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Personnel costs and indirect costs were not budgeted, as 
considered part of the in-kind contributions of the three 
partners.

Six teams were formed by the organizers, balancing 
multidisciplinary, seniority, and fitting the purpose of 
addressing the six above-mentioned challenge topics. We 
hereby provide a more detailed description of the six to-
pics, along with some early evidence of the team’s opera-
tion and work in progress.

Topic 1: Design of new conformable geometries for 
stent-grafts. Current stents and prostheses often fail to 
conform adequately to patients’ anatomy, leading to 
potential complications such as type 1 endoleaks and 
migration. Lack of optimal proximal and distal sealing 
on artery walls might contribute to long-term issues that 
require reinterventions. The objective of this challenge 
was to conceive a new stent-graft design that enhances 
overall prosthetic conformability, particularly in terms 
of high radial force and minimal axial movement, while 
ensuring optimal interaction with the artery wall. One 
promising approach involves integrating an active seal 
within the tissue to enhance adherence. This innova-
tion aims to improve patient outcomes and reduce the 
need for long-term reinterventions. The team focused on 
CAD (Computer-Aided Design) design and prototyping 
(with additive manufacturing techniques) of a new fixa-
tion and sealing mechanism for an abdominal stent.

Topic 2: Use of biocompatible functional materials 
to prevent type II endoleak. Type II endoleak remains a 
challenging complication after EVAR. Current solutions, 
including embolization and specialized prosthetics, are 
limited by efficacy and practicality. This challenge aimed 
to explore the use of biocompatible functional materials 
to prevent type II endoleak. Various options have been 
considered by the team, including hydrogels, polymers, 
and coil-shaped peptides. Specific focus has been driven 
in developing a concept of a self-expanding and biode-
gradable barbed filament. An alternative option under 
scrutiny is a novel degradable and biocompatible solu-
tion in the form of millimetric beads to be inserted in the 

aneurysmal sac. Both the solutions under consideration 
are non-permanent, to enable the shrinkage of the sac, 
and radiopaque, to permit the visualization upon medi-
cal imaging, two characteristics non-available simultane-
ously in the devices currently on the market.

Topic 3: New concept of robots for vascular surgery. 
This challenge addressed the need for remote-operated 
robots in vascular surgery, aiming at simplifying stent-
graft deployment and minimizing surgeons’ exposure to 
radiation. The challenge involves adapting microsurgery 
robots or those used in other surgical contexts to vascular 
surgery. The proposed solution is a robot concept that 
seeks to replicate surgeons’ movements to allow a remote 
insertion of a catheter and a guide wire. The provision of 
accurate and instant haptic feedback appears to be the 
main challenge to engineer the conceived system. Future 
steps include prototyping and testing within simulated 
and 3D-printed aortic structures. 

Topic 4: Artificial intelligence solutions to support 
procedure planning. This challenge aimed to develop an 
AI-based software capable of assisting a surgeon while 
planning an EVAR. This software is supposed to extract 
the morphological features of different aortic segments 
from CT scans and based on those, provide the surgeon 
with the best stent-graft-IFU matches. This would im-
prove time efficiency and augment the successful treat-
ment rate. The team has been working on teaching the 
model to segment the aorta based on CT scans provided 
by 3 independent medical centers. 

Topic 5: TC-ultrasound data fusion. This challenge 
explored the feasibility of replacing CT scans with ul-
trasound imaging for follow-up after EVAR. The task 
involved developing a method to fuse ultrasound images 
with pre-existing CT data, enhancing the evaluation of 
surgical outcomes and minimizing radiation exposure. 
This promises more accuracy and less invasiveness, but 
also would represents an advantage for radiologists and 
surgeons, as healthcare professionals can achieve a com-
prehensive view, facilitating precise diagnosis and moni-
toring. 

FIGURE 5.2.1  Participants of 
the Meditech Challenge at the 
final event, showcasing inno-
vation and collaboration in 
healthcare technology.
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Topic 6: Hemodynamic computational models for 
vascular surgery. Elevated pulse-wave velocity (PWV) 
indicates increased arterial stiffness and is associated with 
adverse cardiovascular outcomes. Previous studies indi-
cate that the deployment of stent grafts might increase 
such cardiovascular risk markers. This challenge propo-
sed to employ computational wave propagation models 
as a virtual lab to quantify the impact of EVAR on aortic 
stiffness. This approach aims to identify graft properties 
that reduce cardiovascular risk indicators, potentially 
informing prosthesis design. Furthermore, the team has 
assessed the detectability of endoleaks in peripheral si-
tes using non-invasive signals, such as wearable-acquired 
PPG. 

At the time this chapter is being written the initiative 
is still ongoing; although at this stage we cannot evalua-
te the overall results and the capability of the initiative 
to reach its strategic goals, by reflecting on the ongoing 
experience we can already draw some preliminary obser-
vation that are worth sharing.

First, the multidisciplinary profile of the teams - con-
necting resident doctors with PhD and MSc students 
from engineering, mathematics, physics, economics, and 
management disciplines - has been proving successful. 
We have collected numerous positive informal feedback 
from both residents and university students about the 
mutual benefits related to the exchange of knowledge 
taking place between the two types of solvers at a team 
level. Of course, many concepts taken for granted by 
one of the parties (especially medical concepts, such 
as “endoleak”, or “EVAR”) were obscure for the other; 
for that reason, organizers instructed teams to allocate 
enough time during the initial meetings to build a com-
mon ground of understanding on basic concepts. Also, 
an ice-breaking and team building session was organized 
online before the kickoff meeting, which allowed parti-
cipants to get acquainted with each other. Face-to-face 
networking sessions and meetings were also organized in 
the first period.

Second, it proved crucial to provide teams with 
methodological training and support on the innovation 
management approaches illustrated in section 2. Overall, 
teams were equipped with a process-model blueprint to 
follow to get from the assigned problem to a solution 
(upfront online training was provided to all participan-
ts before the kickoff meeting). Furthermore, it is worth 
noting that teams’ operations were closely monitored by 
organizers, who have set up progress report meetings and 
support and troubleshooting sessions over the course of 
the four months. For similar purposes, an in-situ interim 
meeting was organized halfway through the duration of 
the Challenge where teams were asked to present on-
going results: this had the effect of creating peer pressure 
and mutual expectations with the results. Overall, it is 
worth noting that the whole process must be methodo-
logically informed and closely supported during its im-
plementation in order to avoid unclarity and roadblocks, 
which proven to be considerably time consuming and 

requiring specific innovation management and knowled-
ge and technology transfer expertise.

Finally, the involvement of companies must be ca-
refully planned, especially in case organizers have is an 
explicit will to pursue actual product innovation - besides 
the educational goals of the initiative. Indeed, compa-
nies may be genuinely interested in funding further work 
and, in perspective, acquiring the IP resulting from the 
Challenge. Under this light, it is be beneficial to involve 
companies’ representatives during the Challenge, for in-
stance allowing them to provide early feedback to teams, 
therefore ensuring that devised solutions are aligned with 
state of the art of R&D and market needs. However, Me-
dTech companies have very strict policies with regards to 
engagement with public entities (including universities, 
not only clinical structures) which may hinder their ca-
pability to take an active part in the process.

In conclusion, despite the many merits, teams recogni-
zed that the application of these approaches in medicine, 
and particularly in vascular surgery, may face some limi-
tations. First, vascular surgery heavily relies on advanced 
imaging modalities and specialized equipment, which 
innovation can be resource-consuming, posing logistical 
hurdles. Secondly, prioritizing product or technology-re-
lated research and innovation it might fail to capture the 
full complexity of vascular pathology and patient care 
dynamics in real-world clinical scenarios (patient-physi-
cian interaction, diagnosis uncertainties, intraoperative 
and postoperative complications, procedural errors, and 
adverse patient outcomes). While fostering innovation 
and experimentation, patient safety, and minimize the 
risk of harm should be prioritized. Additionally, despi-
te promoting education and innovation, this approach 
may struggle to fit in with the time-intensive nature of 
vascular surgery training and daily practice. Lastly, sin-
ce communication is crucial for effective collaboration, 
the diverse educational backgrounds and expertise of the 
people involved can hinder effective interaction and the 
development of products or solutions.

CONCLUSIONS 
The Meditech Challenge - Vascular Surgery is an expe-
rimental professional education and open innovation 
initiative that has been lunched in the Trentino pro-
vince (Italy) in 2024 with the scope of fostering mul-
tidisciplinary exchange and open innovation between 
resident vascular surgeons and university and PhD stu-
dents with a technological and scientific background. 
The launch of the Challenge was made possible by a 
partnership between the regional public health agency 
(APSS), the local university (University of Trento), and 
the regional hub for innovation (Fondazione Hub In-
novazione Trentino).

The outcomes of the first edition of the Challenge 
will be evaluated during 2024: this will allow to extract 
evidence of its effectiveness, as well as additional scien-
tific and managerial insights and implications for practi-

LANZA.indd   148LANZA.indd   148 13/09/24   13:5013/09/24   13:50



149

Bioengineering, biomaterials and cell-therapies 5

tioners possibly interested in replicating the format el-
sewhere.

