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1 | INTRODUCTION

| Yong-Ping Bai'?

Abstract

Collateralization is an important way for patients with coronary heart disease to sup-
ply blood flow to the ischemic area. At present, research on the mechanism of col-
lateral circulation mainly focuses on the inflammatory response. Monocytes are the
kernel of inflammatory response during arteriogenesis. Therefore, we reviewed the
recent developments in this field in terms of the dynamic changes of monocytes dur-
ing collateralization. We searched and scanned PubMed for the following terms until
November 2018: collateral, collateralization, monocyte, macrophage, and arteriogenesis.
Articles were obtained and examined to figure out the dynamics of monocytes in the
progress of collateralization. Substantial research shows that recruitment, infiltra-
tion, and phenotypic transformation of monocytes can affect function in various
ways, respectively. Mechanical or chemical factors that can produce effects on col-
lateral development may be due partly to impact on dynamics of monocytes. Although
mechanisms of dynamics of monocytes during arteriogenesis are not elucidated
clearly, there is no doubt that deeper exploration of the underlying mechanisms will
contribute to pharmaceutical development aiming for promoting collateral

development.
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between the proximal and distant parts of the same blood vessel

or between different blood vessels, with a diameter of 20-350 pm,

The present treatment for coronary artery disease mainly includes
medication and drug therapy combined with coronary revasculariza-
tion. However, the rate of restenosis after stent implantation is still as
high as 10% to 20%," and approximately 20% of patients with coronary
artery diffuse multivessel disease are unable to tolerate percutaneous
coronary intervention or coronary artery bypass grafting.2 Then, does
any strategy effectively alleviate myocardial ischemic symptoms for
those patients? Collateral circulation might be the answer.

Many clinical studies show that well-established collateral cir-
culation can effectively protect cardiac muscle from ischemia and
improve patients’ prognoses.3 Collateral vessel refers to the tiny an-
atomical microvessels that bridge the severe stenosis or occlusion

which can provide blood supply to the ischemic regions and confine
myocardial infarct size.* Related studies have shown that good col-
lateral circulation plays a role in protecting myocardium from acute
myocardial infarction and chronic myocardial ischemia.”® A meta-
analysis enrolling 6529 participants from several studies showed
that patients with high collateralization had a 36% reduction in death
risk compared with patients with low collateralization.” Therefore,
the establishment of coronary collateral circulation is of great signif-
icance for the prognosis of coronary artery disease.

The development of collateral circulation refers to the remod-
eling and enlargement of pre-existing collateral vessels.2® It is cur-

rently believed that when the coronary artery is stenotic or occluded,
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a pressure gradient between both ends of a pre-existing collateral
vessel occurs, which results in an increase in collateral blood flow,
thereby increasing the shear stress, which activates endothelial
cells.*18 The expression of adhesion molecules and chemokines
in activated endothelial cells is subsequently upregulated, which
promotes aggregation, adhesion, and migration of monocytes into
the blood vessel wall to induce a local inflammatory response.***°
After migrating into the blood vessel wall, monocytes differentiate
into macrophages and secrete matrix metalloproteinases to dissolve
extracellular matrix and basement membrane.'®*® Then, various cy-
tokines and growth factors promote phenotype transformation and
proliferation of endothelial cells and smooth muscle cells, thus result-
ing in arterial outward remodeling into mature collateral vessels.*1?2°

Current theory suggests that the involvement of inflammation
during the establishment of the collateral circulation is essential,
while monocytes are at the core of the inflammatory responses
during arteriogenesis (Figure 1). Therefore, we reviewed the re-
cent studies of monocytes participating in the development of
collateral circulation.

