Animal Health, Boxmeer, The Netherlands)
was given after surgery for pain relief [36].

4.3. Laser Doppler Perfusion Measurements

Blood flow recovery to the paw was measured over time using laser Doppler perfusion
imaging (LDPI) (Moor Instruments, Axminster, United Kingdom) at day 0 (before and after
ligation), 3, 7, 10, 14, 21, and 28. Before measurements, mice were anesthetized with an
intraperitoneal injection of midazolam (5 mg/kg, Roche Diagnostics) and medetomidine
(0.5 mg/kg, Orion). Mice were placed in a double-glassed pot that was perfused with
water at 37 ◦C for 5 min prior to each measurement. LDPI measurements in the ligated
paw were normalized to measurements of the unligated paw as an internal control. After
LDPI, anesthesia was antagonized by subcutaneous injection of flumazenil (0.5 mg/kg)
and atipamezole (2.5 mg/kg).
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At day 28, after the last LDPI measurement, mice were injected with fentanyl (0.05 mg/kg)
and sacrificed via retro-orbital bleeding. The proximal half of the adductor muscle was har-
vested and fixed in 4% formaldehyde. The distal half of the adductor muscle and the soleus
muscle were harvested and snap-frozen on dry-ice.

4.4. Immunohistochemical Staining

Adductor muscles were embedded in paraffin, and 5 μm thick sections were cut for
histological analysis. Smooth muscle cells were stained with primary antibody mouse
anti-mouse α-SMA (Dako, 1:1000). Rabbit anti-mouse HRP (Dako, 1:300) was used as the
secondary antibody. Slides were scanned with the Pannoramic MIDI digital slide scanner
(3DHistech). The number and lumen diameter of α-SMA positive vessels were analyzed by
Pannoramic viewer software (3DHistech, version: 2.3) with 20× magnification (3 sections
per limb per mouse). The smallest diameter of vessel was measured in the picture as
described previously [37].

Six μm-thick frozen soleus sections (3 sections per limb per mouse) were fixed in
ice-cold acetone and stained using primary antibody anti-CD31 biotin (Biolegend, 102503,
1:100) and an avidin–biotin complex (ABC) kit (Vector, Burlingame, CA, USA). Slides were
scanned with the Pannoramic MIDI digital slide scanner (3DHistech). Random snapshots
(3 per section) were taken by the Pannoramic viewer software (3DHistech) with 40×
magnification (6–9 images per limb per mouse). The CD31 positive area was quantified by
ImageJ as described previously [38].

4.5. Isolation of Venous Endothelial Cells (HUVECs)

Primary human vascular cells were isolated as described earlier by Welten et al. [21].
In brief, for HUVEC isolation, the vein was inserted with a cannula and flushed with sterile
PBS. The vessel was infused with 0.075% collagenase type II (Worthington) and incubated
at 37 ◦C for 20 min. The collagenase solution was collected, and the vessel was flushed with
PBS in order to collect all detached endothelial cells. The cell suspension was centrifuged
at 400× g for 5 min, and the pellet was resuspended in HUVEC culture medium (EBM-2
Basal Medium (CC-3156) and EGMTM-2 SingleQuotsTM Supplements (CC-4176), Lonza,
Walkersville, MD, USA). HUVECs were cultured in plates coated with 1% fibronectin from
bovine plasma (Sigma, Amsterdam, The Netherlands).

4.6. Primary HUVEC Cell Culture

HUVECs were cultured at 37 ◦C in a humidified 5% CO2 environment with HUVEC
culture medium (EBM-2 Basal Medium (CC-3156) and EGMTM-2 SingleQuotsTM Supple-
ments (CC-4176), Lonza). Media were refreshed every 2–3 days. Cells were passed using
trypsin (Sigma) at 70–80% confluency. HUVECs were used for the scratch-wound healing
assay at passage three. HUVECs were stored up to passage three in 90% heat inactivated
New Born Calf Serum (NBSCi) (Sigma) and 10% DMSO (Sigma).

4.7. Hypothermic HUVEC Cell Culture

Primary HUVECs were seeded in 12-well plates coated with 1% fibronectin at 100,000 cells
per well in culture medium. After overnight incubation at 37 ◦C, cells were washed with
PBS and new media were applied before putting the plates in the right incubator: the nor-
mothermic incubator at 37 ◦C and the hypothermic incubator at 32 ◦C, both humidified at
5% CO2 and 20% O2. After 24 or 48 h, cells were washed with PBS, and 0.5 mL TRIzol/well
was added for RNA isolation. Each single condition was performed in triplicate, and the
hypothermia experiment was performed three independent times.

4.8. CIRBP and lncRNA-CIRBP-AS1 Knockdown with siRNA Transfection In Vitro

Primary HUVECs were seeded in 12-well plates coated with 1% fibronectin at 100,000 cells
per well in culture medium. After 24 h, cells were washed with PBS, and each well was
incubated with 900 μL Opti-MEM medium with 10% NBSCi and 1% penicillin/streptomycin

154



Int. J. Mol. Sci. 2021, 22, 12678

and, after 10 min of incubation, 100 μL of transfection medium (94 μL Opti-MEM with 3 μL of
Lipofectamine RNAiMax (Life Technologies, Bleiswijk, The Netherlands) and 3 μL of siRNA)
was added. The final siRNA concentration per well was 30 nM. The siRNAs used were
siRNA-CIRBP (sasi-172352), siRNA-lncRNA-CIRBP-AS1 (sasi-208901), and siRNA negative
control (Mission Universal Negative Control #1) (all Sigma–Aldrich, Amsterdam, The Nether-
lands). After addition of transfection agents, cells were put in the incubator at 37 ◦C for the
required time.

4.9. Migration Assay–Scratch Wound Healing

Primary HUVECs were seeded in 12-well plates coated with 1% fibronectin at 150,000 cells
per well in HUVEC culture medium. After 24 h, the media were replaced with transfection
medium as previously described. Then, transfection was conducted, and a scratch wound
was performed across the diameter of each well using a p200 pipette tip. Next, cells were
washed with PBS and fresh starving medium, and EBM-2 (Lonza) containing only 0.2% FBS
and 1% gentamicin amphotericin of the provided BulletKit was added. In order to monitor
scratch-wound closure, live phase-contrast microscopy (Axiovert 40C, Carl Zeiss, Oberkohen,
Germany) was used for taking pictures at 0 and 18 h after introducing the scratch wound.
In addition, a live cell microscope (Leica AF6000, Leica Microsystems, Tokyo, Japan) was
used for taking picture every 4 h after scratch until 20 h in the timeline experiment. Pictures
were taken in the same location at two positions in each well. Where necessary, pictures were
contrast-enhanced using Microsoft PowerPoint. Scratch size was calculated using the wound
healing tool macro for ImageJ. Finally, cells were washed with PBS, and 0.5 mL TRIzol/well
was added for RNA isolation. Each single scratch assay condition was performed in triplicate,
and the scratch-wound healing assay was performed three independent times.

4.10. Tube-Formation Assay

Tube-formation assay was performed using HUVECs at passage three. At confluence,
cells were transfected as described above with Lipofectamine RNAiMax and siRNA-CIRBP,
lncRNA-CIRBP-AS1, or siRNA negative control. After 24 h, cells were counted and seeded on
solidified GeltrexTM (ref: A14132-02, Gibco) in a 96-well plate at 15,000 cells per well. Photos
were taken using live phase-contrast microscopy at 12 h after seeding and quantified using the
ImageJ Angiogenesis Analyzer. Each single tube-formation assay was performed in 6 wells
per condition, and the tube-formation assay was performed three independent times.

4.11. Aorta Ring Assay

Thoracic aortas were isolated from Cirp−/− and wild-type mice, aged 4–5 weeks, after
exsanguination under anesthesia via an intraperitoneal injection of midazolam (5 mg/kg;
Roche Diagnostics), medetomidine (0.5 mg/kg; Orion), and fentanyl (0.05 mg/kg; Janssen
Pharmaceuticals). Vessels were washed with Opti-MEM medium containing 1% peni-
cillin/streptomycin and were cut transversely. Consequently, aorta rings were obtained
0.5–1 mm in width and incubated in Opti-MEM medium with 1% penicillin/streptomycin
overnight at 37 ◦C. Collagen (type I, Merck Millipore, Darmstadt, Germany) was diluted to
a concentration of 1 mg/mL with DMEM and 1% penicillin/streptomycin, and the pH was
adjusted with 5 N NaOH to 7. Aortic rings were placed in 96-well plates coated with 75 μL
collagen matrix as described previously [39]. After 1 h, 150 μL Opti-MEM supplemented
with 2.5% FBS (PAA Laboratories, Pasching, Austria), penicillin–streptomycin (PAA Labo-
ratories), and with or without vascular endothelial growth factor (in-house production and
purification) of 10 or 30 ng/mL were added to the designated wells. Media were refreshed
on days 3 and 5. Microvessel outgrowth was quantified after 7 days on photographs taken
by live phase-contrast microscopy (Axiovert 40C, Carl Zeiss). The counting of microvessels
started from a specific point on the ring, and each microvessel emerging from the ring was
counted as a sprout, and individual branches arising from each microvessel counted as a
separate sprout, working around the ring clockwise.
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4.12. RNA Isolation

RNA isolation of cultured cells or tissue was performed by standard TRIzol–chloroform
extraction according to the manufacturer’s instructions (Thermo Fisher Scientific, Wilm-
ington, DE, USA). RNA concentrations were measured using the NanodropTM 1000 Spec-
trophotometer (Thermo Fisher Scientific).

4.13. MicroRNA Quantification

For microRNA quantification of miR-329-3p and miR-495-3p, RNA was reversed
transcribed using the TaqmanTM MicroRNA Reverse-Transcription Kit (Thermo Fisher
Scientific) and, subsequently, quantified using microRNA-specific TaqmanTM qPCR kits
(Thermo Fisher Scientific) on the VIIa7 (Thermo Fisher Scientific). MicroRNA expression
was normalized against U6 small nuclear RNA.

4.14. mRNA, pri-microRNA, and pre-microRNA Quantification

For quantification of the expression levels of CIRBP, CIRBP-SVs, lncRNA-CIRBP-AS1,
primary microRNAs (pri-miRs), and pre-miRs, RNA was reverse transcribed using a “High-
Capacity RNA to cDNA Kit” (Thermo Fisher Scientific) and quantified by qPCR using
SybrGreen reagents (Qiagen, Hilden, Germany) on the VIIa7. CIRBP, CIRBP-SVs, PCNA, and
lncRNA-CIRBP-AS1 expressions were normalized against GAPDH; pri-miRs and pre-miRs
expressions were normalized to U6. Primer sequences are provided in Table 1.

Table 1. Sequences of primers used for qPCR and the siRNAs used for knockdown.

Primers Forward Sequence Reverse Sequence

HSA-CIRBP TTGACACCAATGAGCAGTCG GGCATCCTTAGCGTCGTCAA
HSA-splice variant 1 CGTGGGTTCTCTAGAGGAGGA CTCGTTGTGTGTAGCGTAACTG
HSA-splice variant 2 CGTGGGTTCTCTAGAGGAGGA CGCCCTCGGAGTGTGACTTA
HSA-splice variant 3 CGTGGGTTCTCTAGAGGAGGA TCAACCGTAACTGTCATAACTG
HSA-splice variant 4 GTAGACCAGGCAGGAGGAG CGCCCTCGGAGTGTGACTTA

HSA-lncRNA-CIRBP-AS1 CAATGGGAAAAGGAGGAAACT CCTTGTAAAGCTGGTTCTCCA
GAPDH CACCACCATGGAGAAGGC AGCAGTTGGTGGTGCAGGA

HSA-pri-miR-329-1 TGGGGAAGAATCAGTGGTGT GACCAGAAGGCCTCCAAGAT
HSA-pri-miR-329-2 TGTCAAGTTTGGGGAAGGAA GACCAGAAGGCCTCCAAGAT
HSA-pre-miR-329 TGAAGAGAGGTTTTCTGGGTTT ACCAGGTGTGTTTCGTCCTC
HSA-pri-miR-495 CTGACCCTCAGTGTCCCTTC ATGGAGGCACTTCAAGGAGA
HSA-pre-miR-495 GCCCATGTTATTTTCGCTTT CCGAAAAAGAAGTGCACCAT

U6 AGAAGATTAGCATGGCCCCT ATTTGCGTGTCATCCTTGCG

siRNA CIRPB GAGUCAGAGUGGUGGCUAC
siRNA lncRNA-CIRBP-AS1 CAGGACCCUCACUCACUA

4.15. Statistical Analyses

Data are presented as the mean ± SEM. Indicated differences had the following
levels of significance: * p <0.05; ** p < 0.01; *** p < 0.001. All tests were performed with a
significance level of α = 0.05.

One-sample t-tests were performed to test differences between treated groups that
were expressed relative to the negative control treatment, which was set to 100%. One-
sample t-tests (two tail) were used in the knockdown experiments, scratch assay, and tube-
formation assay. One-sample t-tests (one tail) were used in the hypothermia experiment.

Differences in scratch wound healing and PCNA levels between groups were assessed
using independent sample Student’s t-tests.

Two-way ANOVA tests were performed to detect statistically significant differences
among multiple groups. These tests were used to compare miRNA-329-3p and -495-3p
expression levels of the soleus of mice subjected to HLI surgery at different timepoints.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222312678/s1.
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Abstract: Blood vessels are essential for the formation and maintenance of almost all functional
tissues. They play fundamental roles in the supply of oxygen and nutrition, as well as development
and morphogenesis. Vascular endothelial cells are the main factor in blood vessel formation. Recently,
research findings showed heterogeneity in vascular endothelial cells in different tissue/organs. En-
dothelial cells alter their gene expressions depending on their cell fate or angiogenic states of vascular
development in normal and pathological processes. Studies on gene regulation in endothelial cells
demonstrated that the activator protein 1 (AP-1) transcription factors are implicated in angiogenesis
and vascular development. In particular, it has been revealed that JunB (a member of the AP-1
transcription factor family) is transiently induced in endothelial cells at the angiogenic frontier and
controls them on tip cells specification during vascular development. Moreover, JunB plays a role
in tissue-specific vascular maturation processes during neurovascular interaction in mouse embry-
onic skin and retina vasculatures. Thus, JunB appears to be a new angiogenic factor that induces
endothelial cell migration and sprouting particularly in neurovascular interaction during vascular
development. In this review, we discuss the recently identified role of JunB in endothelial cells and
blood vessel formation.

Keywords: AP-1 transcription factors; JunB; angiogenesis; tip cell specification; vascular develop-
ment; neurovascular interactions

1. Vascular Endothelial Cells and Activator Protein 1 (AP-1) Transcription Factors

1.1. Endothelial Cell Heterogeneities and Gene Expression

Vascular endothelial cells represent the principal cells of blood vessels in most tissues.
They display heterogeneity and different characteristics depending on the state of angio-
genesis and tissue type. The differences noted between vascular endothelial cells include
the basic properties of arteries, veins, capillaries, tip cells, and stalk cells. In addition, they
include a wide variety of tissue-specific endothelial cells, such as the blood-brain barrier
structure bearing cerebral blood vessels, and liver sinusoidal vascular endothelial cells that
have a loose basement membrane structure. It has been shown that these differences are re-
lated to differences in gene expression. For example, blood-brain barrier transporters major
facilitator superfamily domain containing 2A (Mfsd2a) and solute carrier family 2 member
1 (Slc2a1) are specifically expressed in endothelial cells of the central nervous system [1].
Moreover, GATA binding protein 4 (GATA4) is involved in the formation of sinusoidal
blood vessels in the liver [2]. There is accumulating evidence regarding gene expression
in vascular endothelial cells. Recently, a large-scale transcriptome analysis of tissue-type
vascular endothelial cells isolated from various tissues identified various tissue-specific
vascular endothelial cell gene transcriptomes [3–5]. These data are available in the public
vascular endothelial cell transcriptome database EndDB, hosted by VIB-KU Leuven Center
for Cancer Biology (Leuven, Belgium; URL: https://vibcancer.be/software-tools/endodb,
accessed on 1 February 2021) [6]. The transcription of vascular endothelial cells, similar
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to that of other cells, is regulated by a number of transcription factors and epigenetic
regulation. A recent comprehensive analysis of the chromatin states of human vascular
endothelial cells identified 3765 endothelial-specific enhancers [7]. They also identified
nine endothelial cell groups divided into two subgroups based on the epigenomic land-
scape. In addition, numerous homeobox genes and some other transcription factors were
differentially activated across the endothelial cell types [7].

The process of vascular development, termed vasculogenesis, is initiated at the early
developmental stages by the formation of a primitive vascular plexus, a beehive-like struc-
ture of endothelial progenitor cells. In the process of angiogenesis, the primordial vascular
plexus invades the vascular-free area in response to angiogenic cues, such as hypoxia
and vascular-inducing factors. Budding, branching, and fusion occur repeatedly to create
more complex capillary networks. The vascular endothelial growth factor (VEGF) is a
primary regulator of angiogenesis and blood vessel formation that controls endothelial
cell proliferation, survival, and migration to form blood vessels. VEGFA controls angio-
genic sprouting by guiding filopodia extension from tip cells at the vascular-sprouting
frontier [8]. At the protrusion tip of the vascular elongation, the first cells which receive
VEGF signals, become “tip cells” through VEGF intracellular signaling, thereby forming
numerous filopodia and enhancing cell motility. In addition, tip cells express the Notch
ligand delta-like canonical Notch ligand 4 (DLL4). Moreover, vascular endothelial cells
adjacent to tip cells bind to their membrane receptor Notch1, which transmits signals
into the cells and causes them to become stalk cells. Stalk cells lack filopodia, are pro-
liferative, and regulate the number of cells in the subsequent vascular network [8]. Tip
and stalk cells maintain plasticity in the formation of the vascular network. Stalk cells
may become tip cells or, conversely, tip cells may degenerate into stalk cells by retracting
their filopodia. Thus, DLL4-Notch1 signaling regulates the specification of tip cells and
stalk cells to maintain proper vessel density [9]. From the primordial vascular plexus,
through a process termed remodeling, mature vessels with hierarchical structure are finally
constructed in each tissue and organ. These steps include arterial and venous specifica-
tion, vessel remodeling in the coordination with neurovascular parallel alignment, and
formation of functional blood vessels. Numerous previous studies have described the
regulation of VEGFA gene expression. Many transcription factors have been identified as
VEGF-positive and -negative regulators, including hypoxia-inducible factor 1 subunit alpha
(HIF1a) [10,11], Sp transcription factors [12], NF-κB [13], SMAD [14], SRY-box transcription
factor 9 (SOX9) [15], forkhead box O3 (FOXO3) [16,17], signal transducer and activator of
transcription 3 (STAT3) [18,19], cAMP responsive element binding protein 1 (CREB1) [20],
and AP-1 transcription factors [21–28]. In recent years, research has focused on the function
of AP-1 factors in endothelial cells. In this review, we focused on the AP-1 transcription
factor JunB in endothelial cells in VEGF signaling during angiogenesis.