From the ongoing experience we can already draw 
some encouraging – though preliminary – evidence: or-
ganizers were able to rollout the initiative following the 
plan and regulations (call for selection), respecting the 
devised timeline and involving a viable number of par-
ticipants (residents, university students, senior surgeons 
and technology experts, sponsoring companies). Opera-
tions followed the plan, and the teams went through all 
the planned activities, and managed to send a report with 
the description of the solutions, to be evaluated by a jury, 
and presented during a final event.

Despite the disparities between research in the tech 
realm and medical research, these preliminary findings 
hint at the remarkable potential for these approaches to 
revolutionize vascular surgery in the near future.
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5.3 ACTUAL STATE AND 
PROMISES OF REGENERATIVE 
MEDICINE IN VASCULAR AND 
ENDOVASCULAR SURGERY
Eugenio Caradonna, Flavio Peinetti, Francesco 
Setacci, Fulvio Ferrara, Carlo Setacci

INTRODUCTION
Peripheral artery disease (PAD)represents the set of seve-
ral occlusive arterial syndromes that range from asymp-
tomatic clinical pictures to dramatic disease requiring 
amputation. This spectrum becomes more progressive 
and symptomatic with time, often transforming into 
chronic limb threatening ischemia (CLTI).

Patients with CLTI experience a rapid functional im-
pairment, that affects dramatically the quality of life and 
social lifestyle.

The goals and pillars of CLTI therapy are:
a. medical treatment: pain control, reduction of major 

adverse cardiovascular events and improvement in 
quality of life.

b. interventional treatment: limb salvage, wound hea-
ling, maintenance of ambulatory status (fostering in-
dependence and psychological well-being).

c. surveillance: close follow-up and monitoring after de-
livery of treatment and even after healing.
Treatment efforts employing medical, endovascular, 

and surgical techniques have focused largely on reestabli-
shing blood perfusion to distal blood vessels and risk fac-
tors modification to relieve pain, heal ulcers and preserve 
limbs.

OVERVIEW ON REGENERATIVE MEDICINE 
AND HOW IT CAN TRANSFORM VASCULAR 
SURGERY
Many patients with CLTI are not suitable for revascu-
larization based on their vessel anatomy, or because the 
procedure is often unsuccessful due to graft failure and/
or stent thrombosis or restenosis. Currently there is no 
specific medical treatment directed at improving blood 
flow distal to vessel occlusion. To address this relative 
lack of specific medical therapy, current investigational 
approaches involve promotion of therapeutic angiogene-
sis in the limb, distally to the occlusion site.

In this context, a formidable aid to Vascular Surgery 
comes from regenerative medicine.

The process of neovascularization can involve some or 
all the process of angiogenesis, arteriogenesis and vascu-
logenesis. Angiogenesis means growth of new capillaries 
from pre-existing blood vessels induced by the prolifera-
tion, differentiation, and migration of endothelial cells in 
response to stimuli such as hypoxia, ischemia, mechanical 
stretch, and inflammation. This process is regulated by a 

complex interaction of pro and antiangiogenic growth 
factors, local tissue environment and genetic factors. 
Harnessing this physiological process using pharmacolo-
gical and/or genetic modulation to enhance formation of 
new blood vessels distal to an arterial occlusion is known 
as therapeutic angiogenesis.

The clinical approach of CLTI has recently moved 
from surgical to endovascular repair.

In particular, since diabetic foot shows a large invol-
vement of below-the-knee (BTK) and below-the-ankle 
(BTA) arteries, the peripheral endoluminal approach 
(PTA) has become the first choice in diabetic patients, 
even considering cardiovascular and renal typical comor-
bidities. Despite the high success of PTA, clinical reste-
nosis still represents a huge problem reaching around 
70% at one year follow-up. Of note, the risk for major 
amputation is correlated with the involvement of BTA 
arteries in CLTI patients with foot gangrene. In addition, 
although early revascularization procedures of diabetic 
foot ulcers can lead to a high rate of limb salvage, ne-
vertheless several PTA fails, and the obstructive patterns 
are considered as NO-OPTION CLTI representing 
approximately 25% of patients. The high risk of PTA 
failure in NO-CLTI patients is mainly due to very di-
stal BTK disease with involvement of pedal and plantar 
arteries. This clinical condition is a predictor of non-he-
aling ulcers this, failure of surgical approaches, with a fi-
nal tremendous risk of major amputation. Thus, this still 
unmet clinical need provides the rationale for exploring 
advanced alternative therapies against limb ischemia.

CELL-BASED THERAPIES FOR VASCULAR 
DISEASES
The field of cell-based therapies is assuming an impor-
tant role within various vascular diseases, offering inno-
vative approaches to promote angiogenesis, vascular re-
pair, and tissue regeneration. The core processes of stem 
cell vascular medicine, angiogenesis, arteriogenesis, and 
vasculogenesis are interrelated, but distinct.

Vasculogenesis is the process of blood vessel forma-
tion that occurs through the in situ differentiation of pre-
cursor cells known as angioblasts, which aggregate and 
form blood vessels.

It is a critical mechanism not only during embryonic 
development but also in adults, where it contributes to 
the reparative effects of progenitor cell therapy in ische-
mic diseases.

This process is different from angiogenesis, and arte-
riogenesis.1

Angiogenesis refers to the process of creating new 
blood vessels from pre-existing ones, which is vital for 
various physiological functions, including embryonic 
development, wound healing, and the regulation of the 
menstrual cycle. This process can occur through different 
mechanisms, such as the sprouting of new vessels from 
existing ones, the splitting of existing vessels, and the 
recruitment of endothelial progenitor cells.2 The regula-
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tion of angiogenesis is under cytokines, such as vascular 
endothelial growth factors (VEGF) and stromal derived 
factor- 1α (SDF-1α) essential for the recruitment and 
homing of circulating angiogenic cells.3-5

Arteriogenesis is the process of remodeling and en-
larging pre-existing arterioles into larger arteries, and it’s 
critical for restoring blood flow to tissues with occluded 
or stenosed arteries, such as in cases of ischemic heart 
disease or PAD. It is initiated by an increase in fluid shear 
stress on the endothelial cells that line the arterioles, lea-
ding to the activation of various signaling pathways and 
the recruitment of cells involved in vascular remodeling.6

Postnatal angiogenesis, also referred as neoangioge-
nesis, refers to the development of new blood vessels 
in adult tissues. This phenomenon occurs in a variety 
of physiological and pathological conditions, including 
wound healing, the development of exercise-induced 
muscle growth, and the progression of cancer and age-re-
lated macular degeneration. The formation of new blood 
vessels is a tightly regulated process that involves the in-
terplay of pro-angiogenic and anti-angiogenic factors, as 
well as the recruitment and proliferation of endothelial 
cells, supporting cells, and stem cell with angiogenic po-
tential which are mobilized from the bone marrow.

While angiogenesis and vasculogenesis involve the 
formation of new blood vessels, arteriogenesis is focused 
on the remodeling and enlargement of existing arterioles.

Stem cells own remarkable self-renewal and differen-
tiation capabilities, making them attractive candidates 
for regenerative medicine. Several types of stem cells have 
been explored for their potential in treating vascular di-
seases.

Embryonic stem cells
Embryonic stem cells (ESCs), derived from the inner cell 
mass of blastocysts, are pluripotent, and they can diffe-
rentiate into virtually any cell type in the body, including 
vascular cells. However, their use raises ethical concerns 
and carries a risk of teratoma formation.7

Adult stem cells
Adult stem cells, such as mesenchymal stem cells (MSCs) 
and endothelial progenitor cells (EPCs), can be obtained 
from various sources, including bone marrow, adipose 
tissue, and peripheral blood. These cells have demonstra-
ted potential for promoting angiogenesis, vascular repair, 
and tissue regeneration.

According to Asahara et al., a subset of bone mar-
row-derived cells, specifically CD34+ cells, contribute to 
the formation of new blood vessels.8 These cells, known 
as EPCs, play a crucial role in the physiological processes 
that result in the development of new blood vessels.9-11

The CD34 surface marker is a transmembrane pro-
tein, present on vascular endothelial cells (ECs), EPCs 
and HPC.12 CD34+ populations possess unique regene-
rative capabilities, which have attracted considerable at-
tention in the field of vascular medicine.13-15

Since the seminal work of Asahara, the extensive re-

search performed have contributed to characterize the 
population of progenitor cells particularly hematopoietic 
stem cells (HPS) and EPC.

CD133, also known as prominin-1 and a transmem-
brane glycoprotein, is typically expressed on undifferen-
tiated cells such as endothelial progenitor cells, hema-
topoietic stem cells, fetal brainstem cells, and prostate 
epithelial cells.16 Several other cell populations are im-
portant in angiogenesis: endothelial colony forming cell 
(ECFC), C-Kit cells, very small embryonic like cells 
(VSELc) and mesenchymal stem cells.17, 18

Notwithstanding the fundamental role of platelets.19

ECFCs (CD45-, 34+) which emerge as a population of 
late outgrowths from EPC in culture medium, have been 
found to circulate and exhibit highly proliferative cha-
racteristics. Additionally, these cells possess the capacity 
to form tube-like structures.20

C-kit cells, also known as CD117-positive stem cells, 
are a specific type of stem cell that expresses the c-kit 
receptor. These cells play a crucial role in several phy-
siological processes, including the formation of various 
blood cells and tissues.

