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Abstract

Atherosclerosis involves both innate and adaptive immunity. Here, we provide an overview of the role of regulatory T (Treg)
cells in atherosclerotic diseases. Treg cells and their inhibitory cytokines, IL-10 and TGF-f, have been identified in athero-
sclerotic lesions and to inhibit progression through lipoprotein metabolism modulation. Treg cells have also been found to
convert to T follicular helper (Tfh) cells and promote atherosclerosis progression. Treg cell involvement in different stages
of atherosclerotic progression and Treg cell-mediated modulation of plaque development occurs via inflammation suppres-
sion and atheroma formation has been focused. Moreover, existing knowledge suggests that Treg cells are likely involved
in the pathology of other specific circumstances including in-stent restenosis, neointimal hyperplasia, vessel graft failure,
and ischemic arterial injury; however, there remain gaps regarding their specific contribution. Hence, advancements in the
knowledge regarding Treg cells in diverse aspects of atherosclerosis offer translational significance for the management of
atherosclerosis and associated diseases.
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Abbreviations

Treg cell Regulatory T cell

Tfhcell T follicular helper cell

ox-LDL  Oxidized low-density lipoprotein
TGF-p Transforming growth factor-f3;
IL-10 Interleukin-10

Introduction

Atherosclerosis is characterized by the accumulation of
plaque (vascular lesions which contain fat, cholesterol, cal-
cium, and other substances) in arteries [1]. Rupture of the
plaque may result in a thrombus that blocks blood flow and
leads to in coronary heart disease, angina, carotid artery dis-
ease, peripheral artery disease, or many other complications
[2]. According to a recent survey, heart diseases kill about
655,000 people in the United States every year, with coro-
nary heart disease being the most common type [3]. Athero-
sclerosis is also characterized as a slow, progressive, chronic
inflammatory disease and the understanding of the disease
has shifted with advancements in medical sciences [1, 2].
Previously, atherosclerosis was thought to result solely from
passive lipid accumulation in the vessel wall [3]. However,
current understanding regarding the connection between
immune response and lipid metabolism in the context of
atherosclerosis has grown over time and is now known to be
associated with elevated low-density lipoprotein (LDL) cho-
lesterol and the corresponding autoimmune response to LDL
[1, 3]. Immune cells, in addition to cap thickness, influence
the plaque stability, which is important because unstable
and ruptured atherosclerotic plaques lead to major adverse
cardiovascular events (MACE) [1].

Immunology of atherosclerosis

Inflammation has been demonstrated to be crucial in the
development of atherosclerotic plaques [4]. The immune
response relating to atherosclerosis involves both innate and
adaptive immunity. Cells involved in these responses include
macrophages, T lymphocytes, B lymphocytes, endothelial
cells, and vascular smooth muscles cells [4]. The immune
response starts as innate immunity, playing an important role
both for the maintenance of a healthy arterial wall and for
atherosclerotic development [5].

Endothelial cell dysfunction with subendothelial depo-
sition and lipoprotein modification can serve as damage-
associated molecular patterns (DAMPs) to activate immune
receptors and recruit macrophages [4]. In particular, when
LDLs are oxidized, they establish immunogenic properties
and contribute to the development of atherosclerotic plaques
through its accumulation in the internal vascular walls [6].
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Oxidized low-density lipoproteins (ox-LDLs) activate
plaque macrophages and couple macrophage activation with
foam cell formation [4]. Fatty streaks consisting of these
foam cells are characteristic of early stages of atherosclerosis
and serve to further promote inflammatory responses which
occur throughout plaque development [7, 8]. After the foam
cells, the debris and cholesterol accumulate to form stable
extracellular deposits [8]. Additionally, the phagocytosis by
macrophages produce aggregated cholesterol complexes or
crystals [9]. Resulting cholesterol burden causes inflamma-
some activation as well as myeloid cell response including
secretion of pro-inflammatory cytokines resulting in further
proliferation of macrophages [9].

The death of lipid-loaded foam cells resembles necrosis
than apoptosis [10]. Necrotic plaque cells release cytoplas-
mic content into the necrotic core, which contains a mixture
of lipids, mostly consisting of cholesterol and cholesterol
esters, and cell debris [10]. Furthermore, the necrosis stimu-
lates inflammation through the loss of membrane integrity
and leakage of intracellular components that act as danger
signals [10]. Necrotic core originates early in lesion and is
commonly associated with advanced atherosclerosis [10].
Besides oxidative stress, necrosis is triggered by depletion
of ATP, increased intracellular calcium (which is an impor-
tant signaling molecule from numerous cell responses), and
impairment in phagocytic clearance of apoptotic cells by
macrophages [10].

Mpyeloid cells are recruited and also accompanied with
the infiltration of the cells of adaptive immunity including
B and T cells [9]. B and T cells are both part of the cel-
lular composition of human atherosclerotic plaques [9]. B
cells play a role in systemic and local immune responses in
atherosclerosis via direct cell contact, antigen presentation,
and cytokine production [6]. Studies on passive and active
immunization support that B cell-derived antibodies, espe-
cially IgM, play an atheroprotective role [11]. In particular,
the IgM antibodies that bind to oxidation motifs in LDLs
from B-1 cells and have been shown to be atheroprotective
[11]. On the other hand, B-2 cells, which are conventional
B cells that participate in adaptive immune responses, have
been shown to promote atherosclerosis through the manipu-
lation of the B cell activating factor (BAFF) receptor path-
way, in which BAFF binds to its receptor for B cell survival,
activation, and differentiation [11].

