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Preface

This Special Issue, titled “Vascular Inflammation: From Target Molecules to Therapeutic

Approaches”, will focus on new target molecules or biomarkers and novel therapeutic approaches

used to identify and treat vascular inflammation. The pathophysiology of vascular inflammation is

complex, with many factors being involved. This Special Issue includes nine review articles and five

research papers, in which several novel biomarkers and therapeutic target proteins associated with

vascular inflammation are described. We would like to thank the many scientists who participated in

peer review, as well as the Managing Editors of this Special Issue of Biomedicines.
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Abstract: The let-7 family is among the first microRNAs found. Recent investigations have indicated
that it is highly expressed in many systems, including cerebral and cardiovascular systems. Numerous
studies have implicated the aberrant expression of let-7 members in cardiovascular diseases, such as
stroke, myocardial infarction (MI), cardiac fibrosis, and atherosclerosis as well as in the inflammation
related to these diseases. Furthermore, the let-7 microRNAs are involved in development and
differentiation of embryonic stem cells in the cardiovascular system. Numerous genes have been
identified as target genes of let-7, as well as a number of the let-7’ regulators. Further studies are
necessary to identify the gene targets and signaling pathways of let-7 in cardiovascular diseases and
inflammatory processes. The bulk of the let-7’ regulatory proteins are well studied in development,
proliferation, differentiation, and cancer, but their roles in inflammation, cardiovascular diseases,
and/or stroke are not well understood. Further knowledge on the regulation of let-7 is crucial for
therapeutic advances. This review focuses on research progress regarding the roles of let-7 and their
regulation in cerebral and cardiovascular diseases and associated inflammation.

Keywords: microRNAs; let-7; stroke; cardiovascular; inflammation

1. The let-7 Family and Inflammation

The let-7 family of microRNAs is one of the earliest originally discovered microRNAs.
When several isoforms were identified in C. elegans in 2000 [1], the miR was named lethal-7
(let-7) because its knockout was lethal during development [2]. The discovery of let-7, along
with lin-4 [3], opened much of the current field of miR research. To date, 12 genetic loci
have been identified as origination sites of let-7 in humans [3], while mice have 3 [4] and
drosophila have 1 [5]. In humans and mice, 10 of the let-7 microRNAs (miRs) are present
(let-7a, b, c, d, e, f, g, i, and miR-98 and miR-202) [3]. However, in spite of the multiple sites
of origin, all let-7 miRs begin as pre-pro let-7 transcripts and are then processed through
the Drosha pathway [6]. Throughout miRNA biogenesis, after Dicer cleavage, one of the
strands is loaded into an RNA-induced silencing complex (RISC) as mature miR. The other
strand, which is labelled as the “star strand”, is typically degraded [7,8], though for certain
miRs, both strands are preserved and are loaded into RISC as mature forms. In such an
instance, the mature miR is called, for example, with let-7a miR, as let-7a-5p and let-7a-3p or
let-7a and let-7a*, respectively. Despite being present in many different genetic regions, all
final let-7 miRs are similar in length, differing by only 0–3 nucleotides (Figure 1), although
their functions differ significantly in protein translation and physiological function.

As one of the first miR families discovered, much has been investigated about the
multiple roles that the let-7 family plays within the body. Numerous studies have linked
let-7 miRs to many processes, from cell proliferation [9,10] and bone remodeling [11] to
cardiac output [12]. However, across many tissues and conditions, miRs from the let-7
family appear to be particularly involved in the signals involved in the growth and stress

Biomedicines 2021, 9, 606. https://doi.org/10.3390/biomedicines9060606 https://www.mdpi.com/journal/biomedicines
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responses of many types of cells, particularly after extracellular insults. Consequently,
many let-7 miRs confer significant impact on the regulation of inflammatory processes,
including within the central nervous system (CNS). To date, all nine constituent members
of the let-7 family have been linked to regulation of vascular function and neurological
outcomes. For example, upregulation of let-7a and let-7c has been associated with protection
from ischemia [13], improved responses to spinal cord ischemia/reperfusion [14], and
protection from neuroinflammation [15]. In particular, let-7a can induce a significant
effect on vascular function, as it appears to regulate post-stroke angiogenesis through
a transforming growth factor beta 3 (TGF-β3)-dependent mechanism [16]. By contrast,
post-insult expression of let-7b, which differs from let-7a by a single nucleotide, is associated
with greater vascular damage, including in ischemic heart tissue following myocardial
infarct (MI) [17]. Furthermore, its expression remains elevated for weeks after multiple
forms of ischemic injury, including large and small vessel stroke and cardiac embolism [18].
In fact, the elevated presence of let-7b is considered strongly predictive of poor outcome
following ischemic stroke [19,20]. Such differences underscore the complexity of let-7’s
role in modulating vascular responses following inflammation and underly some of the
difficulty in correcting let-7 expression following insult.

Figure 1. Sequence alignment of the let-7 microRNAs. Performed with ClustalW tool (https://www.
genome.jp/tools-bin/clustalw (accessed on 2 April 2021).

Two members of the let-7 family, let-7g* and miR-98, were shown to be critical for
modulating the vascular response to hypoxia. Both miRs were significantly downregulated
during hypoxic events in vitro and in whole animal models. More significantly, restoration
of endogenous levels of let-7g* and miR-98 expression appears to prevent a significant
degree of damage from ischemia and stroke and to improve functional recovery [21–24].
The strong neuroprotective effect of increased miR-98 and let-7g* expression was observed
even when such treatments are given 24 h after ischemia/reperfusion [21,23,25]. Upon
restoration of endogenous miR-98 or let-7g* expression, researchers have noted preservation
of blood–brain barrier (BBB) integrity, reduction of pro-inflammatory cytokine release,
prevention of immune cell infiltration into the infarcted region, and an overall decrease in
the size of the ischemic penumbra, leading to improved behavioral outcomes [21,23,25].

In addition to mir-98 and let-7g*, other members of the let-7 family have been shown to
produce various neuroprotective or neuroinflammatory roles following various CNS insults.
let-7i expression is somewhat correlated with the impact of reperfusion injury, and its
expression is strongly correlated with preservation and recovery of post-stroke function [26].
This may be due to its role in regulating leukocyte attachment and recruitment to the brain
endothelium [27], along with its importance in other mechanisms of endothelial self-
repair [28]. let-7c is critical for mediating both the recruitment of immune cells to ischemic
tissue [19] as well as the activation of multiple repair pathways within the endothelium [20].
While the above-mentioned let-7 miRs demonstrate anti-inflammatory and protective
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characteristics, let-7e has been shown to be an early proinflammatory marker of hypoxic
damage, and it may further propagate damage [29,30].

The anti- and pro- inflammatory pathways regulated by let-7 miRs are not confined to
the CNS. let-7i has been associated with wound repair across many cell types, due in part to
interactions with progesterone [31]. let-7c has been shown to be associated with regulation
of dental inflammation through extracellular matrix (ECM)-specific mechanisms [32]. let-7d
is involved in recovery from hypoxia in cardiac tissue and offers therapeutic potential
for treating the aftermath of MI [33] by stimulating proliferation and activating survival
pathways in cardiac cells. let-7g shows similarly strong potential for stimulating cell
repair within ischemic heart and vascular tissue [34] and has been shown to promote
angiogenesis through activation of vascular endothelial growth factor (VEGF)-mediated
signaling following insult [34,35].

Taken together, the let-7 family appears critical for the progression of inflammation.
However, its individual members can have significant and sometimes contradictory impacts
on such processes. One possible explanation is the timeline in which expression occurs.
Certain let-7 family members such as let-7a and let-7e are associated with early inflammatory
and pre-apoptotic pathways, while others such as let-7i and let-7f are involved in later
phases of transcription and downstream elements of apoptosis (Figure 2). In the following
section, we further expand on the particular regulatory elements of let-7 miRs and why the
timeline of expression of these miRs and subsequent impact on cytokine and chemokine
release appear to have such high variability.

Figure 2. Targets of the let-7 miRs in cerebral and cardiovascular disease conditions. Green boxes
show confirmed targets, while white boxes show bioinformatic prediction [13,21,23–26,36,37].

1.1. let-7 miRNAs, Cell Division, and Vascular Function
let-7 is critical for prenatal development. It appears soon after fertilization, where it

is responsible for mediating blastocyst attachment to uterine spiral arteries. Even from
the beginning, let-7 miRs work as clipping signals, minimizing the proliferation of non-
adherent cells through suppression of transcription factors [2], thereby allowing only
attached cells to grow. For this reason, let-7 was named “lethal-7”, because its absence
leads to uncontrolled cellular proliferation, preventing development into a viable embryo.
This silencing-type role continues throughout later stages of embryonic development [36].
After the first trimester, let-7 miRs are critical for the differentiation of different organs
by arresting the proliferation of non-needed cells, functioning as a “stop” sign in many
tissues, including lung [37], brain [36], heart, and vascular tissue [38]. In particular, let-7
provides critical control of the length of the DNA replication phase in neural stem cells,
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thereby regulating the growth of the CNS from the first trimester through birth [39–41].
This critical regulation of cellular differentiation appears to be conserved across species;
let-7 is also necessary for differentiation in rodents [41] and invertebrates [5].

let-7’s role in the vascular system begins from day 1, as it is subject to regulation
by chemokines secreted by endothelial cells (EC) within the uterus [2]. let-7 expression
is critical for maintaining the integrity of endothelial cells, and its normal expression
is considered critical for maintenance of the blood–brain barrier in the face of ischemic
disease [26]. These processes are not confined to periods of stress; let-7 is also critical
for maintenance of endothelial cell walls. In normal functioning, let-7 is responsible
for transducing fibroblast growth factor (FGF) signaling into changes to TGF-β within
endothelial cells, thereby limiting proliferation [42,43] in non-damaged blood vessels. let-7g
has been shown to reduce EC inflammation and monocyte adhesion [21,23,24,44], diminish
EC senescence, and play a role in controlling arterial stiffness and aging [45,46]. The
strong effect of let-7 on vascular health and angiogenesis underscores its role in recovery
from stroke and other vascular diseases processes, such as myocardial infarction [12,36].
However, let-7’s critical role in regulating EC division also makes the miR family a critical
regulator of disorders of cell proliferation, such as cancer.

1.2. let-7’s Role in Cancer and Angiogenesis
In virtually all forms of cancer, continual tumor growth requires altered and abnormal

angiogenesis [47]. Without additional vascular collaterals, tumor masses are unable to grow
to larger than 1 mm in size [47]. Hence, as a critical regulator of angiogenesis, let-7 is one of
the most important elements in controlling the progression of cancer. Normal physiological
levels of let-7 effectively suppress abnormal angiogenesis and prevent tumor growth [48].
Conversely, suppression of let-7 expression is a hallmark of most forms of cancer [49].
Moreover, tumors with lower tissue levels of let-7 proliferate significantly faster than those
with higher let-7 expression [48,50]. Consequently, lower levels of let-7 are associated with
more aggressive growth and poor prognosis in cancer patients [51]. Perhaps most critically,
restoration of let-7 has been shown to have strong anticancer properties. This has led to it
being classified as a tumor suppressor [52], as well as a promising target for future cancer
therapies [53].

The inverse relationship between tissue expression of let-7 and cell growth can be
attributed in large part to actions on the vasculature. First, in patients with leukemia and
lymphoma, let-7 expression correlated inversely with the spread of the disease [54]. It
has also been shown that reductions in let-7 lead to more abnormal angiogenesis [55] and
weaken vascular wall integrity [1]. Such effects may be combinatory and lead to greater
inflammation, particularly IFNγ-mediated increases in cell aggregation [56], which can
further exacerbate oxidative stress in the area and promote abnormal growth.

let-7 is considered a tumor suppressor gene, due in large part to its normal physiologi-
cal role in arresting development. In many tissues, including vasculature, lung, and liver,
proliferation is arrested by the presence of let-7 miRNA. Currently, the let-7 miRs have been
associated with cancer. Part of this relationship is physical; let-7 binds to coding regions
and untranslated regions (UTRs) of genes critical for DNA replication such as programmed
cell death ligand 1 (PD-L1) [53] and high mobility group AT-hook 2 (HMGA2) [57], as
well as apoptotic genes such as caspase 3 [58], B-cell CLL/lymphoma (BCL) [59,60], and
caspase 8 [61].

Recently, researchers have determined the bidirectional nature of let-7 and cancer.
miR-98 overexpression has been shown to reduce proliferation in many cells [62]. Its
effect is particularly strong in endothelial cells, accounting for most forms of proliferative
control [63,64]. It appears to regulate endothelial cell growth through multiple mecha-
nisms, although a critical pathway of control is propagated through interactions with
VEGF/Argonaute RISC component (AGO) pathway [36,65,66]. On the list of let-7 targets
are genes controlling cell signaling and cell cycle as well as differentiation. In some cases,
let-7s are labelled as tumor suppressors because they reduce cancer aggressiveness. Nev-
ertheless, in sporadic conditions, let-7 acts as an oncogene, accelerating cancer migration,
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invasion, and chemoresistance due to expression of genes associated with progression
and metastasis. For these reasons, let-7s might be considered as potential diagnostic and
prognostic markers and therapeutic targets for cancer treatment [67].

2. Regulation of let-7 Expression

let-7 miRs are evolutionarily conserved across species and play essential roles in
many biological processes due to their pluripotency, such as in differentiation, growth,
proliferation, self-renewal, development, and diseases. Due to the broad effects of let-7
and any dysregulation leading to disease physiology, it is necessary to tightly control let-7
expression. Therefore, it is critical to recognize what, where, and how let-7 expression is
regulated throughout its maturation process. let-7, as with any other miR, can be regulated
transcriptionally and post-transcriptionally throughout the maturation process. miR (let-7)
biogenesis and maturation are largely dependent on Drosha in the nucleus for primary
microRNA (pri-miRNA), Dicer for precursor microRNA (pre-mRNA), and RISC for mature
miRNA in the cytoplasm. Due to the complexity of miRNA biogenesis, its expression
level can be regulated at different steps. miRNA can be regulated at transcription or post-
transcription. Here, we discuss some known positive and negative protein regulators of
let-7 expression at different stages (Table 1).
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2.1. Negative Transcriptional Regulation of let-7s

let-7 is one of the first miRNAs to be discovered, but its transcriptional regulation
is not fully understood. It has been reported that DAF-12 nuclear hormone receptor
and let-7s have a bimodal feedback loop at the transcription level in a ligand dependent
manner. Unliganded DAF-12 inhibits the transcription of let-7 in worms through a co-
repressor, DIN-1 [68,69]. DAF-12 cannot bind directly to the endogenous ligands; the
ligands bind DIN-1 and modulate the activity of DAF-12. With favorable environmental
and developmental cues, the ligand binds the DIN-1/DAF-12 complex, and DAF-12 is
able to directly activate let-7 transcription [68,69]. Another interesting target that shares a
bimodal feedback circuit with let-7s is MYC. Some studies have reported that MYC binds to
the conserved promoter upstream of let-7a-1/let-7f-1/let-7d and let-7g polycistronic clusters
in the pri-let-7s and suppresses its transcription [70,71]. Interestingly, DAF-12 and MYC
3′-UTRs contain let-7 complementary sites that are targets of let-7 [135,136]. In addition,
LIN42, a period protein homolog, has been shown to regulate a wide variety of miRNAs
through transcriptional repression of let-7 family pri-miRNA production in worms [72].
LIN42 suppresses let-7 phenotypes through transcriptional repression at the pri-let-7s
promoter region as LIN42 protein level increases [1,72,73]. let-7 has been also shown to
have a complementary sequence to the 3′-UTR regions of many genes, such as, lin41, lin28,
lin42, and daf-12 [1]. In mammals, these proteins are represented by TRIM71, a LIN28
homolog, period circadian regulator, PCR, and nuclear hormone receptor, NHR [137,138],
respectively. Bimodal regulation is prevalent in let-7 regulation; it is essential to find more
targets sharing a bimodal regulation loop with let-7s to further our understanding of the
complexity of let-7 regulation and biogenesis in vivo.

2.1.1. LIN28-Dependent and -Independent Regulation of let-7s Biogenesis

LIN28s are considered as the master regulators of let7s. LIN28A and LIN28B par-
alogs are RNA binding proteins [74,139] and have direct roles in modulating let-7 miRNAs.
LIN28A and LIN28B can post-transcriptionally suppress both pri-let-7s and pre-let-7s biogen-
esis and maturation via both 3′ terminal uridylyl transferase (TUTase)-dependent (LIN28A)
and -independent pathways (LIN28B) by inhibiting Drosha and Dicer activities [74–76,81].
LIN28A and LIN28B bind to both pri-let-7 and pre-let-7; however, they work independently
and distinctively. LIN28A is mainly in the cytoplasm; it recruits TUTases4/7 to oligo-
uridylate pre-let-7s at its 3′ end. Uridylated pre-let-7s cannot undergo Dicer processing,
which marks these pre-let-7s for degradation [74,77–80]. When LIN28A is absent, pre-let7s
processing is upregulated, resulting in more mature let-7s [75]. This increase in let-7s
is regulated by TUTases2/4/7; these proteins mono-uridylate group II pre-let-7s, except
pre-let-7a-2, 7c, and 7e, and enhance Dicer processing, resulting in increased let-7s [82]. Inter-
estingly, in the cytoplasm LIN28A can selectively recruit TUTase4 to a subset of pre-let-7s to
mediate uridylation processing and suppress pre-let-7 Dicer processing [77,78,80]. Oddly,
LIN28B blocks let-7 miRNA biogenesis via TUTase-independent pathways [79]. LIN28B
is mainly located in the nucleus and sequesters pri-let-7s into the nucleolus and prevents
Drosha/DGCR8-mediated pri-let-7 processing [75,76,79]. Despite the similarities between
the LIN28 paralogs, they work by discrete pathways at multiple steps and negatively
regulate nearly all of let-7 biogenesis. Due to the complexity of the LIN28/let-7 axis and
context-dependent regulation of let-7s, it is necessary to further understand what other
factors can modulate LIN28/let-7 axis. Several of the factors modulating let-7s biogenesis
through the LIN28/Let-7 axis are discussed below.

2.1.2. LIN28-Dependent Regulation

Fragile histidine triad diadenosine triphosphotase (FHIT) was found to induce LIN28B
protein expression, leading to the suppression of let-7s [82]. Chae and colleagues showed
that FHIT expression correlated inversely with let-7 miRs, and FHIT apparently mediates
the negative feedback initiated by LIN28/Let7 at the pri-miRNA level in the nucleus [84].
An additional LIN28B-regulating protein is mucin 1 (Muc1), a heterodimeric protein that is
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subsequently autocleaved to Muc1-N and Muc1-C [85]; the later translocates to the nucleus
and interacts with transcription factor NF-κB p65 [87]. Kufe’s group demonstrated that
Muc1-C activates LIN28B in an NF-κB-dependent manner and suppresses let-7 biogene-
sis [86]. Musashi1 (MSI1) protein either works in conjunction or compensates LIN28 to
post-transcriptionally negatively regulate miR-98, let-7b, and let-7g biogenesis via Drosha
processing [88]. Sjögren syndrome antigen B (SSB) protein has been shown to bind to the
UUUOH element located in the 3′ end of LIN28B RNA transcripts [90,91] and subsequently
to enhance LIN28B’ protein levels [89]. Whereas SSB’ silencing decreased LIN28B level, it
successively resulted in an increase of mature let-7s (7a, 7b, 7c, 7d, 7e, 7f, 7g, and 7i) through
released inhibition of pri-let-7 processing [89]. TRIM25 protein is an E3 ligase that binds
to pre-let-7s conserved terminal loop and activates LIN28A/TUTase4-mediated uridyla-
tion [92]. It has been reported that TRIM25 is a cofactor for LIN28A/TUTase4-mediated
uridylation and functions in cis to provide additional specificity and regulation of LIN28A
in suppressing the maturation of pre-let-7s [77,78,92]. YAP, yes-associated protein, is a
transcriptional coactivator that plays important roles in various cellular processes. YAP is
downstream of the Hippo signaling pathway and has been reported to regulate miRNA bio-
genesis in a cell-contact-dependent manner [99,100]. At low cell density, unphosphorylated
YAP translocates into the nucleus and sequesters p72, a DEAD-box helicase 17 (DDX17),
which is an essential component of the miRNA processing machinery, Drosha/DGCR8,
resulting in downregulation of let-7 (7a and 7b) [99,100]. When cell density and cell-to-cell
contact increases, phosphorylated YAP remains in the cytoplasm and is unable to sequester
DDX17; consequently, the later binds to Drosha/DGCR8 complex and increases the pri-let-
7s processing [99,100]. YAP’s nuclear-cytoplasmic dynamics provides additional regulatory
control to the LIN28/let-7 axis through a novel cell-contact-dependent miRNA biogenesis.

2.1.3. LIN28-Independent Regulation

Heterogenous nuclear ribonucleoprotein A1 (HnRNPA1) has been shown to bind
Drosha complex [109]. HnRNPA1 also binds the conserved terminal loop of pri-let-7a-
1 and inhibits its processing by Drosha and DGCR8 complex [108,109]. The binding
of HnRNPA1 with the pri-let7a alters the pri-miRNA structure and inhibits Drosha pro-
cessing [109,110]. HnRNPA1 depletion increases pri-let-7a-1 processing, whereas ectopic
expression of hnRNPA1 decreases let-7a [106]. Death receptor tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-R2 associates with p68 RNA helicase (DDX5), nuclear
factor 90/45 (NF90/NF45), and hnRNPA1; together this complex is involved in RNA
processing and gene regulation [117]. These binding partners of TRAIL-R2 have been
shown to be involved in let-7s maturation and biogenesis [118,119]. Knockdown of either
TRAIL-R2 or NF90/NF45 results in enhanced processing of pri-let-7s by the Drosha/DGCR8
complex and significant intensification of levels of different mature let-7s (7a, 7b, 7c, 7d,
7e, and 7g) [117,120]. Several studies have reported that HnRNPA1’ binding to let-7a in-
terferes with the binding of the KH-type splicing regulatory protein (KSRP), known to
promote let-7a biogenesis [111,112]. HnRNPA1 and KSRP compete for pri-let7 binding
sties and reversibly regulate let-7 biogenesis in vivo [109]. This antagonizing regulation
of hnRNPA1 and KSRP adds an additional layer to let-7 biogenesis and adds additional
complexity to its homeostatic regulation that requires further investigation, especially
under pathophysiological conditions, such as neuroinflammation, cardiovascular diseases,
and stroke. STAUFEN1 protein has been shown to negatively modulate let-7s by binding to
the pri-let-7s 3′-UTR and altering their structure and integrity [129]. The immune regulator,
monocyte chemoattractant protein 1-induced protein 1 ribonuclease (MCPIP1), suppresses
pre-let-7s miRNA biogenesis by inhibiting Dicer processing [132]. MCPIP1 also has an
oligomerization domain for pre-let-7g recognition leading to its degradation [131].

9



Biomedicines 2021, 9, 606

2.2. Positive Regulation of let-7s Biogenesis
2.2.1. LIN28-Dependent Positive Regulation

Due to the complexity of LIN28/let-7 regulation, many layers of regulation are nec-
essary. One study revealed that TRIM71, an E3 ubiquitin ligase, negatively modulates
LIN28B through polyubiquitination, leading to the upregulation of mature let-a and pre-let-
7s post-transcriptionally [93]. TRIM71 levels are also dependent on LIN28 expression; a
decrease in LIN28 will reduce TRIM71 expression [94]. Additionally, TRIM71 binds to the
catalytically active Ago2 protein using its NHL domain, inducing the degradation of Ago2
by interfering with mature let-7s [94–96]. This adds a new layer of regulatory complexity to
let-7 biogenesis and maturation post-transcriptionally. Tristetraprolin (TTP) is an AU-rich
pentamer element (ARE)-binding protein that has been reported to downregulate LIN28A
via binding to LIN28A’ AREs in its 3′-UTR, resulting in subsequent degradation and pro-
motion of let-7s maturation [97,98]. It is also interesting that AREs are often located in the
3′-UTR of various mRNA of cytokine mRNAs [98]. TTP presumably plays an important
role in regulating inflammatory responses as well by directly binding to ARE-containing
transcripts and downregulating these inflammatory response transcripts [140,141].

2.2.2. LIN28-Independent Positive Regulation

Adenosine deaminases acting on RNAs (ADARs) have been reported to convert
adenosine residues to inosine residues in pri-miRNAs, pre-miRNAs, and mature miRNAs
and to modify their structures, functions, stability, and biogenesis [101,102,142]. Loss of
ADAR1 was found to significantly downregulate let-7a, 7b, 7d, and 7e expression through
Drosha- and Dicer-mediated processing [103]. ADAR1 modulates the expression of pri-
let-7-Complex (let-7c) locus through a single A-to-I change at the six residues of pri-miR
polycistronic transcript, leading to enhanced miRNA processing by Drosha cleavage [101].
ADAR1 mediates the differential expression of many polycistronic miRNA clusters through
direct binding to Drosha/DGCR8 or Dicer complexes, such as, pri-/pre-let7-a-1, let-7a-2,
let-7a-3, pri-/pre-let-7d, and pri-let-7f [102–106]. Tumor suppressor breast cancer 1 (BRCA1)
directly promotes the processing of pri-let-7a [121]. BRCA1 increases the expression of
both primary transcripts and mature let-7a. BRCA1 was shown to directly interact with
DDX5 and the Drosha complex, and studies found that BRCA1 associates with SMAD3,
p53, and DEAH-box RNA helicase (DHX9) [121,122]. BRCA1 can directly bind to primary
transcripts’ stem root via a DNA-binding domain and can regulate let-7a biogenesis via
the Drosha/DGCR8 complex and SMAD3/p53/DHX9 [121]. It also has been reported
that SMAD3 and p53 are involved in let-7a maturation [125,143] and interact with BRCA1–
Drosha complex [126]. SMAD3, p53, and DHX9 interactions with BRCA1 likely strengthen
and stabilize BRCA1-induced Drosha processing activity. Human nuclear interacting pro-
tein 1 (SNIP1) is an RNA-binding protein that interacts with Drosha complex and has been
reported to function in TGF-β and NF-κB signaling pathways. SNIPP1’ downregulation
resulted in let-7i reduction [127], confirming its positive regulation in let-7 biogenesis.
Another protein associated with Drosha/DGCR8 complex is synaptotagmin-binding cyto-
plasmic RNA-interacting protein (SYNCRIP), which was shown to bind to the conserved
terminal loop within pri-let-7 [144]. Silencing SYNCRIP reduces mature let-7a level, while
overexpressing SYNCRIP promotes let-7a [144]. Depletion of the BCDIN3D, a member
of the Bin3 family, revealed strong downregulation of a number of mature let-7s (7b, 7d,
7e, 7f, 7g, 7i and miR-98) [130]. BCDIN3D has been reported to interact with Dicer in an
RNase A-dependent manner and facilitates Dicer processing [131]. Additionally, BCDIN3D
has been shown to directly interact with pre-let-7s and methylate them in vitro with great
specificity, leading to enhanced Dicer processing [130]. RBM3, a cold-inducible, develop-
mentally regulated RNA-binding protein regulates let-7 biogenesis [133,134]. RBM3 level
has been shown to directly correlate with miRNA generation and vice versa [133]. Pilotte
and colleagues have shown that changes in pre-let7-a, pre-let-7g, and pre-let-7i are affected
by the presence of RBM3 [133]. RBM3 directly binds these pre-let-7s and enhances these
precursors’ association with active Dicer complexes [133]. RBM3’ ability to directly bind to
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pre-miRNAs and regulate subsequent Dicer processing under hypothermia makes it an
interesting target for modifying miR expression in temperature-sensitive processes. An-
other let-7 biogenesis-involved protein is a TAR DNA-binding protein 43 (TDP-43). TDP043
belongs to the hnRNP family and has been shown to play a major role in many cellular pro-
cesses [114,115]. Since hnRNPA1 has been described as associating with Drosha [107,113],
likewise TDP-43 is a Drosha-associated protein [115,116] and is reported to downregulate
let-7b [115]. Pri-let-7b binds directly to TDP-43 in different positions within the miRNA
and/or the hairpin [115]. When TDP-43 is depleted, let-7b is downregulated [115]; this
shows that TDP-43 plays a positive role in let-7b biogenesis. Intriguingly, another study
did not find that depletion of TDP-43 lowered let-7b level [116]. These contradictory results
remind us of the complexity of let-7 biogenesis in a context-dependent manner, and further
investigations are needed to discover TDP-43’s role in regulating let-7 biogenesis.

3. let-7’s Protein Regulators and Their Role in Stroke and Other Cardiovascular
Disease-Related Inflammation

let-7 is involved in many cellular processes, immunity, and protective functions. Regu-
lators of let-7 are crucial for therapeutic advances. The majority of these regulatory proteins
are well studied in development, proliferation, differentiation, and cancer, but their roles in
inflammation, cardiovascular diseases, and/or stroke are not well studied. Only a few of
these regulatory proteins have been described as having a link with cardiovascular diseases
and stroke outcomes. hnRNPA1 has recently been reported to interact with β-arrestin1
to upregulate a miRNA processing in the heart [145]. KSRP has been shown in vitro to
regulate inflammatory responses [112] through controlling inflammatory mediators, such
as TNFα, IL-1β, IFNα, and IFNβ expressions [146]. Similar to TTP, KSRP is involved
in direct and indirect control of cytokine synthesis and degradation, potentially through
miRNA regulation [146,147]. Upregulated SMAD3/TGF-β signaling has been reported
to significantly increase cell survival and exhibit neuroprotective effects after cerebral
ischemic stroke [148]. Cardiomyocyte apoptosis is considered a significant event during
the development of cardiomyopathy. let-7 has been shown to target TGF-3β and regulate
cardiomyocyte apoptosis after MI [149]. Bioinformatic predictions have shown several
genes, such as TBX5, FOXP1, HAND1, AKT2, and PPARGC1A, which are related to cardiac
development, to be targets of different let-7s (let-7a/7d/7e/7f ) [150]. These findings suggest
that let-7 might contribute to heart development and/or heart diseases, potentially as a
target for cardiovascular disease therapeutics [36]. A recent study showed that accumula-
tion of hnRNPA1 and TDP-43 are associated with neurodegenerative disease and ischemic
stroke [151,152]. Another study has shown that TRAIL-R2 is one of the most powerful
biomarkers for predicting long-term mortality in many diseases, such as diabetes, heart
failure, myocardial infarction, smoking, and hypercholesterolemia [153]. MCPIP1 has
recently been shown to negatively regulate inflammatory responses after ischemic stroke,
to enhance blood–brain barrier integrity, and to be neuroprotective [154]. Additionally,
RBM3 has recently been shown to be neuroprotective and positively correlate with good
ischemic stroke outcomes [155]. let-7 is a major player in diverse processes; any dysfunc-
tion in let-7 regulation can cause a disease state, and it is essential to study how these
regulatory elements link with inflammatory diseases. Taking all these together, since all the
above-mentioned proteins are involved in let-7 miR regulation, it is reasonable to suggest
that let-7s play a significant role in the aforementioned outcomes of these regulators.

In recent years, advanced bioinformatic techniques allowed characterization of many
circular RNAs and long noncoding RNAs. Both of these RNAs serve as competitive
endogenous RNA (ceRNA) regulators for miRs. ceRNAs work as sponges and prevent miRs
from acting on their target mRNA transcripts. Hundreds of ceRNAs have been described,
and some of them are involved in let-7 miRs regulation; however, their involvement in
stroke or other cardiovascular diseases still remains to be explored.
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4. Conclusions

It has been shown both in vivo and in vitro that let-7 miRs are involved in numerous
cellular processes, inflammation, immunity, and protective functions. Tissue- and condition-
specific let-7 expression is tightly regulated. The majority of the let-7’ regulatory proteins
are well studied in development, proliferation, differentiation, and cancer, but their roles
in inflammation, cardiovascular disease, and/or stroke are not well studied. Further
knowledge of the regulation of let-7 is crucial for therapeutic advances.

Author Contributions: Writing—original draft preparation, review and editing, D.L.B. and X.J.;
conceptualization, writing—original draft preparation, review and editing, supervision, and funding
acquisition, S.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by NIH research grant R01NS101135 (S.R.).

Acknowledgments: The authors express their grateful acknowledgment of Nancy L. Reichenbach
for proofreading and editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reinhart, B.J.; Slack, F.J.; Basson, M.; Pasquinelli, A.E.; Bettinger, J.C.; Rougvie, A.E.; Horvitz, H.R.; Ruvkun, G. The 21-nucleotide
let-7 RNA regulates developmental timing in Caenorhabditis elegans. Nat. Cell Biol. 2000, 403, 901–906. [CrossRef]

2. Ali, A.; Bouma, G.J.; Anthony, R.V.; Winger, Q.A. The Role of LIN28-let-7-ARID3B Pathway in Placental Development. Int. J.
Mol. Sci. 2020, 21, 3637. [CrossRef]

3. Roush, S.; Slack, F.J. The let-7 family of microRNAs. Trends Cell Biol. 2008, 18, 505–516. [CrossRef] [PubMed]
4. Hertel, J.; Bartschat, S.; Wintsche, A.; Otto, C.; The Students of the Bioinformatics Computer Lab; Stadler, P.F. Evolution of the

let-7 microRNA Family. RNA Biol. 2012, 9, 231–241. [CrossRef]
5. Wu, Y.-C.; Chen, C.-H.; Mercer, A.; Sokol, N.S. let-7-Complex MicroRNAs Regulate the Temporal Identity of Drosophila

Mushroom Body Neurons via chinmo. Dev. Cell 2012, 23, 202–209. [CrossRef] [PubMed]
6. Lee, H.; Han, S.; Kwon, C.S.; Lee, D. Biogenesis and regulation of the let-7 miRNAs and their functional implications. Protein Cell

2016, 7, 100–113. [CrossRef]
7. Bartel, D.P. MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell 2004, 116, 281–297. [CrossRef]
8. Eder, P.S.; Devine, R.J.; Dagle, J.; Walder, J.A. Substrate Specificity and Kinetics of Degradation of Antisense Oligonucleotides by a

3′ Exonuclease in Plasma. Antisense Res. Dev. 1991, 1, 141–151. [CrossRef] [PubMed]
9. Li, S.; Wang, X.; Gu, Y.; Chen, C.; Wang, Y.; Liu, J.; Hu, W.; Yu, B.; Wang, Y.; Ding, F.; et al. Let-7 microRNAs Regenerate Peripheral

Nerve Regeneration by Targeting Nerve Growth Factor. Mol. Ther. 2015, 23, 423–433. [CrossRef] [PubMed]
10. Gérard, C.; Lemaigre, F.; Gonze, D. Modeling the Dynamics of Let-7-Coupled Gene Regulatory Networks Linking Cell Prolifera-

tion to Malignant Transformation. Front. Physiol. 2019, 10, 848. [CrossRef] [PubMed]
11. Wei, J.; Li, H.; Wang, S.; Li, T.; Fan, J.; Liang, X.; Li, J.; Han, Q.; Zhu, L.; Fan, L.; et al. let-7 Enhances Osteogenesis and Bone

Formation While Repressing Adipogenesis of Human Stromal/Mesenchymal Stem Cells by Regulating HMGA2. Stem Cells Dev.
2014, 23, 1452–1463. [CrossRef]

12. Tolonen, A.; Magga, J.; Szabó, Z.; Viitala, P.; Gao, E.; Moilanen, A.; Ohukainen, P.; Vainio, L.; Koch, W.J.; Kerkelä, R.; et al.
Inhibition of Let-7 micro RNA attenuates myocardial remodeling and improves cardiac function postinfarction in mice. Pharmacol.
Res. Perspect. 2014, 2, e00056. [CrossRef] [PubMed]

13. Jiang, X.-M.; Yu, X.-F.; Wang, Z.-K.; Liu, F.-F.; Wang, Y. Let-7a gene knockdown protects against cerebral ischemia/reperfusion
injury. Neural Regen. Res. 2016, 11, 262–269. [CrossRef] [PubMed]

14. Na, H.S.T.; Nuo, M.; Meng, Q.-T.; Xia, Z.-Y. The Pathway of Let-7a-1/2-3p and HMGB1 Mediated Dexmedetomidine Inhibiting
Microglia Activation in Spinal Cord Ischemia-Reperfusion Injury Mice. J. Mol. Neurosci. 2019, 69, 106–114. [CrossRef]

15. Cho, K.J.; Song, J.; Oh, Y.; Lee, J.E. MicroRNA-Let-7a regulates the function of microglia in inflammation. Mol. Cell. Neurosci.
2015, 68, 167–176. [CrossRef] [PubMed]

16. Wang, S.; Zhou, H.; Wu, D.; Ni, H.; Chen, Z.; Chen, C.; Xiang, Y.; Dai, K.; Chen, X.; Li, X. MicroRNA let-7a regulates angiogenesis
by targetingTGFBR3mRNA. J. Cell. Mol. Med. 2019, 23, 556–567. [CrossRef]

17. Ham, O.; Lee, S.-Y.; Lee, C.Y.; Park, J.-H.; Lee, J.; Seo, H.-H.; Cha, M.-J.; Choi, E.; Kim, S.; Hwang, K.-C. let-7b suppresses apoptosis
and autophagy of human mesenchymal stem cells transplanted into ischemia/reperfusion injured heart 7by targeting caspase-3.
Stem Cell Res. Ther. 2015, 6, 147. [CrossRef]

18. Long, G.; Wang, F.; Li, H.; Yin, Z.; Sandip, C.; Lou, Y.; Wang, Y.; Chen, C.; Wang, D.W. Circulating miR-30a, miR-126 and let-7b as
biomarker for ischemic stroke in humans. BMC Neurol. 2013, 13, 178. [CrossRef] [PubMed]

19. Chi, N.; Chiou, H.; Chou, S.; Hu, C.; Chen, K.; Chang, C.; Hsieh, Y. Hyperglycemia-related FAS gene and hsa-let-7b-5p as markers
of poor outcomes for ischaemic stroke. Eur. J. Neurol. 2020, 27, 1647–1655. [CrossRef]

12



Biomedicines 2021, 9, 606

20. Li, S.; Chen, L.; Zhou, X.; Li, J.; Liu, J. miRNA-223-3p and let-7b-3p as potential blood biomarkers associated with the ischemic
penumbra in rats. Acta Neurobiol. Exp. 2019, 79, 205–216. [CrossRef]

21. Bernstein, D.L.; Zuluaga-Ramirez, V.; Gajghate, S.; Reichenbach, N.L.; Polyak, B.; Persidsky, Y.; Rom, S. miR-98 reduces endothelial
dysfunction by protecting blood–brain barrier (BBB) and improves neurological outcomes in mouse ischemia/reperfusion stroke
model. Br. J. Pharmacol. 2019, 40, 1953–1965. [CrossRef]

22. Li, H.-W.; Meng, Y.; Xie, Q.; Yi, W.-J.; Lai, X.-L.; Bian, Q.; Wang, J.; Wang, J.-F.; Yu, G. miR-98 protects endothelial cells against
hypoxia/reoxygenation induced-apoptosis by targeting caspase-3. Biochem. Biophys. Res. Commun. 2015, 467, 595–601. [CrossRef]

23. Rom, S.; Dykstra, H.; Zuluaga-Ramirez, V.; Reichenbach, N.L.; Persidsky, Y. miR-98 and let-7g* Protect the Blood-Brain Barrier
Under Neuroinflammatory Conditions. Br. J. Pharmacol. 2015, 35, 1957–1965. [CrossRef]

24. Bernstein, D.L.; Rom, S. Let-7g* and miR-98 Reduce Stroke-Induced Production of Proinflammatory Cytokines in Mouse Brain.
Front. Cell Dev. Biol. 2020, 8, 632. [CrossRef]

25. Bernstein, D.L.; Gajghate, S.; Reichenbach, N.L.; Winfield, M.; Persidsky, Y.; Heldt, N.A.; Rom, S. let-7g counteracts endothelial
dysfunction and ameliorating neurological functions in mouse ischemia/reperfusion stroke model. Brain Behav. Immun. 2020, 87,
543–555. [CrossRef] [PubMed]

26. Xiang, W.; Tian, C.; Peng, S.; Zhou, L.; Pan, S.; Deng, Z. Let-7i attenuates human brain microvascular endothelial cell damage
in oxygen glucose deprivation model by decreasing toll-like receptor 4 expression. Biochem. Biophys. Res. Commun. 2017, 493,
788–793. [CrossRef]

27. Jickling, G.C.; Ander, B.P.; Shroff, N.; Orantia, M.; Stamova, B.; Dykstra-Aiello, C.; Hull, H.; Zhan, X.; Liu, D.; Sharp, F.R.
Leukocyte response is regulated by microRNA let7i in patients with acute ischemic stroke. Neurology 2016, 87, 2198–2205.
[CrossRef] [PubMed]

28. Chen, D.; Li, L.; Wang, Y.; Xu, R.; Peng, S.; Zhou, L.; Deng, Z. Ischemia-reperfusion injury of brain induces endothelial-
mesenchymal transition and vascular fibrosis via activating let-7i/TGF-βR1 double-negative feedback loop. FASEB J. 2020, 34,
7178–7191. [CrossRef]

29. Lin, Z.; Ge, J.; Wang, Z.; Ren, J.; Wang, X.; Xiong, H.; Gao, J.; Zhang, Y.; Zhang, Q. Let-7e modulates the inflammatory response in
vascular endothelial cells through ceRNA crosstalk. Sci. Rep. 2017, 7, 42498. [CrossRef]

30. Huang, S.; Lv, Z.; Guo, Y.; Li, L.; Zhang, Y.; Zhou, L.; Yang, B.; Wu, S.; Zhang, Y.; Xie, C.; et al. Identification of Blood Let-7e-5p as
a Biomarker for Ischemic Stroke. PLoS ONE 2016, 11, e0163951. [CrossRef] [PubMed]

31. Nguyen, T.; Su, C.; Singh, M. Let-7i inhibition enhances progesterone-induced functional recovery in a mouse model of ischemia.
Proc. Natl. Acad. Sci. USA 2018, 115, E9668–E9677. [CrossRef]

32. Yuan, H.; Zhang, H.; Hong, L.; Zhao, H.; Wang, J.; Li, H.; Che, H.; Zhang, Z. MicroRNA let-7c-5p Suppressed Lipopolysaccharide-
Induced Dental Pulp Inflammation by Inhibiting Dentin Matrix Protein-1-Mediated Nuclear Factor kappa B (NF-κB) Pathway In
Vitro and In Vivo. Med Sci. Monit. 2018, 24, 6656–6665. [CrossRef]

33. Wong, L.L.; Saw, E.L.; Lim, J.Y.; Zhou, Y.; Richards, A.M.; Wang, P. MicroRNA Let-7d-3p Contributes to Cardiac Protection via
Targeting HMGA2. Int. J. Mol. Sci. 2019, 20, 1522. [CrossRef]

34. Hsu, P.-Y.; Hsi, E.; Wang, T.-M.; Lin, R.-T.; Liao, Y.-C.; Juo, S.-H.H. MicroRNA let-7g possesses a therapeutic potential for
peripheral artery disease. J. Cell. Mol. Med. 2016, 21, 519–529. [CrossRef]

35. Zhuang, Y.; Peng, H.; Mastej, V.; Chen, W. MicroRNA Regulation of Endothelial Junction Proteins and Clinical Consequence.
Mediat. Inflamm. 2016, 2016, 1–6. [CrossRef]

36. Bao, M.-H.; Feng, X.; Zhang, Y.-W.; Lou, X.-Y.; Cheng, Y.; Zhou, H.-H. Let-7 in Cardiovascular Diseases, Heart Development and
Cardiovascular Differentiation from Stem Cells. Int. J. Mol. Sci. 2013, 14, 23086–23102. [CrossRef]

37. Joshi, S.; Wei, J.; Bishopric, N.H. A cardiac myocyte-restricted Lin28/let-7 regulatory axis promotes hypoxia-mediated apoptosis
by inducing the AKT signaling suppressor PIK3IP1. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2016, 1862, 240–251. [CrossRef]

38. Hennchen, M.; Stubbusch, J.; Makhfi, I.A.-E.; Kramer, M.; Deller, T.; Pierre-Eugene, C.; Janoueix-Lerosey, I.; Delattre, O.; Ernsberger,
U.; Schulte, J.H.; et al. Lin28B and Let-7 in the Control of Sympathetic Neurogenesis and Neuroblastoma Development. J. Neurosci.
2015, 35, 16531–16544. [CrossRef] [PubMed]

39. Gulman, N.K.; Armon, L.; Shalit, T.; Urbach, A. Heterochronic regulation of lung development via the Lin28-Let-7 pathway.
FASEB J. 2019, 33, 12008–12018. [CrossRef] [PubMed]

40. Fairchild, C.L.A.; Cheema, S.K.; Wong, J.; Hino, K.; Simó, S.; La Torre, A. Let-7 regulates cell cycle dynamics in the developing
cerebral cortex and retina. Sci. Rep. 2019, 9, 15336. [CrossRef] [PubMed]

41. Morgado, A.L.; Rodrigues, C.M.P.; Solá, S. MicroRNA-145 Regulates Neural Stem Cell Differentiation Through the Sox2-Lin28/let-
7 Signaling Pathway. STEM CELLS 2016, 34, 1386–1395. [CrossRef] [PubMed]

42. Deng, Z.; Wei, Y.; Yao, Y.; Gao, S.; Wang, X. Let-7f promotes the differentiation of neural stem cells in rats. Am. J. Transl. Res. 2020,
12, 5752–5761. [PubMed]

43. Chen, P.-Y.; Qin, L.; Barnes, C.; Charisse, K.; Yi, T.; Zhang, X.; Ali, R.; Medina, P.P.; Yu, J.; Slack, F.J.; et al. FGF Regulates TGF-β
Signaling and Endothelial-to-Mesenchymal Transition via Control of let-7 miRNA Expression. Cell Rep. 2012, 2, 1684–1696.
[CrossRef]

44. Kalomoiris, S.; Cicchetto, A.C.; Lakatos, K.; Nolta, J.A.; Fierro, F.A. Fibroblast Growth Factor 2 Regulates High Mobility Group
A2 Expression in Human Bone Marrow-Derived Mesenchymal Stem Cells. J. Cell. Biochem. 2016, 117, 2128–2137. [CrossRef]
[PubMed]

13



Biomedicines 2021, 9, 606

45. Liao, Y.-C.; Wang, Y.-S.; Guo, Y.-C.; Lin, W.-L.; Chang, M.-H.; Juo, S.-H.H. Let-7g Improves Multiple Endothelial Functions
Through Targeting Transforming Growth Factor-Beta and SIRT-1 Signaling. J. Am. Coll. Cardiol. 2014, 63, 1685–1694. [CrossRef]
[PubMed]
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Abstract: The term coronary “artery vasculitis” is used for a diverse group of diseases with a wide
spectrum of manifestations and severity. Clinical manifestations may include pericarditis or my-
ocarditis due to involvement of the coronary microvasculature, stenosis, aneurysm, or spontaneous
dissection of large coronaries, or vascular thrombosis. As compared to common atherosclerosis,
patients with coronary artery vasculitis are younger and often have a more rapid disease progression.
Several clinical entities have been associated with coronary artery vasculitis, including Kawasaki’s
disease, Takayasu’s arteritis, polyarteritis nodosa, ANCA-associated vasculitis, giant-cell arteritis,
and more recently a Kawasaki-like syndrome associated with SARS-COV-2 infection. This review
will provide a short description of these conditions, their diagnosis and therapy for use by the
practicing cardiologist.

Keywords: coronary artery disease; vasculitis; inflammatory diseases

1. Introduction

The term vasculitis refers to a group of conditions whose pathophysiology is mediated
by inflammation of blood vessels. Most forms of vasculitis are systemic and may present
variable clinical manifestations, requiring a multidisciplinary approach. A number of
etiologies have been reported; independently of the specific organ involvement, vasculitis
can be primary or secondary to another autoimmune disease or can be associated with
other precipitants such as drugs, infections or malignancy [1]. Almost all cases of coronary
vasculitis appear as a manifestation of systemic (primary) vasculitis, which are classified
based on the type and size of the vessels affected and the cellular component responsible
for the tissue infiltration. The classifications of the American College of Rheumatology,
and the Chapel Hill International Consensus Conference distinguish among the following
groups of vasculitis [2]: (a) large vessels vasculitis with giant cell (temporal) arteritis and
Takayasu arteritis; (b) medium-sized vessels vasculitis including polyarteritis nodosa and
Kawasaki disease; (c) small vessel vasculitis including allergic granulomatous angiitis,
Wegener’s granulomatosis, microscopic polyangiitis (microscopic polyarteritis), Henoch–
Schonlein purpura, essential cryoglobulinemic vasculitis, and cutaneous leukocytoclastic
angiitis [2]. Cardiac manifestations of systemic vasculitis are relatively rare but may lead to
a sudden and rapid worsening of the patient’s prognosis [3,4], including sudden death in
young individuals with no prior cardiovascular disease. Beyond coronary artery vasculitis,
clinical manifestations of cardiac involvement may include pericarditis, myocarditis, heart
valve disease. Coronary vasculitis may present as stenosis, occlusion, aneurysm or rupture
of coronaries. Although extremely rare, coronary vasculitis should be considered in
the differential diagnostic of young patients with otherwise unexplained acute coronary
syndromes or congestive cardiac failure and in patients with known primary or secondary
vasculitis. Among the different forms listed above, the most frequent forms of coronary
vasculitis include polyarteritis nodosa, Kawasaki’s disease, Takayasu’s arteritis and giant
cell arteritis; most recently, an inflammatory involvement in patients infected with the
SARS-COV-2 virus has also been reported. Early diagnosis of these rare forms has a drastic
impact on the diagnostic methods and the choice of therapy [5], and appropriate treatment
has the potential to modify the severity of the disease.
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2. Most Common Vasculitis Entities with Coronary Involvement

Although a thorough discussion on the clinical features, pathophysiology and therapy
of vasculitis goes beyond the scope of this paper focusing on coronary involvement, the
following paragraphs will describe shortly the main features of each condition associated
with coronary involvement, also summarized in Table 1.

Table 1. Typical forms of vasculitis with coronary involvement.

Group and Disease Laboratory Findings
Frequency of Coronary

Involvement
Location Typical Lesion

Large Vessels

Takayasu [6,7] Inflammatory markers 10–45% Ostial/proximal Stenosis

Giant cell arteritis [8] Inflammatory markers Rare Diffuse Tapered smooth
narrowings

Medium Vessels

Polyarteritis nodosa [9,10] Not consistently 10–50% Not specific Aneurysm or stenosis

Kawasaki [11,12] Inflammatory markers 25–30% Not specific Aneurysm > stenosis

Small vessel

Eosinophilic angiitis [10] ANCA (not in all
forms) Rare Not specific Stenosis or aneurysm

Veins > arteries

Behçet [13–16] Not consistently 0.5–2% Not specific Thrombosis or
pseudoaneurysm

Variable

Erdheim–Chester [17] Rare 25–55% Right coronary
prevalent Periarteritis

IgG4 [18] IgG4 1–3% Not specific Aneurysm or
periarteritis

2.1. Large Vessel Vasculitis
2.1.1. Takayasu

Takayasu arteritis affects more commonly young females and it involves large vessels,
typically the aortic arch and proximal branches of the aorta as well as the pulmonary
arteries. The course of disease is usually chronic, with cutaneous, neurologic, gastroin-
testinal, and constitutional symptoms. Angina pectoris may occur following coronary
artery ostial stenosis from aortitis or coronary arteritis in 10–45% of the cases and may have
severe clinical sequelae, even though regression upon immunosuppression is possible [19].
In these cases, coronary artery stenosis is caused by the diffusion of the inflammatory
process and intimal proliferation form the wall of the ascending aorta [6]. The patho-
genesis is unclear, but cell-mediated mechanisms (particularly cytotoxic lymphocytes,
especially gamma delta T lymphocytes releasing the cytolytic protein perforin) are thought
to be involved [20]. The presence of a (yet unknown) specific antigen in the aorta might
explain the selective localization of the disease [21]. At histology, mononuclear cells—
predominantly lymphocytes, histiocytes, macrophages, and plasma cells—are present,
and giant cells and granulomatous inflammation are found in the arterial media. The ex-
pansion of these inflammatory processes may lead on one side to destruction of the elastic
lamina, causing the aneurysmal dilation of the affected vessel, or to narrowing of the
lumen. Systemic inflammatory markers are often elevated. Systemic therapy consists of
corticosteroids and immunosuppression, but anti-IL6 therapy with Tocilizumab has also
been associated with a reduction in the markers of inflammation and, importantly, also the
number of coronary artery lesions [22]. Takayasu is a progressive chronic disease with
remissions and relapses and an 80–90% survival at five years [23].
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2.1.2. Giant Cell Arteritis

This condition shares several similarities with Takaysu’s arteritis, and the differential
diagnostic is based on a rather artificial criterium of age (older than 50 in giant cell arteri-
tis and younger than 40 in Takayasu) and vascular district involvement (more frequent
involvement of supraaortic vessels in giant cell arteritis) [24]. Both giant cell arteritis and
Takayasu involve the aorta and its major branches and are indistinguishable histopatho-
logically. Although the prevalence of coronary artery involvement in giant cell arteritis is
thought to be lower [8], large cohort studies report that the incidence of acute myocardial
infarctions is twice as high as that in patients without giant cell arteritis, particularly early
after diagnosis (Hazard Ratio for AMI: 11.9 [2.4–59.0]) [25]. Therapy with tocilizumab,
an anti-IL6 antibody, is recommended in addition to corticosteroids, but its efficacy specifi-
cally on coronary vasculitis has not been investigated. The disease does not compromise
life expectancy except for those patients in whom aortic dissection is present [8].

2.2. Medium Vessel Vasculitis
2.2.1. Polyarteritis Nodosa

Polyarteritis nodosa is a systemic necrotizing vasculitis which predominantly involves
medium-sized arteries, more rarely small muscular arteries in middle-aged adults. Unlike
microscopic polyarteritis, granulomatosis with polyangiitis, polyarteritis nodosa is antineu-
trophil cytoplasmic antibodies (ANCA)-negative [2]. It may affect virtually any organ
in the body (kidneys, skin, joints, muscles, nerves, and gastrointestinal tract), usually in
combination, but usually does not involve the lungs. Coronary involvement is considered
to be rare but may be severe, including aggressive three-vessel disease with infaust out-
come (Figure 1) [26]. Clinical sequelae of this involvement include congestive heart failure,
hypertension, pericarditis, and arrhythmias.

 

Figure 1. Coronary angiography (A–C) and computed tomography image (D) of three-vessel disease in a 22-years old patient
with polyarteritis nodosa. Angiography showed chronic total occlusion of the right and circumflex coronaries. Reproduced
with permission from [26] under the creative common license (http://creativecommons.org/publicdomain/zero/1.0/)
(accessed on 3 March 2021).

Coronary involvement may manifest in the form of stenosis, occlusion, aneurysm, or
dissection. In a recent review of cases, a total of 34 patients with an average age of 41 years
were identified from 32 publications. Male sex is more frequent, coronary disease was the
first manifestation of polyarteritis nodosa in 3/4. The clinical course of the disease was
in general very severe, with cases of death from cardiac arrest, pulmonary edema with
alveolar hemorrhage or multiple intracranial hemorrhages after thrombolytic therapy [27].
The formation of immune complexes as the result of a virus infection (hepatitis B or C
virus) and hairy cell leukemia is thought to mediate the inflammatory reaction, which most
often lead to media thickening and stenosis rather than aneurysm formation. Medical
therapy includes cyclophosphamide in addition to corticosteroids and/or azathiprine,
even though the long-term effectiveness of this approach appears to be limited. Five-year
survival reaches 80%.
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2.2.2. Kawasaki

Also known as mucocutaneous lymph node syndrome, Kawasaki disease is an acute,
self-limited small and medium vessel systemic vasculitis with a frequent involvement
of coronary arteries (right more often than left) affecting children <5 years of age with
rare cases in older children [28]. Although Kawasaki disease generally has a self-limiting
febrile course, given the decreasing incidence of rheumatic disease, it represents the most
common cause of acquired heart disease in childhood in developed countries [29] and it
accounts for as many as 5% of the cases of acute coronary syndrome in patients younger
than 40 years. Clinically, it presents as polymorphous rash, mucosal changes (including
dry, cracked lips and strawberry tongue), extremity changes (including palmar and/or
plantar erythema, swelling, and desquamation), bilateral nonpurulent conjunctivitis, and
cervical lymphadenopathy (≥1.5 cm diameter), usually unilateral. Although a genetic
influence has also been hypothesized, like for Behçet, the pathogenesis of Kawasaki is not
clear and may be related to a wind-borne or water-borne pathogen. The most commonly
affected age group are children under five years of age, but cases in adults are also com-
mon. For instance, a case of adult-onset Kawasaki Disease Shock Syndrome complicated
by coronary aneurysms in a 20-year old man of East Asian ancestry has been recently
reported [30]. Like for Behçet, the prevalence is higher, and the prognosis worse, in males
affected by Kawasaki [12]. In the current hypothesis, it is believed that the activation
of an immune reaction involving in the first phase neutrophils and then lymphocytes,
cytokines, and proteinases; tumor necrosis factor alpha (TNF-a); Interleukin 1, 4, and 6
and matrix metalloproteinases (MMP3 and MMP9) triggered by exposure to an airborne
virus may subtend Kawasaki. CD8+T cells, plasma cells, and monocytes cause release of
pro-inflammatory cytokines IL-1β and TNFα. These processes may evolve for months to
years resulting in a chronic arteritis. Oligoclonal IgA plasma cells appear to be central in the
cascade leading to coronary arteritis. Clinical manifestations may include myocarditis and
arteritis resulting in fibrinoid necrosis of the internal elastic lamina and subsequent forma-
tion of coronary aneurysms in up to one-third of untreated patients. Cerebral aneurysms
are less frequent at 1–2% of patients. Monocytes, neutrophils and macrophages appear to be
involved in the pathogenesis of these vascular lesions. Resulting from these inflammatory
processes, an inappropriate healing response may also cause coronary stenosis. Otherwise,
typical complications associated with the presence of the aneurysms include thrombus
formation causing embolism and peripheral occlusion and rupture. Cases of regression
of small coronary aneurysms upon inflammatory therapy have also been reported [31].
In the acute phase of Kawasaki disease, therapy with intravenous Immunoglobulin, corti-
costeroids, and aspirin monotherapy is encouraged [32]. Therapy with immunoglobulins
and corticosteroids is associated with a reduction in the incidence of coronary events (odds
ratio: 0.3 [0.2–0.5]) [33], but the presence of signs compatible with coronary vasculitis is a
negative predictor for the responsiveness to immunoglobulins. The prognosis is variable
and depends on the size of the aneurysms. Regular follow-up is therefore important.

2.3. Small Vessel Vasculitis
Eosinophilic Angiitis

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitides compose a
family of conditions involving severe, systemic, small-vessel vasculitis featuring autoanti-
bodies directed against the neutrophil proteins leukocyte proteinase 3 or myeloperoxidase.
Their clinical presentation and therapies have been recently reviewed [34]. Within this
group of diseases, eosinophilic granulomatosis with polyangiitis most commonly involves
coronary vessels. This condition (which is not necessarily mediated by ANCA) has an
incidence of ~0.5–2 cases per million per year, its time of onset is typically in the middle or
older age and is equally frequent in males and females. Histologically, it is characterized
by eosinophil-rich and necrotizing granulomatous inflammation predominantly affecting
small-to-medium vessels; eosinophilia is the typical marker and pulmonary involvement
and asthma are often associated. Connected, but not overlapping, with this condition,
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the first case of a novel medium-sized arteritis with eosinophilic inflammation limited to
the adventitia and periadventitial soft tissue of epicardial coronary arteries was reported
in 1989. Eosinophilic coronary periarteritis is not systemic and differs from poliarteritis
nodosa and Churg–Strauss Syndrome in that it does not involve other arterial layers and
it does not show fibrinoid necrosis. This form of coronary artery vasculitis has an adult
onset and it has been associated with cases of spontaneous coronary artery dissection or
coronary spasm [35,36]. Eosinophilic arteritis without dissection is more frequent in men
than women, while a spontaneous dissection—prevalently of the left anterior descend-
ing coronary—is more frequent in females. Although the etiology and pathogenesis of
this condition remain uncertain, it is possible that this disease may play a role in several
cases of spontaneous dissection that remain etiologically undiagnosed. Churg–Strauss
syndrome is a related disease that is diagnosed in the presence of the following six cri-
teria: severe asthma, fleeting pulmonary infiltrates on chest radiographs, eosinophilia,
paranasal sinus abnormalities, eosinophilic infiltration on biopsy, and neurologic manifes-
tations. The highest incidence is in the fourth-fifth decade of life and is higher in females.
Cardiac involvement may manifest as pericarditis, restrictive or dilated cardiomyopathy,
myocarditis, arrhythmias, and sudden cardiac death. The prognosis of these diseases is
markedly improved by the use of corticosteroids, and the mortality is in the range of 30%
at 5 years [37].

2.4. Other Forms
2.4.1. Behçet

Behçet disease is a severe disease most frequent in the eastern Mediterranean and
the east, where it reaches an incidence of 0.03% of the population. The incidence in males,
most commonly in the fourth and fifth decade of life, is three times higher than in fe-
males. The most common manifestations include signs of inflammatory activation such as
fever and constitutional symptoms. Clinical features of this disease include oral and/or
genital ulcerations, ocular disease, and arthritis. Behçet´s disease has an unknown cause
even though a genetic predisposition is suspected; its pathophysiology is based on au-
toinflammatory mechanisms, endothelial damage/dysfunction, and impaired fibrinolysis
involving the activation of T-lymphocytes, including T helper 17 cells, immune complex
formation, neutrophil activation, and the secretion of inflammatory cytokines. From the
histologic perspective, Behçet is associated with perivasculitis with neutrophil infiltration,
fibrinoid necrosis and endothelial swelling [15,16]. Anti-lymphocyte and anti-cardiolipin
antibodies are a feature of this condition and allow its diagnosis. Arterial involvement
in Behçet disease manifest itself as aneurysms of the medium- and large-sized arteries.
The vascular manifestations of Behçet vary between 10 and 30% of the cases and may
involve both arteries and, approximately 4 times more frequently, veins [14]. Vascular in-
volvement portends a negative prognosis, particularly in younger males without traditional
coronary artery disease risk factors (except for smoking). Although native coronary disease
is most commonly described, cases of in-stent restenosis have also been reported [14]. Ther-
apy may include colchicine and general immunosuppressive therapy with corticosteroids,
azathioprine, cyclosporine A, and cyclophosphamide). The prognosis is good, although
the incidence of relapses is very high.

2.4.2. Erdheim–Chester Disease

Erdheim–Chester disease is a rare non-Langerhans histiocytosis and is essentially a
malignancy of myeloid progenitor cells caused by a somatic mutation of signaling molecule
genes, which explains the increased expression of inflammatory cytokines (IL-6, interferon
alpha, MCP-1). Fewer than 1000 cases of this disease have been reported, most commonly
under the form of multifocal sclerotic lesions of the bones. Bone pain, neurologic symptoms,
and cardiac symptoms are the most common manifestations. It may result in multisystem
involvement including vasculitis-like phenomena of large and medium-sized arteries, par-
ticularly of the aorta (around 60% in a recent case series) [17]. Coronary artery involvement
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is rather common (55%), leading to about one-third of deaths [38]. The most common
presentation includes infiltration, particularly at the level of the right atrium; periarte-
rial fibrosis, thickening and pleural effusion are also common. Its histologic hallmark is
perinephric fibrosis. The treatment may include a BRAF inhibitor (vemurafenib), a MEK
inhibitor, interferon alfa, or immunosuprression with corticosteroids or cytotoxic therapies.
Five-year survival reaches 70%.

2.4.3. IgG4-Related Disease

Immunoglobulin G4-related disease is a rare fibroinflammatory condition with multi-
organ lymphoplasmacytic infiltration that affects more comonly males. Every organ may be
affected and extracardiac involvement may manifest as sialadenitis, thyroiditis, nephritis,
lymphadenopathy, and lung disease. The pathogenesis of this disease appears to depend
on an immune response mediated by Th1 and Th2 cells, while the role of IgG4 antibodies
remains unclear. Cardiovascular manifestations of IgG4-RD may include aortitis, medium-
sized vessel arteritis, pulmonary vascular disease, phlebitis, valvulopathy, pericarditis, and
antineutrophilic cytoplasmic antibody-associated vasculitis and more frequently involve
the abdominal vasculature, even though cardiac cases have also been reported [39,40].
Therapy with glucocorticoids leads to a remission in 98% of the cases, but a spontaneous
remission without therapy is also often observed. Cases that are refractory to steroids and
require immunosuppression, however, also exist.

3. Epidemiology

The relative rarity of these conditions as well as a lack of standardized prospec-
tive imaging studies systematically evaluating the coronary vasculature complicates the
diagnosis of coronary artery vasculitis in patients with known autoimmune diseases.
The involvement of the coronary microvasculature (not visible at computed tomography or
angiography) and the fact that coronary artery vasculitis may manifest under the form of
coronary (micro)vascular spasm rather than fixed stenosis further complicate the diagnosis
and may result in many false negatives. Finally, the co-existence of accelerated atherosclero-
sis caused by immunosuppressive therapies and the lack of availability of methods for the
differential diagnosis of these two forms of disease is an additional hurdle to the diagnosis.
Particularly in cases of isolated coronary artery vasculitis, which is considered to be ex-
tremely rare, the true incidence is probably dramatically underestimated [10]. A coronary
artery vasculitis is diagnosed (Table 1) in 50% of the patients with polyarteritis nodosa
(with a reported incidence of 4–10 per million per year) and in about 20% of patients with
Kawasaki disease (incidence 2 per million per year [5]). A similar incidence of coronary
artery vasculitis is reported for patients with large vessel vasculitides, such as Takayatsu
arteritis and giant cell arteritis (incidence rates of 1–3 per million each). Other forms of large
vessel vasculitides like the Erdheim–Chester disease are rarely associated with coronary
artery vasculitis (about 5% of the cases). The incidence of vascular involvement in Behçet
has also been reported to be in the range of 50% [41].

4. Pathogenesis and Pathology

The pathogenesis of coronary artery vasculitis is complex, multifaceted, depends
on the specific disease, and it is essentially mediated by both extrinsic and host factors
such as immuno-mediated inflammation and auto-antibody dependent reactions [9]. In-
flammatory cytokines, in part specific for each condition, including interferon-gamma
(IFN-γ), tumor necrosis factor-alpha (TNF-α), and T-1 interleukins have all been reported.
Histopathological findings on autopsy are also specific for each condition. The coronary
artery vasculitis caused by polyarteritis nodosa is characterized by intramural, perivascu-
lar lymphocyte, and macrophage infiltration as well as fibrinoid necrosis which provoke
the destruction of the arterial wall. Takayatsu and giant cell arteritis are associated with
intimal hyperplasia, granulomatous arteritis, and coronary atherosclerosis. In contrast,
Kawasaki disease is characterized by multi-cellular infiltration of the arterial wall causing
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necrosis of the internal elastic lamina. As a result of these different mechanisms, find-
ings of chronic inflammation, scar tissue, necrosis, and stenosis may be present in all
forms of coronary artery vasculitis. Coronary artery aneurysm are a rarer entity caused,
as mentioned above, by weakening of the arterial wall mediated by an overactivity of
metalloproteinases and metalloelastases. The same mechanisms, coupled with the release
of pro-angiogenetic substances from the eosinophils and the resulting formation of weak
capillaries that may rupture in the arterial media, may lead to spontaneous dissection in
eosinophilic arteritis [42]. Arterial thromboses may result from the blood stasis in these
aneurysms and/or in stenosis leading to myocardial ischemia [43]. As in all inflammatory
conditions, the incidence of typical coronary atherosclerosis is also higher in patients with
vasculitis. Rarely, embolisms of Wegener granulomatosis of heart valve lesions causing
coronary artery occlusion have also been described [44].

5. Clinical Manifestations and Diagnosis

The symptoms and signs associated with system involvement differ significantly
among different disease entities reflecting the different organs involved. Because of the rel-
ative rarity of these disease, a diagnosis can easily be missed. The clinical presentation may
not be specific, but clinical features that might suggest an inflammatory etiology include
elevated inflammatory markers that cannot be explained otherwise, signs of inflammation—
such as fever, chills, night sweats, weight loss, subclavian or aortic bruits—suggestive
of atypical stenosis in other districts, a history of multiple system involvement such as
abdominal ischemic events, early age particularly in the absence of genetic predisposition
or severe risk factors. Patients with suspected vasculitis, particularly Takayasu, should un-
dergo imaging of the arterial tree by magnetic resonance angiography (which has the
advantage of avoiding contrast medium and radiation exposure) or computed tomography
to evaluate the presence of aneurysms, stenoses, arterial wall thickening, and/or masslike
lesions surrounding the coronary arteries as recently reviewed in [45,46]. In particular,
computed tomography provides accurate non-invasive information on both luminal and
mural lesions in the aorta and its branches, which is important in both the diagnosis
and the follow-up of disease progression. Computed tomography allows detection and
quantification of stenoses and aneurysms which may be present in virtually every form of
vasculitis [46]; findings that are typical of specific conditions include “skip lesions“ (focal
stenoses in Takayasu disease) and “pigs-in-a-blanket” lesions (rings of soft-tissue attenua-
tion surrounding the coronary arteries) in coronary periarteritis [18]. Ultrasound imaging
of other districts, including the chest, abdomen, head, and neck may be useful, particularly
to detect wall thickenings which cannot be diagnosed by angiography. Positron emission
tomography, often in combination with computed tomography or magnetic resonance, has
been used for the diagnosis of large-vessel vasculitis. Arterial segments featuring increased
standardized uptake values may be suggestive of disease [47]; these abnormalities are
however not present in coronaries.

At angiography, coronary artery vasculitis may manifest under the form of coronary
stenosis, aneurysm (Figure 2), dissection (Figure 3, most frequent in eosinophilic periar-
teritis), spasm (Figure 4), or coronary rupture (Table 1). Sudden death, typical angina,
acute myocardial infarction, atrial and ventricular arrhythmias, conduction disturbances,
or cardiac failure have all been described [48]. Although no specific finding at coronary
angiography allows a safe diagnosis, features associated with early, advanced, or atypical
coronary artery disease may suggest an inflammatory etiology. For example, Kawasaki
disease and polyarteritis nodosa are often associated with large aneurysms [11]. Polyarteri-
tis nodosa often features multifocal aneurysms with a “beads on a string” or nodular
appearance [49], which are also present in patients with anti-neutrophil cytoplasmic an-
tibody (ANCA)-associated vasculitis and Behcet’s disease [13]. The arterial lesions in
Behçet disease may be occlusive or aneurysmal [15]. Giant cell arteritis has been associated
with long coronary lesions [50], and in Takayasu’s arteritis, coronary lesions have been
classified in three main types: 1, stenosis or occlusion of the coronary ostia (60–80%);
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2, diffuse disease that may involve all epicardial branches or only focal segments (10–20%);
and 3, coronary aneurysms (0–5%) [23].

 

Figure 2. Coronary aneurysms in an 80-year-old female patient with stroke and rheumatoid arthritis.
Panel a: right coronary; Panel b: left coronary (arrows mark the aneurysms). The patient had been
admitted for sudden loss of consciousness. Chest computed tomography (panels A–C, Video S1)
was performed for the suspect of lung embolism. The exam showed severe coronary aneurysms.
At angiography (panel D,E), the aneurysms were so large that they could not be imaged in one single
run despite large contrast volume.

 

Figure 3. Spontaneous dissection (arrows) in a 45-years old woman causing non-ST elevation
myocardial infarction.
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Figure 4. Coronary spasm in a 51-year-old female patient with ANCA-associated vasculitis and
spasm of the proximal left anterior descending (panel a) causing a Tako-Tsubo-like contractile
dysfunction (b,c).