1.2. AP-1 Transcription Factors in Endothelial Cells

The AP-1transcription factor family consists of Jun (c-Jun, JunB, and JunD), Fos (c-Fos,
FosB, Fra-1, and -2), and ATF (ATF-2, -3, -4, and ATFa). These factors form homodimers
or heterodimers at the N-terminal leucine zipper common motif, which bind to DNA
through the DNA binding motif, thereby regulating the transcription of target genes [29–31].
AP-1 factors control both the basal and inducible transcription of several genes which
contain AP-1 sites (consensus sequence 5′-TGAG/CTCA-3′) on their promoter. These
consensus sequences are also termed 12-O-tetradecanoylphorbol-13-acetate-responsive
elements [29]. In the case of Jun, it is known that the heterodimer Jun/Fos has higher
DNA affinity and transcriptional activity than the homodimer Jun/Jun, suggesting that
Jun functions as a heterodimer in vivo [30,32]. AP-1 transcription factors are involved in
numerous physiological and pathological processes, including the cell cycle, development,
and tumor progression. AP-1 transcription factors are also known as immediately early
genes, which are transiently and rapidly activated in response to a wide variety of cellular
stimuli. These genes are involved in the regulation of gene activity following the primary
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growth factor response, including VEGFs [33,34]. AP-1 transcription factors are reportedly
involved in regulating VEGF expression and endothelial cell gene expression in response
to VEGF stimulation [35,36]. In endothelial cells, VEGF stimulation induces its target
genes during angiogenesis, and AP-1 transcription factors regulate the expression of
these genes by binding to their promoters [26,37–39]. AP-1 transcription factors also
reportedly regulate gene expressions implicated in angiogenesis, including VEGFs and
matrix metalloproteinases (MMPs) [40–43].

2. AP-1 Transcription Factor JunB in Angiogenesis

2.1. JunB Expression in Endothelial Cells

Previously, it was found that JunB is involved in the differentiation of erythroid
cells [44] and T cells [45], as well as tadpole tail regeneration by positively regulating cell
proliferation [46]. JunB also positively regulates the proliferation of embryonic fibroblast
cells by promoting S to G2/M transition through cyclin A activation [47]. However, the
negative regulation of cell proliferation by inhibition of G1-S transition in HeLa cells
through inhibition of the cyclin D1 promoter has also been reported [48]. In human
umbilical vein endothelial cells (HUVEC), dominant negative c-Fos blocks endothelial cell
proliferation by inhibiting cyclin D expression and also inhibits cell migration. In contrast,
JunB knockdown in HUVEC attenuated endothelial cell migration but did not affect
the proliferation of endothelial cells [33]. These findings indicated that JunB is required
primarily for cell migration but may not control the proliferation of endothelial cells.

Expression of JunB in human tissues/organs during different developmental, nor-
mal, and pathological conditions has been described. Moreover, human placental JunB
expression in JunB/cyclin-D1 imbalance in placental mesenchymal stromal cells derived
from pre-eclamptic pregnancies with fetal placental complications has been described [49].
Amplification and overexpression of JunB are associated with primary cutaneous T-cell lym-
phomas [50]. JunB is an essential transcription factor for the differentiation of inflammatory
T-helper 17 (Th17) cells [51–53], which demonstrates that JunB plays roles in T-cell program-
ming. A case study on leukemia demonstrated that JunB expression levels significantly
decreased in human chronic myelogenous leukemia (CML) [54]. Abnormally expressed
JunB transactivated by IL-6/STAT3 signaling promotes uveal melanoma aggressiveness via
epithelial–mesenchymal transition [55]. The role of JunB in psoriasis-like skin disease and
arthritis was also reported. The JunB loss in keratinocytes induces chemokine/cytokine
expression, attracts neutrophils and macrophages to the epidermis, and contributes to
phenotypic changes in psoriasis [56]. A recent study using integrated bulk and single-cell
RNA sequencing identified disease-relevant monocytes and a gene network module under-
lying systemic sclerosis (SSc). Four inflammatory genes from CD16+ monocytes, including
JunB, showed the greatest differential expression between SSc and the healthy controls [57].
The defective degradation of JunB in patients with systemic sclerosis contributes to the
overproduction of type I collagen and the development of dermatofibrosis [58].

JunB has been implicated in angiogenesis, and its expression is induced by hypoxia
and VEGF. In endothelial cells, JunB regulates endothelial cell functions as a downstream
factor of VEGF signaling [33]. Moreover, JunB is a hypoxia-inducible factor, its levels are
elevated via the translocation and activation of NF-κB under hypoxic conditions [59]. In
addition to transcriptional regulation, JunB activities are regulated via its translational
regulation and phosphorylation [48,60]. VEGF is an upstream regulator of JunB [33] and
also JunB regulates VEGF transcription [26,27,59]. Thus, JunB is implicated in angiogenesis
by controlling the transcription upstream and downstream of VEGF-signaling. Mecha-
nistically, the VEGF promoter contains two AP-1 transcription factor-binding sites, and
induced JunB binds to the VEGF promoter to positively regulate VEGF expression under
hypoxia [59]. In HUVEC, JunB induces VEGF expression, miR-3133 functions as a negative
regulator of the JunB/VEGF pathway, thereby affecting angiogenesis [27]. There have also
been reports of epigenetic regulation, specifically, JunB exhibits protein–protein interaction
with BRG1 in the target gene promoter in HeLa cells [61,62]. Yeast two-hybrid screening
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has shown that BAF60a of the SWItch Sucrose non-fermentable (SWI/SNF) complex binds
to c-Jun, JunB, and c-Fos [63]. In addition, it was reported that breast cancer type 1 sus-
ceptibility protein (BRCA1) interacts with JunB and regulates the transcription activity of
the activation domain (AD) of BRCA1 in HEK293T cells [64]. In particular, the coiled-coil
domain of BRCA1 interacts with the basic leucine zipper (bZIP) domain of JunB, and
this interaction enhances BRCA1 AD activity, which affects BRCA1 transcription activity
in HEK293T cells [64]. BRCA1 plays important roles in maintaining chromatin stability
via its functions in transcriptional regulation and DNA repair [65,66]. BRCA1 is also
known to interact with SWI/SNF chromatin remodeling complexes in breast cancer [67].
In retinal vascular development, the genome-wide accessibility of AP-1-binding sites is
epigenetically controlled by sphingosine-1-phosphate (S1P) signaling. This process alters
the chromatin composition of the AP-1-binding site to become closed and inaccessible,
resulting in the inhibition of JunB-related gene expression during vascular maturation in
the mouse retina [68].

JunB is expressed in endothelial cells and regulates their morphogenesis by regulating
the core-binding factor beta subunit (CBFβ), which controls MMP13 expression, cell migra-
tion, and tube formation [42]. In this case, both the JunB–JunB homodimer and JunB–ATF2
heterodimer regulate CBFβ expression in endothelial cells [42].

2.2. JunB Is a Tip Cell Factor in Response to VEGF Signaling

In the sprouting region of the primordial vascular plexus, vascular endothelial cells
located at the tip of the growing vessel extend numerous filopodia toward the vessel-free
region. The endothelial cells that extend these filopodia are termed tip cells, and the
endothelial cells that proliferate behind the tip cells and support vascular growth are
called stalk cells [69]. The morphology of tip cells is similar to that of the growth cone
in nerve axon elongation. Tip cells migrate by extending their filopodia in response to
the concentration gradient of VEGF expressed in vascular-free areas, which determines
the direction of vascular growth. However, stalk cells actively proliferate and define the
number of cells in the subsequent vascular network. Tip cells and stalk cells maintain
plasticity in the construction of the vascular network and can switch morphology. The tip
cell and stalk cell specification mechanisms have been clarified [9]. Tip cells express the
DLL4, while stalk cells express the Notch receptor Notch1. This DLL4-Notch1 signaling
regulates the equilibrium between the tip and stalk cells, as well as the extension of the
filopodia of tip cells to maintain a proper vessel density. Therefore, in DLL4-knockout
mice, the number of filopodia extending from the tip cells increases along with the ratio
of tip cells to stalk cells, resulting in the formation of hyperplasia of the vascular network
with compressed vessel spacing. Nevertheless, the growth rate of blood vessels decreases.
Eventually, with the emergence of blood flow, the primitive vascular plexus infiltrates
the tissue and undergoes a process termed remodeling, resulting in the emergence of a
hierarchical mature vascular network.

JunB is reportedly upregulated in tip cells at the angiogenic frontier and contributes to
vascular development in mouse embryonic skin [26] and retinal vasculatures [68] (Figure 1).
The induction of JunB expression is temporal and spatial in tip cells at the angiogenic fron-
tier or at the branching points during vascular development. In vitro analysis using human
primary microvascular endothelial cells (HMVEC) showed that the induced expression
of JunB results in marked changes in cell morphology [26]. Specifically, JunB expression
has a profound effect on the cell morphology of vascular endothelial cells, causing them
to change to a fibroblast-like spindle cell morphology. This morphological change can
be positively or negatively regulated by controlling JunB expression alone. In addition,
studies using a three-dimensional collagen matrix angiogenesis assay demonstrated that
JunB-expressing vascular endothelial cells enhance cell motility and regulate vascular
formation. In the development of retinal blood vessels, JunB is strongly induced in the
characteristic tip cells located at the angiogenic frontier of the process of radial extension
of the primitive vascular plexus into retinal tissue. When JunB expression is abolished
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by conventional JunB knockout or endothelial cell-specific knockout in mice, the number
of tip cells decreased in retinal vasculature, which resulted in a marked suppression of
vascular progression and branching [68].

Figure 1. In the event of angiogenesis in embryonic skin and retina, endothelial cells respond to
angiogenic cues, such as hypoxia or other signals, to produce new vessel branches at the angiogenic
frontier. The vascular endothelial growth factor (VEGF) plays a central role in this process. The VEGF
signals that induce JunB expression (small upper arrow) result in the conversion of endothelial cells
to tip cells. JunB activation is involved in the vessel parallel alignment with neurons in developing
skin, retinal tissue-specific radial vessel expansion, and deep plexus expansion in retinal vessel
development. Both vessel-wiring processes in embryonic skin and the retina include neurovascular
interactions. The arrows indicate the relationship of signaling directions. Large green arrow indicates
direction of vascular elongation.

3. Endothelial JunB Functions in Vascular Development In Vivo

3.1. JunB Is Required for Placentation and Heart Vascular Development in Mice

The in vivo functional study of JunB using conventional JunB knockout mice was
the first to describe the loss of JunB resulting in embryonic lethality through placental
malformation and failure of cardiac vasculogenesis [70]. More specifically, mouse embryos
with conventional JunB knockout die between E8.5 and E10 due to the abnormal formation
of the placenta. Knockout of JunB does not affect cell proliferation, however, embryo growth
was retarded due to a failed connection of maternal circulation. These results indicated
that JunB is a transcription factor required for correct vascular development [42,59,70].

3.2. JunB Is Involved in Retinal Vascular Outgrowth and Retinal Special Vascular Differentiation

Retinal vasculature has been widely used as an analysis system for angiogenic sprout-
ing and vascular development due to its postnatal development and ease of tissue accessi-
bility. VEGF plays a central role in retinal vascular development [8], and it has been shown
that VEGF receptor 2 (VEGFR2) and VEGFR receptor 3 (VEGFR3) are required for vessel
sprouting [71,72]. VEGFR3 is particularly highly expressed in tip cells and induces angio-
genesis and vessel growth in the absence of VEGFR2 in a Notch-independent manner [73].
The VEGFR3 signaling pathway is essential for the development of angiogenesis, with
VEGFR3 expression being characteristically induced in developing vascular endothelial
cells and is later restricted in lymphatic endothelial cells [74,75]. VEGFR3, which binds
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to VEGFC and VEGFD, is essential for angiogenesis, particularly in the developmental
stages [76] (Figure 2, right). Recently, it was shown that JunB is involved in the pathological
process of hypoxia-mediated retinal neovascularization [77]. In retinal endothelial cells,
VEGFA signaling phosphorylates intracellular protein kinase C theta (PKCθ), and retinal
endothelial cells form tip cells, thereby positively regulating cell migration, sprouting, and
tube formation. In hypoxia-induced VEGFA signaling, PKCθ phosphorylation upregulates
JunB expression, which induces VEGFR3 expression, thereby inducing tip cell formation,
sprouting, and neovascularization of retinal capillaries via STAT3 activation. VEGFR3 is a
key regulator of retinal neovascularization, while endothelial-specific knockout of JunB
inhibits VEGFR3 expression, inhibiting retinal neovascularization. Mechanistically, it was
shown that JunB acts downstream of PKCθ, and JunB directly binds to the promoter of
VEGFR3 to regulate VEGFR3 expression (Figure 2).

Figure 2. Tip cell phenotype expression in response to angiogenic cues in endothelial cells at the
vasculogenesis frontier. In endothelial cells at the angiogenesis frontier during vascular development,
JunB expression is induced by angiogenic cues including hypoxia and vascular endothelial growth
factor A (VEGFA) through hypoxia-inducible factor 1 subunit alpha (HIF1α) or phosphorylation
of protein kinase C theta (PKCθ). “P” indicates phosphorylation of the molecule. (left). In the
developing skin vasculatures, the direct interaction of endothelial cells with peripheral neurons
can also stimulate JunB expression and coordinate neurovascular parallel alignment (left). In tip
cells, JunB is involved in the upregulation of vascular endothelial growth factor receptor 3 (VEGFR3)
expression which is a key VEGFR for angiogenesis at specific developmental stages. VEGFR3 binds
vascular endothelial growth factor C and D (VEGFC/D), while signaling cascades are required for tip
cell migration and sprouting of endothelial cells by signal transducer and activator of transcription
3 (STAT3) activation at the angiogenic frontier (right). The arrows indicate the relationship of
signaling directions.
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Another study on retinal angiogenesis demonstrated that JunB is involved in the pro-
cess of retina-specific vascular network development [68]. Retinal blood vessel networks
are produced by vascular endothelial cells that invade into the eye retina tissue from the op-
tic nerve papilla. In the early stage of retinal vascular development, radial retinal structures
are produced along the superficial nerve fiber layer of the retina to form the superficial
plexus. Later, around P8 in mice, retinal blood vessels begin to invade into the retinal nerve
tissue vertically toward the retinal deep layer, forming a deep plexus, which is followed by
the formation of the middle layer plexus. Yanagida et al. focused on S1P receptor signaling
in retinal vascular development and found that it regulates the open-chromatin state of the
AP-1 binding motif of retinal endothelial cells genome-wide [68]. Postnatally, following the
complete abolishment of S1P receptor signaling by the receptor triple knockout, the AP-1
motif in the open-chromatin region was strongly accumulated. Furthermore, the investiga-
tors confirmed that JunB was the AP-1 transcription factor involved in this process. JunB
was highly expressed in tip cells at the tip of angiogenesis and promoted angiogenesis until
the activation of S1P receptor signaling. Following blood perfusion, the serum-derived S1P
induces vascular endothelial-cadherin (VE-cadherin) expression in endothelial cells and
results in the suppression of JunB expression in endothelial cells. At the same time, S1P
also induces chromatin remodeling to close the AP-1 motif in endothelial cells, which have
a lumen structure with blood flow. Reportedly, VE-cadherin is induced by S1P signaling in
mature retinal vasculature with lumen structures where blood flow is present, resulting in
decreased expression of JunB. In other words, S1P signaling converts the tip cell-like state
activated by JunB to a retinal-specific vascular maturation state. Interestingly, in retinal
angiogenesis, JunB expression is activated at the sprouting point, i.e., at the branching
point where blood vessels extend vertically into the deep retinal layers. Although the
initiation of vertical branching is unclear, some stimuli (partial weakening of S1P signaling
or interaction of endothelial cells with retinal neurons) causes JunB induction and chro-
matin remodeling in vascular endothelial cells, thereby exposing the AP-1 site. As a result,
JunB target genes (including tip cell genes) can be induced, and the cell converts to a tip
cell, extending the retinal plexus invasion into the deeper layers of retinal tissue. During
developmental vasculogenesis, JunB expression is specifically observed in endothelial cells.
The role of JunB in this directional angiogenesis during retinal vasculature development is
consistent with its function in cutaneous vascular development, as described below.

3.3. JunB Regulates Neurovascular Parallel Alignment in Developing Skin Vasculture in Mice

It is established that nerves and blood vessels align parallel to each other. However,
until recently, the molecular mechanism involved in this process was unclear. Recent
reports described that both neuronal signaling to the blood vessels [78] and vascular signal-
ing to the nerves [79] are involved in the regulation of this juxtaposition process. Moreover,
the nerves and blood vessels co-operatively form mature and correct neural and vascu-
lar network structures. In zebrafish, it has been reported that inhibition of the function
of VEGFR3 results in the loss of nerve-vessel parallelism. Furthermore, the trapping of
VEGFC secreted by arterial vascular endothelial cells using VEGFR3-Fc recombinant pro-
tein results in abnormal aortic ventral motor nerve function [80]. These findings suggested
that VEGFC-VEGFR3 signaling plays an important role in nerve-vessel parallelism. In the
development of the subcutaneous vascular network in mouse embryos, peripheral nerve
fiber bundles align parallel to arterial blood vessels while retaining a certain distance from
nerves, and form a mature vascular network. In 2013, Li et al. reported that VEGF and
CXCL12 secreted by nerves act on the primitive vascular plexus, which is the initial struc-
ture of blood vessels. This induces vascular remodeling to form neurovascular parallelism,
resulting in the formation of a proper mature vascular network [81]. Using a co-culture
system of dorsal root ganglion cells and primary HMVEC, it was found that JunB was
strongly and specifically induced in endothelial cells during neurovascular interactions [26].
In addition, the knockdown of JunB resulted in disruption of the neurovascular parallelism
in vivo. This evidence indicated that induction of JunB in endothelial cells is required
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for neurovascular parallel alignment during vascular development in mouse embryonic
skin [26]. Furthermore, we found that JunB induction is mediated by direct cell-cell con-
tact with nerves-vessels rather than soluble factors secreted by the nerves. Interestingly,
vascular endothelial cells with force-induction of JunB expression adopt a spindle-like
morphology, show increased motility, and exhibit a unique phenotype which is very similar
to that of tip cells found at the angiogenic frontier. In fact, vasculogenesis assays using a
three-dimensional collagen matrix and endothelial sphere outgrowth assays revealed that
JunB expression is activated in tip cells at the angiogenic frontier [26]. It is clear that JunB is
involved in vascular remodeling by conversion of vascular endothelial cells to tip cells, and
JunB expression is required for the juxtapositional alignment of the blood vessel to neurons
(Figure 2, left). However, the mechanisms through which directional remodeling is in-
duced remains unclear. The candidate molecule(s) of this mechanism may be the upstream
molecule(s) of JunB, which are supplied by nerves at the neurovascular interaction.