Evidence shows T cells to be critical drivers and modi-
fiers of atherosclerosis [12]. About 70% of T cells present
in atherosclerotic plaques are CD4+T cells [13, 14]. T cell
subsets, including CD4+T helper 1 (Thl) cells and natu-
ral killer (NK) T cells, are pro-atherogenic while others,
including Treg cells are anti-atherogenic [12]. Of the CD4
T cells, most are CD8+T cells [14]. In fact, CD4 deficiency
seems to result in compensatory changes through CD8+T
cells [14]. CD8+ T cells have been shown to produce
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inflammatory cytokines and have cytotoxic activity toward
endothelial cells driving atherosclerosis [15]. However, Treg
cells exhibit cytotoxic activity toward antigen-presenting
cells to dampen immunity [15]. Because of their function
in modulating immunity, Treg cells is an important cell
type to understand in the context of inflammatory diseases
including atherosclerosis. They may be able to explain dif-
ferences in disease progression and presentation. Addition-
ally, they serve as a potential target for disease interventions.
The major class of immune cells and mediators associated
with atherosclerosis are depicted in Fig. 1. In this review, we
explore current understanding regarding Treg cells, espe-
cially in the context of atherosclerosis.

Regulatory T cells

Naive CD4+ T cells differentiate into distinct T cell
sub-populations, including Treg cells, based on spe-
cific antigen and cytokine stimulation [16]. These
CD4+ CD25+ FOXP3+ Treg cells, a subset that comprises
5-10% of peripheral CD4+T cells, play an important role
in immune system homeostasis regulating autoimmunity
through the regulation of other immune cells including effec-
tor T cells [16, 17]. This characteristic feature has motivated

research regarding the role of Treg cells in cardiovascular
diseases such as atherosclerosis [16]. Within regulatory
T cells, there exists different subsets based on the origin
[18]. Thymus-derived Treg cells are CD28-dependent and
peripherally-derived Treg cells are CD28-independent [18].
CD28 does play an important role in rapid proliferation of
both the Treg cell subsets [18]. Generally, Treg cells are
generated during the positive selection of CD4+ T cells via
a two-step process [19]. The first step involves TCR stimu-
lation in developing CD4+ Thymocytes which upregulates
CD25 among others to generate CD25+ FOXP3- Treg cell
progenitors (TregP), which are then converted into mature
Treg cells via the upregulation of FOXP3 in a cytokine-
dependent second step [19]. Moreover, the Treg cells are
able to suppress other T cells and antigen presenting cells
(APCs) through mechanisms such as inhibitory cytokines
including transforming growth factor (TGF)-f and interleu-
kin (IL)-10 [16, 20]. Treg cells can be classified according to
their cytokine production with TGF-f production from Th3
cells, IL-10 production from Tr10 cells, and IL-35 produc-
tion from Tr35 cells [20]. TGF-f suppresses effector T cell
differentiation, promotes differentiation of naive T cells into
regulatory T cells, inhibits T and B cell proliferation, and
inhibits activity of macrophages, dendritic cells, and NK
cells [20]. IL-10 inhibits inflammatory cytokine production
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Fig. 1 Role of immune cells at site of atherosclerotic lesions: Mac-
rophages are recruited to sites of arterial lesions by damage-asso-
ciated molecular patterns (DAMPs) which activate its pattern rec-
ognition receptors (PRRs). These macrophages engulf oxidized
low-density lipoprotein (ox-LDL) deposits and transform into foam
cells. Fatty streaks of foam cells further promote inflammatory

oxLDL
IgM

responses throughout plaque development. Death of foam cells cre-
ates extracellular pools of cell debris and cholesterol unable to be
removed. Dendritic cells also accumulate at these sites and can pre-
sent antigens to T cells, which act as critical drivers and modifiers of
atherosclerosis disease. B cells at the site play a role through oxLDL-
binding antibodies especially IgM that can be atheroprotective
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as well as tyrosine phosphorylation in the costimulatory
molecule CD28, which is involved in the effector cell and
APC interaction [20]. IL-35 is an immunosuppressive
cytokine that suppresses proliferation of T helper cells and
promotes naive T cell differentiation into Treg cells [20].

Other mechanisms by which Treg cells act include inhibi-
tion of effector cells by producing granzyme and perforin,
metabolic interruption, and dendritic cell modulation [20].
Treg cells secrete granzyme and perforin during Treg-effec-
tor cell interaction [20]. Perforin molecules, which insert
into cellular membrane to form pores, facilitate granzyme
entry into target cells to induce apoptosis [20]. For meta-
bolic interruption, Treg cells constitutively express high
levels of IL-2 alpha chain, part of the IL-2 receptor, and
thus competes with proliferating effector cells for IL-2 [20].
Treg cells interact with dendritic cells through cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), competing
with effector cells to bind CD80 and CD86 on dendritic-
cells [20]. The mediators and receptors of Treg cells are
shown in Fig. 2.