Coronary angiography does not detect inflammation, necrosis or reactive thickening
of the arterial wall. Non-invasive assessment of the cardiac and extracardiac circulation
using computed tomography or magnetic resonance imaging is therefore recommended
in patients with large (giant cell arteritis and Takayasu’s arteritis), medium (poliarteritis
nodosa) or variable (Behçet’s disease) vessel vasculitis. Patients with small vessel vasculitis
(i.e., ANCA-associated) often have associated myo- or pericarditis, which should also
be investigated using magnetic resonance imaging. Periarterial soft tissue thickening or
extrinsic compression are also features of more rare conditions such as Immunoglobulin
G4(IgG4)-related disease or the Erdheim–Chester disease [18,51].

6. COVID-19 and Coronary Inflammation

The impact of COVID-19 on vascular biology is a topic of recent great attention as it
appears to be responsible for a significant percentage of the negative outcomes [52]. Macro-
and microvascular thrombosis involving arteries, veins, arterioles, capillaries, and venules
in all major organs has been reported, along with evidence of endotheliitis across different
vascular beds [53,54]. The lesions featured diffuse lymphocytic endotheliitis and apop-
totic bodies likely following virus adhesion to the cell and proinfammatory and apoptotic
pathway signaling [55]. Oxidative stress, increased production and release of chemokines,
cytokines, and byproducts of damage-associated molecular patterns appear to be respon-
sible for the endotheliitis [56]. Neutrophil recruitment by products of vascular injury is
mediated by several pathways including the PI3K/AKt/eNOS/NF-Kβ and ERK1/2/ P38
MAPK-activated protein kinases and leads to further inflammation via release of TNF-α,
IL-1, and IL-8, and neutrophil-extracellular traps NETs [57]. The mechanisms leading to
necrosis and apoptosis have been recently summarized in dedicated reviews [58]. COVID-
19 associated cytotoxicity primarily find place within the microcirculatory system, leading
to ultrastructural changes and vascular dysfunction. Furthermore, increased bioavailability
of the vasoconstrictor Angiotensin II due to COVID-19-mediated depletion of its receptor
ACE-2, is an acknowledged mechanism of endothelial cell dysfunction. The release of von
Willebrand factors which follows endothelial damage and activation can in turn recruit and
activate circulating platelets contributing to the enhanced production of pro-coagulants, in-
flammatory cytokines, and NETs. Type I and II myocardial ischemia may result. Along with
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thrombotic events, vasculitis thus occurs in COVID-19 but its role in the several reported
cases of acute coronary syndrome on COVID-19 patients remains unclear [57,59,60].

COVID and Kawasaki-Like Disease

As described above, Kawasaki disease is believed to result from an excess innate
immune response to viral pathogens. Although the mechanism remains to be elucidated,
the involvement of the stimulator of interferon genes (STING, a cytosolic DNA sensor
and adaptor protein in type I IFN and nuclear factor(NF)-κB pathway, leading to hyper-
coagulopathy via macrophage production of tissue factor) pathway has been proposed [61].
A similar situation may occur in COVID-19 infections, where SARS–COV-2 binding to
ACE2 increases STING pathway activation. The resulting immune hyper-responses, de-
creased lymphocyte counts, increased monocyte populations that secrete cytotoxic cy-
tokines and heightened B and T cell responses configure a Kawasaki-like disease that
may result in toxic shock syndrome or multi-systemic inflammatory disease [62]. In as
many as 25% of the children affected by COVID-19, coronary dilations have been reported,
and several cases of COVD-19 myocarditis have been published [63]. In a recent survey of
149 patients, children with “Kawacovid syndrome” were significantly older and presented
more frequently gastrointestinal and respiratory involvement. Cardiac involvement in
the form of myocarditis was more common (60%) as in traditional Kawasaki, but coro-
nary artery abnormalities were rare. About 40% of patients with Kawacovid presented
hypotension/non-cardiogenic shock [52]. At cardiac magnetic resonance imaging, evidence
of diffuse myocardial edema has been reported [64]. The clinical presentation of the re-
sulting multisystem inflammatory syndrome in children (MIS-C) reflects that of Kawasaki,
but differences between the two exist with regards to age (from early childhood to late
adolescence as compared to early childhood in Kawasaki); more frequent lymphopenia
and thrombocytopenia, cardiac ventricular stress including myocarditis, and coagulopathy
in MIS-C, more frequent gastrointestinal involvement, myocarditis leading to cardiogenic
shock, and a different cytokine profile (IL-6 and IL-8 in MIS-C, IL-1 in Kawasaki).

7. Revascularization Procedures in Coronary Artery Vasculitis

7.1. Chronic Coronary Syndromes

All patients with known vasculitis should be treated with acetylsalicilic acid. With
regards to the indication to revascularization, traditional methods for the assessment of
vitality (low-dose dobutamine stress-echocardiography, scintigraphy, magnetic resonance
imaging) and ischemia (exercise-electrocardiography, stress echocardiography or scintig-
raphy, etc.) maintain their validity. There is little data, anecdotal in nature, regarding the
outcomes of interventions in patients with coronary arteritis; current American Heart Asso-
ciation guidelines recommend percutaneous interventions in patients with either a single
vessel involvement or focal multivessel disease [65]. Percutaneous coronary interventions
might however not provide adequate revascularization in cases of diffuse disease. Given
the severity of these diseases and their rarity, no prospective randomized trial to determine
the results of different revascularization methods (interventional versus by-pass surgery)
has been conducted. In patients with Takayasu’s arteritis, a higher rate of target lesion
failure has been reported after percutaneous coronary intervention as compared to surgery
(odds ratio 7.4 [2.4–23.1], p = 0.01) [66], such that surgery is recommended in these patients
after induction of immunosuppression [19]. The involvement of the ascending aorta is
a clear factor that complicates venous and free arterial by-pass graft surgery. As well,
the internal mammary artery may also be a target of disease in patients with Takayasu’s
arteritis [7], which complicates by-pass grafting [67]. Scar healing might be compromised or
slower in patients with active disease. Finally, coronary artery aneurysms can be occluded
by coiling or implantation of covered graft stents, even though the risk of thrombosis and
restenosis remains high. Aneurysm resection/thrombectomy and by-pass surgery also
remain options [68,69].
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7.2. Acute Coronary Syndromes

Patients with coronary aneurysms have an elevated risk of myocardial infarction.
Given the young age, interventional therapy in this setting is often not feasible. In case of
severe thrombosis occurring within the aneurysm, therapy with heparin, IIbIIIa antagonists
and fibrinolytics has been reported also in pediatric age [70,71]. However, the outcomes of
these procedures are not known. Regardless of the type of revascularization, antiplatelet
therapy should be applied, and life-long antiplatelet therapy is to be recommended in all
patients with coronary aneurysms [65]. Data on anticoagulation in patients with aneurysms
are also very scarce, and this type of approach is discouraged by some authors for fear
of progression of the aneurysms [72] while others report a reduced incidence of acute
myocardial infarctions in patients treated with a combination of aspirin and warfarin [73].
As well, despite anticoagulation, thrombosis in giant aneurysms can occur owing to blood
stasis and decreased wall shear stress [74]. Finally, immunosuppressive therapy is a
mainstay of therapy, and cases of “spontaneous” regression of coronary artery stenoses
have been reported [75]. Cardiac transplantation may be considered in patients deemed
not suitable for revascularization.

8. Conclusions

Coronary artery vasculitis is rare, but still represent one of the most frequent causes
of coronary artery disease in young patients. Its anatomical manifestations may include
coronary artery stenosis, aneurysms, thrombosis, and spontaneous dissection; and its
consequences may be severe. Even though prognosis of coronary vasculitis is poor, early
diagnosis and therapy improve survival rates. Both non-invasive and invasive methods
provide essential information in the diagnosis. Large-scale studies are now necessary to fur-
ther investigate the incidence, diagnostic yield, and therapy of this rare and heterogeneous
group of diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9060622/s1, Video S1: computed tomography scan of a patient with diffuse
coronary aneurysms.
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Abstract: Systemic vasculitis is a group of diverse diseases characterized by immune-mediated in-
flammation of blood vessels. Current treatments for vasculitis, such as glucocorticoids and alkylating
agents, are associated with significant side effects. In addition, the management of both small and
large vessel vasculitis is challenging due to a lack of robust markers of disease activity. Recent re-
search has advanced our understanding of the pathogenesis of both small and large vessel vasculitis,
and this has led to the development of novel biologic therapies capable of targeting key cytokine and
cellular effectors of the inflammatory cascade. It is anticipated that these novel treatments will lead
to more effective and less toxic treatment regimens for patients with systemic vasculitis.

Keywords: systemic vasculitis; molecular target; novel treatment

1. Introduction

Systemic vasculitis pathologically denotes inflammation of a blood vessel, which is
characterized by the presence of an inflammatory infiltrate and destruction of the vessel
wall, causing stenosis and thrombosis. Vasculitis is a group of diverse disorders that
demonstrate various organ involvement and clinical severity. Vasculitis can virtually
affect any vessel in the organ system, and, depending on which vessel it invades, the
manifestations can be very diverse. It is very common for highly variable conditions to
lead to delays in diagnosis. Therefore, identifying vasculitis early, assessing response to
therapy, and detecting disease relapse remain important clinical challenges [1,2].

As with many rheumatic diseases, there are no disease-specific clinical features or
laboratory tests for making a definite diagnosis. Instead, vasculitis is classified according
to classification criteria, of which the most widely used is the nomenclature, published by
Chapel Hill Consensus Conference (CHCC) in 2012. Here, vasculitis is classified according
to the size of the affected vessel: small vessel vasculitis (SVV), medium vessel vasculitis
(MVV), and large vessel vasculitis (LVV) [3]. The epidemiology of systemic vasculitides
varies greatly according to the type of vasculitis and the patient’s age, sex, and geographic
location [4].

The pathogenesis of vasculitis remains unclear. One explanation is that exposure to
an unidentified antigen, such as a virus, toxin, or cryptic epitope, leads to activation of the
immune response. In some people, this immune response is not down-regulated, leading
to the production of immune complexes that deposit in blood vessel walls and lead to
vasculitis [5]. Pauci-immune vasculitides are not immune-complex-mediated and typically
associate with antineutrophil cytoplasmic autoantibodies (ANCA), which are hypothesized
to cause vascular damage indirectly by priming neutrophils to degranulate and to produce
oxygen-free radicals.

The last decade has seen major advances in our understanding of the pathogenesis
of vasculitis. These discoveries have led to the development of novel treatments, which
seek to provide greater efficacy and a more acceptable side effect profile. In this review,
we discuss the recent advances in understanding the pathogenesis of primary systemic
vasculitides and the development of novel treatments.
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33



Biomedicines 2021, 9, 757

2. Systemic Vasculitis Classification

Classification criteria are intended to create homogeneous patient groups for research.
The classification systems for vasculitis are limited by overlapping features of subgroups
and unrecognized pathogenic mechanisms. The most used classification criteria are defined
by the size of the vessel they predominantly affect, namely, small, medium, or large, or
variable vessel size (Table 1). The Chapel Hill International Consensus Conference (CHCC)
of 2012 defined and standardized the nomenclature of systemic vasculitides [3].

Table 1. Nomenclature of the systemic vasculitides defined during the 2012 International Chapel Hill
Consensus Conference (Adapted from [3]).

Systemic Vasculitis

Large-vessel vasculitis (LVV)

Giant cell arteritis (GCA)

Takayasu arteritis (TA)

Medium-vessel vasculitis (MVV)

Polyarteritis nodosa (PAN)

Kawasaki disease (KD)

Small-vessel vasculitis (SVV)

Anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitis (AAV)

Microscopic polyangiitis (MPA)

Granulomatosis with polyangitis (GPA)

Eosinophilic granulomatosis with polyangitis (EGPA)

Immune complex vasculitis

Anti-glomerular basement membrane (anti-GBM) disease

Cryoglobulinemic vasculitis (CV)

IgA vasculitis (Henoch-Schonlein) (IgAV)

Hypocomplementemic urticarial vasculitis

Variable vessel vasculitis (VVV)

Behçet’s disease (BD)

Cogan’s syndrome (CS)

LVV involves the aorta and its major branches, and includes giant cell arteritis (GCA)
and Takayasu arteritis (TA). MVV involves the main visceral arteries and veins and their
initial branches and includes polyarteritis nodosa (PAN) in adults. Kawasaki disease—
the other major form of MVV and an acute arteritis of childhood—is not covered in this
review. SVV involves arterioles, capillaries, intraparenchymal arteries, venules, and some
veins and includes ANCA-associated vasculitis (AAV), the most common SVV in adults.
There is, however, some overlap, and arteries of any size can potentially be involved
in any case of the three main categories of dominant vessel pattern involvement [3]. In
addition to the multi-organ systemic vasculitides, other forms of vasculitis have also been
defined, such as single-organ vasculitis, including cutaneous arteritis, primary central
nervous system vasculitis, and isolated aortitis; vasculitis associated with systemic disease,
including rheumatoid vasculitis, lupus vasculitis, and sarcoid vasculitis; and vasculitis
associated with an underlying cause: disease-related (Hepatitis B, Hepatitis C-associated
cryoglobulinaemia, and cancer), or drug-related vasculitis [3].

The central feature of LVV is granulomatous arteritis. GCA exclusively affects indi-
viduals aged >50 years with a female-to-male predominance of 3:1. Additionally, GCA
is more common in patients of Northern European descent than in Asian ethnic groups.
GCA typically affects the branches of carotid, vertebral, and temporal arteries resulting in
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the classic symptoms of headache, jaw claudication, and loss of vision [6]. In contrast, TA
usually affects females during the second and third decades of life. It is rare in Northern
Europe but is more common in southeast Asia [7]. TA typically involves the aorta and its
primary branches leading to vascular occlusion with claudication, aneurysm formation,
aortic insufficiency, and cardiac failure. Current treatment of LVV is glucocorticoids [8].
Although methotrexate and azathioprine have been used as steroid-sparing agents, their
effectiveness has not been proven in randomized controlled trials (RCT).

PAN is uncommon, with an estimated incidence of 1 to 10 per million. Both sexes
are affected equally, and the peak age range of onset is between 40 and 60 years. The
etiopathogenesis of PAN is strongly linked to viral hepatitis infection, particularly hepatitis
B virus, which comprised over one-third of 348 PAN cases in the largest case series to
date [9,10]. About 35% of polyarteritis nodosa (PAN) cases are associated with hepatitis
B [11]. The incidence of hepatitis B virus-related PAN has declined substantially over
the last four decades after improvements in immunization, transfusion practice, and
hepatitis B virus therapy. PAN is characterized by a transmural necrotizing arteritis of
muscular arteries [12]. The most commonly affected sites are the skin (causing livedo
reticularis and ulceration) and peripheral nerves (leading to a mononeuritis multiplex).
Involvement of visceral vessels is also common with multiple irregular arterial stenoses
and microaneurysms demonstrable on contrast angiography in up to 90% of patients [13]
with long-term immunosuppression with glucocorticoids alongside other agents such
as cyclophosphamide, methotrexate, or azathioprine, improves patient outcomes, and
supports an autoimmune component to pathogenesis [14].

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitides (AAV) are a
group of systemic autoimmune disorders that predominately affects the small vessels. AAV
are necrotizing vasculitides that are differentiated from other small vessel vasculitis by
the lack of significant immune deposition in the vessel walls. AAV includes microscopic
polyangiitis (MPA), granulomatosis with polyangiitis (GPA), and eosinophilic granulomato-
sis with polyangiitis (EGPA). The autoantibodies that define AAV are myeloperoxidase
(MPO)-ANCA and proteinase 3 (PR3)-ANCA [15]. AAV are rare autoimmune conditions
with a combined estimated prevalence of 46–184 per million [3]. However, they are associ-
ated with significant mortality. GPA mortality is reported to be greater than 90% at two
years if left untreated [16,17]. Fortunately, the introduction of effective therapeutics has dra-
matically decreased the two-year mortality rate to 15% [18]. The treatment of AAV consists
of remission induction followed by a maintenance phase. The treatment recommendations
for induction or maintenance AAV vary based on the severity of the disease [16]. There
are different definitions for determining what constitutes severe disease, but, generally,
any AAV that is life- or organ-threatening is considered severe [19]. Current treatment
options are effective; however, they are associated with significant patient morbidity due
to treatment-related adverse effects.

Behçet disease (BD) is a rare relapsing, multisystem vasculitis, characterized by recur-
rent attacks of oral-genital ulcers and ocular, musculoskeletal, vascular, central nervous
system (CNS), and gastrointestinal (GI) involvement. The prevalence of BD varies widely
by geographic area, but, according to a recent meta-analysis, it is approximately 10.3 per
100,000 inhabitants [20]. The vascular involvement is the most frequent cause of mortality,
and ocular involvement is the most important factor of morbidity in BD as it can cause
blindness [21]. Treatment of BD is based on clinical manifestations. While colchicine,
nonsteroidal anti-inflammatory agents, and topical treatments are often sufficient for muco-
cutaneous and joint involvement, immunosuppressive agents are required for major organ
involvement [22].

As the understanding of the pathophysiology of systemic vasculitis increases, new
therapies with fewer toxic effects are being proposed. This article will provide a review of
current treatment options and an expert opinion on the future of AAV treatment.
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3. Drug Discovery and Potential Targets in Vasculitis

Treatment of the various type of vasculitis mainly relies on corticosteroids and conven-
tional immunosuppressive drugs, such as methotrexate or azathioprines. Since vasculitis
is a complex, chronic inflammatory disease, treatment may be needed for many different
inflammatory molecules and targets. At present, research on these molecules and targets
is mainly based on a few antibodies or inhibitors. Recent advances in the era of biologic
agents have improved the management of difficult-to-treat cases dramatically. (Table 2,
Figure 1).

Figure 1. Targets and relative agent in vasculitis. IL, interleukin; mAb, monoclonal antibody; GCA, giant cell arteritis;
TA, Takayasu‘s Arteritis; PAN, polyarteritis nodosa; TNF, tumor necoris factor; EGPA, Eosinophilic granulomatosis with
polyangiitis, AAV, ANCA associated vasculitis; BAFF, B-cell activating factor; PDE, phosphodiesterase; IFN, interferon.

3.1. Th1 Cytokines and Relative Drug Discovery
3.1.1. IL-6

IL-6 plays a pathological effect on the inflammatory response in both the vessel wall
and the systemic circulation. Tocilizumab is a humanized monoclonal antibody that com-
petitively inhibits IL-6 by binding to circulating and membrane-bound IL-6 receptors. The
first reported randomized controlled trial on the efficacy of tocilizumab in GCA random-
ized 20 patients to either 8 mg/kg tocilizumab delivered intravenously each month or
placebo infusions in addition to glucocorticoids and found a higher relapse-free survival in
the tocilizumab group (85 versus 20%, p = 0.001) at week 52 [23]. The effects of tocilizumab
on glucocorticoid-sparing were observed in both relapsing and newly diagnosed GCA. The
phase 3 Giant Cell Arteritis Actemra (GiACTA) trial enrolled 251 patients with new-onset
GCA, randomized to one of four arms: tocilizumab 162 mg weekly or every other week
(combined with a 26-week prednisone taper), or a prednisone taper alone (either 26 or
52 weeks). This study reported that Tocilizumab is an effective glucocorticoid-sparing
therapy, demonstrating sustained glucocorticoid-free remission in 56% of patients receiv-
ing weekly tocilizumab compared with 18% of patients receiving a 52-week prednisone
taper [24]. Tocilizumab is Food and Drug Administration (FDA)-approved for treatment
of GCA.

In TA, a phase 3 trial about the effect of tocilizumab, Takayasu arteritis treated with
tocilizumab (TAKT) was reported in 2017 [25]. Here, 36 relapsing TA patients were random-
ized to either tocilizumab, 162 mg weekly or placebo given weekly alongside a tapering
glucocorticoid dose. Analyzed by an intention-to-treat method, tocilizumab failed to show
difference in time to relapse as compared to placebo (hazard ratio [HR] 0.41, 95% confidence
interval [CI] 0.15–1.10, p = 0.0596). However, the per-protocol analysis showed a significant
difference for tocilizumab (n = 16) versus placebo (n = 17) (HR 0.34, 95% CI 0.11–1.00,
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p = 0.03). In 2020, the long-term efficacy and safety of tocilizumab in TA was reported.
In that study, 28 patients received tocilizumab for 96 weeks. 46.4% of these 28 patients
treated with tocilizumab reduced their dose to <0.1 mg/kg/day, thus showing evidence of
a steroid-sparing effect of Tocilizumab in TA in long-term treatment [26].

There is no RCT for the effect of tocilizumab in PAN yet. In a recent case report,
tocilizumab was effective for hepatitis B virus related PAN without Hepatitis B virus
reactivation [27]. In a literature review based on 11 case reports, tocilizumab is effective in
cases of refractory or relapsing polyarteritis nodosa and showed its glucocorticoid-sparing
effect [28].

There are several case reports describing patients with AAV treated with tocilizumab
showing that complete and sustained remission was achieved in many of the patients with
refractory disease [29,30]. RCTs may be warranted in the future.

3.1.2. IL-12 and IL-23

IL-23 is a pro-inflammatory cytokine composed of two subunits, IL-23A (p19) and
IL-23B (p40), the latter shared with IL-12. The IL-23/IL-17 axis mainly plays a protective
role against bacterial infections; its dysregulation plays a role in in immune-mediated
inflammatory disorders [31–33]. As it has been reported that the IL-12/Th1 cell/IFN-γ
pathway is involved in granulomatous inflammation in the pathogenesis of GCA, treat-
ments targeting IL12 have been attempted, and the use of ustekinumab to treat LVV has
been reported [34].

Ustekinumab is a monoclonal antibody that targets the p40 subunit of IL-12/23. One
open-label study of 25 patients with refractory GCA treated with ustekinumab in addition
to glucocorticoids demonstrated that no patients relapsed over 52 weeks. The median
prednisolone dose decreased from 20 to 5 mg, and about 25% of patients were able to stop
glucocorticoids. In addition, CT angiography showed an improvement in mural thickness
with complete resolution in eight patients who underwent CT angiography before and
after treatment [35]. However, in a recently reported prospective study, 10 out of 13 (77%)
patients who failed to achieve the primary endpoint with ustekinumab in prednisone taper,
and seven experienced disease flares after a mean period of 23 weeks [36]. Further research
on the effect of Ustekinumab in GCA seems warranted.

Ustekinumab treatment in TA has been reported sporadically, and only in a few case
series. One series of three patients with refractory TA treated with ustekinumab reported
stabilization of clinical disease activity and normalization of inflammatory markers [37].
Recently, the results of a long-term follow-up on the same three patients reported that
ustekinumab showed marginal effects on reducing prednisolone dose, and 2 of 3 patients
discontinued ustekinumab treatment because of relapse and secondary failure [38].

3.1.3. Tumor Necrosis Factor (TNF) α Inhibitor

TNF α inhibitors were the first biologic agents tried in various vasculitides. TNF α

is an important cytokine for the formation of granuloma [39], and also for activation of
endothelial cells [40].

After a few cases showing successful anti-TNF-α treatment in GCA patients had
been reported, a comparative double-blind study was attempted using infliximab but was
subsequently stopped due to the lack of efficacy on the prevention of relapse [41]. Using
etanercept, a randomized controlled study showed a significant steroid sparing effect after
one year in 17 patients, however not for a longer period [42]. Adding adalimumab to a
standard prednisone regimen showed no steroid sparing effect in 70 patients in a 10-week
prospective randomized controlled study [43]. As a result of these studies, anti-TNF-α
therapy is not recommended in GCA.

Several retrospective studies and case series reported that TNF α inhibitors were
effective in most patients with refractory Takayasu’s arteritis [44–46]. A two-year follow-
up cohort study from Norway reported higher rates of sustained remission as well as
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lesser progression of angiographic lesions in patients receiving anti-TNF-α agents, when
compared with conventional treatments in Takayasu’s arteritis [47].

In PAN, infliximab has been used in refractory forms of the disease or because of
intolerance to conventional drugs and seems to be effective [48]. In a small case series, nine
refractory PAN patients were treated with infliximab and 8 of 9 patients (89%) achieved
significant improvement and prednisone dose reduction of 50% [49].

A number of open-label studies and case series have reported the usefulness of anti-
TNF-α therapies in AAV, although these results have not been confirmed in RCTs. In the
Wegener’s Granulomatosis Etanercept Trial (WGET), which recruited 174 patients with
GPA, there was no benefit from etanercept on the sustained remission rate [50]. With little
evidence for its effectiveness, the use of anti-TNF α treatment in AAV may be significantly
limited in the future. Similarly, for EGPA, the only available information is derived from
five case reports with conflicting findings that do not support anti-TNF-α use to treat
EGPA [51–53].

In small RCT of 40 patients with BD, etanercept was significantly more effective in
suppressing most of the mucocutaneous manifestations, such as oral ulcers and erythema
nodosum, than placebo [54]. Several observational studies and case series also confirmed
the beneficial effects of infliximab and adalimumab on mucocutaneous lesions of BD [55].
Most of the studies on the effects of TNF-α inhibitors in BD are in ocular manifestations
and mainly reported in case series. Infliximab significantly decreases in relapse rate and
glucocorticoid dosage in BD patients with ocular involvement [56–58]. In the first prospec-
tive study in 63 patients with BD uveitis, uveoretinitis improved with infliximab treatment
in 92% and maintained for up to 12 months [59]. A 1-year observational multicenter study
reported the results of infliximab and adalimumab use in 124 patients with refractory BD
uveitis, and complete remission was achieved in 84/124 (68%) [60]. A recent retrospective
observational study also reported that adalimumab was highly effective and safe for treat-
ment of BD related uveitis [61]. An open-label study of 177 patients with BD related uveitis
compared the efficacy of infliximab (103 patients) versus adalimumab (74 patients) as a first-
line biologic agent. In this study, an improvement in all ocular parameters were observed
in both groups after 1-year treatment; however, adalimumab had significantly better ocular
outcomes in some parameters [62]. In BD related vascular manifestation, such as deep vein
thrombosis, superficial thrombophlebitis, a retrospective study reported that adalimumab
achieved significantly higher vascular response (34/35, 97%) compared with conventional
immunosupressants (23/35, 66%) during a mean follow-up of 25.7 ± 23.2 months. Sig-
nificantly lower vascular relapse was also observed in adalimumab group [63]. In recent
two multicenter observational studies, clinical remission was achieved in 89% and 80% of
patients with BD, respectively, with vascular involvement refractory to conventional ISs
treatment [64,65].

3.2. Th2 Cytokines and Relative Drug Discovery
IL-5

IL-5 is the major cytokine responsible for eosinophil activation, chemoattraction,
and survival. Several studies have reported elevated serum IL-5 levels in EGPA [66,67].
Recently, IL-5 antagonists have been studied as an EGPA-specific treatment. Mepolizumab,
a humanized anti-IL-5 monoclonal antibody, selectively inhibits eosinophilic inflammation
and is approved to treat severe eosinophilic asthma [68]. A benefit of mepolizumab
treatment in EGPA patients was observed in previous small open-label pilot studies [69–71].
In the large scale randomized controlled trial, 136 EGPA patients with an uncontrolled
disease injected 300 mg of mepolizumab once a month subcutaneously. The remission rate
in patients treated with mepolizumab was significantly higher than that of patients treated
with placebo (28% vs. 3%, of the participants had ≥24 weeks of accrued remission; odds
ratio, 5.91; 95% confidence interval [CI], 2.68 to 13.03; p < 0.001) [72]. This study led to FDA
authorization of mepolizumab as the first drug specifically approved for EGPA.
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3.3. Targets and Drug Discovery of B Cells
3.3.1. CD20

B cells are clearly central to the pathogenesis of AAV, as they produce ANCAs. Rit-
uximab is a chimeric monoclonal antibody that induces B-cell depletion by binding CD20
expressing B cells. Its development has led to advances in AAV therapy. The Rituximab
in ANCA-Associated Vasculitis (RAVE) [73] and Rituximab Versus Cyclophosphamide in
ANCA-Associated Vasculitis (RITUXVAS) [74] trials established noninferiority of rituximab
to cyclophosphamide for AAV remission induction. Several second-generation anti-CD20
drugs have been developed, one of which, ofatumumab, has been tested in one small case
series of patients with AAV, with results showing its therapeutic benefit. However, there
has been no RCT yet [75].

3.3.2. BAFF

B-cell activating factor (BAFF), also known as B-lymphocyte stimulator (BlyS), plays
an important role in B cell maturation and is increasingly recognized as important in the
pathogenesis of relapsing AAV. Increased BAFF expression is evident in patients with active
vasculitis, and preclinical data suggest that high BAFF concentrations can promote the
survival of autoreactive B cells that, under normal conditions, would be degraded [76,77].
Belimumab is a fully humanized monoclonal antibody that binds to BAFF receptors on B
cells. It is licensed for the treatment of systemic lupus erythematosus [78,79].

In AAV, the Belimumab in Remission of Vasculitis (BREVAS) trial examined the
addition of belimumab to azathioprine and glucocorticoids for maintenance of remission in
patients with GPA and MPA [80]. However, the trial was stopped early due to suboptimal
recruitment, and no improvement in the relapse rate was observed. The combination of
rituximab and belimumab is being investigated further in an ongoing randomized double-
blind placebo-controlled trial, the Rituximab and Belimumab Combination Therapy in
PR3-AAV trial (COMBIVAS) (ClinicalTrials.gov identifier: NCT03967925).

3.4. B-Cell and T-Cell Co-Stimulation and Depletion
3.4.1. CD28–CD80/CD86

Co-stimulatory molecules predominantly modulate the immune responses by activat-
ing T- and B-cell functions, but also affect dendritic cell and macrophage functions and play
a crucial role in inflammation. Abatacept, a fusion protein of the extracellular domain of
CTLA-4 and the Fc fragment of human IgG1 (CTLA-4–Ig), is an inhibitor of T lymphocyte
activation by means of co-stimulatory blockade by binding to CD80 and CD86 receptors
on APC that is needed for antigen-presenting activation of T cells [81].

In GCA, 41 patients were randomized and relapse-free survival was 48% with abat-
acept as maintenance therapy compared with 31% with placebo (p = 0.049) [82]. The
duration of remission is significantly longer in the abatacept group than that of the placebo
group. In a double-blind randomized controlled multicenter study, 34 patients with TA
were treated with abatacept at a dose of 10 mg/kg on days 1, 15, 29, and at 8 weeks.
Patients attaining remission at 12 weeks were randomized to either receive placebo (n = 15)
or monthly abatacept (n = 11) and followed up until 12 months. However, there was no
difference in the duration of remission and relapse-free survival at 12 months between the
two groups [83].

In AAV, infiltrations of granulomatous T-cells were observed in lungs and kidneys,
suggesting a pathogenic role of T cells. In an open-label trial of 20 patients with a non-
severe relapsing GPA who were treated with abatacept, the remission rate was about 80%
and steroid discontinuation rate 75% [84]. The ongoing phase III randomized placebo-
controlled Abatacept for the Treatment of Relapsing, Non-Severe, Granulomatosis with
Polyangiitis (ABROGATE) (ClinicalTrials.gov identifier: NCT02108860) trial is currently
recruiting patients.
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3.4.2. CD52

CD52 is expressed on monocytes, macrophages, and eosinophils. Depletion of B cells
and T cells can be achieved by alemtuzumab [85]. This humanized anti-CD52 monoclonal
antibody selectively depletes lymphocytes and has been shown to be effective in other
systemic vasculitides such as Behçet’s disease [86]. Alemtuzumab as remission induction
therapy was effective in 84% of 32 BD patients, and sustained remission was achieved in
69% at 12 months [86]. Walsh et al. reported results of a retrospective long-term study of
71 patients with refractory or relapsing AAV treated with alemtuzumab and found it useful
to achieve remission with a lower relapse rate [87]. A randomized, prospective, open-label
study of alemtuzumab for remission induction in refractory AAV (ALEVIATE trial) was
presented in the form of an abstract in 2019. In this study, remission was achieved in 65% of
AAV patients at 6 months and 35% sustained remission at one year [88] However, adverse
events, such as infection, are high compared to standard treatment.

3.5. Targeting Complement
C5a Receptors

The complement system is a central mediator of antibody-mediated immune re-
sponses. C5 is a potent effector protein in this pathway, exerting its effects through its
cleavage products: C5a, a potent anaphylatoxin and chemoattractant, and C5b, part of the
a membrane attack complex that lyses target cells [89]. In patients with AAV, complement
deposition is evident at sites of tissue inflammation, such as kidneys, and high plasma
levels of complements correlate with disease severity [90,91].

Avacopan contains a small molecule that binds to C5a preventing it from binding to
its receptor. Clinical trial results of C5a receptor inhibition with avacopan have shown
promising results [92]. Sixty-seven patients with AAV were randomized to either high-dose
glucocorticoids, avacopan plus low-dose glucocorticoids, or avacopan alone alongside
cyclophosphamide or rituximab induction. At 12 weeks, a 50% reduction from base-
line in the Birmingham Vasculitis Activity Score (BVAS) occurred in 86% of the avaco-
pan/glucocorticoid and 81% of the avacopan-alone groups, compared with 70% in the
glucocorticoid group (p = 0.002 and p = 0.01, respectively). However, this study included
only non-severe disease. The results of a phase III trial, the Avacopan in Patients With
ANCA-Associated Vasculitis (ADVOCATE) trial, were reported in 2021 [93]. This study
enrolled 331 patients, randomized to receive either avacopan or glucocorticoids during
remission induction with either cyclophosphamide or rituximab. At 26 weeks, the number
of patients in remission, as assessed by a score 0 on the BVAS and withdrawal of steroid
therapy, was not inferior in both the avacopan and prednisone groups (72.3%, 70.1% re-
spectively). Additional data showed that avacopan was superior over glucocorticoids in
sustained remission at 52 weeks, with an acceptable safety profile.

An anti-C5a monoclonal Ab, IFX-1 is also being evaluated in phase II studies (IN-
FLARX trial, NCT03895801 and NCT03712345). Recruitment is ongoing and completion is
estimated by July 2021.

3.6. Other Targets
Interferon-α

Interferons (IFN), a large family of glycoproteins, produce a cellular response to the
microbes, tumors, and antigens [94]. IFN-α was demonstrated to modulate the Th1/Th2
balance toward Th1 by increased IFN-γ production and inhibiting IL-5 and IL-13 produc-
tion in Th2 cells [95,96].

The efficacy of IFN-α has been well established in BD, with the data coming from case
series, especially in ocular manifestations [97–99]. A retrospective study reported that there
was no difference between azathioprine plus colchicine and IFN-α2a treatment in BD uveitis
regarding remission and relapse rates [100]. Some case reports also reported the efficacy of
INF-α in neuro BD [101,102]. In an RCT of 44 patients of BD, IFN-α treatment significantly
improved mucocutaneous manifestations, such as orogenital ulcers, and papulopustular
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lesions [103]. In a recent prospective study of 33 patients with deep venous thrombosis,
one of the serious complications of BD, the relapse rate was lower and recanalization rate
was higher in patients treated with IFN-α compared with AZA (12% vs. 45% and 86% vs.
45%) [104].

Table 2. Targets and relative agent in vasculitis.

Target Agent Vasculitis References

Th1 cytokines IL-6 Tocilizumab
(anti-IL-6R mAb)

GCA,
TA

PAN
AAV

[23,24]
[25,26]
[27,28]
[29,30]

IL-12 and IL-23 Ustekinumab
(p40 subunit of IL-12/IL-23 mAb)

GCA
TA

[35]
[37,38]

TNF-α

Infliximab, Adalimumab
(anti-TNF-α mAb)

Etanercept
(TNF-α receptor fusion protein)

TA
PAN
BD

[44–47]
[48,49]
[54–59]
[60–65]

Th2 cytokines IL-5 Mepolizumab
(anti-IL-5 mAb) EGPA [69–72]

B cells CD20 Rituximab
(anti-CD20 mAb) AAV [73,74]

BAFF-R Belimumab
(BAFF-receptor mAb) AAV [80]

Co-stimulatory molecules CD28–CD80/CD86 Abatacept
(CTLA4Ig fusion protein)

GCA
AAV

[82]
[84]

CD52 Alemtuzumab
(anti-CD52 mAb)

AAV
BD

[87,88]
[86]

Complement C5a Avacopan
(C5a receptor inhibitor) AAV [92,93]

Other targets IFN-α IFN-α BD [97–100]
[101–104]

4. Conclusions

As the understanding of the pathogenesis of systemic vasculitis advances, novel
target molecules and therapeutic approaches are being proposed. Treatment outcomes of
vasculitis have improved with several new evidence-based treatments.

In spite of the success of blocking IL-6 in large vessel vasculitis, relapse rates remain
high, suggesting that further study is needed. In AAV, recent trials of therapies that target B-
cell activation, complements, and IL-5 provide encouraging evidence of better outcomes for
these patients. Future clinical trials of these novel therapeutic agents will need to establish
their efficacy and, as an increasing number of potential treatments become available, will
need to indicate how they can be used to complement or replace existing approaches.
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Abstract: Pro-protein convertase subtilisin/kexin type 9 (PCSK9) is secreted mostly by hepatocytes
and to a lesser extent by the intestine, pancreas, kidney, adipose tissue, and vascular cells. PCSK9
has been known to interact with the low-density lipoprotein receptor (LDLR) and chaperones the
receptor to its degradation. In this manner, targeting PCSK9 is a novel attractive approach to reduce
hyperlipidaemia and the risk for cardiovascular diseases. Recently, it has been recognised that the
effects of PCSK9 in relation to cardiovascular complications are not only LDLR related, but that
various LDLR-independent pathways and processes are also influenced. In this review, the various
LDLR dependent and especially independent effects of PCSK9 on the cardiovascular system are
discussed, followed by an overview of related PCSK9-polymorphisms and currently available and
future therapeutic approaches to manipulate PCSK9 expression.

Keywords: PCSK9; cardiovascular disorders; low density lipoprotein receptor; cholesterol; polymor-
phisms; monoclonal antibodies

1. Introduction

Pro-protein convertase subtilisin/kexin type 9 (PCSK9) is a soluble protease that has
been widely studied in the field of cholesterol homeostasis and in cardiovascular biology
after its discovery in 2003 [1]. Originally named Neural Apoptosis Regulated Convertase
1 (NARC1), PCSK9 is part of the secretory serine proteinase family called Pro-protein
Convertases (PCs) [2]. Hepatocytes are the primary source of PCSK9 that is secreted into
the circulation. However, also other cells can produce and secrete PCSK9, like cells in the
intestines [3,4], pancreas [5], adipose tissue [6], kidneys [7] and brain [8]. Interestingly, the
circulating levels of PCSK9 biologically increases in the late night, and decreases in the late
afternoon, following a diurnal rhythm [9]. Furthermore, the total circulating PCSK9 levels
are influenced by sex as females have higher levels compared to men, suggesting that
hormones like oestrogens are involved in the expression and secretion of PCSK9 [10–12].
Besides sex, also age, body mass index (BMI), plasma cholesterol and triglyceride levels and
blood pressure have been shown to modulate the total concentration of PCSK9 [10]. The
best-known function of PCSK9 is its effect on low density lipoprotein receptor (LDLR), to
which it can bind and thereby facilitate its lysosomal degradation. Lately, PCSK9 is the focus
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of various studies in different clinical contexts as a marker for cardiovascular risks [13–17]
independent of other known traditional risk factors and independent of its influence on
LDLR. PCSK9 is thought to play an important role in cardiovascular diseases (CVDs) via
different mechanisms, either through binding to Epidermal Growth Factor (EGF) domains
on receptors or through binding with receptors present in lipid rafts and associated cell
membrane micro-domains or by influencing the gene expression and protein response
of various factors involved in the development of cardiac complications [18]. Further
supporting its role in CVDs, is the fact that various gain-of-function (GOF) mutations of
PCSK9 are associated with hypercholesterolaemia and thereby an elevated risk for cardiac
events [19–23]. In addition to these GOF mutations, also hundreds of loss-of-function (LOF)
mutations of PCSK9 have already been discovered, that hinder its secretion into circulation
providing protection against cardiovascular complications [24–27]. Targeting PCSK9 using
monoclonal antibodies (mAbs) has emerged as an additional and additive therapy to treat
hyperlipidaemia due to its regulation of LDLR [28–31]. However, several recent studies
highlighted that PCSK9 can also have various additional effects that are independent of
the LDLR, that provide more information on the involvement of PCSK9 in cancer, type 2
diabetes, obesity and several cardiovascular disorders [32–34].

Therefore, in this review the biological and physiological characterisation of PCSK9
will first be outlined in the context of cardiovascular biology, followed by an overview
of the LDLR dependent and especially the LDLR independent effects of PCSK9 in this
context. Furthermore, we will focus on state-of-the-art PCSK9 inhibitory techniques and
their clinical potential.

2. PCSK9 Biology

The 22kb human PCSK9 gene is located on the chromosome 1p32 [2]. It has 12 exons
and 11 introns that encode a 692 amino acid proteinase [2]. The protease is manufactured
within the endoplasmic reticulum (ER) and has a molecular mass of 120 kDa [2]. It is
secreted as an inactive protein that later undergoes post-translational modifications to
form a 62 kDa mature protein. PreProPCSK9 consists of five segments: a signal peptide
(amino acids 1–30), a N-terminal prodomain (amino acids 31–152), a catalytic domain
containing the active sites (amino acids 153–404), a C-terminal cys-his-rich domain (amino
acids 455–692) and a small peptide that serves as a link between the catalytic and C-
terminal domain also known as the hinge region (amino acids 405–454) [35]. The C-
terminal domain can further be divided into three modules, namely M1, M2 and M3.
It has been demonstrated that the M2 module plays a crucial role in the extracellular
PCSK9-LDLR binding [36]. The maturation or the formation of active PCSK9 requires
three steps (Figure 1): first, the signal sequences are cleaved; pro-PCSK9 then undergoes
proteolysis; the last step is the transportation of the protein into the circulation via the Golgi
complex [37]. PCSK9 is secreted into the circulation as an enzymatically active protein.
The secreted PCSK9 has only three domains and is a heterodimer protein [38]. The first
is the pro-domain that is cleaved auto-catalytically, nevertheless it remains attached to
the mature protein non-covalently to act as an escort for its intracellular movement. The
pro-domain region contains acidic residues that have an auto-inhibitory role by interacting
with the basic residues present in the catalytic domain [39]. The catalytic domain contains
the proteolytic active site, which is necessary for the autocatalytic cleavage, but is not
related to LDLR-PCSK9 binding [38]. Lastly, the C-terminal domain consisting of the three
modules is attached to the catalytic domain [38]. While PCSK9 is a serine protease, the
degradation of LDLR does not require proteolytic activity of PCSK9, only the ability of
PCSK9 to chaperone LDLR towards lysosomes [40].
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Figure 1. Synthesis and secretion of PCSK9. PCSK9 is synthesised in the endoplasmic reticulum (ER) with the help of
transcription factors sterol-response element binding protein (SREBP-1/2), hepatocyte nuclear factor 1α (HNF1α), forkhead
box O3 (FoxO3), Peroxisome proliferator-activated receptor α and γ (PPARα and PPARγ). The synthesised PCSK9 is in the
form of inactive zymogen, called PreProPCSK9. PreProPCSK9 has five segments: a signal peptide, the pro-domain, catalytic
domain, hinge region and the C-terminal domain; the protein then undergoes autocatalytic cleavage in the ER to lose the
signal peptide and becomes ProPCSK9. Pro-PCSK9 is then transported to Trans-Golgi Network (TGN), where it interacts
with Sortilin, undergoes proteolysis and the mature hetero-dimer PCSK9 is then transported in endosomes and secreted
into the circulation. Normally, mature PCSK9 has its pro-domain non-covalently attached, although in circulation it can
encounter furin, which then cleaves the pro-domain and releases a smaller peptide into circulation that is less active than
the hetero-dimer PCSK9. The figure was created with Biorender.com (accessed on 19 May 2021).

PCSK9 also exists in a furin-cleaved form that is 55 kDa in size [41] (Figure 1). This
form is slightly less active and has half the affinity to LDLR as well as a shorter half-life
compared to the intact heterodimer form. In addition, the furin-cleaved form is in general
not associated with ApoB containing lipoproteins [41], establishing that the furin-cleaved
form is the less active one. PCSK9 is cleaved by furin at the N-terminal to exclude the
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pro-domain and releases the protein into circulation [42]. This cleavage can occur only in
circulation [42], because there is no evidence that furin can cleave PCSK9 intracellularly
although they co-exist in the Golgi complex. The fact that the furin-cleaved form does
not contain the pro-domain to act as a chaperone for PCSK9 to get secreted extracellularly
validates the hypothesis that furin only cleaves PCSK9 in circulation [42].

Various transcription factors and cofactors regulate the expression of the PCSK9
gene. The PCSK9 promoter contains an important region that is essential for transcription,
called the Sterol regulatory Element (SRE) [43]. Sterol-response Element binding protein
(SREBP-1/2) is a predominant transcription factor that connects to this SRE promoter in
PCSK9 [35]. Low dietary cholesterol concentrations upregulate SREBP-1/2 expression
that in turn regulates PCSK9 levels in circulation [44]. Additionally, hepatocyte nuclear
factor 1 α (HNF1α) and forkhead box O3 (FoxO3) are also predominantly involved in the
transcription of PCSK9 [43]. HNF1α acts by binding to a site that is located next to the
SRE site in the promoter region [43], while FoxO3 suppresses the transcriptional activity
of HNF1α by recruiting sirtuins 6 instead of HNF1α [45]. Furthermore, sirtuins 1 and
6 and histone deacetylases are known to supress SREBP2 expression in the liver resulting in
suppression of PCSK9 expression and thereby decreasing the circulating PCSK9 levels [44].
Insulin is also involved in the regulation of PCSK9 expression as it could be shown that
excess insulin in the blood decreases the transcription of the PCSK9 gene [46] in post-
menopausal obese women, but it does not amend the mRNA levels in healthy men and
type-2 diabetic patients [47]. Peroxisome proliferator-activated receptor α and γ (PPARα
and PPARγ) regulate the gene expression of PCSK9 as well [2], PPARγ increases the gene
expression while PPARα decreases it. Furthermore, PCSK9 interacts with sortilin in the
Trans-Golgi complex, which is a transmembrane protein involved in the development
of atherosclerosis and other CVDs [48], aiding in the extracellular secretion of PCSK9.
It could be shown that mice that overexpress sortilin have increased circulating PCSK9
levels, while sortilin deficient mice have low circulating PCSK9 levels, suggesting that this
protein–protein interaction is highly essential for the regulation of secretion of PCSK9 by
hepatocytes [49]. The binding of PCSK9 to sortilin occurs at the pH 6.5 and any modification
of the pH deteriorates the binding [49].

Although a lot of progress has been made over the last years to fully understand the
regulation of PCSK9, it is still not completely understood as this regulation turns out to be
highly dynamic. The following sections will discuss how PCSK9 not just interacts with
LDLR, but also with several other receptors to influence cardiovascular biology.

3. PCSK9-LDLR Binding

In 2007, PCSK9 emerged as a novel target to treat dyslipidaemia. Numerous studies
have identified a clear link between low density lipoprotein cholesterol (LDL-C) and PCSK9.
Normally, LDL-C binds and gets internalised by binding to the LDLR, thereby mediating
its clearance by endocytosis. In the presence of PCSK9, the LDLR undergoes lysosomal
degradation, leading to an inhibition of the recycling of the receptor and therefore an
increase in the plasma levels of LDL-C [50]. This degradation of the LDLR by PCSK9
occurs through two different pathways, an extracellular and intracellular one (Figure 2).
The commonly known and widely studied process of LDLR degradation is by extracellular
binding of PCSK9 to the cell surface of the LDLR. PCSK9 does not degrade LDLR itself, it
just acts as a tag to promote the degradation process. The catalytic domain of the mature
circulating PCSK9 binds to the epidermal growth factor A (EGF-A) domain of the LDLR.
The PCSK9-LDLR compound then undergoes endocytosis through clathrin-coated pits
and is taken up by the endosomes or lysosomes in the cells, leading to the deprivation
of LDLR as well as PCSK9 [2,50]. This PCSK9-LDLR binding is dependent on calcium
concentrations and is affected by pH changes as acidic pH of the endosome increases
the affinity of PCSK9 to LDLR [51]. This increased affinity is caused by an interaction
between the ligand-binding domain of the LDLR and the C-terminal domain of the mature
PCSK9 [50]. This binding complex occurs in the endosome and the binding sustains,
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causing LDLR to not unfold and therefore not getting recycled back to the cell surface.
The C-terminal domain of PCSK9 is quite important for its binding to LDLR, but alone
it has no influence on the LDLR [39]. The interaction between the catalytic domain of
PCSK9 and the EGF-A domain of LDLR contributes less to the LDLR degradation, while
the positive charge at acidic pH of C-terminal domain and its size is rather responsible for
the PCSK9-LDLR binding [52]. Although a review published in 2017 concluded that only
hepatic LDLR is affected by circulating PCSK9 [53], studies have revealed that PCSK9 is
involved in regulating the expression of LDLR in pancreas and other organs as well [5].
PCSK9 also facilitates intracellular degradation of mature LDLR present in the Golgi or
Trans-Golgi complex, before it reaches the cell surface [44]. In this pathway, the immature
or the budding PCSK9 binds to the LDLR found in the Golgi apparatus and redirects
it to the lysosomes for degradation. Unlike the extracellular degradation of LDLR, this
intracellular degradation compels the involvement of catalytic activity of PCSK9 [44].

On the other hand, PCSK9 also interacts with LDLR in non-destructive ways (Figure 2).
The catalytic domain of the pre-pro-PCSK9 binds to the EGF-A repeat of the precursor
of LDLR in the ER that is essential for the transport of LDLR to the Golgi apparatus
wherein LDLR matures by obtaining various carbohydrates [44,54]. This binding is not
just advantageous for the LDLR, but it also helps pre-pro-PCSK9 to undergo auto-catalytic
cleavage and thus undergo maturation. The mature PCSK9 then tethers with an additional
salt bridge to LDLR and this complex is released by the cell to increase the number of
cell-surface receptors [54]. Nonetheless, this chaperone activity is not critical for the
transportation of LDLR to cell surfaces and happens much less often than the degrading
activity, considering that even in the absence of PCSK9 the LDLR is transported to the
cell membrane without any hindrance [54]. Although, the reason why PCSK9 is able to
chaperone LDLR to the surface without leading to lysosomal degradation is not known yet.

The binding of PCSK9 to LDLR resulting in its degradation plays an important role
in the cholesterol homeostasis, as it could be shown that a full-body knockout of PCSK9
in mice leads to an extreme reduction of cholesterol levels in the serum. More particu-
larly, liver-specific PCSK9 knockout also leads to a considerable reduction in circulating
cholesterol levels concluding that the hepatic PCSK9 contributes most to the cholesterol
phenotype [2]. The destruction of LDLR by PCSK9 leads to hyperlipidaemia, which is
associated with numerous cardiovascular complications. In particular, lipid uptake and ac-
cumulation by macrophages in the vessel wall and formation of ‘foamy’ macrophages leads
to the development of atheromas. PCSK9 inhibition using mAbs reduces the accumulation
of lipid particles inside monocytes and thereby also inhibits monocyte chemotaxis [55].
Apart from the effects on lipid uptake, silencing of PCSK9 using siRNAs also increases
the expression of the chemokine receptor CCR2 on monocytes, thereby increasing their
potential to migrate towards and infiltrate the arterial wall, triggering arterial inflammation
and promoting atherogenesis [56]. The degradation of hepatic LDLR by PCSK9 also causes
hypertriglyceridaemia, due to increased amounts of circulating ApoB containing lipopro-
teins that could not be degraded by LDLR [53]. This has been confirmed by several murine
models where overexpression of PCSK9 leads to an increase in the plasma ApoB particles
and VLDL-triglycerides, whereas deficiency of PCSK9 results in a decline of triglyceride
levels in the plasma of these mice [53]. Therefore, the degradation of LDLR influences not
just the cholesterol homeostasis, but also the triglyceride homeostasis, that eventually leads
to diversified pathologies in the vasculature and beyond.
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Figure 2. Interactions between PCSK9 and LDLR. PCSK9 interacts with LDLR through three different approaches. Pathway
1 is represented in the figure with blue arrows, while pathway 2 with red arrows and pathway 3 with green arrows. Typically,
LDLR on the surface binds to the circulating LDL and transports the cholesterol particle through clathrin coated pits for
degradation by lysosomes. The receptor then gets recycled back to the surface. In the presence of PCSK9, a bond between
the epidermal growth factor-A (EGF-A) domain of LDLR and the catalytic domain of PCSK9 is formed. PCSK9 transports
LDLR via clathrin-coated vesicles to lysosomes for degradation. In this process, PCSK9 gets degraded as well (pathway 1).
Intracellularly, PCSK9 binds in the same manner with LDLR in the Trans-Golgi network (TGN) and directs the compound
again towards lysosomes (pathway 2). Lastly, Pro-PCSK9 also binds to LDLR in the endoplasmic reticulum (ER) and
transports the complex to Golgi apparatus, where both PCSK9 and LDLR undergo maturation. The matured PCSK9 binds
to LDLR with an additional salt bridge that is released from the cells into circulation (pathway 3). The figure was created
with Biorender.com (accessed on 19 May 2021).

4. PCSK9′s Activity Independent of LDLR

The function of PCSK9 is not just limited to the regulation of the LDLR, it also
influences the lysosomal degradation of various receptors that structurally relate to the
LDLR. Receptors such as very low density lipoprotein receptor (VLDLR), LDLR-related
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protein 1 (LRP1) [53] and apolipoprotein E receptor 2 (ApoER2) [57] also contain EGF-
A domains enabling the interaction with PCSK9. The expression of PCSK9 by vascular
endothelial cells (ECs), smooth muscle cells (SMCs), cardiomyocytes along with various
immune cells also sparks our interest to substantially acknowledge the role of PCSK9 in
pathologies of the cardiovascular system. In this section, we review the myriad of recently
published studies that relate the LDLR-independent effects of PCSK9 on vascular diseases
that include atherosclerosis, myocardial infarction and calcification and discuss the assorted
mechanisms by which PCSK9 targets the cardiovascular system (summarised in Figure 3).

Figure 3. LDLR-independent mechanisms that regulate cardiovascular complications. The secretion of PCSK9 is affected by
several factors, including shear stress, inflammasome, acute MI, hypoxia, oxLDL and obesity. The secreted PCSK9 then
influences the expression of various factors in endothelial cells, macrophages, smooth muscle cells, cardiomyocytes and
adipocytes to eventually influence the development and progression of atherosclerosis, vascular calcification, myocardial
infarction and obesity induced cardiovascular disorders. ABCA1—ATP-binding cassette transporter 1; agLDL—aggregated
low-density lipoprotein; ApoER2—apolipoprotein E receptor 2; CD36—Cluster of differentiation 36; CTRP9—C1q/TNF-
related protein 9; CVD—cardiovascular disorder; EC—endothelial cells; LOX-1—Lectin-like oxidised low-density lipopro-
tein receptor-1; LRP1—low-density lipoprotein receptor-related protein 1; NADPH—Nicotinamide adenine dinucleotide
phosphate; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B-cells; oxLDL—oxidised low-density lipopro-
tein; ROS—reactive oxygen species; SMC—smooth muscle cells; SR-A—scavenger receptor-A; TLR4—Toll-like receptor 4;
VLDLR—very low-density lipoprotein receptor. The figure was created with Biorender.com (accessed on 19 May 2021).

4.1. Inflammation and Atherosclerosis

Atherosclerosis is characterised by chronic inflammation of the vasculature, accom-
panied by lipid retention in arteries and the formation of plaques. Activation of the
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endothelial cell layer by atherogenic and pro-inflammatory stimuli initiates atherogenesis,
which is followed by the infiltration of monocytes, lymphocytes, and various other immune
cells [58]. The recruited monocytes differentiate into macrophages and internalise athero-
genic lipoproteins and transform into foam cells. This lipoprotein and thus cholesterol
accumulation continues which will eventually result in apoptosis and secondary necrosis,
forming a lipid-rich and necrotic core in the plaques. Meanwhile, during disease progres-
sion medial SMCs proliferate and migrate to form a fibrous cap that stabilises the plaques
and shields the necrotic core [2]. If this cap is broken down in later stages of the disease,
plaques can rupture leading to thrombus formation, one of the primary causes of cardio-
vascular complications and related deaths. Albeit the steps involved in atherogenesis have
already been clearly outlined by various studies, the exact role of PCSK9 in atherosclerosis
has only recently been (partly) unravelled.

PCSK9 is expressed on aortic ECs, SMCs, macrophages, dendritic cells and epithelial
cells [57], suggesting that PCSK9 not only regulates atherosclerosis by influencing serum
LDL-C levels, but also by interacting and influencing cellular processes in the vessel wall
to aggravate atherosclerosis [33,34]. The severity of atherosclerosis is positively correlated
with circulating PCSK9 levels [14]. Furthermore, it could be demonstrated that low shear
stress, such as in the aortic arch branch points and aorta-iliac bifurcations, increases the
expression of PCSK9 by ECs, while high shear stress does the opposite [59–61]. Studies
observed that silencing of PCSK9 reduces the levels of inflammatory cytokines in aortic tis-
sues, resulting in an attenuated plaque inflammation without affecting LDLR levels [62,63].
This effect is caused by the fact that PCSK9 influences the inflammatory pathways to
activate NF-κB and upregulates Toll-like receptor 4 (TLR4) expression [62]. The same study
also identified that PCSK9 is overexpressed in atherosclerotic plaques of Apoe−/− mice [62].
Further confirming an important role of PCSK9 in inflammation and apoptosis, it could
be shown that silencing of PCSK9 in ECs in vitro reduces the ability of the cells to go
into apoptosis when exposed to oxLDL by reducing pro-apoptotic factors Bcl2-associated
protein (Bax), Caspase 3 and 9, while increasing the anti-apoptotic factor Bcl-2 as well
as activating p38/JNK/MAPK pathways [2]. Additionally, PCSK9 induces pyroptosis,
mitochondrial dysfunction and reactive oxygen species (ROS) production in human umbil-
ical vein endothelial cells (HUVECs) after an exposure to oxLDL, suggesting that PCSK9
also plays a valuable role in the antioxidant response in the context of atherosclerosis [64].
The increased expression of PCSK9 by low shear stress also induces ROS generation via
the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system [60], clearly
demonstrating an important role of PCSK9 in ECs.

Besides ECs, vascular SMCs are also affected by shear stress when the EC layer is
disrupted, as it could be demonstrated that low shear stress upregulates their proliferation
and migration capability while increasing the secretion of PCSK9 by the SMCs. Several
studies have demonstrated that SMCs secrete functional PCSK9 into the atheroma that
exerts effects on monocytes migration in the intima. The overexpression of PCSK9 by
SMCs in atherosclerotic plaques also reduces the ability of macrophages to ingest aggre-
gated LDL (agLDL) and oxLDL molecules through scavenger receptors and LDLR related
proteins [4,65]. PCSK9 secreted by SMCs not just plays a paracrine effect, PCSK9 also
regulates the metabolism in SMCs. This could be perceived by several studies: for instance,
treating SMCs in vitro with recombinant PCSK9 stimulates mitochondrial damage that in
turn activates apoptosis pathways [66]. Studies were performed in vitro to validate this,
and it was seen that mice that are deficient in PCSK9 show less mitochondrial damage in
SMCs compared to wild type mice when injected with LPS [66]. Mediated by mitochondrial
ROS generation, PCSK9 and mitochondrial DNA damage influence each other in a positive
feedback loop to facilitate cell injury and thereby advance atherosclerosis [56]. Contrarily,
PCSK9 might provide a protective effect against atherosclerosis progression by regulating
SMCs. Deficiency of PCSK9 in mice has been shown to reduce the ability of the SMCs
to proliferate and migrate, with the cells expressing more than usual levels of contractile,
such as alpha-actin and myosin proteins [2,67]. These SMCs also express very low levels of
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synthetic proteins, such as extracellular matrix components and collagen that are involved
in the formation of fibrous cap [68]. Combined, the lack of PCSK9 therefore seems to
reduce the fibrous cap formation and thereby destabilises the lesions. Altogether, it could
be shown that SMCs do not only express PCSK9, but that PCSK9 can also influence cellular
processes in SMCs to influence plaque stability.

Besides its influence on vascular cells, PCSK9 has also been shown to exert pro-
inflammatory and pro-atherogenic effects on macrophages in vitro even in the absence of
LDLR [2]. For example, PCSK9 has been shown to inhibit ATP-binding cassette transporter
(ABCA1) mediated cholesterol efflux in macrophages and thereby disturbs the cholesterol
homeostasis [69]. Furthermore, PCSK9 increases the infiltration of Ly6chi monocytes
into the atherosclerotic plaques [70]. Inhibition of PCSK9 also supresses the expression
of inflammatory cytokines IL-1α, IL-6, IL-1β, MCP-1 and TNFα and the activation of
NF-κB pathway when macrophages are exposed to oxLDL and inflammation [56,62]. In
line with this, macrophages that are stimulated with recombinant PCSK9 express pro-
inflammatory cytokines in a dose-dependent fashion [71]. These pro-inflammatory effects
are LDLR-independent as it could be shown that PCSK9 has similar effects on macrophages
from LDLR−/− mice [72]. Macrophages can also secrete PCSK9 themselves and in vitro
and in vitro experiments have discovered that the NLR family pyrin domain containing
3 (NLRP3) inflammasome triggers the expression of PCSK9 in macrophages by IL-1β
release [73]. PCSK9 secreted from lipid-loaded macrophages can also regulate several
LDLR like receptors. For example, members of the LRP family, such as LRP5 form a
complex with PCSK9, that is highly essential for further lipid uptake by macrophages.
When this LRP5-PCSK9 bond is formed, the complex triggers the TLR4/NF-κB pathway
resulting in increased inflammation [74]. Similarly, PCSK9 upregulates the expression of
various scavenger receptors such as SR-A, CD36 and LOX-1 to boost the uptake of oxLDL
by macrophages, to further facilitate inflammation [56,75]. There is also a feed-forward
loop in which the activation of LOX-1 triggers PCSK9 expression as well [67]. Although this
process can play an import role in atherogenesis, the exact effects of inhibition of PCSK9 on
LOX-1 remain elusive [53].

Considering all the above-mentioned studies, it can be summarised that PCSK9 has a
direct effect on both vascular and immune cells to directly influence atherogenesis not only
by modulating the LDLR but also by LDLR-independent mechanisms.

4.2. Myocardial Infarction

Complete cessation or lowering of blood flow to parts of the heart, due to atherosclero-
sis formation, causes the myocardium to be deprived of oxygen, resulting in a myocardial
infarction (MI) which is associated with myocardial cell death and necrosis [76]. PCSK9
levels were observed to be upregulated in rats after acute MI [77], which is also validated
in humans as serum levels of PCSK9 are also elevated in patients with acute MI [11,60].
This could be explained by the fact that acute MI leads to an increase in the expression
of SREBP-2, hepatocyte nuclear factor 1 α (HNF1α) and NLRP3 resulting in an elevated
expression of PCSK9 [78]. Furthermore, MI leads to hypoxia of cardiomyocytes and it
was demonstrated that hypoxia induces the expression of PCSK9 in cultured cardiomy-
ocytes [60,79]. The PCSK9 produced by hypoxic cardiomyocytes promotes injury even
in healthy cardiomyocytes [79]. Moreover, the elevated PCSK9 levels also stimulate the
secretion of pro-inflammatory cytokines and activate NF-κB signalling in the recruited
macrophages at the sites of injury [79]. This can be further confirmed by inhibiting or
knocking out PCSK9 in murine models as PCSK9 deficiency improves the cardiac function
and reduces the infarct size in mice [80]. Consistent with this, when mice are subjected to
coronary artery occlusion, the mice develop infarcts and the area surrounding the infarct
zones have more than normal, non-infarcted, levels of PCSK9 protein expression [60].
These zones with elevated PCSK9 expression also show elevated autophagy. Inhibiting
PCSK9 reduces the size of the infarct and rescues the phenotype, suggesting that PCSK9
plays a causal role in the development of these infarcts.
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MI is very closely associated with coronary artery disease (CAD), as MI causes oc-
clusion of coronary arteries [81]. A study observed that PCSK9 levels in patients with a
history of CAD are associated with high levels of circulating cholesterol, triglyceride, and
inflammation which did not correspond to the severity and progression of the disease [82],
although contradicting studies also exist [83]. PCSK9 is involved in the regulation of
diverse lipoproteins involved in the development and progression of CAD. For example,
oxLDL induces the expression of PCSK9 in cardiomyocytes which, in turn, reduces the
cardiomyocyte cell shortening [84]. Serum lipoprotein (a) (Lp(a)) is yet another high-risk
factor for CADs, but the relation between Lp(a) and PCSK9 remains debateable. Different
studies revealed a positive association between serum Lp(a) and PCSK9 [85], however,
other studies did not find associations between these two [86].

To summarise, in situations of MI, the expression of PCSK9 is elevated to not just alter
the lipid metabolism but also to promote the cytotoxic capacity of oxLDL and increase
the expression of apoptotic markers and promotes autophagy [78]. Inhibition of PCSK9 is
believed to play a role in MI by limiting vascular remodelling and by tampering autophagy
and inflammatory markers on top of influencing the lipid profile and cardiac function,
although studies are yet to find all the mechanistic insights [87].

4.3. Obesity Induced CVD

Obesity being a major health problem at the moment, leads to the development of
metabolic comorbidities in the form of cardiovascular complications. Obesity is charac-
terised by the enlargement of adipocytes and adipose tissue, and secretion of inflammatory
cytokines to instigate pathological complications to the cardiovascular system [88]. At
first, it was believed that adipocytes do not express PCSK9, but only express targets of
PCSK9 like VLDLRs and LDLRs on their surface [89]. On the contrary, recent studies have
discovered the presence of PCSK9 in human adipocytes, that is easily detectable on gene
and protein levels [16] although these levels are relatively low compared to the levels of
hepatic PCSK9. Studies have identified that obesity upregulates the expression of PCSK9
and high levels of PCSK9 are again associated with a progression of the disease, therefore
making it a vicious feedback cycle between adiposity and PCSK9. The levels of PCSK9
expression in adipose tissue positively correlates with the body mass index (BMI) of the
individual, suggesting that obesity and adiposity induces the expression of PCSK9 [16].
Likewise, excessive dietary fat consumption leads to an upregulation of hepatic PCSK9 [90].
The function of PCSK9 in relation to obesity seems controversial. Validating the hypothesis
that PCSK9 provides a defence mechanism against obesity, studies showed that visceral
adipose tissue content increases in PCSK9 knockout mice due to increased expression
of VLDLR [44]. PCSK9 targets VLDLR and ApoER2, receptors that are responsible for
the hydrolysis of triglyceride-rich lipoproteins (TRLs). This hydrolysis is essential for fat
storage in adipose tissues as well as utilisation of fat by the vascular tissues [41]. Through
such VLDLR regulation, PCSK9 limits adipogenesis in visceral adipose tissue and protects
against adiposity [89]. On the contrary, PCSK9 also influences the expression of receptors
and molecules other than VLDLR to promote obesity. For example, PCSK9 is also involved
in the degradation of CD36, reducing fatty acid uptake and cholesterol/triglyceride accu-
mulation in adipose tissue and liver [91]. Furthermore, the PCSK9 secreted from adipocytes
is involved in the modification of myocardial LRP1 levels and the glucose metabolism in the
cardiomyocytes by influencing C1q/tumour necrosis factor-related protein-9 (CTRP9) [6],
which is involved in various cardiac complications [92]. In conclusion, adipose tissue
expresses and secretes PCSK9 which via LDLR-independent mechanisms can contribute to
obesity and thus CVDs.

4.4. Calcification

Ectopic calcification is associated with old age and is a very relevant comorbidity
of CVDs. Calcific aortic valve stenosis (CAVS) is a form of ectopic calcification. Studies
have indicated that there is an association between the levels of plasma PCSK9 and the
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severity of aortic valve stenosis [93]. The expression of PCSK9 is higher in the calcified
valves of patients suffering from CAVS, and the valvular interstitial cells isolated from
these calcified valves show elevated expression of markers of calcification with elevated
PCSK9 expression [94]. In line with this, aortic valves isolated from PCSK9−/− mice show
lower markers for calcification compared to mice with functional PCSK9 [93]. Histological
examination of aortic samples from patients with coronary artery calcification further
validated the abnormal expression of PCSK9 in calcified area [95]. As a validation of the
causal role of PCSK9 in vascular calcification, LDLR−/− mice overexpressing PCSK9 using
an adenovirus containing PCSK9 develop more vascular calcification in response to being
fed with Western diet compared to mice with normal PCSK9 levels [96]. All these studies
suggest that PCSK9 is a marker and perhaps even a causal factor of vascular calcification
that deserves more attention in future research.

5. PCSK9 Polymorphisms

Several polymorphisms occur in the PCSK9 gene that tend to cause an effect on
CVDs [19,97–104]. For example, the PCSK9 gene undergoes loss-of-function (LOF) muta-
tions that disturb the secretory pathways of PCSK9 into circulation. Certain LOF mutations
of PCSK9 result in the hindrance of the transport of PCSK9 from the ER complex to the
Golgi apparatus [44,105], leading to reduced circulating levels of mature or furin-cleaved
PCSK9. Additionally, nonsense mutations to PCSK9 also give protection against CAD
by reducing the LDL-C levels [106]. LOF mutations are also related to an increase in the
proteolysis [39,107,108] and lowering of the levels of lp(a), LDL-C and reduce the risk of
cardiac complications such as MI and aortic valve stenosis [109,110]. Furthermore, LOF
mutations attenuate the cytokine response in healthy as well as septic patients when they
are administered LPS [60]. Arg46Leu and Asp301Gly are two LOF mutations, that can be
inherited from the parents to the children, and they have been associated with lowering
LDL-C levels and providing protection against cardiovascular pathologies [27]. Mutations
in the hinge region of the protein can be caused by variants W428X, A443T and R434W,
resulting in misfolded and non-functional PCSK9 [111]. In conclusion, LOF mutations
result in low circulating LDL-C levels and reduce the risk of developing CVDs [53].

The PCSK9 gene also undergoes gain-of-function mutations (GOF), that usually re-
sult in hypercholesterolaemia [112] causing accelerated vascular aging and CVDs [113].
For instance, mutation D374Y enhances the protein to self-assemble to form dimers and
trimers [44,114], leading to extreme hypercholesterolaemia and severe atherosclerosis [44].
This mutation is therefore widely used as atherosclerotic models in murine studies. Fur-
thermore, S127R and D374Y mutations increase the affinity of PCSK9 towards LDLR as
well as increase the level of every apoB100-containing lipoprotein in the plasma [39,115].
Other single nucleotide polymorphisms (SNPs) increase the intima-medial thickness of
the arteries [116], cause arterial plaques [117] and stimulate the progression of CVD [107].
Some variants of PCSK9 show both LOF and GOF. For instance, S127R is a mutation that
is involved in both apoB synthesis as well as its catabolism [118]. This variant causes
increased production of VLDL and IDL apoB-100 and increases the catabolism of LDL
independent of its effect on VLDL and IDL [118]. On the other hand, the variants A245T
and R272Q undergo more autocatalytic cleavage than the normal PCSK9, but they do
not have any functional consequences on the degradation of LDLR [119]. Additionally,
variants I474V and E670G cannot be categorised into LOF or GOF mutations, as functional
studies for the mutations are not available [120]. Tables 1 and 2 summarise the main LOF
and GOF mutations that are currently known and provide an overview of the functional
consequences of these variants on the pathology of cardiovascular biology.
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Table 1. Loss-of-function mutations.