3.4. JunB also Controls Lymphangiogenesis

During lymphatic vessel development in vertebrates, Prospero homeobox protein 1
(PROX1) expressing endothelial cells in cardinal veins eventually differentiate into lym-
phatic endothelial cells during lymphangiogenesis, which is considered the master reg-
ulator of lymphatic endothelial cell fate specification [82,83]. Forkhead box protein O1
(FOXO1) is required for proper lymphatic vessel development and maturation by upreg-
ulating C-X-C chemokine receptor 4 (CXCR4) expression in lymphatic endothelial cells
in mouse tail dermis [84]. The functions of JunB in lymphatic vascular development in
zebrafish have been described by Kiesow et al. [85]. JunB directly regulates miR-182 expres-
sion, which downregulates its downstream FOXO1 expression in lymphatic endothelial
cells. The loss of JunB leads to the failure of parachordal lymphangioblast and thoracic
duct formation in zebrafish, indicating that JunB plays an important role in lymphatic
vascular morphogenesis in zebrafish by negatively regulating JunB/miR-182/Foxo1 axis
signaling. The endothelial-specific deletion of Foxo1 in mice results in embryonic lethality
at approximately E10.5 due to vascular remodeling defects [86,87]. Its phenotype is sim-
ilar to that of JunB knockout mice [70]. Nevertheless, currently, the involvement of the
JunB–miR-182–FOXO1 axis in blood vessel development remains unknown. In addition,
VEGFC–VEGFR3 signaling is implicated in the survival, proliferation, and migration of
lymphatic endothelial cells [88,89]. Thus far, the role of JunB in the regulation of VEGFR3
expression in lymphatic endothelial cells is unclear.

4. Conclusions

The main original articles that describe the functions of JunB in angiogenesis and
vascular development, discussed in this review, are summarized in Table 1. A variety
of angiogenesis-related factors have been identified, including exogenous angiogenesis-
inducers (e.g., hypoxia and VEGF), transcription factors in vascular endothelial cells that
are induced in response to these inducers, and angiogenesis-related genes transcribed
by these transcription factors. Some transcription factors induce the expression of tissue-
specific endothelial cell phenotypes in specific endothelial cells. In angiogenesis, tip cells
appear at the tip of angiogenesis after receiving angiogenesis-inducing cues (e.g., VEGF)
and induce sprouting with migration of vascular endothelial cells to form a proper vascular
network. The expression of AP-1 transcription factor JunB is induced in tip cells during
vascular development of skin capillaries and retinal vessels, leading to the induction of tip
cell-specific characteristics (e.g., cell migration and angiogenic sprouting).

The mechanism of vascular “directional” control appears to be maintained mainly
through the signaling balances between attractive and repulsive effectors from various
tissues during vascular formation. For example, arterial and venous juxtapositional align-
ment is controlled by the balance of two types of action: Repulsive effects between arterial
EphrinB2 and venous EphB4 [90,91] and attractive action between arterial apelin and the
venous apelin receptor (APJ) [92]. The transient induction of tip cells at the frontier of
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angiogenesis has a dynamic response to various angiogenic attractors (e.g., hypoxia and
VEGF), which elongate and remodel the blood vessels according to the location and timing
to form a proper vascular network. We and others have shown that JunB induction in
tip cells is a novel angiogenic machinery that regulates the motility, filopodia formation,
invasion, and remodeling of tip cells in response to angiogenic cues. By controlling the
temporal and spatial induction of JunB in tip cells, we may be able to control the elongation
of blood vessels. This suggests that the tip cell factor JunB is a determinant of vascular
directionality. Nevertheless, the involvement of JunB in tip-stalk cell sorting signaling by
Notch-DLL4 intercellular signaling remains unclear.

Table 1. Original articles which describe JunB functions in angiogenesis and vascular development.

JunB Functions in Endothelial Cells Reference

Angiogenesis [26,27,42,59,68,70,77]
Neurovascular parallel alignment [26]
Filopodia formation and tip cell specification [26,68,77]
Retinal vascular development [68,77]

Lymphangiogenesis [85]

In the process of retinal vascular development, JunB is specifically upregulated in
tip cells at the angiogenic frontier in the upper layer of retinal nerve tissue and migrates
radially on the upper layers of the retina. Expression of JunB is also observed specifically
in tip cells vertically protruding into the deep retinal plexus layer, leading to the formation
of longitudinally oriented retinal blood vessels [68]. In the remodeling process of mouse
embryonic skin vascular development, JunB is induced in endothelial cells in contact with
the nerves and enhances the invasiveness of the endothelium to create a vascular network
that aligns parallel to the nerves [26]. A common feature of JunB-mediated vascular
network formation in both embryonic skin and retina vasculature is that the regulation of
the directional vascularization is based on the interaction with nerve cells. Probably, the
angiogenic attractors of extracellular matrix produced by neurons or neuronal membrane
proteins play a role in determining the direction of blood vessels. In response to this, JunB
is induced in vascular endothelial cells to increase migratory activity and determine the
direction of extension. However, at present, the factor(s) on the neural side that play a role
in this guidance are unknown. Hence, further extensive research is warranted.
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Abstract: Hereditary hemorrhagic telangiectasia type 1 (HHT1) is a severe vascular disorder caused
by mutations in the TGFβ/BMP co-receptor endoglin. Endoglin haploinsufficiency results in vascular
malformations and impaired neoangiogenesis. Furthermore, HHT1 patients display an impaired
immune response. To date it is not fully understood how endoglin haploinsufficient immune cells
contribute to HHT1 pathology. Therefore, we investigated the immune response during tissue repair
in Eng+/− mice, a model for HHT1. Eng+/− mice exhibited prolonged infiltration of macrophages
after experimentally induced myocardial infarction. Moreover, there was an increased number
of inflammatory M1-like macrophages (Ly6Chigh/CD206−) at the expense of reparative M2-like
macrophages (Ly6Clow/CD206+). Interestingly, HHT1 patients also showed an increased number of
inflammatory macrophages. In vitro analysis revealed that TGFβ-induced differentiation of Eng+/−
monocytes into M2-like macrophages was blunted. Inhibiting BMP signaling by treating monocytes
with LDN-193189 normalized their differentiation. Finally, LDN treatment improved heart function
after MI and enhanced vascularization in both wild type and Eng+/− mice. The beneficial effect of
LDN was also observed in the hind limb ischemia model. While blood flow recovery was hampered
in vehicle-treated animals, LDN treatment improved tissue perfusion recovery in Eng+/− mice. In
conclusion, BMPR kinase inhibition restored HHT1 macrophage imbalance in vitro and improved
tissue repair after ischemic injury in Eng+/− mice.

Keywords: transforming growth factor-β; endoglin; neovascularization; tissue repair; myocardial
infarction; hind limb ischemia

1. Introduction

Endoglin (also known as CD105) is a transmembrane protein that functions as a
co-receptor for transforming growth factor-β (TGFβ)1 and TGFβ3. Mutations in endoglin
resulting in haploinsufficiency are the cause of the autosomal dominant vascular disorder
hereditary hemorrhagic telangiectasia type 1 (HHT1). HHT1 is rare life-threatening disor-
der characterized by local angiodysplasia like arterial venous malformations, telangiectasia,
and recurrent epistaxis. Besides vascular dysplasia, an impaired immune response was
also observed in HHT1 patients, evident by e.g., increased infection rates in the brain,
joints, and liver [1]. To gain more insight into the etiology of HHT1, the murine model
for HHT1, the endoglin heterozygous (Eng+/−) mouse, was extensively studied. Similar to
HHT1 patients, Eng+/− mice display decreased wound healing [2] and impaired resolution
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of inflammation [3]. We previously showed that Eng+/− mice also have a delay in blood
flow recovery and a reduction of collateral artery and capillary formation after hind limb
ischemia (HLI) [4]. Furthermore, Eng+/− reduced myocardial repair after experimentally
induced myocardial infarction (MI) [5], and systemic application of wild type mononuclear
cells (MNCs) stimulated revascularization of the injured myocardium and restored cardiac
recovery of Eng+/− mice, an effect not seen when MNCs of HHT1 patients were used [5].
The exact role of endoglin in inflammation and tissue repair was not yet completely under-
stood, but a rapid increase in expression levels of endoglin during the inflammatory phase
of wound healing suggests endoglin was involved in these processes [6–8]. Furthermore,
while in healthy individuals the expression of endoglin was upregulated in activated mono-
cytes [9], this response was impaired both in HHT1 patients [10] and Eng+/− mice [11],
resulting in an increased infection rate and leukopenia [1,3,11,12], for example.

Endoglin exerts its effect by modulating TGFβ and bone morphogenetic protein (BMP)
signaling, two pathways proven to be essential during cardiovascular development and
disease [13,14], inflammation, and tissue repair [15–20]. TGFβ is the prototypic member of
a large family of growth factors to which the activins and BMPs belong [13]. Upon tissue
damage, TGFβ is released from the extracellular matrix, or is secreted by activated fibrob-
lasts, endothelial cells, platelets, and macrophages [21–23]. TGFβ signaling is initiated by
binding of the ligand to the TGFβ type II (TβRII) transmembrane receptor. In endothelial
cells and macrophages, TGFβ can propagate the signal by forming a complex between the
TβRII and a type I receptor, also known as activin receptor-like kinase (ALK). Signaling
via the type I receptor ALK5 results in phosphorylation of the transcription factors Small
mothers against decapentaplegic (SMAD)2 and SMAD3. Complex formation of TβRII with
the type I receptor ALK1 is followed by activation of SMAD1 and SMAD5. ALK1 can only
signal via TGFβ by forming a heterotetrameric complex consisting of two TβRII receptors,
ALK1 and ALK5, in the presence of the co-receptor endoglin damping the TGFβ/ALK5
signaling pathway [13,24,25]. In the absence of endoglin, major vascular defects and im-
paired angiogenesis are observed, which can only partly be explained by malfunctioning of
the endothelial cells by enhanced TGFβ/ALK5 signaling. It is, however, not known what
the role of endoglin deficiency in monocytes entails and how this contributes to vascular
repair after an ischemic event.

Cardiac wound healing after ischemic injury can be divided in three phases—the
ischemic phase, the inflammatory phase, and the repair phase [26]. During the ischemic
phase, cells within the obstructed area are devoid of oxygen and nutrients and go into
apoptosis or necrosis. In the inflammatory phase, cellular debris within the injured my-
ocardium is resolved by the recruitment of immune cells, inflammatory-like macrophages
(M1-like, from here onwards referred to as ‘M1’), the secretion of cytokines and degradation
of extracellular matrix [26]. Approximately 5 days post-MI, the repair phase starts which
is hallmarked by the release of growth factors and cytokines stimulating vascularization,
recruitment of endothelial progenitor cells, and differentiation of reparative/regenerative-
like macrophages (M2-like, from here onwards referred to as ‘M2’) [26,27]. The immune
cells resolve after 2–3 weeks and a fibrous scar is formed [26]. Although we earlier showed
that there is an impaired vascular recovery after ischemic injury in Eng+/− mice using two
different models [4,5], as well as an imbalance in M1/M2 macrophages [28], the relation
between these two observations and endoglin heterozygosity is still poorly understood.
Therefore, the aim of this study was to elucidate the effect of endoglin heterozygosity on M1
and M2 macrophages during the different phases of cardiac wound healing and vascular
recovery. We showed that the differentiation of monocytes isolated from the Eng+/− mouse
into M2 macrophages contributed to the impaired tissue repair. Moreover, the impaired
macrophage differentiation was confirmed in monocytes of HHT1 patients, which could
be restored in vitro by inhibiting BMP signaling. Finally, BMP receptor kinase inhibition
improved tissue repair of both the Eng+/− ischemic myocardium as well as the Eng+/−
ischemic hind limb, by increasing neovascularization.
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2. Results

2.1. Endoglin Deficiency Results in Prolonged Inflammation and Reduced M2 Macrophage
Presence in the Heart after MI

Recruitment of inflammatory cells and their timely resolution is essential for cardiac
tissue repair. An inadequate or excessive inflammatory response is detrimental in injured
myocardium and can lead to adverse remodeling. We therefore investigated the effects of
endoglin heterozygosity on the influx of monocytes during the inflammation phase, after
experimentally inducing MI. We first determined if endoglin heterozygosity influences
MNC composition at baseline. Before induction of MI, we observed no differences in MNC
subtypes, like macrophages, lymphocytes, NK-cells, neutrophils, and granulocytes in blood
and bone marrow between wild type (WT, Eng+/+) and Eng+/− mice (data not shown).

Subsequently we induced MI and assessed the number of macrophages present in
the heart using immunohistochemical analysis. Four days post-MI, MAC-3 expressing
macrophages were present in large numbers in the border zone of the infarcted hearts
of both WT and Eng+/− mice (Figure 1A,B). Macrophage infiltration in WT hearts was
cleared 14 days post MI (Figure 1A,B), confirming previous studies that reported that the
inflammatory response is most pronounced at day 3–5 and cleared after approximately
two weeks [26]. Interestingly, at 14 days post-MI MAC-3 expressing cells were still easily
detectable in the infarct border zone of Eng+/− mice (Figure 1B), suggesting a delay in
macrophage resolution.

To further characterize the phenotype of these macrophages, we determined the ex-
pression of CD11b, a general monocyte/macrophage marker, and CD206, a specific marker
for M2 (reparative) macrophages facilitating the healing process. Immunofluorescent anal-
ysis of the spleen, used as control tissue, showed the presence of CD11b-positive resident
monocytes, while no CD206 staining was observed (Figure 1C). Four days post-MI, hearts
of WT mice harbored similar numbers of CD11b and CD206 expressing cells, suggesting
that the macrophages present in the heart were M2 macrophages. In contrast, in the hearts
of Eng+/− mice, CD11b+ cells were easily detectable, while only limited numbers of CD206
expressing cells were present. We quantified these observations using flow cytometry on
single cell suspensions of mouse hearts (Figure 1D). At day 4 post-MI, the Eng+/− hearts
contained significantly less M2 macrophages, while the number of pro-inflammatory M1
macrophages was significantly increased (Figure 1D). This suggests a macrophage polar-
ization in the injured Eng+/− heart towards a more inflammatory macrophage phenotype.

2.2. Endoglin Deficiency Reduces In Vitro Differentiation of M2 Macrophages in Both HHT1 Mice
and Patients

To gain more insight into how endoglin heterozygosity might influence macrophage
differentiation, we isolated bone marrow derived CD11b+ monocytes and used immunoflu-
orescence to analyze their differentiation towards macrophages in vitro. Endoglin is ex-
pressed on murine macrophages and co-staining of endoglin together with the inflamma-
tory macrophage marker Ly6C, revealed that endoglin is specifically present on murine
macrophages with a low expression level of Ly6C (Figure 2A).

Macrophages with high expression levels of Ly6C, known as the inflammatory-like
(M1-like) subtype, show low expression levels of endoglin (Figure 2A). More detailed analy-
sis of the different macrophage subtypes in Eng+/− mice and HHT1 patients was performed
using flow cytometry. Inflammatory (M1) macrophages were identified by the expression
of CD11b, high levels of Ly6C and low CD206 expression for mouse macrophages, and the
expression of CD14 and absence of CD16 expression for human cells (Figure 2B).

Reparative (M2) macrophages were identified by the expression of CD11b, low levels
of Ly6C and high expression of CD206 for mouse, and the expression of both CD14 and
CD16 for human cells (Figure 2B). Monocytes isolated from Eng+/− mice as well as HHT1
patients showed an increased percentage of inflammatory macrophages and a reduction of
reparative macrophages, compared to macrophages from WT mice and healthy volunteers
(Figure 2C).
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Figure 1. Prolonged macrophage infiltration and decreased number of M2 macrophages after myocardial infarction in
Eng+/−. (A) Cardiac sections of Eng+/+ and Eng+/− mice were stained for MAC-3 expressing macrophage (MAC-3 = brown;
nuclei = blue) at day 4 and 14 post MI. Scale bar: 50 μm. (B) Quantification of the MAC3 positive cells shown in an
N = 5–16 mice per group. (C) Splenic and cardiac tissue post-MI were stained for CD11b (general monocyte marker) and
CD206 (M2 macrophage marker) 4 days after MI. Scale bar: 50 μm. (D) The ratio M1/M2 macrophages was determined by
flow cytometry using a single cell suspension of Eng+/+ and Eng+/− mouse hearts 4 days post MI. The inflammatory M1
macrophage was identified by CD11b+/Ly6Chigh/CD206- selection and the regenerative M2 by CD11b+/Ly6Clow/CD206+
selection. N = 5–16 mice per group. Eng+/+ N = 9, Eng+/− N = 5. * p < 0.05, # p < 0.001, NS: not significant.
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Figure 2. Macrophage phenotype is dependent on endoglin expression. (A) Macrophages isolated from Eng+/+ mice were
stained with endoglin (red), Ly6C (green), and dapi (nuclei, blue). Scale bar: 10μm. (B) Representative flow charts of mouse
and human isolated monocytes of Eng+/− mice and HHT1 patients and their healthy controls. Mouse inflammatory mono-
cytes were distinguished by CD11b+/Ly6Chigh/CD206- and regenerative monocytes by CD11b+/Ly6Clow/CD206+ expres-
sion. Human inflammatory monocytes were distinguished by CD14+CD16- and regenerative monocytes by CD14+/CD16+
expression. (C) Quantification of the flow cytometry data as represented in B, divided in inflammatory and regenerative
monocytes for mouse and human. Mouse samples: N = 5–16 mice per group. Eng+/+ N = 9, Eng+/− N = 5. Human samples:
7 HHT1 patients and 5 age- and gender-matched healthy human volunteers. * p < 0.05.
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Reparative (M2) macrophages were identified by the expression of CD11b, low levels
of Ly6C and high expression of CD206 for mice, and the expression of both CD14 and CD16
for human cells (Figure 2B). Monocytes isolated from endoglin heterozygous mice as well
as HHT1 patients showed an increased percentage of inflammatory macrophages and a
reduction of reparative macrophages, compared to macrophages from wildtype mice and
healthy volunteers (Figure 2C). Interestingly, monocytes from endoglin heterozygous mice
secrete more MCP-1 compared to wild-type cells, confirming their increased inflammatory
profile (Supplementary Figure S1).

2.3. In Vitro Switch of Macrophage Differentiation by Adaptation of the TGFβ Signaling Response

As endoglin is a co-receptor for the TGFβ signaling cascade, we next investigated
the effect of stimulation and inhibition of the TGFβ-signaling pathway on macrophage
differentiation. Monocytes isolated from bone marrow of WT mice were cultured for
3 days in the presence of GM-CSF to stimulate their differentiation into macrophages,
after which 1ng/mL of TGFβ ligand was added for either 24 or 96 h. While 24 h of TGFβ
stimulation had little effect on the percentage of M1 and M2 macrophages compared to
the non-stimulated cells, 96 h of TGFβ stimulation skewed macrophage differentiation
towards an M2 phenotype (Figure 3A).