Regulatory T cells in atherosclerosis

Regulatory T cells are found in lesions of patients with ath-
erosclerosis and are crucial in atherosclerotic processes as a
point of crosstalk between immunity and lipoprotein metab-
olism [21]. This is summarized in Table 1. Through mouse
studies, FOXP3+ Treg cells have been shown to inhibit

Fig.2 Treg cell receptors and
mediators: Treg cells act to
suppress other T cells and APCs
through production of inhibitory
cytokines including IL-10 (from
Tr10 cells), TGF-p (from Th3
cells), and IL-35 (from Tr35
cells). They also prevent effec-
tor cell action by competing

for IL-2 with Treg cells’ high
expression of IL-2 alpha chain
(ILR2A) as well as for dendritic
cell interaction through CTLA-4
and CD80/CD86 interaction.

Lastly, they incite apoptosis of Treg

atherosclerosis by modulating lipoprotein metabolism [22].
Conversely, depleting functional Treg cells aggravates ath-
erosclerosis, as seen through increased atherosclerotic lesion
size and reduced immune cell infiltration into the lesion [22].
This depletion impairs lipoprotein catabolism with reduction
of very-low-density lipoprotein (VLDL) and chylomicron
remnant clearance [22]. The atherosclerotic environment is
also able to impact phenotype and plasticity of Treg cells
[21]. The major role of regulatory T cells in atherosclerosis
is displayed in Table 1.

Alterations in intracellular cholesterol homeostasis
affects Treg cell development as cholesterol is a modula-
tor of both innate and adaptive immunity [24]. Cholesterol
enrichment in T cell lipid rafts leads to the clustering of
T-cell receptor (TCR) signaling complex, which leads to
T-cell activation and proliferation, Th17 and Th1 differ-
entiation, and downregulation of Treg [21]. As described
above, FOXP3 is a Treg cell lineage-specification fac-
tor that plays a crucial role in Treg cells by upholding
immunologic tolerance [23]. FOXP3 is found in different
isoforms in humans based on exclusion of exon 2 and/or
exon 7 [24]. Co-expressed on Treg cells, FOXP3fl and
FOXP3A2 comprise 95% of total FOXP3 protein [24].
However, mice models lack different isoforms of FOXP3
which demands additional models for Treg research [24].
FOXP3A2 has been shown to be the predominant isoform
in the increase of FOXP3 expression during Treg cell
activation in humans [23]. Plaque instability is associ-
ated with lower transcript usage of FOXP3A2, suggesting

target cells through granzyme
and perforin production
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Table 1 Regulatory T cells in atherosclerosis
Signaling Association Action Refs.
TGF-p signaling of Treg Protection against atherosclerosis Cell proliferation, cell migration, matrix syn- [28]

thesis, wound contraction, calcification, and

immune response
IL-10 signaling of Treg Decelerate atherosclerosis progression Inhibit inflammatory response and cell apoptosis  [29, 30]
Lower Treg/Th17 ratio Atherosclerosis progression Th17 cells secrete IL-17 which induces secretion  [31, 33, 34]

Lower Treg/Th?2 ratio Atherosclerosis progression

Lower Treg/ CD4*CD28™!' T cells Atherosclerosis progression

Conversion to Tth cells Pro-atherogenic

Follicular regulatory T (Tfr) cell subset Protection against atherosclerosis

of pro-inflammatory cytokines, granulocyte col-
ony-stimulating factor, and granulocyte—mac-
rophage colony-stimulating factor, chemokines

Th2 cells are associated with cytokines IL-4, [40]
IL-5, IL-10, and IL-13. Roles remain unclear

CD4*CD28™!" T cells damage tissue or amplify — [41]
inflammation by releasing inflammatory
cytokines and cytotoxic molecules

Loss of their immunosuppressive function [43]

Stimulation of lymphangiogenesis and Breg cells [16]
proliferation[13]

that FOXP3A2 controls transcriptional program in Treg
cells for protection in human atherosclerotic plaques
[23]. FOXP3A2 induces the expression of glycoprotein
A repetitions predominant (GARP), which tethers TGF-3
to the surface of activated Treg cells [23]. The multiple
pathways connected to TGF-p signaling are known to be
important for cell proliferation, cell migration, matrix
synthesis, wound contraction, calcification, and immune
response [25]. A constitutive level of TGF-f signaling is
present and considered atheroprotective since it functions
for normal tissue repair [25]. Besides TGF-f, IL-10 is
another cytokine associated with Treg cells. IL-10 has
been shown to have anti-inflammatory properties which
decelerates the progression of atherosclerosis by inhib-
iting inflammation and cell apoptosis [26]. Comparing
control to patient groups, higher levels of Treg cells and
IL-10 were present in the control group as reported in a
seminal study [27]. IL-10 was the only cytokine found
to have such a correlation with Treg cell level [27]. Sim-
ilarly, in a separate study with human patients, serum
IL-10 along with Treg cells, and other IL-10 producing
CD4+ T lymphocytes, are initially lower in patients with
progression of coronary atherosclerosis than controls
[26]. In particular, low baseline IL-10 levels and levels of
CD4 + lymphocytes that produce IL-10 have been found
to be associated with coronary atherosclerosis progres-
sion in stable coronary artery disease (CAD) patients
[26]. Furthermore, patients with stable CAD and a his-
tory of at least two myocardial infarctions presented lower
Treg cells and IL-10 levels in the blood than those with-
out myocardial infarctions [26]. The interplay between
Treg and TH17 cells are shown in Fig. 3.