Name of Mutation +
Reference

Cause and Consequences

A443T [121,122]
Presence of a novel PCSK9 O-glycosylation site in the hinge region that promotes

furin-cleavage and generates lower circulating levels of LDL-C and lower levels of
fasting glucose

A522T [98]
T77I [98]

V114A [98]
P616L [98]

Amino acid substitutions that cause hypocholesterolaemia

Ala68fsLeu82X [98] Single nucleotide deletion in exon 1 that leads to a frameshift mutation that in turn
causes the PCSK9 peptide to be shortened and not functional

C679X (rs28362286) [122–125]
Y142X (rs67608943) [124]

SNPs that lead to disruption in the folding of the protein and lower concentrations of
Lp(a), LDLC, oxidised phospholipid (OxPL-ApoB), fasting glucose and

glycated haemoglobin

G106R [126]
GG/AG genotype in exon 2 that leads to a mutation in the prodomain due to which

PCSK9 fails to undergo autocatalytic cleavage and causes an increase in the amount of
surface LDLR

G236S [119]
Q152D [24]

PCSK9 fails to exit the ER due to abnormal folding of the protein
causing hypocholesterolaemia

N157K [126] Causes hypocholesterolaemia, although studies do not exist on how the mutation causes
the condition

N354I [119] PCSK9 fails to undergo autocatalytic cleavage leading to the production of
inactive protein

Arg46Leu [27,127] Mutation in Exon 1 that leads to amino acid change of R46L and thereby to a lack of
circulating PCSK9

Asp301Gly [27] Mutation in Exon 6 that leads to amino acid change of D301G and thereby to a lack of
circulating PCSK9

PCSK9-679X [97] Elimination of final cysteine in the C-terminal domain that leads to PCSK9 failing to exit
the ER after the protein folding is disrupted

PCSK9-FS [24] C-terminal frameshift by which PCSK9 fails to exit the ER

Q152H (Gln152His) [24,128,129]
Amino acid substitution that prevents the autocatalytic processing of proPCSK9

inducing the reduction in circulating levels of PCSK9 and LDL-C, reduction in risk of
developing CVD

R434W [103] Alteration in the hinge region that impedes PCSK9 retention in the Trans-Golgi network
that causes lower secretion levels of PCSK9

rs11206510 [130–132]
rs11583680 (A53V) [133]

rs2479409 [134]
rs151193009 (R93C) [100,134]

SNPs which lead to reduced risk of CAD, peripheral artery disease, abdominal aortic
aneurysm, type 2 diabetes, ischemic stroke, dementia, chronic obstructive pulmonary

artery disease and cancer

rs11591147 (R46L) [126] GT/TT genotype in exon 1 that leads to decreased levels of LDL-C and reduced risk
of CVDs

S127R [118] Mutation in pro-domain that causes low binding affinity to LDLR and increased
catabolism of LDLC

S386A [126]
R237W [126]

Point mutations in the catalytic domain that lead to the failure of PCSK9 to undergo
autocatalytic cleavage
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Table 2. Gain-of-function mutations.

Name of Mutation +
Reference

Cause and Consequences

Arg499His [135]
Arg496Trp [136]
Asp129Gly [23]

Variations in C-terminal domain that drive the intracellular
degradation of LDLR

Asp374His [23]
E32K (Leu108Arg) [23]

D374H [137,138]

Causes increased binding affinity to LDLR
and hypercholesterolaemia

Asp374Tyr [103,136] Mutation in the catalytic domain that improves the interaction
of PCSK9 with the EGF-A domain of LDLR

Asp35Tyr [23] Mutation that creates a novel Tyr-sulfation site to enhance the
intracellular activity of PCSK9

D129G [103] Mutation in pro-domain that leads to faster protein mobility
from ER to Golgi faster in comparison to normal PCSK9

D374Y (rs137852912) [103,104,126,137,139,140]
R496W (rs374603772) [104]

Causes 10–25-fold higher binding capacity to LDLR causing
early CAD, atherosclerosis

D377Y [19] Causes abdominal aortic aneurysm

Phe216Leu [99] Decreases the circulating LDLR levels due to its destruction
with the help of PCSK9 intracellularly

R215H [119]
F216L [137,141]

R218S [105]
SNPs that abolish furin cleavage

R357H [142] Mutation in catalytic domain that leads
to hypercholesterolaemia

R496Q [126] Leads to hyperlipoproteinaemia

S386A [141]
F216L [104,137,141] Increases secretion of ApoB100-containing lipoproteins

S127R (rs28942111) [103,104,115,118,137,143,144]
Mutation in pro-domain that leads to increased binding affinity
of PCSK9 to VLDLR and high circulating levels of VLDL, IDL

and ApoB100-containing lipoproteins

Ser127Arg [136] Variation in pro-domain that improves the chance of preventing
LDLR from entering a closed conformation

6. PCSK9 Activators/Inhibitors

Cholesterol lowering therapies are the gold standard to reduce the risks of cardiovascu-
lar mortality and morbidity. One of the most effective ways to lower circulating cholesterol
in blood is the usage of statins. Statins increase the activity of LDLRs, thus increasing
the catabolism of VLDL, LDL and intermediate-density lipoprotein (IDL). Furthermore,
statins also decrease the hepatic and endogenous cholesterol production by inhibiting
HMG-CoA reductase [43], but they do not affect Lp(a) [145]. Interestingly, it could be
demonstrated that statins also have some detrimental effects, for example by increasing the
levels of circulating PCSK9 [146]. Therefore, inhibiting PCSK9 along with statin therapies
has become an important and attractive addition in managing hypercholesterolaemia. In
this section we will discuss the numerous studies that have identified various mechanisms
to inhibit PCSK9.

Studies have identified numerous naturally occurring inhibitors and small molecule
inhibitors to rescue PCSK9 induced CVDs. In the context of naturally occurring substances,
berberine has the ability to exert inhibitory effects on the transcription and translation of
PCSK9 [147]. Berberine is present in the roots and stems of the plant species Berberis and
other flowering plants such as Coptis rhizomes and Hydratis Canadensis [148]. Berberine also
increases the mRNA and protein levels of LDLR, independent of influencing PCSK9 [148].
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Similarly, a protein-rich grain known as Lupin has been shown to decrease the levels of
circulating PCSK9 and inhibits the binding of PCSK9 to LDLR [148]. Furthermore, polyphe-
nols which are present in fruits, vegetables, seeds, herbs, tea, red wine, and nuts [148],
are also involved in the inhibition of the PCSK9 protein. For example, a polyphenolic
compound called resveratrol downregulates the expression of the SREBP-1c pathway and
thereby downregulates the expression of PCSK9 [149]. In contrast, another polyphenol
called quercetin activates the transcription of SREBP2 to upregulate the expression of
the LDLR gene and reduces the expression of PCSK9 [148]. Furthermore, liraglutide is
a glucagon-like peptide-1 (GLP-1) receptor agonist that has been used clinically as anti-
diabetic and anti-obesity treatment, which has also been identified as a potent suppressor
of PCSK9 expression, explaining at least partly its beneficial effect on CVDs [150]. Other
than small molecule inhibitors, RNA aptamers also specifically bind to a target protein
with high affinity. One study developed a novel RNA aptamer, called PCSK9-binding
RNA (PBR), that binds to PCSK9 with a higher affinity than LDLR and thereby reduces the
destruction of LDLR [151].

The administration of monoclonal antibodies (mAbs) against PCSK9 is a novel lipid-
lowering therapeutic approach, that inhibits the attachment of PCSK9 with LDLR and
LDLR-like receptors [152]. They act on the PCSK9 protein itself rather than targeting the
gene expression. Additionally, PCSK9 mAb decreases the production rate of hepatic Lp(a)
particles [145] on top of increasing the clearance of them [78]. Thus, the use of mAbs have
been highly sought out for the treatment of cardiovascular complications. The inhibitors
currently in use to hinder the interaction between PCSK9 and LDLR are alirocumab and
evolocumab [1]. Both these inhibitors are used alone or in combination with standard
lipid-lowering therapies in adults to reduce the risk of several CVDs such as MI, stroke
and atherosclerosis [153], and are administered subcutaneously. Long term administration
of mAbs against PCSK9 is safe and results in a reduction of inflammation, arterial wall
plaques and the risk of cardiovascular events [154]. Even though the efficacy of mAbs is
profound, they require a subcutaneous injection once or twice a month and are therefore
still rather expensive. The limitation of frequent administration, high production costs and
oral unavailability is one of the major points that should be tackled in the upcoming year
to enable the large-scale use of mAbs in the clinic.

As an alternative to mAbs, creating an immune response against PCSK9 through
vaccination can be used to provide protection against hyperlipidaemia. In fact, several
groups have already developed extremely potent vaccines against PCSK9. For instance,
PCSK9Qβ-003 is made of Qβ viral particles to decrease total cholesterol and LDL-C levels
in Apoe−/− mice that eventually reduces the atherosclerotic lesion sizes and makes the
plaques more stable [155]. AT04A is another peptide-based vaccine that generates PCSK9
specific antibodies in mice that have the ability to bind to PCSK9 thereby removing it from
the circulation [156]. Peptide based vaccines need to be conjugated with carrier proteins in
order to cause sufficient immune responses and they fail to promote recognition of B cells.
To rectify these disadvantages, a vaccine that can induce large titres of PCSK9 antibody
called the PCSK9 multicopy display nano-vaccine (PMCDN) was developed. This nano-
vaccine is constructed by self-assembled carrier proteins, passes through lymph nodes into
circulation easily and improves endocytosis of PCSK9 in murine models [157]. Additionally,
on the surface of nanoliposomes, a peptide to induce high IgG antibodies called the
immunogenic fused PCSK9 tetanus has been developed. This vaccine formulation, termed
as Nano-liposomal Immunogenic Fused PCSK9-Tetanus with alum vaccine adjuvant (L-
IFPTA+) was tested in mice with dyslipidaemia, where it inhibits the interaction between
PCSK9 and LDLR and reduces the progression of atherosclerosis with long term immunity
effects and efficacy [158].

Most small molecule inhibitors, mABs and vaccines target extracellular PCSK9, while
there are also ways to inhibit PCSK9 intracellularly via modulation of the gene expres-
sion [159]. Initially, antisense oligonucleotides (ASOs) were first used in murine and
monkey models to inhibit the translation of the PCSK9 mRNA, but studies were terminated
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due to unknown reasons [160]. Nevertheless recently, a group has developed a highly
potent ASO to be orally administered and it was observed that repeated daily dosing
in rats, dogs or monkeys reduces dyslipidaemia with great efficacy [161]. Another way
to suppress the mRNA is to silence them using small interfering RNA (siRNA) that can
be administered via lipoid nanoparticles, for which clinical trials have been successfully
carried out. For example, Inclisiran (ALN-PCS) is such synthetic siRNA that specifically
targets the synthesis of hepatic PCSK9 to act as a lipid-lowering therapy [162]. ALN-PCS
is a synthetic siRNA drug developed by Alnylam Pharmaceuticals in the USA that can
be delivered via intravenous administration into the bloodstream [163]. It inhibits the
transcription of the PCSK9 gene and thus successfully reduces the plasma PCSK9 and
LDL-C levels after just a single dose. Even though the first clinical trials have reported
an effective clinical benefit, long term studies are yet to be conducted to assess the safety
and efficacy [163]. Furthermore, adenine base editors and CRISPR adenine base editors
can be used to insert a splice site mutation in the PCSK9 gene to inhibit and knockdown
PCSK9 for therapeutic applications [164,165]. This has already been studied in mouse and
macaque models, in order to report that this method can be fitting to treat patients with
familial hypercholesterolaemia in the future [164]. PCSK9 expression can also be affected
and controlled by influencing various factors involved in its production, like transcription
factors. Recently it was also identified that several miRNAs can influence the PCSK9 gene
expression. For example, it could be shown that miR-337-3p [166] and miR-483 [167] inhibit
the transcription and translation of PCSK9 and thereby promote the uptake of LDL-C,
whilst miR-552-3p enhances LDLR protein levels resulting in reduced LDL-C levels [168].

A myriad of studies have discovered synthetic and natural compounds to inhibit the
gene expression of PCSK9 aside from hindering the activity of this protein. Despite the
extensive research available on monoclonal antibodies to inhibit PCSK9, the end-cost makes
it difficult to put this into large-scale clinical use. The development of novel approaches to
silence the mRNA of PCSK9 as well as developing immunity against PCSK9 using vaccines
looks extremely promising, though large clinical trials are still needed to confirm its efficacy.
Further investigation on these novel therapeutic approaches might unveil a big leap in the
field of cardiovascular biology.

7. Conclusions

PCSK9 exerts its effect on the cardiovascular system via the degradation of LDLR
and by multiple mechanisms that are independent of LDLR. We have already a rather
good understanding of the influence of PCSK9 on vascular biology, especially via its
LDLR dependent effect, although it is clear that there are still several effects that are
yet to be discovered. It has already been shown that PCSK9 inhibitors can be used to
reduce cardiovascular complications in patients with well controlled LDL-C plasma levels.
Therapeutically, PCSK9 antibodies inhibit the interaction between the EGF-A domain of
the LDLR and PCSK9 and reduce LDL-C levels in plasma and have appeared to be used
safely in clinical context. However, it remains rather unclear what the effects of PCSK9
manipulation are on LDLR-independent processes, which should therefore be an important
focus point of future research. Additionally, based on the effects of the LOF mutations
of PCSK9, manipulation of its gene expression might also be an additional approach to
treat CVDs.
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Abstract: Acute respiratory distress syndrome (ARDS) is characterized by increased permeability
of the alveolar–capillary membrane, a thin barrier composed of adjacent monolayers of alveolar
epithelial and lung microvascular endothelial cells. This results in pulmonary edema and severe
hypoxemia and is a common cause of death after both viral (e.g., SARS-CoV-2) and bacterial pneu-
monia. The involvement of the lung in ARDS is notoriously heterogeneous, with consolidated
and edematous lung abutting aerated, less injured regions. This makes treatment difficult, as most
therapeutic approaches preferentially affect the normal lung regions or are distributed indiscrimi-
nately to other organs. In this review, we describe the use of thoracic ultrasound and microbubbles
(USMB) to deliver therapeutic cargo (drugs, genes) preferentially to severely injured areas of the
lung and in particular to the lung endothelium. While USMB has been explored in other organs,
it has been under-appreciated in the treatment of lung injury since ultrasound energy is scattered
by air. However, this limitation can be harnessed to direct therapy specifically to severely injured
lungs. We explore the cellular mechanisms governing USMB and describe various permutations of
cargo administration. Lastly, we discuss both the challenges and potential opportunities presented
by USMB in the lung as a tool for both therapy and research.

Keywords: acute respiratory distress syndrome; ultrasound; microbubbles; endothelial cells; vascular
leak; drug and gene delivery

1. Introduction

Endothelial cells line the entire vascular system and are the interface between blood
and tissue [1]. A primary role of the microvascular endothelium is to regulate the flux of
molecules between the vascular lumen and the surrounding tissue parenchyma. A char-
acteristic feature of the endothelium is heterogeneity between different-sized vessels
(e.g., macrovascular, such as the aorta, vs. microvascular in capillaries) and between
different tissues. For instance in the lung, microvascular endothelial cell permeability is
relatively low and tightly regulated by cell junctional complexes, of which major protein
components include vascular endothelial (VE)-cadherin, claudin-5 and occludins. By com-
parison, the endothelial cells in the liver sinusoids have intercellular gaps that permit the
free movement of fluid and circulating components in and out of the vascular lumen.

The role of endothelial dysfunction and increased permeability in the pathogenesis
of inflammatory disease has been appreciated for decades [2], but interest in its potential
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modulation as a therapy has grown with the COVID-19 pandemic; there has also been a
broader realization of the importance of endothelial leakage in sepsis and lung injury [3,4].
Therapies that decrease endothelial permeability would be of particular interest in the
lung, where acute respiratory distress syndrome (ARDS, also called acute lung injury)
is characterized by disrupted alveolar endothelial and epithelial barriers, leading to pul-
monary edema and arterial hypoxemia [5]. It occurs in nearly 10% of all intensive care
unit (ICU) admissions and results in a mortality rate of up to 40% despite the best sup-
portive care [6]. ARDS is usually caused by an excessive host inflammatory response to
an infectious (e.g., pneumonia, sepsis) or non-infectious insult (e.g., trauma), resulting in
endothelial and/or epithelial damage and fluid extravasation [7].

Treatment of ARDS is difficult due to an incomplete understanding of its pathophysi-
ology but also because of an inability to target severely injured regions of the lung. In this
article, we first briefly review some fundamental determinants of endothelial activation and
permeability; subsequently, we focus our discussion on how the combination of thoracic
ultrasound and intravenously administered microbubbles (USMB) may permit preferential
delivery of therapeutic cargoes to the lung endothelium in the most damaged regions of
the lung [3,8].

1.1. Endothelial Activation and Leakage during Inflammation
1.1.1. Pulmonary Endothelial Inflammation and Vascular Permeability

Endothelial cells undergo phenotypic changes after the binding of pro-inflammatory
cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) to their
receptors [9]. The most notable changes are an upregulation of cellular adhesion molecules
such as intercellular adhesion molecules (ICAM), vascular cell adhesion molecules (VCAM),
and endothelial cell-leukocyte adhesion molecules (ELAM), which facilitate the binding of
leukocytes [10,11]. ICAM-1 has been well documented to be increased in the serum and
lung tissue of ARDS patients [12,13]. Its knockout also showed an attenuation of edema in
a septic mouse model attributed to impaired leukocyte recruitment to the site of injury [14].
The levels of E-selectin, the endothelial selectin, are also elevated in ARDS patients [15].
Despite their involvement in the disease, however, therapies targeting the selectins have
yielded mixed results. Baboons with sepsis-induced ARDS did not respond to anti-E-
selectin and L-selectin antibody therapy, despite an antibody targeting both selectins being
protective in pigs [16,17].

Endothelial cells also contribute to inflammation by secreting pro-inflammatory cy-
tokines themselves, directing immune cells to the site of injury and leading to an increase in
vascular leakage [18,19]. Increased cytokines have been found in the alveolar lavage fluid
of ARDS patients [20,21] and, while necessary for the immune response, may contribute to
tissue injury. Cytokines such as IL-6 can induce endothelial permeability [22]; others, such
as IL-1β and TNF-α, are potent chemoattractants for leukocytes. The sensing of endoge-
nous or exogenous inflammatory signals (e.g., bacterial lipopolysaccharide, viral nucleic
acid) triggers the formation and activation of the inflammasome in both immune cells and
lung parenchymal tissue. The inflammasome is a multiprotein signaling complex that cat-
alyzes cleavage and release of IL-1β and IL-18 and has been shown to contribute to ARDS
(as reviewed in [23]); inflammasomes consist of sensor, adaptor and effector components
such as the NOD-like receptor, pyrin domain containing 3 (NLRP3) protein which detects
intracellular stress (as reviewed in [24]). Activation of the NLRP3-inflammasome has been
postulated to contribute to lung injury in COVID-19, and blockade of pro-inflammatory
cytokines with antibodies is a promising therapeutic strategy [25–29].

Excessive inflammation, as seen in ARDS, causes barrier disruption and fluid leakage
into the interstitial space. This is mediated through various mechanisms including the
previously mentioned cytokines, an increase in reactive oxygen species production by
activated leukocytes and the production of neutrophil extracellular traps (NETs) (e.g., in
patients suffering from critical illness due to COVID-19) [30–32].
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Much of the barrier integrity in the continuous microvascular endothelium is con-
ferred by the adherens junctions, in which homophilic interactions between VE-cadherin
hold adjacent cells together tightly [33,34] (Figure 1). A decrease in cell-surface VE-cadherin
is an important step for the extravasation of leukocytes through selective tyrosine phos-
phorylation and internalization [11,35,36]. In the context of lung injury, a decrease in
VE-cadherin is mediated by multiple signals, including TNF-α, thrombin, and vascular
endothelial growth factor (VEGF) [34]. Other non-inflammatory signaling molecules can
decrease permeability. Angiopoietin-2 is a well-characterized negative regulatory ligand
for receptor tyrosine kinase Tie2, inhibiting its phosphorylation and increasing endothelial
permeability [37]. Levels of angiopoietin-2 act as a marker of clinical outcome and injury
severity in trauma and sepsis patients [38,39]. The angiogenic cytokine VEGF is also higher
in critically ill patients; paradoxically, while higher VEGF levels are associated with a poor
prognosis, it is not predictive of lung edema [39,40].

Figure 1. Anatomy of the alveolus. The alveolus is the basic functional unit of the lung. An
extremely thin alveolar wall allows for gas exchange between air and blood. The outer layer is
composed of pulmonary epithelial cells (also known as pneumocytes), of which there are two
types. Type I epithelial cells permit gas exchange, while type II epithelial cells produce pulmonary
surfactant. Pulmonary endothelial cells form the inner layer of the wall and line the pulmonary
microvasculature. Endothelial cells form a continuous layer formed through tight and adherens
cellular junctions between neighboring cells, thus preventing fluid leakage out of the lung. Vascular
endothelial cadherin (VE-cadherin), claudins, and occludins form these junctions through homophilic
and/or heterophilic interactions, restricting junction width to 2–5 nm. Created with BioRender.com.

More recently, additional players have been identified as being involved in the dis-
rupted lung endothelium in ARDS [41]. The forkhead box protein M1, an important
transcription factor involved in cell proliferation, is key in repairing the pulmonary en-
dothelium in multiple models of murine lung injury [42,43]. Various microRNAs (miRs)
are also of interest due to their crucial roles in the regulation of the expression of multiple
genes: miR-150 levels are inversely correlated with the severity of disease in ARDS patients,
and it has been demonstrated to decrease the severity of lung injury by repairing cellular
junctions [44,45]. miR-26a-5p, through the reduction in connective tissue growth factor, pro-
tected mice with lung injury from lipopolysaccharide (LPS, i.e., endotoxin) by decreasing
the severity of inflammation [46]. Finally, fibroblast growth factor 2 and phospholipase D2
have been reported to stabilize VE-cadherin—the former by inhibiting pro-inflammatory
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pathways, and the latter by preventing VE-cadherin phosphorylation—thereby improving
pulmonary endothelial barrier permeability [47,48].

Despite this accruing knowledge as to the regulation of lung microvascular endothelial
permeability, there has been relatively little progress in its therapeutic manipulation.

1.1.2. Pulmonary Endothelial Dysfunction—Coagulation

While endothelial cells normally inhibit coagulation, when activated they initiate the
coagulation cascade by the expression of tissue factor. Ultimately, the cascade produces
thrombin and fibrin. Tissue factor-induced coagulation is a significant contributor to
mortality in critical illness and play a large role in ARDS [49,50]. In addition to being
a direct pro-coagulant, thrombin interferes with the endothelial barrier and exacerbates
vascular leakage through binding to its receptor proteinase-activated receptor 1 (PAR1) [51].
Activated endothelial cells also exhibit an inhibition of their normally pro-fibrinolytic
state due to an upregulation of the plasminogen activator inhibitor-1 (PAI-1) [52]. Indeed,
endothelial cells collected from the lungs of ARDS patients demonstrate an increase in
both thrombin and PAI-1 [53]. Of note, microvascular thrombosis has been recognized as
playing a role in the pathology of patients with severe COVID-19 [54]. A study comparing
ARDS lung autopsies between COVID-19 patients and influenza patients found a nine-fold
higher incidence of microvascular thrombosis in the lungs of COVID-19 patients [55].

1.2. Current Therapies Targeting the Endothelium

Given the central role of the lung microvascular endothelium in the pathogenesis
of ARDS and sepsis, numerous approaches to modulate endothelial cell activation and
decrease vascular leakage are being investigated [56]. For example, the sphingolipid
sphingosine-1-phosphate (S1P) is a potent enhancer of the endothelial barrier while also
acting to regulate systemic cytokine levels [22,57]. Very recently, Akhter et al. used an
endothelial-specific S1P receptor-1 (S1PR1) knockout animal model to investigate the role
of S1P in pulmonary endothelial regeneration in an endotoxemia injury model [58]. They
found that S1P1R deletion resulted in increased endothelial permeability. Furthermore,
they determined that S1PR1-expressing endothelial cells are required for barrier repair,
and that these cells were reprogrammed to increase the production of S1P, suggesting
therapeutic potential for the S1P pathway in endothelial injury.

There has also been extensive interest in targeting the angiopoietin receptor Tie2 and
its signaling axis as a means to restore the endothelial barrier. For example, the Tie2 agonist
vasculotide was shown to decrease vascular leakage, tissue edema and organ dysfunction
in multiple animal models of sepsis or lung injury [59–61]. The simultaneous sequestration
of the inhibitory ligand angiopoietin-2 and the activation of Tie2 was shown to restore
endothelial barrier integrity and reduce mortality in septic animals [62]. Targeting the Tie2
pathway combined with decreasing circulating VEGF rescued septic mice by reducing
ICAM-1 levels, decreasing inflammation, and improving endothelial barrier strength [63].
Increasing the activity of Tie2 by means of the inhibition of VE-protein tyrosine phosphatase,
a Tie2-inactivating protein, also enhanced the endothelial barrier in the lungs and retinas
of mice [64,65].

More generally, it is important to point out that a number of groups have now inde-
pendently shown that decreasing vascular leakage can be accomplished without impairing
innate immunity, highlighting the fact that tissue edema and leukocyte recruitment can be
controlled separately [2].

Despite these conceptual and therapeutic advances, targeting the endothelium for
therapy remains challenging, especially in the injured lung. Nanoparticle-enhanced de-
livery systems are the subject of intense research [66]. Inhalation of nanoparticles did
show transit into the vascular space, suggesting that the endothelial barrier is reached [67].
The specific composition of nanoparticles can regulate their delivery, as demonstrated
by one group showing the specificity of their nanoparticles for the alveolar endothelium,
with or without cargo [68–70]. To increase endothelial specificity even further, antibodies
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and ligands for endothelial-specific receptors have been added to the nanoparticles. For
example, peptides against sialic acid, ephrin type-A receptor 2, and ICAM have all been
described [71–74].

Nonetheless, a major issue is how to preferentially deliver therapeutic cargo to the
most injured regions of the lung in ARDS. This is particularly problematic given the
heterogeneity of the lung in ARDS, in which severely consolidated areas in the lungs of a
given patient may be abutting relatively aerated regions [75,76]. Intravenous administration
of drugs (including nanoparticles) may result in undesirable off-target effects in other
organs such as the kidney or liver. Hypoxic vasoconstriction (the normal narrowing of
vessels in the lung in response to hypoxia) may complicate this further by decreasing
the amount of drug able to reach the tissue. Inhaled agents are preferentially distributed
to the best ventilated areas of the lung, potentially neglecting the most injured regions;
furthermore, they make first contact with the lung epithelium, potentially decreasing access
to the lung endothelium. Thus, there is a need for a delivery method which can achieve a
high rate of lung endothelial delivery and preferentially targets the most injured lung areas.

2. Introduction to Ultrasound-Microbubble Mediated Therapy

Over the past two decades, ultrasound-microbubble (USMB)-mediated intracellular
drug and gene delivery has emerged as a promising therapeutic approach for the treatment
of the endothelium. One of the first reports on USMB-mediated intracellular delivery
appeared in the late 1990s when ultrasound and commercial ultrasound imaging contrast
microbubbles (Albunex®) were used for the transfection of cultured Chinese hamster ovary
cells with a pGL2 luciferase reporter plasmid [77]. Since then, USMB-mediated delivery
has been used for a variety of in vitro and in vivo applications such as delivering drugs
across the blood–brain barrier, transfecting liver cancer cells with genes for therapy as well
as delivering drugs to endothelial cells [78–81]. The principle of the method is as follows:

When circulating microbubbles are exposed to ultrasound, they grow and shrink in
response to the alternating low- and high-pressure portions of the acoustic wave (i.e., cavita-
tion). These oscillations of microbubbles exert mechanical forces on the endothelium, which
increases local vascular permeability and facilitates delivery of external molecules into tar-
geted tissues [82] (Figure 2). Depending on the intrinsic properties of the microbubbles and
applied ultrasound parameters, microbubbles may undergo stable oscillations (i.e., stable
cavitation) or violent oscillations and collapse (i.e., inertial cavitation) [83]. Microbubble
oscillations induce acoustic microstreaming flows in the surrounding medium while violent
collapse leads to the formation of high-velocity microjets and shockwaves which induce
shear stresses on the endothelium, leading to intracellular and trans-endothelial delivery of
drugs or plasmids [84,85]. Since microbubbles undergo cavitation only in the presence of
an ultrasound field, the delivery is highly targeted towards the specific area of insonation,
thus reducing off-target effects.

Microbubbles used for this application often contain a high molecular weight perfluo-
rocarbon gas core surrounded by a protective shell made from lipids, proteins or polymers
which improve their stability and lifetime [86]. The microbubbles can be co-administered
intravenously along with drugs or other cargo, or can be designed to carry the therapeutic
cargo inside the bubble or bound to the microbubble surface [87].

Due to its ease of application, non-invasive and highly localized nature, USMB-
mediated drug/gene delivery is an attractive option for the treatment of the endothelium.
The endothelium is known to play a crucial role in several vascular pathologies including
arterial restenosis, arteriosclerosis, thrombosis, and hypertension [88]. To date, several
research groups have demonstrated the utility of USMB-mediated delivery for endothelial
treatment. For example, USMB has been utilized for successful intra-endothelial delivery of
plasmid DNA encoding a phosphomimetic variant of the endothelial nitric oxide synthase
(eNOS S1177D) gene, enhancing the production of nitric oxide (NO), which is a crucial me-
diator of anti-atherosclerotic effects [89]. Another study utilized USMB-mediated delivery
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of rapamycin (an antiproliferative drug) for successful inhibition of neointima formation, a
condition resulting from endothelial denudation, in rat carotid arteries [90].

Figure 2. Basic principle of ultrasound-microbubble (USMB)-mediated drug and gene delivery.
When microbubbles flowing through the blood are exposed to the ultrasound field, they undergo
rapid changes in size and shape (i.e., cavitation), inducing high shear stresses on the surrounding
endothelium. This increases vascular permeability and cellular internalization (e.g., endocytosis),
leading to targeted delivery of drugs/genes in the area of insonation. The result is enhanced delivery
of therapeutic cargo to the local endothelium itself and to the organ being perfused. Created with
BioRender.com.

The cellular mechanisms of how USMB enhances drug delivery include sonoporation
and endocytosis; these will be briefly reviewed here.

2.1. Mechanisms of USMB-Mediated Intracellular Delivery
2.1.1. Sonoporation

The term ‘sonoporation’ refers to the formation of transient pores in the cell membrane
upon exposure to ultrasound-activated microbubbles. The formation of pores enhances
membrane permeability, thus facilitating intracellular delivery of external molecules. Sev-
eral investigations have been carried out to characterize these membrane pores. Using
indirect molecular probing and direct visualization using scanning-electron microscopy
(SEM), one study revealed the formation of membrane pores in the size range of 75–100 nm
following USMB treatment of MAT B III cells [91]. Another study utilized transmembrane
current measurements of Xenopus laevis oocytes for real-time monitoring of sonopora-
tion, following treatment with ultrasound and commercial Definity® microbubbles. The
results indicate the formation of membrane pores of radius 110 ± 40 nm [92]. Several
other investigations have been performed to characterize the membrane pore size follow-
ing USMB treatment using advanced atomic force microscopy and electron microscopy
techniques [93–97].

The membrane pores formed by sonoporation are transient and reseal within a few sec-
onds or minutes. Few researchers have investigated the temporal dynamics of membrane
resealing following sonoporation by cavitating microbubbles. Using live-cell fluorescence
microscopy and the fluorescent dyes Fura-2 and propidium iodide, one study observed
membrane resealing in endothelial cells within 5 s of exposure to single-shot pulsed ul-
trasound with microbubbles [98]. Another recent investigation utilized real-time confocal
fluorescence microscopy to visualize membrane resealing and observed that the resealing
process could be completed with 1 min, depending on the initial pore size [99]. All these
studies have provided strong visual evidence of membrane perforation and resealing
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following USMB treatment, suggesting sonoporation as a major mechanism of USMB-
mediated cargo delivery.

Why USMB induces sonoporation has been explained by physical phenomena such as
acoustic microstreaming, shock waves and microjets generated by the cavitating microbub-
bles in the surrounding medium; these will be briefly discussed in the next section.

Acoustic Microstreaming

Ultrasound-driven, oscillating microbubbles undergoing stable cavitation are known
to generate steady vortical flows in the surrounding liquid (i.e., swirling motion of sur-
rounding liquid), frequently referred as acoustic microstreaming [100]. It is suggested that
these microstreaming flows induce a shear stress on the nearby cells resulting in tension and
stretching of the membrane, thereby inducing transient membrane perforation [101,102].
One of the earliest experimental studies on microstreaming-induced sonoporation was
performed with an ultrasonic horn transducer (also known as Mason horn, sonotrode,
ultrasonic homogenizer or disintegrator) vibrating at 21.4 kHz inside a Jurkat lymphocyte
suspension [103,104]. These experiments suggested that microstreaming flows generated
by the vibrating Mason horn induce a shear stress of 12 Pa, which is sufficient to induce
sonoporation in Jurkat lymphocytes upon exposure for 7 min. Theoretical calculations
performed by the same research group indicated that acoustic microstreaming flows gen-
erated by microbubbles could induce shear stresses of similar or higher magnitude, thus
facilitating sonoporation [101]. Using a combination of particle image velocimetry (PIV)
and theoretical analysis, other researchers have shown that the shear stresses induced
by acoustic microstreaming flows around microbubbles are significantly higher (~19 Pa)
than the shear stresses induced by normal blood flow (~0.5–2 Pa), resulting in sonopo-
ration [102]. These and several other theoretical and experimental studies showed that
acoustic microstreaming may be a major mechanism of sonoporation [105–107]. Fur-
thermore, microstreaming flow pattern is strongly dependent on the driving ultrasound
frequency, microbubble size, pressure amplitude, properties of surrounding media as
well as oscillation mode of microbubbles, which might explain why sonoporation and
intracellular delivery of molecules are strongly affected by these parameters, as noted in
several other studies [102,108–110].

Shock Waves and Liquid Microjets

Besides acoustic microstreaming, shockwaves and liquid microjets erupting from a col-
lapsing microbubble undergoing inertial cavitation are suggested as possible mechanisms
of sonoporation. Cavitating microbubbles undergoing symmetrical bubble collapse gener-
ate a strong shock wave in the surrounding medium which may exert a significant shear
stress to perforate the membrane. Some experimental studies show that the amplitude of
a shock wave generated by a single collapsing bubble can be as high as 1 GPa; however,
this shock dies down rapidly and can only make an impact at distances comparable to
the initial microbubble radius [100]. However, in the presence of multiple microbubbles,
shockwaves emitted by several collapsing bubbles may combine and make an impact
over larger distances [100]. Some molecular dynamics simulation studies have shown
that a lipid bilayer membrane exposed to shockwaves may undergo compression and
rebound, resulting in the formation of membrane pores during the reorganization of the
lipid bilayer [111–113]. Though this study did not consider shockwaves erupting from
collapsing bubbles, the mechanism may be similar for sonoporation induced by collapsing
bubble shockwaves.

Fundamental fluid mechanics studies have revealed that a cavitating microbubble
near a wall or a solid boundary collapses asymmetrically, ejecting fast liquid microjets
towards the wall [114,115]. It has been hypothesized that when a microbubble undergoes
inertial cavitation near the walls of blood vessels, the microjets ejected from asymmetrical
collapse exert high shear stresses on the endothelial cells, causing membrane poration [116].
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Some experimental studies conducted in the late 2000s have supported this hypothe-
sis [94,98,117].

2.1.2. Endocytosis

For several years, sonoporation was thought to be the major mechanism of USMB-
mediated intracellular delivery. However, mounting evidence now suggests that endocy-
tosis may also play a major role. Experiments with primary endothelial cells exposed to
USMB in the presence of fluorescent dextrans (4.4 to 500 kDa) have shown localization of
155 and 500 kDa dextrans in distinct vesicles and uniform distribution of 4.4 and 70 kDa
dextrans throughout the cytosol [118]. Furthermore, this study showed a significant de-
crease in the intracellular delivery of all dextran molecules after independent inhibition
of caveolin-mediated endocytosis, clathrin-mediated endocytosis and micropinocytosis
pathways. Additionally, adenosine triphosphate (ATP) depletion showed a reduced uptake
of 4.4 kDa dextran with no uptake of 500 kDa after USMB treatment, consistent with
the inhibition of endocytosis (which requires ATP) rather than an effect on sonoporation.
Using 3D fluorescence microscopy, this study also demonstrated colocalization of 500 kDa
dextran vesicles with caveolin-1 and clathrin [118]. Together, this evidence suggests that
endocytosis is a major mechanism of USMB-mediated intracellular delivery, especially for
larger molecules.

In another study, C6 rat glioma cells were treated with either chlorpromazine (a non-
specific inhibitor of clathrin-mediated endocytosis) or genistein (used to inhibit caveolae-
mediated endocytosis) before exposure to USMB in the presence of the fluorescent dye
SYTOX green [119]. The results showed a 2.5-fold increase in the SYTOX uptake time
constant for the chlorpromazine-treated group, and a 1.1-fold increase in the uptake
time constant for the genistein-treated group, indicating the dominance of the clathrin-
mediated pathway in USMB-mediated endocytosis. Unfortunately, the lack of specificity
of the inhibitors limits the interpretation of this study [119]. Similar results were obtained
in another investigation which showed increased clathrin content per clathrin-coated
pit and enhanced clathrin-mediated endocytosis within 5 min of USMB exposure [120].
Some researchers have also studied the influence of ultrasound parameters on the uptake
mechanisms (i.e., sonoporation vs. endocytosis). When human melanoma cells were
subjected to USMB in the presence of fluorescein isothiocyanate (FITC)-dextran at different
acoustic pressures (100–500 kPa), endocytosis, as evidenced by the presence of dextrans in
vesicles, appeared to be a dominant mechanism of cellular uptake at low acoustic pressures.
In contrast, sonoporation appeared to be more dominant at higher acoustic pressures [121].
The dependency of uptake mechanisms on applied acoustic pressures may be linked to the
acoustic behavior of microbubbles, which change at different acoustic pressures.

Biological Mechanisms of USMB-Induced Endocytosis

Several biological mechanisms of USMB-induced endocytosis have been suggested
in the literature [122]. Some studies have shown that when cells are exposed to USMB
or just ultrasound, a strong influx of Ca2+ ions is induced [118,123,124]. It is believed
that the high intracellular Ca2+ concentration stimulates endocytosis; however, the ex-
act mechanism is unclear [122]. It has also been suggested that the increase in reactive
oxygen species (ROS) production upon exposure to ultrasound stimulates endocytosis
by a ROS-dependent mechanism such as caveolae internalization due to ROS-induced
caveolin-1 phosphorylation or by increasing the calcium influx [122,123,125]. However,
the detailed mechanism of ROS-activated endocytosis remains elusive. According to an-
other hypothesis, the exocytosis of lysosomes plays a crucial role in the regulation of
clathrin-dependent endocytosis induced by USMB treatment [122]. The evidence for this
comes from the observation that the lysosomal marker protein (Lamp-1) accumulates
in the plasma membrane at the same time as USMB-induced endocytosis occurs, while
the inhibition of lysosome exocytosis significantly reduces the activity of the transferrin
receptor, which plays a crucial role in clathrin-dependent endocytosis [120,122]. At present,
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however, the precise biological mechanisms of USMB-induced endocytosis are not fully
understood and more study is necessary.

Physical Mechanisms of USMB-Induced Endocytosis

Endocytosis is thought to be initiated by direct physical interactions between mi-
crobubbles and the cells or through certain biological pathways triggered by these physical
interactions [122]. Though the exact physical mechanisms responsible for triggering en-
docytosis remain elusive, certain hypotheses have been proposed. As discussed earlier,
oscillating or collapsing microbubbles produce microstreaming flows, shockwaves or liq-
uid microjets in the surrounding liquid. The shear stresses produced by these physical
phenomena may induce membrane deformations and trigger endocytosis, as noted in some
earlier investigations [126,127]. A second hypothesis states that the forces exerted on the
plasma membrane due to microbubble–cell interactions can be transmitted downstream
to the cytoskeleton, leading to cytoskeleton remodeling [122]. This process may in turn
activate mechano-sensors such as integrins or stretch-activated ion channels, triggering
certain endocytotic pathways [122]. Another hypothesis suggests that endocytosis is not
an independent phenomenon but is triggered by sonoporation caused by exposure to
USMB [122]. According to this hypothesis, formation of lysosomal patches and exocytosis
is essential for sealing large membrane pores caused by USMB treatment. The lysosomal
acid sphingomyelinase released during the exocytosis process converts sphingomyelin in
the plasma membrane to ceramide, leading to inward budding and formation of vesicles,
which is considered to be a prelude to the endocytosis process [122]. Though multiple hy-
potheses exist, there is no consensus on the physical mechanisms triggering USMB-induced
endocytosis and more investigations need to be performed in this area.

In summary, sonoporation and endocytosis both lead to intracellular delivery of
molecules; however, it is difficult to say which one of the two dominates. The size of the
molecules and the acoustic parameters are likely critical determinants [118]. Endocytosis
may also be an unavoidable consequence of sonoporation and may be required for resealing
of membrane pores [122]. Relative to sonoporation, endocytosis is an active and regulated
pathway for the delivery of molecules and is therefore considered by some to be potentially
safer for cargo delivery [122].

2.1.3. Cargo Delivery Using USMB—On, Inside, or Around?

Different approaches for delivering cargo using microbubbles have been described.
Here, we will discuss the three most common approaches used for various USMB applica-
tions, namely—binding the cargo to the microbubble shell using electrostatic or covalent
interactions, embedding cargo inside the microbubble shell and co-administration of cargo
and microbubbles. Though the approaches discussed here are not specific to the treat-
ment of endothelium, the same strategies could be useful for treating lung endothelial
dysfunction using USMB.

Electrostatic or Covalent Binding of Cargo to the Microbubble Shell

Several attempts have been made to bind cargo (i.e., drugs or plasmids) to the mi-
crobubble shell using electrostatic or covalent interactions [128]. Due to the proximity of the
cargo to the microbubble shell, it is speculated that this approach leads to enhanced deliv-
ery efficacy due to cavitation effects [129]. In addition, the release of cargo could be limited
to the area of insonation, thus reducing any adverse side-effects related to free circulating
drug [129]. Plasmids, which have an inherent negative charge, can be bound onto the shells
of cationic lipid microbubbles using electrostatic interactions. This approach ensures that
the plasmid DNA is protected from degradation by endonucleases, thereby increasing local
DNA concentration for USMB-mediated transfection [130]. Cationic microbubbles bound
with plasmid DNA have been used to transfect click beetle luciferase (CBLuc) plasmids into
endothelial cells using USMB treatment in vitro [130]. In another investigation, researchers
used cationic microbubbles loaded with short hairpin RNA interference therapy targeting
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prolyl hydroxylase-2 (shPHD2) plasmid for USMB-assisted myocardial transfection to
protect the heart from myocardial infarction [131]. Cationic microbubbles are usually made
by incorporating cationic lipids such as 1,2-dioctadecanoyl-3-trimethylammonium-propane
(DSTAP) into the shells of lipid microbubbles or by coating the shell with cationic polymers
such as poly-(allylamine hydrochloride) when using albumin microbubbles [130,132]. The
plasmid loading capacity is limited by the surface area of microbubbles. The maximum
plasmid loading capacity usually ranges from 0.001 to 0.005 pg/μm2 [133]. In order to
increase the plasmid loading capacity, a layer-by-layer construction of microbubbles with
alternate plasmid (anionic) and poly-L-lysine (cationic) layers has been proposed [133].
Using this technique, the plasmid loading capacity has been reported to increase over
10-fold using five paired layers [133].

Apart from plasmids, various other cargos such as drug-loaded liposomes or nanopar-
ticles have been bound to the surface of microbubbles. For example, doxorubicin (DOX)-
loaded liposomes were covalently attached to lipid-shelled microbubbles via thiol-maleimide
linkages and then used for USMB-mediated delivery to human glioblastoma cells [134].
The results indicated a four-fold decrease in cell viability with DOX-liposome loaded
microbubbles compared to free DOX-liposomes or DOX alone [134].

Embedding Cargo Inside the Microbubble Shell

Similar to electrostatic or covalent binding, embedding the cargo inside the microbub-
ble shell could have a protective effect on the cargo, preventing its early degradation
and prolonging its half-life inside the body [129]. Different types of cargo have been
embedded inside the microbubble shell. In one study, rapamycin, an anti-proliferative
drug, was embedded inside lipidshells of microbubbles for USMB-mediated attenuation
of smooth muscle cell proliferation [90]. In vitro assays indicated that the delivery ef-
ficacy of rapamycin-loaded microbubbles was significantly higher than microbubbles
co-administered with free rapamycin [90]. In another investigation, plasmid DNA encod-
ing for the LacZ gene was incorporated into albumin microbubble shell and then used
for USMB-mediated vascular gene transfection [89]. It has been demonstrated that the
in vitro efficiency of transfection using plasmid-DNA embedded microbubbles is signifi-
cantly higher than the transfection efficiency of the co-administration of microbubbles and
plasmid [135].

Though both the approaches (namely binding the cargo to the microbubble shell
(Section 2.1.3) and embedding the cargo inside the microbubble shell) prevent early degra-
dation of cargo inside the body, there is no study which directly compares the cargo
delivery efficacy of these two approaches. Therefore, it is difficult to say which of these
two approaches is better.

Co-Administration of Cargo and Microbubbles

Co-administration of cargo with microbubbles is one of the simplest approaches
for cargo delivery using USMB. In the method, a mixture of free drugs/plasmids and
microbubbles is injected into the circulation or directly at the site of insonation. For
example, in a recent investigation, a mixture of lipid-coated microbubbles and propidium
iodide (PI) was utilized for USMB-mediated delivery of PI into endothelial cells cultured
in microfluidic channels [136]. In another study, mixtures of microbubbles and evans
blue dye/fluorescent-dextran were used to study USMB-mediated drug delivery to the
brain in mice [137]. A mixture of commercial SonoVue microbubbles and enhanced green
fluorescent protein plasmid (pEGFP)were used to study USMB-assisted gene transfection
in prostate cancer cells in vitro and in vivo in a recent investigation [138].

2.1.4. Modification of the Microbubble to Enhance Delivery

Further methods have been developed to specifically target the area of endothelial
inflammation or endothelial dysfunction. By covalently attaching receptors for markers
expressed by endothelial cells during inflammation to the microbubbles, the bubbles
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attach and remain adjacent to the cells that require therapeutic cargo delivery. Activated
endothelial cells have increased expression of ICAM-1, allowing it to be used as a binding
target for microbubbles [139]. Conjugation of an ICAM-1 antibody to the microbubble
surface resulted in significant binding to activated endothelial cells in culture under shear
flow compared to no binding to healthy endothelial cells [139]. Conjugating VCAM-1 and
E-selectin antibodies to microbubbles through a biotin-streptavidin reaction has also been
evaluated for binding to activated endothelial cells [140]. Microbubbles conjugated to any of
the three antibodies had significantly increased binding to human endothelial cells activated
with 6 h or TNF-α treatment compared to untreated cells [140]. Microscopic imaging
observed improved binding of antibody-conjugated microbubbles to activated human and
mouse endothelial cells following exposure to the bubbles under flow conditions compared
to non-conjugated microbubbles [140]. A potential method to improve the targeting of
activated endothelial cells would be dual targeting with several of the previously mentioned
antibodies. While Barriero et al. demonstrated dual targeting with endothelial markers
(CD9 and ICAM-1), it has not yet been tested with both markers only present on activated
endothelial cells and not healthy cells [141].

Targeted microbubbles have been especially useful in delivering therapeutic cargo to
injured heart tissue. Using cationic microbubbles conjugated to P-selectin antibodies for
targeting ischemic areas in a murine ischemia model and bound to a plasmid coding for
hVEGF165, Shentu et al. delivered genetic cargo to the cardiac endothelium [142]. The study
observed enhanced deposition of the genetic cargo resulting in improvement to cardiac
function compared to without the targeting ligand [142]. A similar study successfully
delivered the angiopoietin-1 gene using cationic microbubbles targeted with an ICAM-1
antibody to improve endothelial function and stimulate angiogenesis in an ischemic murine
model [143].

2.2. A New Frontier? Ultrasound and Microbubble Treatment of the Injured Lung

Despite the abundant literature describing ultrasound and microbubbles for cargo
delivery across the blood–brain barrier or to tumors, there are very few reports of the
technique in the lung. Early use of ultrasound in the lung focused on the study of pleural
disease rather than lung tissue itself [144], since ultrasound is scattered by the air in healthy
air-filled lung tissue. This has likely also delayed recognition of the potential of USMB to
enhance drug delivery to the injured lung. In fact, lung injury or ARDS may be ideally
suited to USMB-mediated therapy, since fluid leaking into the alveoli and the loss of
air allows ultrasound waves to selectively penetrate the most injured lung regions [144].
Normal (aerated) or less-diseased regions of the lung would scatter the ultrasound energy,
preventing or reducing off-target effects [145]. USMB is also likely to be effective for
targeting densely consolidated lung (as in lobar pneumonia), even in the absence of diffuse
disease (Figure 3).

The amount of penetration of ultrasound in the most injured, fluid-filled regions of
the lung and normal, air-filled regions of the lung can be quantitatively estimated using
acoustic impedance values of lung tissue, air and blood (Table 1) [146].

Table 1. Acoustic impedance values of lung, air, and blood.

Medium Acoustic Impedance

Lung 0.18 × 106 Rayls
Air 0.0004 ×106 Rayls

Blood 1.65 ×106 Rayls
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Figure 3. Courtesy of Laurent J. Brochard, St. Michael’s Hospital, Toronto(A) Lung CT scan (cross-sectional view) from
a patient with ARDS showing heterogenous distribution of injured, fluid-filled regions of the lung (B) USMB treatment
of the lung targets the most injured and edematous regions. (a) Ultrasound energy is unable to penetrate the relatively
healthy aerated sections of the lung, reflecting instead. Microbubbles in this region flow through the capillaries unaffected
by the ultrasound waves. (b) Ultrasound energy is able to penetrate when the alveoli are filled with fluid in edematous or
de-aerated regions, sonicating the microbubbles. Cavitation of the microbubbles is induced, resulting in cellular uptake of
therapeutic cargo preferentially in the most injured area of the lungs. Created with BioRender.com.

The amount of reflection and transmission of incident ultrasound wave at the lung–air
interface and lung–fluid (i.e., blood) interface can be calculated using ultrasound reflection
and transmission coefficients.

R =

(
Z2 − Z1

Z2 + Z1

)2
(1)

T =
4Z2Z1

(Z2 + Z1)
2 (2)

where R is the ultrasound reflection coefficient and T is the ultrasound transmission
coefficient. Here, Z1 and Z2 are acoustic impedance values of medium 1 and medium
2, respectively, at the interface that is exposed to the ultrasound wave. For the lung–air
interface, Z1 can be assumed as the acoustic impedance of the lung while Z2 can be assumed
as the acoustic impedance of the air. Similarly, for the lung–blood interface, Z1 can be
considered as the acoustic impedance of the lung and Z2 can be considered as the acoustic
impedance of the blood.

Using the above equations, it can be observed that almost the entire incident ultra-
sound wave (99.1%) is reflected back at the lung–air interface, while only 0.9% penetrates
in the air-filled regions of the lung. On the contrary, 35.5% of the incident ultrasound
penetrates the lung–blood interface, which is significantly higher than the penetration at
the lung–air interface. These numbers quantitatively show that ultrasound energy pene-
trates the most injured areas of lungs, showing its potential for targeted drug and gene
delivery. This remarkable selectivity of USMB for the most injured regions of the lung sets it
apart from other potential endothelial-targeted therapeutic strategies such as nanoparticles
or microparticles.

The first instance of USMB treatment for the delivery of therapeutic cargo to injured
lung tissue was recently published by our group (2018), demonstrating delivery of the
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aminoglycoside antibiotic gentamycin in an E.coli-induced murine pneumonia model [147].
The study demonstrated an almost ten-fold reduction in bacterial colony-forming units
following USMB treatment with gentamycin compared to gentamycin alone, an intrigu-
ing finding given that aminoglycoside antibiotics do not normally distribute well to the
lung [147]. In fact, the dose of gentamicin that was administered was too low to inhibit
bacterial growth in the absence of concomitant microbubbles and thoracic ultrasound [147].
USMB treatment significantly increased gentamicin concentrations in both bronchoalve-
olar lavage fluid and lung lysates [147]. In this study, USMB was also shown to have
no detrimental effect on oxygenation or on the degree of lung injury scored in a blinded
fashion by a lung pathologist [147]. These results of enhanced delivery to injured lung
tissue were later validated in a rabbit model by a French group, who reported enhanced
delivery of another aminoglycoside antibiotic, amikacin, to fluid-filled lung tissue [148].
Flooding the rabbits’ lungs with saline allowed the group to apply USMB treatment while
administering amikacin at two doses, comparing delivery to sonicated and non-sonicated
lung tissue [148]. USMB treatment significantly increased amikacin concentration in the
sonicated lung tissue compared to the non-sonicated lung tissue, with a greater degree of
enhancement observed at the lower amikacin dose [148]. Both of these studies highlight
the enhancement of therapeutic cargo delivery by USMB at doses below the physiologically
effective dosage.

The therapeutic benefits of delivering pulmonary surfactant (sinapultide) using USMB
has also been investigated; delivery of sinapultide by insonation of sinapultide-loaded
microbubbles reduced the severity of injury and levels of the inflammatory cytokines IL-6
and TNF-α in an LPS-induced model of lung injury [149]. Finally, USMB treatment has
also been used to explore the therapeutic effects of delivering a VEGF antagonist (soluble
fms-like tyrosine kinase-1) encapsulated in the microbubbles to a murine model of LPS-
induced lung injury [150]. The lung injury group receiving USMB with soluble fms-like
tyrosine kinase-1 exhibited improved PaO2, reduced lung injury score and wet-to-dry
ratio, and a lower 7-day mortality rate compared to injured counterparts receiving USMB
treatment with empty microbubbles [150]. This treatment was found to enhance endothelial
barrier function by inhibiting the endothelial permeability caused by VEGF while avoiding
off-target effects [150].

Despite these intriguing examples, however, the use of USMB in the injured lung still
remains largely unexplored. Specifically, it remains to be seen whether other therapeutic
cargoes such as plasmids and non-coding RNA can be harnessed with USMB to treat
lung injury.

3. Future Directions—Challenges and Opportunities

3.1. Trade off of Increased Leakage vs. Cargo Delivery

One concern with USMB in the lung is the risk of increasing endothelial leakage or
inflammation through sonoporation. Although sonoporation is transient, in theory it could
aggravate tissue damage in the injured lung; on the other hand, sonoporation will also
further enhance the delivery of therapeutic cargoes. Inflammation of the blood–brain
barrier has been observed when treating with a microbubble dose 10 times higher than
the clinical imaging dose; no damage was observed with the clinical dose [151]. The high
microbubble dose also corresponded to increased contrast agent uptake in the surrounding
tissue, indicating that increased inflammation and leakage allows for more cargo deliv-
ery [151]. Steroids such as dexamethasone have been investigated as a countermeasure to
USMB-inflicted inflammation in the blood–brain barrier, with beneficial results [152]. Real-
time microscopy of USMB-induced cultured endothelial barrier disruption observed the
effect of shear stress on barrier permeability and how it can be manipulated through ultra-
sound frequency and microbubble oscillation dynamics [153]. Large microbubble-induced
shear stress was determined to induce larger pores which could cause gap formation
between cells [153]. Ultrasound settings, microbubble dosage and dynamics, and how
often treatment is applied can all affect the degree of penetration and inflammation due

81



Biomedicines 2021, 9, 803

to USMB treatment, as well as the amount of cargo delivery. While increasing the pene-
tration has been linked to increased cargo delivery to underlying tissue, the safety of the
procedure must be weighed against the effectiveness. Optimization of all of these param-
eters is recommended for the application of safe therapy while inducing cargo delivery
with USMB.

3.2. Tissue (Depth) Penetration and Specificity for the Lung

Another feasibility issue is the degree to which thoracic ultrasound can penetrate the
edematous or consolidated lung. Thoracic ultrasound has a maximum tissue penetration
of about 10 cm, which would theoretically permit access to most of the average-sized
human thorax (e.g., a chest circumference of 38 inches is a radius of ≈ 15 cm) [154]. In the
event that surface ultrasound does not permit sufficient access, endobronchial ultrasound
exists and would theoretically permit treatment of injured areas of the lung that are deep
under the surface. For USMB to be used in clinical practice in humans, one could envisage
development of a specific clam-shell-shaped ultrasound transducer that would permit
simultaneous treatment of both the ventral and dorsal thorax. Finally, USMB is likely to be
most effective in only the most severely injured lung regions; residual air in less severely
injured areas of the lung is likely to block the ultrasound energy. Specifically, whether the
technique will work in areas where interstitial (rather than alveolar) edema predominates
is uncertain.

3.3. Optimizing Bubble Size and Charge for Delivery

Efficient delivery of cargo is affected by the properties of the microbubbles [155]. A par-
ticularly important variable is bubble surface charge. In lipid-shelled bubbles, the lipids cho-
sen can impart a charge property on the bubble (e.g., 1,2-stearoyl-3-trimethylammonium-
propane will lead to the generation of cationic microbubbles), and these properties have
direct and measurable effects on the success of delivery. For example, genetic material
in the systemic circulation is rapidly degraded, necessitating large amounts of genetic
material to be injected, which may be unfeasible [156]. However, when nucleic acids
were delivered with cationic microbubbles, their lifespan in the circulation was extended,
leading to a lower required nucleic acid dose and a higher level of transfection [157–162].
This is a result of negatively charged nucleic acids coupling to the bubbles [163].

Bubble size is another important property that contributes to delivery capacity. In
comparison to larger bubbles, smaller bubbles require higher ultrasound frequencies to
undergo inertial cavitation [164]. Larger bubbles were found to achieve greater penetration
depth of Evan’s blue dye and ascorbyl tetraisopalmitate in skin samples, suggesting that
bigger bubbles are better for delivery [165]. However, large bubbles are more likely to
cause detrimental blockage of the circulation; larger bubbles also result in more local tissue
damage [166]. These consequences must be considered when choosing the right bubble
size for a given application.

On the other end of the spectrum are nanobubbles, which are bubbles that are less
than 1 micron in diameter [167]. Due to their very small size, they are able to traverse
intercellular gaps and deposit deep into tissues, perhaps making them less desirable to
endothelial transfection. They are desirable for applications such as tumor targeting, where
they are able to infiltrate deep into the tumor for treatment [168]. They were also shown
to be safer to cells than microbubbles, causing transfection in an in vitro model without
impacting cell viability [169]. However, a major limitation of nanobubbles is the possibility
of extravasation at other vascular sites, thus decreasing the amount deposited at the tissue
of interest [170]. Nonetheless, their increased stability makes them an interesting avenue
for endothelial delivery.

3.4. Emerging Techniques to Control Bubble Sizes and Charge

Most of the current USMB-mediated drug/gene delivery studies use commercial
microbubble ultrasound contrast agents (such as SonoVue®, DEFINITY®, OPTISON®) [171].
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Some studies also use custom-made bubbles which are prepared by either sonication or a
mechanical agitation method [171]. This method of preparation often leads to polydisperse
microbubbles with varying mean sizes [171]. The resonance frequency of microbubbles
(i.e., ultrasound frequency at which the maximum amplitude of oscillation occurs) depends
on the size of the microbubbles [86]. For example, smaller bubbles have a higher resonance
frequency compared to larger bubbles, and the maximum amplitude of oscillation of
smaller bubbles is less than larger bubbles because of increased damping [86]. Therefore,
when polydisperse microbubbles are insonated, only a small fraction of the total population
microbubbles resonate, which may negatively affect the drug/gene delivery efficacy [86].
One way to solve this problem is to use emerging microfluidic techniques which are
capable of generating monodisperse microbubble populations. Using carefully designed
microchannels and appropriate flow rates, monodisperse microbubbles of varying mean
sizes can be generated at a high throughput [172–174]. Moreover, the shell properties
(such as composition, charge) of the microbubbles can be varied by using different lipid
mixtures in the continuous phase. Apart from microbubbles, microfluidics can also be used
to generate monodisperse nanobubbles, as reported in a recent study [175]. Microfluidics
thus provides a promising alternative to conventional agitation/sonication techniques for
generating monodisperse bubbles, which could maximize the efficiency of USMB-mediated
drug/gene delivery.

3.5. Clinical Trials of USMB Treatment for ARDS

The use of USMB treatment to enhance drug delivery for tissues in the digestive tract
has been supported in recent clinical trials. Improvement in delivery of chemotherapeutic
drug to target tissue has been demonstrated in pancreatic cancer, as well as various ma-
lignant tumors of hepatic and pancreatic organs [176,177]. These studies concluded that
USMB-enhanced treatment improved patient outcome without additional toxicity or side
effects compared to chemotherapeutic treatment alone. However, given the novelty of
USMB treatment for injured lung tissue (first published in 2018), USMB has not yet been
attempted in clinical trials for ARDS or lobar pneumonia [147]. Once sufficient in vitro and
in vivo evidence has accumulated on the effectiveness and safety of USMB treatment for
injured lung tissue, clinical trials are likely to follow [178].

4. Conclusions—A New Technique Provides New Opportunities

ARDS is a major cause of death after respiratory infection, whether from existing or
emerging viral and bacterial pathogens. The pulmonary endothelium plays a significant
role in the development and progression of ARDS, where loss of barrier integrity and exces-
sive inflammation drive pulmonary edema. Current treatments are unable to specifically
target the most injured pulmonary endothelium due to the heterogeneity of lung damage in
any given patient. Because air scatters ultrasound energy, USMB-mediated cargo delivery
is an attractive method that will preferentially target the most injured areas of the lung,
sparing relatively aerated regions. Even in the absence of diffuse disease, USMB could also
be used in the setting of a dense, lobar consolidation. In principle, this technique could be
used to deliver small molecule or genetic agents that enhance endothelial barrier integrity,
stimulate endothelial repair, and prevent excessive endothelial cell activation.

Finally, the ability to deliver drugs and potentially genetic material preferentially to
non-aerated lung in vivo is likely to be useful in determining the pathogenesis of lung
diseases even beyond ARDS. For instance, this technique might facilitate research into
the pathogenesis and treatment of lung fibrosis or lung malignancy. Although the field is
young, ultrasound-microbubble-mediated drug and gene delivery has the potential to be a
valuable tool to understand and to treat the severely injured lung.

5. Patents

W.L.L. is listed as a co-inventor on a patent related to this work and is the Chief
Scientific Officer of a spin-off company related to this field.
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Abstract: Our knowledge on essential hypertension is vast, and its treatment is well known. Not all
hypertensives are salt-sensitive. The available evidence suggests that even normotensive individuals
are at high cardiovascular risk and lower survival rate, as blood pressure eventually rises later in
life with a high salt diet. In addition, little is known about high sodium (Na+) salt diet-sensitive
hypertension. There is no doubt that direct and indirect Na+ transporters, such as the Na/Ca
exchanger and the Na/H exchanger, and the Na/K pump could be implicated in the development
of high salt-induced hypertension in humans. These mechanisms could be involved following the
destruction of the cell membrane glycocalyx and changes in vascular endothelial and smooth muscle
cells membranes’ permeability and osmolarity. Thus, it is vital to determine the membrane and
intracellular mechanisms implicated in this type of hypertension and its treatment.

Keywords: Na+ salt; hypertension; Na+ salt sensitive hypertension; vascular endothelial cells;
vascular smooth muscle cells; glycocalyx; Na/Ca exchanger; Na/H exchanger

1. The Vascular System

The vascular system is a closed transport network with a rigid structure that contracts
and relaxes. Under the impulse of the cardiac pump, this system ensures the transport of
blood to supply the cells with oxygen and necessary nutrients and to eliminate their waste
products for their proper functioning and the maintenance of their homeostasis [1].

From a macroscopic perspective, this system is divided into three major categories:
veins (afferent vessels operating in a low-pressure system), arteries (efferent blood vessels
operating in a high-pressure system), and capillaries (connecting veins and arteries). Micro-
scopically, except the capillaries, artery and vein histological organization and their tissue
composition are similar and divided into three major tunics or layers (Figure 1) [2].

On the surface, there is the tunica externa or adventitia, which is composed of loosely
intertwined collagen fibers and fibroblasts (Figure 1) [2]. Between the circulating blood
and the vascular wall is the tunica interna or intima, consisting primarily of a monolayer
of vascular endothelial cells (VECs) (Figure 1) [2]. Finally, between the intima and the
adventitia lies the tunica media or media composed of abundant elastic fibers and partic-
ularly contractile vascular smooth muscle cells (VSMCs), which control the vessel tone
(Figure 1). VECs and VSMCs are heterogeneous. VSMCs are a fusiform cell population
of approximately 200 μm in length and 5 μm in diameter. However, VECs are roughly
30–50 μm in length, 10–30 μm wide, and a thickness of 0.1–10 μm. Both cell types are of
multiple embryonic origins (neural crests, mesoderm) [2,3].

Due to the complexity of their origin during early embryogenesis, understanding
the differentiation of these cells remains a significant challenge [2,4]. Under physiolog-
ical conditions, contractile VSMCs in mature blood vessels exhibited a low rate of syn-
thesis of extracellular matrix components and was characterized by a series of highly
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regulated smooth muscle markers, such as cytoskeletal and contractile proteins, which
include smooth muscle actin, myosin heavy chain, calponin, and smooth muscle 22 alpha
(SM22α), as well as signaling molecules [2,4–6]. All are required for the primary function
of VSMCs [4,7]. However, because contractile proteins and several transcription factors are
Ca2+ dependents, the contractility of VSMCs is determined primarily by intracellular Ca2+.
Therefore, to regulate the various Ca2+-dependent functions under normal conditions and
during excitation-contraction coupling, VSMCs use various ion transporters and must
keep intracellular Na+ at a low concentration [8,9]. VECs markers are numerous, but the
most used is the von Willebrand factor. They do not possess L-type Ca2+ channels, and
the Ca2+ influx takes place via the R-type Ca2+ channels [10] and the Na/Ca exchanger.
In both cell types, Na+ influx takes place mainly via the Na/Ca and Na/H exchangers
(Figures 2 and 3). These two membrane exchangers must effectively control intracellular
Ca2+ and Na+ homeostasis [5,6].

Figure 1. Structure of the vascular wall. Schematic representation showing the three layers of the
vascular wall: tunica intima, tunica media, and tunica adventitia, as well as the components of each
layer. VSMC: vascular smooth muscle cell. From Bkaily et al., 2021 [2].

Figure 2. Schematic representation summarizing the literature in the field showing that chronic high
salt induced an increase in the intracellular levels of ROS (reactive oxygen species) and activation of
CaMKII (calmodulin kinase II) and cyclic AMP response element binding protein (CREB). ICa: L-type
Ca2+ channels; [Na+]o: extracellular Na+ concentration.
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Figure 3. Schematic representation summarizing the literature on the glycocalyx, plasma membrane
Na+ transport, and Ca2+-dependent signaling and transcription factors that could be implicated
in chronic high salt induced vascular smooth muscle and endothelial cells. ROS: reactive oxygen
species; Ca2+/CaM: calcium calmodulin; VSMC: vascular smooth muscle cells. Modified from
Bkaily et al., 2021 [2].

2. Vascular Remodeling

The concept of vascular remodeling was first described by Baumbach, based on obser-
vations in arterioles of hypertensive rats [11]. It is an active process of structural adaptation
of VSMCs and VECs to hemodynamic changes or to long-term vascular damage [12]. De-
pending on the type of hemodynamic changes and VECs and/or VSMCs injury, vascular
remodeling is characterized structurally by hypertrophy (wall thickening), eutrophy (con-
stant wall thickness), or hypotrophy (wall thinning) [12–15]. These structural changes may
be eccentric (increased remodeled arterial lumen) to accommodate reduced luminal space
due to atherogenic lesions or post-intraluminal restenosis, to maintain adequate blood
flow [14]. However, these changes may be concentric (reduction in remodeled arterial
lumen) due to prolonged wall tension and vasoconstriction as in hypertension [14,16,17].

Among the different cellular and molecular mechanisms observed, the media is the
most active layer [18]. As a result, VSMCs contribute largely to the phenomenon of vascular
remodeling by undergoing morphological changes characterized mainly by hypertrophy
and hyperplasia [19] without changes in the contractile phenotype of the cells [2]. Little is
known about the structural and morphological remodeling of VECs and, more particularly,
in humans.

As all muscle cells, VSMCs also undergo hypertrophy in response to local stimuli [20–22].
This hypertrophic process is a cell growth response characterized by increased cell size
with or without an increase in protein synthesis or changes in the cell phenotype [2,20,23].
In general, this cell remodeling may be due, on the one hand, to physiological conditions as
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in pregnancy [24] or secondary to physical exercise [25]. On the other hand, it can be due to
pathological conditions, such as hypertension [26] and high sodium salt diet [20]. During
these pathologies, an elevation of intracellular Ca2+ level of VSMCs and an increase in
sensitivity to vasoactive stimuli have been reported [20,27–29]. These pieces of information
indicate that hypertrophied VSMCs, similar to cells with a contractile phenotype, retain the
ability to interact with stimuli and increase intracellular Ca2+ levels following a signaling
pathway different from normal calcium dynamics [30,31]. Indeed, the mechanism underly-
ing VSMCs hypertrophy is poorly studied and may occur due to the degradation of protein
inhibitors or protein synthesis stimulation [19,32]. Atef and Anand-Srivastava, including
other authors, have demonstrated that the Gqα protein-related signaling pathway is a
classical pathway of the hypertrophic response of VSMCs [33,34]. Generally, this pathway
can be triggered by growth factors, or by one or more varieties of vasoactive substances,
including angiotensin II, endothelin-1and neuropeptide Y [19,21,32,35].

3. Sodium and Sodium Transport in Vascular Smooth Muscle and Endothelial Cells

Intracellular free Ca2+ and Na+ are not homogeneously distributed in excitable and
non-excitable cells [36–38]. When VSMCs or VECs are at rest, the concentration of free
Ca2+ in the cytoplasm, perinucleoplasm, and nucleoplasm are 50, 600, and 300 mmol/L,
respectively [36,37]. Furthermore, the concentration of Na+ in these three compartments is
10, 40, and 20 mmol/L, respectively [10,36]. As in resting cells, in response to increased
Na+ or Ca2+ influxes across the sarcolemma membrane, the concentration of nucleoplasmic
free Ca2+ and Na+ are higher than that of the cytoplasm and lower than that of the
perinucleoplasm [10,20,36,38].

As mentioned previously, in VSMCs and VECs, there are several types of Na+ trans-
porters: the Na+/H+ exchanger (NHE1), the Na+/Ca2+ exchanger (NCX) and the Na+/K+

pump (Figures 2 and 3). Functionally, NHE-1 is involved in cytoskeletal organization,
cell volume regulation [39], differentiation, proliferation [40,41], cell migration, and even
apoptosis [42]. It plays a primary role in the pH regulation at both the cytosolic and
nuclear levels [38,43,44]. In the nucleus, it is known to be involved in the activation of
chromatin [45] and nuclear pore functioning [38,46]. Undoubtedly, this exchanger’s activity
can directly affect gene expression and perinucleoplasmic, nucleoplasmic, and cytoplasmic
homeostasis of Na+ and Ca2+ under normal and pathological conditions [37,38,43]. During
intracellular acidosis, the H+ outflux will induce Na+ influx through this exchanger and
contribute to an intracellular increase of Na+ (Figures 2 and 3) [2,20,47].

Another important Na+ transporter that continually cross-talk with the Na+/H+

exchanger is the sodium/calcium exchanger isoform 1 (NCX1) (Figures 2 and 3). The NCX1
is a transmembrane protein that was cloned in 1990 and is expressed at the cytoplasmic
membrane, nuclear membrane, and in the mitochondria of a variety of cells, such as
hepatocytes, cardiomyocytes, endothelial cells, VECs, and VSMCs [37,43,48–51]. It has an
amino-terminal portion composed of 5 transmembrane domains and a carboxy-terminal
portion consisting of 4 transmembrane domains [49,50]. These portions are separated by a
large cytosolic loop containing an endogenous XIP (exchanger inhibitor peptide) region, a
binding site for Ca2+ regulation, and a region where alternative splicing occurs [50–52].