Adult tissue contains a rare very small population of 
stem cell with characteristic resembling embryonic cells 
(VSElc)21, 22 that seems to play a supportive role in an-
giogenesis.18

The function of EPCs is pivotal in maintaining the ba-
lance of endothelial cells and plays a crucial role in repai-
ring ischemic damage. EPCs, ECFCs, C-kit, VSELc, and 
MSCs produce cytokines such as VEGF-A, FGF, IGF-1, 
PDGR, and TGFβ, which stimulate vasculogenesis.23-26 
The aforementioned cells, and platelets are responsible 
for the production of exosomes and microvesicles, which 
are crucial for facilitating cell-to-cell communication and 
the activation of genes necessary for angiogenesis.27-29 
These exosomes and microvesicles contain cytokines and 
microRNAs (miRNAs), both of which play a vital role in 
this process. BMCs and peripheral blood mononuclear 
cells (PBMNc) differ in cytokines expression. VEGF is 
mainly expressed in BMCs.30

Ischemic events cause a complex pathophysiological 
process that aims to repair the damage. Cytokines rele-
ased during ischemia interact with the cell niches of the 
bone marrow, resulting in the migration of endothelial 
progenitor cells into the ischemic tissue through proces-
ses of adhesion, proliferation, differentiation, and the 
release of cytokines. Of notice, in chronic limb ischemia 
the expression of genes of vascular endothelial growth 
factor (VEGF) and stromal derived factor 1α (SDF-1α) 
is reduced in the tissue.31

Induced pluripotent stem cells
Induced pluripotent stem cells (iPSCs) are generated by 
reprogramming somatic cells back to a pluripotent sta-
te, offering an alternative source of patient-specific stem 
cells without the ethical concerns associated with ESCs. 
iPSCs can be differentiated into vascular cells for thera-
peutic applications.
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Bootsakhorn et al. designed an innovative strategy 
for generating functional endothelial cells within a short 
time frame of 5 days from PBMNc in patients with cri-
tical limb ischemia.

This groundbreaking approach provides a renewable 
and potentially autologous source of endothelial cells for 
regenerative therapy in peripheral artery disease, represen-
ting a major advancement towards personalized treatment 
strategies in the field of regenerative medicine for PAD.32

In a study conducted by Bin Jang et al., patient-spe-
cific endothelial cells were generated using iPSC tech-
nology for individuals with PAD. The research aimed to 
assess the functionality and variability of these iPSC-de-
rived endothelial cells in PAD patients. The study found 
that there was patient-dependent variability in tubular 
network formation, low platelet binding in most iPSC-
ECs, uptake of acetylated low-density lipoprotein, and 
production of nitric oxide. Furthermore, the study hi-
ghlighted the challenges of obtaining an adequate quan-
tity and quality of patient-derived endothelial progenitor 
cells (EPCs) from PAD patients. The study emphasized 
the potential of autologous iPSC-ECs as a novel cell 
source for vascular regeneration in PAD, offering perso-
nalized and effective regenerative treatments.33

Induced pluripotent stem cells (iPSCs) in the field of 
cardiovascular medicine hold significant potential for ad-
vancing the treatment of peripheral artery disease (PAD). 
This area of research offers promising perspectives and 
innovative strategies for managing PAD.

Other stem cells therapy
Martha L. Arango Rodríguez et al. conducted a randomi-
zed, double-blind, controlled investigation to compare 
the therapeutic effects of autologous bone marrow mo-
nonuclear cells (auto-BM-MNC) and allogenic Wharton 
jelly-derived mesenchymal stem cells (allo-WJ-MSCs) in 
diabetic patients with chronic limb-threatening ischemia 
(CLTI). The results indicated that both auto-BM-MNC 
and allo-WJ-MSCs displayed potential therapeutic bene-
fits for CLTI in diabetic patients.34

PRECLINICAL STUDIES AND CLINICAL TRIALS

Preclinical research
Numerous preclinical studies have been conducted to 
evaluate the safety and efficacy of stem cell therapies for 
vascular diseases. Animal models of ischemic cardiova-
scular diseases, peripheral artery disease, and other va-
scular conditions have been utilized to investigate the po-
tential of stem cells in promoting angiogenesis, reducing 
inflammation, and improving tissue perfusion.

Early-stage clinical trials have also been initiated to 
assess the safety and feasibility of stem cell therapies in 
patients with various vascular diseases. These studies have 
involved the administration of autologous or allogeneic 
stem cells via different routes, such as intravenous, intra-
muscular, or intra-arterial injections.

In a systematic review and meta-analysis conducted 
by Van Rhijn-Brouwer et al., the efficacy of bone marrow 
derived cell therapies in enhancing hind limb perfusion 
in animal models was examined. The review included a 
total of 85 studies involving 1053 animals. The analysis 
revealed a significant increase in perfusion in the affected 
limb following the administration of bone marrow cells 
as compared to control groups. However, a significant le-
vel of heterogeneity among the included studies was ob-
served, indicating variability in outcomes that could not 
be explained by factors such as dose, species, cell type, or 
administration route.

Although the results demonstrated a positive impact 
on perfusion, the overall quality of preclinical research in 
this area was deemed insufficient to pinpoint specific fac-
tors that could enhance the outcomes of human clinical 
trials. According to the GRADE assessment (Grading of 
Recommendations, Assessment, Development, and Eva-
luations), the certainty of evidence was rated as low, un-
derscoring the need for further research to better under-
stand the factors influencing the efficacy of bone marrow 
derived cell therapies in enhancing hind limb perfusion.

The current animal models for predicting the clinical 
translation of stem cells therapy for PAD have certain 
limitations. For instance, they do not typically have re-
levant comorbidities such as advanced age and athero-
sclerosis, and they may not fully replicate the progressi-
ve atherosclerotic narrowing that is observed in clinical 
PAD. Developing animal models that incorporate these 
key comorbidities can address the aforementioned limita-
tions, enhance the predictive value of preclinical studies, 
and increase the likelihood of successfully translating re-
generative therapies for PAD into clinical applications.

Clinical studies
A meta-analysis conducted by Rigato et al. pooled stu-
dies on autologous cell therapy for PAD with a focus on 
CLTI. It included 19 randomized clinical trials involving 
837 patients. The analysis concluded that cell therapy 
may improve amputation-free survival and surrogate en-
dpoints related to limb perfusion and functional capa-
city, but the evidence is mixed across different types of 
studies. The authors emphasized the need for high-quali-
ty trials to better understand the potential benefits of cell 
therapy in PAD/CLTI.35

The meta-analysis conducted by Wei Gao et al. en-
compassed 27 randomized controlled trials and a total 
of 1,186 patients diagnosed with PAD. The results in-
dicated that patients who received autologous stem cell 
therapy and were not offered any other treatment op-
tions demonstrated superior rates of ulcer healing when 
compared to those who received conventional therapy. 
However, no significant differences were observed in 
major limb salvage rates. These findings highlight again 
the need for further high-quality research to provide cle-
arer insights. Additionally, the authors emphasized the 
importance of standardizing transplantation methods, 
stem cell type, and quantity to enhance the safety and 
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efficacy of stem cell therapy for PAD. While autologous 
stem cell therapy holds potential benefits for PAD pa-
tients, additional well-designed studies are necessary to 
definitively establish its safety and efficacy.36

Meta-analysis conducted by Pu et al. comprised 12 
randomized controlled trials with 630 patients with 
CLTI and no-option to investigate the safety and efficacy 
of autologous stem cell therapy. The study utilized stem 
cells sourced from bone marrow and peripheral blood 
following G-CSF. The results demonstrated that auto-
logous cell therapy exhibited significant improvements 
in total amputation rates, major amputation rates, an-
kle-brachial index, transcutaneous oxygen tension, and 
rest pain score when compared to placebo or standard 
care.37

Overall, the above-mentioned findings showed a pos-
sible trend of efficacy of autologous stem cell therapy, 
highlighting the need of further (more robust) research 
aimed to validate its role for as an alternative and promi-
sing treatment option for CLTI patients.

CHALLENGES AND FUTURE DIRECTIONS

Gene therapy
Gene therapy for PAD primarily targets therapeutic an-
giogenesis in patients with CLTI.