Figure 3. TGFβ signaling influences macrophage subtype differentiation. (A) Macrophages from Eng+/+ mice cultured
with either GM-CSF for 7 days or in the presence of TGFβ (2.5 ng/μL) for 24 h and 96 h. The macrophage phenotype was
determined based on the expression of Ly6C high (M1) and low (M2) of the CD11b expressing macrophages. * p = 0.001
difference in the number of M1 and M2 between GM-CSF vs. TGFβ stimulation for 96 h. (B,C) BM isolated monocytes from
Eng+/+ (B) and Eng+/− (C) mice were cultured in the presence of GM-CSF in the presence or absence of TGFβ (2.5 ng/μL),
SB (10 μM), or LDN (100 nM). The macrophage subtype was determined based on the expression of Ly6C high (M1) and
low (M2) of the CD11b expressing macrophages. * p = 0.007; ** p < 0.0001.
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This TGFβ increase in M2 macrophages was blocked by adding SB-431542 (SB),
a potent ALK5 kinase inhibitor, to monocyte cultures from wildtype mice, but was not
affected by adding the BMPRI kinase inhibitor LDN-193189 (LDN) (Figure 3B). The M1/M2
macrophage numbers did not change when monocytes isolated from Eng+/− mice were
stimulated with TGFβ nor did inhibition of the ALK5 kinase by stimulating the cells with
SB. Interestingly, when LDN was added to TGFβ stimulated Eng+/− macrophage cultures,
the differentiation towards M1 macrophages was reduced, resulting in a normalization of
the ratio of Eng+/− M1–M2 macrophages to WT levels (Figure 3C).

2.4. TGFβ/BMP and Non-Smad Signaling in Eng+/− Macrophages Is Impaired

TGFβ transduces its signal from the membrane to the nucleus by phosphorylation
of downstream effectors—canonical Smads and non-canonical signaling proteins Erk and
p38. To explore which pathway was used, monocytes from WT and Eng+/− mice were
differentiated into macrophages, serum starved, and stimulated for 60 min with TGFβ,
in the absence or presence of the indicated inhibitors SB or LDN. TGFβ was not able
to detectably phosphorylate SMAD1/5 after serum starvation in either WT or Eng+/−
macrophages (data not shown).

Both WT and Eng+/− macrophages showed an induction of SMAD2 phosphorylation
upon stimulation with TGFβ, which was blocked when SB was added, but not when
treated with LDN (Figure 4A,B). Phosphorylation of SMAD2 was not different between
WT and Eng+/− macrophages. Interestingly, while LDN did not influence TGFβ-induced
p-SMAD2 in WT macrophages, a significant increase in the phosphorylation of SMAD2
was observed in the Eng+/− macrophages (Figure 4B).

Since TGFβ can also signal via Smad independent pathways [29–31], next, we an-
alyzed the non-canonical pathways known to be involved in stress, inflammation, and
differentiation responses—the MAPK and p38 pathways. ERK1/2 phosphorylation was in-
creased in WT macrophages upon stimulation with TGFβ, and was further enhanced when
SB or LDN were added to TGFβ-stimulated WT macrophages (Figure 4A,C). Macrophages
derived from Eng+/− mice did not show a change in ERK1/2 phosphorylation when stimu-
lated with TGFβ, in the presence or absence of SB or LDN (Figure 4C). Phosphorylation of
p38 showed the same trend as ERK; an increase in p-p38 in WT cells upon TGFβ stimulation
and further enhancement in the presence of SB or LDN, while there was no response or
even a trend towards reduced p-p38 in Eng+/− macrophages (Figure 4A,D). In summary,
Eng+/− macrophages showed an increase in SMAD2 phosphorylation when BMP signaling
was inhibited, while the non-canonical pathways show a decreased responsiveness.

2.5. LDN Treatment Improves Cardiac Function after Experimentally Induced MI

Since LDN influences the TGFβ response in Eng+/− macrophages in vitro, we next
investigated whether LDN might influence the impaired cardiac recovery of Eng+/− mice
after MI. LDN was systemically administered 2–14 days after the induction of MI. The
efficacy of the LDN treatment was confirmed by a reduction in the number of cells positive
for phosphorylated SMAD1 (Figure 5A) and an increased number of cells expressing
phosphorylated SMAD2 (Figure 5B), 14 days post-MI.

In both WT and Eng+/− mice, LDN treatment significantly improved cardiac function
(Figure 6A) and reduced infarct size (Figure 6B). Investigating the infarct border zone of
these animals in more detail revealed that LDN treatment increased capillary density in
WT hearts, but had no effect on the number of capillaries in Eng+/− mice. Interestingly,
LDN treatment did not change the number of arteries in WT hearts, whereas in Eng+/−
animals, the number of arteries increased significantly (Figure 6C–E).
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Figure 4. Eng+/− macrophages show blunted TGFβ and BMP signaling responses in vitro. (A) Western blot analysis of
Eng+/+ and Eng+/− cultured murine macrophages with GM-CSF, stimulated 60 min with TGFβ (2.5 ng/uL), SB (10 μM),
and LDN (100 nM). Representative blots of N = 3 are shown. (B) Densitometric analysis of the blots shown in (A), expressed
as percentage of phosphorylated Smad2 relative to total amount of Smad2. N = 3. (C) Quantification of the blots as shown
in (A), expressed as percentage of phosphorylated ERK relative to total amount of ERK protein. N = 3. (D) Quantification of
the blots in (A), expressed as the percentage of phosphorylated p38 relative to total amount of p38 protein, N = 3–4. Error
bars are SEM. * p < 0.05.

Figure 5. LDN decreases p-Smad1 and induces p-Smad2 in the infarct border zone. Paraffin sections
were stained for (A) pSmad1 or (C) pSmad2 and quantified in (B,D) for positive stained nuclei in
Eng+/+ and Eng+/− mice treated with LDN or placebo. Representative images of heart sections
14 days post-MI are shown. N = 5–16 mice per group. Eng+/+ control N = 9, Eng+/− control N = 5,
Eng+/+ LDN N = 6, Eng+/− LDN N = 16. Scale bars: 30 μm. * p < 0.05; # p < 0.001.
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Figure 6. LDN restores cardiac function in Eng+/− to normal levels 14 days after MI. (A) Cardiac ejection fraction of Eng+/+
and Eng+/− mice 14 days post-MI, treated with LDN or placebo. N = 5–16 mice. (B) Infarct size was determined in both
Eng+/+ and Eng+/− mice using Picrosirius Red staining. Top row—representative pictures of murine transversal heart
sections. 1.0× magnification. Bottom row—quantification of infarcted area as percentage of total LV area. N = 5–16 mice per
group. (C,D) LDN treatment influences cardiac neo-vascularization post-MI. (C) Paraffin sections of mouse hearts were
stained for PECAM (green) and αSMA (red). N = 5–16 mice per group. Eng+/+ control N = 9, Eng+/− control N = 5, Eng+/+
LDN N = 6, Eng+/− LDN N = 16. (D,E) Quantification of the number of capillaries (D) and arteries (E) in (C). Scale bar:
50 μm. * p < 0.05; ** p < 0.01; # p < 0.001.
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2.6. LDN Treatment Improves Perfusion Recovery after Hind Limb Ischemia

Eng+/− mice show a delayed perfusion recovery after induction of ischemia in the
mouse hind limb (Figure 7) [4]. Therefore, to determine whether the effect of LDN was
specific for the heart or a more general response of endoglin heterozygosity to an ischemic
insult, we chose the hind limb ischemia model in addition to the experimentally induced
MI. After ligation of the femoral artery, Eng+/− or WT mice were treated with LDN or
vehicle, and perfusion recovery was measured by Laser Doppler Perfusion Imaging (LDPI)
at day 7 post ligation. Interestingly, while blood flow in the hind limb of WT mice was not
different between LDN or vehicle-treated animal, LDN treatment significantly improved
the hampered paw perfusion in Eng+/− mice (Figure 7). Overall, we conclude that tissue
repair in Eng+/− mice after ischemic damage in both experimentally induced myocardial
and hind limb ischemia was improved by LDN treatment.

Figure 7. Hind limb blood flow recovery in female mice increases with LDN treatment. (A) Rep-
resentative images of blood flow recovery in the paws as measured by laser Doppler perfusion
imaging (LDPI), 7 days after HLI and subsequent treatment with LDN. Colors indicate the level of
flow as indicated on the right panel of the figure. The left limb has HLI, the right limb was used as
control. Scale bar: 1 cm (B) Quantification of LDPI measurements, N = 5–7 female mice per group.
Black bars = WT, white bars = Eng+/−. * p < 0.05.

3. Discussion

The natural response of the body to ischemic injury is to stimulate neovascularization.
The influx of circulating monocytes is important for cardiac repair post MI and contributes
to the revascularization of ischemic tissue [32,33]. The pro-angiogenic role of endoglin, a
TGFβ co-receptor, in vascular development is well established [25,34,35]. We previously
reported that the enhanced deterioration of cardiac function after experimentally induced
MI in Eng+/− mice, results from impaired capacity of HHT1 MNCs to home to the site of
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injury and accumulate in the infarct zone to stimulate vessel formation [5,36]. In this study,
we showed that monocytes depend on the expression of endoglin to be able to differentiate
from an inflammatory M1 macrophage towards a reparative M2 macrophage and that
endoglin heterozygosity prolongs the inflammatory response after myocardial infarction.
This observation might explain why patients [1,37,38] and mice [3,11] haplo-insufficient
for endoglin show prolonged inflammation and delayed wound healing and tissue repair
after injury.

We demonstrated that TGFβ differently influenced the differentiation of wild type ver-
sus Eng+/− or HHT1 macrophages. Wild type monocytes differentiate to M2 macrophages
in an ALK5-dependent manner, while inhibition of the BMP type I receptors did not in-
fluence their differentiation. Macrophages heterozygous for endoglin did not differentiate
towards M2 upon TGFβ stimulation, while inhibition of BMP-signaling resulted in a shift
towards M2 macrophages. TGFβ is well-known as an anti-inflammatory/pro-fibrotic
cytokine and is mainly secreted by M2 macrophages [39,40]. We previously showed that
there was no difference in TGFβ, TβRII, ALK1, and ALK5 expression in WT vs. HHT1
mononuclear cells [5], and endothelial cells deprived of endoglin expression were unable
to process and secrete active TGFβ [41]. We hypothesized that the defect in TGFβ/BMP
ligand processing due to deficiency in the co-receptor endoglin could play a role in the im-
paired TGFβ-directed differentiation of Eng+/− macrophages and explain why inhibition
of BMP signaling could restore defective endoglin/TGFβ signaling. The reduced levels of
endoglin might skew the tight balance that often exists between TGFβ and BMP signaling,
and inhibition of the BMP type I receptor kinase might push this balance towards enhanced
TGFβ signaling, thereby restoring the balance and M2 macrophage differentiation.

The main defect observed in TGFβ signaling in Eng+/− monocytes was related to the
non-Smad signaling pathway. Eng+/− macrophages were still able to signal via the canon-
ical TGFβ/SMAD pathway and phosphorylation of Smad2 was significantly increased
when TGFβ was present in combination with LDN. Endoglin has two splice isoforms, a
long form (L-Endoglin) and a short form (s-endoglin), containing a 33 amino acid shorter
cytoplasmic tail [42]. Both isoforms are able to bind TGFβ but differ in phosphorylation
status and their ability to interact with ALK1 and ALK5 [43,44]. A recent study showed that
hypoxia-induced expression of S-endoglin stimulates signaling via TGFβ/ALK5/Smad2,
causing impaired angiogenesis in the pulmonary vasculature of the developing lung [45].
Although we analyzed the impact of endoglin heterozygosity, determining which isoform
of endoglin is involved in the pathology of HHT is an interesting topic for future research.

We observed reduced activation of the non-canonical MAPK/ERK pathway. An over-
all imbalance in the ERK and p38 signaling has a pronounced effect on the inflammation
status and in reaction to stress [46]. Previous studies reported the involvement of endoglin
in the MAPK/ERK pathway. In dermal fibroblasts, endoglin haploinsufficiency did not
affect the basal or TGFβ induced pERK1/2, while the basal levels of Akt show a higher
degree of phosphorylation [47]. In endothelial cells, the activation levels of Akt was not
different between WT and Eng+/− cells, while ERK and p38 signaling was more active in
Eng+/− endothelial cells [48]. We showed that in macrophages heterozygous for endoglin,
ERK1/2 phosphorylation was impaired and neither stimulation nor inhibition of TGFβ
signaling resulted in the phosphorylation of ERK1/2. ERK signaling is involved in cell
growth and differentiation [49], and might affect apoptosis [50]. Defects in these aforemen-
tioned processes could explain the prolonged inflammatory status we observed in Eng+/−
mice. In addition to impaired ERK activation, Eng+/− macrophages showed decreased
phosphorylation of p38 in response to TGFβ stimulation and BMP inhibition. P38 is in-
volved in TGFβ-directed monocyte migration and inhibits monocyte proliferation [51], has
anti-angiogenic properties, and is reported to be involved in maintaining a proper balance
in the angiogenic response [52]. Phosphorylated p38 was reported to inhibit VEGF signal-
ing [53], and Eng+/− cells exhibit increased VEGF expression [48]. Therefore, the reduced
levels of p-p38 could explain the endothelial hyperplasia and impaired angiogenesis found
in HHT1 patients [54,55].
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In the present study we showed that the inability of MNCs from HHT1 patients to in-
duce neoangiogenesis post MI was not solely due to an impaired recruitment of the MNCs
to the site of injury [36], but was also a result of impaired macrophage differentiation,
mainly towards an inflammatory phenotype, which would intervene with myocardial re-
pair [56]. High levels of inflammatory macrophages correlate with ventricular dysfunction
after MI, in both mice and patients [57,58]. Selective depletion of M2 macrophages resulted
in a nine-fold increase in cardiac rupture [59], and interfered with differentiation into M2
macrophages by knocking out tribbles pseudokinase 1 impaired ventricular function, 7
days post MI [60]. These studies, support our observation that M2 macrophages show a
beneficial role in tissue remodeling. The impaired differentiation towards the reparative
macrophage subtype due to endoglin heterozygosity could be restored by inhibiting the
BMP type I receptor kinase with the small molecule inhibitor LDN, confirming both a BMP-
dependent and non-canonical modulation of macrophage function in HHT1. Furthermore,
cardiac ejection fraction after MI and reperfusion recovery after HLI were improved when
endoglin heterozygous mice were treated with LDN. An important limitation of our study
is that we used a non-reperfused myocardial infarction model, causing the infarct zone to
be cut off from the circulation. The main effect of our LDN inhibitor is therefore likely of
greatest impact at the infarct border zone, where blood vessels are still intact and tissue is
perfused. Future research should include ischemia-reperfusion models to assess the effect
of LDN on cardiac repair. Cumulatively, our results imply that treating HHT1 patients
with a BMP type I receptor kinase inhibitor would improve tissue repair, and could be
considered as a novel therapeutic target in patients with ischemic tissue damage.

4. Materials and Methods

4.1. Clinical Studies

The procedures performed were approved by the Medical Ethics Committee of the
St. Antonius Hospital Nieuwegein, The Netherlands. The study conformed to the principles
outlined in the 1964 Declaration of Helsinki and its later amendments. All persons gave
their informed consent prior to their inclusion in this study. Venous blood samples from 7
HHT1 patients and 5 age- and gender-matched healthy human volunteers were collected.
Peripheral blood MNCs were isolated by density gradient centrifugation using Ficoll
Paque Plus (GE Life sciences, Zwijndrecht, The Netherlands, #17-1440-02), according to the
manufacturer’s protocol.

4.2. Animals

All mouse experiments were approved by the regulatory authorities of Leiden Uni-
versity, The Netherlands (ADEC nr 14-141) and were in compliance with the guidelines
from Directive 2010/63/EU of the European Parliament, on the protection of animals used
for scientific purposes, approved date 16 September 2014. Experiments were conducted
in 10–12 weeks old Eng+/+ and Eng+/− male or female C57BL/6Jico mice (Charles River,
Leiden, The Netherlands).

4.3. Myocardial Infarction and BMPRI-Inhibitor Treatment

Myocardial infarction (MI) was induced in male mice, as described before [36]. Briefly,
mice were anesthetized with isoflurane (1.5–2.5%), intubated and ventilated, after which
the left anterior descending coronary artery was permanently ligated. The mice were given
the analgesic drug Temgesic, both pre-operative and 24 h post-operative to relieve pain.
Mice were randomly allocated to the treatment or placebo control groups. Placebo or
BMPRI-inhibitor [61] LDN-193189 was reported to inhibit the kinase activity of the BMP
type I receptors ALK1/2 (IC50 = 5 nM) [62], leaving the TGFβ/ALK5 pathway unaffected.
LDN-193189 (2.0 mg/kg, Axon Medchem, Groningen, The Netherlands, #Axon1509) was
administered twice daily via intraperitoneal injection from 2 days after MI till day 14. Heart
function was measured by echocardiography 14 days post-MI, after which the hearts were
isolated and fixated in 4% paraformaldehyde (in PBS) and embedded in paraffin.
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Mice were monitored daily by the researchers or animal care staff to check their health
and behavior for human endpoints. All were trained in animal care and handling and
determining the following criteria and symptoms—impaired reaction to external stimuli,
reduced mobility, or decreased grooming. Furthermore, for 3 days post-MI and onwards—
bleeding, swelling, redness, or discharge of the incision area. Mice were weighed at day of
surgery and prior to echocardiography and euthanized by carbon dioxide, when losing
more than 15% weight. Animals dropped out prior just after MI or within 10 days post-MI-
due to cardiac rupture.

4.4. Cardiac Function Measurements

Echocardiography was performed after mice were anesthetized with 1.5–2.5% isoflu-
rane using the Vevo 770 (VisualSonics, Inc., Toronto, ON, Canada) system, with a 30 MHz
transducer (RMV707B). We imaged the longitudinal axis of the left ventricle using the
Electrocardiography-based Kilohertz Visualization (EKV) imaging mode. The ejection
fraction was determined by tracing the left ventricular volume during the systolic and
diastolic phase, using the Vevo770 V3.0 imaging software (VisualSonics, Inc., Toronto,
ON, Canada).

4.5. Hind Limb Ischemia and Perfusion Imaging

Hind limb ischemia (HLI) was induced as described before [63]. In brief, male and
female mice were anesthetized by intraperitoneal injection of midazolam (8.0 mg/kg, Roche
Diagnostics, Almere, The Netherlands), medetomidine (0.4 mg/kg, Orion, Espoo, Finland),
and fentanyl (0.08 mg/kg, Janssen Pharmaceuticals, Beerse, Belgium). Ischemia of the left
hind limb was induced by electrocoagulation of the left femoral artery, the right hind limb
served as control. After surgery, anesthesia was antagonized with flumazenil (0.7 mg/kg,
Fresenius Kabi), atipamezole (3.3 mg/kg, Orion), and buprenorphine (0.2 mg/kg, MSD
Animal Health, Boxmeer, The Netherlands).