2 | INVOLVEMENT OF MONOCYTES IN
ARTERIOGENESIS

Studies on the involvement of monocytes in arteriogenesis can be

traced back to the 1970s. In 1976, Schaper et al. used scanning and
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transmission electron microscopy to find that the early endothelial

Aging Medicine

cells during arteriogenesis have significant longitudinal protrusions
in the canine model of chronic coronary artery occlusion, and there
were a large number of monocytes adhered to the surface of en-
dothelial cells.?! Subsequently, they demonstrated the recruitment
of monocytes in the collateral artery during arteriogenesis in rabbit
and murine hindlimb ischemia models.??2 It has also been found
that mice with monocytes deficiency have poorer blood flow re-
covery and arterial formation after hindlimb femoral artery ligation
than those in a control group.26 This series of studies focusing on
monocytes has expanded horizons of the mechanism of arteriogen-
esis, confirming that inflammation participates in arteriogenesis and

plays an important role.

3 | ORIGIN OF MONOCYTES

Controversies about the origins of monocytes have existed for dec-
ades. In the myocardial infarction model, substantial studies have
confirmed that recruited monocytes are mainly derived from bone
marrow.?’ In recent years, studies have also found that, as a mono-
cytesreservoir, the spleen also provides alarge number of monocytes
during myocardial remodeling after infarction.?® However, some
researchers found that in a hindlimb ischemia model, monocytes
recruited to collateral vessels were not from the spleen.?’ Related

studies have found that the formation of collateral circulation in the
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FIGURE 1 Collateral circulation.
During the process of (1) chronic coronary
arterial occlusion, the increase of fluid
shear stress (FSS) owing to augmentation
of collateral flow due to the precipitous
pressure gradient between a stenosis

or occlusion can (2) activate endothelial -
cells (ECs). (3) Then, activated ECs secrete .
monocyte chemoattractant protein
(MCP-1) to recruit monocytes from bone
marrow. (4) After recruitment, infiltration,
and invasion of monocytes, relating
stimulative factors facilitate phenotypic 1

remodeling into mature collateral
vessels. IL, interleukin; MMP, matrix
metalloproteinase; VEGF, vascular
endothelial growth factor
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model of hindlimb ischemia is significantly undermined after dele-
tion of monocytes by liposome-containing bisphosphonate and 5-
fluorouracil, which can suppress bone marrow.%° Interestingly, in the
rat hindlimb ischemia model, the authors used cyclophosphamide to
remove circulating monocytes but found no effect on the number
of monocytes recruited to the collateral arteries. Therefore, the au-
thors believed that circulating monocytes are not involved in arterio-
genesis, but that local proliferation of tissue-derived macrophages
plays an important role in the establishment of collateral arteries.®!
Due to the technical limits in achieving space and time-specific
knockout of monocytes, controversies over the origin of monocytes
will remain. However, it still can be speculated that both bone-mar-
row-derived and local proliferating monocytes may exert great ef-

fects on the arteriogenic inflammatory response.32

4 | RECRUITMENT OF MONOCYTES

As is known to all, monocytes recruitment requires the existence of
chemokines. In 1997, Schaper et al. reported that monocyte chem-
oattractant (MCP-1) injected into the ischemic rabbit and porcine
hindlimb can promote collateral artery development and mono-
cytes accumulation around the arterial walls.333* Therefore, they
believed that enhanced monocyte recruitment and activation is of
great significance in the process of collateral artery development.
In 2003, van Royen et al. also found that MCP-1 exerts a signifi-
cant promoting effect on the collateral growth in ApoE (-/-) mice.%®
Simultaneously they found that blood flow recovery and monocytes
recruitment are worse in MCP-1 knockout mice compared with wild-
type mice. Therefore, recruitment of monocytes is the prerequisite
of high collateralization, which elucidates the reason why monocytes
accumulate on targeted vessels.