Gene therapy exhibits promising potential for im-
proving blood flow and diminishing the probability of 
amputation in individuals afflicted with PAD. Through 
the utilization of diverse mechanisms, gene therapy may 
foster the growth of new blood vessels and the enlarge-
ment of existing ones, thereby facilitating improved blo-
od circulation in ischemic limbs. Vectors, particularly 
nonviral plasmid DNA and modified viruses are widely 
utilized in gene therapy applications. The employment 
of advanced delivery systems, for example, Adeno-As-
sociated Virus (AAV) vectors, enables gene therapy to 
achieve sustained expression of therapeutic genes, resul-
ting in enduring advantages. Study relating gene therapy 
in animal model present the same inherent problem as 
described for stem cells therapy. In a 1996 case report, 
Isner et al. administered a plasmid encoding vascular en-
dothelial growth factor (VEGF) applied to a hydrogel 
polymer-coated angioplasty balloon to the right leg of 
a CLTI patient. Four weeks after gene therapy, digital 
subtraction angiography revealed increased collateral ves-
sels at the knee, mid-tibial, and ankle levels.38 Given the 
Isner case, considerable progress has been made in the 
realm of angiogenic growth factors. These advancements 
can be achieved through either the administration of re-
combinant proteins or the utilization of gene therapy te-
chniques. These methods have been proven to effectively 
stimulate neovascularization in various animal models.39 
Clinical trials have made use of various factors, including 
VEGF isoforms, fibroblast growth factor-1 (FGF-1), 
HGF, hypoxic inducible factor-1 (HIF-1), and SDF-1α. 
A thorough examination of 17 studies involving a to-

tal of 1988 patients, the majority of whom had CLTI, 
was carried out by Forster et al. The patients were treated 
with various gene therapies, primarily nonviral plasmids, 
such as VEGF, HGF, and FGF. However, the authors 
did not observe any significant advantages in terms of 
amputation-free survival, amputation rates, or all-cau-
se mortality rates. The review found that while certain 
outcomes, such as major amputation and mortality, were 
adequately reported in the studies, others, such as ampu-
tation-free survival and quality of life, had limited data 
available. Meta-analyses conducted in the review showed 
mixed results for amputation-free survival, with concerns 
raised about heterogeneity and potential biases affecting 
the quality of evidence for specific outcomes.40 Khachi-
gian et al. focused their review on the use of adenovirus, 
and adeno-associated virus (AAV). The potential of AAV 
vectors in AAV-based therapies for PAD lies in their abi-
lity to enhance limb perfusion, vessel density, and overall 
function in patients with PAD. These innovative appro-
aches show great promise for advancing the treatment of 
PAD and improving patient outcomes.41, 42

The effectiveness of gene therapy in PAD still requi-
res validation through larger, well-designed randomized 
control trials. The development of more efficient gene 
transfer systems and methods to maintain the health of 
transplanted cells may enhance the efficacy of these the-
rapies in the future.

Biomaterials
Biomaterials represent an emerging and potentially tran-
sformative approach to the treatment of PAD, offering a 
means to enhance cell-based therapies and improve cli-
nical outcomes.

Bioengineering approaches are essential for enhancing 
the survival and function of transplanted cells in treating 
peripheral artery disease (PAD). These approaches seek 
to create a supportive microenvironment that mimics 
physiological tissue conditions and overcomes the chal-
lenges associated with cell therapies. By doing so, they 
play a crucial role in improving the efficacy of cell-based 
treatments for PAD.43

The encapsulation of cells within hydrogels offers a 
protective environment for the cells, which enhances 
their retention at the site of injury and promotes cell via-
bility in an ischemic setting. Hydrogels serve as polymer 
scaffolds with high water content, facilitating cell survi-
val and function.44

Foster and colleagues designed shear-thinning 
injectable hydrogels named SHIELD.

The primary objective was to enhance the efficacy of 
encapsulated induced pluripotent stem cell-derived en-
dothelial cells (iPSC-ECs) within living organisms. In a 
mouse model of leg ischemia, it was demonstrated that 
iPSC-ECs homed to the affected area and promoted im-
proved vascularization.45

Microporous biodegradable films have been engine-
ered to promote therapeutic angiogenesis, which invol-
ves increasing blood vessel density and restoring blood 
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flow to ischemic tissue. These biodegradable films are 
composed of poly(lactic-co-glycolic acid) (PLGA), a bio-
compatible polymer that is frequently utilized in medical 
applications.

The porous structure of the films serves as a localized 
biophysical stimulus that activates the expression of pro-
angiogenic genes in vivo, resulting in increased blood ves-
sel density and the restoration of blood flow in ischemic 
tissues.46

The same researchers have exhibited enhanced in vitro 
angiogenesis through the combination of platelet-rich pla-
sma with highly porous biodegradable microspheres fabri-
cated from 75:25 poly(DL-lactide-co-glycolide) (PLGA) 
prepared via thermally induced phase separation.47

Peripheral artery disease (PAD) is significantly in-
fluenced by exosomes due to their capacity to facilitate 
cell-to-cell communication, promote tissue repair, and 
stimulate angiogenesis. Exosomes derived from diverse 
cell types, including endothelial cells and mesenchymal 
stem cells, contain pro-angiogenic factors, such as va-
scular endothelial growth factor (VEGF) and fibroblast 
growth factor (FGF), which can trigger angiogenesis and 
lead to the formation of new blood vessels in ischemic 
tissues impacted by PAD.

Biomaterials possess the capability to direct the arran-
gement and behavior of grafted cells.

Maiullari et al. adopted a bioprinting method in 
conjunction with the formulation of a bioink composed 
of bioactive EVs. This research explores a new strategy 
for regenerative medicine by employing 3D bioprinting 
technology to support the application of angiogenic car-
go from human endothelial cell-derived extracellular ve-
sicles (EVs). The study utilized EVs derived from human 
endothelial cells and subjected to various stress condi-
tions, which were collected and used as bio-additives for 
the formulation of advanced bioinks. The 3D structures 
bioprinted with these bioinks and loaded with EVs were 
found to support the formation of functional vasculature 
in vivo upon sub-cutaneous implantation. The resear-
chers demonstrated that the bioprinted structures reca-
pitulated blood-perfused micro vessels that followed the 
printed pattern. This approach enabled precise control 
over the spatial localization of EVs within a three-di-
mensional matrix, thereby overcoming the limitations 
of random biodistribution in vivo and maximizing the 
expression of their inherent angiogenic potential.48, 49

LABORATORY MEDICINE AND VASCULAR 
REGENERATIVE MEDICINE: SYNERGIES AND 
NEW OPPORTUNITIES
Laboratory Medicine is the scientific area, which is devo-
ted to obtaining, explore and employ knowledge about 
using various techniques for the analysis of body fluids 
composition and properties of cells and tissues, and in-
terpretation of the results in relation to health and di-
sease. Laboratory Medicine could be considered both 
the clinical discipline and the separate medical science. 

Laboratory Medicine includes within itself, Molecular 
Genetics, Cytogenetics, Pathological Anatomy, Micro-
biology and Clinical Pathology; the latter is composed 
of Clinical Chemistry, Immunochemistry, Hematology 
and Separative techniques (gas chromatography, liquid 
chromatography, mass spectrometry, etc.).

It is estimated that laboratory results can be the ba-
sis of 60% -70% of medical decisions.50 In addition to 
routine diagnostics in symptomatic patients, laboratory 
tests are used for screening, treatment monitoring and 
medical jurisprudence.

Laboratory medicine is indispensable in the planning 
and development of stem cell therapies for vascular re-
generation. It provides the necessary tools for stem cell 
characterization, understanding differentiation proces-
ses, and evaluating therapeutic potential. However, la-
boratory findings also highlight the need for rigorous cli-
nical validation to ensure the safety and efficacy of these 
therapies in human patients.

In the realm of vascular regenerative medicine, the 
clinical laboratory has emerged as a critical component.

Laboratory Medicine supports Regenerative Medicine 
through various activities:
1. provides the quantitative measurement of analytes 

and biomarkers involved in the regeneration processes 
inherent in human biology.

2. Allows to adequately identify, separate, and preserve 
cell derivatives or cell lines useful for regenerative the-
rapy.

3. Allows to identify and monitor specific biomarkers, 
capable of predicting the risk of developing a disease 
in a specific individual, also using Artificial Intelli-
gence applications able to develop personalized risk 
indices, based on clinical history, even at family level.

Flow cytometry
Flow cytometry is a technology that provides rapid mul-
ti-parametric analysis of single cells in solution. Flow 
cytometers utilize lasers as light sources to produce both 
scattered and fluorescent light signals that are read by 
detectors.

Cell populations can be analyzed and/or purified 
based on their fluorescent or light scattering characte-
ristics. A variety of fluorescent reagents are utilized in 
flow cytometry. These include fluorescently conjugated 
antibodies, nucleic acid binding dyes, viability dyes, ion 
indicator dyes, and fluorescent expression proteins. Flow 
cytometry is a powerful tool that has applications in 
immunology, molecular biology, bacteriology, virology, 
cancer biology, and infectious disease monitoring. It has 
seen dramatic advances over the last 30 years, allowing 
unprecedented detail in studies of the immune system 
and other areas of cell biology.

In the area of our interest, flow cytometry allows the 
identification, count and separation in suspension of 
viable cell lines useful for the preparation of Cell-Based 
Therapies as described in the previous related paragraph 
of this chapter.
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SUMMARY
Vascular Surgery since his birth as an autonomous disci-
pline, both in Italy and Europe, has never appeared as a 
static entity, but has made dynamism and resilience its 
existential “creed”. In the last decade of the last century, 
Endovascular Surgery made its appearance in the thera-
peutic armamentarium followed by hybrid surgery and 
enhanced recovery after surgery.