Blood flow recovery to the hind limb was measured using laser Doppler perfu-
sion imaging (LDPI, Moore Instruments, Axminster, UK), at 7 days post injury. During
LDPI measurements, mice were anesthetized by intraperitoneal injection of midazolam
(8.0 mg/kg, Roche Diagnostics) and medetomidine (0.4 mg/kg, Orion). After LDPI, anes-
thesia was antagonized by subcutaneous injection of flumazenil (0.7 mg/kg, Fresenius Kabi,
Bad Homburg vor der Höhe, Germany) and atipamezole (3.3 mg/kg, Orion). Humane
endpoints after induction of HLI were considered when mice were less mobile, showed
impaired reaction to external stimuli, or decreased grooming. Furthermore, when the
incision wound area was bleeding, swollen, or discharged, animals would be euthanized
by carbon dioxide.

4.6. Immunohistochemistry

After euthanasia by carbon dioxide, mouse hearts were dissected, fixated overnight in
4% paraformaldehyde (in PBS) at 4 ◦C, dehydrated, and embedded in paraffin wax. Six
μm sections were baked onto coated glass slides (VWR, Amsterdam, The Netherlands,
SuperFrost Plus), and stained for the presence of macrophages in the infarct border zone,
using rat anti-mouse MAC3 (CD107b, dilution 1:200, BD Biosciences, San Jose, CA, USA,
#550292) and goat anti-rat biotinylated secondary antibody (1:300, Vector Laboratories,
Burlingame, CA, USA, #BA-9400). An avidin/biotin-based DAB peroxidase staining was
used (Vectastain ABC system, Vector Laboratories, #PK-4000) to detect antibody binding,
next to a hematoxylin counterstain for cell nuclei.

Infarct size was determined by Picrosirius Red (PSR) collagen staining; slides were
deparaffinized and hydrated, followed by 1 h incubation with PSR solution; 0.1gram Sirius
Red F3B (Merck, Zwijndrecht, The Netherlands) dissolved in 100 mL saturated picric acid
solution (pH = 2.0) (Sigma, Zwijndrecht, The Netherlands, #P6744). Slides were washed in
acidified water, dehydrated in ethanol and mounted with Entellan (Merck) mountant.
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Immunofluorescent stainings were performed using standard protocol as previously
described [64] for visualization of capillaries by PECAM (CD31, dilution 1:800, Santa Cruz,
#sc-1506), arteries by both PECAM (CD31, dilution 1:800, Santa Cruz Biotechnology Inc.
Heidelberg, Germany) and αSMA (alpha smooth muscle actin, dilution 1:500, Abcam).
Macrophages were stained with CD11b (MAC-1, dilution 1:200, Biolegend, London, UK
#1012505, clone M1/70), MAC-3 (CD107b, dilution 1:200, BD Biosciences, #550292), and
CD206 (dilution 1:300, Abcam, #ab64693). Simultaneously, detection of p-Smad1/5/8
(dilution 1:100, Cell signaling, Bioke, Leiden The Netherlands, #9511) was performed
by 30 min antigen retrieval and subsequently p-Smad2 (dilution 1:200, Cell signaling,
#3101) was amplified using a TSATM-Biotin System (Tyramide Signal Amplification) Kit
(Perkin Elmer Life Science, Waltham Massachusetss, USA, #NEL700A). Fluorescent-labelled
secondary antibodies (ThermoFisher Scientific, Bleiswijk, The Netherlands) were incubated
for 1.5 h, at 1:250 dilutions. Sections were mounted with Prolong® Gold Antifade mountant
with DAPI (ThermoFisher Scientific, # P36931).

4.7. Isolation of Immune Cells from Murine Hearts

Hearts were harvested from the mice 4 days post- MI and put in PBS buffer on
ice. After excision of the left ventricle, the tissue was put into 1-mL digestion buffer
(450U Collagenase A, Sigma Aldrich, Zwijndrecht, The Netherlands, # 10103578001, 60U
hyaluronidase, Sigma Aldrich, #H3506, 60U DNAse-1, Roche, #10104159001) at 37 ◦C for
1 h. The tissue homogenate was filtered through an 80-μm cell strainer (Falcon # 352350)
and MNCs were isolated using Ficoll density gradient, specific for small mammalians
(Histopaque-1083, Sigma Aldrich # 10831). Flow cytometry and staining was performed as
described below.

4.8. Flow Cytometry

Mouse monocytes from either 50 μL of whole blood, bone marrow mononuclear cells,
or from heart lysates were stained for CD11b (with anti-mouse CD11b, BD Biosciences,
#561114), Ly6C (Bio-rad Laboratories, Veenendaal, The Netherlands # MCA2389A647T or
BD Biosciences, #561085), and CD206 (Bio-rad Laboratories, #MCA2235A488T), to identify
M1 and M2 macrophages, respectively.

Human monocytes were isolated from peripheral blood, through Ficoll gradient
separation. Total MNCs (3× 105 cells per sample) were stained with anti-CD14-ECD
(Beckman Coulter, Woerden, The Netherlands IM2707U) and anti-CD16-APC (Beckman
Coulter, # A66330). Fluorescence was measured with LSRII flow cytometer (BD Biosciences)
and analyzed by FACS Diva (BD Biosciences) and the FlowJo software (FlowJo LLC V9.4).

4.9. Cultured Macrophages from Mouse Bone Marrow

Monocytes were isolated from the bone marrow using CD11b+ magnetic beads (Mil-
tenyi Biotec MACS #130-049-601) and subsequently cultured in the RPMI medium (Gibco
RPMI 1640 Medium, #11875-093), supplemented with 10% FBS (Fetal Bovine Serum, Gibco,
ThermoFisher Scientific, #10270), and 1 ng/mL GM-CSF (Peprotech, #315-03), to induce
differentiation into macrophages. After 3 days, the attached cells were stimulated with
TGFβ3 (1 ng/mL, kind gift of Dr. K. Iwata), ALK5 kinase was inhibited using SB-431542
(10 μM, Tocris, Abingdon, UK #1614), and BMPR type I (ALK1/2/3) were inhibited using
LDN-193189 (100 nM, Axon Medchem, #Axon1509) addition for 4 days.

4.10. Western Blot Analysis

For intracellular protein analysis, at day 6 of culture, the macrophages were serum
starved overnight, after which they were either stimulated or not for 1 h with TGFβ or
inhibitors at the indicated concentrations, after which cells were lysed with RIPA lysis
buffer (5 M NaCl, 0.5 M EDTA, pH 8.0, 1 M Tris, pH 8.0, NP-40 (IGEPAL CA-630), 10%
sodium deoxycholate, 10% SDS, in dH2O) supplemented with phosphatase inhibitors (1M
NaF Sigma Aldrich # S7920, 10% NaPi Avantor #3850-01, 0.1M NaVan Sigma Aldrich #
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S6508) and protease inhibitors (complete protease inhibitor cocktail tablets, Roche Diag-
nostics, #11697498001). Protein concentration was measured using Pierce BCA protein
assay (ThermoFisher Scientific, #23225). Equal amounts of protein were loaded onto 10%
SDS-polyacrylamide gel and transferred to an Immobilon-P transfer membrane (PVDF
membrane, Millipore, # IPVH00010). The blots were blocked for 1 h using 5% milk in TBST
(Tris-buffered saline, 0.1% Tween20) solution and incubated O/N with rabbit anti-mouse
phosphorylated Smad2 (Cell signaling, #3101), total Smad2/3 (BD Biosciences, BD610842),
mouse anti-mouse phosphorylated ERK1/2 (Sigma-Aldrich, #M8159), rabbit anti-mouse
total ERK1/2 (p44/42 MAPK, Cell Signaling, #4695, clone 137F5), rabbit anti-mouse phos-
phorylated p38 (Cell Signaling Technology, #9211), and mouse anti-rabbit total p38 (Santa
Cruz Biotechnology Inc. #535). Blots were incubated for 60 min with horse radish perox-
idase anti-rabbit (ECL rabbit IgG, HRP-linked whole Ab, GE Healthcare, #NA934V) or
anti-mouse (ECL mouse IgG, HRP-linked whole Ab, GE Healthcare, #NA931V) antibod-
ies. Blots were developed in an X-omat 1000 processor (Kodak) with SuperSignal West
Dura Extended Duration Substrate (ThermoFisher Scientific, #37071) or SuperSignal West
Pico Chemiluminescent Substrate (ThermoFisher Scientific, # 34080AB), and exposed to
SuperRX medical X-ray film (Fujifilm Corporation). Analysis was performed using Im-
age J (Version 1.51, https://imagej.nih.gov/ij/index.html (accessed on 17 February 2021),
National Institutes of Health, Bethesda, MD, USA).

4.11. Morphometry

Tissues were sectioned using a cryotome (hind limb muscle) or microtome (cardiac
tissue) at approximately 300 μm intervals along the ischemic area. Cardiac infarct size was
determined using Picrosirius Red staining and calculating the percentage of the infarct
area to the total area of the left ventricle. Cell infiltration was determined by manual
quantification of 2 to 4 digital images per heart at the border zone facing the infarcted area
or hind limb, taken at 40× magnification (CaseViewer 3D Histech). The quantification
of the number of capillaries and arteries present was done manually in the border zone
surrounding the ischemic area, where (cardio)myocytes were still viable. Data were blinded
to the investigator and quantified by using ImageJ v1.46r (https://imagej.nih.gov/ij/index.
html (accessed on 17 February 2021), National Institutes of Health, Bethesda, MD, USA).

4.12. Statistical Analysis

Statistical significance was evaluated by the D’Agostino-Pearson normality test, fol-
lowed by Mann-Whitney (non-parametric) or unpaired Student’s t-test (parametric) be-
tween 2 groups. To perform testing between multiple groups, ANOVA (parametric) with
Bonferroni correction or Kruskal-Wallis (non-parametric) test was used. Analysis was
performed with GraphPad Prism 6 software. Values are represented as mean ± SD or SEM
when otherwise indicated. Values of p < 0.05 are denoted as statistically significant.

4.13. Data Availability

No datasets were generated or analyzed during the current study. The results gener-
ated during or analyzed during the current study are available from the corresponding
author on reasonable request.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/4/2010/s1, Figure S1: Endoglin heterozygous macrophages secrete more MCP-1 compared to
wild type cells. MNC cells were cultured for 24 h after which the amount of MCP-1 present in the
medium was determined using an ELISA assay.
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Abstract: Coronary artery disease remains one of the primary healthcare problems due to the high
cost of treatment, increased number of patients, poor clinical outcomes, and lack of effective therapy.
Though pharmacological and surgical treatments positively affect symptoms and arrest the disease
progression, they generally exhibit a limited effect on the disease outcome. The development of
alternative therapeutic approaches towards ischemic disease treatment, especially of decompensated
forms, is therefore relevant. Therapeutic angiogenesis, stimulated by various cytokines, chemokines,
and growth factors, provides the possibility of restoring functional blood flow in ischemic tissues,
thereby ensuring the regeneration of the damaged area. In the current study, based on the clinically
approved plasmid vector pVax1, multigenic constructs were developed encoding vascular endothelial
growth factor (VEGF), fibroblast growth factors (FGF2), and the DsRed fluorescent protein, integrated
via picornaviruses’ furin-2A peptide sequences. In vitro experiments demonstrated that genetically
modified cells with engineered plasmid constructs expressed the target proteins. Overexpression of
VEGF and FGF2 resulted in increased levels of the recombinant proteins. Concomitantly, these did not
lead to a significant shift in the general secretory profile of modified HEK293T cells. Simultaneously,
the secretome of genetically modified cells showed significant stimulating effects on the formation
of capillary-like structures by HUVEC (endothelial cells) in vitro. Our results revealed that when
the multicistronic multigene vectors encoding 2A peptide sequences are created, transient trans-
gene co-expression is ensured. The results obtained indicated the mutual synergistic effects of the
growth factors VEGF and FGF2 on the proliferation of endothelial cells in vitro. Thus, recombinant
multicistronic multigenic constructs might serve as a promising approach for establishing safe and
effective systems to treat ischemic diseases.

Keywords: angiogenesis; gene expression; non-viral vectors; 2A-peptides; growth factors; tube
formation; VEGF; FGF2; cytokines

1. Introduction

Currently, ischemic diseases remain one of the leading causes of death in the world’s
developed countries [1]. This disease group is characterized by a lack of oxygen and
nutrient supply due to impaired micro- and macro-blood supply to a tissue, organ, or
limb [2]. Simultaneously, the lack of an adequate blood supply stimulates the activation
of angiogenesis processes due to the release of proangiogenic factors [3]. In this regard,
a strategy of supportive angiogenic therapy was proposed, which underlies the intro-
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duction of exogenous growth factors that promote vasculogenesis and blood circulation
restoration [4].

Angiogenesis depends on complex interactions including spatial-temporal interaction
of cells and various proangiogenic factors, particularly vascular endothelial growth factor
(VEGF) and fibroblast growth factor (FGF2). As the most critical angiogenic factor, vascular
endothelial growth factor (VEGF) remains one of the promising candidates for proan-
giogenic therapy [5–7]. The results of numerous in vitro and in vivo experiments have
demonstrated that VEGF promotes de novo new blood vessel formation, improves blood
flow, and supports myogenesis [8,9]. In addition, binding to the VEGFR1 and VEGFR2
receptors increases vascular permeability and induces proliferation and migration of en-
dothelial cells [10]. It is known that VEGF contributes to the survivability of endothelial
cells preventing apoptosis via the PI3K/AKT-signaling pathway and induces expression of
the antiapoptotic proteins A1 and Bcl-2 [11–13]. The crucial role of VEGF in angiogenic
processes has been confirmed in numerous investigations. The knockout of even one allele
of the VEGF gene led to embryonic lethality and disorders in the cardiovascular system [14].
VEGF-A inhibitors are widely used in the therapy of solid tumors, thus indicating the
significant role of VEGF in both normal and pathological angiogenesis [15]. Over the
last decade, several randomized controlled trials have also utilized plasmid and viral
vectors with the VEGF gene to treat severe coronary heart disease (Euroinject One, KAT,
REVASC, NOTHERN, NOVA, VEGF-A Neupogen, and GENASIS) [6,16]. In 2011, the
drug Neovasculgen was approved in Russia (ClinicalTrials.gov identifier: NCT03068585)
to treat lower limb ischemia of atherosclerotic genesis, including chronic critical lower
limb ischemia. This drug represents a highly purified, supercoiled form of the plasmid
pCMV-VEGF165-encoding isoform 165 (a) of vascular endothelial growth factor [17,18].

The basic fibroblast growth factor (FGF2) is the second of the most characterized
mitogens utilized in gene therapy protocols to induce therapeutic angiogenesis [19]. FGF2
interacts with the FGFR1 and FGFR2 receptors and with heparan sulfate proteoglycans,
which results in proliferation and migration of endothelial cells, protease production, and
angiogenesis. Proangiogenic effects of FGF2 have been confirmed in numerous experimen-
tal in vivo models of angiogenesis, including the chick embryo chorioallantoic membrane
model, the cornea of the eye, and matrigel implants [20]. Moreover, positive effects of
FGF2 have been reported in cases of pressure sores, diabetic foot ulcers, and burns. In 2001,
Trafermin, a medicine based on human FGF2 for treating pressure ulcers and skin ulcers,
was approved in Japan [21]. Likewise, the application of FGF2 has been successful in the
treatment of second-degree burns. In the randomized study, patients with deep burns
received local injections of either a placebo or bovine FGF2. All patients treated with FGF2
demonstrated faster granulation tissue formation and epidermal regeneration than patients
in the placebo group [22]. Similar to VEGF, FGF2 has an affinity for heparin, increases
neuronal survival, and reduces apoptotic cell death [23,24]. Unlike VEGF, FGF2 is capable
of stimulating the proliferation of not only endothelial cells but also smooth muscle cells
and fibroblasts. FGF2 also regulates the recruitment of immune cells such as monocytes,
macrophages, and neutrophils, affecting the production of various chemokines [25,26].

The synergetic effects of VEGF and FGF2 were demonstrated in a broad range of stud-
ies dedicated to induction of angiogenesis and blood flow restoration [27,28]. For example,
it has been described that FGF2 can induce endogenic VEGF expression and its receptors in
endothelial cells where VEGFR2 inhibitors had arrested FGF2-induced angiogenesis [29].
Numerous studies have also shown that coordinated activity of VEGF and FGF2 is crucial
in all stages of angiogenesis, especially during early embryogenesis, to increase vascular
permeability and recruitment of endothelial cells. Stimulation of endothelial cells initiates
protease production and plasminogen secretion, destroying basement membrane and acti-
vating the invasion of cells in the surrounding matrix [30,31]. Though the exact synergetic
mechanism remains unclear, there are several potential signaling pathways involved in
both VEGF and FGF2 interactions and interactions with their receptors. Interaction be-
tween VEGF–VEGFR is known to activate the Ras-MEK-MAPK and AKT, P38, and PKC
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signaling pathways, which in turn modulate FGF2 expression and proangiogenic cellular
responses [32]. The interaction between FGF2–FGFR also activates Ras-MEK-MAPK sig-
naling pathways and induces VEGF expression [33]. SRC cascade, AKT/P13K, and PKC
pathways are known to participate in FGF2-dependent angiogenesis [34]. Thus, interaction
between VEGF and FGF2 activate numerous signaling cascades and ultimately stimulate
the angiogenic processes in endothelial cells.

Augmented concentrations of proangiogenic factors are known to cause aberrant
vessel formation and hemangiomas as well [35]. These results were obtained when viral
constructions were used providing longitudinal transgene expression [36]. It is common
knowledge that viral vectors represent an efficient vehicle for target gen delivery due to
their natural infection capacity of various cell types [37,38]. However, uncontrolled gene
expression, immune responses to the constituent components of viral particles, and some
viral genomes’ relatively small packaging capacities restrict the feasibility of constructs
based on recombinant viruses [39,40]. Compared to viruses, the application of non-viral
gene therapy approaches using plasmid vectors do not provoke systemic reactions in
the organism, and plasmids could be easily manufactured in preparative amounts [41].
Additionally, the development of new delivery systems has made it possible to achieve
high efficiency of transfection both in vitro and in vivo. Continuous improvement of non-
viral gene therapy techniques therefore contributes to their widespread use in clinical
practice [9].

Currently, several strategies have been proposed to ensure simultaneous gene expres-
sion [42,43]: independent internal promoters [44], internal ribosomal entry sites (IRES) [45],
mRNA splicing [46], bi-directional promoters, and 2A-peptides [47,48]. However, utilizing
several promoters might significantly decrease transcriptional activity and reduce the vec-
tor’s packaging capacity. In turn, IRESs provide effective co-expression of a few genes, but
their large molecular weight (up to 1 kb) presents a limiting factor [49]. Moreover, the level
of transgene expression depends on the location and spatial organization of the transgene.
Downstream genes are transcribed less effectively in multicistronic constructions than
cistrons located upstream of IRES [50–54].