Regulatory T cells in Atherosclerosis:
Proportion with Th17 cells

The impact of Treg cells not only depends on their charac-
teristics and actions, but also its relative proportion with
other cells. For example, the imbalance between Treg and
Th17 cells is intimately associated with atherosclerosis
and acute coronary syndrome [28]. The balance between
Th17 and Treg cells depends on transcription factors espe-
cially RORYyt (factors retinoic acid receptor-related orphan
receptor yt) and STAT3 (signal transducer and activator of
transcription 3), and FOXP3 (forkhead box P3) and STATS
(signal transducer and activator of transcription 5) respec-
tively [29]. Moreover, Treg/Th17 negatively correlates
with serum levels of ox-LDL, high-sensitivity C-reactive
protein, lipoprotein A, and creatine kinase-MB [28]. The
predictive specificity and sensitivity possible with Treg/
Th17 ratio makes it a potential indicator for early diag-
nosis [28].

Oxidized low-density lipoprotein influences Treg/Th17
ratio as ox-LDL induces Treg apoptosis through the Fas/
FasL pathway as well as NF-kB-associated Th17 prolifera-
tion [30]. In addition, the balance between Treg cells and
Th17 cells is modulated by high mobility group box-1 pro-
tein (HMGB1), an endogenous damage-associated molec-
ular pattern (inflammatory DAMP) molecule released from
necrotic or injured cells that stimulate expression and/or
secretion of cytokines, adhesion molecules, chemokines,
lipid mediators and plasminogen activator in smooth mus-
cle cells or endothelial cells [31]. HMGBI1 levels tend to
be significantly higher in serum of atherosclerosis patients

@ Springer
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Fig.3 Imbalance between Treg and Thl7 cells: Treg/Th17 balance
is regulated by FOXP3/STATS5 and RORyt/STAT3 transcription fac-
tors, respectively. Treg/Th 17 ratio can be influenced by ox-LDL,
HMGBI, and IL-35. Ox-LDL and HMGBI1 decreases the Treg/Th17
ratio by inducing Treg apoptosis and Th17 proliferation. IL-35, on
the other hand, promotes Treg levels while preventing Th17 levels.

than that of control patients [31]. Recombinant HMGB 1
induces Treg cell apoptosis and promotes Th17 cells,
which ultimately lead to an overall decrease in the Treg/
Th17 cell ratio [31]. Furthermore, the anti-inflammatory
cytokine IL-35 has been reported to attenuate atheroscle-
rosis [32]. In mice, IL-35 promotes Treg levels, prevents
Th17 levels, and does not affect Th1l or Th2 levels [32].
The deficiency of the IL-12p35 subunit of IL-35 in par-
ticular has been shown to aggravate Treg/Th17 cell bal-
ance [32].

Regulating Treg/Th17 cell ratio has been explored as
a method for promoting anti-atherosclerotic responses.
The anti-diabetic thiazolidinediones drug, Pioglita-
zone (PIO), induces AMPK phosphorylation, decreases
IL-17+ cells, and increases FOXP3+ cells in mice [33].
The treatment shows ability to stabilize atherosclerotic
plaques through AMPK-dependent regulation of Treg/
Th17 cell ratio [33]. In addition, Angong Niuhuang Pill
(ANP), a well-known patented Chinese medicine used to
treat stroke, encephalitis, and meningitis, has been shown
to have anti-atherosclerosis effects [34]. In a mouse model,
ANP significantly downregulates mRNA expression levels
of RORyt and significantly upregulates mRNA expression
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Treg/Th17 ratio has been a therapeutic target with pioglitazone and
Angong niuhuang pill both showing anti-atherosclerotic properties
and modulation of Treg/Th17 balance. Conversely, high dietary salt
intake and P. Gingivalis infection have been associated with athero-
sclerosis development through Treg/Th17 ratio

levels of FOXP3. From a lifestyle perspective, high-salt
diet promotes Th17 cells [29]. Additionally, peripheral tol-
erance and maintenance of tolerance to self-antigens by
Treg cells are inhibited following high-salt diet in human
subjects [29]. The resulting imbalance of these cells from
the combined effects results in inflammation and organ
damage [29]. Other diseases and infections associated with
atherosclerosis development have impact on Treg cell and
Th17 cell frequency. For instance, Porphyromonas gingi-
valis, a Gram-negative anaerobic bacterium, is a known
risk factor for atherosclerosis [35]. Upon P. gingivalis-
challenge, splenic lymphocytes of mice had significantly
increased proportion of CD4+IL-17+ cells along with
CD4+ FOXP3+ [35]. Interestingly, Treg/Th17 balance
varies with different stages of atherosclerosis [36]. Fre-
quencies of CD44FOXP3+ and CD4+41IL10+T cells were
decreased and frequencies of CD4+IL17+T cells were
increased in patients with severe coronary atherosclero-
sis [36]. Overall, Treg/Th17 ratio was lower in patients
with either severe atherosclerosis or disease progression
in non-invaded coronary arteries following coronary stent-
ing than patients with intact coronary arteries or no dis-
ease progression following coronary stenting [36]. This
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suggests relevance of Treg/Th17 ratio in the progression
of atherosclerosis [36].