Functionally, this exchanger involves at least 1Ca2+ for 3Na+ [48,53]. Depending on
the Na+ concentration gradient, this system can also be reversed [48,53]. In the presence
of intracellular Ca+ overload and the absence of an increase of intracellular Na+, this ex-
changer excludes Ca2+ from the cell [54]. Thus, it regulates Na+ homeostasis and indirectly
Ca2+ homeostasis at the cytosolic, perinucleoplasmic, and nucleoplasmic levels [43].

In sum, these two ion transporters are essential for Na+ and Ca2+ homeostasis [36,43].
At the cytosolic level, this homeostasis is directly regulated by the nucleus [36,55]. Further-
more, independent of the cytosol and like a cell within a cell, the nucleus is regulated by
an auto nuclear mechanism that protects it from trauma or damage [36,43,55]. However,
an alteration in the cytosolic and/or nuclear compartment of Na+ and Ca2+ homeostasis
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could affect excitation-contraction (VSMCs) and excitation-secretion (VECs) coupling, cell
function, and survival resulting in vascular remodeling [37,38].

There is several other Na+ transporters that are less known in VECs and VSMCs, such
as the Na+-bicarbonate (NBCn), the Na+-Cl−- K+ (NKCC), and the taurine-Na+ symporters.

Recently, several reports suggest the presence of an epithelial Na+ channel in renal
vessels from male C57BL/6J mice [56] and rat mesenteric VSMCs [57,58], as well as in rat
mesenteric artery endothelial cells [58,59]. However, this type of channel in VSMCs and
VECs, and, more particularly, from the healthy human origin, is still a matter of debate
because of the absence of a specific blocker of this channel.

4. High Sodium Salt-Induced Salt-Sensitive Memory

Extracellular Na+ is a primary determinant of plasma osmolarity and VSMCs tone [60–62].
It is finely maintained under normal conditions and in humans at a concentration between
135 and 145 mmol/L [60]. However, the latter depends in particular on the daily salt
intake estimated at less than five gr per day (Na+: 2400 and Cl−: 3000) [63–65]. However,
in humans, the physiological salt requirement is less than 1 gr per day (Na+: 400 and
Cl−: 600) [66–68].

With salt as a preservative and to improve the organoleptic character of foods, humans
have dramatically increased their consumption to over 9.6 gr per day (Na+: 3840 and
Cl−: 5760) [69,70]. Studies by Chauveau et al. on the proportion of average daily salt
consumption in industrialized countries showed that 75% of the salt consumed is found in
preserved foods, 15% is related to kitchen preparation, and only 10% is naturally present in
foods [69]. This excess consumed salt cannot be eliminated by the kidneys. It can lead to
an accumulation of extracellular Na+ ([Na+]o) of 2 to 4 mmol/L [63,65,68,71–74].

It is well known that Na+ can have a direct effect on blood pressure [59,62,75,76].
Studies in hypertensive patients have shown that [Na+]o increases by 1 to 3 mmol/L [63,77].
According to Suckling and colleagues, ingestion of 6 gr per day of salt in a healthy subject
can increase extracellular Na+ of 2 mmol/L and osmolarity of 4 mosm/L [78]. Other studies
in healthy subjects have shown that an increase in extracellular Na+ of 3 mmol/L can lead
to alteration of ion transporters and movement of fluid from intracellular to extracellular
space associated with secretory excitation of certain hormones, such as aldosterone, renin,
and vasopressin [63,73,77]. Changes of only 1% in plasma osmolarity are sufficient to cause
a significant increase in plasma vasopressin [79]. The latter can increase blood pressure
following tonus contraction of VSMCs [80]. By causing an alteration in intracellular ion
homeostasis, prolonged accumulation of extracellular Na+ may also promote cellular
hyperosmotic stress and contribute to salt-sensitive hypertension [63,80,81].

Kawasaki et al. and Weinberger et al. were among the first to recognize the hetero-
geneity of the blood pressure response to a sodium-rich diet and to develop the concept of
salt sensitivity in humans [82,83]. According to clinical findings, it is defined as a factor
contributing to an increase in blood pressure of at least 10% [72]. According to De la Sierra
and colleagues, salt sensitivity contributes to the rise in mean pressure of more than four
mmHg (24-h ambulatory blood pressure monitoring) [84]. Depending on the definitions
and measurement methods used, salt sensitivity is observed in 25% to 50% of normoten-
sive subjects (BP < 120/80) and 40% to 75% of hypertensive patients [85]. However, this
prevalence appears to be more pronounced in elderly, obese, renal failure, and African
American subjects [71].

To date, the mechanism responsible for salt sensitivity remains controversial [63,86].
For a long time, and even today, some authors attribute it to renal malfunction [63,87].
According to them, after a regular hypersodium diet, these salt-sensitive patients show
decreased renal blood flow, an increase in renal vascular resistance, and intraglomeru-
lar pressure [88]. According to Kawasaki, the inability of the kidneys to excrete excess
sodium may be either secondary to primary hyperaldosteronism or renal pathology or
genetic [63,82,83,85]. Recently, attention is no longer directed solely to the kidneys but
primarily to the vascular system [59,62,65,81,89,90]. Thus, particular interest has been

97



Biomedicines 2021, 9, 883

focused on the first barrier located on the surface of the endothelium and vascular smooth
muscle cells, the glycocalyx [2,74,91,92].

The VSMCs and VECs glycocalyx (Figure 1) is a negatively charged anionic biopolymer
layer at hundreds of nanometer thicknesses [68,93]. This thin layer in VECs acts as a
barrier and prevents nonspecific adhesion of circulating blood cells to the endothelium,
slows blood flow in the capillary system [94] and selectively controls VECs and VSMCs
cell membrane Na+ permeability and vascular permeability [68,95]. When this layer is
exposed to a chronic concentration of 5% NaCl above the standard physiological value, a
significant reduction of negatively charged heparan sulfate residues occurs [96]. The loss
of these surface charges renders VECs and VSMCs (second protective barrier) vulnerable
to unwanted intruders, including excessive sodium, leading to VECs shrinkage to more
than 25% [74,91,92]. This may promote increased vascular permeability, the release of
VECs vasoactive substances (angiotensin II, endothelin-1) [81,89], which lead to direct
exposure of VSMCs to these substances and sodium overload. Such changes in VSMCs
extracellular space induce remodeling associated with an increase in muscle tension which
leads to hypertension.

According to various epidemiological studies and animal models developed and
used, it is well established that dietary salt intake is the most common and important risk
factor for developing essential hypertension [56,59,81,82,89]. It is also well known that a
chronic concentration of 2 to 4 mmol/L extracellular Na+ can directly affect blood pressure
in both normal and hypertensive subjects [63]. However, the cellular and molecular
mechanisms underlying salt sensitivity and associated vascular disorders are not fully
understood [81]. Some suggest renal dysfunction, while others hypothesize vascular
dysfunction by demonstrating impairment of both vascular barriers (endothelial glycocalyx
and endothelium) following chronic exposure above 145 mM NaCl [74,91,92].

Knowing that VSMCs are the central contracting cells of the vascular wall, this slight
increase in plasma sodium may lead to altered intracellular Na+ and Ca2+ homeostasis
promoting hypertrophy and/or hyperplasia of these cells (Figure 3) [2,97–99]. Eventually,
this would promote increased peripheral resistance and blood pressure (Figure 3) [62,91].
However, the mechanisms responsible for the increase in blood pressure still obscure.

5. High Sodium Salt-Induced VSMCs and VECs Stress

Hyperosmotic stress is an often-overlooked process that potentially contributes to
the pathogenesis and progression of various human pathologies (hypertension, diabetes,
atherosclerosis, and other cardiovascular diseases) [80]. It is the increase in extracellu-
lar osmolarity above the average physiological value (280–300 mOsm/kg H2O) [100]
that can be observed in various cell types, such as T and B cells, macrophages, neu-
rons, epithelial cells, renal cells, myoblasts, fibroblasts, and, especially, VSMCs and VECs
(Figures 2 and 3) [101–103].

Depending on the cell type, responses to hyperosmotic stress can be variable, and the
signaling pathways involved differ from cell to cell [80].

However, in all cell types, hyperosmotic stress is characterized by shrinkage of cell
volume, increased oxidative stress (Figure 3) [100], protein carbonylation, mitochondrial
depolarization, DNA double-strand breaks caused mainly by activation of p53 and/or
p38, and cell cycle arrest [80,104,105]. Depending on the duration of exposure and NaCl
concentration, cell cycle arrest is short-lived to prevent cell death by apoptosis and give
the cell time to adapt to the increased osmolarity [105]. To date, there are very few studies
that specify the different signaling pathways involved [80]. Studies have shown activation
of the mitogen-activated protein kinase (MAP kinase) and c-Jun N-terminal kinases (JNK
pathway) (Figures 2 and 3) [104,105], including expression of the aquaporin 1 (AQP1)
and aquaporin 5 (AQP5) genes, facilitate water movement [106,107]. Besides, increased
calcium influx leading to nuclear factor of activated T-cells 5 (NFAT5) activation and
nuclear translocation has been observed (Figures 2 and 3) [101,104,105]. The latter leads
to the subsequent regulation of target genes, including those associated with osmolyte
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transport and synthesis, antioxidant defense, and numerous molecular chaperones [80]
(Figures 2 and 3).

6. High Na+ Salt-Induced Glycocalyx Remodeling

Several reviews are available concerning glycocalyx and main, particularly in VEC [108].
In 1940, the cell biologist James Danielli (who discovered that the membrane is a lipid bilayer)
hypothesized that a layer of proteins covered the vascular system’s inner walls [108,109].
Later on, this plasma membrane layer was given the name glycocalyx [108,110]. Several
groups have highlighted the physiological role of the endothelial glycocalyx, given the
importance of this structure as a shear stress sensor of blood flow, thus contributing to
blood pressure regulation [58,68,95].

The glycocalyx is formed by two essential components: proteoglycans, syndecans,
glypicans, and glycoproteins. [108]. The transmembrane proteoglycans are the critical
element in all cell types and, more particularly, in the endothelial glycocalyx. There are
four known syndecans in vertebrates: syndecans 1, 2, 3, and 4; however, the glycocalyx
endothelial contains primarily syndecan-1 [108].

The glycocalyx also plays a role in mechanotransduction. Since glycocalyx is neg-
atively charged, it acts to buffer positively charged substances and, more particularly,
Na+, the most abundant positively charged ion. Thus, it contributes to the modulation
of extracellular surface charge and acts as a buffer of extracellular Na+, and controls its
cell membrane permeability. However, chronic loading of the glycocalyx with Na+ at the
heparan sulfate residues leads to collapse [110] and a decrease of glycocalyx [20]. Such de-
struction of the glycocalyx affects plasma membrane charges, which will affect the level of
membrane potential, ligand-receptor binding, and ionic transporters. Therefore, damaging
the glycocalyx affects the excitation-secretion coupling of VECs [101,108] and excitation-
contraction coupling of VSMCs, as well as intracellular homeostasis of Ca2+, Na+, and ROS
(Figure 3) [20]. A deterioration of the glycocalyx seems to occur during aging [111–113].
This particular aspect needs to be verified in healthy humans to determine whether this
age-dependent deterioration of the glycocalyx is independent of renal dysfunction. Besides,
it is not clear in the literature whether the vascular remodeling in a chronic high salt diet is
due totally to deterioration and/or decrease in glycocalyx is the main contributor to the
physiopathology of chronic high salt diet.

7. Adaptive Responses to High Sodium Salt Induced VSMCs Hypertrophy

In response to hyperosmotic stress, cells develop several compensatory and adaptive
mechanisms [80,114]. When a small perturbation in extracellular osmolarity occurs, an ac-
cumulation of inorganic osmolytes (K+, Cl−, Na+) increases cell volume [115–117]. During
this process, an increase in NHE-1 activation and an increase in sodium influx have been ob-
served in some studies [105,115]. The increase of ion transporters, in particular for Na+, con-
stitutes a double-edged sword by preventing cell volume shrinkage, on the one hand, and
severely disrupting intracellular ion homeostasis, on the other hand (Figures 2 and 3) [80].
Secondly, this will lead to an overexpression of genes (SLC2A4, SLC5A3, SLC6A8, SLC9A1)
involved in the synthesis (Figure 3) and transport of compatible organic osmolytes (be-
taine, sorbitol, taurine, choline, creatine, myoinositol, glucose) [80,118,119]. The latter
are small molecules concentrated inside the cell that usually have cytoprotective proper-
ties, such as antioxidation, and structural stabilization of proteins by acting as chemical
chaperones [80,119]. In general, these compatible osmolytes utilize the Na+ gradient
across the plasma membrane as an electromotive force (Figure 3) [117]. In addition, high
extracellular activate an osmolyte sensor, which stimulates NOXs and induces ROS gen-
eration (Figures 2 and 3). Taurine is known to stimulate protein synthesis, promote gene
expression, and promote increased sodium and calcium influx [2,54,118,119]. Osmolyte
accumulation promotes cytoskeletal rearrangement, an essential adaptation in response to
increased extracellular osmolarity by allowing the cell to maintain its volume and enhance
its structural integrity [80,119].
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Despite the various adaptive mechanisms, cells adapted to hyperosmotic stress differ
from normal cells [105]. They can remodel by hypertrophying [2,20,115] and or proliferat-
ing. According to various studies, they enter a state where several changes are associated
with multiple persistent lesions, such as DNA double-strand breaks, oxidation of DNA
bases and proteins, and cytoskeleton remodeling [80,105]. The mechanism implicated in
high salt-induced VSMCs hypertrophy remains to be explored in VECs.

8. Na+ Salt-Sensitive Hypertension

The role of Na+ in the physiological evolution of animals is nicely reviewed by Na-
tochin in 2007 [120]. The relation between high Na+ salt consummation and hypertension
was first reported in 1904 by Ambard and Beaujard [121,122] and then confirmed by the
groups of Dahl [3,120] and Freis [123].

Hypertension is among the most critical public health problems worldwide despite ad-
vances in prevention, detection, treatment, and blood pressure control [124]. Its prevalence
depends on the study population’s racial composition and its criteria. It also depends on
sex, gender, and age. In general, it is defined as systolic blood pressure (SBP) > 140 mmHg
and/or diastolic blood pressure (DBP) > 90 mmHg at rest 9 stage 2 and on multiple occa-
sions [124,125]. It is a multifactorial disease clinically classified as stage 1 to 3, depending
on the severity of blood pressure [124,126]. From the etiological point of view, it is classi-
fied into secondary arterial hypertension and essential or primary arterial hypertension.
However, in response to salt intake, it has been observed that hypertensive subjects can be
salt-resistant (increase in blood pressure less than 10% after salt intake) or salt-sensitive (an
increase of BP more than 10% after salt intake) [82,83].

Intracellular Na+ homeostasis in VEC and VSMC depends partly on the level of plasma
circulating Na+ [64,127] and on the type and density of plasma membrane Na+ transporters.
In humans, the physiological need for sodium salts should not exceed 2.5 g per day [68].
Today, salt overconsumption is a significant health issue [127]. Occasional consumption of
high Na+ salt by healthy humans has no significant effect on blood pressure since the kid-
neys eliminate it. However, due to the limited capacity of the kidneys to eliminate chronic
high Na+, the excess of this ion accumulates in the circulation leading to the development of
Na+ salt-sensitive hypertension [58,110,127,128]. The accumulation of circulating Na+ is ag-
gravated in the presence of renal dysfunction [127], with chronic levels reportedly elevated
by 2–4 mM beyond normal resting values [63,127]. This chronic increase in circulating Na+

was reported to affect only VECs [80] and damages their glycocalyx, leading to remodeling
of VECs [20,68,110,128–131]. However, an increase in vascular permeability will allow
VSMC interstitial Na+ overload, affecting VSMC glycocalyx (Figures 2 and 3). Our group
recently reported the latter aspect to occur together with morphological remodeling and an
increase in basal intracellular Na+ and Ca2+ (Figures 2 and 3). Such a remodeling of VSMCs
may lead to hypertension [63,78,83,132,133]. The chronic increase in Na+ salts promotes
epigenetic ‘salt memory’ programming [110,134], which predisposes the patient to Na+

salt-sensitive hypertension [110,127]. This salt memory programming is transmitted to by
the parents to their children. Thus, chronic high salt my induce permanent remodeling at
the gene level. What is gene implicated? This still to be clarified.

9. Implication of ROS/RNS in Na+ Sensitive Hypertension

Several review papers highlighted the role of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) in the development of several pathologies [135–138], including
hypertension [135]. Cellular radicals (hydroxyl, nitric oxide, nitrogen dioxide and superox-
ide anion) and nonradicals (hydrogen peroxide, hypochlorous acid, and peroxynitrite) are
generated by mechanisms present in the cell, such as: the plasma membrane, the endoplas-
mic reticulum, the mitochondria, the peroxisomes, and the cytosol [135,136], as well as the
nuclear envelop membranes’ and the nucleoplasm [37,38,139]. Na+ sensitive hypertension
also seems to implicate oxidative stress in many animal models [138,140,141]. This increase
in oxidative stress was attributed to inflammation, as well as to renal epithelial cell damage,
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by activation of NADPH oxidase [136,138,140,142] NOX2/NOX4-derived ROS [138,142].
Such an increase in oxidative stress was reported to activate nuclear factor-kappa B [141],
as well as several mechanisms implicated in cell membrane ionic transporters, in addition
to aquaporin 1 sensitive transmembrane transporter of hydrogen peroxide [136,143,144]
and osmolyte sensor (Figure 3). However, recent literature in the field showed that high
-salt-sensitive hypertension is due, at least in part, to damage of the glycocalyx of both
vascular endothelial [136] and vascular smooth muscle [20] cells. It is logical to mention
that sustained high salt would first induce damage to endothelial cells, and then the in-
flammation would follow. It is worth noting that the effect of high salt could be relatively
less important in one particular vascular cell type compared to another due to the relative
density and presence of different types of NOXs, as well as to the different basal levels
of oxidant and anti-oxidant factors [20]. Although the mitochondria play an essential
role in ROS generation, we should not forget that the nucleus may also contribute to the
ROS generation in high-salt sensitive hypertension via probably activation of the calcium-
dependent NOX5 [139]. Thus, it is imperative to revisit the nature of essential ROS/RNS
generation in high-salt sensitive hypertension and, more particularly, in human vascular
endothelial and smooth muscle cells.

10. Conclusions

Although Na+ sensitive hypertension was reported for the first time in 1904, our
knowledge of this disease is still limited and, there is no yet cure for such vascular illness
yet. In addition, the mechanisms implicated in developing a memory of high Na+ salt-
sensitive hypertension is still obscure. There still a lot to be done in this field that is to be
rediscovered. Several questions need to be answered: is the damage to the glycocalyx the
main most important factor contributing to the development of hypertension and Na+ salt
sensitivity? Is the chronic increase of extracellular osmolarity induced permanent remodel-
ing of VECs and/or VSMCs? What is the mechanism implicated in the development of
salt-sensitive hypertension? To answer these questions and other questions, we need to
develop more representee in vivo and/or in vitro models that help us better explore this
type of hypertension and develop specific treatment.
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Abstract: The Coronavirus 2 (SARS-CoV-2) infection is a global pandemic that has affected millions of
people worldwide. The advent of vaccines has permitted some restitution. Aside from the respiratory
complications of the infection, there is also a thrombotic risk attributed to both the disease and the
vaccine. There are no reliable data for the risk of thromboembolism in SARS-CoV-2 infection in
patients managed out of the hospital setting. A literature review was performed to identify the
pathophysiological mechanism of thrombosis from the SARS-CoV-2 infection including the role of
Angiotensin-Converting Enzyme receptors. The impact of the vaccine and likely mechanisms of
thrombosis following vaccination were also clarified. Finally, the utility of the vaccines available
against the multiple variants is also highlighted. The systemic response to SARS-CoV-2 infection is
still relatively poorly understood, but several risk factors have been identified. The roll-out of the
vaccines worldwide has also allowed the lifting of lockdown measures and a reduction in the spread
of the disease. The experience of the SARS-CoV-2 infection, however, has highlighted the crucial role
of epidemiological research and the need for ongoing studies within this field.

Keywords: SARS-CoV-2; COVID-19; thromboembolism; ACE inhibition; pathophysiology

1. Introduction

Patients with severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) infection
may develop associated arterial and venous thrombotic complications. Data reported in
the 2019 U.S. Coronavirus Disease Patient Registry (COVID-19) recorded a 2.6% rate of
thrombotic complications in the 299 patients who required non-critical hospitalization
compared to the rate of 35.3% of the 170 patients hospitalized in critical care units [1,2].
Klok et al. confirmed a remarkably high 31% incidence of thrombotic complications in
ICU patients with COVID-19 infections2. These results supported the recommendation
to use drug prophylaxis for thrombosis in all COVID-19 patients admitted to the ICU.
The data strongly support increased drug prophylaxis dosage, even in the absence of
randomized trials.

To date, there are no reliable data to establish the risk of thromboembolism in SARS-
CoV-2 infection in patients whose clinical conditions do not require hospitalization. Several
studies reported that patients admitted to the hospital with COVID-19 disease experienced
thrombotic complications involving the heart, brain, and peripheral vascular system, which
mainly led to myocardial infarction (MI), ischemic stroke, and venous thromboembolism
(VTE) [3–5].

During the initial months of the pandemic acceleration, several autopsy studies [6,7]
highlighted the presence of systemic microthrombi in many organs, including lungs, heart,
and kidneys, thereby suggesting how thrombosis could contribute to the frequent and
often fatal multisystem organ failure in patients with severe COVID-19 disease [8,9].
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1.1. Angiotensin-Converting Enzyme (ACE) 2 Receptor: The Evolutionary Stage of Infection from
Himalayan Palm Civet and Bat Coronavirus to SARS-CoV2 Infection

The gateway for SARS-CoV-2 to target cells is the angiotensin-converting enzyme
(ACE) 2 receptor, which is mostly expressed by epithelial cells of the lung, heart, blood
vessels, kidneys, and intestines. The ACE family of receptors includes both ACE and
ACE2 which, although they both are dipeptidyl mono-carboxydipeptidases have distinct
physiological functions.

1.2. Structure of the ACE as Ligand-Binding Receptors

SARS-CoV-2 uses common cellular transmission which is based on the binding of
ligands to specific cell surface receptors. ACE2 is a G protein-coupled receptor (GPCR) and
belongs to a category of receptors that play a central role in the initiation and regulation
of cellular processes [10]. The GPCR constitutes the most prominent class of receptors
implicated in pathological disorders of the cardiovascular, respiratory, endocrine, immune,
and neural systems. Activation of GPCRs is also common in neoplastic pathologies. The
function that GPCRs exert is mediated by responses to specific interactions with hormones,
neurotransmitters, pathogens, metabolites, ions, fatty acids, and drugs [11,12].

GPCRs are crucial modulators of transmission between the internal and external
environment of cells. GPCRs are integral membrane proteins with an extracellular N-
terminal and seven transmembrane (TM) helical domains, from TM1 to TM7, connected
via link regions. Evidence suggested that GPCRs have a more complex role than originally
considered. The binding of GPCRs to very different types of extracellular stimuli leads to
conformational changes of the TM domain with the consequent structural remodeling of the
protein [13–17]. Inter alia, these conformation changes induce coupling with cytoplasmic
proteins and subsequently the activation of enzymes that lead to the generation of a second
messenger. Once the second messenger is formed it can activate a sequence of signals
inside the cell [14]. This specific role of GPCRs results in increasing levels of intracellular
cyclic Adenosine Monophosphate (cAMP) and represents the pivotal pathway in response
to ligands, such as signaling of the renin–angiotensin system (RAS). It is important to
underline that the levels of cAMP production in the cellular domain are modulated by
several factors. Multidrug Resistance Proteins (MRPs) allow the efflux of cAMP from
the inside of the cell to the extracellular fluid, thus maintaining homeostatic intracellular
concentrations. The role of transporters activated by MRPs serves to regulate the balance
of cAMP within the cell.

Lu et al. [15] reported concern about the structural conformation of the ACE/GPCR
complex and its interaction with SARS-CoV by focusing on lipid rafts. The structure,
activation, and signaling of the ACE/GPCR complex are strongly influenced by the bilayer
domain with specific membrane-GPCR interactions [16]. It has been shown that some
subsets of GPCR are preferentially isolated in distinct regions of the membrane defined as
lipid rafts [17–19]. Cholesterol partitions preferentially into lipid rafts which contain 3 to
5-fold the amount of cholesterol found in the surrounding bilayer. Evidence has shown
that lipid rafts serve as an entry site for SARS-CoV. For example, lipid rafts in Vero E6 cells
were involved in the “entry” of the coronavirus of the severe acute respiratory syndrome
(SARS-CoV). As has been clarified by the tests after SARS-CoV infection, the integrity of the
lipid rafts was a necessary requirement to produce the pseudotyped SARS-CoV infection.
If plasma membrane cholesterol depletion was induced using the relocalized MbetaCD
marker on the caveolin raft the SARS-CoV, ACE2 receptor was not significantly modified.
Although the surface expression of ACE2 still allowed binding to the virus, treatment
with MbetaCD inhibited the infectivity of the pseudotyped SARS-CoV by 90%. The
observed data concern the ectodomain of the SARS-CoV protein S (S1188HA) which can be
associated with lipid rafts. The spike protein, after binding to its receptor, colocalized with
the ganglioside marker GM1 residing on the raft. The study found that S1188HA binding
was not affected by plasma membrane cholesterol depletion supporting the conclusion that
lipid rafts serve as a gateway for SARS-CoV [20–24].
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1.3. Function of ACE Receptor

The function of ACE is to split angiotensin I into angiotensin II, which binds and
activates the type 1 angiotensin II receptor. This activation triggers a series of patho-
physiological mechanisms that ultimately have vasoconstrictor, proinflammatory, and
pro-oxidative effects. It is important to underline that among the functions of ACE2 is
the hydrolytic degradation of angiotensin II to angiotensin 1–7 and angiotensin I to an-
giotensin 1–9. Once angiotensin 1–9 is generated, it binds to the Mas receptor, producing
anti-inflammatory, antioxidant, and vasodilatory reactions. From a pathophysiological
point of view, it is important to distinguish the two forms of ACE2 receptors. The first is
a type 1 integral transmembrane protein with structural features representing the extra-
cellular domain that acts as a receptor for the SARS-CoV-2 spike protein. The second is
a soluble form representing circulating ACE2. To date, our knowledge is limited on the
relationship that is established between SARS-CoV-2 and the two forms of the receptor.
A better understanding of this relationship may more precisely define the operational
adaptive or maladaptive processes that sustained COVID-19 infection [25,26].

1.4. ACE Receptor and Binding to Human Coronary Viruses

The knowledge we have on the interaction between the human ACE2 receptor (hACE2)
and the Himalayan palm civet receptor (cACE2) with SARS-CoV derives from the usage of
the receptor by the Human (hSARS-CoV) and Himalayan palm civet coronavirus (cSARS-
CoV) [27]. The hSARS- CoV can bind both hACE2 and cACE2 receptors while the palm
civet coronavirus has no interaction with the ACE2 receptor expressed in humans. It
is known that the adaptation of c SARS-CoV to humans was determined by two-point
mutations, recognized as K479N and S487T, in the binding domain of the SARS-CoV spike
protein (SARS-CoV-S) [26].

The mutations that have recently characterized SARS-CoV-2 led to more aggressive
variants of the virus and the concept of adaptive mutations (as noted by Wu et al. [28]) with
strengthened receptor binding and tropism (RBT). The authors demonstrated that adaptive
mutations of RBT led to the identification of genetic mutations of the virus that enhanced
interaction with human or palm civet ACE2. The genetic adaptation processes that took
place between hSARS-CoV and cSARS-CoV could also be recorded in SARS-CoV-like
viruses that have been isolated in bats [28]. A previous study found that the pathways
in which bat coronaviruses infected host cells did not occur through the interaction of
the ACE2 receptor with expressed SARS-CoVS and remained a mystery. However, the
important finding remains that the substitution of the amino acid sequence found between
residues 323 and 505 of the corresponding sequence of the SARS-CoV-S/RBT is sufficient
to allow the activation of the human ACE2 receptor [28].

Coronaviruses can enter target cells effortlessly due to their ability to exploit many
cell surface molecules such as proteins and carbohydrates. Lectins play a fundamental role
in this process. For example, host calcium-dependent (type C) lectins have been recognized
to play a central role in SARS-CoV-2 infection. Evidence suggests a specific intercellular
role exerted by non-integrin 3-grabbing adhesion molecule (DC-SIGN) of dendritic cells.
This is a type C lectin expressed on macrophages and dendritic cells that functions to
recognize the high-mannose glycosylation patterns commonly found on viral and bacterial
pathogens. Coronavirus protein S is highly glycosylated, thus, providing the virus with
the opportunity to interact with host lectins such as Dendritic Cell (DC)/Liver/lymph
node-specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN). L-SIGN, which
is expressed on liver and lung endothelial cells and has been reported as an alternative
receptor for SARS-CoV and bat coronavirus type HCoV-229E [29,30].

The first demonstration of the possibility that SARS-CoV-2 interacts with the human
ACE2 receptor is reported in the landmark study from the University of North Carolina
at Chapel Hill [31,32]. The authors reported the substantially high risk of SARS-like bat
coronavirus disease named SHC014-CoV circulating in Chinese horseshoe bat populations.
This type of coronavirus has a high binding affinity with the ACE2 receptor [33,34]
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The new SARS-CoV-2 virus expressed the bat coronavirus SHC014 spike in mouse-
adapted SARS-CoV backbones.

Menachery et al. created a chimeric virus starting with the RsSHC014-CoV sequence
that was isolated from Chinese horseshoe bats [34]. The chimeric virus encoded a different,
zoonotic CoV spike protein in the context of the SARS-CoV mouse-adapted backbone. This
new SARS-CoV-2 virus expressed the bat coronavirus SHC014 spike. Through the hybrid
virus, the authors were able to evaluate the ability of the new spike protein to cause disease
independently of other necessary adaptive mutations in its natural backbone [32].

The evidence showed at least two very interesting findings. The first was that group
2b viruses encoding the SHC014 peak in a wild-type backbone could efficiently use more
orthologs of the human angiotensin II converting enzyme (ACE2) receptor than the un-
modified SARS virus. The second was that group 2b viruses could replicate efficiently
in primary human airway cells and that it was also possible to obtain in vitro viral titers
equivalent to the epidemic strains of SARS-CoV. Once these results were translated in vivo,
replication of the chimeric virus in the mouse lung demonstrated considerable pathogene-
sis. This led to the trials of immunotherapeutic and prophylactic modalities to cope with
the SARS-CoV infection which had poor outcomes. In fact, both monoclonal antibodies
and the vaccine approach failed to neutralize and protect against CoV infection using the
new SARS-CoVS. Based on these results, the authors synthetically re-derived an infectious
full-length recombinant SHC014 virus and demonstrated robust viral replication both
in vitro and in vivo settings. This landmark report suggested 6 years ago that there was a
potential risk of SARS-CoV re-emergence from viruses circulating in bat populations.

Recently the same group coordinated by Ralph Baric [35] studied the critical determi-
nants of the ACE2 receptor that support SARS-CoV-2-ACE2 interactions during infection
and replication of the preemergent 2B coronavirus (WIV). The Authors identified the key
changes that lead to infection by creating a humanized murine ACE2 receptor (hmACE2)
and provided evidence for the potential pan-virus capabilities of this chimeric receptor.

SARS-CoV-2 cannot infect mice due to incompatibility between its receptor-binding
domain (RBD) and the murine ACE2 (mACE2) receptor. Since the mouse models of human
ACE2 (hACE2) and viruses adapted to mice have shown limitations, the researchers
developed another model that would allow evaluation of the pathogenetic phenomena
that occur in human SARS-CoV-2 infection. For example, hACE2 transgenic mice are
susceptible to unadapted SARS-CoV-2 viruses, but the pathogenesis observed in these mice
showed that virus-induced encephalitis and multi-organ infection were not comparable to
that observed in humans. Thus, Adams et al., to map the SARS-CoV-2 RBD and mACE2
interaction network, created a panel of mACE2 receptors, which have increasing levels
of humanizing mutations. The study used predictive structural models that allowed
identification of the minimal changes needed to restore replication [35].

The ACE2 receptor has structurally critical sites whose integrity determines its activity.
The investigators worked at the level of three hot spots that determine ACE2 interaction:
position K353 interconnects with SARS-CoV-2 binding residues G496, N501, and Y505,
position K31 which forms a salt bridge with ACE2 residue K353 and links with SARS-CoV-2
Q493 and Y489, and position M82 which interconnects with RBD residues F486, N487,
and Y489. These aforementioned interface hotspots are the critical molecular sites for
the interaction between SARS-CoV2 and the receptor leading to virus entry. The authors
demonstrated that divergent residue modifications in these hot spots significantly reduce
the binding between humanized murine ACE2 (hmACE2) [33] and SARS-CoV-2 RBD.
They recorded that five amino acid changes (N30D, N31K, S82M, F83Y, and H353K) in the
SARS-CoV-2 RBD-ACE2 interaction hot spots lead to the modulation of infection and can
re-establish infection in the hmACE2 models [35].

This study is crucial for the following reasons. The first is related to the fact that mouse
models are essential for understanding the pathogenesis of coronaviruses and are a key
resource for the preclinical development of vaccines and antiviral therapies. The second is
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that a detailed analysis of this study will allow the development of model systems to screen
for emerging coronaviruses and to develop new treatments to combat infections [35].

1.5. The Role of ACE2 in COVID-19 Pathogenesis

The ACE2 receptor has been implicated in the pathogenesis of COVID-19, especially
with regards to its potential effects on the most vulnerable patients presenting with cardio-
vascular co-morbidities. COVID-19 does not have the same impact on all members of the
population. An exponential increase in the severity of the disease as well as mortality, due
to devastating thromboembolic complications, occurs in patients over the sixth decade of
life with comorbidities such as cardiovascular disease and diabetes.

The angiotensin-converting-enzyme 2 receptors (ACE2) serve as the attachment site
of the SARS-CoV-2 spike protein to enter the lung epithelial cells [36]. Upregulation
with increased ACE2 expression has been demonstrated in patients with cardiovascular
disease and diabetes treated with angiotensin-converting enzyme (ACEI) inhibitors and
angiotensin receptor blockers (ARBs). However, whether treatment with these agents can
lead to greater COVID-19 severity has not been fully clarified.

Discussions related to the use of ACEI/ARBs have surfaced regarding the need to
continue therapy in patients taking these drugs. The current recommendations are to
discontinue the administration of these drugs, despite diverging opinions, which were not
universally endorsed by experts due to the lack of strong evidence [37]. ACE2 not only plays
a role in the pathogenesis of COVID-19 but also as a component of renin–angiotensin system
signaling (RAS) localized throughout the body. Although the evidence has conclusively
revealed that ACE2 receptors allow SARS-CoV-2 to enter cells, ACE2 plays a central
anti-inflammatory role in RAS signaling by converting angiotensin II, responsible for the
inflammatory process, into angiotensin 1–7, which leads to its anti-inflammatory effects [38].
A study performed on rodent lungs [39] showed that the reduced expression of ACE2 leads
to a sequence of major proinflammatory processes, that are exacerbated by age, and result
in dysregulation of RAS signaling throughout the body [40]. It is important to note that
this typical inflammatory profile, even in accentuated forms, supports pathophysiological
processes that represent the main feature of hypertension and diabetes, as well as being
very widespread in old age [36]. The upregulation of the ACE2 receptor in subjects with
diabetes and hypertension treated with ACI/ARBs must be seen as a restorative substrate
that has a physiological function. The process that unfolds during SARS-CoV2 infection
sees ACE2 receptors as a gateway for the virus to enter cells, while the reduction of ACE2
protective features in older people and those with CVD can potentially predispose them
to more severe forms of the disease. The ACE2 receptor facilitates SARS-CoV2 infection
while the fundamental anti-inflammatory function, linked to RAS signaling, is reduced
because it is compromised in patients who develop COVID-19. In fact, data provided by
the first SARS epidemic in 2003 demonstrated the double role of the ACE2 receptor, thus
delineating the factors predisposing to the occurrence of the disease and its severity [41,42].

In SARS-CoV2 infection it is plausible that the higher expression of ACE2 leads to
a greater predisposition to experience the disease. Epidemiological data from the South
Korean population, where genetic testing has been widely used in individuals, reported
higher numbers of infected among young adults [41] and those with increased ACE2 levels.
In this regard, an Italian study, examining the severity of COVID-19 disease in the elderly
population with CVD, hypothesized that a reduction in ACE2 levels due to aging and CVD
coupled to the upregulation of the proinflammatory angiotensin II pathway are factors
that likely predispose older individuals to severe forms of COVID-19. Therefore, younger
people are more susceptible to viral infection, but older people are more likely to have
severe disease manifestations [42].

SARS-CoV2 uses the ACE2 receptor in carrying out its infectious manifestation,
thereby leading to a reduced expression of ACE2 on the cell surface and an upregula-
tion of angiotensin II signaling in the lungs which results in the development of acute
damage [38]. The consequence of these morphofunctional and biochemical changes can
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predispose elderly individuals with CVD, who have reduced levels of ACE2 compared
to young people, to exaggerated inflammation and further reduction of ACE2 expression
in the context of COVID-19. In these cases, the disease manifests itself with greater sever-
ity [43]. Observations suggest that older individuals, especially those with hypertension
and diabetes, have reduced ACE2 expression and upregulation of proinflammatory an-
giotensin II signaling. Therefore, the morphofunctional and biochemical changes can be
corrected by the increase in ACE2 levels induced by ACEI/ARB treatment [43].

First, it is possible to hypothesize that in COVID-19 disease, the binding of SARS-CoV-
2 to ACE2 receptors acutely exacerbates this proinflammatory background, predisposing
these subpopulations to greater severity and mortality of COVID-19 disease. Second, con-
sidering this hypothesis credible, a protective role of the antagonistic action of angiotensin
II against acute lung injury associated with sepsis could be effective. This supports the use
of continuous therapy with ACEI/ARB [1,44,45] (Figure 1).

Figure 1. Depicts the interaction of SARS-CoV2 with the ACE2 receptor and the inflammatory profile
pattern before and after Coronavirus 2019 (COVID-19) infection in patients with or without CVD.
The initial entry of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) into cells is shown
with involvement mainly of type II pneumocytes. SARS-CoV-2 binds to its functional receptor, the
angiotensin-converting enzyme 2 (ACE2). After endocytosis of the viral complex, surface ACE2 is
further down-regulated, resulting in unobstructed accumulation of angiotensin II. Local activation of
the renin–angiotensin–aldosterone system may mediate lung injury responses to viral insults. The
elderly and the young may present with different pathophysiological profiles. The simplified scheme
of the pre-infection inflammatory profile among predisposed older individuals compared to their
younger counterparts is illustrated. Abbreviations: ACE2, angiotensin-converting enzyme 2; ARB,
angiotensin-receptor blocker; CVD, cardiovascular disease; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.

Third, the aforementioned biomechanical modifications of the receptor, plausible with
aging, should be investigated. Therefore, experiments on the functioning, the regulatory
mechanisms of RAS, and the biomechanics of the receptors involved in these functions
should be implemented. Specifically, the biophysical mechanisms underlying the asso-
ciated remodeling of the lipid membrane remain to be clarified. They may be useful
in the prevention of fatal lung complications caused by genetic variants of the Wuhan
virus [26–28,32,34,35,46].

1.6. ACE Inhibitors and Angiotensin Type II Blockers Role in COVID-19 Severity

Tetlow et al. [47] did not identify any associations between ACE-I/ARB use and AKI,
macrovascular thrombi, or mortality. Other studies [48,49] also supported the continuation
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of these drugs during hospitalization from COVID-19. Among those hospitalized, a
large percentage are likely being administered either ACE inhibitors or Angiotensin II
blockers, since epidemiological data reveal that cardiomyopathies, diabetes mellitus, and
hypertension are the most frequent comorbidities found among those patients [50].

Although the upregulation of ACE2 expression, which can be altered by drug admin-
istration, has not been defined, it has nevertheless been associated with disease severity.
Several preceding studies have demonstrated that the risk of developing COVID-19 after
the administration of ACEi and ARBs increased significantly. This could be an indirect
effect of overproduction of the circulating ACE2 transcripts in the cells [51,52]. As an exam-
ple, Enalapril, which is a frequently used ACEi, was reported to increase ACE2 expression
in the kidney [53].

Concerning possible therapeutical targets, ACE2 blockers have been developed, such
as the small synthetic inhibitor N-(2-aminoethyl)-1aziridine-ethanamine (NAAE) [54]. It
is able to bind ACE2 in its closed conformation so that molecular interaction between the
viral particle and the receptor cannot be possible and fusion does not happen. Thus, NAAE
could exert dual inhibitory effects: one on ACE2 catalytic activity and another on SARS
binding [55]. Despite this, current research drives opinions towards a cautionary use of
this agent.

2. Pathophysiology of Arterial and Venous Thrombosis

To date, the complete pathophysiology profile of arterial and venous thrombosis
during COVID-19 disease has not yet been fully clarified. The literature reports prothrom-
botic abnormalities in patients with COVID-19. In a Chinese study [56] performed in the
first phase of the SARS-CoV2 epidemic, 19 patients with COVID-19, who presented with
critical clinical conditions, had elevated levels of markers of hypercoagulability such as
D-dimer found in 100%, fibrinogen in 74%, and factor VIII in 100%. The dysregulation of
the coagulation process included the presence of antiphospholipid antibodies in 53% of the
population studied. Reduced levels of protein C, protein S, and antithrombin were noted
in all patients. Complications such as stroke, arterial ischaemia, and VTE accompanied the
coagulation disorder.

Zaid et al. studied 115 patients with COVID-19 disease reporting that SARS-CoV2
directly interferes with platelets. Viral RNA and high platelet-associated cytokine levels
were found in the platelets of all study participants. These abnormalities were not related
to the severity of the disease because in 71 infected individuals the disease manifested
in a non-serious manner while for 44 patients’ hospitalization was required for critical
clinical conditions. Specific tests performed on platelets showed aggregation at lower than
expected thrombin concentrations [57].

Nicolai et al. examined the autopsy findings of 38 individuals who died with COVID-
19 which showed that histopathological changes in coagulation were marked in the vessel
microcirculation. The abnormalities recorded were microvascular thrombotic formations,
and neutrophil extracellular traps characterized by networks of extracellular neutrophil-
derived DNA and polymorphonuclear neutrophil (PMN)-platelet aggregates [58]. The
authors compared the peripheral blood of patients with COVID-19 with that of healthy
patients. In vitro responses on peripheral blood samples from the three infected patients
exhibited excessive platelet and neutrophil activation, as assessed by degranulation and
integrin IIb-IIIa activation and immunofluorescence, compared to healthy control pa-
tients’ samples.

2.1. The Inflammatory Response during SARS-CoV2 Infection and Thrombotic Complication

Histopathology of SARS infection Cov2 is distinguished from that caused by other
viruses with tropism for the respiratory tract. SARS-CoV2 leads to direct damage of en-
dothelial cells characterized by dense perivascular infiltration of T lymphocytes combined
with aberrant activation of macrophages. The excessive and uncontrolled inflammatory
response, endothelial cell apoptosis, thrombotic microangiopathy, and angiogenesis are

113



Biomedicines 2021, 9, 903

other distinctive histopathological features that denote the aggressiveness of SARS-CoV2,
which may be responsible for clinically severe forms of COVID-19 thus conferring disease
characteristics not comparable to any other viral respiratory disorder [59]. One significant
finding that emerges in the evaluation of the pathophysiology of thromboembolism in
COVID-19 versus non-COVID-19 disorders is the possibility that the coagulation alter-
ations are mediated more by platelet-dependent activation and intrinsically related to
viral-mediated endothelial inflammation. As noted a distinguishing feature of thrombo-
sis during SARS-CoV2 infection is the exacerbated hypercoagulability associated with
increased concentrations of coagulation factors, acquired antiphospholipid antibodies, and
reduced concentrations of endogenous anticoagulant proteins [56].

Patients with COVID-19 who develop more severe systemic inflammation and more
critical respiratory dysfunction have a higher prevalence of thrombotic complications.
Lodigiani et al. reported 388 patients hospitalized with COVID-19 including 16% with
serious clinical conditions. Despite the use of low molecular weight heparin (LMWH) for
thromboprophylaxis in all patients in the ICU and 75% of those not in the ICU, symptomatic
VTE occurred in 4.4% of patients, ischemic stroke in 2.5%, and MI in 1.1% [60].

Given the knowledge we have, there is still no clarity on the extent to which SARS-
CoV-2 increases the risk of thromboembolism. A study performed in the United Kingdom
compared 1877 patients discharged from hospital after COVID-19 disease and 18,159 hos-
pitalized for a non-COVID-19 disease reported no difference in hospital-associated VTE
rates (4.8/1000 vs. 3.1/1000; odds ratio, 1.6 [95% CI, 0.77–3.1]; p = 0.20) [61]. One point
to clarify is whether the high rate of VTE is specific to patients who develop COVID-19
or if VTE is mainly occurring in patients as a complication associated with severe critical
disease [61]. These results are in line with a recent meta-analysis that included 41,768 pa-
tients in whom VTE was assessed in COVID-19 versus non-COVID-19 cohorts. The authors
did not record a significant statistical difference for overall risk of VTE (RR 1.18; 95%CI
0.79–1.77; p = 0.42; I2 = 54%), pulmonary embolism (RR 1.25; 95%CI 0.77–2.03; p = 0.36;
I2 = 52%) and deep venous thrombosis (RR 0.92; 95%CI 0.52–1.65; p = 0.78; I2 = 0%). A
difference was reported after analyzing the subgroups of patients who were admitted to
the intensive care unit (ICU). Critically ill patients had an increased risk of VTE in the
COVID-19 cohort compared to non-COVID-19 patients admitted to the ICU (RR 3.10; 95%
CI 1.54–6, 23), which was not observed in cohorts of non-ICU patients (RR 0.95; 95% CI
0.81–1.11) (P interaction = 0.001) [62].

2.2. Management of Thrombosis in COVID-19 Patients

There are no international guidelines that direct the prevention and treatment of
thrombotic complications in COVID-19 patients. Both published and ongoing studies
testing interventions to prevent thrombosis complications in COVID-19 are based on the
evidence reported in current clinical guidelines about VTE prophylaxis in acute COVID-19
infections. Therefore, pending the results to be provided by the completion of ongoing
trials, guidelines for the treatment of thrombotic complications in patients with COVID-19
disease are derived from medical recommendations in the coagulation disorder populations
(Figure 2). However, the crucial point that remains to be clarified is whether these guidelines
are also optimal for the treatment of thrombosis due to COVID-19 [63–65].

Guidelines from the American College of Chest Physicians (ACCP) suggest (in the
absence of contraindications) prophylaxis with LMWH or fondaparinux rather than un-
fractionated heparin or direct oral anticoagulants (DOACs) for all hospitalized COVID-19
patients [63] Clearly the optimum choice of the drug to be taken is constrained by the incom-
plete knowledge of the possible interference of CoV 2 SARS with the medicament. So, the
40 mg dose of LMWH for injection once a day and the 2.5 mg dose of fondaparinux are pre-
ferred over the administration of unfractionated heparin injected subcutaneously 2–3 times
a day thus limiting the caregiver’s contact with infected patients. In addition, these drugs
are preferred over DOACs because of drug–drug interactions with antiviral agents. Both
are substrates of the P-glycoprotein and/or cytochrome P450-based metabolic pathways.
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Thus, concomitant administration of DOACs and antiviral drugs has the potential to
sharply increase DOAC anticoagulant plasma levels, thus increasing hemorrhagic risk.

Figure 2. Current Guideline Recommendations for Venous Thromboembolism Prevention in patients With Coronavirus
Disease 2019. Abbreviations: DOAC, direct oral anticoagulant; LMWH, low-molecular-weight heparin.

Given the high incidence of VTE, the proposed therapeutic dose to be used for stan-
dard thromboprophylaxis in critically ill patients with COVID-19 was either double or
single-dose administration of LMWH. The ACCP guidelines suggest the standard dose
LWMH in the absence of new clinical trial data [64]. Guideline-Directed Medical Ther-
apy (GDMT), which was established by the International Society on Thrombosis and
Hemostasis (ISTH), suggested that half-therapeutic-dose LMWH (1 mg/kg daily) can be
considered for prophylaxis in high-risk patients with COVID-19. A 50% higher dose can
be considered in patients with severe obesity (BMI ≥ 40 kg/m2). However, it remains
to be clarified which is the best dosage for optimal prophylactic therapy [65]. The re-
sults of ongoing randomized controlled trials (REMAP-CAP, ACTIV-4, and ATTACC),
comparing therapeutic-intensity anticoagulation with prophylactic-intensity anticoagula-
tion for patients with COVID-19-related critical illness, are awaited to establish optimal
antithrombotic prophylactic therapy [66]. Considering the pathophysiology of throm-
boembolism in COVID-19 is characterized by platelet hyperreactivity, another point under
discussion with RCTs initiated is the evaluation of administering an antiplatelet agent for
therapeutic prophylaxis.

High-risk patients hospitalized for COVID-19 have a high possibility of developing
VTE that persists after discharge [65]. However, for the latter, no specific recommendations
for post-discharge thromboprophylaxis have been established by the ACCP [64]. In con-
trast, the ISTH recommendations for post-discharge thromboprophylaxis suggest the use of
LMWH or a DOAC for all high-risk hospitalized patients with COVID-19 who have a low
risk of bleeding. Patients with COVID-19 considered to be at high risk include those with
age ≥ 65 years, presence of critical illness, cancer, previous VTE, thrombophilia, severe
immobility, and elevated D-dimer (>2 times the upper limit of normal). ISTH recommenda-
tions suggest a duration of 14 to 30 days for post-discharge thromboprophylaxis, although
the ideal administration period remains to be clarified [65].
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For patients with COVID-19 disease, no diagnostic protocols have been established
for thromboembolic complications, such as pulmonary embolism and MI, so the methods
to be used should be those validated for patients without COVID-19. Given the lack of
evidence to support the benefit, routine ultrasound checks for VTE surveillance are not
recommended. For patients with COVID-19 diagnosed with arterial or venous thrombosis,
we recommend treatment according to current established guidelines. These recognize the
benefits of LMWH administration in hospitalized patients. In the outpatient setting, DOAC
administration is recommended [58]. There are currently no recommendations issued by
ISTH and ACCP to support measuring the D-dimer to screen for VTE or to establish the
intensity of prophylaxis or treatment [64,65].

3. COVID-19 Vaccines Administration vs. Thrombosis and Variant. The New Challenge

3.1. Nucleoside-Modified RNA Encoding the SARS-CoV-2 Spike

Several studies have demonstrated the substantial role of the SARS-CoV-2 spike
protein that binds to ACE2 receptors on target cells during viral entry. Studies performed
on convalescent patients have highlighted the central role that the spike protein plays as
an immunodominant antigen triggering the host response, mediated by both antibody and
T lymphocytes [67].

Concerns about the rapid spread of the COVID-19 pandemic have favored the regis-
tration of numerous randomized clinical trials (RCTs) using different vaccination platforms
in order to evaluate their efficacy and safety. Evidence has shown that the use of rapid
response genetic platforms mRNA [67,68], adenoviral vector vaccines [69,70], inactivated
viruses [71,72], and adjuvanted spike glycoprotein [73] resulted in neutralizing antibody
responses after immunization.

The particular biological characteristics of mRNA synthesized in vitro may explain
the superior efficacy of an ideal non-viral gene replacement tool leading to many intrinsic
benefits [67,68]. First, quick protein assembly and well-regulated primary cell transduction.
Second, mRNA-based therapy avoids harmful side effects, such as its incorporation into
the cellular genetic substrate, which can ultimately limit the clinical application of most
virus- and DNA-based vectors [67,68].

Although the use of in vivo gene transfer therapy was first applied almost twenty
years ago [74,75], its usage as a vector for introducing genetic material into animals or even
into cultured cells has been very limited. Indeed, the reports of Gilboa [76] and Pascolo [77]
focused on the use of mRNA for vaccination purposes mainly directed at the development
of cellular and humoral immune responses through antigen-encoding transcripts that were
administered in vivo or delivered to dendritic cells (DC) ex vivo.

Several studies conducted at the beginning of the year 2000 [78–82] have shown
that RNA interferes with the cell-mediated adaptive immune response (pathogen and
antigen-specific response) by activating the cells of the innate immune system (non-specific
response). In particular, the action of the mRNA is directed towards the Toll-like receptors
(TLR) and specifically for the cellular subgroups TLR3, TLR7, and TLR8. It should be
noted that compared to gene replacement, RNA showed greater immunogenicity and was
associated with greater efficacy, highlighting a key role in the immune response.

Only 1 published study compared the in vitro immune response between nucleosides
and modified nucleosides. The use of incorporated pseudouridine (Ψ), 5-methylcytidine
(m5C), N6-methyladenosine (m6A), 5-methyluridine (m5U) or 2-thiouridine (s2U) in the
transcript affected the immune response of most TLRs with a substantial loss of their activa-
tion [83]. Progressing to testing nucleoside-modified mRNAs to evaluate their translation
potentials and immune characteristics in vivo, Hornung et al. [83] demonstrated that the
5′-triphosphate end of RNA produced by viral polymerases is accountable for retinoic
acid-inducible protein I (RIG-I)-mediated detection of RNA molecules. Identification of
5′-triphosphate RNA is repealed by capping the 5′-triphosphate end or by nucleoside
modification of RNA, including the use of s2U and Ψ.
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The major implication of these findings led to in vitro transcripts containing nucleoside
modifications not only translatable but also capable of activating an immune response
in vivo. Therefore, it was possible to subsequently develop mRNA with the function of a
dual therapeutic tool for both gene replacement and vaccination. Evidence reported by
Kariko et al. [84,85] on the in vitro incorporation of pseudouridine, a modified nucleoside
present in mRNA, has suggested that it improves RNA translation capacity but also
suppresses RNA-mediated immune activation in vitro and in vivo.

3.2. RNA Vaccine Platform

In January 2020 the RNA sequence of the new coronavirus SARS-CoV2 was introduced
in the RNA vaccine platform to allow rapid development of the vaccine in response to the
worsening spread of the pandemic. The advantages of vaccines that use RNA are manifold
and related to the incorporation of pseudouridine [84,85]. They offer both greater flexibility
during vaccine antigen design and expression as well as the ability to imitate viral antigen
structure and expression during native infection. One of the characteristics that make them
innovative is the lack of integration of viral RNA, which is necessary for protein synthesis,
in the cell’s genome. In fact, the viral genome is transiently expressed, then metabolized
and eliminated by the natural mechanisms of the organism, giving these vaccines greater
safety [68–72]. As a rule, vaccination with RNA can stimulate a vigorous innate immune
response eliciting B and T cell-dependent activity. RNA leads to the expression of the
vaccine antigen in host cells and, as demonstrated in specific mRNA vaccines, could
address considerable medical demand in the area of influenza prophylaxis [86].

The immunogenic benefits associated with the in vivo administration of 1-methyl
pseudouridine-containing mRNA including superior translational capacity and biological
stability were established in a landmark paper from Kariko et al. [84,85]. The same research
paper demonstrated lower serum levels of interferon-α (IFN-α) elicited by modified mRNA
in mice models with respect to unmodified ones, thus potentially reducing exaggerated
systemic inflammation and increasing safety. The improved efficacy of nucleoside-modified
RNA (modRNA) encoding the SARS-CoV-2 full-length spike modified by two proline
mutations is almost certainly due to its superior immune response [85]. Studies conducted
in the United States and Germany have reported substantially higher elicited SARS-CoV-2
neutralizing antibody titers and robust antigen-specific CD8+ and Th1-type CD4+ T-cell
responses against nucleoside modified mRNA delivered in lipid nanoparticles [86–88].

There are two widely administered mRNA vaccines, BNT162b2 (Pfizer–BioNTech)
and mRNA-1273 (Moderna). Administration of a two-dose regimen of BNT162b2 conferred
95% protection against COVID-19 in phase 3 trial participants (n = 21,720), aged 16 years
and older (95%; confidence interval, 90.3 to 97.6). The group of participants assigned to
receive BNT162b2 recorded 8 cases of COVID-19 disease with onset at least 7 days after the
second dose while in the group of individuals assigned to placebo there were 162 cases
of COVID-19 disease. Evidence observed from the analysis of subgroups defined by age,
sex, race, ethnicity, baseline body mass index, and the presence of coexisting conditions
reported similar efficacy of the vaccine with percentages between 90 and 100%. It is
important to note that among 10 cases of severe COVID-19 with onset after administration
of the first dose, 9 were reported in recipients of the placebo dose and 1 recipient with
the BNT162b2 dose. The safety profile of BNT162b2 was very high as evidenced by the
short-term appearance of mild-to-moderate pain at the injection site, fatigue, and headache.
The side effects were low and comparable to those recorded in the placebo dose recipients.
Furthermore, they were equivalent for a median of 2 months when comparing BNT162b2
with that of other viral vaccines [89].

Similar results were reported in phase 3 of the randomized, observer-blind, placebo-
controlled trial after administration of mRNA-1273 (100 μg in 15,210 participants) [90].
The efficacy of the mRNA-1273 vaccine was recorded at 94.1% (95% CI, 89.3 to 96.8%;
p < 0.001) in the prevention of COVID-19 disease, including severe disease. A double
dose of mRNA-1273 was administered to more than 96% of vaccine recipients and only
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2.2% had serological, virological, or both evidence of SARS-CoV-2 infection. Symptomatic
COVID-19 disease was confirmed in 185 recipients of the placebo dose versus 11 recipients
of mRNA-1273 dose.

Recipients of mRNA-1273 reported only transient local and systemic side effects and
no safety concerns were recorded. A critical illness from COVID-19 occurred in the 30 re-
cipients of the placebo dose (with one death) and in no participant who was administered
the mRNA-1273. It is important to clarify that current data on the messenger, derived
from laboratory studies, have demonstrated the efficacy of RNA (mRNA) vaccines against
SARS-CoV-2 variants. Researchers exposed serum samples from immunized individuals to
genetically modified versions of related variants and then measured neutralizing antibody
titers [90].

3.3. SARS-CoV-2 and Vaccine

We searched PubMed for research articles published by the launch of the database
until April 30, 2021, indicating no language restrictions and using the terms “SARS-CoV-
2”, “vaccine”, and “clinical trial”. We identified published clinical trial data on seven
SARS-CoV-2 studies and vaccines.

Four recombinant viral vectored vaccines have been tested in phase I/II clinical
trials [91–98]. Phase I and II trials were represented in the same study by two parts
with different patients subsets. The vaccine ChAdOx1 nCoV-19 (AZD1222), known as
AstraZeneca vaccine, was developed by the Oxford University and is constituted with
an adenoviral vector inactivated (unable to replicate) chimpanzee ChAdOx1 replication,
containing the antigen glycoprotein gene structural surface SARS-CoV-2 (protein spike;
nCoV-19). This vaccine is one of the more extensively studied following the first UK Phase
1 clinical trial published on 23 April 2020 [92]. To date three more randomized controlled
trials of the candidate vaccine have been initiated in the UK (COV002), Brazil (COV003),
and South Africa (COV005). Recently a further phase 1/2 study was carried out in Kenya.

A pooled interim analysis of four trials (COV004) showed the safety and efficacy of
the ChAdOx1 nCoV-19 vaccine (Oxford-AstraZeneca COVID-19 vaccine), (Covishield or
Vaxzevria). In recipients of two standard doses of Vaxzevria, the vaccine efficacy was 62.1%
and in recipients given a low dose followed by a standard dose, the efficacy was 90.0%. The
overall efficacy of the vaccine after administration of both doses in the population studied
was 70.4%. There were ten cases of COVID-19 that required hospitalization 21 days after
the first dose, all in the control population. Two patients were in serious condition and one
died. The authors recorded 175 serious adverse events that occurred in 168 participants, of
which 84 events occurred in recipients of the Oxford-AstraZeneca COVID-19 vaccine and
91 in the control group. Concern relating to clot formation or the occurrence of bleeding
episodes were not suggested across the analysis of these 4 RCTs [91].

The immune response after vaccine administration in participants who received two
doses of the vaccine was very effective. In particular, the specific objectives of phase 3
RCT were the evaluation of humoral and cellular safety and immunogenicity concerning
both a single dose and two-dose regimen in adults over 55 years of age. Median peak
anti- SARS-CoV-2 IgG responses 28 days after the boost dose were similar across the three
cohorts (including two groups of patients aged 18–55 and one group enrolling >55 years
old patients). Furthermore, neutralizing antibody titers after a boost dose were similar
across age groups. Within 14 days of boost dose administration, a total of 208 of 209
(>99%) recipients of the booster dose of ChAdOx1 nCoV-19 had neutralizing antibody
responses. T cell responses peaked on day 14 following a standard single dose of ChAdOx1
nCoV-19 [90,91].

The Ad26.COV2. S vaccine, known as Johnson&Johnson/Janssen COVID-19 vac-
cine, is composed of a recombinant, replication-incompetent human adenovirus type 26
(Ad26) vector that encodes a full-length, membrane-bound SARS-CoV-2 spike protein in a
prefusion-stabilized conformation [95–97]. At least 14 days after single-dose administration,
Ad26.COV2. S conferred protection against both symptomatic COVID-19 infection and
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asymptomatic SARS-CoV-2 infection. The level of efficacy remained stable at 28 days after
administration with an efficacy of 66.1% (adjusted 95% CI, 55.0 to 74.8). COVID-19 disease
occurred in 66 recipients of the administration dose of Ad26.COV2. S compared to 193
for the placebo dose [98]. The results of the administration of Ad26.COV2. S vaccine has
demonstrated efficacy against COVID-19 clinical disease with severe-critical manifestation,
including hospitalization and death. Evidence suggested a high level of efficacy after
administration of Ad26.COV2, which was greater against severe-critical COVID-19 disease
and reached a rate of 76.7% for onset at ≥14 days [adjusted 95% CI, from 54.6 at 89.1]. At
28 days in participants receiving the single dose the reported efficacy was 85.4% [adjusted
95% CI, 54.2 to 96.9] for onset at ≥28 days).

However, the unexpected data were related to the immunogenic response to Ad26.COV2
vaccine against the South African variant 20H/501Y.V2. Out of 91 cases of patients in
which the virus variant was sequenced and confirmed, 86 (94.5%), showed vaccine efficacy
against moderate to severe-critical COVID-19 that reached 52.0% and 64.0% with onset of
at least 14 days and at least 28 days after dosing, respectively. The efficacy against severe-
critical COVID-19 disease reached 73.1% and 81.7% at 14 days and 28 days respectively
after the single dose of Ad26.COV2. Evidence supported a level of safety comparable to
that of other COVID-19 vaccines that progressed to phase 3 studies. The reactogenicity
was greater with the administration of Ad26.COV2. S compared to the placebo dosage;
however, it was generally mild to moderate and transient. Note that the incidence of
severe adverse events was similar between the two populations of participants (vaccine
and placebo group) with three deaths occurring in the vaccine group (but none of them was
related to COVID-19 infection). No episodes attributable to thrombotic or haemorrhagic
phenomena were reported [98].

Vector-based adenovirus (Ad) 5 (CanSino Biological/Beijing Institute of Biotechnol-
ogy, China) [69,93] was administered in a single dose and resulted in the production of
neutralizing antibodies which increased significantly on day 14 and peaked 28 days after
vaccination. A specific T-cell response in a dose-dependent manner peaked at day 14 after
vaccination. However, of note, the vaccine demonstrated lower immunogenicity in partici-
pants over the age of 55. Administration of adenovirus type-5 vectored COVID-19 recorded
no serious adverse event within 28 days post-vaccination. An equal rate of side effects
was reported in the three groups studied. Reactogenicity was evident in the first 7 days
after administration in 30 (83%) recipients of a low dose vaccine, in 30 (83%) recipients of a
medium dose, and in 27 (75%) recipients of a high dose, respectively [93].

A heterologous recombinant adenovirus (rAd26 and rAd5)-based vaccine, Gam-
COVID-Vac (Sputnik V) [70,94] showed efficacy and safety from the interim analysis of a
phase 3 RCT. Gam-COVID-Vac is a combined vector vaccine because it consists of rAd type
26 (rAd26) and rAd type 5 (rAd5). Both adenoviruses carry the gene for the SARS-CoV-2
full-length glycoprotein S (rAd26-S and rAd5-S). The administration of rAd26-S and rAd5-S
is carried out (intramuscularly) separately with an interval of 21 days. The results of the
Phase 1/2 clinical trials showed that the Gam-COVID-Vac vaccine was well tolerated and
highly immunogenic in healthy participants. Vaccine efficacy of Gam-COVID-Vac reached
91.6% (95% CI 85.6–95.2) with few tolerable side effects (7485 [94.0%] of 7966 total events).
Although 45 (0.3%) of recipients of this vaccine (n = 16,427) and 23 (0.4%) of recipients of
the placebo dose recorded serious adverse events; however, none were deemed associated
with vaccination. There were four deaths during the study. Three (<0.1% of a total of
16,427) were participants from the vaccinated population and one (<0.1% of the total of
5435) received a placebo. None of these deaths were considered related to the vaccine.

Chinese researchers worked on two inactivated viral vaccines [71,72]. Two SinoPharm
vaccines demonstrated the neutralization of antibody responses in participants, aged 18–59,
who received the first SinoPharm vaccine (Wuhan Institute Biological Products Co Ltd
/SinoPharm, Wuhan, China). The immune response was dose-dependent. The second
SinoPharm product (Beijing Institute of Biological Products-Sinopharm-China National
Biotec Group Co, Beijing, China) elicited neutralizing antibody response in adults aged
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18–59 and 60 years and older. However, the latter vaccine showed lower neutralizing
antibody titers in older adults after two doses.

This phenomenon is related to the presence of antibodies before vaccination which
was present, albeit with variable vaccine titrations, in the three study groups. Only 25% of
participants in the low dose group, 37% of participants in the medium-dose group, and
63% of the high dose recipients, who had pre-existing high immunity to Ad5, had at least a
fourfold increase in neutralizing antibody titer on day 28 after vaccination. Multivariable
analysis showed that the pre-existing high Ad5 neutralizing antibody titers impaired post-
vaccination neutralizing antibody seroconversion and highlighted a different immune
response in relation to the age of the recipients. The impairment of serum conversion was
independent of the dose of vaccine administered in the three groups (the low-dose, the
medium-dose, and the high-dose ones). However, recipients aged 45–60-year-old appeared
to have lower neutralizing antibody seroconversion than younger recipients. In the latter,
Ad5 neutralizing antibodies were significantly enhanced after vaccination [71,72]

Finally, a clinical study of a vaccine NVX-CoV2373 (Novavax Inc. (NVAX), Gaithers-
burg, MD, USA) assembling nanoparticles consisting of adjuvant trimeric spike glyco-
proteins from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) recorded
preliminary results. The vaccination schedule included the administration of two doses
3 weeks apart in healthy adults less than 60 years of age. Evidence suggested good toler-
ance for this vaccine which induced neutralization responses greater than those measured
in serum samples from convalescent symptomatic susceptible patients [64].

3.4. Vaccines and Immunogenicity Against Genetic Variants

Given the worldwide spread of the genetic variants of SARS-CoV-2 and the increasing
number of cases of COVID-19 disease, the recurring question today is whether the vaccines
currently administered will be effective against the mutated viral variants. Since in the case
of vaccines efficacy is based on immune responses, it is evident that the patient may have a
reduced immune response to viral variants.

Concerns related to less immunogenicity of vaccines emerged at the end of January
2021, simultaneously with the effects of SARS-CoV-2 mutagenic potential including the
strong spread of South African variant B.1.351 [99].

Despite the many mistakes that viruses can make by replicating, we are not aware of
any vaccines against viral diseases, other than seasonal influenza, which have required
regular updates on the basic constitution due to changes in the viral genome. For example,
despite the frequent mutations recorded by the hepatitis B virus, the vaccine continues to
guarantee safety and efficacy in the vaccinated population.

The progression of vaccination is more rapid in high-income countries. Unfortunately,
the majority of the world population lives in low-middle-income countries where the mass
vaccination programs remain restricted or exclusive. As persistent infections and viral
replication create the possibility of high-frequency mutations of the SARS-CoV-2 genome,
we must seek to homogeneously extend vaccine administration without any economic or
social class distinctions.

3.5. Current Knowledge

Although the term vaccine resistance has been used by experts in the field to describe
the reduced efficacy of COVID-19 vaccines against some variants, this term can be inaccu-
rate. In fact, the concept of drug resistance is more commonly aimed at antibiotics that are
used to kill or are capable of inhibiting the growth or reproduction of bacteria. In the case
of vaccines, the administration has not taken place, so the person cannot be resistant but
can have a reduced immune response.

Vaccines administered against COVID-19 are engineered from the SARS-CoV-2 spike
protein of the original virus called Wuhan-hu-1 [100] which is used by the virus to bind
and infect host cells. Emerging data from COVID-19 disease suggest that variants of
the “parent” virus appear to be more transmissible or more lethal than Wuhan-hu-1 and
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may contain mutations in the spike protein causing vaccine efficacy problems. All of the
randomized controlled trials evaluating Pfizer-BioNTech and Moderna vaccines, the first to
receive emergency use authorization (EUA), were conducted primarily in the United States.
Authorization occurred before any cases of infection attributable to variant B.1.351 or others
emerged, raising the possibility of reduced efficacy of Pfizer-BioNTech and Moderna in the
USA [67–90].

Regarding viral vector vaccines or the vaccine that uses a nanoparticle, the evidence
provided by the RCTs of Novavax [101], Janssen/Johnson&Johnson, and AstraZeneca
in South Africa, where variant B.1.351 is widespread, have raised uncertainty about the
effectiveness of vaccines. The concern is related to the fact that variant B.1.351 represents
practically all the SARS-CoV-2 circulation in South Africa and a reduction in the efficacy of
these vaccines has been recorded in comparison to other countries where the variant was
not dominant [91,98].

Scientists working on the efficacy of mRNA vaccines have produced evidence about
the SARS-CoV-2 variants that are derived from laboratory studies. Researchers tested
the serum of people immunized to the modified protein spike variant of the virus and
subsequently measured the antibody titers produced. Such studies have consistently
reported that vaccines generated lower levels of neutralizing antibodies against the SARS-
CoV-2 variants than the antibody titer that was produced against the older and more
common variants.

In one study [102] serum samples, from individuals immunized with 2 doses of
Pfizer-BioNTech vaccine were evaluated and tested against the recombinant virus which
contained S-glycoprotein mutations similar to those found in variant B.1.351. The authors
reported that compared to the neutralization of USA-WA1/2020, the neutralization of
B.1.1.7-spike + E484K and B.1.526-spike viruses was approximately equivalent while the
neutralization of B.1.429-spike was slightly lower. For the latter, a direct influence exerted
by the L452R mutation has been hypothesized, which appears to be under positive selective
pressure. The authors suggested that, compared to the previously reported neutralization
of B.1.1.7-spike, the additional E484K mutation, which is also present in B.1.351 and B.1.526
lineages, caused few compromises to neutralization.

Another report [103] measured neutralization antibody activity using serum samples
of recipients of the mRNA-1273 Moderna vaccine belonging to phase 1 of the trial. One
week after the individuals received the second dose of mRNA-1273 Moderna vaccine,
neutralizing antibody titers induced by a recombinant virus bearing the B.1.351 spike
protein were 6-fold lower than those induced by a recombinant virus bearing the original
Wuhan-Hu-1 spike protein. However, the elicited antibody response may still be sufficient
to protect against COVID-19, or at least the more severe forms of COVID-19.

3.6. Immunogenicity and Variants. Where the Effectiveness of Vaccines Ends

To date, optimal antibody protection levels have not yet been determined for SARS-
CoV-2 infection. There are favorable data in regard to the immune cell response mediated
by virus-specific helper T cells and cytotoxic T cells induced by mRNA vaccines which in
addition to neutralizing antibodies, counteracts the infection [104].