Surgery, even when accompanied by correct phar-
macotherapy, is not always able to resolve the complex 
issues of patients suffering from a pathology, especially 
affecting the lower limbs, complicated by critical co-
morbidities. Unfortunately, many patients are not good 
candidates for revascularization. The help provided by re-
generative medicine is linked to neovascularization, with 
involvement of some or all the process of angiogenesis, 
arteriogenesis and vasculogenesis. The process of angio-
genesis is regulated by a complex interaction of pro and 
antiangiogenic growth factors, local tissue environment 
and genetic factors.

The field of cell-based therapies has emerged as a pro-
mising way for treating a lot of vascular diseases, offering 
innovative approach to promote angiogenesis, vascular 
repair and tissue regeneration. Numerous preclinical 
studies have been conducted to evaluate the safety and 
efficacy of stem-cell therapies for vascular diseases. Ani-
mal models of ischemic cardiovascular diseases, PAD, 
CLTI, and other vascular conditions have been utilized 
to investigate the potential of stem cells in promoting an-
giogenesis, reducing inflammation and improving tissue 
perfusion. Gene therapy for PAD/CLTI primarily targets 
therapeutic angiogenesis.

Biomaterials represent an emerging and potentially 
transformative approach to the treatment of PAD of-
fering a means to enhance cell-based therapies and im-
prove clinical outcomes. Bioengineering approaches are 
essential for enhancing the survival and function of tran-
splanted cells in treating PAD.

Vascular Surgery is a Discipline in continuous, con-
stant evolution and can seize all the opportunities offered 
by modern biomedical technology in order to fight in the 
most appropriate and absolutely innovative way that pa-
thology which, given the increase in the average lifespan 
of the population, afflicts the vast majority of the elder-
ly patients. However, even young patients, both due to 
the presence of a lot of comorbidities and the need for a 
correct reintegration into a socio-economic context, can 
and will be able to benefit, in an increasingly consistent 
and targeted way, from the modern supports offered by 
regenerative medicine.
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5.4 COUPLING 
TRANSCRIPTOMICS, 
PROTEOMICS, AND IMMUNE 
CELL LANDSCAPE TO DEVELOP 
NEW BIOMARKERS FOR THE 
DIAGNOSIS AND MONITORING 
OF ATHEROSCLEROSIS
Martina Mutoli, Andrea Rampin, Alberto M. 
Settembrini, Giovanni Nano, Massimiliano 
Martelli, Antonino Bruno, Gaia Spinetti

GRAPHICAL ABSTRACT

INTRODUCTION TO THE CLINICAL AND 
SCIENTIFIC PROBLEM 
Cardiovascular diseases (CVDs) are the leading cause of 
death worldwide, and their impact is predicted to grow 
in the next few years, as they have been estimated to 
cause 23.4 million deaths in 2030.1 They are caused the 
most by atherosclerosis, which is a complex disease invol-
ving various vascular segments such as the aorta, carotid, 
coronary, and peripheral arteries. Atherosclerotic plaque 
is the hallmark of atherosclerosis, and it stands as a sen-
tinel of vascular health yet harbors the potential for ca-
tastrophic consequences. The term atherosclerosis comes 
from the ancient Greek words ἀθήρα (athḗra) ‘gruel’, 
and σκλήρωσις (sclerosis) ‘hardening’, which well de-
scribe the atherosclerotic plaque, characterized by the 
accumulation of cells and lipids within the core, covered 
by a fibrous cap. The atherosclerotic lesions can develop 
as early as in the second decade of life and progress into 
clinical disease. Plaques can be asymptomatic for many 
years, the cardiovascular outcome of the lesion being the 
result of thrombus formation secondary to plaque ruptu-
re. This pathology has multiple risk factors, classified as 
modifiable and non-modifiable: age, gender, and genetic 
predisposition to hypercholesterolemia, hypertension, 
diabetes, and systemic inflammation are non-modifiable; 
meanwhile, cigarette-smoking, a diet rich in saturated 

fats, and a sedentary lifestyle are modifiable risk factors. 
An atherosclerotic plaque is a formidable clinical and 
scientific problem, casting a long shadow over cardiova-
scular health and challenging clinicians and researchers. 
Despite advancements in diagnostic modalities and the-
rapeutic interventions, the management of atherosclero-
tic plaque remains a clinical conundrum, necessitating a 
multidisciplinary approach and individualized treatment 
strategies tailored to patient-specific factors.2, 3

Carotid and peripheral districts are the arterial condu-
its most affected by atherosclerotic processes.4 Extracra-
nial cerebrovascular disease, predominately manifesting 
as carotid bifurcation atherosclerosis, accounts for up 
to one-third of all strokes many of which occur without 
warning.5 Peripheral arterial disease (PAD) is a medi-
cal condition that occurs when there is a narrowing or 
blockage of the arteries that supply blood to the extremi-
ties due to lipidic deposits or calcified plaques. It mani-
fests as intermittent claudication, rest pain, and critical 
limb ischemia, heralding the threat of limb loss and fun-
ctional impairment. Arterial calcifications are usually the 
pathologic core in patients with PAD, especially in older 
patients with diabetes mellitus and chronic kidney dise-
ase,6 causing in patients affected by critical limb-threate-
ning ischemia (CLTI) an increase in mortality by 50% 
and the rate of significant amputation by 500%.7

ATHEROSCLEROSIS’S TRANSCRIPTOME 
ALTERATION: ALTERED ncRNA EXPRESSION 
CAN REVEAL/INDICATE THE STAGE OF THE 
ILLNESS
While imaging is still the major method for early dia-
gnosis of atherosclerosis, recent advancements in medical 
technology have shown promise in improving screening 
through the use of molecular biomarkers like non-co-
ding RNAs (ncRNAs).8

ncRNAs are crucial biological regulators consisting of 
fragments of RNA not translated into proteins but that 
can regulate gene expression with different mechanisms 
and they are a major area of interest in epigenetic resear-
ch. ncRNAs have received particular attention since they 
constitute the vast majority of the human transcriptome. 
The most prevalent types of ncRNAs are tRNAs, ribo-
somal RNAs, circular RNAs (circRNAs), microRNAs 
(miRNAs), and long non-coding RNAs (lncRNAs).9, 10

Research suggests that ncRNAs play a crucial role in 
vascular biology and numerous illnesses including athe-
rosclerosis can be linked to abnormal ncRNA expression, 
supporting their potential as biomarkers.9, 11 

ncRNAs influence cell phenotypes and biological pro-
cesses including programmed cell death and migratory 
ability. As such, they may also be used as therapeutic tar-
gets for a variety of disorders including atherosclerosis.9, 11

Several studies indicate that many ncRNAs are signi-
ficantly altered and play regulatory roles during the deve-
lopment of atherosclerosis and its progression including 
plaque instability, plaque formation, and endothelial 
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damage.11. Notably, ncRNAs act as regulatory molecules 
of the immune system, which is central to atheroscle-
rosis. Diverse studies have demonstrated that ncRNAs 
are responsible for immune cell development, differen-
tiation, and activation.12, 13 Some lncRNAs can control 
the expression of genes involved in the immune response 
mechanism either in cis or in trans. Also, immune-rela-
ted ncRNAs are direct or indirect targets of specific tran-
scription factors responsible for inflammatory mediator 
production.13, 14 ncRNAs participate in the activation of 
inflammatory and immunological pathways, such as Nu-
clear Factor kappa B (NF-kB), arachidonic acid, mito-
gen-activated protein kinase (MAPK), and Janus kinase/
signal transducers and activators of transcription (JAK/
STAT) signaling.15

Therefore, ncRNAs could serve as biomarkers of athe-
rosclerosis evolution. Some examples are listed in Table 
5.4.I.

TRADITIONAL METHODOLOGICAL 
APPROACHES IN TRANSCRIPTOMIC 
RESEARCH THAT ARE USEFUL FOR 
QUANTIFYING ncRNAs 
It is of considerable translational value that ncRNAs are 
released into the bloodstream, where they are sufficient-
ly stable to be easily detected using standard laboratory 
procedures such as reverse transcription-real time quanti-
tative polymerase chain reaction (RT-qPCR) and digital 
PCR. Therefore, measuring ncRNAs in patient blood 
behind imaging assessment may be helpful to enhance 
atherosclerosis screening. To assess potential detrimental 
effects in atherosclerotic patients, it could be helpful, for 

instance, to choose a particular panel of ncRNAs linked 
to plaque instability. 