Picormoviral 2A-sequences represent short peptides, composed of 14-21 amino acid
residues, and contain a functional consensus motif Asp-Val/Ile-Glu-Asn-X-Pro-Gly -Pro [55].
This motif interrupts translation, “skipping” the formation of the last glycine-proline bond
and releasing an upstream polypeptide that is attached to the C-terminal sequence of
2A. When translating the next polypeptide, proline is used as the first amino acid [56,57].
After 2A-mediated cleavage, the newly synthesized proteins contain a small N-terminal
proline and a C-terminal residue of the 2A peptide; however, the proteins usually remain
functionally active [57]. Currently, four types of 2A-peptide sequences are utilized in
biomedical applications: foot-and-mouth disease virus FMDV 2A (F2A); equine rhinitis
virus A (ERAV) 2A (E2A); porcine tospovirus 1 2A (P2A); and asigna virus 2A (T2A) [51].
Mostly, 2A-peptide dedicated studies focus on the efficiency of cleavage of various proteins
in multicistronic vectors. For example, it has been demonstrated that T2A usually has
the most efficient cleavage compared to other types of 2A-peptides. In contrast, other
results have also revealed higher efficiencies of P2A-mediated cleavage in comparison
to T2A [51,58]. It is quite important to consider post-translational conformation of target
proteins to achieve the most effective transgene expression. For example, the secretion of
TGF-β was arrested due to the coding sequence’s upstream position to 2A peptide [59].
Incorporation of the furin cleavage site (Fu) upstream to the 2 sequence enables polyprotein
convertase specifically to hydrolyze C-terminal peptide bonds of arginine and cleavage the
proteins downstream of R-X-K/R-R motif. This sequence has been discovered in various
human proteins, plays a crucial role in protein formation, and enables active secretion and
membrane-associated proteins [60,61].

In the present study, using a clinically approved plasmid vector, we designed recombi-
nant constructions containing picornavirus peptide sequences, codon-optimized sequences
of VEGF and FGF2, and a reporter DsRed fluorescent protein under the control of a cy-
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tomegalovirus promoter. Expression of recombinant proteins, the secretome of modified
cells, and the synergetic effects of the target proteins on the formation of capillary-like
structures by HUVECs were investigated.

2. Materials and Methods

2.1. Recombinant Constructs, Isolation, and Restriction Analysis of Plasmid DNA

Based on a clinically approved plasmid vector pVax1 (Thermo Fisher Scientific) [62],
multicistronic constructions encoding various gene combinations (pVax1-VEGF-FGF2-
DsRed, pVax1-VEGF-DsRed, pVax1-FGF2-DsRed, pVax1-DsRed) were designed and de-
veloped (Figure 1). Nucleotide sequences of the VEGF (GeneBank AF486837.1) and FGF2
(GeneBank #DD406196.1) genes were obtained from the NCBI database and cloned un-
der a single CMV promoter. The Fu-cleavage site (AGAAACAGAAGA) and p2A skip-
ping motif (CCACGAAGCAAGCAGGAGATGTTGAAGAAAACCCCGGGCCT) were
incorporated between the target genes [63]. To enhance gene expression and reduce
restriction sites, an Optimum Gene™ (GenScript, Piscataway, NJ, USA) algorithm was
applied. Synthesis of plasmid constructions de novo were carried out using GenScript
(https://www.genscript.com/).

2.2. Genetic Modification of the Cells with Recombinant Plasmids

Human embryonic kidney cells HEK293T (ATCC CRL-11268) were cultivated on
Dulbecco’s modified media supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin/streptomycin, and 4 mM L-glutamine. A total of 2.5 × 105 cells were seeded per
well in a 24-well plate in two ml medium. Transfections were carried once 70% confluence
had been achieved using Turbofect transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA). Transfection efficiency was analyzed after 48 h using DsRed expression by the
modified cells as an indicator using a fluorescent inverted micro-scope AxioObserver Z1
Carl Zeiss AG, Oberkochen, Germany).

2.3. Quantitative Analysis of mRNA Expression

Total RNA from genetically modified cells was isolated using TRIZOL (Thermo Fisher
Scientific, Waltham, MA, USA) according to manufacturer’s instructions. Concentrations of
isolated RNA were evaluated using a spectrophotometer NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). Complementary DNA (cDNA) was synthesized using
a RevertAid kit (Thermo Fisher Scientific, Waltham, MA, USA), also in accordance with
the recommended protocol. Expression of target genes was assessed by Real-time PCR
and TaqMan technology on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). Non-transfected 293 cells (NTC—non-transfected cells) served as
negative controls for quantitative analysis of transgene expression. The relative amount of
mRNA for the target genes was normalized to 18S rRNA and calculated using the 2−ΔΔCT.
Nucleotide sequences of primers specific to codon-optimized sequences of target genes are
presented in Table 1.

2.4. Immunofluorescent Assays for Transfected HEK293T Cells

Transfected HEK293T cells were primarily fixed with chilled methanol for 20 min
at 20◦. Cell membranes were permeabilized by adding 0.1% Triton-100 (Helicon, Russia)
and then incubated with primary antibodies at a dilution of 1:100, VEGF (Santa Cruze
Biotechnology, CA, USA) and FGF2 (Santa Cruze Biotechnology, Santa Cruz, CA, USA), in
Tris-buffer saline (TBS) for one hour. Following the primary antibody incubation period,
the cells were washed with TBS and coated with the species-specific secondary. Nuclei
were stained using a DAPI solution (4′,6-diamidino-2-phenylindole;62248, Thermo Fisher
Scientific, Waltham, MA, USA) and photomicrographs for analysis were captured on a
fluorescent microscope AxioObserver Z1 (Carl Zeiss AG, Oberkochen, Germany).
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Table 1. Nucleotide sequences of primers and probes used for qPCR.

Primer Name Nucleotide Sequence

rmh-18s-TMF GCCGCTAGAGGTGAAATTCTTG

rmh-18s-
TMR CATTCTTGGCAAATGGTTTCG

rmh-18s-prode (HEK)-ACCGGCGCAAGACGGACCA-(BHQ)

co-VEGF165-F CAGATCATGGGGATCAAGCC

co-VEGF165-R CATGGATTCTCCTGCCTTGC

co-VEGF165-Probe (6-FAM)-CCAGGGCCAGCACATCGGCG -(BHQ1)

co-FGF2-F GAGGCTGTACTGCAAGAACG

co-FGF2-R TGATAGACACCAACGCCTCTC

co-FGF2-R (6-FAM)-CCTCGGCCTGCAGCTGCTGCAGC -(BHQ1)

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) of Target Genes

The concentrations of VEGF and FGF2 in cell lysates and supernatants of transfected
and native cells were evaluated using Human VEGF (DY293B) and Human FGF2 (DY233)
kits (R&D Systems, DuoSet, Minneapolis, MN, USA) in accordance with the manufactur-
ers’ recommended protocol. The calibration curve was created based on seven different
concentrations in the range of 31.1–2000 pg/mL. Optical densities were measured us-
ing BioRadxMark at OD 450. The resulting standard curve was utilized for quantitative
analysis of the recombinant proteins.

2.6. Multiplex Analysis

Quantitative assessment of secreted soluble factors in conditioned media and cell
lysates was measured using a Bio-Plex200 System. based on xMAP Luminex technology,
with Bio-Plex Pro Human Cytokine 27-plex Assay (M500KCAF0Y) including the following
analytes: IL-1, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17,
FGF2, Eotaxin, G-CSF, GM-CSF, IFN-γ, IP-10, MP-1, MIP-1, MIP-1, PDGF-BB, RANTES,
TNF-α, and VEGF. Data collection and analysis was performed using Bio-Plex Manager
4.1 software.

2.7. Tube Formation Assay Using Matrigel Matrix

Human Umbilical Vein Endothelial Cells (HUVEC) were isolated and cultivated
according to the previously described protocol [43]. Wells in a chilled 96-well plate were
coated with 50 μL of Matrigel matrix (with a reduced concentration of growth factors
(Becton Dickinson, Franklin Lakes, NJ, USA)) and incubated at 37 ◦C for an hour. After the
matrix had solidified, 1 × 104 endothelial cells were seeded in 100 μL onto the Matrigel
surface by adding conditioned medium from the HEK293T cells previously transfected
with various plasmid constructs. Non-transfected HEK293T medium and poor medium
containing 10% FBS were used as a negative control. Complete medium containing 10%
FBS and Endothelial Cell Growth Supplement (ECGS) 30 μg/mL (Sigma-Aldrich, St. Louis,
MO, USA) was used as a positive control. The formation of capillary-like structures was
assessed after 6 h using phase-contrast microscopy. The total tube length and the number
of formed branch nodes were calculated using the WimTube software package in the
Wimamsis system (Available online: https://www.wimasis.com/en/WimTube, accessed
on 19 March 2019)

2.8. Statistical Analysis

Each experiment was performed three times in replicates. All data are presented
as mean with standard error of the mean (±s.e.). Multiple comparisons were tested
by one-way analysis of variance (ANOVA) followed by a post-hoc Tukey test using the
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GraphPad Prism 7 software (GraphPad Software, California, USA). The p-value p < 0.05 was
considered statistically significant. Significant probability values were denoted as follows:
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns—no statistically significant difference.

3. Results

3.1. Characterization of Multigenic Constructs Containing Picornavirus 2A-Peptide Sequences

In the current study, recombinant plasmid vectors were designed, encoding codon-
optimized sequences of VEGF and FGF2 genes and DsRed under the single control CMV
promoter. In bi-cistronic (pVax1-VEGF-DsRed, pVax1-FGF2-DsRed) and tri-cistronic vec-
tors (pVax1-VEGF-FGF2-DsRed) the Fu-2A-peptide sequence was incorporated between
the target genes. All vectors were constructed based on widely used and clinically ap-
proved plasmid pVax1. The primary structure of DNA was verified via routine sequencing
(data not shown). The quality of both the purified plasmids, and the presence of target
inserts, were confirmed by restriction analysis. The resulting fragments corresponded to
the expected molecular size (Figure 1).

Figure 1. Design and characterization of plasmid vectors. (A) Schematic of the genetic cassettes, containing therapeutic
genes (Vascular Endothelial Growth Factor (VEGF165), Basic Fibroblast Growth Factor (FGF2)) and reporter fluorescent
protein (Red fluorescent protein (DsRed)). (B) Schematic diagrams of the expression vectors. (C) Analysis of enzymatic
digestion. Agarose gel electrophoresis. M—marker/HindIII (SM0103) and GeneRuler DNA LadderMix (SM0331).

3.2. VEGF, FGF2 and DsRed Expression in Genetically Modified Cells In Vitro

To confirm the expression of target genes, HEK293T cells were transfected with
recombinant plasmid constructs. We found that the expression plasmids increase the
expression of mRNA VEGF- and FGF2-modified cells compared with the empty vector
(pVax1-Dsred) and non-transfected cells. Fluorescent microscopy analysis revealed DsRed
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expression in all experimental groups. The immunofluorescent assay demonstrated a
positive reaction for antibodies to VEGF and FGF2 in transfected cells (Figure 2A).

Figure 2. Expression of recombinant angiogenic factors in transfected HEK293T cells. (A) Immunofluorescent analysis
of genetically modified HEK293T cells. Staining for VEGF (green) and FGF2 (red). Nuclei were counterstained using a
DAPI solution (4′,6-diamidino-2-phenylindole) (blue). Scale bar 100 μm. (B) mRNA expression of target genes (VEGF,
FGF2) in HEK293T cells transfected with plasmids pVax1-VEGF-FGF2-Dsred, pVax1-VEGF-Dsred, pVax1-FGF2-Dsred,
pVax1-Dsred. mRNA from cells was assayed by RT–PCR and quantified relative to 18S rRNA mRNA levels. mRNA
expression in non-transfected cells (NTC) was considered as control. Data presented as average ± s.e.; p < 0.05 * regarded as
statistical significant differences (n = 3; ** p < 0.01; **** p < 0.0001 compared with control; ns—non-significant).

3.3. Production of VEGF and FGF2 by Genetically Modified Cells

The efficiency of VEGF and FGF2 secretion ex vivo was confirmed using indirect ELISA
of cell lysates and supernatants collected from genetically modified cells. The ELISA results
revealed statistically significant upregulation of VEGF secretion in both the supernatants
and lysates of the cells modified with pVax1-VEGF-FGF2-DsRed (3629.68 ± 125.05 pg/mL).
Increased VEGF production was also registered in supernatants of the cells transfected
with pVax1-VEGF-DsRed (3530.00 ± 291.15 pg/mL) compared to non-transfected con-
trol (61.77 ± 3.03 pg/mL) (Figure 3A). Cells transfected with pVax1-VEGF-FGF2-DsRed
(1396.00 ± 29.06 pg/mL) and pVax1-FGF2-DsRed (1728.00 ± 85.18 pg/mL) produced
increased amounts of FGF2 compared to the cells modified with pVax1-VEGF-DsRed
(16.73 ± 6.09 pg/mL) and in comparison to pVax1-DsRed and naïve cells as well (Figure 3B).
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Figure 3. Analysis of VEGF and FGF2 concentrations in HEK293T cells transfected with obtained plasmid constructions.
A total of 2.5 × 105 were seeded per well in a 12-well plate, and transfections were conducted after letting the cells
adhere overnight. (A) VEGF concentration in supernatants and cell lysates of modified cells (pVax1-VEGF-FGF2-DsRed,
pVax1-VEGF-DsRed, pVax1- FGF2-DsRed, pVax1-DsRed) and non-transfected controls (NTC); (B) FGF2 concentration in
supernatants and cell lysates of modified cells (pVax1-VEGF-FGF2-DsRed, pVax1-VEGF-DsRed, pVax1- FGF2-DsRed, pVax1-
DsRed) and non-transfected controls (NTC). Data presented as average ± s.e. of three independent repeats in independent
samples, statistically significant differences * p < 0.05; ** p < 0.01; *** p < 0.0001, **** p < 0.0001; ns—non-significant.

3.4. Cytokine Profile Study of Genetically Modified Cells

The effect of the upregulated expression on cytokine pattern was investigated by
multiplex analysis of cell lysates and supernatants collected from genetically modified
cells. A total of 27 proteins were analyzed and the expression of 15 proteins was detected.
Non-transfected cells were shown to express soluble receptor (IL-1ra), pro-inflammatory
(IFN-γ, IL-6, IL-7, IL-12(p70),), anti-inflammatory cytokines (IL-8, IL-10), chemokines (IP-10,
MCP-1, RANTES), and growth factors (G-CSF, FGF2, GM-CSF, PDGF-bb, VEGF). Secretion
levels of several cytokines were insignificantly higher in modified cells. Notably, in cell
lysates and supernatants from pVax1-VEGF-FGF2-DsRed group, upregulated IL-1ra, IL-7,
IL-8, IL-12(p70), IL-6, IL-10, IFN-γ, IP-10, RANTES, MCP-1, and growth factors G-CSF, GM-
CSF, PDGF-bb were observed at levels 3–7 times higher compared to NTC. However, it was
statistically not significant (p > 0.05). Increased production of the aforementioned factors
was also observed in cells transfected with pVax1-VEGF-DsRed. Slight augmentation
of IL-6, IL-8, MCP-1, IFN-γ, and PDGF-bb were registered in cell lysates in the pVax1-
FGF2-DsRed group (p > 0.05). An expected augmentation of VEGF and FGF2 (p < 0.01)
was scored in pVax1-VEGF-DsRed, pVax1-FGF2-DsRed, and pVax1-VEGF-FGF2-DsRed
transfected cells (Figure 4) that coincided with the above-mentioned ELISA data (Figure 3).
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Figure 4. Protein array analysis of cytokine, chemokine, and growth factor in genetically modified
HEK293T cells (pg/mL). (A) Concentration of soluble molecules, secreted by transfected HEK293T
cells. (B) Concentrations produced from factors in lysates from transfected HEK293T cells. Analytes
was measured 48 h after cell transfection. Data presented as average (n = 4), asterisks (*) indicate
statistical significance compared with the control, as determined by one-way analysis of variance
(ANOVA) followed by a post-hoc Tukey test (** p < 0.01).

3.5. Effect of Increased VEGF and FGF2 Expression on Capillary-Like Structures Formation by
HUVEC In Vitro

To evaluate the proangiogenic potency of plasmid constructs and the synergetic ef-
fect of secreted VEGF and FGF2, HUVEC cells were cultured on a three-dimensional
Matrigel matrix supplemented with conditioned media from transfected cells (Figure 5).
Conditioned media collected from cells transfected with pVax1-VEGF-FGF2-DsRed pro-
voked the most significant stimulation on tube formation by HUVEC compared with cells
supplemented with media obtained from pVax1-VEGF-DsRed, pVax1-FGF2-DsRed, pVax1-
DsRed, and control HEK293T cells. Meanwhile, in the control groups (pVax1-DsRed and
NTC), a few cellular structures that were not connected were observed. In contrast, other
groups demonstrated a higher level of organization of capillary-like structures (tubule
area and total length) and a higher level of tubular organization (number of loops and
bifurcations). In the pVax1-VEGF-DsRed group the total length of formed tubes was less
(166640.30 ± 1297.53px) compared to pVax1-VEGF-FGF2-DsRed (21409.00 ± 2183.81px).
However, in the pVax1-FGF2-DsRed group (20150.30 ± 1289.05px), the total length of
the formed tubes was not significantly different from the pVax1-VEGF-FGF2-DsRed
group21409.00 ± 2183.81px) (Figure 5B). Similar results were obtained concerning the
number of branch points discovered; in the pVax1-VEGF-FGF2-DsRed (190 ± 28.86),
pVax1-VEGF-DsRed (139.00 ± 15.30), and pVax1-FGF2-DsRed (187.66 ± 16.259), the num-
bers were higher in comparison to the control groups pVax1-DsRed (86.66 ±15.45) and
NTC (70.00 ± 3.7) (Figure 5C). Thus, augmented expression of VEGF and FGF2 contributed
to the formation of a denser network of capillary structures compared to other groups, re-
sulting in increased amount of loops forms, with pVax1-VEGF-FGF2-DsRed (71.5 ± 11.61),
pVax1-VEGF-DsRed (44.25 ± 6.00), and pVax1-FGF2-DsRed (69.66 ± 11002) showing
higher numbers than control groups pVax1-DsRed (20.33 ± 7.12) and NTC (11.33 ± 2.18)
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(Figure 5D). In the pVax1-VEGF-FGF2-DsRed and pVax1-FGF2-DsRed groups, the percent-
age of cell coverage increased by 10% compared to control groups pVax1-DsRed and NTC.
This up-regulation was statistically significant and correlated with other indexes, including
the differential number of loops, branch points, and total tube length (Figure 5E).