In recent years, more and more studies have found that the
reason why many physical and chemical factors can affect arterio-
genesis is their important roles in the recruitment and migration of
monocytes.>? Studies have shown that stretch generated by blood
flow acting on vessels can promote the expression of ephrinB2
in endothelial cells, which may play a key role in arteriogenesis,
while the truncated variant of ephrinB2 can significantly inhibit
mononuclear cells from migrating into the blood vessel wall.3¢
Recently, Buschmann et al. reported that high levels of fluid shear
stress (FSS) in a porcine arteriovenous fistula model promoted the
adhesion and migration of monocytes by inducing the expression
of MCP-1 and tissue inhibitors of metalloproteinases, thereby pro-
moting pre-existing collateral remodeling.37 Recently, Laban et al.
showed that VASP is an important regulator of monocytes recruit-
ment migration and polarization during ischemia and revascular-
ization and confirmed that VASP plays an important role in the
transport of chemokine receptors.®® The recruitment and migra-
tion of monocytes is a carefully orchestrated process that relies on
the coordination of cytokine concentrations, adhesion molecule
expression, and monocyte actin dynamics, which directly affect
the role of monocytes in arteriogenesis. Therefore, it is especially

necessary to explore the relevant mechanisms of monocytes re-

cruitment and migration.

5 | MONOCYTE PHENOTYPE

Monocytes are mainly divided into two subsets according to
the differences in expression of their cell surface markers: in-
flammatory  (Ly6ChiCCR2*CX3CR1low) and
(Ly6ClowCCR2 CX3CR1high), which correspond to CD14"'CD16*
and CD14lowCD16" subsets in humans, respectively.>>*° In the

tissue-resident

early days after the start of arterial occlusion and tissue ischemia,
the collateral vessel wall is predominantly infiltrated by Ly6Chi
monocytes, whereas subsequently (about 5-7 days after the onset
of ischemia) Ly6Clo monocytes predominate the vessel wall.2%41
Ly6Chi monocytes secrete various proteases, such as matrix met-
alloproteinases, cathepsins, and elastase, while Ly6Clo mono-
cytes mainly secrete growth factors, such as vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor.*>*3 The
subpopulation of monocytes infiltrating into vascular wall changes
over time, and its corresponding function during arteriogenesis
also varies.

Studies have already suggested that although monocytes can
phagocytose apoptotic cell debris, the role of different subsets of
monocytes in ischemic tissue and collateral growth has not been
elucidated. Nowadays, most scholars believe that Ly6Chi mono-
cytes are the main participants in proinflammatory response, such
as matrix degradation, while Ly6Clo monocytes promote collat-
eral growth by secreting growth factors.***> Numerous studies
have shown that increased recruitment of Ly6Clo monocytes
can significantly boost arteriogenesis and remodeling of micro-
vascular networks.*! However, the study of a hindlimb ischemia
model showed that transplantation of Ly6Chi monocytes can sig-
nificantly promote the revascularization process, while Ly6Clo

t.2? On account of the specific role

monocytes have no such effec
of Ly6Chi and Ly6Clo monocytes, in-depth explorations are still

expected.

6 | MACROPHAGE PHENOTYPIC
TRANSFORMATION

The research found that M1/M2 macrophages have a significant
impact on collateral development.***® It is currently believed that
M1 macrophages are mainly derived from Ly6Chi monocytes, which
exert an inflammatory effect and express iNOS and a large vari-
ety of pro-inflammatory cytokines, such as interleukin (IL)-1 and
IL-12.48 M2 macrophages are mainly derived from the differentia-
tion of Ly6Clo monocytes, which primarily produce anti-inflamma-
tory effects, and express a large number of cytokines, such as IL-10,
arginase-1, VEGF, and growth factors, to promote arteriogenesis.48
However, studies have also found that Ly6Chi monocytes can also

differentiate into M2 macrophages.*”°® This research suggests
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that the phenotype of M1/M2-type macrophages has strong
plasticity, which makes it possible for medication to promote the
establishment of collateral via inducing macrophage phenotypic
transformation.