The first step for technical analysis is RNA purifica-
tion from blood samples by conventional phenol-based 
techniques or silica column isolation kits; however, con-
taminating substances like heparin need to be taken into 
account since they can affect the measurement.22 Before 
applying downstream analysis techniques, RNA must be 
quantified and quality-checked using spectrophotome-
try, electrophoresis, and RNA integrity number (RIN) 
values.23

In research, relative quantification of ncRNAs using 
RT-qPCR is used to distinguish between individuals 
with and without illness but it is also possible to achieve 
an absolute quantification of ncRNAs by creating a stan-
dard curve. However, an innovative method for ncRNA 
quantification, more sensitive than RT-qPCR is digital 
PCR which does not require the creation of a standard 
curve.24, 25 

Next-generation sequencing (NGS), in particular 
RNA-sequencing (RNA-Seq) is the only method avai-
lable for identifying novel ncRNAs with potential as the-
rapeutic targets. Of note, NGS also allows researchers 
to get ncRNA expression profiles of a biological sample 
to identify molecular alterations contributing to athero-
sclerosis.25

THE JOINT REGULATION OF PROTEINS AND 
ncRNAs IN ATHEROSCLEROSIS 
ncRNAs can regulate translation not only by binding 
target mRNAs but also by modulating key protein acti-
vity, localization, and structure. 

Table 5.4.I  ncRNAs that could serve as atherosclerosis biomarkers.

ncRNA Origin Expression level in 
atherosclerosis

Group of patients References

miR-21 PBMNCs Up Vulnerable vs. stable patients (16)

miR-146a PBMNCs Up Vulnerable vs. stable patients

miR-155 PBMNCs Down Vulnerable vvs.s. stable patients 

miR-124 Serum Up Symptomatic vs. asymptomatic with ICAS (17)

miR-134 Serum Up Symptomatic vs. asymptomatic with ICAS

miR-133a Serum Down Symptomatic vs. asymptomatic with ICAS

let-7c Plasma Down Stable CAD vs. healthy (18)

miR-145 Plasma Down Stable CAD vs. healthy

miR-155 Plasma Down Stable CAD vs. healthy

CircZNF609 PBMNCs Down CAD vs. healthy (19)

APO1-AS1 PBMNCs Up CAD vs. healthy (20)

HIF1A-AS2 PBMNCs Up CAD vs. healthy

KCNQ1OT1 PBMNCs Up CAD vs. healthy

MIAT Serum Up CAD vs. healthy (21)

PBMNCs: peripheral blood mononuclear cells; ICAS: internal carotid artery stenosis; CAD: coronary artery disease; CircZNF609: Circular RNA 
ZNF609; APOA1-AS: Apolipoprotein A-1 antisense RNA; HIF1A-AS2: HIF1A Antisense RNA 2; KCNQ1OT1: KCNQ1 Opposite Strand/
Antisense Transcript 1; MIAT: Myocardial Infarction Associated Transcript.
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The lncRNA Lipid Associated Single nucleotide poly-
morphism gEne region (LASER), binds to lysine-specific 
demethylase 1 (LSD1) causing decreased methylation 
of histone H3 lysine 4 (H3K4me) at the Hepatic Nu-
clear Factor 1 Alpha (HNF-1α) gene’s promoter region, 
therefore increasing protein convertase subtilisin/kexin 
type 9 (PCSK9) expression in hepatocytes.26 PCSK9 is 
known to drive its target low-density lipoprotein recep-
tor (LDLR) to degradation, hence increasing circulating 
low-density lipoprotein (LDL). Consistently, LASER 
expression in cultured human hepatocytes is positively 
linked with intracellular cholesterol levels, while in pe-
ripheral blood mononuclear cells (PB-MNCs) from 175 
subjects who were not taking statins, it correlated with 
circulating total cholesterol, LDL, and apolipoprotein 
B-100 (apo B-100) plasma levels. Treatment with statin 
boosts LASER expression and decreases the amount of 
atherogenic lipids in circulation by preventing the liver 
from producing cholesterol. As a result, its expression is 
controlled by a feedback loop mediated by cholesterol 
and may be targeted to enhance the benefits of statin the-
rapy. Moreover, Liver-expressed liver X receptor-induced 
sequence (LeXis), is a lncRNA that binds the ribonu-
cleoprotein RALY in hepatocytes and prevents it from 
binding to the promoters of genes involved in cholesterol 
biosynthesis, including sterol regulatory element binding 
protein 2 (SREBP2).27 Reduction in atherosclerosis and 
hepatic and circulatory lipid levels were linked to the use 
of a liver-specific adeno-associated virus 8 (AAV8)-ba-
sed genetic method to boost LeXis expression in Ldlr-/- 
mice fed a western diet.28, 29 This suggests that LXR and 
SREBP transcription factors may interact through LeXis 
and that this interaction could be therapeutically used 
to help cardiovascular-risk patients maintain cholesterol 
homeostasis.

A panel of biomarkers composed of ncRNAs and pro-
teins may strengthen prevention. By analyzing the tran-
scriptome and proteome profiles of plaques and plasma 
from patients with carotid stenosis after surgery, Matic 
et al. designed an integrative approach to find biomar-
kers for carotid atherosclerosis. The study validated the 
proposed model across plaques with different characteri-
stics, while demonstrating the role of the serum response 
factor-based regulatory network in intimal intraplaque 
hemorrhage. Moreover, it was shown that patients with 
carotid atherosclerosis had higher levels of biliverdin re-
ductase B (BLVRB) in both their plaques and plasma, 
which was especially connected to intraplaque hemor-
rhage. These findings present BLVRB as a viable biomar-
ker for detecting end-stage vulnerable plaques in patients 
at higher risk of stroke.25, 30

PROXIMITY EXTENSION ASSAY PROTEOMICS 
AND GENOMICS INTEGRATION FOR 
PRECISION MEDICINE 
Integrating human genomics and proteomics can help 
elucidate pathological mechanisms, identify novel biomar-

kers, and uncover therapeutic targets.31 Genomic-wide as-
sociation studies during the last decade have demonstrated 
how genetic mutations affecting not only protein-coding 
DNA sequences but also ncRNA expression and functio-
nality are associated with the onset and development of 
atherosclerosis.32, 33 Phenome-wide association studies 
(PheWAS) can now analyze many phenotypes compared 
to a single genetic variant (or other attributes). However, 
until recently, little was known about the mechanisms lin-
king such genetic variants to the final pathological phe-
notype. With the recent technological advancement of 
proteomics techniques, it is now possible to characterize 
human plasma protein profiles in faster, relatively chea-
per, and substantially more reproducible ways. Hence, the 
growing availability of larger clinical datasets and cryopre-
served biological samples has allowed the implementation 
of the rising field of proteogenomics to bridge the gap 
between genomics and pathological phenotypes. One such 
technological breakthrough is represented by the proximi-
ty extension assay (PEA) that enables operators to inquire 
about the proteomic content of a biological sample, such 
as human plasma with previously unmatched specificity 
and sensitivity, thanks to double antibody-based epitope 
recognition and the PCR amplification step, respectively. 
The study of proteogenomics provides a continuously 
updated characterization of the genetic architecture of the 
plasma proteome, leveraging population-scale proteomi-
cs to provide novel, extensive insights into the complex 
effects of genetic mutations, whether they are located in 
coding or non-coding genomic regions, across multiple 
biological domains.34

ncRNA CELL-SPECIFIC EFFECT ON IMMUNE 
CELLS INVOLVED IN THE PATHOPHYSIOLOGY 
OF ATHEROSCLEROSIS 
In this section, we provide some examples of ncRNAs 
involved in the cross-talk between selected immune 
cells, endothelial cells (ECs), and stromal cells present 
in atherosclerotic plaques that could represent disease 
biomarkers or innovative targets for therapy. Preclinical 
data obtained in vitro and in vivo using animal models of 
atherosclerosis are reported to provide evidence of mole-
cular pathways and cellular function associated with the 
mentioned ncRNA.

1. Monocytes/macrophages
Macrophages represent the most abundant innate immu-
nity subsets in the atherosclerotic plaques and actively 
participate in plaque development. Once activated, pla-
que infiltrating macrophages release diverse pro-inflam-
matory and cytotoxic molecules.35 Following monocyte 
recruitment and phagocytosis of oxidized-LDL (oxL-
DL), a peculiar plaque-infiltrating macrophage subtype, 
namely foam cells, is generated in the plaque lesion. 
Eventually, dying macrophages build up the necrotic 
core in developing plaques, fueling the pro-inflamma-
tory environment.36
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Several miRNAs control macrophage activities within 
the plaque in a complicated network of interactions. 
Here below we list some of the more studied. 