Today, we do not have immune correlates of protection against the variants of SARS-
CoV2 and only the massive administration of vaccines in the population will be able to
provide evidence if they are effective in preventing the contagion of the infection caused by
the variants. As of today, we only know the efficacy of selected vaccines and for selected
variants (Table 1).
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Table 1. Efficacies of COVID-19 vaccines are compared according to disease and infection prevention.

Anti-SARS-CoV-2 Vaccine
Type

Efficacy at Preventing
Disease (D614G and B.1.1.7.)

Efficacy at Preventing
Infection (D614G and B.1.1.7.)

BNT162b2 91% 86%

mRNA-1273 (Moderna) 94% 85%

ChAdOx-1 nCov-2 75% 52%

Ad26.COV2-S (Janssen) 72% 72%

CoronaVac (Sinovac) 50% 43%

Sputnik V 92% 80%

Novavax 89% 77%

Sinopharm 73% 63%

Tianjin CanSino 66% 57%
Highlighted are efficacies exceeding the 75% of potency which we set as a point of comparison. Some variables
are estimations available from literature studies (UK SIREN study). The general source is IHME—Institute for
Health Metrics and Evaluation documents on data summaries. Data are updated until 26 April 2021 [105].

Indeed, the opposite has happened. Individuals who had been vaccinated were
hospitalized because they had COVID-19 infection caused by the mutated virus [106]. A
frustrating situation is suggested by the discouraging results from the Phase 2 trials of the
Oxford-AstraZeneca vaccine administered in South Africa. In the study participants, it
was recorded that the vaccine did not prevent mild to moderate COVID-19 disease caused
by variant B.1.351 [107]. Following the findings, the vaccination schedule based on the
administration of AstraZeneca was modified [108]. Analyzing this report it emerges that
it was not designed to determine if the vaccine leads to protection against severe forms
of COVID-19 or not. A potential bias was the number of participants (n = 2000) who
were young, mean age 31, healthy and at low risk of developing severe COVID-19 disease
regardless of inclusion in the vaccine or non-vaccine group.

Studies by Novavax and Janssen have provided more evidence from the administra-
tion of their vaccines in South Africa than the Oxford vaccine/AstraZeneca. The results
demonstrate lower efficacy rates for Novavax and Janssen in participants enrolled in
randomized controlled trials in South Africa compared to studies in other countries. Nev-
ertheless, the phase 3 results in recipients of the Janssen vaccine showed that the likelihood
of being hospitalized for a severe form of COVID-19 was lower than those who received
the placebo dose. The phase 3 results of the Novavax vaccine RCT, not yet published, could
point in the same direction [73,109].

The reference point for an analysis of the real situation on the progression of COVID-
19, both in reference to the spread of the infection/number of cases and the need for
hospitalization or intensive care, is Israel [110] but the Kingdom of Bhutan a land locked
country in the Eastern Himalayas has been a case study for low viral diffusion. As of 11 May
2021, the World Health Organization WHO reports 20 new cases per day, 1241 total cases
(PCR-positive COVID-19 patients, both symptomatic and asymptomatic), and 1 death.

In Israel, the country which is the world leader in percentage of the population
vaccinated, the number of COVID-19 patients began to decline in mid-January 2021. The
effects of the mass vaccination program are evident in the drastic reduction in the need for
hospitalization and a reduction in the absolute number of infections in older individuals
who were the highest priority for vaccination [111]. An analysis of the hospitalization
trend shows that in one week the percentage of patients requiring hospitalization for a
severe form of COVID-19 decreased from 36% to 29%, compared to the previous 3 weeks.
As variant B.1.1.7, first isolated in the UK, is now the dominant variant of SARS-CoV-2
in Israel as well as in the United Kingdom it is evident that this variant does not seem to
influence the production of neutralizing antibodies after the administration of the Pfitzer
Biointech vaccine to the same extent as it did for B.1.351 [111].
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The same outcomes were recorded from a report performed in the United Kingdom
in which researchers compared the Pfizer-BioNT and Oxford-AstraZeneca vaccines. They
demonstrated that the latter achieved efficacy in preventing COVID-19 disease in 94% of
recipients compared to 85% of Pfizer-BioNT vaccine recipients. Hospital admissions were
therefore reduced in the 28–34 days after a single dose. The results of this study suggest
a postponement of the administration of the second dose until 12 weeks after the first
dose [112].

Generally, human vaccines have the characteristic of reducing the manifestations of
the disease and in general also the transmission. This ability has not yet been fully demon-
strated for vaccines against COVID-19. Therefore, another critical issue could involve
asymptomatic vaccinated individuals infected by variants which represent a reservoir of
contagion and diffusion of the variants. The increased risk of these individuals lies in the
fact that the absence of symptoms does not prevent the spread of the infection because they
are capable of infecting unvaccinated individuals.

Recent evidence suggests a reduction in transmission. An Israeli study conducted at
the Hadassah Hebrew University Medical Center (HHUMC) evaluated viral transmission
in healthcare professionals. Individuals were immunized with two doses, 21 days apart,
of Pfizer-BioNTech vaccine and were subjected to regular testing with a PCR test and
two rapid tests to identify the percentage of infected individuals in the populations of
asymptomatic and symptomatic patients. The results revealed a 70% reduction in infection
in the two populations after 21 days from the administration of the first dose of vaccine and
an 85% reduction after administration of the second dose [113]. Vaccines efficacy was also
demonstrated to be active during B.1.1.7 variant surge, constituting 80% of PCR-positive
cases, as reported by the Ministry of Health of Israel in COVID-19 research reports [113].
These findings could be supported by a Pfizer-BioNTech-sponsored study not yet peer-
reviewed in which the vaccine was 94% effective in reducing transmission of asymptomatic
SARS-CoV-2 infection [114,115].

Uncomfortable data emerge after the identification of SARS-CoV-2 variant B.1.617.2
(Delta). This viral variant was identified in India in late 2020 and was subsequently
detected in 60 other countries. The main feature of variant B.1.617.2 is the potentially
higher transmission speed than other variants.

On 12–18 May 2021, the Oklahoma State Department of Health (OSDH) Acute Disease
Service (ADS) registered the presence of the delta variant. A total of 21 SARS-CoV-2 delta
specimens, temporally and geographically clustered in central Oklahoma, were sequenced
by the OSDH Public Health Laboratory (PHL). The data that emerged from public health
surveillance indicated that people infected with delta viral variants were associated with a
local gymnastics facility [116].

The checks put into place by the OSDH ADS and by members of the staff of the
local health department led to the identification of people who tested positive for the
delta variant with the search for contacts. Forty-seven cases of COVID-19 emerged that
developed in an age group between 5 and 58 years. Of these 21 delta variant cases belonged
to the primary cluster and 26 other cases were epidemiologically linked and were associated
with the primary outbreak. Distribution was essentially restricted to 10 of 16 gymnast
cohorts* and three staff members. However, the spread of the delta variant was recorded in
seven (33%) of the 26 families interviewed. It is important to note that forty (85%) cases of
COVID-19 associated with the outbreak had never received any dose of COVID-19 vaccine;
three persons (6%) were partially vaccinated having administered 1 dose of Moderna or
Pfizer-BioNTech ≥14 days prior to a positive PCR test result but they had not received
the second dose; four were (9%) were fully vaccinated because they have had 2 doses
of Moderna or Pfizer-BioNTech or a single dose of Janssen (Johnson & Johnson, New
Brunswick, NJ, USA) vaccine ≥14 days prior to a positive PCR test result.

These results suggest that the delta variant is highly transmissible in indoor sports set-
tings and within families. This suggests multi-component prevention strategies, including
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vaccination, that remain important to reduce the spread of SARS-CoV-2, with a focus on
people who play indoor sports † and their contacts [117].

The most heated debate concerns whether for COVID-19 there will be the same
periodicity for new vaccinations as in the case of influenza with the difference that for
the latter, despite being an infectious disease, vaccination is not mandatory. Undoubtedly,
mRNA-based technology opens up new possibilities such as creating a vaccine that protects
against most variants of SARS-CoV2. The biggest challenge appears to be to make enough
changes to the mRNA platform vaccines to address the emerging variants. Pfizer and
BioNTech have raised the possibility of administering a third dose of the vaccine BNT162b2
to increase immunological activity, to confer greater safety and efficacy against SARS-
CoV-2 variants. One study was designed to make specific changes to BNT162b2 directed
specifically against variant B.1.351 [117].

Modifications of mRNA-1273 with a booster dose for variant B.1.351 are under
study [118]. In regard to the Novavax vaccine, the first generation of which has not
yet been authorized in the United States, scientists are working on a booster dose or a
bivalent combination vaccine, to increase the degree of protection from variants [119].
Recently, the 768 NVX-CoV2373 vaccine was efficacious in preventing severe COVID-19
disease due to the B.1.351 variant, resulting in mild to moderate manifestations of the
disease due to the B.1.351 variant [119].

The main challenge today lies in conducting studies comparing the degree of pro-
duction of neutralizing antibodies against SARS-CoV2 elicited by prototype vaccines and
engineered on the Wuhan-hu-1 variant from elicited antibody responses against the new
variants of SARS-CoV2. In another study, scientists could use serum samples from people
previously vaccinated with a prototype vaccine who are given an experimental booster
dose against the more contagious variants (Figures 3 and 4).

Figure 3. SARS-CoV-2 variants and the respective efficacy of most administered vaccines are shown [120]. B.1.1.7. i.e., the
UK variant has recently been studied by investigators: 89.5% and 74.6% efficacies have been demonstrated against the
variants by the B1.1.7 + E484K and ChadOx-1 nCoV-19 vaccines respectively.

Percentages of efficacy from the other vaccines versus the main variants of concern
(VOC) are also presented. Numbers mainly reflect efficacies against the symptomatic
non-severe infection by SARS-CoV-2. Spike protein mutations are pictured on the side of
each variant to which they belong [105].
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Figure 4. Variants of Interest (VOI) are illustrated. Every box reflects a country the first variant was
discovered in. As for variants of concern, the Spike protein mutations associated with the variant are
displayed. The efficacy of vaccines has not been reported due to the lack of data in terms of both
literature studies and official national reports. Data are updated until 6 May 2021 [121].

3.7. SARS-CoV-2 Adenoviral Vector Vaccines and the Risk to Develop Thrombosis

SARS-CoV-2 vaccines were reported as safe and effective before their marketing and
worldwide distribution by first, second, third phase clinical trials and pooled analyses.

In February 2021, large-scale epidemiological data started to raise suspicion of coagu-
lopathies, after adenoviral vector-based vaccines reached millions of administered doses
both in Europe and United States. In particular, the ChAdOx1 nCov-19, marketed by As-
traZeneca and subsequently renamed Vaxzevria vaccine, has been considered responsible
for the development of arterial and venous thromboembolism in a selected population,
mostly of the female sex, under the age of 60 years [122].

A single dose (0.5 mL) of the vaccine has been formulated to contain about 2.5 × 108 in-
fectious units (Inf.U) of Chimpanzee Adenovirus encoding the SARS-CoV-2 Spike glyco-
protein (ChAdOx1-S). The generation of the final product derives from the genetically
modified human embryonic kidney (HEK) 293 cells. Recombinant DNA technology was
also used for this intent [122].

Despite being rare events, around 1/100 000 recipients, further considerations are
warranted and justified the European Medicines Agency (EMA) examination of those
cases [123].

In April 2021, Greinacher et al. [124] reported 11 cases of thrombosis, including 10 mul-
tiple ones, involving cerebral and splanchnic veins with one death. Pulmonary emboli
(PE) were also frequent in this subset of patients. Other conditions that required medical
treatment included disseminated intravascular coagulation DIC and severe thrombocytope-
nia. The etiology has not been fully understood but it has become clear that anti-platelet
factor 4 (PF4) antibodies in those patients’ serum were implicated and considered to have a
fundamental role in what was initially described as similar to heparin-induced thrombocy-
topenia (HIT), with the difference being that heparin was not administered in all cases and
antibody binding was successful even in the absence of heparin.

Under the assumption that immune mechanisms drove the syndrome, it was named
VITT (vaccine-induced thrombotic thrombocytopenia). Of note is the time of development
of the first symptoms, with an average of 1–2 weeks after the administration of the first
dose. This is the reason why European governments started to reassure the population
who already underwent the first dose of the ChAdOx1 nCov-19 vaccine to also receive the
second one if no side effects were reported.

Schultz et al. [125] also published clinical cases of patients, mostly women, presenting
with venous thrombosis, which included 2 sigmoid cerebral sinuses thromboses, a portal
vein branch thrombosis, cerebral vein thrombosis, and a right cerebellar haemorrhagic
infarction. In all of those cases, anti-PF4 antibodies were identified in patient plasma.

3.8. SARS-CoV-2 Vaccine-Induced Thrombotic Thrombocytopenia

Platelet factor 4 (PF4) is a platelet-derived cytokine of the CXC (chemokine) family. It
is released by activated platelets to promote coagulation via neutralization of heparin-like
molecules on endothelial cells. In concert with polyanionic proteoglycans (PGs) derived
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from endothelial cells, they create complex autoantibodies direct to these components. They
have been identified by enzyme-linked immunosorbent assay (ELISA) and assays based
on platelet activation, which, when tested, were enhanced by the addition of PF4. Thus,
IgGs were found responsible for directly stimulating coagulation via FcγRIIA receptor-
dependent mechanisms.

Goldman et al. [120] recently proposed a model according to which the first activation
of platelets may lead to PF4 release in the circulation. In turn, PF4 complexing with PGs
stimulates extrafollicular B cells to produce anti-PF4 IgGs. From this point, the consequent
molecular effects would then resemble heparin-induced thrombocytopenia (Figure 5).

Figure 5. The proposed mechanism of autoantibodies generation is described. Following administra-
tion of adenoviral vector encoding the spike protein, a subsequent inflammatory cascade, stimulated
by the individual immune response, activates platelets to generate platelet-factor 4 (PF4). In com-
plexes with polyanionic PGs, derived from endothelial cells, they stimulate extrafollicular B cells
to antibody production which, in turn, would exert positive feedback on platelet activation. The
antibodies generated would resemble HIT autoantibodies from that point on with respect to throm-
bogenesis and hemostasis disorders. PF4 shares some epitopes with the Spike protein but, despite
this, they are not sufficient to induce cross-reactivity. PF4: platelet factor 4, HIT: heparin-induced
thrombocytopenia, PGs: proteoglycans.

Interestingly, Greinacher et al. have discarded the hypothesis of molecular mimicry
mechanisms, due to the absence of cross-reaction with SARS-CoV-2 derived Spike pro-
tein [124]. The authors analyzed the Spike protein sequence and found 3 similar immuno-
genic epitopes, the part of an antigen molecule to which an antibody attaches itself with PF4.
Prediction tools and 3D modeling software including IMED and SIM were used to compare
them. Subsequently, they collected blood sera from 222 patients which tested positive for
PCR analysis of SARS-CoV-2 infection and tested them for the presence of PF4/heparin
ELISA, as well as heparin-dependent and PF4-dependent platelet activation assays [124].
Their results reinforce the hypothesis that the Spike protein is not inducing VITT.

Only 19 of 222 patients tested positive for PF4/heparin ELISA but those patients did
not show any platelet hyperactivation sign. Furthermore, anti-PF4 and anti-PF4/heparin
antibodies from two VITT patients were tested. They did not show any cross-reactivity to
the recombinant SARS-CoV-2 spike protein [124].

The same research group 4 [121] had been studying the mechanisms underlying au-
toimmunity of HIT. By examining the binding forces expressed as pN (picoNewton) which
are applied by antibodies in their binding to the target, they found substantial differences
in terms of platelet activation. In particular, they divided groups of antibodies according
to classes of force: group 1 showing pN < 60 antibodies (most of which do not activate
platelets), group 2 with binding forces of 60 ≤ pN ≤ 100, which were found to activate
platelets in the presence of polyanions, and group 3 with binding forces pN > 100, which
bind to PF4 even without polyanions present. A statistical difference was recorded in the
second (60 ≤ pN ≤ 100; p < 0.001) and third groups (pN ≥ 100; p = 0.006) [125]. Therefore,
those higher forces were able to cluster PF4-molecules forming antigenic complexes which
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allow binding of polyanion-dependent anti-PF4/polyanion antibodies (anti-PF4/P-ABS).
That induced massive platelet activation in the absence of heparin [121].

3.9. Updates from the European Medicines Agency

Since 7 May 2021, the PRAC committee has released more suspected reports of
hemostatic and non-hemostatic conditions in other anti-COVID-19 vaccines under evalua-
tion [126].

Myocarditis and pericarditis cases have been associated, even though a causative link
has never been proven, with Comirnaty (the new brand name for Pfizer and BioNTech’s
COVID-19 vaccine, BNT162b2). EMA has requested analyses of data from marketing
authorization holders for both Comirnaty and Moderna [127]. Recent investigations include
interesting cases of Guillain–Barre syndrome after vaccination with the Vaxzevria vaccine.
Further detailed monitoring is necessary [127].

Some cases of thrombocytopenia have been reported for mRNA vaccines too, in
particular Comirnaty and Moderna vaccines. Epidemiological studies are confirming the
rate of those cases is lower than the general population incidence rate [128]. The BNT162b2
vaccine has also been the subject of EMA evaluations for cases of facial swelling in people
with a history of injections with dermal fillers [127].

The Pharmacovigilance Risk Assessment Committee (PRAC) has decided to validate
this adverse effect by inserting it in Cominarty’s product information. This was possi-
ble thanks to literature revision and the European database for suspected side effects
EudraVigilance [127].

3.10. Public Health Challenges: Do Benefits Outweigh Risks?

Since the first cases of thrombosis for the Vaxzevria vaccine were reported [129],
several studies tried to compare the incidence of those events with that of the general
population. Pottegard and colleagues [128] assessed rates of hemostatic events in a cohort
of 148,792 vaccinated Danes and 132,472 vaccinated Norwegians and compared them
with general population cohorts from Denmark and Norway. Results showed 59 venous
thromboembolic events in the vaccinated cohort compared with 30 expected based on
general incidence rates. In particular, higher rates of cerebral venous thrombosis were
observed: the standardized morbidity ratio, calculated as the ratio between observed
and expected events, was demonstrated to be 20.25 (8.14 to 41.73). Interestingly, the rate
of death was higher for the general population: 44 cases versus 15 for the vaccinated
group [128]. However, it should be noted that the absolute risk of developing venous
thromboembolic events was small (11 excess events/100,000 vaccines) and the results
should be interpreted considering the proven beneficial effects of the vaccine. These
data emerge clearly when the analysis was undertaken to investigate subgroup effects
stratified according to gender and to the young versus middle-aged adults (age categories
18–44 years and 45–65 years). For example, when the analysis was restricted to women, no
excess rate of thrombocytopenia/coagulation disorders was observed [128].

Increased surveillance could reinforce these findings and prove the beneficial effects
of Vaxzevria vaccine outweigh the risks. Notably, the European Medicines Agency (EMA)
started to investigate thrombotic events through the PRAC to review all conditions related
to haemostatic alterations, (including thrombocytopenia and bleeding) after vaccines ad-
ministration [127]. According to the pharmacovigilance legislation, additional monitoring
is mentioned with a label on the package whenever it is needed. Furthermore, the medical
literature is continuously monitored by EMA to guarantee suspect adverse reactions are
correctly addressed. Thus, the status under which vaccines have been assigned by EMA
is “conditional marketing, authorization granted”. This is true for Vaxzevria, Moderna,
Janssen, as well as Pfizer and BioNTech’s Comirnaty vaccines [127].
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3.11. Janssen Adenoviral Vector Vaccine and Cases of Thrombosis

The Ad26.COV2 vaccine has been associated with cases of cerebral venous sinus throm-
bosis (CVST), severe thrombocytopenia, and disseminated intravascular coagulation [129].
Muir et al. [130] described a patient who showed signs of autoimmune heparin-induced
thrombocytopenia. The patient, a 48-year-old female, presented with general malaise and
abdominal pain. From peripheral blood tests, thrombocytopenia with schistocytes on
the blood smear was revealed. Coagulation tests also confirmed a low fibrinogen level,
prolonged activated partial thromboplastin time, and an elevation in the D-dimer level.
Factor V Leiden and Prothrombin G20210A gene mutation assessments were negative.
Additionally, hepatitis, HIV, and lupus were tested for, but later ruled out. Investigators
concluded the diagnostic workup with a computed tomographic (CT) scan of the abdomen
and pelvis which demonstrated massive splanchnic venous thrombosis. After the pa-
tient developed a new-onset headache, a cerebral CT scan revealed cerebral venous sinus
thrombosis involving the right transverse and straight sinuses.

The patient was further tested for anti-PF4-heparin antibodies which returned negative
even though she was previously treated with unfractionated heparin. When evaluated
for anti-PF4-polyanions antibodies, the patient tested positive (2.550 optical-density units
[upper limit of the normal range], ≤0.399). She was therefore switched to therapy with
argatroban. Thus, the case of thrombosis described by Muir et al. [130–132], demonstrates
an update in literature reports associated with the Oxford-AstraZeneca vaccine [127].
Nevertheless, several authors, including Sadoff et al. [129], concluded that the Janssen
vaccine and Vaxzevria, despite sharing some common features have different intrinsic
structures.

Notably, the Ad26.COV2. S vaccine is composed of a human Ad26-based vector and
Ad26 is from Ad species D. Its cellular receptor, is different from the Oxford-AstraZeneca
vaccine which uses the Coxsackie and adenovirus receptor (CAR), CD46. The ChAdOx1
nCoV-19 vaccine is a chimpanzee adenovirus-based vector and Ad26 is from Ad species E.
Thus, their biological characteristics are strongly different, even though the mechanism of
immunologic response in the host is similar.

4. Conclusions

The SARS-CoV-2 infection has highlighted the importance of preventative medicine.
The systemic effects of this are still relatively poorly understood, but several risk factors
have been identified. The worldwide roll-out of vaccines has allowed the lifting of lock-
down measures and reduced the spread of the disease. Ongoing epidemiological research
is needed to monitor the variant strains and ascertain the ongoing efficacy of the vaccines
against the virus.
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Abstract: The endothelium controls vascular homeostasis through a delicate balance between secre-
tion of vasodilators and vasoconstrictors. The loss of physiological homeostasis leads to endothelial
dysfunction, for which inflammatory events represent critical determinants. In this context, ther-
apeutic approaches targeting inflammation-related vascular injury may help for the treatment of
cardiovascular disease and a multitude of other conditions related to endothelium dysfunction,
including COVID-19. In recent years, within the complexity of the inflammatory scenario related
to loss of vessel integrity, hydrogen sulfide (H2S) has aroused great interest due to its importance
in different signaling pathways at the endothelial level. In this review, we discuss the effects of
H2S, a molecule which has been reported to demonstrate anti-inflammatory activity, in addition to
many other biological functions related to endothelium and sulfur-drugs as new possible therapeutic
options in diseases involving vascular pathobiology, such as in SARS-CoV-2 infection.

Keywords: endothelium; hydrogen sulfide; inflammation; therapeutic target; SARS-CoV-2; COVID-19

1. Introduction

The endothelium is the inner lining that covers all blood vessels with a very large
spatial distribution, and consequently with potentially different characteristics depending
on its position in the body. Not just an inert barrier, the endothelium is recognized as
a biologically active tissue that regulates vascular tone and structure through autocrine,
paracrine, and hormone-like mechanisms [1]. In fact, it may respond to various stimuli
(e.g., shear stress on the endothelial surface) and release numerous vasoactive substances
with vasodilator or vasoconstrictor properties [1]. Loss of physiological homeostasis leads
to endothelial dysfunction, a condition underlying micro- and macrovascular diseases,
characterized by reduced capacity for vasodilation, recruitment of neutrophils, enhanced
inflammation and oxidative stress, prothrombotic properties, impaired cell growth and
vessel permeability [1]. Inflammatory processes remain critical determinants which can
provoke increases in prothrombotic and pro-oxidative events. Therefore, endothelial dys-
function has been observed associated with different clinical diseases, such as chronic
kidney disease, liver failure, atherosclerosis, hypertension, dyslipidemia, diabetes, and
obesity [2]. This implies that endothelial dysfunction can have important repercussions on
health and on the onset and development of practically all diseases. In particular, endothe-
lial dysfunction can be promoted or exacerbated by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infection, either by direct (interaction of SARS-CoV-2 virus
with endothelial angiotensin-converting enzyme 2 (ACE2)) or indirect mechanisms (e.g.,
systemic inflammation, leukocyte recruitment, immune dysregulation, procoagulant state,
impaired fibrinolysis, or activation of the complement system) [3–6]. Conversely, preex-
isting endothelial dysfunction underlies cardiovascular risk factors (e.g., hypertension,
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diabetes, obesity, and aging), all conditions which may favor the risk and severity of novel
coronavirus disease 2019 (COVID-19) [4]. Increasing experimental, clinical, and transla-
tional findings suggest that many common drugs, such as lipid-lowering, antihypertensive,
and antidiabetic drugs, and also antioxidants (e.g., vitamin C and E, N-acetylcysteine-NAC)
and anti-inflammatories (e.g., cyclooxygenase-2 inhibitors, and glucocorticoids) may target
the endothelium [2]. Consequently, further knowledge of endothelium pathophysiology
may greatly help in patient care, given its enormous diagnostic and therapeutic potential.

In this context, the role of hydrogen sulfide (H2S), defined as the third endogenous
gaseous signaling molecule besides nitric oxide (NO) and carbon monoxide (CO), in recent
years has aroused a great interest due to its importance on different signaling pathways at
the endothelial level [5]. In particular, given the close interaction between reduced H2S
levels and endothelial dysfunction and inflammation, and the relationship between NO and
H2S, the therapeutic release of H2S may represent a new and intriguing development in the
prevention and treatment of inflammatory-related endothelial dysfunction conditions [6].

In this review, we discuss the effects of H2S and the use of sulfur-drugs as a new
possible therapeutic option in diseases involving vascular pathobiology, such as in the
SARS-CoV-2 infection.

2. Hydrogen Sulfide: An Additive Key Factor in Vascular Homeostasis

In the last few years, the role of H2S as an interesting novel mediator involved in
inflammation and endothelial function has emerged [7], in terms of the relaxation of blood
vessels, regulation of blood pressure, reduction of inflammatory response, and induction
of antioxidant defense [8].

This gasotransmitter is mostly produced through the reverse trans-sulfuration path-
way by three different enzymes. Two enzymes, cystathionine beta synthase (CBS) and
cystathionine gamma lyase (CSE), use piridoxal 5′ phosphate (PLP) as a cofactor, while
3-mercaptopiruvate sulfur transferase (3-MST), primarily located in the mitochondria, is
not dependent on PLP [9,10].

The protective effect of H2S is mediated by many different cellular and molecular
mechanisms (Figure 1).

S-sulfhydration, a chemical modification on specific cysteine residues of target pro-
teins to form a persulfide group (–SSH), is considered a primary mechanism through
which H2S alters the function of signaling proteins [11,12]. A striking example is the
S-sulfhydration of endothelial nitric oxide synthase (eNOS), which promotes eNOS dimer
stability, NO production, and consequent vasorelaxation [13]. Indeed, sulfhydration of the
Kir 6.1 subunit of ATP-sensitive potassium (KATP) channels activates the channel, causing
vascular endothelial and smooth muscle cell hyperpolarization and vasorelaxation [14].
Accordingly, exogenous administration of H2S attenuates the rise of blood pressure in both
spontaneously hypertensive rats [15] and in mice rendered hypertensive with angiotensin II
(AngII) [16].

Although H2S may directly inactivate reactive oxygen species (ROS), e.g., through
the inhibition of peroxynitrite-mediated processes in vivo [17], it also protects cells via
the upregulation of antioxidant defense systems [6,8]. Specifically, sodium hydrosulfide
(NaHS, an H2S donor) induces the sulfhydration of Kelch-like ECH-associating protein 1
(Keap1), a repressor of nuclear-factor-E2-related factor-2 (Nrf2), which is the main regulator
of the antioxidant response. This action results in Keap1/Nrf2 disassociation, Nrf2 nuclear
translocation, and increased mRNA expression of Nrf2-targeted downstream genes [18,19].
In human umbilical vein endothelial cells (HUVECs) exposed to H2O2, H2S upregulates a
wide range of enzymes attenuating oxidative stress, such as catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase, and glutathione-S-transferase [20]. Moreover,
in endothelial cells (ECs) and fibroblasts, H2S-induced S-sulfhydration and activation of
mitogen-activated extracellular signal-regulated kinase 1 are followed by phosphorylated
ERK1/2 translocation into the nucleus to stimulate activity of PARP-1, a nuclear protein
that exerts an important role in DNA damage repair [21]. H2S is further implicated in
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the regulation of the other major cellular inflammatory signaling pathway, namely the
nuclear factor-κB (NF-κB) pathway [22]. The multifunctional pro-inflammatory cytokine,
tumor necrosis factor α (TNF-α), stimulates the transcription of CSE. Consequently, the H2S-
induced sulfhydration of the p65 subunit of NF-κB, promotes transcription of anti-apoptotic
genes by enhancing its ability to bind the co-activator ribosomal protein S3 [23]. On the
other hand, NaHS can exert an anti-inflammatory effect in ECs by inhibiting the expression
of adhesion molecules (i.e., intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1, P-selectin, and E-selectin), an early marker of endothelial activation
and dysfunction, by upregulating the cytoprotective enzyme heme oxygenase-1 (HO-1),
and decreasing TNF-α-induced NF-kB activation and ROS production [24]. Exogenous
H2S also attenuates the inflammation and cytotoxicity induced by AngII in HUVECs
via inhibition of the NF-κB/endothelin-I signaling pathway [25]. The pretreatment of
HUVECs with NaHS can inhibit high-glucose-induced ICAM-1 expression at both the
protein and mRNA levels, leading to a reduction of ROS production and NF-kB activity [26].
Furthermore, the administration of NaHS to high-glucose-treated ECs attenuates both the
apoptosis and impairment of the CAT and SOD expression and activities induced by type 2
diabetes [27]. Interestingly, both diabetic rats [27] and patients with type 2 diabetes display
markedly decreased plasma H2S levels [28,29].

Figure 1. Main molecular, cellular, and systemic actions of hydrogen sulfide. H2S attenuates apoptosis
and decreases oxidative stress by a direct action, upregulating the cellular antioxidant system.
H2S also produces an anti-inflammatory response through the inhibition or induction of specific
pathways. At the vascular level, in addition to promoting cell proliferation and migration, it induces
angiogenesis, vasodilation, represses aggregation and coagulation, and reduces aortic atherosclerotic
plaque formation. The mechanisms underlying the effects of H2S include the phosphorylation
and addition of cysteine residues to target proteins, interaction with the metal protein centers of
proteins, and gene regulation (for more details see text). Abbreviations: eNOS: Endothelial nitric
oxide synthase; H2S: Hydrogen sulfide; KATP: ATP-sensitive potassium channels; Keap1: Kelch-like
ECH-associating protein 1.

H2S has also been ascertained to interact with the metal centers of proteins [30].
The interaction of H2S with the oxygenated form of human hemoglobin and myoglobin
produces a sulfheme protein complex that participates in the catabolism of H2S [31]. Of
interest is that H2S affects the function of soluble guanylyl cyclase (sGC), a receptor for NO,
through the reduction of the ferric sGC heme into a ferrous state, facilitating NO-dependent
vasodilation and thus providing an additional level of cross-talk between NO and H2S [32].

H2S stimulates EC proliferation, adhesion and migration in vitro and in vivo [6,11].
The mechanism whereby H2S regulates the key steps of angiogenesis can be driven by
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the increase in intracellular calcium levels in vascular ECs through the activation of many
calcium-dependent signaling pathways and enzymes [9,33,34]. Also, H2S donors activate
the PI-3K/Akt axis and enhance the phosphorylation of components of the MAPK pathway
(p38 and ERK1/2) in EC models in vitro, with a subsequent pro-angiogenic effect [35].
Other mechanisms in H2S-induced angiogenesis in vascular ECs could also involve the
opening of KATP channels by persulfidation of sulfonylurea receptor 1 subunit [36] and the
activation of vascular endothelial growth factor receptor 2 (VEGFR2), a receptor tyrosine
kinase that mediates most of the biological effects of the vascular endothelial growth factor
through the breakage of a cysteine-cysteine disulfide bond within VEGFR2 [37].

Importantly, altered H2S metabolism is likely to be involved in the initiation and
progression of atherosclerosis [9]. The H2S donors NaHS and GYY4137 may decrease aortic
atherosclerotic plaque formation, macrophage infiltration, and aortic inflammation, and
may partially restore endothelium-dependent relaxation in the aorta of apolipoprotein E
(ApoE) gene-knockout mice [38,39]. In addition, CSE/H2S treatment directly sulfhydrated
sirtuin-1, a histone deacetylase with a crucial role in longevity, increasing its activity
and stability, thereby reducing atherosclerotic plaque formation in the aorta of these
animals [39].

A few studies finally have investigated the anti-aggregatory and anticoagulatory
effects of H2S [40]. In mice, GYY4137 seems to act as an anti-thrombotic and to regulate
thrombogenesis by reducing platelet activation and adhesion molecule-mediated aggrega-
tion [41]. In mice treated with the H2S donor sodium sulfide (Na2S), thrombus formation
induced using a phototoxic light/dye-injury model is significantly delayed compared to
controls, due to the up-regulation of eNOS and inducible NOS (iNOS) [40]. Likewise, in an
in vitro study on human whole blood, GYY4137 was observed to reduce platelet-leukocyte
aggregation provoked by the thrombin-receptor activating peptide, and consequently
facilitate microvascular thrombolysis [42].

It is important to note that H2S, in biological systems, co-exists with the sulfane sulfur
species, i.e., uncharged sulfur atoms carrying six valence electrons being able to attach
reversibly to other sulfur atoms [43]. Sulfane sulfur does not exist in the free form and can
be considered as a sort of H2S storage, releasing H2S under reducing conditions, following
a physiological signal [44,45]. Inorganic hydrogen polysulfides (H2Sn, n ≥ 2), in particu-
lar, are endogenously produced through several enzymatic routes involving 3-MST [46],
copper/zinc SOD [47], or the direct reaction between H2S and NO [48]. H2Sn is greatly
reactive, and has recently emerged as a potential signaling molecule that immediately
reacts with intracellular cysteine, glutathione (GSH), and protein cysteine residues [49].

2.1. Sulfur-Drugs as New Therapeutic Options in Endothelial Dysfunction

The use of sulfur moieties as therapeutic agents in a wide array of applications (e.g.,
arterial hypertension, atherosclerosis, myocardial hypertrophy, heart failure, ischemia-
reperfusion, diabetic nephron- and retinopathy, and chronic inflammatory diseases), has
attracted growing attention in the last few years [50,51] (Table 1).

2.1.1. H2S Donors

Inorganic sulfide salts such as NaHS and Na2S are cheap and readily available, and
have been largely employed in vitro and in animal models with the main effects of pro-
tecting ECs from inflammation, oxidative stress, damage induced by hyperglycemia, and
promoting vasorelaxation and neovascularization, as illustrated above [6,52]. Nevertheless,
they are unsuitable for clinical use, owing to the fast increase in H2S concentration to
supraphysiological concentration, the change of intracellular pH if used in unbuffered
solution, and possible toxicity characterized by pro-inflammatory effects [50,53]. In fact, in
experimental studies, sulfide salts are frequently used at a very high concentration (100 μM
to 10 mM), in great excess of the levels of H2S measured in vivo [52].

Unlike sulfide salts, the phosphorodithioate GYY4137 belongs to the class of organic
slow-release H2S compounds, being able to release H2S over 3–4 h after dissolving [50].
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GYY4137 has been demonstrated to exert vasodilator, antihypertensive, anti-atherosclerotic,
and anti-thrombotic activities [38,41]. Whereas NaHS increases the synthesis of the inter-
leukins (IL)-1β and -6, NO and prostaglandin E2 at a high concentration, GYY4137 inhibits
the release of these pro-inflammatory mediators in a dose-dependent manner and also
promotes the production of the anti-inflammatory chemokine IL-10 in lipopolysaccharide
(LPS)-treated macrophages [53].

Diphosphorothioates such as AP67 and AP105 derive from structural modifications of
the phosphorodithioate core and, if compared to GYY4137, have the advantages of being
able to be employed at a lower concentration, showing an even enhanced activity [52].
The novel mitochondria-targeted AP39 and AP123 were found to reduce the high-glucose-
induced hyperpolarization of the mitochondrial membrane and inhibit ROS production in
microvascular ECs, with a long-lasting effect suggesting their application in the treatment
of diabetic vascular complications [54]. The H2S prodrug sodium polysulthionate (SG1002)
has been successfully used in both a swine model of acute limb ischemia [55] and in heart
failure patients [56], in which it promotes an increase in circulating H2S and NO and,
consequently, coronary artery vasorelaxation.

Garlic, which has been associated with multiple health beneficial effects in folk
medicine for centuries, is rich in organosulfur compounds considered responsible for
most of its pharmacological activities [57]. In particular, garlic-derived organic polysulfides
like diallyl disulfide and diallyl trisulfide, as well as their analogs, act as H2S donors in the
presence of GSH, and promote vasorelaxation (NO bioavailability) [57], lowering of arterial
blood pressure [58], decreasing apoptosis and oxidative stress [59], and improved angio-
genesis [60]. Similarly, the natural isothiocyanates commonly present in the Brassicaceae
(e.g., broccoli, mustard, horseradish, rocket salad), can be considered as potential slow and
long-lasting H2S donors able to release H2S in cell environments with high concentration
of GSH and cysteine [61,62]. Sulforaphane and other isothiocyanates (i.e., benzyl isothio-
cyanate and phenethyl isocyanate) have anti-inflammatory properties mediated through
the upregulation of HO-1 [63,64] and the glutamine cysteine ligase that plays a critical role
in maintaining GSH homeostasis [63]. A diet based on sulforaphane-enriched foods was
reported to significantly reduce oxidative stress related to improved endothelial-dependent
relaxation of the aorta and lower blood pressure in spontaneously hypertensive rats [65].

Although L-cysteine is frequently employed in experimental studies to increase the
production of endogenous H2S, it is not suitable for clinical use due to its unstable nature,
being metabolized in a number of pathways including GSH synthesis, taurine synthesis
and oxidation to sulfate [51]. Conversely, NAC, a well-tolerated compound used in clinical
settings to enhance cellular levels of GSH, could represent a promising compound able to
generate H2S [6], since the administration of NAC prevents the development of hyperten-
sion in rodents [66] and humans (Clinical Trial NCT01232257, 2011). Supplementation of
taurine (2-aminoethanesulfonic acid), a metabolite of cysteine, has the ability to moder-
ately lower blood pressure in prehypertensive subjects via endothelium-dependent and
endothelium-independent vasodilation [67,68]. Like NAC, these antihypertensive effects
are associated with increased expression of CSE and CBS, as observed both in the aorta of
spontaneously hypertensive rats and in human vascular tissue cultures [67].

Synthetic cysteine derivatives such as S-propyl-cysteine, S-allyl-cysteine, and S-propargyl-
cysteine (SPRC) are also enzymatically converted to H2S by CSE and CBS [50]. SPRC, though
not available for clinical use [68], can attenuate the LPS-induced inflammatory response
in cardiac myocytes by reducing the mRNA expression of TNF-α, ICAM-1 and iNOS [69],
increase H2S levels through the upregulation of CSE, and protect HUVECs from TNF-α-
induced dysfunction [70].

2.1.2. H2S-Hybrid Drugs

In addition to H2S donors, there is a group of compounds known as H2S-hybrid drugs
that, while able to release H2S, have a mechanism of action independent of H2S-mediated
properties [61]. The group of ACE inhibitors represents one of the fundamental drug
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classes for the antihypertensive treatment [52]. Many of them, e.g., Omaprilat, Remikiren,
Macitentan, Bosentan, Vardenafil, Sildenafil, have a sulfonil moiety in their structure [51].
Captocapril contains a thiol that, in plasma, can react with other thiol-containing com-
pounds (cysteine, GSH) to form mixed disulfides, however it remains to be clarified
whether the drug’s effects depend on sulfide signaling [6,51]. On the other hand, the
pro-angiogenic [71], anti-inflammatory [72], and anti-apoptotic [73] activities of Zofenopril
in ECs are at least partially mediated by its ability to increase H2S availability [72]. Of in-
terest, Zofenopril, but not Enalapril (a non-thiol ACE inhibitor), also improves the vascular
response to acetylcholine in spontaneously hypertensive rats, which is accompanied by
increased H2S concentration in the plasma and the vascular wall [74].

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most widely used
classes of medicines [75]. H2S-releasing derivatives of NSAIDs, synthetized by the conjuga-
tion of the parent NSAID with a dithiolethione moiety, show improved efficacy and reduced
toxicity (i.e., gastrolesivity), which are mainly attributable to intracellular H2S/GSH forma-
tion in comparison to the non-releasing H2S compounds [75–77]. In particular, S-aspirin
(ACS14), which exerts anti-platelet [78] and antithrombotic [79] activity in vivo and in vitro,
prevents the formation and development of atherosclerosis in ApoE-deficient mice [80] and
attenuates the oxidative stress caused by methylglyoxal (a chemically active metabolite
of glucose and fructose) and high glucose in vascular smooth cultured cells, indicating
a possible future use in the treatment of diabetic patients [81]. Likewise, S-diclofenac
(ACS15) produces marked anti-inflammatory effects but significantly less gastric toxic-
ity than diclofenac [82]. Notably, this drug can inhibit the smooth muscle cell growth
that has been recognized as a fundamental event in vascular injury in diseases such as
atherosclerosis [83].

Table 1. Summary of the main biological effects of sulfur drugs.

Sulfur Drugs Effects Reference

Inorganic sulfide salts NaHS and Na2S
Reduction of inflammation, oxidative stress and damage induced

by hyperglycemia; promotion of vasorelaxation and
neovascularization

[6,52]

Organic “slow-release” H2S compounds
GYY4137

Vasodilator, antihypertensive, anti-atherosclerotic, anti-thrombotic
and anti-inflammatory effects [38,41]

Diphosphorothioates AP67 and AP105
Promotion of high-glucose-induced hyperpolarization of the

mitochondrial membrane and inhibition of ROS production in
microvascular ECs,

[54]

H2S prodrug sodium polysulthionate (SG1002) Promotion of increase in circulating H2S and NO and the
consequent endothelial-dependent coronary artery vasorelaxation [55,56]

Natural organosulfur compound
Garlic

Natural isothiocyanates

Promotion of vasorelaxation, lower arterial blood pressure,
decreased apoptosis and oxidative stress, angiogenesis

Anti-inflammatory and antioxidant effects

[57–60]
[63–65]

N-acetyl-Cysteine (NAC)
and taurine Anti-hypertensive and anti-inflammatory effects [66–68]

Synthetic cysteine derivatives
(S-propyl-cysteine, S-allyl-cysteine and

S-propargyl-cysteine)
Increase in H2S levels, anti-inflammatory effects [69,70]

H2S-hybrid drug
ACE inhibitors: Omaprilat, Remikiren, Macitentan,

Bosentan, Vardenafil, Sildenafil

Pro-angiogenic, anti-inflammatory and anti-apoptotic activities
Zofenopril: increase in H2S concentration in plasma and

vascular wall

[71–73]
[74]

H2S-releasing derivatives of NSAIDs
Anti-platelet, antithrombotic and antioxidant effects

S-diclofenac (ACS15): anti-inflammatory and
antiproliferative effects

[78,79,81]
[82,83]

The classes of sulfur drugs are in bold.
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2.2. H2S-Producing Compounds: A Further Tool against COVID-19

A growing body of evidence supports the potential role of H2S as an effective host
defense factor against SARS-CoV-2 [84,85] (Figure 2).

Figure 2. Primary biological mechanisms involving H2S (donors) in the protective response against
SARS-CoV-2. Following viral infection, H2S counteracts inflammation by decreasing levels of IL-6
and IL-8, inducing an increase in IL-10 concentration and inhibiting the recruitment of leukocytes to
the endothelium. It also represses ACE expression, which in turn leads to vasodilation, decreased
inflammation and oxidative stress, and reduced fibrosis. H2S donors enhance endogenous antioxidant
defenses and play a mucolytic role. The activity of H2S also results in the activation of the HO-
1/CO/H2S system and inhibition of virus replication. Abbreviations: ACE: Angiotensin-converting
enzyme; CO: Carbon monoxide; H2S: Hydrogen sulfide; HO-1: Heme oxygenase-1; IL: Interleukin.

In a SARS-CoV-2 infection, a pro-inflammatory cytokine storm is a primary event char-
acterized by increases in IL-1β, IL-6, and TNF-α [85], and even moderately elevated IL-6
levels have been associated with a high risk of respiratory failure in COVID-19 patients [86].
Interestingly, the 4-day change in ratio of IL-6 to IL-10 (a cytokine with anti-inflammatory
effects involved both in innate and adaptive immunity), named the Dublin–Boston score,
has proven to be a more reliable tool than IL-6 alone in predicting clinical progression and
poor outcome in COVID-19 patients [87,88].

H2S can significantly downregulate the IL-6/STAT3 signaling pathway that is impli-
cated in inflammatory responses and cell apoptosis [89]. Of note, serum H2S levels were
found to inversely correlate with IL-6 as well as with the severity and final outcome of
pneumonia in a cohort of patients with COVID-19, suggesting that the reduction of H2S
bioavailability may be considered a biomarker of enhanced pro-inflammatory response,
whereas exogenous administration of H2S could represent a valuable strategy to counteract
severe manifestations of the infection [90,91]. In addition to decreasing IL-6 and IL-8 levels
and the infiltration of polymorphonuclear cells, NaHS increases plasma levels of IL-10
in an animal model of induced acute lung injury [92], and administering IL-10 to IL-10
deficient mice in turn restores H2S production and homocysteine metabolism [93]. H2S
has also been reported to play a role in enhancing T cell activation [94] and, among the
variety of cell types capable to produce IL-10, IL-10 generation by CD4(+) T cells is crucial
to preventing early mortality caused by excessive inflammation [87].
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The anti-inflammatory effects of H2S further encompass the regulation of the ACE/
ACE2 balance, although the underlying mechanisms remain elusive [95]. Specifically, NaHS
may promote, dose-dependently, the expression of ACE2, a key enzymatic component
of the renin-angiotensin-aldosterone system that is recognized to have vasodilating, anti-
inflammatory, antioxidant, and antifibrotic effects, by catalyzing the generation of Ang
(1–7) from AngII in ECs [96,97]. Conversely, NaHS treatment reduces ACE expression
in spontaneously hypertensive rats [98], consistent with the recognized enhanced anti-
hypertensive role of ACE-inhibitors containing a sulfur moiety in their chemical structure
(see the previous section).

The role of H2S in acute and chronic inflammatory pulmonary diseases has been
extensively investigated [91]. Besides anti-inflammatory activities (e.g., reduced mRNA
expression of NF-kB, macrophage inflammatory protein-2, and interferon regulatory factor
3 [99,100]), H2S donors increase endogenous antioxidant defenses (e.g., SOD, glutathione
peroxidase, and glutathione reductase) and inhibit leukocyte recruitment and transmigra-
tion through the inflamed endothelium [100,101]. Notably, there is evidence indicating
that higher levels of GSH may improve an individual’s responsiveness to viral infections,
protecting host cells from oxidative damage of the lung [102]. De Flora et al. observed that
a 6-month preventive administration of NAC, a known precursor of GSH, provides a sig-
nificant attenuation of influenza and influenza-like episodes, especially in the elderly [103].
The addition of NAC to a conventional therapy ameliorates oxidative stress and inflam-
mation parameters (i.e., a decrease of malondialdehyde and TNF-α, and an increase of
total antioxidant capacity) in patients with pneumonia [104]. NAC can act both as a direct
scavenger of free radicals [105] and as a mucolytic agent capable of reducing disulphide
bonds in heavily cross-linked mucus glycoproteins [106]. Moreover, the efficacy of NAC
in the treatment of patients with chronic bronchitis and chronic obstructive pulmonary
disease has been documented in several clinical trials and meta-analyses [107].

The levels of GSH are also negatively related with COVID-19 severity, and patients
with moderate and severe illnesses show increased levels of ROS and a higher ROS/GSH
ratio than subjects with mild symptoms [102]. Hence, it is sensible to hypothesize that
replenishing intracellular GSH could be a useful strategy against SARS-CoV-2, as shown in
two cases in which a glutathione-based therapy (GSH and NAC) combined with antioxi-
dants (alpha-lipoic acid and vitamin C) was immediately effective in relieving symptoms of
dyspnea [108]. In another case report, despite treatment with antibiotics, antiviral, and an-
tibacterial medications, a 64-year-old male COVID-19 patient developed respiratory failure
on the 13th day of admission. The patient’s conditions improved following NAC supple-
mentation, and discharge occurred after 46 days of hospitalization [109]. In particular, on
the basis of its mucolytic and antioxidant properties, it has been proposed that inclusion of
1200 mg/d oral NAC in the therapeutic schemes of patients with COVID-19 could be an
effective measure to prevent a cytokine storm and the associated acute respiratory distress
syndrome [110].

A case-control study found that both H2S and NO were significantly higher in expired
COVID-19 patients compared to those who survived, emphasizing the complex interaction
between these two gasotransmitters and a more synergistic role in this context [111].
The reasons for this increase can hint a compensatory response of sicker patients to the
detrimental effects of COVID-19 infection or, alternatively, an underutilization of NO and
H2S, which results in fatal outcomes [111].

Finally, it has recently been proposed that another mechanism of defense against
COVID-19 could involve the activation of the HO-1/CO/H2S system [112]. Indeed, HO-1
metabolizes the heme group of a variety of hemeproteins with the release of CO which,
under endoplasmic reticulum stress conditions, inhibits CBS with decreased production of
GSH, while the SH groups are enzymatically converted to H2S by CSE [112,113]. Liu and
Li have hypothesized that ORF8 and the surface glycoprotein of SARS-CoV-2 attack and
destroy the hemes of heme proteins, resulting in the suppression of HO-1 activation and
H2S signaling [114,115]. Subjects with a long promoter for the HMOX1 gene (associated
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with decreased HO-1 anticoagulant activity) present an increased risk of recurrent venous
thromboembolism [116], whilst HO-1 has been demonstrated to exert a significant antiviral
activity against a wide variety of viruses [117]. Therefore, activation of the HO-1/CO/H2S
axis has the potential to improve the clinical manifestations of COVID-19, and pharmaco-
logical treatments based on H2S delivery could once again represent an effective strategy
in the treatment of patients with COVID-19 [112].

In addition to counteracting the inflammatory response in COVID-19, H2S may in-
terfere with viral replication [96]. In fact, there is some well-established evidence demon-
strating that H2S inhibits the replications of many other highly pathogenic RNA viruses
in lungs [118], both by decreasing the expression of viral proteins and mRNA and by
inhibiting syncytium formation and virus assembly/release [95,99].

Overall, a large array of data indicate that H2S could be a potential target for attenu-
ating viral replication, inflammation development and progression, and organ damage,
which needs to be further explored in preclinical models of viral infections [95].

3. Discussion

Amid the complexity of events and effectors underlying processes leading to endothelial
dysfunction, H2S has emerged as one of the crucial determinants of endothelial homeostasis.
Hence, sulfur drugs can represent advanced tools in the prevention and treatment of the
numerous diseases involving endothelial dysfunction. For these reasons, several compounds
are currently being investigated in clinical studies with promising results.

On the other hand, it has been recognized that a high H2S concentration (i.e., >250 ppm/
~350 mg/m3) is harmful to health, and is associated with increased oxidative stress and
inflammation [119]. Less well known are the long-term effects of chronic low-dose H2S
exposures in light of controversial results and due to differences between and limitations of
the available studies [119].

In addition to endogenous production, it is also important to consider the intake
of H2S from exogenous sources. Indeed, H2S may originate from a variety of natural
sources, including volcanoes, sulfur springs, undersea vents, swamps, bogs, crude oil
and natural gas, or from man-made activities, such as oil refineries, tanneries, natural gas,
products petrochemicals, ovens, food processing plants, municipal sewage and wastewater
treatment plants, fertilization processes, and paper mills. Occupational exposure to H2S
is therefore greater than that from environmental sources [119]. Furthermore, smokers
have low serum H2S levels, while chronic alcohol users have high levels of H2S in their
breath, suggesting that smoking and alcohol consumption may modulate endogenous H2S
concentration [120].

Dietary intake can also affect endogenous levels of H2S. In addition to garlic, broccoli,
mustard, etc., a high consumption of proteins and fats or a high carbohydrate content in
the diet also appears to increase and reduce H2S levels, respectively [121]. In particular, the
intake of sulfur in the diet, together with the presence and different composition of sulfate-
reducing bacteria in the gastrointestinal tract, represent the most significant modulators of
H2S production [121].

In this context, the discovery that H2S can protect the mucus layer and reduce inflam-
mation when produced at nanomolar to low micromolar levels, exerting adverse effects
when released at a higher concentration (from high micromolar to millimolar) by the local
microbiota, is interesting because it has highlighted the double face of H2S in the balance
between beneficial and harmful effects [122].

Although H2S donors may represent valuable tools to protect the endothelium, further
clinical studies targeting their effect on the endothelium in terms of reducing or slowing
the progression of dysfunction in specific diseases (e.g., COVID-19) would be desirable.
Furthermore, it is currently unknown whether any drugs added to endogenous levels
resulting from environmental exposure, lifestyle habits (cigarette smoking or alcohol
consumption and diet) and microbiota activity could reach toxic concentrations, and this
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requires further refinement work towards a more personalized and targeted therapy for
each patient.
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Abstract: Lupus vasculitis (LV) is one of the secondary vasculitides occurring in the setting of
systemic lupus erythematosus (SLE) in approximately 50% of patients. It is most commonly associated
with small vessels, but medium-sized vessels can also be affected, whereas large vessel involvement
is very rare. LV may involve different organ systems and present in a wide variety of clinical
manifestations according to the size and site of the vessels involved. LV usually portends a poor
prognosis, and a prompt diagnosis is fundamental for a good outcome. The spectrum of involvement
ranges from a relatively mild disease affecting small vessels or a single organ to a multiorgan system
disease with life-threatening manifestations, such as mesenteric vasculitis, pulmonary hemorrhage,
or mononeuritis multiplex. Treatment depends upon the organs involved and the severity of the
vasculitis process. In this review, we provide an overview of the different forms of LV, describing
their clinical impact and focusing on the available treatment strategies.

Keywords: vasculitis; systemic lupus erythematosus; lupus vasculitis; small vessel vasculitis

1. Introduction

Systemic lupus erythematosus (SLE) is a multifactorial systemic autoimmune disease
caused by a loss of tolerance to self-antigens, mainly nuclear antigens (DNA, RNA, and
nuclear proteins). It is characterized by aberrant T- and B-cell responses, autoantibody
production, and immune complex deposition in tissues with complement activation, in-
flammation, and irreversible organ damage [1]. SLE can affect any organ system, resulting
in a wide range of clinical presentations. One of these is vasculitis, which can occur in
approximately 50% of SLE patients and principally involve small vessels; medium-sized
vessels can also be affected, whereas large vessel involvement is very rare [2,3]. Lupus vas-
culitis (LV), also known as lupus vasculopathy, may take many clinical forms dependent on
the size of the affected vessels and the sites involved, with prognoses that range from mild
to life-threatening [3]. Ninety percent of cases affect the skin. The kidneys, gastrointestinal
tract, nervous system (central and peripheral), lungs, and heart can be involved with lower
frequency [3–5]. LV usually appears during an active disease associated with general
inflammatory symptoms (fever, fatigue, and weight loss) and laboratory abnormalities
(anemia, a high erythrocyte sedimentation rate, and elevated inflammatory markers) [5].

LV can be associated with the antiphospholipid syndrome (APS) characterized by
antiphospholipid antibody positivity (lupus anticoagulant, anticardiolipin antibodies,
and/or anti-β2-glycoprotein−1 antibodies) [4,6].

In this paper, we provide an overview of the main clinical, diagnostic, and immuno-
logical features of LV, with special attention to their impact on SLE severity and outcome.
Moreover, we describe the therapeutic strategies commonly used by clinicians, focusing
mainly on the available evidence.
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2. Pathogenesis

The pathogenesis of vasculitis remains poorly understood, but certainly, complex
interactions among the vascular endothelium, inflammatory cells, cytokines, and the
autoantibodies and immune complexes play crucial roles. LV is a secondary vasculitis
that can manifest as an acute or subacute lupus symptom due to an inflammatory process
triggered by the deposition of immune complexes in blood vessel walls [7]. Alternatively, it
may develop as an associated comorbidity (steroid-related atherosclerosis) or represent the
synergistic pathogenetic consequence of enhanced atherosclerosis in a proinflammatory
environment [8]. As an autoimmune disease, SLE is characterized by a loss of tolerance to
self-antigens, altered T- and B-cell responses, and the production of autoantibodies.

The binding of autoantibodies to antigens generates soluble antigen–antibody com-
plexes (immune complexes) that, because of a defective clearance by the reticuloendothelial
system and an increase in vascular permeability, are deposited in blood vessel walls. The in-
creased vascular permeability results from the action of platelet-derived vasoactive amines
and IgE-mediated reactions [9]. After a complex deposition, the complement system is
activated, leading to inflammation and a complement protein consumption [10]. Some
complement components act as chemotactic factors for polymorphonuclear leukocytes,
which diffusely infiltrate the vessel wall and release their lysosomal enzymes, principally
collagenase and elastase, causing damage and necrosis of the vessel wall (Figure 1). This
may be associated with thrombosis, occlusion, hemorrhage, and ischemic changes in the
surrounding tissue [9]. In addition to the localized increase in vascular permeability, other
factors, including the hydrostatic pressure and blood flow turbulence at bifurcations, favor
the localization of immune complexes in specific sites of the vascular tree and, thus, the
distribution of vascular lesions [11].

 

Figure 1. Pathogenesis of lupus vasculitis. Abbreviations: SLE = systemic lupus erythematosus, Ag = antigen, Ab =
antibody, IC = immune complex, ICAM-1 = intercellular adhesion molecule 1, VCAM-1 = vascular cell adhesion molecule 1,
IL = interleukin, and PMN = polymorphonuclear cell.
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Among autoantibodies, anti-endothelial cell antibodies (AECA) are the main cause
of endothelial damage. Their binding can induce endothelial cell activation with the
upregulation of adhesion molecules (E-selectin, intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecule 1 (VCAM-1)) and the release of cytokines and chemokines,
leading to inflammation (interleukin-1 (IL-1), IL-6, and IL-8) [12]; the production of tissue
factors favoring coagulation; and the activation of endothelial cell cytotoxicity [13,14]. One
study has identified that AECA was positive in more than 80% of the SLE patients [14].

Other types of autoantibodies that may be involved in the pathogenesis of LV are
antineutrophil cytoplasmic antibodies (ANCA), anti-phospholipids antibodies (aPL), and
anti-double strain DNA (Anti-dsDNA) [15]. ANCA are mainly associated with primary
systemic vasculitis, but they also occur in secondary vasculitis linked to systemic connec-
tive tissue disorders, including SLE, and may be positive in 15–20% of SLE patients [16,17].
ANCA form immune complexes with proteinase 3 (PR3) or myeloperoxidase (MPO) anti-
gens, leading to neutrophil adhesion to endothelial cells, with a consequent extravascular
permeation, vessel damage, and endothelial cell apoptosis [16–18]. Focal necrosis of cap-
illaries, venules, and sometimes arterioles occur due to the sequestration of activated
neutrophils and monocytes in the microcirculation [18,19]. aPL bind to endothelial cell
phospholipids exposed after endothelial damage, causing further endothelial cell damage
and activation. Moreover, these antibodies have a role in the complement system activation,
resulting in pro-adhesive, proinflammatory, and prothrombotic effects on endothelial cells,
and activate endothelial cell thrombin formation by binding to platelet membrane phos-
pholipids [20,21]. Anti-dsDNA induces endothelial cell activation by the stimulation of
IL-6 and IL-8 release [22]. They have an anti-endothelial activity, even if a direct cytotoxic
effect on endothelial cells has not been established [15].

Changes in cell death pathways, such as apoptosis and the neutrophil-specific kind of
death called NETosis, are important contributing factors in the pathogenesis of SLE and LV.
An imbalance between the production of apoptotic cells and clearance of apoptotic cells
and DNA-containing neutrophil extracellular traps (NETs) can represent a potential source
of autoantigens involved in immune complex formation. Immune complexes are cleared
by bloodborne macrophages and dendritic cells, resulting in proinflammatory cytokine
secretion and the perpetuation of inflammation and tissue damage in SLE patients [23].
NETs are extracellular networks of DNA scaffolds composed of cytosolic and granule
proteins that can vary depending on the pathophysiologic context of each disease [24,25].
For instance, the expression of the tissue factor on NETs promotes thromboinflammation in
sepsis [26], SLE [27], and vasculitis [28]. In SLE, rheumatoid arthritis and ANCA-associated
vasculitis NETs expose immunostimulatory proteins and autoantigens [29].

Some patients with SLE, particularly those with central nervous system involvement,
can manifest an inflammatory complement-mediated vascular injury in the absence of
immune complex deposition (the Shwartzman phenomenon) [30].

Other forms of vasculitis in SLE patients are drug-induced vasculitis and infection-
induced vasculitis [7]. Some drugs, including penicillin, allopurinol, thiazides, pyrazolones,
retinoids, cytokines, monoclonal antibodies, chinolons, hydantoin, carbamazepine, and
other anticonvulsants, may act as a hapten that, when binding to autoantigens, elicit an
immune response, resulting in inflammatory vascular lesions [31,32].

Infection-induced SLE vasculitis may be the result of a direct attack by microbes of
the blood vessel wall, followed by an infectious inflammatory process or endothelial cell
invasion and activation by certain viruses, e.g., the cytomegalovirus, or the deposition
of immune complexes consisting of microbial antigens and their corresponding antibod-
ies [32,33]. In this respect, the association of hepatitis C virus with cryoglobulinemia is
remarkable [33,34].

3. Cutaneous Vasculitis

Cutaneous vasculitis is the most frequent type of vasculitis among patients with
SLE [35]. It is reported in 17–28% of patients with SLE [35,36] and in 89% of the cases

151



Biomedicines 2021, 9, 1626

of vasculitis in this disease [5]. High levels of anti-Ro and aPL [4,37] and positivity for
cryoglobulins [38] are associated with a major risk of developing cutaneous lupus vasculi-
tis. The clinical presentation is heterogeneous and includes palpable purpura, petechiae,
papulonodular lesions, urticaria lesions, or bullous lesions of the extremities, livedo retic-
ularis, cutaneous infarction, erythematous plaques or macules, erythema with necrosis,
panniculitis, splinter hemorrhages, and superficial ulcerations [4,5] (Figures 2 and 3).

 
Figure 2. Necrotic purpuric plaques with ulcerations.

 
Figure 3. Deep leg ulcer.

Most skin lesions consist of discoid erythematosus lesions usually located on the
fingertips, erythema of the hand dorsum, and nodular lesions [5].

Small vessels, principally post-capillary venules, are involved in most cases. Medium-
vessel vasculitis is less frequent and appears as subcutaneous nodules or ischemic ulcers [3].
Myositis and hematological manifestations such as anemia, Coombs’ positivity, leucopenia,
anti-Smith, and anti-RNP (ribonucleoprotein) may predict cutaneous vasculitis develop-
ments [35].

Skin biopsies from patients with lupus cutaneous vasculitis displayed fragmentated
neutrophilic nuclei (a leukocytoclastic variant), dermal chronic inflammation infiltrates,
variable fibrinoid necrosis of the vessel walls, and secondary changes in the overlying
epidermis and sweat glands (Figure 4).

In two large cohort studies in patients with vasculitis and SLE, the most frequent type
of vasculitis was leukocytoclastic vasculitis (60%), followed by cryoglobulinemic vasculitis
(25–30%) and urticarial vasculitis (7%) [4,5].
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Figure 4. Skin biopsies showing leukocytoclastic vasculitis in SLE patients. The inflammatory
lesions are evident in the perivascular derma, associated with nuclear dust and subepithelial myxoid
degeneration. (A,B) original magnification: 40×, scale bar, 50 μm and (C,D) original magnification:
100×, scale bar, 25 μm.

4. Nervous System Vasculitis

The nervous system involvement is one of the most complex and heterogeneous
features of SLE and occurs more frequently in patients with a high SLE disease activity
index. The wide prevalence of neuropsychiatric manifestations ranging between 37%
and 95% is due to the difficultly in discerning among the forms due to the disease or to
another concomitant process. Noninflammatory microangiopathy in association with brain
microinfarctions and thrombosis are common pathogenetic features, whereas inflammatory
vasculitis is rare and usually affects the microvasculature [39,40]. Nervous system vasculitis
can involve both the peripheral and central nervous systems in SLE patients.

At the peripheral level, the most common clinical manifestation is the mononeuritis
multiplex histologically characterized by chronic axonal degeneration, necrotizing, or
occlusive vasculitis of the vasa nervorum and demyelination. It affects the individual
nerves focally or multifocally rather than many nerves diffusely. The clinical features
include pain; weakness; sensory loss; and asymmetrical, progressive, and asynchronous
sensory and motor peripheral neuropathy involving at least two separate nerve areas. With
disease progression, contiguous nerves become affected, producing a syndrome that mimics
a generalized polyneuropathy [41,42]. A mild-to-moderately severe peripheral symmetric
sensory polyneuropathy can also develop in SLE patients [43]. Recently, an observational
cross-sectional study evaluated the peripheral nerve disease in SLE patients. It found that
polyneuropathy was the most frequent manifestation, with an independent statistically
significant association with older age at SLE diagnosis and the absence of hematologic
involvement as the cumulative SLE manifestation. Three out of nine patients who had
undergone a peripheral nerve biopsy showed non-necrotizing small vessel vasculitis [44].

At the central level, cognitive dysfunction, demyelinating syndrome, cerebrovascular
disease, and seizure disorders are the most frequently reported clinical features that can
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appear together or separately in the course of the disease [45]. The diagnosis of central
nervous vasculitis is a challenge for clinicians. A brain biopsy is the gold standard for the
diagnosis, although it is a highly invasive procedure with a limited sensitivity due to the
segmental nature of the vascular lesions. A combination of neuroimaging with clinical
features and appropriate diagnostic studies often allows reaching an early diagnosis
without a brain biopsy [45]. Actually, the most sensitive noninvasive image study for
cerebral SLE-related vasculitis is magnetic resonance imaging (MRI) [45]. However, this
technique can reveal wall-thickening and intramural contrast material uptake in vasculitis
affecting large brain arteries but does not detect small-vessel involvement [46,47]. Contrast-
enhanced MR angiography at 3.0 T and intracranial vessel wall imaging (VWI) modality
are also often key supports for a more accurate diagnosis and better differentiation between
vasculopathies and intracranial atherosclerotic disease (ICAD). Angiographic imaging can
provide information about the vessel lumen and only indirect evidence of vessel wall-
thickening. It can show segmental stenosis and dilatation in multiple vascular territories,
but these findings are also common in atherosclerotic disease. Moreover, small-vessel
disease is beyond angiography resolutions [48]. A cerebrospinal fluid examination does
not allow a direct diagnosis of lupus vasculitis but may be the most useful in excluding
infections caused by bacterial, viral, and parasitic pathogens [49], as well as autoimmune
causes such as multiple sclerosis that can mimic vasculitis [50].

5. Gastrointestinal Vasculitis

SLE-related vasculitis of the gastrointestinal tract (also named lupus enteritis) is
uncommon; the estimated prevalence varies between 0.2 and 14.2% among all SLE pa-
tients [51,52].

A common manifestation of gastrointestinal vasculitis is lupus mesenteric vasculitis
(LMV) [53]. It is one of the most devastating complications of SLE, with a mortality rate of
50%, when severe, occlusive damage progresses to bowel ischemia and potential necrosis
of the small or large bowel, which may evolve to perforation and hemorrhage [53,54]. In
80–85% of the cases, the superior mesenteric artery is involved, and the structures affected
are the ileum and the jejunum; involvement of the large bowel and the rectum is less
frequent [55]. LMV often occurs in patients with high disease activity, demonstrated by
higher scores on disease activity measurements such as the British Isles Lupus Assessment
Group (BILAG) or SLE Disease Activity Index (SLEDAI) [55,56]; altered laboratory data
(thrombocytopenia, lymphopenia, hypoalbuminemia, and elevated serum amylase are
associated with adverse outcomes); and other coexistent organ involvements, mostly of
the skin, kidneys, heart, joints, serositis, lungs, and central nervous system [57]. The main
symptoms include acute abdominal pain, nausea, vomiting, diarrhea, melena, hematemesis,
and bloating [58]. Urinary symptoms (lupus cystitis and dysuria) can also be associated
with LMV in 22.7% of cases [57,59].

The gold standard for diagnosis is computed tomography (CT), which allows visu-
alizing both the bowel wall and the abdominal vasculature. The typical tomographic
findings are bowel wall edema, target signs, the dilatation of intestinal segments, promi-
nent mesenteric vessels, increased attenuation of mesenteric fat, and ascites [57,60]. The
timely diagnosis of lupus enteritis is crucial to prevent life-threatening complications such
as gastrointestinal perforation, hemorrhage, and sepsis [61]. Relapses can occur in 31.7% of
cases [62].

Within the abdominal cavity, vasculitis may also affect the liver and pancreas. Necro-
tizing arteritis of the liver has been reported in 18–20% of SLE autopsy cases [63,64].
Alazani et al. described a hepatic vasculitis mimicking multiple liver abscesses in a patient
with SLE, which showed clinical improvement after steroid therapy [65]. Spontaneous
hepatic rupture due to small- and medium-sized vessel vasculitis is an unusual compli-
cation [66,67]. Although SLE-related acute pancreatitis is uncommon, it is more severe
and frequently fatal and should be suspected in SLE patients with abdominal pain [68].
Vasculitis has been related to pancreatitis in a subset of SLE patients [69].
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6. Renal Vasculitis

Five pathological types of renal microvascular lesions have been described in patients
with lupus nephritis (Table 1) [70]. So far, the attention has been mainly focused on
glomerular pathology, and renal vascular lesions have been overlooked.

Table 1. Pathological types of renal microvascular lesions.

Uncomplicated
vascular immune deposits

Immune deposits in the wall of small renal arteries without inflammation, necrosis, or thrombosis
are more commonly associated with active glomerular proliferative forms of lupus nephritis. By the
light microscopy examination of renal biopsy specimens, the normal histology is assessed. By
immunofluorescence microscopy, staining for IgG, IgA, IgM, and various complement components
(often C1q or C3) can be observed in the vessel wall. By electron microscopy, the deposits are
electron dense, with a granular texture, and are most commonly observed below an intact vascular
endothelium or within the basement membranes.

Arteriosclerosis It is characterized by an increased arterial wall thickness and reduction of the vascular lumen due
to fibrotic intimal thickening and replication of the internal elastic lamina.

Noninflammatory
necrotizing vasculopathy

It may be considered a complication of more severe forms of immune complex deposition. The
immune complex deposits can cause luminal narrowing or occlusion and are accompanied by
necrotizing damage, frequently found in preglomerular arterioles and less in interlobular arteries.
Abundant glassy eosinophilic materials may occupy the lumen and intima and, sometimes, may
extend into the media. The endothelium is usually swollen or denuded, and the elastic membrane
is often disrupted. The inflammatory infiltrate is rare. IgG, IgM, and IgA positivity can be detected
by immunofluorescence microscopy in the vessel wall and in the lumen, as well as complement
components and fibrin-related antigens. By electron microscopy, swelling or loss of the
endothelium can be seen along with abundant intraluminal and mural deposits of granular
electron-dense materials.