Most studies have shown that increasing the polarization of
M2 macrophages can significantly enhance the blood flow recov-
ery of hindlimb ischemia model and promote collateral growth.*">?
Therefore, many scholars have carried out research on how to pro-
mote the polarization of M2 macrophages from different perspec-
tives. In 2011, Takeda et al. found that Phd2 (also known as Egin1)
haplodeficient (Phd2(+/-)) mice had improved collateral artery and
arteriogenesis by increasing the number of settled M2 macrophages
and the release of arteriogenic factors.”® Ganta et al. showed that
relative to wild-type mice, miR106b-93-25 cluster-deficient mice
had significantly lower angiogenesis and arteriogenesis after femo-
ral artery ligation, and their M1 macrophages were significantly in-
creased. However, they also found that miR93 can directly act on
interferon regulator-9, and regulate the expression of immunore-
sponsive gene-1 (IRG-1)-itaconic acid to facilitate the polarization of
M2 macrophages in ischemic tissues, thereby promoting angiogene-
sis, arterial growth, and blood flow recovery in ischemic hindlimb.>*
Babu et al. showed that hypomethylation of M1-type inflammatory
genes and hypermethylation of M2-type anti-inflammatory pro-an-
giogenic genes in hyperlipidemia or type 2 diabetic mice suggested
that hyperlipidemia or hyperglycemia is one of the causes leading to
impaired arterial growth and angiogenesis in ischemic hindlimb.”® At
present, researchers are trying to explain the polarization of M1/M2
macrophages from the perspective of epigenetics and proteomics,
but the relevant mechanisms have not yet been clearly stated and
we still lack effective means to regulate the polarization of M1/M2

macrophages.

7 | CONCLUDING REMARKS

As we know, the establishment of collateral circulation is an impor-
tant means of compensating blood flow supply for the ischemic tis-
sue, which can effectively alleviate ischemic damage and improve
prognosis of patients with coronary artery disease.’®” However,
in current clinical medicine, there are still no efficacious drugs to
promote development of collateral circulation. Therefore, deeper
exploration of the mechanism of collateral circulation is of great
significance for boosting the progress of treatment of ischemic and
hypoxic diseases.’®

Monocytes recruitment to the collateral artery was discovered
decades ago in animal experiments. At the same time, relevant clin-
ical studies have proved that serum MCP-1 and Omentin-1 level are
significantly higher in patients with better collateralization, which may
be predictive markers of good collateral circulation.>”° Nevertheless,
a recent study has found that blood monocytes in patients with de-
veloped collateral are remarkably lower than those in patients with
poor collateral and an increased lymphocyte/monocyte ratio predicts
well-developed coronary collateral.®* In chronic occlusion patients, the

 WILEY--®

expression of miRNA339-5p in monocytes of low collateral capacity

patients is significantly decreased.®> Hence, it may be inferred that
monocyte or its relevant factors are the potential markers of good/
poor collateral.

In recent years, new discoveries about collateral circulation have
been found in many fields. From the perspective of epigenetics, schol-
ars have found that miRNA-15b, miRNA-93, and miRNA-352 can be
mediators to regulate collateral formation.®%4 In 2011, W. Schaper's
group firstly revealed that the formation of collateral vessels was si-
multaneously innervated.®®> Meanwhile, they proved the elevated ex-
pression of various cell growth factors, such as acidic fibroblast growth
factor, basic fibroblast growth factor, and VEGFA, during collateral ves-
sel formation.®® Recently, Schirmer et al. revealed that monocytic nitric
oxide plays a crucial role in the process of collateral artery growth.®’
Besides, Yildirim et al. show that galectin-2 can suppress arteriogenesis
through inducing proinflammatory phenotype of monocytes.®¢?

Local inflammation of the collateral arteries is critical for arte-
riogenesis. Monocytes take a dynamic part in affecting inflamma-
tion and anti-inflammation as a kernel during local inflammation.
At present, the application of VEGF, granulocyte-macrophage col-
ony-stimulating factor, granulocyte colony-stimulating factor, and so
forth in clinical trials cannot effectively promote the establishment
of collateral circulation in patients with coronary heart disease.”®”?
Therefore, more profound understanding of monocytes/macro-
phages subset transformation, chemotactic adhesion factors, and
related mechanisms during the growth of collateral artery is of great
significance for the study of pharmacotherapy, which aims to effec-

tively promote collateral development.
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