Regulatory T cells in atherosclerosis:
proportion with other cells

While the balance of Tregs and Th17 cells is the most stud-
ied, research has also been conducted on the ratio of Tregs
with other cells [37]. The balance between Treg and Th2
cells has been studied using an allergic asthma model in
mice [37]. Accelerated atherosclerosis induced by allergic
asthma is accompanied by increased Th2 cells and decreased
Treg cells in the spleen of the mouse model [37]. Addition-
ally, curcumin ameliorates the aggravation of atherosclerotic
lesions and modulates the balance of Treg and Th2 cells
[37]. The balance of frequencies between Treg cells and
CD4+*CD28™!! T cells has been considered in atherosclero-
sis. CD4+*CD28™! T cells are unique helper T lymphocyte
subset that induce damage to tissues or amplify inflamma-
tion by releasing inflammatory cytokines and cytotoxic
molecules [38]. In addition, significantly higher frequency
of CD47CD28™!" T lymphocytes has been observed in Non-
ST Elevation Myocardial Infarction (NSTEMI) patients with
evidence of ruptured fibrous cap compared to those with
evidence of intact fibrous cap and stable angina [39]. These
CD4*tCD28™!! T cells represent a subset of long-living cyto-
toxic cells with increased resistance to apoptosis, which are
shown to have pro-atherogenic and plaque-destabilizing
properties [39]. Overall, the CD4*CD28™!! T cell/Treg ratio
suggests that plaque rupture involves an immune imbalance
toward aggressive effector T cells [39].

Regulatory T cells in atherosclerosis: T
follicular helper cells

As a key regulator in the development and function of Treg
cells, diminished FOXP3 expression is shown to impair the
suppressive phenotype of Treg cells [40]. In a study on mice,
loss of FOXP3 expression leads to Treg cells losing their
immunosuppressive function [41]. A fraction of these cells
then convert into T follicular helper (Tth) cells [41]. This
conversion correlates with decreased IL-2Ra and pSTATS
expression and increased IL-6Ra expression [41]. Tfh cells
are found to be pro-atherogenic and the mice that lack Tth
cells retain normal Treg cell percentages compared to con-
trols show reductions of atherosclerosis development [41].
This finding likely translates in human cells as a significant
inverse correlation between plasma levels of IL-21, a major
cytokine in Tth cells, and FOXP3 has been observed [41]. In
addition, this finding suggests a possibility that preventing
the conversion from Tregs to Tth cells can have a positive

impact for atherosclerosis. Interestingly, elevated expression
of apolipoprotein Al (ApoAl), a structural protein found in
high-density lipoprotein (HDL), is associated with reduced
Tth cells and its injection into mice has been shown to pre-
vent the conversion of Tregs to Tth cells [41]. This appears
to occur through increasing IL-2Ra and decreasing IL-6Ra
expression, which is accompanied by a reduction of plasma
IL-6 levels [41]. Analysis of IL-21 and FOXP3 levels in
plasma of human subjects with coronary artery disease
showed an inverse correlation, consistent with findings using
mice [41].

A subtype of Treg cells, follicular regulatory T (Tfr) cells
express the receptor CXCRS along with FOXP3 and CD25
[13]. Tfr cells negatively regulate follicular T (Tfh) cell
populations; however, their protective function can extend
past this regulation [13]. Part of the protective properties of
Tfr cells have been traced to the stimulation of lymphangi-
ogenesis and regulatory B (Breg) cell proliferation [13].
Control on Breg cell population occurs through direct cell
interaction; and together, the Breg and Tfr cell populations
form an amplification loop of regulation [13]. Addition-
ally, the associated decreased Tth cell population leads to
nonantigen-specific B cells expansion under pathological
conditions [13].

Treg cells in clinical implication
of atherosclerosis

The role of Treg cells and the downstream signaling
have been intimately associated with the clinical pres-
entation and therapeutic implications of atherosclerosis.
Interestingly, a causal relationship between deficiency of
CD44- CD25+ Treg cells and development of atherosclerotic
lesions has been shown in mice. Administration of mice with
splenocytes lacking in Treg cells and CD28 exhibited lesions
more than double size displaying advanced plaque pheno-
types compared to those injected with wild-type splenocytes,
despite no significant difference in serum cholesterol level
[42]. Moreover, the co-transfer with CD4+ CD25+ Treg
cells attenuated the induction of atherosclerosis [42]. Trans-
fer with CD4+cells without CD25 resulted in development
of inflammatory lipid lesions comparable to those injected
with wild-type splenocytes [42]. This was further supported
through study of atherosclerosis development in mice treat-
ment with a CD25-depleting antibody that depletes Treg
cells [42]. Compared to mice treated with control IgG, there
was a 50% increase in lesion size with less collagen and
more T cell and macrophage accumulation in those lesions,
which indicate more plaque inflammation and reduced heal-
ing in mice treated with the CD25-depleting antibody [42].