Thrombotic
microangiopathy

It is most frequent in SLE patients with thrombotic thrombocytopenic purpura or anticardiolipin
syndrome. In the early phase, there is swelling of the endothelial cells and subendothelial space.
During the acute phase, a severe narrowing or total occlusion of the arteriolar lumen may be found.
Fibrinoid necrosis may also be detect. The chronic phase presents swelling of the intima of the
interlobular arteries associated with mucoid intimal edema and/or “onion skin” pattern lesions as
result of the cellular intimal proliferation. By immunofluorescence microscopy, fibrinogen or fibrin
in the walls of arterioles and small arteries can be observed, as well as IgM, IgG, IgA, C3, and C1q
positivity. Electron microscopy may highlight the swelling and detachment of the endothelium
from the underlying structures and an expanded intima.

True renal vasculitis

It is the least common renal lupus vascular lesion that usually involves small arteries, most
commonly intralobular arteries. Histologically, it is indistinguishable from the polyarteritis nodosa.
Morphologically, these lesions are characterized by neutrophils and mononuclear leukocytes that
eccentrically or circumferentially infiltrate the intima and media. In the acute phase, this infiltration
is often associated with fibrinoid necrosis and rupture of the elastic lamellae. Immunofluorescence
reveals strong staining for fibrin-related antigens, with weak and variable staining for
immunoglobulin and the complement.

A Chinese study analyzed 341 patients with lupus nephritis and found 279 (81.8%) pa-
tients with renal vascular lesions, including 74.2% with immune complex deposition, 24.0%
with nonspecific arteriosclerosis, 17.6% with thrombotic microangiopathy, 3.8% with nonin-
flammatory necrotizing vasculopathy, and 0.6% with true renal vasculitis. Approximately
40% of the cases presented with more than two types of vascular lesions [71].

True renal vasculitis is the least frequent renal vascular injury found in lupus nephri-
tis and has been infrequently reported in the literature. It was found retrospectively in
2.8% [72], 2.4% [73], and 0.6% of renal biopsies [71]. True renal vasculitis can be morpho-
logically differentiated from the other, more frequent forms of vascular renal lesions in SLE
given that it is the only form yet described in which there is true inflammatory infiltration
of the intima and media [71].

More attention should be dedicated to the patterns of renal microvascular lesions. The
presence of vascular in a on lupus nephritis biopsy is associated with a worse prognosis and
the risk of end-stage renal disease (ESRD) but not independent of the serum creatinine and

155



Biomedicines 2021, 9, 1626

nephritis class [71,74–76]. Histological lesions can present as glomerular, tubulointerstitial,
and microvascular lesions and can affect small- and medium-sized arteries, most commonly
intralobular arteries [69]. Mural inflammation with prominent inflammatory cell infiltrates
and fibrinoid necrosis may be found [77]. Although clinical presentations vary with
different types of vascular lesions, in general, SLE patients with renal vasculitis manifest
with glomerular lesions, severe hypertension that likely worsens the vascular changes,
anemia, hematuria, severe renal insufficiently with rapid progression to renal failure, and
high SLEDAI scores [70].

A diffuse proliferative glomerulonephritis is considered by some authors as the most
frequent form of renal vasculitis involving glomerular capillaries. However, the general
agreement is that these lesions should be classified as proliferative lupus glomerulonephri-
tis [78].

7. Retinal Vasculitis

Retinal vasculitis is a very uncommon complication documented in few case reports.
Although the exact pathogenesis is unclear, it is thought that immune complex deposition,
complement activation and aPL play a role [79]. Typically, the precapillary superficial
arterial vasculature is involved [80]. Retinal vasculitis can present as asymptomatic or with
painless blurred vision, decreased vision, or even permanent visual loss. A funduscopic
examination reveals retinal vessel sheathing, cotton wool spots, retinal hemorrhage, and
vascular occlusion [81]. Retinal imaging, including fluorescein angiography and optical
coherence tomography, can be helpful in the identification and characterization of retinal
vasculitis [81,82]. Using multimodal imaging techniques and electrophysiology, Chin et al.
recently described a rare case of severe bilateral lupus retinal vasculitis associated with
paracentral acute middle maculopathy. Both the superficial and deep retinal capillary
vasculature was involved, resulting in marked generalized retinal dysfunction. The combi-
nation of immunomodulatory therapy with localized pan-retinal laser photocoagulation
has led to an improvement in vision, the prevention of neovascularization, and remission
of SLE [80].

8. Coronary Vasculitis

Coronary vasculitis is a rare condition with few case reports published in the literature.
There is no strong association between SLE clinical activity and coronary arteritis. It often
manifests in the absence of clinical SLE flare and laboratory evidence of active SLE [39].
The diagnosis is usually made by serial coronary angiographic studies that disclose ar-
terial aneurysms, tapered stenoses, and/or rapidly developing arterial occlusions [69].
Histopathologically, coronary artery thrombosis or immune complex deposits, with an
infiltration of lymphocytes and neutrophils, and fibrinoid necrosis can be detected [83,84].
Rare examples of cardiac valve dysfunction and myocardial dysfunction due to small
vessel vasculitis have also been reported [69].

9. Pulmonary Vasculitis

The most common clinical manifestation of lupus pulmonary vasculitis is diffuse
alveolar hemorrhage (DAH) due to the access of red blood cells within the alveolar spaces
as a result of the widespread damage of the pulmonary vessels with disruption of the
alveolar-capillary basement membrane [85]. The imaging studies often describe classical
bilateral alveolar interstitial infiltrates (Figure 5).

It usually occurs in the context of high disease activity and could be a severe complica-
tion of SLE with a mortality rate of 35.3% [86]. Symptoms may include cough, progressive
and severe dyspnea, fever, chest pain, and hemoptysis in over 60% of cases. Some pa-
tients may be asymptomatic [87]. The diagnosis is based on CT, a chest radiography,
bronchoscopy, and bronchial lavage. Histopathologically, capillaritis and mononuclear
infiltrates, alveolar necrosis, and immune complex deposits of IgG and C3 can be found [39].
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Figure 5. Diffuse alveolar hemorrhage. A chest radiography shows bilateral widespread infiltrates
in both medium lower fields. A chest computed tomography shows left pulmonary embolism and
massive diffuse infiltration of both lung fields. R means right.

10. Association between Lupus Vasculitis and Antiphospholipid Syndrome

SLE is the most common disease with which APS occurs [20], and within SLE patients,
there is an association between LV and APS. Vascular injury and APS are often present
simultaneously in SLE patients [88–90] and are closely connected with each other given
that aPL can contribute to the damage of vascular endothelium during the vasculitic
process [20,21].

Specifically, aPL plays a pathogenetic role in some forms of LV, including retinal vas-
culitis [79], DAH [91–93], and renal vasculitis [70]. The concomitant presence of vasculitis
and APS is associated with a poor outcome. In particular, a comparison of the renal disease
severity and outcome in patients with primary APS, APS secondary to SLE, and SLE alone
revealed that APS worsens the prognosis of lupus nephritis [94].

11. Treatment

The treatment of LV is extremely varied and requires a timely diagnostic framework
to limit the potentially severe consequences and life-threatening manifestations. The wide
spectrum of clinical manifestations as a result of the inflammatory involvement of different-
sized vessels and different organs is the main limiting factor in the management of these
patients. Mesenteric vasculitis with bowel ischemia [52]; nervous systemic vasculitis—
specifically, multiple mononeuropathy, seizures, and transverse myelitis [95]—and pul-
monary vasculitis as diffuse alveolar hemorrhage [96] are the main severe complications in
SLE that need timely aggressive therapy.

Unfortunately, no robust body of literature is available to guide their management, and
therapeutic recommendations are commonly based upon other autoimmune conditions or
case reports, case series, and expert opinions [97] (Table 2).

Table 2. The treatments of different vascular manifestations in SLE.

Vascular
Manifestation

Type of
Study

No. of
Patients

Treatment
% Response

(or Remission)
Adverse Events Ref.

Cutaneous

Case report 1 Hydroxychloroquine
(200–400 mg/day) 100 N.R. [98]

Case series 13 Colchicine
(0.5–0.6 mg twice daily) 69

Mild (adominal
cramping and

diarrhea)

[99]

Clinical
experience 10 70 Mild [100]

Prospective
randomized

controlled trial
41 29 Mild [101]

Multicenter
study 69 Thalidomide (50 mg/day) 100 Mild (drowsiness

and constipation) [102]
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Table 2. Cont.

Vascular
Manifestation

Type of
Study

No. of
Patients

Treatment
% Response

(or Remission)
Adverse Events Ref.

Cutaneous

Case series 6 Azathioprine (2 mg/kg/day) 33

Leukopenia,
hepatic injury,

hypersensitivity
reaction, and

infections

[103]

Clinical trial 12 Immunoglobulin
(1 g/kg for 2 consecutive days followed

by 400 mg/kg monthly)

>75 N.R [104]

Case report 1 Patient died from
septic shock [105]

Case series 2 Rituximab 100 N.R. [106]

Gastrointestinal

Retrospective
cohort study 97

Cyclophosphamide (500–1000 mg/m2)
and prednisone (>30 mg)

Mycophenolate mofetil (2 g/day)
Corticosteroid only

84.5
Severe adverse

events occurred in
15 patients

[57]

Retrospective
study 38 Methylprednisolone (1 mg/kg/day) 100 N.R. [58]

Case series 5

Cyclophosphamide and
corticosteroids 80

N.R. [107]
Rituximab 20

Case series 3 Methylprednisolone (20 mg/kg/day for
5 days) and cyclophosphamide (1 g/m2) 100 N.R. [108]

Case series 19

Methylprednisolone pulse therapy
(1 g/day for 3 days), followed by

cyclophosphamide (1 g/m2

intravenously) in 4 cases.

90 N.R. [109]

Nervous
system

Controlled
clinical trial 32

Cyclophosphamide (0.75 g/m2 monthly
for 1 year and then every 3 months for

another year).
Methylprednisolone (1 g daily for 3 days,
monthly for 4 months, then bimonthly
for 6 months and subsequently every

3 months for 1 year)
Oral prednisone on the fourth day of

treatment (1 mg/kg/day)

75

Infections of the
gastrointestinal,

urinary and upper
respiratory tract.

Herpes zoster

[95]

Case report and
review of 34 cases 35

Rituximab and concomitant treatment
with corticosteroids, methylprednisolone,

cyclophosphamide or azathioprine
50 Herpes zoster

Infections [110]

Renal

Meta-analysis
(18 studies) 1989 Mycophenolate mofetil and

cyclophosphamide N.R. Infections [111]

Meta-analysis
(74 studies) 5175

High-dose steroids with
cyclophosphamide or mycophenolate

mofetil as induction therapy, and
low-dose steroids combined with

varying regimens of azathioprine or
mycophenolate mofetil for the

maintenance phase

N.R. Diarrhea [112]

Retrospective
study

61

Cyclophosphamide or mycophenolate
mofetil in combination with

glucocorticoids for the induction phase.
Mycophenolate mofetil or azathioprine
combined with low-dose glucocorticoid

regimens for the maintence phase.

N.R. No severe
adverse events

[113]

9 Plasmapheresis and baseline
immunosuppressive therapy 33 None

Systematic
review

(31 studies)
1259

Rituximab alone or in combination with
cyclophosphamide or

mycophenolate mofetil

77 Caucasian
38 East-Asian
28 Hispanic

N.R. [114]
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Table 2. Cont.

Vascular
Manifestation

Type of
Study

No. of
Patients

Treatment
% Response

(or Remission)
Adverse Events Ref.

Renal

Systematic
review

(15 studies) and
case report

20 Eculizumab 85 N.R. [115]

Pulmonary

Case series 16

High-dose corticosteroid, followed by
pulse methylprednisolone,

plasmapheresis, pulse
cyclophosphamide, and rituximab

N.R. Infections [86]

Case series 34 High dose of methylprednisolone (>3 g)
and cyclophosphamide N.R. N.R. [96]

Retrospective
clinical trials

40 SLE
(11 DHA) Therapeutic plasma exchange N.R. Mild (bleeding) [116]

Case control
study 22

Various combinations of corticosteroids,
plasmapheresis, cyclophosphamide,

rituximab, and mycophenolate mofetil.
N.R. N.R. [92]

Case report 1 rFVIIa 75 μg/kg N.R. None [117]

Case report 1 Extracorporeal Membrane Oxygenation N.R. None [118]

Retrospective
study 4 Umbilical cord-derived mesenchymal

stem cell transplantation N.R. None [119]

Retinal

Case report 1
Plasmapheresis and the bilateral

administration of intravitreal
ranibizumab (0.5 mg) and rituximab

N.R. None [120]

Case report 1 Plasmapheresis, followed by rituximab
and mycophenolate mofetil 100 None [121]

Case report Rituximab (1 g) and cyclophosphamide
(10 mg/kg) 100 None [122]

Case series 2

Plasmapheresis, followed by a single
intravenous infusion of

cyclophosphamide (750 mg)
Plasmapheresis and methotrexate

(15 mg weekly)

N.R. None [123]

Case series 2

Panretinal photocoagulation, rituximab
(750 mg/m2 × 2 weeks), and

cyclophosphamide (750 mg/m2 per
dose) with a concurrent pulse of
methylprednisolone (1000 mg)

Methylprednisolone (1000 mg) plus
rituximab (750 mg/m2 × 2 weeks) and

monthly cyclophosphamide
(750 mg/m2 × 7 months).

N.R. N.R. [124]

Coronary

Case report 1 Prednisone (60 mg once a day) and
cyclophosphamide (1300 mg monthly) 100 N.R. [83]

Case report 1 Methylprednisolone (1 g) and
cyclophosphamide (1 g) 100 N.R. [125]

Case report 1

Methylprednisolone 1000 mg daily for
3 days, followed by 1-mg/kg/day

prednisone in addition to a single dose of
intravenous cyclophosphamide 860 mg
and oral hydroxychloroquine 400 mg

daily. Orthotopic heart transplant

0 N.R. [126]

Abbreviations: N.R. = not reported; DHA = diffuse alveolar hemorrhage; rFVIIa = recombinant activated coagulation factor VII.

In this context, the updated EULAR (European League Against Rheumatism) rec-
ommendations for SLE are a clinical reference point, although LV treatment should be
tailored to the severity of the disease and its associated symptoms [127]. Mild-to-moderate
manifestations are usually handled with oral corticosteroids and immunosuppressants
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such as methotrexate, azathioprine, and mycophenolate mofetil. A more aggressive therapy
with intravenous high-dose corticosteroids, cyclophosphamide, rituximab, intravenous
immunoglobulin, and/or plasmapheresis is considered for the severe and life-threatening
forms [69].

Cutaneous vasculitis often requires anti-malarias; hydroxychloroquine (200–400 mg/day)
has been considered in some patients with success, primarily those with hypocomple-
mentemia urticarial vasculitis [98,128]. It is generally well-tolerated, though its potential
ophthalmological toxicity is well-known and needs regular monitoring. In skin-limited
vasculitis, the responses to colchicine (0.6 mg twice daily) have been described in several
open-label case series [99–101], although relapses have been reported after colchicine ther-
apy interruption. In the case of poor efficacy or contraindications for the drug, thalidomide
and dapsone (50–200 mg/day) can be used, with good results [97,102,128]. In a multicenter
Chinese study, 69 patients with cutaneous lesions of SLE were treated for 8 weeks with
a starting dose of thalidomide at 25 mg daily and gradually increased. The maximum
ratio of an effective and maintenance dose of thalidomide were both at 50 mg daily, and
the rate of total remission rose to 100% at the eighth week [102]. Oral glucocorticoids
(methylprednisolone > 15 mg/day) may be required for a short period of time for painful,
ulcerative, or otherwise severe diseases in order to speed up the resolution [1,97,129].
Among Conventional Disease-Modifying Antirheumatic Drugs (cDMARDs), azathioprine
(2 mg/kg/day) has been successfully used in the treatment of various types of systemic
vasculitis, including severe lupus cutaneous vasculitis resistant to conventional therapy,
with some adverse events such as leukopenia, hepatic injury, hypersensitivity reaction, and
infections [97,100,103]. For resistant cases of lupus cutaneous vasculitis, immunoglobulin
could be an off-label option. The usual starting dose is 1 g/kg for 2 consecutive days,
followed by 400 mg/kg monthly until disease resolution or for 6 months [104,105]. The
anti-CD20 antibody rituximab is a safe, effective treatment for refractory chronic cutaneous
small vessel vasculitis that is nonresponsive to traditional therapies [106]. Although there
are no data about the effectiveness of JAK inhibitors in LV, the high efficacy of these drugs
in many skin manifestations, including atopic dermatitis [130], psoriasis [131], and graft-
versus-host disease [132], suggests that they may represent a new effective weapon for
treating LV.

The current treatment for gastrointestinal LV includes a high dose of corticosteroids,
intravenous infusions of methylprednisolone with subsequent tapering, and for patients
with recurrent disease or that do not respond to intravenous prednisolone alone, intra-
venous cyclophosphamide should be considered [57,58,107–109,133]. The successful use
of rituximab has also been reported in case series [107]. When a rapid response is not
achieved, surgical options should be considered.

In a controlled long-term clinical trial, multiplex mononeuropathy, seizures, and
transverse myelitis were successfully treated with a frontline therapy based on methylpred-
nisolone 3 g daily for 3 days as the induction treatment, followed by cyclophosphamide
for 2 years at 0.75 g/m2 of the body surface, monthly for 1 year, and then every 3 months
for another year [95]. Several studies have supported the off-label use of rituximab in
cases of severe refractory neuropsychiatric SLE, but a relapse after rituximab treatment
was observed in 45% of the cases [110].

The treatment of renal microvascular lesions in lupus nephritis remains undefined,
and the current therapeutic strategies are based on glomerular pathology. The gold stan-
dard for inducing remission in systemic necrotizing vasculitis and severe lupus nephritis is
the combination of high-dose steroids with cyclophosphamide or mycophenolate mofetil
as the induction therapy and low-dose steroids combined with varying regimens of aza-
thioprine or mycophenolate mofetil for the maintenance phase [111,112,134]. An update of
a Cochrane review first published in 2004 showed that a mycophenolate mofetil treatment
can result in increased complete disease remission compared with cyclophosphamide,
with acceptable toxicity, although with low certainty evidence. Calcineurin inhibitors,
alone and in combination with mycophenolate mofetil, may have comparable or improved
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rates of disease remission compared with cyclophosphamide and a lower toxicity but
uncertain effects. Maintenance therapy based on azathioprine may increase the disease
relapse compared with mycophenolate mofetil [112]. A retrospective study assessed the
efficacy of plasmapheresis in patients with lupus nephritis combined with thrombotic
microangiopathy, highlighting the improvements in recovery and renal outcome in pa-
tients who received plasmapheresis associated with corticosteroid and immunosuppressive
drugs compared with those treated with corticosteroid and immunosuppressive drugs
alone [113]. The role of rituximab in the induction therapy has not been clearly established
for lupus nephritis. In a recent systematic review, an analysis of 31 studies of rituximab
for class I-VI lupus nephritis revealed the heterogeneous efficacy of rituximab alone or in
combination with cyclophosphamide or mycophenolate mofetil among patients of different
ethnic and racial backgrounds, lupus nephritis classes, time courses of the disease, ages,
and prior immunosuppressive uses [114]. For cases resistant to conventional therapy, alter-
native strategies may be used. Eculizumab, a fully humanized monoclonal antibody that
inhibits the human C5 complement component, might be an alternative treatment of severe
refractory lupus renal vasculitis [115,135]. Recently, new drugs, including Obinutuzumab
(anti-CD20 monoclonal antibody) for B-cell depletion or belimumab (anti-”B-cell activating
factor” monoclonal antibody neutralization) for B-cell neutralization and Voclosporin (a
calcineurin inhibitor with a low profile of renal and systemic toxicity) have shown promis-
ing results regarding an improvement in the renal response in addition to the standard
therapy in patients with lupus nephritis and might represent new potential therapeutic
strategies for lupus renal vasculitis [136–138].

In pulmonary vasculitis with DAH, a high dose of methylprednisolone (4–8 g, above
the conventional dosage of 3 g) [96] and cyclophosphamide remain the most commonly
used therapies [139,140]. Plasmapheresis [116] and rituximab [86] are the other beneficial
treatment options in refractory cases [92]. Experimental strategies such as Intrapulmonary
Factor VII therapy [117], extracorporeal membrane oxygenation [118], and umbilical cord-
derived mesenchymal stem cell transplantation [119] are limited to selective severe cases.

The mainstay of the treatment of retinal vasculitis in lupus is systemic immunosup-
pression with high-dose oral corticosteroids. Once disease control is reached, low-dose
systemic glucocorticoids and hydroxychloroquine are often used long term to prevent
disease flares. Cases of severe retinal vasculitis that are refractory to steroid therapy are
treated with plasmapheresis; rituximab; or a combination of plasmapheresis, rituximab,
and intravitreal ranibizumab (a monoclonal antibody against vascular endothelial growth
factor A) [120–123]. In pediatric patients with SLE and occlusive retinopathy, an early
intervention with a combination of B-cell depletion therapy and a traditional cytotoxic
agent such as cyclophosphamide should be considered [124]. Pan-retinal photocoagulation
and intravitreal anti-vascular endothelial growth factor injections can induce the regression
of macular edema and retinal neovascularization [80,124].

There is no established therapy for SLE coronary vasculitis, although few case reports
have reported clinical benefits with intravenous pulse dose methylprednisolone associated
with intravenous cyclophosphamide in active SLE patients [83,125,141]. When SLE coro-
nary vasculitis is refractory to immunosuppressant therapy, an orthotropic heart transplant
should be performed [126].

12. Conclusions

Vasculitis occurs frequently in SLE patients with an active disease and poor prognosis.
Lupus vasculitis is characterized by varying manifestations, given that it can affect any
organ system. A prompt diagnosis and adequate treatment are essential. The modalities
for treatment are tailored according to the presentation and severity of the disease. Due to
a lack of randomized controlled trials specific for LV, therapeutic decisions are based on
experiences treating other autoimmune conditions, other forms of vasculitis syndromes, or
case reports.
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Abstract: Background: Postoperative delirium (POD) ranks among the most common complications
in surgical patients. Blood-based biomarkers might help identify the patient at risk. This study
aimed to assess how serum biomarkers with specificity for vascular and endothelial function and for
inflammation are altered, prior to or following surgery in patients who subsequently develop POD.
Methods: This was a study on a subcohort of consecutively recruited elective non-cardiac as well as
cardiac surgery patients (age > 60 years) of the single-center PROPDESC trial at a German tertiary
care hospital. Serum was sampled prior to and following surgery, and the samples were subjected
to bead-based multiplex analysis of 17 serum proteins (IL-3, IL-8, IL-10, Cripto, CCL2, RAGE,
Resistin, ANGPT2, TIE2, Thrombomodulin, Syndecan-1, E-Selectin, VCAM-1, ICAM-1, CXCL5,
NSE, and uPAR). Development of POD was assessed during the first five days after surgery, using
the Confusion Assessment Method for ICU (CAM-ICU), the CAM, the 4-‘A’s test (4AT), and the
Delirium Observation Scale (DOS). Patients were considered positive if POD was detected at least
once during the visitation period by any of the applied methods. Non-parametric testing, as well as
propensity score matching were used for statistical analysis. Results: A total of 118 patients were
included in the final analysis; 69% underwent non-cardiac surgery, median overall patient age was
71 years, and 59% of patients were male. In the whole cohort, incidence of POD was 28%. The
male gender was significantly associated with the development of POD (p = 0.0004), as well as a
higher ASA status III (p = 0.04). Incidence of POD was furthermore significantly increased in cardiac
surgery patients (p = 0.002). Surgery induced highly significant changes in serum levels of almost
all biomarkers except uPAR. In preoperative serum samples, none of the analyzed parameters was
significantly altered in subsequent POD patients. In postoperative samples, CCL2 was significantly
increased by a factor of 1.75 in POD patients (p = 0.03), as compared to the no-POD cohort. Following
propensity score matching, CCL2 remained the only biomarker that showed significant differences in
postoperative values (p = 0.01). In cardiac surgery patients, postoperative CCL2 serum levels were
more than 3.5 times higher than those following non-cardiac surgery (p < 0.0001). Moreover, after
cardiac surgery, Syndecan-1 serum levels were significantly increased in POD patients, as compared
to no-POD cardiac surgery patients (p = 0.04). Conclusions: In a mixed cohort of elective non-
cardiac as well as cardiac surgery patients, preoperative serum biomarker profiling with specificity
for vascular dysfunction and for systemic inflammation was not indicative of subsequent POD
development. Surgery-induced systemic inflammation—as evidenced by the significant increase in
CCL2 release—was associated with POD, particularly following cardiac surgery. In those patients,
postoperative glycocalyx injury might furthermore contribute to POD development.
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1. Introduction

Postoperative delirium (POD) ranks among the most common perioperative com-
plications in surgical patients. Since the prevalence of POD is known to increase with
patient age, and the average age of the general surgical patient population likewise in-
creases, so does the incidence of POD. Comorbidities and the type of surgery do have
a further impact, resulting in a statistical risk for POD ranging from 2.5% in the general
surgical population up to 70% in patients requiring emergency femur fracture repair [1].
POD is characterized as cognitive impairment with an acute and fluctuating disturbance
in awareness and attention, appearing in either hyper- or hypoactive manifestation or a
combination of both [2]. Commonly occurring within the first five postoperative days,
POD was shown to increase the length of stay (LOS) in the intensive care unit (ICU) and
in hospital [3]. It is also associated with an up to 10 times increased 30-day mortality,
as compared to individuals without POD [4]. Furthermore, the risk for long-term care
dependency is likewise increased by up to three times [5]. Not least for these reasons, POD
is associated with significantly increased health care costs and thus represents a substantial
economic factor [3].

As strategies exist to reduce the risk for POD, especially in the vulnerable population,
there is a particular need to identify those patients who are prone to develop POD. To
this end, scores were developed and validated to determine the risk by including clinical
parameters such as age, comorbidities, preoperative mental status, or details on surgery [6].
Blood-based biomarkers might provide additional information. It was shown that stress-
induced mediators such as cortisol, C-reactive protein (CRP), or IL-6 might be associated
with subsequent POD development [7]. The significant increase in the prevalence of
delirium in septic patients provides further evidence for the role of systemic inflammation
in delirogenesis [8].

Systemic inflammation and sepsis are furthermore associated with altered microvas-
cular function, resulting in blood-brain barrier disruption, for example [9,10]. Meanwhile,
biomarkers with specificity for vascular and endothelial injury, such as soluble adhesion
molecules (Selectins and CAMs (Cellular Adhesion Molecules)), Angiopoietins, and soluble
TIE2 receptor, or glycocalyx components (Syndecan-1) play a substantial role in estimating
the prognosis of septic patients [11]. Moreover, clinical risk factors for vascular damage,
including nicotine abuse, diabetes, or atherosclerosis as well as intraoperative vascular
disturbances were shown to be associated with an increased risk for POD, underscoring
the significance of impaired vascular and endothelial integrity for the pathogenesis of
POD [12,13]. However, whether biomarkers with specificity for vascular function might be
altered prior to or following surgery in patients that subsequently develop POD is not yet
systemically investigated. Therefore, we assessed a panel of 17 biomarkers characteristic
for vascular activation and permeability and for systemic inflammation in serum samples
from elective adult patients across all relevant types of surgery. Analyses were performed
on a subcohort of the single-center PROPDESC trial [14].

2. Materials and Methods

2.1. Study Design and Patient Population

The PRe-Operative Prediction of postoperative DElirium by appropriate SCreening
(PROPDESC) trial is an investigator-initiated prospective monocentric observational study
at the Department of Anesthesiology and Intensive Care Medicine, University Hospital
Bonn. Details of the study design were previously described [14]. The trial was conducted
in accordance with the Declaration of Helsinki and after approval by the institutional
review board (IRB) of the University of Bonn (protocol number 255/17, date of approval
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18 September 2017; Chairman—Professor K. Racké). The study was registered in the
German Clinical Trials Register (protocol number DRKS00015715). Analyses of the herein
presented study were performed on a subcohort of participants consecutively recruited
between July and September 2019. Inpatients from various surgical specialties, including
general, orthopedic, and trauma, cardiac, thoracic, vascular, ear–nose–throat, urologic,
and plastic surgery were prospectively screened for eligibility to the study. Inclusion
criteria were—elective surgery scheduled for a duration of at least 60 minutes, patient
age >60 years, willingness and ability to provide written informed consent. Exclusion
criteria were—emergency procedures, substantial language barriers, and a lack of patients’
compliance with the study protocol, which was determined by the respective physician. A
checklist according to the STROBE statement can be found in Supplementary Materials.

Recorded preoperative baseline characteristics included patient age, sex, body mass
index (BMI), American Society of Anesthesiologists (ASA) Physical Status Classifica-
tion System, surgical risk, surgical specialty, and preoperative routine laboratory values
(hemoglobin (Hgb), HbA1c, leukocyte count, sodium, potassium, creatinine, CRP, total
protein, high-sensitive cardiac troponin T (hs-TnT), and NT-proBNP). For surgical risk
classification, the 5-level Johns Hopkins classification of intervention risk was transformed
into a 3-level modified classification (low, intermediate, high risk (adapted from Glance
et al. [15]).

2.2. Serum Sampling and Biomarker Profiling

All patients recruited to PROPDESC during the above-mentioned period were sub-
jected to an additional serum biomarker profiling and included in the study. Ten milliliter
of blood were drawn prior to and following surgery. The coagulated samples were cen-
trifuged (3.000 rpm, 4 ◦C, 10 min), and serum aliquots were stored at −80 ◦C for subsequent
analysis. In serum samples, the following 17 proteins were assessed using custom-made
Luminex™ multiplex arrays (RnD Systems, Minneapolis, MN, USA):

Interleukin-3 (IL-3), IL-8, IL-10, Cripto, CC-chemokine Ligand 2 (CCL2), soluble Re-
ceptor for Advanced Glycation Endproducts (RAGE), Resistin, Angiopoietin-2 (ANGPT2),
soluble Tyrosine Kinase with Immunoglobulin-like and EGF-like domains 2 (TIE2), Throm-
bomodulin (THBD), Syndecan-1 (SDC1), E-Selectin, soluble Vascular Cell Adhesion Protein
1 (VCAM-1), soluble Intercellular Adhesion Molecule 1 (ICAM-1), C-X-C Motif Chemokine
5 (CXCL5), Neuron-specific Enolase (NSE), and Urokinase Plasminogen Activator Surface
Receptor (uPAR).

All analyses were performed according to the manufacturer’s protocol. Bead-based
multiplex arrays such as the Luminex™ system are described in the work from Zhang
et al. [16]. Arrays were analyzed using a MAGPIX™ reader (Luminex Corp., Austin,
TX, USA). Results are given in pg/mL serum. Values below the assay’s lower detection
limit (undetected values) were set to half the lower detection limit when the number of
undetected values did not exceed 15% of all values of the respective protein in the whole
cohort. When number of undetected values exceeded 15% of all values of the respective
protein in the whole pre- as well as postoperative cohort, these analytes were totally
excluded from further analysis. All experimental tests were performed in duplicates. The
mean value was calculated from these results and used for further statistical analysis.
All personnel performing the serum analyses were blinded for intra- and postoperative
patient data.

2.3. Assessment of POD

POD assessment and postoperative data recording were implemented through regular
patient rounds in the ICU and peripheral wards. Primary endpoint was development
of POD within the first five days following surgery. POD assessments were performed
every morning by trained study personnel on each of the first five days after surgery or
after ending of sedation (RASS (Richmond Agitation and Sedation Scale) level ≥ −3),
respectively. The Confusion Assessment Method for ICU (CAM-ICU) was used for ICU
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patients [17], while the Confusion Assessment Method (CAM) [18] and the 4-‘A’s test
(4AT) [19] were used for the patients in the peripheral ward. In order not to miss any
POD-positive patients due to spot examination, the Delirium Observation Scale (DOS) [20]
was additionally used. A 4AT score of 4 points and a DOS score of 3 points onwards,
respectively, was considered positive. Primary endpoint was considered to be achieved if
POD was detected at least once during the 5-day visitation period by any of the applied
assessment methods (CAM-ICU, CAM, 4AT, or DOS). If patients died during the 5-day
visitation period, they were classified as delirious for subsequent analysis if they showed a
positive test result prior to death. If not, they were excluded from later analysis.

Additionally recorded data included details on anesthesia and surgery (general or
regional or combined anesthesia, duration of surgery, duration of mechanical ventilation,
postoperative admission to ICU, and LOS in hospital).

2.4. Statistical and Bioinformatical Analysis

Structured patient data and results of POD assessment were entered into the elec-
tronic database “REDCap”, which is administered by the Institute for Medical Biometrics,
Informatics and Epidemiology (IMBIE) of the University Hospital Bonn. All data including
results from biomarker assessment were then transferred into MS Excel 2019 (Microsoft
Corp., Redmond, CA, USA). Statistical analysis and visualization were performed using
GraphPad PRISM 8.4.3 (La Jolla, CA, USA) and the statistical computing environment R
3.5.1 (Vienna, Austria).

All data are presented as percentage values or as median values with 25th and 75th
percentile, respectively. To assess differences between groups (non-paired samples), non-
parametric Mann-Whitney U test was used; in case of comparisons of pre- and postop-
erative measurements (paired samples), Wilcoxon rank-sum tests were applied. Binary
variables were compared using Fisher’s exact test. p values < 0.05 (two-sided) were consid-
ered statistically significant.

For the analysis of serum samples, a nearest neighbor-based propensity score match-
ing [21] was performed to generate a control group with similar baseline characteristics
to the POD group. Variables considered for the logistic regression model to estimate the
propensity score were surgical risk, CRP, leukocyte count, BMI, patient age, duration of
surgery, and patient gender. For the comparison of the matched groups, the corresponding
Wilcoxon rank-sum test for paired samples was applied.

The datasets generated and analyzed during the current study are available from the
corresponding author on request.

3. Results

A total of 123 consecutive participants of the PROPDESC trial were prospectively
recruited to this subcohort study. Five patients were excluded from later analysis as
multiplex array analysis of postoperative serum samples failed, resulting in a total of
118 assessed patients with complete data, as well as serum sample sets. A total of 81 patients
(69%) underwent non-cardiac surgery. All patients but one, who received conscious
sedation, received general anesthesia. Overall median patient age was 71 years (66–78),
and 70 patients (59%) were male. Three patients (2.5%) were classified ASA I, 35 patients
(29.7%) ASA II, 70 patients (59.3%) ASA III, and 10 patients (8.5%) were classified as
ASA IV. Risk of surgery was considered low in 11 cases (9.3%), intermediate in 47 cases
(39.8%), while it was considered high in 60 cases (50.9%). Sixty-six patients (55%) were
immediately admitted to ICU (including Intermediate Care Unit (IMC)), while the others
were transferred to the peripheral ward from the recovery room. Details on further patient
characteristics as well as on surgical procedures are given in Table 1.
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Table 1. Patient and procedural details.

Parameter Median (25th–75th Percentile)

Patient details:
n 118

Age (years) 71 (66–78)
Male gender (n [%]) 70 (59)

Body mass index (kg/m2) 27.3 (24.4–30.2)
ASA status:

I (n [%]) 3 (2.5)
II (n [%]) 35 (29.7)
III (n [%]) 70 (59.3)
IV (n [%]) 10 (8.5)

Preoperative routine laboratory values:
Hemoglobin (g/dL) 13.4 (12.2–14.5)

HbA1C (%) 5.6 (5.4–6.2)
Leukocyte count (G/L) 6.9 (5.9–8.8)

Sodium (mmol/L) 140 (138–142)
Potassium (mmol/L) 4.4 (4.1–4.7)
Creatinine (mg/dL) 0.9 (0.78–1.05)

C-reactive protein (mg/L) 3.1 (1.1–8.8)
Total protein (g/L) 69 (65–73)

High-sensitive cardiac troponin T (ng/L) 12.9 (8.1–20.3)
NT-proBNP (pg/mL) 235 (114–796)

Procedural and anesthesia details:
Surgical risk:
Low (n [%]) 11 (9.3)

Intermediate (n [%]) 47 (39.8)
High (n [%]) 60 (50.9)

Surgical specialty:
General (n [%]) 18 (15)

Orthopedic and trauma (n [%]) 35 (30)
Cardiac (n [%]) 37 (31)
Thoracic (n [%]) 2 (2)
Vascular (n [%]) 4 (3)

Ear-nose-throat (n [%]) 11 (9)
Urologic (n [%]) 9 (8)
Plastic (n [%]) 2 (2)

Placement of epidural catheter (n [%]) 6 (5)
Duration of surgery (min) 219 (136–298)

Duration of mechanical ventilation (h) 6.0 (3.6–14.0)
Postoperative admission to ICU (n [%]) 66 (55)

Length of hospital stay (days) 13 (10–23)
Data are given as percentage values or as median values with 25th and 75th percentile, respectively.
ASA = American Society of Anesthesiologists, NT-proBNP = N-terminal prohormone of brain natriuretic peptide,
and ICU = Intensive Care Unit.

Biomarker profiling was performed in pre- and in postoperative serum samples. In
total, 236 serum samples were analyzed. For IL-3, IL-10, and Cripto, the number of un-
detected values exceeded 15% of all values of the respective protein in the whole pre- as
well as postoperative cohort, therefore, these proteins were totally excluded from further
analysis, resulting in 14 serum proteins being analyzed. As shown in Figure 1 (and in
Supplemental Table S1), according to the Wilcoxon rank-sum test, surgery induced highly
significant changes in serum levels of almost all biomarkers for vascular activation, per-
meability, and inflammation, with the exception of uPAR. While there was a considerable
interindividual spread in pre- as well as postoperative markers, some of them were de-
creased in postoperative samples (E-Selectin, ICAM-1, THBD, TIE2, CXCL5), while others
were increased following surgery, as compared to preoperative levels. Percentage de-
crease of median levels was most pronounced in TIE2 (reduction to 70.3%), and percentage
increase was most pronounced in IL-8 (increase to 203%).
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Figure 1. Pre- and postoperative serum biomarker profiling. Serum was sampled prior to and following surgery from
a mixed cohort of consecutively recruited elective non-cardiac as well as cardiac surgery patients. Biomarker profiling
was performed using the multiplex array technique. Data are given as median values (black dashed line) with 25th and
75th percentile (white dashed lines) and were compared using the Wilcoxon rank-sum test. n = 118. ns = not significant,
** p < 0.01, *** p < 0.005. E-Sel = E-Selectin, ICAM-1 = Intercellular Adhesion Molecule 1, VCAM-1 = Vascular Cell Adhesion
Protein 1, SDC1 = Syndecan-1, THBD = Thrombomodulin, ANGPT2 = Angiopoietin-2, TIE2 = Tyrosine Kinase with
Immunoglobulin-like and EGF-like domains 2, IL-8 = Interleukin-8, CCL2 = CC-chemokine Ligand 2, RAGE = Receptor for
Advanced Glycation Endproducts, CXCL5 = C-X-C Motif Chemokine 5, uPAR = Urokinase Plasminogen Activator Surface
Receptor, and NSE = Neuron.

Development of POD was assessed during the first five days after surgery or after
ending of sedation, respectively. In the whole cohort, incidence of POD was 28% (33 pa-
tients). While 18 patients were considered POD-positive for one day, POD remained for
two days in 9 patients and for three or more days in 6 patients. A total of 20 patients
developed POD on postoperative day 1 or 2 (early-onset), while 13 developed POD on
day 3 to 5 (late-onset). According to the Fisher’s exact test, the male sex was significantly
associated with the development of POD (28 male vs. 5 female patients, p = 0.0004), as
was higher ASA status III (p = 0.04). In the POD subcohort, overall duration of mechanical
ventilation was significantly increased (11.0 (4.6–26.1) vs. 5.1 (3.4–10.8) h), and immediate
postoperative admission to ICU was more common (p = 0.008). In contrast, there was no
difference in POD incidence between low to intermediate and high-risk surgery (p = 0.1)
or concerning the preoperative routine laboratory parameters (p = 0.07). Duration of
surgery was likewise not different between the POD and the no-POD group (249 (168–336)
vs. 204 (132–278) min, p = 0.13). Details on patient characteristics as well as on surgical
procedures in both subcohorts are given in Supplementary Table S2.

The results of the pre- and the postoperative multiplex biomarker assessment for the
POD and the no-POD cohort, respectively, are shown in Figure 2 and in Supplemental
Table S3. According to the Mann-Whitney test, in preoperative serum samples, none of the
analyzed parameters was significantly altered in the POD patients, as compared to the no-
POD cohort (Figure 2A). As for the whole cohort, there was a considerable interindividual
spread. This also applied to the postoperative serum sample values. However, as shown in
Figure 2B, values for CCL2 following surgery were significantly increased by a factor of
1.75 in POD patients (p = 0.03), as compared to the no-POD cohort.

174



Biomedicines 2021, 9, 553

Figure 2. Pre- and postoperative serum biomarker profiling (no-POD and POD). Serum was sampled prior to (A) and
following surgery (B) from a mixed cohort of consecutively recruited elective non-cardiac, as well as cardiac surgery
patients. Biomarker profiling was performed using the multiplex array technique. The whole cohort was divided according
to development of postoperative delirium (POD). Data are given as median values (black dashed line) with 25th and
75th percentile (white dashed lines) and were compared using the Mann-Whitney U test. no POD: n = 85, POD: n =
33. ns = not significant, * p < 0.05. E-Sel = E-Selectin, ICAM-1 = Intercellular Adhesion Molecule 1, VCAM-1 = Vascular
Cell Adhesion Protein 1, SDC1 = Syndecan-1, THBD = Thrombomodulin, ANGPT2 = Angiopoietin-2, TIE2 = Tyrosine
Kinase with Immunoglobulin-like and EGF-like domains 2, IL-8 = Interleukin-8, CCL2 = CC-chemokine Ligand 2, RAGE
= Receptor for Advanced Glycation Endproducts, CXCL5 = C-X-C Motif Chemokine 5, uPAR = Urokinase Plasminogen
Activator Surface Receptor, and NSE = Neuron-specific Enolase.
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Since some of the analyzed (particularly postoperative) biomarkers tended to be
different in the POD cohort but without actually reaching statistical significance when
being compared to the control cohort, a propensity score matching was performed in order
to correct for the potential confounders and to increase statistical power. However, CCL2
remained the only biomarker showing significant differences in postoperative absolute
(p = 0.01) as well as fold-change values (p = 0.03), while the preoperative samples showed
no difference between the two subcohorts (Figure 3). Complete results of the matched-pairs
serum analysis are given in Supplementary Table S4.

 
Figure 3. Pre- and postoperative serum biomarker profiling (no-POD and POD) following propensity
score matching. Serum was sampled prior to and following surgery from a mixed cohort of consec-
utively recruited elective non-cardiac as well as cardiac surgery patients. Biomarker profiling was
performed using the multiplex array technique. Development of postoperative delirium (POD) was
assessed, and POD-positive patients were matched with respect to no-POD controls using propensity
score matching. Figure shows results for the CCL2 (CC-chemokine Ligand 2) serum levels. Data are
given as median values (black dashed line) with 25th and 75th percentile (white dashed lines) and
were compared using Wilcoxon rank-sum test. no POD: n = 33, POD: n = 33. ns = not significant,
* p <0.05.

According to Fisher’s exact test, the incidence of POD was significantly increased
in cardiac surgery patients, as compared to non-cardiac surgery (18 out of 37 (49%) vs.
15 out of 81 patients (19%), p = 0.002; Figure 4A). In cardiac surgery patients, CCL2 was
the only one among all analyzed biomarkers that showed a highly significant difference in
postoperative absolute (1117 (670.8–1749) vs. 315.9 (240.1–481.6) pg/mL), as well as fold-
change increase (3.21 (2.51–6.17) vs. 0.93 (0.71–1.29)), irrespective of POD development, as
compared to the non-cardiac surgery patients (p < 0.0001) (Figure 4B). Postoperative CCL2
serum levels were more than 3.5 times higher following cardiac surgery than following
non-cardiac surgery. When the subcohort of cardiac surgery patients was furthermore
divided according to subsequent POD development, only postoperative SDC1 serum levels
were significantly increased in POD patients, as compared to no-POD cardiac surgery
patients (3985 (3005–5871) vs. 2951 (2451–3959) pg/mL, p = 0.04) (Figure 4C).
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Figure 4. Pre- and postoperative serum biomarker profiling in cardiac and non-cardiac surgery
patients. Serum was sampled prior to and following surgery from a mixed cohort of consecutively
recruited elective non-cardiac as well as cardiac surgery patients. Biomarker profiling was performed
using multiplex array technique. Development of postoperative delirium (POD) was assessed.
(A) Prevalence of POD was significantly increased in cardiac surgery patients, as compared to non-
cardiac surgery (18 out of 37 (49%) vs. 15 out of 81 patients (19%)). Fisher’s exact test. *** p < 0.005.
(B) In cardiac surgery patients, CCL2 (CC-chemokine Ligand 2) showed a significant difference
in postoperative absolute as well as fold-change increase, irrespective of POD development, as
compared to the non-cardiac surgery patients. non-cardiac: n = 81, cardiac: n = 37. (C) In cardiac
surgery patients, postoperative SDC1 (Syndecan-1) serum levels were significantly increased in
patients that subsequently developed POD, as compared to the no-POD cardiac surgery patients. no
POD: n = 19, POD: n = 18. (B,C) Data are given as median values (black dashed line) with 25th and
75th percentile (white dashed lines) and were compared using the Mann-Whitney U test. ns = not
significant, * p < 0.05, *** p < 0.005.

4. Discussion

Vascular injury as well as clinically evident systemic inflammation were both asso-
ciated with increased risk of POD [7,8,12]. Our herein presented results of the analysis
of 17 serum biomarkers with specificity for vascular activation and permeability and for
inflammation, revealed that almost all markers were significantly altered following surgery,
as compared to the preoperative values. However, with the exception of CCL2, none of the
other biomarkers analyzed was significantly different in pre- or in postoperative samples
in patients that later developed POD, as compared to the no-POD subcohort. A paired
analysis following propensity score matching confirmed the results. Incidence of POD was
furthermore significantly increased following cardiac surgery, as compared to non-cardiac
surgery patients. Among all biomarkers, CCL2 was the only one that showed a highly
significant difference in postoperative increase, following cardiac surgery, as compared to
the non-cardiac surgery patients, suggesting a critical role of proinflammatory activation
in the pathogenesis of POD in this patient population. Furthermore, postoperative SDC1
serum levels were significantly increased in cardiac surgery patients who developed POD,
as compared to those without subsequent POD.
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POD is supposed to be mediated by neuroinflammation and might therefore be des-
ignated as an inflammatory “state of mind” [22]. Although still elusive, the underlying
factors in the pathogenesis of POD appear to be numerous. Patient age and gender, preex-
isting cognitive decline, comorbidities including (among numerous others) alcohol abuse,
diabetes, and hypertension, and emergency surgery were identified as predisposing factors
that might not or at least might not be significantly influenced [1]. In contrast, precipitating
factors such as perioperative pharmacological and anesthesiological management, extent
and invasiveness of surgical measures, and preservation of fluid and temperature home-
ostasis can be actively controlled, thereby offering the chance to reduce the risk for POD
development. The rationale of any preoperative screening instrument, whether score- or
biomarker-based, is to identify those patients that might either benefit from further and
thorough preoperative evaluation, from an adjustment in perioperative management, or
from prolonged or more intense postoperative monitoring. Therefore, the first step in a
successful reduction of the risk for POD is to identify the patient at risk.

In preoperative risk stratification, biomarkers are gaining more and more importance.
Brain natriuretic peptide (BNP) or its N-terminal prohormone, for example, were shown
to be validly associated with the incidence of myocardial injury, as well as with major
adverse cardiac events after non-cardiac surgery [23,24]. Therefore, preoperative BNP
assessment for perioperative cardiac risk stratification is recommended by recent national
guidelines [25,26]. It was demonstrated that the predictive power of score-based screening
tools for perioperative risk assessment was significantly improved when combined with
biomarkers [27].

Myocardial injury, besides sepsis and bleeding, is still one of the most important
determinants of postoperative mortality, therefore, the use of biomarkers with specificity
for cardiac morbidity is most validated and established in preoperative risk assessment.
However, the primary goal of perioperative medicine should not only be survival but rather
a favorable treatment outcome in terms of physical, as well as mental performance, partic-
ularly avoiding cognitive decline to preserve a satisfying quality of life. The single-center
PROPDESC trial was designed to identify score-based parameters that allow estimation
of the patients’ individual risk for POD development from preoperative routine data in
a cohort of elective surgery patients aged >60 years [14]. The results of the herein pre-
sented analysis were obtained from a large subcohort of consecutively enrolled PROPDESC
patients who underwent additional biomarker profiling to identify potential candidate
markers that might help improve score-based screening [27]. This subcohort comprised
patients from relevant types of non-cardiac surgery as well as from cardiac surgery, and
covered low- to high-risk procedures, thereby forming a representative sample from the
population of elderly surgical patients at a German tertiary care hospital. The 14 assessed
biomarkers were grouped into either vascular-specific or markers representing systemic
inflammation. Surgery resulted in significant changes of postoperative serum levels in
almost all biomarkers, as compared to preoperative levels. Increase in proinflammatory me-
diators following surgery was well described previously, and was among others, associated
with the invasiveness of procedures [7,28,29]. In contrast, markers for vascular activation
showed a more heterogenous kinetic. In line with results from others, some of them like
E-Selectin, ICAM-1, or TIE2 were decreased in postoperative serum samples [29,30], while
others (Syndecan-1, ANGPT2) were increased, indicating surgery-induced vascular and
endothelial activation or injury [30,31].

Development of POD in our study was assessed using three different methodologies,
each validated for the detection of hypo- or hyperactive or combined POD [17–20]. In our
whole study cohort, 28% of patients were rated POD-positive during the first five days
following surgery. Incidence of POD in cardiac surgery patients was significantly increased,
as compared to non-cardiac surgery. These results were in line with previously reported
epidemiological data [3–5,28]. When the whole study cohort was divided according to POD
diagnosis, neither vascular activation nor inflammatory biomarkers significantly differed
between the two groups prior to surgery, suggesting no association with subsequent POD
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development. Although only few authors assessed preoperative blood-based biomarkers
in POD patients, this is at least partly in line with the results of others. In a recent meta-
analysis, Liu et al. could show that preoperative serum levels of IL-8 and NSE were not
altered in patients developing POD [7]. The same was demonstrated by Vasunilashorn
et al. for IL-8 [28].

Given the impact of surgery on postoperative levels of almost all biomarkers, we
also expected to see an association with subsequent POD development. However, only
the serum levels of CCL2 following surgery were significantly increased in POD patients,
as compared to the no-POD controls. This was a stable result of our analyses even after
controlling for potential confounders by performing a propensity score matching, which
additionally revealed a significant intergroup-difference in CCL2 fold-change levels. CCL2,
also referred to as MCP-1 (Monocyte Chemoattractant Protein 1), is a chemokine primarily
secreted by monocytes and macrophages in states of inflammation, exhibiting chemotactic
properties on monocytes and subsets of granulocytes. Postoperative CCL2 release is
directly correlated with the severity of surgical stress [32]. Systemic inflammation was
shown to be associated with the risk for delirium [8]. In line with this, postoperative
serum or plasma levels of CCL2 were found to be increased in elderly orthopedic patients
developing POD, as compared to no-POD patients [33,34]. Increased CCL2 activity might
furthermore induce acute neuroinflammation and thereby contribute to POD pathogenesis,
as demonstrated by animal studies [22,35]. Appropriately, the upcoming INTUIT study
will shed light on the role of neuroinflammation in POD pathogenesis, explicitly focusing
on surgery-induced CCL2 release [36].

As cardiac surgery was demonstrated to be associated with the risk for POD [3,37],
incidence was significantly increased in those patients in our study, as compared to non-
cardiac surgery. Dividing the whole cohort into a cardiac and a non-cardiac surgery
subcohort, this revealed that CCL2 serum levels were the only ones among all analyzed
biomarkers of which the postoperative increase was markedly and significantly greater,
following cardiac surgery, as compared to the other subcohort. While cardiac surgery
induced a more than three-fold increase in non-cardiac surgery patients, postoperative
CCL2 serum levels were further decreased rather than increased. This, on the one hand,
again underlines the impact of surgical stress on systemic inflammation and CCL2 release,
which furthermore was shown to explicitly follow cardiac surgery [32,38]. On the other
hand, this might provide a mechanistic explanation for increased prevalence of POD in
cardiac surgery patients, given the pathogenetic role of CCL2 for neuroinflammation and
POD development [22,35].

When we focused our analysis on the subcohort of cardiac surgery patients, this
furthermore revealed SDC1 as the only biomarker that showed a significant postoperative
increase in POD patients, as compared to the no-POD group. SDC1 is a transmembrane hep-
aran sulfate proteoglycan and as such a key component of the endothelial glycocalyx layer.
Its serum levels are increased following surgery, suggesting endothelial damage induced
by surgical trauma [30]. Particularly during cardiac surgery with cardiopulmonary bypass,
vascular disturbances were associated with POD development [13], and markers of endothe-
lial activation and damage including SCD1 were shown to be markedly increased [31,39].
Impairment of the glycocalyx with SDC1 release was furthermore demonstrated to be
associated with delayed neuroinflammation, following cerebral hemorrhage [40]. A spe-
cific relation between SDC1 and POD development was not demonstrated so far but it
seems likely, since vascular and endothelial injury were shown to be associated with the
pathogenesis of delirium in septic patients [9–11]. Therefore, postoperative SDC1 release
might serve as specific marker for increased risk for POD in cardiac surgery patients.

Our study has several strengths, but also specific limitations. First, unlike others,
we assessed pre- as well as postoperative serum samples. This is justified by our aim to
identify, on one hand, biomarkers associated with subsequent POD development that are
altered already prior to surgery and thus might serve as ‘true’ predictors. On the other
hand, with the assessment of perioperative change of biomarker serum levels (pre- vs.
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postoperative), we sought to shed further light on the pathogenesis of POD. However, our
study lacks the inclusion of additional time-points of serum sampling, and therefore, later
changes in biomarker profile remain undetected. Second, we drew a random sample of
consecutive patients from the whole PROPDESC cohort in order to obtain representative
and generalizable results for non-cardiac as well as cardiac surgery. The longitudinal
design of the study results in little loss of follow-up. Patients aged < 60 years as well as
neurosurgery patients were not included. This was done on one hand in order to increase
overall POD prevalence in the whole study population (which is known to be associated
with increasing age). On the other hand, we wanted to exclude the effect of intracranial
surgical trauma on POD development. However, this might limit the transferability of
our data to other patient populations. Consequently, our results should be confirmed in
a larger multi-center approach. Third, the strength of our study was the use of multiple
validated and complementary POD detection methods to ensure that not POD-positive
cases were missed. We performed additional propensity score matching, which allowed for
greater efficiency with the analysis of fewer samples in total, while controlling for potential
confounders. We also examined 17 biomarkers with specificity for vascular and endothelial
function and for inflammation, rather than assessing only one or a limited number of
cytokines (as done in other studies). However, our selection missed some important
candidate cytokines, which could also have served as internal methodological control,
since, e.g., TNF-alpha was previously shown to be associated with POD [41]. Moreover,
the use of multiplex arrays that allow for the measurement of a substantial number of
biomarkers at once, while using only small serum sample sizes, could also have resulted
in less accurate detection of some proteins over others. Therefore, when reproducing
our results, the use of enzyme-linked immunosorbent assay as the ‘gold standard’ for
cytokine assessment would be preferable. Last, as our data indicate, we did not succeeded
in identifying preoperative candidate serum biomarkers that allow for the identification of
the patient at risk, and this could also be seen as a shortcoming of our study.

5. Conclusions

In a mixed, representative cohort of elective non-cardiac as well as cardiac surgery
patients, preoperative profiling including 17 serum biomarkers with specificity for vascular
dysfunction and for systemic inflammation was not indicative of subsequent POD devel-
opment. Surgery-induced systemic inflammation, evidenced by a significant increase in
CCL2 release, was associated with POD, particularly following cardiac surgery. In those
patients, postoperative glycocalyx injury might further contribute to POD development.
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Abstract: Apurinic/apyrimidinic endonuclease-1/redox factor-1 (APE1/Ref-1) is a multifunctional
protein that can be secreted, and recently suggested as new biomarker for vascular inflammation.
However, the endogenous hormones for APE1/Ref-1 secretion and its underlying mechanisms
are not defined. Here, the effect of twelve endogenous hormones on APE1/Ref-1 secretion was
screened in cultured vascular endothelial cells. The endogenous hormones that significantly in-
creased APE1/Ref-1 secretion was 17β-estradiol (E2), 5α-dihydrotestosterone, progesterone, in-
sulin, and insulin-like growth factor. The most potent hormone inducing APE1/Ref-1 secretion
was E2, which in cultured endothelial cells, E2 for 24 h increased APE1/Ref-1 secretion level of
4.56 ± 1.16 ng/mL, compared to a basal secretion level of 0.09 ± 0.02 ng/mL. Among the estrogens,
only E2 increased APE1/Ref-1 secretion, not estrone and estriol. Blood APE1/Ref-1 concentrations
decreased in ovariectomized (OVX) mice but were significantly increased by the replacement of E2
(0.39 ± 0.09 ng/mL for OVX vs. 4.67 ± 0.53 ng/mL for OVX + E2). E2-induced APE1/Ref-1 secretion
was remarkably suppressed by the estrogen receptor (ER) blocker fulvestrant and intracellular Ca2+

chelator 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxymethyl ester)
(BAPTA-AM), suggesting E2-induced APE1/Ref-1 secretion was dependent on ER and intracellu-
lar calcium. E2-induced APE1/Ref-1 secretion was significantly inhibited by exosome inhibitor
GW4869. Furthermore, APE1/Ref-1 level in CD63-positive exosome were increased by E2. Finally,
fluorescence imaging data showed that APE1/Ref-1 co-localized with CD63-labled exosome in
the cytoplasm of cells upon E2 treatment. Taken together, E2 was the most potent hormone for
APE1/Ref-1 secretion, which appeared to occur through exosomes that were dependent on ER and
intracellular Ca2+. Furthermore, hormonal effects should be considered when analyzing biomarkers
for vascular inflammation.

Keywords: apurinic/apyrimidinic endonuclease-1/redox factor-1; 17β-estradiol; estrogen receptor;
endothelial cells; calcium; exosome

1. Introduction

Apurinic/apyrimidinic endonuclease 1/redox factor-1 (APE1/Ref-1) is a multifunc-
tional protein suggested as a new biomarker of vascular inflammation [1,2]. Basically,
APE1/Ref-1 plays roles in transcriptional regulation through redox modification and base
excision repair [3]. Since it was first reported in 2013 that APE1/Ref-1 secretion is increased
by intracellular hyperacetylation [4], it has subsequently been reported that its secretion is
increased in lipopolysaccharide-induced endotoxemic animal models [5], apolipoprotein
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E-deficient mice fed Western-type diets [1], and patients with coronary artery disease [6],
suggesting its usefulness as a new biomarker for vascular inflammation.

Cell signaling are affected by a variety of stimulators that are responsible for the
secretion of proteins in cells [7]. Hormone secretion is involved in maintaining homeostasis
in vivo. Changes in specific protein secretion can play an important role in the diagnosis
or prognosis of various diseases, such as systemic inflammation [8]. The presence of
APE1/Ref-1 in the extracellular environment as a biomarker has been suggested as it is
actively secreted in specific diseases, and it may also be used as evidence of non-specific
tissue damage since it can be released from cells upon cell death. Identifying substances that
increase the secretion of proteins without causing cell death could help in the development
of new biomarkers for specific conditions or diseases. The secreted substances in the
response to hormone have been hypothesized to play an important role in the regulation
of vascular inflammation.

The biological functions of secreted APE1/Ref-1 are uncovering. Extracellular APE1/
Ref-1 is known to have its own function and can affect surrounding and distant cells.
Enzymatically active APE1/Ref-1 protein that functions as an endonuclease is secreted
in response to genotoxic stress [9]. Secretory APE1/Ref-1 has been reported to have a
role in the inhibition of vascular inflammation via thiol-disulfide exchange in the tumor
necrosis factor (TNF) receptor [10]. Therefore, the secreted APE1/Ref-1 might have anti-
inflammatory properties and the redox activity of its cysteine residue has recently been
associated with its anti-inflammatory activity in vivo in animal models [11].

The subcellular location of APE1/Ref-1 is regulated by post-transcriptional modifi-
cations, including acetylation. The histone deacetylase inhibitor trichostatin A induces
APE1/Ref-1 secretion in human embryonic kidney (HEK) 293T cells and mutations in
APE1/Ref-1 at lysine residues 6 and 7 (K6R/K7R) markedly diminish its secretion [4].
Secretion of APE1/Ref-1 is observed in response to hyperacetylation in triple-negative
breast cancer cell lines, resulting in significantly decreased cell viability and the induction
of apoptosis [12]. In addition, nitrosylation selectively induces cytosolic translocation of
APE1/Ref-1 with Cys93 and Cys310 being critical for the nitrosylation-mediated cytosolic
translocation [13].

Protein secretion may occur through either the classical or non-classical secretory
pathway. Proteins secreted through the classical pathway typically contain N-terminal
signal peptides that direct the proteins to the translocation apparatus of the endoplasmic
reticulum [14]. The mechanisms of APE1/Ref-1 secretion have not yet been fully elucidated.
Some reports on the pathway of APE1/Ref-1 secretion suggested that it may be secreted
via exosomes [9,12,15] or the ATP-binding cassette transporter [16].

Finding out which endogenous hormone can affect the secretion of APE1/Ref-1 can
be utilized to understand the pathophysiology of hormone imbalance in vascular inflam-
mation. Therefore, the current study aimed to identify potential endogenous hormones
that increase APE1/Ref-1 secretion in vascular endothelial cells under conditions that do
not induce cell death; it also aimed to reveal the underlying secretion mechanism.

2. Materials and Methods

2.1. Cell Culture and Reagents

Human umbilical vein endothelial cells (HUVECs) (C2517A, Lonza, Walkersville,
MD, USA) were cultured in endothelial growth medium (EGM-2) purchased from Lonza
Bioscience (Walkersville, MD, USA). The HUVECs were maintained in a humidified at-
mosphere of 95% air and 5% CO2 at 37 ◦C. Norepinephrine, acetylcholine, triiodothyro-
nine (T3), thyroxine (T4), insulin-like growth factor (IGF), cortisol, aldosterone, insulin,
glucagon, 5α-dihydrotestosterone (DHT), 17β-estradiol (E2), progesterone (P4), estrone
(E1), estriol (E3), fulvestrant, N(ω)-nitro-L-arginine methyl ester (L-NAME), 1,2-Bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-
AM), GW4869, and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich (St.
Louis, MO, USA). An ExoQuick-Tc exosome isolation kit was purchased from System
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Biosciences (Palo Alto, CA, USA). The polyclonal antibody against APE1/Ref-1 was ob-
tained from MediRedox, Inc. (Daejeon, Korea) and, the anti-CD63 antibody was obtained
from Biobyt (Cambridge, UK). The monoclonal antibody against anti-heat shock protein-70
(HSP70, C92F3A-5) was obtained from Enzo Life Science (Farmingdale, NY, USA), the anti-
CD9 (C-4) antibody was obtained from Santa Cruz Biotechnology (Dallas, TX, USA) and
anti-ALG-2 interacting protein X (Alix, 3A9) antibody was obtained from Thermo-Fisher
Scientific Inc (Waltham, MA, USA).

2.2. Cell Viability Assay Using Reducing Potentials of Cells

The viability and cytotoxicity of HUVECs were analyzed using a RealTime-Glo™ MT
cell viability assay kit (Promega, Madison, WI, USA), according to the manufacturer’s
instructions. Briefly, HUVECs were plated into 96-well white cell culture plates at a density
of 5 × 103 cells/well. After 24 h of incubation, the pro-substrate and luciferase were added
at the same time as that of the hormones to continuously monitor the viability of the
HUVECs in real-time. Luminescence intensity at the desired time points was measured
using a Glo-Max™ multimode reader (Promega, Madison, WI, USA).

2.3. Quantification of Secretory APE1/Ref-1

Mouse plasma and cell culture media were centrifuged at 3000 rpm for 10 min to
obtain cell-free samples as previously reported [11]. Secreted APE1/Ref-1 levels were
determined using a APE1/Ref-1 sandwich enzyme-linked immunosorbent assay (ELISA)
kit (MediRedox, Inc., Daejeon, Korea) according to the manufacturer’s instructions. Se-
creted APE1/Ref-1 levels (ng/mL for plasma and ng/105 cells for supernatants) were
calculated against a standard curve generated using recombinant human APE1/Ref-1
protein (MediRedox, Inc., Daejeon, Korea).

2.4. Isolation of Exosome in Cell Culture Media

To isolate the exosome from the cell culture medium of HUVECs, the medium was
changed to medium without fetal bovine serum. The HUVECs were then treated with E2
for 24 h and the cell culture medium was collected and centrifuged at 500× g for 10 min.
The clarified supernatant was collected, and debris and vesicle over 0.22 μm in diameter
was removed through filtration using a 0.22 μm syringe filter (Millipore, Billerica, MA).
exosomes were isolated using an Exoquick-TC isolation kit (System Biosciences, Palo
Alto, CA, USA) that precipitates exosomes based on polyethylene glycol precipitation
as recommended by the manufacturer. The isolated exosomes were confirmed using
immunoblotting for CD63, CD9, HSP70, and Alix.

2.5. Establishment of an Ovariectomized Mice Model

Animal experiments were performed using female C57BL/6J mice, 7–8 weeks of age
(DooYeol Biotech, Seoul, Korea). The animal protocol was approved by the Ethics Com-
mittee of Animal Experimentation of Chungnam National University Hospital (CNUH-
017-A0025) and all experiments were performed in accordance with the Guide for the Care
of Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication, 8th edition, 2011). All surgeries and pump implantations were performed
using aseptic procedures.

All mice in the ovariectomized (OVX) group underwent bilateral ovariectomy [17]
using a single ventral approach. The sham group suffered the same surgery except that
their ovaries were preserved. The OVX and sham mice were randomly divided into two
groups for implantation of Alzet osmotic minipumps (model number 1002, for 14-day
delivery at 0.26 μL/hour, Durect Corp, Cupertino, CA, USA). The osmotic pumps with
E2 were implanted subcutaneously between the scapulae via a small incision. E2 was
dissolved in 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA). The
concentration of the experimental agent was 35 μg/mL, which resulted in a delivery rate
of approximately 0.25 μg/day.
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2.6. Immunoblot Analysis

Proteins were separated by 10% sodium dodecyl sulphate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% non-fat dry milk in tris-buffered saline (TBS) containing 0.05%
Tween 20, the membranes were incubated with primary antibodies anti-APE1/Ref-1, anti-
CD63, anti-CD9, anti-HSP70, and anti-Alix for 18 h at 4 ◦C. The membranes were then
treated with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody
and the chemiluminescent signal was developed using Super Signal West Pico or Femto
Substrate (Pierce Biotechnology, Rockford, IL, USA).

2.7. Immunofluorescence

HUVECs were seeded on glass coverslips and transiently transfected with plasmids
pEGFP-APE1/Ref-1 [18] or pCT-RFP-CD63 (System Biosciences, Palo Alto, CA, USA) using
Effectene transfection reagent (QIAGEN Inc., Santa Clarita, CA, USA). Cells were fixed
with 4% paraformaldehyde and the stained with 4′,6-diamidino-2-phenylindole (DAPI) for
3 min. The coverslips were mounted onto microscope slides using a fluorescence mounting
solution and the signals visualized using a confocal microscope (Leica Microsystems,
Buffalo Grove, IL, USA).

2.8. Statistics

All data are presented as the mean± SEM of at least three independent biological
replicates unless stated otherwise. The statistical tests used are indicated in the respective
figure legends. For all tests, the following p-values were applied: *** p < 0.001, ** p < 0.01,
* p < 0.05, and not significant (ns) p > 0.05. All statistical analyses were performed using
GraphPad Prism 9 for the Mac OS (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1. Identification of Hormones that Induce APE1/Ref-1 Secretion in HUVECs

We first investigated endogenous hormones that could induce APE1/Ref-1 secretion
without changing cell viability. Twelve representative endogenous hormones were selected
and screened for their ability to increase the release of APE1/Ref-1 in vascular endothelial
cells. The hormones and their concentrations used in this study are shown in Table 1.
APE1/Ref-1 concentrations in the cell culture media were measured using an APE1/Ref-1
sandwich ELISA technique. Cell viability was measured after 3 h and 24 h of treatment
using a real-time GLO luminescence technique that measures cell metabolism and was
reported as the ratio of luminescence change relative to the amount of luminescence before
hormone administration.
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Table 1. Physiological plasma concentrations of hormones and treatment concentrations used in
this study.

Hormone
Plasma

Hormone Levels
Concentrations

Used
Reference

Norepinephrine 0.3–0.7 μg/mL 16.1 μg/mL [19]

Acetylcholine 0.036–0.584 μg/mL 14.6 μg/mL [20]

Triiodothyronine (T3) 1.7–4.2 pg/mL 1000 pg/mL [21]

Thyroxine (T4) 7–18 pg/mL 1000 pg/mL [22]

Insulin-Like Growth Factor
(IGF) 20–115 ng/mL 1000 ng/mL [23]

Cortisol 29–250 ng/mL 1 μg/mL [24]

Aldosterone 330–550 pg/mL 1000 pg/mL [25]

Insulin 0.3–0.5 ng/mL 10 μg/mL [26]

Glucagon 40–50 pg/mL 500 pg/mL [27]

5α-Dihydrotestosterone
(DHT)

0.4–6 ng/mL 100 ng/mL [28]
0.1–1 ng/mL [29]

Progesterone (P4) 0.2–25 ng/mL 100 ng/mL [30]
1.5 ng/mL [31]

Estrone (E1) 3–4 pg/mL 100pg/mL [32]
28.2 pg/mL [33]

17β-estradiol (E2) 0.5–9 pg/mL 100 pg/mL [34]
0.6–7.1 pg/mL [35]

Estriol (E3) <200 pg/mL 500 pg/mL [36]
7.9–11.1 pg/mL [37]

The concentrations of APE1/Ref-1 in the cell culture media of HUVECs at rest for
3 h and 24 h were 0.07 ± 0.02 ng/mL and 0.09 ± 0.02 ng/mL (n = 5–6), respectively. The
change in APE1/Ref-1 concentration in the cell culture media was analyzed after treatment
with each hormone for 3 h. The hormones that induced significant increases in APE1/
Ref-1 concentrations were E2 (3.03 ± 1.16 ng/mL), DHT (1.36 ± 0.28 ng/mL), P4
(1.33 ± 0.65 ng/mL), and glucagon (0.875 ± 0.38 ng/mL) (Figure 1A). As expected, treat-
ment of the HUVECs with the selected hormones for 3 h did not affect cell viability
(Figure 1B). The changes in APE1/Ref-1 concentrations in the cell culture media were
also analyzed after long-term treatment of the HUVECs with each hormone for 24 h. The
endogenous hormones that induced significant increases in the APE1/Ref-1 concentrations
were E2 (4.56 ± 1.16 ng/mL), DHT (0.87 ± 0.53 ng/mL), P4 (0.492 ± 0.23 ng/mL), insulin
(0.47 ± 0.25 ng/mL), and IGF (0.23 ± 0.17 ng/mL) (Figure 1C). None of the selected 12 hor-
mones decreased cell viability of the HUVECs after 24 h of treatment compared with that of
the control group (Figure 1D). Taken together, among 12 endogenous hormones, E2, DHT,
P4, insulin, and IGF (in descending order) increased APE1/Ref-1 secretion without de-
creasing cell viability. Interestingly, the most potent endogenous hormone for APE1/Ref-1
secretion in vascular endothelial cells was an estrogen.
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Figure 1. Identification of endogenous hormone for induction of apurinic/apyrimidinic
endonuclease-1/redox factor-1 (APE1/Ref-1) secretion. (A) Effect of short-term (3 h) treatment
of hormones on APE1/Ref-1 levels in the culture media of vascular endothelial cells. (B) Effect
of short-term (3 h) treatment of hormones on cell viability of vascular endothelial cells. (C) Effect
of long-term (24 h) treatment of hormones on APE1/Ref-1 levels in the culture media of vascular
endothelial cells. (D) Effect of long-term (24 h) treatment of hormones on cell viability of vascular en-
dothelial cells. Vascular endothelial cells were treated with each hormone for 3 h or 24 h. APE1/Ref-1
levels in culture supernatant were measured using an APE1/Ref-1 sandwich ELISA assay as describe
Material and Methods. Columns, mean (n = 4–5); dot plot, SE. *** p < 0.001, ** p < 0.01, * p < 0.05
indicates a significant difference compared to the control cells (Basal) according to an unpaired t-test.