Figure 5. Analysis of tube formation by human umbilical vein endothelial cells (HUVEC). A total of
1 × 104 HUVEC were seeded per well in a 96-well plate. HUVECs were cultivated with conditioned
media collected from HEK293T cells transfected with pVax1-VEGF-FGF2-DsRed, pVax1-VEGF-
DsRed, pVax1-FGF2-DsRed, pVax1-DsRed, and non-transfected control as well (NTC). ECGS—
complete medium containing 10% FBS and Endothelial Cell Growth Supplement (30 μg/mL).
Medium+ 10 FBS –medium containing 10% FBS without ECGS. (A) Brightfield microscopy im-
age, scale bar 200 μm. (B) Length of formed tubes (measured in px), (C) Number of branch points
formed, (D) Number of loops, (E) Area of cell coverage. Analysis was carried using Wimasis imaging
software package. Data presented as average ± s.e. * indicates statistically significant data relative to
control (n = 3; ** p < 0.01; *** p < 0.0001 ns—non-significant).

4. Discussion

We designed and tested multigene vectors encoding the FGF2, VEGF, and DsRed
genes, or combinations of these, combined through the picornoviral 2A-peptide sequences.
Our data demonstrated that the expression of mRNA and FGF2 and VEGF proteins in vitro
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was higher than that observed in the control groups (cells modified with the DsRed plasmid
and non-modified cells).

The selection of an appropriate vector system is believed to be one of the essential
aspects of developing gene therapy drugs. The vector pVax1 is a non-immunogenic opti-
mized expression system. The content of eukaryotic DNA sequences is critically reduced,
thus minimizing the vector’s chromosomal integration into the host cell genome. Besides
this, pVax1 has been approved by the American Food and Drug Administration (FDA) and
is currently used widely to develop DNA vaccines [64]. Considering the world’s current
situation due to the global spread of severe acute respiratory syndrome 2 (SARS-CoV-2),
DNA vaccine development remains an urgent issue [65]. In particular, multicistronic
recombinant constructs could be used for the simultaneous equimolar expression of several
immunogenic proteins of differing pathogens.

Gene co-expression systems make it feasible to increase the induction efficiency of
therapeutic angiogenesis due to the simultaneous delivery of several proangiogenic fac-
tors. Application of 2A-peptides may become a strategy employed to achieve stable gene
co-expression [66]. This approach is attractive in the expression systems’ design when
encoding combinations of therapeutic molecules in the same transcriptional unit and pro-
vides a large packaging capacity [67]. In addition, it has been tested in a wide range of
eukaryotic cells [68,69]. High transgene expression has been confirmed, as has good cleav-
age of synthesized recombinant proteins [50,68], and the absence of immune responses to
system components has also been verified [68]. The application of multicistronic expres-
sion systems will therefore simplify the development procedures needed for polygenic
constructs to achieve the simultaneous delivery of several therapeutic genes to a particular
cell [70,71]. In the current study, HEK293T cells were used as a model system to charac-
terize recombinant plasmids and evaluate the effect of over-expression of VEGF and/or
FGF2 on the secretion profile of genetically modified cells. The possibility of successful
modulation of the secretion profile of HEK293 by the action of various external factors has
been demonstrated previously. In particular, co-cultivation of HEK293 with mesenchymal
stem cells that expressed lipocalin 2 resulted in an increased expression of growth factors
HGF, IGF-1, and FGF2 by HEK293 cells [72]. Confirmed changes in the secretion of HEK293
IL-2, IL-4, IL-6, IL-8, IL-10, GM-CSF, IFN-γ, TNF-α due to the influence of bovine serum
albumin have also been published [73].

In our study, multiplex analysis of soluble factors in the supernatants and cell lysates
of HEK293T revealed augmentation of several cytokines, chemokines, and growth factors
in transfected cells. However, the differences found, except for VEGF and FGF2, were
not statistically significant. Therefore, we suggest that for a deeper understanding of the
functioning and effects of VEGF and FGF2 overexpression on the state of modified cells,
it is necessary to expand the range of analytes investigated, as well as to select cells that
have a pronounced autocrine and paracrine potential relating to the production of the
recombinant factors used. In our opinion, mesenchymal stem cells from various origins
could serve as appropriate candidates. In particular, we have previously demonstrated that
genetic modification and overexpression of proangiogenic factors by cells can modulate
the secretory profile of stem cells from human adipose tissue [74]. Shanshan Jin et al.,
previously reported that overexpression of FGF2 by human gingival mesenchymal stem
cells enhanced their secretion of VEGF and TNF-β [75]. Similar results were obtained
by Yukita et al., where recombinant FGF2 increased the expression of glial neurotrophic
growth factor (GDNF) by dental follicle cells [76]. We assume that such adaptations of the
secretome to overexpress angiogenic factors might further increase the transplanted cells’
therapeutic potential. The current assay has shown a high correlation between the various
techniques used to verify the created structures’ functionality. Using an in vitro model
of angiogenesis, we have shown that the conditioned medium collected from genetically
modified cells caused a stimulating effect on capillary formation by endothelial cells.
The presented data are consistent with our earlier obtained results studying two-cassette
plasmid vectors providing independent expression of two growth factors [43]. The results
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indicate that, in the studied model, FGF2 more effectively affects the formation of capillary-
like structures by human endothelial cells as compared to VEGF. The slight effect of secreted
VEGF on the formation of vascular-like structures in the present study is likely to be due to
the short exposure period. When using recombinant VEGF or VEGF expressing plasmid
constructs, several studies have demonstrated that significant induction of angiogenesis is
only observed 20–30 days after therapeutic exposure [77,78]. At the same time, significant
differences were not observed between the pVax1-VEGF-FGF2-DsRed and pVax1-FGF2
groups in the present study. We assume that the critical contribution to the formation
of vascular-like structures in vitro is mediated by FGF2 expression. These results are
consistent with previous reports showing that FGF2 induced the highest blood vessels
density in a mouse cornea model [79]. Cartland et al. have previously indicated that FGF2 is
more effective at stimulating angiogenesis in vitro and in vivo than VEGF and TRAIL [80].
This phenomenon may be because VEGF and FGF2 act on a wide range of receptors and,
accordingly, activate various signaling cascades and stages of angiogenesis [79–81].

It is worth emphasizing that pro-angiogenic factors are active even in picomolar con-
centrations and, as a consequence, a slight local increase in their concentration is sufficient
to achieve a therapeutic effect. Moreover, in different living species, presumably, since
trophic factors are evolutionarily conserved molecules, the same factors can activate similar
biological effects. In this regard, it is therefore no coincidence that human molecules, such
as growth factors, might be active in various model organisms. Moreover, codon opti-
mization is expected to preserve the biological potential of the synthesized molecules [82].
Simultaneously, alternative data are accumulating, and indicating the negative effect of
codon optimization on the translation and structure of the synthesized protein [83], which
introduces one more variable that must be taken into account when creating effective,
optimized gene therapy systems. Our results show that recombinant constructs expressing
different genes are putatively implementing discrete patterns of angiogenesis. Their efficacy
for therapeutic use in the induction of angiogenesis should be tested using in vivo models.

5. Conclusions

Our work has constructed and tested, in vitro, a multicistronic system that ensures
simultaneous efficient delivery of several therapeutic growth factor genes into cells. Data
on the functionality of the synthesized recombinant proteins as the part of the multicistronic
construct have also been obtained. We have demonstrated that the proangiogenic factors
synthesized in the secretome of genetically modified cells exhibit stimulating effects on
the formation of capillary-like structures by HUVEC in vitro. This approach can be used
to develop and test gene therapy protocols for various human diseases that require the
simultaneous expression of several transgenes to stimulate therapeutic angiogenesis and
other regenerative processes.
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Abstract: Plaque angiogenesis and plaque hemorrhage are major players in the destabilization
and rupture of atherosclerotic lesions. As these are dynamic processes, imaging of plaque angiogenesis,
especially the integrity or leakiness of angiogenic vessels, can be an extremely useful tool in the studies
on atherosclerosis pathophysiology. Visualizing plaque microvessels in 3D would enable us to study
the architecture and permeability of adventitial and intimal plaque microvessels in advanced
atherosclerotic lesions. We hypothesized that a comparison of the vascular permeability between
healthy continuous and fenestrated as well as diseased leaky microvessels, would allow us to evaluate
plaque microvessel leakiness. We developed and validated a two photon intravital microscopy
(2P-IVM) method to assess the leakiness of plaque microvessels in murine atherosclerosis-prone
ApoE3*Leiden vein grafts based on the quantification of fluorescent-dextrans extravasation in real-time.
We describe a novel 2P-IVM set up to study vessels in the neck region of living mice. We show that
microvessels in vein graft lesions are in their pathological state more permeable in comparison with
healthy continuous and fenestrated microvessels. This 2P-IVM method is a promising approach to
assess plaque angiogenesis and leakiness. Moreover, this method is an important advancement to
validate therapeutic angiogenic interventions in preclinical atherosclerosis models.

Keywords: angiogenesis; vessel maturity; vessel permeability; hemorrhage; atherosclerosis;
two-photon intravital microscopy

1. Introduction

Plaque angiogenesis and plaque hemorrhage are major players in the destabilization and rupture
of atherosclerotic lesions [1]. Plaque microvessels increase in numbers via angiogenesis during
vulnerable stages of the disease, and microvessels density has been associated with the onset of rupture
and clinical manifestations [2,3]. Plaque angiogenesis arises from reduced oxygen availability in
the plaque, caused by lesion growth and presence of metabolic active inflammatory cells. Triggered
by hypoxia, endothelial cells proliferate and migrate from the vasa vasorum to form microvessels to
overcome the oxygen demand in the lesion [1]. However, these plaque microvessels are characterized
by poor pericyte coverage, lack of cell junctions, and are highly susceptible to leakage of erythrocytes,
leucocytes, and plasma lipids, together described as intraplaque hemorrhage [4,5].

Healthy microvessels are present in most organs and tissues, have a well-organized architecture,
act as a protection barrier, and provide nutrients and oxygen by passive diffusion to their surroundings.
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The type of endothelial lining determines the permeability of the vessel. While in continuous
microvessels (abundantly found in the ear skin) the endothelial cell lining is uninterrupted, fenestrated
microvessels (found in secreting glands) have more pores to increase molecular diffusion of molecules
(up to 66 kDa) without compromising their barrier function [6,7]. Contrarily, microvessels in
atherosclerotic lesions in their pathological and immature state are thought to have a compromised
barrier function and are as such more permeable [4,8–11].

To date, clinical available imaging techniques to study plaque angiogenesis and subsequent
intraplaque hemorrhage, such as PET [12], CT [13], and MRI [14], do not have sufficient spatial
resolution to visualize cellular events or image the detailed microvessels network in small size animal
models. Two-photon intravital microscopy (2P-IVM), due to its high resolution, can overcome these
limitations, allowing detailed 3D reconstructions of plaque angiogenesis and real-time evaluation of
target dynamic processes, such as in vivo hemorrhage [7,15,16].

We hypothesized that permeability of healthy continuous and fenestrated microvessels in living
mice can be compared to plaque microvessel permeability to assess pathological leakiness. Permeability
can be evaluated by quantification of extravasation of 40 kDa-size dextrans [7,17]. It should leak from
all vessels [7,17], but is expected to leak more from fenestrated vessels than continuous, and more from
pathological vessels than healthy vessels. Moreover, it, is known that capillaries with poor pericytes
coverage in context of inflammation can be permeable to large dextrans up to 2000 kDa [17]. Therefore,
we also hypothesized that evaluation of 2000 kDa dextran extravasation in the same experimental
setting, might be relevant to further assess the pathological permeability.

In this study, we set up an advanced 2P-IVM method to visualize atherosclerotic vein graft (VG)
lesions in the neck region of living anesthetized mice. (Figure 1B). With this technique the architecture
of adventitial and intimal plaque microvessels in advanced atherosclerotic VG lesions can be visualized
(Figure 1C). This model was chosen since in mice, vasa vasorum angiogenesis only occurs at a very old
age and most spontaneous atherosclerotic lesions in mice do not show intraplaque angiogenesis [11].
We previously showed that hypercholesterolemic ApoE3*Leiden VG lesions, due to their lesion size
and state of hypoxia, present with vasa vasorum derived neovascularization, [8] with the unique
characteristic of leaky intimal microvessels and intraplaque hemorrhage [9]. Furthermore, we report
a 2P-IVM method to assess vessel permeability by quantification of 40 kDa and 2000 kDa-labeled
dextrans extravasation in healthy microvessels and plaque microvessels in real-time (Figure 1D,E).
We show that plaque microvessels are pathological more permeable in comparison with healthy
continuous and fenestrated microvessels, which advocates for their destabilizing role in plaque rupture.
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Figure 1. 2P-IVM pipeline to image plaque angiogenesis in advance atherosclerotic lesions and to
assess dextrans extravasation in continuous, fenestrated and plaque microvessels. (A) After 3 weeks of
hypercholesteremic diet, ApoE3*Leiden mice (n = 12) undergo VG surgery. Four weeks later, (B) mice
are prepared for IVM and plaque microvessels in the VG lesions, continuous microvessels in ear
skin, fenestrated microvessels in parotid glands are imaged by injection of 2000 kDa-FITC dextran
intravenously. (C) Areas of interest are evaluated by time-lapse Z-stack acquisition over 20 min.
(D,E) Injection of 40 kDa-TRITC 2000 kDa-FITC dextran solution is used to assess vessel permeability
by quantification of FICT and TRITC fluorescence extravascular intensities in Z-stack projections.

2. Results

2.1. Detection of Plaque Angiogenesis in ApoE3*Leiden Mice Vein Graft Lesions

Plaque angiogenesis was detected by 2P-IVM in advanced atherosclerotic lesions of
the ApoE3*Leiden mice VG model by injection of the plasma tracer 2000 kDa-FITC dextran as
depicted in Figure 1B,C. Here, we imaged for the first time the VG in the neck using high resolution
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intravital microscopy. We designed a circular metal frame was designed with a coverslip on top
connected to a pole by a stalk (Figure 1B,C). The frame could be fixed to the pole at varying heights by
a screw. The thin stalk enabled us to image the vessels at high resolution without putting too much
pressure on the sternum/chest region or throat.

Figure 2. Detection of plaque angiogenesis by 2P-IVM by injection of the plasma tracer 2000 kDa-FITC
dextran in atherosclerotic lesions in ApoE3*Leiden mice VGs. (A) 28 days after surgery, areas of interest
(white arrows: white thick regions, grey arrows: red thin regions) were imaged to study the architecture
of plaque microvessels. (B) Z-stack projection of plaque microvessels (white arrows: branching). See
also Video 1 (total Z-depth of 111 μm, 2 μm step); (C) Illustration of Z-stack acquisition in VG lesions
and representative Z-stack 3D projections of adventitial (white arrows) and intimal microvessels (grey
arrows) from one mouse at two different angles. See also video 2 for 360 view. Note that the large
adventitial microvessels are also extending in Z because they are curved around the vein. (D) Z-stack
projections from two mice with a Z-depth color code filter (white arrows: Adventitial microvessels;
grey arrows: Intimal microvessels). Due to the curved nature of the vein: (*) Intimal microvessel is
discriminated from adventitial microvessel based on its size, despite being located in a top Z layer;
(#) Adventitial microvessel is discriminated from an intimal microvessel based on its size, despite being
located in a deeper Z layer.
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Thick white fatty atherosclerotic regions were observed along the conduit (Figure 2A). Compared
to red thin lesion regions, these white regions show a prominent presence of microvessels. Therefore,
white fatty thick spots were chosen to image the architecture of plaque angiogenesis (Figure 2B). FITC
signal was homogenously distributed within the intravascular space of the microvessels with no signs
of blood flow obstructions. Branching features, characteristic of immature or angiogenic vessels [18]
were also observed (Figure 2B and Video 1). In video 1, a 111-μm deep z-stack projection of the image
of Figure 2B is shown. This video offers an in depth view of the plaque microvessels throughout
the adventitia, media, and intima.

Using 3D stack projections, vasa vasorum angiogenesis is observed throughout the lesion depth
(Figure 2C and Video 2). Vasa vasorum angiogenesis expands towards hypoxic plaque areas, (intima)
and these intimal microvessels were observed to be narrower than most preexisting adventitial vessels.
Bigger adventitial microvessels were usually detected at 50–100 μm depth and narrower intimal
microvessel structures, from >100 μm. Accordingly, size and depth were required to discriminate
adventitial microvessels from intimal microvessels.

To easily visualize this in a single image, Z depth color coding was used (Figure 2D). As an example
of the different variations seen in mice, two examples are given (mouse 1 and mouse 2). Here, vessels
which are located deep in Z (in the intimal layer) are differently colored from vessels located high in Z
(adventitial layer). Adventitial microvessels are shown in a blue to purple color gradient (Figure 2D, grey
arrows) while intimal microvessels are shown in a red to yellow color gradient (Figure 2D, white arrows).

Due to the curved nature of the vein graft, some microvessels not match the color-code (* and #).
Indeed, a thin vessel (*) is excluded as an adventitial microvessel based on its caliber, despite being
located in a top Z layer. In addition, a thick microvessel (#) is partially located in the deeper Z layers.
As can be appreciated in the 3D rendering (Figure 2C), the thick vessel is curved around the vein graft,
and therefore extending into the deeper Z layer, and should be excluded as an intimal microvessel.
As shown by the represented examples, vessel depth, microvessel caliber, and 3D rendering have to be
considered to distinguish adventitial and intimal microvessels.

2.2. Evaluation of Dextran in Microvessels

To determine the amplitude and speed at which dextrans become visible in the various microvessels,
we first injected mice with 2000 kDa-FITC to detect the microvessels and assess a region of interest,
and then injected mice with a mixture of 2000 kDa-FITC and 40 kDa-TRITC dextran during timelapse
imaging. We plotted the relative fluorescence intensity (RFI, normalized to t6) of 2000 kDa-FITC
and 40 kDa-TRITC dextran over time for continuous (Figure 3A), fenestrated (Figure 3B), and plaque
microvessels (Figure 3C).

Residual 2000 kDa-FITC fluorescence from the first injection (t ≤ 5) was observed in all groups
(Figure 3A–C). As shown in Figure 2D, residual FITC RFI at t5 is similar between the groups (Figure 3D).

As expected, after injection of 2000 kDa-FICT and 40 kDa-TRITC dextrans at t5, intravascular
FITC RFI increases significantly until t6 in all groups, as demonstrated in Figure 3D (continuous
microvessels: p < 0.0001, fenestrated microvessels: p = 0.0007, plaque microvessels: p = 0.0106). TRITC
RFI increased even more than FITC RFI, as depicted in Figure 3E, most likely due to the residual FITC
from the first injection (continuous microvessels: p < 0.0001, fenestrated microvessels: p < 0.0001,
plaque microvessels: p < 0.0001).