In addition, the Treg cells plays potential role in graft sur-
vival. A seminal study, using genetically engineered donor

@ Springer



4904

Molecular Biology Reports (2021) 48:4897-4910

pig hearts and non-human primates to consider therapeutic
potential of Treg cells, revealed that the explanted cardiac
xenografts of long-term survivors dislayed increased Treg
cells among the graft-infiltrating lymphocytes compared to
those of recipients with early graft failures [43]. This was
consistent with the increased Treg cell numbers within the
peripheral blood of cardiac xenograft recipients with long-
term survival [43].

The ability to transfer Treg cells into patients has been
considered to be highly beneficial for exploring the thera-
peutic potential of these cells. Adoptive transfer of ex vivo
expanded CD4+ CD25+ CD127- Treg cells have already
been demonstrated in graft versus host disease (GvHD)
treatment [44]. In the first-in-man trial, Treg cells were
sorted from buffy coats of family donors, expanded ex vivo,
and transferred into recipients with GvHD [44]. In the
patient with chronic GvHD, the transfer was associated in
increase in Treg cell level and decrease in cytokine level in
peripheral blood [44]. Even with acute GvHD, there was
temporary stabilization of symptoms [44]. Brunstein et al.
considered the safety and efficacy of ex vivo-expanded nat-
ural Treg cells using umbilical cord blood (UCB)-derived
CD4+ CD25+ Treg cells in the context of UCB transplan-
tation [45]. Treg cells were isolated from a UCB unit that
was 4-6/6 HLA matched to the each patient [45]. There
was no dose-limiting toxicity observed from Treg infusions
nor was risk of opportunistic infection or relapse adversely
affected [45]. The observed decrease in risk of acute GvHD
in Treg recipients is promising; however, a randomized trial
is necessary for definitive results [45]. The safety and fea-
sibility of use of Treg cells as therapy makes understanding
their implication in atherosclerosis relevant for therapeutic
considerations.

The benefit of a potential new therapeutic option is high-
lighted by the limitations of other tested approaches. The
Canakinumab Anti-inflammatory Thrombosis Outcomes
Study (CANTOS) tested effects of canakinumab, a mono-
clonal antibody targeting interleukin-1p, in the context of
atherosclerotic disease via reducing inflammation without
affecting lipid levels [46]. Patients receiving 150 mg of dose

of canakinumab displayed 15% lower risk in terms of the
primary end point of nonfatal myocardial infarction, nonfa-
tal stroke, or cardiovascular death [46]. This was observed
with a reduction in high-sensitivity C-reactive protein and
interleukin-6 levels; however, reduction in LDL and HDL
cholesterol level was not evident [46]. This suggests that
the inflammatory hypothesis of atherothrombosis holds as
a strategy for intervening for cardiovascular events. How-
ever, there were significantly more deaths due to infection
or sepsis in the canakinumab groups versus the placebo
and no significant difference in all-cause mortality [46].
The Cardiovascular Inflammation Reduction Trial (CIRT)
tested the inflammatory hypothesis of atherothrombosis by
studying effect of low-dose methotrexate on rates of myo-
cardial infarction, stroke, and cardiovascular death [47]. The
low-dose methotrexate treatment failed to reduce the levels
of interleukin-1p, interleukin-6, or C-reactive protein and
atherosclerosis [47].

Table 2 displays the overview of the anti-atherogenic
implications associated with the common complications
including plaque formation, restenosis, neointimal hyper-
plasia, graft failure and ischemic injury associated with vas-
cular interventions and this section focusses on the current
understanding regarding the Treg cell signaling associated
with such complications. The schematic representation of
these ailments is depicted in Fig. 4.

Plaque formation

Lipoprotein drives the plaque formation at specific sites
during atherosclerosis [48]. This plaque formation involves
lipoprotein retention, intimal inflammation, foam cell for-
mation, necrosis, smooth muscle cell proliferation, fibrous
cap rupture, arterial remodeling, and calcification [49]. As
mentioned previously, LDL accumulation at arterial sites
result in the formation of arterial plaques as the LDLs oxi-
dize and aggregate through a process that involves immune
cells [49]. Early plaque progression due to intimal thick-
ening involves macrophage infiltration [50]. Macrophage
infiltration releases matrix metalloproteinase and cellular

Table 2 Cytokines associated with regulatory T cells, TGF-p and IL-10, in various stages and related conditions of atherosclerosis

Condition TGF-p 1IL-10 Refs.
Plaque formation Studies needed IL-10 synthesis arrest Th1 cell proliferation and decrease IFN-y production [51]
Restenosis TGF-f up-regulation  Association with IL-10 [59-65]
and mediation of
vascular fibrosis
Neointimal hyperplasia Promotion of TGF-f  Inhibition via IL-10 differentially regulating endothelial and vascular smooth [68-71]

and responsive gene
CTGF

Studies needed
Studies needed

Studies needed
Studies needed

Vessel graft failure
Ischemic arterial injury

muscle cell proliferation and function
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Fig.4 Clinical implications of atherosclerosis progression and inter-
ventions: There are variations in atherosclerosis progression, espe-
cially based on potential intervention. Disease develops starting with
plaque formation leading to ischemia in which there is diminished

apoptosis leads to the formation of acellular necrotic core
[50]. T lymphocytes have been observed to simultaneously
be present in all stages of plaque formation and progres-
sion [48].