3.2. 17β-Estradiol Induced APE1/Ref-1 Secretion in HUVECs

Estrogen is known to exist as three main types: estrone (E1), 17β-estradiol (E2), and
estriol (E3). Next, we investigated which type(s) of estrogen was able to induce APE/1Ref-
1 secretion in the endothelial cells. To evaluate the effect of three types of estrogen on
APE1/Ref-1 secretion, APE1/Ref-1 levels were measured after 3 h and 24 h of treatment in
various dosage of the estrogens. E1-treated or E3-treated HUVECs did not demonstrate
the ability to induce APE1/Ref-1 secretion (Figure 2A,E). Treatment with E1 and E3 for
3 h did not affect cell viability of the vascular endothelial cells (Figure 2B,F). However,
when HUVECs were treated with E2, APE1/Ref-1 secretion was increased in a dose-
dependent manner (Figure 2C). E2 treatment for 24 h induced an increase in cell viability,
suggesting cell growth (Figure 2D). Therefore, we confirmed that E2 is a hormone to
increase APE1/Ref-1 secretion without causing cell death.
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Figure 2. Differential regulation of apurinic/apyrimidinic endonuclease-1/redox factor-1 (APE1/Ref-1)
secretion by estrogen. The effect of estrone (A), 17β-estradiol (C), and estriol (E) on APE1/Ref-1 levels
in the culture media of vascular endothelial cells. The effect of estrone (B), 17β -estradiol (D), and estriol
(F) on cell viability of vascular endothelial cells. Columns, mean (n s= 3–4); dot plot, SE. *** p < 0.001,
** p < 0.01, indicates a significant difference compared to that of control cells (Basal) according to an
unpaired t-test.

3.3. 17β-Estradiol Increased APE1/Ref-1 Secretion in Ovariectomized (OVX) Mice

To extend the novel concept of 17β-estradiol (E2) as an inducer of APE1/Ref-1 secre-
tion in cultured endothelial cells, we attempted to determine whether it could increase
the levels of plasma APE1/Ref-1 in OVX mice. Figure 3A shows the experimental design
for the evaluation of the role of estradiol in OVX mice. The effect of E2 on APE1/Ref-1
concentration in the blood was evaluated 14 days after insertion of the E2-containing
osmotic pump. As shown in Figure 3B, plasma APE1/Ref-1 levels in basal conditions and
OVX mice were 1.98 ± 0.17 ng/mL and 0.39 ± 0.09 ng/mL, respectively. These results
are shown that the plasma APE1/Ref-1 levels were significantly reduced by the removal
of ovary, suggesting a physiological role of the ovary in regulating blood APE1/Ref-1
concentrations in vivo. The replacement of E2 for 14 days increased plasma APE1/Ref-1
levels both normal and OVX mice (4.51 ± 0.41 ng/mL and 4.67 ± 0.53 ng/mL, respec-
tively), compared with OVX mice (0.39 ± 0.09 ng/mL). Taken together, these findings
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confirmed that estrogen in ovary is important hormone for the in vivo regulation of blood
APE1/Ref-1, and administration of E2 can increases the concentration of APE1/Ref-1 in
the blood.

Figure 3. 17β-Estradiol (E2) increases plasma apurinic/apyrimidinic endonuclease-1/redox factor-1
(APE1/Ref-1) levels in ovariectomized (OVX) mice. (A) Experimental schedule for 17β-estradiol
treatment and performing the APE1/Ref-1 assay. Ovariectomy (OVX) was performed 7 d prior
to the implantation of the E2 pump in mice. APE1/Ref-1 blood levels were analyzed using an
APE1/Ref-1 sandwich enzyme-linked immunosorbent assay (ELISA) 14 d after implantation of the
E2 pump. (B) Effect of E2 implantation on plasma APE1/Ref-1 levels in ovariectomized mice. Basal
group, sham OVX surgery with 10% dimethyl sulfoxide (DMSO) in the osmotic pump; OVX group,
ovariectomized mice with 10% DMSO in the osmotic pump; E2 group, sham OVX surgery with
E2 in the osmotic pump (10 μg/kg/day); OVX + E2 group, ovariectomy with E2 in the osmotic
pump (10 μg/kg/day). Columns, mean (n = 3–4 animals per group.); dot plot, SE. ** p < 0.05 vs. the
Basal group and ### p < 0.001 vs. the OVX group based on one-way ANOVA analysis followed by
Bonferroni’s multiple comparison test.
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3.4. 17β-Estradiol-Induced APE1/Ref-1 Secretion Depend on the Binding of ER and Intracellular
Calcium

The biological action of estrogen is mediated by estrogen receptor (ER) binding and
its activation. Therefore, we evaluated whether E2 increased APE1/Ref-1 secretion via the
ER (Figure 4A). Fulvestrant, a selective ER inhibitor, significantly reduced by about 80%
of E2-induced APE1/Ref-1 secretion, compared to untreated cells (1.48 ± 0.09 ng/mL for
E2 vs. 0.3 ± 0.09 ng/mL at 3 h for fulvestrant +E2, 4.14 ng/mL ± 0.42 ng/mL for E2 vs.
0.7 ± 0.27 ng/mL at 24 h for fulvestrant +E2). ER activation in vascular cells results in
increased endothelial nitric oxide synthase (eNOS) activity [38]. As shown in Figure 4B,
we attempted to determine whether E2-induced APE1/Ref-1 secretion was due to eNOS
activity by comparing the results to those in the presence of the eNOS inhibitor L-NAME.
However, pretreatment with L-NAME did not affect E2-induced increase of APE1/Ref-1
secretion in cultured endothelial cells.

Figure 4. 17β-estradiol (E2)-induced apurinic/apyrimidinic endonuclease-1/redox factor-1
(APE1/Ref-1) secretion depends on estrogen receptor binding and intracellular calcium. (A) Ef-
fect of the competitive estrogen receptor (ER) inhibitor fulvestrant (100 nM for 2 h) on E2-induced
APE1/Ref-1 secretion in cultured endothelial cells. (B) Effect of the endothelial nitric oxide syn-
thase inhibitor N(ω)-nitro-L-arginine methyl ester (L-NAME) (10 mM for 1 h) on 17β-estradiol
(E2)-induced APE1/Ref-1 secretion in cultured endothelial cells. (C) Effect of the cell permeable
calcium chelator 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxymethyl
ester) (BAPTA-AM) (10 μM for 30 min) on E2-induced APE1/Ref-1 secretion in cultured endothe-
lial cells. Columns, mean (n = 4); dot plot, SE. *** p < 0.001, ** p < 0.01, and * p < 0.05 vs. Basal;
### p < 0.001, ## p < 0.01, and # p < 0.05 vs. E2 treated based on one-way ANOVA analysis followed
by Bonferroni’s multiple comparison test.
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It is also known that 17β-estradiol is involved in intracellular Ca2+ homeostasis in
human endothelial cells [39]. To determine whether the APE1/Ref-1 secretion induced
by E2 was caused by an increase in intracellular Ca2+ concentration, the cells were pre-
treated with the intracellular Ca2+ chelator BAPTA-AM and then evaluated. Interest-
ingly, as shown in Figure 4C, pretreatment of vascular endothelial cells with BAPTA-
AM significantly inhibited the APE1/Ref-1 secretion induced by E2 (2.87 ± 0.17 ng/mL
for E2 vs. 0.7 ± 0.07 ng/mL at 3 h for BAPTA-AM + E2, 4.71 ± 0.9 ng/mL for E2 vs.
1.0 ± 0.18 ng/mL at 24 h for BAPTA-AM + E2). These findings suggest the binding of
E2 to ER and increase in intracellular Ca2+ were major signaling processes required for
E2-induced APE1/Ref-1 secretion in the cultured endothelial cells.

3.5. 17β-Estradiol-Induced APE1/Ref-1 Secretion Was Mediated through Exosomes

Many cellular proteins lacking a signal peptide can be secreted through unconven-
tional secretion processes, such as vesicle transport. Accordingly, we next investigated
whether APE1/Ref-1 secretion induced by E2 occurred through the exosome pathway. The
effect of the exosome inhibitor GW4869 was analyzed to determine whether E2-induced
APE1/Ref-1 secretion is mediated with exosome pathway. As shown in Figure 5A, pretreat-
ment of HUVECs with GW4869 significantly inhibited E2-induced APE1/Ref-1 secretion,
suggested it was mediated through the exosome in endothelial cells.

We next investigated whether APE1/Ref-1 existed in exosome following E2 treatment.
The exosome in the cell culture media was isolated as described with Material and Methods,
and its experimental step was shown in Figure 5B. The successful exosome isolation from
the culture media could be confirmed by the existence of exosome markers [40]. As
shown in Figure 5C, exosome-specific markers such as CD63, CD9, HSP70, and Alix
were expressed in isolated exosomes of cultured endothelial cells. A small amount of
APE1/Ref-1 in basal condition was detected in exosomes, however, the exposure of E2 for
24 h in cultured endothelial cells was significantly increased approximately three-fold of
APE1/Ref-1 in exosomes (Figure 5C,D). Interestingly, the expressions of exosome markers
such as CD63, CD9, HSP70, and Alix were not changed by the exposure of E2.

Finally, we evaluated whether APE1/Ref-1 co-localized in vascular endothelial cell
vesicles using immunofluorescence staining. As shown in Figure 5E, APE1/Ref-1 (green
signal) was present in the nuclei of the cells while the exosome marker CD63 (red signal)
was mainly present in the cytoplasm. However, when the cells were treated with E2
(100 pg/mL) for 3 h, the cytoplasmic expression of APE1/Ref-1 increased and co-localized
with the CD63. The cytoplasmic APE1/Ref-1 and CD63 signals are merged to exhibit
an orange color in the enlarged region of Figure 5E. Taken together, these data suggest
that APE1/Ref-1 in response to E2 treatment was co-localized with CD63-positive exo-
some, suggesting APE/Ref-1 can be secreted through the exosome pathway in vascular
endothelial cells.
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Figure 5. 17β-estradiol(E2)-induced apurinic/apyrimidinic endonuclease-1/redox factor-1
(APE1/Ref-1) secretion is mediated through exosome pathway. (A) 17β-estradiol-induced APE1/Ref-1
secretion is inhibited by the exosome inhibitor GW4869 (5 μM). Columns, mean (n = 4); dot plot,
SE. *** p < 0.001 and * p < 0.05 vs. control; ### p < 0.001 vs. E2-treated. (B) Schematic experimental
steps for exosome isolation from the cultured medium of HUVECs. (C) 17β-estradiol (E2) increases
APE1/Ref-1 expression in exosomes. Exosome isolation from culture media was confirmed with the
presence of exosome-specific markers such as CD63, CD9, heat shock protein-70 (HSP70), and ALG-2
interacting protein X (Alix). (D) Summarized data of APE1/Ref-1 or exosome markers expression in
exosomes. Columns, mean (n = 4); bar, SE. * p < 0.05 vs. control. Protein expressions are expressed as
relative fold of control bands. (E) Immunofluorescence image in cultured endothelial cells transfected
with plasmid pAPE1/Ref-1-GFP or pCD63-RFP. The images illustrate green fluorescent protein (GFP)
fluorescence from APE1/Ref-1 and red fluorescent protein (RFP) fluorescence from CD63. The bottom
right photo shows a 2.5× magnified image of the white box displayed in the merged image. Note,
the cytoplasmic APE1/Ref-1 signals (green) are merged with the CD63 signals (red). Arrows indicate
typical merged signal (orange). Scale bar showed 100 μm in length (white line).
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4. Discussion

A significant finding of this study was the identification of an endogenous hor-
mone that promotes APE1/Ref-1 secretion in vascular endothelial cells. We demon-
strated that among the 12 hormones used, estrogen was the most potent in promoting the
APE1/Ref-1 secretion.

APE1/Ref-1 has been detected in various biological solutions, including blood and
urine [5,10,12,41–43]. In 2013, we reported that trichostatin A, a histone deacetylase in-
hibitor, increased the secretion of APE1/Ref-1 in HEK293 cells through intracellular hyper-
acetylation [4]. However, trichostatin A has been known to inhibit cell growth in cancer
cells by inducing apoptosis [44], and even minimal cell death can alter the concentration
of a specific protein in culture media, leading to doubts regarding the actual secretion
of APE1/Ref-1. In the present study, we designed to exclude the possibility of passive
APE1/Ref-1 release due to cell death, and to identify endogenous hormone that may ac-
tively increase APE1/Ref-1 secretion. Interestingly, our results showed that the endogenous
hormones such as estrogen increased APE1/Ref-1 secretion without cell death as shown in
Figure 1. Considering these results, we confirmed that actual secretion of APE1/Ref-1 in
response to hormone.

In vascular cells, E2 binds to the ER, activates phosphoinositide 3-kinases (PI3K)/AKT
signaling, stimulates eNOS, and consequently produces nitric oxide signaling [45,46].
In the present study, L-NAME and eNOS inhibitors did not directly affect E2-induced
APE1/Ref-1 secretion in cultured endothelial cells. eNOS is constitutively expressed in
vascular endothelial cells, and produces low nanomolar level of nitric oxide (NO) [47].
Therefore, low nanomolar level of NO did not affect APE1/Ref-1 secretion in endothelial
cells. However, it is difficult to conclude that all nitric oxide concentrations or nitrosylation
would not affect APE1/Ref-1 secretion. Previous study showed that plasma APE1/Ref-
1 levels are increased in lipopolysaccharide-treated experimental animals [5]. Certain
oxidative nitrogen-donating agents, such as S-nitrosoglutathione (GSNO) and S-nitroso-
N-acetylpenicillamine (SNAP), promote nitrosylation by transferring their nitroxyl group
to the protein thiol residue [48]. Previous reports have shown that GSNO selectively
induces cytosolic translocation of APE1/Ref-1, where Cys93 and Cys310 are critical for
nitrosylation-mediated cytosolic translocation [13].

Fulvestrant is a 7α-alkylsulphinyl analog of the 17β-estradiol structure and the first of
the new type of ER antagonist that downregulates the receptor [49]. Fulvestrant competi-
tively inhibits the binding of E2 to the ER and has a binding capacity of 89% compared to
that of 17β-estradiol [50]. In the present study, fulvestrant effectively inhibited E2-induced
APE1/Ref-1 secretion, suggesting that ER binding of estrogen is an important signal for
APE1/Ref-1 secretion. In general, secretion pathways can be influenced by intracellular
calcium, which is an important ion that regulates exocytosis and exosome release [39,51].
Cell membrane swelling and binding to other cell membranes are required during ex-
osome formation and exocytosis, and Ca2+ is required for this process; therefore, it is
likely that calcium may be required for the fusion events involved in exosome genera-
tion [51,52]. As APE1/Ref-1 secretion was completely inhibited by the calcium chelator
BAPTA-AM, our findings indicate that APE1/Ref-1 secretion induced by E2 is dependent
on intracellular calcium.

Recent studies have also demonstrated a great interest in exosomes as an impor-
tant potential source of biomarkers as they participate in intercellular communication in
cardiovascular disorders and tumors by transporting various proteins [53,54]. Proteins
secreted via the classical secretory pathway require a secretory signal peptide or leader pep-
tide [55,56]. However, computer-based analysis using SecretomeP predicts non-classical
secretion of APE1/Ref-1 and indicates the absence of a putative N-terminal signal pep-
tide [57]. Moreover, APE1/Ref-1 secretion is not blocked by brefeldin A, a typical inhibitor
of the classical secretory pathway, again suggesting a non-classical pathway [16]. Se-
creted membrane-enclosed vesicles are collectively called extracellular vesicles and include
exosomes and microvesicles.
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Exosomes are typically 30–150 nm in diameter, and the size of the microvesicle range
from 100 to 1000 nm in diameter [58]. In the present study, in order to minimize the un-
wanted mixing of microvesicles during exosome separation, pure exosomes were isolated
using an Exoquick isolation kit that precipitates exosomes based on polyethylene glycol
precipitation after removing microvesicle over 200 nm in diameter at 0.22 μm filter through
filtration [59]. Exosome purification was confirmed by the expression of exosome-specific
markers, CD63, CD9, HSP70, and Alix. Based on tetraspanins content, CD9 and CD63
were primarily used as classical exosome marker [60]. Exosome formation can be regulated
by endosomal sorting complex required for transport proteins and its accessary protein
such as Alix or heat shock protein-90 (HSP90) which is also used as exosome markers [40].
GW4869 is a neutral sphingomyelinase inhibitor and a commonly used pharmacological
agent that inhibits exosome generation [61]. It blocks ceramide-mediated inward bud-
ding of multivesicular bodies and the release of mature exosomes from multivesicular
bodies [62,63]. Our data showed that exosome inhibitor GW4869 significantly inhibited
E2-induced APE1/Ref-1 secretion. APE1/Ref-1 secretion in CD63-positive exosomes was
significantly increased by E2. These results suggest that APE1/Ref-1 secretion in response
to E2 was mediated via exosomes in cultured endothelial cells.

Estrogen is a sex hormone responsible for the development of female reproductive
systems and is produced primarily by the ovaries. At menopause, the ovarian follicles
degenerate and circulating estrogen decreased to levels of castration. In postmenopausal
women, a marked reduction of estrogen is risk factor of cardiovascular disease or osteoporo-
sis [64–66]. In the present study, we also confirmed that reduced plasma APE1/Ref-1 levels
in ovariectomized mice, administration of estrogen induced APE1/Ref-1 secretion in mice.
These results suggested that low level of APE1/Ref-1 might be related with increased risks
of cardiovascular disorders. Considering another aspect, abnormal production of female
hormones or hormone-producing tumors can affect the level of APE1/Ref-1 in the blood.
Therefore, when analyzing biomarkers such as APE1/Ref-1 in vascular inflammatory
diseases, hormonal changes should also be considered.
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Abstract: Kawasaki disease (KD) refers to systemic vasculitis of medium-sized vessels accompa-
nied by fever. The multifunctional protein apurinic/apyrimidinic endonuclease-1/redox factor-1
(APE1/Ref-1) is a new biomarker for vascular inflammation. Here, we investigated the association
between APE1/Ref-1 and KD. Three groups, including 32 patients with KD (KD group), 33 patients
with fever (Fever group), and 19 healthy individuals (Healthy group), were prospectively analyzed.
APE1/Ref-1 levels were measured, and the clinical characteristics of KD were evaluated. The mean
age of all patients was 2.7 ± 1.8 years, but the Healthy group participants were older than the other
participants. Fever duration was longer in the KD group than in the fever group. APE1/Ref-1 levels
were significantly higher in the KD group (p = 0.004) than in the other two groups, but there was no
difference between the healthy and fever groups. APE1/Ref-1 levels did not differ according to fever
duration or coronary arterial lesion but were higher in refractory KD cases than in non-refractory
cases. APE1/Ref-1 levels were significantly higher during the acute phase of KD. We propose that
APE1/Ref-1 could be a beneficial biological marker for the diagnosis and prognosis of KD, especially
in refractory KD.

Keywords: apurinic/apyrimidinic endonuclease-1/redox factor-1; mucocutaneous lymph node
syndrome; vasculitis

1. Introduction

Kawasaki disease (KD) is an acute febrile disease diagnosed in young children or
infants aged less than 6 years [1]. Kawasaki and Naoe reported KD in 1967 [2]. It is
characterized by a persistent fever above 38 °C over 5 days, and its clinical symptoms in-
clude nonsuppurative bilateral conjunctival injection, red lips, strawberry tongue, atypical
exanthema, cervical lymph node enlargement, swelling and erythema of hands and feet,
and membranous desquamation [3]. Patients who meet the criteria according to principal
clinical findings are considered as complete KD cases, and those who do not meet the
criteria are diagnosed with incomplete KD [3]. Most KD cases are manageable by treatment,
without any complications. Intravenous immune globulin is the standard treatment for the
acute stage of KD [3]. However, this disease may be accompanied by diverse cardiovascular
complications such as coronary aneurysms, heart failure in the acute complication stage,
and myocardial infarction in patients with large coronary aneurysms, and these complica-
tions are more likely associated with refractory KD. Refractory KD means that the patients
are resistant to the standard immunoglobulin treatment for KD. [4]. KD is a type of sys-
temic vasculitis primarily involving the arterial wall [5]. Various KD biomarkers have been
suggested for definitive KD diagnosis [6,7]. Apurinic/apyrimidinic endonuclease-1/redox

Biomedicines 2022, 10, 190. https://doi.org/10.3390/biomedicines10010190 https://www.mdpi.com/journal/biomedicines
199



Biomedicines 2022, 10, 190

factor-1 (APE1/Ref-1) is a multifunctional protein that plays roles in transcriptional regula-
tion through redox modification and base excision repair [8]. It has been suggested that
alterations in APE1/Ref-1 are associated with various diseases, including cancer, neurode-
generative disease, coronary arterial disease, murine myocarditis, and hypertension [9–12].
APE1/Ref-1 acts as a reductive activator of various transcription factors for controlling cell
apoptosis, inflammation, and proliferation [12]. We hypothesized that APE1/Ref-1 could
be a diagnostic biomarker for KD patients and may distinguish other patients with fever.
The main objective of this study was to investigate the association between APE1/Ref-1
and KD and further analyze APE1/Ref-1 according to KD characteristics.

2. Materials and Methods

2.1. Patients and Data Collection

Patients with KD and fever and the healthy controls were prospectively enrolled from
January 2020 to February 2021 at the pediatric department of Chungnam National Univer-
sity Hospital. The study was approved by the Chungnam National University Hospital
Institutional Review Board, and informed consent forms were signed by the parents/legal
guardians of the patients. The inclusion criteria for the KD group were admission and
treatment of children with KD, for the fever group were admission as patients with fever,
and for the healthy group were healthy patients from a pediatric outpatient clinic who
visited for simple cardiac murmur or short stature. All the enrolled participants were
>1 month and <8 years of age. Exclusion criteria included neonates, a severe infection
that required intensive care, or a malignant condition accompanied by congenital heart
disease. KD patients met the diagnostic criteria for KD established in 2017 by the American
Heart Association [3]. Age at diagnosis, sex, weight, fever duration, presence of complete
KD, findings from blood examination, responsiveness to immunoglobulin, the Kobayashi
score, Egami score, Sano score, and echocardiography results were examined for children
in the KD group [13]. All patients with KD underwent echocardiography at diagnosis, at
2 weeks, and at 2 months. The acute-phase coronary arterial lesion was determined based
on echocardiography findings conducted 2 weeks after admission [3]. Patients with KD
were treated with 2 g/kg intravenous immunoglobulin (IVIG) administered as a single
infusion and medium-dose aspirin (50 mg/kg/day). Immunoglobulin was re-administered
if persistent fever occurred at least 36 h after the IVIG infusion. A methylprednisolone pulse
of 30 mg/kg and infliximab were sequentially administered when there was no response
to immunoglobulin re-administration. Three days after the initial aspirin administration,
the dose was reduced to 3–5 mg/kg/day. The fever group participants were evaluated for
age, sex, weight, fever duration, and blood examination. Some patients were diagnosed
with viral infections such as rhinovirus, adenovirus, acute pharyngitis, acute otitis media,
acute gastroenteritis, acute bronchitis, or pneumonia in the fever group; they were given
supportive care and antibiotics treatment according to diagnosis.

2.2. Measurement of APE1/Ref-1 Levels

All blood samples were collected in vacuum tubes during KD and fever diagnoses.
Blood samples in the fever group were obtained at admission due to fever. The plasma was
centrifuged at 3000× g rpm for 10 min to obtain cell-free samples. APE1/Ref-1 levels were
determined using an APE1/Ref-1 sandwich enzyme-linked immunosorbent assay (ELISA)
kit (MediRedox, Daejeon, Korea) according to the manufacturer’s instructions. Secreted
APE1/Ref-1 levels in plasma (ng/mL) were calculated against a standard curve generated
using recombinant human APE1/Ref-1 protein (MediRedox).

2.3. Statistical Analysis

SPSS Statistical Package version 21.0 (IBM Corp., Armonk, NY, USA) was used for
all statistical analyses. Data are presented as mean ± standard deviation (SD), number
(%), or mean value ± standard deviation for normally distributed data. Independent
t-tests were used to compare continuous variables, while chi-square tests were used for
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comparing categorical variables. Variables between two groups were compared using an
unpaired Student’s t-test, and the three groups were compared using a one-way ANOVA.
The correlation between APE1/Ref-1 levels and other laboratory data was analyzed using
Pearson’s correlation analysis. Statistical significance was set at p < 0.05.

3. Results

3.1. Patient Characteristics

Patient baseline characteristics are presented in Table 1. The mean age was 2.6 ± 1.6 years
for the KD group, 2.3 ± 1.9 years for the fever group, and 3.6 ± 1.7 years for the healthy
group participants. The age of the healthy group was significantly higher than that of the
other two groups (p = 0.029). No difference was found in sex distribution or bodyweight
among the three groups. Fever duration in the KD group was longer than that in the fever
group, at 5.0 ± 1.6 d and 3.0 ± 2.8 d, respectively.

Table 1. Patient baseline characteristics.

Variables
KD (n = 32) Fever (n = 33) Healthy Control (n = 19)

p Value
n (%) or Mean ± SD n (%) or Mean ± SD n (%) or Mean ± SD

Sex (male/female) 20 (62) 17 (51) 13 (68) 0.445
Age (years) 2.6 ± 1.6 2.3 ± 1.9 3.6 ± 1.7 0.029

Bodyweight (kg) 14.6 ± 5.4 12.7 ± 5.2 14.9 ± 4.5 0.235
Fever duration (days) 5.0 ± 1.6 3.0 ± 2.8 0.001

3.2. Laboratory Results

Laboratory results for the KD, fever, and healthy groups are shown in Table 2. White
blood cell (WBC) counts, hemoglobin levels, platelet counts, number of segment neu-
trophils, and levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT),
protein, albumin, bilirubin, blood urea nitrogen (BUN), creatinine, sodium, and C-reactive
protein (CRP) were analyzed. Only the KD group was evaluated for N-terminal pro-b-type
natriuretic peptide (NT-proBNP) levels. As shown in Table 2, platelet count and total
protein, bilirubin, BUN, and creatinine levels showed no significant difference among the
three groups. WBC counts and the percentage of segment neutrophils were significantly
higher in the KD and fever groups than in the healthy group (p < 0.001, p < 0.001, respec-
tively). Hemoglobin levels were significantly different among the three groups (p = 0.003).
The mean ± 2 SD of hemoglobin levels in the KD group was 11.0 ± 1.2 g/dL, which
was lower than that in the fever group at 11.5 ± 1.0 g/dL (p = 0.041). The mean ± 2 SD
of CRP level was higher in the KD group than in the fever group (8.5 ± 6.0 mg/dL
vs. 3.4 ± 5.0 mg/dL, p < 0.001). Albumin showed differences among the three groups
(p < 0.001). The mean ± 2 SD of albumin levels in the KD group was lower than that in the
fever group (3.4 ± 0.4 g/dL vs. 4.0 ± 0.4 g/dL; p < 0.001). AST and ALT levels showed
differences among the three groups (p = 0.039 and p < 0.001, respectively). AST levels were
higher in the KD group than in the healthy group. ALT levels were higher in the KD group
than in the fever group (139 ± 177 U/L vs. 27 ± 46 U/L; p = 0.001). Sodium levels differed
among the three groups (p < 0.001), and the mean ± 2 SD of sodium levels in the KD group
was higher than that in the fever group (135 ± 1 mEq/L, 137 ± 2 mEq/L, p = 0.007). The
mean ± 2 SD of NT-proBNP in the KD group was 1315 ± 3345 pg/mL. We could not obtain
the related data in the other two groups. However, a study that investigated the normal
reference value of NT-proBNP in normal children reported that the median of NT-proBNP
in 2–6-year-old children were 70 pg/mL (range 5–391 pg/mL) [14]. The mean ± 2 SD of
APE1/Ref-1 levels was significantly higher in the KD group (0.654 ± 0.265 ng/mL than in
the fever group (0.459 ± 0.290 ng/mL) and healthy group (0.442 ± 0.199 ng/mL), and the
differences were significant (p = 0.004). Figure 1 shows the difference in APE1/Ref-1 levels
among the three groups; the levels were higher in the KD group than in the fever group
(p = 0.019) and the healthy group (p = 0.007). No difference was found in APE1/Ref-1 levels
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between groups 2 and 3. Additionally, the ROC curve of APE1/Ref-1 comparing KD and
fever showed a cutoff level of 0.542 ng/mL for predicting KD, with an area under the curve
of 0.682, a sensitivity of 60.6%, and specificity of 62.5%.

Table 2. Laboratory data.

Variables
KD Group (n = 32) Fever Group (n = 33) Healthy Group (n = 19)

p Value
Mean ± SD Mean ± SD Mean ± SD

WBC (/μL) 13,600 ± 3690 12,644 ±7201 7260 ± 1319 <0.001
Seg (%) 63 ±12 59 ± 17 40 ± 15 <0.001

Hb (g/dL) 11.0 ± 1.2 11.5 ± 1.0 12.1 ± 1.1 0.003
Platelet (×103/μL) 336 ± 83 302 ± 113 331 ± 61 0.312

CRP (mg/dL) 8.5 ± 6.0 3.4 ± 5.0 <0.001
Total protein 6.4 ± 0.6 6.7 ± 0.6 6.5 ± 0.3 0.110

Albumin (g/dL) 3.4 ± 0.4 4.0 ± 0.4 4.2 ± 0.1 <0.001
AST (U/L) 98 ± 166 41 ± 23 30 ± 5 0.039
ALT (U/L) 139 ± 177 27 ± 46 15 ± 5 <0.001

Bilirubin (mg/dL) 0.7 ± 0.8 0.4 ± 0.2 0.5 ± 0.5 0.091
BUN (mg/dL) 10.0 ± 3.0 9.7 ±3.8 11.5 ±2.7 0.178

Creatinine (mg/dL) 0.25 ± 0.05 0.25 ± 0.09 0.30 ± 0.06 0.103
Sodium (mEq/L) 135 ± 1 137 ± 2 138 ± 1 <0.001

NT-proBNP (pg/mL) 1315 ± 3345
APE1/Ref-1 (ng/mL) 0.654 ± 0.265 0.459 ± 0.290 0.442 ± 0.199 0.004

Figure 1. APE1/Ref-1 levels in the three groups, i.e., KD, fever, and healthy control groups.
(A) APE1/Ref-1 levels were higher in the KD group than in the fever group (** p = 0.019) and
the healthy control group (* p = 0.007). (B) The ROC curve of APE1/Ref-1 predicting KD, the cut-
off value of APE1/Ref-1 predicting KD compared with that in the fever group was 0.542 ng/mL
(AUC = 0.682; sensitivity of 60.6%; specificity of 62.5%), and the cutoff value of APE1/Ref-1 predict-
ing KD compared with that in the healthy group was 0.482 ng/mL (AUC = 0.734; sensitivity of 68.4%;
specificity of 68.7%), KD, Kawasaki disease; HC, healthy control.

Next, we analyzed the correlation between APE1/Ref-1 levels and fever duration. No
correlation was found. Additionally, there was no correlation between APE1/Ref-1 levels
and other laboratory results, including hemoglobin, CRP, albumin, alanine aminotrans-
ferase, bilirubin, sodium, and NT-proBNP (Figure S1).

3.3. APE1/Ref-1 According to Characteristics of KD

Complete KD was observed in 13 of the 32 (40.6%) patients with KD, but there was no
difference in APE1/Ref-1 levels relative to complete KD or incomplete KD. Four of the KD
patients (12.5%) had coronary arterial lesions. Three patients with coronary arterial lesions
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were diagnosed at the time of diagnosis. One patient with coronary arterial lesion was
diagnosed at 2 weeks of echocardiography. Yet, there was no difference in APE/Ref-1 levels
based on the presence or absence of coronary arterial lesions. Predictive scores, i.e., the
Kobayashi, Egami, and Sano scores, for responsiveness to immunoglobulins in KD were
2.4 ± 2.0, 1.8 ± 1.3, and 0.8 ± 0.8 (mean ± standard deviation), respectively. We further ana-
lyzed APE1/Ref-1 by dividing the patients into high-score and low-score groups and found
no difference in the subgroups. Refractory KD that was nonresponsive to immunoglobulin
was observed in 9 of the 32 cases of KD (28.1%). All the patients with refractory KD received
methylprednisolone treatment, and none received infliximab. As shown in Figure 2, the
mean level of APE1/Ref-1 in the refractory KD group was 0.803 ± 0.111 ng/mL compared
to that of 0.459 ± 0.290 ng/mL in the fever group (p = 0.011) and 0.596 ± 0.044 ng/mL in
non-refractory KD (p = 0.046). The ROC curve of APE1/Ref-1 comparing refractory vs.
non-refractory and fever vs. refractory is presented in Figure 2.

 
(A) (B) 

Figure 2. APE1/Ref-1 levels between the fever, non-refractory KD, and refractory KD groups.
(A) APE1/Ref-1 levels between the fever and refractory KD groups showed a significant difference
(** p = 0.011) and those between the non-refractory and refractory KD also showed a significant
difference (* p = 0.046) (B) The ROC curve of APE1/Ref-1 predicting refractory KD, (Fever vs.
refractory KD, AUC = 0.734, Refractory vs. non-refractory, AUC = 0.725).

4. Discussion

This study revealed the elevation of APE1/Ref-1 levels in patients with KD compared
to that in patients with fever and healthy individuals. Patients with fever showed no
difference in APE1/Ref-1 levels compared to healthy children. No correlation was found
between APE1/Ref-1 levels and CRP or NT-proBNP, which are the established serum
biomarkers of KD. Moreover, APE1/Ref-1 levels were higher in the refractory KD group
than in the non-refractory KD and the fever group.

Many conditions, including cancer, hypertension, atherosclerosis, and particularly
cardiovascular diseases, such as myocarditis and coronary artery disease, can lead to
an elevation in APE1/Ref-1 levels [9–12,15,16]. APE1/Ref-1 levels are also elevated in
response to radiation, reactive oxygen species (ROS), ischemia/reperfusion, and hypoxia.
We found an association between the acute stage of KD and the point at which APE1/Ref-1
levels were elevated in conditions of vascular inflammation.

According to a study by Jin et al., the elevation in APE1/Ref-1 levels is associated with
chronic inflammation, ROS, and ischemia/reperfusion injury in coronary artery disease
and myocarditis [10]. These investigators also suggested that APE1/Ref-1 elevation is not
a non-specific result due solely to inflammation, as they found no correlation with hsCRP.
This is consistent with the findings of our current study in that our data also showed that
APE1/Ref-1 was not correlated with CRP or NT-proBNP levels (Figure S1). The protective
effect of APE1/Ref-1 is different from that of other inflammatory biomarkers or other
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cardiac biomarkers. The repair role of APE1/Ref-a is also suggested from findings of
a murine myocarditis model in that APE1/Ref-1 is elevated at a later time point, in contrast
to that of other markers, such as IL-1β, IFN-β, and IL-6 expression, which disappear with
a decline in virus titer [11]. We believe these protective and repairable effects of APE1/Ref-1
were influenced by the prolonged elevation of APE1/Ref-1 after the acute stage of KD.

We hypothesize several mechanisms underlying APE1/Ref-1 elevation in KD. During
the acute stage of KD, monocyte/macrophage-dominant inflammatory cell infiltration is
observed throughout the entire arterial wall [17]. Activated inflammatory cells are highly
stimulatory and orchestrate various reactions, including ROS production. Increased in-
ducible nitric oxide synthase (iNOS) levels are observed in the infiltrating and accumulating
inflammatory cells and the vascular smooth muscle cells, producing a large amount of
nitric oxide (NO). The NO of iNOS origin is an unstable radical and forms peroxynitrite
under oxidative stress, which leads to vascular damage [18].

In animal studies, plasma APE1/Ref-1 secretion might be strongly correlated with
plasma NO levels induced by TNF-α or lipopolysaccharides [19]. In addition, recombi-
nant human APE1/Ref-1 treatment suppresses TNF-α-induced VCAM-1 expression in
endothelial cells, suggesting a functional role for extracellular APE1/Ref-1 [19]. TNF-α
is an inflammatory mediator that is a potent activator of endothelial cells and is a key
mediator in KD. An early study showed that TNF-α induces endothelial cell apoptosis in
the blood serum of children with KD [20]. Furthermore, serum TNF-α levels are signifi-
cantly elevated in children with acute KD, and they correlate with the incidence of coronary
artery aneurysms [21]. In an animal model of KD induced by Lactobacillus casei cell wall
extract, the process of coronary arteritis and aneurysms can be ablated by blocking the TNF
receptor, suggesting that TNF-α can directly induce coronary artery lesions [22]. Various
studies have also reported the clinical efficacy of blocking TNF-α production in children
with refractory KD resistant to standard immunoglobulin and aspirin treatments. The fact
that TNF-α is a key mediator of KD may be associated with the observation in the current
study of APE1/Ref-1 being higher in refractory KD compared to that of non-refractory
KD. We could not determine if the action of TNF-α induced the secretion of APE1/Ref-1 in
refractory KD.

A major concern regarding KD is the diagnosis and treatment of refractory KD.
Refractory KD presents with prolonged fever, eventually leading to a coronary arterial
aneurysm [23]. New sensitive and specific biomarkers are needed for the diagnosis and
prognosis of refractory KD. High APE1/Ref-1 levels in refractory KD observed in this
study represent meaningful data. Although this study revealed that APE1/Ref-1 levels in
patients with KD were higher than those in patients with fever and the healthy individuals,
the non-refractory KD group did not show a significant difference in APE1/Ref-1 levels
when compared with the fever group. However, considering that it is difficult to predict
during diagnosis whether KD is refractory or non-refractory, and refractory KD cannot be
determined in an earlier phase, the elevation of APE1/Ref-1 levels in KD compared to that
in the fever group could be a helpful and important finding, which can be applied in the
clinical setting. Elevated APE1/Ref-1 levels could be used to predict refractory KD and to
distinguish between non-refractory and refractory KD.

The levels of APE1/Ref-1 in our study did not correlate with the presence of coronary
arterial lesions, a KD complication. We obtained a sample during diagnosis. Although
coronary arterial complications often begin during the first two weeks after fever onset,
they can continue for months to years in a small subset of patients [3]. The small number of
study participants with coronary arterial lesions among all patients is notable, and further
study is needed in the future.

Our study did have several limitations. For instance, the study included a small
number of patients, and there was a lack of data regarding serial time points of follow-
up in KD patients. Thus, this was a cross-sectional measurement of KD at the point of
diagnosis. It will be necessary to analyze serial data of APE1/Ref-1 in the long-term aspects
of KD. However, follow-up research on KD may be complicated by aspirin being one of the
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treatments for KD as it could influence the APE1/Ref-1 levels. It is necessary to conduct
a follow-up study. Using an animal model of KD would allow the exception of aspirin,
providing insight into its effect. Another limitation is that there is no standard value for
APE1/Ref-1 in children based on sex or other parameters.

In conclusion, APE1/Ref-1 levels were significantly higher in patients with KD during
the acute phase of disease than in patients with fever and healthy children. Moreover,
APE1/Ref-1 levels were significantly higher in patients with refractory KD. We suggest that
APE1/Ref-1 could help diagnose KD, especially patients with refractory KD, in addition to
improving its prognosis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10010190/s1, Figure S1: Correlation between plasma
APE1/Ref-1 levels and laboratory data.
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Abstract: Arteriovenous fistula (AVF) is vascular access created for hemodialysis in end-stage re-
nal disease patients. AVF creation causes increased blood flow in the outflow vein with increased
pressure. Increased blood flow, blood volume, and shear stress causes outward remodeling so that
the outflow vein can withstand the increased pressure. Outward remodeling of the vein involved
in AVF is necessary for AVF maturation, however, inward remodeling due to excessive neointimal
hyperplasia (NIH) and chronic inflammation may end up with vessel thrombosis and AVF mat-
uration failure. Early thrombosis of the vessel may be due to the luminal factors including NIH
and chronic inflammation or due to chronic inflammation of the adventitial due to perivascular
cuffing. Inflammation may either be due to an immune response to the vascular injury during
AVF creation or injury to the surrounding muscles and fascia. Several studies have discussed the
role of inflammation in vascular thrombosis due to intimal injury during AVF creation, but there is
limited information on the role of inflammation due to surrounding factors like a muscle injury. The
concept of perivascular cuffing has been reported in the nervous system, but there is no study of
perivascular cuffing in AVF early thrombosis. We performed the bulk RNA sequencing of the femoral
arterial tissue and contralateral arteries as we found thrombosed arteries after AVF creation. RNA
sequencing revealed several significantly differentially expressed genes (DEGs) related to chronic
inflammation and perivascular cuffing, including tripartite motif-containing protein 55 (TRIM55).
Additionally, DEGs like myoblast determination protein 1 (MYOD1) increased after muscle injury
and relates to skeletal muscle differentiation, and network analysis revealed regulation of various
genes regulating inflammation via MYOD1. The findings of this study revealed multiple genes with
increased expression in the AVF femoral artery and may provide potential therapeutic targets or
biomarkers of early thrombosis in AVF maturation failure. Thus, not only the luminal factors but also
the surrounding factors mediating vascular cuffing contribute to vessel thrombosis and AVF failure
via early thrombosis, and targeting the key regulatory factors may have therapeutic potential.

Keywords: adventitial inflammation; arteriovenous fistula; chronic inflammation; early thrombosis;
fibrosis; maturation; maturation failure; perivascular cuffing

1. Introduction

Arteriovenous fistula (AVF), an abnormal connection between an artery and a vein,
is vascular access created for long-term hemodialysis in end-stage renal disease (ESRD)
patients. In AVF, blood flows directly from an artery into a vein bypassing capillaries and
subjecting the outflow vein to increased blood pressure and shear stress [1]. The creation
of AVF is associated with acute inflammation which is necessary for the wound healing
and resolution phase but chronicity of inflammation results in thrombosis of the vessels
involved in AVF and leads to AVF maturation failure. Thrombosed AVF with chronic
inflammation is characterized by increased C-reactive protein (CRP), infiltration of the
immune cells including neutrophils and macrophages, increased expression of vascular
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cell adhesion protein (VCAM)-1, interleukin (IL)-6, and tumor necrosis factor (TNF)-α,
neoangiogenesis, neointimal hyperplasia (NIH), and atheromatous plaque formation [2–5].
Intimal injury while creating AVF may cause endothelial dysfunction and chronic inflamma-
tion leading to AVF maturation failure [6]. Additionally, inflammation within the vicinity
of AVF either due to vessel injury increasing vascular leakage or due to inflammation in the
surrounding tissues including muscles causing vascular cuffing may also contribute to ves-
sel thrombosis and AVF maturation failure. Muscle injury, either mechanical or contusion,
precipitates inflammation associated with increased infiltration of immune cells including
neutrophils, macrophages, natural killer (NK) cells, B- and T-lymphocytes; the secretion
of pro-inflammatory cytokines including TNF-α, IL-6, IL-8, IL-1β, IL-1α, macrophage
inflammatory protein 1 alpha (MIP-1α), and monocyte chemoattractant protein (MCP)-1
and growth factors including granulocyte colony-stimulating factor (G-CSF), macrophage
colony-stimulating factor (M-CSF), vascular endothelial growth factor (VEGF), hepato-
cyte growth factor (HGF), fibroblast growth factor (FGF), and platelet-derived growth
factor (PDGF).

Acute inflammation is necessary for the resolution and remodeling phase of inflamma-
tion; however, chronicity of inflammation leads to fibrosis [7–9]. Creation of AVF involving
the femoral artery and vein induces muscle injury and non-resolving inflammation may
lead to the fibrosis of the muscle and the surrounding tissue. After creation of AVF between
the femoral artery and vein, the tissues are sutured in multiple layers within the muscles,
subcutaneous tissues, and skin. Post-surgery, dissected tissues and surgical wound heal
may induce acute inflammation, but chronicity of inflammation may cause fibrosis of the
tissue surrounding AVF and thrombosis of the vessels. Based on this, we hypothesize that
the chronicity of inflammation in the surrounding tissue precipitating vascular cuffing
mediate thrombosis, stenosis, and fibrosis of the vessels [10] and the area surrounding AVF.
This will lead to early thrombosis of the vessels and early AVF maturation failure. Thus,
to investigate the effects of muscle injury during AVF creation, the presence of chronic
inflammation, perivascular cuffing, and thrombosis and its association with early throm-
bosis of the vessels and to compare the transcriptomic profile of the contralateral control
femoral artery (contralateral FA), untreated and treated femoral artery involved in AVF
(AVF FA), we performed the bulk RNA sequencing of the control femoral artery and AVF
tissue femoral artery treated with the inhibitors of triggering receptor expressed on myeloid
cells-1 (TREM-1) and toll-like receptor-4 (TLR-4). The tissues were collected from the min-
iswine being used for another ongoing study in the lab to investigate the effect of TREM-1
and TLR-4 inhibition on AVF maturation. The effects of TREM-1 and TLR-4 inhibition
on early vessel thrombosis was under investigation because pro-inflammatory mediators
TREM-1 and TLR-4 play a critical role in atheromatous plaque formation, atherosclerosis,
and vessel stenosis [11–14]. The aim was to compare the gene expression profile between the
groups to elucidate differentially expressed genes (DEGs) related to chronic inflammation.

2. Materials and Methods

2.1. Animal Model, AVF Creation, and Tissue Collection

For this study, female Yucatan miniswine, four to seven months old and weighing
between 20–30 kg, purchased from Premier Bio-resources (Cotati Ramona, CA, USA)
randomly divided into two experimental groups were used to create AVF fistula involving
the right femoral artery (FA) and femoral vein (FV). The contralateral FA and FV were
used as biological controls. Yucatan miniswine were housed in the vivarium of Western
University of Health Sciences, Pomona, CA with 12 h light and dark cycle at a temperature
range of 72–74 ◦F and fed with the Mini-Pig Grower Diet (Test Diet # 5801) and allowed to
drink water ad libitum. Female pigs were used because of their less aggressive behavior
and ease of handling compared to the males. All experiments involving the animals were
performed as per National Institutes of Health and USDA guidelines for the care and use
of experimental animals. The Institutional Animal Care and Use Committee (IACUC) at
Western University of Health Sciences approved protocol No. R20IACUC038 for this study.
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For AVF creation, there were two experimental groups: (i) animals treated with LR-12
+ TAK242, and (ii) animals treated with scrambled peptide and 30% ethanol (the vehicle
for TAK-242). These animals were also used for another ongoing study in the lab to
investigate the effect of inhibiting the triggering receptor expressed on myeloid cells-1
(TREM-1) and toll-like receptor-4 (TLR-4) on early thrombosis of the artery and fistula
after creating AVF. Each experimental group consisted of three to four animals with similar
body weights. For creating AVF, minipigs were first given a preanesthetic sedative injection
of 2.5–5 mg/kg Telazol (a combination of tiletamine and zolazepam) and 1–2 mg/kg
xylazine subcutaneously. After sedation, the animals were moved to the operating suite and
intubated with an appropriately sized endotracheal tube, maintained on inhaled isoflurane
in oxygen 1–3% and mechanical ventilation. After starting an intravenous ringer lactate
(5 mL/kg/h) using the ear vein, the AVF was surgically created between FA and FV after
preparing them for side-to-side anastomosis. For AVF creation, a 1 cm incision was made
on the medial side of FA and FV opposing each other. AVF was created using a 6–0 proline
to join FA and FV. LR-12 (>109 particles in 1 mL), bolus TAK-242 (3 mg/kg dissolved in
30% ethanol), scrambled peptide, and vehicle control (30% ethanol) was injected at the AVF
side in the lumen of FA and FV, and we waited for 5–10 min before closing the AVF. The
wound was closed in layers suturing muscles, subcutaneous tissues, and skin in layers
using 3–0 vicryl sutures. The swine were given a maintenance dose of TAK-242 once daily
0.1 mg/kg i.v. for six days and then weekly once for four weeks. During surgery, the level
of sedation, percentage of isoflurane received, oxygen flow rate, heart rate, respiratory rate,
mucous membrane color, presence or absence of withdrawal reflex, and body temperature
were maintained every 15 min by a veterinary technician. Post-surgery, the swine were
given 1 g of cefazolin prophylactically and buprenorphine for pain. The sedation was
reversed with flumazenil 0.01 mg/kg. The swine were monitored post-surgically until they
were on their feet, and recovery parameters including consciousness level, recumbency,
respiratory rate and character, and mucous membrane color were monitored every 1 h until
the swine started walking.

After completing 12 weeks of AVF creation, the swine were sedated, and radiological
assessments of FA, AVF, and FV using ultrasonogram (USG), angiography, and optical co-
herence tomography (OCT) were done. This was followed by euthanasia using intravenous
administration of a single dose of euthanasia solution consisting of pentobarbital sodium
(85 mg/kg) and phenytoin sodium (11 mg/kg) while the pigs were under anesthesia.
Swine were observed for the absence of heartbeats and respiration for at least 10 min before
tissue harvest. The tissue of interest including AVF involved FA and FV, tissue around the
fistula, and contralateral FA and FV were harvested after dissecting the groin area. The
tissues were harvested for histomorphological studies in 10% formalin, for RT-PCR and
sequencing studies in RNA later, and for protein isolation at 4 ◦C and stored at −80 ◦C.
For histomorphological studies, the harvested tissues were processed in a tissue processor
and paraffin embedded. Five μm thin sections using a tungsten carbide knife (LeicaTM,
Germany) in a Leica RM2265 rotary microtome (LeicaTM, Germany) were sectioned and
attached to glass slides for histology.

2.2. Radiological Assessment of the AVF

To assess the diameter of the FA and FV, flow velocities and flow volume in the FA at
baseline, a preoperative color Doppler ultrasound (Phillips EPIQ-7 US system) was done
before creating AVF. After 12 weeks, to evaluate the AVF patency, FA flow and diameter,
outflow vein diameter, and the flow velocity in the vein, a postoperative USG of the AVF,
FA, and FV at the AV anastomosis site was done before sacrificing the miniswine. Each
AVF site was evaluated for the peak systolic and end-diastolic velocity and blood flow at
different locations in the artery and vein of the AVF, including the anastomosis site. Color
Doppler ultrasound was followed by femoral angiography using a 7F (Concierge) guide
catheter from Merit Medical USA through the carotid artery to assess the patency and blood
flow in the fistula on the anastomosis site and the contralateral side FA for comparison.

209



Biomedicines 2022, 10, 433

Briefly, angiography was performed by percutaneous needle puncture in the common
carotid artery under ultrasound guidance and an angiography catheter was advanced from
the carotid artery into the descending aorta, external iliac arteries to the FA of the AVF side
as well as to the contralateral side. A contrast dye (Iopromide; Ultravist) was injected into
the catheter while taking X-rays of the area of interest to visualize the AVF and contralateral
femoral artery patency. Angiography was followed by optical coherence tomography
(OPTIS OCT from St. Jude Medical) of the anastomosis and contralateral side via carotid
approach to measure the inside diameter and the cross-sectional area of the vessels to
delineate the vessel’s wall anatomy (intima, media, and adventitia), the presence as well
as characterization of neointimal hyperplasia, thrombosis, neo-vascularization, luminal
diameter, and percent diameter stenosis. For OCT, a 0.014-inch guidewire was positioned in
the proximal FA and the OCT catheter (Dragonfly™ DUO imaging catheter; Abbott, Illinois,
USA) was advanced over the guidewire. A nonionic, low-osmolar iodinated contrast
agent, Ultravist, was simultaneously injected during OCT pullback, and the entire region of
interest was scanned and images were analyzed using Light Lab OCT imaging proprietary
software (Light Lab Imaging/Abbott). A comparative analysis between the AVF side
femoral artery and contralateral side femoral artery was done for USG, angiography, and
OCT results.

2.3. Histomorphology

Hematoxylin and Eosin (H&E) and Movat Pentachrome staining were done as per
the standard protocol in our lab to assess the inflammation, fibrosis, vessel stenosis, and
thrombosis. For H&E staining, after deparaffinization and rehydration through a series
of xylene, alcohol, and distilled water, the tissue sections were stained with hematoxylin
(45 s) followed by eosin (8–10 dips). The stained slides were mounted with xylene-based
mounting media. For Movat Pentachrome staining, the tissue sections were deparaffinized
and rehydrated and the sections were stained using a modified Russell-Movat Pentachrome
kit following the manufacturer’s protocol (Cat no. KTRMPPT from American MasterTech
scientific laboratory supplies). Stained tissue sections were scanned at 100 μm using a
light microscope (Leica DM6). All the scanned images were blindly reviewed by two
independent observers.

2.4. Bulk RNA Sequencing and DEGs for Inflammation

Total RNA was extracted from the collected samples (three AVF sides and three
contralateral sides) using TRIZOL (Trizol reagent, Sigma, Cat# T9424, St Louis, MO, USA)
following the manufacturers’ guidelines. The yields of total RNA were measured using
a NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA) and 1 ug of total RNA was
sent (Genewiz LLC, South Plainfield, NJ, USA) for bulk RNA sequencing. The RNA
samples with RIN > 6 were subjected to sequencing. The RNA samples were quantified
using a Qubit 2.0 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA) and RNA
integrity was checked using TapeStation (Agilent Technologies, Palo Alto, CA, USA).
The RNA sequencing libraries were prepared using the NEBNext Ultra II RNA Library
Prep Kit for Illumina according to the manufacturer’s instructions (New England Biolabs,
Ipswich, MA, USA). Briefly, mRNAs were initially enriched with Oligod(T) beads. Enriched
mRNAs were fragmented for 15 min at 94 ◦C. First-strand and second-strand cDNA were
subsequently synthesized. cDNA fragments were end-repaired and adenylated at 3′ends,
and universal adapters were ligated to cDNA fragments, followed by index addition and
library enrichment by PCR with limited cycles. The sequencing libraries were validated
on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA), and quantified by
using Qubit 2.0 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA) as well as by
quantitative PCR (KAPA Biosystems, Wilmington, MA, USA).

The sequencing libraries were multiplexed and clustered onto a flowcell. After cluster-
ing, the flowcell was loaded onto the Illumina HiSeq instrument according to the manu-
facturer’s instructions. The samples were sequenced using a 2 × 150 bp Paired-End (PE)
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configuration. Image analysis and base calling were conducted by the HiSeq Control Soft-
ware (HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq was converted
into fastq files and de-multiplexed using Illumina bcl2fastq 2.17 software. One mismatch
was allowed for index sequence identification. After investigating the quality of the raw
data, sequence reads were trimmed to remove possible adapter sequences and nucleotides
with poor quality using a Trimmomatic v.0.36. The trimmed reads were mapped to the
Sus scrofa reference genome available on ENSEMBL using the STAR aligner v.2.5.2b. BAM
files were generated because of this step. Unique gene hit counts were calculated by using
feature counts from the Subread package v.1.5.2. Only the unique reads that fell within
exon regions were counted. After extraction of gene hit counts, the gene hit counts table
was used for downstream differential expression analysis. Using DESeq2, a comparison of
gene expression between the groups of samples was performed. The Wald test was used to
generate p values and Log2 fold changes. Genes with adjusted p values < 0.05 and absolute
log2 fold changes >1 were called differentially expressed genes for each comparison.

2.5. Quantitative Real-Time PCR

To examine the gene expression of a few selected genes, qRT-PCR was done after
preparing cDNA from isolated mRNA. An iScript cDNA Synthesis Kit (BioRad # 1708891)
was used to prepare cDNA and the prepared cDNA was subjected to qRT-PCR in triplicates
with SYBR green (BioRad # 1725122) using a CFX96 Touch Real-Time PCR Detection
System. All the primers used in this study (Table 1) were designed using NCBI (assessed on
13 December 2021) and purchased from Integrated DNA Technologies (Coralville, IA, USA).
The PCR cycling conditions were 5 min at 95 ◦C for initial denaturation, 40 cycles of the 30 s
each at 95 ◦C (denaturation), 30 s at 55–60 ◦C (depending on primer annealing temperature),
and 30 s at 72 ◦C (extension) followed by melting curve analysis. The folds change in mRNA
expression relative to controls was analyzed using 2-ˆˆct after normalization with 18S as a
housekeeping gene.

Table 1. The nucleotide sequence (5′–3′) of the primers used for a real-time quantitative poly-
merase chain reaction. Interleukin (IL), C-C Motif Chemokine Ligand 2 (CCL2), CCAAT Enhancer
Binding Protein Alpha (CEBPA), Lactotransferrin (LTF), Galectin 12 (LGALS12), Dual Oxidase 2
(DUOX2), Vanin 2 (VNN2), Myoblast Determination Protein 1 (MYOD1), Tripartite Motif Contain-
ing 55 (TRIM55), Pentraxin 3 (PTX3), Matrix metalloproteinase 25 (MMP25).

Gene Name Forward Primer Reverse Primer

IL-8 5′-GACCCCAAGGAAAAGTGGGT-3′ 5′-TGACCAGCACAGGAATGAGG-3′
IL-18 5′-ATGGCTGCTGAACCGGAAG-3′ 5′-GGTCTTCATCGTTTTCAGCTACA-3′

MYOD1 5′-GCTCCGCGACGTAGATTTGA-3′ 5′-GGAGTCGAAACACGGGTCAT-3′
CEBPA 5′-CGGTGCGTCTAAGATGAGGG-3′ 5′-AGGCACATATTTGCTCCCCC-3′

LGALS12 5′-GACCCGCTTCCTGACACCTT-3′ 5′-CCCTCCACAAACGGGTTGAT-3′
TRIM55 5′-CGTAGGGCCTTCAGGTTCTG-3′ 5′-GTTCCCTTACCACTCACCGC-3′
ACSL4 5′-TCTGTTCGCTGTTGCTGATTTG-3′ 5′-GAGAGCCCGCCACACAAGT-3′
CCL2 5′-AAACGGAGACTTGGGCACAT-3′ 5′-CTTGCAAGGACCCTTCCGTC-3′

DUOX2 5′-GCTCTGCATAAGACCAGAGGC-3′ 5′-GTCAGTGAGAGTGCGTCCTG-3′
PTX3 5′-GCAGGTTGTGAAACAGCGAT-3′ 5′-TTTGACCCAAATGCAGGCAC-3′

MMP25 5′-TTGTCCTGGCGTTTCTGTGT-3′ 5′-GGCCATCAGCTTGGCTCATA-3′
LTF 5′-GTCACAGCCATCGCTAACCT-3′ 5′-TTGCTCCTCCAAGCTTGACCT-3′

VNN2 5′-GATGTCCCTGAAAAGCCGGA-3′ 5′-GTCACAGCAGGATCACGGAA-3′

2.6. Statistical Analysis

The data is presented as mean ± SD. GraphPad Prism 9 was used to analyze the RT-
PCR data and the comparison between two groups for the fold change in gene expression
was performed using One-way ANOVA with Bonferroni’s posthoc correction and Students’
t-test was used for statistical analysis. A probability (p) value of <0.05 was accepted as
statistically significant. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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3. Results

3.1. Radiological Assessment and Histomorphology

Compared to the preoperative baseline assessment, post-surgical assessment of the FA
involved in AVF showed partially blocked or stenosed FA with the presence of neointimal
hyperplasia (NIH) and large plaques significantly obstructing the lumen of the vessel. The
flow volume and velocities were decreased compared to baseline and contralateral FA.
Angiography was performed for the FA in which guidewire can be advanced to the site
of AVF. Angiography showed open FA in some swine while others, mainly in scrambled
and vehicle groups, showed thrombosed and stenosed arteries. In FA showing no flow in
doppler ultrasound, a guidewire could not be advanced, and no angiography was done.
Similarly, OCT was performed only in the arteries which were open and not for the blocked
arteries. Open arteries showed normal OCT while OCT was not done in thrombosed
arteries due to technical difficulty in advancing the guidewire. The H&E staining and
Movat-Pentachrome staining also showed blocked FA and extensive fibrosis around vessels
at the AVF site (Figure 1).

 

Figure 1. Histomorphological and radiological analysis of the femoral artery involved in the ar-
teriovenous fistula. Hematoxylin and eosin staining (panel A) showed a thrombosed artery with
inflammation in the adventitia. Movat-pentachrome staining (panel B) revealed a thrombosed artery
with elastin degradation in the adventitia and increased collagen deposition in media and intima.
Angiography (panel C) revealed a stenosed superficial femoral artery (the dotted circle) involved in
AVF. These images are representative of the stenosed arteries.

3.2. DEGs Related to Inflammation

Bulk RNA sequencing of the tissues revealed a total of 14,554 genes, of which 415 were
significantly expressed genes (p < 0.05 and log2 fold > 1). From the list of differentially
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expressed genes (DEGs) with p < 0.05 and log2 fold > 1, genes with p-value < 0.05 and
log2 fold > 2 were sorted out (Supplementary Material 1). An extensive literature search
was done to check all DEGs for their role in inflammation in any organ system of the
body; migration, proliferation, and activation of immune cells including macrophages,
neutrophils, natural killer (NK) cells, B- and T-lymphocytes, T-regulatory (Treg) cells, and
dendritic cells (DCs); activation and regulation of innate and adaptive immune response;
and regulation of cytoplasmic kinases including nuclear factor-kappa beta (NF-κB), phos-
phoinositide 3-kinases (PI3K), protein kinase B (PKB/Akt), and mitogen-activated protein
kinase (MAPK). These parameters were included in the literature search because of their
crucial role in regulating inflammation and inflammatory signaling. We found various
DEGs (Tables 2–5) playing a crucial role in inflammation, regulation of inflammatory path-
ways, and immune regulation. Among the DEGs involved in inflammation, some of the
genes which were differentially expressed (positive log2 fold value) in scrambled peptide
treated FA were found downregulated (negative log2 fold values) after treatment with
TREM-1 inhibitor (LR12) + TLR-4 inhibitor (TAK-242) suggesting the effect of attenuating
inflammation by inhibiting TREM-1 and TLR-4. Additionally, the gene occurring in dif-
ferent comparison groups was included only in one table and not in others (the details of
all DEGs involved in inflammation and immune regulation in each group can be found in
Supplementary Material 1).

Table 2. Differentially expressed genes (DEGs) while comparing contralateral femoral artery with
AVF femoral artery combining all tissues (+value = higher expression in AVF FA; −value = higher
expression in contralateral FA).

Gene ID log2 FoldChange p-Value Gene Name

ENSSSCG00000006216 8.11 0.00000000772 TRIM55
ENSSSCG00000007436 5.58 0.0000000953 MMP-9
ENSSSCG00000006590 4.48 0.00000979 S100A8
ENSSSCG00000009645 3.96 0.0000292 ADAMDEC1
ENSSSCG00000031053 3.69 0.000000542 S100A1
ENSSSCG00000022512 3.20 0.0000546 TRDC
ENSSSCG00000023842 3.05 0.000389967 TRAT1
ENSSSCG00000028331 3.01 0.000191823 IL1R2
ENSSSCG00000015037 2.84 0.0000120 IL-18
ENSSSCG00000006309 2.78 0.000659109 CD247
ENSSSCG00000006025 2.71 0.000426117 PKHD1L1
ENSSSCG00000014310 2.58 0.000507304 CXCL14
ENSSSCG00000006452 2.31 0.000310425 CD1D
ENSSSCG00000003113 2.08 0.000494243 C5AR2
ENSSSCG00000009051 2.04 0.000959894 IL-15
ENSSSCG00000008606 −2.48 0.000000136 OSR1

Table 3. Differentially expressed genes (DEGs) while comparing contralateral FA with LR-12 + TAK-242
treated AVF FA (+value = higher expression in AVF FA; −value = higher expression in contralateral FA).

Gene ID log2 FoldChange p-Value Gene Name

ENSSSCG00000022490 7.12 0.037585934 GPR83
ENSSSCG00000016688 7.06 0.040958471 CPVL
ENSSSCG00000013056 5.41 0.000202896 LGALS12
ENSSSCG00000010478 4.80 0.000919971 FFAR4
ENSSSCG00000016878 4.17 0.011959826 FGF10
ENSSSCG00000015015 4.16 0.008270436 ARHGAP20
ENSSSCG00000002866 4.05 0.000885129 CEBPA
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Table 3. Cont.

Gene ID log2 FoldChange p-Value Gene Name

ENSSSCG00000011579 4.04 0.00094779 PPARG
ENSSSCG00000015332 3.77 0.041851053 PON1
ENSSSCG00000026297 3.76 0.00389716 KLB
ENSSSCG00000008237 3.50 0.002121156 RETSAT
ENSSSCG00000007710 3.37 0.005462755 MLXIPL
ENSSSCG00000011831 3.21 0.003915618 APOD
ENSSSCG00000015267 2.77 0.010298314 FMO2
ENSSSCG00000017705 2.61 0.014997339 CCL5
ENSSSCG00000014880 2.23 0.045711441 AQP11
ENSSSCG00000005122 2.22 0.020695275 TEK
ENSSSCG00000008953 2.21 0.031773067 CXCL8
ENSSSCG00000025578 2.19 0.026455299 ALDH1A2
ENSSSCG00000003578 2.17 0.032743557 FGR
ENSSSCG00000008624 2.16 0.024212176 LPIN1
ENSSSCG00000029813 2.10 0.025936426 TSPAN5
ENSSSCG00000013886 2.07 0.038238135 B3GNT3
ENSSSCG00000009789 2.00 0.044237292 HCAR1
ENSSSCG00000000211 −3.42 0.017397621 AQP5
ENSSSCG00000015707 −3.07 0.192328785 GPR39
ENSSSCG00000008835 −2.84 0.007206502 RASL11B
ENSSSCG00000001834 −2.53 0.011049962 MFGE8

Table 4. Differentially expressed genes (DEGs) while comparing contralateral FA with scrambled
peptide treated AVF FA (+value = higher expression in AVF FA treated with scrambled peptide;
−value = higher expression in contralateral FA).

Gene ID log2 FoldChange p-Value Gene Name

ENSSSCG00000005951 9.28 0.002454177 TMEM71
ENSSSCG00000011862 8.97 0.004185163 MUC13
ENSSSCG00000029879 8.17 0.016038726 LTF
ENSSSCG00000015748 7.92 0.023568215 CSMD1
ENSSSCG00000022473 7.78 0.029138305 A4GNT
ENSSSCG00000008972 7.45 0.046820249 PPEF2
ENSSSCG00000027568 6.64 0.000784677 BLK
ENSSSCG00000025042 6.02 0.007096705 ICOS
ENSSSCG00000013378 5.78 0.041425329 ABCC8
ENSSSCG00000011131 5.58 0.016369542 PRKCQ
ENSSSCG00000017466 5.30 0.002770819 CCR7
ENSSSCG00000001613 5.11 0.001355889 TREML1
ENSSSCG00000006266 5.01 0.022187352 ST18
ENSSSCG00000002821 4.88 0.008741294 CCL22
ENSSSCG00000006734 4.68 0.005857569 CD101
ENSSSCG00000029668 4.52 0.011344171 IL2RB
ENSSSCG00000015093 4.50 0.004868833 CD3D
ENSSSCG00000021569 4.14 0.002023038 MMP25
ENSSSCG00000013115 4.01 0.00956326 CD5
ENSSSCG00000000257 3.85 0.004632273 ITGB7
ENSSSCG00000004195 3.84 0.004380652 ARG1
ENSSSCG00000030042 3.76 0.002440454 SBNO2
ENSSSCG00000006359 3.57 0.003335966 ADAMTS4
ENSSSCG00000017962 3.49 0.004592719 KDM6B
ENSSSCG00000000705 3.49 0.027859902 CD27
ENSSSCG00000009630 3.48 0.008741686 EGR3
ENSSSCG00000000605 3.46 0.036481122 ERP27
ENSSSCG00000013649 3.40 0.01209607 ICAM3
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Table 4. Cont.

Gene ID log2 FoldChange p-Value Gene Name

ENSSSCG00000013839 3.36 0.043788189 RASAL3
ENSSSCG00000015550 3.15 0.045746825 RGS16
ENSSSCG00000000136 3.10 0.009086041 CSF2RB
ENSSSCG00000000688 3.07 0.02332297 LAG3
ENSSSCG00000014825 3.06 0.016131597 RELT
ENSSSCG00000004678 3.05 0.009097692 DUOX2
ENSSSCG00000011727 2.93 0.011434284 PTX3
ENSSSCG00000006588 2.91 0.044677952 S100A9
ENSSSCG00000003805 2.83 0.013758246 PDE4B
ENSSSCG00000000521 2.83 0.012411864 PHLDA1
ENSSSCG00000015299 2.79 0.028194104 STEAP4
ENSSSCG00000004179 2.69 0.028039502 VNN2
ENSSSCG00000006379 2.67 0.029518927 CD48
ENSSSCG00000004779 2.66 0.037184423 PLCB2
ENSSSCG00000008388 2.64 0.044215498 REL
ENSSSCG00000021944 2.63 0.025402199 RAC2
ENSSSCG00000000223 2.63 0.043774003 BIN2
ENSSSCG00000011443 2.62 0.018907549 STAB1
ENSSSCG00000006800 2.41 0.02415221 CD53
ENSSSCG00000013655 2.29 0.034717888 ICAM1
ENSSSCG00000017330 2.17 0.034875529 MAP3K14
ENSSSCG00000010219 2.15 0.033546298 ARID5B
ENSSSCG00000012583 2.10 0.038092469 ACSL4
ENSSSCG00000017723 2.09 0.038906102 CCL2
ENSSSCG00000006002 −2.12 0.035313216 NOV
ENSSSCG00000024259 −3.50 0.024778737 PPP1R11
ENSSSCG00000004948 −2.33 0.030111699 SMAD6

Table 5. Differentially expressed genes (DEGs) while comparing scrambled peptide treated FA with
LR-12 + TAK-242 treated AVF FA (+value = higher expression in scrambled peptide treated AVF FA;
−value = higher expression in LR-12 + TAK-242 treated AVF femoral artery).

Gene ID log2 FoldChange p-Value Gene Name

ENSSSCG00000007717 3.57 0.022045439 METTL27
ENSSSCG00000013056 3.53 0.007938274 LGALS12
ENSSSCG00000010184 3.33 0.007715639 AGT
ENSSSCG00000003399 3.27 0.021031658 RBP7
ENSSSCG00000012667 3.12 0.014533603 IGSF1
ENSSSCG00000028996 3.05 0.013185638 ALDH1A1
ENSSSCG00000029813 2.74 0.019674447 TSPAN5
ENSSSCG00000000576 2.69 0.019345908 LDHB
ENSSSCG00000020657 2.55 0.024205833 BCAM
ENSSSCG00000013260 2.45 0.031013151 MDK
ENSSSCG00000015249 2.40 0.036414276 ADAMTS8
ENSSSCG00000009492 2.34 0.040360908 GPR180
ENSSSCG00000017605 2.34 0.036679735 MMD
ENSSSCG00000016331 2.34 0.035784764 RAMP1
ENSSSCG00000022301 2.19 0.047966521 EIF4EBP1
ENSSSCG00000006764 −7.32 0.032418272 PTPN22
ENSSSCG00000005236 −7.12 0.043128193 DMRT1
ENSSSCG00000007956 −5.37 0.047045343 NLRC3
ENSSSCG00000007523 −5.15 0.000483159 TUBB1
ENSSSCG00000015656 −4.58 0.028406123 FCMR
ENSSSCG00000010772 −4.16 0.002898421 ADAM8
ENSSSCG00000009237 −3.74 0.00903231 HPSE
ENSSSCG00000006378 −3.73 0.007424014 SLAMF7
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Table 5. Cont.