miR-33 controls macrophage intracellular lipid accu-
mulation.37-43 Moreover, by targeting the energy sensor 
AMP-activated protein kinase (AMPK) miR-33 induces 
pro-inflammatory M1-like polarization-associated genes. 
miR-33 antagonism results in atheroprotective features 
inducing M2-like macrophages and Tregs.44 Preclinical 
data in vivo confirmed that miR-33 controls macrophage 
activity in atherosclerosis.45

miR-155 plays a major role in macrophage pro-in-
flammatory activation. Mild-oxLDL, interferon gamma 
(IFNγ), or activation of TLR signaling induce miR-155. 
In turn, miR-155 represses the suppressor of cytokine 
signaling 1 (SOCS-1) and B-cell lymphoma 6 (BCL6), 
while promoting diverse pro-inflammatory cytokines, 
such as C-C Motif Chemokine Ligand 2 (CCL2), in-
terleukin-5 (IL-5), nitric oxide synthase 2 (NOS2) and 
TNFα to support macrophage-mediated inflamma-
tion.46-50 However, anti-atherogenic activity has also been 
reported for miR-155 (51). In Ldlr-/- mice, hematopo-
ietic miR-155 deficiency is associated with an increase 
in CD11b+Ly6Chi monocyte inflammatory subset and 
decreased plaque stability.52 A possible explanation for 
these contrasting activities of miR-155 could rely on the 
stage of atherosclerotic development studied.53 Of note, 
miR-342 increases the pro-inflammatory activity of pla-
que resident macrophages by suppressing the Akt-1-me-
diated repression of miR-155.54 

miR-146a plays a protective role in macrophages by 
repressing M1 polarization and the NF-kB signaling ca-
scade, and by limiting cell migration thus inducing ma-
crophage entrapment in the atherosclerotic vessel wall.55-58

miR-223 regulates myeloid cell plaque infiltration 
and has been demonstrated to support the generation of 
M2-like macrophages.59

miR-21 negatively regulates pro-inflammatory re-
sponses in atherosclerosis. Thus, in its absence, athero-
sclerosis is accelerated and macrophages exhibit a pro-in-
flammatory phenotype, impaired phagocytic activity, 
and increased apoptosis.60

ncRNAs can exert a paracrine regulatory function by 
being transferred from vascular cells to monocytes/ma-
crophages and vice versa at least in part encapsulated in 
extracellular vesicles (EVs). As a matter of fact, following 
injury, ECs release EVs, which ncRNA content represses 
monocyte activation and vascular inflammation. EV-en-
capsulated miR-10a, released by ECs, can be transferred 
to monocytes, thereby blocking their pro-inflammatory 
activation.61 Following treatment with interleukin-6 (IL-
6): ECs-derived EV miRNA-126content decreases, re-
sulting in increased monocyte adhesion; on the contrary, 
elevated levels of miRNA-126 exhibit opposite effects.62 
EC-EVs delivering miRNA-126 and miRNA-210 limit 
macrophage accumulation and ameliorate atherosclero-
tic lesions.63 On the other hand, macrophages can deliver 
EV-encapsulated miRs, such as miR-150, increasing EC 

migration.63, 64 In addition, EVs from pro-inflammatory 
M1 macrophages exert an anti-angiogenic effect on ECs 
via miR-155 transfer.65

Moreover, in vitro exposure of VSMCs to EVs derived 
from nicotine-treated-, oxLDL activated-, or M1-ma-
crophages resulted in their increased proliferation and 
migration, leading to atherosclerotic development, 
through the delivery of miRNA-21, miR-106a and miR-
222 respectively.66-68

Less evidence is available on the role of lncRNAs im-
mune-vascular cell interactions in plaque. 

Among these, TNFα and hnRNPL-related immu-
noregulatory LincRNA (THRIL) is highly expressed 
in oxLDL and Pam3CysSerLys4 (Pam3CSK4)-treated 
macrophages, increasing the expression of TNFα and 
foam cell formation.69, 70 Increased expression of lncR-
NA RP5–833A20.1 was detected in human foam cells, 
in association with reduced expression of nuclear factor 
IA (NFIA) by inducing miR-382expression.71 LncRNA-
E330013P06 is highly induced in macrophages of diabe-
tic mice and implicated in the induction of foam cells.72

Loss of metastasis-associated lung adenocarcinoma 
transcript 1 (MALAT1) in monocyte-derived macropha-
ges amplifies the inflammatory responses, which can 
then exacerbate atherosclerosis development.73

Macrophage-Associated atherosclerosis lncRNA Se-
quence (MAARS) plays a pro-atherosclerotic role in re-
gulating macrophage apoptosis, efferocytosis, and plaque 
necrosis in Ldlr−/− mice atherosclerosis.74

The ability of macrophages to efficiently recognize, 
engulf, and metabolize apoptotic cell debris in the athe-
rosclerotic plaque is exerted by efferocytosis. Defective 
efferocytosis contributes to necrotic core formation and 
plaque destabilization.75 In this regard, the lncRNA 
Myocardial Infarction Associated Transcript (MIAT) 
blocks macrophage efferocytosis favoring the formation 
of the necrotic core.76 MIAT knockdown reduced athe-
rosclerotic lesion area, augmented fibrous cap thickness, 
diminished the presence of apoptotic cells, and decreased 
plaque instability.

LincRNA-Cox2 controls the inflammatory respon-
se, regulating C-C Motif Chemokine Ligand 5 (CCL5) 
IL-6 expression, and NF-kB pathways, finally increasing 
the inflammatory response in atherosclerosis.77

The lncRNA taurine upregulated gene 1 (TUG1) is 
associated with atherosclerosis progression through ma-
crophage apoptosis modulation by sponging miR-133a.78

Finally, the knockdown of lncRNA NEAT1 (nuclear 
paraspeckle assembly transcript 1) in macrophages redu-
ces apoptosis and inflammation following oxLDL treat-
ment by sponging miR-342.79

2. Neutrophils
Neutrophils play a role in plaque development,80, 81 ero-
sion,82 and rupture.83, 84 Neutrophil-derived microve-
sicles (NMVs) are enriched in diverse miRNAs regula-
ting inflammation, such as miR-9, miR-150, miR-155, 
miR-186, and miR-223. NMVs were found to deliver 
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miR-155 into ECs, in association with reduced BCL6 
expression. Moreover, mice fed with a high-fat diet for 1 
week augmented the ability of NMVs to increase miR-
155 expression levels in primary human coronary artery 
EC (HCAEC). Also, NMVs increased miR-155 and 
reduced Bcl6 expression in atheroprone regions in Apo-
lipoprotein E (ApoE)−/− mice. Finally, NMVs enhanced 
plaque formation in a miR-155-dependent manner, by 
activating the NF-kB pathway.85

3. T and B cells
The presence of activated T lymphocytes, mainly CD4+, at 
all stages of atherosclerosis, suggests that they are involved 
in this vascular disease process, though their specific role 
remains unclear. Foxp3-dependent miR-155 expression in 
mice regulatory T cells (Tregs) was shown to induce T-regs 
development and homeostasis, at least in part by targeting 
the Suppressor Of Cytokine Signaling 1 (SOCS-1),86, 87 
indicating potential atheroprotective properties. The miR-
17–92 cluster is a crucial effector for T and B cell deve-
lopment,88, 89 and by repressing thrombospondin-1 in T 
cells,90 it might be involved in supporting uncontrolled T 
cell activation, thus exacerbating atherosclerotic vascular 
alterations. T cell-mediated autoimmune, Th-1 sustained 
and IFNγ-mediated immune responses are considered de-
trimental processes in atherosclerosis.91-93 In this portrait, 
miR-29 and a repression of the miR-17–92 cluster, in T 
cells, could result in atheroprotective features. 

B cells regulate atherosclerotic plaque formation 
through the production of antibodies and cytokines. 
Two major specific B cell subsets have been characteri-
zed in atherosclerosis, referred to as B1 and B2 cells. B1 
cells exhibit atheroprotective functions, both in humans 
and mice, by spontaneous immunoglobulin M (IgM) 
antibody production (94). On the contrary B2 cells have 
pro-atherogenic activities, by sustaining the pro-inflam-
matory environment in the atheroma and producing 
large amounts of immunoglobulin G (IgG).94 Deficien-
cy in miR-155 or miR-185 during antibody generation 
impaired germinal B cell generation and class-switch re-
combination of the immunoglobulin locus,95, 96 possibly 
priming auto-antibody generation thus supporting athe-
rosclerosis progression.

IMMUNOPHENOTYPING 
Immune cell alterations, together with those occurring 
in endothelial and stromal cells, strongly impact all sta-
ges of atherosclerosis and govern atherosclerotic plaque 
fate. Indeed, the possibility to trace immune cells du-
ring atherosclerosis by immunophenotyping, the detai-
led characterization of the types and states of immune 
cells, offers a powerful tool to trace the dynamics and 
possible outcomes of the pathology.97-99 Since immu-
nophenotyping could be used in detecting alterations of 
the tissue/local, but also of the circulating immune envi-
ronment, it is a relevant liquid-biopsy-based approach to 
studying atherosclerosis.

Two methodological approaches can be applied:
1. Multicolor flow cytometry (FC): a major technology 

used by immunologists,100 allows to monitoring of 
up to 30 parameters, simultaneously, in immune cells 
derived from peripheral blood and/or atherosclerotic 
plaques. By FC not only surface antigens but also 
intracellular and nuclear factors, can be measured in 
the bulk immune cell populations analyzed. When 
coupled with cell sorting, FC also allows to physically 
isolate the immune cell subset of interest, for down-
stream molecular and biochemical analysis.