The slow build-up of atherosclerotic plaques is asymp-
tomatic; however, it can be identified through changes in
composition. Analysis has shown that the composition and
phenotype of T lymphocytes differ between plaques and
blood [51]. This includes CD4+ T cells, which show more
activation in plaques than in peripheral blood [52]. There
tends to be an absence of CD4+ T cells in early plaques
[53]. The CD4+T cell level increases with the develop-
ment into late fibrous plaques [53] suggesting that CD4+T
cells in general are not substantially involved in the initial
stages of plaque formation, but rather with the subsequent
development [53]. Furthermore, CD4+ T cells are more
abundant in unstable plaques compared to stable plaques
[53]. In particular, T helper type 1 (Th1) cells are triggered
by the formation of atherosclerotic plaques [54]. Treg cells
show a similar trend to CD4+ T cells overall in that they
are higher in lipid-rich advanced plaques compared to
early lesions [53]. Treg cells can control the response of
helper T cell subsets such as Thl cells [54]. Treg cells act
through IL-10 synthesis to arrest Thl cell proliferation
and decrease in IFN-y production [55]. Overall, Treg cells
have been shown to limit inflammation and inhibit lesion

\\_,

\

N

Neointimal hyperplasia

\\

Vessel graft failure

Vessel graft

blood, and thus oxygen, flow. Interventions to prevent harmful conse-
quences of atherosclerotic plaque include vessel graft and stent place-
ment. However, these interventions are followed by neointimal hyper-
plasia and thus restenosis

formation playing an essential role in modulating plaque
development [56].

In-stent restenosis

Coronary artery stents are self-expanding metal-mesh tubes
with struts inserted via a minimally invasive procedure.
They hold open narrowed arteries to allow for improved
blood flow. Stents can fail to maintain their function over
time. Upon the insertion of a stent, new tissue with healthy
cells from endothelium grows so that eventually the normal
lining covering the stent allows blood to flow smoothly over
the stented area [57]. However, scar tissue can also grow
and obstruct blood flow. The blockage of a treated artery is
restenosis, with in-stent restenosis specifically referring to
the restenosis arising after the use of stents [57]. Inflamma-
tion plays an important role for in-stent restenosis [58]. In
fact, c-reactive protein level, which is used for assessment of
inflammatory status, is predictive of in-stent restenosis risk
[59]. The stress during the stent implantation procedure trig-
gers vascular inflammation [60]. Restenosis has been con-
sidered to be a form of hypertrophic wound healing resulting
from interaction between monocyte-derived macrophages,
T cells, and the normal cellular elements of the arterial wall
[60]. Both Th1 and Th2 lymphocytes have been implicated
in restenosis [58]. However, neutrophil-to-lymphocyte ratio
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and platelet-to-lymphocyte ratio were reported to be sig-
nificantly higher for patients who developed restenosis [61].
Lymphocyte-to-monocyte ratio, on the other hand, exhibits
no association [61]. Correlation between restenosis and the
IL-10 gene has been observed [62]. The particular relation-
ship with restenosis six months following femoropopliteal
percutaneous transluminal angioplasty with covered stent
implantation has been studied [63]. There was significant
increase in anti-inflammatory cytokines of TGF-f and
IL-10 and decrease in pro-inflammatory cytokines [63].
TGEF-p signaling has been found to be important for reste-
nosis as they are upregulated at sites of arterial injury and
mediate vascular fibrosis [64]. The upregulation of these
inflammatory cytokines in restenosis suggests the possibility
that Treg cells play a crucial role for restenosis. Treg cells
have been shown to play a key role in regulating inflamma-
tion involved in carotid artery stenosis [65, 66]. Since the
mechanical injury involved with stent placement leads to
local inflammation, it can stimulate vascular smooth muscle
cell proliferation and extracellular matrix deposition, leading
to restenosis [67]. Together these results suggest the possi-
bility that Treg cells may play a role development of in-stent
restenosis; however, further research regarding the specific
role of Treg cell in-stent restenosis is still warranted.

Neointimal hyperplasia

Surgical interventions for atherosclerosis including surgical
bypass grafting or balloon angioplasty fail from restenosis
due to neointimal hyperplasia [68]. Neointimal hyperplasia
is the healing response to injury of the blood vessel wall [69].
Vascular wall thickening and loss of luminal patency caused
by vascular smooth muscle cell proliferation and migration
characterize neointimal hyperplasia [68]. These smooth
muscle cells lose their contractile phenotype in favor of a
predominantly proliferative or secretory phenotype which
secrete growth factors, growth factor receptors, proteinases,
and inflammatory mediators [68]. Neointimal growth and
proliferation have been shown to involve leukocyte recruit-
ment and pro-inflammatory cytokines [70]. CCR5 defi-
ciency has been shown to significantly reduces neointimal
area through association with a decrease in macrophages,
CD3+T lymphocytes, and CCR2 +cells [70]. The CCR5
deficiency involves an upregulation of IL-10 in the neointi-
mal smooth muscle cells and lesions [70]. In CCR5-negative
mice, reduced neointima formation appears to result from
a shift toward Th2-type immune response with increased
IL-10 expression [70]. However, another study found that
mice lacking IL-10 developed identical neointimal hyperpla-
sia similar to IL-10 positive controls [71]. This suggests that
IL-10 fails to modulate low shear stress-induced neointimal
hyperplasia [71]. Another study showed that IL-10 knock-
out mice had significantly delayed re-endothelialization
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and enhanced neo-intimal growth, suggesting the differen-
tial regulation through IL-10 possibly inhibits neointimal
hyperplasia[72]. Additionally, TGF-f signaling promotes
the expansion of progressive fibrotic neointimal hyperpla-
sia [73]. With steady neointimal hyperplasia growth, there
is enhanced TGF-p activation, SMAD?2/3 phosphorylation,
and connective tissue growth factor (CTGF) production [73].
Together, these suggest that regulatory T cells, which often
act through TGF-p and IL-10, may play a role in inhibiting
neointimal hyperplasia. However, regulation and mecha-
nism of Treg cells in neointimal hyperplasia pathology still
requires further investigation.