During the next 24 image recordings, intravascular FITC and TRITC signal remained stable (~1)
in all groups (Figure 3A–C). As shown in Figure 3D,E, FITC and TRITC RFI between t6 and t30 did not
differ between continuous, fenestrated and plaque microvessels. Representative sequences of FITC
and TRITC fluorescence intensities in continuous, fenestrated and plaque microvessels, observed in
real-time, at t5 and t6, are shown in Figure 3F.

Thus, tail vein-injected dextrans appear quickly and with the same dynamics in the various
microvessels, and remain so in similar concentration throughout the course of imaging.
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Figure 3. Evaluation of time-lapse imaging of 2000 kDa-FITC and 40 kDa-TRITC RFI inside
the microvessel structures of (A) continuous, (B) fenestrated and (C) plaque microvessels.
(D,E) Quantification of FITC and TRITC intravascular RFI at time-lapse 5, 6 and 30. (F) Representative
max-projection of FITC and TRITC signal in continuous, fenestrated and plaque microvessels at t5
and t6. Data presented as mean ± SD. * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001 by 1-way-ANOVA.

2.3. Evaluation of Dextran Extravasation into the Extravascular Space

Next, we determined if it was possible to visualize dextran extravasation from the vasculature.
In the same time-lapse movies as used for Figure 3, we measured the extravascular RFI (normalized to
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t6) for 2000 kDa-FITC and 40 kDa-TRITC dextran for continuous (Figure 4A), fenestrated (Figure 4B),
and plaque (Figure 4C) microvessels.

Figure 4. Evaluation of time-lapse imaging of 2000 kDa-FITC and 40 kDa-TRITC RFI outside
the microvessel structures of (A) continuous, (B) fenestrated and (C) plaque microvessels.
(D,E) Quantification of FITC and TRITC extravascular RFI at time-lapse 5, 6 and 30. (F) Representative
max-projection of FITC and TRITC signal in continuous, fenestrated and plaque microvessels at t6
and t30. Data presented as mean ± SD. * p ≤ 0.05, ** p ≤ 0.001, *** p ≤ 0.001, **** p ≤ 0.0001 by
1-way-ANOVA; Green star (* p ≤ 0.05): FITC RFI at t5 between continuous and plaque microvessels.
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Residual fluorescence from the 2000 kDa-FITC first injection (t ≤ 5) was detected in all groups
in the extravascular space as shown in Figure 4A–C. FITC RFI at t5 is different between continuous
and plaque microvessels groups (0.652 ± 0.14 vs. 0.973 ± 0.14, p = 0.0274, Figure 4D, green star).

After injection of 2000 kDa-FICT and 40 kDa-TRITC dextrans at t5, TRITC extravascular RFI
increases significantly between t5 and t6 in all groups, as shown in Figure 3E (p < 0.001). However,
FITC extravascular RFI (Figure 3D) varies between the groups. While it significantly increases between
t5 and t6 in continuous microvessels (p = 0.0274), no differences are observed between t5 and t6 (~1) in
plaque microvessels (Figure 4C,D).

In the next 24 image recordings, TRITC extravascular RFI increases in all microvessels, as shown
in Figure 4A–C. In contrast, FITC extravascular RFI between t6 and t30 does not differ in continuous
and fenestrated microvessels, (Figure 3D). However, in plaque microvessels, a trend towards an increase
in FITC extravascular RFI is detected at t30 compared to t6, (p = 0.0827, Figure 4D).

Importantly, the mean TRITC extravascular RFI at t30 is 1.63 ± 0.29, 63% higher in comparison to
t6 (p = 0.01) in the continuous microvessels group (Figure 4E). In fenestrated microvessels, TRITC RFI
mean at t30 is 2.58 ± 0.21, 158% higher compared to t6 (p < 0.0001, Figure 4E). In plaque microvessels,
TRITC mean intensity is 6.64 ± 1.27, 564% higher compared to t6 (p = 0.0003, Figure 4E). Representative
sequences of FITC and TRITC signal in continuous, fenestrated and plaque microvessels, observed in
real-time at t0, t6 and t30 are shown in Figure 4F.

Overall, 40 kDa dextran extravasates more than 2000 kDa dextran. 40 kDa dextran continues to
extravasate over time, whereas 2000 kDa dextran shows an initial peak in extravasation and then stops.

2.4. Comparison Dextrans Extravasation in Continuous, Fenestrated and Plaque Microvessels

To better understand 2000 kDa and 40 kDa dextran extravasation differences between continuous,
fenestrated and plaque microvessels, we compared FITC or TRITC fluorescence intensities outside
the vessel structures (Figure 5).

FITC extravascular fluorescence intensities show small and non-significant increases over time in
all groups as depicted in Figure 5A. Extravasation of 2000 kDa-FITC dextran is comparable between
the groups at t18, t24, and t30 as demonstrated in Figure 5B.

The 40 kDa dextran profile displays, strong changes in TRITC extravascular RFI between the groups,
which increases in time (Figure 5C). After t6, TRITC intensity increases differently between groups.
While in continuous microvessels, TRITC signal increases, reaching a stable value of 1.30 ± 0.10,
at t8, in the fenestrated microvessels group, TRITC signal at t8 is already 1.60 ± 0.23 and stabilizes
at t18 (2.38 ± 0.19). In plaque microvessels, TRITC RFI raises continuously, with 1.98 ± 0.53 at t8
and 5.03 ± 1.13 at t18. As shown in Figure 5D, extravasation of 40 kDa TRITC-dextran in the plaque
microvessels was 3.4-fold higher (p = 0.0016) in comparison to continuous microvessels, and 1.8-fold
higher (p = 0.0072) in comparison to fenestrated capillaries at t18.

At the end of the observation period (t30), TRITC RFI was 1.60 ± 0.29 in continuous microvessels,
2.58 ± 0.11 in fenestrated microvessels and 6.42 ± 1.27 in plaque microvessels (n = 3). Extravasation
of 40 kDa TRITC-dextran in plaque microvessels was four-fold higher (p = 0.0006) compared to
continuous microvessels and 2.5-fold higher (p = 0.0020) compared to fenestrated capillaries. Thus,
continuous, fenestrated, and plaque microvessels are all permeable to 40 kDa size-dextrans but
follow different and vessel specific extravasation curves. Importantly, plaque microvessels show
the largest permeability.
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Figure 5. Evaluation of 2000 kDa-FITC and 40 kDa-TRITC dextrans extravasation in continuous,
fenestrated and plaque microvessels. Time dependent evolution of (A) FITC and (C) TRITC extravascular
RFI between groups. Comparison of (B) 2000 kDa and (D) 40 kDa extravasation at different timepoint
between groups. Data presented as mean ± SD (SD is expressed as a green (A) or red (C) cloud).
** p ≤ 0.001, *** p ≤ 0.001, by 1-way-ANOVA.

3. Discussion

In this study, we used 2P-IVM to visualize adventitial and intimal plaque microvessels in advanced
atherosclerotic lesions in ApoE3*Leiden VGs. In this model, a non-diseased caval vein from a donor
mouse is used as an interposition in the carotid artery of a hypercholesterolemic ApoE3*Leiden mouse,
within 28 day an atherosclerotic lesion forms with adventitial and intimal plaque microvessels with
various forms of maturity [8,9]. We report a 2P-IVM method to evaluate plaque microvessels leakiness
in vivo, by comparing the extravasation of 40 kDa dextran in healthy, continuous, and fenestrated, as
well as diseased, plaque microvessels. We demonstrated in real-time, that microvessels in advanced
atherosclerotic lesions in VGs are pathologically permeable.

By injecting 2000 kDa-FITC dextrans, we were able to observe in vivo microvessels networks
throughout the adventitia, media and extending into the intimal layer of the VG lesion. Larger
vessels were detected in the adventitia layer, while more narrow vessel structures were detected
further deep in the plaque. We here confirm in vivo the abundant presence of intimal microvessels
in advance atherosclerotic lesions in the ApoE3*Leiden VG model that was previously shown with
histology [8,9]. This is a rare feature seldomly seen in other atherosclerotic mouse models [19,20].
These microvessel networks are characterized by typical vessel features of ongoing angiogenesis, as
observed by the irregular microvessel architecture with accentuated turns and branching. Moreover,
using 3D and color-depth Z-Stack projections, we demonstrate how vasa vasorum angiogenesis evolves
throughout the lesion including the intima.
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Fenestrated microvessels (observed in salivary glands) are more permeable than continuous
microvessels (located in the ears) due to their increased number of pores, which drives faster molecule
diffusion [6,7]. Accordingly, we observed that continuous and fenestrated microvessels follow different
40 kDa dextran extravasation signatures. While in continuous microvessels, extravasation of 40 kDa
dextran reached a stable value rapidly in the observation period, extravasation of the 40 kDa dextran
in fenestrated microvessels took more time and was more extensive.

Healthy microvessels have a well-organized architecture that acts as a protection barrier but
which does let molecules such as nutrients cross. Plaque microvessels, in contrast, have a disorganized
structure with a lack of proper pericyte coverage, diminished VE-cadherins junctions, heterogeneous
basement membrane and show an unbalance in angiopoietin 1 and 2 expression [9]. This unbalanced
architecture leads to dysfunctionality as shown by their co-localization with extravasated erythrocytes
and inflammatory cells, in part explained by the increased expression of VCAM-1 and ICAM-1,
as previously described by histological analysis [8,9]. By comparing 40 kDa extravasation patterns in
healthy microvessels with the plaque microvessels, we demonstrate in real-time, that microvessels in
advanced atherosclerotic lesions are pathological permeable. Their 40 kDa-FITC extravasation curves
of the plaque microvessels were clearly different and at the end of the observation period, extravascular
40 kDa dextran was four-fold higher compared to continuous microvessels and 2.5-fold higher
compared to fenestrated microvessels. This increased permeability can contribute to the extravasation
of erythrocytes and leukocytes which drive plaque instability [4].

In the 2000 kDa dextran extravasation patterns in continuous, fenestrated, and plaque microvessels
FITC extravascular RFI between t6 and t30 showed a trend towards an increase in the plaque
microvessels. FITC extravascular RFI at t30 was similar between the groups. The reason why we were
not able to detect different FITC extravascular RFI at t30 might be related to the immature nature of
the plaque microvessels. Recent studies have shown that microvessels with an immature structure
drive macromolecules accumulation by the enhanced permeability and retention (EPR) effect [21,22].

In this study, we used two injections of 2000 kDa dextran with the same fluorescent dye (FITC),
with the first to visualize blood flow and the second to quantify vessel permeability. After the second
injection, FITC intravascular RFI increased significantly between t5 and t6, in all groups. However,
FITC extravascular RFI between t5 and t6, only increased significantly in continuous microvessels
and did not differ in plaque microvessels. Moreover, when we compared FITC extravascular residual
fluorescence (from the first injection) at t5 between groups, it was significantly higher in plaque
microvessels compared to continuous microvessels.

Therefore, it is possible that 2000 kDa dextran (from the first injection) accumulates in
the extravascular space of plaque microvessels due to the EPR effect, thereby decreasing signal
differences during quantification of 2000 kDa extravasation in the second injection. In future approaches
that aim to quantify extravasation patterns of macromolecules (such as 2000 kDa dextrans) other
methods (e.g., dextrans with differently colored dyes) to detect blood flow should be considered.

Nevertheless, this 2P-IVM imaging methodology allows direct imaging of adventitial and intimal
microvessels but also the quantification of the permeability of the microvessels by 40 kDa extravasation
in a more realistic test environment compared to post-mortem tissue. Moreover, this technique could
be easily adapted to further investigated the dynamics of intraplaque angiogenesis and intraplaque
hemorrhage. By injecting fluorescent-labelled cells (such as erythrocytes or inflammatory cells),
their extravasation, transmigration, and interaction with the endothelium could easily be monitored
and quantified in vivo. Therefore, this 2P-IVM method is a promising approach to validate therapeutic
angiogenic interventions targeting advance atherosclerosis in preclinical models in real-time.
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4. Materials and Methods

4.1. Animals

All experiments were carried out with approval of the Animal Welfare Committee of the Leiden
Medical University Center (28 March 2018; approval number 116002106645-18-096) and in compliance
the Directive 2010/63/EU of the European Parliament. Male ApoE3*Leiden mice (n = 12), 10–16 weeks
old, were fed with a high-cholesterol inducing diet (2.5% cholesterol and 0.05% cholate w/w, AB diets,
Woerden, The Netherlands) during all the experiment. Mice were housed under standard laboratory
conditions and received food and water ad libitum.

4.2. Vein Graft Surgery

VG surgery consists of the interposition of the caval vein from a donor mouse in the carotid
artery of a recipient mouse, as described before [8]. In brief, the recipient mouse was fixed in a supine
position, and an incision was made in the neck. The parotid glands were put aside exposing the right
carotid artery. Next, the carotid artery was ligated and cut in middle, a cuffwas placed at both ends
of the arterial segments. Subsequently, the ends were everted over the cuffs and ligated. The vena
cava was harvested from the donor mouse and positioned between the carotid artery by sleeving it
over the cuffs and tightened with 8/0 sutures. Pulsatile flow through the venous conduit confirms
a successful procedure. Finally, the parotid gland is put back in position and the skin is sutured. Within
28 days after the surgery, the VG lesions develop from a few cell layers at the start of the engraftment,
to a massive thickened vessel wall [23].

Mice were anesthetized (intraperitoneally) with 5 mg/kg of midazolam (Roche Diagnostics, Basel,
Switzerland), 0.5 mg/kg of dexmedetomidine (Orion Corporation, Espoo, Finland) and 0.05 mg/kg of
fentanyl (Janssen Pharmaceutical, Beerse, Belgium). After the surgery, the anesthesia was antagonized
with 2.5 mg/kg of atipamezole (Orion Corporation,) and 0.5 mg/kg of flumazenil (0.5 mg/kg, Fresenius
Kabi, Bad Homburg vor der Höhe, Germany). Then, 0.1 mg/kg of buprenorphine (MSD Animal Health,
Boxmeer, The Netherlands) was given for pain relief.

4.3. Two-Photon Intravital Microscopy

Four weeks after the surgery (Figure 1A), mice (n = 12) were anesthetized and prepared for
intravital imaging on a Zeiss LSM 710 NLO upright multiphoton microscope equipped with a Mai Tai
Deep See multiphoton laser (690–1040 nm).

Neck and ear regions were shaved, and a catheter was placed in the tail vein for intravenous
injections. To image fenestrated microvessels (in the parotid glands) and plaque microvessels
(in the VGs), mice were placed in a supine position on an inset located under the microscope (Figure 1B).
Parotid glands were extracorporated, and VGs were carefully exposed from the surrounding connective
tissue. To image continuous microvessels (in the ear skin), mice were placed in prone position on
the inset (Figure 1B). In both positions, temperature was controlled and breathing was monitored.
On top of the target tissue, a metal frame was placed. This metal frame was specially designed to allow
the use of a water immersion objective (W Plan Apochromat 20×/1.0 DIC M27 75 mm objective) in
the different tissues of the mouse body (Figure 1B).

To select areas of interest in the different microvessels types (continuous, fenestrated and plaque),
mice were injected with 50 μL of 100 mg/mL FITC-conjugated 2000 kDa dextran (a blood tracer),
via the vein catheter (Figure 1B). These areas were imaged by cycles of time-lapse Z-stacks (40 s
each) over 20 min by multiphoton excitation at 488 nm (FITC) and 555 nm (TRITC). Emission was
collected by two LSM PMTs at 500–558 nm (FITC) and 578–700 nm (TRITC). At the 5th frame of
the time-lapse (t5) a mixture of 100 μL of a 100 mg/mL 40 kDa Dextran-TRITC (42874, Sigma-Aldrich,
Zwijndrecht, The Netherlands) and 2000 kDa Dextran-FITC (FD2000S, Sigma-Aldrich, Zwijndrecht,
The Netherlands) solution was injected to assess vessel permeability in real-time in all the groups
(Figure 1C).
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To study plaque angiogenesis in particular, a separate group of three mice was used to study
the architecture of intimal and adventitial microvessels. Then, 50–150 μm depth Z-stacks were acquired
by multiphoton excitation at 488 nm, after injection of 50 μL 100 mg/mL FITC-conjugated 2000 kDa
dextran, via the tail vein catheter. Directly after imaging, all mice were euthanized by exsanguination.

4.4. Data Analysis

4.4.1. Quantification of FITC and TRITC Fluorescence Integrated Density Inside and Outside
the Vessel Structures

To quantify FITC and TRITC fluorescence integrated density inside and outside the vessel
structures, we converted 2P-IVM time-lapse acquisition files in maximal intensity Z-stack projections
(RBG). Based on the literature, 2000 kDa-size dextrans are less prone to extravasate in microvascular
structures due to their big size [17]. Therefore, we used the FITC channel to apply a tight automatic
threshold and define vessel structures surface, denominated as Vessel Mask. Vessel Mask comprises
all pixels inside the vessel value as 1 (defined by the automatic threshold) and all the pixels outside
the vessel value as 0, at all the timelapsess. The Outside Mask was created via inversion. Both Vessel
Mask and Outside Mask were then multiplied by the FITC and TRITC channel, generating four
additional files: FITC pixels inside the vessel, FITC pixels outside the vessel, TRITC pixels inside
the vessel, TRITC pixels outside the vessel.

For the all the six files, relative fluorescence intensity (RFI) was calculated by RawIntegrated
density function. Since the area between intravascular and extravascular space are different between
mice and organs, FITC and TRITC integrated densities were divided by the number of pixels of
theVessel Mask or Outside Mask. Subsequently, FITC and TRITC fluorescence integrated densities
reflect all the pixel intensities inside or outside the vessel structures. Since 40 kD and 2000 kDa dextran
injection was detected intravitally at the 6th frame of the time-lapse (t6), FITC and TRITC fluorescence
integrated intensities, intra and extravascular, were normalized to t6 values, and plotted in XY graphs.

4.4.2. Video Processing of FITC and TRITC Fluorescence Time-Lapse Series Acquired by 2P-IVM

To evaluate 40 kDa and 2000 kDa dextran extravasation patterns, we generated video time-lapse
series of maximal FITC and TRITC fluorescence Z-stack projections. 2000 kDa dextran is visualized in
the green channel and 40 kDa dextran is visualized in the red channel.

Plaque microvessels in advanced atherosclerotic VG lesions were processed by maximal FITC
fluorescence Z-stack projections. Moreover, we generated 3D stack projections using Imaris 3D
rendering software (Imaris, Zurich, Switzerland). In both renderings 2000 kDa-FITC dextran is
visualized in the green channel.

To distinguish between adventitial and intimal microvessels, we used the temporal color-coding
plugin in ImageJ FIJI that used a color LUT based on Z-depth and projects this in a maximum
projection image.

4.5. Statistical Analysis

Results are shown as mean ± standard deviation error (SD). One-way ANOVA was used to
compare differences between groups. Differences were considered significant when p *≤ 0.05, p **≤ 0.01,
p *** ≤ 0.001 or p **** ≤ 0.001.
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