2. Mass cytometer (MC): this application is the simul-
taneous measurement of multiple markers at a sin-
gle-cell level using metal-conjugated antibodies. MC 
combines flow cytometry and mass spectrometry to 
provide a high-dimensional view of immune cell phe-
notypes.101

Moreover, single cell RNA-Sequencing is an innovative 
phenotyping approach allowing to profile of gene expres-
sion at a single-cell resolution, revealing the phenotype 
and functional states of individual cells in the analyzed 
samples.98, 101

PERSONALIZED THERAPY FOR 
ATHEROSCLEROTIC PATIENTS: TREATMENT 
APPROACHES USING NCRNAS AS TARGETS 
Precision and customized medicine techniques are rising 
to prominence in clinical care as a result of advancemen-
ts in medical technology.102 ncRNAs may be useful as 
therapeutics in the treatment of atherosclerosis.11 Low 
cytotoxicity, non-immunogenicity, and simplicity of 
mass production are desirable traits for ncRNA carriers 
in precision and personalized medicine.11 To transport 
ncRNAs for atherosclerosis therapy, vesicles of the classes 
of exosomes, liposomes, and micelles have all been eva-
luated as potential carriers.103-105

Exosomes are EVs generated from endosomes that are 
usually 50-200 nm in size and can carry RNA, proteins, 
and lipids.106 The contents of exosomes released by various 
cells differ in composition. Exosomes can have thera-
peutic effects on atherosclerosis. In addition to the pre-
viously mentioned examples of immune cells EV-carried 
ncRNAs, also mesenchymal stem cell exosomes produced 
from adipose tissue can repress the expression of miR-342, 
potentially minimizing endothelial cell damage in athe-
rosclerosis.68 Furthermore, exosomes can be enriched by 
electroporation with short interfering RNAs (siRNAs), 
synthetic ncRNAs that interfere with the expression of 
specific RNAs, to boost their therapeutic effect.107, 108 With 
the advancement of molecular engineering technologies, 
ligands can be added to exosomes to create more capable 
targets for the focused treatment of atherosclerosis.109 To 
better transport the contents for the treatment of athero-
sclerosis, a recent study assessed modified M2 macropha-
ge-derived exosomes with increased inflammatory tropism 
and anti-inflammatory properties.110

Lipid bilayer particles, or liposomes, are biocompa-
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tible and bioavailable particles that can be subjected to 
surface modifications to improve stability and targeting 
in plasma.111, 112 In a recent study, miR-146a encapsula-
tion into liposomes resulted in enhanced stability that 
could be retained for over two months, reducing inflam-
mation and decreasing the generation of foam cells.113 
Liposomes are now commonly employed to deliver ncR-
NA medicines.

The acidic environment of the atherosclerotic lipid 
core led to the recent proposal of pH low-insertion pep-
tide (pHLIP), a new water-soluble membrane molecule 
as a carrier for atherosclerosis-targeted therapy. Without 
harming the overall level of miR-33, pHLIP was used 
to deliver antisense oligonucleotides targeting miR-33 
to macrophages in the atherosclerotic plaque. This work 
effectively decreased lipid formation in macrophages by 
suppressing miR-33 expression, encouraging atheroscle-
rotic regression, and boosting atherosclerotic plaque sta-
bility. It is also shown that pHLIP might be a great vector 
for miRNA-target therapy in vivo.114

Therefore, targeting ncRNAs to reverse their aberrant 
expression may have therapeutic benefits for atheroscle-
rosis.

ncRNAs AND DNA SHORT ANTISENSE 
OLIGONUCLEOTIDES AS PHARMACEUTICALS 
Pharmaceutical approaches include the use of siRNAs or 
miRNAs, as well as DNA short antisense oligonucleoti-
des (ASOs) or miRNA sponges.115 

siRNAs are usually designed to target a single specific 
mRNA, therefore they differ from miRNAs, which can 
target several genes with finely tuned efficiency, as they 
do not require complete complementarity.

Although lipid metabolism in the liver is the primary 
focus of the developing field of RNA therapies (Table 
5.4.II), there is considerable interest in the development 
of new treatment approaches that will primarily target 
the plaque itself.

Olpasiran is a siRNA-based medication being deve-
loped by Amgen, currently in a phase III clinical trial 
for the treatment of atherosclerosis. It has demonstrated 
potential for lowering lipoprotein (a) levels by blocking 
apolipoprotein (a) translation.116 Furthermore, Olpasi-
ran has been shown to lower LDL cholesterol and apoli-
poprotein B.117

Inclisiran is another siRNA-based medication, appro-
ved for use in adults with primary hypercholesterolemia 
(heterozygous familial and non-familial) or mixed dysli-
pidemia by the European Medicines Agency (EMA) in 
2020 and by the Food and Drug Administration (FDA) 
in 2021.118 Inclisiran works by suppressing PCSK9 
mRNA in the liver, lowering LDL levels in the blood. 
Because PCSK9 promotes LDL receptor degradation, 
lowering PCSK9 levels increases hepatocyte absorption 
of LDL and thereby lowers blood LDL levels.119, 120 Mo-
reover, ORION-10 and ORION-11 clinical trials have 
shown that Inclisiran also lowers lipoprotein (a) (Lp(a)) 
levels.121 ORION-4 (NCT03705234) and VICTO-
RION-2P (NCT05030428) clinical outcomes trials are 
currently investigating the efficacy of Inclisiran in the 
treatment of atherosclerosis-based cardiovascular disease 
and are scheduled to end in 2026 and 2027, respecti-
vely.122-124

Potential innovative treatment approaches for stabili-
zing plaques and averting acute atherosclerosis problems 
could involve modifying the activity of particular ncR-
NAs linked to endothelial function and plaque stability. 

Table 5.4.II  List of RNA/DNA-based drugs for atherosclerosis.

Drugs Type of 
RNA-based 
therapeutic

Target disease Activity Status Reference (s)

Olpasiran siRNA Atherosclerosis Lowering of Lp(a) 
levels by blocking 
apolipoprotein (a) 
translationLowering 
LDL cholesterol and 
apolipoprotein B levels.

Phase III clinical 
trial

(116, 117)

Inclisiran siRNA Adults with primary 
hypercholesterolemia 
or mixed dyslipidemia

PCSK9 mRNA 
suppression in the liver 
lowers LDL levels in the 
blood

Approved by EMA 
in 2020 and by FDA 
in 2021

(118)

Atherosclerosis PCSK9 mRNA 
suppression

Phase III clinical 
trial

(122)

Pelacarsen ASO CVDs Lowering of Lp(a), 
apo B-100, LDL, the 
percentage of 
oxidized apo(a) and 
apolipoprotein B

Phase III clinical 
trial

(129, 130)

siRNA: short interfering RNA; Lp(a): lipoprotein (a); LDL: low-density lipoproteins; PCSK9: protein convertase subtilisin/kexin type 9; EMA: 
European Medicines Agency; FDA: Food and Drug Administration; ASO: short antisense oligonucleotide; CVD: cardiovascular diseases; apo 
B-100: apolipoprotein B-100.
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ASOs are complementary oligonucleotides that bind to 
certain RNAs, including both miRNAs and mRNAs. 
ASOs, also known as antisense oligodeoxynucleotides, 
were originally designed as single-stranded DNA mole-
cules.125, 126 DNA nucleotides and chemically modified 
nucleotide sections are the most common components 
of modern ASOs. These oligonucleotides are chemically 
modified to increase their potency and shield them from 
cellular nucleases. ASOs work in multiple ways, one of 
which is by inducing Ribonuclease H (RNase H) to cle-
ave DNA/RNA hybrids.127

Pelacarsen is an ASO targeting Lp(a) mRNA current-
ly being investigated for its impact on major adverse car-
diovascular events (MACEs) by the Lp(a) HORIZON 
phase III clinical trial (NCT04023552).128 In previous 
phase II clinical trials, Pelacarsen was demonstrated to ef-
ficiently lower not only Lp(a) but also apo B-100, LDL, 
and the percentage of oxidized apo(a) and apolipopro-
tein B.129, 130

CONCLUSIONS AND FUTURE PERSPECTIVES 
The last ten years have seen a major increase in interest 
in the study of ncRNAs for diagnostic and therapeutic 
purposes. Numerous ncRNAs are essential in controlling 
the function of immune and vascular cells contributing 
to atherosclerosis onset and progression. Thus, since the 
aberrant production in tissue and the peripheral blood 
of some ncRNAs is associated with the diseases, ncRNA 
could serve as biomarkers. ncRNA measurement requi-
res a minimally invasive procedure and realizing a panel 
with ncRNAs and proteins related to atherosclerosis re-
presents a huge resource for disease management. The 
addition of immunophenotyping analysis completes the 
picture considering that inflammation in atherosclerosis 
is regulated by ncRNAs. Moreover, targeting ncRNAs 
or delivering RNA-targeting drugs in a variety of ways 
has shown therapeutic promise in several preclinical and 
clinical studies. A large number of RNA therapies are 
either in development or have been shelved. The ability 
of drugs based on siRNAs and ASOs to efficiently target 
particular genes has led to their successful application 
opening the door to precision medicine and personalized 
approaches to lower the burden of atherosclerosis.
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