Vessel graft failure

Vascular grafts are often used in aortocoronary bypass graft
therapy [74]. Commonly, saphenous vein grafts are used as
aortocoronary bypass vessels, which is a lifesaving treat-
ment modality for CADs [74]. However, occlusion of the
graft often occurs through thrombosis, intimal hyperplasia,
and atherosclerosis [74]. Vein graft atherosclerosis involves
biomechanical stress and cell death [74]. The biomechanical
stress stimulates the expression of chemokines as well as
adhesion molecules by endothelial and smooth muscle cells
[74]. Following cell death monocytes are recruited which
differentiate into macrophages within the tissue and con-
tributes to inflammatory responses [74]. Increased expres-
sions of pro-inflammatory cytokines and leukocyte adhesion
molecules have been associated with graft failure disease
[75]. The involvement of inflammation in failure of grafts
suggests that the induction of immune response, as Treg
cells do, may have a beneficial outcome.

Ischemic arterial injury

Mechanical vascular injury elicits inflammatory response
from vessel walls [76]. Specifically, leukocyte engagement
is involved for biological response to vascular injury [76].
Vascular injury triggers expression of autocrine or par-
acrine mediators such as IL-1f and TNF-a [76]. Animal
models in which stents produced deep vessel wall trauma
show an induction of early inflammatory response with sur-
face-adherent neutrophils, monocytes, platelets, and fibrin
deposits at the site of injury [76]. The activated platelets
facilitate the attachment of leukocytes onto and rolling along
the injured surface [76]. Following ischemic injury, which
is caused by diminished or even absence of blood flow, the
immune cells that infiltrated the tissue produce inflamma-
tory cytokines [77]. A moderate inflammatory response is
beneficial for tissue repair and protect organ function upon
ischemia [77]. However, excessive and chronic inflamma-
tory response, including T cells, can be detrimental [77].
Treg cells promote repair following ischemic injury as the
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cell subset suppresses multiple immune cell types and thus
blocks excess immune responses and inflammatory signal-
ing pathways [77]. Treg cells have been shown to decrease
IL-1p and TNF-a in acute ischemic myocardial injury and
inhibit neutrophil, macrophage, and lymphocyte infiltration
as well as CD8+ T cell proliferation and function [77]. In
chronic ischemic stress, dysfunctional Tregs plays a role in
the pathogenesis of hypertrophy, fibrosis, and tissue neo-
vascularization, which ultimately results in adverse cardiac
remodeling [77].

Conclusion

The significant role of inflammation and immune cells in
atherosclerosis has prompted the exploration of an immune
mechanism to protect against disease development and pro-
gression. Treg cells are of particular interest due to their
anti-inflammatory responses. Recent research regarding
Treg cells has supported this hypothesis. Treg cells have
been discovered in atherosclerotic lesions and their absence
is associated with aggravated disease and larger lesions. This
suggests a potential role in decelerating progression of ath-
erosclerosis. Treg cells are known to produce anti-inflamma-
tory cytokines including TGF-f and IL-10. Besides cytokine
signaling, the ratios between Treg and other T cells such as
Th17 and Th2 cells are also shown to be associated with
disease progression. However, there has been evidence that
Treg cells can differentiate into pro-atherogenic T follicular
helper (Tfh) cells, which in turn are negatively regulated
by a subset of Treg cells, follicular regulatory T (Tfr) cells.
Together, this suggests that maintaining and promoting Treg
cell populations in atherosclerotic lesions may have thera-
peutic potential for atherosclerosis. Further studies in the
future are warranted to effectively turn this association into a
therapeutic strategy and to unveil the mechanism of Treg cell
action that opens novel translational avenues. Overall, Treg
cells possesses optimal therapeutic value; however, more
investigations are required regarding Treg cell involvement
in different stages of the disease progression and associated
conditions including neointimal hyperplasia or vessel graft
failure. TGF-f and IL-10, produced by Treg cells, seem to
play an important role in restenosis and neointimal hyper-
plasia. Further studies regarding the role of Treg cells in
appropriate animal models are needed to confirm these con-
nections. Further translational work would identify strate-
gies to utilize Treg cells to improve effectiveness of existing
interventions in addition to decelerating disease progression.
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