Gene ID log2 FoldChange p-Value Gene Name

ENSSSCG00000000653 −3.68 0.007197867 CD69
ENSSSCG00000017908 −3.66 0.036598715 GP1BA
ENSSSCG00000013853 −3.52 0.007956036 HSH2D
ENSSSCG00000010575 −3.20 0.009548539 PPRC1
ENSSSCG00000004369 −2.86 0.034230241 PRDM1
ENSSSCG00000013041 −2.38 0.034963931 FERMT3
ENSSSCG00000009761 −2.30 0.036755714 NCOR2
ENSSSCG00000017333 −2.27 0.041076061 FMNL1

3.3. Quantitative Real-Time PCR

Quantitative RT-PCR revealed increased expression of IL-8, IL-18, MYOD1, CEBPA,
LGALS12, TRIM55, ACSL4, CCL2, DUOX2, PTX3, MMP25, LTF, and VNN2 in FA involved
in AVF compared to contralateral FA (Figure 2). Significantly increased expression of
these genes in AVF FA suggests the presence of inflammation and supports the findings
of RNA sequencing data with higher expression of these DEGs in AVF FA compared to
contralateral FA.

Figure 2. RT-PCR for mRNA expression of DEGs in femoral artery involved in arteriovenous fistula
compared to the contralateral femoral artery. All data are presented as mean ± standard deviation
(SD). A p-value < 0.05 was considered significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Interleukin (IL), C-C Motif Chemokine Ligand 2 (CCL2), CCAAT Enhancer Binding Protein Alpha
(CEBPA), Lactotransferrin (LTF), Galectin 12 (LGALS12), Dual Oxidase 2 (DUOX2), Vanin 2 (VNN2),
Myoblast Determination Protein 1 (MYOD1), Tripartite Motif Containing 55 (TRIM55), Pentraxin 3
(PTX3), Matrix metalloproteinase 25 (MMP25).

3.4. Network Analysis

The network analysis (Signor for regulatory network analysis and STRING for protein-
protein interaction networkanalyst.ca) using the selected DEGs as input showed the regula-
tory interaction of these genes with each other and the role of these DEGs in inflammation,
angiogenesis, and fibrosis, in addition to the three contributing factors in vessel throm-
bosis (Figures 3 and 4). The network analysis also revealed the role of these DEGs in M1
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and M2 macrophages polarization, T-cell activation, macrophage activation, basophils,
granulocytes, and monocytes differentiation. The increased expression of these DEGs
in FA involved in AVF and their association with inflammation, regulation of inflamma-
tion, immune cell differentiation, and activation suggest the role of these DEGs in chronic
inflammation which precipitates vascular thrombosis.

 

Figure 3. Signor network analysis of the DEGs. The network analysis showed the correlation of
DEGs with each other. Blue circles show the DEGs listed in Tables 2–5 and involved in inflam-
mation, immune response, and remodeling (CXCL8, CCL2, ICAM1, ICAM3, ITGB7, PPARG, REL,
IL2, S100A9, etc.), yellow circles show cellular mechanisms involved in chronic inflammation and
plaque formation including macrophage polarization, fibrosis, inflammation, angiogenesis, and
lymphocytes activation.
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Figure 4. STRING analysis for protein-protein interaction. The analysis showed that various DEGs
are related to each other and regulate each other.

4. Discussion

Chronic inflammation and inflammatory immune cells play a critical role in the devel-
opment and progression of atheromatous plaque formation contributing to thrombosis and
vessel stenosis. The development and progression of atherosclerosis are characterized by
deposition of low-density lipoproteins in vessel intima, formation of a fatty streak, foam
cell formation, plaque formation, and immune cell infiltration followed by thrombosis
and vessel stenosis. Persistent infiltration of pro-inflammatory immune cells causing in-
creased secretion of pro-inflammatory cytokines and increased expression of inflammatory
mediators leads to chronic inflammation contributing to thrombosis [11,15–19]. Thus, tar-
geting inflammation seems a promising therapeutic strategy to attenuate the progression
of atheromatous plaque and thrombosis. Thrombosis of the vessels participating in AVF is
a common cause to precipitate early AVF failure [20,21]. Since inflammation plays a crucial
role in vessel thrombosis and studies have shown the crucial role of inflammation-intimal
hyperplasia-plaque-thrombosis, we focused on investigating the factors mediating adventi-
tial inflammation and inflammation of the surrounding structure possibly playing a role
in early vessel thrombosis and AVF failure. In other words, the focus of this study was
to focus on the role of inflammation in the vicinity of AVF. The inflammation may either
be due to surgical injury or the immune response of the body. Inflammation of the vessel
adventitia, around a blood vessel and vicinity tissue, causes perivascular cuffing due to the
accumulation of immune cells [22,23] and contributes to vessel stenosis [10].

A significantly increased TRIM55 (Murf2) expression in AVF FA tissue with RNA seq
(log2 fold = 8.1, Table 2) suggests that increased expression of TRIM55 might have caused
perivascular cuffing of the FA and chronic inflammatory milieu precipitating vessel throm-
bosis [24]. Increased TRIM55 might be in response to muscle injury while creating AVF
or post-surgical muscle atrophy [25,26]. An association of increased perivascular cuffing
with increased TRIM55 expression and decreased infiltration of immune cells and perivas-
cular cuffing with TRIM55 knock out as reported previously [27,28] suggests TRIM55 as
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a potential therapeutic target to attenuate perivascular cuffing and an increased TRIM55
expression in AVF FA compared to contralateral FA suggests a chronic inflammatory state
around the AVF FA mediating vessel thrombosis and stenosis. Another DEG that was
significantly increased in AVF FA compared to control FA was myogenic differentiation 1
(MYOD1) (log2 fold = 7.29). MYOD1 is a transcription factor that regulates muscle differen-
tiation [29], and its expression varies with the presence and absence of inflammation [30,31].
Although MYOD1 is associated with muscle differentiation, its association with inflam-
mation coerced us to investigate the regulatory network of MYOD1. The gene regulatory
network using all 425 DEGs revealed MYOD1 association with nuclear factor kappa beta
(NF-κB), interferon-gamma (IFN-γ), integrins, interleukin (IL)-18, caspases, matrix metallo-
proteinases (MMPs), sirtuins, vascular endothelial growth factor A (VEGFA), angiopoietin 1
(ANGPT1), and immune cell activation (Figure 5). The association of MYOD1 with the
genes involved in inflammation, angiogenesis, arteriogenesis, and immune cell activation
suggests its probable role in the pathologies involved in vessel thrombosis (inflammation,
immune cell activation, and angiogenesis). Increased expression of MYOD1 in association
with other genes involved in inflammation namely IL-8 (CXCL8, log2 fold = 2.21), IL-18
(log2 fold = 2.84), CCR7 (log2 fold = 5.30), ITGB7 (log2 fold = 3.85), MMP-9 (log2 fold = 5.58),
MMP-25 (log2 fold = 4.14), and TREML1 (log2 fold = 5.11) suggest the role of MYOD1 in
perivascular cuffing. Furthermore, an association of these DEGs with thrombosed AVF FA
suggests the role of these DEGs in perivascular cuffing and vessel thrombosis.

 

Figure 5. MYOD1 regulates the expression of various DEGs involved in chronic inflammation, plaque
formation, and thrombosis.
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Tissue injury is associated with increased secretion of S100 proteins. The S100 proteins
S100A8, S100A9, and S100A12 play a crucial role in inflammation and atherosclerosis [16,32],
while S100A1 plays a role in post-ischemic angiogenesis [33]. S100 proteins are potential
therapeutic targets in atherosclerosis [32,34]. An increased expression of DEGs S100A1
(log2 fold = 3.69), S100A8 (log2 fold = 4.48), and S100A9 (log2 fold = 2.91) in RNA seq
analysis of the FA involved in AVF compared to contralateral FA (Tables 2–5) suggest the
pathologic role of calgranulins in vessel thrombosis and early AVF failure. Increased ex-
pression of S100 proteins is associated with inflammation, increased secretion of proinflam-
matory cytokines (IL-6, IL-8, and IL-18), and immune cell infiltration (macrophages) [35,36].
Increased expression of IL-8 (CXCL8, log2 fold = 2.21), IL-18 (log2 fold = 2.84), and CCR7
(log2 fold = 5.30) in association with S100 proteins suggest that IL-8 and IL-18 play a
critical role in vessel thrombosis. This notion is supported by the role of IL-8 secreted
from macrophages in the pathogenesis of atherosclerosis [37–39]. Similarly, the increased
expression of IL-18 is associated with atherosclerosis, and it enhances atherosclerosis in
association with IFN-γ [40–42]. An increased expression of CCR7 (log2 fold = 5.30, M1
macrophage marker) and association of MYOD1 with IFN-γ suggest a possible role of IL-8
and IL-18 in vascular thrombosis, an underlying pathology for early AVF failure. Another
DEG related to inflammation and involved in angiogenesis was TEK [43–45] whose ex-
pression was increased in AVF FA (log2 fold = 2.22). The TEK gene is also known as Tie2
and is an angiopoietin receptor and is involved in neoangiogenesis, which contributes to
the progression and stabilization of the plaques. Tie-2 plays a key role in vessel stabiliza-
tion and destabilization in association with Ang-I mediated Tie-2 activation and Ang-II
mediated inhibition of Tie-2 activation [46]. Increased TEK expression in AVF FA might
be due to the locally active renin-angiotensin system in the vessel intima [47], as TEK
expression is regulated by Ang-I and Ang-II. The involvement of TEK in angiogenesis and
inflammation supports the hypothesis of its involvement in chronic inflammation and a
probable role in vessel thrombosis. This is also supported by the fact that inhibition of
TEK alleviates the release of inflammatory cytokines [44]. Another DEG with increased
expression was bridging integrator 2 (BIN2) (log2 fold = 2.63). BIN2 regulates platelet
activation in thrombosis, thrombo-inflammation, and atherosclerosis, and depletion of
BIN2 is associated with protection from arterial thrombosis [48,49]. Increased expression
of BIN2 in AVF FA samples in this study suggests a possible role of BIN2 in early vessel
thrombosis and its contribution to early AVF failure. Another DEG phospholipase C-β2
(PLCB2) was found increased (log2 fold = 2.66) in AVF FA tissue. PLCB2 expression is
regulated by NF-κB and is involved in platelet activation, inflammation, and atherosclero-
sis [50]. The involvement of PLCB2 in inflammation and atherosclerosis and its increased
expression in AVF FA indicates the role of PLCB2 in vessel thrombosis and probably early
AVF failure. Another DEG, ABL2 (log2 fold = 4.69) regulates vascular leakage during in-
flammation, and depletion of Arg/Abl2 associates with improvement in endothelial cell
adhesion and prevents vascular leakage during inflammation [51]. LGALS12 (galectin-12,
log2 fold = 5.41) enhances inflammation by promoting M1 macrophage polarization and
negatively regulates M2 macrophage polarization [52]. Increased expression of these and
multiple other DEGs (Tables 2–5) in AVF FA suggest the probable critical role of these DEGs
in vessel thrombosis; however, this warrants future detailed mechanistic studies.

Along with the various DEGs involved and inducing inflammation, we also found vari-
ous DEGs with an anti-inflammatory and antiatherosclerosis function. The DEGs were OSR1
(log2 fold= −2.48), FFAR4 (log2 fold = 4.80), CEBPA (log2 fold = 4.06), PON1 (log2 fold = 3.77),
MLXIPL (log2 fold = 3.37), HCAR1 (log2 fold = 2.00), GPR39 (log2 fold = −3.07), MFGE8
(log2 fold = −2.53), A4GNT (log2 fold = 7.78), ABCC8 (log2 fold = 5.78), CD5 (log2 fold = 4.01),
and ARID5B (log2 fold = 2.15). Odd-skipped related transcription factor 1 (OSR1), also
known as oxidative stress-responsive kinase 1 (OSXR1), inhibits NF-κB [53] and regu-
lates hepatic inflammation [54]. Free Fatty Acid Receptor 4 (FFAR4, GPR120) has anti-
atherosclerotic potential and attenuates M1 macrophage activity, thus providing anti-
inflammatory activity [55]. CCAAT/enhancer-binding protein alpha (CEBPA), gene en-
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coding C/EBPα, plays a crucial role in myeloid lineage maturation and is expressed
during the late phase of inflammatory responses. A decreased secretion of inflammatory
cytokines TNF-α, IL-6, IL-1β, and IFN-γ with MTL-CEBPA, a small activating RNA tar-
geting for upregulation of C/EBPα, suggests an anti-inflammatory role of CEBPA [56].
Paraoxonase 1 (PON1) protects against lipid oxidation and has an antioxidant and anti-
inflammatory role in atherosclerosis [57]. The increased expression of MLXIPL by c-
Jun inhibits inflammation in spinal cord nerve injury [58]. The increased expression
of hydroxycarboxylic acid receptor 1 (HCAR1) is associated with anti-inflammatory re-
sponse in glaucoma [59]. Under inflammatory conditions, G protein-coupled recep-
tor 39 (GPR39) plays an anti-inflammatory role by enhancing IL-10 production from
macrophages [60]. The increased expression of milk fat globule epidermal growth fac-
tor VIII (MFGE8) is associated with aging, atherosclerosis, hypertension, and diabetic
arterial walls, and plays a crucial role in remodeling [61]. MFGE8 also has an anti-
inflammatory response, and treatment with recombinant MFGE8 suppresses inflamma-
tion in mouse [62]. A4GNT may protect against inflammation-associated gastric adeno-
carcinoma (https://www.uniprot.org/uniprot/Q14BT6; accessed on 8 January 2022) and
knocking out A4GNT is associated with gastric mucosal hyperplasia [63]. ATP-binding
cassette transporter sub-family C member (ABCC) 8 encodes for sulfonylurea receptor 1
(Sur1) and silencing of Abcc8 or inhibition of Sur1-Trpm4 attenuate inflammation and
disease progression in experimental autoimmune encephalomyelitis. This suggests the
anti-inflammatory effect of silencing ABCC8 [64]. IL-10 is an anti-inflammatory cytokine
secreted by CD5+ B cells [65], and increased expression of CD5 in AVF FA samples sug-
gests the immune response of the body to increase IL-10 secretion. IL-10 is important as it
protects against atherosclerosis by regulating atherogenic macrophage function [66] and
can mitigate atherosclerosis [67,68]. Since neointimal hyperplasia and progressive plaque
formation contribute to vessel thrombosis, increased CD5 expression in these samples
suggests a protective mechanism. The AT-Rich Interaction Domain 5B (ARID5B) gene en-
codes a member of the AT-rich interaction domain (ARID) family of DNA binding proteins
and methylation of ARID5B prevents inflammation and progression and development of
atherosclerosis by inhibiting the ox-LDL/PI3K/Akt/NF-κB pathway [69].

The presence of DEGs contributing to pro-and anti-inflammatory pathogenesis in AVF
FA samples compared to contralateral FA indicate the presence of chronic inflammation in
AVF tissue as well as the anti-inflammatory immune response of the body. The presence of
both pro-and anti-inflammatory DEGs suggests an immune response of the body to attenu-
ate chronic inflammation but the outnumbering of the number of pro-inflammatory DEGs
compared to the number of anti-inflammatory DEGs suggests the presence of persistent
chronic inflammation. The presence of inflammatory DEGs and persistent inflammation
might be the cause of early vessel thrombosis and early AVF failure. Furthermore, the
presence of DEGs involved in perivascular cuffing suggests that for AVF patency, targeting
inflammation around the vessel along with the pathologies inside the lumen (neointimal
hyperplasia, intimal inflammation, plaque formation) should be considered. Targeting
inflammation and immune cells to attenuate atherosclerosis supports the notion of targeting
perivascular cuffing and luminal inflammation to enhance AVF maturation [19]. Targeting
T-cells and macrophage accumulation to regulate adaptive venous remodeling increase
AVF maturation [70], and increased expression of CCR7 (log2 fold = 5.30), a marker for
the pro-inflammatory M1 macrophage, indicate the significance of targeting inflammatory
macrophages for AVF maturation. Adaptive vascular extracellular matrix (ECM) remod-
eling favors outward remodeling of the vessel and contributes to AVF maturation. Thus,
not only adaptive intimal ECM remodeling but adventitial remodeling also contributes
to AVF maturation. Collagen deposition and elastin degradation play a crucial role in
ECM remodeling, which is an attractive target for AVF maturation [71]. The presence of
various DEGs associated with ECM remodeling including ELN, ITGA8, PRELP, FMOD,
ITGA3, ADAMTSL4, HSPE, OSMR, CHST2, ECM1, and matrix metalloproteinases includ-
ing MMP9, MMP7, MMP25, MMP17, and MMP8, and in our data indicate the probability of
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targeting vascular adventitial and ECM remodeling for AVF maturation. Targeting MMPs
and ECM remodeling in association with inflammation is important because MMP activity
is regulated by inflammatory cytokines and MMPs regulate inflammatory processes [72–74].
Targeting inflammation to enhance outward remodeling is also supported by favorable
remodeling in mice deficient in the TLR-4 homolog RP105 [75].

5. Targeting DEGs and Translational Aspect

Chronic inflammation critically contributes to vessel thrombosis and stenosis. The
presence of inflammatory DEGs and their correlation with inflammatory processes in
this study support the notion of targeting these DEGs to attenuate chronic inflammation.
Furthermore, measuring the serum expression of these DEGs may be used as biomarkers of
the ongoing thrombosis and stenosis of the femoral vessels and AVF, as increased expression
of these DEGs indicate thrombosis and an ongoing AVF failure. Thus, a timely intervention
may be taken. Further, the presence of significantly increased inflammatory DEGs is also
indicative of the ongoing inflammation and the need for anti-inflammatory treatment
targeting these genes after AVF creation. The presence of thrombosed arteries also suggests
the possibility of anti-platelet or anti-thrombotic treatment before and after AVF creation to
attenuate plaque formation and early thrombosis [76,77].

Additionally, various DEGs delineated in this analysis involved in chronic inflamma-
tion also regulate other cellular mechanisms including fibrosis, ECM remodeling, vascular
smooth muscle cell proliferation, and phenotype change (Figure 5, MYOD1 regulates many
genes and TFs). These changes can be investigated using high-resolution scanning of
the AVF, such as high-resolution 3D imaging [78]. High-resolution imaging will help in
assessing AVF at various time points and an evolving thrombus or vessel stenosis can be
evaluated early before complete occlusion. This will enhance the clinical outcome and may
also help maintain AVF patency for a longer time. However, these assumptions warrant
well-organized large-scale clinical trials.

6. Conclusions

Overall, the RNA sequencing results of AVF FA and contralateral control FA revealed
multiple DEGs involved in inflammation, inflammatory pathways, immune cell migration,
and proliferation and regulation of cytoplasmic kinases. Additionally, the increased expres-
sion of genes related to skeletal muscle injury and playing a role in vascular cuffing support
the notion of targeting chronic inflammation in the vicinity of AVF along with the luminal
pathologies. The tissues in this study were treated with the inhibitors of TREM-1 and
TLR-4 to attenuate plaque formation by decreasing inflammation; however, the presence of
various DEGs related to inflammation indicates a more aggressive approach to attenuate
inflammation due to skeletal muscle injury and target perivascular cuffing, adventitial
inflammation, and remodeling.

7. Limitations of the Study

This study elucidated several significantly expressed DEGs involved in inflammation,
inflammatory pathogenesis, and the regulation of innate and adaptive immune response
and proposed targeting chronic inflammation in the perivascular space due to vessel and
skeletal muscle injury which might have therapeutic potential in AVF maturation. The
limited number of samples and treatment with TREM-1 and TLR-4 inhibitors might have
confounded the outcome. Furthermore, the involvement of several DEGs in inflammation
as discussed here has not been shown in the perspective of atherosclerosis, and warrants
future in vitro and in vivo studies. A comparison of AVF tissue without any treatment
with treated tissues may reveal more DEGs involved in inflammation and as a therapeutic
target. Despite these limitations, this study elucidated novel DEGs that can be targeted
to attenuate or inhibit early vascular thrombosis to hasten AVF maturation. The focus on
vascular adventitia remodeling and attenuating perivascular cuffing by targeting DEGs
involved in inflammation is a key point of this manuscript.
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Abstract: Background: Vascular inflammation plays a crucial role in peripheral arterial disease
(PAD), although the role of the mediators involved has not yet been properly defined. The aim of this
work is to investigate gene expression and plasma biomarkers in chronic limb-threating ischemia
(CLTI). Methods: Using patients from the GHAS trial, both blood and ischemic muscle samples were
obtained to analyze plasma markers and mRNA expression, respectively. Statistical analysis was
performed by using univariate (Spearman, t-Student, and X2) and multivariate (multiple logistic
regression) tests. Results: A total of 35 patients were available at baseline (29 for mRNA expression).
Baseline characteristics (mean): Age: 71.4 ± 12.4 years (79.4% male); TNF-α: 10.7 ± 4.9 pg/mL;
hsCRP:1.6 ± 2.2 mg/dL; and neutrophil-to-lymphocyte ratio (NLR): 3.5 ± 2.8. Plasma TNF-α was
found elevated (≥8.1) in 68.6% of patients, while high hsCRP (≥0.5) was found in 60.5%. Diabetic
patients with a high level of inflammation showed significantly higher levels of NOX4 expression at
baseline (p = 0.0346). Plasma TNF-α had a negative correlation with NOS3 (eNOS) expression (−0.5,
p = 0.015) and plasma hsCRP with VEGFA (−0.63, p = 0.005). The expression of NOX4 was parallel to
that of plasma TNF-α (0.305, p = 0.037), especially in DM. Cumulative mortality at 12 months was
related to NLR ≥ 3 (p = 0.019) and TNF-α ≥ 8.1 (p = 0.048). The best cutoff point for NLR to predict
mortality was 3.4. Conclusions: NOX4 and TNF-α are crucial for the development and complications
of lower limb ischemia, especially in DM. hsCRP could have a negative influence on angiogenesis too.
NLR and TNF-α represent suitable markers of mortality in CLTI. These results are novel because they
connect muscle gene expression and plasma information in patients with advanced PAD, deepening
the search for new and accurate targets for this condition.

Keywords: vascular inflammation; peripheral arterial disease (PAD); chronic limb-threatening
ischemia (CLTI); GHAS trial; TNF-α; hsCRP; neutrophil-to-lymphocyte ratio (NLR); NOX4; NOS3
(eNOS); VEGFA

1. Introduction

Peripheral arterial disease (PAD) is an occlusive arterial disease, mainly of atheroscle-
rotic origin, that affects lower limbs. It represents an independent risk factor for cardio-
vascular (CV) morbidity and mortality [1–3]. In fact, these patients have a CV event rate
similar to those with established coronary or cerebral vascular disease [4–6]. Considering
that there are few tools to identify which patients with PAD are at risk for an acute event,
risk handling in this setting represents a major health challenge [4,7]. Inflammation plays a
key role in the development of PAD, but the mediators involved in this condition have not
yet been fully defined [8,9]. The isolated use of clinical staging of PAD (Rutherford class) ig-
nores the importance of other factors that may also be crucial for long-term survival in these
patients, such as biomarkers of systemic inflammation or endothelial dysfunction [9,10].
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Both experimental and large cohort studies in humans have evaluated the role of
inflammatory cytokines in atherosclerosis [3,11–14]. IL-6, TNF-α, and C-reactive protein
of high sensitivity (hsCRP) have been found predictive of future CV events in healthy
and diseased populations [15,16]. However, studies using Mendelian randomization have
shown contradictory results depending on the marker, justifying the need for further
study [9,15,17–19]. Moreover, it seems that different cytokines could influence the diverse
vascular beds in different ways. In fact, murine and human data do not always coincide, as
we will see below.

Inflammation has a clear deleterious effect on vessel endothelial function. Indeed, the
CANTOS trial provided the first compelling evidence that inhibition of cytokine function,
by decreasing the activity of IL-1ß and IL-6 signaling pathways, can reduce CV risk re-
gardless of blood pressure or lipid level [20]. However, this breakthrough has only been
demonstrated so far for coronary heart disease. In PAD, several cytokines have been associ-
ated with disease progression in one cohort study, finding a significant increase in the levels
of IL-6, TNF-α, selectins, neopterin, CAMs, MMP-2, and MMP-9 [21]. However, a preceding
study found no significant difference for IL-6 and IL-1ß in lower limb ischemia [22]. While
in the CANTOS study the relevant role is for IL-6, in PAD the levels of TNF-α and IL-8
were clearly increased, which supports the statement of different inflammatory patterns
in both atherosclerotic conditions. Further, IL-6 secretion is highly dependent on TNF-α
and appears to have different behavior when secreted by monocytes (proinflammatory)
or skeletal muscle (anti-inflammatory) [23]. In addition, nonrandomized observational
studies have suggested a reduction in the rate of atherosclerotic events in patients treated
with TNF-α inhibitors [24,25]. However, the causal association between these or other
biomarkers and PAD has not yet been established.

The neutrophil-to-lymphocyte ratio (NLR), defined as the ratio between absolute
count of neutrophils and lymphocytes, has been gaining relevance as a marker of CV
disease. Many researchers have deeply evaluated NLR as a potential prognostic biomarker,
predicting pathological and survival outcomes in patients with atherosclerosis and, in
particular, in PAD, in which a strong relationship has been identified for systemic (long-
term mortality) and local (lower limb) complications [26].

It is also well known that oxidative stress plays an important role in endothelial
dysfunction in the inflammatory context of CV disease. Many studies have highlighted how
oxidative distress triggers and impairs this condition, facilitating adverse CV events [27,28].
Although many studies currently address inflammation and redox balance in the vascular
system, few of them have cross-linked gene and plasma information in a human trial.

Here we present new insights from an interventional study, the GHAS trial, in which
information about muscle tissue mRNA expression and plasma biomarkers was combined
in patients suffering from chronic limb-threatening ischemia (CLTI). Our results are novel
because they were obtained in this PAD special subset of patients presenting CLTI, who
represent those with the highest level of inflammation and CV risk.

2. Materials and Methods

From January 2016 to December 2018, all patients with diagnosis of CLTI who met
inclusion criteria were enrolled in the Growth Hormone Angiogenic Study (GHAS) trial,
registered in the Spanish Registry of Clinical Trials (REEC) with the number 2012-002228-34.

The GHAS study, a phase III randomized controlled trial, was designed to test the
benefit of low dose of GH (0.4 mg per day, 5 days a week, during 2 months) for wound
healing and rest pain relief in CLTI patients compared to placebo or control group, in which
an injection of serum was administered with the same protocol instead of GH [28–30].
Blood samples were extracted for the determination of plasma biomarkers at the beginning
of the study (basal) and after two months of treatment initiation (final). Skeletal muscle
samples from the ischemic limb were also obtained with the same time interval.
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2.1. Informed Consent and Recruitment

Written informed consent was obtained from each participant at the beginning of
the investigation. The recruitment of the subjects for this study was made by vascular
surgeons in the Angiology and Vascular Surgery Department of the Clinical Hospital of
Pontevedra, Spain.

2.2. Medical Screening through Medical History and Physical Examination

At the beginning and at the end of this study, demographic information, CV risk
factors, comorbid conditions, Rutherford class of ischemia, ankle–brachial index (ABI),
ankle pressure (AK) and photoplethysmography (PPG), blood and muscle samples, and a
list of current medications were collected from the medical history of each patient.

2.3. Inclusion/Exclusion/Withdrawal Criteria
2.3.1. Inclusion Criteria:

– Age > 18 years
– Diagnosis of CLTI: presence of trophic lesions and/or rest pain plus ABI less than 0.4 and/or

AP < 50 mmHg or plain or damped PPG curves or toe pressure (TP) < 30 mmHg [31].
– Failure of a previous attempt of revascularization; patients considered at high risk

of failure or at high risk of surgical complications during the procedure or in poor
condition for surgery.

– High risk of limb loss.

2.3.2. Exclusion Criteria

– Pregnancy
– Legally incapacitated.
– Current cancer or during the last 5 years before the study.
– Current pneumonia or sepsis or severe foot infection.
– Untreated hypothyroidism and/or hypocortisolism.

2.3.3. Withdrawal Criteria

– Patient’s own request.
– Decision of the physician due to adverse reactions supposedly secondary to the drug.
– Pneumonia/sepsis during the period of treatment.
– Increase in levels of IGF-1 more than 2 standard deviations.
– Increase in tumor markers.

A total of 37 consecutive subjects met the inclusion criteria. There were 2 deaths after
signing the informed consent and before starting any treatment. Therefore, 35 patients
were finally eligible for the study. However, both baseline and final muscle samples
were obtained in 29 patients who completed the trial without amputation in the referred
treatment period (2 months). A total of 16 patients were treated with GH (GH group), and
13 received placebo (control group or placebo group).

2.4. Measurements
2.4.1. ABI and AP

The method used for determination of ABI and AP has been extensively described
and recently reviewed [32,33]. A bidirectional continuous doppler with an 8 MHz probe
and specific software (Hadeco, es-100V3 model, Quermed S.A, Madrid, Spain) was used
for curve analysis.

2.4.2. Inflammatory and Vascular Circulating Biomarkers

A blood sample from a peripheral vein was obtained for determination of plasma
biomarkers. The markers and their reference values were: tumor necrosis factor-alpha
(TNF-α): <8.1 pg/mL; high-sensitivity C-reactive protein (hsCRP): <0.5 mg/dL or 5mg/L;

229



Biomedicines 2022, 10, 489

beta-2 microglobulin (ß-2M): <0.25 mg/L; cystatin C (CyC): 0.53–0.95 mg/L; fibrinogen:
200–430 mg/dL; glycosylated hemoglobin (HbA1C): <5.5%; insulin-like growth factor I
(IGF-1) and IGF-1 binding protein 3 (IGF-1-BP3): age-standardized values according to our
laboratory reference values. Quantifications were performed by using ELISA technique
according to the manufacturer’s protocols. TNF-α, IGF-1, and IGF-BP3 were measured
using IMMULITE 2000 IMMUNOASSAY SYSTEM (Siemens); for ß-2M and CyC the DI-
MENSION VISTA 1500 (Siemens) was used; for hsCRP, ADVIA 2400 CHEMISTRY SYSTEM
(Siemens); for HbA1C, HPLC ADAMS A1C HA-8180 (Arkray); cell count was performed
using ADVIA 2120 HEMATOLOGY SYSTEM (Siemens); fibrinogen was measured using
ACL TOP 550 (Werfen).

The reference value of NLR in general population is considered 2.15. In PAD patients,
it ranges between 2.5 and 5.25 in different studies. A cutoff point for elevated NLR has not
been properly defined for PAD, though the recommendation is to consider a value between
2.5 and 3 [26]. In our study, a value ≥ 2.5 was chosen as elevated.

2.4.3. Skeletal Muscle Samples

Samples were taken from the soleus muscle using a cutting trocar and local anesthesia
with 2% lidocaine. In the internal aspect of the leg, a small skin incision of 2–3 mm was
made. Then, the trocar was inserted until the desired level, and a muscle cylinder was
removed. Once extracted, the samples were conserved in RNA-later (AM7021, Invitrogen,
Vilnius, Lithuania) at 4 ◦C and finally stored at −80 ◦C until analysis.

2.4.4. Real-Time PCR (RT-qPCR)

RNA extraction was performed using TRIzol™ reagent (15596026, Invitrogen, Carlsbad,
CA, USA), following manufacturer’s instructions. RNA was incubated with 1 IU RNase free
DNase I (EN0521, Thermo, Carlsbad, CA, USA), 5 μL 10X buffer with MgCl2, and water for a
total volume of 50 μL at 37 ◦C for 30 min. The reaction was terminated by inactivating DNase,
and then RNA was purified with an affinity column using the GeneJET RNA Cleanup and
Concentration micro kit (K0842, Thermo Fisher, Vilnius, Lithuania). RNA was finally
quantified by spectrophotometry (Nanodrop 2000, Thermo Fisher, Vilnius, Lithuania).

Total RNA pool obtained from commercial human skeletal muscle was used as refer-
ence (636534, Clontech, Mountain View, CA, USA).

A total of 1 μg of total, previous to cDNA synthesis, is incubation with 1 IU of RNase-
free DNase I (EN0521, Thermo Fisher, Carlsbad, CA, USA), 1 μL of MgCl2 buffer, and
water to a final volume of 10 μL for 30 min at 37 ◦C. DNase was then inactivated by adding
1 μL of EDTA and incubating for 10 min at 65 ◦C. cDNA was synthesized following the
supplier’s protocol, adding 1.5 μL of 300 IU MMLV (28025-013, Invitrogen, Carlsbad, CA,
USA), 6 μL 5X First-Strand Buffer, 1.5 μL 10 mM dNTPs(10297-018, Invitrogen, Carlsbad,
CA, USA), 0.1 μL Random Primers(48190011; Invitrogen, Freder-ick, MD, USA, 3 μL 0.1 M
DTT, 1 μL RNaseOUT™ Recombinant Ribonuclease Inhibitor (40 units/μL) (10777-019,
Carlsbad, CA, USA), and H2O for a total 30 μL reaction. For human samples, 50, 25, and
12.5 ng of Poly A+ mRNA was similarly treated.

Expression was detected by qPCR using 1 μL of the cDNA reaction plus 6 μL 2x
TaqMan Gene Expression MasterMix (4369016 Applied Biosystems, Foster City, CA, USA)
and 6 μL diluted primers in 96 well-plates in a 7500 Real-Time PCR System (4351105,
Applied Biosystems, Foster City, CA, USA). As control for general gene ex-pression, we
used human negative controls of the reverse-transcription step (all reagents and RNA
samples but without reverse transcriptase) and the PCR step (all reagents but no reverse-
transcribed samples) were included in each assay plate. We used the house-keeping
gene (TBP) as an expression control gene since we have previous experience in human
tissue samples [34,35]. The following genes were determined: VEGFA: Vascular endothelial
growth factor A; IGF1: Insulin-like growth factor I; NOS3 or eNOS: Nitric oxide synthase 3 or
endothelial NOS; MSTN: Myostatin; NOX4: NADPH (Nicotinamide adenine dinucleotide
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phosphate oxidase) 4; MYOG: Myogenin; KDR: VEGFA receptor 1; IL6: Interleukin 6; and
TNF: Tumor Necrosis Factor. All of them appear in italic in the text and Figures.

ΔCt relative values with respect to the commercial pool of human muscle were calcu-
lated for each gene related to TBP. When compared from time zero (control time) to two
months of treatment/placebo, ΔΔCt values were obtained. Primer sets and TaqMan assays
(Applied Biosystems) used are shown in Table 1.

Table 1. Real-time PCR (RT-qPCR). Primer sets, TaqMan assays and conditions used for RT-qPCR
in the GHAS trial for muscle gene expression analysis. Genes are written in italic.

Gene Sequence
Amplification

Size
Annealing

Tª

TBP

Fw: 5′-GCCCGAAACGCCGAATAT-3′

67 bp 60 ◦CRv: 5′-TTCGTGGCTCTCTTATCCTCATG-3′

Pb: 5′-TCCCAAGCGGTTTGCTGCGGTA-3′

VEGFA Applied Biosystems: Hs00900055_m1 67 bp 60 ◦C

IGF1 Applied Biosystems: Hs01547656_m1 68 bp 60 ◦C

NOS3 Applied Biosystems: Hs01574665_m1 86 bp 60 ◦C

MSTN Applied Biosystems: Hs00976237_m1 69 bp 60 ◦C

NOX4 Applied Biosystems: Hs01379108_m1 64 bp 60 ◦C

MYOG Applied Biosystems: Hs01072232_m1 76 bp 60 ◦C

KDR Applied Biosystems: Hs00911700_m1 83 bp 60 ◦C

IL6 Applied Biosystems: Hs00174131_m1 95 bp 60 ◦C

TNF Applied Biosystems: Hs00174128_m1 80 bp 60 ◦C

2.5. Statistical Analysis

Mean, median, and standard deviation and standard error values were calculated
for each group. Serum biomarkers and molecular data were analyzed at baseline, and for
differences between basal and final time points in the two treated groups. Results were
also stratified by patients with or without DM, but not by type of DM.

Data were processed with GraphPad prism® v8 software (San Diego, CA, USA). The
initial step was to check if data within a group followed a normal distribution and if their
variances were equal or not. For normality distribution, we used the Shapiro–Wilk test (as
the sample size was less than 50) and Fisher’s test for variances. Based on the results, if
the groups were normal and homoscedastic, we used t-test; if the groups were normal and
not homoscedastic, we used t-test with Welch’s correction; finally, if the groups followed a
non-normal distribution, we used the test of Wilcoxon–Mann–Whitney. To compare among
qualitative, or quantitative to qualitative variables, X2 test was performed with Fisher’s
test when expected frequency was less than 5.

Correlations (r) were measured using the SPSS® software v27 (Armonk, NY, USA),
mainly the Spearman correlation coefficient for non-normal qualitative or quantitative
variables. The graphs were constructed by using the mentioned Graphpad prism® software.
In addition, Kaplan–Meier and AUC–ROC curves (AUC: Area Under the Curve; ROC:
Receiver Operating Characteristics) were carried out by using R statistics software (version
4.0.3, free software). Fisher and Mantel–Haenszel tests were used for odds ratios analysis.

In addition to the univariate study, a multivariate study was addressed by using
multiple logistic regression analysis.
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3. Results

3.1. General Characteristics

The baseline characteristics between both groups of the study were similar in terms
of age, sex, hypertension (HT), DM with or without neuropathy, chronic kidney disease
(CKD), dialysis, heart disease, or Rutherford class. However, on the one hand, some
differences were detected between groups on tobacco consumption, with a higher number
of nonsmokers in the intervention group (GH: 88.89% vs. placebo: 50%, p = 0.0107). On
the other hand, the presence of trophic lesions in the foot was more frequent in the GH
group than in the control group (GH: 83.3% vs. placebo: 50%, p = 0.0381). In CLTI studies,
a higher proportion of men than women is usually found, as in our study (men/women:
79.4% vs. 20.6%), since this disease has a higher incidence in men, without any difference
between GH-treated patients and controls (p = 0.2715). Our group previously published
a table with all these characteristics (see Table 2 in [28]). In the sample analyzed for this
study, 59% of patients suffered from DM, 57.6% of them with established neuropathy. All
diabetic patients were type II, and all except one suffered from DM of more than 10 years
of evolution. DM affected 53.3% of the men and 100% of the women in this study. Age
was stratified into three groups (<65 years; 65–80 years; and >80 years). The percentage of
diabetic patients in each age group was as follows: <65: 29.2%; 65–80: 33.3%; >80: 37.5%
(p = 0.2531).

Table 2. Mean and median results of inflammatory parameters in CLTI patients from the GHAS

trial. TG: Triglycerides; HDLc: High density lipoprotein cholesterol; LDLc: Low density lipoprotein
cholesterol; ABI: Ankle–brachial index; AP: Ankle pressure; IGF-1: Insulin-like growth factor 1;
IGFBP3: IGF-1 binding protein 3; TNF-α: Tumor necrosis factor alpha; hsCRP: C-reactive protein of
high sensitivity; B2M: Beta-2 microglobulin; CyC: Cystatin C; HbA1C: Glycosylated hemoglobin;
NLR: Neutrophil-to-lymphocyte ratio; Fibrin.: Fibrinogen; SD: Standard deviation; Min: Minimum;
and Max: Maximum.

TG HDLc LDLc ABI AP Age IGF-I IGFBP3 TNF-α hsCRP B2-M CyC HbA1C NLR Fibrin.

Mean 164.1 45.5 97.9 0.23 38.6 71.5 134.9 3.06 10.66 1.6 0.4 1.45 6.5 3.5 560.21

Median 132.5 41 100 0.2 31.5 72 125 2.9 10 0.95 0.3 1.2 6.3 2.6 505

SD 88.1 15.1 32.1 0.23 37.02 12.4 53.2 1.1 4.9 2.2 0.3 0.9 1.02 2.8 128.51

Mín. 46 29 36 0 0 49 38 0.5 4 0.1 0.14 0.55 5.1 0.4 403

Max. 412 97 161 0.93 140 93 275 5.2 27 9.1 1.1 3.8 8.9 16.3 853

3.2. Hemodynamic Parameters and Plasma Biomarkers

The baseline characteristics (mean and median) of the hemodynamic and plasma parame-
ters are schematized in Table 2: Age: 71.5 ± 12.4 years; ankle–brachial index (ABI): 0.23 ± 0.23;
ankle pressure (AP): 38.6 ± 37.02; TNF-α: 10.66 ± 4.9 pg/mL; hsCRP: 1.6 ± 2.2 mg/dL;
CyC: 1.45 ± 0.9 mg/L; B2M: 0.4 ± 0.3 mg/L; fibrinogen: 560.21 ± 128.51 mg/dL; HbA1C:
6.5 ± 1.02%; neutrophil-to-lymphocyte ratio (NLR): 3.5 ± 2.8; IGF-1: 134.9 ± 53.2 ng/ml; and
IGF-1BP3: 3.06 ± 1.1 μg/mL.

An elevated level of plasma TNF-α (≥8.1 pg/mL) was seen in 68.57% of patients (GH:
83.3%; Placebo: 52.9%), while a high level of hsCRP (≥0.5 mg/dL) was detected in 60.5%
(GH: 70%; Placebo: 50%). An elevated NLR (≥2.5) appeared in 52.6% of patients, and
CyC was also increased in the GH group compared with the placebo. The plasma levels
of IGF-1 increased in 8.11% of patients, mainly in the GH group, and the plasma levels of
IGFBP3 were found low in 44.1% of patients: 45.5% vs. 42.9%, GH and placebo, respectively
(p = 0.634).

Table 3 depicts relevant information about the groups. As can be seen, the level of
plasma biomarkers of inflammation such as TNF-α, hsCRP, and CyC was significantly
higher in the GH group at baseline, which implies a higher inflammatory state in this
group. Even basal levels of fibrinogen were higher in the GH group (601.25 vs. 489.85,
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p = 0.0425), which supports this statement. At the end of the study, only plasma TNF-α was
significantly decreased compared to the placebo, as previously reported by our group [28].

Table 3. Biomarker distribution in the GHAS study. Basal: Baseline or pretreatment values; Final:
Final values after 2 months of treatment. Statistical significance is highlighted in colors. GH: Growth
hormone; Obs: Observed; SD: Standard deviation; TNF-α: Tumor necrosis factor; hsCRP: C-reactive
protein of high sensitivity; B2M: Beta-2 microglobulin; and CyC: Cystatin C. * p < 0.05.

Plasma Marker GH Placebo

Obs. Mean SD Obs. Mean SD p-Value

TNF-α (Basal) 16 12.35 5.2 16 8.78 3.9 0.0184 *
TNF-α (Final) 15 10.93 5.12 14 8.04 3.6 0.0464 *
hsCRP (Basal) 18 2.07 2.86 16 0.79 0.70 0.0454 *
hsCRP (Final) 17 1.1 1.38 14 3.42 7.51 0.2188
B2M (Basal) 7 0.47 0.27 16 0.22 0.08 0.1269
B2M (Final) 8 0.56 0.51 14 0.21 0.12 0.3894
CyC (Basal) 7 1.75 0.93 4 0.76 0.17 0.035 *
CyC (Final) 8 1.71 1.12 2 0.8 0.14 0.3054

3.3. Basal mRNA Expression

After analyzing the basal mRNA expression of different genes in the skeletal ischemic
muscle (Figure 1A–H), it was found that only NOX4 had a consistently higher expression
in the group with DM and GH compared to the group without DM and placebo (p = 0.0346)
(Figure 1A).

Figure 1. mRNA expression of different genes at baseline in both groups, GH, and placebo) in

DM and non-DM patients. (A). NOX4: NADPH (Nicotinamide adenine dinucleotide phosphate
oxidase) 4; (B). VEGFA: Vascular endothelial growth factor A; (C). MSTN: Myostatin; (D). KDR:
VEGFA receptor 1. (E). NOS3 or eNOS: Nitric oxide synthase 3 or endothelial NOS; (F). MYOG:
Myogenin; (G). IL6: Interleukin 6; (H). IGF1: Insulin-like growth factor I; GH: Growth hormone;
Placebo: control group; Basal: Baseline. * p < 0.05.

3.4. Basal and Final mRNA Expression

NOX4 mRNA expression underwent a real decrease in DM ischemic patients treated
with GH compared to non-DM (p = 0.0348) (Figure 2A). TNF mRNA expression (TNF-α)
was not reduced in the GH group, neither in patients with DM nor in those without DM
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(Figure 2B). The angiogenesis marker KDR underwent a real increase in its expression dur-
ing GH treatment, which was only significant in patients with DM (p = 0.036) (Figure 2C).

Figure 2. Basal to final mRNA expression of different genes. NOX4 (A), TNF (TNF-α) (B), and
KDR (C). Findings in both groups, GH, and placebo, with DM and without DM. * p < 0.05.

3.5. Plasma Biomarkers and mRNA Expression

Figure 3 depicts the relationship between basal plasma TNF-α and gene expression in
ischemic skeletal muscle for DM patients in both groups of treatment (GH and placebo).
First, a positive correlation was found between plasma TNF-α level and mRNA expression
of TNF-α (r = 0.588, p = 0.035) (Figure 3A); this was especially relevant for those patients
with TNF-α≥ 8.1 (r = 0.802 p = 0.001) (see also Tables 4 and 5). Second, there was an inverse
correlation between the expression of TNF-α and NOS3 (r = −0.4999, p = 0.0151), more
evident in the GH group (r = −0.78, p = 0.0064) (Figure 3B). Third, an inverse correlation was
found between plasma TNF-α and the angiogenic factor VEGFA (r = −0.4321, p = 0.0395),
also stronger in the GH group (r = −0.7727, p = 0.0074) (Figure 3C). Fourth, the high
level of inflammation, expressed by plasma TNF-α ≥ 8.1, was related to the expression of
IGF-1 (p = 0.0010), showing a moderate but positive correlation between both (r = 0.5192,
p = 0.0111) (Figure 3D). All these relationships, as mentioned above, appeared exclusively
or were stronger in patients with DM, independent of the treatment received.

Figure 3. Baseline plasma levels of TNF-α related to different muscle gene expressions in DM

patients. Both groups: GH and placebo. Correlation between plasma TNF-α and muscle TNF (A),
NOS3 (B), VEGFA (C), and IGF-1 (D) mRNA expressions. TBP: housekeeping gene used as an
expression control gene. * p < 0.05; and ** p < 0.001.
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Table 4. Summary of correlations between plasma biomarkers and gene expression of NOS3,

VEGFA, and TNF. * Indicates that this condition was also found significantly associated in non-DM
population of the GHAS trial.

Plasma Marker/
Gene

NOS3
(Basal)

NOS3
(Final)

VEGFA (Basal)
VEGFA
(Final)

TNF (Basal)

Both Placebo GH GH Both GH Placebo Both GH

TNF-α (Basal)
r = −0.49
p = 0.015

r = −0.78
p = 0.0064

r = −0.432
p = 0.039

r = −0.773
p = 0.005

r = 0.588
p = 0.035 *

TNF-α (Final)
r = 0.866
p = 0.012

TNF-α > 8.1 (Basal)
r = 0.802,

p = 0.001 *

hsCRP (Basal)
r = 0.74

p = 0.009
r = −0.632
p = 0.005

r = −0.775
p = 0.041

hsCRP > 0.5 (Basal)
r = −0.693
p = 0.018

r = −0.546
p = 0.019

r = −0.866
p = 0.012

DM hsCRP > 0.5 (Final)
r = −0.711
p = 0.021 *

r = −0.866,
p = 0.012

NLR > 3 (Basal)
r = −0.645
p = 0.032

NLR > 5 (Basal)
r = −0.69
p = 0.018

HbA1C (Basal)
r = 0.728
p = 0.026

HbA1C (Final)
r = −0.975
p = 0.005

Non-DM hsCRP (Basal)
r = −0.9
p = 0.037

LDLc
r = −0.827
p = 0.002

Table 5. Summary of correlations between plasma biomarkers and gene expression of IGF-1,

MSTN, MYOG, KDR, and NOX4. * Indicates that this condition was also found significantly associ-
ated in non-DM population of the GHAS trial.

Plasma Marker/
Gene

IGF-I (Basal)
IGF-I

(Final)
MSTN
(Basal)

MSTN
(Final)

MYOG (Final)
KDR

(Final)
NOX4
(Basal)

NOX4
(Final)

Both Placebo GH Both GH GH Placebo Placebo Both GH

TNF-α (Basal)
r = 0.519
p = 0.011

r = 0.821
p = 0.0341

r = 0.8
p = 0.023 *

r = 0.305
p = 0.037

TNF-α > 8.1
(Basal)

r = 0.598
p = 0.003

r = 0.586
p = 0.011

hsCRP (Basal)
r = −0.648
p = 0.031

hsCRP (Final)
r = −0.691
p = 0.027

r = 0.709
p = 0.003 *

DM hsCRP > 0.5
(Final)

r = 0.773
p = 0.001 *

NLR > 3 (Basal)
r = −0.662
p = 0.019

NLR > 5 (Basal)
r = −0.857
p = 0.014 *

HbA1C (Basal)
r = 0.597
p = 0.019

Non-DM TNF-α (Basal)
r = 0.645
p = 0.032

TNF-α > 8.1
(Basal)

r = 0.717
p = 0.009

hsCRP (Basal)
r = 0.9

p = 0.037
r = −0.847
p = 0.016

In addition, those patients with the highest levels of plasma TNF-α at baseline had
higher levels of redox stress (p = 0.0475), with a weak but significant correlation between
plasma TNF-α and NOX4 (r = 0.35, p = 0.0375) (Figure 4A). Interestingly, the latter rela-
tionship shows different behavior depending on the levels of plasma TNF-α (≥8.1 or <8.1)
(Figure 4B). It should be noted that patients without DM showed the best correlation be-
tween both markers (0.645, p = 0.032), especially when plasma TNF-α reached ≥ 8.1 pg/mL
(r = 0.717, p = 0.009) (see Table 5).
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Figure 4. Relationship between high levels of plasma TNF-α (≥8.1 pg/mL) and NOX4 expression

in all patients of the study. (A). Left: expression of muscle NOX4 mRNA in relation to plasma TNF-
α. Striped bar: TNF-α < 8.1 pg/mL. White bar: TNF-α ≥ 8.1 pg/mL. Right: Spearman correlation
between both markers. (B). Trend of this correlation differentiating by TNF-α values: ≥8.1 (green
color) and <8.1 (blue color). * p < 0.05.

High levels of hsCRP were related to NOS3 expression at baseline (r = −0.74, p = 0.009),
also in DM patients treated with GH (Figure 5A), while at the end of the study (final time
point) a value of hsCRP ≥ 0.5 was negatively correlated to muscle NOS3 expression, both
in patients with DM and without DM treated with GH (r = −0.711, p = 0.021) (see Table 4)

Figure 5. Correlation between plasma hsCRP and muscle gene expression in diabetic patients.

(A). Baseline expression levels of hsCRP and NOS3 in the GH group. (B). Baseline hsCRP and VEGFA
levels in both groups. (C). Final hsCRP and redox stress levels measured by final NOX4 in the
GH-treated patients. (D). Final hsCRP levels were related to final MSTN mRNA expression in GH
group. Striped bars: hsCRP < 0.5; White bars: hsCRP ≥ 0.5. * p < 0.05; and ** p < 0.001.
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Basal levels of hsCRP were negatively associated with basal VEGFA expression too in
both groups of treatment, although more specifically in DM (r = −0.632, p = 0.005) and for
those patients with the highest levels of inflammation measured by hsCRP ≥ 0.5 (p = 0.0330)
(Figure 5B). In the GH group, the final hsCRP was also related to the final expression of
NOX4 (r = 0.7, p = 0.0041) (Figure 5C), while its relationship with MSTN expression was
negative (r = −0.7604, p = 0.009) (Figure 5D).

Of interest are also the findings of plasma HbA1C correlations at baseline. Indeed,
HbA1C was highly correlated to TNF-α mRNA expression in the GH group with DM
(r = 0.7280, p = 0.0321) (Figure 6A). The same occurred between HbA1C and IGF-1 mRNA
expression in patients with DM, but, in this case, in both groups of patients (GH and
placebo, r = 0.7, p = 0.0039) (Figure 6B). At the end of the treatment, the final levels of
HbA1C were also inversely related to the final muscle expression of VEGFA in DM, but
only in the placebo group (r = −0.9747, p = 0.0333) (Figure 6C).

Figure 6. Correlation of plasma HbA1C and muscle mRNA expression in diabetic patients. (A).
TNF. (B). IGF-1. C. VEGFA. (A,B) represent correlations at baseline, while (C) represents final time
point. * p < 0.05; ** p < 0.001.

As our group previously published, NOX4 expression was specifically reduced in the
GH-treated group (p = 0.025), while it tended to increase in the placebo group (see Figure 5
in [28]).

All correlations between plasma markers and mRNA expression of different genes
are summarized in Table 4 (NOS3, VEGFA, and TNF-α) and 5 (IGF-1, MSTN, MYOG, KDR,
and NOX4).

3.6. Mortality in the GHAS Trial

Special attention should be paid to mortality in the GHAS trial. The cumulative
mortality at 12 months reached 47.4% of CLTI patients, being higher in GH-treated patients
than in patients receiving placebo, both at 2 months (5.5% vs. 0%, p = 0.42) and at 12 months
(29.4% vs. 12.5%, p = 0.23) (Table 6).

Table 6. Mortality in the GHAS trial. Short-term mortality: 0–2 months (period of treatment).
Long-term mortality: 2–12 months (observation period).

0–2 Months Mortality p-Value 2–12 Months Mortality p-Value

Placebo 0/16 0% 2/16 12.5%
GH 1/18 5.5% 0.42 5/17 29.4% 0.23

Cumulative 5.5% 47.4%

In order to identify some possible predictors associated with mortality in the GHAS
trial, we performed a careful analysis of variables that could be responsible for it. We found
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that a value of plasma TNF-α ≥ 8.1 pg/mL was significantly associated with cumulative
mortality at 12 months or long-term mortality (p = 0.0487, OR = 2.5, CI (95%): 0.23–136.6,
Fisher test: p = 0.63) (Figure 7A). In addition, a value of NLR ≥ 3 was also associated with
long-term mortality (p = 0.019, OR = 6.9, CI (95%): 0.71–353.7, X2 with McNemar correction:
p = 0.01946, Fisher test: p = 0.093) (Figure 7B). For NLR ≥ 3, the Mantel–Haenszel test
showed no influence of other variables such as smoking, DM, hsCRP, and TNF-α on
the results.

Figure 7. Cumulative 12-month mortality and plasma markers. (A). Basal TNF-α; (B). Basal NLR
(Neutrophil-to-lymphocyte ratio). * p < 0.05.

The Kaplan–Meier survival analysis indicated that patients with NLR ≥ 3 and NLR ≥ 5
had a higher mortality rate (Figure 8A). AUC–ROC curves identified the best cutoff point
for NLR to predict mortality in 3.4 (74.2%, 85.7%), with an AUC value of 0.811 (0.733–0.857)
and a power of 0.77 (Figure 8B). The best cutoff point for plasma TNF-α was 15.4 (96.6%,
66.7%), with an AUC value of 0.7989 (52.4%–100%) and a power of 0.67 (Figure 8C). After
comparing both biomarkers in terms of their predictive ability, we observed that there were
no statistical differences between them (p = 0.9264) (Figure 8D).

Some clinical predictors of long-term mortality were also found, such as chronic
obstructive pulmonary disease (COPD) (p = 0.042, OR = 5.8, CI (95%): 0.84–40.7) and
an American Society of Anesthesiologists class 4 (ASA 4) compared to a class 3 (ASA 3)
(p = 0.0119, OR = 15.75, CI (95%): 0.87–284.9). (Table 7).

Table 7. Plasma and clinical predictors of mortality in the GHAS trial. COPD: Chronic Obstructive
Pulmonary Disease; ASA: The American Society of Anesthesiologists (ASA) class is a system for
assessing the risk of patients before surgery. ASA 3 and 4 include patients in poor (ASA 3) and
extremely poor (ASA 4) physical condition for surgery. CI: Confidence Interval. (p < 0.05 is considered
to be significant).

Predictors of Mortality in the GHAS Trial

p-Value OR CI (95%)

NLR ≥ 3 (Basal) 0.019 6.9 0.71–353.7
TNF-α ≥ 8.1 (Basal) 0.0487 2.5 0.23–136.6

COPD 0.042 5.8 0.84–40.7
ASA4-ASA3 0.0119 15.7 0.87–284.9
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Figure 8. Relationship between NLR and plasma TNF-α with mortality. (A). Kaplan-Meier analy-
sis of NLR and mortality. (B). AUC-ROC (Area Under the Curve-Receiver Operating Characteristics)
curve of NLR related to mortality. (C). AUC-ROC curve of plasma TNF-α related to mortality. Color
blue and yellow represent confidence intervals. Values in brackets represents sensitivity and speci-
ficity, respectively (D). Comparation between plasma TNF-α and NLR as predictors of mortality
showed no significant differences (p = 0.9264).

It is also noteworthy that the basal level of hsCRP was related to short-term mortality
(2 months) (p = 0.008). In addition, the level of NLR at baseline was closely related to the
level of hsCRP (r = 0.5335, p = 0.0006) (Figure 9A), especially for the values of hsCRP ≥ 0.5
and NLR > 2.5 (p = 0.013) (Figure 9B).

Figure 9. Relationship between basal levels of NLR and plasma hsCRP. (A). Spearman correlation.
(B). Histogram comparing hsCRP ≥ 0.5 and NLR ≥ 2.5. Green bars: NLR ≥ 2.5; White bars: NLR < 2.5.
*** p < 0.0001.
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3.7. Statistical Study: Measures of Association of Variables
3.7.1. Univariate Analysis

The linear regression model showed that values of hsCRP ≥ 0.5 mg/dL at baseline
tended to be related to the cumulative amputation ratio at 12 months (p = 0.056). The
analysis of the COR curves indicated that the best cutoff point was 0.7mg/dL (AUC: 66.4%,
49.3–83.5%). However, the statistical power of this association was low (0.2579), therefore
a larger sample size is needed to confirm this possible relation. In the placebo group,
final levels of NOX4 were significantly related to the Rutherford class of patients (r = 0.67,
p = 0.011), while final IGF-1 was related to ABI (r = −0.63, p = 0.011). In the GH group, the
final level of KDR was affected by age (r = −0.56, p = 0.016), while the expression of NOS3
correlated positively to wound healing (r = 0.55, p = 0.031). At baseline, VEGF-A expression
was related to CKD (r = −0.41, p = 0.013) (Figure 10, top). The specific relationship between
NOX4 expression and Rutherford class is represented in Figure 10, bottom.

 

Figure 10. (A): Relation between different muscle genes and clinical variables in both groups.
(B): Graph showing the link between NOX4 mRNA expression and Rutherford class, grouped in 1:
less severity of ischemia, and 2: more severity of ischemia. White box: basal level of NOX4; Green
bars: final level of NOX4 in the GH group; and Blue bars: final level of NOX4 in the placebo group.
Striped bars: group with severe ischemia. ** p < 0.001.
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3.7.2. Multivariate Analysis

The multiple logistic regression model also demonstrated the relationship between
basal NLR ≥ 2.5 and hsCRP ≥ 0.5 (p = 0.013), which was confirmed by using Kendall’s Tau
(0.41, p = 0.010).

However, high levels of plasma TNF-α (≥8.1) at baseline were not related to any-
thing using the multivariate analysis, although there was a trend to be related to basal
hsCRP ≥ 0.5 (p = 0.055), NLR (p = 0.063), and CKD (p = 0.059). Basal hsCRP ≥ 0.5 was also
not related to anything with this model, although there was a tendency to be associated
with the Rutherford class (p = 0.055).

4. Discussion

In this study we analyzed the role of some plasma biomarkers and the expression of
some muscle genes in the ischemic muscle of PAD patients, focusing on the data from the
GHAS trial carried out in the special group of patients suffering from CLTI, which shows
a high level of inflammation and, in parallel, a high rate of morbidity and mortality [32].
Most studies on this field have investigated plasma samples from patients with intermittent
claudication, a less severe form of PAD, without information on the status of the ischemic
muscle. Therefore, the real role of inflammatory cytokines in advanced PAD needs to be
better defined. In the GHAS trial, we cross-linked plasma information with that obtained
from gene expression at the level of ischemic skeletal muscle of the lower extremities.

Our data confirm the high level of inflammation in CLTI patients (Table 2) and the
high mortality rate of this special population (Table 6). Interestingly, according to plasma
biomarker data, patients in the GH group were significantly more affected by inflammation
than those in the placebo group (Table 3). The high level of inflammation in GH-treated
patients configured a severely ill population with higher levels of redox imbalance, biomark-
ers, genetic alterations, and mortality, as shown in the results, especially if they suffered
from DM. This is also consistent with the fact that patients in the GH group had significant
higher levels of fibrinogen and, as published by our group [28], more trophic lesions in
the foot than those observed in the placebo group, indicating a more severe stage of is-
chemia. Nevertheless, at the end of the study, only plasma TNF-α experienced a significant
reduction in GH-treated patients [28], which is consistent with previous studies [36,37].
This supports both the anti-inflammatory action of GH and the key role of TNF-α in PAD.
The effect of GH on plasma hsCRP did not reach a significant reduction, probably as a
consequence of the relatively small sample size studied. However, the MESA trial or
Mendelian randomization studies have shown neutral results of plasma hsCRP in PAD [38],
considering CRP an acute phase protein rather than a causal factor [20]. As we can see from
our results, this statement might not be completely true for CLTI patients, as we found
how hsCRP could influence on the gene expression of both processes: angiogenesis (NOS3,
VEGFA) and redox balance (NOX4) (Figure 5A–C).

Again, we demonstrated here that oxidative stress plays a crucial role in CLTI, as
NOX4 was the only gene that our group found significantly increased in patients with high
levels of inflammation and DM (Figure 1A), which supports the link between inflammation
and DM, as it was advanced in a previous publication [28].

Despite the fact that NOX4 was significantly reduced in all GH-treated patients, our
data show that patients with DM benefited more compared to non-DM patients (p = 0.0348)
(Figure 2A).

Although GH decreased plasma TNF-α, a parallel significant reduction in mRNA
expression of this marker (TNF) was not detected in the ischemic muscle, neither in patients
with DM nor in patients without DM (Figure 2B). The possible explanation could be
related to the possibility that GH reduces the cleavage of that TNF-α joined to the cell
membrane, which is the source of soluble TNF-α, hence lowering plasma TNF-α, but it
would not decrease the expression of TNF at the cell membrane [39]. The binding of TNF-α
to the cell membrane depends on cell–cell interactions, and, furthermore, there are many
polymorphisms of the TNF gene, both functional and structural, that affect gene function,
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mRNA production, and its final expression [39]. The complex regulation of the TNF gene
and the lack of information about the behavior of this gene in clinical studies with ischemia,
among others, might explain this finding.

What is also of great relevance is the negative correlation between plasma levels of
TNF-α and hsCRP with mRNA expression of NOS3 and VEGFA, indicative of the deleteri-
ous effect of these cytokines on tissue regeneration related to angiogenesis (Figures 3 and 5).
On the one hand, the role of plasma TNF-α in this setting was expected, as it was advanced
in a previous experimental study [40]. Now our group first confirms that this important
fact also occurs in humans with CLTI. Nevertheless, the possible role of CRP on angiogen-
esis was surprising. The data obtained in this regard confirm that this protein could be
associated with homeostasis and angiogenesis in the state of high levels of inflammation, as
indicated by an experimental study [41]. Therefore, it could be considered that this protein
might have an active role rather than that of a passive acute phase marker. Both biomarkers,
TNF-α and hsCRP, were also negatively correlated to VEGFA expression, supporting their
impact on angiogenesis. Other authors have found a relationship between plasma levels
of VEGF and hsCRP in experimental models of stroke [42]. Again, our group is the first
to describe the connection between the expression of VEFGA in the skeletal muscle and
plasma hsCRP in patients with lower limb ischemia.

The mentioned findings are parallel and consistent with the positive significant cor-
relation between basal plasma TNF-α and NOX4 in all patients of this study. The data
obtained show that plasma TNF-α has a different behavior pattern depending on its levels
related to NOX4 expression (Figure 4B), which supports the fact that a high level of TNF-α,
and hence, of inflammation, is responsible for its deleterious effect on redox balance. The
fact that patients without DM seemed to have a greater correlation between TNF-α and
NOX4 needs confirmation and explanation.

In line with this finding, the use of TNF-α inhibitors in patients with a high level of
inflammation, such as rheumatoid arthritis, decreased atherosclerotic CV events similarly
to the use of IL-6 blockers [43], also improving the endothelial dysfunction [24]. These
drugs have demonstrated an anti-inflammatory efficacy by decreasing the expression of
several molecules [25,44]. However, the benefit of TNF-α inhibitors for PAD management
seems to be determined by TNF gene polymorphisms, and pharmacogenetics could help
identify which individuals benefit most from them [45].

One of the most important data obtained in our study is the link between the plasma
levels of TNF-α and NOS3 expression. As previously published, NOS3 is one of the most
important enzymes that maintains vascular homeostasis, and it is involved in vascular
defense against chronic or excessive inflammation [27,28]. TNF-α can affect the activity
of NOS3 with an independent action on its gene promoter in a dose- and time-dependent
manner [40]. This proinflammatory molecule facilitates the phosphorylation of NOS3,
reducing the level of nitric oxide (NO), facilitating endothelial dysfunction, and altering
the regeneration process [40,46]. This finding in humans suggests that TNF-α might be an
accurate target for CLTI. To see the importance of the decrease in plasma TNF-α by GH,
it is worth highlighting a meta-analysis of 54 prospective cohort studies on inflammation
and PAD, in which plasma TNF-α was able to predict the risk of CV events with the same
magnitude as the therapies for lowering blood pressure or lipids [47,48].

The observation that plasma TNF-α and NOX4 expression run in parallel is also
remarkable. NOX4 enzyme is the main isoform of NADPH oxidase responsible for TNF-α-
induced oxidative distress and apoptosis of different cells in the body [49–51]. An important
source of ROS in blood vessels comes from NOX catalytic enzymes, which are ubiquitously
distributed in the three vessel layers. NOX4 enzyme, which maintains a physiological
basal ROS generation, is highly expressed in cells under stress [27]. This protein could
play a fundamental role in the regulation of angiogenic growth factors, such as VEGFA,
since the inhibition of NOX and/or the production of mitochondrial ROS decreases the
expression of this growth factor [52]. Thus, our finding of the link between TNF-α and
VEGFA at baseline in those patients with a high level of inflammation (GH group) makes
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sense. Although TNF-α can favor vascular homeostasis when it is produced in small
concentrations by endothelial cells (ECs), a chronically high production of this particle
determines deleterious effects, overstimulating NOX4 enzyme, which eventually leads to
an excess of ROS that ends up in the final inactivation of NO [22,53]. These circumstances
warranted ECs activation, favoring the prothrombotic state and thrombotic complications
associated with advanced PAD [29,54].

While in the CANTOS study the relevant role is for IL-6 and IL-1B in patients with
ischemic heart disease [20], Gardner et al. demonstrated that in patients with PAD, TNF-α
and IL-8 levels were increased but not IL-6 levels [22], which supports the fact that both
diseases seem to show differences in the inflammatory pattern. However, Gardner’s study
was conducted in patients with intermittent claudication, a less severe form of ischemia
with less inflammation, and the causal association between this or other biomarkers and
PAD has not yet been established. In the GHAS trial, IL-6 mRNA expression was not altered
at baseline, and GH treatment did not affect this expression either. However, information
on plasma IL-6 levels was not included in the GHAS study.

Baseline level of plasma HbA1C appears to be well correlated with TNF-α in the
GH group with DM, supporting the role of this biomarker in patients with a high level
of inflammation (Figure 6A). The final levels of HbA1C were inversely related to VEGFA
mRNA expression in DM, but only in the placebo group (r = −0.9747, p = 0.0333) (Figure 6C),
which means that untreated DM patients maintain a higher level of inflammation and,
therefore, angiogenesis is negatively affected. Thus, HbA1C should be a possible target in
these patients, highlighting the need to a good glycemic control.

On the other hand, mRNA expression of IGF-1 seemed to follow an inverse behavior,
increasing its expression in ischemic muscles with inflammation, probably as a defense
mechanism. That is, in cultures of ECs with a high level of inflammation induced by the
addition of CRP, this protein increases the phosphorylation of the enzyme eNOS, decreasing
its activity. When IGF-1 protein is added to this medium rich in CRP, the activity of the
enzyme eNOS increases [41], which means that IGF-1 protein exerts a negative feedback
on the pernicious effect of CRP on ECs, and that these cells can produce IGF-1 in response
to a high level of CRP. In our trial, the treatment with GH restored inflammatory and
redox imbalances, and the association between CRP and IGF-1 reverted to inverse (Table 5).
In the placebo group, this benefit did not appear, maintaining the positive association.
Although CRP and IGF-1 were investigated in PAD–CLTI patients in a prior study [55],
only the plasma level of these factors was studied and not the gene expression in the
ischemic muscle.

Last but not least, we obtained relevant data on some plasma biomarkers and mortality.
NLR has been proposed as a marker of adverse complications in CV disease, malignancy,
and infection [56]. In PAD, NLR was incorporated into the ERICVA score for the prediction
of poor prognosis in patients with CLTI [57]. In our study, we saw that NLR ≥ 3 at baseline
was related to cumulative mortality at 12 months (Figure 8A) and was correlated with the
level of plasma hsCRP (Figure 9). Although the appropriate cutoff point for NLR in CV
disease has yet to be adequately defined [26], we found that a value of 3.4 was the best
predictor for long-term mortality in CLTI patients (Figure 8B) with a good sensitivity and
specificity and a light to moderate power of the test. This observed value was very close
to the average NLR value in the series (3.5). Perhaps, in studies with acute limb ischemia,
where NLR is normally higher, the threshold seems to be 5.4 [56], and in those studies
performed in patients with intermittent claudication, the cutoff point was 5 [57]. It makes
sense that the higher the level of inflammation, the lower the NLR cutoff point could be
for predicting mortality, and that this cutoff point might be different depending on the
morbid condition and the level of inflammation. Plasma TNF-α ≥ 8.1 was also found as
a possible predictor of mortality. The calculation of the confidence interval for the odds
ratio of both biomarkers did not find significant differences (see CI in Table 7), probably
as a consequence of the small sample size. However, in the case of NLR, it can be seen a
clear trend.
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The main limitation of the GHAS trial is the relatively small sample size and the lack
of confirmation of some of these data (with some exceptions) when the multivariate model
was used for statistics, although the latter was only applied to cross-link clinical and plasma
variables, not for gene expression. Furthermore, as this study represents the first clinical
trial exploring the use of GH for angiogenesis, the dose and time of application of this
hormone have not properly been established [28,29]. However, plasma and gene expression
data at baseline are not affected by the intervention in this study. The main advantage of
this study is that the ischemic muscle has been studied in depth, offering relevant data.

5. Conclusions

Vascular homeostasis and redox balance govern vascular health or disease states.
Chronic limb-threatening ischemia is responsible for a high level of inflammation and
mortality rate and seems to show differences in the inflammatory pattern compared to
ischemic heart disease. The behavior of some biomarkers in patients with lower limb
ischemia depends on the level of inflammation. Plasma TNF-α plays a crucial role in both
inflammation-mediated redox distress and endothelial dysfunction and regeneration, af-
fecting NOS3 and VEFGA expression. CRP seems to play a more active role than previously
assigned, affecting also redox balance and angiogenesis. Muscle NOX4 enzyme has been re-
vealed as key for redox imbalance, and IGF-1 could be produced as a mechanism of defense
against ischemia. Diabetic patients with ischemia of the lower limbs represent an especially
targeted population for antioxidant and regenerative therapies as GH. NLR ≥ 3, together
with plasma TNF-α ≥ 8.1, could be a good predictor of mortality in this morbid condition.

All these findings are clinically relevant and open new paths in the search for new
drugs to decrease cardiovascular events and to relieve symptoms in patients with chronic
limb-threatening ischemia. Our results are novel because they represent the link between
plasma and muscle gene expression in humans with limb ischemia, but need to be corrobo-
rated in a larger clinical trial.
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